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Determination of bulky DNA adducts
in biomonitoring of carcinogenic
chemical exposures: features and
comparison of current techniques
Shu-Xin Qu, Cheng-Long Bai and Neill H. Stacey

DNA adducts resulting from carcinogenic chemicals are
becoming more frequently used as a powerful biomarker to
determine the extent of exposure. The available techniques
for determination of bulky DNA adducts can be classified into
four major groups, these being immunological assay,
fluorescence techniques, chromatography/mass
spectrometry and the 32P-postlabelling technique. In this
review, the features of current techniques and the combined
applications are summarized and compared. Among the
available techniques, the 32P-postlabelling assay seems to
best meet the application criteria overall. In particular, 
32P-postlabelling is the most suitable technique for the
detection of bulky DNA adducts induced by unknown
environmental and occupational chemicals or mixtures.
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Abbreviations: 2-AAF,2-acetylaminofluorene; AFB1, aflatoxin B1;
B[a]P, benzo[a]pyrene; BPDE, benzo[a]pyrene-diol epoxide; DE,
dihydrodiol epoxide; ELISA, enzyme-linked immunosorbent assay;
FAB, fast atom bombardment; FTMS, fourier transform ion
cyclotron mass spectrometry; GC, gas chromatography; HPLC,
high performance liquid chromatography; MALDI, matrix-assisted
laser desorption/ionization; MS, mass spectrometry; PAHs,
polycyclic aromatic hydrocarbons; RIA, radioimmunoassay; 
RP-HPLC, reverse-phase high performance liquid
chromatography; SCE, sister chromatid exchanges; SFS,
synchronous fluorescence spectroscopy; TLC, thin layer
chromatography; UDS, unscheduled DNA synthesis; USERIA, ultra
sensitive enzymatic radioimmunoassay; WBC, white blood cells.

Introduction
O ccu pat ion al  an d env iro n m en ta l  ex p osu res  to carc in oge nic

ch em icals  are a great  concern  for  hum an h eal th . Carc ino gen ic

risk assessment based on the est imation of  enviro n m e n ta l

e x p o su re is diff icult because  of  the complexity  of  the

un derlyin g tran sfo rm at io n  process,  involv ing several  ce l lu lar

a n d  m a cro mo lecular  reacti ons.  T hey dep end on  abso rpt ion

and distr ibution, pen et rat ion of  cel ls by the carc inog en ,  i ts

metabolic ac t ivation to  the ul t im ate carc inogenic m oiety,

detoxif ica t ion ,  interaction with DNA, rem oval of  the b ound

ca rcinogen by  a DNA rep ai r  pro cess and el im in at ion o f

ca n ce rous cel ls.  Many carc ino gens reac t  covalen tly  w ith D NA

to form  D NA ad ducts (note:  o ther  add ucts,  such as

haem og lobin ad ducts ,  w il l  not  be d isc ussed here)  there b y

potentially  ini tia t ing the m ult istage process leading  to  cel l

t ransform ation  and cl inical  m alignan cy  (H echt et al. 1993,

Hemm inki and Pershagen 1994, L eg ator  and A u 1994,

Carm ich ae l  et  al . 1995, Fang et  al . 1996). For instance , the

general  route  of  enzymatic  bioac tivat ion and DNA binding of

polycyclic  arom a tic  h yd rocarbons (PAH s)  has been  elucid ated

in considerable  d etai l  f or  the well-kn own  m od el com p oun d

benzo [a ]py rene (B[a ]P). I t  has  been  est ab lished  that  B[a ]P-diol

epoxide (BPDE) is the ult imate carc inogen ,  i.e . the reactiv e

species th at  binds to  DN A and result s in  b ulk y add uc t

form ation (Wein st ein et al . 1976, Lutz 1978, Rojas et  al . 1995) .

A t present,  i t is gener al ly  accep ted  that  the form ation of

ca rc inogen±D NA  adducts con st i tutes the cr it ical  ini t ia l  step in

chem ical  ca rcinogenesis (Bishop 1987, Baan et  al . 199 4,

Venk ata ch alam  et al. 1995). A s an im portan t  gro up of

occ up atio na l  a nd  en vi ronm e ntal  po llu tant s,  PAH s an d thei r

bulk y D NA  add ucts  have been well  s tud ied an d w il l  be

em p hasi zed in  t hi s re v i ew.

S ince most  carc inogens or  thei r  metabolites are  la rge

molecules and bind with DN A, detect ion of  carcinogen-

indu ced  bu lky D NA  add ucts has been in creasingly u sed as a

m ean s o f  b iom onitor ing h um an exp osu re  to  carc inog enic

ch em ica ls,  agen ts or  mixtures, such as PAHs,  aro m at ic  am ines,

alkyla ting agen ts and cigaret te  smoke  (Hemm inki 1995,  Rojas

et al. 1995 , Tim b re ll et al . 1996) .  Numero us rep o rt s h ave been

published in  the f ie ld  of  DNA  adduct  detec t ion w ith

experim ental  anim als.  H ow ev er,  the m easurement  of DNA

adducts  in  a  var iety  of  hum an t issues  or  biological m ateria ls,

such  as white blood ce lls (W BC), l iver  and  breast  t issu e and

oral  t issues,  has provided considerable  inform ation  for  h um an

cancer resea rch (Jones et al . 1993, Carm ich ael  et al . 1995 , Rojas

et al. 1995, Vaca et al. 1995, Z hang et al . 1995, Fang et al . 1996).

DNA damage and adduct formation
DN A is a  dyn amic m olecule  t hat  un dergoes conform a tion a l

an d  structur al  changes during  i ts phy siological  functioning.

The integrity  of  it s stru c tu re  m ost  be  m ain tained  an d

m olec ular  m ech anism s th at  correct  d am age  in duc ed by

m utag enic agents are  essentia l  for  the pro tec t ion  of  this

integr ity.  T hese m ech anism s are  often  referred to as `DNA

repair  m echanism s’ .  Mechanisms of  se lf  repair  a t  the cel lular

level  ex ist  wh ich p rotec t DNA from  d amag e,  and  re p ai r

dam age once i t  has occurred  (Bishop 1987, Beland and P oir ier

1993, Scholl et al. 1995).  DNA damage  is manif est ed as either

st r and lesions (s trand break)  or  direct al terations to  the

chem ical  s tru c tu re  (covalen tly  bonded DNA adducts) . D NA

ad d uc ts  in te rfere  wi th n orm al  DNA replica t ion and  can lead to

mu tat ion if  they are  not  rem oved (Perera and W hyat t  1994).

E stabl ish ing the sequence  of  events tha t  occur af ter  DNA

p e rturb at ion is  diff icu lt , e i ther  as a  les ion or  an adduct ;  suff ice

to say that  the reac tion of  ex ogenous chem ica ls with DN A can
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result  in  deleterious condit ions for  the host .  As th is  DNA

dam age is o ften transien t,  i t  can o nly be detected when the

eff ec t  of  any m utagenic challenge is not  f ully  com pensated by

DNA rep air  m echan ism s in  t he h ost  o rgan ism . A ny  loss  of

DN A integri ty  could therefore  be used as a  possible  biom ar ker.

T he  presen ce  of  DNA  adducts is  an indicat ion of  exposure  to

geno toxic  po llutants , while  th e occurrence of  e levated  levels

of  seco ndary  m odificat ions,  such  as  DNA  st rand breaks, can be

used  as an  indicator  of  D NA perturbation ar ising becau se  of

e x p o su re  to  gen otox ic  chemicals  or  m ixtures (Perer a  an d

Whyatt 1994,  Farmer  1995 , Lloyd-Jon es 1995) .

U sua lly, D NA addu cts  are  form ed by the cov alent  b onding of

reactive ch em icals with  m acrom olecules.  Ad duct  f orm at io n

often occurs af ter  the m etabolic  ac t ivat ion of  these chem ica ls

to  form  reactive nucleophil ic  or  e lectrop hi l ic  interm ed iat es .

D NA  addu cts are form ed  as a  resu lt  of  reacti ons w ith st ro n g

electro ph il ic  regions in  nucleic acids to  form  co valen tly

bo nded ad ducts .  In  DN A, th ese bin ding si tes  inclu de the

ox ygen  and  nit ro gen  atom s in  t he pur in e an d py rim idin e

bases.  Adduct-form in g co m p o un d s are  no rm ally describ ed as

genotox ic since they can direct ly  al ter  DNA stru c tu re ;

ex am ples in clu de som e PAHs, heterocyclic p olyarom atic s,

alkeny l benzenes,  ary lam ines an d am ides,  m yco tox ins,

alkylating agents and  free rad icals (San tel la  1991, S hou et al.

1993,  Farm er 1995, S choll  et  al . 1995) .

Detection of DNA adducts
Ov er  the last decade various techniques for  d etect in g bulky

D NA  add ucts  have been develop ed.  T h ese  t ech niqu es can be

genera lly  classi f ied into  four major gro u p s:

1 . im m un olo gica l ,

2 . f luoresc enc e,

3 . c h rom atog rap hic/m ass spect rosco pic,  and

4 . 32P-post labell ing techniques.

Most of  the  techn iques m ay  be read ily used  in  toxico logical

stud ies (Hatch and  Thomas 1993 , L egator  and Au 1994). In  a

nu mb er  of  pub lished review  art icles,  each  of  the individual

techniqu es  has been d iscussed (Watson 1987,  Sante lla 1991,

Beach  and Gupta 1992,  Hemm inki 1993, 1995, Farmer 1995 ,

Keith  and Dirheimer 1995). However, there has  not  been  a

com parison  and evaluation  of  these techniqu es  concurre nt ly. In

this  re vi e w, the 32P-postl abel ling technique will  be highlighted.

Regard ing  the  sensi tivity  of  the methods, curre nt ly avai lable

techniq ues are  able to  quan ti ta te  carc inogen±DNA adduc ts a t

extrem ely  low concen trat ions, such as the  femto- or  at to-mole

level,  which  means  the detec t ion of  one adduct  in  about 108±10

nucleotides . Such trace  am ounts of  DNA adduc ts norm a lly

ref lect a very  early  stage of  poten tia l carci nogenesi s or  cancer

deve lopment .  Thus,  de tec t ion of  DNA adduc ts provides init ial

w a rn ing inform atio n abo ut h um an ex posure to  carc inogenic

chemicals, hence assist ing the  ul timate goa l of  biom onitoring

studies of  provid ing accurate  r isk  assessm ent inc luding,

even tually, iden tif icat ion of  individuals a t eleva ted  r isk for

cancer deve lopment (Beach  and Gupta 1992, Hemminki 1995).

In  compar ison to data obta ined  from  en vironm ental  mon itoring,

applicat ion of  this biomarker  takes in to account indiv idua l

differe nces in  absorption, m etabo lism  and repa ir  (Watson 1987,

Legato r and Au 1994 , Keith and  Dirheim er  1995) .

To define the re lat ionship between DN A add uct  fo rm a t io n

and  tu m origenesis ,  m an y ex per im ents  have been  con du cted to

m e as u re  D NA ad ducts in  ta rget ti ssues  fro m  e xp er im en tal

an im al s du r in g con tin u ou s ex po sure  to  carc inogens.  For som e

chem icals , such as af la toxin,  aro m atic  am in es,  and aro m at ic

h y d ro carbo ns, tum ou r i nduct ion appear s t o  b e associated  w ith

the m ajor  DN A add uct  detected,  w hereas w ith N -ni tro sam in es

th e respo nse i s  n orm ally correlated  with min or forms of  DNA

damage (Gro o p m a n  et al. 1992a,  P oi r ie r  1993, Scholl  et  al .

1995).  During continuous carcin ogen ad min ist rat ion ,  steady-

state  add uct  concen trat io ns are  general ly  obtained in  the ta rget

t issues,  and th ere is of ten a  linear  correlat io n betw een the

c arc inog en concentr at ions and th e steady -state  D NA  addu ct

levels . S teady-sta te D NA adduct  levels are  also  often linear ly

re lated to  the tum origenic respo nse a nd  cel l  pro liferation.

Becau se  DN A addu cts  det ected i n  h um ans are  che m ically

identical  to  tho se  found  in  ex perim ental  an imals ,  DN A adduct

data  in  an im als have certain ly contr ibuted to  ou r

und erstanding o f  hum an cancer r isk cau sed  by carc in og enic

chem icals  (Beland and Poir ier  1993,  Qu and S tacey  1996).  So

far,  detect ion  of  DN A adducts  has been  applied  to  h um an

per ipheral  bloo d cel ls  and  other  hu man  t issues o btained fro m

s u rgery  or  biopsy of  individu als  w ho have been  exposed to

c arc inogens (Beland  and  Poir ie r  1993 ,  Jacobson-Dram et al.

1993,  Kang et al . 1995 , Vaca et al. 1995, Fang et  al. 1996).

H ow e ve r,  d etect ion o f  D NA ad ducts in  hum ans is  l im ited  by

the availabili ty  of  samples.  Therefore ,  m ore  access ib le t issues

su ch as w hite  bloo d cel ls ,  p lacenta  an d surg ical  spe cim ens

hav e b een  m o re freq uent ly  u sed .  Repo rted  i nco nsist enci es

betw een w hite  b lood  cel ls  and target  t issue DNA adducts (van

S ch oo ten  et  al . 1992) indicate  the need for  care  in  t he

in t erp re tat ion of  such data.

Currently available techniques
Immunological assays
D evelo pm en t o f  im m uno assay s and  im m u no aff ini ty

c h rom atographic m ethods fo r  determ in ing  carc inog en ±DN A

ad d u ct s  rests u pon el i ci t in g and  characterizin g po lyclonal  an d

m onoclon al  antiser a  against  these haptens.  T he use of  su ch

antiser a  has wide ap plicat ions in  in vest igat ing  chro n i c

adm ini st rat ion  in  a nim a l m o del s an d in  m on ito ring  hu m an

tissues  for  ev idence of  carc ino gen  ex po sure (Corley et  al . 19 95,

H s u  et al. 1995 , Tilby et  al . 1995, De Pooter  et  al . 1996) .

P olyclonal  and m ono clon al  ant ibod ies hav e been  dev elop ed

against  ca rc inog en±DN A ad ducts  and o xidized or  U V dam aged

bases.  Santella  (199 1) has published an art ic le with  a  table  of

the available  antise r a.  T h e mo st  com m on p ro c ed u re for

co up lin g m on oa dd uct s to  p ro tein  is periodate  oxidatio n of  the

ribose  sugar,  bu t  carb odiim ide pro c e d u res hav e also b een u sed

for monoph osphate . A ntisera  specif ici ty  varies w ith  th e type of

antigen  used.  A ntisera  g enerated against  m on oaddu cts

n o rm ally  recogn ize  the m ono ad duct  i tself  as  w el l  as th e adduct

in  in tact  DNA . In contras t,  antise ra  generated  against  m odif ied

S.-X. Qu et al.4
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DN A tend to  recognize the ad ducts only in  intact  DN A and  not

the iso lated  adducts.  T he la t ter  types  of  antise ra  recogn ize

so m e  surroun ding D NA  st ru c tu re  as well  as the adduct  i tse lf .

U nfo rtu n at ely,  they  also som etimes have cro ss- reactivi ty  with

n on-m odi fied DN A  w hich confou nds in terp retat ion of  data

(Poir ie r  1993,  Lee and Str ick land 1993, Booth et al. 1994, Tilb y

et al. 1995 , De Pooter  et  al . 1996).

Several  types of  quan ti ta t ive im m unological  assays have

b een used fo r  add uct  m easurem ent.  I t  m u st  be m entioned here

that  the enzym e- linked im munosorbent  assay (E L ISA ) is used

m ost  frequently  in  the im m unological  assays,  becau se  they (1)

d o not  req u i re rad iolabelled substances,  (2)  have high

sensi t ivity  and (3)  can  easi ly  be applied to  a large nu mber of

sam ples (Kriek et al . 1993, Mumford  et al. 1993, Hsu et al.

1995 , De Pooter  et al. 1996).  Based on sim ilar  im mu nolo gical

m e ch ani sm s an d  b y in troducing radioactive iso topes, D NA

add ucts  can also b e easi ly  identif ied b y r ad ioim m uno assay

(RIA) or  u lt ra  sensit ive enzy matic  radioim munoassay

(USERIA). With w ell-develo ped antisera ,  DN A ad ducts  in

f em tom ole am ounts  (1 0±15)  can be read ily  detected .  Both  RIA

an d U SE RIA  hav e been  used in  h um an sam ples i n

o ccu pat ion al  an d env iron m ental  s tud ies (Assennato et  al .

1993 , Jacobson-Kram et al. 19 93, Mu mford  et al. 19 93, Schoket

et al. 1995 , Z hang et  al. 1995). Not only  DNA dam age can be

q uant if ie d d irect ly  by im m unological  assays, bu t an tiser a have

also  been used to  iso late DNA adducts of  part icular  ch em ical

class  by  im m un oaff ini ty  chrom atography before  app licat ion o f

m o re  chem ically-sp eci f ic endpoints .  T hese  m ethodo logical

a p p roaches h ave m ad e sem inal  c ontr ibu tions t o  th e new ly

e m e rging f ield  of  m olecular  ep idemiology and

chemotheraputic m onitoring (P oir ie r  1 993, Tilby et  al . 1995).

Using E LISA on intact  DNA, a maximum of  50 m g is

n o rmally  assayed  per  well . Both EL ISA  and RIA developed

w i th  ca rc inogen±D NA  adduct  antisera  are  exceeding ly

sensi t ive,  m easurin g o ne add uct  in  108 nucleotides.  A ssays for

m o no addu cts  can  h ave even  high er theo ret ica l sensi t iv i ty  if

the adduct  is f i r st  iso lated  by chrom atograp hic m eth ods.

I so lat io n of  adducts prior  to  im m unological analysis ,  while

t im e co nsu min g,  a lso el im inates potenti al  pro bl em s w ith

an tiser a  sh ow ing cross- reactivi ty  w ith no rm al nu cleo tid es.

P olyclo nal  antise ra  are  technical ly  m uch easier  to  prod u ce,  b ut

m o re  l im ited in  q uanti ty. F or m onoclonal  an tise ra ,  once  a  good

o ne ha s bee n dev elo ped ,  m u ch m o re is avai lab le  ei ther  as

h y br ido m a  sup ernatant  or  asc ites f lu id (Venk a ta ch al am  an d

Wani 1994).  However, Ven ka tac hal am  et  al . (1995) cla imed

th at  in  th ei r  s tudy the po lyclonal  antise rum  (BP1) seemed to

have higher aff ini ty, avidi ty  an d sensi t iv i ty  than the

m onoclonal  antibody (5D2) for  the asse ssm ent  of  bulky a nt i-

BPD E±D NA adducts.  Under norm al con dit ions,  the sensi t ivi ty

b et ween th e effect ive polyclonal  and  mo noclonal  antise r a are

not  signif icant ly  differen t  (A ssennato  et al . 1993, L ee and

S trick land 1993, Hsu et al. 1995) .

Fluorescence techniques
F lu orescen ce tech niques have been used for  m any year s as  a

m ajor analytica l  tool  in  medica l  sc ience because  of  thei r  gre a t

sensit ivi ty  (Kennaway 1955, Phil lips 1983) . Conventional

f luorescenc e spe ctroscop y usually  seeks an excita t io n or

em issio n spect rum. Making f luore sc en ce m ea sure m e n ts  w i th

b oth m o n o ch romators  f ixed is poss ib le ,  but  this app roac h is

seriously  lim ited  in  it s  specif ici ty.  N orm al ly, both exci ta t ion

and  em ission  w avel eng ths are  scan ned with a  f ix ed

w aveleng th  u nd er spec tro sco p y.  The f luoresce nce  p ro p e rt ie s

of  a number  of  ca rc inogens in clud in g B[a ]P and af latox in B1

(AF B1) have been used to  develop a  method for  sensit ive

detec t ion.  In  recen t  ye ars ,  som e new ly deve loped  m eth od s

hav e been  re p o rted in a  number of  laboratories . Several

f luorescen ce t echn iqu es are  p oss ible  and  have been sug gested

for human biom onitoring of  DN A adducts (Hemm inki et  al .

1990 , Rojas et  al . 1994, 1995, Sandre l l i  et al . 1995).

F u rt h erm o re ,  urine samp les from  a p opulat ion  in  A frica

exposed to  af lato xin-contam inated fo od have been  stud ied  by

Sep-Pak ex traction fol low ed  by a  high perform a n ce  l iq u id

c h rom atograph y analysis  with a  f luorescence d etector

(Gro o p m a n  et  al . 1992a , b).

I n  a  n ewly d evelope d m ethod ,  syn chro nou s f lu ore sce n ce

sp ec troscop y (SF S),  both the exci ta t ion and em ission

m o n o c h ro mato rs  are  d riven  sim u lta neo usly.  T his  techn iqu e

has  the advantage of  great ly  sim plif ying the spectrum  (We sto n

and  Bow m an 199 1, Weston 1993).  Measurem ent of  B[a ]P

e x p o su re  has ut i l ized  releas e of B[a ]P te trol s from  the DN A

add ucts  b y acid  treatm ent fo llo wed b y quanti ta t ion  with SF S

(Corley and H urtub ise 1993). For B[a ]P tetro ls,  a s ingle  peak

ap pea rs  arou nd 380  nm  in th e f luorescence spectra .  Ho wever,

d ifferen t  p ro p o rt ions of  posi t ive peak s at  380 nm  have been

re p o rted in  different  hum an sam ples.  Because of  the bro a d

peak  ob serv ed in  m ost  h um an  sam ples,  i t  probably resu l t s

from  mu lt ipl e  add ucts  (Vahak ang as et  al.  1 985 , Hem m inki e t

al . 1990, Weston and Bow man 1991, Rojas et  al. 1994,  1995) . In

a study by Vahaka ngas et  al. (1985), SFS with  a  f ixed

wav elength  difference of  34  nm  betw een  excita t ion an d

emission w as  used to  quanti ta te  BPD E ±DNA  adducts.

F lu o rescence em issio n m axim a occu rred at 382 nm  for

BPDE±DNA and 379 nm for  B[a ]P-tetro ls and tr iols.  Apart fro m

these data ,  SF S m easurements of  organ ic  ex tracts of  ac id-

t reated hum an placen tal  DN A also suggested  the presen ce  o f

m ult ip le  f luo re sce nt  com p on ent s.  To evaluate the stabil i ty  of

BPDE ±DNA  adducts, s tudies using SF S were  carr ied o ut  in  r ats

t reated w ith  B[a]P in  a num ber  of  laboratories under differe n t

exper im ental  cond it ion s.  S am ples s tored for  var ious t imes

from  1 6 to  72 h and  tem peratures from 4 to 20 °C sh ow e d no

sign if ican t variat ion  of  f luorescent  adducts for  sam ples fro m

lun g an d l iver. Using  f luorescence assays,  the BP DE -adducts  in

oth er  t issu es,  su ch as mo use skin ,  hu m an placent a  and  lu ng,

hav e also been m easu red (Manchester  et al. 1 990, A lexandro v

et  al . 1992 , Bjelo gr lic et  al . 1994, Rojas et  al . 1995).

O veral l , the major limitat ions of  the use  of  fluores ce nc e

sp ec troscopy for  the detect ion of  carc inog en±DN A addu cts  in

t issues are  prior  knowledge of  th e chem ist ry  o f  th e addu cts

co n ce rne d an d  a  re q u irem ent t hat  the addu ct  be f luore scen t .

T h erefore , f luorescence assays hav e been restr ic ted  to  the

detectio n of  som e part icular  adducts,  such as BPDE -add ucts

for PAHs, AF B1 ad ducts  and O 6-m eth yldeox y-g uano sin e

add ucts  (Z hang  et al. 1991 , Gro o p m an  et al. 1992a, Bjelogrl ic

et  al. 1994) . A key to  furth er  im p rovem ent in  th e sensi t ivi ty  for

f luorescence detect io n w as the introd uctio n of
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im m u n o f lu o rescence analy si s with p oly clon al  a nd

m on oclon al  ant ibod ies develo ped to  recog nize BPDE ±DNA

ad du cts  an d to  recognize  other  PAH ±DN A ad ducts  (S andre l l i

et al. 1995) ,  but  not aflatoxin-modif ied  DNA or aro m a ti c

am ine-m od ified d eo xygu an osin e (Weston an d Bow m an 19 91).

A  lo wer- tem peratu re f luorescence techn ique m ay also  be a

po ssib le  direct ion for  DN A adduc t  detection (Z hao et al . 1992 ,

Cor ley and Hurtubise  1993, Cor ley  et al. 1995).

Chromatographic and mass spectrometric analyses
Analys is  of  ca rc inogen±DN A adducts from biologica l  matr ices

is a  challenging task  that re q u ires  a  m ethod  to  h ave hig h

sen si t ivi ty  and specif ic i ty. Chrom a tog rap hy  t echn iq ues

p rovide o ne possible  co mp onent f or  an aly sing

c arc in ogen ±DN A addu cts and other  add uct  com p lexes. T hin-

layer  chromatography (T LC), a classi c chrom atog rap hic

tech niqu e,  h as been wid ely used i n  th is  area an d w il l  be

discussed in  the sect ion o f  3 2P-postl abell ing of  this re v i e w. Gas

c h rom atography (GC), ano ther  re lat ively m od ern  te ch niq ue ,

has also  been developed  for  adduct  analysis,  b ut  m ost ly  in

co m bin atio n with m ass  sp ectro m et ry (MS) to reach  high

reso luti on and sensi t ivi ty.

Applicat ion of  h ig h perform a nce  l iq uid  ch ro m atog rap hy

(HPLC) is one  of  the dire ct ions for  chrom atograp hic

tec hnique s in  D NA  a ddu ct  m easurement (Carm ich a el  et al.

1995, Rojas et  al . 1995). Radioact ively labe lled carc in ogens are

n o rmally involved in  the HP LC m ethods (Stanton et  al . 198 5,

S h o u  et  al . 1993 , Nair  et  al.  1995,  Fang et al. 199 6) w ith the

radio ac tivi ty  providing  the ac tual  d et ect ion and q uanti ta t ion

aspects.  F or exam ple,  wh en  m easur ing ary lam ine±DN A

a d d u c t s  in  v i tro a n d  i n  v ivo, t r i t ium -label led  carc ino gen s hav e

been used with HP LC (Beland et  al . 198 3).  A dducts  were

iso lated  by  HPL C and then  characterized by 1H  nu cle ar

m agnetic  reso nan ce an d elect ron im pact  in-bea m desorpti on

MS. For 1-ni tro p y rene- ind uced  D NA  ad duc ts,  3H-nitro p y re n e

w as ad m ini ste red  i.p.  to  rats. DNA was iso lated  from  a  nu m b er

of t issu es . In  thei r  HP LC pro c e d u re ,  a UV d etector  was applied

to m onitor  th e eluent  a t  280  nm . F ractions w ere  collected

ev ery  0.5 m in and counted for  r ad ioactivi ty  by sc int i l la t ion

counting. Reverse-phase PHLC (RP-HPLC) was also  used  to

det ect  PAH -in duced  DN A  addu cts.  With  th is  m eth od ,

radioac tive fract ions obtained from  S ep-Pak  colum ns w ere

ana lysed on a  C1 8 B ond apak  colum n wh ich was elu ted with a

l inear  gradient  of  20 to  60 %  methanol in  water.  Fract ions w ere

collected every  m inu te and sub jected to  sc int i l la t ion co unting

(Sh ou et al. 1993) or  m easurem e nt wi th an on -l ine

radioact iv i ty detector  (Carm ich ae l  et  al . 1995 , F ang et al.

19 96) .  Op tim um  separat io n and  com po und class  separat io n o f

the  metaboli tes of  B[a ]P- indu ced D NA  addu cts were  also

obtained  with RP -HPL C (Rozbeh  and Hurtubise  1994). One of

th e recent  s tudies used HP LC to  separate  the norm a l

nu cleotid e in  the D NA  sam ples and  w as also  used t o  h el p

asc ertain  the level of  RN A contam ination in  the DNA

p reparat ion  and the extent  of  enzym atic  hy drolysis of  DNA.

Data  ob tained  using HPL C have significan tly  fac il ita ted DNA

addu ct  detect ion (Nair  et al. 1 995) with 3 5S-  and 1 4C- as well  as
3H-labelled carc inogens being used (Jackson et  al . 1985, Lau

an d B aird 1991 , 1994).

M ass specto m etry  is  a  techniqu e with high specif ic i ty  and

re cent  de velo pm en ts  h ave in creased sensi t ivi ty  to  the po in t

w h e re analysis o f  hu man  DN A sam ples by this  m ethod  m ay

no w  yi eld  pro n o u n ce d  resu lts.  T he com m on goal  in  DNA

adduct  an alysis  by MS  is to  m easure  the  pa rt icular  carc in og en

adducted to  D NA. T hese carc in ogen±DN A ad ducts  can b e

det ected as  p aren t  che m ic al  co m p ou nd s re leased from DNA or

as the addu cted  bases,  nu cleosid es ,  or  nucleo tides.  T hi s is  the

on ly tech niqu e th at  m easures the m olecu lar  w eight  o f  the

substan ce.  H ow ever,  add ucts  must  f irst  be re leased  f ro m  th e

DNA  and derivatized  to  give increased  volat i l i ty  an d therm a l

stabil ity (Farmer 1995) . Highly halogenated derivatiz ing agents

in c rease  detec tab il ity  to the fem togram range.  For exam ple,

der ivatizat ion  with pen tafluo robenzyl  brom ide can faci l i ta te

th e det ermin at ion of  po lar  comp ounds by G C with electro n

c ap tu re d etect ion or  d etect ion by negative ion chemical

ion iza t ion MS. The goal of  m easuring a  single carc in og en

mo lecule or  DNA  ad duct  from  biological  matr ices is

su ff ic iently  chal lenging ; how ever,  as  M S techniques co ntinu e

to adv ance, a  su rv ey m etho d m ay  be  dev elop ed that  could

at tain  the  goal  of  com ple te  mult i-analysis of  different  types of

DNA adducts  in  biological m atr ices . F ollowing re ce n t

develo pm ents , the G C±MS  tech nique has been ap plied to  the

detec t ion o f  a lkylated addu cts  in  a  variety  of  anim als including

h u m a ns  (Weston 1993, Farmer 1995, Friesen et  al . 1996) . In

o n e stu d y, a  s im ilar  der ivat izat ion pro c e d u re  w as used for

detec tion of  a lkyl purine , 3-Me-ade,  7-Me-Gua and 8-

h y d ro xyg uan ine i n  h um an ur ine (F arm e r  et al . 1991) . Levels of

ad du ct s o bserv e d w e re s im ilar  to  SF S at 1  adduct in  107±108

nu cleotid es (Weston 1993, Barry  et  al . 1996).  Other

dev elopm en ts,  su ch as co m bination with  a  l aser  tech niqu e,

fast  a tom  bom bard m en t (FAB) and stable- iso tope- labe lled

in t ern al  s t an d ards, m ay  have cert ain  advan tages a s discussed

b e lo w.

Matrix-assis ted laser  desorpt ion/ ionizat ion (MAL DI) and

Fourier  t ransform  ion cyclo tro n ma ss  spectrom etry. (FTMS)

have been applied for  the s tructural characterizat ion of  four

PAH  dihy d rodiol epox ide (DE ) adducts, includ ing the 5,6-

d im e th y l ch rysene DE  adduct of  2-deoxyadenosine,  the 

5-m ethyl-  and 5,6-dim ethylchrysene DE adduc ts of 2-

deoxy guanosyl  3-phosphate .  Measu rem en t of  po si t ive and

negat ive ion m ass spec tra , accurate  mass  determ in ation s,  and

coll is ionally  in duced dissociat ion exp er im ents were  carr i e d

out  using  10±40 ng (20±70 pm ol)  of  sam ples (West on  1993).

Co m p ared  w ith FAB or  FAB-MS  in the  analysi s of

un der iva tized  PAH±DE adducts, MALDI-FT MS signals are

long-l ived, the direc t MALDI-FTMS sho wed more  st ru ctu ral ly

inform at ive fragm ents  spectra , and accurate m ass  an d

coll ision ally  induced dissociat ion exper iments  req u ired  l ow er

sam ple quanti ties  (Stem mler et al. 1994). In  another  appro a ch ,

sam ple s tackin g has been used to  im prove the detec t ion l im its

of  cap illary  zone electro p h o resis co upled to  continu ous f low

FAB-MS for the analysis of DNA adduc ts. I t  was found  that ,

with stacking, the concentrat ion detection l imit  of

deo xyn ucleo tide add ucts  co uld  be im proved  by as  m uch as

th ree  orders of  magnitude,  thereby br inging  it  in to  the 10±8 M

range.  In  addit ion, detectab le mass l im itat ion by MS  for  a

m odel  acetylamino fluorene d eox ygu ano si ne 5 -m o nop ho sp hate

S.-X. Qu et al.6
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adduct  was found to  be in  the low picom ole range for  full

scanning and the low femtomole range for  mult iple  reac tio n

m onitoring of  a selected fragm entation.  The techniques have

been applied to  the analysis  of  adducts in  an in  vi tro reac tion of

N -ace toxy-N -acetyl -2-am inof luorene with DN A an d ethyl en e

oxide-re lated N 7-guanine DN A adducts (Saha et al. 1995, Wolf

a nd  Vou ros 1995).

T hough a wide range of  G C±MS m ethods h as  been

developed, i t  has so far  been l im ited  in  it s  app licat ion for  the

detect ion of  carc ino gen ±D NA  ad du cts  in  h um an s,  part ly

because of  the great  e xpen se  and  th e re la t ively large amou nt of

sa m p le re qu i red for  analysis . H owever,  this  tech niq ue h as been

m o re  su ccessfu lly  appl ied in  th e m easurem ent of

c a rc in og en ±p rotein ad ducts  (F arm e r  et  al . 1991 , Farm er  1995).

32P-postlabelling technique
T he techn ique of  3 2P-post labell ing was f ir st  estab lished in  the

early  1980s by Randerath et al. (1981) and Gupta  et  al . (1982 )

and w as  fol lowed by som e m odifications (Gu pta  19 85, G upta

and Ear ley 1988, Randerath an d Randerath 199 4, Reddy and

Randerath  19 94, O akley et  al . 1996) . In  gen eral,  3 2P-

postl abell ing involves f irst  iso lat ing DNA fro m the test

specim en; this  DNA  is th en  en zy matically  digested with RNase

A , T 1 and Pro teinase  K to yield i ts co mp onent nu cleotid es ,

w h ic h  are  th en subjected  to  5-p hosphory lat io n with  3 2P-

ad eno sine  tr ip hosp hat e ,  an d the  lab elle d add uct  nu cleo tid es

can  then be separated  on a T L C plate  (Gupta  1985, Oakley  et al.

19 96).  T his is  com monly  co nsidered as a  pro m in en t  t ech n iqu e

for m onitoring  DNA  adduct  levels in  exp er im ental  animals

and hum ans.  I t  is su i table  for  the detect ion of  a  broad  range  of

h y d ropho bic xeno biotic  contam inants  that  can form  a d d u c t s

with DNA (Perera and Whyat t 1994 ,  L loyd-Jones 1995,  Kei th

an d D irheim er 1 995, Q u and Stacey,  in  press) .

D NA  add ucts  m easured  by  32P-post label l ing with T L C have

b ee n co m p ared with o ther  con ventional  g enotoxic  p aram eter s.

I t  was found that  B[a ]P  in du ced t im e-  a nd do se-d epen den t

in c reases  in  DN A add ucts sho wed g ood co rre lat i on  w ith

chang es in  unscheduled D NA  sy nthesis  (UDS ) in  ham ster

tr acheal  o rgan  cu lture  (Wolter beek et  al . 1993 ). Treatment of

both r ats  and mice with  the sam e doses o f  B[a ]P  in du ced d ose

resp o n se cu rves for  DNA  adducts  and sister  chro m a t id

exchange (S CE ) which w ere  s im ilar  in  n ature .  Ho wever,  th e

m ajor D NA adduct  was about 10-fold m ore  p reval ent  in  the

peripheral  blood cel ls of  the m ouse than those of  the rat

(Kligerm a n et al. 1989) . T he induction of  SCE  also showed

good correlat io n w ith  in crea ses of  DNA adducts in  vi tro

(Kelsey  et al . 1994) .

To boost the sensit ivity  of  this assay,  en h a nc em en t

techniq ues have been d eveloped in  a  num ber  of  laborator ies

(Reddy and Randerath  1987, Vac a et  al. 1 992, H atcher and

S wam inath an 19 95a,  O akley et  al. 1996) .  T he major

e nh a nc em e n t m e th o ds a re (1)  nuclease P1 digestion of  the

d eoxyn ucleotid e-3-ph osp hates to  rem ov e no rm al nu cleo tid es,

(2) n -butanol  ex tract ion of  the carc ino gen±DN A ad ducts ,

w hich in vo lves the  p referen tial  p arti tioning of  arom a ti c  an d/or

h y d rop hob ic ad duct s into  th is organic  solvent  ov er an aqueo us

p hase.  E ach enh ancem ent m ethod  is  b ased  on  th e diffe re n ti al

b eh aviour  of  no n-add ucted n ucleotides fro m  c arc inogen±D NA

ad d uct s  an d th e rem oval  of  the majority  of  the hydro ly sed,

no n-add ucted  3 -p ho sp ho deo xyn ucl eotides p rio r  to  
3 2P-post label ling  (Gorel ick  and Reeder 1993).  Because  re lat ive

enrich men t of  carcinogen±D NA adducts over several  orders of

m agnitu de can  be at t a ined som etim es,  there  is  th e a dd ed

benefi t  that  the am ount of  radioactive m aterial  w hich  mu st  be

ha nd led  c an b e red uced.  C oncen trat ion  steps to  enrich  the

add ucte d n ucl eotid es can  en han ce d etect io n l im its  to  one

addu ct  per  1010  nucleo tides (Rand er ath an d Rand erath 1 994,

O akley et  al . 1996).

O ne example of  use  o f  these  extract ion techniques is  foun d

in a  study  of  c igaret te  smo ker s using 3 2P -postlabell ing w here

bo th but anol  ext ract i on and  nu clease P 1 enh ancem en t

co nsisten tly  sh ow ed di scre te  radioactive spots and diago nal

zones  in  al l  sm okers but n ot in  the non- or  ex- sm oker s.  The

two  di ffere nt  enh ancem en t m e tho ds g enerated  sim ila r  profi les

with th e exception for  som e special  ad ducts ,  w hich were  on ly

ob served with butanol  extraction (Degaw a et al . 1994). In a

study b y Jones et al. (1993),  DNA was ex trac ted  fro m  sam ples

obtained from  20 tobacco sm okers,  four ex-smokers,  and nine

non -smo kers and an alysed  for  the presence of  arom atic  DN A

ad du ct s  u sin g 3 2P -post label l ing with two differe n t

en h an ce m e nt s .  With butan ol  ex tract io n enh ancem ent,  a  

m uch  wider range and substantial ly  higher levels  of  D NA

ad d u c ts  w ere  iden tif ied than  w ith  nu clease P 1 enh ancem en t.

I t  is general ly  accep ted that  butanol  extr ac t ion is  a m ore

eff ec t ive en hancement for  DN A detect ion of  add ucts in duced

by aromatic amines,  such  as the dG-C8 der ivatives of  

4-am ino biphenyl and 4- acety l  benzidine (Chacko and G upta

1988, Beach and G upta  1992, Neilsen  et al . 1996, O akley et  al .

1996) .  However, for  de tection  of  PAH s- in duced  D NA  ad du cts,

nu clease  P1  enh ancem ent has been  w idely  used (G rzy bo w ska

et  al . 1993, Hou et al. 1995, Qu and Stacey 1996, Szyfter  et  al .

1996).  F or  detect ing other  carc ino gen±D NA adducts , e i ther

bu tanol  extr act io n o r  nuclease P 1  enh ancem ent m etho ds hav e

be en used  d ep end in g up on  c on dit io ns o f  in dividu al

experim ents  (Reddy  1993 , Hem mink i et al. 1994, Kelsey  et al.

1994 , H atch er  and S wam inathan 1995 a,  b , Hemm inki 1995,

S ton e et  al . 1995, Oakley  et al. 1996) . In  addit ion,  Reddy

(1991) also  invest igated the uti l ity  of  another  3-

d e p h o s p h o ry lat ing enzym e,  nuclease S1,  and found i t  to  be as

effect ive as nuc lease P1. When assay ing for  B[a ]P,

benzo quinone and 2- ace tylam ino fluo rene  (2-AAF), the  re su l ts

show ed tha t  th e n uclease S1  can  co mp lem en t th e n uclease 

P1  assay,  w ith im p rov ed reco ver ies  for  som e adducts.

M ost  applicat ions of  3 2P -post labell ing have been directed  at

the detect ion of  adducts involving  in  v i tro a n d  in  v i vo s tu d i es

with experim ental  anim als  (Kligerm a n  et al. 1 989, R an derath

et  al . 1992, Wolterbeek  et al. 1993,  Degawa et  al. 19 94,

Hem minki 1 995, Oakley et al . 1996,  Qu and Stacey 1996).

Dose±respo nse exp er im en ts  h ave pro d u ced  da ta  w h ic h sh o w  a

clear  re lat i onsh ip betw een  carc inog en cha llen ge and  ad du ct

accum ulation .  Both  the r ange of  species in cl uding  hu man s

studied  and  th e xen obio tics inv olved  are  ever increasing

(Beach  an d Gupta 1992 , N esnow et al. 1993, Schell  et  al. 1 995,

Qu an d Stacey 1996 ).  T he detec t ion of  adducts  in  hum an D NA

has b een asso ciated  w ith exp osure  to  genotoxic  enviro n m en ta l

contam inants.  A major go al  of  the ap plicat ion has been the
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elucidatio n of  th e ae t iology  of  som e hum an  can cers  wh ich are

believed to  be induced by carc inogens.  In  recent  year s,

ext ensive 3 2P -postlabell ing studies hav e been do ne in  cu lture d

h um an t issues o r  t issues d irect ly  obtained fro m  h u m a n s

(Rout ledge et  al . 1992,  Grzyb ow ska et  al . 1993 , Jones et  al .

1993 , Degawa et  al . 1994 , Pere r a et  al. 1995 , Li et al. 1996). In  a

num ber  of  recen t  pu blicat io ns,  the 3 2P-post labell ing technique,

r ather  than  oth er  techniques,  h as been used in  exp erim en tal

animals for  DNA adduc t toxicokine tic studies  (Ross et al . 1990,

Walker et al . 1992, N esnow et al. 1993,  Qu and Stacey  1996).

S inc e 32P-postlabelling assays were f irst  developed,

c h ro m atog raph ic tech niqu es have beco me an im port ant  p art of

th e a ssay.  In  m ost of  the  cases , TL C is employed to  separate

DN A adducts from  digested D NA samp les because it  is

econom ic and convenient .  T L C resu lts can also p rovide clear

p i c tu res of  the DNA adduct  patterns (Culp an d Beland 199 4,

S chel l  et al . 1995, Qu and Stacey 1996, in  press) .  However,

T LC analyses are l imited in  term s of  separat ion  w hen  com p lex

p at tern s o f  com p ou nd s are  fou nd. In  part i cul ar,  de velop m e nt

of TL C shee ts in so lvents can take  fro m  h ou rs t o  d ays wi th

considerable  r isk  of  contamination in  the laboratory.  For these

reaso ns,  S pencer  et  al . (1993) studied  differen t so lvents for  the

development of  TL C pla tes , especially  the D3 and D4 phases  of

the  ch rom atog rap hy.  T hey  found 0.2 M a m m o n iu m  h y d ro x id e

worked  w el l  for  the reco very,  separat ion,  and resolution  of  a

w ide  array of  adducts derived  from  hig hly l ipoph il ic  aro m at ic

h y d rocarbon s and  arom atic  amines.  T his solvent  re q u ire d

m uch less t im e (<25% ) as com pared with  th e oth er  so lvents

a n d  m o re  im p o rtantly  al lowed  the separat ion o f  ad ducts

w h ich  o th erw ise  co -m igrated an d w ere  not  vis ible  w hen  using

th e oth er  three  D4 solven ts. Back groun d radioactiv i ty  per  cm2

of the th in layer  was also  redu ced tw o- to  th ree- fold w ith th e

am m on ia solvent  ver sus the  urea-based solvents.  T hu s,  the use

of  this  di lu te  am m onia system m ay pro v id e po w erf ul

reso lutio n in  a  m ore  t im e-eff ic ien t  m an ner.  A utoradiography

of TLC plates is sti ll routinely u sed to  lo ca te  the r adioact ive

region s and then these areas are excised for  analysis by l iquid

scint i l la t io n spectro m e try,  and  in  som e cases cou ple d w ith

scan ning  d en sito m etry,  to  quanti ta te  radioac tivi ty  on the

c h ro m atog rap hy.  H owever,  i nterp retat ion visual ly  or  by

d en sit o m et ry  of  autoradiographic f i lm images is subject  to

signif icant rest r ic tion because  of  l im ited  dyn am ic range for

f i lm . A t low levels of  radioact ivity  the faint  spots  on an

autoradiogram  m ay be only 20±30%  o f expected

autoradiographic den si t ies based on r adioactivi ty,  w h ereas at

higher  levels of  rad ioac tiv i ty, f i lm  becom es insensit ive to  the

in c reasing levels of  rad ioac tivi ty.  T h us,  d eterm in ation  of

background radioactiv ity  lev els  in  variou s reg ions of TLC

plates  for  subt ract ion fro m  in div idual  spot  values can  be

d iff icult,  part icularly  on  com plex chrom a tog ram s w he re  th ere

a re  m ult iple  overlapping  spots  (Reichert  et al. 19 92, Hatcher

and  Sw am inathan 1995 a,  Keith  and Dirheimer 1995).

In  a  s tudy re p o rted  by Zeisig and Moel ler  (1995), HPLC was

used  to  separate  DNA  adducts f orm ed from  38 PA H s an d

b ip h en y ls  in  v itro an d fo l low ed  w ith 3 2P -pos tlabel ling. T he 3 2P-

HP L C m ethod proved to  be useful  for  separat ion,  detec t ion

and char ac teriza t ion of  DN A adducts  from  m ost  of  the

substances.  T he resu lts  sh ow ed th at  t he 3 2P-HPL C method was

su itable for  characterizing DNA adducts fro m  m a n y

su bstances.  F rom  35 of  the tested substances, 365 addu cts  were

detected and  character ized o n the basis  of  re tentio n t im es.

F u rt h erm o re ,  HPL C was also  applied in  the separat ion of  the

pu r in e nu cl eo sid e 3 ¢ -p hosph ate  addu cts  f orm ed  b y reac tio n

w ith  th e p u re  en an tiom ers o f  a n ti-d ih y dro diol  epoxide of

B[a ]P.  F or the deo xygu an osine 3-phosphate  adducts  go od

separat i on s w ere  achieved usin g a  2  to  40%  acetonitr i le

gradient  over  60 m in in  0 .05 M p otassiu m  ph o sph ate  b u ffer,  p H

7.2  (P el tonen et  al . 1992).

Ion-pai r  RP-HPLC coupled  with  3 2P-post labelling  has been

used to  detect 7-methyl- dGp from  h um an lung s,  b ut  i t  has also

id enti f i ed oth er  n ucl eotides and  u nk no wn  ad du cts .  T his

com bination at tain s ch em ical  specif ic i ty, re tains suff ic ient

sensi t ivi ty  and  sho uld be u seful  in  h um an bio mo nito rin g

studies (K ato et  al . 1993).  In  another  study,  ion-exchange

c h rom atography and RP-H PLC were  com bined  fo l lowed by
3 2P-post labelling to  charac ter ize the DNA adducts form e d  in

the foresto mach of  r ats .  Com bination  of  tw o ind ep endent

c h rom atograph ic  system s co nsiderably en hances the f idel i ty  of

identif ica t ion of  DN A adducts w ith  the 3 2P -post labell ing assay

(Stiborova et al. 1994, H atcher and Sw am inathan 1995a) .

Distinct  from  trad it ional H PL C, wh ere  eluent  is co llec ted

a n d  m e a su red w ith a  scint i l la t i on counter,  re search er s  h av e

develo ped a  new  m ethod  of  analysing  32P-post labelled  DN A

adduc ts on RP-HPLC with  on - line de tection of  3 2P-radioact ivi ty

(Moel ler  and Z eisig 1993, Fang and Vaca  1995, Z eisig  and

Moel ler  1995, Fang et  al . 199 6).  T his m ethod perm its  di rec t

in jec t ion of  3 2P-postlabell ing mixture  into  the analytical system

withou t prior  purif ica t ion with low  backgro und  r adio activ i ty.

T he m eth od can be u sed in  co njunction w ith T L C analyses of
3 2P-post labelled D NA add ucts to  im prov e the analytical

cap aci ty.  N orm al ly, typica l t im es for  analysis of  a single

sample  by HP LC and TL C were  abou t 30±40 min and 4±2 4 h,

respect ively (P elto nen  et al. 1992, Moeller  and Z eisig 1993,

Weston 1993, Z eisig  and Moel ler  1995). T he m ethod has been

applied to  2-nitro fluore n e,  a  carc ino genic pollu tan t , and 2-

A A F, a  m odel  carc ino gen  w hich  is  al so  a m etaboli te o f

n i t ro fluorene (Moel ler  and Zeis ig  1993) and a  num ber  of  PA H s

and the ir derivatives (Z eisig and Moeller  1995). I t is wort h

no tin g h ere  that  th e introd uctio n o f  stan dard  D NA  a ddu cts  i n

th e 3 2P-post label ling with HPLC may furth er  bo ost  the

application of  th is technique (L i  et  al . 1995, Nath et al . 1996) .

In  the early  19 90s,  a  technique k nown as  s to rage phosphor

imaging has been adapted for  quantita t ion of  radioactivi ty  on

TL C sheets (Joh nson et al . 1990). I t  was found that  sto rage

pho sph or im agin g w as ab out 1 0 t im es mo re  sensi t iv e th an

sc reen-enhan ced au torad iography  at  ±80°C for the detec tion of
3 2P, exh ibi ts  a  greater  linear  range of  respo nse,  has a  re solu ti on

th at  co m p ares favourably to  f i lm  and has low er  backgro u n d

than  do es l iquid  scint i l la t i on spect rom et ry  (Reichert  et al.

1992). In  a very  re cen t  s t ud y,  Qu and Stacey (1996) have used  a

bio-im aging analyser  w ith quantif icat ion of  DNA  adducts by

c o m p u te r. T his new im aging analyser  can effec t ively scan  a

sp ecial  rad ioactive tr ansmission p late  with in a  few m inutes

w ith o ut  an y  d irect  ex po sure  of  the operators to  radioact iv i ty at

th is stage. A rec ord  of  the distr ibution and inten si ty  of

radioac tive spots (DN A adducts)  a llow s for  com puter-assisted

S.-X. Qu et al.8
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assessm en t o f  add uct  profi les and can  f ac i l ita te quanti tat ion 

o f  in dividual  adduct s an d r adioact ive zo nes com pr isin g

m u lt ip le  o ver lapp ing  ad du cts  in  co m plex  ch rom atogram s.

A d di t i on all y,  the perm a n en t  reco rd  created  b y the im aging

tech nolo gy p ermits  easy  re trospectiv e analysis of  sam ples,

w h e reas w ith con ventional  auto rad iog raph y and l iqu id

scint i l la t ion spectro m et ry  reanalysis of  a rep licate  sam ple is

req u i re d .

O ne in terest ing fea ture fro m DN A ad duct  d etect ion is  th e

applicat ion o f  the 3 2P -postlabell in g techniqu e in

e n v iro nm en tal  m o ni tor ing ,  w hich has p rov ide d v ery

p rom isin g data  in  regard  to  m arine l i fe  exposure  to

c a rcinog en ic  chem icals  (Masfaraud et  al . 1992, N ish im oto e t

al . 1 992, van S ch ooten et  al . 1995).  In the liver  of eel (A n gu il la

an guil la), PAH ±D NA  ad ducts  w ere  detected in  the f ish

collected from six freshw ater  s i tes in  th e Am sterd am  are a w i th

d ifferent levels of  PAH  con tam inatio n in  t heir  sedim ent s.

S ignif ican t  correlat ion s were  fou nd betw een th e arom at ic  DNA

adduct  levels and the levels  of  PAH in  sed imen ts (p  < 0.01)

(van S chooten et al. 1995).  Using the white  sucker  f ish

(Ca tostom u s co m me rson i) from  the bas in  of  the S t L awre n c e

River (Canada), the genotoxic potential  of  industr ia l  pollut ion

w as  evaluated by m easuring the levels o f  DN A adducts in  the

h ep atic  t issues by  the 3 2P -post labell ing  technique.  At the

high ly  co ntam inated  si tes,  total add uct  levels in  al l  f ish ranged

fro m  2 5±17 8 add uc ts/109 nucleotides.  T he m ean levels of

a d d u ct s  w e re s ignif icantly  higher than  those  from  the S t

F rancois River,  a  less  contaminated  site .  The eff luent fro m

som e  he avy  in dustr ies  and pu lp and  p aper  m i l ls  m ay  b e

signif ican tly  associated with the overal l genotoxic dam age to

fish  (E l-Adlouni et al. 1995) . More  re cen tly, other  carc inog en -

in duc ed D NA  ad duc ts have also b een d etected  wi th 3 2P-

postlabell ing in  different  species,  such  as trout ,  English  so le

a n d e art h w o rm  with  ei th er  n uclease P 1 o r  butan ol  en richm en t

(M asfaraud  et al. 1992,  Stein  et al. 1993, Pot ter  et  al . 1994 , van

S ch o ote n et  al . 1995, Wal sh  et  al . 1995) .

Other available techniques
Immunohistochemical method
E xp osure  of  an imals to  carc in ogenic PAH m ay cau se  tu m ou r

d ev elopm ent,  w hich in  som e cases is  high ly specif ic  b oth with

respect  to  t issue and cel l  type (van S chooten et  al . 199 1,

Curigl iano et  al . 1996).  Methods for  dosim etry  of  addu cts i n

DNA isolated  from  h om o genized organs or  t issues,  such as i n

vi tro im m u no assay or  3 2P-post labelling,  do not  pro v id e

inform ation ab out differen ces in  ad d uct  i nd uc tio n  an d  re p ai r

b etw een different  cel l  types within  that  o rgan  or  ti ssue.

Imm un ohisto ch em ical  detect ion o f  D NA adducts a t the sin gle

cel l leve l offer s the possibi li ty  to  analyse  the dist r ibution of

DN A damage in  diffe ren t  types o f  cel ls using considerably less

cells  t han the 3 2P-post labelling and E LISA methods (Johnsson

et al. 1995, Motykiewicz  et  al . 1995).  Im munof luore sc en c e

m ic roscopy  has b een ap plied wi th ad duct- sp ecif ic  antib odies

to inv es t igate  BP -adduct  induction in  var ious cel l  types in  the

h am ster  t r achea epit hel iu m. With this  m ethod ,  m orphological

ch ang es such as squ am ous me taplasia  and  hy perpla sia  can be

ob served in  th e epithelia l  cel ls (Baan et  al . 1994).

Im m u no histo chem ic al  m ethod olo gy  w ith  m icrof luoro m et ry

has also  been applied to  th e determ inat ion  of  hepatic  DN A

adducts in  r ats  fed 2-acetylam inofluorene (Huitfeldt  et  al .

1994) .

B y using  the imm un ohistoch em ical  techniqu e to  quantify  

4-am inobiphenyl (4 -ABP )±DN A adducts an d p53 nu clear

ov ere x p ression in  T 1 bladder cancer of  sm okers and non-

sm okers, Curigl iano et  al . (1996)  suggested that  this technique

ha s suff ic ient sensi t iv i ty  for  detection of  these adducts in

hu man  b ladder  sam ples.  T he adv antages o f  this  m etho d

include sm al l  sample s ize,  the poss ibi li ty  o f  re t rosp ecti ve

analysis of  stored p araff in  blocks, the abili ty  to  analyse

binding in  specif ic cel l  types,  and re lat ively low  cost . O n

com parison of  the DN A ad duct  levels m easu red  by

im m u no hi stoc hem ical  m etho d to  t ho se  m ea su red with  GC /MS

in R52 ce lls (a m ouse NIH3T 3 cel l  line expressing high levels

of  cytochrome P450 1A2) and mouse liver  t issue exposed to  4-

ABP, a  good correlat ion (r = 0.98 , p < 0.0001)  was found. Based

on  add uct  level s determ ined by GC/MS  in both R52 ce l ls and

liver  t issu es,  the im m un ohistoch emica l  m ethod  has a  l im it  

of  sensit ivity  of  appro xim ately 1 add uct/1 07±8 n uc leo tide s 

(Al-Atrash  et al. 1995).

Combination of immunological, fluorescent and

chromatographic analyses
Be cau se  h um a ns are  ch ronical ly  exposed to  diverse  k in ds of

chem icals an d eventual  DN A st ructu ral  m odif icat ions are

supp osed to  b e a  com plex m ixture  of  adducts a t  very  lo w

levels , u sing an assay  with extrem ely high sensi t ivi ty  and

speci f ic i ty  is essen tial . In  the ear ly  1990s Weston  an d B ow m a n

(1991)  re p o rt ed on ho w to  use im m un oaff ini ty

c h rom ato grap hy and SFS , together  with HP LC and the

generat ion of  complete  f luorescence ex cita t io n±em ission

matrices  to  identify  unequivocally  BP DE ±DNA adducts in

sam p les o f  h um an lu ngs.  T his  tech nique has been furt h e r

develop ed  in  o ther  t issu es o btained f rom  h u m a ns  an d  ro d e n t s

(Nair  et al. 1995). In  brie f , BPDE nucleo tide adducts were

isol ated  w ith  im m un oaff ini ty  chro m atog ra ph y co lum n s

bear ing antibod ies raised ag ainst the a n t i-7,8- diol- 9,10 -

epoxide-deoxy guanosine adduct  of  B[a ]P.  T hese add ucts  were

h y d ro lysed to  te trah ydro tetro ls  and  t he h yd ro lysis  pro d u c t s

subjec ted  to  HPLC. Major products iso lated by HP LC w ere

th en  d ete rmined by SF S. Using this m ethod,  levels of

BPDE±DNA adducts in  the  range of  1±40 in  108 n uc l eo tid es

w e re  m e asu red  in  6  out  of  25 sam ples,  with a  lower detect ion

limit  of  on e ad duct  in  108 nucleo tides. Kang et  al . (1993) have

establish ed  another  qu an ti ta t ion method  cal led PRE PI

(pref rac tionat ion by HPL C, 3 2P -postlabell ing,  an d

im m u n o p rec ip ita t ion), for  detec t ing O 6-m ethy lguan ine,  O 4-

m ethy lth ym ine ,  an d O 4-ethylth ym in e, with a  com bination  of

p refract iona tion  by  HPLC, 3 2P-post labell ing,  and

im m u n o p rec ipita t io n. T he detection lim it  was abou t 1  fm ole

for a ll  three  adducts,  en ab ling the analysis of  about 1  ́ 1 0±8

levels as a  molar  ratio  to norm a l cou n terp arts using 100 m g of

DNA . Im m unoaff ini ty  p urif icat ion  com bined with 3 2P-

post label l ing for  the detect ion of  O 6-m ethylg uanine in  DNA

was also applied  to  other  hu m an t issues, su ch as l iv er  an d

Techniques for DNA adduct biomonitoring 9
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peripheral  blood leucocytes (K ang et al. 199 5) .  T he m inim u m

detection l im it  of  the com bined m ethod  is exp ected to  be

abou t 1  O 6-m ethy ldeox ygu anosine in  1 08 n o rm al 2-

deox yguanosines ( i .e . up to  30 lesions per  hu man cel l)  wh en

10 0 m g of  DNA is used  (Cooper  et  al . 1992). Thus,  jo int

applica t ion of  f luorescen ce sp ectroscopy and H PL C is an

int e rest ing d ev elo pmen t for  DN A addu ct  detec t ion

(Alex andro v et al. 1 992, Manchester  et  al . 1992 , Tilby et  al .

1995).

In  con ventional  HP L C analysis , methanol/aqu eo us b uffe r

solution gradients  are  emp lo yed ; the f luorescence yields of

BPD E±dG  adducts increase s tro ngly  w ith in creasing  m ethan ol

concen tr at ion,  while  the yields of  BPDE ±dA  add ucts  are  less

sen si t ive to  the so lv en t  com posit io n,  part icularly  in  degassed

solution.  T h is w ork  dem onstrated that  th ese f lu ores ce n ce

character ist ics can be u sed to  qu an ti ta te  the re lat ively  low

yields of  BPDE ±dA adducts by f luorescen ce d ete ct i on  w h en

BPDE -modified DNA is subjected to  enzymatic  degradation to

the mononucleoside level ,  fol low ed  by H PL C analysis of  the

diges ts  (Chen  et al. 1993,  Rojas et al. 1995).

Comparison and evaluation
E ach technique possesses i ts ow n ad vantag es and

di sadv antag es i n  re lat ion to  the diffe re nt  p rin ciples  th ey are

based on.  T herefore,  a  com par ison of  the different  availab le

te chn iq ues wi l l  provide indica t ions for  se lec t ing a  su itab le

assay to  d etect  the DN A ad ducts  u nder  stu dy.

In genera l,  32P-post label l ing  and E LISA techniques have

been w idely adop ted  in  hu man studies for  detect ing of  DN A

add ucts,  in  w hich E L ISA  has b een  show n to detect  add ucts

from a var ie ty  of PAHs, an d 3 2P-postlabel l ing has a  bro a d

spec if ic ity  for  aromatic  DNA  adducts . In  workers fro m  th e

p r im a ry  alum in ium  in d us try,  Schoket et al. (1993) found these

tw o techn iqu es h ave resulted  in  the sam e m ajor  conclu sio ns,

w h e re signif ican t  differences of  DN A adducts  were

d em on st rat ed betwe en the un ex posed  a nd ex po sed  g ro u p s ,

and  th e tw o ex posed gro u p s w e re  sim ilar  to  each other.  T h e

ov er al l  detect ion l imit  was approximate ly eight- fold lower

w ith t he  3 2P-post labell ing assay than E LISA, and the m axim um

v alu es w ere  about  three-fold higher by the an tibody assay,  in

spite  of  the m uch bro ader adduct  specif ic ity  of  the 3 2P-

postlabell ing  tech nique.  In  ano th er  stud y on d etect ion o f

p lat in um ±D N A add uct s by  3 2P-post label ling with  TL C or

HPLC, good correlat ions w ith o ther  ex ist ing  m ethod s,  such as

atom ic ab so rptio n spectro m e try,  im m u no h isto ch em istry  a n d

ELISA, were  found  in  DN A sam ples treat ed in  v i tro w i t h

cisp lat in  or  carboplat in .  Nevertheless,  the au thor s  have

speci f ical ly  indica ted  that af ter  enzym atic  digest ion of  DN A,

the posi t ively ch arged  pl at i nu m  add u cts  w ere  not  able  to  be

purif ied fro m  un p la t i n ate d  p ro du ct s  w ith n orm al co n di t io n s

a nd  st rong cat ion exchang e ch rom atography  had to  b e used.

S ub sequ ently  the sam ple s we re  d epl at in ated  w ith  cy anide,

be cause p lat in ated  dinucl eotides are  very  poor subst rates for

po lynucleo tide kin ase  (Blom m aert and Saris 1995). T his re su l t

su ggests that  w hen  negat ive results f or  add ucts are  obtained,

some m od if icat ion  of  th e detec t ion co ndit ions m ay  be

req u i re d .

U sing a rank corre lat ion test ,  stat ist ica l  evaluat ion of  the

posit ive  sam ples by E LIS A and of  thei r  corresp o n din g 3 2P-

post label led pai rs  suggested a  weak  b ut s ignif icant  correl at i on

betw een the two  m eth ods (r rank =±0.219, p < 0.05) . The

diversi ty  may prim ari ly  com e from  different  labell ing

eff iciencies of  arom at ic  D NA ad ducts by 3 2P -po st labell ing and

d ifferential  recognition of  PAH±DNA adducts by  EL ISA

(Schoket et al. 1993).  There fore ,  a l tho ugh th ere is a degree of

u n c e rtainty  surrou nding  absolut e quan ti ta t ion by ei th er

m etho d,  each  is  int ernally  consistent ,  and stat ist ical ly

signif ican t  differen ces in  add uct  lev els between  ex posure

gro u ps  a nd  co n tro ls  w ere  clear ly  demo nst rated b oth by 3 2P-

postlabell i ng an d im m un oassay (Mu m ford  et  al. 1 993,

Blom m ae rt  and Saris 1995, Hem minki 1995, Nair  et  al . 1995) .

I t is worth noting here that , in E LISA, an tibodies norm al ly

raised  in  rabb its against  BPDE ±DNA cross- react  w ith oth er

PAH±DN A adducts (Watson 1987).

U sing coded W BC DNA samples , BPDE±DN A adduct  levels

w e re  m e asu red  by f lu oro m et ry of the B[a]P-tetro ls  an d  t h en

c o m p are d w ith resu lts b y 32P-post labell ing (nuclease  P1

enrichment)  and  EL ISA m easurem ents.  A good corre lat io n an d

p ro p o rt ion al i ty  w ere found between the levels of  BPDE ±DNA

ad d u c ts  m ea su red  by f luoro m et ry  a n d 3 2P -post labe ll ing (r =

0.95,  p < 0.01). The corr elat ion  between f luoro m e try  a n d

E LISA  was  much lower and not  signif ican t  (r = 0.61 , p = 0.1). It

is possib le that  EL ISA gro ssly o vere stimated BPDE±DNA

ad du ct  lev els  m easured by th e other  two  m ethods.  Ho wever,

th e resu lts  show  that  the highly sensi t ive and  sp eci f ic

f luorom etric assay  is  st i ll  sui table  for  measu ring BP DE±DNA

adducts in  W BC from  h um ans exp osed to  B[a ]P  (Rojas et  al .

1994, 1995). In  a paper  by Z hang et  al . (1991), a  quant i ta tive

in d i re ct  im m un of lu oresce nce  te chn iq ue w as d ev elo ped

util iz ing a  m onoclonal antibody (6A10) recognizing th e

imidazole r ing-op ened form o f the major N-7 guanine adduct

of  AFB1. Quant i ta t ion of  AFB1±DNA adducts was carr ie d ou t

by densitom etr ic  analysis of  photographic sl ides,  com peti t ive

EL ISA  w ith an tibody 6A10 and f luorescen ce sp ectro sc op y.  T he

results show ed  a sign if ican t co rre lation of  the quantita t ive

im m u n o f lu o rescen ce  in tensi ty  with levels  of  A FB1 ad ducts

de tect ed by  E LISA (r = 0.61) and spectro fluorescence (r = 0.78) .

T hi s tech niq ue was recen tly  used for  the detection of  DN A

dam age in s ingle cells (Tilby et  al . 1995, Z hang et al. 1995).  In

an o th er  s tu d y, Misra et  al . (1994) com pared  tw o u ltrasensi t iv e

m eth ods for  m easuring  two adducts,  1 , N 6-etheno-2-

deoxy ad en osin e (edA)  and 3,  N 4-etheno2-deoxycytidine (edC),

in  ce l lular  D NA. I t  was found that the combination of  the

im m u n o aff ini ty  an d 3 2P-TLC pro c e d u re  prov ed  to  be m ore

sensi t i ve and  m o re  re p ro ducib le  than  the co m binatio n of

HPL C and 32P-T LC method.  On comparison of  an HPL C and a

fluorom etr ic  assay  fo r  dosimetry  of  BPDE ±DNA adducts in

sm okers’  lung ti ssues,  a crude l inear  co rre l at ion  b etw een the

am ou nt s of  t he add uct s m easured by HPL C and those  of  bu lky

DN A  add ucts  d eterm in ed  by  3 2P-post labelling was observed for

the sam e sam ples (r = 0.78 , P < 0.02)  (Alexand rov  et  al . 1992) .

I t  is  worth  p oint ing out  here  that  in  the detec t ion of  D NA

ad d uc ts ,  p art i cular ly  in  hu m ans,  th ere is st il l  s ignif ican t

variabil ity  (van Schooten  et  al. 1992, Schoket  et  al . 19 93, Ho u

et  al . 1995, Szyf ter  et al. 1996, Tot suk a et  al . 1996). In  our

S.-X. Qu et al.10
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laboratory,  co nsiderable  variabili ty  in  D NA adduct  levels w as

found  for  blood samples fro m  coal  m in ers  wh en th e same DN A

sam ple was sep arated on  T L C plates  purch ased  f ro m  d iffe re n t

co m pan ies.  E ven  w hen  th e sam e sam ple w as analy sed  u sin g

TL C plates from  d ifferent batches fro m  the sam e sup plie r  there

w as  often  considerable  variab il i ty  in  the resu lts for  DNA

adducts . I t  seems that  other  laboratories m ay experience

similar  diff iculties but  this is not  read ily  ap parent  fro m  th e

li ter ature . In  a very  recent  publi ca t i on R ei chert  a nd  S tein

(1996)  have discussed som e sim ilar  experiences with regard  t o

T LC plates . There fore , to  main tain the same quali ty  of  T L C

p lates  in  different  experim en ts ,  the applica t ion of  sel f-made

T LC pla tes has been  suggested  (Vock  et al. 1995,  1996). In  our

laboratory,  in  order  to  m in im ize the variabil i ty, the same T LC

plate  (cu t  in  ha lf)  was used for  the two sam ples (before  a n d

after  exp osure)  for  each  worker.  T his pro vide d  t h e

considerable advantage of  rem oving plate  to  plate  var iabil ity  in

th e  3 2P-post labell ing study for  sam ples from  the sam e worker,

t h e reby  m arked ly in creasin g o ur conf iden ce w hen com par ing

the  resul ts for before  and af ter  exposure .

In addit ion,  interlaboratory  diffe re nc es w h en  u sin g 3 2P-

po st labell in g and other  assays rem ain  an issue for  DNA  addu ct

detect ion.  A  com parison of  antise r a an d im m unoassays for

BPDE ±DNA found qu ite disparate  resu lts am ongst  labo rato ries

a n d  resul ted  i n  s tan dard iza t ion of  antiser a,  com peti tors  and

E LISA assay conditions (S an te l la  et al . 1988, Hsu et al . 1995) .

T he data  su ggested that  when a b io logica l  sample is  assayed

aga inst  a  BPDE ±DNA standard  m od if ied in  th e sam e rang e as

the bio logical  sam ples (4 .5  fmol g±1) ,  quantitat ive reco very of

adducts is ach ieved  by EL ISA . T he inter labor atory  diffe ren c e s

in im m u n oa ssay  pro c e d u res can h ave signif ican t

con sequences for  data  com parison an d suggest  that  using th e

sam e antise r a  across  lab oratories and m odified D NA stan dard s

w o u ld  be  p referable . An inter laboratory  tr ial  of 3 2P-

po st lab el l ing resulted in  g ood q uali ta t ive an d rea so n able

quanti ta t ive agreem en t (P hil l ips and  Castegnaro  1993) . A

d ifferen ce i n  resoluti on o f  spots  and zones was also no ted

am o ng st  p art icipant  laborato ries.  T he standard izat ion o f  the

detect ion techniqu es for  D NA ad ducts re m ains an  im p o rtan t ,

b ut  d iff icult , task  in  the f ield  and will  re q ui re  c onsiderabl e

at tention  (S hields et al. 1993, Scholl et al. 1995).

T he potential  usef ulness  of  DNA  adduct  detect ion seem s to

be const rained by a  number of  factors . S ince i t is apparen t  th at

add ucts m ay be fo rme d f rom  substances of  bo th syn thetic  an d

natural  o rigins, the d etect ion of  adducts m ay no t  therefore

ref lect  the tru e result  of  anthropog enic st ress a lo ne. T his

com plicates th e use  of  D NA  ad ducts as d osim eters  of  expo sure

to occupational  or  environm ental  genotoxic  agents  as  the t im e

o f exp osu re  m ay not  a lways be clear-cu t  (H atch and T hom as

1993, Baan  et  al . 1994, Lloyd-Jones 1995 , Roja s et al. 1995,

Vaca et  al . 19 95).  For  hum an ex posure ,  pollut io n levels

e n c ou n te red m ay not  b e suff ic iently  high to  el ic i t stat ist ical ly

signif icant  increa ses in  adduct  levels (K riek  et al. 1993 , Hou  e t

al . 1995). Alternati vely,  increa se d ex p osu re to  genotoxic

agents  may result in  the induction of  DNA  rep air  p ro cesses

w hich m ask  the level  of  DN A adduct form at io n th ro u gh  an

in c reased  rate  of  DNA repai r  (Beach  and Gupta 1992, De Pooter

et al. 1996).  For biomarker  evaluat ion to  be valid , extrapola t ing

ob served effects  from  one po pulat ion  to  ano ther  m ust  be

po ss ib le ,  an d m o re signif ican tly  fro m  t est  spec ies u nde r

a rt if ic ial  cond it ion s to  ac tual  h uman populat ions (G ore lic k

and Reed er  1993, Neilsen et  al . 1996) . Becau se  ex per im ental

an im als  are  no rm ally  used pr ior  to  hu ma n stud ies,  the sp ecies

response is a  s ignif icant  com ponent of  not  only expo sure

levels,  but a lso  the metabolism  of genotoxic  chem ica ls.  Some

tes t spec ies  may exhib it  a  grea ter  capac ity  for  genotoxic

act ivat ion,  while  others wil l  show  less m etab olic  act ivi ty

especia l ly  for  some part icular  substances (Kligerm a n  et al.

1989, Legator  and Au 1994). Furt h e rm o re,  as biom arkers  wil l

be used  in  epidem io logical  studies gener at in g re la t ively la rge

num ber s o f  samp les ,  the re so u rce im p lica t io ns wil l  n eed  to  b e

as low as poss ib le  (Schoket et al. 1995, N ei lsen et  al . 1996).

O n com par iso n o f  the two m ost  com m o nly used tech niqu es,
3 2P-postl abell ing  and EL ISA, som e intere st ing data  have been

re p o rted .  I n  an alu m inium  produ ct ion  plant ,  Kr iek  et al. (1993)

analysed WBC DNA fro m coke-oven workers  and f ro m

a lu m in iu m  p ro du ction  w orke rs  and  d em on str ated  th e

p resence of  PAH ±DNA adducts.  About 47%  of  th e coke-oven

workers had  detec table  levels o f  PAH±DN A ad ducts  in  their

WBC co mpared with 27%  of contro ls,  as  m easured  b y b oth

ELISA and 3 2P-postl abel ling.  In  both  gro up s,  sm ok er s h ad

sign if ican tly  higher  levels of  PAH±DN A  ad duct s than  did n on -

sm ok er s.  I n  the alu min ium  workers ,  no PAH±D NA  ad duc ts

w e re de tected  by EL ISA, although the  B[a ]P  concentr at ions in

th e w o rk  a tm osp here  we re comparable  to  those of  coke-oven

workers . T he m ore  sensi t ive 32P-postlab el l ing  assay sh owed

the  p resence of  PAH±DN A add ucts  in  91 %  o f th e alu m iniu m

workers. Regard in g the d ifferen ces in  DN A ad duct  levels

obtained fro m the d iffe ren t  tech niques, i t  is p oss ible  that  the

d ifferent  te chn iqu es recognize  diffe ren t  types of  DN A adducts.

It  is al so  possible  that  m ethodologica l  differe nces affect ing the

spec if ic ity  of  adduct  assays in  bio logical  sam ples cou ld

account for  these  apparently  disp ar ate  results.  T hese f indings

a re  im po rtant  because  they  confirm ed th e formation  of  DNA

addu cts f rom BPDE  and  other PAH s in  hu m ans and becau se

they identi fy  spec if ic  problems that  wil l  need to  be consid ere d

in future  investigations of  D NA dam age in  humans (Manchester

et al. 1990,  Ovrebo  et  al. 1992 , Schoket et al . 199 3, 1995 ).

In  ad dit io n,  w ith th e 32P-post labell ing technique,  the

e nh a n c em e n t p ro c e d u res appear to  act  se lect ively,  w he re

nuclease P 1 an d b utanol  extr act ion p ro c e d u res differe n tly

enh anced  d etect io n of  som e kno wn  ad duc ts.  Ho w ever,  to

eff ic iently  an aly se  bio logical  sam ples for  unkno wn add ucts

m ajor  enh ancem ent m ay b e req u i red  at the ear ly  stage of  each

study (Gupta  and E ar ley 1988 , Oakley et  al . 1996) . One stud y

has dem onstrated that  wh en som e `n eg ative ’  sam ples,  which

w e re  analysed by 3 2P -postlabel l ing with nuclease  P 1

en h an c em e n t,  w e re  re -an alysed  by  the sam e techn ique but

w ith an o th er  en ha nc em en t  p ro c e d u re (butano l  ex tract ion),

putat ive BPDE -adducts  an d/or  other  PAH±DN A  ad duct s cou ld

be detected (Manchester  et al. 1990).  In  the detec tion  of DNA

addu cts  gen erated f rom  th e perox id ase-m ediated act iv at ion of

N -h yd roxy -4-acetylamin obiphenyl in  v itro ,  tw o in div id ual

ad d u c ts  w ere  id entif i ed .  Am o ngst  these add ucts,  adduct  1  w as

detected b y butanol  extr ac t ion b ut  i t  was insensi tiv e to

nuclease P1 . How ever,  ad duct  2  w as on ly detectab le  w hen
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u si ng nu clease P1  e nha ncem en t (H atch er and  S w am in atha n

19 95a).  O nce a  suitable  enhancem ent p ro c ed u re  h as b een

selec ted,  the 3 2P-postlab el l ing technique seem s to  b e th e m ost

p romising assay for  detec t ion of  DNA  adducts  induced by

ch em ical  carc inogens (Mart i n  et al. 1995, Neilsen  et al. 1996).

Al tho ug h the presence of  D NA  ad ducts  wil l  indicate re c e n t

p ast  an d  p rese nt  ex p osu re to  genotoxic  ch em icals , th e p oint

should also  be m ade that  any  fai lure  to  detec t  D NA  adducts

cannot be taken as  an in dicat ion of  the absence of  genotoxic

co m p o u nd s f rom the l iv ing or  working en viro n m e n t .

U lt im ately,  th is m ay m ake detect io n techn iques directed at  a

speci f ic single  adduct  a  m ore  a pp ro priate  tech nique fo r

o ccup ation al  and  e nv iron m enta l  m o nito ring.  T h is w ould h elp

to overcom e the sem i-qu anti ta t ive nature  of  the DNA  adduct

detect ion tech niques and al lo w for  a mo re defini t ive

d e te rmination of  specif ic  D NA adducts (Beach and Gu pta

1992, Hemm inki 1993, Baan  et al. 1994, K ei th  and Dirh e im er

1995).

Conclusions
A variety of  techniques is available for  detec t ing DNA  adducts

in d uce d by  c arc inogen ic chem icals  or  m ixtures. I t is

c on sid ered th at  for  an assay to  be applicab le in  a  hum an

e x p o su re  set t ing,  i t m ust  (1)  be  sensi tive enough to  de tec t  low

levels of  adducts; (2)  req u i re  on ly m icrogram quanti ties of

DNA; (3) give results quanti ta t ively re lated  to  expo su re; (4)  be

app licable  to  u nkno wn  add ucts  that  m ay b e fo rm ed f ro m

co m p lex  m ixtures such as cigare tte  smok e o r  diese l  engine

em issi ons;  (5)  be able to  reso lv e,  q uanti ta te  an d identify

adducts; and (6)  have a  cost advantage.  Among the avai lable

tec hniqu es,  th e 3 2P-post label l ing  assay  seem s to  bes t m eet

these  criter ia  overall .  In  part i cul ar, 3 2P-postlabell ing is the

m ost  sui tab le  technique for  th e d etect ion of  D NA add ucts

ind u ce d b y  un k n ow n  en v iro n m en tal  a nd  occ up at io na l

chem ic als or  m ixtu res.
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