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Abstract: The enzyme CYP1A is an established biomarker of fish exposure to
polycyclic aromatic hydrocarbons (PAHS) and polychlorinated biphenyls
(PCBs). The metallothioneins (MT), afamily of Cys-rich proteins, bind awide
range of metals and participate in their metabolism. The aim of the study was
to examine the correlation between CYPIA and MT expression in
commercialy important fish species Mullus barbatus and Merluccius
merluccius and contaminants (PAHs, PCBs, toxic metals) in seawater and
sediment from three localities with different level of contamination in the
Adriatic Sea in winter, i.e., Platamuni, Vadanos and the port of Bar. The
relative concentration of CY P1A was the highest in both fish species from Bar.
Increased concentrations of PCBsin the seawater were observed only in Bar. A
species-specific higher increase in the protein concentration of CYP1A was
observed in Mullus barbatus compared to Merluccius merluccius. The levels of
MT were the highest in Merluccius merluccius from Bar and in Mullus
barbatus from Valdanos. The induction of MT correlated with the elevated
concentrations of Cu and Pb determined by chemical analysis of the seawater
from Bar and Valdanos, respectively. According to the chemical analysis of the
seawater and the biological response of the fish, the Platamuni locality
exhibited the lowest level of contamination.
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INTRODUCTION

Biochemical markers or biomarkers represent early warning signals that re-
flect on adverse biological responses to anthropogenic environmental toxins.! In
order to assess the exposure to or the effects of environmental pollutants on aqua-
tic ecosystems, different biomarkers are examined, i.e. the biotransformation en-
zymes (phases | and |1), oxidative stress parameters, biotransformation products,
stress proteins, metallothioneins, immunological, reproductive and endocrine pa-
rameters, genotoxic and physiological, histological and morphological parameters.!

The phase | biotransformation enzymes, notably CYP1A, belong to a group
of very sensitive biomarkers in fish. They are responsible for the biotransforma-
tion of xenobiotic compounds, such as polycyclic aromatic hydrocarbons (PAHS)
and polychlorinated biphenyls (PCBs).2* The induction of CYP1A occurs through
ligand binding of PAHs and PCBs to a cytoplasmic receptor, known as the hyd-
rocarbon receptor. Upon heterodimerization with the aryl hydrocarbon nuclear
translocator, the complex trang ocates to the nucleus. Thisis followed by its spe-
cific binding to the xenobiotic-response element on the DNA upstream from the
CYP1A gene promoter and up regulation of gene transcription, which leads to
elevated mMRNA and protein levels, and increased CY P1A catalytic activity.>

Metallothioneins (MTs) are a specia group of stress proteins which are in-
ducible by both essential and toxic metals. The MTs constitute a family of low-
-molecular-weight, cysteine-rich proteins that regulate the essential metals Cu
and Zn.6 For nonessential metals, MT assumes a sequestering function that pro-
tects against metal toxicity.” Induction of MT following exposure to toxic metals
can serve as a defense mechanism and a biomarker of environmental exposure to
chemical stressors, such as toxic metals. Another hallmark of MTsis their induc-
tion by multiple toxic metal species at the transcriptional level. Studies of the
regulation of MT gene expression revealed that the induction by metalsis adirect
response to increases in the intracellular metal concentrations and is mediated
through the action of metal-binding regulatory factors.8

The aim of the present study was to examine the correlation between the ex-
pression of biomarkers (CYP1A and MT) in fish and chemical contaminants
(PAHSs, PCBs and toxic metals) in seawater and sediment. Relative changes of
CYP1A and MT concentrations in the hepatopancreas of Red mullet Mullus bar-
batus and European hake Merluccius merluccius were examined. The fish were
caught in three different types of localities in the Adriatic Sea in winter: Plata-
muni, an open sea locality; Vadanos, a locality of low urban and industrial in-
fluence, and the port of Bar, alocality of intense industrial and anthropogenic ac-
tivity. Both fish species are of considerable commercial importance.
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EXPERIMENTAL
Animals

Specimens of Mullus barbatus and Merluccius merluccius were collected by trawling at
Platamuni, Valdanos and the port of Bar (Fig. 1). The investigations took place in winter (25t
February, 2009). At least seven (and up to nine) individua fish of one species were pooled.
The fish were killed immediately by spinosectomy according to standard animal care regu-
lations. The hepatopancreas was quickly removed, washed in ice-cold 0.15 M NaCl and fro-
zen in liquid nitrogen. Individuals of the same size were selected to ensure uniformity of
samples.

Fig. 1. A map of the Adriatic coast of Montenegro with the locations where the sea water
samples were collected and the fish caught (Platamuni, Valdanos, port Bar).

Deter mination of PAHs and PCBs

The sampling of water and sediments was performed after trawling at the same place as
where the fish were caught. PCBs from filtered seawater (1 L) were extracted using a
Bakerbond spe™ C18, 6 ml, 500 mg column (JT Baker products).® Prior to extraction, the
column was washed with ethyl acetate, dried under vacuum for 30 s and conditioned with 2x5
ml of methanol, followed by 2x5 mL of water. Samples were added to the column and drawn

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS



1152 MIHAILOVIC et al.

through the column at 10 mL minl. After washing with water, the column was dried under
vacuum for 30 min. Compounds from the column was eluted using 2x2.5 mL of ethyl acetate
at aflow rate of 2 mL min?, followed by 2x2.5 mL of dichloromethane, before being con-
centrated to 1 mL at room temperature by evaporation under a gentle stream of nitrogen gas.
PCBs from sediments were extracted using a Soxhlet apparatus employing an acetone/hexane
mixture (51:49, v/v) for 8 h.10 The dried and evaporated extract was transferred to a silica gel
column (10 g, 100-200 mesh activated at 130 °C for 18 h before use), eluted using hexane and
concentrated to 1 mL at room temperature by evaporation under a gentle stream of nitrogen gas.

The PCB concentrations were determined by gas chromatography (GC) with an ECD
detector and linear programmable temperature vaporizer (PTV) injector.1112 A capillary co-
lumn BPX5 30 mx0.25 mmx0.25 um was used for all the determinations. The operating con-
ditions were: detector temperature 310 °C, column temperature programmed to start at 80 °C
for 2 min, first ramp 30 °C min® to 150 °C, second ramp 5 °C min'! to 280 °C and holding for
the next 5 min. The concentrations of PCBs in the samples were calculated using araclor
standards. The absence of an individual peak is not reported as zero but as less than the de-
tection limit.

The PAHSs from filtered seawater (1 L) were extracted using a Bakerbond spe™ PAH
Aqua, 6 mL column (JT Baker products).1® The column was conditioned with cyclohexane
and dichloromethane, dried for 15 s after each addition and again conditioned using a water/2-
-propanol mixture (92:8). The sample (1 L with the addition of 100 mL of 2-propanol) was
applied to the column at 5 mL min and dried using vacuum for 10 min. The PAHs were
eluted using 2x3 mL and 1x2 mL of dichloromethane and then concentrated to 1 mL at room
temperature by evaporation under a gentle stream of nitrogen gas.

The PAH concentrations were determined by GC with a FID detector and a linear PTV
injector.14 A capillary column DB5-MS 30 mx0.25 mmx0.25 um was used for all the determi-
nations. The operating conditions were: detector temperature 310 °C, column temperature pro-
grammed to start at 40 °C for 1 min, first ramp 15 °C min' to 150 °C, second ramp 5 °C min'1
to 290 °C and holding for the next 11 min. The concentrations of PAHs in the samples were
calculated using PAH mix 13 (Supelco) standards. The absence of individual peaks is not
reported as zero but as |ess than the detection limit.

Deter mination of metals

Water samples were taken in polyethylene bottles of 1.5 L volume, preserved with 5 cm3
concentrated nitric acid during the sampling. After transport, the samples were kept at room
temperature until analysis. Before analysis of the investigated toxic metals, to enable its deter-
mination, their concentration in samples were increased. For metal content determination in
samples of seawater from the Montenegrin coast, the extraction method by ammonium pyrro-
lidine dithiocarbamate/methy! isobutyl ketone (APDC/MIBK) was used, i.e., method of sepa-
ration of complex metals with the organic solvent MIBK, previously examined in 1 % solu-
tion of APDC, at pH 3 and analyzed with atomic absorption spectrometry (AAS).1516

Isolation of the hepatopanceas fractions

The microsomal fraction of the hepatopancreas was prepared following the procedure of
Krauss et al.1” The tissues were excised and homogenized (1 g liver mL™1) in STM buffer:
0.25 M sucrose, 50 mM Tris-HCI, pH 7.4, 4 mM MgCI2, 1 mM PMSF) and centrifuged at
10000 x g at 4 °C for 25 min. The obtained post mitochondrial supernatant was then centri-
fuged at 150000 x g, 4 °C for 60 min. The obtained microsomal pellets were resuspended in
STM buffer and used for analysis of CYP1A, while the supernatant was used for analysisof MT.

Available online at www.shd.org.rs/JSCS/

2010 Copyright (CC) SCS



CYP1A AND METALLOTHIONEIN INDUCTION IN FISH 1153

D S-polyacrylamide gel electrophoresis and immunoblot analysis

For the SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 20 pg of microsomal
proteins were loaded onto 4 % stacking/12 % separating slab gels as described by Laemmli.18
The gels were stained using Coomassie Brilliant Blue R-250. The proteins separated by SDS-
-PAGE were electroblotted onto PVDF membranes (Hybond-P, Amersham Pharmacia Bio-
tech). Immunoblot analysis was performed according to Towbin et al.1° using polyclonal anti-
bodies to fish CYP1A and MT (CP226 and KH-1, respectively; Biosense Laboratories, Nor-
way). The immunoreactive bands were identified by an enhanced chemiluminescence (ECL)
detection system (Santa Cruz Biotechnology) according to the manufacturer’s instructions.
Protein concentrations were determined according to Lowry et al.2% The bands were visua-
lized and quantified with TotalLab (Phoretix) electrophoresis software (version 1.10).

RESULTS AND DISCUSSION
The effects of exposure to PAHs and PCBs on CYP1A expression

Chemical analysis of the environment and animal tissues provides informa
tion concerning the presence of specific xenobiotic compounds. However, this
data on its own is not particularly indicative of the concentrations to which the
animals were exposed and cannot serve as bioaccumul ation markers for exposure
assessment.2 In addition, the application of biomarkers to complement traditional
chemical methods of detecting pollution can reveal the presence of contaminants
that were not initially suspected. CYP1A is an established biomarker of exposure
to PAHs and PCBs.2 In order to detect CYP1A, equal quantities of microsomal
proteins were separated by SDS-PAGE and subjected to immunoblot analysis
using polyclonal antibody to CYP1A protein (Fig. 2). CYP1A was detected in
both fish species at all examined localities. The highest degree of induction was
observed in both fish species that were caught in the port Bar (Fig. 2 and Table
1). The results presented in Fig. 2 indicate a species-specific response of CYP1A.
They show that the protein concentration of CYP1A was about 5-fold higher in
the hepatopancreas of Mullus barbatus than in Merluccius merluccius (Tablel).

Fig. 2. Immunoblot analysis with anti-
-CYP1A antibody. P — Platamuni;
V — Valdanos;, B — Bar. Twenty pg of
proteins were subjected to 12 % SDS-
-PAGE, electroblotted to membranes
and immunaoblotting was performed
with a polyclona antibody for CYP1A.
The antigen—antibody complex forma
tion was detected using an ECL de-
tection system.

Virgin et al. showed that there are large differencesin CYPIA mRNA induc-
tion between species.21 Thus, the Atlantic tomcod exhibited significant induction
of CYPIA mRNA after exposure to chemicals (97-fold) and changes in the en-
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vironment (34-fold), whereas in the smooth flounder, a considerably lower level
of CYP1A induction was observed in response to chemical exposure (14-fold)
but no change in expression after exposure to adjustments in the environment.21
In hog chokers and striped bass, very low levels of CYP1A gene induction were
detected. The degree of CYPIA mRNA inductibility above the basal level differs
significantly among fish taxa, most likely as a result of differences in the regu-
lation of gene expression. Based on their findings, the authors concluded that ca-
reful selection of sentinel species should be exercised prior to the use of CYPIA
MRNA induction datain environmental monitoring programs.

TABLE |. Quantification by immunoblot analysis with anti-CYP1A antibody. Antigen—anti-
body complexes (changes of the relative concentrations of CY P1A), were analyzed by densi-
tometry using Total Lab (Phoretix) electrophoresis software

. Fish
Location Mullus barbatus Merluccius merlucius
Platamuni 446.3+15.1 88.2+2.8
Valdanos 603.7+21.5 117.1+4.2
Bar 824.1+33.4 139.2+4.9

Due to their mutagenic and carcinogenic properties, measurement of PAH
concentrations are included in most monitoring programs.22 PCBs are produced
for diverse industrial applications and athough their use has been banned since
the 1970s, due to their resistance to breakdown and tendency for bioaccumula-
tion, PCBs continue to cycle through the environment.1

Analysis of the seawater did not reveal the presence of PAHs (Tablell). The
limit of detection of PAHs using a GC column is 10 ng L~ and the presence of
PAHSs at lower concentrations cannot be excluded. PCBs were observed in the
seawater only in Bar, where the concentrations of PCB-28, PCB-52 and PCB-153
were 20, 15 and 15 ng L1, respectively (Table I11). According to Nagpal,23 the
recommended maximal concentration of total PCB is 0.1 ng L~1. Thus, the con-
centrations of PCBs measured in the port of Bar could be taken as representing
contamination of the seawater. Since the minimal concentration of PCBs that
exerts a negative impact on marine organisms, as reported in the Environmental
Quiality Standards for the Mediterranean Seain Israel,24 is 42 ng L1, the concen-
trations detected in Bar are at an acceptable level. The presence of PCBs in sea-
water is in correlation with the highest level of CYP1A induction in the hepato-
pancreas from Mullus barbatus and Merluccius merlucciusin Bar. Asthe limit of
detection of PCBs using a GC column is 10 ng I-1 (which is above the recom-
mended maximum concentration described by Nagpa?23), the presence of other
PCBs at other localities cannot be ruled out. The concentrations of PCBs in sedi-
ments are presented in Table 111. The results reveal ed the presence of pcb101 in Val-
danos (2.31 ng g 1) and in samples PCB-101, PCB-138, PCB-153 and PCB-180
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at Bar at concentrations 2.85, 3.05, 3.55 and 3.65 ng g1, respectively. Consi-
dering that the recommended maximum concentration of total PCBs is 2 ug per
100 g in sediments (Nagpal23), the detected PCBs in the sediment are under the
recommended maximum. However, the presence of PCBs in sediment could in-
duce the sensitive biomarker CY P1A in the hepatopancreas.

TABLE II. Concentrations of PAHs (ng L-1) in seawater collected from Platamuni, Valdanos
and the port of Bar

Compound Platamuni Vadanos Bar
Acenaphthylene <10 <10 <10
Fluorene <10 <10 <10
Phenantrene <10 <10 <10
Anthracene <10 <10 <10
Pyrene <10 <10 <10
Benz(A)anthracene <10 <10 <10
Chrysene <10 <10 <10
Benzo(B)fluoranthene <10 <10 <10
Benzo(K)fluoranthene <10 <10 <10
Benzo(A)pyrene <10 <10 <10
Benzoperylene <10 <10 <10
Indeno(1.2.3.cd)pyrene <10 <10 <10
Dibenzo(A)anthracene <10 <10 <10

Table Il1. Concentrations of PCBs in seawater and sediment collected from Platamuni, Val-
danos and the port of Bar

Compound Location
Platamuni Valdanos Bar
PCBsin seawater, ng L1
2,4,4 -trichlorobiphenyl (PCB-28) <10 <10 20
2,2' 5,5 -tetrachlorobiphenyl (PCB-52) <10 <10 15
2,2',4,5,5' -pentachl orobiphenyl (PCB-101) <10 <10 <10
2,2',3,4,4' 5 -heksachlorobiphenyl (PCB-138) <10 <10 <10
2,2 4,4 5,5 -heksachlorobiphenyl (PCB-153) <10 <10 15
2,2' 3,44 5,5 -heptachlorobiphenyl (PCB-180) <10 <10 <10
PCBs in sediment, ng/g
2,4,4 -trichlorobiphenyl (PCB-28) <10 <10 <10
2,2 5,5 -tetrachl orobiphenyl (PCB-52) <10 <10 <10
2,2',4,5,5 -pentachl orobiphenyl (PCB-101) <10 231 2.85
2,2',3,4,4' 5 -heksachlorobiphenyl (PCB-138) <10 <10 3.05
2,2',4,4' 5,5 -heksachlorobiphenyl (PCB-153) <10 <10 3.55
2,2,3,4,4 5,5 -heptachl orobiphenyl (PCB-180) <10 <10 3.65

The effect of exposure to toxic metals on MT expression

Considering that M Ts play arole in the metabolism of essential metals, they
possess basal levels of expression. The occurrence of higher doses of both essen-
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tial and toxic metals provokes the induction of MTs.6.7 The same quantity of the
supernatant fractions were separated by SDS-PAGE and subjected to immuno-
blot analysis using polyclonal antibodiesto MT (Fig. 3 and Table 1V). These ex-
periments revealed that MT was present in all samples; however, MT induction
was observed in Merluccius merluccius from Bar (Fig. 3) and in Mullus barbatus
from Valdanos (Fig. 3).

Fig. 3. Immunoblot analysis with anti-
-metallothionein antibody. P — Platamu-
ni; V — Vadanos, B — Bar. Twenty ug
of proteins were subjected to 12 %
SDS-PAGE, €electroblotted to membra-
nes and immunoblotting was performed
with a polyclonal antibody for metallo-
thionein. The antigen—antibody complex
formation was detected using an ECL
detection system.

TABLE V. Quantification of immunoblot analysis with anti-metallothionein antibody. Anti-
gen—antibody complexes (changes of the relative concentrations of anti-metallothionein), were
analyzed by densitometry using Total Lab (Phoretix) electrophoresis software

Location Fish

Mullus barbatus Merluccius merlucius
Platamuni 16.5+0.6 80.7+2.5
Vadanos 40.9+1.3 107.4+35
Bar 26.9+0.9 132.1+4.1

Analyses of metals in seawater obtained from the localities of Platamuni,
Valdanos and the port in Bar during winter are shown in Table V. In view of the
acceptable average concentrations according to the Environmental Quality Stan-
dards for the Mediterranean Sea in Israel?4 for the examined metals, it can be
concluded that the concentration of Pb in Vadanos and of Cu in Bar were signi-
ficantly increased. Namely, the recommended average concentration for both Pb
and Cu is 0.005 mg L—1. The measured concentrations for Pb (Valdanos) and Cu
(Bar) were 0.022 and 0.009 mg L1, respectively. The minimal concentrations of
Pb and Cu that have a negative impact on marine organisms are 0.005 and 0.003
mg L1, respectively.

The observed presence of Cu and Pb in seawater is in correlation with MT
induction in the hepatopanceas of Merluccius merluccius from Bar and in Mullus
barbatus from Vadanos. In contrast to the species-specific induction of CYP1A,
3-5-fold higher MT protein concentrations were observed in the hepatopancreas
of Merluccius merluccius compared to Mullus barbatus (Fig. 3 and Table IV).
Species-specific MT induction in fish was reported by Lam et al.25> When carp
was exposed to sub-lethal doses of Cu, Zn and Cd, MT mRNA in the gill and
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liver was not induced while exposure of tilapia caused a significant induction of
MT mRNA in the same tissues.2> These results imply that the MT level in carp is
not areliable biomarker for monitoring metal pollution; the MT level intilapiais
a better biomarker. In view of these results, it can be concluded that MT induc-
tion in the hepatopancreas of Meluccius merluccius is a more reliable biomarker
than in Mullus barbatus.

TABLE V. Concentrations of metals (mg L™1) in seawater collected from Platamuni, Vadanos
and the port of Bar

Location Depth, m Pb Zn Cd Cu Co Ni
Platamuni 0 0.0 0.0 0.0 0.0 0.0 0.0
Platamuni 80 (bottom) 0.0 0.014 0.0 0.001 0.0 0.0
Valdanos 0 0.002 0.017 0.00012 0.005 0.0 0.0
Valdanos 20 (bottom)  0.022 0.009 0.0 0.0 0.0 0.0
Bar 0 0.0 0.0 0.0 0.0 0.0 0.0
Bar 10 (bottom)  0.003 0.010  0.00008  0.009 0.0 0.0

Whereas heavy pollution causes the sudden death of large numbers of fish,
exposure to sub-lethal levels of pollutants has to be estimated by measurements
of specific biochemical, physiological or histological responses of fish.26 To-
gether with chemical analysis, biomarker responses represent an additional ap-
proach in the study of the biological impact of environmental contaminants. The
observed changes at the molecular level show that the pollutants had entered the
organisms, been distributed between the tissues and elicited toxic effects at criti-
cal targets. This biochemical response is only the first signal of exposure to con-
taminants and is usually reversible, contrary to the changes manifested at higher
levels of organization of an organism, the population, community and ecosystem.1

CONCLUSION

Increased expression of CY P1A and metallothioneins, biomarkers of fish ex-
posure to PAHS/PCBs and toxic metals, respectively, correlated with increased
levels of environmental contaminants observed by chemical analysisin Valdanos
and Bar in winter. Fish from the Platamuni locality, an open sea area with very
low anthropogenic and industrial influences, exhibited the lowest level of conta-
mination and displayed significantly lower levels of biomarker responses.
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U3BOA

EKCIIPECUJA CYP1A I METAJIOTUOHENHA VY XEITATOITAHKPEACY OCJIMhA 1
TPJBE U3 JAIPAHCKOI' MOPA

MUPJAHA MUXAUJIOBUR', MUOJIPAT TIETPOBURY, HEBEHA I'PJIOBUR’, CBETJIAHA JJUHUR?,
AJIEKCAHJIPA YCKOKOBUR', MEJINTA BUJIAKOBUR', IJIMJAHA TPUIOPOB’, IECAHKA BOTOJEBUR?,
CBETJIAHA UBAHOBUA-MATUHR', BECHA MAPTUHOBUR?, JEJIEHA APAMBALINR?,
JIAHUJEJIA JOKCUMOBUR?, CBETJIAHA JIABYC-BJIATOJEBUR® u TOPAH ITO3HAHOBUR!

" Wnimuimym 3a 6uonowka ucitipanusarsa “Curtiua Cilianikosuh”, Yuusepsuiiei y beozpady, beozpad, > Unciiuitiyim
. _ 3 JE . R _
3a 6uoaozujy mopa, Koitiop, Lipna I'opa u” Unciiuitly i 3a jasHo 30pasmve “Muaan Josanosuh-baityiu", beozpao

CY P1A npencrasiba 100po okapakTepucaH GHoMapkep Ko puba npH U3Naramby MOJHIUKIIH-
YHUM apoMatHyHuM yriboBogonuIuMa ([TAX) u nomuumkmmaauM Gudpexonuma (IL[B). Mertao-
tronennn (MT) mpercraBibajy GamMuiinjy NpoTEHHA KOjH BE3yjy METale M YYECTBY]Y Y HHXOBO]
MeTaboIM3My, TPAaHCHOPTY M perynanuju. Llnss oBor pana je 6mo ma ce UCIUTAjy Kopelanuje 13-
meljy npomena y HuBoy CYPLA u MT y xenartonaHkpeacy JBe KoMepiujaiHo Baxue pube: Mullus
barbatus (tpspa) u Merluccius merluccius (ocnuh) u koutamunanarata: [TAX, ITB u TokcHaHHX
Merana) Ha Tpu Jokanurera y JaapHckom mopy ([Tnaramynu, Bampanoc u nyka bap) y sumy.
CYP1A je y najBehem creneny MHIyKOBaH Ha JokaiauteTy bap y o0e ucnutiBaHe BpCTe, IITO je Y
Kopenaiyju ca npucyctsom mosehane komuunne [ y Mopckoj Boau y bapy. Huso MT je Hajse-
hu xox ocimha m3nosssenor y bapy, a ko Tpibe y Banmanocy. To je y kopenanuju ca ©3MepeHUM
noBefiaHUM KOHIIEHTpanujama 6akpa y bapy, a onosa y Bannanocy. Ha ocHOBY M3y4aBaHHX Mapa-
Merapa, [naTaMyHH Cy JIOKaJIUTET ca HajMambHM CTCIICHOM KOHTaMUHAIIHje.

(Mpumsseno 29. oktoOpa, peBuaupano 11. nenembpa 2009)
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