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Changes of cytochrome P4501A mRNA expression and physiology
responses in the olive flounder, Paralichthys olivaceus, exposed to
benzo[a]pyrene
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Abstract
Benzo[a]pyrene (BaP) is generated by the incomplete combustion of organic substances such as oil and coal, and is a
widespread organic environmental contaminant in terrestrial and aquatic ecosystems. To determine the effects of BaP on
organisms, we investigated its time- and dose-related effects on the levels of cytochrome P4501A (P4501A) mRNA in the
liver and gills of the olive flounder (Paralichthys olivaceus) using quantitative polymerase chain reaction (QPCR) and
measured the plasma glucose, cortisol, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels. The
full-length olive flounder P4501A cDNA consists of 1566 nucleotides and encodes a 521-amino-acid protein. In the liver
and gills, the expression of P4501A mRNA was highest 6 h after exposure to both 10 and 30 mg l�1 BaP, and then
decreased. In addition, the plasma parameters increased with exposure. These results suggest that P4501A plays an
important role in the detoxification of BaP, which stressed the olive flounder. Therefore, these physiological parameters may
be indicators of BaP-induced stress responses.
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Introduction

Benzo[a]pyrene (BaP), a widespread organic envir-

onmental contaminant in terrestrial and aquatic

ecosystems, is a representative polycyclic aromatic

hydrocarbon (PAH) generated by the incomplete

combustion of organic substances such as oil and

coal (Mcgroddy & Farrington 1995). When ab-

sorbed by marine organisms, it accumulates in their

tissues (Boleas et al. 1998) and passes through cell

plasma membranes. This may cause lipoperoxida-

tion (Livingstone 1993), resulting in carcinogenic,

mutagenic, cytotoxic, teratogenic, and other adverse

effects (Gelboin 1980; Borhoumi et al. 2002).

Cytochrome P450s (P450s) are the principal

enzymes catalysing the oxidative metabolism of

toxicants, including important environmental che-

micals, and they catalyse the oxidative steps in the

biosynthesis and degradation of endogenous regula-

tory molecules such as steroids and eicosanoids

(Nebert & Russell 2002). The P450 superfamily

has many members with multiple functions, but the

induction of P450s by xenobiotics is the most

important characteristic of the P450 enzyme system

(Andersson & Förlin 1992). Cytochrome P4501A

(P4501A) metabolizes xenobiotics such as PAHs,

polychlorinated dibenzo-p-dioxins (PCDDs), poly-

chlorinated dibenzofurans (PCDFs), and polychlori-

nated biphenyl congeners (PCBs) (Van der Weiden

et al. 1994; Hahn 2002). Since P4501A has a vital

role as a biomarker of environmental contamination

and is an enzyme that metabolizes xenobiotics

(Stegeman et al. 1992; Levine & Oris 1997), it is

the most studied member of the P450 superfamily.

P4501A cDNA has been cloned in many species

of fish, including killifish (Rivulus marmoratus) (Lee

et al. 2005), European sea bass (Dicentrarchus labrax)

(Stien et al. 1998), European plaice (Pleuronectes

platessa) (Leaver et al. 1993), and striped seabream
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(Lithognathus mormyrus) (Tom et al. 2002). In

addition, P4501A expression has been studied in

fish exposed to xenobiotics, including zebrafish

(Danio rerio) (Jönsson et al. 2007), rainbow trout

(Oncorhynchus mykiss) (Levine et al. 1999), and

gizzard shad (Dorosoma cepedianum) (Levine & Oris

1997). BaP is a typical PAH that induces P4501A for

its detoxification and metabolism (Van der Weiden

et al. 1994). The expression of P4501A following

exposure to BaP has been studied in European sea

bass (Stien et al. 1998) and rainbow trout (Jönsson

et al. 2006). Therefore, P4501A can be used as a

bioindicator for organic chemicals (Stegeman et al.

1992; Levine & Oris 1997).

In fish, xenobiotics such as BaP are absorbed by

the gills, metabolized there and in the liver and

kidneys, and then excreted (Varanasi 1989). The

gills are the metabolic tissue in direct contact with

chemicals dissolved in water (Kolok et al. 1996),

while the liver plays the main role in detoxifying

organic chemicals and metabolizing hydrocarbon

(Stegeman 1981; Livingstone 1993).

The olive flounder Paralichthys olivaceus Tem-

minck and Schlegel, 1846, is a bottom dweller that

is exposed to accumulated contaminants (Winzer

et al. 2002). In this study, we isolated the full-length

P4501A cDNA from the liver of olive flounder, and

investigated BaP metabolism in the liver and gills by

measuring P4501A expression after exposure to BaP.

In addition, we measured the changes in the plasma

glucose, cortisol, aspartate aminotransferase (AST),

and alanine aminotransferase (ALT) levels to exam-

ine the physiological stress induced by BaP.

Material and methods

Experimental fish

Olive flounders (n�50, length 14.290.8 cm, weight

25.695.6 g) were obtained from a commercial fish

farm located in Gijang (Hwa-nam fisheries, Busan,

Korea). The fish were reared for 4 weeks in 300 l

circulation filter tanks in the laboratory. During the

experiments, the water temperature and photoper-

iod were maintained at 20918C and a 12L/12D

cycle, respectively.

BaP exposure

The experimental fish were exposed to BaP (Su-

pelco, Bellefonte, PA, USA) dissolved in acetone in

four 50 l tanks (control, acetone control, and 10 and

30 mg l�1 BaP groups) for 0, 6, 12, and 24 h. No

food was supplied during the experiments.

Sampling

Five fish from each treatment were selected ran-

domly for blood and tissue sampling. The fish were

anesthetized with 200 mg l�1 tricaine methanesul-

fonate (MS-222; Sigma, St. Louis, MO, USA)

before collecting blood from the caudal vein using

a 3 ml heparin-coated syringe. The plasma samples

were separated by centrifugation (48C, 10,000�g,

5 min) and stored at �808C until analysis. To

collect liver and gill tissues, the fish were killed by

spinal transection. Immediately after collection, the

samples were frozen in liquid nitrogen and stored at

�808C until total RNA was extracted for analysis.

Identification of P4501A cDNA

Primers for P4501A were designed using highly

conserved regions of European plaice P4501A

(GenBank accession no. X73631) and gilthead

seabream (Sparus aurata) P4501A (AF011223):

P4501A forward primer (5?�TTC CAG ATC CAG

ATC GGC AT�3?) and P4501A reverse primer

(5?�CTG CCA CTG ATT GAT GAA GAC�3?).
Total RNA was extracted from the liver using a

TRIzol kit (Gibco/BRL, Grand Island, NY, USA).

Reverse transcription (RT) was performed using M-

MLV reverse transcriptase (Bioneer, Daejeon,

Korea) according to the manufacturer’s instructions.

Polymerase chain reaction (PCR) amplification was

performed using 2� Taq Premix I (Solgent, Seoul,

Korea). PCR consisted of an initial 2 min at 958C,

followed by 40 cycles at 958C for 20 s, 548C for 40 s,

and 728C for 1 min, with a final 7 min extension at

728C. The amplified PCR product was electrophor-

esed in 1% agarose gels. The PCR product was

purified and ligated into pGEM-T Easy Vector

(Promega, Madison, WI, USA). The transformed

colonies were cultured in DH5a (RBC Life

Sciences, Seoul, Korea), and plasmid DNA was

extracted using a LaboPass Plasmid DNA Purifica-

tion Kit (Cosmo, Seoul, Korea) and EcoRI (Fer-

mentas, Hanover, MD, USA). Using the plasmid

DNA, the P4501A cDNA was sequenced using an

ABI DNA Sequencer (Applied Biosystems, Foster

City, CA, USA).

Rapid amplification of P4501A cDNA 3? and 5? ends

(3? and 5? RACE)

For the P4501A RACE reaction, total RNA was

extracted from the liver using a TRIzol kit (Gibco/

BRL). Using 3 mg of total RNA as a template, 3?
RACE cDNA and 5? RACE cDNA were synthesized

using a CapFishingTM full-length cDNA Premix Kit

(Seegene, Seoul, Korea). First-strand cDNA was
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synthesized using an oligo (dT) anchor primer (5?�
CTG TGA ATG CTG CGA CTA CGA T(T)18�3?)
and a CapFishingTM adaptor (Seegene).

P4501A-specific primers were designed for the

PCR product. For 3? RACE, the 50 ml PCR reaction

mixture contained 5 ml of 3? RACE cDNA, 1 ml of

10 mM 3? RACE target primer (5?�CTG TGA ATG

CTG CGA CTA CGA T�3?), 1 ml of 10 mM 3?
RACE gene-specific primer (5?�CAG TGG CAG

ATC AAC CAT GAT CCT GAG C�3?), and 25 ml

of SeeAmp Taq Plus Master Mix. PCR consisted of

an initial 948C for 5 min, followed by 40 cycles at

948C for 40 s, 628C for 40 s, and 728C for 1 min,

with a final 5 min at 728C.

For 5? RACE, the 50 ml PCR reaction mixture

contained 5 ml of 5? RACE cDNA, 1 ml of 10 mM 5?
RACE target primer (5?�GTC TAC CAG GCA

TTC GCT TCA T�3?), 1 ml of 10 mM 5? RACE

gene-specific primer (5?�TTG ATG AAG CGG

AAG CTG TAC AGG TCA G�3?), and 25 ml of

SeeAmp Taq Plus Master Mix. PCR consisted of an

initial cycle at 948C for 5 min, 35 cycles at 948C for

40 s, 628C for 40 s, and 728C for 1 min, followed by

5 min at 728C. The amplified PCR product was

electrophoresed in 1% agarose gels. Transformation

and sequencing were performed as described above.

Quantitative PCR (QPCR)

QPCR was conducted to determine the relative

expression of P4501A mRNA in the total RNA

extracted from the BaP-exposed liver and gills.

Primers for QPCR were designed from the known

sequences of olive flounder and were P4501A

forward primer (5?�ATG TCA GAC GAG AAG

ATT GTA GG�3?), P4501A reverse primer (5?�
ATT GGG TTT ATC AGA GAG AAG AGG�3?),
b-actin forward primer (5?�GGA CCT GTA TGC

CAA CAC TG�3?), and b-actin reverse primer (5?�
TGA TCT CCT TCT GCA TCC TG�3?). PCR

amplification was conducted using a Bio-Rad iCy-

cler iQ Multicolor Real-Time PCR Detection Sys-

tem (Bio-Rad, Hercules, CA, USA) and iQTM SYBR

Green Supermix (Bio-Rad) according to the manu-

facturer’s instructions. QPCR consisted of an initial

cycle at 958C for 5 min, followed by 40 cycles at

958C for 20 s and 558C for 20 s. As an internal

control, the experiments were duplicated with b-

actin, and all data were expressed as the change

relative to the calculated b-actin threshold cycle

(CT) levels.

Plasma parameters analysis

Plasma glucose, AST, and ALT were determined

using a biochemistry autoanalyser (model 7180;

Hitachi, Tokyo, Japan). Plasma cortisol was deter-

mined using a radioimmunoassay (RIA) with an RIA

kit (Diagnostic System Laboratories, Webster, TX,

USA).

Statistical analysis

All data were analysed using the SPSS statistical

package (version 10.0; SPSS Inc., Cary, NC, USA).

One-way ANOVA followed by Dunnett’s post hoc

test was used to compare the differences with control

values (pB0.05).

Results

Identification of P4501A full-length cDNA

Using total RNA, RT-PCR was used to clone a

fragment of P4501A cDNA. A single PCR product

of the expected size [1020 base pairs (bp)] was

obtained. A PCR-based cloning strategy (PCR

followed by 3? and 5? RACE) was used to clone

the full-length cDNA encoding P4501A. The full-

length P4501A cDNA contained 1566 nucleotides,

including an open reading frame (ORF) that was

predicted to encode a 521-amino-acid protein

(GenBank accession no. EF451958) (Figure 1).

The amino acid sequence of olive flounder P4501A

was compared to those deduced from the cDNA of

other teleosts (Figure 1). The amino acid simila-

rities were as follows: 90% with European plaice

P4501A (X73631), 90% with marbled flounder

P4501A (AB120566), 90% with European sea bass

P4501A (U78316) and 86% with gilthead seabream

P4501A (AF011223) (Figure 1).

QPCR for P4501A mRNA expression

Using QPCR, we measured the expression of

P4501A mRNA in the liver and gills. In the liver,

the P4501A mRNA expression at 6 h in the 10 and

30 mg l�1 BaP groups was about 6.7 and 131 times

higher than in the control group, respectively, and

then the levels decreased (Figure 2A). Similarly, in

the gills, the expression of P4501A mRNA at 6 h in

10 and 30 mg l�1 BaP groups was 7.5, and 28 times

higher than in the control group, respectively, and

then subsequently decreased (Figure 2B).

Plasma parameters

Figure 3 shows the plasma glucose, cortisol, AST,

and ALT levels following exposure to BaP. The

plasma glucose peaked at 0.01290.002 mM l�1

(with 10 mg l�1 BaP) and 0.01590.002 mM l�1

(with 30 mg l�1) at 6 h, and then decreased.

Cortisol peaked at 6.790.5 mg l�1 (10 mg l�1)
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and 12.291 mg l�1 (30 mg l�1) at 6 h, and then

decreased. AST began to increase at 12 h and

peaked at 5519100 IU l�1 (10 mg l�1) at 24 h,

while it peaked at 994910.4 IU l�1 at 6 h with

30 mg l�1 BaP, and then decreased. ALT peaked at

12.093 IU l�1 (10 mg l�1) at 12 h and at 22.79

1.5 IU l�1 (30 mg l�1) at 6 h, and then decreased,

similar to AST (Figure 3).

Discussion

Fish express cytochrome P4501A as a physiological

response to toxic stress. This study determined the

full-length cDNA sequence of P4501A from the liver

of the olive flounder and investigated BaP metabo-

lism in fish through the increased P4501A expres-

sion in the liver and gills after exposure to BaP. In

addition, we measured the changes in the plasma

glucose, cortisol, AST, and ALT levels to compare

the physiological stress induced by BaP with the

level of P4501A expression.

The olive flounder P4501A cDNA consists of a

1566-nucleotide ORF that encodes 521 amino acids

(GenBank accession no. EF451958). Vertebrate

P4501A typically has two highly conserved regions,

LDENSN and MTPEYG, which are at residues 299

Figure 1. Comparison of amino acid sequence of olive flounder, Paralichthys olivaceus P4501A, European plaice, Pleuronectes platessa

P4501A, marbled flounder, Pseudopleuronectes yokohamae P4501A, European sea bass, Dicentrarchus labrax P4501A and gilthead seabream,

Sparus aurata P4501A optimally aligned to match identical residues, indicated by shaded box. The sequences were taken from the

GenBank/EMBL/DDBJ sequence databases. The P4501A sequences used for alignment are olive flounder P4501A (ofP4501A,

EF451958), European plaice P4501A (epP4501A, X73631), marbled flounder P4501A (mfP4501A, AB120566), European sea bass

P4501A (esP4501A, U78316), and gilthead seabream P4501A (gsP4501A, AF026800). An asterisk indicates the most conserved regions

among the sequences.
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and 496, respectively, in olive flounder P4501A

(Figure 1).

Using QPCR, P4501A mRNA expression in the

flounder liver was highest at 6 h with both the 10 and

30 mg l�1 BaP treatments (Figure 2A). This concurs

with studies that observed high P4501A expression

in the liver of European sea bass injected with BaP at

20 mg kg�1 (Stien et al. 1998), and gizzard shad

exposed to waterborne BaP at 1 mg l�1 (Levine &

Oris 1997). Xenobiotics entering the body undergo

phase I and II metabolic reactions. P4501A, which

takes part in the phase I reaction, metabolizes

xenobiotics by adding an oxygen molecule to lipo-

philic molecules to make them water-soluble (Van

der Weiden et al. 1994; Andersson & Förlin 1992).

Therefore, the high P4501A mRNA expression was

induced in the liver following BaP treatment for BaP

detoxification. Organic chemicals, such as PAH and

chlorinated hydrocarbons, induce P4501A in the

liver (Stegeman et al. 1992) and can be used as a

biomarker of these xenobiotics.

The expression of P4501A mRNA in the flounder

gills matched that in the liver, and peaked at 6 h with

both the 10 and 30 mg l�1 BaP treatments (Figure

2B). Similarly, P4501A expression increased rapidly

in the gills of rainbow trout exposed to 1 mg l�1 BaP

for 6 h (Levine & Oris 1999) and the epithelium and

pillar cells of the gills of top minnows (Poeciliopsis

lucida) treated with 1 mg l�1 BaP (Smolowitz et al.

1992). Similarly, ethoxyresorufin O-deethylase

(EROD) was activated in the gills of rainbow trout

exposed to 25 mg l�1 BaP (Jönsson et al. 2006),

while the gills reduced the internal accumulation of

di-2-ethylhexyl phthalate (DEP) (Barron et al.

1988). The gills of fish are exposed to xenobiotics

directly; before entering the blood, xenobiotics must

pass through the epithelial cells, where they are

metabolized (Levine & Oris 1999). Since the gills are

exposed to aquatic xenobiotics and are influenced by

them directly, the P450 enzyme system of the gills

Figure 2. Dose- and time-related effects of BaP on P4501A

transcript levels in the olive flounder liver and gill. One microgram

of total RNA prepared from the liver (A) and gill (B) were reverse

transcribed and amplified using gene-specific primers by quanti-

tative PCR. Results are expressed as normalized fold expression

with respect to b-actin levels for the same sample. Values with an

asterisk indicates significantly different from control in the same

time of sampling (pB0.05). Values are means9SD (n�5).

Figure 3. Level of plasma glucose, cortisol, AST, and ALT in olive flounder after BaP exposure. Values with an asterisk indicates

significantly different from control in the same time of sampling (pB0.05). Values are means9SD (n�5).
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plays an important role in detoxification (Levine &

Oris 1999).

Since P4501A expression was high in the liver, the

major tissue in which P4501A is activated to

metabolize xenobiotics (Binder et al. 1984), and in

the gills, then P4501A also likely metabolizes

xenobiotics in the gills. A previous study also found

that BaP was metabolized rapidly in both the liver

and gills (Ueng et al. 1992; Kennedy & Walsh 1994).

The gills have an oxidative-conjugating enzyme

system that takes part in the metabolism of xeno-

biotics, although the enzyme system of the gills is

relatively less active than that in the liver

(Lindstrom-Seppa et al. 1981; Ueng et al. 1992).

This supports the greater expression we observed in

the liver.

In fish, blood parameters are commonly used as

indicators of the physiological stress response to

endogenous or exogenous changes. We also analysed

the changes in the plasma glucose, cortisol, AST,

and ALT on exposure to BaP. Xenobiotics such as

BaP stress fish (Hontela 2005) and the primary

stress responses induce secondary responses that

affect energy requirements, such as increases in

plasma glucose (Carmichael et al. 1984), AST, and

ALT (Almeida et al. 2002), and changes in electro-

lyte homeostasis in the blood and tissues (Carmi-

chael et al. 1984).

The plasma cortisol levels were highest 6 h after

exposure to both 10 and 30 mg l�1 BaP. Therefore,

BaP was absorbed by the tissues and identified as a

stressor, activating the hypothalamus�pituitary�
interrenal axis (Perry & Reid 1993). Subsequently,

the cortisol normalized.

Therefore, the stress is reduced by BaP is meta-

bolized to nontoxic products. Since cortisol is

involved in metabolism (Mommsen et al. 1999),

the increased cortisol levels may reflect an increase

in energy metabolism in response to BaP, which may

in turn lead to increased glucose levels (Carmichael

et al. 1984). It is thought that P450 detoxified the

toxicity of BaP and cortisol was increased by a

general toxic-stress response (Aluru & Vijayan

2004; Oliveira et al. 2007). Like cortisol, the plasma

glucose levels were highest 6 h after exposure to both

10 and 30 mg l�1 BaP, suggesting that stress-induced

increases in cortisol promote gluconeogenesis in the

liver. Hyperglycemia via this mechanism supple-

ments the increased energy requirements due to

stress (Vijayan et al. 1997).

The amino group transferases AST and ALT are

general indices of liver function in vertebrates. In

fish, these are widely used to evaluate stress

responses to changes in water temperature, hypoxia,

pH, ammonia, and heavy metals (Pan et al. 2003).

In our study, the plasma AST and ALT increased

with BaP exposure, implying that liver cell damage

led to decreased liver function. Since no mortality

occurred during exposure and the AST and ALT

levels normalized with time, we deduce that the BaP

toxicity was counteracted by P4501A, thereby gra-

dually reducing cell damage.

In summary, P4501A was expressed in the liver

and gills of the flounder to metabolize and detoxify

BaP. The increased plasma glucose, cortisol, AST,

and ALT levels all indicated that BaP stresses

flounders. Since the levels normalized with pro-

longed exposure to BaP, the toxicity of BaP was

counteracted by P4501A. We anticipate that

P4501A will be used as a bio-indicator for aquatic

environmental pollution during exposure to BaP.

Further studies of diverse environmental conditions

are still needed to evaluate their impact on the

P4501A enzyme system.
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