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INTRODUCTION 

The cytochrome P450 family is involved in the biotransformation of many endogenous and 
exogenous compounds'. Because there are marked species differences in cytochrome P450 
activity, it is difficult to exttapolate effects found in animal studies to the human situation. 
It has been suggested that non-human primates could be a suitable model for humanŝ  to 
study cytochrome P450 activities. 
Polychlorinated biphenyls (PCBs) are indu.sttial compounds which are detected as 
contaminants in a variety of biotic and abiotic environmental samples^ Due to their chemical 
stability, physical properties, inflamability and dielectric properties, PCBs were once widely 
u.sed as flame retardants, pla.sticizers, organic diluents and dielecttic fluids for capacitors and 
transformers'*. 
Because of their hydrophobic nature and resistence for biotransformation, PCBs accumulate 
in the food chain and cau.se a variety of biological and toxicological effects'. 
There are 209 possible congeners, which are generally divided in three groups with different 
biochemical and toxic responses'''*. 
The non-ortho PCBs (planar) with at least two meta and both para positions substituted, are 
exhibiting "dioxin-like" properties. The effects are mediated by die A/i-receptor, similar to 
2,3,7,8-TCDD'. Among tiiese effects is the induction of CYPlA(l) enzymes in many 
vertebrate species. A second group of PCBs has a single orr/to-chlorine (and some di-ortho) 
sub.stitution(s) besides two meta- and para- chlorine atoms. This group of congeners has 
demonstrated not only dioxin-like re.sponses but elicits also toxic and biochemical responses 
more characteristic for a third group of PCBs, the "phenobarbital-" like congeners. 
This last group, with two or more ortho- chlorines, is highly abundant in die environment. 
Congeners belonging to this group present an enzyme induction pattern resembling to some 
extent phenobarbital, eg. in their ability to induce CYP2B1/2 in the rat'. 
However, no orthologous form of rat CYP2B1/2 is found in humans. Consequently, risk-
assessment of PCBs for humans based on the induction of CYP2B1/2 in rodents appears not 
to be appropriate. 
Although dl- and tri-ortho PCBs were not expected to elicit "dioxin-like" responses, like 
CYPl Al/2 induction, these PCBs demonstrate die capacity of inducing a form of CYPl A in 
hepatocytes from die cynomolgus monkey. The aim of diis study was to determine which 
CYPIA enzyme was induced in hepatocytes of cynomolgus monkeys (Macaca fascicularis) 
after treatment with different ortho- chlorine sub.stituted PCBs. 
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MATERIAL AND METHODS 
Chemicals 
PCB#126 (3,3'.4,4',5 PeCB), PCB#118 (2,3',4,4',5 PeCB) and PCB#187 (2,2',3.4',5,5',6 
HpCB) were synthesized and purified to >99% as determined on GC-MS. 
Bovine .serum albumine (BSA), gentamicin, insulin, hydrocortison, L-glutamine, Hanks' 
balanced salt .solution (H.B.S.S), ethylene glycol-bis-(B-amino ethyl ether) N,N,N',N' tetta 
acetic acid (EGTA), a-naphtoflavone and resorufin were all purcha.sed from Sigma (St.Louis, 
MO. USA). Fetalclone .serum was from Greiner (Alphen a.d. Rijn, The Netheriands). 
Collagena.se and ethoxyresorufin were obtained from Boehringer Mannheim (Mannheim, 
Germany). Furafylline was purchased from Research Bioch. Int. (Natick, MA USA) and 
caffeine from Jan.ssen Chimica (Geel, Belgium). Methoxyresorufin was obtained from 
Bmnschwig Chemie BV (Amsterdam, The Netheriands). Human CYPlAl cDNA* was a gift 
from Dr. P. Kremers (University de Lifege, Belgium), Human CYPl A2 cDNA' was a gift from 
Dr. F.J. Gonzalez (NIH, Bethesda. MA, USA). 
Animals, cell isolation and cell culture 

Cynomolgus monkeys (Macaca fasciculari.s) were bred at the National Institute of Public 
Health and Environmental Protection (RIVM, BilUioven, The Netheriands) and .served as 
donors for kidney cells which are used for the production of the poliomyelitis vaccine. 
Hepatocytes were isolated as described by Mennes et al"'. The cells were plated on 6 cm 
tissue dishes (Greiner, Alphen a/d Rijn, The Netheriands) at a density of 3.2*10' cells/dish 
in 4 ml Williams'E medium, supplemented with 5% (v/v) fetal clone .serum and I pM insulin, 
10 pM hydrocortisone and 50 mg/L gentamicin. 
Cells were incubated in a humified atmo.sphere of air (95%) and CO2 (5%) at 37°C. During 
the first 4 hours, 4 mM CaCl^ and 4mM MgClj were added to the medium. After 4 hours, the 
medium was replaced and the cells were preincubated for 16 hours. Next, the medium was 
replaced by medium with either inhibitor for one hour, or different inducers (PCBs or DMSO 
0.1%. v/v) for 24 hours, in the ab.sence of .serum. 
Isolation and analysis of RNA 
Cells were harvested in ice-cold PBS using a rubber policeman. RNA was Isolated using 
Trizol reagent (GibcoBRL. Breda, The Netheriands), and blotted to a Hybond N*-membi'ane. 
The mRNA expres.sion was determined u.sing a radiolabeled human CYPlAl or CYP1A2 
probe. The membranes were exposed to a x-ray film. 
Cytochrome P450 enzyme activity 
The demeUiylation of caffeine" was measured in intact hepatocyte monolayers. Cells were 
incubated with a sub.sttate concentration of I mM caffeine in Williams'E medium (without 
serum) during 24 hours at 37°C. After incubation, 76-hydroxypropyltheophilline as intemal 
standai'd was added and the medium was extracted with a mixture of chloroform: Isopropanol 
(85:15. v/v). The organic fa.se was evaporated and the residues were dissolved in a mixture 
of 55 mM NaAc: acetonitril (95:5, v/v), for HPLC analysis. 
The methoxyresorufin (MR) and ethoxyresorufin (ER) analysis were pertormed as de.scribed 
by Burke et al̂ .̂ Hepatocyte monolayers were washed with Hanks' balanced salt solution. The 
incubation was pert'ormed by adding 10 pM MR or 5 pM ER and 10 pM dicumarol to the 
medium. The formation of resorufin was determined fluorimetrically. 
Protein content was determined according to Bradford" using bovine serum albumin (BSA) 
as a standard. 
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RESULTS 

Induction of cytochrome P450 IA mRNA 
As is shown in figure 1, CYPIA mRNA is induced in hepatocytes after tteatment with 
different PCBs. When blots were hybridized widi human CYPlAl cDNA, mRNA sequences, 
homologous to human CYPlAl cDNA, are induced by PCB#187 and PCB#118, which are 
a tri and mono ortho substituted congener respectively. RNA hybridized with human CYPl A2 
cDNA .showed an induction of a mRNA, homologous to human CYPl A2, but less obvious 
tiian observed for CYPlAl cDNA. 

CYPIA mRNA induction 
hybridized with human CYP1A1 

CYPIA mRNA Induction 
hybridized wlUi human CYP1A8 

K8tir POMin pcsnn roHiii PCMIU pcBtin PCMIBO ptafioi pcwiit pcafin 

Figure I. Dot blot mRNA from treated monkey hepatocytes widi different PCBs 

Induction of MROD and EROD by different PCBs 
Methoxyre.sorufin and ethoxyresorufin are sub.strates for CYPl A enzymes in different .species. 
The effect of different PCBs on the dealkylation of methoxyresorufin (MROD) or 
ethoxyresorufin (EROD) in monkey hepatocytes is presented in table 1. 
The MROD and EROD activity was increased after treattnent with all three PCB congeners. 

Table I: MROD and EROD induction relative to conttol after tteatment with different PCBs 

PCB 

PCB#126 (non-ortho) 
PCB#118 (mono-ortho) 

PCB#187 (tri-ortho) 

Concenttation 
(pM) 

0.1 
0.1 
5 
O.l 
50 

MROD induction 
relative to control 

74 ± 2 
1.5 ±0.1 
14 ± 1.5 
1 ±0.2 
23 ± l.l 

EROD induction 
relative lo conttol 

18 
2 
20 
1 
8 

PCB#126, a non-ortho (dioxin-like) PCB, induced MROD activity to higher levels than 
EROD activity. PCB#n8, a CYPl A as well as a CYP2B inducer, induced the MROD acitvity 
le.ss compared to PCB#126, whereas the maximum EROD activity was induced equally but 
at a 50 times higher concentration. PCB#187 induced bodi MROD and EROD significantiy 
but at 500 times higher concentrations. 
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Inhibition of enzyme activity by furafylline and a-naphtoflavone 
The effect of different inhibitors on CYPIA activity, mea.sured as either dealkylation of 
methoxyresorufin or as demethylation of caffeine, in monkey hepatocytes is shown in figure 
2. Both furafylline and a-NF have shown to be potent CYPIA inhibitors in different species. 
The MROD activity was inhibited by both furafylline and a-NF. At concenttations of 7.5 pM 
furafylline or 7.5 pM a-NF the activity was reduced to 80%, resp. 55%, of the control activity 
(figure 2a). 
BoUi the formation of paraxanthine (N-3 demethylation) and Uieophylline (N-7 
demethylation), two metabolites of cafteine, was inhibited by furafylline and a-NF. 
Furafylline decrea.sed the amount of paraxanthine to 37% and a-NF to 23% of the conttol 
amount. Theophylline was inhibited by furafylline to 12% and by a-NF to 9% of the control 
(figure 2c). 
In control hepatocytes, die N-7 demethylation of caffeine to Uieophylline (figure lb) was 6 
times more prevalent than the N-3 demethylation to paraxanUiine. 

Inhibition N-3 demethylation ot callelne 
by luralylllne or a-naphto(lavone 

Inhibition N-7 demethylation of caffeine 
by turalylllne or B-naphtoflavons 

Inhibition CYPIA (MROD) activity 
by (urafyllina or a.naphtoflavon* 
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Figure 2. Inhibition of MROD and caffeine demetiiylating activity by furafylline and a-NF 

DISCUSSION AND CONCLUSION 

Cytochrome P450 IA mRNA levels were elevated after tteatment with different PCBs. 
Hybridizations with either human CYPlAl or 1A2 cDNA demon.strated this increase. Based 
on our dot blot results from Cynomolgus monkey hepatocytes. the presence of only one 
mRNA, with homology to both human CYPlAl and CYP1A2 can not be excluded, but the 
existence of two different mRNAs is more presumable. Northern blot analysis might elucidate 
the presence of one or two CYPIA mRNAs in Cynomolgus monkey hepatocytes. Up tdl now 
only one CYPIA cDNA has been isolated from the liver of a 3-MC tteated Cynomolgus 
monkey'''. In comparison with the human CYPIA genes tiiere was a 95% .simdarity on 
nucleotide .sequences (94% on amino acid sequence) with CYPlAl and 77% (73%) .simdarity 
with CYPl A2. Consequentiy, this enzyme was identified as CYPlAl. 
In addition, die CYPIA activity, ie. MROD or EROD activity, in hepatocytes was detennined 
after tteatment with PCBs. All three congeners were capable of inducing MROD activity. The 
maximum induction of MROD-activity (relative to control), after treatment with the non-ortho 
PCB #126 (an Ah receptor agonist and CYPlAl inducer), was higher than dial of the of 
EROD activity. In accordance widi our ob.servations, Bullock et a l " found that EROD as well 
as MROD activity were induced, in micro.somes from Cynomolgus monkeys after treatment 
in vivo with B-NF, another Ah receptor agonist. In view of the induction of MROD by die tri-
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ortho PCB#187. it can be noted that hepatic levels of CYPl A2 protein in C57BL'6J mice 
increased after treaunent widi a di-ortho substituted PCB#153 (2,2',4,4',5,5' HxCB)'^ Due 
to the species specificity of MROD and EROD activities, it is difficult to relate tiie.se re.sults 
lo CYPIA enzyme levels. In rat ethoxyresorufin is predominantly catalysed by CYPlAl and 
methoxyresorufin by CYPl A2"'"'. However, human CYPl A2 catalyzes methoxyresorufin and 
ethoxyresorufin at comparable rates". Thus, until the specific substtate affinity of the monkey 
CYPIA for methoxyresorufin and ethoxyresorufin is determined, hardly any prediction can 
be made about the presence of .specific enzymes. 
The presence of two different CYPIA enzymes in untreated Cynomolgus monkeys is not 
supported by the results obtained in this study and from odier workers. In human hepatocytes, 
the N-3 demethylation of cafeine is the major path of metabolism and Is u.sed as a marker for 
human CYPl A2 enzyme activity. In our monkey hepatocytes the major padiway of caffeine 
metabolism in control hepatocytes is N-7 demeUiylation. This is in agreement with results 
from experiments with microsomes from untreated Cynomolgus monkeys^. Edwards et al" 
found in microsomes from untreated Cynomolgus monkeys no CYP1A2 enzyme, which is 
consistent with the low caffeine N-3 demethylation activity. These results suggests the 
pre.sence of one enzyme, with CYPlAl characteristics and only littie CYP1A2 properties. 
However, experiments with two human CYP1A2 inhibitors, furafylline or a-NF. in our 
control Cynomolgus monkey hepatocytes are not in agreement with the presence of only a 
CYPlAl enzyme 

Furafylline is a potent and selective inhibitor of human CYP1A2. N-3 demethylation of 
caffeine is predominantiy inhibited, but furafylline is also partial inhibitor of the N-l and N-7 
demeUiylation activity in human.s"'". In our conttol Cynomolgus monkey hepatocytes. 
furafylline inhibited the N-7 demethylation to lower levels than the N-3 demeUiylation, which 
is in contrast to experiments in humans. Methoxyresorufin dealkylation was also inhibited by 
furafylline to 80% of the control activity. Presuming that furafylline is an .selective inhibitor 
in Cynomolgus monkey hepatocytes as well, the presented CYPIA enzyme .should have 
CYPl A2 characteristics. Also the results from a .second inhibitor, a-NF, support the existence 
of CYP1A2 characteristics. a-NF is widely u.sed as CYPIA inhibitor probe, but 
Tassaneeyakul et al^ demonsttated in human micro.somes that a-NF is approximately 10 fold 
more potent as inhibitor of human CYPl A2 dian human CYPlAl. 
Summarizing, in hepatocytes of Cynomolgus monkeys a CYPl A enzyme is induced by non-, 
mono- and also tri-ortho-suhstituted PCBs. Dot Blot hybridization wiUi both human CYPlAl 
and CYPl A2 cDNA demonsttated an induction of CYPIA mRNA(.s), but did not elucidate 
which mRNA was induced. Results with .selective human CYP1A2 inhibitors (furafylline or 
a-NF) .showed the presence of characteristics of some CYP1A2 activities, but did not clarify 
if one or two CYPl A enzyme(s) are present in Cynomolgus monkeys. In this study, it has not 
been demon.strated that hepatocytes from Cynomolgus monkeys are a suitable model for die 
human liver. In control liver of Marmoset monkeys, it has been found that only CYPIA2 
enzyme is constitutively expres.sed. Thus in terms of hepatic levels of CYPIA enzymes. 
Marmoset monkeys seems to resemble the human liver more tiian the Cynomolgus monkeys^'. 
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