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Abstract

Siroka Z., J. Drastichova: Biochemical Markers of Aquatic Environment Contamination -
Cytochrome P450 in Fish. A Review. Acta Vet. Brno 2004, 73: 123-132.

The paper reviews the most recent data on the role of cytochrome P450 as a biochemical marker
of aquatic environment pollution. The important chemical characteristics of cytochrome P450,
classification of its isoforms, its functions and involvement in the metabolism of endogenous and
xenobiotic agents are described as well as methods for assessment of cytochrome P450 in
biological materials. The main attention is paid to the CYP 1A isoform whose detection in fish is
used in toxicological monitoring of ecosystems.

Monooxygenase, EROD, pesticide, PCB, TCDD

Thefish, asabioindicator species, plays an increasingly important rolein the monitoring
of water pollution because it responds with great sensitivity to changes in the aguatic
environment. The sudden death of fish indicate heavy pollution; the effects of exposureto
sublethal levels of pollutants can be measured in terms of biochemical, physiological or
histological responses of the fish organism (Mondon at a. 2001). Changes in age and
species distribution in a stock fish population are general indicators of water pollution, but
there are also responses specific to a single pollutant or a group of contaminants
(Svobodova 1997). Biochemical markers are biochemica responses induced in the
presence of aspecific group of contaminantsthat have the same mechanism of toxic activity.

Biochemical markers

Entering to an organism, xenobiotics bind to specific cellular structures called receptors that
are localised on the cell surface or inside the cell either in its cytoplasm or on cell organelles.
The binding of a xenobiotic with its receptor may induce cellular processes that have toxic or
other adverse effects on the cell. In macroorganisms, these processes subsequently affect
organs, the organism itself or even the whole population involved.

Biochemical markers are measurable responses to the exposure of an organism to
xenobiotics. They usually respond to the mechanism of toxic activity and not to the presence
of a specific xenobiotic and, therefore, may react to a group of either similar or very
heterogeneous xenobiotics. Biochemical markers detect the type of toxicity; in some of them,
the magnitude of their response correlates with the level of pollution.

Biochemical markers have been used in research in toxicology, ecotoxicology and
pharmacology. Most of these studies have utilised in vitro assays (White et al. 1997b; Fent
etal. 1998; Rogiers and Vercruysse 1998) whereas in vivo tests have been employed in
research concerned with aquatic environments (Machala 1995; White et al. 1997b;
Anzenbacherovd and Anzenbacher 1999; Schlenk and Di Giulio 2002). The
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majority of reports on biochemical markers deal with pharmacological or toxicological aspects
of new drugs introduced to the market.

The great advantage of biochemical markers is providing evidence of the state of pollution
in a comprehensive way based on the synergistic and antagonistic effects of all contaminants
involved. In fish, however, the physiological values of many parameters may vary greatly in
relation to the species of fish, their age and sex as well as seasons of the year. It is, therefore,
very important to seek and make use of indicators independent of such physiological
fluctuation (Svobodova 1997; Schlenk and Di Giulio 2002; Jorgensen et al. 2002).
One of the most intensively studied biomarkers, in both laboratory and field conditions, is
cytochrome P450.

The determination of cytochrome P450 levels as a response of the organism to the presence of
pollutants in the aquatic environment has been reported by many studies from all over the world
(Payne etal. 1987; Curtis etal. 1993; Aas etal. 2001; Mondon et al. 2001; Bard et
al. 2002; Jewett et al. 2002; Ruus et al. 2002; Moore et al. 2003) including those on river
pollution in the Czech Republic (M achala et al. 1997; Machala et al. 2000).

Cytochrome P450

The metabolism of xenobiotics is a two-phase process. The first phase involves reactions
giving rise to more polar compounds. This may either result in reducing the effectiveness of
the metabolised xenobiotic, which is described as bioelimination, or produce an active
metabolite, in terms of both pharmacology and toxicology, which is regarded as
bioactivation. The first-phase reactions include oxidation, reduction and hydrolysis and the
greatest importance is ascribed to oxidation enzymes involved in the metabolism of the
majority of xenobiotics. In second-phase reactions, the metabolites produced in the first
phase or, occasionally, also the original substances, are conjugated with products of the
endogenous metabolism (glucuronate, glutathione, 3’-phosphoadenosine-5’-phospho-
sulphate, etc.) to give rise to polar compounds subsequently eliminated from the body.
Metabolites produced in the first phase are eliminated only exceptionally.

The most important oxidation enzymes of the first phase are P450 cytochromes,
formerly “mixed function oxidases” (Lewis 2001). The term “cytochrome” is not
very appropriate because it was initially used to designate electron-transporting proteins
with a haem prosthetic group and not haem enzymes (Anzenbacherova and
Anzenbacher 1999; Lewis 2001). Cytochromes are present, at high levels, in the
liver, accounting for 1 to 2% mass of hepatocytes (Lester et al. 1993; Lewis 2001).
However, they are also found in the intestine, kidney, lungs, brain, skin, prostate gland,
placenta, etc. (Anzenbacherova and Anzenbacher 1999, 2001; Arukwe 2002;
Ortiz-Delgado etal. 2002). Cytochrome P450 was described by Klingenberg in 1948
and, since then, this protein has been studied most intensively (Kvasni¢kova 1995;
Anzenbacherova and Anzenbacher 1999; Lewis 2001). As demonstrated, the
enzyme is not a single entity but includes a large number of isoforms; up till now over
1000 isoenzymes have been isolated (Stoilov et al. 2001; Lewis 2001). The basic
structure of each isoenzyme is a haem skeleton similar to that present in other enzymes,
such as cytochrome c oxidase. Cytochrome P450 is classified as a b-type haemoprotein
(haem skeleton of this type also has haemoglobin, myoglobin and certain peroxidases)
associated with membranes of the endoplasmic reticulum. In eukaryotic cells, it is also
bound to mitochondrial membranes and, in bacteria, it is present in the cytosol in
a soluble form. Its name is derived from the fact that it was discovered as a pigment that,
in a complex with CO, absorbed light at 450 nm. The inactive form of cytochrome P450
has an absorption maximum of 420 nm, which is similar to other haemoproteins
(Kvasnickova 1995; Schenkman and Jansson 1998; Anzenbacherova and
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Anzenbacher 1999). Its activity depends on the presence of NADPH-cytochrome
P450 reductase and phospholipide membrane fraction. All these components constitute
a monooxygenase system (Kvasnic¢kova 1995).

Cytochrome P450 biochemistry

In a simplified form, cytochrome P450 function is shown by the following formula:
cytochrome P450

NADPH + H* +RH + O, ROH + H,0 + NADP+*

This is amonooxygenase reaction in which one molecule becomes more polar by insertion
of an oxygen atom. In reality, the whole reaction is more complex because the cytochrome
may utilise not only molecular oxygen but also oxygen from peroxides, and electrons may
also be supplied by NADH. As mentioned above, the presence of NADPH reductase (which
contains FAD and FMN prosthetic groups involved in transfer of electrons on cytochrome
P450) and membrane phospholipides are also required. Cytochrome by can also serve as
another source of electrons (Kvasnickova 1995; Anzenbacherova and
Anzenbacher 1999; Lewis 2001). The reaction cycle of microsomal cytochrome P450
is presented in a scheme drawing below (Fig. 1).
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Fig. 1. Metabolic pathway of cytochrome P450 (from Anzenbacherovaand Anzenbacher 1999, with permission of
Bulletin CSBMB).

Mitochondria also contain monooxygenase complexes associated with cytochrome P450.
These mitochondrial cytochromes are responsible for the metabolism of steroids and are also
involved in the metabolism of cholesterol and the biosynthesis of steroid hormones, bile
acids and vitamin D3. In these reactions, electron transfer is facilitated by ferredoxine and
ferredoxine reductase (Kvasni¢kova 1995; Anzenbacherova and Anzenbacher
1999), as shown in Fig. 2.

The cytochrome P450 group participates in a large number of different oxidation
reactions, including hydroxylation, H- and O-dealkylation, deamination, sulphoxidation,
N-oxidation, dehalogenation, etc. (Anzenbacherova and Anzenbacher 1999).
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Fig. 2. Electron transfer by a mono-oxygenase complex.

Nomenclature

Cytochromes P450 (CYP) are classified into families and subfamilies on the basis of
either their specific functions or presence in species. The former are designated by Arabic
numerals and the latter by capital letters from A to Q (Kvasnic¢kova 1995;
Anzenbacherovid and Anzenbacher 1999). The most common isoforms (Lewis
2001) are listed below (Table 1).

Table 1

The present-day nomenclature of cytochromes P450 based on species-specificity or function
Family designation Characteristics
CYP 1 Metabolism of foreign compounds
CYpP 2 Metabolism of foreign compounds
CYP 3 Metabolism of foreign compounds
CYP 4 Metabolism of long-chain fatty acids
CYP 5 Thromboxane biosynthesis
CYP 6 Insect isoforms
CYP 7 Metabolism of steroids
CYP 8 Prostacycline biosynthesis
CYP 9 Insect isoforms
CYP 10 Mollusc isoforms
CYP 11 Biosynthesis of steroids
CYP 17 Biosynthesis of steroids
CYP 19 Biosynthesis of steroids
CYP 21 Biosynthesis of steroids
CYP 24 Metabolism of vitamin D
CYP 26 Metabolism of retinoids
CYP 27 Biosynthesis of bile acids
CYP 51-70 Fungal isoforms
CYP 71-100 Plant isoforms
CYP 101 - 140 Bacterial isoforms

Cytochrome P450 function

The cytochromes P450 are involved in a wide range of transformations of both
endogenous and exogenous biological substances. Endoplasmic reticulum cytochromes are
not substrate-specific. Each isoform participates in the metabolism of many different
compounds. However, one substrate can also be metabolised by several different
cytochrome isoforms. However, almost every isoform has its specific substrate that can be
used for its identification (Kvasni¢kova 1995; Anzenbacherova and Anzenbacher
1999, 2001; Lewis 2001). In contrast, bacterial and mitochondrial cytochrome P450
isoforms are highly substrate-specific (Lewis 2001).
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In fish, as in other animal species, there are great differences in cytochrome catalytic
activity among individuals of one population as well as among populations; this is related
to factors such as species, sex (e.g., estrogen suppresses the baseline but not xenobiotic-
induced cytochrome activity) (Navas and Segner 2001), diet or season (Machala et al.
1997; Perkins and Schlenk 1998; Aas et al. 2001; Schlenk and Di Giulio 2002;
Ruus etal. 2002; Jorgensen et al. 2002). Inter-individual differences may be responsible
for different susceptibility to a disease or disorder in members of the same species, as
reported in humans (Lewis 2001). In addition, there are large inter-species differences and,
in different species, the same substrate can be metabolised by different cytochrome P450
isoforms.

Although cytochromes are most frequently studied in relation to their role in the
metabolism of xenobiotics, their involvement in endogenous metabolism, particularly that
of steroids, is also very important (Stoilov etal. 2001; Lewis 2001); in fact, this function
in the organism was probably the primary one. It has been assumed that, in prehistoric
organisms, cytochrome P450 was responsible for hydroxylation of organic substrates
subsequently used as sources of energy. This function has been preserved up till now in some
microorganisms and attempts have been made to develop microbes capable of degrading
industrial contaminants of the environment that are otherwise difficult to break down
(Stiborovad et al. 1999). In plant organisms, production of many significant secondary
metabolites, such as lignin, terpenoids, steroids, essential oils or opioid precursors (Lewis
2001), is based on cytochrome functions. The role of cytochrome P450 in endogenous
metabolism is beyond the scope of this review. However, it is of a worth to mention an
interesting paper by Stoilov et al. (2001) which deals with cytochrome P450 effects on
endogenous metabolism and intrauterine development of the foetus.

The isoforms whose primary functions are to metabolise xenobiotics (families CYP 1,
CYP 2 and CYP 3) are also known to be involved in endogenous metabolic processes in
substrates such as melatonin and estradiol (CYP 1A), testosterone (CYP 3A),
catecholamines (CYP 2D), progesterone (CYP 2C, CYP 3A) and arachidonic acid (CYP 2E)
(Lewis etal. 2001).

In the fish, cytochrome P450 has primarily been studied as a biomarker indicating
pollution of the aquatic environment by industrial or agricultural sewage. However,
responses to xenobiotics in fish may differ from those in other species. When the results of
metabolic studies of a toxin obtained in laboratory animals are to be applied to the fish, it is
difficult to estimate whether cytochrome P450 will be induced at all or, if so, which of its
isoforms will arise. For instance, cytochrome CYP 2B fails to be induced in fish (Machala
1997; Petfivalsky etal. 1997; Machala etal. 1997). For detection of pollution in aquatic
environments, the CYP 1 family members have been so far proved to be the most sensitive
indicators (Machala et al. 1995; Machala et al. 1997, Anzenbacherovi and
Anzenbacher 1999; Machala et al. 2000; Schlenk and Di Giulio 2002). They
respond to water contamination at levels too low to be detected by other laboratory methods
or at the time when the contaminant is no longer dissolved in water but persists in the living
matter, such as residues of biocidal agents. Another candidate for a biomarker is CYP
3A induced in fish by some organochlorine compounds or polychlorinated biphenyls
(PCBs) (Machala 1997).

In some instances, however, the presence of polycyclic aromatic hydrocarbons (PAHs)
or PCBs may not induce elevated CYP 1A levels. This indicates either high concentrations
of pollutants (Stegeman etal. 1997; Schlezinger and Stegeman 2001; Wirgin and
Theodorakis 2002), or the presence of contaminants specifically inhibiting cytochrome
P450 (e.g., Cu, Zn, Pb, Cd or Ni). Effects of stress (Jorgensen et al. 2001) or defence
mechanisms allowing the fish to survive in highly polluted water should also be considered.
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It has been assumed that a suppressed expression of the Ah receptor is responsible for this
resistance. This assumption, however, has not been proved (Schlenk and Di Giulio
2002). Some studies have suggested that the mechanism of this resistance may be based on
post-transcription suppression of cytochrome P450 related to the dose of a xenobiotic
(xenobiotics induce an increase in cytochrome mRNA but not an increase in the amount of
the protein itself or its enzymatic activity). However, the mechanism of post-transcription
suppression has not been fully understood. So far it has only been shown that both in vivo
and in vitro administration of high PAHs doses results in destruction, by reactive oxygen
radicals, of CYP 1A and ethoxyresorufin-O-deethylase (EROD), an enzyme linked with
CYP 1A (White etal. 1997a; Schlezinger etal. 2000; Schlezinger and Stegeman
2001). Meyer et al (2002) found that offspring of the fish exposed to high concentrations
of contaminants showed some degree of unresponsiveness to PAHs and suggested that this
trait may have been incorporated in the genetic code. However, their study failed to
demonstrate this quality in F2 and F3 generations, in which CYP 1A and EROD
concentrations induced by PAHs were similar to the levels observed in controls. The
hypothesis that the resistance to PAHSs is heritable has not been confirmed by this study
(Meyer et al. 2002).

Some of the xenobiotics that require cytochrome P450 for their metabolism are able to
induce expression of this cytochrome and thus increase its amount in the organism. The most
important inducers of fish CYP 1A, which is considered most relevant to pollution of the
aquatic environment, include PAHs, nitrated polyaromatic hydrocarbons (NPAHs), PCBs,
dioxins (TCDD) and some pesticides (Machala et al. 1995; Machala 1997; White et
al. 1997b; Nilsen et al. 1998; Fent et al. 1998; Anzenbacherova and Anzenbacher
1999; Sadar and Andersson 2001; Jung et al. 2001; Schlenk and Di Giulio 2002).
The members of the CYP 1A subfamily are responsible for metabolic activation of the
majority of known promutagens and carcinogens that, in a long term, may be involved in
cocarcinogenesis, reproductive disorders, etc. (Machala 1997; Schlenk and Di Giulio
2002).

The induction of CYP 1A is mediated by the Ah receptor (AhR), a xenobiotic-binding
protein present in the cytosol (Lewis 2001; Sadar and Andersson 2001; Schlenk and
Di Giulio 2002; Billiard et al. 2002). The receptor-contaminant complex linked to
a nuclear translocator is transported to the nucleus, where its linkage to DNA results in
expression of the gene coding for this cytochrome. Generally, the toxicity of a pollutant is
related to the degree of its affinity to AhR. Pollutants with a high binding ability for AhR
also have a high capacity to induce CYP 1A, which has adverse consequences, as described
by Billiard et al. (2002).

Assessment of cytochrome P450

The degree of surface water pollution is monitored by means of indicator fish species, i.e.,
species most common in the region investigated. In the Labe River (Czech Republic), these
are bream (Abramis brama L.), perch (Perca fluviatilis L.) and, in the Morava River (Czech
Republic), this is chub (Leuciscus cephalus L..) (Svobodova 1997).

The toxicological examination includes determination of the amount of mRNA induced
or measurement of the catalytic activity of the cytochrome arising in response to xenobiotic
exposure. The presence of CYP 1A is associated with the activity of EROD that catalyses
the production of 7-hydroxyresorufin from ethoxyresorufin. This fluorescent product can be
detected by several methods, of which fluorescence spectrofluorometry is most common
(Machala 1997; Nilsen etal. 1998; Chang and Waxman 1998; Machala et al. 2000;
Schlenk and Di Giulio 2002). Another method evaluates the hydroxylation of
benzo[a]pyrene metabolised by aryl hydrocarbon hydroxylase. However, this procedure
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requires the use of radioisotopes and is currently replaced by other methods. Cytochrome
P450 can also be detected by the enzyme-linked immunosorbent assay (ELISA) because
antibody against fish CYP 1A has become available (Nilsen et al. 1998; Schlenk and Di
Giulio 2002).

These measurements are accurate only under specific conditions. The catalytic activity of
enzymes is very sensitive to thermal denaturation (Schlenk and Di Giulio 2002) and
therefore the immediate freezing of samples followed by storage at temperatures lower than
-70 °C is a prerequisite. The enzymes are also sensitive to the presence of trace metals or
organic metal compounds that may destroy them or interfere with their determination
(Schlenk and Di Giulio 2002).

CYP 1A determination by fluorescence spectrofluorometry

The procedure described below is based on methods reported by Nilsen etal. (1998) and
Chang and Waxman (1998).

Preparation of microsomes. A sample of liver tissue (0.5 to 2.0 g) thawed on ice is placed
into a homogenisation buffer (4 ml per gram of tissue) and homogenised by repeating the
procedure five- to seven-times. The homogenised tissue is centrifuged in Eppendorf tubes
at 12 000 g for 20 min at a temperature of 4 °C. The supernatant (postmitochondrial
supernatant, PMS) is carefully harvested, without disturbing the pellet or floating
phospholipide layer, and further spun down to prepare a microsomal fraction. This
centrifugation takes place in ultracentrifugation tubes at 100 000 g for 60 min at 4 °C. The
supernatant is removed (cytosol fraction) and the microsomal pellet is resuspended in
a resuspension buffer by means of a homogeniser. The fractions are maintained on ice for
immediate analysis or stored at -80 °C.

Spectrophotometric analysis. The spectrophotometer monochromators are set at 535 nm
and 585 nm for excitation and emission spectra, respectively. Measuring cells with
controlled temperature are preferred, athough reading can also be made at room
temperature. Each cell isfilled with 1.96 ml EROD buffer, 10 ul ethoxyresorufin solution
and 20 ul microsomal fraction. Thereactionisstarted by adding 10 ul NADPH solution. The
production of resorufin is measured at 2-3 min intervals and changes in fluorescence are
recorded. Subsequently, a 10 ul amount of an internal resorufin standard is added and the
increasein fluorescenceis recorded. The protein volumein each fraction is assessed by the
Lowry or Bradford methods, or with the use of akit (bicinchonic acid kit), and the specific
activity of the enzyme tested is calculated. The preparation of buffers and solutions, the
formulafor enzyme activity cal culation and the graph for fluorescence eval uation have been
described by Nilsen et al (1998).

The CYP 1A analysis can also be carried out with the use of other substrates such as
7-ethoxycoumarine (Waxman and Chang 1998; Sadar and A ndersson 2001).

In addition to spectrofluorometry, cytochrome P450 can also be assessed by other
methods such as high performance liquid chromatography (HPLC) (Crespi et al. 1998),
ELISA, Western blotting (Nilsen et a. 1998; Tom et a. 2002) or an attachment of the
reporter gene whose expression isinduced in conjunction with CY P 1A (the reporter gene
codesfor lucipherasethat is detected by bioluminescence) (M achala 1997; Williams et
a. 2000). A method currently tested utilises macrophages and their oxidative function as
markersfor detecting exposureto PAHs (Reynaud et a. 2002).

Conclusion

In conclusion, the presence of increased CY P 1A levelsisabiochemical marker that, out
of afew, isaccepted as an | SO standard (1SO/TC 147/SC 5 N 367 based on EROD activity
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measurement for detection of aguatic environment contamination with TCDD, PAHs and
PCBs).

Changesin EROD activity, though they have ahigh validity, can no longer be used asthe
only biomarker for evaluating the degree of aquatic ecosystem pollution. Other specific
indicators should also be taken into consideration as biomarkers. These are changes in
activity levels of the enzymes involved in the second phase of xenobiotic metabolism,
oxidation stress indicators, results of histopathological examination or indicators of
contamination by xenoestrogens. The monitoring of ecosystem pollution should also
involve a comparison with the results of chemical analyses of river water, riverbed
sediments and indicator fish tissue.

Biochemické markery kontaminace vodniho prostredi
- cytochrom P450 u ryb - pirehled

Cilem pfedloZené prace je shrnout nejnovéjsi poznatky tykajici se vyuZiti cytochromu
P450 jako biochemického markeru znecisténi vodniho prostifedi. V ¢lanku jsou uvedeny
nejdulezit€j$i informace o zdkladnich chemickych vlastnostech cytochromu P450,
nomenklatufe jeho jednotlivych isoenzymt, jeho funkce i zaclenéni do metabolismu latek
endogennich i xenobiotik. RovnéZ jsou uvedeny metody stanoveni cytochromu P450
v biologickém materidlu. Hlavni pozornost je zaméfena na isoenzym CYP 1 A2 cytochromu
P450, jehoz stanoveni u ryb je vyuzivano v ekotoxikologickém monitoringu.
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