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Several authors have reported the high hepatic incidence of
c hexachlorocyclohexane ( c HCH), pentachlorophenol (PCP)
and hexachlorobenzene (HCB) which are widely used as
pesticides. Their genotoxicity status was not clearly known
and no mutagenic effects, using the Salmonella assay, were
reported. In the first part of this report, DNA-adduct formation
is evaluated in three types of cultured hepatic cells (rodent,
bird and human) as a biomarker of exposure to genotoxic
compounds. c HCH± , PCP±  and HCB± DNA adducts were
analysed, using the sensitive 32P-postlabelling assay in its
nuclease P1 enrichment version. The genotoxicity of lindane
and PCP is clearly established. Total DNA-adducts reached a
maximum in foetal rat hepatocytes (17 and 15 adducts per
109 nucleotides) after an exposure to pentachlorophenol and
lindane respectively. After HCB treatment, limited amounts of
DNA-adducts were found in the different cells used. The
finding that DNA adducts were not the same in all species
tested might be due to metabolic differences. Each type of
cultured cells preferentially express different cytochrome
P450 families. These P450s metabolize a wide variety of
xenobiotics and bioactivate carcinogens into reactive
metabolites able to form DNA-adducts. The objective of the
present study was to examine the possible association
between DNA-adduction and particular CYP450 induction.
The induced cytochrome P450s were measured by northern
blot analysis. In rat and human cells, lindane treatment
strongly induces CYP2B and CYP3A mRNA levels, whereas
pentachlorophenol treatment induces CYP1A, CYP2B and
CYP3A.

Keywords: DNA adducts, 32P-postlabelling, CYP450,
pentachlorophenol, hexachlorocyclohexane, hexachlorobenzene.

Introduction
Many x eno biotics  may in teract  with D NA direct ly  or  af te r

transf ormation by m etab olizin g enzym es  into react ive

electrop hil ic  sp ec ies able  to  co valently  bin d to  n ucleophil ic

sit es in  DNA, form in g D NA  addit io n pro du cts  cal l ed ad du cts .

T he formation of  a  D NA-adduct  is considered to  be a cr it ica l

s tep that may in i tia te  carc inogenesis  and mutagenesis (Miller

and Mil le r  1981, Pfoh l-Leszkowicz 1994).

g H exach loro cy clo hexane ( g H CH  or  lindane) ,

p en t ac hlo rophenol (PCP ) and h ex achlorobenzene (HCB)

(Figure 1)  are  c hlor in at ed co m p ou nd s w h ich  are  w id ely

distr ib uted as  p est ic id es in  th e envi ro nm ent.  T hey have a  high

lip op hi l ic i ty,  can accum ulate  in  foo d ch ai ns and are  fou nd  in

al l  organism s o f  natu ral  ecosystem s as well  as  in  hu man  t issues

(Engelhard t  et  al. 1986, Ferr an d o  et  al. 199 2).  T hey accumu la te

in the organism as long as they are  not  bio transform e d b y d rug-

m etabo lizing  enzym es .  T he cytochrom e P 450  m ono oxyg en ases

po ten tiate  p rom u ta ge ns an d p roca rc in ogens by con vert in g

them  into act ive genotoxic  m etaboli tes .

T he biotransform ations of  these  ch lorinated ch em icals are

closely  re l ated.  T hey  hav e n um erous toxic  eff ects, the m ost

p ro minent  b eing h epatoto xici ty,  an alterat ion of  porphy rin

m etabo lism  and ind uction  of  h epatic  m icroso m al en zy m es

giving r ise to  reactive interm ediates  du ring b iotransform a tio n

(De Mat tei s et  al.  1961, S tonard  an d Nen ov  1 974 , A schm an n e t

al . 1989, Hayes and Laws,  1991, Bainy et  al. 1993 , Colosio  e t

a l. 1993) .

T he genotox ici ty status of  P CP, g H CH  and H CB w as

co n t rover sial since alm ost  a l l m icrob ia l  and  m am m a lia n

assa ys w ere  negative.  Ashby and Tennant,  in  1988, re p o rted  a

`no m utagen ic effec t’  of  l indane using a S almo n ella  a ssay,  a n d

negative resu lts  for  carcinogenici ty  in  rats  and mice after  an

ex p o s u re via  food .  No increase in  tum o ur  i ncid enc e h as be en

re p o rted in  rats ,  an d l ind ane does n ot  ind uce chro m o so m al

b reakage in  mice and CHO (Chinese  Ham ster  Ovary)  cells (for

re v i e w, see  IPCS WHO 1991).  Pentach loroph eno l (50±100  mg

kg±1) , appears a lso  as n on-mutagenic in  the Am es test  (Hawort h

et  al. 1983). I t  does not induce damage on DNA in CHO cel ls

(E hrl ich 1990) and Z iem sen  et  al. ,  in  1 987, have show n that  an

oc cup ation al  ex po sure  of  PCP  did not  induce sister  chro m a t id

exchange o r  chro m osom al  breakage.

In thi s s tud y,  w e co m pare  a  cu lture  of  hu m an h epato m a cells

Hep  G2 , wh ich m ain ly ex press C Y P 3 A 7,  the m ajor 3A fam ily

m em b er  present  in  th e hum an foeta l  l ivers  (Yang  et al . 1994) ,

with  two types  of  foetal hepatocytes fro m  ro den ts  and  a vi ans.

Foetal  ra t  hepatocytes in  prim ary  cu lture  w e re  used  as  a

reference m odel  and foetal  quail  hepatocytes (Coturn i x

co tu rn ix  jap on ica)  were  used as an ecotoxicologica l `witness’ .

I t is a subspecies of  quail  (Cotu rni x  c otu rn i x) ,  an omn ivo ro u s

bi rd  wh ose po pulat io ns h ave  co nside rab ly dw in dle d o ver  the

past  decade due to  the ex tensive use  of  p est ic ides in

agricu lture  (Canters  and Sn oo 199 5).  Many studies have show n

the inducib il i ty  of  their  hepat ic  monooxygenases  (Safe 1984,

Dalvi  et  al.  1987 , Lube t et  al. 1990,  L eonz io  et al. 1992) .
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Figure 1. Structure of hexachlorocyclohexane, pentachlorophenol and

hexachlorobenzene.
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In  the f irst  part  of  th is  re p o rt , DNA-adduct  form ation  i s

invest igated  as  a biom arker of  exposure  to  possible  genotoxic

c o m p o u n d s.  We searc h ed  an d  co m p a re d  g HCH±, PCP± and

HCB± DNA adducts form ed  in  th ree species ,  using th e

sensi t ive  3 2P -post labell ing assay (Randerath et al. 1981) in i ts

nuclease  P 1 enrichm en t version.  M ost  of  the enviro n m en ta l

ch em icals  are  carcin ogenic and m utagenic only after

u n d e rgoing metabolic  ac t ivation by a P450-l inked

m ono oxyg en ase  system . T h e hepatic  cytoch rome P 450s are

m ixed-function o xidases involved in  the m etabolism  o f a  w id e

variety of  xenobiotics and endob io tics , w hich unfort u n at ely

m ay also  bioac tivate  ca rc inogens into  reactive m etaboli tes able

to  form  DNA-adducts.  Since  the CYP450 are  highly in ducibl e,

th e seco n d pa rt of thi s rep o rt  t r ies  to  es tab lish  a l ink between

DNA -adduct form at ion and CYP1A, CYP2 and CYP 3A

in duction by the abov e m en tion ed ch lor inated  che micals.

MATERIALS AND METHODS

Chemicals
Proteinase K, ribonuclease A, T1 micrococcal nuclease and apyrase were obtained

from Sigma (St Louis, MO, USA), spleen phosphodiesterase from Worthington

Biochemicals (Freehold, NJ, USA), nuclease P1 from Boehringer (Mannheim,

Germany), and T4 polynucleotide kinase and [g 32P]-ATP, 5000 Ci mmole± 1 (185 TBq

mmole± 1), from Amersham (Buckinghamshire, UK). Cellulose MN 301 was from

Machery-Nagel (Düren, Germany). PEI-cellulose plates were made in the laboratory.

Culture media and newborn calf serum were from Gibco (Ghent, Belgium).

Disposable materials used for cell cultures were obtained from Becton Dickinson

(Helsinki, Finland). Pesticides were a Riedel De Haën product (Seelze, Germany)

guaranteed 99% pure. All other chemicals (benzanthracene, phenobarbital) were

analytical grade quality and purchased from Sigma (Munich, Germany).

Isolation and culture of hepatocytes
Foetal rat livers were collected on the 18th day of gestation and used to prepare

primary cultures as described earlier (Kremers et al. 1990).

Quail eggs (Coturnix coturnix japonica) were obtained from a local breeding farm

(Ferme du Moulin, Liernu, Belgium) and used to prepare the primary cultures after

incubation for 16 days at 37 °C with a 12-h lighting cycle (Roelandt et al. 1995).

Hep G2 (human liver hepatoblastoma) cells were obtained from the American

Type Culture Collection, HB 8065, Maryland. The culture medium was Dulbecco’s

Eagle Minimum Essential Medium (DMEM) containing sodium pyruvate, foetal calf

serum 10% (v/v), and antibiotics (penicillin, streptomycin). Culture media were

renewed every 24 h. Hep G2 cells were regularly subcultured after trypsinization

and five-fold dilution. The monolayer cultures were incubated at 37 °C in a

humidified atmosphere of 5% CO2 ± 95% air. Unless otherwise specified, foetal

hepatocytes and Hep G2 cells were cultured in the presence of dexamethasone

(10± 6 M). As demonstrated earlier, this glucocorticoid maintains expression of the

different cytochromes P450 and promotes the survival of the culture for several

weeks (Bollinne et al. 1987).

Induction of drug-metabolizing enzyme activities in

monolayers
Timing of cell treatment began at plating. Inducers were added to the culture media

after 24 h and maintained in the cultures throughout the experiment (72 h). The stock

solutions of benzanthracene (BA), dexamethasone (Dexa), phenobarbital (PB) and

pesticides were prepared in dimethylsulphoxide (DMSO). As previously described, the

final concentration of compounds in the culture medium was 50 m M (Dubois et al.

1996a). The final concentration of DMSO, used as a solvent in the medium, never

exceeded 0.1% (v/v). A similar volume of solvent was added to control cultures.

32P-postlabelling of DNA adducts
DNA (7 m g) was extracted and purified as described previously (Pfohl-Lezskowicz

et al. 1993). The DNA concentration was measured spectrophotometrically in

water solution using a value of 1 A260 units = 50 m g of DNA. The method used for
32P-postlabelling was that previously described by Randerath et al. (1981), modified

by Reddy and Randerath (1986). Briefly, digested DNA is treated with nuclease P1

before 32P-postlabelling. Nuclease P1 dephosphorylates 3Â -monophosphate of

normal nucleotides, whereas adducts protect this binding. Only adduct-bearing

3Â P-nucleotides are labelled by T4 polynucleotide kinase. Normal nucleosides and

pyrophosphate were removed by overnight chromatography on polyethyleneimine

cellulose in 2.3 M NaH2PO4 pH 5.7 (D1). Origin areas containing labelled adduct-

bearing nucleotides were cut and transferred to another PEI-cellulose plate in 4.25

M lithium formate and 7.5 M urea, pH 3.35 (D2). Two further migrations (D3 and

D4) were performed in the same direction, perpendicular to D2. The solvent for

D3 was 0.6 M NaH2PO4 and 5.9 M urea, pH 6; the solvent for D4 was 1.6 M

NaH2PO4, pH 6. Autoradiography was carried out at ± 80 °C for 3 days exposure in

the presence of an intensifying screen (Cronex). Spots were scraped off, and their

radioactivity was counted by the Cerenkov technique.

Northern blot analysis
Total RNA was extracted from Hep G2 cells, rodent and avian hepatocytes by the

guanidium thiocyanate/CsCl method of Chirgwin et al. (1979). The RNA (20 m g)

was size-fractionated on electrophoresis in a denaturing agarose gel and

transferred to a positively charged nylon hybridization transfer membrane.

CYP450 mRNAs were hybridized with cDNA oligonucleotides probes labelled to a

specific activity of 107 cpm per m g by random priming. Final washing conditions

for the cDNAs were 2 ́ standard saline citrate (20 ́ standard saline citrate = 3 M

sodium chloride, 0.3 M sodium citrate, pH 7.5), 0.1% sodium dodecyl sulphate,

for 15 min at 65 °C. We used cDNA probes coding for human CYP1A, CYP2E and

CYP3A4 and for rat CYP1A1, CYP2B1 and CYP3A1. The blots were also probed

with human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA
32P-labelled by random priming. RNA bands were visualized by autoradiography

and quantified by scanning densitometry.

Results
DNA-adduct formation
DN A-ad duct  pat terns of  contro l f oe tal  ra t,  quai l  hepatocy tes

and Hep G2 ce lls are  sho wn  in  F igu re 2. No adducts  are  fou n d

in  c on tro l  foetal ra t  hepatocytes and Hep G 2 cells.

U n ex pe ct ed ly,  tw o ad ducts,  namely  sp ots 1  and  2,  w ere

det ected in  co ntro l  quai l  DNA. Quanti tat ive est imates of  these

spot s are  respect ively 5.7 and 1.8 ad ducts p er  109 n u cle ot id es.

T h erefore ,  these values were  always subtracted f ro m  th e

co rrespon din g spo ts  in  th e pat tern  of  qua il cells af ter  pest icide

t reatm en ts.  T he origin  of  these  ad ducts  is unkno wn, b ut  they

might have  ar isen by `natural ’  contam ination ei ther  of  eggs or

of  the paren ts via  thei r  food.

T he pattern s of  the adducts in  hepatic  cel ls  af ter  an exp osure

to ch lorin ated chem icals  are  sh own  in  F igu re 3. Quanti tat ive

estim ates of  the differen t  ad du cts  are  given in  Table  1.  

Total  levels of  DNA-adducts are  highest in  rat  hepatocytes

in depe nde ntly  o f  the sub sta nces a nd re p resent  17 and 15

ad du cts  p er  1 09 nu cleotides for  pentach loro p h e n o l  a n d

M. Dubois et al.18
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l in d an e  resp ective ly. T he  to tal  DNA-adducts form ation  is  

tw o-fold low er  in  quail  cel ls in dep end ently  of  the trea tm e n t

and  seven- fold  and four- fo ld lower in  Hep G2 ce lls af te r

l in d an e an d  p en t ach loro p hen o l trea tm en t resp ectiv ely.

Af ter  l indan e exp osu re (F igure 3(a) ), in foet al rat

h epatocy tes th ere  are  m o re  different  DN A-adducts , 11

designated from  A to K, than in  foetal  quai l  hepatocy tes (nine

adducts)  and H ep  G2 cells ( three ad ducts) .  T he m ajor  addu cts

a re  A in  foeta l ra t  hepatocy tes  and L in  foe tal  qua il cel ls. T here

a re  no major add ucts  in  Hep G 2 cells .  Som e adducts are

speci f ic to the  type of  cel ls (Hep  G2 ce lls:  O, P and  Q; rat

hepa tocytes: A,B,D,E ,F,G,H,I ; and quail  hepatocy tes: L,M,N).

O nly th ree of them  (C,J and  K) are  detected  bo th in  rat  and

qu ail  hep atocyt es.

Metabolic activation of chlorinated pesticides 19

Figure 2. Autoradiograms of control DNA-adduct in control rat (R), quail (Q) and Hep G2 (H) cells.

Figure 3. Autoradiograms of DNA-adducts, after exposure to a single dose (50 m M) of lindane (a) and pentachlorophenol (b) of rat (R), quail (Q) and Hep G2 (H) cells.
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After  pentachloro p he n ol  ex po su re ,  the pattern  of  DNA-

ad du cts  is  very  s im ilar  in  the three types of  cel ls (Figure 3(b)).

S ev en  DNA -adducts  are quantif ied in  rat  h ep atocytes,  nine in

quail cel ls  and four in  Hep G2 cells . S ome others could be

o bserved but  their  levels  are  near  the d etect ion l imit .  Add uct

no.  2  is dom inant both  in  rat  hepatocytes and H ep  G2 cel ls.  I t

re p resen ts  50 %  an d 4 7%  respec tively of  the to tal . A diffe re n t

m ajor adduct  (adduct  no.  1)  is f ound in  foeta l  quail

h epatocy tes an d re p resen ts 46 %  of the total .  Som e addu cts

(nos 2,3,5)  are  fou nd in  al l  types of  cel ls,  som e appeared  b oth

in foe tal  rat  and  quail  hepatocytes (nos 4,7 ,8) . Som e are

speci f ic to  the cel ls (nos 1 and 6 in  qua il,  no. 9  in  rat

hepa tocy tes,  no. 10 in  Hep G2 ce lls) .  After  hexachloro b e n ze n e

t reatm ent, the total  num ber of  DN A-adducts  is very  sm all  a nd

var ies from  1.3 to  4.2  per  109 nucleotides in  al l  ce l ls (re su l t s

n ot  sho w n) .

Ben zan thracene (PAH; 50 m M ) ,  a  kno wn  m utagen  w hich is

also metab olically  act ivated by the cy tochrom es P4 50, is  used

as  a  posit ive contro l . With  ben zanthracene,  th e nu m ber of

ad du cts  w as in de ed  v ery  high,  totall ing 172 ±290 adducts  per

1 09 nu cleot ides.  On e such  p attern  is  show n in F ig ure 4. We

foun d 12  sp ots co mm on  to al l  th ree  types of  hepatic  cells af te r

PAH  treatm en t .

Analyses of cyt P450 mRNA
To d eterm ine  w hich  are  the different  CYP 450 f am ilies  induced

by these  three c hlor inated  pest ic ides, we used nort h e rn  b lot

analysis to  exam ine levels of  the corre sp ond ing  m RN A s in  th e

th ree types of  cultured  ce l ls.  T he cel ls  were either  lef t

u n t reated ( contro l) ,  exposed  to  50 m M of one of  two known

in ducers , p henob arb ital  (PB)  an d ben zanthracene (BA )

(posi t ive control s) ,  or  exposed to  50 m M of one of  the

M. Dubois et al.20

Figure 4. Autoradiograms of a positive reference of 32P-postlabelled hepatic cellular DNA, digested from Hep G2 cells treated with a single dose of benzanthracene 

(50 m M).

Cells Adducts of Pentachlorophenol (no. per 109 nucleotides)

1 2 3 4 5 6 7 8 9 10 Total

Rat 0 8.9 1 1.6 1.8 0 0.1 2.2 1.4 0 17

Quail 5.4 1.5 1.5 0.2 0.6 0.2 1 1.5 0 0 11.0

Hep G2 0 2 0.2 0 1 0 0 0 0 1 4.2

Cells Adducts of Lindane (no. per 109 nucleotides)

A B C D E F G H I J K L M N O P Q Total

Rat 3.6 2 1.9 1.1 0.8 1.3 1.1 0.6 1 1.2 0.1 0 0 0 0 0 0 14.8

Quail 0 0 1.8 0 0 0 0 0 0 0.3 1.3 2 1.2 0.8 0 0 0 7.4

Hep G2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.7 0.7 0.8 2.2

Table 1. Quantification of pentachlorophenol±  and lindane± DNA adducts in rat, quail and Hep G2 cells treated with a single dose of pesticide (50 m M). Results are

expressed as number of adducts per 109 nucleotides.
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pestic ides.  F ig ure  5 sh ows re p resen tat ive nort h ern  b lot s

obtained  with a  speci f ic  rat  CYP450 cDNA  probe (on the r igh t) ,

a  human specif ic  CYP1A cDNA  probe and a  non-specif ic

hum an CYP 3A4 cD NA pro be 

(+ 905 + 2036)  ab le to recognize  al l  the mem bers of  the CYP3A

family  (on the lef t) . Resu lts from  co nt rol  cel ls (lane 6) ,

p henobarb ital ( lane 5)  and benzanthracene ( lane 4)  induced

cells are  show n for  co mp arison p urp oses.  T he sm all  am oun t of

d exam ethason e (10±6
M)  pre sen t  i n  the cult ure  m ed iu m  i s

un ab le  to  induce CYP 3A b ut a l lo ws the induction of  the other

P 45 0s in  cultured cel ls.  T herefore , no hybridizable  ban d of

CYP3A mRNAs were  foun d in  co ntro l  ce l ls . On these  blots,

o nly pe nt ach lorophenol exh ibited a CYP1A speci f ic signal  (2 .8

kb) in  H ep  G2 ce lls,  while  a weak  hybrid izab le band  (2.8 kb)

w as  found in  foetal  ra t  hepatocytes af ter  l indane and P CP

t reatmen ts.  Moreo ver,  these  treatm ents  a lso l ed  to  intense

hybr id ized  bands of CYP2B1 (2.1  kb) and  CYP3A1 (2 .6  kb) in

foetal rat  hepa tocy tes and  CYP3A (1 .9  kb , 2 .1  kb) in  Hep G2

cells .  A n exp osure  to  hexachloro benzen e o nly rev eal ed an

in duct ive eff ec t  on CYP 3A1 transcr ipt  levels  in  the cu lture d

foetal  ra t  hepatocytes.  In  quail  cel ls and under  conditions of

redu ced  st r i ng enc y, w e used  a  hum an CYP 2E cDN A pro b e

sharing the highest  hom ology.  In  these  con dit ions,  a  very  w eak

hy br idizab le  ban d w as revealed only after  a  phenobarb ital

t reatm en t (results  n ot  sh ow n) .

Discussion
To avoid some of the diff icu lt ies  of  exper im entat ion in  l iv ing

anim als ,  w e selected three types of  cel ls as possible  system s to

inves tigate  the biotransform at ion of  pest icides.  Taken together,

these cel ls  express  the m ain CYP450 fam ilies  and  prov ide a

valuable p anel  for  metabolic studies.  We co m p are d  a  h u m a n

hepatom a cell  l in e,  Hep G 2, w hich m ainly ex press es CYP3A7

and  to a  lesser  extent  CYP1A2 (Sassa  et  al.  1987,  Robert s  et  al.

199 0, Schuetz  et al. 1993), with tw o types of  foetal hepatocy tes

fro m  rodent  and avian species.  F oetal  quail  hep ato cy tes  are

k no w n to  ex p ress CY P 2-fam ily  genes (L ubet et al . 1990)

display ing the greatest  sim ilari ty  to  the CYP2C gene,

con st i tu t ively expressed  in  rat  liver  (50±56%  hom ology), and

th e CYP 2E gene con st i tut ively exp ressed in  h um an l iv er

(30±33%  homology) (Hansen and M ay 1989, Sinclair  et  al.

Metabolic activation of chlorinated pesticides 21

Figure 5. Northern blot analysis in cultured hepatic cells. Total cellular RNA (20 m g) was harvested from cultures of foetal hepatocytes and Hep G2 cells and analysed by

northern blot hybridization as described under Materials and Methods. Molecular sizes were deduced from that of ethidium-bromide-stained 18S marker RNA (Bethesda

Research Laboratory). Foetal rat hepatocytes and Hep G2 cells were treated with 50 m M (1) lindane, (2) hexachlorobenzene, (3) pentachlorophenol, (4) benzanthracene, or

(5) phenobarbital. Lane (6) contains RNA from control cells. RNA was subjected to northern blot hybridization with rat CYP1A1, CYP2B1 and CYP3A1 and human CYP1A,

CYP2E and CYP3A4 cDNA probes. Total mRNA was also probed with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The intensities of the mRNA in the

autoradiograms were estimated by densitometry and normalized to GAPDH to confirm inducer effects.
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1990 , L ube t et al. 1990). A prev ious s tudy  has clear ly

de mo nstr ated that ,  in  our  cu lture  condit ions,  foetal r at

h epato cyt es ex press CYP1A1, CYP2B and  CYP3A1 (Dubois e t

a l. 1996a).

E xp osu re of  hepa tic cel ls to  each  of  four di fferen t  ch em ic als

(i.e. BA, PCP, g HCH, HCB), resu lts  in  a  signif icant  induction of

l iver  CYP 450 mRNA levels (specially  CYP1A) parall eled  by an

in c reased formation of  DNA-adducts.  In  rat  cells,

p en t ac h lo ro ph en o l an d l i nd an e are  revealed as m ixed  typ e

inducers of  CY P450 fam il ies.  In Hep G 2 cel ls , PCP induces

higher CYP1A  mRNA  levels than  lindane. T hese  res ul t s

conf irm  and com plem en t tho se  of  a  p rev io us s tu d y co n du ct ed

in our  laboratory  w h e re , in  trea ted-Hep  G2 ce lls,  we have

clearly  d emo nst r ated the high er  indu ctiv e effec ts of PCP on

etho xy reso rufin-O -deeth yla se (EROD), a CYP1A1 specif ic

enzym atic  act ivi ty.  I n  contr ast , l ind ane m ain ly i ndu ced

eth ox yco um ar in -O -deethylase (ECOD) ac tivity which  is

s u p p o rted by differen t  cy toch rome P450s, namely CYP2B and

CYP3A familie s (Dubois et al . 1996b). T he  significan t

in ductive effect  on CYP450 transcrip t ion levels of  these

chlor inated  chem icals  is clo se ly re lat ed  to  the leve l of DNA-

ad duct  f orm ed: foeta l  ra t hepatocytes  are  the m ost  act ive in

p roducing D NA -adducts  af ter  pentachloro p h en o l  a n d  l i n da n e

t reatment and total  DNA -adducts form ed after

p en t ac h lo ro ph en o l treatm ent is a lways higher than after  a

l in d an e ex p o sure  in  both hepatic  cel ls.

In 1994,  Moort hy  et  al.  found  high levels  of  DNA-adducts 

in  ben zanthracene-  and  ben zo[a ]p yrene-treated rat  ce l ls,

in dicat in g an i ncreased conversion of  these  polycyclic

a ro m a tic  h yd rocarbons (PAH ) to  ul t im ate carc in oge nic

m etaboli tes.  So,  the high similari ty  of  the adduct  pat tern

displayed b y rat ,  q uail  and h um an cells af ter  expo sure  to PCP

s u p p o rts  the hyp othesis  that  in  these  cel ls,  th is  chem ical is

biotransform ed  by  th e sam e drug-m etabolizing en zy mes

yielding  the same g enotoxic  m etaboli tes  and th us th e sam e

D NA-adducts . Pentachloro ph en ol  h as no  d irect  m utag enic

eff ec t  using Am es Sa lm o n ella  assay s (H awort h  et al. 1983).

T h e m a in int erm ediates  of  pen tachloro p h e n o l

biotransform at ion  a re  p - te tr achloro h y d roquinone (T CH Q) 

and 2,4 ,5-tr ichlorophenol (Renner and Hopfer  1990). E hrl ich ,

in  1990 , has show n that TCH Q exerts a grea ter  toxic eff ect  on

the growth  of  the CHO  cells than  P CP. I t causes,  a t

concen trat ions of  2±10 m g l±1,  DNA single  str and bre aks in

in tact  cu ltu red  mam m alian  CHO  cells,  enhancing  the toxici ty

of TCHQ to  these cel ls.  I t  can also be suggested  tha t the

form ation of  chrom o so ma l aberr at io ns in  p erip heral

lympho cytes of  w orker s exposed to  PCP re p o rt ed  b y

Bauch inger et  al.  (1982), is caused  by T CHQ af ter  metabolism

of  PCP. Moreover 2 ,4 ,5-TCP has atta ined  notoriety  af ter  the

e nv i ron m enta l  cata st rop he of  Seveso  in  1976, where  t h e

ex trem ely toxic  2 ,3 ,7 ,8- tetrach loro dib enzo -p -diox in (TCDD)

was formed by condensa tion of  two m olecules of  2 ,4 ,5-T CP. 

In  regard  to  this case , the observation of  tr ace am ounts of  this

dio xin am on g m etaboli tes  pro du ced by anim als tre ate d  w i th

PCP was of  sign if icance (Renner  and Mücke 1986).  Therefore

two com pounds,  TCH Q and T CDD , could be genotoxic  and

give the D NA-adducts pat te rn  foun d in  th e th ree  types of  ce ll

u s e d .

In the sam e w ay, g he xa ch lo rocyclohexane ( l in dane) is  not

d i rectly  mu tagenic (A shb y and Tennant 19 88).  T he patterns o f

DN A-adducts  ob tain ed in  this stud y are  very  differe nt  i n

regard to  the type of  ce l ls.  Only three adducts of  the total

n um be r  are  detected b oth in  rat  and  quail  hepatocytes and al l

the addu cts  fo rmed in  Hep G2 are  specif ic .  The f inding that

DN A-add ucts are  not  q uanti tat ively th e sam e in  al l  species

tested migh t be d ue to  diffe ren ces  in  their  m etabolism, leadin g

to differen t  ca rc inog en s,  and to  differenc es in  t he re p ai r

p rocess (Pfoh l-Lezskowicz  et  al.  1993) . Bio transf orm ation of

l in dane  is  in i t ia t ed b y deh ydrogenating,  dech lo rinat ing,

d e h y d ro chlo rinati ng  an d hyd roxylat ing steps (Hayes  and Laws

1991).  Hum an  liver  m icro so m es co nv erted l in dane into  fo ur

major m etaboli tes g he xa ch lo rocyclohexene (HCCH),

g p e nta ch lo rocy lcohexene (PCCH), b PCCH and 2,4 ,6-

tr i chlorophenol (2 ,4 ,6-TCP).  Sm aller  amounts of  2,3,4,6-

tetrach loro ph en ol ,  p en tac hloro b en z en e  an d

p en tac hlo ro ph e n ol  w ere  also found  (IPCS WHO 1991). In

1990, De Marin i  et  al.  characterized the genotoxic i ty  of  these

com p oun ds,  n am ely clast ogen ici ty,  th ei r  associat ion w ith

can cer  an d ch rom osom al aberr at io ns in  hum ans (P CP)  and

their  carc inogenici ty  in  rodents (2 ,4,6-TCP and PCP). In

acco rdan ce w ith  o ur  resul ts,  a  co m par ison  between  l i ndan e

and P CP  patterns , from  their  m igrat ion characterist ics,  shows

that  the addu cts A and 2 are  sim ilar  in  foeta l  ra t hepatocytes

a n d  re p resent  a  com m on  m etaboli te  of  l indan e and

p en tac hlo rophenol . After  PCP trea tm ent, it  re p resen ts 50%  of

the total  DN A-adduct ,  wh ereas, add uct  A after  a  l indane

t reatm en t re p resents  only 24%  of the total .

I n  thi s s tud y,  hex achlorob enzene appears  as a  non-genotox ic

co m p o un d  a n d as a  p referen tial  inducer of  CY P3A1 mRNA in

foetal ra t hepatocy tes . HCB does not induce  CY P450 in  Hep G2

cells.  M any au thor s h ave studied th e m etabolism of l indane

an d  p en ta ch loro phen ol an d establi shed  sim ilari t i es in  th eir

biotransformation pathways (for  rev ie w, see Ren ner and

Mücke  1986) .  However, even  if  in  some cases P CP  was found to

be a metaboli te  of  HCB in  rat l iver  microsom es,  this  co nver sio n

nev er  ex ceeds 1%  and  n eeds s trong HCB-pre t reatm ent of  the

an im al s  in  v ivo (Van  O m m en  et al. 1985) .  The f irst step  in  the

metabolic pathw ays of  H CB is the reacti on with  g lutath ione

and b iotransfo rm ation into non-tox ic  con ju gated interm ed ia te s

(Renner  and H opfer  1990).

To  co nclu de,  i t  is  no tew ort hy  th at  these resu lts  are  i n

agreem e nt  w ith a  hi er archical  c lass if icatio n (cluster  analysis)

p rev iou sly  m a de in  reg ard  t o  the  in du ctio n of  e nzy m atic

activi t ies obtained after  pest ic ide expo su res of  the sam e

hepatic  cel ls (Dub ois et  al. 1 99 6b ).  T hi s s tud y has sh ow n tha t

th e s tro ngest  ind ucers  of  the enzym atic  act ivi t ies  are

p e n ta c h lo ro ph e no l  a n d b e nz [a ] anthr acene (ou r posi t iv e

referen ce in  t his  re p o rt ) .  L indane has also a  st ro n g  in du ct iv e

effec t  an d he xach lo ro b en ze n e a p p ea red  a s an  in ert

c o m p o u n d .

Taken tog eth er,  the results highligh t the st ron g hep atic

in cide nce of  l ind ane and  p ent achloro p he n ol  th ro ugh  th eir

biotransform ation  pathw ays and  a  h igh  in ductiv e effect of

CYP1A, CYP2B and CYP3A fam il ies.  Our study pro v id e s

further  evidence that  comb ined  invest igat ion of  DN A-adduct

form ation  an d cy toc hrom e P4 50 induct ion in  h epatic  cel ls

M. Dubois et al.22
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constitutes a su i table m eans to  inv es t ig ate  xenobiotic

biotransform atio n a nd  p re dict  hea lth  r i sk s in  hu m ans.

N ev ertheless,  m ore  invest igations in  v ivo a n d  in  v i tro  a re

needed to  unravel  (1)  the metabolic  pathways lead ing to

d ifferen t  add ucts  in  different  species , (2)  the nature of  the

m o dif ied bases and  th e n ature  of  th e c om po un ds b ou nd to

DNA, in  order  to  better  u nder stan d th e m echan ism  o f

genotox ic i ty  and carc inogen ic i ty  of  pest ic ides.

References
ASCHMANN, C., STORK, T. AND WASSERMAN, O. (1989) Short-term effects of

chlorophenols on the function and viability of primary cultured rat
hepatocytes. Archives of Toxicology, 63, 121± 126.

ASHBY, J. AND TENNANT, R. W. (1988) Chemical structure, Salmonella
mutagenicity and extent of carcinogenicity as indicators of genotoxic
carcinogenesis among 222 chemicals tested in rodents by the U.S.
NCI/NTP. Mutation Research, 204, 17± 115.

BAINY, A. C. D., ARISI, A. C. M., AZZALIS, L. A., SIMIZU, K., BARROS, S. B. M., VIDELA,
L. A. AND JUNQUEIRA, V. B. C. (1993) Differential effects of short-term lindane
administration on parameters related to oxidative stress in rat liver and
erythrocytes. Journal of Biochemical Toxicology , 8(4), 187± 193.

BAUCHINGER, M., DRESP, J., SCHMID, E. AND HAUF, R. (1982) Chromosome changes
in lymphocytes after occupational exposure to pentachlorophenol (PCP).
Mutation Research, 102, 83± 88.

BOLLINNE, A., KREMERS, P., KOLODJICI, C. AND GIELEN, J. (1987) Long term
maintenance of monooxygenase activities in cultured fetal-rat hepatocytes.
Cell Differentiation, 21, 239± 246.

CANTERS, K. J. AND DE SNOO, G. R. (1993) Chemical threat to birds and
mammals in the Netherlands. Reviews of Environmental Contamination and
Toxicology , 130, 1± 29.

CHIRGWIN, J. M., PRZYBLA, A. E., MACDONALD, R. J. AND RUTTER, W. J. (1979)
Isolation of biologically active ribonucleic acid from sources enriched in
ribonuclease, Biochemistry , 24, 5294± 5299.

COLOSIO, C., MARONI, M., BARCELLINI, W., MERONO, P., ALCINI, D., COLOMBI, A.,
CAVALLO, D. AND FOA, V. (1993) Toxicological and immune findings in workers
exposed to pentachlorophenol (PCP). Archives of Environmental Heath, 48,
81± 88.

DALVI, R. R., NUNN, V. A. AND JUSKEVICH, J. (1987) Studies on comparative drug
metabolism by hepatic cytochrome P-450 containing microsomal enzymes
in quail, ducks, geese, chickens, turkeys and rats. Comparative
Biochemistry and Physiology, 87C, 421± 424.

DE MATTEIS, F., PRIOR, B. E. AND RIMINGTON, C. (1961) Nervous and biochemical
disturbances following hexachlorobenzene intoxication. Nature, 191,
363± 366.

DEMARINI, D., BROOKS, H. G. AND PARKES, D. G. (1990) Induction of prophage
lambda by chlorophenols. Environmental and Molecular Mutagenesis, 
15, 1± 9.

DUBOIS, M., DEWAZIERS, I., THOMÉ, J. P. AND KREMERS, P. (1996a) P450 induction
by aroclor 1254 and 3,3Â ,4,4Â -tetrachlorobiphenyl in cultured hepatic cells
from rat, quail, and man: validation of a multispecies in vitro model.
Comparative Biochemistry and Physiology, 113C, 51± 59.

DUBOIS, M., PLAISANCE, H., THOMÉ, J. P. AND KREMERS, P. (1996b) Hierarchical
cluster analysis of environmental pollutants through P450 induction in
cultured hepatic cells. Indications for a toxicity screening test.
Ecotoxicology and Environmental Safety, 34, 205± 215.

EHRLICH, W. (1990) The effect of pentachlorophenol and its metabolite
tetrachlorohydroquinone on cell growth and the induction of DNA damage in
chinese hamster ovary cells. Mutation Research, 244, 299± 302.

ENGELHARDT, G., WALLNÖFER, P. R., MÜCKE, W. AND RENNER, G. (1986)
Transformation of pentachlorophenol. Part II: Transformation under
environmental conditions. Toxicological and Environmental Chemistry, 11,
233± 252.

FERRANDO, M. D., ALARCON, V., FERNANDEZ-CASALDERREY, A., GAMON, M. AND ANDREU-
MOLINER, E. (1992) Persistence of some pesticides in the aquatic
environment. Bulletin of Environmental Contamination and Toxicology , 48,
747± 755.

HANSEN, A. J. AND MAY, B. K. (1989) Sequence of a chicken phenobarbitol-
inducible cytochrome P450 cDNA: regulation of two P450 mRNAs
transcribed from different genes. DNA, 8, 179± 191.

HAWORTH, S., LAWLOR, T., MORTELMANS, K., SPECK, W. AND ZEIGER, E. (1983)
Salmonella mutagenicity test results for 250 chemicals. Environmental
Mutagenesis, suppl. 1, 3± 142.

HAYES, JR, W. J. AND LAWS, JR, E. R. (eds) (1991) Handbook of Pesticide
Toxicology (Academic Press, Inc., San Diego).

INTERNATIONAL PROGRAMME ON CHEMICAL SAFETY (IPCS), World Health Organization
(WHO) (1991) Lindane. Environmental Health Criteria 124.

KREMERS, P., NEGRO, L. AND GIELEN, J. E. (1990) Rat fetal hepatocytes in culture:
a model for metabolic and toxicological studies. Acta Pharmacologica 40,
383± 393.

LEONZIO, C., FOSSI, M. C., LARI, L. AND FOCARDI, S. (1992). Influence of cadmium
on polychlorobiphenyl uptake, MFO activity, and serum lipid levels in
Japanese quail. Archives of Environmental Contamination and Toxicology,
22(2), 238± 241.

LUBET, R. A., SYI, J. L., NELSON, O. AND NIMS, R, W. (1990) Induction of hepatic
cytochrome P450 mediated alkoxyresorufin o-dealokylase activities in
different species by prototype P450 inducers. Chemico-Biological
Interactions, 75, 325± 339.

MILLER, E. C. AND MILLER, J. A. (1981) Searches for ultimate chemical
carcinogens and their reactions with cellular macromolecules. Cancer, 47,
2327± 2345.

MOORTHY, B., SRIRAM, P. AND RANDERATH, K. (1994) Chemical structure- and time-
dependent effects of polycyclic aromatic hydrocarbon-type inducers on rat
live cytochrome P450, DNA adducts and I-compounds. Fundamental and
Applied Toxicology 22, 549± 560.

PFOHL-LESZKOWICZ, A. (1994) Détection des adduits a l’ADN comme
biomarqueurs d’exposition aux cancerogenes de l’environnement. Analusis
Magazine, 22(1); 12± 15.

PFOHL-LESZKOWICZ, A., GROSSE, Y., KANE, A., CREPPY, E. E. AND DIRHEIMER, G. (1993)
Differential DNA-adduct formation and disappearance in three mouse
tissues after treatment with the mycotoxin ochratoxin A. Mutation Research
289, 265± 273.

RANDERATH, K., REDDY, M. V. AND GUPTA, R. C. (1981) 32P-labelling test for DNA
damage. Proceedings of the National Academy of Sciences, USA, 78,
6126± 6129.

REDDY, M. V. AND RANDERATH, K. (1986) Nuclease P1-mediated enhancement of
sensitivity of 32P-postlabelling test for structurally diverse DNA-adducts.
Carcinogenesis, 7, 1543± 1551.

RENNER, G. AND HOPFER, C. (1990) Metabolic studies on pentachlorophenol
(PCP) in rats. Xenobiotica, 20(6), 573± 582.

RENNER, G. AND MÜCKE, W. (1986) Transformation of pentachlorophenol. Part I:
Metabolism in animals and man. Toxicological and Environmental
Chemistry, 11, 9± 29.

ROBERTS, E. A., JOHNSON, K. C., HARPER, P. A. AND OKEY, A. B. (1990)
Characterisation of the Ah receptor mediating AHH induction in the human
liver cell Hep G2. Archives of Biochemistry and Biophysics, 276, 442± 450.

ROELANDT, L., DUBOIS, M. F., TODARO, A., THOMÉ, J. P. AND KREMERS, P. (1995)
Effect of inducers and PCBs on the cyt P450 enzymes in cultured quail
hepatocytes. Ecotoxicology and Environmental Safety, 31, 158± 163.

SAFE, S. (1984) Polychlorinated biphenyls (PCBs) and polybrominated
biphenyls (PBBs): biochemistry, toxicology, and mechanism of action. CRC
Critical Reviews in Toxicology , 13, 319± 377.

SASSA, S., SUGITA, O., GALBRAITH, R. A. AND KAPPAS, A. (1987) Drug metabolism
by the human hepatoma cell, Hep G2. Biochemical and Biophysical
Research Communications, 143(1), 52± 57.

SCHUETZ, E. G., SCHUETZ, J. D., STRO, S. C., THOMPSON, M. T., FISHER, R. A.,
MOLOWA, D. T., IL, D. AND GUZELIAN, P. S. (1993) Regulation of human liver
cytochrome P-450 in family 3A of primary and continuous culture of human
hepatocytes. Hepatology, 18, 1254± 1262.

SINCLAIR, J. F., WOOD, S., LAMBRECHT, L., GORMAN, N., MENDE-MÜELLER, L., SMITH,
L., HUNT, J. AND SINCLAIR, P. (1990) Isolation of four forms of acetone-induced
cytochrome P450 in chicken liver by the H.P.L.C. and their enzymatic
characterisation. Biochemical Journal, 269, 89± 95.

STONARD, M. D. AND NENOV, P. Z. (1974) Effect of hexachlorobenzene on
hepatic microsomal enzymes in the rat. Biochemical Pharmacology, 23,
2175± 2183.

Metabolic activation of chlorinated pesticides 23

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



VAN OMMEN, B., BLADEREN, P. J., TEMMINK, J. H. M. AND MÜLLER, F. (1985)
Formation of pentachlorophenol as the major product of microsomal
oxidation of hexachlorobenzene. Biochemical and Biophysical Research
Communications, 126, 25± 32.

YANG, H. L., LEE, Q. P., RETTIE, A. E. AND JUCHAU, M. R. (1994) Functional
cytrochrome P450 3A isoforms in human embryonic tissues: expression
during organogenesis. Molecular Pharmacology, 46, 922± 928.

ZIEMSEN, B., ANGERER, J. AND LEHNERT, G. (1987) SCE and chromosomal
breakage in PCP exposed workers. International Archives of Occupational
and Environmental Health, 59, 413± 417.

R ece ived  1 0  A p r il  1 9 9 6 ,  re v i s ed  f o rm  a ccep ted  9  J u ly  1 9 9 6

M. Dubois et al.24

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


