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ON THE EXHAUST MEASURED BY AMES

MUTAGENICITY AND DNA ADDUCTS
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In this study we compared two reformulated and one standard European Diesel fuel between particulate solu-
ble organic fraction of PAH, mutagenic activity, and DNA adduct formation. Adducts were analyzed in vitro
calf thymus DNA with and without the metabolic activation system and measured by 32P-postlabeling
method. PAH-DNA adduct formation and mutagenicity by Ames test were compared. Both biological
tests showed that reformulation decreased genotoxic PAH compounds in diesel particle emission.

Keywords: Diesel particle exhaust; Polycyclic aromatic hydrocarbons; DNA adducts; Diesel reformulation;
32P-postlabeling

INTRODUCTION

Number of Diesel powered vehicles have increased and thus cause concern about the
health effects of exhaust emission. According to IARC, exposure to diesel emission is
probably carcinogenic to humans½1�. PAH and their substituted derivatives are an im-
portant class of organic compounds in the particulate phase. It has been shown that
unsubstituted, parent PAH as well as nitrated, oxygenated and alkylated PAH contri-
bute to the mutagenicity and carcinogenicity of diesel exhaust½2�. PAH bound to diesel
particulate material are bioavailable to the cells and are metabolically activated to the
reactive intermediates forming DNA adducts. DNA adducts are thought to be critical
events in the initiation of chemically induced cancers, and adducts are important mar-
kers for studying of DNA damaging reactive chemicals inside the cell½3�. DNA adducts
are the first sign of genotoxic effects in animal and human cells, and are thus valuable
biomarkers of exposure to PAH and nitro-PAH in particulate.
In this study, we investigate two sets of Diesel particulate samples derived from

two reformulated and one standard European diesel fuel. Fourteen PAH concentra-
tions, DNA adduct forming potency and mutagenic activity were compared between
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particulate samples. Furthermore, differences in the activation of PAH and nitro-PAH
derived from Diesel extracts in biological test systems were evaluated.

EXPERIMENTAL

Chemicals

Microccocal nuclease (from Staphylococcus aureus), nuclease P1, hypoxanthine, and
xanthine oxidase were purchased from Sigma Chemical Co., St. Louis, MO, USA.
Calf thymus DNA was from Merck, Darmstadt, Germany. Standard Reference
Material (SRM, diesel particulate matter 1650) was supplied by the National
Institute of Standards and Technology, Gaithersburg MD, USA. Benzo[a]pyrene and
1-nitropyrene were from Accu Standard New Haven, CT, USA. The S9 activation mix-
ture was an in-house preparation from Aroclor 1254 induced male Wistar rats.
Phosphodiesterase (from calf spleen) was from Boehringer Mannheim, GmbH,
Germany. T4 polynucleotide kinase was from United States Biochemical, Cleveland,
OH, USA. [�-32P]ATP 7000 Ci/mmol was purchased from ICN Pharmaceuticals,
Inc., Irvine, CA, USA. All other chemicals and solvents were of analytical grade.

Sample collection and determination of PAH

Exhaust particulate matter was collected from Diesel passenger car (Toyota, IDI
engine) without oxidation catalyst using the modified European transient exhaust
emission test procedure (ECE) and Extra Urban Driving Cycle (EUDC) after each
other½4, 5�. Particulate emission from an European standard fuel (EN97; sulfur
430mg/kg, total aromatics 36%, cetane number 49) and two reformulated fuels
(RD1 and RD2; sulfur 27 and 1mg/kg, total aromatics 19 and 2%, cetane number
56 and 54, respectively) was used during the test procedure. Sampling was performed
identically twice (Set 1 and Set 2) for each Diesel fuel. Exhaust particles were collected
through dilution tunnel on Teflon coated glass fiber filters. In order to get enough solu-
ble organic fraction for the biological tests from the particulate mass, several identical
test runs (from 4 to 24, depending on fuel tested) were repeated. Particulate samples
from each testing day and fuel were collected and the sample extracts of each individual
fuel were combined to give one sample per fuel. Combined particulate samples were
extracted with Dichloromethane (DCM) using Soxhlet apparatus. The amount of solu-
ble organic fraction (SOF) was calculated as filter weight difference. Dichloromethane
of SOF extracts was changed, except for HPLC-analysis, to dimethylsulfoxide (DMSO)
under nitrogen before using for the biological tests.
Concentrations of 14 PAH in SOF extracts were analyzed using HPLC equipped

with time programmed wavelengths of fluorescence detector (Waters Corp. Milford,
MA) according to NIOSH method½6�. The extracts were applied to a 5 mm,
4.6mm� 250mm Vydac RP18 column and eluted with water acetonitrile at flow
rate 1ml/min. EPA 610 PAH mixture containing 14 PAH compounds was used an
external standard. 1-Nitropyrene (1-NP) was measured by GC/MS analysis from
three extracts of Set 1 according to Nishioka et al.½7�. Briefly, analysis were carried
out in triplicate with extracts (2 mg/ml) spiked with deuterated d9-1-nitropyrene.
The analytical approach of 1-NP included normal phase silica HPLC-fractionation
(7 mm, 10mm� 250mm column, flow rate 3.6ml/min, with 254 nm) before GC/MS
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analysis with negative chemical ionization (NCI). The identification and quantification
(correct retention time, ions and ion abundance ratios) was based on the use of internal
standard½7�.

Mutagenicity of Diesel extracts by Ames test

The SOF extracts were tested for mutagenicity in Salmonella typhimurium according to
method described by Maron and Ames½8�. The Ames test was performed with the strains
TA98 and YG1021 without external metabolic activation. TA98 strain is sensitive to
mutagens causing frame-shift mutations, and YG1021 is a derivative of TA98 with
an enhanced production of nitroreductase enzyme. 4-nitroquinoline-1-oxide was used
as a positive control. SOF extracts of Set 1 were tested on triplicate plates with doses
corresponding to 8, 16, 30, 63, 125 and 250 mg SOF per plate. SOF extracts of Set 2
were tested on quadruple plates in strain TA98 and YG1021 with doses of 0, 9.4, 19,
40, 75, 150 and 300 mg SOF, and 4.7, 9, 19, 38, 75 and 150 mg SOF per plate, respect-
ively. Mutagenic activity was calculated of the positive slopes of dose response
curves using the regression coefficient B (when y¼AþBx). Mutagenicity was indicated
as revertant colonies per mg SOF (Rev/mg SOF).

Activation of PAH and nitro-PAH in CT DNA

The activation of PAH and nitro-PAH to DNA reactive intermediates was conducted
by incubating the particulate extracts with CT DNA in oxidative and reductive reaction
conditions. Benzo[a]pyrene, 1-nitropyrene, and Standard Reference Material 1650 were
used as positive controls. In vitro activations were performed as described in Lewtas
et al. 1981½9�. Briefly, oxidative activation of PAH was carried out in test tubes by incu-
bating the S9mixture and CT DNA at 37�C for 4 h. Reductive activation of nitro-PAH
was carried out inside an anaerobic chamber under flow of nitrogen by incubating the
hypoxanthine and xathine oxidase and CT DNA at 37�C for 4 h. After the incubations
CT DNA was treated with RNAse and proteinase and extracted with phenol and
chloroform.

32P-Postlabeling of DNA adducts

Four micrograms of CTDNA obtained from the activation reactions was taken to deter-
mine bulky aromatic DNA adducts by the 32P-postlabeling method½10�. DNA was
digested to mononucleotides at 37�C for 3.5 h with micrococcal nuclease (0.2U) and
spleen phosphodiesterase (2 mg). The modified nucleotides of DNA digest were enriched
with the butanol extraction and adducts were labeled by using T4 polynucleotide kinase
(4.8U) and 40�Ci [�-32P] ATP. After two-dimensional chromatographic separation on
the PEI–cellulose thin-layer plates, DNA adducts were visualized by autoradiography
and quantified by Cerenkov counting.

RESULTS

PAH concentration in Diesel extracts

The concentrations of 14 PAH compounds in Diesel particulate extracts analyzed by
HPLC from Set 1 and Set 2, and 1-nitropyrene by GC/MS from Set 1 are shown in
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Table I. About 93% of particulate PAH were 3 or 4 ring compounds, and the highest
concentrations were analyzed for phenanthrene, fluoranthene and pyrene. Nine of par-
ticulate PAH consists of probably or possibly carcinogenic PAH compounds (glass 2A
or 2B, according to IARC). The amounts of benzo[a]pyrene ranged from 38.4 ng to
79.5 ng/mg SOF between the particulate extracts. Comparisons of total PAH levels in
all diesel extracts showed slightly higher concentrations for Set 1 than Set 2. The largest
20% difference in total PAH concentration between the two sets was detected for RD1
diesel extract, following with 7% for RD2 and EN97. The concentration of 1-nitropyr-
ene was 26, 27.3 and 34 ng/mg SOF measured for RD2, RD1 and EN97 diesel particu-
late extract, respectively (Table I).
Table II shows the particulates (g/km), the sum of 14 PAH (mg/km) and the amount

of SOF (mg/km) calculated in emission units. In comparison of reformulated RD2 and
RD1 with standard fuel EN97, particulate emission decreased in two sets between 55
and 57%, and between 35 to 32%, respectively. The sum of the 14 particulate PAH
in emission decreased between 64 and 70% for RD2 and between 35 and 45% for
RD1 in comparison with EN97. The amount of SOF decreased between 58 and 60%
for RD2 and 47% for RD1, when compared to EN97 (Table II).

Mutagenicity by Ames test

After exposing Salmonella typhimurium test strains TA98 and YG1021 to diesel parti-
culate extracts, the mutagenic activities were measured (Fig. 1). Strain YG1021 showed
a 2-fold activity of PAH compared to strain TA98. In two sets, the mutagenic activity in
strains TA98 and YG1021 was lower for reformulated diesel particulate extracts than in
EN97. The decrease of mutagenicity in TA98 strain, when compared to EN97, was
from 48 to 71% for RD2 and from 40 to 44% for RD1. In YG1021 strain, the decrease

TABLE I Concentrations of PAH and 1-nitropyrene (ng/mg SOF) analyzed from two
sets of Diesel particulate extracts RD2, RD1 and EN97

PAH compound
(ng/mg SOF)

Set 1 Set 2

RD2 RD1 EN97 RD2 RD1 EN97

Fluorene a 2.8 7.5 13.1 4.6 8.3 13.4
Phenanthrenea 492.4 662.9 731.1 551.8 607.9 796.6
Anthracenea 43.5 66.2 66.5 50.1 60.4 70.8
Fluoranthenea 763.4 932.7 751.4 580.2 653.7 583.0
Pyrenea 764.6 1553 931.8 573.9 1037 738.6
Benzo[a]anthraceneb 54.6 73.7 97.1 40.2 55.4 71.3
Chrysenea 65.1 91.5 121.7 58.5 86.7 173.0
Benzo[e]pyrenea 93.5 150.2 119.3 87.7 109.8 99.7
Benzo[a]pyreneb 57.4 79.5 48.8 57.3 72.8 38.4
Benzo[b]fluoranthenec 62.5 87.7 73.9 50.3 59.1 43.9
Benzo[k]fluoranthenec 23.5 31.4 26.8 17.3 22.5 16.7
Indeno [1,2,3-cd]pyrenec 49.2 60.2 39.1 51.1 57.9 30.6
Benzo[ghi]perylenea 87.9 105.7 51.6 83.5 88.9 40.0
Dibenz[a,h]anthraceneb 4.2 5.1 4.3 0 0 0
1-nitropyrenec 26.0 27.3 34.0

Total 2366 3657 2932 2206 2920 2716

aNon-carcinogenic to humans (class 3), bProbably carcinogenic to humans (class 2A), cPossibly
carcinogenic to humans (class 2B) according to IARC Monograph [11],
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was from 63 to 69% for RD2 and from 48 to 58% for RD1, when compared to EN97.
There was no correlation between the mutagenic activity and the 14 particulate PAH
analyzed (r¼�0.033, p¼ 0.950, n¼ 6 in strain TA98; r¼ 0.184, p¼ 0.728, n¼ 6 in
strain YG1021), but a strong correlation between the mutagenic activity and the
1-NP concentration (r¼ 0.996, p¼ 0.059, n¼ 3 in strain TA98; r¼ 0.997, p¼ 0.051,
n¼ 3 in strain YG1021).

DNA adduct studies in vitro

Figure 2 shows PAH-DNA adduct formation with [S9(þ) and XO(þ)] and without
[S9(�) and XO(�)] the metabolic activation systems. Adduct levels were higher in all
samples, when diesel extracts were incubated with the activation mixture [S9(þ) and
XO(þ)]. Adduct levels did no differ clearly between these diesel extracts, when analyzed
without the metabolic activation [S9(�) and XO(�)]. When the activation mixture was
used, DNA adduct formation by EN97 was higher than that by two reformulated diesel
extracts. All Diesel extracts formed more adducts by using the nitroreductive than the
oxidative activation system. The 14 particulate PAH analyzed in extracts did not cor-
relate with adducts formed by using the S9 activation mixture (r¼ 0.109, p¼ 0.837,
n¼ 6) or by using the xanthine oxidase (r¼ 0.268, p¼ 0.608, n¼ 6). When the S9 acti-
vation of particulate extracts was used, the adduct levels of RD2 and RD1 were from
72 to 82% lower when compared with those of standard fuel EN97. Similar results

TABLE II Amounts of particulates, total PAH concentrations and soluble organic
fractions (SOF) emitted per kilometer of three Diesel fuels burned by the light-duty
engine of the test vehicle. Average values were calculated from the number of tests
performed on two sets of emission testing

Set 1 Set 2

RD2 RD1 EN97 RD2 RD1 EN97

Number of tests 24 20 17 11 7 4
Particulates (g/km) 0.045 0.065 0.100 0.040 0.064 0.094
Sum of 14 PAH (mg/km) 93 169 260 65 117 214
SOF (mg/km) 19 24 45 18 24 45

FIGURE 1 Mutagenic activity of Diesel particulate extracts (Rev/mg SOF) in Salmonella TA98 and
YG1021 strains measured without external metabolic activation.
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were obtained, when the XO activation was used, showing the reduction of adducts
from 42 to 78%.
Figure 3A shows that the mutagenicity measured in YG1021 test strain was in good

accordance with adduct levels analyzed with the corresponding activation system
[XO(þ)]. A better association between TA98mutagenicity and DNA adducts (S9�)
was obtained for Set 1 than for Set 2 (Fig. 3B). Overall results of mutagenicity and
DNA adduct formation of this study showed that higher amounts of direct-acting
PAH (nitro-PAH) than parent PAH requiring a metabolic activation was analyzed in
diesel particulate extracts.
Correlation was better between the mutagenicity in strain YG1021 and DNA adducts

formed by the nitroreductive enzyme [XO(þ)] from PAH compounds (r¼ 0.965,
p¼ 0.002, n¼ 6) than between the mutagenicity in TA98 and DNA adducts without
the metabolic activation [S9(�)] (r¼ 0.360, p¼ 0.483, n¼ 6) (Fig. 4). Correlations
obtained for the mutagenicity and DNA adducts were slightly better in Set 1
(r¼ 0.992, p<0.0001, n¼ 6) than in Set 2 (r¼ 0.888, p¼ 0.018, n¼ 6).

DISCUSSION

The mutagenicity and DNA adduct formation confirmed that diesel extracts contained
both direct-acting and metabolically activated polyaromatic compounds. High muta-
genicity measured in YG1021 showed that direct-acting nitro-PAH are more potent
compounds in diesel emission than parent PAH. Furthermore, YG1021 strain is
more sensitive than TA98 in measuring the effect of direct-acting PAH. This is in agree-
ment with Arimochi’s study½12�, in which for strain YG1021 the higher mutagenicity of
1-nitropyrene, the nitroreductase activity and the DNA adduct level were measured,
when compared to strains TA98 and TA98NR. In this study, no other nitro-PAH
than 1-NP was detected, due to the methodological difficulties to measure low concen-
trations of pure compounds in complex mixtures. Comparisons of 1-NP levels with the

FIGURE 2 DNA adducts formed in vitro with calf thymus DNA by incubating Diesel particulate extracts
with [S9(þ), XO(þ)] and without [S9(�), XO(�)] metabolic activation systems.
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mutagenic activity tested, showed that the highest concentration of 1-NP in EN97 was
in agreement with the highest mutagenicity measured in strain TA98 and YG1021 in
both sets (Fig. 1). High mutagenicity and adduct formation measured in nitroreductive
test system is in agreement with other studies½13N17�.
We have earlier investigated the activation of PAH derived from Diesel particles in

human skin tissue samples and in human biomonitoring study½18�. Lower level of
DNA adducts were detected in human skin tissue cultures formed by reformulated
Diesel extracts, when compared to those formed by standard reference Diesel fuel.
Individual differences in PAH metabolism was detected by comparing lymphocyte
DNA adducts of bus garage and waste collection workers with PAH concentrations
measured from the personal air samples½18�. The specific harmful compound derived
from Diesel emissions remains to be characterized. In this study, we were able to
show the identification of 1-nitropyrene by GC/MS analysis. However, the present
method did not resolve further information of low level nitro-PAH in diesel extracts.
HPLC combined with a thin layer chromatography is a promising technique to identify
adducts derived from PAH mixture½19�.
In summary, reformulation decreased the amount of particulates and particu-

late PAH in diesel emission and, therefore, the genotoxicity of Diesel extracts.

FIGURE 3 Comparison of DNA adduct formation by direct-acting PAHs and mutagenicity in YG1021
(A) and TA98 (B) strains after exposure to Diesel particulate extracts.
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Reductions due to the fuel reformulation, when compared to European standard diesel
fuel, was in particulate 32–57%, in particulate PAHs 35–70%, in mutagenicity 48–71%
and in DNA adduct formation 42–82%. Particulate extract of RD1 contained higher
concentrations of 14 PAH compounds than RD2, which may explain the difference
in mutagenicity and in vitro CT DNA adduct levels between the reformulated diesel
extracts. However, there are hundreds of other PAH compounds (than the 14 analyzed
here) in Diesel particulate extracts that also influence the mutagenicity and DNA
adduct formation. The reduction of mutagenicity and lower DNA adduct formation,
compared to the standard European Diesel fuel, could partly be explained by differ-
ences in activation of PAH compounds in extracts. In clarifying cellular effects of
Diesel exhaust, DNA adducts and Ames mutagenicity test is an applicable method of
evaluating genotoxicity of Diesel particle derived PAH and nitro-PAH.
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