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Abstract

In this study, we investigated the effects of
PAHs and dioxin on mRNA and plasma protein
expression using genomic and proteomic ana-
lysis for automobile emission inspectors and
waste incineration workers. About 54 workers
from automobile emission inspection offices, 31
workers from waste incinerating company and
84 unexposed healthy subjects were enrolled in
this study. Urine and air samples were collected
and analyzed by HPLC and GC/MS. Comet as-
says were carried out to evaluate any DNA
damage in mononuclear and polynuclear cells.
A significant difference in Olive tail moments in
mononuclear cells was observed between ex-
posed and control subjects (P < 0.0001). To
examine the differences of the gene expression

profile in automobile emission inspectors and
waste incineration workers, radioactive comple-
mentary DNA microarrays were used to evaluate
changes in the expression of 1,152 total genes.
The gene expression profiles showed that 11
genes were up-regulated and 4 genes were
down-regulated in waste incinerating workers as
compared with controls. Plasma proteins were
analyzed by 2-dimentional electrophoresis with
pH 3-10 NL IPG Dry strip. The protein expres-
sion profiles showed that 8 proteins were up-
regulated and 1 protein, haptoglobin, was down-
regulated in automobile emission inspectors and
waste incineration workers. Serum paraoxonase/
arylesterase was found only in the plasma of
waste incineration workers. The expression of
genes and proteins involved in oxidative stress
were up-regulated in both automobile emission
inspectors and waste incineration workers. Se-
veral proteins, such as transthyrethin, sarcol-
ectin and haptoglobin, that were highly up- or
down-regulated, could serve as biological moni-
toring markers for future study.
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Introduction

Environmental pollutants that cause genotoxic, im-
munotoxic, and neurotoxic effects in animal and hu-
man have been found and studied to determine the
role of toxicity and to search for monitoring methods
for pre-diagnosis or the prevention of disease (Al-
bertini et al., 1998; Shugart et al., 1998; Burchiel et
al, 1999; Claudio et al., 2000; Chhabra et al., 2003).
Even though there are many toxic environmental
compounds that have been studied, polycyclic aro-
matic hydrocarbons and dioxins are frequently fo-
cused on as environmental genetic toxicants and end-
ocrine disruptors (Kogevinas, 2001; Their et al., 2002;
Birnbaum et al,, 2003; Hosokawa et al.,, 2003; Oh et
al., 2003).

Dioxins are known as the most toxic compounds



that man has ever made. They are generally thought
of as an industrial problem because they are formed
as the by-products of chlorine-containing manufac-
turing processes or from incineration (Everert and
Baeyens, 2002; Birnbaum et al, 2003; Hays and
Aylward, 2003). Therefore, incineration workers have
usually been chosen to evaluate the toxic effects of
dioxin in humans (Kumagai et al, 2003). However the
incineration workers generally are exposed to another
toxic component, PAHs which are a class of stable
organic molecules made up of carbon and hydrogen.
They are ubiquitous environmental pollutants of air,
water and soil produced as consequence of the in-
complete combustion of organic materials (Brandt and
Watson, 2003). Residential heating source, refuse
burning and vehicle exhausts also currently contribute
to the widespread distribution of PAHs (Diaz-Sanchez,
1997). The International Agency for Research on
Cancer has characterized PAHs as carcinogens (IARC,
1998).

These two major environmental toxic components
are found to cause DNA damage as well as changes
in the genes controlling protein expression or cell
growth and differentiation (Kress and Greenlee, 1997;
Mann et al., 1999; Melendez-Colon et al., 1999; Wu
et al., 2001). Genomic analysis has recently been
used as an approach to analyze differential gene
expression and moreover, proteomics has been found
to be a powerful method to elucidate cellular re-
sponse to toxic compounds at the protein level. This
new method is done by comparing the 2-dimensional
electrophoresis patterns of proteomes under different
conditions after exposure to compounds of toxicol-
ogical relevance (Moller et al, 2001). A large range
of immobilized pH gradients (IPG) strips and more
advanced two-electrophoresis analysis makes it pos-
sible to identify a number of proteins whose level
significantly increased or decreased in those cells and
animals responding to environmental challenges after
treatment with toxic compounds (Joo et al., 2003; Son
et al, 2003).

Unfortunately there have been no studies reported
concerning the gene and protein expressions in
human occupationally exposed to these two toxic
compounds. We proposed it would be of valuable to
determine the changes of mRNA in blood cells and
plasma protein expression for the roles of biological
monitoring markers in workers exposed to PAHs or
dioxins. It is known that mRNA and their expressed
proteins cause DNA damage or DNA adducts which
induce the changes in genes controlling further
protein expression.

In present study, we chose two occupational groups,
emission inspectors and waste incineration workers,
who are exposed to PAHs or dioxin; emission in-
spectors are routinely exposed to PAHs and inci-
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neration workers are exposed to PAHs and dioxins
together. Therefore, the only way to evaluate the toxic
effects of dioxin or to find a specific biological
monitoring marker for dioxin is to compare gene or
protein expressions in theses two subject groups on
the blood cells and plasma proteins using genomic
and proteomic analysis. We present here results of
the study showing new biological monitoring markers
in two different fields, that is, genomics and pro-
teomics.

Materials and Methods

Subjects

Forty four workers from three automobile emission
inspection offices in Seoul, 31 workers from an in-
cineration company in Ansan, and 84 unexposed
healthy donors who had undergone an annual health
examination at Soonchunhyang University Hospital in
Seoul, South Korea from May 5 to June 6, 2002 were
enrolled in our study. All subjects completed a ques-
tionnaire, which included items on smoking, drinking,
age, medication, etc. All workers were recruited at two
companies in March 14 and July 28, 2002 and these
workers had been exposed to vehicle exhaust and
refuse burning fumes containing PAHs or dioxin. All
workers and control subjects had not eaten any grilled
and smoked meats within the last 48 h.

Sample preparation

Blood samples, 4-5 ml of heparinized whole blood,
were collected by veinpuncture from each human
subject. Two milliliters of whole blood were mixed with
same volume of PBS solution, and mononuclear and
polynuclear cells were separated using gradient 1.077
and 1.109 gradient Ficoll Paque solution for Comet
assay. The human blood plasma and the buffy coat
containing white blood cells were isolated from the
remaining whole blood by centrifugation (1,000 g, 5
min) and then this was aliquoted and frozen at -80°C
until analysis.

Frozen plasma was thawed on ice. For the plasma
sample preparation, 12.5 ul plasma were diluted 20
times in a reducing, denaturing solution (sample
buffer) containing 7 M urea, 2 M thiourea, 4%
CHAPS, 40 mM tris (pH 8.5), 65 mM DTT, 0.5% IPG
buffer, 1 mM EDTA, and protease inhibitor cocktail
mixture. In order to desalt and clean the denatured
plasma samples, the molecular cut off column
(microcon-3, Milipore) was wused and centrifuged
(10,000 g, 30 min) with loaded samples. Protein
samples were determined by a slightly modified Brad-
ford assay.
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Determination of 1-OH-pyrene, 2-naphthol and
creatinine in urine

Urinary 1-OHP was analyzed according to the method
developed by Jongeneelen et al. (2001). Ten milliliter
of urine sample was adjusted to the pH 5.0 with 1
M HCI and 0.1 M acetate buffer pH 5.0 was added
to a volume of 30 ml. The mixture was hydrolyzed
enzymatically with 12.5 pl of pB-glucuronidase/aryl-
sulphatase at 37°C for 16 h. Afterwards, the hydro-
lyzed urine sample was applied to C18 reverse-phase
cartridge (Alltech Associate Inc., IL), which had been
washed with 5 ml of methanol followed by 10 ml of
distilled water. The hydrolyzed sample was passed
through the cartridge and it was followed by 8 ml of
water. The retained solutes were eluted with 10 ml
of methanol. The solvent was evaporated at 60°C
under a gentle flow of nitrogen. The residues were
resolved in methanol and 20 ul of the sample was
injected into a HPLC system (Gilson, France) with
250%4.6 mm I.D. Xterra RP-18 (5 um) column
(Waters, Milford, MA). 1-OHP was quantitatively de-
termined by the use of a fluorescence detector (Shi-
madzu, RF-10AXL, Japan), with excitation and emis-
sion wavelengths of 242 and 388 nm, respectively.
Urinary 2-naphthol was analyzed according to the
method of Kim et al. (1999). Three milliliter of urine
samples were buffered with 300 pl of 0.2 M sodium
acetate buffer (pH 5.0), and then hydrolyzed en-
zymatically with 30 ul of B-glucuronidase and sul-
fatase (Sigma Co. St. Louis, MO), for 16 h at 37°C
in a shaking water bath. After hydrolysis, 5 ml of
acetonitrile was added and centrifuged at 1000 g for
10 min. A 20 pl of the supernatant was injected into
the HPLC system. A standard stock solution of 2-
naphthol was prepared by dissolving 2-naphthol (Sig-
ma Co. St. Louis, MO) in acetonitrile (Merck Co.
Damstadt, Germany). The urinary creatinine was de-
termined with a Hitachi 747 Computer-Directed Ana-
lyzer.

Analysis of PAHs and dioxin in air

PAHs were analyzed according to the NIOSH method
5515. PAHs were collected by using personal sampler
from the breathing zones of both workers in the
automobile emission inspection and waste incinerating
companies. Particle compounds were collected with
37 mm PTFE filter (Gelman), which was followed by
a glass absorbent tube containing XAD-2 resins (SKC
inc.). The air flow rate was 1.7 I/min. Sixteen au-
thentic standards of PAH were obtained from Supelco
company to analyze PAH collected by personal sam-
plers. PAHs were extracted from the PTFE filters and
XAD-2 absorbent materials by sonication for 30 min
with 1ml of dichloromethane and acetonitrile. GC-MS
analysis was performed with an Agilent 6890 series

GC equipped with a HP-5 column (Agilent). The GC
was interfaced to a high resolution Agilent 5973 MS.
A HP-5 column (length 30 mx0.32 mm I|.D.) was
employed with helium as carrier gas. The GC tem-
perature was programmed as follows: first 100°C for
5 min, then from 100°C to 290°C at 5°C/min and
finally 290°C for 10 min. The injector and detector
temperatures were 200 and 250°C, respectively. PAHs
were identified according to their elemental composi-
tion, mass of their molecular ions, and by comparing
with fragmentation patterns obtained from authentic
standards. Analysis of dioxin was according to mod-
ified EPA method (Method 23A). Gaseous and par-
ticulate dioxin like compounds were collected in a
multicomponent sampling train at three times from
June 14 to July 18, 2002. The collection material was
extracted using acetone, methylene chloride and
toluene (Merck Co. Darmstadt, Germany). The sam-
ples were then spiked with 15 "°Ciz-labelled-PCDD/F
prior to extraction and analyzed with a high resolution
gas chromatographic column coupled a high resolu-
tion mass spectrometer (HRGC/HRMS).

Comet assay

The comet assay was performed according to Singh
with minor modifications (Singh et al., 1988). Normal
melting point agarose (Ameresco, NMA) and low
melting point agarose (Ameresco, LMA) were dis-
solved in PBS (Gibco BRL) using a microwave oven.
In brief, 100 ul of 1% NMA was added onto fully
frosted slides precoated with 50 pl of 1% NMA for
the firm attachment and the slides were allowed to
solidify with cover slips in the refrigerator for 5 min.
After solidification of the gel, the cover slips were
removed and lymphocytes in 50 pl were mixed with
50 ul of 1% LMA. The cover slips were added on
the layer and the slides were allowed to solidify in
the refrigerator for 5 min. After removing cover slips,
100 pl of 0.5% LMA was added on the third layer
and the slides were placed with cover slips again in
the refrigerator for 5 min. The slides were then
submersed in the lysing solution (2.5 M NaCl, 100
mM EDTA-2Na, 10 mM Tris-HCI, pH 10; 1% Triton
X-100 and 10% DMSO, pH 10) for 1 h. The slides
were then placed in unwinding buffer (1 mM EDTA
and 300 mM NaOH, pH 13) for 20 min and elec-
trophoresis was carried out using the same solution
for 20 min at 25 V and 300 mA (0.8 V/cm). After
electrophoresis, the slides were neutralized by wash-
ing three times with neutralization buffer (400 mM
Tris-HCI, pH 7.4) for 5 min each and were stained
with 50 w of 10 ug/ml ethidium bromide. The slides
were examined using a Komet 4.0 image analysis
system (Kinetic Imaging, Liverpool, UK) fitted with an
Olympus BX50 fluorescence microscope equipped



with an excitation filter of 515-560 nm and a barrier
filter of 590 nm. For each treatment group, two slides
were prepared and each 50 randomly chosen cells
(total 100 cells) were scored manually. The Olive tail
moment (=(Tail.mean - Head.mean)x Tail%DNA/100)
parameter was calculated automatically using the
Komet 4.0 image analysis system.

Human cDNA microarray

A human cDNA microarray was primarily derived from
a commercially available master set of approximately
15,000 human verified sequences (Research Gene-
tics, Inc., Huntsville, AL). The 15,000-human cDNA
clone set was sorted according to a list of genes
(1,152 elements) representing families such as dif-
ferentiation, development, proliferation, transformation,
cell-cycle progression, immune response, transcription
and translation factors, oncogenes, and molecules
involved in cell growth and maintenance. PCR-ampli-
fied cDNAs were spotted on nylon membranes. The
general methodology of arraying is based on the
procedures of DeRisi et al. (1996).

cDNA Radiolabeling

The total RNAs prepared from the bloods samples of
automobile emission inspectors, waste incineration
workers, and control subjects were used to synthesize
33P-labeled cDNAs by reverse transcription. Briefly,
3-10 ug of RNA was labeled in a reverse trans-
cription reaction mixture containing 5 x first-strand
PCR buffer, 1 ug of 24-mer poly dT primer, 4 u of
20 mM each dNTP excluding dCTP, 4 ul of 0.1 M
DTT, 40 U of RNase inhibitor, and 6 ul of 3,000
Cilmmol o-*P dCTP (a final volume of 40 pl). This
mixture was heated at 65°C for 5 min, followed by
incubation at 42°C for 3 min. Two pl (specific activity:
200,000 U/ml) of Superscript Il reverse transcriptase
(Life Technologies, Inc., Rockville, MD) was then
added and the samples were incubated for 30 min
at 42°C, followed by the addition of 2 pl of Superscript
Il reverse transcriptase and another 30 min of in-
cubation. Five ul of 0.5 M EDTA was added to
chelate the divalent cations. After the addition of 10
w of 0.1 M NaOH, the samples were incubated at
65°C for 30 min to hydrolyze the remaining RNA.
Following the addition of 25 ul of 1 M Tris (pH 8.0),
the samples were purified using Bio-Rad 6 purification
columns (Hercules, CA). This resulted in 5x10° to
3x10" cpm per reaction (Vawter et al., 2001).

Hybridization and Scanning

cDNA microarrays were pre-hybridized in a hybridi-
zation buffer containing 4.0 ml Microhyb (Research
Genetics), 10 w of 10 mg/ml human Cot 1 DNA (Life
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Technologies), and 10 ul of 8 mg/ml poly dA (Phar-
macia, Peapack, NJ). Both Cot 1 and poly dA were
denatured at 95°C for 5 min prior to use. After 4 h
of prehybridization at 42°C, approximately 10" cpm/ml
of heat-denatured (95°C, 5 min) probes were added
and the incubation continued for 17 h at 42°C. The
hybridized arrays were washed three times in 2 x
SSC and 0.1% SDS for 15 min at room temperature.
The microarrays were exposed to phosphoimager
screens for 1-5 days, and the screens were then
scanned in a FLA-8000 (Fuji Photo Film Co., Japan)
at 50-um resolution (Vawter et al, 2001).

Genomic data analysis

Microarray images were trimmed and rotated for
further analysis using L-Processor (Fuji Photo Film
Co., Japan). The gene expression of each microarray
was captured by the intensity of each spot produced
by radioactive isotopes. Pixels per spot were counted
by Arrayguage (Fuji Photo Film Co.) and exported to
Microsoft Excel (Microsoft, Seattle, WA). The data
were normalized with Z transformation to obtain Z
scores by subtracting each average of gene intensity
and dividing with each standard deviation. Z scores
provide each of 2,304-spotted (two sets of 1,152
genes) genes with the distance from the average
intensity and were expressed in units of standard
deviation. Thus, each Z score provides flexibility to
compare different sets of microarray experiments by
adjusting differences in hybridization intensities. Gene
expression difference as compared with untreated
control cells was calculated by comparing Z score
differences (Z differences) among the same genes.
This facilitates comparing each gene that had been
up- or down-regulated as compared with the control
cells. Z differences were calculated first by subtracting
Z scores of the controls from each Z score of the
samples. These differences were normalized again to
distribute their position by subtracting the average Z
difference and dividing with the standard deviation of
the Z differences. These distributions represent the Z
ratio value and provide the efficiency for comparing
each microarray experiment (Vawter et al, 2001).
Scatter plots of intensity values were produced by
Spotfire (Spotfire, Inc., Cambridge, MA) (Tanaka et
al., 2000). Cluster analysis was performed on the
Z-transformed microarray data by using two programs
available as shareware from Michael Eisen's labora-
tory (http://rana.lbl.gov). Clustering of changes in gene
expression was determined by using a public domain
cluster based on pair-wise complete-linkage cluster
analysis (Eisen et al, 1998).
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Two dimensional polyacrylamide gel
electrophoresis (2DE-PAGE)

2-DE was performed essentially as described by
Hochstrasser et al. for standard plasma samples. In
the first dimension of 2-DE, isoelectric focusing (IEF),
the proteins were separated only according to their
isoelectric points. The preparated protein sample solu-
tion (40 ug) was mixed with rehydration buffer (con-
taining 8 M urea, 2% CHAPS, 0.5% IPG buffer, 65
mM DTT, and a trace of bromophenol blue) up to 450
ul at total volume per one sample. IEF was carried
out with commercially available immobilized pH gra-
dients [nonlinear pH gradient 3-10 (3-10NL), 24 cm],
using the IPGphor (Amersham Pharmacia Bioscience,
Amersham, UK) apparatus. The gel was rehydrated
in the presence of the sample for 10 h and focused
for 81,500 Vhs. After IEF, 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%
glycerol, 1% w/v SDS) containing 1% DTT and, next
in equilibration buffer containing 2.5% iodoacetamide.
In the second dimension, SDS-PAGE, the proteins
were resolved solely on the basis of their molecular
masses in 9-16%T gradient polyacrylamide gels
using Ettan Dalt System (Amersham Pharmacia
Bioscience). The IPG strips were embedded with
0.5% w/v melted agarose prior to the run on the
SDS-PAGE slabs. The agarose contained 0.001%
w/v bromophenol blue as a tracking dye. Running
conditions were 2.5 w/gel for 15 min and 140 w/total
for 6 h until the bromophenol blue reached the end
of the gel.

Visualization and image analysis

After separation in SDS-PAGE gels, the proteins were
visualized by a silver staining kit (Amersham Phar-
macia Bioscience). The procedure was followed ac-
cording to manufacture's instruction. The silver-stained
gels were scanned and analyzed using Image an-
alysis software (Amersham Pharmacia Bioscience).

Protein identification

Electrophoretically separated proteins were excised
from the gels, washed with 100 ul of 25 mM
NH4HCO; and dehydrated with 100 wl of acetonitrile.
Reduction was performed by a 1 h reaction with 10
mM DTT at 57°C and alkylation was followed with 25
mM iodoacetamide for 45 min at room temperature.
Protein digestion was performed with trypsin at 35°C
overnight and the digested peptides were extracted
twice with a solution of 50% acetonitrile-25 mM am-
monium bicarbonate. The extracts were pooled and
desalted with ZipTip C18 (Milipore Co. Bedford, MA).

Purified peptide fragments from the digested proteins
were subjected to Perspective Biosystem MALDI-TOF
voyager DE-STR Mass Spectrophotometer (Framin-
gham, MA) with an internal calibration. The peptide
mass fingerprint obtained from each protein digest
was submitted to databases using the program MS-Fit
(http://prospector.ucsf.edu/ucsf html4.01) in order to
identify the proteins.

Statistical analysis

Statistic analyses were performed using SAS version
6.12. To test the significant differences among the
three groups of automobile emission inspection wor-
kers, waste incineration workers, and control subjects,
we used the analysis of variance (ANOVA) for the
means of urinary 1-OH-pyrene, 2-naphthol, and olive
tail moments of mononuclear and polynuclear cells.
Duncan's multiple range test was used for multiple
comparison of means after ANOVA when statistically
significant difference was found.

Results

Characteristics of subjects

Table 1 shows the relevant subject characteristics,
such as age and smoking habits. Age distribution did
not show the same exact pattern between workers
exposed to PAHs and control subjects. The mean of
age for the automobile emission inspection and waste
incineration workers and control subjects were 36.4
+6.6, 37.7+86 and 31.6+10.5 vyears old, re-
spectively. The age comparison for the exposed and
control subjects did not show a significant difference
(P > 0.290 ANOVA). Smokers are more frequent
among the workers exposed to PAHs than among the
control subjects (Table 1). The number of cigarettes
which automobile emission inspectors and waste
incineration workers and control subjects smoked per
day was 6.67, 11.57 and 7.67 respectively (Table 1).

Determination of 1-OH-pyrene and 2-naphthol in
urine

Table 2 shows the urinary concentration of 1-OHP
and 2-naphthol. The mean values of 1-OH-pyrene in
automobile emission inspectors, waste incineration
workers and control subjects were, 0.298 £0.212,
0.531 £0.427 and 0.061 £ 0.094 umol/mol creatinine,
respectively (Table 2). The mean values of 2-naphthol
in automobile emission inspectors, waste incineration
workers and control subjects were 5.894 1 4.683,
8.947 £5.931 and 1.924 + 3.441 mol/mol creatinine,
respectively (Table 2). Waste incineration workers
showed higher concentrations of 1-OHP and 2-na-



Table 1. Characteristics of exposed and control subjects.
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Automobile emission
inspection workers

Waste incineration Control subjects

(N=44) (N=31) (N=84)
Age (year old) 20-29 1 ( 2%) 7 (23%) 49 (58%)
30-39 36 (67%) 13 (42%) 21 (25%)
40-49 17 (31%) 9 (29%) 8 (10%)
50 < 2 (6%) 6 ( 7%)
Mean age 36.4 37.7 31.6
Smoking Smoking 26 (59%) 22 (711%) 31 (37%)
Ex-smoking 7 (16%) 5 (16%) 8 (10%)
Non-smoking 11 (25%) 4 (13%) 45 (53%)
Drinking Drinking 33 (75%) 31 (100%) 76 (90%)
Non-drinking 11 (25%) 0 ( 0%) 8 (10%)

No medication treatment in all subjects.

Table 2. Levels of 1-OHP and 2-naphthol in automobile emission inspection workers, waste incineration workers and control subjects.

Automobile emission

Waste incineration Control subjects

inspection workers workers
Number 44 31 84
1-OHP AM£ASD 0.298+0.212" 0.531+0.427° 0.061+0.094%°

(wmol/mol creatinine) (Range) (0.000 - 1.012)
GMxGSD 0.232+0.003
2-Naphthol AM+ASD 5.894+468.3"
(wmol/mol creatinine) (Range) (0.846 - 20.883)
GMzGSD 4.208+0.002

(0.127 - 1.485)
0.405+0.002

(0.000 - 0.003)
0.034+0.003

1.924+3.441%
(0.000 - 17.794)
0.236+0.023

8.947+5.931%
(0.000 - 23.222)
7.484+0.002

a: Significantly different from automobile emission inspection workers by Duncan test and ANOVA (P < 0.001), b: Significantly different from
waste incineration workers by Duncan test and ANOVA (P < 0.001), c: Significantly different from controls by Duncan test and ANOVA (P <

0.001)

phthol than did the automobile emission inspection
workers.

Analysis of PAHs and dioxin in air

The air concentration of total PAHs ranged from 134
to 9,201 ng/m® (1,692 + 1,663 ng/m®) and from 1684
to 9,642 ng/m® (6,060 +4,011 ng/m®) in automobile
emission inspection offices and a waste incineration
company, respectively (Table 3). The concentration of
carcinogenic PAHs in waste incineration work sites
was 10 times higher than those levels found in the
automobile emission inspection offices.

The concentration of dioxin in air at the waste in-
cinerating company was 31.17 £51.36 (0.299-90.45)
ng-TEQ/Sm® and this was 100 times higher than that
found in Seoul and showed the variability between

individuals and times of collection as a measure of
QA/QC.

DNA damage analysis

Comet assays were carried out to evaluate the DNA
damage in mononuclear and polynuclear cells. In the
mononuclear cells, DNA damage for automobile emis-
sion inspectors, waste incineration workers and con-
trol subjects were 1.71 £0.23, 2.23 £0.24 and 1.34
+0.16, respectively (P < 0.0001) (Table 4). Sig-
nificant difference in Olive tail moment in mononuclear
cells were observed between automobile emission
inspection and waste incineration workers and control
subjects.

The DNA damage of the polynuclear cells was
greater than that in the mononuclear cells. The tail
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Table 3. PAHs composition by IARC classification

Automobile emission inspection workers

(n=46)

Waste incineration workers
(n=6)

RA+SD (%) Range (na/m® Mean+SD (na/m®)

RA+SD (%) Range (na/m®  Mean+SD (na/m®)

Others 92.41£9.77 128.34-8792.64 1692.86+1663.13  85.12+8.23 1526.33-8388.82  5375.13%£3933.83
Group 3 3.98+4.91 5.38- 202.51 42.08+x 35.81 7.01£4.34  108.52- 746.26 40.39+ 321.43
Group 2B 1.72+2.10 0.00- 47.00 18.52+ 12.41 2.52+0.95 36.39- 226.39 156.95+ 104.80
Group 2A 1.89+4.16 0.00- 158.68 15.51x 25.06 5.36+7.87 12.86- 281.35 130.16+ 137.42

Total 100 134-9201 1962+1663 100 1684-9642 6060+4011

Group 2A: Probably carcinogenic to humans; benzo(a)anthrancene, benzo(a)pyrene, dibenzo(a,h)anthrancene, Group 2B: Possibly carcinogenic
to humans; benzo(b)fluoranthene, benzo(k)fluoranthene, indenol(1,2,3-cd)pyrene, Group 3: Unclassifiable as to carcinogenicity to humans;
anthracene, fluoranthene, fluorene, pyrene, chrysene, benzo(g,h,i)perylene, Others: Not included to groups; naphthalene, acenaphthylene,

acenephthene

Control

GAPDH

Waste incinerating workers

GAPDH

anti-oxidant protein 2

moments of polynuclear cells in automobile emission
inspectors, waste incineration workers and control
subjects were 2.85+0.49, 3.32+0.38 and 2.72
0.59 respectively. No significant difference in Olive tail
moments of polynuclear cells was observed between
automobile emission inspection workers and control
subjects, but a slight increase in the Olive tail mo-
ments of the polynuclear cells for waste incineration
workers was found versus the control subjects (Table
3).
The DNA damage comparison between exposed
workers and control subjects showed that mono-
nuclear cells are very sensitive cells to PAHs expo-
sure.

G protein-coupled receptor kinase 6

Figure 1. Representative cDNA micro-
arrays of two independent hybridiza-
tion experiments comparing cDNAs
generated from controls (up) or from
waste incinerating workers exposed to
PAH and dioxins (down). cDNA mi-
croarray contained 1,152 genes and
printed in duplicate (as indicated by
the line) and each duplicate is com-
posed of eight individual subarrays.
For example, two genes differentially
expressed between controls and waste
incineration workers are marked by
circles (solid circle, anti-oxidant protein
2; dotted circle, G protein-coupled
receptor kinase 6; no circle, GAPDH).

Gene expression profiles in workers exposed to
PAHs or dioxin

Radioactive hybridization was visualized by phospho-
imaging technologies. The primary image, that is the
results of primary capture by the phosphoimager, is
shown in Figure 1. This particular array was printed
in duplicate (as indicated by the line) and each
duplicate was composed of eight individual subarrays.
A visual inspection of the hybridization patterns
readily identified a number of signals differentially
expressed between the controls and the automobile
emission inspectors (or waste incineration workers).
An analysis of the median densitometric signal
intensity revealed that 11 genes increased and 4
genes decreased when compared with waste inci-
neration worker and the controls by a Z-ratio of 2 at
a descriptive P < 0.05. We marked three genes: two



Genomic and proteomic biomarkers 403

Table 4. DNA damage in mono- and polynuclear cells in automobile emission inspection workers, waste incineration workers and control subjects.

Olive tail moment

Cell Type
Automobile emission inspection

Waste incineration workers

Control subjects

workers (n=44) (n=31) (n=84)
Mononuclear 1.71£0.23% 2.23+0.54% 1.34+0.16%
Polynuclear 2.85+0.49" 3.32+0.38% 2.72+0.59°

a: Significantly different from automobile emission inspection workers by Duncan test and ANOVA (P < 0.001), b: Significantly different from
waste incineration workers by Duncan test and ANOVA (P < 0.001), c: Significantly different from controls by Duncan test and ANOVA (P <

0.001)

Table 5. Up- and down-regulated gene expression in automobile emission inspectors and waste incineration workers by cDNA microarray.

Z ratio
Gene name
Automobile emission Waste incinerating
inspectors workers
Increase Integrin-linked kinase (ILK) mRNA, complete cds 1.48 2.43
KIAA0380 gene, complete cds 1.54 242
Cytochrome P450 IIF1 (CYP2F1) 0.52 2.40
Cytochrome P450 [ID6 (CYP2D6) 1.43 2.32
Mitochondrial cytochrome P450 X1A1 precursor 0.76 2.23
Phosphoenolpyruvate carboxykinase 1 (soluble) 0.80 2.15
Anti-oxidant protein 2 1.65 2.15
Casein kinase | gamma 2 mRNA, complete cds 0.80 2.08
Glutathione S-transferase M1 1.74 2.06
Interleukin-1 receptor-associated kinase (IRAK) Mrna 0.17 2.03
Glutathione peroxidase 4 (phospholipid hydro-peroxidase) 1.37 2.02
Decrease G protein-coupled receptor kinase 6 0.04 -2.05
ESTs, highly similar to guanylate kinase -0.71 -2.07
CNCG -1.81 -2.38
ESTs, weekly similar to C16 C10.5 -1.27 -3.33

1) Z-value (gene1) = log10 [raw intensity (gene1)] - log10 [mean raw intensity (all genes))/standard deviation log10 [raw intensity (all genes)],
2) Z-difference (gene1) = Z(genel,array1) - Z(gene1,array2), 3) Z-ratio (genet) = Z-difference(gene1) / Sdev(Z-difference all genes), The numbers
of samples in the cDNA microarray in automobile emission inspection workers, waste incineration workers and control subjects were 44, 31,

and 42, respectively.

of these genes were expressed differently in waste
incinerating workers and controls (Anti-oxidant protein
2, G protein-coupled receptor kinase 6) and one gene
similarly expressed between the waste incineration
workers and the controls (GAPDH). Gene expression
profiles of interest were significantly up-regulated (11
genes) or down-regulated (4 genes) in waste inci-
neration workers when compared with the controls.
The prominently changed genes are listed in Table
5. The genes showing highly altered expression levels
were aligned in the order of the magnitude of their
altered expression in automobile emission inspectors
and waste incineration workers exposed to polycyclic
aromatic hydrocarbons or 2,3,7,8,-Tetracholrodedi-
benzo-p-dioxins. It is interesting that genes related to
oxidative stress were up regulated in waste incinerat-

ing workers. Comparison rank analysis revealed that
the expression of five genes related to oxidative
stress, including CYP2F1, CYP2D6, anti-oxidant pro-
tein 2, glutathione S-transferase M1, and glutathione
peroxidase 4 increased by more than 2.02 of the
Z-ratio (Table 5). Other genes up-regulated in waste
incinerating workers are integrin-linked kinase, casein
kinase 1, etc. which are known to be involved in
general cell signaling pathway

Figure 2 is Scatter plot for comparing the ex-
pression profiles of waste incineration workers and
the controls. Expression profiles of the blood for
waste incinerating workers and the control subjects
are shown as a scatter plot of 1,152 genes from the
microarray. A regression analysis of Z scores from
two independent samples of the waste incineration



404  Exp. Mol. Med. Vol. 36(5), 396-410, 2004

A
4
Controls G ptsin—coupled : v
mecaptor kirass § e
+
n + 4.
~ =~ ad
EXTls. Wmkiy irm dar s
o C16CIAS A
l . Voo
2 & ¢ -

Figure 2. Scatter plot for comparison
of expression profile between controls

and waste incineration workers. Ex-
pression profiles of the bloods in

Phosphomsnol py nat controls and waste incineration wor-

L] H.Iin.'llfl 1

kers exposed to PAH and dioxins are
2 3 4 5 B shown as scatter plot of 1,152 genes
from the microarray. The values are
corrected intensities relative to con-

o trols, representing levels of expression

W aste incinerutingwnrkers. for the cDNA elements of the mi-
croarrays.

nsgp
ng
«lors
11
waders172

s
e erms Som
- 3

Coxord-172
Cordrd-172
Achanohile
Socharnohile
Aucanohile
Adanohile
Waster

hTRIP { \TRIPYNRHA .commletecds

Switranscrintionfactor

cvtochrone P430 IIE1 (CYXPZF 1) -+
GlutathioneS-transferaseMiibrain)

cvtochrone P430 VIIAL (CXP7R1) o—
ProteinkinaseC.carma

ran2ras-relatedorotein

KIM0311gene .nartialcds

Proteimhosvhatase? ( formerly2R) ,regulatorysubunitB (FR32)
Deoxvthvnidylatekinase

GlutathioneS-transferaseMl 4

ESTs .Weaklvsimilartoenidermalarowthfactorreceptorking
ReculatorofG-proteinsicmal limsl
Inogitoll.4.5-trisvhosphate3-kinaseB

Acidohosphatase’ . tartrateresistant

KI#N03870ene .partialcds
V-erb-h2avianervthroblasticleukerdaviraloncodenshonol

Figure 3. Clustergram of up and down regulated gene expression in controls, automobile emission inspectors and waste incineration workers.
Microarray data from the bloods of controls and workers exposed to PAH and dioxins were combined and clustered. Cluster analysis was performed
on Z-transformed microarray data by using two separate programs available as share ware from Michael Eisens lab. Each gene is represented
by a single row of colored boxes; each experimental sample represented by a single column. The entire clustered image is shown on the
left. These clusters contain uncharacterized genes that are not involved in these processes.



workers and the controls were performed, and the Z
scores of individual genes were plotted.

To obtain a molecular portrait of those genes ex-
posed to polycyclic aromatic hydrocarbons or 2,3,
7,8,-Tetracholrodedibenzo-p-dioxins, we used a hierar-
chical clustering algorithm to group genes on the
basis of their similar expression patterns (Eisen et al.,
1998), and the data are presented in a matrix format
(Figure 3). Each row of Figure 3 represents all the
hybridization results for a single DNA element of the
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array, and each column represents the expression
levels for all genes in a single hybridization sample.
The expression level of each gene was visualized in
color, relative to its median expression level across
all samples. Red represented an expression greater
than the mean, green represents an expression less
than the mean, and color intensity denotes the degree
of deviation from the mean. Gray represented a
median expression level. Distinct samples represent-
ing similar gene patterns from the control cells were

drﬂrrdn

11,
L

Z ratio

20 3 Automobile emission
inspectors

-3 Il Waste incinerating workers

Figure 4. Comparison of Z-ratio in automobile emission inspectors and waste incineration workers. 1.
Integrin-linked kinase (ILK) mRNA, complete cd, 2.KIAA0380 gene, complete cds 3. Cytochrome P450
IIF1 (CYP2F1), 4. Cytochrome P450 1ID6 (CYP2D6), 5. Mitochondrial cytochrome P450 X1A1 precursor,
6. Phosphoenolpyruvate carboxykinase 1 (soluble), 7. Anti-oxidant protein 2, 8. Casein kinase | gamma
2 mRNA, complete cds, 9. Glutathione S-transferase M1, 10. Interleukin-1 receptor-associated kinase
(IRAK) Mrna, 11. Glutathione peroxidase 4 (phospholipid hydroperoxidase), 12. G protein-coupled receptor

kinase 6, 13. ESTs, highly similar to guanylate kinase,

C10.5.

14. CNCG, 15. ESTs, weekly similar to C16

Table 6. Up and down regulated proteins in plasma between automobile emission inspectors and waste incineration workers.

Automobile Waste Estimated Accession no.
emission incineration Mr (KDa)lp! Coverage (%) (SWISS-PROT
inspectors workers P TrEMBL)
Increase Complement C4 Complement C4 32/6.4 25 P01028
Transthyretin Transthyretin 35/5.5 55 P02766
Sarcolectin Sarcolectin 51/5.6 17 P08729
Complement factor B 102/6.1 25 P00751
Serotransferrin 92/6.2 21 P02787
HDJ2protein 29/5.6 20 QINXZ8
Fibrinogen o/ 64/7.0 14 P02671
o-E chain
Serum araoxonase/ 43/4.9 21 P27169
arylesterase
Decrease Haptoalobin-1 Haptoalobin-1 35/5.8 13 P00731

The numbers of samples in the proteomic analysis in automobile emission inspection workers, waste incineration workers and control subjects

were 44, 31, and 42, respectively.
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aligned in adjacent rows. The clustergram revealed
that clusters of genes related to oxidative stress were
up-regulated in waste incineration workers, as com-
pared to controls (Figure 4).

Proteomic analysis

Figure 5 shows the 2-DE pattern with pH 3-10 NL
IPG Dry strip and the changes of 9 up-or down
regulated plasma proteins in the automobile emission
inspectors and waste incineration workers (Table 6
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Figure 5. Protein expression in auto-
mobile emission inspectors and waste
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of plasma proteins and nine spots which
were up- or down-regulated in auto-
mobile emission inspectors and waste
incineration workers.




Genomic and proteomic biomarkers 407

1000

B Control subjects
800 B Automobile emission inspectors —
[0 Waste incinerating workers

600

400

Relative Intensity

Figure 6. Relative intensity of up- or
down-regulated proteins in automobile
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and Figure 5). The increases or decreases in the
plasma protein expression in both subjects were
statistically significant. Eight plasma proteins were
up-regulated and five plasma proteins were down-
regulated and five plasma proteins were in automobile
emission inspectors and waste incineration workers,
respectively (Figure 5 and 6). Complement C4, trans-
thyretin and sarcolectin were up-regulated in both
automobile emission inspectors and the waste inciner-
ation workers. Fibrinogen o/o-E chain, serotransferin,
complement factor B, and HDJ2 protein were up
regulated in automobile emission inspectors, but not
in the waste incinerating workers. Haptoglobin-1 was
significantly down-regulated in both subjects. Among
the 9 plasma proteins, transthyretin was the most
prominently expressed spot (Figure 6) for the auto-
mobile emission inspectors and waste incineration
workers.

Discussion

In the past decade, several biomarkers have been
used for the assessment of human exposure to
PAHs. Among these, urinary metabolites 1-OHP and
2-naphthol have served as good biomonitoring mar-
kers (Jongeneelen et al, 1985; Kim et al., 1999). In
our present study, the urinary 1-OHP and 2-naphthol
concentration in both subjects were found to be
similar to those in aircraft maintenance and shipyard
workers (Kim et al, 2001; Lee et al., 2001).
PAHs were classified by three different groups
which show different level of carcinogenicity (IARC).
Air concentrations of three different groups of PAHs
were similar in the automobile emission inspection
offices and the waste incineration company, but the
DNA damage in mononuclear cells of both subjects
showed a significant difference. The difference of
DNA damage between the two exposed subjects

200 I I I I I
0 4

emission inspectors and waste inci-
neration workers. The spot volumes
were analyzed by total spot normali-
zation and each spot quantity. Each
bar represents the mean of relative
intensity of each spot.

could be caused by the effects of dioxins in waste
incineration company.

The microarray-based genomic survey is a high-
throughput approach, that allows parallel study on the
expression patterns of thousands of genes (Konu et
al., 2001). This technique can identify the correlation
of gene expression pattern and environmental con-
tamination by performing comparison-rank analysis of
genes expressed by the transcription of DNAs into
RNAs. In this study, we discovered novel evidence
for previously unknown gene expression patterns
related to oxidative stress in workers exposed to PAH
or Dioxin; e.g., CYP2F1, CYP2D6, anti-oxidant protein
2, glutathione S-transferase M1, and glutathione per-
oxidase 4.

Oxidative stress is the biochemical modification of
cells, tissues and lipids due to their interactions with
free radicals. Interactions can increase, decrease or
alter the function of specific proteins, and this de-
pends on the degree and type of protein modification.
Free radicals are highly unstable molecules that
interact quickly and aggressively with other molecules
in our bodies to create abnormal cells (Kim et al.,
2003). They are capable of penetrating into and
damaging the DNA of a cell so the cell will produce
mutated cells that can replicate out of control. Cellular
defenses against oxidants are antioxidant enzymes
(such as catalase, superoxide dismutase, and peroxi-
dases.) and antioxidant molecules (such as gluta-
thione, vitamin C, and vitamin E). In this study, we
describe the up regulation of anti-oxidant protein 2,
glutathione S transferase M1, and glutathione peroxi-
dase 4, which are well known proteins that protect
against oxidative damage. The observed induction of
several genes, and especially those of the anti-
oxidative enzymes, is undoubtedly a result of the
cellular efforts to protect itself against the effects of
cell oxidation. These detoxification conditions have
been shown to enhance the expression of several
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anti-oxidant enzymes that shift to anti-oxidation status
in a free radical metabolism that is typical of oxidative
stress.

In the proteomic analysis, we found 9 significant
proteins whose expressions were down- or up re-
gulated (Table 8). Immune related proteins, comple-
ment 4 and complement factor B were up-regulated
in both the automobile emission inspectors and waste
incineration workers. Complement 4 and complement
B act as effectors in immune defense system. Com-
plement 4 increases vascular pexdcrmeability and
causes histamine release from mast cells and baso-
philic leukocytes.

Haptoglobin combines with free oxyhemoglobin to
form a stable complex that has a weak peroxidase
activity. Paraoxonase/arylesterase plays the roles of
antioxidants to protect lipid peroxidation in the cell
membrane. However, these two plasma proteins that
could be involved in the peroxidation process showed
a different expression in each exposed subjects.
Haptoglobin was decreased in both exposed subjects
but paraoxonase/arylesterase was increased only in
waste incineration workers. In an animal study, lipid
peroxidation was enhanced by exposure of 2, 3, 7,
8-TCDD (Wahba et al., 1989; Pohjanvirta et al.,
1990). In a human population study, graphite ware
production and steel industry workers exposed to
PAHs revealed the changes in the state of the mono-
oxigenase system and lipid peroxidation (Haguenoer
et al, 1996).

Serotransferrin, which is called "the plasma trans-
ferring protein", is a glycoprotein that has metal
binding properties and it usually transports iron into
cells through the transferring receptors. The expres-
sion of serotransferrin was up-regulated only in the
automobile emission inspectors. In the environment,
an important source of heavy metals is the com-
bustion of leaded gasoline used for transportation
(Falahi-Ardakani, 1984), and a street deposit sampling
showed the contamination of heavy metals and hy-
drocarbons (Bris et al., 1999).

Sarcolectin is one of lectins and nonspecific sti-
mulators of cellular DNA synthesis that was found in
all animal sera (Kaba et al., 2000; Kaba et al., 2002)
and it may play the role of recovery to DNA damage
caused by PAHs or dioxins in both exposed subjects.

HDJ2 protein is one of heat shock protein 40
(Hsp40), and it plays the important roles of in-
tracellular activation through the activation of Hsp70.
Hsp70 has been served as a biomonitoring marker
for ecotoxicological studies (Pyza et al., 1997). A
strong induction of Hsp 70 was observed under ex-
posure of pollutants, metals and various stresses
(Urani et al, 2001; Lee et al., 2002; Sofia et al,
2002) in Baikalian sponges, HepG2 cell lines and
murine embrio fibroblast cells, respectively. However,

HDJ2 protein was up-regulated only in automobile
emission inspectors.

In addition, Transthyrethin, which is called pre-
albumin, has a role for carrying various materials into
from the liver to different tissues and it was sig-
nificantly over expressed in automobile emission in-
spectors and waste incineration workers (20 and 30
folds, respectively) (Figure 5). With its significant high
expression in exposed subjects, transthyretin could be
a useful biomontoring markers in human exposed to
PAHs or dioxins. However, no evidence was found
as to why transthyretin was up-regulated in plasma,
and further experimentation using vitro or vivo studies
will be needed to find out the specific role of trans-
thyrethin.

The difference between the results of cDNA micro-
array study and those of 2-DE gel electrophoresis
study may be come from the difference of target
tissue. The results of cDNA microarray and proteomic
studies were obtained from the blood cells and
plasma proteins, respectively and almost plasma pro-
teins are released mainly from the liver. Even though
some proteins are released into plasma from blood
cells with previous change of gene expression by
toxic compounds, their amounts may be not signi-
ficant enough to change proteome in plasma. In ad-
dition, the smoking effects were evaluated, but
significant differences were not found in cDNA mi-
croarray and proteomic studies.

In summary, our study shows that genes and
proteins involved in oxidative stress were up-regulated
in both automobile emission inspectors and the waste
incinerating workers exposed to PAHs or dioxins.
Several proteins, such as transthyrethin, sarcolectin
and haptoglobin, that were highly up- or down-re-
gulated, could serve as biological monitoring markers
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