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PCBs do not induce DNA breakage in vitro in human lymphocytes
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Polychlorinated biphenyls (PCBs) are classified by IARC  
as non-m utagenic in vivo. However, despite alm ost 20 years 
of research, their m utagenicity in vitro is still debatable. In 
this w ork the in vitro  cytochalasin B m icronucleus test and  
the alkaline com et assay applied to human lym phocytes  
Were used to study the genotoxicity of a PCB. PC B77, at 
concentrations ranging from  0.01 to 100 pg/m l, was used  
!" whole blood or isolated lym phocyte cultures, w ith final 

.îethylsulfoxide percentages of 0.5-2% . In the m icro­
nucleus test lym phocytes were exposed for 48 h, and in the 
alkaline com et assay for 30 m in, 1 h and 3 h. No increases 
of single strand breaks or micronucleus frequencies was 
found, in contrast to previously reported data. O ur data 
indicate t h a t  PCB77 has no clastogenic properties in hum an  
lymphocy tes.

Introduction
Polychlorinated biphenyls (PCBs) used to be widely used 
industrial com pounds. Depending on the num ber and the 
position o f the chlorine-substituents, 209 different congeners 
can be distinguished. These congeners are divided in nine 
isom eric groups and decachlorobiphenyl. Their em pirical for­
mula is C i2Hio_nCl„ (n =  1-10).

C om m ercial PC B s w ere manufactured by several com panies 
and m arketed w orldwide under a variety of trade nam es. The 
best know n are A roclor (M onsanto, USA and UK), Clophen 
(Bayer, Germ any), Phenoclor and Pyralene (Prodelec, France), 

techlor (Kanegafuchi, Japan), Santotherm (M itsubishi- 
M onsanto, Japan), and Fenclor (Caifaro, Italy). Between 1930 
and 1970 PCBs w ere used for many different purposes, due 
to their useful physical properties (Safe, 1992). Since then 
applications and production of PCBs have been strictly lim ited 
or even forbidden. Flowever, even today PCBs can still be 
found in alm ost every com ponent o f the global ecosystem , 
including air, water, sedim ents, fish, and hum an adipose tissue, 
milk and serum  (De Voogt et al., 1990): The proven toxicity 
(developm ental and reproductive toxicity, dermal toxicity, 
endocrine effects, hepatotoxicity, carcinogenesis, induction of 
diverse phase I and phase II drug metabolizing enzym es) has 
stim ulated many researchers to study these compounds.

There are clear data to indicate that com mercial PCBs can 
be considered non-genotoxic. The position with regard to  the 
planar congener, the 3 ,3 ',4 ,4 '-derivate  (PCB77), is, however, 
still unclear. IARC classified all PCBs as non-m utagenic 
in vivo. A  review  o f  the main results on mutagenicity o f PCBs 
is given in Table I. This list shows 23 negative and eight 
positive results for the m utagenecity of PCBs. Some of the 
differences may be explained by the fact that some tests w ere
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perform ed with PCB m ixtures while others were performed 
with individual PCB congeners. It is im portant to note that six 
o f the positive results w ere obtained using individual congeners. 
On the other hand, these seem ingly contradictory results may 
also be due to the use o f  different endpoints and different 
organism s. Many o f the positive data on congeners used poorly 
defined systems for w hich limited data were provided and 
w hich were difficult to interpret (e.g. the pigeon em bryo study).

It is difficult to draw general conclusions from  the above 
reports, but there is also evidence that PCB metabolites are 
capable of interacting w ith DNA with the potential to be 
genotoxic (Butterworth e t al., 1995).

Sargent et al. (1989) observed a dose-related chromosome 
breakage in human lym phocytes exposed in vitro to K T '-IO -4 
(ig/m l o f PCB77 (3 ,3 \4 ,4 '-te trachlorobiphenyl). They also 
noted the synergetic effect o f PCB77 with the non-clastogenic 
PCB congener PCB52 (2,2 ',5 ,5 '-tetrachlorobiphenyl). The 
genetic endpoints used w ere chromosom e aberrations and sister 
chrom atid exchange. This study was aimed at establishing 
whether the proposed clastogenic potential o f PCB77 could 
also be detected in the m icronucleus test and/or the alkaline 
single cell gel electrophoresis or com et assay.

M aterials and methods

C hem icals
Pure PC B 77 pow der was purchased from  S chm id t B V  (A m sterdam , The 
N etherlands). It w as d issolved in d im ethy lsu lfox ide (D M SO ; M erck, 
D arm stadt, G erm any). T he final concentrations o f  D M S O  in the  cu ltu res were 
0.5 and 2%.

E thidium  brom ide, G iem sa, EDTA, T ris(hydroxym ethy l)-am inom ethane, 
sodium  hydroxide, sodium  chloride  and ethyl m ethanesu lfonate  (E M S) were 
ob ta ined  from  M erck. Low - and  norm al-m elting-poin t (L M P  and N M P 
respectively ) agarose w ere purchased  from  G ibco  B R L  (M D . USA). 
/V -Lauroylsarcosine and Triton X -100 w ere purchased from  S igm a Chem ical 
C o. (St Louis, M O). M itom ycin C was obtained from  Janssen  C hem ica 
(B eerse. Belgium ).

Lym phocyte  cultures
H um an peripheral b lood was draw n from  healthy, non-sm oking  donors < 3 6  
years old, in heparin-contain ing  syringes. F our donors w ere  used: donors 1, 
2, 3 o r 4.

F o r iso lated  lym phocyte cultures the e ry th rocy tes w ere  rem oved using 
leukocyte cell separation tubes (Becton D ickinson, L inco ln  Park, N J) and 
cells  w ere w ashed tw ice w ith  phosphate bu ffer saline (PBS: pH  7); fo r whole 
b lood , 5 ml cu ltu res w ere established contain ing  0.4 ml w hole blood; purified 
lym phocyte  cu ltu res were set up as 2  ml cu ltu res in a concen tration  o f  0.5 X 
IO6 lym phocytes/m l in glass tubes.

A ll cu ltu res w ere set up in duplicate in H A M ’s F-10 m edium  (Gibco) 
supp lem ented  w ith 15% fetal calf serum  (G ibco) and 2%  phytohaem agglutin in  
(W ellcom e, D artford, UK), and were incubated at 37°C  fo r 72 h.

C ells from  purified lym phocyte cu ltu res w ere applied  d irectly  to  slides 
using  a  cytospin  centrifuge (Shandon, P ittsburg, PA, U SA ), according  to  Vian 
e t al. (1993). A ll slides were fixed in 100% m ethanol and stained w ith  5% 
G iem sa (M erck) in Sorensen buffer (pH  6.8). (Note: in experim ental procedures 
w ith  PC B s only  glass m aterials should be used.)

Treatment
F o r the m icronucleus test the cells w ere trea ted  w ith the test chem ical, w ithout 
S9 , from  24 h a fte r stim ulation until the end  o f  cu ltu ring ; cy tochalasin  B was 
added 44  h starting  stim ulation at a  concentration  o f  6  flg /m l. F o r the com et 
assay  cells w ere treated w ith the test chem ical, w ithout S9, s tarting  24  h  after 
stim ulation , fo r 30 m in, 1 h or 3 h.
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T ab le  I .  L ist o f  main results on m utagenicity  o f  PCB s

G enetic endpoint Test system M utagen icity  PCB s 
(congener or m ixture)

R eference

In vitro
R eversion assay Salm onella -  (m ixture) S ilberhorn e t al. (1990)
=  A m es test Salm onella -  (A roc lo r 1254) Schoeny e t al. (1979)

Salm onella -  (congener) H sia e t al. (1978)
Salm onella 4- (congener) W yndham  e t al. (1976)
Salm onella -  (m ixture) Shahin e t al. (1979)
bacteria -  (A roc lo r 1254) N atarajan  and  O be (1986)
Salm onella -  (A roc lo r 1254) D unkel e t al. (1984)
Salm onella -  (A roclo r 1254) Z eiger et al. (1988)
Salm onella -  (congeners) Schoeny (1982)

G ene m utations Salm onella -  (m ixture) M illisher et al. (1979)
Salm onella -  (m ixture) H aw orth e t al. (1983)
E .co li -  (congener) D unkel e t al. (1984)

C hrom osom e aberrations hum an lym phocytes -  (m ixture) H oopengam er e t al. (1972)
hum an lym phocytes +  (congener) Sargent et al. (1989)

Single stranded breaks m am m alian  cell cultures +  (congener) Stadnicki et al. ( 1979)
Cell transform ation S H E  cells -  (m ixture) P ienta (1980)
UD S, D N A  repair C H O +  (congener) W ong et al. (1979)

In vivo
C hrom osom e aberrations p igeon em bryos +  (A roclo r 1254) Peakall et al. (1972)

D rosophila -  (m ixture) N ilsson and R am el (1974)
rat bone m arrow -  (A roclors) Green et al. (1975b)
sperm ato td  cells - ( A r o c l o r  1254) G artho ff e t al. ( 1977)
fish erythrocytes +  (A roclo r 1254) A l-Sabti (1985b. 1986b)

M icronuclei rat bone m arrow -  (m ixture) Bruce and  H eddle  (1979)
new t larvae -  (A roclo r 1254) Fernandez et al. ( 1989)
m ouse -  (m ixture) W atanabe e t al. (1982)

R ecom binogenesis D rosophila +  (congener) B utterw orth e t al. (1995)
D om inant lethal test rat -  (A roclor) G reen e t al. (1975a)
C hrom osom e dam age rat bone m arrow +  (congener) M eisner et al. 11992)
32P post labelling rat liver, kidney, lung -  (A roc lo r 1254) N ath  et al. (1991)

rat liver -  (A roc lo r 1254) C hadw ick e t al. ( 1993)
C lastogenicity bone m arrow -  (m ixture) O dashim a (1976)

T ab le  I I .  R esults o f  the com et assay  (in p m ) afte r in vitro treatm ent o f  e ry th rocy tes d u ring  30  m in . 1 h o r 3 h

N um ber o f  experim ent T rea tm en t tim e T reatm ent n Tail length 

M edian M ean ±  SD

Tail m om ent 

M edian M ean ± SD

1 1 h control 44 24.91 34.17 ± 26.41 3.84 5 .36  ± 4.93
(donor I) 1 m M  EM S 50 138.57 137.22 ± 28.54*** 75.26 - 7 5 .16  ± 21.53***

1 jig  PCB 77/m l 45 23.91 29 .02  ± 16.07 4.49 4.93  ± 3.38
10 p g  PC B77/m l 39 22.01 29 .23  ± 23.76* 3.20 4.89  ± 5.92

2 1 h 1 mM  EM S 48 63.08 67 .59  ± 19.10*** 34.00 35 .95  ± 15.46***
(donor 1) 10 p a  PC B 77/m l 50 18.77 2 8 .76  ± 22.31 9.76 14.34 ± 10.64

25 p g  PC B 77/m l 48 21.23 30.71 ± 18.85* 11.08 14.21 ± 9.24*
3 h control 50 16.84 20 .72  ± 12.89 8.85 10.22 ± 6.83

10 p g  PC B 77/m l 48 19.42 27 .19  ± 18.98 9.76 13.09 ± 8.42
25 p g  PC B 77/m l 50 17.81 24 .76  ± 16.64 8.82 12.01 ± 8.69

3 30 min 10 p g  PC B 77/m l 50 18.61 24 .14  ± 15.69 6.62 7.78  ± 5.84
(donor 3) 25 p g  PC B 77/m l 50 17.32 2 2 .70  ± 12.06 6.62 7.26  ± 4.54

1 h control 47 18.13 2 5 .40  ± 17.98 7.21 9.79  ± 7.11
1 mM  EM S 48 56.81 57.00 ± 18.20*** 21.94 2 8 .32  ± 30.24***
10 p g  PC B 77/m l 44 18.61 27 .89  ± 19.42 7.40 11.99 ± 11.46
25 p g  PC B 77/m l 49 16.19 20.39 ± 13.71 5.11 5.67  ± 3.39*

3 h control 48 18.32 28 .34  ± 19.11 5.23 8.96  ± 6.71
10 p g  PC B 77/m l 49 14.09 2 5 .96  ± 22.13* 6.20 10.17 ± 9.27
25 p g  PC B 77/m l 50 14.90 20 .22  ± 14.10* 5.01 7 .0 0  ± 5.74

T he D M SO  percentage in the  cu ltu res w as 0 .5% . Tail length w as m easured from  the  cen tre  o f  the nucleus to  the  end o f the  tail. Tail m om ent =  tail length  X 
rela tive  D N A  con ten t o f  the  ta il, n — num ber o f  cells  m easured; EM S =  ethyl m ethanesulfonate.
*P <  0 .01;*** P  <  0 .0001 com pared  w ith  the contro l (M ann-W hitney  ¿/-test).

PCB77 was d isso lved  in  D M S O  before  being added to the  cultures. A lka lin e  com et a ssay
In som e experim ents w e used satu ration  concen trations, i.e. the h ighest T he  a lkaline com et assay  was performed under yellow  ligh t as described  by
concen tration  w here  PC B 77 w as still so lub le  in  D M SO  ( =  5 m g/m l D M SO ). S ingh  et al. (1988) w ith  som e modifications. LM P and N M P  agarose were
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T ab le  I I I .  PCB 77 concen trations m easured in the cu ltu res a fte r treatm ent

Initial concen tration  in culture C oncentration  m easured  in culture C oncen tra tion  m easured  in culture
(pg/m l) afte r 1 h treatm ent (pg /m l) afte r 3 h  treatm ent (pg /m l)

10 5.1752 2.1024
25 5.0858 2.1350
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Fig . 1. Percentage D NA in the  tail as a  function o f  the  tail length. In eac h  cu ltu res - 5 0  cells jvere m easured. PCB77 =  3 .3 \4 ,4 '-te trach lo rab ip h en y l.

each  prepared  in calc ium - and  m agnesium -free PBS. Fully  frosted  slides 
(R ichardson  Supply. U K ) w ere covered  w ith 1% N M P agarose  and  a no. 1 
coverslip  (Vel, G erm any) w as added. T he agarose w as a llow ed to so lid ify  at 
room  tem perature  and  then rem oved by scraping w ith  a coverslip . W hen  the 
slides w ere  com pletely  dry  they w ere covered  w ith  300 |ii  N M P agarose 
(0 .5% ) and  a no. 1 coverslip . and  placed on ice fo r a fu rther 10 m in  to  let 
the agarose  solidify. T he  coverslip  w as then rem oved and 10 p i o f  the  cultured  
blood pe lle t (5 0 0 0 -5 0  000 cells) was m ixed with 100 p i o f 0 .6%  L M P  agarose 
and carefu lly  layered on top, covered  again w ith a coverslip  and put on ice 
to  solidify. Next, a  top layer o f  L M P agarose (100 p i) w as added  and  the 
agarose a llow ed to  so lid ify  on  ice fo r 10 min. T he coverslips w ere  rem oved  
and the cells  w ere put in co ld , freshly  m ade lysing solution [2.5 M NaCI, 
10 m M  T ris, 100 m M  EDTA d isodium  salt and 1% (w /v) A -lauroylsarcosine, 
pH  10, supp lem ented  w ith 10% (v/v) DM SO and 1% (v/v) T riton  X -100 
before use] fo r at least 1 h at 4°C . F o r electrophoresis  the s lides w ere 
'laced  in a  horizontal electrophoresis box filled w ith  freshly  m ade alkaline 

electrophoresis  bu ffer (300 m M  N aO H , 1 mM  ED TA , pH  > 1 2 )  fo r 4 0  min 
at 18°C, to  allow  fo r  the  unw inding o f  DNA. E lectrophoresis  (300  m  A, 
0.7 V /cm ) w as perfo rm ed  in the  sam e buffer fo r 20  m in  at 18°C. T he  slides 
w ere rem oved  from  the bu ffer and  the excess alkali was neutralized  w ith  1 ml 
o f 0 .4  M T ris  (pH  7.5) three  tim es during  5 min. T h e  slides w ere sto red  w ith 
a coverslip  in a m oist ch am b er a t 4°C  until analysis.

A na lysis  f o r  the co m et assay
B efore  analysis the  cells w ere  stained  w ith 100 p i o f  e th id ium  brom ide 
(20  p g /m l w ater) fo r 10 min. rinsed  w ith  d istilled w a ter and kep t in a  m oist 
ch am b er a t 4°C . F o r analysis, im ages from  a Zeiss fluorescence m icroscope 
(m agnification  X 300) w ere cap tured  w ith an air-cooled  cam era (Photonic 
Science) type coolv iew  on a  fram e grabber type D T  2855. F ifty  non­
overlapp ing  im ages w ere selec ted  random ly on the slides. T he  D N A  con ten t 
o f the im age w as calcu lated  from  the sum  o f light intensities o f  all p ixels  in 
that area. F o r each  separate  im age  the background in tensity  was sub tracted  
from  the im age intensity. T he com et length was m easured  by defin ing  m anually  
on the screen  the  cen tre  o f  the  nucleus, the leading edge o f  the  nucleus and 
the end  o f  the  tail. A ll the d a ta  w ere transferred to  a  M acin tosh  Q uadra  650 
fo r analysis . T he  features ex tracted  from  the m easurem ents w ere essen tia lly  
the ‘D N A  co n ten t’, defined as the  total fluorescence associated  w ith an im age; 
the  ‘tail len g th ’, m easured  from  the centre o f the  nucleus to the end o f  the 
tail; and the  ‘tail m om ent’, defined as the fraction o f  D N A  in the  ta il (D N A  
con ten t in ta il/D N A  con ten t o f  the  im age) m ultip lied  by the  tail length.

S ta tis tica l d ifferences betw een controls and treated sam ples w ere de term ined

w ith the non-param etric  M ann-W hitney  (7-test, w hich  is based on  the  median 
and the d istribu tion  o f  the  m easurem ents.

A nalysis o f  the m icronucleus tests
F or each cu ltu re , 1000 binucleated lym phocytes (C B) w ere analysed  for the 
presence o f  one, tw o o r m ore M N  and expressed  p e r thousand m icronucleated 
CB (M N CB ).

A lso, the percentage o f  CB polynucleated  cells  (polyN ), m ito tic cells and 
m ononucleated cells  containing M N  w ere recorded . As a m easure for toxicity 
o r cell cycle  delay  the  relative d ivision index, g iven  by ((CB  +  2polyN )/n 
from  the treated  sam ples)/((C B  +  2polyN )/«  from  the con tro l)X  100, w as used.

A ll slides w ere coded and analysed w ith  a  Z e iss  o r L eitz  m icroscope at 
m agnifications o f X 1250 and X 1000  respectively.

A ny  s tatistica l d ifferences betw een contro ls and  treated  sam ples were 
determ ined w ith the chi-square  test.

M easurem ent o f  the  P C B 77  concentra tions in culture  
T he PC B 77 concentration  in a  1 ml sam ple o f  the  cultures w as determ ined 
by an electron  cap tu re  gas chrom atograph [one colum n injection , splitting 
into tw o cap illary  co lum ns w ith d ifferen t po larities  (DB 17-01 and DB 
5 -0 2 ) connected  to tw o electron capture detectors, au tom atic sam plers and 
autom atic in tegrate  system s; Carlo Erba Instrum ents, G C  8000 series].

Results

Alkaline cornel assay
Three experiments (donors 1, 1 and 3 respectively) were 
conducted with PCB77 concentrations o f 1, 10 and 25 pg/ml 
culture, and treatm ent times of 30 min, 1 h and 3 h. The tail 
lengths (median, mean ±  SD) and tail moments (median, 
mean ±  SD) are presented in Table II.

For a positive control 1 mM  EMS w as used in the comet 
assay and the final DMSO percentage in the cultures was 
0.5%. It was obvious that the positive control induced a highly 
statistically significant increase in tail lengths and tail moments 
(P  <  0.0001), but that the PCB77 treatm ent led to only slightly 
positive results (P  <  0.01) in four cases for tail length or tail
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T ab le  IV. N u m b er o f  b inuc leated  cells  (nCB), percentage o f  b inuc leated  cells  (%  C B ) an d  frequency o f  induced m icronucle i (nM N C B ) in hum an lym phocytes 
in vitro  exposed  to  3 ,3 ',4 ,4 '- te trach lo ro b ip h en y l (PCB77)

Treatm ent nCB % CB nM N C B %  M NCB

E xp. I Exp. 2 Exp. 3 Exp. 1 E xp. 2 Exp. 3 E xp. 1 Exp2 Exp. 3 E xp. 1 Exp. 2 Exp. 3
(d o n o r 1) (donor 2) (donor 2) (donor 1) (d o n o r 2) (donor 2) (donor !1) (donor 2) (d o n o r 2) (donor 1) (donor 2) (donor 2)

C ontrol 2000 2000 _ 60 .70 59.00 _ 11 12 _ 5.50 6.00
0.1 pig M M C /m l 1000 2000 2000 25.70 4 6 .80 54.55 25 36 36 25.00* 18.00* 18.00*

0.5%  D M SO
pig PC B 77/m l
0 1000 2000 2000 49.00 56.05 47 .50 3 6 13 3.00 3.00 6.50
0.01 _ 2000 - - 59.15 - - 13 - - 6 .50 -
0.1 _ 2000 2000 - 62.25 54.60 - 10 10 - 5.00 5.00
10 681 2000 2000 38.90 6 2 .60 69 .40 8 8 9 11.75 4.00 4.50
25 1000 2000 2000 47.60 51 .50 63 .70 1 12 16 1.00 6.00 8.00
0.5 m g satu ration - 2000 2000 - 58 .65 46.10 - 24 13 - 12.00* 6.50
1 m g saturation - - 2000 - - 68.25 - - 7 - - 3.50
2 m g saturation - - 2000 - - 70.75 - - 7 - - 3.50

2%  D M SO
pig PC B 77/m l
0 1599 2000 - 35.45 46.45 - 4 37 - 2.50 18.50 _

O.C - 2000 - - 50.55 - - 23 - - 11.50 _
0.1 - 2000 - - 54 .20 - - 22 - - 11.00 _
10 246 2000 - 39.42 52.35 _ 0 28 - 0.00 14.00 _
25 875 2000 - 37.00 49 .00 - 11 19 - 12.75* 9.50 -
100 1090 2000 - 29.80 40 .20 - 11 37 - 10.09 18.50 _
0.5 m g saturation - 2000 - - 4 7 .80 - - 11 - - 5.50 -
1 m g saturation - - - - - - - - - - - -
2 m g saturation - - - - - - - - - - - -

Saturation =  h ighest concen tra tion  w here PCB77 was soluble (5 m g/m l D M S O ) w ith  ex tra  PC B 77 pow der added. T he aiven frequencies result from  duplicate
cultures. T he  final D M S O  percen tage  in the cu ltu res was 0.5 or 2%.
*P  <  0.05 (chi-square  test).

T ab le  V. Percen tage  o f  p o lynuc leated  cells (% poiyN ), and relative m ito tic  index in hum an lym phocytes in vitro  exposed to  3 ,3 ',4 ,4 '- te trach lo ro b ip h en y l 
(PC B 77)

T reatm ent % polyN R elative m itotic index

E xp. 1 
(donor 1)

Exp. 2 
(donor 2)

Exp. 3 
(donor 2)

Exp. 1 
(donor 1)

E xp. 2 
(donor 2)

Exp. 3 
(donor 2)

Control _ 9.15 7.55 _ 100 100
0.1 pig M M C /m l 0.80 5.70 3.25 45 74 82

O.c D M SO  
pig PC B 77/m l 
0 5.90 9.70 5.00 100 100 100
0.01 - 11.90 - - 109 -

0.1 - 17.70 10.20 - 129 102
10 5.60 21.60 14.75 82 140 134
25 6.60 7.10 9.85 100 87 112
0.5 m g saturation - 11.05 7.45 - 107 82
1 m g saturation - - 12.65 - - 126
2 m g saturation - - 7.30 - - 115

2%  D M SO  
pig PC B 77/m l 
0 0.65 0.65 100 100
0.01 - 0.95 - - 110 -
0.1 - 1.50 - - 120 -
10 0.16 1.70 - - 117 -
25 1.60 1.55 - 109 109 -
100 0.20 0.80 - 82 88 -
0.5 m g saturation - 0.70 - - 103 -
1 m g saturation - - - - - -
2  m g saturation - - - - - -

Saturation =  h ighest concen tra tion  w here  PC B 77 w as soluble (5 m g/m l D M S O ) w ith  ex tra  PC B 77 pow der added. The g iven  frequencies resu lt from  duplicate 
cu ltures. T he  final D M SO  percen tage  in the cu ltu res was 0.5 o r 2% .
*P <  0 .05 (ch i-square  test).
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moment. This was probably due to outliers, and was not 
biologically significant.

In the second experim ent PCB77 concentrations were m eas­
ured in the blood cultures by an electron capture gas chrom ato­
graph, to check whether the PCB77 was still present after 
treatm ent and not com pletely lost by absorption to the glass 
o f the culture tubes or evaporated. The results of the m easure­
ments are given in Table III. The measured concentrations 
w ere low er than the initial concentrations (10 and 25 p.g/ml), 
but still within the range expected. This indicates that the 
blood was exposed to concentrations in  the same range as 
predicted.

In Figure 1 the % DNA in the tail is analysed as a function

=  p  <  0 .0 5Experiment 1/0.5% DMSO ( d e n «  1) 
Experiment 1/2.0% DMSO ( d e n «  1) 
Experiment 2/0.5% DMSO ( d e n «  2) 
Experiment 2/2.0% DMSO ( d e n «  2) 
Experiment 3/0.5% DMSO ( d e n «  2)

20

13

16

14

12

10

8

6

4

2

0 +~ 
.0001 10 10C O.01.COI

PC B 77 concentration  (pg/ml)

F ig . 2. F requency o f  b inucleated  lym phocytes w ith m icronuclei (%c M N C B ) 
from  hum an lym phocyte  cu ltu res trea ted  w ith 3 ,3 ',4 .4 '- te trach lo rob ipheny l 
(PC B 77). Each point represen ts  the m ean o f  tw o paralle l cultures.
D M SO  =  d im ethylsu lfoxide.

o f the tail length. It is c lear that the lym phocytes treated with 
25 jig PCB77/m l for 1 h do not have a  significantly higher 
DNA content in the ta il than the control cells. This indicates 
that no breaks occurred. The sam e results w ere found for all 
the other treated cultures.
M icronucleus test
T hree experiments, w ith two different donors, were perform ed 
to analyse the induction of micronuclei by PCB77 in isolated 
hum an lymphocytes. T h e  results are presented in Tables IV  
and V.

W ith a final concentration of 0.5%  D M SO in the culture, 
no increase in  M N frequency was observed w ith doses of 10- 
25 (ig PCB77/m l culture (experim ent 1). However, if  the final 
D M SO  concentration w as increased to 2% (as used in Sargent’s 
experim ents) a significant increase in  M N  frequency was found 
(experim ent 1). The 2%  DM SO control was, however, very 
low (2.5%o MNCB).

W ith a broader range o f concentrations (experim ent 2), 
starting from  0.01 (Ig/ml up to the saturation concentration, 
and 0.5 and 2% o f D M SO  in culture, only w ith the saturation 
concentration was a statistically significant increase in MN 
frequency was observed with 0.5% D M SO in culture. However, 
no significant mitotic delay was seen.

Finally, to check w hether different increasing saturation 
concentrations would give an increased M N  induction, we 
tested three saturation concentrations (experim ent 3). We used 
0.5%  DM SO in culture to  eliminate possible negative effects 
o f a high percentage of DM SO. No increase in M N frequency 
was obtained, and accordingly no decrease in mitotic index.

Figure 2 gives a summ ary of the %o M NCB of the three 
experim ents. Figure 3 gives the relative m itotic indices. In 
none o f the three experiments could a statistically significant 
decrease o f mitotic index be seen.

D iscussion
PCBs are om nipresent chemicals. The m ajor problem  with 
PCBs is that they are very stable and w ill therefore stay in 
the environm ent for many years. Unfortunately, the mechanism

1 2 0  -

100
X

80 -£
Ë

6 0  *
ja
attí Experiment 1/0.5% DMSO ( d e n «  1) 

Experiment 1/2.0% DMSO ( d e n «  1) 
Experiment 2/0.5% DMSO ( d e n «  2) 
Experiment 2/2.0% DMSO ( d e n «  2) 

Experiment 3,0.5% DMSO ( d e n «  2)

40  -

20  -  ■

10 IC O 1C C 0.01 .1 10

PCB77 C oncentraU on (pg/ml)

F ig . 3. R elative m ito tic  index from  iso lated  lym phocyte cultures treated w ith  3 ,3 ',4 ,4 '- te tra ch lo ro b ip h en y l (PCB77). E ach poin t represen ts  the m ean o f  two 
parallel cultures. D M S O  =  d im ethy lsu lfox ide.
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leading to thier toxicity is not yet known, which renders us 
unable to com pensate for the problems they cause. A ccum u­
lated PCBs (e.g. in oils o f condensers and transformers) can 
be destroyed by burning the oils at temperatures > 2200°C , 
but there is no m echanism  for ‘cleaning up’ PCBs already 
spread in  the ecosystem. Therefore it is still necessary and 
desirable to study the possible damage caused by these 
chem icals and its m echanism  of action, in order to try and 
find m itigating measures.

Our aim  was to assess whether the clastogenic effects o f 
the planar PCB77 (Sargent et al., 1989) could be confirmed 
w ith tw o relatively sim ple genetic techniques (m icronucleus 
test and the com et assay).

The com et assay has not previously been used to study the 
effect o f PCBs on hum an lymphocytes in culture. This tech­
nique has already proved its usefulness in other m utagenicity 
studies (e.g. Vijayalaxm i et al., 1992; Olive and Durand, 1992; 
Tice, 1995). The results o f the three experiments here are 
highly com parable, although in experim ent 1 the tail length 
and tail m om ent o f the EMS treatment were higher than in 
the other experim ents. EM S treatment in all cases led to highly 
significant results (P  <  0.0001).

Ir  1 experim ents the S D o f tail length and tail m om ent 
w ere lather high. This reflects the high variability o f response 
between the different cells within one culture. In the cultures 
treated w ith PCB77 concentrations of 1, 10 and 25 jig/m l for 
30 min, 1 h and 3 h, only in 6 of the 24 PCB treated cultures 
w ere slightly significant results obtained for tail length or tail 
m om ent. These positive results are probably due to outliers 
w hich stretch the distribution of the results, but w ithout real 
biological significance. In experiments 1 and 3 the tail lengths 
and tail m om ents are even slightly lower than the control. The 
fact that there is no difference in response between 30 min 
and 60 m in o f treatm ent w ith PCB77 indicates that no repair 
had occurred after 60 min. However, in the future it m ight be 
interesting to test even shorter treatment times (5, 10 and 15 
m in) since repair may occur very quickly (M cKelvey-M artin 
et al., 1993).

W hen using the com et assay, there are some uncertainties 
w ith respect to the endpoint being measured. In addition, there 
are concerns at distinguishing cytotoxicity and apoptosis from 
D N A  damage. Therefore, the results o f the com et assay have 
to be interpreted with care.

Ir íe three m icronucleus experiments conducted with 
PCB77 concentrations ranging from  0.01 to 100 |ig /m l and 
three saturation concentrations, and 0.5 or 2% D M SO in 
culture, in  only three cases (i.e. with 2%  DM SO in culture 
and one of the saturation concentrations) was a significant (P 
<  0.05) induction o f micronuclei seen. This indicates that 
alm ost no acentric breaks were formed and/or no chrom osom es 
w ere lost. The lack o f decrease of m itotic index proves that 
the cell division was norm al and that the num ber o f binucleated 
cells was as high in the treated cultures as in the control cultures.

The reason for the application o f the very low PCB77 
concentrations is that Sargent et al. (1989) stated that especially 
low, non-toxic concentrations o f certain PCBs may interact to 
produce superadditive genotoxic effects. They em phasized 
the im portance of studying mutagenic effects o f chem ical 
contam inants at doses well below toxicity since cell death or 
m itotic arrest at higher doses can obscure significant genotoxic 
effects occurring due to chronic low-level exposures.

In theory the micronucleus test should give the same type 
o f response as the chrom osom e aberration test (Heddle et al.,
1991). However, the chromosom e aberration test w ill give 
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more detailed inform ation, whereas the micronucleus test can 
also detect effects on the spindle apparatus. O ur micronucleus 
results are in  contradiction w ith those o f Sargent et al. (1989) 
on chrom osom e aberrations. The latter found that, in the 
presence of a final DM SO percentage o f 2%, PCB77 does 
induce chrom osom e aberrations in vitro in human lymphocytes. 
The frequency of chrom osom e aberrations in the control culture 
(2% DM SO) was very low: 5.46 ±  2.0 chrom atid breaks in 
2211 cells. For a concentration of 0.01 (ig PCB77/m l, dissolved 
in 2% DM SO, Sargent’s group found 16.0 ±  5.0 chrom atid 
breaks. They conclude that PCBs are m utagenic and that there 
was a synergistic effect w ith PCB52 (2,2 ',5 ,5 '-tetrachlorobi- 
phenyl). However, as this group found chrom atid breaks, we 
would expect to find m icronuclei resulting from those breaks.

It is generally accepted that the m axim um  DM SO percentage 
in culture should not exceed 0.8% , because DM SO is known 
to have mutagenic effects itself when applied in high concentra­
tions. Sargent, however, used 2% DM SO. The experim ents 
conducted here suggest that the effects observed by Sargent 
et al. (1989) w ere due to the DM SO itself or to the synergetic 
effect o f DM SO and the PCBs rather than to PCBs alone.

As far as the mechanism s o f  action are concerned, Sargent 
et al. (1989) proposed that the clastogenic effects o f PCB77 
may be due to direct intercalation on the DNA (Wassom et a l ,  
1978). After intercalation the DNA structure may be disturbed 
and mutations may occur. The clastogenic effect may also 
result from a cascade o f toxic effects associated with binding 
to the A h receptor (Poland and Glover, 1980). O ther proposed 
mechanisms are that PCB77 might act through free radical 
generation or induction.

The best known effect o f planar PCBs so far is the induction 
o f the P-450 enzym e system  (Ariyoshi et al., 1990). The group 
o f Safe has already perform ed m uch research in this field 
(Safe, 1984, 1989, 1992; Safe et al., 1985). Data from  the 
majority o f the studies suggest that the oxidative m etabolism  
of PCBs results in the production of arene oxide interm ediates, 
which are strong electrophiles and alkylating agents. The latter 
could then alkylate m acrom olecules, e.g. proteins, DNA and 
RNA (W yndham and Safe, 1978). Thus the m etabolism  of 
PCBs could exert the toxic action, but no proof has yet been 
found that PCB77 is metabolized to a-reactive interm ediate 
(Yoshimura and Yamamoto, 1973; D am erd and Brandt, 1986; 
M urk et a l ,  1994). Only less chlorinated, less toxic PCBs 
would be m etabolized and excreted. This suggests that m etabol- 
ization of PCBs w ould lead to detoxification; hence it is not 
the metabolite that is toxic but the parental molecule (Safe,
1992). In the future it m ight be interesting to conduct experi­
ments with planar PCBs present with a promutagen, to see 
whether PCB77 can activate the prom utagen by inducing 
enzym e systems.

In conclusion, it is clear that the majority o f research has 
pointed in the direction of a non-genotoxic m echanism  of 
action for PCBs (see Table I). O ur results confirm this 
assumption. One o f the most toxic planar PCBs, 3 ,3 ',4 ,4 '- 
tetrachlorobiphenyl, did not cause DNA breaks or chrom osom e 
loss detectable by the micronucleus test and the com et assay. 
We consider that the earlier effect m entioned by Sargent et al. 
(1989) was essentially due to the high percentage o f DM SO 
(2%) in the culture.
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