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Abstract

Objective: To assess the association between circulating C-reactive protein
(CRP), and CRP polymorphisms in the diesel engine exhaust (DEE)-exposed
workers. Methods: In 137 DEE-exposed workers and 127 unexposed compa-
rable control workers, six urinary mono-hydroxylated polycyclic aromatic
hydrocarbons (OH-PAHs) and serum CRP levels were assayed. Genotyping
of four CRP single-nucleotide polymorphisms (SNPs) was measured. Results:
Serum CRP levels increased in exposed versus control workers (all p < 0.001).
In the DEE-exposed workers, two CRP polymorphisms were associated with
serum CRP levels, the subjects of rs1205 TT genotype had lower serum CRP
levels (p < 0.05 compared to TC or CC). Conclusions: Our findings suggest
that polymorphisms in CRP and circulating CRP involved in the inflamma-
tory process may play significant roles in human sensitivity to lung function
injury caused by DEE exposure. This study will help investigate the underly-
ing mechanisms of adverse respiratory effects induced by DEE.

Keywords

Diesel Engine Exhaust, C-Reactive Protein, Single-Nucleotide
Polymorphisms, Long-Term Exposure

1. Introduction

Diesel engines that produce diesel engine exhaust (DEE) are used for road and
off-highway transportation and (heavy) equipment in various industries. DEE is

a complex mixture of gaseous components and particles, with mutagenic and
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carcinogenic compounds adsorbed to a carbon core [1]. Considering the signifi-
cant number of urban residents and workers exposed to DEE, there is an in-
creased concern about DEE exposure-related adverse health effects. Because of
their small size, diesel particles can be inhaled and a portion will eventually be-
come trapped within the small airways and the alveolar regions of the lung. Epi-
demiological evidence suggests that DEE exposure is associated with respiratory
diseases. Workers exposed to DEE report decreases in lung function [2], and
showed an increased mortality from chronic obstructive pulmonary disease
(COPD) [3]. Controlled exposure to diesel exhaust results in inflammatory
changes within the lung and in peripheral blood [4]. In addition, the Interna-
tional Agency for Research on Cancer classified DEE as a group I carcinogen in
2012 [5].

In general environment, DEE is co-existed with many air pollutions. There-
fore, it is hard to identify the effects of DEE from the mixed exposure. Although
the underlying toxicological mechanisms by which DEE induces adverse effects
on respiratory system are not yet entirely understood, a number of studies sug-
gested that inflammation played a significant role in the mechanism by which
DEE may exert toxicity recently [6] [7]. The deposition of fine particles in the
lung alveoli can induce local inflammation, then systemic inflammation may be
elicited [8]. C-reactive protein (CRP), a marker of systemic inflammation, has
been used in some chronic inflammatory diseases [9]. Circulating levels of CRP
are known to increase in response to infection and tissue damage. Higher levels
of serum CRP were associated with impaired lung function (a lower FEV,) in
healthy subjects and patients suffering from COPD [10], although there are con-
flicting results [11]. Epidemiologic and human controlled studies suggest a link
between circulating levels of CRP and PM exposure, since the CRP levels of
healthy volunteers and women increased after PM exposure [12].

Existing evidence suggests that CRP levels are influenced by both environ-
ment and genetic factors. The baseline serum CRP levels are known to be asso-
ciated with the single nucleotide polymorphisms (SNPs) of the CRP gene [13].
In a cohort study, it was found that rs1205, rs1130864, and rs1800947 SNPs in
the CRP gene were related to serum CRP, and there was an association between
serum CRP and FEV1 decline; however, no significant associations between the
SNPs and lung function were observed in the men [14]. In Chinese subjects, the
CRP polymorphism rs2794521 located in the promoter region has been found to
be associated with coronary heart disease (CHD) [15]. If higher serum CRP le-
vels reduce lung function, then a CRP polymorphism that was associated with
higher levels of serum CRP should also lead to impaired lung function [16].

We previously found that long-term exposure to DEE can induce decline in
lung function which shows mainly obstructive changes. However, less is known
about the association between lung function parameters, circulating CRP, and
CRP polymorphisms in the DEE-exposed workers. In the present study, we ex-
amine the association between previously well-studied CRP polymorphisms

(rs1205), circulating CRP levels in the DEE-exposed workers.
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2. Materials and Methods
2.1. Study Population and Sample Collection

The study population was previously described [17]. Briefly, we recruited 137
workers from a diesel engine manufacturing plant as the DEE-exposed group.
The DEE-exposed workers tested heavy-duty diesel engines in the engine assem-
bly workshop. We chose 127 workers from a water supply plant in the same city
as the control group. The workers of the control group operated the electric po-
wered water pumps. The included workers had to be working in the same area of
the factory for at least 1 year, free of acute infection and chronic diseases. Sub-
jects with exposure to X-rays within the last three months were also excluded. As
most workers were males, only male workers were included in order to avoid
potential confounding from gender. The study was approved by the Research
Ethics Committee of the National Institute for Occupational Health and Poison
Control, Chinese Center for Disease Control and Prevention, and informed
consent was obtained from each participant. All participants were interviewed
by occupational physicians using a detailed questionnaire that included demo-
graphic information, smoking history, alcohol consumption, occupational his-
tory of exposure, and personal medical history. Finally, at the end of shift after at
least 4 consecutive working days, peripheral blood samples were collected from
each subject for the extraction of DNA and serum separation used for CRP
measurement. A spot urine sample was obtained from each subject and used for
the detection of mono-hydroxylated PAHs (OH-PAHs).

2.2. Measurement of Urinary Mono-Hydroxylated PAHs
(OH-PAHS)

Six urinary OH-PAHs, including 1-hydroxynaphthalene (1-OHNa),
2-hydroxynaphthalene (2-OHNa), 2-hydroxyfluorene (2-OHFlu),
2-hydroxyphenanthrene (2-OHPh), 9-hydroxyphenanthrene (9-OHPh), and
1-hydroxypyrene (1-OHP) were detected using the HPLC-MS/MS method as
described previously [18].

2.3. Measurement of Serum CRP Levels

The serum levels of CRP were measured using the Human C-Reactive Pro-
tein/CRP Quantikine ELISA Kit (R & D System, Inc. Minneapolis, USA) ac-
cording to the manufacturer’s instructions. The detectable levels of CRP ranged
from 0.005 - 0.022 ng/mL. All assays were performed on the BioTek ELx800 mi-
croplate reader (BioTek, Winooski, VT). All samples were measured in tripli-

cate, and values were averaged for analysis.

2.4. DNA Isolations and Genotype Determination

Six Human genomic DNA was extracted from stored EDTA-anticoagulated
whole blood using the TIANamp Blood DNA Kit (Tiangen Biotech, Beijing,
China) according to the manufacturer’s specifications. After quantification using
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a Nanodrop 2000 spectrophotometer (Thermo Scientific, MA, USA) to deter-
mine the concentration and purity, we excluded 11 samples without qualified
concentration and purity. Eventually, 132 DEE-exposed workers and 121 con-
trols were included in the analysis. Based on information in the 1000 Genomes
Project data and the NCBI SNP database for the Han Chinese population, pre-
viously published SNPs with a minor allele frequency > 5% were selected for the
study, including rs1205 in the 3’flanking region [15]. Genotyping for rs1205 was
conducted using TagMan SNP Genotyping Assays (rs1205: C_7479334_10, Life
Technologies, CA, USA). The standard 5uL PCR reaction system (including
5ng of genomic DNA template) was prepared using TagMan Universal PCR
Master Mix reagent kits under the guidelines provided. Thermal cycling reac-
tions were performed as follows: 95°C for 10 min, and then 40 cycles at 95°C for
15 s and 60°C for 1 min. Amplifications were carried out on the ABI 7900HT
Fast Real-Time PCR System. A total of 10% of samples were re-genotyped for
each SNP at random as genotyping quality control, and all results were consis-
tent. In addition, all DNA samples for the DEE-exposed workers and controls
were evaluated blindly in the same batches. Negative water controls were in-

cluded for each experiment.

2.5. Statistical Analysis

Urinary OH-PAH concentrations were natural logarithmic transformed to sa-
tisfy the normal distribution. Total OH-PAHs levels were calculated by sum-
ming urinary levels of six OH-PAHs. Statistical comparisons of quantitative data
(age, height, weight, BMI, urinary OH-PAHs concentrations, and lung function
parameters) were performed using Student t test between various groups and
using Chi-square test for the frequencies of qualitative data (current smokers
and alcohol users). Serum CRP levels were compared between groups by
Mann-Whitney test. The deviation from Hardy-Weinberg equilibrium for geno-
type frequencies and genotype and allele frequencies between groups were com-
pared by Chi-square test. In the DEE-exposed workers and controls, respective-
ly, the associations of CRP genotypes with the serum CRP levels (natural loga-
rithmic transformed) were analyzed by Student t-test and multivariable linear
regression analysis adjusted for urinary total OH-PAHs, age, BMI, smoking and
alcohol drinking. All statistical analyses were performed with SPSS 15.0 software
(SPSS Inc, Chicago, USA), and p < 0.05 was considered statistically significant.

3. Results

3.1. General Characteristics, Serum CRP Levels, and DEE Exposure
Levels

Subject’s characteristics and serum CRP levels are shown in Table 1. The
DEE-exposed workers and the controls did not significantly differ in terms of
the average age, height, weight, BMI, current smoking habits, and alcohol use.

Most of the DEE-exposed workers were exposed long term to DEE with an average
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Table 1. The characteristics, urinary total OH-PAHs concentration, and serum CRP le-
vels of the DEE-exposed workers and controls.

Controls DEE-exposed workers

Variable P value
(n=121) (n=132)
Age (yr, mean + SD) 31.93 £ 11.11 31.85 + 8.60 0.95*
Height (cm, mean + SD) 171.03 + 5.87 171.42 + 5.42 0.586*
Weight (kg, mean * SD) 69.78 + 14.19 72.42 +10.60 0.093*
BMI (kg/m?, mean + SD) 23.83 + 4.49 24.64 + 3.41 0.106*
Current smokers, yes/no (% yes) 57/64 (47.1) 78/54 (59.1) 0.060"
Alcohol use, yes/no (% yes) 79/42 (65.3) 87/45 (65.9) 1.000"
DEE exposure years (year, mean + SD) - 8.18 £ 5.20 -

Total OH-PAHs

- i , 4.68(0.98-15.02) 1272 (4.43-33.66)  <0.001*
(ug/g creatinine, median, 5% - 95%)

CRP (mg/L, median, 5% - 95%) 0.38 (0.06 - 6.23) 0.84 (0.30 - 5.06) <0.001%

*Student t-test. *Natural logarithmic transformed total OH-PAHs. 'Chi square test. “Mann-Whitney U test.
DEE, diesel engine exhaust; BMI, body mass index; CRP, C-reactive protein; OH-PAHs, mono-hydroxylated
polycyclic aromatic hydrocarbons.

duration of 8.18 years. Urinary OH-PAHs are representative of internal PAH
and DEE exposure. The median of urinary total OH-PAHs (pg/g creatinine) in
the DEE-exposed workers was 2.72-fold higher than that of controls (12.72 vs.
4.68, p < 0.001). The levels of serum CRP were significantly increased in the
DEE-exposed workers (p < 0.001).

3.2. CRP Genotypes Correlated with Serum CRP Levels in the
DEE-Exposed Workers

The variant allele frequency of CRP at loci rs1205 was 0.597, in the 253 subjects.
The distributions of all this polymorphism was consistent with Hardy-Weinberg
equilibrium (p = 0.579). There were no significant differences in genotype dis-
tributions between the DEE-exposed workers and control workers. The associa-
tions of CRP genotypes with the serum CRP levels were analyzed by Student
t-test and multivariable linear regression analysis adjusted for urinary total
OH-PAHs, age, BMI, smoking and alcohol drinking, and is presented in Table
2.

Results from two kinds of analysis showed similar results. Multivariable linear
regression analysis with adjustment for urinary total OH-PAHs, age, BMI,
smoking and alcohol drinking revealed that among the DEE-exposed workers,
the CRP rs1205 CC or TC genotype carriers exhibited significantly higher serum
CRP levels (median, 0.87 mg/L for CC and 0.88 mg/L for TC) than the TT geno-
type carriiers (median, 0.72 mg/L) (p = 0.011 and p = 0.004, respectively). No
such associations were observed in the controls (Table 2).

Results from two kinds of analysis showed similar results. Multivariable linear

regression analysis with adjustment for urinary total OH-PAHs, age, BMI, smoking
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Table 2. Effects of CRP genotypes on serum CRP levels of the DEE-exposed workers and
controls.

CRP (mg/L)
Controls (n = 121) DEE-exposed workers (n = 132)
Variable Median Median
P value* Pvalue! N P value* P value'
(5% - 95%) (5% - 95%)
rs1205
0.33 46 0.72
TT* 42
(0.06 - 5.82) (0.32 - 1.70)
0.41 71 0.88
TC 55 0.613 0.846 0.018 0.004
(0.07 - 0.64) (0.28 - 5.64)
0.55 0.87
CC 24 0.348 0.660 15 0.027 0.011
(0.04 - 6.58) (0.20-)

*Student t-test. "Multivariable linear regression analysis with adjustment for urinay total OH-PAHs, age,
BMI, smoking and alcohol drinking. ‘Reference group for comparisons of natural logarithmic transformed
serum CRP levels between genotypes. DEE, diesel engine exhaust; CRP, C-reactive protein.

and alcohol drinking revealed that among the DEE-exposed workers, the CRP
rs1205 CC or TC genotype carriers exhibited significantly higher serum CRP le-
vels (median, 0.87 mg/L for CC and 0.88 mg/L for TC) than the TT genotype
carriers (median, 0.72 mg/L) (p = 0.011 and p = 0.004, respectively). No such
associations were observed in the controls (Table 2).

4. Discussion

The exact causal connection between air pollution including DEE and adverse
health effects is still not fully understood. CRP is considered to be one of the
most frequently used markers of inflammation, and higher levels of CRP in pe-
ripheral blood may cause impaired lung function [17]. However, no population
study has yet examined whether increased serum CRP levels induced by DEE
exposure is associated with CRP polymorphisms. To the best of our knowledge,
the present report is the first study so far that examines the associations of serum
CRP levels and the CRP polymorphisms in an exclusively DEE-exposed occupa-
tional population.

For DEE exposure, we found that the serum CRP levels were increased in the
DEE-exposed workers compared to the controls. However, our results are in-
consistent with some controlled DEE chamber studies reflecting the acute effect
of DEE on serum CRP in healthy volunteers [19] [20], which did not find a
DEE-associated increase in CRP. There are few reported studies of the associa-
tion between serum CRP concentration and chronic exposure to DEE. A study
reported that the increase in PM2.5 was associated with the increase levels of se-
rum hs-CRP in traffic policemen [21], which was in line with our results. CRP
concentrations in blood are extremely low in healthy individuals, but may be ra-
pidly increased after induction of inflammatory response associated with infec-
tions and cardiovascular diseases, as well as cancer. Taken together, our data and

previous observations suggested that serum CRP, a biomarker of systemic in-
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flammation, may play a key role in lung function decline induced by long-term
exposure to DEE.

The expression of CRP is genetically conditioned. The relationship between
particular SNP allele (variants) and diverse CRP expression was demonstrated
[22]. Our results also exhibit a robust association between serum CRP levels and
CRP polymorphisms. In the DEE-exposed workers, the polymorphisms rs1205
were found to be associated with serum CRP levels. There is now ample direct
evidence that some CRP gene polymorphisms affect the amount of CRP pro-
duced. In the present study, the CRP rs1205 CC genotype carriers exhibited sig-
nificantly higher serum CRP levels than the TT genotype carriers exhibited sig-
nificantly higher serum CRP levels than the GG genotype carriers. Our observa-
tion was also in agreement with the previous finding that in all subjects (patients
with atrial fibrillation and the controls) of a Han Chinese population, the minor
alleles of rs1205 and rs3091244 were significantly associated with higher CRP
levels [23].

The gene-environment interaction is a major risk factors for a number of dis-
eases in humans. Gene-environment studies are of special interest in the exami-
nation of lung injury induced by DEE. Our recently results show that long-term
exposure to DEE can induce decline in lung function which shows mainly ob-
structive changes. In the current study, we observed that CRP polymorphisms
rs1205were associated with increase in serum CRP levels among DEE-exposed
workers, whereas no such associations were found among the control workers.

This suggests the importance of gene-environment interaction.

5. Summary

In summary, our findings suggest that polymorphisms in CRP and circulating
CRP involved in the inflammatory process, may play significant roles in human
sensitivity to lung function injury caused by DEE exposure. This study will help
investigate the underlying mechanisms of adverse respiratory effects induced by
DEE. However, prospective studies with a larger sample size that employ cumu-
lative DEE exposure are needed to replicate and extend these findings, and to

further evaluate other potential mechanisms of DEE biological action.
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