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Polycyclic aromatic hydrocarbon (PAH) metabolites
in marine fishes as a specific biomarker to indicate
PAH pollution in the marine coastal environment

XIN H. WANG!, HUA S. HONG !, JING L. MU !, JIAN Q. LIN ? and SHONG H. WANG?

IState Key Laboratory of Marine Environmental Science, Environmental Science Research Center, Xiamen University,

Xiamen, China
2College of Bioengineering, Jimei University, Xiamen, China
3 Fisheries College, Jimei University, Xiamen, China

In this study, analysis methods for the PAH metabolites of naphthalene (Na), pyrene (Py) and benzo(a)pyrene (BaP) with different
benzo-rings (2-4-5 rings respectively) were developed and the metabolism kinetics of Py and BaP in marine fishes were studied.
Two PAH metabolites of Na and Py, namely 1-naphthol (I-OH Na) and 1-hydroxy pyrene (1-OH Py), were determined using the
fixed wavelength fluorescence (FF) method, and the BaP metabolite, 3-hydroxy benzo(a)pyrene (3-OH BaP), was determined using
reverse-phase HPLC with fluorescence detection. The dose- and time-response of Lateolabrax japonicus to Py metabolites and Sparus
macrocephalus to BaP metabolites were studied in order to evaluate the use of PAH metabolites as a means of assessing exposure
to PAHs. The results showed that both fishes could be induced to metabolize and eliminate their metabolites in vivo with increasing
Py and BaP exposure concentrations in seawater. As Py and BaP concentrations increased, metabolite concentrations in the fish bile
also increased. A significant dose-response of biliary PAH metabolites was observed after exposure for 1, 3 and 7 days for Py and 2,
4 and 7 days for BaP, respectively. These results provide the proof necessary for using PAH metabolites in marine fishes as a specific

biomarker or early warning signal of PAH pollution in the marine coastal environment.

Keywords: PAHs, metabolites, biomarker, pollution monitoring, Sparus macrocephalus, Lateolabrax japonicus.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
contaminants in the marine environment as a result of un-
controlled spills, river transport, surface runoff and atmo-
spheric deposition.!'l Both laboratory experiments and field
surveys unequivocally demonstrate that PAHs adversely af-
fect estuarine and marine ecosystems. PAHs are implicated
in the development of lesions and tumors in some bottom-
feeding fishes, and they produce biochemical disruptions
and cell damage that lead to mutations, developmental mal-
formations and cancers.”~7! During the last decade, many
workers have studied the source, fate and ecological effects
of PAHs in the marine environment. And now, the relation-
ships between PAH exposure and the biological effects in
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aquatic organisms are of great concern to marine environ-
mental scientists. In order to assess the state of the marine
ecosystem, it is important to develop appropriate and useful
biomarkers to evaluate these relationships.

The marine fishes Lateolabrax japonicus and Sparus
macrocephalus are economic fish species in the Southeast
China Sea, and they are cultured by fish-farmers mainly
near the coast. Because of the hydrophobic characteristics
of PAHs, marine organisms tend to accumulate them to lev-
els several to ten thousands of times higher than those in the
surrounding water.l®! Fish living in PAH-contaminated en-
vironments can both absorb these compounds through gills
during respiration and ingest them in contaminated sedi-
ment or food. Instead of measuring parent PAH residues,
the detection and determination of PAH metabolites in fish
can provide information concerning the actual exposure of
fish to PAH compunds and so reveal the state and suitabil-
ity of the marine environment for fish.’l The measurement
of PAH metabolites in fish is an easy-to-use, accurate and
cost-effecient technique and, thus, levels of PAH metabo-
lites have become a routine measurement in environmental
assessment.
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The objectives of the present study were to develop an-
alytical methods for the measurment of PAH metabolites,
such as 1-OH Na, 1-OH Py and 3-OH BaP, in fish bile.
In addition, the dose- and time response of the marine
fishes Lateolabrax japonicus and Sparus macrocephalus to
metabolites of Py and BaP were studied in order to evaluate
PAH metabolites as a means of assessing exposure.

Materials and methods

Chemicals

B-glucuronidase, arylsulfatase and 1-OH Na (99+%, pu-
rity) were purchased from Sigma Chemicals, UK; 1-OH-
Py from Aldrich; 3-OH BaP (98% purity) from Fluka
company; and Na, Py, BaP (all of 99+% purity) and
internal standard mixtures (naphthalene-dg, acenaphene-
di, phenanthene-d;o, chrysene-d;» and perylene-d;;) from
Sulpeco company. Other chemicals and solvents were of
chromatographical grade (USA) and were obtained from
commercial sources in China.

Toxicological experiment

Lateolabrax japonicus (total 150, 210+30g 24.5+3.5cm
total length) were taken from the mariculture site in the Xi-
amen Western Sea Area. After 11 days’ acclimation in 10
glass jars (110 cm x 45 cm x 40 cm) at 18-20°C with sand-
filtered seawater, they were exposed for 7 days to 0.1, 1.0,
10.0 ug L~ concentrations of Py in a 0.002% solution of
acetone in seawater. These Py concentrations chosen were
based on the concentrations detected in Jiulong River Estu-
ary and Xiamen Western Harbour (0.2-2.7 ug L~! in sur-
face water and 2.7-37.4 ug L~" in pore water).'% A blank
control group and a solvent control group (the acetone
group) were also used. There were 2 jars for each treatment
group, and the seawater was changed once every 2 days.
The fish were starved to avoid bile evacuation from the gall
bladder. After exposure treatment, surviving fish from the
1.0 ug L~! treatment group were depurated in sand filtered
seawater for 9 days. Then, 5 gall bladders were removed
from sample fish after 1, 2, 4, 5, 7 and 11 days acclima-
tion, 1, 3 and 7 days exposure for all treatment groups, and
also after 3, 6 and 9 days depuration for the 1.0 ugL™!
treatment group and immediately frozen in liquid nitrogen.
Biliary metabolites were analyzed using fixed wavelength
fluorescence and parent Py were analyzed using GC/MS.
Sparus macrocephalus (11.2+1.5g in weight and
9.12+1.3cm in length) were collected from Liuwudian
sea fish farm, in Tongan Bay. The fish were transported
to the laboratory and maintained in a pond with 100L
sand-filtered seawater (dissolved oxygen 7.8-8.2mgL~';
pH 7.8-8.2; salinity 35%o; temperature 22°C) for 1 week
for acclimation prior to the start of the experiment. The
fishes (300 total) were randomly divided into 12 groups (2
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replicate groups for each of the four treatments, blank con-
trol group and acetone solvent control group), and exposed
to BaP at concentrations of 0.5, 1.0, 2.0 and 5.0 ugL~!
for 14 days (all dissolved in a 0.0025% acetone in seawater
solution).

After the exposure treatment, surviving fish were depu-
rated in sand filtered seawater for 1 week. 6 gall bladders
were collected after 2h, 6h, 12h, 1d, 2d, 4d, 7d and 14d ex-
posure, as well as 1 week depuration. The fish were starved
during the experiment to avoid bile evacuation. Physiolog-
ical response parameters of Sparus macrocephalus exposed
to BaP are listed in Table 1. The gall bladders were removed
from sampled fish and immediately frozen in liquid nitro-
gen. Biliary metabolites were analyzed using reverse-phase
HPLC with fluorescence detection.

G C/ MS selective ion mode analysis for parent PAHs
in bile samples

Bile samples (150 wL) were placed in 10-mL glass vials (with
a lid); internal standards and 4 mL of saponification solu-
tion were added. The mixtures were saponificated for 4 h at
70°C, and then cooled to room temperature, extracted using
6 mL cyclohexane (2mL/time, 3 times). The extracts were
combined, dried using anhydrous sodium sulphate, and
evaporated gently under nitrogen to approximately 100 L,
before being charged to a 1:2 alumina/silica gel column
for clean up and fractionation. The first fraction, contain-
ing aliphatic hydrocarbons, was eluted with 5SmL of hex-
ane. Elution with 10 mL of methylene dichloride and hex-
ane (1:1) collected the second fraction, containing PAHs.
The PAH fraction was dried using anhydrous sodium sul-
phate and concentrated to about 100 L under a gentle N,
stream, before analysis using GC/MS.

PAH analysis of all samples was performed using gas
chromatography (HP6890, HP, USA) connected to a mass
spectrometer (HP 5973 Mass Selective Detector, HP, USA)
and analyzed using the selected ion mode. The GC was
equipped with an HP-5 fused silica column (30 m * 0.25 mm
id, 0.25 pum film thickness); injector temperature was 250°C;
and the detector temperature was 280°C. The column was
held at 60°C for 1 min, ramped at 10°C.min~! to 250°C,
then ramped at 5°C.min~! to 330°C, and held at 330°C
for Smin. Helium was used as a carrier gas, with a flow
rate of 1.3mLmin~'. The internal standard method was
used to quantify the parent PAH concentrations in the bile
samples.

Fixed wavelength fluorescence analysis for I-naphthol
and 1-pyrenol

Bile samples of Lateolabrax japonicus were diluted 1:1600 in
48% ethanol and the fluorescence spectra of 1-naphthol and
1-pyrenol were scanned (Fig. 1). Fixed wavelength fluores-
cence was then measured at the excitation/emission wave-
length pairs 297/465 nm for naphthol and 345/386 nm for



Downloaded By: [Wang, Xin H.] At: 00:45 18 January 2008

PAH metabolites in marine fishes

221

Table 1. Physiological response parameters of Sparus macrocephalus exposed to various concentrations of BaP: standard length (cm),
wet weight (g), liver somatic index (LSI) and condition factor (CF) (g/cm?® x 100)

Time n Length (¢cm) Weight (g) LSI CF (g/cn® x 100)
Control 2h 6 82+1.5 8.04£2.32 11.824+0.83 1.174+0.09
6h 6 84+1.2 7.94+2.59 11.974+1.28 1.3440.01
12h 6 94+1.5 9.48+£2.02 10.02+1.95 1.1440.01
1d 6 85+1.9 8.15+£3.11 11.66 +1.44 1.324+0.07
2d 6 89+1.7 8.82+2.14 10.77+1.74 1.254+0.01
4d 6 89+1.2 9.344+1.66 10.17+1.54 1.324+0.05
7d 6 9.3+1.5 9.324+2.05 10.19+2.83 1.154+0.09
14 6 9.1+1.2 9.5142.51 10.08 +1.71 1.2940.08
Depuration 7d 4 9.84+0.5 10.25+2.54 9.27+0.80 1.08+0.09
0.5ug.L7! 2h 6 10.54+2.6 14.48 +3.62 12.68 +0.64 1.214+0.06
6h 6 9.7+0.4 13.174+2.39 12.59+0.58 1.424+0.05
12h 6 9.6+0.4 12.754+2.01 12.4440.84 1.424+0.04
1d 6 10.3+1.0 14.31 +2.69 12.38+1.03 1.30+0.02
2d 6 10.5+0.5 15.50 +2.67 13.174+0.39 1.30+0.03
4d 6 9.440.5 12.394+1.62 12.36 +0.25 1.464+0.04
7d 6 10.0+0.4 13.98 +2.25 12.83+1.4 1.394+0.03
14d 6 9.3+0.6 10.97 +2.49 11.46 +0.49 1.334+0.02
Depuration 7d 3 9.84+0.5 11.934+2.03 9.30+0.94 1.244+0.05
1.0 ug L1 2h 6 9.8+1.6 12.11 +£2.66 7.85+£1.30 1.28 +£0.06
6h 6 9.0+1.0 9.64+1.58 9.86+1.51 1.324+0.02
12h 6 129+1.5 11.934+2.52 7.96 £0.81 0.954+0.09
1d 6 89+14 7.48 £1.81 12.70 +1.08 1.06 +£0.01
2d 6 9.5+1.6 10.05+3.40 9.45+1.89 1.174+0.04
4d 6 79+1.4 9.71+1.66 9.78+1.79 1.974+0.03
7d 6 9.6+1.2 10.21+2.03 9.31+1.43 1.134+0.06
14d 6 9.5+1.7 9.724+3.06 9.28+1.36 1.09+0.07
Depuration 7d 4 10.2+3.5 10.29+1.99 9.244+0.98 0.954+0.05
2pug L] 2h 6 93+1.6 10.294+1.44 9.234+0.83 1.274+0.09
6h 6 94+1.4 9.68+1.43 9.82+1.03 1.16+0.05
12h 6 9.0+1.5 8.63£1.03 11.01 +1.96 1.18+0.01
1d 6 10+2.2 13.804+2.49 6.88 £0.93 1.384+0.04
2d 6 87+1.4 8.24+£2.07 11.53+1.84 1.254+0.01
4d 6 85+1.5 7.93+£1.32 11.99 +1.09 1.294+0.09
7d 6 93+1.7 8.25+1.55 11.524+1.72 1.024+0.05
14d 6 9.2+2.0 9.17+1.61 10.69 +1.55 1.174+0.08
Depuration 7d 4 10.2+3.4 10.25+1.54 9.27+1.04 0.95+0.08
SugL~! 2h 6 87+14 8.14+1.85 11.67+2.14 1.23+0.07
6h 6 94+1.8 9.334+1.91 10.19+1.18 1.124+0.03
12h 6 9.8+1.8 11.56+1.08 8.22+1.59 1.224+0.08
1d 6 94+1.0 10.22 £2.55 9.30+1.07 1.23+0.01
2d 6 9.5+1.9 9.45+1.88 10.054+1.49 1.104+0.03
4d 6 88+1.5 7.22+£1.06 13.16 +1.08 1.06 +£0.03
7d 6 9.7+ 1.7 827+1.47 11.49+1.93 0.904+0.06
14d 6 9.8+1.2 8.59+1.96 11.50+1.59 1.024+0.06
Depuration 7d 4 87+1.5 8.29 +£1.08 11.46+1.05 1.26 +£0.03

pyrenol. Measurements were performed in quartz cuvettes
through fluorescence spectrometry (Cary Eclipse, Varian,
USA), and slit widths were set at 2.5 nm for both excitation
and emission wavelengths. Standard curves were drawn for
1-naphthol and 1-pyrenol and were used to calculate their
concentrations in fish bile (Fig. 2).

HPLC analysis for 3-benzo(a)pyrene in fish bile

The hydrolyzed bile samples of Sparus macrocephalus were
analyzed using a modification of the method of Van
Schanke et al.’! Simply, 20 uL of fish bile was added to
460 uL water (HPLC grade) in a microcentrifuge tube with
20 uLL B-glucuronidase and arylsulfatase enzyme solution,
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Fig. 1. The fluorescence scan of 1-naphthol (1 ug/mL) and 1-pyrenol (10 ng/mL).

containing 30 and 60 UmL™! activity, respectively. The
mixture was incubated in a shaking-water bath at 37°C. Af-
ter 1 h, the reaction was stopped by the addition of 1500 L
of chilled methanol to give a final 4-fold dilution. After
centrifugation (16000 g for 20 min) supernatants contain-
ing deconjugated metabolites were transferred to individual
amber vials and stored at 4°C before HPLC analysis.
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Fig. 2. Standard curves of 1-naphthol (297/465 nm) and 1-pyrenol
(345/386 nm).

Bile metabolites were separated by HP1010 HPLC
with a fluorescence detector (Aex/Aiem =380/430) using
a reversed-phase Alltech Platinum C;g analytical column
(250 x 4.6 mm ID, 5 um). The column assembly tempera-
ture was held at 40°C. Samples (20 © L) were separated using
methanol-water (50/50, v/v) for 5min followed by a linear
gradient to 100% methanol over 30 min and finally 5 min in
100% methanol. The flow rate was 1 mL.min~!. Represen-
tative HPLC traces obtained for the 3-OH BaP standard
and deconjugated bile are shown as Figure 3.

Statistical analysis

Results of the present study are reported as mean +SDE.
Statistical analyses were performed using SPSS software
(version 10.0). The data were treated by #-test comparison
with the control group. P < 0.05 was accepted as signifi-
cant relevance; P<0.01 was accepted as strong significant
relevance.

Results

Pyrene metabolism in Lateolabrax japonicus

Pyrene is a basic component of PAHs and has been shown
to be absorbed by fish after exposure to water and after
feeding. Early studies have clearly demonstrated the ability
of fish to metabolize pyrene to water-soluble compounds
such as 1-OH pyrene extensively.'l In our study, we deter-
mined both the pyrene and pyrenol concentrations in fish
bile in order to evaluate variations in the concentrations
of 1-pyrenol and pyrene with acclimation, exposure and
depuration time (Fig. 4 and Table 2).

It was obvious that the variation of Py bile concentra-
tions in the 1.0 ug.L~! treatment group was stable com-
pared with the acclimation time, but the 1-OH Py values in-
creased greatly after the fish were exposed to Py. These data
showed that Lateolabrax japonicus could be stimulated to
metabolize pyrene with the increase of Py concentrations in
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Fig. 3. Representative HPLC traces obtained for (a) the 3-OH BaP standard and (b) a bile sample of Sparus macrocephalus.

seawater. There was a significant linear relationship between
Py concentration in seawater and the concentration of 1-
OH Py in fish bile after 1, 3 and 7d exposure (R =0.9999,
0.9997, 0.9972 respectively, Fig. 5). This demonstrated that
1-OH Py concentration in fish bile could be used to indicate
the pyrene concentration in seawater.

Benzo(a)pyrene metabolism in Sparus macrocephalus

In Sparus macrocephalus, the dominant compound detected
was 3-OH BaP, which contributed 75 to 82% of the to-

tal BaP metabolites in the gall bladders of all treatment
groups. There were some variation in the concentration of
BaP metabolites between higher and lower exposure treat-
ment groups. For the highest concentration exposure group
(5.0 ug/L), concentrations of 3-OH BaP peaked at the 4th
day of exposure, were at a plateau until day 7 and then de-
creased sharply. For the relatively lower exposure groups,
concentrations of 3-OH BaP reached their peak at the 7th
day of exposure (Fig. 6) and then decreased gradually.
After 7 days’ depuration, the 3-OH BaP was almost com-
pletely excreted from the gall bladder in relatively higher
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Fig. 4. Variation of Py and 1-OH Py concentrations in Lateolabrax
Jjaponicus bile after 11 days’ acclimation, 7 days’ exposure and 9
days’ depuration. [Fish number = 5]. Statistical differences from
control: *P < 0.05; **P < 0.01.

concentration exposure groups. However, there was no sig-
nificant variation during the exposure period nor the depu-
ration period for the relatively lower exposure groups. A
significant dose-related increase of the metabolite concen-
trations in bile was observed at 2, 4 and 7d exposure (linear
regression, R =0.998, 0.930 and 0.940 respectively) (Fig. 7).
The results showed that the fish could be induced to metab-
olize and eliminate their metabolites in vivo with increasing
BaP concentrations in seawater.
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Fig. 5. The relationship between 1-OH Py concentrations in bile
and pyrene concentrations in seawater after different exposure
times. [Fish number = 6].

Discussion

The rapid metabolism and elimination of PAHs by fish re-
sult in low residual concentrations of PAHs in muscle and
liver tissues. Chemical analysis of fish tissues therefore has
limited usefulness as an indicator of environmental expo-
sure to PAHs.['? Several fish species living in habitats con-
taminated by PAHs have been shown to contain high con-
centrations of biliary PAH metabolites.I'*! Therefore, the
metabolite concentrations in fish bile provide an alternative
indicator of exposure to indicate the recent PAH exposure
levels.

In our study, we used the FF and HPLC-F methods
to measure the metabolites of pyrene and benzo(a)pyrene

Table 2. Comparison of pyrenol and pyrene concentration in bile after fish were exposed to pyrene in different concentrations, and
the 1.0 ug.L~! group then depurated for 9 days (Fish number n = 6; Pyrenol results are reported as mean +SDE.)

Time (d) Group

CPyrenol ( ng- mL~ ! ) prrene (ng mL™! )

Control
Acetone Control
0.1 ug.L™!

1.0 ug L]
10.0 ug.L~!

3d Control
Acetone Control
0.1 ug.L!
1.0ugL7'L
10.0 ug L1
7d Control
Acetone Control
0.1 ug.L7!
1.0 ug. L}
10.0 ug L1

Exposure 1d

Depuration 3d
6d
9d

1.0 ug L™t
1.0 ug. L}
1.0pug L}

0.74+0.23 4.4
0.80+0.36 4.3
1.07+0.50 3.9
1.224+0.55 17.5
18.81+1.72 207.6
0.64+0.12 4.4
1.20+0.31 4.1
2.324+0.80 4.0
6.60£2.89 14.1
65.17+£13.31 35.5
0.77+0.21 4.4
2.52+0.40 3.8
5.63+£0.79 3.7
2290 £8.11 17.5
212.90+2.93 93.8
11.14+1.48 13.9
10.19+1.20 9.5
8.734+3.43 6.7
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Fig. 6. Variation of 3-OH-BaP concentration in Sparus macro-
cephalusbile after2h,6h,12h,1d,2d,4d, 7d and 14 d exposure
to BaP and after being depurated for 7 d. Statistical differences
from control: *P < 0.05; **P < 0.01.

respectively. Lin et al. ' and Vuorinen et al.l¥! demon-
strated that there was a good correlation between the FF
and HPLC-F methods in determining the PAH metabolite
concentration (the linear regression data had r* values be-
tween 0.89 and 1.00), and so, both methods can be used to
estimate biliary PAH concentrations in fish.

A number of biochemical, physiological and environ-
mental factors can affect the metabolism and excretion
of PAHs in aquatic organisms. Thus, the concentration of
PAH metabolites in bile can be influenced by feeding status.
Richardson et al. (2004)['®! found that the PAH metabo-
lite concentrations in plaice (Pleuronectes platessa) bile in-
creased with prolonged exposure in starvation conditions,

o
o

T T T T T

0 1 2 3 4 5 6
Exposure concentrtions in seawater (ug.L'1)

3-OH BaP concentrations in fish bile (ng.uL™")

Fig. 7. The relationship between 3-OH-BaP concentrations in
Sparus macrocephalus bile and BaP concentrations in seawater
after 2 d, 4 d and 7 d exposure.
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but no significant increase was observed in feeding con-
ditions, and they concluded that bile production and re-
lease were dependent on the feeding regime, and thus the
metabolite concentrations in bile could be affected. In our
experiments, the fishes were not fed during the experimen-
tal period to avoid bile evacuation from the gall bladder.
The gall bladder samples were all collected at 0800—1000 h
in order to reduce between sample differences.

In the present study, an obvious time-related increase
of 1-OH-Pyrene and 3-OH BaP concentrations was ob-
served, which indicated high Py and BaP metabolic rates in
fishes. This was consistent with Hellou et al.['”! whose study
showed that PAH metabolites in bile had a positive corre-
lation with PAH levels in the sediment, and concluded that
PAH metabolites in bile may be better than hepatic EROD
activities as a biomarker to indicate PAH exposure. Boleas
et al.l'8 reported that the BaP metabolites in bile reflected
the parent BaP concentrations in seawater, and could be
used as a suitable tool for monitoring BaP pollution.

The 3-OH-BaP is a typical metabolite in Sparus macro-
cephalus because it is more chemically stable than other
metabolites, and it is the major metabolite of all the BaP
metabolites. In our study, we found that the Bap metabolite,
3-OH BaP, reached its peak at the 4th or 7th day of exposure
and then decreased. Similar results were found by Beyer
et al.l" and Aas et al.?% who found that the BaP metabo-
lite concentrations in the bile of flounder (Platichthys flesus)
and English sole (Parophrys vetulus) exposed to BaP slowly
increased with a plateau from the 14th to the 30th day of ex-
posure but then decreased rapidly. Similar time responses
have been observed in carp (Cyprinus carpio) exposed to
PAHs.

Although the activities of catalytic enzymes involving
metabolic processes are useful in predicting the ability of
an organism to metabolize a chemical, studies of the in
vivo metabolism of PAHs are essential in obtaining accu-
rate information as to how an organism processes these
compounds, such as rates of elimination of parent PAHs,
rates of formation and elimination of metabolites, and for-
mation of adducts of metabolites to macromolecules.

In this study, the rates of excretion of BaP metabo-
lites from liver to gall bladder, and the rates of elimina-
tion of BaP metabolites, can be calculated from Figure 4.
The rates of excretion for the relatively higher concentra-
tions of BaP exposure (5and 2 ug L~!;0.098 and 0.031 mg
L~'d~!, respectively) were higher than those for relatively
lower concentrations of BaP exposure (1 and 0.5 ~!; 0.014
and 0.005mgL~'d™"). The rates of elimination of BaP
metabolites were 0.011, 0.014, 0.007 and 0.001 mgL~'d~!
for each exposure group, respectively, which obviously
showed that the elimination rates of BaP for the rela-
tively higher concentration groups was between 2 and
14 times higher than that for the relatively lower exposure
groups.

From Figure 5, the rates of excretion of Py are shown
to have been 0.003, 0.011, 0.036 mg L='d~! for 0.1, 1.0 and
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10.0ug/L Py exposure, respectively. These results showed
that the higher the concentrations of Py and BaP, the higher
were the metabolism rates in the fishes. Even the 3-OH BaP
concentrations were reduced significantly after 1 week of ex-
posure, but were still significantly higher than in the control
group. These results demonstrated that 3-OH BaP concen-
tration in fish bile is a sensitive biomarker to assess recent
exposure to BaP, but it cannot fully reflect long-term BaP
exposure.

Conclusion

It is well recognized that metabolites play an important role
in the metabolism and clearance of PAHs. The significant
dose-related increase of the metabolite concentrations in
bile indicated that PAH metabolites can be used as use-
ful and specific biomarkers to indicate PAH pollution in
the marine coastal environment. However, when using the
metabolites as biomarkers, several factors need to be con-
sidered, such as exposure time, feeding regime, sensitivity,
variability and methodology.
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