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Characterization of drug metabolizing enzymes 
and assessment of aging in the gilthead seabream 
(Sparus aurata) liver 
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ABSTRACT: Organic anthropogenic compounds such as polycyclic aromatic hydrocarbons, polychlorinated 
biphenyls, nitroaromatics, dioxins, various pesticides and natural compounds can enter the aquatic environment. 
These lipophilic compounds are readily taken up into the tissues of aquatic organisms where biotransformation 
via Phase I and Phase II metabolism can in part, determine the fate and toxicity of the xenobiotics. In this study 
on gilthead seabream (Sparus aurata), liver microsomal ethoxyresorufin O-deethylase (EROD), methoxyresorufin 
O-demethylase (MROD), penthyloxyresorufin O-depenthylase (PROD), benzyloxyresorufin O-debenzylase (BROD), 
aniline 4-hydroxylase (A4H), N-nitrosodimethylamine N-demethylase (NDMA-DE), aminopyrine N-demethylase 
(APND), caffeine N-demethylase (CN3D) and erythromycin N-demethylase (ERND) were determined. A4H, ERND, 
NDMA-ND, EROD and PROD activities increased in gilthead seabream (Sparus aurata) liver microsomes of different 
ages, while CN3D and APND activities decreased. MROD activities were barely detectable in mature fish whereas 
BROD activities were not detectable at all ages studied. Results were also recorded at the protein level by Western 
blotting using anti-CYP1A, CYP2E and CYP3A antibodies. In conclusion, elevated levels of gilthead seabream liver 
microsomal CYP450 enzyme activities might reveal possible exposure to various exogenous compounds, which 
might affect the desired responses to drugs, hormones and dietary supplements used during breeding.
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EROD = ethoxyresorufin O-deethylase; MROD = methoxyresorufin O-demethylase; PROD = penthyloxyresoru-
fin-depenthylase; BROD = benzyloxyresorufin O-debenzylase; A4H = aniline 4-hydroxylase; NDMA-DE = N-ni-
trosodimethylamine N-demethylase; APND = aminopyrine N-demethylase; CN3D = caffeine N-demethylase; ERND 
= erythromycin N-demethylase; GST = glutathione S-transferase; PCB = polychlorinated biphenyls; PCDDs = poly-
chlorinated dibenzodioxins; PCDFs = polychlorinated dibenzofurans; PAHs = polycyclic aromatic hydrocarbons

Organisms are often exposed to complex mixtures 
of pollutants, including polychlorinated biphenyls 
(PCBs), polychlorinated dibenzodioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs), polycyclic 
aromatic hydrocarbons (PAHs), alkyltin compounds, 
and metals. Pollutants that bioaccumulate in the or-
ganism first cause effects at the molecular and cel-
lular levels. This may lead to adverse effects in the 
organism, which in turn may cause changes at the 

population and the community level in subsequent 
years. Fish populations living in highly polluted areas 
often have high incidences of gross pathological le-
sions and neoplasms that may be associated with el-
evated levels of toxic chemicals in sediments (Payne 
et al., 1987). High levels of neoplasms in fish col-
lected from a creosote (mixture of petroleum prod-
ucts) polluted site in Puget Sound, WA, USA have 
been reported (Malins et al., 1985). Even though 
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chemical analyses are able to measure a wide range 
of pollutants quantitatively and accurately, a com-
plex mixture of chemical pollutants cannot be fully 
assessed. Furthermore, it does not reveal the impact 
of chemical pollution on the aquatic environment. 
The use of biochemical markers, however, fulfils this 
purpose. Biomarker responses are, broadly speaking, 
of two kinds: those that measure only exposure to a 
pollutant and those which measure both exposure 
to and the toxic effects of environmental chemicals 
(Peakall, 1992; Walker, 1998). The conjugation of 
xenobiotics and oxidative metabolites is also affected 
by aging. Various factors that may have a significant 
impact upon drug metabolism are affected by aging. 
For example, absorption may be altered by increased 
gastric pH or decreased splanchnic flow (Tsang and 
Gerson, 1990; Bowman et al., 1991). In addition, dis-
tribution may be altered by age-related decreases in 
lean body mass relative to total body mass (Brozek, 
1952; Forbes and Reina, 1970; Bruce et al., 1980) or 
decreases in intracellular water content from 42% in 
young adults to 33% in the elderly (Schoeller, 1989). 
Hepatic clearance of drugs can decrease with age 
(Bach et al., 1981; Greenblatt et al., 1982), and it has 
been estimated that age-related decreases in xeno-
biotic metabolism can account for over 80% of toxic 
reactions to drugs observed in elderly populations 
(Woodhouse and Wynne, 1992).

Since the P450 enzymes are a super-family of 
numerous (more than 150) isoforms with diverse 
substrate specificity it is not possible to analyze 
the effect on all the enzymes. However we checked 
the effect on the isoforms of the genes CYP1A1, 
CYP1A2, CYP2B1/2, CYP2E1, CYP 1A, 2A, 2B, 2D 
and 3A. It is known that CYP1A1 family metabo-
lize the polyaromatic hydrocarbons, while CYP2E1 
metabolizes ethanol and CYP1A2 metabolizes ar-
omatic amines. In this study, gilthead seabream 
(Sparus aurata) fish liver microsomes and the 
cytosol of fish of different ages (ranging from 1.5 
to 24 months) were used as sample material. The 
fish used in this study, gilthead seabream (Sparus 
aurata), were bought from Pinar Fish in Izmir, on 
the Aegean coast of Turkey.

MATERIAL AND METHODS

Sampling and detection of protein

Liver microsomes and cytosolic samples were 
prepared according to the method of Arinc and 

Sen (1999). Protein concentrations were evaluated 
by the method of Lowry et al. (1951). Liver micro-
somal EROD, MROD, PROD, BROD, A4H, NDMA-
DE, APND and ERND were determined from these 
gilthead seabream fish liver microsomes.

Detection of enzymatic activity

EROD assay. A 0.5mM stock substrate solution 
was first prepared by dissolving an appropriate 
amount of 7-ethoxyresorufin in DMSO. Then a 
daily 10µM solution was prepared by diluting 1 : 50 
with 0.4M potassium phosphate buffer with pH 
7.8 containing 1M NaCl. A standard 1mM stock 
of resorufin was prepared by dissolving an appro-
priate amount of resorufin in DMSO. The 5µM 
daily solution was prepared by diluting 1 : 200 with 
0.4M potassium phosphate buffer with pH 7.8. A 
typical reaction mixture contained 0.1M potassium 
phosphate buffer pH 7.8, 1M NaCl, 1.2 mg BSA, 
1.5µM 7-ethoxyresorufin, 50 or 100 µg microsomal 
protein, 0.5mM NADPH generating system in a 
final reaction volume of 1.0 ml in a fluorometer cu-
vette. The reaction was initiated by the addition of 
substrate and followed for three minutes in a spec-
trofluorometer at 535 nm (excitation) and 585 nm 
(emission) wavelengths. Finally a known amount of 
resorufin was added as an internal standard to the 
reaction mixture and the increase in fluorescence 
was recorded.

MROD, PROD, BROD assays. A 1.5mM stock 
substrate solution was first prepared by dissolving 
an appropriate amount of 7-methoxyresorufin and 
7-pentoxyresorufin, benzyloxyresorufin in DMSO. 
MROD, PROD and BROD activities were measured 
as with the EROD assay.

NDMA-ND assay. The microsomal N-demethyl- 
ase activity of control liver microsomes was de-
termined calorimetrically by measuring the 
quantity of formaldehyde formed during the re-
action according to the method of Nash (1953) 
as modified by Cochin and Axelrod (1959) with 
minor modifications. A typical assay mixture 
contained 100mM HEPES buffer pH 7.8, 2.5mM 
N-nitrosodimethylamine 1 mg microsomal protein 
and 0.5mM NADPH generating system to a final 
volume of 0.5 ml. The NADPH generating solu-
tion was composed of 2.5mM glucose-6-phosphate 
2.5mM MgCl2, 14.6mM HEPES pH 7.8, 0.5mM 
NADP+ and 0.5 units of glucose-6-phosphate de-
hydrogenase. All the constituents were incubated at 
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37 °C for 5 min (Nash, 1953; Cochin and Axelrod, 
1959). The N-nitrosodimethylamine demethylation 
reaction was initiated by the addition of 0.075 ml 
of the NADPH generating system to the incubation 
mixture and to zero time blanks to which 0.5 ml 
of 0.75 N perchloric acid was added before the ad-
dition of the cofactor, and incubated at 25 °C for 
10 min aerobically with moderate shaking in a wa-
ter bath. At the end of the incubation period, the 
enzymatic reaction was stopped by the addition 
of 0.5 ml 0.75 N perchloric acid. The contents of 
the tubes were transferred into eppendorf tubes 
and centrifuged at 12 000 × g for 15 min for the 
removal of denatured microsomal proteins using 
a centrifuge in a cold room. Finally, 0.5 ml aliq-
uots of supernatant solution were transferred to 
test tubes and were mixed with freshly prepared 
0.375 ml Nash reagent (prepared by the addition of 
0.1 ml of acetylacetone, just before use, to a 25 ml 
solution containing 7.7 g ammonium acetate and 
0.15 ml of glacial acetic acid). The mixture was in-
cubated at 50 °C for 10 min in a water bath and the 
intensity of yellow colour development was meas-
ured at 412 nm using a spectrophotometer. Freshly 
prepared 0.5mM formaldehyde solution was used 
as a standard. The tubes contained standards at 
four concentrations (12.5, 25, 50 and 100 nm) as 
well as containing other incubation constituents 
mixed by Nash reagent and incubated at 50 °C for 
10 min to give the same colour reaction. A Standard 
formaldehyde calibration curve was constructed 
and used for calculation of enzyme activities.

C3ND, APND and ERND assays. Typical assay 
mixture to determine C3ND and APND activities 
contained 100mM HEPES buffer pH 7.8, 0.1mM 
caffeine/0.1mM aminopyrene/5mM erythromycin 
substrate, 1 mg microsomal protein and 0.5mM 
NADPH generating system in a final volume of 
0.5 ml. All the other experiments were carried out 
as the NDMA-ND assay and enzyme activities were 
calculated.

A4H assay. A4H activity of liver microsomes was 
determined by measuring the quantity of p-ami-
nophenol (pAP) formed according to the method 
of Imai et al. (1966). A standard calibration curve 
was constructed and used for calculation of enzyme 
activities which was expressed as nmol of pAP/
min/mg.

GST assay. Glutathione S-transferase (GST) ac-
tivity was determined from the gilthead seabream 
(Sparus aurata) fish liver cytosols using the method 
of Habig et al. (1974).

RESULTS

Enzyme studies

NDMA-ND and A4H activity is associated with 
the cytochrome P4502E isozyme. A4H activity in-
creased with aging. While at 1.5 months the activ-
ity was 0.002 ± 0.001 nmol/dakika/mg protein, at 
24 months the value was 0.058 ± 0.002 nmol/min/mg  
protein. Figure 1 shows that NDMA-ND activity 
increased in gilthead seabream liver microsomes 
of different ages (ranging from 1.5 to 24 months). 
At 1.5 months the activity was 0.019 ± 0.007 nmol/
min/mg protein, while at 24 months the value had 
increased to 0.323 ± 0.014 nmol/min/mg protein.

The E3-ND reaction is associated with cyto-
chrome P4503A isozymes which are located mostly 
in the liver and intestine. ERND activity increased 
in gilthead seabream liver microsomes of different 
ages. At 1.5 months the activity was 0.09 ± 0.006 
nmol/dakika/mg protein; at 24 months this had 
increased to 0.189 ± 0.008 nmol/min/mg protein 
(Figure 1).

The C3ND and MROD reaction is associated 
with cytochrome P4501A2 isozymes which are 
induced by PAH, PCB and dioxin-type chemicals. 
MROD, the activity of P4501A2 from liver micro-
somes was determined using the methoxyresorufin 
O-demethylase reaction which is measured spec-
trofluorometrically at 585 nm (Burke et al., 1974). 
MROD activities were not determined. CN3D 
activity decreased in gilthead seabream liver mi-
crosomes of different ages. At 1.5 months of age ac-
tivity is 0.438 ± 0.014 nmol/min/mg protein, while 
at 24 months the value has decreased to 0.069 ± 
0.012 nmol/min/mg protein (Figure 1).

Aminopyrene N-demethylase activity is associated 
with the cytochrome P4502C isozyme. APND activ-
ity decreased in gilthead seabream liver microsomes 
of different ages. Figure 1 shows that at 1.5 months of 
age the activity is 0.944 ± 0.024 nmol/min/mg pro-
tein, while at 24 months this activity had decreased 
to 0.056 ± 0.011 nmol/min/mg protein.

EROD activities of P4501A1 from liver micro-
somes were determined using the 7-ethoxyre-
sorufin O-deethylase reaction. This reaction is 
based on the conversion of 7-ethoxyresorufin to 
resorufin which is measured spectrofluorometri-
cally at 585 nm. The reaction rate of EROD (pmol 
resorufin/min) was obtained from the linear por-
tion of the resorufin formation versus incubation 
time plots. Figure 2 shows that EROD activity 
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Figure 1. Alteration of NDMA-ND, A4H, C3ND, APND, ERND and GST enzyme activities in fish of different ages.

increased in gilthead seabream liver microsomes 
of different ages. At nine months the activity was 
88.6 ± 1.11 pmol/min/mg protein; at 24 months this 

value had increased to 998.4 ± 13.7 pmol/min/mg  
protein. From 1.5 to 9 months of age activities were 
not detectable.
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PROD, the activity of P4502B1/2 from liver mi-
crosomes was determined using the benzyloxyre-
sorufin O-debenzylase reaction which is measured 
spectrofluorometrically at 585 nm. The reaction 
rate of PROD (pmol resorufin/min) was obtained 
from the linear portion of the resorufin formation 
versus incubation time plots. PROD activity in-
creased in gilthead seabream liver microsomes of 
different ages. At 15 months activity was 285.6 ± 
20.9 pmol/dakika/mg protein, while at 24 months 
the activity had risen to 613.7 ± 16.4 pmol/min/mg  
protein. From 1.5 to 15 months of age activity was 
not detectable (Figure 2).

It is clear that both P450s and GST play a piv-
otal role in determining cellular sensitivity to en-
vironmental chemicals, and that modulation of the 
expression of these enzymes by various agents is 
an important part of their mechanism of action. 
Because of that we determined total GST activi-
ties. GST activity was determined from the gilthead 
seabream fish livers cytosols using the method of 
Habig et al. (1974). GST-CDNB activity increased 
in gilthead seabream liver cytosols of different ages 
(ranging from 1.5 to 20 months). At 1.5 months the 
activity was 17.7 ± 0.5 pmol/min/mg protein, while 
at 20 months this activity had increased to 690.9 ± 
32.0 pmol/min/mg protein (Figure 1).

Thus, our results clearly demonstrate elevated 
A4H, ERND and NDMA-ND activities and de-
creasing EROD and GST activities. No significant 
changes were observed with MROD and PROD ac-
tivities (Table 1). These alterations in XME can con-
tribute to the varying susceptibility and response 

of these fish to different drugs and/or therapeutics 
used for treatments.

DISCUSSION

Most lipophilic chemicals including drugs, pes-
ticides, carcinogens, environmental pollutants and 
naturally occurring compounds undergo enzyme-
mediated oxidative, hydrolytic or conjugative bio- 
transformations in liver and in extrahepatic tissues 
yielding more polar metabolites that can be easily 
excreted. The great majority of them are almost 
devoid of any activity but in certain instances me-
tabolites are produced that may retain or enhance 
the effects of the parent compounds or even ac-
quire different pharmacological or toxicological 
properties. Thus, metabolism plays a critical role 
in determining both the efficacy and the residence 
time of drugs in the body as well as in modulating 
the response to toxic chemicals. The expression 
and the activity of drug-metabolizing enzymes 
(DME) may be influenced by both external (e.g. 
diet, exposure to different chemicals) and internal 
factors (Gibson and Skett, 1994) which include spe-
cies, breed, genetic polymorphisms, age, gender, 
and physiopathological conditions such as preg-
nancy or the so called “acute phase response” to 
physical, microbiological or parasitological agents 
(Monshouwer and Witkamp, 2000). Focusing on 
age, it is generally accepted that the sensitivity to 
the effects of drugs and other foreign chemicals 
is often greater in young and elderly individuals 

Figure 2. Alteration of EROD and PROD enzyme activities in fish of different ages.
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than in adult ones as the result of several factors 
including differences in the rate of absorption, 
binding to plasma proteins, distribution, biotrans-
formation, and excretion (Baggot et al., 2001). Data 
generated from extensive studies performed in 
humans (Wilkinson, 1997; Tanaka, 1998) indicate 
that many enzyme-mediated metabolic pathways 
show marked age-related changes and a consider-
able body of information is becoming available also 
for species of veterinary interest, especially for dogs 
(Kawalek and El Said, 1990), sheep (Kawalek and 
El Said, 1994), pigs (Kaddouri et al., 1992), cattle 
(Peggins et al., 1984), and chickens (Coulet et al., 
1996). However, because of the short duration of 
the commercial life of many species, most of the 
above studies are centred on the changes in enzyme 
expression and activity occurring in newborn in-
dividuals when they become mature and only few 
reports have investigated DME activity in aged ani-
mals (Kawalek and El Said, 1990). Unlike the major-
ity of domestic species, the horse is characterized 
by a relatively long lifespan: animals slaughtered 
for commercial purposes may be aged 10–15 years 
or even more (20–25) in the case of race or saddle 
horses at the end of their career. Despite this, the 
only published report dealing with the effects of 
age on DME was conducted on 22 horses of both 
sexes but tested only five substrates (Lakritz et al., 
2000). In a previous report (Nebbia et al., 2003) 
a comparison was made between the expression 
of equine liver microsomal monooxygenases and 
that of food-producing and laboratory species. The 
main aim of the present study was to investigate 
the development of a wide array of oxidative (cy-
tochrome P450-dependent), hydrolytic and con-
jugative hepatic DME in 50 female horses aging 
from up to one year to over 12 years. Moreover, in 
consideration of both the propensity to accumulate 
cadmium displayed by the equine liver (Baldini et 
al., 2000) and the well documented effects of this 
metal on hepatic DME (Kadiiska et al., 1985), liver 
cadmium levels were measured and correlated with 
all examined parameters.

Liver drug metabolism decreases with age in 
animals. The effect of aging on microsomal cyto-
chrome P450 (P450)-dependent drug metabolism 
in humans has not yet been fully elucidated. Various 
factors that may have a significant impact upon 
drug metabolism are affected by aging, e.g., ag-
ing is known to decrease hepatic cytochrome P450 
content (Jeffrey and William, 1997). In the study, 
adult (three months of age) and aged (26 months) 

male mice were used and EROD (CYP1A1) activi-
ties were found to be high in aged mice. Similarly, 
MROD (CYP1A2) activities were observed to be el-
evated in aged mice. On the other hand, GSTM1 did 
not change significantly (Michailova et al., 2005).

Gilthead seabream fish liver microsomes and 
cytosols of different ages were used. A4H, ERND, 
NDMA ND, EROD and PROD activities increased 
in gilthead seabream (Sparus aurata) liver micro-
somes of different ages. APND, CN3D activities 
decreased in gilthead seabream liver microsomes of 
different ages whereas MROD and BROD activities 
were not detectable.

CONCLUSIONS

The following conclusions can be drawn:
∙ Age-related and statistically significant changes 

between groups were observed in all examined 
activities except BROD.

• A general increasing trend was detected in A4H, 
ERND, NDMA-ND, EROD, PROD and GST-
CDNB activities of maturing fishes.

∙ A decreasing trend was observed with APND and 
CN3D and their trend was similar.

∙ No BROD activity was detected in all age groups 
studied.

∙ The most pronounced increase was observed for 
EROD activity.

∙ The increasing trend observed in A4H and ND-
MA-ND activities was similar suggesting that 
they were catalyzed by the same CYP isoforms 
(CYP2E).

∙ EROD and MROD activities of different age 
groups, which are known to be catalyzed by 
CYP1A in fish, were quite different. Thus, Sparus 
aurata CYP1A shows quite different substrate 
specificity from that of other fishes.

∙ CN3D activity, known to be catalyzed by CYP1A2 
or orthologues in rats and mammals showed an 
opposite trend to EROD activity. Therefore, it 
seems to be catalyzed by a CYP isoform not be-
longing to the CYP1A subfamily in Sparus au-
rata.

∙ CYP3A mediated activity, ERND, exhibited an 
age-related significant rise during maturation in 
seabreams.

∙ Conjugative phase II activity (cytosolic GST-CD-
NB activity) showed an increase in liver in Sparus 
aurata over the examined age range. In addition, 
it exhibited a correlation with EROD activity.
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In conclusion, our results suggest that some 
important age-related differences in xenobiotic 
metabolism do occur in the Sparus aurata liver 
and are substrate specific, which might affect 
obtaining desired responses to drugs, hormones 
and dietary supplements used during breeding. 
Furthermore, marked species differences were 
suggested in age-related xenobiotic metabolism 
in Sparus aurata. 

Acknowledgement

This work is supported by the Scientific Research 
Projects Council of Pamukkale University (Grant 
No. PAUBAP-2005FBE020).

References

Arinc E, Sen A (1999): Hepatic cytochrome P4501A and 
7-ethoxyresorufin O-deethylase induction in mullet 
and common sole as an indicator of toxic organic Pol-
lution in Izmir Bay, Turkey. Marine Environmental 
Research 48, 147–160.

Bach B, Hansen JM, Kampmann JP, Rasmussen SN, 
Skovested L (1981): Disposition of antipyrine and 
phenytoin correlated with age and liver volume in man. 
Clinical Pharmacology 6, 389–396.

Baggot JD (2001): The Physiological Basis of Veterinary 
Clinical Pharmacology. 8th ed. Blackwell Science, Lon-
don. 252–266.

Baldini M, Stacchini P, Cubadda F, Miniero R, Parodi P, 
Facelli P (2000): Cadmium in organs and tissues of 
horses slaughtered in Italy. Food Additives and Con-
taminants Part B 17, 679–687.

Bowman BA, Rosenberg IH, Johnson MA (1991): Gas-
trointestinal function in the elderly. In: Munro H, 
Schlierf G (eds): Nutrition of the Elderly. Raven Press, 
New York. 43–64.

Brozek J (1952): Changes of body composition in man 
during maturity and their nutritional implications. 
Federation Proceedings 11, 784–793.

Bruce A, Andersson M, Arvidsson I, Isaksson R (1980): 
Body composition. Prediction of normal body potas-
sium, body water and body fat in adults on the basis of 
body height, body weight and age. Scandinavian Journal 
of Clinical and Laboratory Investigation 40, l–473.

Burke MD, Prough RA, Mayer RT (1974): Characteristics 
of a microsomal cytochrome P 448-mediated reaction 
ethoxy-resorufin O-deethylation. Drug Metabolism 
and Disposition 5, 1–8.

Cochin J, Axelrod J (1959): Biochemical and pharmaco-
logical changes in the rat following chronic administi-
ration of morphine, nalorphine, and normorphine. 
Journal of Pharmacology and Experimental Therapeu-
tics 125, 105–110.

Forbes GR, Reina JC (1970): Adult lean body mass de-
clines with age, some longitudinal observations. Me-
tabolism 19, 653–663.

Coulet M, Eeckhoutte C, Galtier P (1996): Ontogenic 
development of drug-metabolizing enzymes in male 
chicken liver. Canadian Journal of Physiology and 
Pharmacology 74, 32–37.

Greenblatt DJ, Sellers EM, Shader RI, (1982): Drug dis-
position in old age. The New England Journal of Med-
icine 306, 1081–1086.

Gibson GG, Skett (1994): Introduction to Drug Metab-
olism. 3rd ed. Blackie Academic and Professional, Lon-
don. 119–145.

Habig WH, Pabst MJ, Jakoby WB (1974): Glutathione 
S-transferases, the first enzymatic step in mercapturic 
acid formation. Journal of Biological Chemistry 249, 
7130–7139.

Imai Y, Ito A, Sato R (1966): Evidence for biochemically 
different types of vesicles in the hepatic microsomal 
fraction. Journal of Biochemistry 60, 417–428.

Jeffrey AH, William RB (1997): Effect of aging on mixed-
function oxidation and conjugation by isolated per-
fused rat livers. Biochemical Pharmacology 54, 
159–164.

Kaddouri M, Brasset N, Alvinerie M, Eeckhoutte C, Bon-
fils C, Derancourt J, Galtier P (1992): Ontogenic de-
velopment of liver progesterone metabolism in female 
sheep. Contribution of cytochrome P4502B and 
P4503A subfamilies. The Journal of Steroid Biochem-
istry and Molecular Biology 42, 499–508.

Kawalek JC, El Said KR (1990): Maturational develop-
ment of drug-metabolizing enzymes in dogs. Ameri-
can Journal of Veterinary Research 51, 1742–1745.

Kawalek JC, El Said KR (1994): Comparison of matura-
tion of drug-metabolizing enzymes in calves with 
functioning or non-functioning Rumen. American 
Journal of Veterinary Research 55, 1579–1586.

Kadiiska M, Stoytchev T, Serbinova E (1985): On the mech-
anism of the enzyme-inducing action of some heavy 
metal salts. Archives of Toxicology 56, 167–169.

Lakritz J, Winder BS, Noorouz-Zadeh J, Huang TL Buck-
pitt AR, Hammock BD, Plopper CG (2000): Hepatic 
and pulmonary enzyme activities in horses. American 
Journal of Veterinary Research 61, 152–157.

Lowry OH, Rosenbrough NJ, Fair AL, Randal RJ (1951): 
Protein measurement with the Folin phenol reagent, 
Journal of Biological Chemistry 193, 265–275.



Veterinarni Medicina, 55, 2010 (9): 463–471 Original Paper

471

Corresponding Author:

Prof. Dr. Alaatin Sen, Pamukkale University, Faculty of Arts and Sciences, Department of Chemistry, Kinikli Campus, 
Kinikli, 20070 Denizli, Turkey
Tel. + 90 258 2963610, Fax 90 258 2963535, E-mail: sena@pau.edu.tr

Malins DC, Krahn MM, Myers MS, Rhodes LD, Brown 
DW, Krone CA, McCaine BB, Chan SL (1985): Toxic 
chemicals in sediments and biota from a creosote-
polluted harbor: relationships with hepatic neoplasms 
and other hepatic lesions in English sole (Parophrys 
vetulus). Carcinogenesis 6, 1463–1469.

Michailova ON, Gulyaeva LF, Filipenko ML (2005): Gene 
expression of drug metabolizing enzymes in adult and 
aged mouse liver: A modulation by immobilization 
stress. Toxicology 210, 189–196.

Monshouwer M, Witkamp RF (2000): Cytochromes and 
cytokines: changes in drug disposition in animals dur-
ing an acute phase response: a mini-review. Veterinary 
Quarterly 22, 17–20.

Nash T (1953): The colorimetric estimation of fotmal-
dehyde by means of the Hantzsch reaction. Biochem-
ical Journal 55, 416–421.

Nebbia C, Dacasto M, Rossetto Giaccherino A, Giuliano 
Albo A Carletti M (2003): Comparative expression of 
liver cytochrome P450-dependent monooxygenases 
in the horse and in other agricultural and laboratory 
species. Veterinary Journal 165, 53–64.

Payne JF, Fancey LL, Rahimtula AD, Porter EL (1987): 
Review and perspective on the use of mixed function 
oxygenase enymes in biological monitoring. Com-
parative Biochemistry and Physiology 86, 233–245.

Peakall DB (ed.) (1992): Animal Biomarkers as Pollution 
Indicators, Ecotoxicological Series. No. 1. 1st ed. Chap-
man and Hall, London, New York. 320 pp.

Peggins JO, Shipley LA, Weiner M (1984): Characteriza-
tion of age-related changes in hepatic drug metabolism 
in miniature swine. Drug Metabolism and Disposition 
12, 379–381.

Walker CH (1998): The use of biomarkers to measure 
the interactive effects of chemicals. Ecotoxicology and 
Environmental Safety 40, 65–70.

Schoeller DA (1989): Changes in total body water with 
age. American Journal of Clinical Nutrition 50, 1176–
1181.

Tanaka E (1998): In vivo age-related changes in hepatic 
drug-oxidizing capacity in humans. Journal of Clinical 
Pharmacy and Therapeutics 23, 247–255.

Tsang P, Gerson B (1990): Understanding digoxin use in 
the elderly patient. Clinics in Laboratory Medicine 10, 
479–492.

Wilkinson GR (1997): The effects of diet, aging and 
disease-states on presystemic elimination and oral 
drug bioavailability in humans. Advanced Drug De-
livery Reviews 27, 129–159.

Woodhouse K, Wynne HA (1992): Age-related changes 
in hepatic function: Implications for drug therapy. 
Drugs Aging 2, 243–255.

Received: 2010–08–13
Accepted after corrections: 2010–09–22




