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Abstract

Air pollution is among the top threats to human health in China. As air toxicants, polycyclic 

aromatic hydrocarbons (PAHs) could bring significant risks to population; however, the exposure 

to PAHs in China and its health impact are not fully understood. In 2012, a summer exchange 

program allowed 10 students to travel from Los Angeles to Beijing and stay there for 10 weeks. 

Based on the program, this study investigated the difference in urinary concentration of 12 

hydroxylated-PAHs (Σ12OH-PAHs) and malondialdehyde (MDA) between the two cities. The 

median concentration of Σ12OH-PAHs in Beijing (14.1 μg g−1 creatinine) was significantly higher 

than that in Los Angeles (5.78 μg g−1 creatinine), indicating a higher exposure in Beijing. The 

ratios of homogeneous OH-PAHs (e.g., 1-/2-OH-NAP) changed significantly between the two 

cities (p < 0.01), which might suggest a potential alteration in metabolism subsequent to exposure. 

A significant association between Σ12OH-PAHs and MDA (p < 0.01) was observed, with the 

association varying between the two cities. This study suggests that exposure to PAHs might be 

linked to metabolism alteration and calls for future studies to investigate the role this possible 

alteration played in the health effects of PAHs exposure.
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Graphical Abstract

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a group of air pollutants that contain two or 

more fused aromatic rings. Their ubiquitous occurrence in the environment has raised 

increasing concerns due to their high emissions and significant toxicity. The global emission 

of PAHs was approximately 504 Gg in 2007, of which 21% was from China.1 PAHs are 

mainly emitted from combustion sources, such as vehicle emissions, household fuel 

consumption, and tobacco smoke.2 All of these sources are geographically close to densely 

populated areas and could therefore bring significant exposure and health risks. Humans are 

exposed to PAHs through various pathways including inhalation, ingestion, and dermal 

absorption.2–4 For the assessment of the total exposure to PAHs from different routes, 

urinary hydroxylated PAHs (OH-PAHs), the metabolites of PAHs, are widely measured.2

PAHs are associated with various adverse health effects (e.g., micronuclei frequency, DNA 

damage, lung function, and heart rate variability),5–8 and certain adverse health outcomes 

(e.g., lung cancer, cardiovascular diseases, birth defects, and diabetes).9–12 The biological 

mechanism of these associations is not yet clear, and oxidative damage is suggested as a 

possible cause.3,13 It has been shown that reactive oxygen species (ROS) could be generated 

during the metabolism of PAHs. Then, ROS could attack biological molecules such as DNA, 

proteins, and lipids, resulting in a series of health problems.6 Malondialdehyde (MDA) is a 

product of lipid oxidative damage and was widely used as a biomarker for lipid 

peroxidation.14,15 MDA was previously found to be associated with both PAHs exposure and 

various diseases,14–16 suggesting a potential role of lipid peroxidation between PAHs and 

the health effects.

In recent years, the severe air pollution in Beijing has created great concerns.17 As toxic air 

pollutants, PAHs were also present in higher concentrations in Beijing than in other cities in 

the developed countries.18–20 In 2012, the University of California, Los Angeles (UCLA) 

and Peking University (PKU) carried out a summer exchange program in which a panel of 

10 UCLA students traveled to Beijing and stayed for 10 weeks, providing an opportunity to 

study their PAH exposures and related lipid peroxidation. As shown in a previous study, 

repeated measurements on travelers could allow researchers to focus on the impacts of 

exposure with less interference from individual differences.21 In this study, the first-morning 

urine samples of these students were collected before, during, and after the exchange 

program. A total of 12 urinary OH-PAHs and malondialdehyde (MDA) were measured as 
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surrogates for exposure and lipid peroxidation, respectively. The aims of this study were as 

follows: (1) assess the exposure to PAHs in Beijing and Los Angeles; (2) characterize the 

differences in the ratios of OH-PAHs in the two cities to better understand their metabolism; 

and (3) investigate the association between OH-PAHs and MDA.

MATERIALS AND METHODS

Sample Collection

All 10 subjects (four males and six females) in this study were healthy UCLA students. The 

age and body mass index (BMI) of the subjects at the time of sample collection were 23.3 

± 5.8 (mean ± standard deviation; range: 20–39, same as below) years and 21.1 ± 1.4 (18.6–

23.4) kg m−2, respectively. All the subjects were self-reported nonsmokers and participated 

in the summer exchange program between UCLA (in Los Angeles) and PKU (in Beijing) in 

2012. A total of 11 urine samples were collected for each subject before, during, and after 

the exchange program, with the specific dates shown in Figure 1. Briefly, three urine 

samples were collected before the program (LA1, from June 7 to June 19) in Los Angeles. A 

total of five collections were conducted during the program (BJ, from June 29 to August 8) 

in Beijing. The last three samples were collected after the program (LA2, from October 8 to 

October 26) when the students returned to the Los Angeles. Because PAHs are metabolized 

rapidly in animals and human, with half-lives of less than 1 day,22–24 the urine collection 

began at least 1 week after arrival in the new city to exclude the interference of previous 

PAH exposures in the former city. For each urine collection, the first morning urine after 

fasting for at least 8 h was collected in polypropylene tubes and frozen at −20 °C until 

analysis.

For each subject, a questionnaire was used to collect additional information for the 3 days 

prior to the sample collection. In the questionnaire, detailed information on cooking 

behaviors (cooking frequency, cooking fuel, and exposure to barbecuing), diet (the 

consumption of barbecue or baked meat), traffic-related activities (driving hours, public 

transportation usage, and duration of stay near heavy traffic areas), and secondhand smoke 

exposure were collected. This study was performed in accordance with the guidelines and 

approval of the Institutional Review Boards of both UCLA and PKU, and informed consent 

was obtained from each subject.

Analytical Method

A previously established method was used in this study to measure the urinary OH-PAHs.14 

Briefly, 2 mL of urine from each sample was spiked with 13C-labeled 3-

hydroxyphenanthrene (13C-3-OH-PHE) as surrogate standards and adjusted to pH 5.5 with 

sodium acetate buffer. Next, the sample was added to 20 μL of β-glucuronidase–sulfatase 

(Helix pomatia, Sigma-Aldrich, St. Louis, MO) and incubated at 37 °C overnight to 

hydrolyze conjugated phenols. The liquid–liquid extraction with hexane methyl tert-butyl 

ether mixture (9:1, v/v) was performed three times to extract the analytes. After blowing 

with nitrogen to near-complete dryness, 0.1 mL of methanol and 1 mL of diazomethane 

solution were added to the extract, and the OH-PAHs were methylated at room temperature 

for 5 h. Next, the sample was cleaned with silica gel chromatography (0.6 cm i.d., 6 cm 
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length, with 0.5 cm of anhydrous Na2SO4 on top) and eluted with 8 mL of hexane, 8 mL of 

hexane dichloromethane mixture (3:2, v/v), and 8 mL of dichloromethane sequentially. The 

analytes were in the second and third fractions. Finally, the sample was concentrated, spiked 

with d10-acenaphthene (d10-ACE) and d10-phenanthrene (d10-PHE) as internal standards and 

analyzed using a gas chromatograph and mass spectrometer (GC-MS; Agilent 

7890A-5975C) with an electron ionization (EI) ion source and a 30 m DB-5MS column (250 

μm i.d., 0.25 μm film thickness; J & W Scientific, Folsom, CA). The monitored ion couples 

for all analytes and the method detection limits (MDL) (ranged from 7.5 to 18.2 pg mL−1) 

are listed in Table S1.

Urinary MDA concentrations were measured based on the reaction with 2-thiobarbituric 

acid (TBA). Briefly, a 150 μL urine sample mixed with 450 μL of TBA and 900 μL of 

phosphate (0.5 mol L−1) was incubated in water at 95 °C for 1 h. After being cooled and 

filtered, the mixture was injected into a high-performance liquid chromatograph (HPLC; 

Waters 2695) with a reverse-phase C18 column (150 mm in length, 3.9 mm i.d.) and a 

mobile phase of potassium phosphate (0.05 mol L−1, pH = 6.5) and methanol (60:40, v/v). 

The MDA-TBA adducts could be detected under a wavelength of 532 nm in a UV detector. 

The detect limit of the method is 7.2 ng mL−1. Urinary creatinine was measured by a 

spectrometer under a wavelength of 510 nm based on the Jaffe reaction.

Quality Control

For each batch of eight urine samples, one laboratory blank sample (with 2 mL of purified 

water) was prepared. The analysis for blank samples was the same as that for urine samples. 

For all urine samples, three identical samples were prepared to ensure repeatability. The 

concentrations of 3-hydroxybiphenyl (3-OH-BP, 15.8%), 2,2′-dihydroxybiphenyl (2,2′-
DOH-BP, 12.2%), 3,4′-DOH-BP(14.5%), and 3-hydrox-yphenanthrene (3-OH-PHE, 33.9%) 

in the blank samples were more than 10.0% of the average concentrations in the urine 

samples and hence removed from the subsequent discussion. The concentrations of the 

remaining 12 analytes in blank samples were 1.11 ± 1.05% (average ± standard deviation) of 

the average concentrations in urine samples. Thus, blank subtraction was not performed for 

all those analytes. The relative deviation of all analytes was 21.0 ± 7.2%. The recovery of 
13C-3-OH-PHE was 93.6 ± 12.4%. All the OH-PAHs and MDA data were normalized by 

creatinine.

Statistical Analysis

The Shapiro–Wilk test was applied to check the normality of the data in this study. Median 

values (with interquartile range, IQR) were reported for urinary biomarkers and their ratios 

unless otherwise noted. For analytes not detected in urine samples, the 1/2 MDL was applied 

as a substitute for the statistical analysis. The Mann–Whitney U-test was used to investigate 

the difference in urinary biomarkers and questionnaire data between the two cities. A two-

tailed p value of <0.05 was considered significant. Multivariate linear regressions with 

stepwise or enter approaches were applied to identify the confounding factors and calculate 

the concentration ratios between the two cities. A simple linear regression model and three 

linear mixed-effects models were used to investigate the association between MDA and OH-

Lin et al. Page 4

Environ Sci Technol. Author manuscript; available in PMC 2018 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PAHs. In the simple linear regression model (Model A), the association between OH-PAHs 

and MDA was considered constant among subjects in the two cities:

yi jk = α + βxi jk + εi jk (1)

where yijk and xijk are the log-transformed concentrations of MDA and OH-PAHs of subject 

i at time j in the city k; respectively. α and β is the fixed intercept and slope, respectively. 

εijk is the residual.

In the three mixed-effects model, a random intercept was allowed among subjects (Model B, 

eq 2), cities (Model C, eq 3), and both subjects and cities (Model D, eq 4), respectively.

yi jk = α + μi + βxi jk + εi jk (2)

yi jk = α + μk + βxi jk + εi jk (3)

yi jk = α + μi + μk + βxi jk + εi jk (4)

where μi and μk is the random intercept for subject i and city k, respectively. All statistical 

analyses were conducted in SPSS package 18.0 (SPSS, Chicago, IL).

RESULTS AND DISCUSSION

Concentrations of Urinary OH-PAHs

For the 12 metabolites of PAHs in the subsequent discussion, the detection rates were all 

greater than 88%. The concentrations of OH-PAHs with different numbers of rings are 

shown in Figure S1. The median concentrations of hydroxynaphthalenes (ΣOH-NAPs, sum 

of 1- and 2-OH-NAP), ΣOH-BPs (sum of 2-, 4-OH-BP and 4,4′-DOH-BP), 2-

hydroxydibenzofuran (2-OH-DBF), ΣOH-FLUs (sum of 2-, and 3-OH-FLU), ΣOH-PHEs 

(sum of 1-, 2-, and 4- OH-PHE), and 1-OH-PYR were 4.01, 2.12, 0.60, 0.56, 0.43, and 0.13 

μg g−1 creatinine, respectively. A decreasing trend in urinary concentration of OH-PAHs was 

observed when the number of aromatic rings increased. This was likely because PAHs with 

fewer aromatic rings tend to present in a higher concentration in the environment and have a 

higher urine-excretion rate in human body.2,22,23,25,26

The concentration of urinary OH-PAHs was influenced by many factors, such as the 

environmental levels of PAHs, individual physical activities, and individual characteristics. 

In this study, the determinants of OH-PAHs were investigated using a multivariate model 

with stepwise approach based on the questionnaire data, and the results are shown in Table 

S2. The city (i.e., Los Angeles and Beijing) was the dominant factor determining the urinary 
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OH-PAHs concentrations. Individual characteristics (i.e., gender, age and BMI) were also 

significant factors (p < 0.05); however, their impacts on the change of OH-PAHs between 

the two cities were minimized as multiple measurements were conducted for each subject 

who serves as his or her own control. The individual physical activities, including diet habits 

and traffic-related activities, differed significantly between the two cities (p < 0.05, Table 

S3). However, they had limited impacts on the urinary OH-PAHs concentrations in this 

study as most of them were not significantly associated with OH-PAHs after adjustment for 

city (Table S2) and thus not considered in the subsequent discussion.

Table 1 shows the difference in the creatinine adjusted OH-PAHs concentration between Los 

Angles and Beijing (unadjusted data are shown in Table S4). It should be noted that biphenyl 

and dibenzofuran are technically not PAHs but have similar structure and environment 

sources with PAHs. Hence in addition to the total concentration of all analytes (Σ12OH-

PAHs), the total concentration of metabolites of naphthalene, fluorene, phenanthrene, and 

pyrene (Σ8OH-PAHs) was also calculated (Table 1). The median concentration of Σ12OH-

PAHs in Beijing was 14.1 μg g−1 creatinine, which was significantly higher than that in LA1 

(5.77 μg g−1 creatinine, p < 0.001) and LA2 (5.78 μg g−1 creatinine, p < 0.001). No 

significant difference was observed between the Σ12OH-PAHs concentration in LA1 and 

LA2 (p = 0.85). A similar trend was also observed for ΣOH-NAPs, ΣOH-BPs, 2-OH-DBF, 

ΣOH-FLUs, ΣOH-PHEs, and 1-OH-PYR. These results indicate that the observed urinary 

OH-PAHs levels were mainly driven by the differences of various environmental and activity 

factors between the two cities. On the basis of these biomarkers, it was estimated that the 

exposure to different PAHs was 1.3–6.1-fold higher in Beijing than in Los Angeles during 

the study season (Table 1).

As a classic biomarker for PAHs exposure, 1-OH-PYR is widely measured in populations 

around the world.27,28 Hence, it was used for comparison with other studies. As shown in 

Figure S2, the concentration of 1-OH-PYR in Beijing (median, 0.32 μg g−1 creatinine) was 

higher than that of most cities in developed countries, such as San Francisco, United States 

(0.08 μg g−1 creatinine)22 and Christchurch, New Zealand (0.04 μg g−1 creatinine),29 but 

lower than that of most cities in developing countries, such as Nanjing, China (1.08 μg g−1 

creatinine)30 and Bangkok, Thailand (0.39 μg g−1 creatinine).31 The concentration of 1-OH-

PYR in Los Angeles (0.08 μg g−1 creatinine) was comparable to that in cities in developed 

countries. Those comparisons indicated that the exposure to PAHs in the summer in both 

Beijing and Los Angeles was at an intermediate level worldwide.

Difference in the Ratios of OH-PAH Isomers

As discussed above, ΣOH-NAPs and ΣOH-BPs differed significantly in the two cities; 

however, not all metabolites from the same precursor PAHs showed the same concentration 

ratios between the two cities (Table 1). Briefly, the concentration ratios of 1-OH-NAP, 4-

OH-BP, and 4,4′-DOH-BP between Beijing and Los Angeles were significantly greater than 

1.0 (p < 0.001). In contrast, the concentration ratios of 2-OH-NAP and 2-OH-BP were not 

significantly different with 1.0. The difference of these OH-PAH isomers indicated potential 

bias may exist if only one or few isomers were used as surrogates for total PAHs exposures. 

Instead, the sum of OH-PAHs isomers (i.e., ΣOH-NAPs and ΣOH-BPs) could be the least-
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biased surrogate for PAHs exposure given the concentrations of multiple OH-PAHs are 

available.

The reason for the different concentration ratios of OH-PAH isomers between the two cities 

is unclear, and the interaction between PAHs and cytochrome P450 (CYP) enzymes may be 

a possible mechanism. PAHs could be metabolized by a series of CYP enzymes, such as 

CYP1A1 and CYP1B1, through an arene oxide intermediate to form hydroxylated 

metabolites.32 Different CYPs in the phase I metabolism of PAHs could result in different 

metabolite (i.e., OH-PAHs) ratios.33–35 Meanwhile, PAHs and their metabolites could in 

turn induce or inhibit the expression of CYPs, which could alter the profiles of CYP 

enzymes involved in the metabolism of PAHs and then further alter the ratios of OH-PAHs 

isomers.33,36 In this study, a higher exposure to PAHs was observed in Beijing, which could 

possibly cause a shift in the relative expression of different CYPs and might therefore lead to 

a corresponding shift in the OH-PAHs isomer ratios.

Because previous studies revealed a difference in PAHs metabolite ratios under the catalysis 

of different CYPs,33–35 we suspect there may be a link between the alteration of OH-PAHs 

isomer ratios and the exposure-induced alteration of CYPs expression. To test this 

hypothesis, we investigated the difference in several OH-PAHs isomer ratios between the 

two cities. First, the ratio of 1-OH-NAP to 2-OH-NAP (1-/2-OH-NAP) was investigated 

because (1) 1-OH-NAP and 2-OH-NAP were the only monohydroxylated metabolites of 

naphthalene so that the ratio would not be influenced by other monohydroxylated 

metabolites; and (2) the 1-/2-OH-NAP was mathematically independent from the ΣOH-

NAPs. As expected, the 1-/2-OH-NAP ratio was significantly elevated in Beijing, suggesting 

a possible shift in the relative expression of CYPs. It should be noted that the elevation of 

1-/2-OH-NAP occurred gradually after the students arrived in Beijing (Figure 1), possibly 

suggesting the alteration of metabolism could be a subacute process. This may explain the 

observation in other studies that the variation of OH-PAHs isomer concentrations tended to 

be more consistent after an accidental high exposure.23,37

It should be noted that 1-OH-NAP is also a metabolite of carbaryl pesticides.38 If 1-/2-OH-

NAP was influenced by carbaryl pesticides exposure, we would expect that 1-/2-OH-NAP 

had a more significant association with ΣOH-NAPs than with other OH-PAHs. However, as 

shown in Table S5, 1-/2-OH-NAP was not correlated with ΣOH-NAPs but significantly 

correlated with other OH-PAHs, indicating carbaryl pesticides have limited impacts in this 

study.

To further confirm the relationship between the 1-/2-OH-NAP ratio and PAHs exposure, we 

conducted an analysis on selected literature. The selection criteria includes: (1) the 

population was under a well-defined long-term exposure; (2) the PAHs to which the 

population was exposed were mainly from combustion sources to minimize the interference 

from carbaryl pesticide; and (3) the sample size is larger than 10 to decrease the uncertainty 

caused by individual difference. Because the number and species of the OH-PAHs measured 

varied among different studies, the concentration of ΣOH-NAPs was used as an indicator for 

total exposure to PAHs. The results and the description of the literature searches are shown 

in Figure 2 and Table S6. A significant association was observed between the 1-/2-OH-NAP 
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and ΣOH-NAPs (R2 = 0.52, p < 0.001). Additionally, for studies in which repeated 

measurements were conducted that minimized the genetic factors, an interstudy relationship 

between 1-/2-OH-NAP and ΣOH-NAPs was also observed.39–44 These results revealed a 

potential shift in the relative expression of CYPs that might be related to PAH exposures.

The alteration of 1-/2-OH-NAP could explain why 1-OH-NAP and 2-OH-NAP had different 

concentration ratios between the two cities (Table 1). For 1-OH-NAP, the exposure to PAHs 

and the corresponding alteration of 1-/2-OH-NAP were in the same direction; therefore, the 

concentration of 1-OH-NAP was significantly higher in Beijing. However, for 2-OH-NAP, 

the change in exposure to PAHs could be offset by alterations in the ratio; thus, the 

concentration of 2-OH-NAP was observed to be similar in the two cities.

This mechanism could also explain the observation of OH-PHEs isomers. Previous studies 

have shown that 1-OH-PHE and 2-OH-PHE are mainly derived from the same CYPs (e.g., 

CYP1A1), while 3-OH-PHE and 4-OH-PHE come from other CYPs (e.g., CYP1A2).22,34,45 

These findings were consistent with the observations in this study that the 1 + 2-/4-OH-PHE 

ratio was significantly elevated in Beijing (p < 0.01, Table 1). In addition, 1 + 2-/4-OH-PHE 

was significantly correlated with several OH-PAHs (i.e., 2-OH-DBF and ΣOH-FLU, p < 

0.05, Table S5), possibly suggesting a similar link between exposure and metabolism.

Previous studies found that smoking could decrease 1 + 2-/3 + 4-OH-PHE,22 suggesting 

exposure to secondhand smoke (SHS) may reduce the 1 + 2-/4-OH-PHE. In our study, SHS 

exposure is significantly higher in Beijing (Table S3). To distinguish the impacts of PAHs 

exposure from SHS and non-SHS sources, we divided the data in Beijing into two groups. 

As shown in Figure S3, all subjects in Beijing had significantly higher ΣOH-PHEs and 1 

+ 2-/4-OH-PHE than in Los Angeles. Subjects in Beijing with SHS exposures tend to have 

slightly higher ΣOH-PHEs but lower 1 + 2-/4-OH-PHE compared with those without SHS 

exposures, which was consistent with previous studies on smoking.22 However, no 

significant difference was observed between subjects with and without SHS exposures in 

Beijing. These results indicate that the elevation of ΣOH-PHEs and 1 + 2-/4-OH-PHE in 

Beijing was probably attributed to sources other than SHS.

Association between MDA and OH-PAHs

MDA was a product of lipid oxidative damage and hence was used as an indicator of lipid 

peroxidation.15 In this study, MDA was detected in all the urine samples, and their median 

concentrations were 48.4 and 51.9 μg g−1 creatinine in Beijing and Los Angeles, 

respectively. No significant difference in the concentration of MDA was observed between 

the two cities (Figure 1 and Table 1). The relationship between MDA and OH-PAHs is 

shown in Figure S4. MDA was significantly correlated with Σ12OH-PAHs (p < 0.05); 

however, for speciation analysis, only ΣOH-BPs was significantly correlated with MDA (p < 

0.05). This result is out of our expectation because most species measured in this study were 

found to strongly associate with MDA or other oxidative damage biomarkers (i.e., 8-

hydroxy-2-deoxyguanosine and 8-iso-prosta-glandin-F2α) as shown in previous studies.
6,14,46,47 In addition, the association between MDA and several OH-PAHs is marginally 

significant (Figure S4), suggesting there are some interference factors affecting the 

association.
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To investigate the possible interference factors, we applied a simple linear regression model 

(Model A) and three mixed-effects models (Models B, C, and D) to study the association 

between MDA and OH-PAHs and then compared the results of different models. In Model 

A, the association between OH-PAHs and MDA was considered constant among individuals 

and cities, which is corresponding to the results in Figure S4. Among six OH-PAHs 

homologues, only ΣOH-BPs is significantly associated with MDA (p < 0.05). In Model B, 

the intercept was allowed to vary among subjects. As shown in Figure 3, the association 

between OH-PAHs and MDA was comparable with that in Model A, indicating that 

individual difference did not cause a significant interference in this study. In Model C, the 

intercept was allowed to vary between the two cities, and the results revealed a significant 

association between MDA and all OH-PAHs except for ΣOH-NAPs. Compared with Model 

A, the association between OH-PAHs and MDA was generally more significant, indicating 

that city is a major interference factor. The results of Model D, in which the intercept was 

varied among both subjects and cities, were similar to that of Model C, once again indicating 

a limited impact of individual difference compared with city.

As discussed above, the association between OH-PAHs and MDA was found to vary 

between the two cities, even for the same subject. There are several possible explanations for 

the observed city effect on associations: (1) the exposure to PAHs could induce the change 

in antioxidants in the human body,48 which could affect an individual’s oxidative stress; (2) 

the urinary MDA concentration was affected by other factors differing in two cities, such as 

the diet intake of MDA precursors and the decomposition conditions of MDA;49 and (3) the 

cities’ differences in the concentration of other pollutants that could induce oxidative 

damage15 may interfere with the association between MDA and OH-PAHs. However, the 

potential mechanism of the observed city-effect is beyond the scope of this study and calls 

for future studies. Nevertheless, it is important to address that the associations between 

MDA and OH-PAHs are generally significant only if the city effect was considered. This is 

probably because OH-PAHs were significantly higher in Beijing but MDA was comparable 

between the two cities, which could weaken the inter-city associations (Figure S5).

There are several limitations of this study. First, the external exposures to PAHs were not 

measured, and thus, the OH-PAHs results could not be attributed to specific sources. For 

example, the time spent in indoor environments was not assessed in this study but may be an 

important factor affecting PAHs exposure levels and the related health effects.50,51 Second, 

many factors (e.g., diet, stress, and physical activities, etc.) may have changed when the 

subjects traveled from Los Angeles to Beijing. How these factors affect OH-PAHs measured 

in this study is not fully understood. Finally, because the CYP enzyme cannot be readily 

measured in human subjects, how it affects the observed difference of the ratios of some 

OH-PAH isomers between the two cities cannot be determined.

In summary, this study identified significantly higher PAHs exposure and homogeneous OH-

PAHs ratios in Beijing compared with Los Angeles in summer 2012. It also found a 

significant association between PAHs exposure and lipid peroxidation, with the association 

varying between the two cities. This study highlighted a possible link between PAH 

exposure and metabolism that needs to be considered in future health-effect studies.
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Figure 1. 
Temporal trend of 1-OH-PYR, 1-/2-OH-NAP, and MDA in urines. Black line, median of 

each date; red line, mean of each date; green dashed line, median of Los Angeles before the 

travel (LA1); pink dashed line, median of Beijing; blue dashed line, median of Los Angeles 

after the travel (LA2); box, 25th and 75th percentiles; whiskers, 10th and 90th percentiles).
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Figure 2. 
The association between naphthalene exposure and 1-/2-OH-NAP ratio. Red circle, cooking 

women;41 orange circle, cooking women;40 light green downward-facing triangle, coking 

workers;52 dark green upward-facing triangle, road construction workers;43 teal square, 

healthy general people;30 dark blue square, coking workers;53 purple diamond, general 

people near an aluminum plant;39 red diamond, coking workers;6 orange upward-facing 

triangle, general people near a creosote impregnation plant;44 black upward-facing triangle, 

schoolchildren near a road;54 dark green hexagon, brick kiln workers;55 teal hexagon, U.S. 

air forces personnel;42 blue hexagon, this study. The detailed information on these studies is 

shown in Table S6.
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Figure 3. 
Association between OH-PAHs and MDA. The alteration in MDA (%) was associated with a 

one-fold increase of OH-PAHs. Σ8OH-PAHs: sum of ΣOH-NAPs, ΣOH-FLUs, ΣOH-PHEs, 

and 1-OH-PYR; Σ12OH-PAHs: sum of Σ8OH-PAHs, ΣOH-BPs, and 2-OH-DBF.
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