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The potential carcinogenic effects of exposure to diesel engine
emissions (DEE) are of growing concern. Due to the use of
diesel equipment in underground mines, DNA adducts in
peripheral blood mononuclear cells have been measured using
the 32P-postlabelling technique in workers from two coal mines
(A, B) in NSW, Australia, before and after a period of more
intense exposure (long wall change out, LWCO). DNA adducts
were readily detected in all workers. At Mine A, in the 89
participants before LWCO, no significant difference was found
among the groups categorized by exposure levels. However,
significantly higher concentrations of total DNA adducts were
observed in the specific job categories, ̀ miners and loadmen’,
and `machinemen, drivers and shiftmen’ and in the smoking
group. On comparing total DNA adducts before and after
LWCO in a small number of workers, a significant increase was
also found. At Mine B, before or after LWCO, the total DNA
adduct levels showed no significant difference among groups
categorized by exposure conditions, smoking status, job
categories and job time length. However, the total DNA
adducts for the 61 subjects were significantly increased
(geometric means) from 297 to 389 amol lg± 1 DNA after LWCO
(p < 0.0001, paired t test). Some individual adducts were also
elevated to a greater extent (p < 0.05, paired non-parametric
test, Wilcoxon signed rank test). Furthermore, using
generalized estimating equations for adjusting all factors
across the observation period, no particular factor showed any
significant interactive effects. Given the association of
exposure to DEE with lung cancer and the apparent increase in
adducts during a period of intense DEE exposures it would be
prudent to pay particular attention to keeping exposures as
low as possible, especially during LWCO operations.

Keywords: DNA adducts, human peripheral blood mononuclear
cells, diesel engine emissions, 32P-postlabelling, coal miners.

Introduction
Diese l eng ine em issions (DEE ) conta in  a number of  arom at ic

co m po un ds in clu din g po lyc ycli c  aro m at ic  h yd roca rb o ns

(PA Hs) and nitro-PAHs, both  of  which are  w ell -d o cu m en ted

classes  of  genotoxic  carc inog ens in  exp erimen tal  anim als

(IARC 1989, Gallag her et  al.  1991 ).  Hum an exposure  to  PAH s,

such as benzo [a]py rene (B[a ]P ),  has been and continues  to  be

of  occu pational  and enviro nm e ntal  co nc ern .  A lth ou gh

considerab le  occup ational  data  hav e been re p o rted ,  m o re

stu die s are  req u ired to  clearly  evalu ate  the hazards and r isks of

DEE  exposures . Diese l-powered  eq uip m ent is  u sed  ex ten si vely

in  m in in g an d  t he  u nd ergrou n d use is  co nsid ered to  be

associ ated w ith hig her expo su res . Since DN A is  the cel lular

m a c ro molecule  believed to  be the most  c lose ly involved in

ca rc inogen es is , modification ( add uct  form ation)  of  DNA by

ca rc inogens appears  to  b e direct ly  re levan t  to  poten tial  tu m our

form ation  i n  bo th ex per im e nta l  a nim a ls  an d hu m an s

(Gal lagher et  al.  1991, Beach and Gupta  1992).  Therefore ,

quanti ta t iv e indicator s of  undergrou nd m ine rs ’  ex posu re to

DEE  would be ex tremely  useful  in  r isk  assessmen t stu dies.

In  hum an s the l ung  is  th e pr im ary  targe t organ for  cancer

from DE E exposure (IARC 1989). In  exper imental  an imals the

ca rc inogenic effect s of B[a ]P have been intensively s tud ied an d

sh ow n to  ind uce a  wide ran ge of  tu mo ur s t hat  d epend to  a

ce rtain  extent  on th e route  of  ad ministrat ion.  How ever,  th e

ta rget  t issues  for  m any  chem ical  ca rc ino gens are  not  re ad i ly

accessible  for  monitoring exposure  in  hu m ans,  so so m e other

t issues, such as p eripheral  white  blood  cel ls,  hav e been

invest igated as  possible  surrogates. T he  avai lab le  da ta fro m

p rev iou s pu bli cat ion s and  o ur  s tud ies h ave dem on strate d t he

ap plicabil i ty  of  peripheral b lood m ononuclear  cel ls  (PBMN s)

for estim ating expo sure  in  the target organs (G upta an d

Randerath 1988, Ross  et al . 1990 , Nesnow  et al . 1993) . I t was

th e refore decided  to  invest igate the levels of  DNA  adducts in

PBMN s of  undergro und miners exposed to  DE E  to  determ in e

levels of  D NA adducts in  thei r  w hite  blood cel ls.

S peci f ically,  i t  w as d ec ided to  determine (1)  i f  DNA adducts

a re  p resent in  PBMNs from coal  m iners exposed  to DEE; (2) if

t h e re is  a  dose±resp o nse  re lat i on sh ip  b etw een  ex po sure  a n d

adduct levels;  (3)  i f  adducts are  detected , w hich jobs are  m o st

associated  with high leve ls; (4)  i f  DNA adduct  levels are

al tered with ch anges in  w ork place co ndi t ions t hat  ch ange

levels of  DEE  exposure .

T he ch an ge in  w orkp lace con dit ions that  was se lected for

invest igat ion w as  the long w al l  change o ut  pro c e d u re .  W he n

m in ing at  one si te  is com pleted the lon g wall  m ining

equip m ent is  t r ansferred to  the nex t  s i te .  T his involves

intensive use  of  heavy  equip m en t,  diesel  po were d in  t he se

mines,  over a  2±3 week  period to  m ove to  the new si te.  I t  is

w id ely  an d read ily  accep ted in  the  in du st ry  that  t his operat io n

results in  a  period  of  consider ably increased  ex po su re  of

miners to  DEE. As it  was a rou tine op erat ion  at  the mines i t

p ro v ide d th e op po rtun ity  to  exam ine chang es in  addu cts  in  the

sam e m iners before  and im mediately after  this  period of

in c rease d ex po su re .

MATERIALS AND METHODS

Chemicals and reagents
Proteinase K, RNase A, T1, micrococcal nuclease (MN), spleen

phosphodiesterase (SP) and redistilled butanol were purchased from Sigma

Chemical Co. (St Louis, MO). T4 polynucleotide kinase (PNK) (3Â -phosphatase free)

was provided by Boehringer Mannheim Biochemicals (Indianapolis, IN). Ficoll-

Paque was supplied by Pharmacia LKB (Uppsala, Sweden). Machery Negel

PEI± cellulose thin layer chromatography (TLC) plates were purchased from Alltech
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Associates (Australia) Pty Ltd (Sydney, Australia). [g -32P]ATP was purchased from

Du Pont (with specific activity 3000 Ci mmol± 1). All other chemicals were of

analytical grade.

Worker characteristics and exposures
Male miners from two mines (Mine A and Mine B) located in New South Wales,

Australia, were invited to participate in the study after agreement with

management and unions. Workers were divided into non, low, medium, and higher

exposure categories (for DEE), on the basis of discussions with the workers and

the relevant safety officer and worker representatives. The participants included a

variety of personnel from different locations in the mines. Before and after long

wall change out (LWCO) were defined as time 0 and time 1, respectively. To enable

further statistical analyses, based on a similarity of working conditions and the

estimated exposure levels, all participants were classified into five specific job

categories, job 1 (fitters), job 2 (loadmen and miners), job 3 (deputy, underground

managers, shift managers, engineers, electricians and surveyors), job 4

(machinemen, driver, shiftmen and mechanical unit) and job 5 (clerk, surface,

lamp cabin attendants, planning coordinator, safety training coordinators and

boiler markers who were normally working in non-DEE exposure conditions). The

job length for both mines was classified in 5-year intervals. Other relevant

personal information, such as smoking history and medication, was also collected

via questionnaires.

Human PBMNs isolation
Human peripheral blood was obtained from the antecubital vein of the study

participants. The PBMNs were isolated following the method described previously

(Boyum 1977). The isolated cell pellets were quickly frozen in liquid nitrogen and

kept at ± 80 °C until DNA isolation.

DNA isolation
PBMNs were homogenized in 2 ml of 50 mM Tris± HCl/10 mM EDTA buffer (pH 8.0)

to prepare RNA and protein-free DNA as described previously (Gupta 1984, Beach

and Gupta 1992). The concentration and purity of DNA were measured by

spectrophotomer using the A260 value (1 A260 unit = 50 m g DNA), A230/A260 ratio

(0.40± 0.45) and A260/A280 ratio (1.80± 1.85).

32P-Postlabelling analysis of DNA adducts
32P-Postlabelling analysis of DNA adducts was performed by previously developed

methods (Gupta 1985, Reddy and Randerath 1986, 1987, Gupta and Randerath

1988) but with some modifications as follows (Qu and Stacey 1996).

MN and SP digestion

Ten m g of isolated DNA was dissolved in 10 m l MNSP 1 ´ buffer (20 mM sodium

succinate, 10 mM CaCl2, pH 6.0) followed by addition of 2.5 m l MNSP enzyme 

(1 m g m l± 1 each enzyme). After 3 h incubation at 37 °C, the digest was diluted to

25 m l with double distilled water (0.4 m g DNA m l± 1).

Butanol extraction

Twenty m l of the above diluted digest was mixed with 20 m l of 100 mM ammonium

formate, pH 3.5, 20 m l of 10 mM tetrabutylammonium chloride, and 140 m l of

water. The mixture was extracted twice with 200 m l of 1-butanol. The combined

butanol extracts were washed three times with 350 m l of water (butanol

saturated). After adding 5 m l of 200 mM Tris (pH 9.5) the butanol extract was dried

using a Dynavac freeze dryer (Sydney, Australia).

PNK reaction

Dried residue was redissolved in 10 m l double distilled water to obtain a final DNA

concentration of 8 m g/10 m l. Half of this was used for the PNK reaction. After

adding 5 m l ̀ hot mix’ (consisting of [g -32P] ATP 3 m l, 30 m Ci; PNK 0.3 m l, 3 units;

10 ´ kinase buffer 1.0 m l and double distilled water 0.7 m l), incubation was carried

out at 22 °C for 1 h.

Mapping of adducts

PNK reaction mixture (8 m l) was spotted on the TLC plate that had been

prewashed with double distilled water. The TLC plate was developed in different

solvent systems, named D1, D3, D4 and D5 as detailed in the relevant figures.

The same TLC plate was used to run the two samples simultaneously (before and

after LWCO) for each worker.

Mapping of total nucleotides

The diluted post-MNSP DNA digestion (0.4 m g m l± 1) was serially diluted with distilled

water (final concentration was 0.2 ng m l± 1). An aliquot (6 m l) of this diluted solution

was labelled with 3.0 m l of ̀ hot mix’ (described as above) and was further diluted to

60 m l (0.02 ng m l ± 1) with 10 mM Tris/5 mM EDTA, pH 9.5. The diluted labelled

solution (5 m l) was then spotted on a TLC plate (5 ´ 10 cm size) and developed with

0.3 M lithium chloride to the top. After soaking in a container supplied with running

water for 5 min, the sheets were dried, and developed with 4.5 M ammonium

formate, pH 3.5, to 5 cm from the bottom edge (Gupta and Randerath 1988).

TLC chromatography and measurement

DNA adducts and total nucleotides on the TLC plates were visualized using a Bio-

Imaging Analyser with BAS 1000 workstation and quantified by MacBas version

1.0 software from Fuji Photo Film Co (Tokyo, Japan). Relative adduct labelling

(RAL) values were calculated via the total nucleotides, and then converted to amol

m g± 1 DNA adducts (Gupta 1985, Gupta and Randerath 1988).

Statistical methods
Total DNA adducts, the sum of the individual adduct levels, was used as the main

outcome variable. Descriptive statistics for the distribution of total adducts were

computed overall and also for categories of each of the explanatory variables: job

category, exposure level at time 0 and time 1, smoking status and length of time

in job.

Linear regression was used to test for an association between loge (total DNA

adducts) at time 0 and each of the explanatory variables. Because the distribution

of total adducts was very skewed, the logarithmic transformation was required to

meet the normality assumption underlying the regression method. A difference in

loge (total DNA adducts) between groups would indicate a multiplicative effect

between geometric means for those groups. All explanatory variables except

l̀ength of time in job’ were treated as categorical, with ǹon-smokers’, ̀ non-

exposure’ and ̀ job 5’ being the referent category for each variable. For each

categorical variable, the model estimates give the difference in loge (total DNA

adducts) between the category and the referent group. For instance, an estimate

of 0.27 would represent a 31% higher level in that group relative to the referent

(based on e0.27 = 1.31).

Multiple linear regression was used to examine the simultaneous effect of the

explanatory variables on loge (total DNA adducts) and to derive the most

parsimonious model through backward elimination of non-significant variables. A

significance level of p < 0.1 was used as the criterion for retaining variables in the

model to identify possible associations. In the multiple linear regression analyses,

the exposure variable was treated as a trend (continuous) variable to avoid

mathematical difficulties of collinearity with the job category variable.

Changes in loge (total DNA adducts) between time 0 and time 1 were analysed

at Mine B using a paired t-test. Regression models of the difference in loge (total

DNA adducts) (time 1± time 0) were also fitted to test for an association between

changes in adduct levels and smoking status, job category, time in job and

reported exposure level at time 0. Because reported exposure levels varied with

S.-X. Qu et al.96
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DNA adducts in coal miners 97

time and some reported exposures were in fact lower on the second assessment,

Generalized Estimating Equations (Zeger and Liang 1986) were also used. These

models are designed to take into account correlation between observations for

the same individual over time and are hence appropriate for the analysis of

longitudinal data such as that obtained in this study. One of the major advantages

of this approach is that covariates, such as level of exposure, can take on

different values at different time points. For two time points, this approach

reduces to a regression model of the difference in loge (total DNA adducts)

between time 0 and time 1 when the covariates do not change with time. These

models were fitted using the SPIDA statistical package (Gebski et al. 1992).

Results
F or the 89 workers at  Mine A w ho part ic ipat ed in  th e s tudy  at

t im e 0,  seven w orkers  were  followed  up  at  time 1 (afte r LWCO).

A t Mine B, data  were avai lab le at  t ime 0 for  75 workers,  of

w h o m  61  w ere  fol low ed  up afte r  LWCO. Data for  the two mines

h ave b een an alysed separately.

Mine AÐ time 0

General information on miners

Of  the 89 part ic ip ants  a t  this  m ine,  2 6%  were  sm ok er s an d

3 5 %  w ere  ex- smokers.  The nine `surfacemen’  (10%  of

workers)  were  classi f ied  as having `no exposure’ . One- th ird

(34% ) was classi f ied  as ` low’  exposu re ,  32% as `medium’

e x p o su re and 24 % `high ’  exposure . Two of  the job  cat egories,

`m iners  an d loadm en ’  ( job 2)  and `m achinemen, driver  an d

shif tm en ’  ( job 4)  included  55%  of  the total  part ic ipant s.  T hese

jobs w ere  g en er al ly  co nsidered to  be associated with h igher

e x p o su res.  Over ha lf  of  the part ic ipants  ( 56% ) h ad w orked in

the m ine for  mo re  than 10 years .

Total DNA adduct levels

T he pat terns of  DNA adducts on the T LC sheet are  sh o w n  in

Fig ure 1.  O veral l , the mean log
e

( to tal  DNA adducts)  for  the 89

workers was 5.1 (SE  0.06)  corre spond ing to  a  geom etric  m ean

of 165.5 with  95%  CI (147.3±185.9) .  Univariab le linear

regress ion m odels  sh owed a sign if icant  posi t ive associat ion

betw een  total  ad ducts  and sm okin g status (p = 0.04),  job

ca tegory (p = 0.03) and a  negative associat ion with  length of

tim e in  the job  (p = 0.03) (Table 1) .  A dduct  levels for  sm okers

w e re on average 31%  higher than  for  non-sm okers,  but levels

in  ex- sm okers were  ap p roxim ately 90%  of the levels  in  non-

sm ok ers.  Workers  in  job ca tegories  2  and 4 had  levels

a p p ro xim ately 60%  hig her than su rfac emen (job  5) . Total DNA

ad d u ct s  d ec reased with length of  t ime in  the job.  T here  w as n o

sign if ican t  associat ion betw een total  DNA  adducts and

Figure 1. 32P-postlabelling chromatograms of DNA adducts in human PBMNs from Mine A. (a) Non-smoker, (b) smoker, (c) job 5, (d) job 2 and (e) job 4. # Sample ID

number. The origin of each chromatogram is at the lower left corner. TLC developing solvents were D1 (1.0 M sodium phosphate, pH 6.8), D3 (3.6 M formic lithium and 8.5
M urea, pH 3.5), D4 (0.8 M lithium chloride, 0.5 M Tris and 8.5 M urea, pH 8.0) and D5 (1.7 M sodium phosphate, pH 6.0). Chromatography was carried out on 10 ´ 12 cm

PEI± cellulose plates. Exposure times were 3 h at room temperature.
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S.-X. Qu et al.98

re p o rte d ex p osu re level , ei the r  fi t ted as a  ca tegorical  var iab le

(p = 0.33 ) or  a tren d (p = 0.19 ) (Figure 2).

Results  from  the mult ivar iab le  l inear  reg ressio n model  (Table

2)  were  consistent with  the linear  regre ssion resul ts given above.

Given  the other  var iab les in the model,  the  estimated  total

adduc t levels for  smokers were  37% higher than for  

non-smoker s. No sign if ican t di fferen ce between ex-smokers and

non-smokers was found in this  m odel . Tota l adduct levels for  job

cat egor ies 2  and 4 were estimated to  be  approx im ate ly 50%

higher than  for  surf acem en, and total adduc ts again  showed a

negat ive  asso ciat ion  with length of  tim e in  job . Inclusion  of  the

ex po sure var iable in  the model resu lted in  no change to  the

other coeff ic ients and  the increm en tal  F value for  the  exposure

var iable of  0.0003  was clearl y non- signi fican t (p  = 0.99).

Mine AÐ comparison of time 1 and time 0
T h ere  w e re  just  seven p art ic ipan ts  a t t im e 1, w ith  six  of  them

sho wing  an  inc rease  in  to tal  DNA adducts . In  a  pre l im in ary

est imate with  a  p aired  non-param etr ic test  for  these seven

workers, the geometric  mean at  tim e 1 is signif ican tly  di ffere n t

from t im e 0 (456 vs 330 amol m g±1 DNA, n = 7, p = 0.0469) .

Mine BÐ time 0

General information

A p p roxim ately on e- third  of  th e p art ic ip an ts  w ere  sm ok er s an d

2 1 %  w e re  ex-sm okers.  Four workers (5% ) were  classi f ied  as

Regression

coefficient SE

Model 1

Smoking status F2,86 = 3.3, p = 0.04, R2 = 0.07

Intercept 5.08 0.09

Ex-smokers ± 0.11 0.13

Smokers 0.27 0.15

Model 2

Exposure status F3.85 = 1.1, p = 0.33, R2 = 0.04

Intercept 4.79 0.19

Low 0.33 0.21

Medium 0.38 0.21

High 0.37 0.22

Model 3

Job category F4,84 = 2.9, p = 0.03, R2 = 0.12

Intercept 4.79 0.18

Job 1 0.26 0.25

Job 2 0.50 0.20

Job 3 0.10 0.21

Job 4 0.48 0.23

Model 4

Length of time in job F1,87 = 5.0, p = 0.03, R2 = 0.05

Intercept 5.33 0.11

Time in years 0.02 0.01

Table 1. Univariable linear regression models of loge (total adducts) for Mine

A at time 0.

Figure 2. Total DNA adducts in PBMNs of miners from Mine A before LWCO (time 0). Each bar shows the geometric mean and 95% CI.
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DNA adducts in coal miners 99

`non-exposure’ , 22%  as ` low’ ,  48%  `m edium ’  and 25%  `h igh ’ .

Job categor ies  2  and 4,  which w ould ten d to  have higher

e x p o su res,  accoun ted  for  23%  and  20%  o f part ic ip an ts ,

respecti vely.  Over  60%  of part ic ip an ts  had been  in  the job  for

at least  10  years.

Total DNA adducts

T he overal l  geom etric  mean to tal  adducts for  the 75

p a rti cipan ts at  Mine B was 285.6 with  95% CI (260.90±312.80).

No signif icant associat ions  were  foun d between total  add ucts

an d th e exp lanatory  var iabl es for  workers at  this mine (Table 3).

Mine BÐ time 1

General information

T h ere  w e re 61 subjec ts fol lowed up  afte r  LWCO (tim e 1). No

signif icant changes  in  smoking and job category  d istr i but ions

w e re found at the two t ime points.  Fo r these 6 1 subjects,  the

p e rcentage of  m in er s w ho w ere exposed to  the high DEE

in c reased  from 25%  (time 0)  to  54%  (t ime 1) .

Total DNA adducts

T he tota l  D NA adduct  data  are  show n in Fig ure  3 for  time 1

w h e re i t  is  c lea r  that  there  is  an in crea se after  the period of

m o re  int ense exp osu re to DEE.

Mine BÐ Changes between time 0 and time 1
The average di fference in  log

e
( to tal  adducts)  was 0.271 (SE

0.05 ), re p resenting an o ver all  in crease  of  31%  with 95%  CI

(18±46% ) (Table 4 , Figures 4  and 5) .  Only smoking status

sh owed an associat ion with ch an ge in  lev els  (p = 0.07)  with

ex- smokers showing a greater  in crease th an no n-sm oker s.  T h e

Regression

coefficient SE

Intercept 4.99 0.21

Smoking status F2,81 = 3.1, p = 0.05

Ex-smokers ± 0.04 0.13

Smokers 0.31 0.15

Job category F4,81 = 2.0, p = 0.10

Job 1 0.06 0.25

Job 2 0.41 0.20

Job 3 0.21 0.21

Job 4 0.43 0.23

Length of time in job F1,81 = 5.15, p = 0.03

Time in job (years) ± 0.02 0.01

Table 2. Multiple linear regression models of loge (total adducts) including all

independent variables for Mine A at time 0.

Note: each of the F statistics is conditional on the other variables being in the

model.

Regression

coefficient SE

Model 1

Smoking status F2,72 = 1.5, p = 0.24, R2 = 0.04

Intercept 5.71 0.07

Ex-smokers ± 0.17 0.11

Smokers ± 0.001 0.12

Model 2

Exposure status F3,71 = 0.9, p = 0.47, R2 = 0.04

Intercept 5.42 0.20

Low 0.34 0.22

Medium 0.24 0.21

High 0.20 0.22

Model 3

Job category F4,70 = 1.4, p = 0.25, R2 = 0.07

Intercept 5.42 0.19

Job 1 0.32 0.21

Job 2 0.12 0.22

Job 3 0.21 0.21

Job 4 0.36 0.22

Model 4

Length of time in job F1,70 = 0.02, p = 0.88, R2 = 0.0003

Intercept 5.63 0.09

Time in years 0.001 0.01

Table 3. Univariable linear regression models of loge (total adducts) for Mine

B at time 0.

Figure 3. Total DNA adducts in PBMNs of miners from Mine B after LWCO (time

1). Each bar shows the geometric mean and 95% CI.
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change for  smo kers and  non- sm okers was sim ilar. After

adjust ing the job  category,  the asso ciat ion  with sm oking status

became less  m arked (p = 0.13 ).

Becau se  som e w orker s ex perienced a  decrease in  re p o rt e d

e x p o su re over  tim e, GEEs were  used to  m odel  log
e

( to tal

adducts)  as a  function of  t im e of  m easurem e nt,  re p o rt e d

e x p o su re level, sm oking status, job  ca tegory  and  tim e in  job.

T he last  three variables  did not  vary  with t im e. After  adjusting

for these variables,  the est im ated diffe rence  was 0.278 (SE

0.07)  re p resenting an overal l  32%  in crease  w ith 95%  CI

(15% ±42% ). Adjust ing for  these  variables had  very  l it tle  effect

on  the est im ated effec t.

Comparison of individual DNA adducts
At M ine B the individual  DNA  adducts  am ong 6 1 m iners  have

been  analysed  for  both t ime 0 and tim e 1 (F igure  6).  I t can be

seen that af ter  LWCO  so me of  the individ ual  DNA  adducts

have been  signif icantly  incre ase d,  esp ecial ly  add uct  n um be rs

1, 4,  7 ,  9  and 10.

25th 75th

Status Number Minimum Maximum Mean SE Median percentile percentile

Overall 61 ± 1.35 1.3 0.27 0.05 0.27 ± 0.01 0.5

Smoking 1 28 ± 0.7 0.9 0.19 0.06 0.19 0.001 0.4

2 18 ± 0.04 1.3 0.46 0.10 0.39 0.15 0.67

3 15 ± 1.35 0.91 0.19 0.14 0.22 ± 0.05 0.57

Job category 1 15 ± 0.24 0.91 0.32 0.09 0.32 0.14 0.48

2 15 ± 0.09 1.3 0.31 0.10 0.25 ± 0.01 0.57

3 15 ± 0.7 0.9 0.33 0.11 0.31 0.12 0.62

4 12 ± 0.11 1.29 0.25 0.12 0.12 ± 0.04 0.39

5 4 ± 1.35 0.39 ± 0.17 0.40 0.14 ± 0.69 0.35

Table 4. Changes in loge total adducts (loge totaltime1 ± loge totaltime0) at Mine B after LWCO (time 1).

Key: Smoking: 1 = Non-smokers; 2 = ex-smokers; 3 = smokers. Job category: 1 = Fitter; 2 = Miner, Transport Driver, etc; 3 = Engineer and manager, etc; 

4 = machineman, mechanical unit; 5 = surface man.

Figure 4. Differences of total DNA adducts between time 0 and time 1 from Mine

B miners. Each bar shows the geometric mean and 95% CI. * Shows significant

difference, paired t-test.

Figure 5. Frequency distribution of differences of total DNA adducts between

time 1 and time 0 at Mine B.

Figure 6. Differences of some individual DNA adducts between time 0 and time 1

from Mine B miners. Each bar shows the geometric mean and 95% CI. * Indicates

significant difference, paired non-parametric test.
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Discussion
D ue to  p otential ca rc inogenic eff ec ts,  DE E have  been  classi f ied

as a  `p otential occupational  carcin oge n’  (NIOSH 1988) or  as a

`pro bab le hu m an  carcino gen’  (IARC 1989 , EPA 1990 ). It is

i n te res ting to  note  that  the genotoxic  pro p e rties of DEE are

s u p p o rted by the detect io n of  DNA  adducts  in  lung  ti ssues of

experim ental  anim als  exposed to  D EE  in b oth  short - term

(Hsieh et al. 1986, Bo n d  et  al. 1990) and long- term  (Wong  et al.

19 86) inhalat ion studies.  As there is a  s trong re la t i o nsh ip

betw een DNA  adduct  f orm at io n an d  su b seq ue nt  t um ou r

form ation (Hsieh et  al. 1986, Bond et  al. 1988), the

d e te rm ination of  DN A add ucts in  peripheral  w hite  bloo d cel ls,

w h ic h  are  re adily  access ib le  in  hu ma ns,  has b een

recom mend ed  to  assis t r isk  assessment for  possible  cancer in

workers exposed to  DEE (Gall agher  et al . 1991, Gryzb ow sk a e t

al.  1993). In a  case- contro l  s tu dy  an d re t rospective coho rt

s tudy by G arshick and colleagues (G ar sh ick  et  al.  1987 , 1988),

a  stat is tica l ly  signif icant re l at io nsh ip w as fou nd  b etw een

d iesel  exh au st  ex po su re  an d lun g c ancer,  w h ere  tobacco

sm oking h ad  been al low ed  for  as a  p otential confou nder.

At Mine B, no signif ican t  re lat io nsh ips w ere  fo un d be tw een

the  e xp o sure  sta tus,  smoking sta tus,  job ca tegor ies  or  job  t im e

at  t ime 0. For tota l  D NA adducts a t  Mine B, an  increase  o f  31%

(95% CI,  18±46% ) was found after  LW CO, a  period of  intens ive

u se  of  diesel  pow ered  eq u ip m en t.  F urt h e rm o re , a t  Mine A, the

level  of  DN A adducts in  seven m iners also  incre a s ed

sign if ican tly  af ter  LW CO al th ough  this  was pre d om in a n tly  d u e

to much higher levels in  just  two of  the workers. I t  is wort h

high lighting that ,  in  the pre sen t  s t ud y,  the same T LC plate  was

used  for  the two sam ples (before  and afte r LWCO) for  each

w o rke r.  The use of  the same TL C plate  to  analyse  sam ples fro m

the sam e worker o ffe red the co nsiderable  advantage of

removing plate to  plate  virtu al ly  in  the assay.  In  our laboratory

this is  of  s ignif icant concern  because the level  of  var iabil i ty

redu ces con fid ence in  com par isons ac ross e xp osu re groups.  I t

seem s th at  o th er  lab oratories m ay experience sim ilar

d iff iculties but  this is not  read ily  ap paren t  in  the l i ter ature .

H ence exam ination of  before  and after  sam ples on t he sam e

p la te  pro vid es resu lts in  wh ich the authors  have a  hig h level  of

confidence . T his e levat ion  of  total DNA  adducts af ter  LWCO is

con sistent  w ith the great er  e xpo su res exp erien ced du rin g t his

o perat ion  and  co nsist ent  w ith  th e recent  pu blicat i on by

H e m m in k i et  al. (1994 ).

Un ti l  now  chan ges of  in divid ual  DN A adducts  hav e not

b een evalu ated fo r  hum an  ex posures to DEE . Some

co m p ar ison  w o rk  b etw ee n th e a dd uct s  in  hu m ans an d anim als

m ay  p rov id e m o re inform at ion to  help clarify  the re lat ive

im p o rtan ce  o f  each  adduct .  In  the p resen t  s tud y i t  ha s been

found that  the individual  DNA  adducts,  1 ,  4 ,  7 ,  9  and 10 in  our

system , were  in creased.  T he sign if icance of  the spec if ic

ind ividu al  a dd uct s in  th e m ine rs  re q u ires furt h e r

inv es t igat io n.

Sm o king is an im portant  fac tor  for  lung cancer. At Mine A,

sm oker s h ad hig her D NA  add ucts than n on- sm ok er s,  but  n o

signif icant differen ces w ere  found at  Mine B at  t ime 0. After

adjustm ent for  sm oking,  there was s ti l l a  signif icant increase in

adduct  level af ter  LWCO at  Mine B.

I t  is  interest ing to  note  here  that  som e con troversial  f indings

of  cigaret te sm oking effects  h ave been  pu blish ed w ith in the

last  f ew  years . In  a  hu man study,  smoking-re lated DN A

add ucts  h ave b een detected  in  specim en s fro m  lu ng  t issues

(Rand erath et  al. 1989),  and a  linear  re la t io n ship w as

dem on st r ated b etween  lun g (Ph il l ips  et  al. 1988a)  or  bro n ch ia l

(P hil l ip s et  al. 1988b ) adduct  levels and indices of  ac t ive

sm oking.  Mu sto nen  et al . (199 3)  also re p o rte d t hat  th e

b ro nchial  DN A ad duct  levels  in  sm okers were  stat ist ical ly

higher  than those  in  non-sm okers. A mong f ive sm oker s, f or

w ho m  bo th  bron chial  and lym p hocy te D NA  w ere avai lab le,  

7-m ethylguanine levels co rre lated  in  the two tissues (r = 0.77) .

Lym p hocy tes plu s m ono cytes f rom  sm oker s have elev ated

levels  of  D NA adducts com pared with non -sm oker s.  H ow ever,

DN A addu cts in  sm oker s were  not  correlated with cigare t tes

p er  d ay,  pack-years  and plasm a cotinine, in dica t ing la rge

interindiv idual  variat ions in  D NA  adduct  f orm at io n (S antel la

et  al. 1992).

O n the other  h and,  data  concern ing the effects of  cigare t te

sm okin g on D NA  adducts in  peripheral  b lood cel ls are  v ery

confl ict ing. An in  v itro  study sh owed no sign if icant  d iffere n c e

between sm oker s an d non -smo kers in  th e form at ion  of  DNA

adducts  in  lym phocytes fol lowin g incu bation w ith B[a ]P

(Jahnke et  al.  1 990).  I n  hum an studies,  m ost  epidemiolo gical

invest igat ions have not  detected any eff ect of  sm oking on the

concentrat ions of  DNA  adducts  determined in  blood ce l ls  fro m

wo rkers ,  nor  has it  been shown  that  passive sm oking increa ses

the levels of  arom atic  add ucts  in  ly m pho cytes (Hem m in ki e t

al . 1994). E ven in  act ive smokers the level  of arom ati c  ad d uc ts

is only m od erately increased (S avela  and Hem minki 1991 ).

P hil l ip s  et al . (1988b) also  found no signi f icant influence  of

sm ok ing h abits on the occurrence  of  DNA  ad ducts .

F u rt h erm o re, from  31 heavy smo kers and 20 no n-sm okers

P hil l ip s  et al . (1990)  re p o rted no difference in  m ean levels  of

a ro m at ic  hy d rophobic D NA ad ducts in  work er s’  white  blood

cel ls.  Overal l , the available  ev idence seem s to  indicate  that

sm oking has a lim ited  eff ect on D NA  adducts  m easure d  i n

peripheral  blood cel ls,  and th at  the contr ibution  of

oc cup ation al  ex po sure  to  PAH s prob ably  oversh ad ows that  of

sm oking eff ects.

Rega rd ing the D NA  adduct  changes in  different  job

ca tegories, there  was no signif ican t  difference fou nd at  Min e B

ei ther  before or  af ter LWCO, though job 1 and job 4 had higher

values  than  other s a t  both t ime 0 and t im e 1.  At M in e A ,

h o w e v er,  a higher  leve l  of  DNA adduc ts was sugges ted at  t ime

0 for  the two job categories,  which are  basical ly  consti tuted  by

the m in er s and lo adm en ( job 2 )  an d the mach inem en, dr ivers

and sh iftmen ( job 4) . This result  wo uld  be  con si sten t  w ith  a

highe r exp osure  of DEE for  worker s belonging  to these two job

ca tegories . Furt h e rm o re,  these two job cat egories form  m o re

than 5 0%  of  the com po si t ion of  w ork ers at both the m edium

an d h ig h ex po su re  group at  Min e A.

F u rther  work to  re late  t he source of  the increased  add u cts  to

DEE  exposures w o uld  pro v id e su p p ort  to  the association

su ggested b y our  data . Th is w ould p referably be don e using i n

vitro  h u m an  t i ssu es w i th  ap pro priate  m etabolic act ivat ion or

possibly with  exper im ental  an imals ,  a l th ough  the incre a se d

ad du cts  m ay  v ary  in  com p arison  to  h um an  da ta .
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In  conclu sio n,  there  w as  so me evidence for  increased D NA

adducts in  sm okers and in  tw o job categories , b ut  this w as not

con sisten t  betw een the tw o m ines s tudied .  W hen  samp les af ter

LWCO , a  period of  in tense exposure to DEE, were  co m p are d

w ith tho se  taken  du rin g n orm al o perat io ns,  an incre ase in

D NA  addu cts w as observed .  T he se  sam p les w ere  assayed  o n

the same TL C pla te,  th is removing a  m ajor  source of  var iab il ity

in  t he tec hn iqu e and  t hereby giving  grea ter  conf idence in  the

data.  Given the association of  ex posure to DEE  with  lung

ca ncer  and  the  ap p aren t  in crease  in  adducts  du ring a period  of

intense D EE  exposures i t  is  suggested  that  part icular  a t tentio n

be paid to  keepin g exp osu res  as low as poss ible ,  especial ly

dur ing LWCO  operat ions.
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