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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are an
important class of environmentally prevalent xeno-
biotics that exert complex effects on the biological
system and characterized as probably carcinogenic
materials. Single cell gel electrophoresis assays
were performed in order to evaluate DNA damage
occurring in the T-and B lymphocytes, spleens (T/B-
cell), bone marrow, and livers of mouse exposed to
mixture of PAHs (Benzo(a)pyrene, Benzo(e)pyrene,
Fluoranthene, Pyrene) at dose of 400, 800, or 1600
mg/kg body weight for 2 days. DNA damage of the
cells purified from mice was increased in dose
dependent manner. In the blood cells and organs,
DNA damage was also discovered to vary directly
with PAHs. Especially T-cells had been damaged
more than B-cell. Plasma proteomes were separated
by 2-dimensional electrophoresis with pH 4-7 rang-
es of IPG Dry strips and many proteins showed
significant up-and -down expressions with the dose
dependent manner. Of these, significant 4 spots
were identified using matrix-assisted laser desorp-
tion/ionization-time of fight (MALDI-TOF) mass spec-
trometry. Identified proteins were related to energy
metabolism and signal transduction.

Keywords: DNA damage, PAHs, Plasma, Proteomics,
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Polycyclic aromatic hydrocarbons (PAHs) are ubi-
quitous pollutants as a consequence of the incomplete
combustion of organic materials and can be found in
various compartments of the environment: air, sur-
face water, sediment, soil, food and in lipid tissues of
both aquatic and terrestrial organisms. Of the 17
PAHs included in natural or artificial source, only
three are produced commercially in the United States
in quantities greater than research level: acenaph-
thene, acenaphthylene, and anthracene. The follow-
ing compounds are not produced commercially in the
United States: benzo[a]anthracene, benzo[b]fluoran-
thene, benzo[e]pyrene, benzo[j]fluoranthene, ben-
zo[k]fluoranthene, benzo[g, h, i]Jperylene, benzo[a]py-
rene, chrysene, dibenz[a,h]anthracene, fluoranthene,
fluorene, indenoll, 2, 3-c,d]pyrene, phenanthrene, and
pyrene!. These materials metabolically activated in
cells by cytochrome P450 (CYP450) enzymes and/or
peroxidases to reactive intermediates that damage
DNAZ. Several studies have described two major
pathways for metabolic activation. One pathway of
activation requires the formation of diolepoxides via
successive epoxidations catalyzed by CYP450 mono-
oxygenases and an intermediate hydrolysis step catal-
yzed by microsomal epoxide hydrolase. The other
pathway involves the formation of radical cation
intermediates via enzymatically catalyzed one-elec-
tron oxidation®. Many studies have demonstrated the
malignant potential of PAHs, which is correlated with
the expression and activity of the aryl hydrocarbon
receptor (AhR)*°. The PAHs-inducible AhR-regulat-
ed CYP-4501A1 and CYP-4501B! enzymes are of
particular interest since they oxidize PAHs to reactive
intermediates capable of forming DNA adducts that
include mutation, and the initiation of malignant
transformation®’. Many of metabolites bind cova-
lently to cellular molecules, proteins and DNA in
tissues, which is related to mechanism of toxicity (in-
hibiting cell replication) and carcinogenicity (initia-
tion of leukemia)®. PAHs are also supposed to act as a
mutagen via an indirect mechanism, leading to oxi-
dative DNA damage through the formation of hyd-
roxyl radicals via hydrogen peroxide’.

Recently, single cell gel electrophoresis, also
known as “the comet assay” has been used extensi-
vely to determine the extent and character of DNA
damage after low level exposure to toxicants, inclu-
ding strand breaks, alkali-labile sites, DNA crosslink-
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Table 1. Up and down Regulated Proteins in Plasma Among the Exposed Mice

Spot areas PI MW (kDa) Protein name Function
A 5.3 83 Calpastatin Protease inhibitor/protein metabolism
B 4.8 50 Interleukin receptor- Protein serine/threonine kinase
associated kinase activity
Signal transduction/cell
communication
D 52 38 Ubignitin-like 1 Ubiquitin-specific protease activity
/Protein metabolism
C 52 50 Interleukin receptor- Protein serine/threonine kinase activity

associated kinase

Signal transduction/cell
communication

ing, and incomplete excision repair sites'®'". In ani-

mal studies, this assay has been carried out in lymph-
ocytes and multiple organ including liver, lung, spl-
een, kidney, and bone marrow to determine DNA da-
mage and to characterize mutagens'*'*. Proteome
analysis offered a means of conveniently analyzing
differential gene expressions at the protein level by
comparing the 2-DE patterns of proteomes under
different conditions after exposure to compounds of
toxicological relevance. Moreover, a large range of
immobilized pH gradient (IPG) strips and more
advanced 2-DE analysis have made it possible to
identify a number of proteins whose level signifi-
cantly increased or decreased after treatment with
toxic compounds in cells and animals.

The concentrations of individual compounds used
in our study were guided by Health Assessment Do-
cument for Diesel Emissions [US EPA, 1998] and we
mixed with four compounds to make the PAHs and
applied to mouse for 2 days but with some modifi-
cations. The magnetic cell sorting (MACs) method
had been used to isolate the different cell types, i.c.
T-lymphocytes, B-lymphocytes. By using the comet
assay, DNA damage in each cell type in mouse ex-
posed to PAHs mixture was evaluated as genotoxic
effects. Analysis of differential expressed plasma pro-
teins was performed using proteomics tools including
2D-PAGE.

DNA Damage in Blood Cells and Organs

Single cell gel electrophoresis (SCGE, comet assay)
has been performed in lymphocytes and multiple
organ including spleen, bone marrow, liver to deter-
mine DNA damaged by exposure to PAHs.

The results of the comet assay using the mice peri-
pheral T- and B-lymphocytes are shown in Fig. 1A
and B The mean value of the Olive tail moment of
the control T- and B-lymphocytes was 1.3910.24
and 1.37+0.26, respectively. In control B-lympho-
cytes and T-lymphocytes, DNA damages were mea-
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Fig. 1. Diagrams showing the DNA damage in lymphocytes
exposed to PAHs. A significant effect was seen between con-
trol and all exposures, indicating a higher level of geno-
toxicity for PAHs. Above the data in comet assay, the mean
tail moment was demonstrated elevated DNA damage with
increasing concentration. A. T-lymphocytes, B. B-lympho-
cytes.
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Fig. 2. Diagrams showing the DNA damage in T-cells and
B-cell from the spleen exposed to PAHs. A significant effect
was seen between control and all exposures, indicating a
higher level of genotoxicity for PAHs. Above the data in co-
met assay, the mean tail moment was demonstrated elevated
DNA damage with increasing concentration. A. T-cell (spl-
een), B. B-cell (spleen).

with no statistically significant differences. After 2
days of PAHs exposure, the mean values of the Olive
tail moments of T-lymphocytes and B-lymphocytes of
mice exposed to 800 mg/kg PAHs were 2.27+0.14
and 1.77+0.21, respectively. DNA damage of the
both lymphocytes in mice exposed to PAHs increased
with increasing concentration. Especially, T-
lymphocytes had been damaged more than B-
lymphocytes against exposure to PAHs, and a
significant increase in DNA damage occurred after 2
days at all PAHs exposure levels (p < 0.05).

The results of DNA damages in spleen cells are
summarized in Fig. 2A (T-cell), B (B-cell) and cells
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Fig. 3. Diagrams showing the DNA damage in cells from
the bone marrow exposed to PAHs. A significant effect was
seen between control and all exposures, indicating a higher
level of genotoxicity for PAHs. Above the data in comet as-
say, the mean tail moment was demonstrated elevated DNA
damage with increasing concentration.
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Fig. 4. Diagrams showing the DNA damage in cells from
the liver exposed to PAHs. A significant effect was seen
between control and all exposures, indicating a higher level
of genotoxicity for PAHs. Above the data in comet assay, the
mean tail moment was demonstrated elevated DNA damage
with increasing concentration.

from the bone marrow and liver in Fig. 3 and 4,
respectively. A similar trend with regard to DNA
damage was also observed in the bone marrow sple-
ens and livers of mice exposed from 0 to 1600 mg/kg
PAHs for 2 days. In the T-lymphocytes and bone
marrow cells, the plateau in the mean values was



showed, implying that no additional DNA damage
occurred with increasing exposure. The statistical
analyses of mean ranked data (not shown) revealed
significant differences within cell type. With cells
from the liver, a significant effect was seen between
control and all exposures, indicating a higher level of
genotoxicity for PAHs. Above the data in comet as-
say, the mean tail moment for most cells mixture
demonstrated elevated DNA damage with increasing
concentration.

Proteomic Analysis

Analysis of differential expressed proteins was
carried out using 2D-PAGE. Four concentrations of
PAHs, 0 (control), 400, 800, or 1600 mg/kg were used
to identify the biological markers of PAHs in the
mice plasma. Figure 2 shows the 2-DE pattern of the
plasma exposed to PAHs using pl 4-7 range and total
560 spots were detected in the gel. Many spots were
found to be down regulated in the exposed mouse
plasma. The down regulated spots with 300 percen-
tages were identified by MALDI-TOF/MS. Four
protein spots, calpastatin, interleukin receptor-asso-
ciated kinase, ubignitin-like 1, interleukin receptor-
associated kinase, were identified, including the pro-
teins that were involved in signaling and energy me-
tabolism mainly.

PAHs are environmentally prevalent xenobiotics
that exert complex effects on the biological system
and characterized as probably potent tumor initiators
and mutate the cellular DNA. It has been reported
that PAHs exposure causes DNA single-strand brea-
kage!>!3 anc their metabolites bind covalently to cell-
ular molecules, proteins and DNA in several tissues.
The binding of PAHs metabolites to DNA provides a
potential mechanism by which cell replication can be
inhibited, or leukemia can be initiated®. However,
nucleophilic xenobiotics such as phenol and hydro-
quinones are also prone to lose an electron, thereby
forming frez radicals in peroxidase-catalyzed reac-
tions. These radicals attack the sugars, purines and
pyrimidines in DNA, resulting in strand breakage??.

The concentrations of individual compounds used
in our study were guided by Health Assessment
Document for Diesel Emissions [US EPA, 1998] and
we mixed with four compounds to make the PAHs
and applied to mouse for 2 days but with some modi-
fications. In this experiment, we evaluated the effects
of PAHs with regard to DNA damage in various cells
and organs, including lymphocytes, bone marrow, the
spleen, and the liver. In the case of the blood cells, we
used the magnetic cell sorting (MACs) method to
separate the different cell types, i.e. T-lymphocytes
and B-lymphocytes and assessed the differences in
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DNA damage for each cell type in mice exposed to
PAHs. This study suggests that the toxicities capable
of causing DNA damage can cause changes in pro-
tein expression in mice exposed to PAH concentra-
tions containing B(a)P as the major toxic compon-
ents. DNA damage was evaluated by the alkaline
version of the comet assay in various cell type expos-
ed to O (control), 400, 800, or 1600 mg/kg of PAHs
for 2 days (fig. 1-4). Increasing concentrations had
caused significant genotoxicity with some differences
(eg. the plateau patterns of damaged cell were various
to each other slightly). This study reports very signi-
ficant genotoxic effects occurring in the blood cells
and all organs after 2 days of exposure. Especially, T-
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Fig. 5. The 2-DE pattern of the plasma in mice exposed to
PAHs using pl 4-7 range. The down regulated each spot with
300 percentages was shown to small squares (A, B, C, and D)
with increasing concentrations.
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Fig. 6. Relative intensity of changed plasma proteins in mice
exposed to PAHs. The spot volumes were analyzed by total
spot normalization and each spot quantity. Each bar repre-
sents the mean of relative intensity of each spot.

lymphocytes were more sensitive to exposure of
PAHs than B-lymphocytes and immuno-toxicological
effects might be differing to each other. But the detail
mechanism on this difference was unknown yet.

2D-PAGE allowed the analysis of a number of
proteins in plasma whose level was significantly
changed after the exposure of PAHs compared with
the oil control. Many of spots were found to be down
regulated in the exposed mouse plasma with signi-
ficance and relative to the immunosuppressive effects
of PAHSs that impair the body’s natural defense
mechanisms have been documented in mammals, and
PAHs have been shown to alter the immune system of
mammals®. In mice, B(a)P suppresses antibody pro-
duction to both T-dependent and T-independent anti-
gens?4, which appear to exert their immunosup-
pressive activity by altering the B-cell maturation or
function and suppress the cytotoxic T-cell activity.
One of the mechanisms for the immunosuppressive
effects of B(a)P might be the induction of aryl hydro-
carbon hydroxylase?, which would lead to genera-
tion of the reactive diol epoxides by inducing the
CYP450 isoenzymes?S. Since the proteins including
serine/threonine kinase activity, signal transduction,
and cell communication were obviously down-regu-
lated, physiological and biological processes might
be slowed or arrested, then cells started to die so
called apoptosis. By Down-regulating protease inhi-
bitors, enhanced protease activity induced proteins
not to carry out proper function, rather than to de-
grade fragments.

Through the comet assay and proteomics tool in-
cluding 2D-PAGE, biological effects in mouse treated

with PAHs mixture could be estimated and compared
with untreated mouse in the level of DNA and pro-
tein.

Methods

Animals

Specific pathogen free male, Sprague-Dawley rats
were obtained from the Samtaco Animal Breeding
Company (Osan, Korea) and housed under standard
laboratory conditions (Tm; 24+2°C, humidity; 50+
10% and 12-hour day and night cycles). Animals
were allowed to acclimatize to the facility for 1-2
weeks, and were then observed for abnormal beha-
vior. They were given free access to a standard chow
diet and drinking water, and were 6-8 weeks old on
the first day of exposure.

Experimental Design

We used mixture of four PAHs (Benzo(a)pyrene,
Benzo(e)pyrene, Fluoranthene, Pyrene) exposure
groups: dose of 400, 800, or 1600 mg/kg and an
unexposed control for period of 2 days. 4 mice were
inoculated with PAHs mixture in each experiment
(Total: 16 mice). Mice were finally sacrificed and
bloods and tissues were collected in order to deter-
mine the extent of DNA damage. Plasma in each
sample had been storage at —70°C until sample
preparation for proteomic analysis was performed.

Blood Cell Preparation

Blood samples, comprising 1-2 ml of heparinized
whole blood, were collected by cardiac puncture
from each mouse, and comet assays were carried out
within 3 hours. T-lymphocytes and B-lymphocytes
were positively selected with magnetic beads (Mag-
netic cell sorting (MACS CD4 or CD45R isolation
kit; Miltenyi Biotec) according to the manufacturer’s
instructions. Unfractionated leukocytes were prepar-
ed by removal of red blood cells from whole blood,
via centrifugation with Ficoll-Paque solution. Leuko-
cytes were incubated with each type of monoclonal
antibody (20 ul of MACS microbeads per 107 total
cells) for 15 minutes at 6-12°C. After washing cells
by adding 10-20X the labeling volume of PBS buffer,
the cells were centrifuged at 300 xg for 10 minutes.
The supernatant was then removed completely and
resuspended in an appropriate amount of buffer (500
ul of buffer per 10® total cells). The supernatant was
again removed completely, and the cells were applied
onto a prepared MS column (Miltenyi Biotec), which
was placed in the magnetic field of a MACS separa-
tor and washed with 500 ul buffer. After the elimina-



tion of negative cells, the column was removed from
the MACS separator, placed on a suitable collection
tube, and each type of cells was collected and washed
with PBS buffer, in preparation for the comet assay.

Tissue Sample Preparation

The bone marrow, spleen, and liver tissue samples
were prepared for comet assay according to the me-
thods described by Farris, with minor modifica-
tions'®>. Femurs were removed and marrow was
flushed with cold RPMI 1640 medium containing
100 IU/ml penicillin, 100 Ul/ml streptomycin, and 10
% Fetal bovine serum using a syringe fitted with a
23-gauge needle. Spleens and livers were minced
with a scalpel blade, and the tissue was mashed with
a syringe plunger. The cell suspensions of marrow,
spleen, and liver were filtered through a 25-um metal
mesh. The filtered suspension was moved in 15 ml
conical tubes, allowed to stand for five minutes and
produced 2-3 ml of upper single cell suspension. The
collected bone, spleen, and liver cells were washed
with PBS buffer in preparation for the comet assay.

Comet Assay (SCGE, Single cell gel
electrophoresis)

Single cell gel (SCG) electrophoresis or ‘Comet
assay’ is a rapid and very sensitive fluorescent micro-
scopic method to examine DNA damage and repair at
individual cell level. Migration length is generally
believed to be related directly to fragment size and
would be expected to be proportional to the level of
single strand break and alkali-labile sites. The comet
assay was performed according to Singh with minor
modification [Singh, N.P. ef al., 1988]. Normal mel-
ting point agarose (Amresco, NMA) and low melting
point agarose (Amresco, LMA) were dissolved in
PBS (Gibco BRL) using microwave. In brief, 100 pl
of 1% NMA was added onto a fully frosted slides
precoated with 50 pl of 1% NMA for a firm attach-
ment and the slides were allowed to solidify with
cover slips in'the refrigerator for 5 min. After solidi-
fication of the gel, the cover slips were removed and
lymphocytes in 50 pul mixed with 50 ul of 1% LMA
were added. The cover slips were added on the layer
and the slides were allowed to solidify in the refri-
gerator for 5 min. After removing cover slips, 100 pi
of 0.5% LMA was added on the third layer and the
slides were placed with cover slips again in the refri-
gerator for 5 min. The slides were submersed in the
lysis solution (2.5 M NaCl, 100 mM EDTA-2Na, 10
mM Tris-HCI, pH 10; 1% Triton X -100, pH 10 were
added fresh} for 1 h. The slides were then placed in
unwinding buffer (1 mM EDTA and 300 mM NaOH,
pH 13) for 20 min and electrophoresis was carried out
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using the same solution for 20 min at 25 V and 300
mA (0.8 V/cm). After electrophoresis, the slides were
neutralized by washing three times with neutraliza-
tion buffer (400 mM Tris-HCI, pH 7.4) for 5 min each
and were stained with 50 pl of 10 pg/ml ethidium
bromide. The slides were examined using a Komet
4.0 image analysis system (Kinetic Imaging, Liver-
pool, UK) fitted with an Olympus BX50 fluorescence
microscope equipped with an excitation filter of 515-
560 nm and a barrier filter 590 nm. For each treat-
ment group, two slides were prepared and each 50
randomly chosen cells (total 100 cells) were scored
manually. The parameter of Olive tail moment (%
DNA x distance of center of gravity of DNA) was
calculated automatically using the Komet 4.0 image
analysis system.

Two-dimensional Gel Electrophoresis (2DE)

Sample preparation

The sample preparation of plasma for 2DE was
performed as previously described'®. Lipids and salts
were removed from the sample using molecular cut
off column (3 kDa; Amicon, Millipore, Bradford,
MA). For this step, plasma and sample buffer conta-
ining of 7 M urea, 2 M thiourea, 40 mM Tris (0.5 M,
pH 8.5), 4% CHAPS, 65 mM DTT, 1% IPG buffer
(pH 4-7 L) and 1% protease inhibitors were mixed
with equal volume in the column. After centrifuga-
tion, at 3500 rpm 12°C for 4 times of 1 h each the
supernatant was aliquoted and stored at —70°C. The
concentration was measured by modified Bradford
assay method'’.

First Dimension-Isoelectric Focusing (IEF)
Immobiline Dry Strips (4-7 L, 24 cm) were used for
IEF. For the comparison of running kits (vertical SDS
-PAGE running systems), prepared protein sample
solution (50 (tg) was mixed with rehydration buffer
(containing 8 M urea, 2% CHAPS, 0.5% IPG buffer,
65 mM DTT, a trace of bromophenol blue) up to 450
ul at total volume per one sample. The IPG strips
were rehydrated in the presence of the sample for 12
h and focused using the IPGphor™ IEF system
(Amesham Pharmacia Biotech, UK) for 81.5 kVh.
After the first dimension run, the IPG gel strips were
equilibrated twice for 15 min, under gentle shaking at
room temperature, first in solutions (equilibration
buffer: 50 mM Tris-HCI, pH 8.8, 6 M urea, 30% gly-
cerol, 2% SDS) containing 1% DTT and, next in
equilibration buffer containing 2.5% iodoacetamide.
After equilibration, the proteins were separated in the
second dimension (SDS-PAGE) on 9-16% gradient
polyacrylamide gels made by Ettan Dalt gradient
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maker (Amesham Pharmacia Biotech, UK). Running
conditions were 1 w/gel for 30 min and 10 w/gel for 8
h at 10°C until the tracking dye reached the end of
the gel.

Visualization

Proteins were visualized for image analysis using
the silver staining method performed according to
Blum et al. with some modifications'®. Briefly, the
gels were fixed in 50% methanol and 12% acetic
acid, followed by washing three times for 20 min in
50% ethanol. The -gels were then sensitized by
incubating in 0.02% sodium thiosulfate followed by
washing three times for 20 sec in double distilled
water. The gels were immersed in 0.1% silver nitrate
for 20 min, then rinsed two times for 20 sec in double
distilled water. The development stage was carried
out in 6% sodium carbonate and 0.05% formaldehyde
(37%). Finally, the reaction was terminated with 50
% methanol and 12 % acetic acid.

Image Analysis

The silver-stained gels were scanned using a 800 X
1600 dpi instrument (UMAX, UTA 2100XL) and the
image files were transformed into TIF files with
linear gray scale values. The computer analysis of
2D-image was carried out using the ImageMaster 2D
Elite Software (Version 4.01) (Amersham Pharmacia
Biotech, Amersham, UK)

MALDI-TOF/MS Analysis and Protein
Identification

Each spot was in-gel digested with some modifica-
tions'®?°, The gel spots were excised with a scalpel,
crushed, and destained by washing with 25 mM am-
monium bicarbonate, 50% acetonitrile. The gels were
dehydrated by addition of acetonitrile, rehydrated in
ice by adding 10-20 pul of 25 mM ammonium bicar-
bonate with 10 ug/ml of sequencing grade trypsin
(Promega), and incubated at 37°C for 12-15 h. Pep-
tides were extracted by adding 25 pl of solution con-
taining 50% acetonitrile, 0.1% trifluoroacetic acid.
The extraction was repeated three times and com-
pleted by adding 20 ul of acetonitrile. The extracted
solutions were pooled and evaporated to dryness in a
Speed Vac centrifuge. Samples were reconstituted in
10 ul of 0.1% trifluoroacetic acid and treated with
ZipTips™ containing C18 resin (Millipore Co.
Bedford, MA, USA) according to the manufacturer’s
instructions. The washed peptides were eluted with
saturated matrix solution (0-cyano-4-hydroxycin-
namic acid in 60% acetonitrile, 0.1% trifluoroacetic
acid). Monoisotopic masses (M+1) of tryptic frag-
ments were measured in a Perspective Biosystem

MALDI-TOF-MS voyager DE-STR Mass Spectro-
meter (Framingham, MA, USA). The spectra obtain-
ed were internally calibrated by trypsin peaks. Pro-
teins were identified by searches of a homo sapience
subset of NCBInr (NCBInr.10.21.2003) database
using the MS-Fit (http://prospector.ucsf.edu/
ucsthtml4.0/msfit) in order to identify the proteins.
Known keratin masses and trypsin autodigest pro-
ducts were excluded from the searches. The para-
meters were set as one of missed cleavage and acry-
lamide modification. Protein identities were assigned
if at least five peptides masses were matching within
a maximum of 50 ppm error and the candidate agreed
with the estimated pl and Mw from the 2D gel.

Statistical Analysis

Statistic analyses were performed using the SAS
version 6.12 software, and we used the analysis of
variance (ANOVA) method to determine the differ-
ences in olive tail moments between exposure and
control groups.
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