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Abstract This paper reports the connections between red
blood cells abnormality risk of petrochemical workers and
their exposure to airborne polycyclic aromatic hydrocarbons
(PAHs). Urinary 1-hydroxypyrene (1-OHP), as the biomarker
of PAHs exposure, was adopted to assess the exposure risk of
the petrochemical workers to PAHs in Xigu, the west suburb
of Lanzhou where petrochemical industries are located. Fifty-
three workers, sub-grouped to 36 petrochemical workers and
17 office workers, participated in this investigation. Logistic
regression model and spearman correlation analysis were per-
formed to estimate the associations between PAHs exposure
levels and red blood cells abnormality risk of petrochemical
workers. Strong associations between some red cell indices
(MCH,MCHC, RDW) and 1-OHP concentration were found.
Results also show that the red blood cells abnormality risk
increased with increasing PAHs exposure level. Compared
with office workers, risk level of red blood cells abnormality
in petrochemical workers was higher by 41.7 % (OR, 1.417;
95 % CI: 0.368–5.456) than that in office workers. This result
was verified by the tissue-to-human blood partition coefficient

for pyrene and 1-OHP. The quantitative assessments of the
potential health risk through inhalation exposure to PAHs
were conducted using the Incremental Lifetime Cancer Risk
(ILCR) model. It was found the ILCR from inhalation expo-
sure to PAHs for the petrochemical workers ranged from 10−5

to 10−4 with 95 % probability, indicating that petrochemical
plant workers were under a high potential cancer risk level.

Keywords Occupational exposure .AirbornePAHs .Urinary
1-hydroxypyrene (1-OHP) . Red blood cells abnormality .

Partition coefficient . ILCRmodel

Introduction

Polycyclic aromatic hydrocarbons (PAHs) have been listed by
the United Nations Economic Commission for Europe
(UNECE) Convention on Long-range TransboundaryAir Pol-
lution (CLRTAP, http://www.unece.org/env/lrtap/) as a class
of persistent organic pollutants (POPs). PAHs are generated
by incomplete combustion of organic compound (IARC
1983). They are mutagenic and carcinogenic and cause
adverse health effects on human being, including hemolytic
anemia, immunosuppression, and liver and kidney damage
(Sanctucci and Shah 2000; Peterson et al. 2015; Block and
Calderon-Garciduenas 2009). Hemolytic anemia is a form of
anemia due to hemolysis which can lead to the abnormal
breakdown of red blood cells (Gehrs and Friedberg 2002).
Red blood cells are responsible for taking up oxygen in the
lungs or gills and release it into tissues. The abnormality oc-
curring in red blood cells can induce many hematologic dis-
eases (Kim et al. 2014). A population-based study in Taiwan
revealed that the increase in the number of white blood cells
and red blood cells increased the odds ratio (OR) of clustering
of cardiometabolic risk factors (Wang et al. 2004). Blood
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cancer incidences have been reported to be steadily increasing
in recent years. Such type of cancers has a common charac-
teristic that the normal blood cell development process is
interrupted by uncontrolled growth of an abnormal type of
blood cell (Mcphee et al. 2006). While the concern has been
raised in the association between occupational PAHs exposure
of petrochemical workers and their abnormality risk in red
blood cells, quantitative cancer risk assessments for petro-
chemical workers via their exposure to airborne PAHs are still
lacking due to scarce in-situ measurement data.

The main routes of human body exposure to PAHs include
primarily respiratory, digestion, and skin contact. It is not
straight-forward to assess precisely individual’s actual expo-
sure levels by a direct sampling analysis. Since the 1980s, a
number of studies have used PAHs metabolites as the bio-
markers to assess human exposure to PAHs (Jongeneelen
2001). The concentration level of PAHs biomarkers in human
tissues or body fluids can be regarded as indicators of PAHs
exposure level and used to evaluate human exposure risks.
Given that urine samples are readily available, non-destruc-
tive, and can effectively reflect recent exposure to PAHs, the
urine sampling method has been widely used in cancer risk
assessment (Strickland and Kang 1999). Pyrene is a main
specie composition of PAHs in the environment. The urinary
1-hydroxypyrene (1-OHP) is the metabolite of pyrene and
considered as one of qualitative biological indicators. The
urinary 1-OHP has been demonstrated to be a useful and ef-
fective biomarker for human exposure to PAHs (Jongeneelen
2001). Upon exposure to PAHs, individuals would uptake and
absorb PAHs via different routes, leading to the metabolism
and distribution of these contaminants in various human tis-
sues. Toxic effects on these tissues may occur. Since it is not
always feasible to measure target tissue concentration of a
toxic chemical via various exposure routes, physiologically
based toxicokinetic (PBTK) and incremental lifetime cancer
risks (ILCR) models are often employed in PAHs cancer risk
assessments (Chiu et al. 2007; Liu et al. 2015). Jongeneelen
and Berge (2011) simulated the human experimental blood–
air partition coefficients of VOCs using the PBTK model and
found that the modeled blood–air partition coefficient agreed
well with measured coefficient. Xia et al. (2010, 2013) used
ILCR model to investigate the cancer risk of children,
adolescents, and adults through dietary PAHs intake. Their
modeling study was able to quantify the inhalation exposure
risk of these population groups to PAHs.

In several case studies, Yang et al. (2002) connected nine
serious air pollution events in Taiwan with air contaminants
releases from petrochemical industries in several municipali-
ties between 1971 and 1990. Vainio et al. (1992) investigated
PAHs released from petrochemical industries as environmen-
tal carcinogens and their health influence. Results from these
studies suggested that petrochemical workers were particular-
ly under a high exposure risk to air pollution in their

workplaces because they would receive much higher doses
of pollutants than others.

The present study aims to investigate the linkage between
red blood cells abnormality risk of petrochemical workers and
their exposure to PAHs in a large-scale petrochemical plant in
Lanzhou, northwest China. The PBTK model was used to
predict tissue-to-human blood partition coefficients of pyrene
and 1-OHP, thereby discriminating the relationship between
red blood cells abnormality risk and PAHs exposure of petro-
chemical plant workers. The ILCR model was applied to pre-
dict the incremental lifetime cancer risk of petrochemical
workers via exposure to PAHs and to determine averaging
contribution variance of occupational exposure PAHs
concentration (Co) to workers’ inhalation incremental
lifetime cancer risk.

Materials and methods

Targeted population

We collected morning urine samples from 53 employees in
Lanzhou petrochemical plant. Based on different working en-
vironment, subjects were classified into two subgroups. One
subgroup included 36 petrochemical workers, and the other
consisted of 17 office workers. These participants have been
working in the same plant and living in Xigu district of Lan-
zhou, the capital city of Gansu province. The city, with 3.2
million population and the elevation of 1600 m above the sea
level, has been ranked as the mostly polluted city in China by
the World Health Organization (WHO). Xigu district, located
in the west suburb of Lanzhou, is the home of one of major
petrochemical industries in China where the first photochem-
ical smog event was detected in China in 1974 (Wang et al.
2009). Surrounded by mountains, the climate of Lanzhou-
Xigu is characterized by very stable atmospheric stratification
with strong atmospheric inversion extending to the afternoon
which hinders the diffuse out of air pollutants. Heavy PAHs
emissions have been occurring in Xigu (Zhang et al. 2000;
Pan et al. 2010; Gao et al. 2007; Tao et al. 2012). It has been
reported that cancer-standardized rate of local population in
Xigu was the highest (192.84/10) in Lanzhou (Zhang
et al. 2011).

All participants were healthy and agreed to be involved in
this investigation, where all participants worked or were ex-
posed 8 h/day and 6 days/week over the last decade.

All participants completed a detailed questionnaire (includ-
ing the job category, age, weight, sex, alcohol consumption,
and cigarette smoking). The questionnaires were developed
based on previous studies (Lee et al. 2007; Chen et al.
2007). The data collected from the questionnaires are present-
ed in Table S1 in Supporting Information. Here, we defined
those individuals with smoking history over 3 months as
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smokers. Those who drink at least three times a week with a
drinking history over 1 year were defined as drinkers (Shi
et al. 2013; Wang et al. 2015).

Urine samples collection and urinary 1-OHP analysis

Themorning urinary 1-OHP concentrations have been used as
a representative of PAHs exposures instead of 24-h urinary 1-
OHP concentrations (Jongeneelen 1997). We collected morn-
ing urine samples (25ml) from each participant. Tenmilliliters
was separated into another tube to determine the urinary cre-
atinine by the Jaffe reaction to normalize the urinary concen-
tration of 1-OHP (Taussky 1954). Urinary creatinine concen-
trations were then calculated to adjust the varying degree of
dilution in urine samples. This is done by dividing 1-OHP
concentrations by urinary creatinine concentrations (Han
et al. 2008). The remaining spot urine sample (15 mL) was
stored in plastic bottles and stored at the temperature of
−20 °C until analysis.

All urine samples were pretreated following Zhang et al.
(2010) and Yang et al. (2009). 1-OHP in urine was determined
by synchronous fluorescence spectrometry using a constant-
wavelength scan technique. All fluorescence spectra were
measured with RF 5301 spectrofluorimeter (Japan). The slit
widths of both excitation and emission were kept at 5 nm.
Excitation and emission wavelengths were 354 and 388 nm,
respectively, yielding a constant wavelength difference be-
tween the excitation and emission Δλ=Δλem−Δλex=
34 nm.

Blood routine examination

Participants’ blood samples were collected on the same day
during their routine health examination. From each partici-
pant, we collected venous blood 0.5–1.0 ml. The blood sam-
ples were put in specialized anticoagulant tubes of ethylene
diamine tetra acetic acid (EDTA). Methods automatic blood
cell analyzer was used for routine blood analysis. The red
blood cell indices estimated in this study included the assay
of mean corpuscular volume (MCV), mean corpuscular he-
moglobin (MCH), mean cell hemoglobin concentration
(MCHC), red blood cell count (RBC), hemoglobin (Hgb),
hematocrit (Hct), and red cell volume distribution width
(RDW) (Singh and Srivastava 2010). Among these indices,
MCH quantifies the amount of hemoglobin per red blood cell,
MCHC measures the amount of hemoglobin per unit volume,
MCV defines the average volume of red blood cells, and
RDW represents the coefficient of variation of the red blood
cell volume distribution (size) (Singh and Srivastava 2010).
Overall, these red blood cell indices measure the size and
oxygen-carrying protein (hemoglobin) content of red blood
cells, taken as part of the blood cell test. They are used to
diagnose the cause of anemia and provide information about

the hemoglobin content and size of red blood cells (Kim et al.
2014). Values of these indices have their individual standard
range (critical value), and those values beyond their critical
values are regarded as abnormality. In other words, if one red
cell index abnormality was determined, this abnormality could
be identified as blood cell test abnormality (Liu 2009). The
values of the standard ranges of these indices are presented in
Table S7.

Prediction of tissue–human blood partition coefficients
of PAHs

A partition coefficient is the ratio of the concentration of a
chemical between two phases in thermodynamic equilibrium.
The tissue–blood partition coefficients can be used to simulate
blood distribution in a human body (Jongeneelen and Berge
2011). In the present study, we used the PBTK model
(Jongeneelen 2012) (IndusChemFate model 2.0, http://www.
cefic-lri.org/lri-toolbox/induschemfate) to predict tissue–
blood partition coefficients. The blood–tissue partitioning
can be estimated by the quantitative–structure property
relationship (QSPR) algorithm in the PBTK (DeJongh et al.
1997). The PBTK model incorporates the QSPR algorithm in
blood–tissue partitioning subject to structural fragments
(Beliveau and Krishnan 2005). The model consists of 11 tis-
sue compartments (Table S2). Some compartments defined in
terms of the lipid fraction of the tissues can use the same
partitioning algorithm to assess the partitioning between dif-
ferent compartments (Jongeneelen and Berge 2011; Woodard
and White 1986; DeJongh et al. 1997). The model parameters
are presented in Table S3 of Supporting Information.

Model parameters such as partitioning between air, blood,
and tissue compartments were predicted by the QSPRs
(Table S4 in Supporting Information) subject to physical–
chemical properties of a targeted chemical, such as the
octanol–water partition coefficient (logKow), vapor pressure,
molecular weight, density, and water solubility. Metabolic rate
was calculated by the Michaelis-Menten kinetics equation
(Jongeneelen 2011).

Table S5 in Supporting Information presents the physical–
chemical properties of pyrene and its metabolites used in the
PBTK model (Jongeneelen 2012). In PBTK modeling, we
have assumed that the workers participated in this investiga-
tion were exposed 8 h per day. As a major metabolite of
pyrene (Jongeneelen 2012; Keimig et al. 1983), 1-OHP was
t h e n c o n j u g a t e d a n d e x c r e t e d i n u r i n e a s a
glucuronideconjugate (1-OHP-gluc).

Incremental lifetime cancer risks model

The incremental lifetime cancer risks (ILCR) was often used
as a metric in the evaluation of human cancer exposure risk to
PAHs. This model was employed here to quantify the lifetime
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cancer risk of the petrochemical workers. The ILCR of the
petrochemical workers in Xigu by PAHs inhalation exposure
was calculated based on occupational exposure incremental
lifetime cancer risk (ILCRo) and general exposure incremental
lifetime cancer risk (ILCRg), defined by:

ILCRo ¼ CSF� Co � IRo � to � EFo � EDo � cf

BW� AT
ð1Þ

ILCRg ¼ CSF� Cg � IRg � tg � EFg � EDg � cf

BW� AT
ð2Þ

ILCR ¼ ILCRo þ ILCRg ð3Þ

where CSF is the inhalation carcinogenic slope factor, andC is
equivalent BaP concentration calculated by urinary 1-OHP
concentration (Duan et al. 2011). Co is occupational exposure
concentration, and Cg is general exposure concentration. In
our study, we defined the exposure level of office workers as
the general exposure. to and tg in Eqs. (1) and (2) are the time
for occupational exposure and general exposure, respectively.
IRo and IRg are respiratory rate, EFo and EFg are the exposure
frequency (365 days/year), and EDo and EDg are the
exposure duration (year) for occupational exposure and
general exposure, respectively. AT in Eqs. (2) and (3) is
the averaging time for carcinogenic (day), BW is the
body weight (kg), and cf is the conversion factor
(10−6). To evaluate model uncertainties, we have applied
Monte Carlo method in Crystal Ball software to run the
ILCR model 10,000 times to ensure the stability of the
modeling result. Details of the uncertainty analysis are
presented in Table S6 of Supporting Information.

Statistical analysis

Statistical analysis was performed using SPSS software ver-
sion 19.0. The normality test of the 1-OHP concentrations was
conducted by using the kurtosis and skewness coefficients of
1-OHP concentrations. Descriptive statistics were calculated,
mostly in the mean, median, and standard deviation (SD) of 1-
OHP concentration data. T test and Mann–Whitney U test
were used to compare the difference of exposure data. T test
is often used to determine significant difference between two
dataset, which is most commonly applied in statistic test of a
normally distributed dataset. In our statistical analysis, when
the normality assumption did not hold, T test was then re-
placed by the non-parametric (Mann–Whitney) U test. The
U test has been often applied in two samples from the same
population against an alternative hypothesis. In our case, the
normality test showed that the raw 1-OHP concentration data
displayed an abnormal distribution but normal distribution
after logarithmic transformation of the raw data. We used T
test to compare personal covariates and urinary 1-OHP con-
centrations between petrochemical workers and office
workers. Non-parametric Mann–Whitney U test was applied

to compare the differences of urinary 1-OHP concentrations
between different categories in the same group of worker (in
petrochemical workers or in office workers). Spearman corre-
lation analysis was then carried out to examine the associa-
tions between urinary 1-OHP concentration and red cell indi-
ces. The statistical significance was set at the 0.05 level. Lo-
gistic regression was used to estimate the odds ratios (OR) and
to assess the risk of red blood cells abnormality.

Results

Urinary 1-OHP concentration levels

Characteristics of the subjects in investigation

As shown in Table S1 of Supporting Information, 53 em-
ployees completed the questionnaires. In the petrochemical
workers, mean urinary 1-OHP concentration in male was
higher than that in female. However, the mean urinary 1-
OHP concentration in female office workers was higher than
male office workers. Among those smokers and nonsmokers,
1-OHP concentrations were higher in smokers than non-
smokers in both petrochemical workers and office workers.
This result also applied in drinkers. Overall, urinary 1-OHP
concentrations in the petrochemical workers were higher than
that in the office workers.

Urinary 1-OHP concentration levels

Summary statistics of urinary 1-OHP concentration are pre-
sented in Table 1. We used creatinine as a clearance protein to
unify the differences of urine concentrations in urine samples.
Creatinine correction was carried out for all samples (n=53).
The mean unadjusted urinary 1-OHP concentration was
6.28 μg/L (range: 2.5–21.5 μg/L). Mean adjusted urinary 1-
OHP concentration was 1.96 μmol/mol creatinine (range:
0.6–13.96 μmol/mol creatinine).

Significant differences of urinary 1-OHP levels be-
tween the petrochemical workers and office workers
were identified (Table 2). Result showed considerably
higher (p=0.023) mean concentrations [95 % confidence
interval (CI: 1.52, 3.08)] of 1-OHP in the petrochemical
workers than the office workers [95 % confidence inter-
val (CI: 1.05, 1.47)].

Effect of subject characteristics on urinary 1-OHP
concentration

Multiple linear regression of urinary 1-OHP influence
factors (Table 3) between the log-transformed urinary
1-OHP concentration (dependent variable) and job cate-
gory, age, gender, weight, working history, smoking and
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drinking habits (independent variables) was estimated.
Results showed that the job category in the multivariate
regression model was the sole variable having statistical
significant influence on the urinary 1-OHP concentra-
tion. Other factors failed to pass statistical test in the
regression model and hence were neglected.

Comparing urinary 1-OHP concentration in subjects
with 1-OHP biological exposure limits

Jongeneelen (2014) proposed a Bno observed genotoxic effect
level^ (NOGEL) and a Blowest observed genotoxic effect
level^ (LOGEL) as the baseline values for the cancer risk
assessment of the workers exposing to PAH. The NOGEL
represents the highest level of a hazard substance in an exper-
iment which does not result in a genotoxic effect. On the other
hand, the LOGEL denotes the lowest observed genotoxic
level in the workers exposing to PAH. Jongeneelen proposed
the NOGEL at 1.0 μmol/mol creatinine and LOGEL at
1.9μmol/mol creatinine of 1-OHP concentration in occupational
exposure population respectively.

We compared urinary 1-OHP concentration with NOGEL
and LOGEL to determine whether the genotoxic effect existed
in these petrochemical workers. Results are illustrated in
Fig. 1. As expected, mean 1-OHP concentrations in petro-
chemical workers were higher than that in office workers.
Among petrochemical workers, 1-OHP concentrations in
smokers (2.87 umol/mol creatinine) were much higher than
the LOGEL (1.9 umol/mol creatinine) and 1-OHP concentra-
tions in non-smokers (1.59 umol/mol creatinine). In general,
the mean 1-OHP concentrations in both petrochemical
workers and office workers were higher than the NOGEL
(1.0 umol/mol creatinine).

Effects of PAHs exposure on changes in red blood cells

Indices of red blood cells

Summary statistics of the red blood cell index for petrochem-
ical workers and office workers are shown in Table S7 of
Supporting Information. In general, comparing with blood
routine standard range (Table S7) of Lanzhou Petrochemical
Hospital, all red cell indices of the petrochemical workers did
not fall into the normal range.

Correlations between urinary 1-OHP concentration and red
cell index

Table S8 of Supporting Information presents non-parametric
Spearman correlations between urinary 1-OHP concentration
and red cell index in the unadjusted-1-OHP and adjusted-1-
OHP. Significant correlations were found between 1-OHP
concentration and MCH as well as RDW. To further assess
the effect of PAH exposure on the abnormality risk of red
blood cells, we conducted logistic regression analysis to ex-
amine the associations between red blood cells abnormality
and job category, sex, smoking habit as well as alcohol drink-
ing habit. We separated the subjects as red blood cells normal
group and abnormal group according to the blood cell test
abnormality. Table 4 presents the estimated OR with 95 %
confidence intervals for job, sex, smoking habit, and alcohol
drinking habit with and without taking into consideration of
the job category and the subjects’ characteristics. It can be
identified that the job category (OR, 1.417; 95 % CI: 0.368–
5.456) and smoking (OR, 1.217; 95 % CI: 0.302–4.908) ex-
hibit most strong associations with the risk of red blood cells
abnormality. Whereas the ORs for sex and alcohol
drinking habit were 0.381 (95 % CI: 0.061–2.390) and
0.252 (95 % CI: 0.072–0.882), respectively, lower con-
siderably than the other two variables. Compared with
the office workers, the risk of red blood cells abnormal-
ity in petrochemical workers increased 41.7 % (OR,
1.417; 95 % CI: 0.368–5.456). It is also noticed that
the risk of red blood cells abnormality in smokers in-
creased 21.7 % (OR, 1.217; 95 % CI: 0.302–4.908) as
compared with non-smokers.

Table 1 Urinary 1-OHP concentrations in study subjects (n=53)

Measure Range Mean Median SD

1-OHP

Unadjusted (ug/L) 2.5–21.5 6.28 6.05 2.82

Adjusted (umol/mol creatinine) 0.6–13.96 1.96 1.36 2.03

Table 2 The comparison of urinary 1-OHP concentrations between
petrochemical workers and office workers

Job category Mean 1-OHP
(μmol/mol creatinine)

Number Sig.

Petrochemical workers 2.34 36 0.023*
Office workers 1.26 17

t test,*significant difference p<0.05 (test done using log-transformed 1-
OHP data)

Table 3 Multiple linear regression of urinary 1-OHP influence factors

Model Unstandardized
coefficients

Standardized
coefficients

t Sig.

B Std. error Beta

(Constant) 0.073 0.063 1.157 0.253

Job category 0.174 0.077 0.308 2.269 0.028
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Tissue–human blood partition coefficients in prediction
of association between urinary 1-OHP and red blood cells
abnormality risk

Tissue–human blood partition coefficient of a chemical re-
veals the distribution and transfer routes of the chemical in a
human body. This coefficient also relates to the chemical’s
concentration in a target tissue to its concentration in blood
under equilibrium conditions (Parham et al. 1997). From these
coefficients, we can roughly estimate the chemical entering
into the target tissue, causing a certain damage to this tissue.
As shown in Table 5, with high lipid solubility, pyrene and 1-
OHP adipose tissue–blood partition coefficients were large.
Likewise, brain–blood and bone marrow–blood partition co-
efficients for pyrene (14.4, 14.4) and 1-OHP (11.7, 11.7) were
also relatively higher. From these two partition coefficients
(brain–blood and bone marrow-blood), we can observe that
at the equilibrium the concentrations of pyrene and 1-OHP in
brain is about a factor of 14 higher than their concentrations in

blood, and about a factor of 11 higher in bone marrow than in
the blood. Bone marrow is a target organ for toxicity where
pyrene and 1-OHP are more readily accumulated than other
tissues, except the adipose tissue and brain. The inability of
the bone marrow could increase red blood cell production in
response to the red blood cells abnormality. If such the re-
sponse is inadequate, the red blood cells abnormality condi-
tion will progressively worsen (Kaidar et al. 2011; Robinson
et al. 1975).

Comparing urinary 1-OHP concentration with urinary
1-OHP genotoxic effect limits

Having demonstrated the associations between PAHs expo-
sure and red blood cells abnormality risk from logistic regres-
sion analysis, we further investigated the effects of PAHs ex-
posure on red blood cells. We compared the urinary 1-OHP
concentration in red blood cells between normal group
and abnormal group with the urinary 1-OHP genotoxic
effect limits (Fig. 2). As shown in Fig. 2, for petro-
chemical workers, mean 1-OHP concentrations were
higher than LOGEL (1.9 μmol/mol creatinine) in both
red blood cells normal group and abnormal group. For
the office workers, however, mean urinary 1-OHP con-
centrations were lower than LOGEL. For office workers,
although mean 1-OHP concentration in red blood cells
normal group was 1.12 μmol/mol creatinine which was
higher than the lowest NOGEL (1.0 μmol/mol creati-
nine), this value was almost equivalent to the 2nd low-
est NOGEL (1.1 μmol/mol creatinine) reported in liter-
ature (Jongeneelen 2014; Van Delft et al. 2001). 1-OHP
concentration in red blood cells abnormality group
(1.58 μmol/mol creatinine) was lower than LOGEL but
higher than the lowest NOGEL (1.0 μmol/mol creati-
nine). This concentration value was higher than the
2nd and third lowest NOGEL values at 1.1 and
1.3 μmol/mol creatinine from the literature (Jongeneelen
2014; Buchet et al. 1995), respectively.

Fig. 1 Histograms of mean 1-OHP concentrations among petrochemical
and office workers with and without smoking

Table 4 Logistic model of odds
ratios (OR) and 95 % confidence
intervals (CI) for red blood cells
abnormality risk

Variable categorical variable B S.E. OR 95 % CI for OR

Lower Upper

Job category Office workers 0.348 0.688 1 0.368 5.456
Petrochemical workers 1.417

Sex Female −0.965 0.937 1 0.061 2.390
Male 0.381

Smoking Nonsmoker 0.196 0.711 1 0.302 4.908
Smoker 1.217

Drinking Nondrinker −1.378 0.639 1 0.072 0.882
Drinker 0.252
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Quantify cancer risks of petrochemical workers to PAHs

Incremental lifetime cancer risk in petrochemical workers

Figure 3 displays predicted probability density functions of
the ILCR of the petrochemical workers. The ILCR between
10−6 and 10−4 indicates potential cancer risk (Chen and Liao
2006). As shown in Fig. 3, the mean ILCR value is 3.9×10−4

and median value is 3.7×10−4 with mean standard error at
1.4×10−6. The confidence level in our simulation is 95 %.
This indicates that the petrochemical workers were under the
ILCR via the inhalation of PAHs at 95 % probability. The
ILCR ranged from 10−5 to 10−4 with the minimum at 8.9×
10−5 and maximum at 7.7×10−4, respectively, suggesting that
the petrochemical workers were under high potential
cancer risk.

Sensitivity and uncertainty analysis

Sensitivity analysis was carried out to evaluate the influence
of input variables and uncertainty of model input parameters
in the risk estimate. The influence of the model variables on
the model performance were assessed by their respective av-
eraging contributions variance. Results are shown in Fig. 4.
As seen, the occupational exposure concentration (Co) was the
most influential variable on the workers inhalation ILCR with
averaging contribution variance at 58.3 %. There was a neg-
ative correlation between body weight (BW) and the workers’
inhalation ILCR.

Discussions

Urinary 1-OHP concentration levels

We applied multiple linear regression and t test to evaluate
PAHs exposure levels during the work time of petrochemical
workers. Considerably, higher (p=0.023) mean concentra-
tions [95 % confidence interval (CI: 1.52, 3.08)] of 1-OHP
in the petrochemical workers were found by comparing with

Table 5 Tissue–human blood partition coefficients for pyrene and its
metabolite 1-OHP

Tissues Tissue-to-human blood partition coefficient

Pyrene 1-OHP

Adipose tissue 142 142

Bone 5.24 5.15

Brain 14.4 11.7

Heart 5.24 5.15

Kidney 7.6 6.71

Intestine 8.27 8.12

Liver 8.27 8.12

Lung 5.24 5.15

Muscle 5.24 5.15

Skin 5.24 5.15

Bone Marrow 14.4 11.7

Fig. 2 Comparison between urinary 1-OHP concentrations in red blood
cells normal group and abnormal group with urinary 1-OHP genotoxic
effect limits (a red blood cells normal group, b red blood cells
abnormality group)
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Fig. 3 Predicted probability density functions of incremental lifetime
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the office workers [95 % confidence interval (CI: 1.05, 1.47)].
The results from the stepwise regression analysis fitted model
showed that only the job category exerted significant effect on
the urinary 1-OHP concentration. The effect from other fac-
tors (age, gender, weight, working history, smoking habits,
drinking habits) appeared negligible (Table 3). Since the larg-
est petrochemical industry in western China is located in Xigu
where large amount of PAHs is emitted into atmosphere from
chemical production and oil refining, this area has been also
contaminated by PAHs. Inhalation became a main route for
the participants’ exposure to PAHs. As a result, much higher
mean urinary 1-OHP concentration was measured in the pet-
rochemical workers than the office workers. As aforemen-
tioned, Jongeneelen (2014) has compared the 1-OHP concen-
trations in urine samples collected from literature and pro-
posed critical values of the NOGEL at 1.0 μmol/mol creati-
nine and LOGEL at 1.9 μmol/mol creatinine of 1-OHP con-
centration in the health assessment of occupational exposure
population, respectively. It has been known that the NOGEL
represents the highest level of a hazard substance in an exper-
imental dataset which does not result in a genotoxic effect.
When the dataset is insufficient to derive the NOGEL,
LOGEL, the lowest level of a substance in the dataset, can
be taken as an alternative to elucidate the relationship between
1-hydroxypyrene in urine and early genotoxic effects in ex-
posed workers. In those petrochemical workers involved in
the present investigation, the mean 1-OHP concentrations in
smokers (2.87 μmol/mol creatinine) were much higher than
the LOGEL (1.9 μmol/mol creatinine) and non-smokers
(1.59 μmol/mol creatinine). However, the difference of 1-
OHP concentrations between smokers and non-smokers ap-
peared not significant in terms of Mann–Whitney U test (p=
0.203, z=−1.273). For the office workers, the mean urinary 1-
OHP concentrations in smokers and non-smokers were 1.23
and 1.26 μmol/mol creatinine, respectively. The difference
between smokers and non-smokers was not significant in

terms of Mann–Whitney U test (p=0.821, z=−0.226). Since
cigarette smoking also releases pyrene, smoking is expected to
increase the 1-OHP content in urine samples. Previous studies
have reported that there was no statistically significant differ-
ence of urinary 1-OHP concentrations between smokers with
daily consumption of 10∼20 cigarettes and non-smokers
(Zhao et al. 1990; Zhao et al. 1992). In the case of occupa-
tional exposure, the difference in urinary 1-OHP concentra-
tion between smoker and non-smoker is significant only when
the background PAHs concentrations are relatively low
(Knopp et al. 1999). In our case, however, all participants have
been living in Xigu where ambient PAHs levels were high.
This would likely overwhelm the influence of smoking on
urinary 1-OHP concentrations. Overall, the mean 1-OHP con-
centrations in the subjects were higher than NOGEL
(1.0 μmol/mol creatinine). The results suggest a potential risk
of cytogenetic damage to the workers who were ex-
posed to PAH.

Effects of PAHs exposure on changes in red blood cells

Bessman et al. (1983) proposed MCV and RDW as initial
classification of anemia based on the heterogeneity of red cell
size. In the anemia classification, MCV and RDW were clas-
sified as microcytic (MCV≤80 fL), normocytic (MCV: 80–
100 fL), or macrocytic (MCV≥100 fL), respectively. A posi-
tive correlation was found between urinary 1-OHP concentra-
tion and MCV in the present study, suggesting that higher
PAH exposure might induce macrocytic anemia (Gehrs and
Friedberg 2002). A significant negative correlation between
urinary 1-OHP concentration and RDW was also observed.
No clinical significance has been reported if the RDW was
lower than its normal range (Bessman et al. 1983). However,
our statistical analysis revealed a significant correlation
between RDW and MCH (r=−0.444, p=0.001, data not
shown). Since early mature red blood cells can be destroyed
by PAHs oxidative damage and bone marrow fails to generate
and release mature red blood cells on a timely manner, red
blood cell distribution is relatively narrow. Hence, along with
increasing risks due to red blood cell damage, the red blood
cell size could become imbalance and increase RDW value.

The logistic regression analyses showed that smoking
could increase the risk of red blood cells abnormality in
workers (Table 4). The International Agency for Research
on Cancer (IARC) listed at least 35 parent PAHs and a number
of methylated PAHs with three or more fused rings formed in
cigarette smoking (IARC 1986). Depending on the cigarette
brand, smoke type, and filtering, the pyrene generation per
cigarette is 50–270 ng in mainstream smoke and 390–
1010 ng in sidestream smoke (Li et al. 2000). Some of the
enzyme induced constituents of mainstream tobacco smoke,
however, may either be poor substrates for cytochrome P450
in the lung or reach the liver through portal blood. It has been
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Fig. 4 Sensitivity analysis for inhalation ILCR model performance for
petrochemical workers. Five model input variables and parameters were
examined, including Co (occupational exposure concentration), BW
(body weight), Cg (general exposure concentration), IRo, and IRg are
respiratory rate under occupational exposure and general exposure,
respectively
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also suggested that smoking is not only increasing exposure
risk to PAHs from cigarettes, but also affected by other smoke
ingredients such as carbolines and even higher chlorinated
dioxins (Sherson et al. 1992). This may explain the apparent
additive effect of smoking on the risk of red blood cells ab-
normality. While tissue–blood partition coefficients are
employed to measure the route of a contaminant entering into
a certain target tissue which causes certain big damage to this
tissue, determination of tissue–blood partition coefficient by
experimental methods is time-consuming and expensive. As
an alternative, the PBTK model has been often applied in the
assessments of migration and transformation of contaminants
(Cahill et al. 2003). Pyrene is a main composition of PAHs in
the environment. It is stable and follows the same route as
other PAHs to enter into a human body. Significant correla-
tions between pyrene and total PAHs in air (r=0.87) and der-
mal (r=0.65) samples were reported (McClean et al. 2004). In
our case, we found relative higher brain–blood and bone mar-
row–blood partition coefficients. The brain–blood partition
coefficients are often used to measure the ability of PAH com-
pounds to break through the blood brain barrier (Prentis et al.
1988; Cai and Yan 2008). It has been reported that PAHs can
move the blood–brain barrier into the brain tissue (Nie et al.
2009). As a result, neural behavior of the occupational
workers might be altered by their exposure to PAHs (Persson
et al. 2002; Nie et al. 2009). In vitro experiments demonstrated
that PAHs could affect multiple tumor types in hematopoietic
tissues and reduce the cellularity of the bone marrow which in
turn could contribute to impairment of humoral and cell-
mediated immunity (Galvan et al. 2006; Heidel et al. 2000).
Large values of bone marrow–blood partition coefficients for
pyrene and its metabolites 1-OHP predict that PAHs can lead
to an impairment of bone marrow hematopoietic cells. Declin-
ing hematopoietic function of bone marrow could induce red
blood cells abnormality risk.

To gain further insight into understanding of the effects of
PAHs exposure on red blood cells, we compared the urinary 1-
OHP concentration in red blood cells normal group and ab-
normal group with the urinary 1-OHP genotoxic effect limits.
Although genotoxic endpoints of genotoxic effect limits were
cytogenetic damage in PAH-exposed workers which were
mainly measured in white blood cells (WBC) of workers
(Jongeneelen 2014), we found a significant correlation at the
95 % level (p<0.05) between WBC and Hgb at r=0.295 (p=
0.032, data not shown). This explains the association between
urinary 1-OHP concentration in red blood cells normal and
abnormal group and the urinary 1-OHP genotoxic effect
limits. We have shown in BComparing urinary 1-OHP
concentration with urinary 1-OHP genotoxic effect limits^
that the mean 1-OHP concentrations in petrochemical workers
were higher than LOGEL in both red blood cells normal group
and abnormal group, but not in office workers. The significant
difference in urinary 1-OHP concentration was only found

between petrochemical workers and office workers in red
blood cells normal group (p=0.001, data not shown). This
suggests that in red blood cells abnormal group, PAH concen-
trations were high in both petrochemical workers and office
workers. In this case, there was no significant difference in
urinary 1-OHP concentration between the petrochemical
workers and office workers.

ILCR modeling of cancer risks of petrochemical workers
from PAHs exposure

Red blood cells abnormality is also a potential biomarker in
other diseases, such as lung cancer (Koma et al. 2013), heart
failure (Felker et al. 2007), and inflammatory disorders (Song
et al. 2012). Our ILCRmodeling results showed that the ILCR
for the petrochemical workers ranged from 8.9×10−5 to 7.7×
10−4, indicating high cancer risk in the petrochemical workers.
Sensitivity analysis in BSensitivity and uncertainty analysis^
yielded the averaging contribution variance of 58.3 % from
the occupational exposure concentration (Co) which was the
most influential variable on the workers’ inhalation exposure
to PAHs. Negative correlation was found between body
weight (BW) and workers’ inhalation cancer risk. This is con-
sistent with the result from Chen and Liao (2006). The aver-
aging contributions variance from BW was −26.1 % to the
workers inhalation ILCR. It has been demonstrated that peo-
ple with relatively lower body weight would have relatively
high basal metabolism. Such metabolism could accelerate cell
division in lung, thereby increasing the cancer risk (Drinkard
et al. 1995).

Overall, our investigation was based on a relatively small
number of samples with only 53 participants involved in the
investigation. The effect of psychophysiological stress and
dietary history, which could also affect red blood cells abnor-
mality, was not taken into consideration. Further study is
planned. Nevertheless, despite these limitations, our findings
provide important information in the deleterious effects of
PAHs exposure on red blood cell abnormality in petrochemi-
cal workers.

Conclusions

In the present study, we used the biomarker urinary 1-OHP as
well as PBTK and ILCR models to assess quantitatively the
health exposure risks of occupational workers to PAHs from a
petrochemical plant in Xigu, Lanzhou city, northwest China.
Results revealed that high PAHs exposure could induce red
blood cells abnormality risk of anemia. Compared with the
odds ratio (OR) among office workers at 1.0, the OR for
petrochemical workers is 1.417, indicating that the risk of
red blood cells abnormality in petrochemical workers in-
creased by 41.7 %. PAHs release and levels in the working
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environment in the petrochemical plant were the major influ-
ence factor on the human red blood cells anomalies. The esti-
mated tissue–human blood partition coefficient for pyrene and
1-OHP by the PBTK model supported this finding. The ILCR
modeling result further confirmed that the petrochemical
workers involved in this investigation were under a high po-
tential cancer risk.
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