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DNA adducts as a biomarker of polycyclic aromatic
hydrocarbon exposure in aquatic organisms:
relationship to carcinogenicity
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The use of DNA adduct measurement as a biomarker of exposure to polycyclic
aromatic hydrocarbons (PAHs) is now well established in ecotoxicology. In particular,
DNA adduct levels in aquatic organisms has been found to produce a better correlation
with PAH exposure than PAH concentrations in organisms. DNA adducts levels are most
commonly determined using the *?P-postlabelling assay which measures total aromatic
adducts. The relationship between relative DNA adduct formation and carcinogenicity
has been investigated for a number of carcinogenic and non-carcinogenic PAHs using an
in vitro system. Our results demonstrate that relatively high levels of DNA adducts can be
produced by some non-carcinogenic PAHs, while other non-carcinogenic compounds do
not produce detectable adducts. In addition, it has been shown that all carcinogenic PAHs
investigated produce DNAadducts and that a relationship exists between relative adduct
formation and carcinogenic potency. An investigation of adduct levels in fish liver and
crustacean hepatopancreas in Oxley Ck, Brisbane has shown that higher than expected
DNA adduct levels were correlated with the presence of carcinogenic and non-
carcinogenic PAHs with high relative adduct forming potential.

Keywords: DNA, adducts, biomarkers, PAHs, aquatic, carcinogenic.

Abbreviations: 2AB, 2-aminobiphenyl; 3MC, 3-methylcholanthrene; 9,10DMA, 9,10-
dimethylanthracene; Ant, anthracene; BaA, benz[a]anthracene; BaP, benzo[a]pyrene; BbF,
benzo[b]fluoranthene; Benz, benzidine; BeP, benzo[e]pyrene; BghiP, benzo[g,k,i]perylene;
BkF, benzo[k]fluoranthene; Chr, chrysene; Cor, coronene; DbacA, dibenz[a,clanthracene;
DbaeP, dibenz[a,e]pyrene; DbahA, dibenz[a,h]anthracene; DbaiP, dibenz[a,i]pyrene; DbF,
dibenzofluoranthene; DMBA, dimethylbenzanthracene; DMSO, dimethyl sulphoxide;
Flu, fluoranthene; Nap, naphthacene; PAHs, polycyclic aromatic hydrocarbons; Per,
perylene; Phe, phenanthrene; Pic, picene; Pyr, pyrene; RAF, relative adduct formation; T'ri,
triphenylene.

Introduction

Ecotoxicological investigations of environmental contamination now commonly
use determination of aromatic DNA adducts in aquatic organisms as a biomarker
of exposure to various genotoxins, especially polycyclic aromatic hydrocarbons
(PAHs) (Van Schooten et al. 1995, French et al. 1996, Karakoc 1997, 1998, Willett
et al. 1997). In contrast, the concentrations of PAHs in biota often do not relate to
the level of environmental contamination (Van der Oost et al. 1994). These findings
may be explained by induction of metabolizing enzymes (mixed function oxidases)
in areas of higher contamination. The mixed function oxidases of the Cytochrome
P450 family however are also responsible for metabolic activation of PAHs to
electrophilic forms capable of binding to cellular macromolecules including DNA

* Corresponding author: Glen Shaw, National Research Centre for Environmental Toxicology, PO
Box 594, Archerfield Qld 4108, Australia. e-mail: g.shaw@mailbox.uq.edu.au

Biomarkers ISSN 1354-750X print/ISSN 1366-5804 online © 2001 Taylﬁ °:r "ﬁ"H ',",’B

http://www.tandf.co.uk/journals

Wy



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/18/12
For personal use only.

DNA adducts and carcinogenicity 65

(Hall and Grover 1990, Mallet et al. 1991, Van der Oost et al. 1994). Thus it would
be expected that DNA adducts should be a biomarker of exposure to PAHs.

Many studies of DNA adducts in aquatic organisms use the 3*P-postlabelling
assay for determination of total aromatic adducts (Baumann et al. 1998, Ericson et al.
1998, Wirgin and Waldman 1998). It is however not clear whether levels of adducts
measurable by this technique relate to the carcinogenicity of the PAHs to which the
organism was exposed. Indeed it has been shown that genotoxic PAHs that are not
carcinogenic may also be capable of forming DNA adducts (ECETOC 1989, Au 1991).
It has been shown that DNA adduct formation is only one stage in the multi-stage
process of chemical carcinogenesis and that mis-repair of adducts to form mutations
is necessary for carcinogenesis to proceed (Hruszkewycz et al. 1992, Ross et al. 1994).

Methodology

Biota samples were analysed for lipid content gravimetrically after extraction with acetone/hexane
(50/50). The extract was used for determination of PAHs after clean-up. This involved application of
the extract to Florisil columns and elution with 6% and 10% diethyl ether in hexane. The fractions were
concentrated, transferred to dichloromethane and passed through a gel permeation column. This
procedure is described in detail in Mueller ez al. (1999). Analysis of cleaned-up extracts from all samples

was performed using gas chromatography—mass spectrometry operating in full ion scan mode as
described in Mueller et al. (1999).

DNA isolation and DNA adduct determination in organisms

The method for DNA isolation and adduct determination is described in Shaw et al. (1995). Briefly,
DNA was isolated after deproteinization using proteinase-K and salt precipitation. The DNA was then
precipitated with ethanol and RNA was removed enzymatically with RNase T'1 and RNase A. DNA
adduct levels were determined using the *?P-postlabelling assay based on the procedure of Gupta
(1993). The DNA was enzymatically hydrolysed into individual nucleotides using micrococcal nuclease
and spleen phosphodiesterase. Nuclease P1 was used to degrade normal nucleotides and thereby
enhance the relative concentration of adducted nucleotides. Nucleotides were then radiolabelled using
[**P] ATP with polynucleotide kinase as catalyst. The labelled nucleotides were separated using two
dimensional thin layer chromatography and adducts were visualized by autoradiography and quantified
using a Packard Autoimager multiwire detector.

Relative adduct formation experiments
Individual PAHs were added to an incubation mixture consisting of the following and incubated
according to the method of Shaw et al. (1995): PAH-5 ul of 500 pg ml™ of each compound in DMSO;
microsomal protein—500 pg; NADPH—-400 pg; calf thymus DNA-200 pg; 0.1 m TRIS at pH 7.4-500 pl.
(Rat liver microsomes were obtained from rats pretreated for 48 h with 50 mg kg™ of 3-
methylcholanthrene dosed intraperitoneally in corn oil.)

Determination of relative adduct formation (RAF) by PAHs

The determination of DNA adduct concentrations was based on the calculation of total radioactivity
corresponding to all spots on the chromatogram. Adducts were calculated in femtomole of adducts per
microgram of DNA and in adducts per normal nucleotides. The RAF values were calculated on a molar

basis for all PAHs and are expressed relative to benzo[a]pyrene as unity. The equation for calculation of
RAF is shown below:

_ [PAH adduct] PAH Mwt

RAF = X
[BaP adduct] Bap Mwt

Results

DNA adduct levels in biota
The results of DNA adduct determinations in samples from Brisbane River and
Moreton Bay are presented in table 1. The corresponding adduct results from
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Table 1. Results of DNA adduct determination in organisms from Moreton Bay/Brisbane River.

DNA adduct conc. DNA adduct conc.

in adducts/normal in fmol adducts pg™

Organism Location Organ nucleotides DNA
Whiting Luggage Pt Liver 11in 10° 0.003
Flathead Coffee Pots Liver <5in 10%° <0.002
Silver bream Long Island Liver <5in 10" <0.002
Catfish Luggage Pt Liver <51in 10" <0.002
Flat nose Bramble Bay Liver <5in 10" <0.002
Bream - Liver <5in 10%° <0.002
Flathead Pumistone Passage Liver <51in 10" <0.002
Flounder Waterloo Bay Liver <51in 10" <0.002
Flat nose Nudgee Bch Liver 4in 10° 0.01

Silver bream Eastern Bay Liver <51in 10" <0.002
Catfish Refinery Liver <51in 10" <0.002
Ray Pumistone Pass Liver <5in 10" <0.002
Flathead Pumistone Pass Liver 5in 10'° 0.002
Ray - Liver <5in 10" <0.002
Flounder Pumistone Pass Liver 5in 10° 0.015
Silver bream Nudgee Bch Liver <5in 10" <0.002
- - Liver <5in 10%° <0.002
Flathead Eastern Bay Liver <5in 10" <0.002
Catfish City Liver 9in 10° 0.03

Silver bream Nudgee Bch Liver 4in 10° 0.015

Oxley Ck are presented in table 2. It can be readily observed that the adduct levels
in Moreton Bay (from <0.002 to 0.015 fmol adducts pg™! DNA) are approximately
two orders of magnitude lower than those from Oxley Ck (from 0.2 to 2.3 fmol.
adducts pg™ DNA). Adduct levels in the city reach of the Brisbane R. were
intermediate in concentration between Oxley Ck and Moreton Bay (0.03 fmol
adducts ng™! DNA). The biotic concentrations of PAHs in various organisms from
Brisbane R., Moreton Bay and Oxley Ck are presented in figure 1 as maximum
concentration ranges due to variations in detection limit between individual
samples.

It can be readily observed that the PAH profile in Oxley Ck biota is dominated
by higher molecular weight compounds such as BghiP, DbahA and BaP. The PAH
profile in organisms from Brisbane R. and Moreton Bay are however dominated by
lower molecular weight compounds such as Phe, Flu and Pyr.

Table 3 gives the RAF values for a number of PAHs with BaP as unity. It can
be observed that some PAHs do not form detectable DNA adducts while others
form adducts to varying degrees up to a maximum of three times that formed by
BaP. Values for the product of RAF and maximum concentration ranges for PAHs
in Oxley Ck biota are presented in figure 2. Thus, using this approach, the data
predict that DNA adduct formation in biota from Oxley Ck is dominated by several
higher molecular weight PAHs; BaA, Chr, Tri, BbF, BkF, BeP, BaP, Dbah A, BghiP.
In contrast, the majority of adduct formed in organisms from Brisbane R. and
Moreton Bay are predicted to occur from the following PAHs: Pyr, Chr, Tri, BbF,
BkE

The relationship between RAF and carcinogenicity can be investigated with the
use of carcinogenicity indices such as that of Richard and Woo (1990) and the Gene-
Tox index (Nesnow et al. 1986). Figure 3 shows the relationship between RAF and
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Table 2. Results of DNA adduct determination on crab hepatopancreas and fish liver from Oxley Ck.

DNA adduct conc. DNA adduct conc.

in adducts/normal in fmol adducts ug™

Organism Location Organ nucleotides DNA
Crab Downstream Hepatopancreas 4 in 107 1.3
Crab Upstream Hepatopancreas 7 in 107 2.3
Crab Downstream Hepatopancreas 5in 107 1.7
Crab Upstream Hepatopancreas <51in 108 <0.2
Crab Downstream Hepatopancreas 7 in 107 2.3
Crab Upstream Hepatopancreas <51in 108 <0.2
Crab Downstream Hepatopancreas <51in 108 <0.2
Crab Upstream Hepatopancreas 5in 107 1.7
Bony bream Downstream Liver 9in 10% 0.3
Bony bream Downstream Liver 6in 107 2
Bony bream Downstream Liver 4 in 107 1.2
Catfish Downstream Liver 6 in 107 2
Catfish Downstream Liver 4in 107 1.4
Catfish Downstream Liver 5in 107 1.6
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Figure 1. Maximum concentration ranges for PAHs in organisms from Brisbane R., Moreton Bay and

Oxley Ck.
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the Gene-Tox index. It can be observed that the three PAHs that were not found to
produce adducts in this work; Ant, Phe and Per are classified as ‘insufficient
evidence for carcinogenicity’. The compounds 2AB, Pyr and BeP are classified as
‘insufficient evidence for carcinogenicity’ but did form detectable levels of adducts.
All of the compounds classified as ‘positive’-evidence of carcinogenicity were shown
to form adducts to varying degrees. Figure 4 shows the relationship between RAF
and the index of Richard and Woo (1990). Again it can be observed that a number of
compounds, Cor, Flu, Per, Phe and Pic, regarded as either ‘low evidence for
carcinogenicity’ or ‘low-low/moderate evidence for carcinogenicity’ did not form
detectable adducts. On the other hand, T'ri, classified as ‘low’ formed substantial
levels of adducts. All compounds classified as ‘low-moderate’ to ‘high’ formed
detectable levels of adducts.
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Table 3. Relative adduct formation by various polycyclic aromatic compounds.

PAH Adduct formation relative to benzo[a]pyrene as unity
Fluorene (Flo) 0
Phenanthrene (Phe) 0
Anthracene (Ant) 0
Fluoranthene (Flu) 0.05
Pyrene (Pyr) 0.15
Benzo[a]fluorene (BaF) 0
Benzo[b]fluorene (BbF) 0
Benz[a]anthracene (BaA) 0.8
9,10-Dimethylanthracene (9,10DMA) 3.0
7,12-Dimethylbenz[alanthracene (7,12DMBA) 0.9
Triphenylene (T'ri) 3.0
Chrysene (Chr) 2.0
Benzo[a]pyrene (BaP) 1.0
Benzo[e]pyrene (BeP) 0.35
Benzo[b]fluoranthene (BbF) 0.80
Benzo[k]fluoranthene (BKF) 0.75
Perylene (Per) 0
Dibenz[a,c]anthracene (DbacA) 0.65
Picene (Pic) 0
Dibenz[a,h]anthracene (DbahA) 0.74
Benzo[g,h,i]perylene (BghiP) 0.32
3-Methylcholanthrene (3MC) 1.5
Naphthacene (Nap) 0
2-Aminobiphenyl 0.1
Benzidine 0.05
Coronene (Cor) 0
Dibenz[a,e]pyrene (DbaeP) 0.2

Source: Shaw et al. (1995).
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Figure 2. Product of maximum PAH concentration and RAF.

RIGHTS LI N iy



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/18/12

For personal use only.

DNA adducts and carcinogenicity 69

2.51

2

RELATIVE 1.5
ADDUCT
FORMATION

1

0.5

0-

LP LP SP SP SP SP SP SP SP SP SP SP

< B o« = o< & U

=

éém“z"’;‘éz
a

Phe —
Ant —
PER —
2AB T
PYR —
Bep —

N
=
o

=]

DBaiP

S = 5

&g

a a
=

C
DBah

GENE-TOX INDEX FOR PAHs

Figure 3. Relationship between RAF and Gene-Tox index.

COR L
FLU L

INDEX PER L
OF PHE L
PICL

RICHARD  pyp(
& WOO TRI L
FOR PAHs NaPLULM
Ant LILM

BghiP LM

Bep LM

BaA LM

CHR LM

BkF M

9,10-DMA M

DBahA M/HM

DbF HMH

7,12DMBA H

BaP H

3MC H

RELATIVE ADDUCT FORMATION
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Discussion

The use of the determined RAF coefficients and PAH concentrations in fish
and crabs has predicted that adduct formation would be dominated by several
individual PAHs. While the use of DNA adduct determinations in aquatic
organisms as a biomarker of PAH exposure has been shown to correlate well with
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environmental contamination by these compounds (Van Schooten et al. 1995,
French et al. 1996, Willett et al. 1997, Karakoc et al. 1998), the relationship
between DNA adducts and exposure to carcinogenic PAHs is not generally known.
Examination of figures 3 and 4 show that the predicted adduct formation in Oxley
Ck (see figure 2) is dominated by several carcinogenic PAHs. A considerable
proportion of the adduct formation is however attributable to the several lesser
carcinogenic PAHs. In Brisbane R. and Moreton Bay the predicted adduct
formation is dominated by the non- or low carcinogenic PAHs, Tri, Chr and Pyr,
while the carcinogenic BaP, BbF and BkF are also predicted to contribute to the
adduct formation at these localities. It can thus be expected that a mixture of both
carcinogenic and non-carcinogenic PAHs would be responsible for DNA adduct
formation by PAHs in contaminated areas. In the process of multistage chemical
carcinogenesis, measurement of DINA adducts in organisms lies between the stages
of activation and genetic change to produce the initiated cell (Harris 1985). The
fact that DNA adducts are produced by some PAHs therefore does not guarantee
that mutation and carcinogenesis will result (Ross et al. 1994). DNA adduct
measurement can be regarded as a biochemical effect monitor for humans
(ECETOC 1989). It is thus considered that for ecological risk assessment purposes,
DNA adduct measurement is more relevant for aquatic organisms than
environmental monitoring or biological monitoring. In addition, the levels of DNA
adducts in exposed aquatic organisms has been found to correlate well with other
biomarkers including induction of Cytochrome P450 measured as EROD activity,
glutathione S-transferase activity, biliary PAH metabolites, glutathione peroxidase
activity (Karakoc et al. 1997, Willett et al. 1997, Camatini et al. 1998).
Epidemiological evidence and laboratory studies have produced relationships
between DNA adduct levels in a number of fish species from contaminated
locations and both hepatic and skin neoplasms (Baumann, 1998, Myers et al. 1998,
Reichert et al. 1998). It has been found however that levels of aromatic adducts
were not always predictive of the vulnerability to neoplasia in populations and
species from contaminated areas (Wirgin and Waldman 1998).

This study has demonstrated the commonly found association between levels of
aromatic DNA adducts and environmental exposure to PAHs by aquatic organismes.
In addition it has been shown that relative adduct formation potential varies
substantially with the individual PAH. In particular, it was found that all
carcinogenic PAHs investigated form detectable quantities of DNA adducts, but
that some of the non-carcinogenic PAHs also form relatively high levels of adducts.
In aquatic organisms it was predicted that adducts found are due to both
carcinogenic and non-carcinogenic PAHs. The relevance of DNA adduct levels to
neoplasms in aquatic organisms will thus depend on the PAH composition of
contaminated environments.
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