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Long-lived lymphocytes tend to have higher 32P-postlabelling-
measured levels of adducts than short-lived granulocytes in
environmental and life-style associated (i.e. smoking)
exposures. With the aim of investigating this issue for
occupational exposure to PAH and contributing to further
validation of some technical aspects of the 32P-postlabelling
assay, two Italian laboratories analysed PAH± DNA adducts
from lymphocytes and total white blood cells (WBC). Seventy-
seven blood samples from coke-oven workers employed at a
steel plant located in Taranto, Southern Italy, and 14 samples
from control subjects were collected. At the University of
Padua, DNA was purified from peripheral blood lymphocytes
(PBL). Two years later, at the University of Bari, white blood
cells (WBC) were isolated from replicate blood samples stored
at ±  80 °C and DNA purified by the same method. In both
cases, the nuclease P1-modified postlabelling assay was used
to determine aromatic DNA adduct levels. The mean adduct
levels were 5.13 ±3.37 (Padua) and 2.48 ±1.27 (Bari) per
108 nucleotides. Both laboratories observed large inter-
individual variations of adduct levels ranging from 0.09 to
18.93 per 108 nucleotides. Both the correlation and the
agreement of the two sets of data were assessed. Slight
correlation (r = 0.39; p < 0.01) and a poor level of agreement
were found, the intra-class correlation coefficient being equal
to 0.05. Better correlation coefficient (r = 0.54, p <  0.01) and
intra-class correlation coefficient (rÂ =  0.50) were observed
comparing only the adduct levels determined on the diagonal
zone (DRZ). Our findings seem to confirm the same
divergence reported in the literature on DNA adduct levels
between lymphocytes and granulocytes.

Keywords: 32P-postlabelling, aromatic DNA adducts, monitoring
PAH exposure, lymphocytes, white blood cells.

Abbreviations: (anti)-B[a]PDE, (±)-r-7,t-8-dihydroxy-t-9,10-epoxy-
7,8,9, 10-tetrahydrobenzo[a]pyrene; B[a]P, benzo[a]pyrene; DMSO,
dimethyl sulphoxide; DRZ, diagonal radioactive zone; PAH, polycyclic
aromatic hydrocarbons; PBL, peripheral blood lymphocytes; TLC,
thin-layer chromatography; WBC, white blood cells.

Introduction
The ex ten t  of  binding of  PAHs to  D NA  in h uman s m ay serve as

a biom arker of  exposure to  genotoxic  PAH s a nd  th erefore  b e

useful  to  evaluate  carc ino ge n e xp osure . Moreo ver,  as  the

ad d u c t  m ea su res also m irro r  some aspects o f  m etab olism  and

DNA re pa i r, D NA adducts m ay  also  re f lect  th e ind ividu al

variat ion in  response to  genotox ic exposure .

Sever al  sensi tive DNA adduct de tecti on  systems are avai lable,

includ ing enzy me immunoassay s (Santella 1988 , Den  E nge lese e t

al. 1990),  fluorom etr ic assays  (Weston and  Bowm an 1991,

Alexandrov  et al. 1992)  and 32P-postlab el ling  assay s (Beach and

Gupta 199 2). The 32P-postlab ell ing assay, being  the most sensitiv e

method, is espec ial ly sui ted  to analyse DNA adduct s resu lt ing

from the exposure to complex  mixtures of  unknown com posi t ion

(Watson  1987)  and the nuclease  P1 modif icatio n of the assay is

cap ab le of  m easur ing multiple  l ipophil ic adducts of  DNA, such

as those form ed  by PAH exposure down to  a limit  of one adduct

per  101 0 nucleotides (Reddy  and  Randerath 1986).

Several studies have shown that  levels  of  PAH ±DN A add ucts

a re sign if ican tly  increased  in  peripheral  WBC or lymphocytes

of occupat ionally  exposed coke-oven  workers, foundry

workers , and roofers (Schult  and Shiverick  1992), al though

blood is not the target tissue  of  PAH carc in ogen esis  in  hu m an s.

A cri tical  issue for  molecular  epidemiologists is the validi ty

of  surrogate ti ssue as sources of  DNA adduct s.  Prev iou s at tem pts

to  val idate per ipheral  blood whi te  ce lls as a surrogate t issu e

so u rce  for lung PAH±DNA adduc t  determ inat ions used DN A

iso lated from  tota l white blood ce lls. Approximate ly  70%  of

to ta l white  blood cel ls are  sh ort - lived granulocy tes, whereas  the

remaining 30%  are longer- lived lymphocytes.  Aromat ic  DNA

adduct  leve ls in  to tal  whi te blood ce lls were found to  be

associated nei ther  with  curren t cigare tte  sm oking (Phill ips et al.

1988 , 1990 , Garner  et al. 1990, Phil lips et  al. 1990), nor with

adduct  levels m easured  in  lung  ti ssue fro m th e sam e individu als

(van  Schooten  et al. 1992) . On the contrary, in other  stud ies ,

a romatic  DNA adduct leve ls from  lym phocytes were  found to  be

in c reased in  curren t sm okers (S avela and  Hem minki 1991) and

w e re  consistently  re p roducib le  by the 32P-post label ling assay

over  tim e (Savel a and Hemminki 1993) . Furt h erm o re , as

indica ted  by a  recen t  study (Wien cke et al. 1995) ,  lymphocytes

could be a  more valid  and re l iable  surrogate tissue  for  est imating

the burden  of  DNA adducts in  resp iratory  t issu e, in  as much as a

large corre lat ion  betw een tobacco-induced aromat ic DNA

adduct  levels de tect ed in  lung t issue from  31 lung cancer

pat ien ts and those  detected in  lymphocytes from  the sam e

individu als b y th e 32P-postl abell ing assay  was found.

T h erefore , val idat ion is re q u ired to  avoid system at ic  errors ,

and m etho dolog ical  a t tr ibu tes such as accuracy,

re p roducibili ty  ( in tr a-  and in ter- laboratory)  and feasibi li ty  of

using d iffe ren t  su rrogate  cel l  types and stored  sam ple s m u st  be

d et e rm in ed  b y a pp ropr iate ly  designed co llabo rat ive stud ies

before  the meth od can b e appl ied in  r isk assessm ent.

With the aim of com paring D NA add uct  levels betw een

lymph ocy tes an d total  W BC for the assessm ent of  cum ulative

ca rc in og en exp osu re  in  the workplace,  of  evaluating the

influence  of  storage and of  detecting potentia l  tools to

di fferenti ate  p ast  an d cum u lativ e ex po sure fro m  rec en t  an d
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on goin g exp osu re,  two I tal ian  laboratories analysed PAH±DNA

ad du cts  f rom to tal  WBC samples ( in  Bar i  laboratory) and PBL

sam ples ( in  P adua laboratory)  taken  from  77 coke-oven

w ork ers and 14 co ntro l  subjec ts,  using the nuclease  

P 1-enhan ced p ost labell in g m eth od.

METHODS

Laboratories and blood sampling
The two laboratories involved in this trial were that of L. Celotti at Cell Biology

Department, University of Padua, Italy and that of G. Assennato at Molecular

Epidemiology Unit, DI.M.I.L., University of Bari, Italy.

The study sample consisted of 77 coke-oven workers employed at a steel plant

located in southern Italy (Assennato et al. 1993). As a control group, 14 workers

who were not occupationally exposed to PAH were recruited from the same area.

A complete description of the features of the plant, of the job categories, of the

study population, as well as of the environmental measures and of all the

analytical systems used for the evaluation of different biomarkers, is reported in

the final text of the research supported by the European Commission, Steel and

Coal (Research contract no. 7280-01-04; Coordinator: Prof. Vito Foâ).

A trained interviewer completed questionnaires about smoking habits,

occupational history, alcohol consumption, medication and use of protective

equipment in the steel plant.

Duplicate blood-samples (25± 30 ml) were collected in heparinized plastic tubes

at the medical department of the plant and coded. One series was shipped to

Padua immediately where lymphocytes were isolated within 24 h. The other series

was centrifuged immediately in order to separate serum from cellular

components. Both these components from the second series were transported to

Bari where they were stored at ± 80 °C.

In the workplace, airborne B[a]P levels (range: 0.45± 4.84 m g/mc; median:

2.82 m g/mc), PAH (range: 3.6± 62.6 m g/mc; median: 27.09 m g/mc) and nitro-PAH

(range: < 0.01± 0.195 m g/mc; median: 0.029 m g/mc) concentrations were

monitored by occupational hygienists using personal sampling devices in two

different surveys. The relationships between the aromatic DRZ (Diagonal

Radioactive Zone) adduct levels determined in Padua on the whole coded

population under study and the external exposure, the cigarette smoking status

and the urinary 1-hydroxypyrene levels in the exposed individuals (range:

0.018± 5.587 m mol mol± 1 creatinine; median: 0.741 m mol mol± 1 creatinine), as

well as comparisons in adduct levels between controls and exposed are reported

in the work of Celotti et al. (1996).

Lymphocytes isolation (in Padua laboratory)
Lymphocytes were isolated within 24 h of sampling by a slight modification of the

technique described by Boyum (Boyum 1977). The blood, diluted 1: 1 with Hank’s

balanced salt solution (HBSS), was carefully layered over a Ficoll Hypaque

gradient (Sigma Chemical Co.) and centrifuged at 400 g for 40 min (Celotti et al.

1993). The interface of mononuclear cells, consisting of 85% lymphocytes and

15% monocytes was collected, washed three times with HBSS, and frozen at 

± 80 °C until DNA extraction. A small contamination of erythrocytes was present in

all the fractions separated by centrifugation, probably due to the 24 h delay in the

isolation of lymphocytes, but it did not interfere with DNA extraction from PBL.

WBC isolation (in Bari laboratory)
Cellular components received from the medical department at the coke plant

were stored in Bari for 2 years at ±  80 °C. WBC were then isolated by

centrifugation after incubation with 0.12 M NH4Cl to lyse the erythrocytes. DNA

was extracted immediately from the resulting WBC.

Reference-adducted DNA (in Padua laboratory)
3H-(anti)-B[a]PDE, specific activity 1941 mCi mmol± 1, obtained from the NCI

Chemical Carcinogen Standard Repository (Bethesda, MD, USA), and dissolved in

DMSO at the concentration of 0.33 m M, was added to unstimulated human PBL 

(4 ́  106 cells ml± 1) for 40 min in medium without serum. Treated cells were

washed and DNA was isolated. Purified DNA was hydrolysed enzymatically to

deoxynucleosides (Celotti et al. 1993). The level of DNA modification, as

determined by scintillation counting, was 395 adducts per 108 nucleotides. A

small aliquot of this reference-adducted DNA was sent to Bari on dry ice.

DNA extraction
In both laboratories, DNA was isolated according to a slight modification of the

salting out procedure described by Leadon and Cerutti (1982). The DNA

concentration was determined by measuring the absorbance at 260 nm and the

purity was checked by evaluating the absorbance ratio A260 : A280. This ratio was

always within the range 1.79± 1.91.

DNA adduct determination by 32P-postlabelling assay
DNA adducts were analysed by the nuclease P1-enhanced procedure with slight

modifications, according to the method described by Reddy and Randerath

(1986). Five m g DNA was digested for 3.5 h at 37 °C with 250 mU micrococcal

nuclease and 8 mU spleen phosphodiesterase (Sigma Chemical Co.) in a total

volume of 5 m l containing 10 mM sodium succinate and 10 mM CaCl2, pH 6.

Samples were then digested further with 2 m g nuclease P1 (Boehringer Mannheim,

Germany) in a total volume of 7.5 m l, containing 0.1 mM ZnCl2 and 0.06 M sodium

acetate (pH 5) for 1 h at 37 °C. After the addition of 2.5 m l 0.5 M tris base, the

DNA digest was labelled with 2 m l (20 m ci) [g -32P]ATP (5000 Ci mmol± 1, Amersham)

using 2.5 units of T4 polynucleotide kinase (Boehringer). The reaction was

terminated with 40 mM potato apyrase (Sigma) after 30 min. Purification and

resolution of 32P-labelled adducts were carried out by TLC on

polyethyleneimine± cellulose sheets (Macherey-Nagel, Duren, Germany).

Chromatography was done according to a published method (Reddy and

Randerath 1986) using the following solvents: Direction (D)1, 1.0 M sodium

phosphate (pH 6.8); D2, 3.5 M lithium formate± 8.5 M urea (pH 3.5) (opposite to

D1); D3, 1.2 LiCl± 0.5 M Tris± HCl± 8.5 M urea (pH 8.0) (perpendicular to D2); and

D4, 1.7 M sodium phosphate (pH 6.0) (directed as D3). The chromatograms were

visualized by autoradiography at ± 80 °C for 72 h, using intensifying screens.

Radioactive ink (seen as small spots at the edges of the chromatograms) was

used to align the developed autoradiographs with the TLC sheets.

Adduct levels were determined by excising areas from the chromatograms and

measuring their radioactivity by Cerenkov counting. Relative Adduct Labelling (RAL)

was calculated from the amount of radioactivity on the chromatograms, the DNA

amount loaded on the TLC sheet, and the specific activity of the [g -32P]ATP used for

labelling, according to the method described by Reddy and Randerath (1986). A

positive control of [3H]-(anti)-B[a]PDE± DNA standard, a negative control of calf

thymus DNA (Boehringer) and a sample without DNA were routinely assayed along

with experimental samples. The reproducibility of the method was tested in Padua

and Bari by repeated (triplicate) assays of each sample. The technical error,

calculated as the standard deviation of the three replicates pooled over all individuals

(Kahn and Sempos 1989), was 0.48 and 1.08 for total adducts, and 0.25 and

0.295 for DRZ adducts in Bari and Padua, respectively. The corresponding overall

coefficients of intra-assay variation were 19% and 21% for total adducts and 20%

and 21.5% for DRZ adducts. These values agree with previous recent studies in

which the reproducibility of the assay is reported (van Schooten et al. 1995).

Statistical methods
Univariate analysis, log-transformation of data and correlation coefficients were

determined with the EPILOG computer software package.

G. Brescia et al.334
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Results
Qualitative analysis
F or con tro l  WBC and PBL DNA sam ples, chro ma togram s

devoid  of  visib le  rad ioac tive spots  (Figure  1(A and B))  were

obtained ,  a l though, in  som e cases (4/14) , some faint spots

a rranged in  a  sim ilar  profi le  to  that  of  the exposed gro u p

a p p e a red.  T he presen ce  o f  these  spots  is con sidered to  be

indicat ive of  no n-occupational  externa l  PAH s sou rces (e.g.

sm o king,  ch arcoal -bro iled fo od consum ption,  en viro n m e n ta l

pollu t ion).  Samples of  calf  thym us D NA were  used as  furt h er

co n t ro l s an d w ere free  of  spots. T hese observation s sug ges t

that  the spo ts o bserv ed in  con tro ls re p resen t  PAH ±DNA

ad du ct s  an d  n o t  arti fac ts.

DNA adducts in coke workers 335

Figure 1. Representative autoradiograms of TLC maps of a control sample (A, B), of the reference (anti)-B[a]PDE-modified DNA (C, D) and of a coke worker (E, F) obtained

in the two laboratories (Bari and Padua, respectively).
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With (a n ti)-B[a]PDE-m odif ied DNA, bo th  laborato ries

ob served  the same character isti c major spot (Figure 1(C and D)),

a l tho ugh, a  secon d m ino r spot  was also evid ent  in

c h rom atograms fro m the P ad ua laboratory. We believe that  the

m ajor spot  re p resen ts th e main adduct  of  (a n t i)-B[a ]PDE to the

exocyclic  N2 posi t ion  of  g uanine,  and the m inor  spo t  a  less

stab le  (a n ti)-B[a]PDE  adduct ,  no t  a lways reco vered after  al l  the

ph ases of  the pro c e d u re .

DN A sam ples obtained  from  blood cel ls of  the exp osed

w orker s show ed evid ence of  arom atic  D NA  ad ducts  an d q uite

sim ilar  p rofi le o f  adduct spots w ere  detected for  WBC and

PBL. Autorad iograms from  the tw o labo ratories are  sh o w n  in

F igure 1(E and F).  T he  familiar  diagonal arr angement,  DRZ, of

th e rad iolab elled sp ots  w as apparen t .  T here  we re  variat ions,

h o w e v er,  in  the length and the width of  r adioactiv i ty  and in

c h ro mato graphic mo bil i ty,  sh arpn ess  and  reso lutio n o f  addu ct

spots .  T he pattern ,  indica t ive of  adduct  form ation  by  a

co m p lex  m ixture of  arom atic  com po und s,  was q uali ta t ively

sim ilar  to  those prev io usly seen in  other  studies of  PAH-

exp osed  wo rker s in  iron  foun dries (Ph ill ip s et  al. 1985), coke

ov ens (H em m ink i et al . 1990 ),  an d alum iniu m  plants  (Scho ket

et al. 1991) .

S om e sam ples c ont ained  areas of  diffuse  labelling or  sm ears

su gges t ing the presence of  m ult ip le ,  poorly reso lv ed  ad du ct s,

result ing f rom  the covalent  bind ing to  DNA  of many diffe re n t

chem ical  co mp oun ds with  sim ilar  charact er is t ics (Ph il l ips  e t

al. 1985, 1988). S im ilar  adduct prof i les  have been o btain ed

following the applicat ion of  carc ino genic m ixtu res of  PAH s to

exp erim ental  an im als (Rand erath et  al.  1988, Schoket et al.

1988).

In  a rel evan t  fraction of  the DNA sam ples (54%  and 30%  for

WBC and PBL, respecti vely) ,  an addu ct  spot , m apped  in  the

DRZ  and  with s imilar  chro matographic m obil i ty  to  that

ob tained with  (a n t i)-B[a ]PDE-m odified DNA, was detect ed .

H o we ve r, no further  character izat ion was at tem pted.

O th er add uc t  sp ots  were  detected outside t he diag onal

zone.  In  order  to  im prove the quali ta tiv e com pariso n,  the

adduct spots of  the T L C pla tes were  m ap ped  in to sp ecif ic

a reas,  as fol lows. T he plate  was divided into three reg ions as

sho w n in F ig ure 2:  area 1 = DRZ; area 2 = left of  DRZ; area  

3 = r ight of  DRZ . In m ost of  the DNA samples (80%  and 76%

for WBC and  PBL, respectively)  ad duct  spots  in  area 2  were

detected by both laborato ries.  Addu ct  spots  in  area 3 w ere

o bserved only in  1 5%  of the W BC DNA  sam ples,  and none in

PBL DNA.

In conclusion,  a lthough a quali tat ive agreem en t is  app are n t ,

in  o rder  to  perform  a stat is tical ly  correct  quali tat ive

evaluatio n, i t is necessary  to  ach ieve a  speci f ic  com par ison  for

each sam ple and  to  defin e m orpho m etric  p aram eter s.

Quantitative analysis
T he sam e referen ce-adducted  DNA with a  modification level  of

395  adducts p er  108 nucleotides  was used  in  both laboratories .

T he  RAL  values (number  of  adducts per  108 n ucleotid es)

calcu lated af ter  having perform ed  the  3 2P-postl abell ing assays

w e re  com p ared with the expected  valu es  obtained by

sc int i lla tion counting,  and thus,  label l ing eff ic iencies  were

d et ermin ed . Mean  (‰SD) labell ing  eff iciencie s of  45.6% 

(‰1.93%) and 45 .8% (‰1.37% ) were ob ta ined in  Padua and Bari ,

respectively.  T he  in tra-class corre la tion coeffic ient  (rÂ) between

the two se ts  of  measurements obtained  in  the tw o laboratories

w as det erm ined  in  o rde r  to  assess the inter-l aborato ry

re p rod ucibil i ty. A very  good re p roducibili ty (rÂ= 0.924) was

observ ed .

T he addu ct  lev els determ ined in  WBC and PBL  for  both

co n t ro l  and  ex po sed ind ividua ls  are  sh ow n in F igu re  3. T he

RAL  m eth od of  qu an ti ta t ion was used,  basing the

d et e rminat ions on the spec if ic  act ivity  of  the [3 2P]AT P

p ro vid ed by the com m erc ial  su pplier  (A m er sham ).  T he low es t

co n t ro l  value o btained w as  0.09  adducts  per  1 08 n u cl eo tid es

an d  thi s  c om pa res  closely w ith  the arbitrary  contro l  value of

0.01  add ucts  in  108 n ucleo tid es qu oted  b y P h il l ip s  and

Cas tegnaro  (1993). T he main statist ics of the analys is are

sh o w n in  Table 1 .

Both  laboratories observed  large inter- ind ivid ual  v ariat ion s

of adduct  levels am ongst  the 80 coke worker sam ples  ranging

from 0.69  to 6.06 ( in  WBC) and 0.86  to  18 .93  ( in  PBL).  These

m ay  be re lated to  metabolic  diffe rences between  ind ivid ual s or

to  differen t  e xp o su re  p atterns. In  the contro l gro up ,  a  m e an

adduct  level (range)  of  0 .3  (0 .09±0.57) and  2.00 (1.15±3.53) per

1 08 nucleotides was obta ined  for  WBC and  P BL , resp ectiv ely.

T he  m ean  n um b er of  ad du cts  an d the  s tan dard  deviat ions of

G. Brescia et al.336

Figure 2. The autoradiograms were divided into three areas for mapping the

adduct spots.

Figure 3. Total PAH± DNA adduct levels of individual coke-oven and non-oven

workers obtained from total WBC (+ ) and PBL (* ). The number of adducts in 108

nucleotides is arranged from the lowest to the highest values determined in WBC.

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



the  two overal l (exposed  + controls)  sets of  data were 2.48 ‰1.27

an d 5 .1 3 ‰3.37 in  108 nucleo tides for  WBC and P BL ,

respecti vely.

P earson ’s  correlat ion was applied for  the sta t ist ical  analysis

of  the log- transform ed  data  obtained fo r  the tw o ce l l- types:

WBC and PBL. Moderate correlat ion  was foun d, th e

c o rre lat ion coeff ic ien t being 0.39 (p < 0.01) . An analysi s of  the

agreem en t w as c arr ied ou t  by determ ining the intra-class

c o rre lat ion coeff ic ien t  (rÂ), used to  asse ss  the concord a n c e o n

quanti ta tive sca les,  which w as  equal  to  0 .05,  so indica t ing a

poor agree m e n t.

A further  in ter- laboratory  compar ison w as  m ad e for  30  coke

workers’  sam ples,  for  which  DRZ RAL  levels (adduct  spots

located  on the diagonal  zo ne of  the chrom atogram ) were

quantif ied in  addit ion to  the total  RAL  levels ( total adduct

spo ts  o n the chromatogram) (F igure  4) . In sp ite  of  th is

relat ively small  num ber of  samples an alysed, a  correlation of  

r = 0.54  (p < 0.01 ) and  an agreem ent of  rÂ= 0.50 were  o bt ain ed

between th e laboratories . T he m ean levels  (‰SD) of DRZ RAL

w e re 1.24  (‰0.88) and 1.37  (‰1.69) in  108 n ucleotides in  W BC

and PBL , respec tively (Table  2).

Repeat  post labelling assays were  pe rfo rmed on a  se t of  10

W BC D NA sam ples r andom ly sel ected from  those al iqu ots that

h ad bee n st ored in  Bari a t ±80 °C for 2  year s.  An analysis of the

c o rre lat ion an d the agreem en t between this an d the f ir st  D NA

a dd u ct  d et erm in atio ns was carr ied out . Both the correl at i on

and  the agree m en t  w e re  very  high (r = 0.93 and 0.94 ,  p < 0.001,

rÂ= 0.92 and 0.93  for to tal  and DRZ  adduct  leve ls, respec tively) ,

so  indicat ing  an  excellent  agreem en t betw een  a dd uct  lev els

m e as u red 2  years ap art  in  D NA sam ples stored at  ±80°C.

Discussion
3 2P-post label ling assays have  been used  widely for  the

detection and es tim at ion of  arom atic±DNA  adducts  in

bio logical sam ples.  T he  types of  PAH-exp osed o ccup atio nal

grou ps s tu di ed includ e fou nd ry,  co ke ov en and  alum iniu m

workers  (Hemm inki et al. 1990, – vreb o et  al . 1992 , Grzy bo wska

et al. 1993, San tel la  et al. 1993, Perera  et al. 1994, – vrebo et  al.

1994, – vreb o et  al . 1995) , roof ers, bus garag e, term inal  w orkers

and car  mechanics (Hem m inki et al. 1 994),  and chim ney

sweeps (I ch iba et al. 1994). In  many  of the se  groups of  workers,

elevated levels of  arom atic  D NA adducts have been found in

white blood cell s or lym phocytes,  a t levels ranging from 1 to  10

add ucts  p er  108 nucleotides.  In  three  studies of  coke-oven

workers,  the m ean DN A adduct  levels,  measured by the 32P-

post labell ing assay,  w ere  1.67,  6 .1  and  11.6  per  108 nu cleot ides,

resp ectiv ely  (– vrebo et al. 199 2, Grzybow sk a et al. 1993,

H em m ink i et al. 1990). However, none of  these  studies were

ab le  to def ine a sta tist ically signif ican t corre lat ion betw een  the

adduct  levels and  extern al  exp osure ,  and rel at ively wide in ter-

individual v ar iat ion in  adduct  levels w as  observ ed .

In  o ur  s tud y,  w e app lied  32P-post labelling assay to  blood

sam p les f rom  77 coke-oven w orkers  occu pat ionally-exposed to

PAHs and from  14 co ntro l  subjects.  The results  fro m  tw o

independ en t laborator ies (Padua an d Bari)  were  an aly se d in

o rd er  to  ad dress  the m ethodologica l  issues of  using differe n t

cel l- types (W BC in Bari labora tory  and P BL  in Padua

lab orato ry)  and of storage time lags.

We found that  b lo od sam ples taken from  the sam e w orker s

general ly  gave the sam e ad duct  profi les irre spec tive of  the

test ing laboratory.  Samples general ly  gave the character ist ic

diagonal zone of rad ioactivity (DRZ ) observ ed  by other s

(P hil l ip s et  al. 19 85, H em min ki et al. 1990, Schoket  et al. 1991)

in  PAH-exposed  workers. T hese  f indings suggest that W BC or

PBL, fre sh or  s tored b lood  sam p les,  are  acceptable for  sim ple

qual i tat ive analysis of  arom atic±DN A addu cts  in  cok e- oven

wo rkers .  How ever, our s ta t ist ical  metho ds h av e identif ied

several  issu es  that  show  that  furt her  s tan da rd izat ion o f  tes t

m ethod s is needed for  th e 3 2P -pos tlabell ing assay to  be a

re l iab le  quantita t ive biom onitoring tool .
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Cell-

type Meana SDa CV (%) r (log) rÂ

PBL 5.13 3.37 65

(Padua laboratory) 0.39** 0.05

WBC 2.48 1.27 51

(Bari laboratory)

Table 1. Distribution of total aromatic adduct levels measured in total WBC

and PBL for 77 coke-oven workers and 14 controls, and summary statistics.
a Adducts per 108 nucleotides.

** p < 0.001.

Figure 4. DRZ DNA adduct levels obtained from total WBC (+ ) and PBL (* ) on 

30 coke-oven workers. The number of adducts in 108 nucleotides is sequentially

indicated on the basis of increasing levels measured in WBC.

Cell-

type Meana SDa CV (%) r (log) rÂ

PBL 1.37 1.69 123

(Padua laboratory) 0.54** 0.50

WBC 1.24 0.88 70

(Bari laboratory)

Table 2. Distribution of DRZ aromatic adduct levels measured in total WBC

and PBL for 30 coke-oven workers, and summary statistics.
a Adducts per 108 nucleotides.

** p < 0.001.
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T he com parison of  total arom atic  DN A add uct  levels

indicated that  th e two  se ts of  data , even if  m oderately

c orrelat ing,  were  nu m er ical ly  different  (r = 0.39 vs rÂ= 0.05).

We h y po the size an d pro vide ev idence th at  this  cou ld b e due to

the use of  differen t  cel l- types as DN A source  ( to tal  W BC in

Bar i  and PBL in  Padua).

Lym pho cytes and  gr anulocytes are  believed not  to  play a

signif icant ro le  in  the m etabo lism of xenobiotics and th ere  is

no  evidence that  they differ  in  their  capaci ty  to  metabolize

PAHs. How ever, s ince they have the longer  l i fe-span in  blood,

ly m ph ocy tes m ig ht  prov ide the m ore  sensi tive tool for

assessi ng cu m ulative internal  dose f rom long-term  ex p o su re .

F u rt h e rm o re , recent  s tudies ind icate  that  a  large fracti on  of

blood lym phocytes m igrates  to  different  n on - lym p ho id  o rg an s

such as lung , in tes t ine, liv er,  and only s lowly  redistr ibu tes to

peripheral blood (Pabst  and Binns 1989, P abst et al . 1993). T he

p ro long ed resid ence of  lym phocytes in  the capil lary  n etw ork

of these  organs is pred icted  to  result  in  a great er  expo su re  to

xenob iotics  than w il l  occur in  granulo cy tes .  In  supp ort of  this,

D NA ad duct  levels  in  the b lood o f  sm okers and in dividuals

fro m a p ollu ted indu st r ia l  reg ion  of  Po land have been found to

be greater  in  the lym phocytic  than the granulocytic  fr ac t ion

(S avela  an d H em m ink i 199 1, 199 3, Mu sto nen and  Hem m inki

1992, Grzyb ow ska et  al. 1993,  Mol ler  et  al. 1996). In  the P ol ish

s tu d y,  a  stro n g seasonal  var iat io n in  exp osure  was re vea led  i n

addu ct  levels  in  ly mp hocytes bu t  not  granu locytes.

A co rre lat ion has been found  between DN A ad duct  levels  in

bloo d m onon uclear  cel ls and  tobacco-carc in og e n ind u ce d

genetic  d amage in  hu man lung (Wien ck e et al . 1995).  However,

in  other  studies,  to tal W BC arom atic DNA  adduct  levels  have

been foun d to  be associated neither  w ith cu rrent  cigare t te

sm oking (Phil l ips et  al.  1988 , 1990 , Garn er  et al.  1990), nor

w ith  a dd uct  le vel s m easu red  in  lung t issue fro m  the  sam e

in dividuals  ( van  S choo ten et  al.  1992). Our resu lts for  tota l

WBC and PBL  DNA adducts bel ieved  to  ar ise fro m  wo rkp lac e

e x p o su res com plies  with these  earl ier  f indings.  In  th e

com parison  of  the D NA add uct  levels determ ined  f rom PBL in

P adu a an d from total  W BC in  Bar i , the correlat ion lev el  was

only s l igh t and the agreem ent level  w as po or. Moreo ver,  the

m ean ind ividual  total  D NA  addu ct  level  determ in e d in  P ad u a

from  ly mp hocytes was sig nif icantly  h igher than that

d e te rmined in  Bari  from  total WBC (5 .13 vs 2 .48 per  108

nu cleotides,  test  t = ±6.9 , p < 0.001) ,  and,  in  82%  of the

indiv iduals,  th e adduct  levels  obtained in  P BL  were  high er

than  those  in  total W BC. We bel ieve that our  resul ts  pro v id e

som e ev iden ce th at  D NA  ad ducts  m easure d in  l ym p h ocy te s

m igh t be considered as  indicator s o f  the cu mu lat iv e dose

result ing f ro m long- t im e exp osure ,  wh ereas D NA  ad duct s

m e a su red in  total  wh ite  b lood cel ls cann ot.

In  addit ion to  the eff ect of  the variat ion between  cel l  types,

bo th int er- laboratory  differences a nd sto rage con dit io ns cou ld

ha ve in fluenced  th e d ivergence b etween the tw o se ts of  data .

H o we ve r, we believe that  these  two factors had a  re la t ively

l o w, if any,  influence on the difference of  DNA adduct  levels

between th e two labo ratories.  A lthough  i t  sh ould be ev ident

that  sam ples  m ay  deterior ate  on storage and that  the stabil i ty

of DNA  adducts m ay decrease  over a long period, there  is  no

ov eral l  consensus reach ed on thi s m atter.  In  our invest igat ion,

we detected a  very  good  agreem en t (rÂ= 0.92 and 0.93  for  total

and D RZ  adducts,  respectiv ely)  between WBC DN A adduct

lev els  m easured af te r a lag time of  2 year s storage at  ±80°C in  a

grou p of  10  random ly se lected samp les. T his  sug ges ts that

sto rage at  ±80 °C for 2  years had no effec t on the stab il ity  of

a ro m atic  D NA  ad ducts ,  an d consequ ently,  d oes n ot  contr ibute

to the discrep ancy  o bserved in  D NA  add uct  levels  betw een

P ad ua an d Bar i .

We believe that  systematic  variat io ns between the tw o

laboratories could have accoun ted for  only a  small  port ion of

the differences detected,  as  th e com par ison  of  the adduct

lev els  m easured in the two laboratories  for  the same (a n ti)-

B[a ]PDE -modif ied  DNA gav e a very good agreem ent  (rÂ=

0.924),  so  indica t ing a  high inter- laboratory  re p ro du cib il i ty.

F in ally,  it  is  intere st ing to  note  that  inter- laboratory

com par iso ns of  add uct  lev els im prov ed  co n si derab ly  w h en

th ey  we re l imited to the DRZ  instead of  total  adducts (r = 0.54

a n d  rÂ= 0.5 0). I t could be speculated that  the adducts in  the

DRZ migh t re p resent  th e m ost  re p ro ducib le ,  spec if ic  m arker

fo r  occu pational  ex posure  to  PAHs,  regard less of  the cel l- type .

T his is in  agreem ent with  o ther  evidence re p o rted in  l i teratu re

on th e ch ar acter ist ic  pat tern  o f  add uct  spots  d et ec ted  in  PAH-

exposed w orkers  (P hil l ips  et al . 198 5, H em m ink i et al . 1990,

S chok et  et al . 1991) .

In  conclusion,  w e have observed  a  variat ion in  the levels  of

a rom atic DNA  ad ducts  in  lym phocytes and W BC fro m  PAH-

exposed w ork ers.  Th is in ter-cel l  variation is  consistent  w ith

findin gs re p o rted by  other s o n D NA  addu cts  in  sm ok ers and

ind iv idu als  exp osed  to  en viro nm ental  p ollutan ts .  T h us,  o ur

fin din gs prov ide furth er  indi cat ion that  there  is a  pressin g

need fo r  s tand ard izat ion  of  the m eth od an d d efined  qu al i ty

co n t rol  of  the 3 2P-post labe ll ing assay.  In  part icu lar,  ca re  s h o u ld

be taken  with cell - typ e identi ty  and the range of  adducts being

m o n ito red  (e .g . DRZ or  total  adduct  leve ls) .  Only  af ter  th is  has

been  achieved,  can m ult icentr ic  collab orat ive tr ia ls be

design ed to  inv est ig ate  D NA  ad ductio n in  hu m an p opu lat ion.
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