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ABSTRACT: Concerns on nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) in the environment have mainly arisen from
their mutagenic and carcinogenic eﬀects. The objective of this
study is to investigate whether nitro-PAH exposures are associated
with biomarkers of cardiovascular pathophysiology. In a panel
study design, urines and blood samples were collected up to four
times with a 2-week interval from 89 healthy adults. We measured
1-naphthylamine, 2-naphthylamine, 9-aminophenanthrene, 2-aminoﬂuorene, and 1-aminopyrene as biomarkers of nitro-PAH
exposures. We measured three urinary metabolites of arachidonic
acid (AA) including 20-hydroxyeicosatetraenoic acid (20-HETE)
from the cytochrome P450 (CYP) pathway, 8-isoprostane from the
nonenzymatic pathway, and 11-dehydro-thromboxane B2 (11dhTXB2) from the cyclooxygenase (COX) pathway. Urinary malondialdehyde, 8-hydroxy-2′-deoxyguanosine (8-OHdG), and 6sulfatoxymelatonin (aMT6s) were measured to reﬂect systemic oxidative stress. Plasma concentrations of the soluble P-selectin and
von Willebrand factor (vWF) were measured as biomarkers of platelet activation and endothelial dysfunction. We found that
increased urinary concentrations of amino-PAHs were signiﬁcantly associated with increased 20-HETE, 11-dhTXB2, and 8-OHdG
and with decreased 8-isoprostane and aMT6s. Increased amino-PAHs were positively associated with P-selectin and vWF,
respectively. These results suggest that exposure to nitro-PAHs increases systemic oxidative stress and alters AA metabolism toward
CYP and COX pathways, leading to an increased cardiovascular disease risk.

1. INTRODUCTION
Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) are
derivatives of PAHs containing at least one nitro functional
group on the benzene ring of a PAH.1 Nitro-PAHs can be
produced by the incomplete combustion of organic materials
or by the reactions between parent-PAHs and the hydroxyl
radical during daytime and the nitrate radical during
nighttime.1−8 Sources included emissions from smoking,
vehicles, certain types of food processing, and heating.9
Compared to parent-PAHs, nitro-PAHs in general have higher
potencies for carcinogenicity and mutagenicity.10,11 It has been
recently reported that nitro-PAHs could induce cardiac toxicity
in a zebraﬁsh model.12 However, evidence in humans is lacking
concerning whether exposure to nitro-PAHs could induce
adverse cardiovascular eﬀects and what are the underlying
biological mechanisms.
It has been previously reported that zebraﬁsh exposed to two
nitro-PAHs, 1,3-dinitropyrene and 1,8-dinitropyrene, displayed
circulatory malfunction and pericardial edema.12 The authors
also reported that exposure to nitro-PAHs altered the
expression of several genes related to cytochrome P450
© 2021 American Chemical Society

(CYP) metabolism pathways, CYP enzymatic activity, and
oxidative stress in zebraﬁsh.12 CYP enzymes and systemic
oxidative stress have been widely reported to play crucial roles
in maintaining vascular physiology and cardiovascular homeostasis.13,14 The dysregulation of CYP enzymes, CYP-dependent
metabolites, and redox homeostasis could lead to the onset and
progression of many cardiovascular diseases, including hypertension, atherosclerosis, myocardial infarction, and atrial
ﬁbrillation.14,15
The oxidative metabolism of polyunsaturated fatty acids,
such as arachidonic acid (AA), plays a vital role in modulating
vascular tone, thrombosis, and oxidative stress.16,17 For
example, CYP enzymes of the 4A and 4F families are involved
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AP, and cotinine using a modiﬁed method described in a
previous publication.2 Brieﬂy, 2 mL of urine samples was
incubated with 2 mL of 0.1 M acetate buﬀer (pH = 5, Acros
Organics, U.S.A.) and 20 μL of β-glucuronidase-arylsulfatase
(Roche, U.S.A.) at 37 °C for 16 h. The hydrolyzed urine
samples were adjusted to pH > 10 with the addition of 500 μL
of 10 M sodium hydroxide (Sigma-Aldrich, U.S.A.) and
extracted with 6 mL of ethyl acetate (LiChrosolv, U.S.A.).
After mixing on a shaker for 60 min, the samples were
centrifuged at 3500 rpm for 30 min, followed by a
condensation procedure using nitrogen. The residues were
reconstituted using 200 μL of H2O and acetonitrile (1:1,
Fisher Chemical, U.S.A.), and 20 μL of reconstitution solution
was injected into a high-pressure liquid chromatographytandem mass spectrometry (HPLC-MS/MS) system (TSQ
Quantum Access Max, Thermo Fisher Scientiﬁc, U.S.A.). A
Sonoma 3 μm C18 (2) column (100 Å 100 × 2.1 mm, ES
Industries, U.S.A.) was used along with a mobile phase that
was composed of 99.9% water with 0.1% formic acid (Fisher
Chemical, Czech Republic) and 99.9% acetonitrile with 0.1%
formic acid at a ﬂow rate of 0.2 mL/min. The HPLC-detailed
mobile phase gradient is shown in Table S1, and the detailed
parameters used for the HPLC-MS/MS system and method
performance for each analyte are shown in Table S2. The total
amino-PAH concentration (Σamino-PAH) was calculated as
the sum of all the individual amino-PAH concentrations.
Urinary 20-HETE, 11-dhTXB2, and 8-isoprostane were
simultaneously analyzed using a previously reported HPLCMS/MS method.31 Urinary MDA, a stable product of lipid
peroxidation, was measured as a biomarker of oxidative stress
using a previously reported HPLC method.28 8-OHdG, as a
product of DNA oxidation, was measured as another
biomarker of systemic oxidative stress. Urinary aMT6s was
measured as a surrogate of circulating melatonin, which is a
potent antioxidant and can stimulate antioxidant enzymes.32−34 Urinary 8-OHdG and aMT6s were simultaneously
measured using a previously published HPLC-MS/MS
method, involving a liquid−liquid extraction using methanol
(20%) at urine pH about 7.35 Urinary speciﬁc gravity was
measured and used to adjust for the urine dilution factor.
Soluble P-selectin and vWF, biomarkers of platelet activation
and endothelial dysfunction, respectively, were measured in
plasma using an enzyme-linked immunosorbent assay method
(R&D system for P-selectin and RayBiotech for vWF,
U.S.A).25
2.3. Air Pollutant Exposure Assessment. We continuously monitored the indoor ﬁne particulate matter (PM2.5),
using a nephelometer (SidePak AM510; TSI Inc), and ozone
(O3), using a UV absorption monitor (model 205; 2B Tech),
in the dormitory rooms and oﬃces where participants were
working and living on the campus. Ambient PM2.5, O3,
nitrogen dioxide (NO2), sulfur dioxide (SO2), relative
humidity, and temperature were obtained from a local
government station (∼4.5 km from the company campus).
Indoor/outdoor (I/O) ratios of 0.8 for PM2.5 and 0.35 for O3
were used to estimate indoor pollutant concentrations in
unknown microenvironments (other than company oﬃces and
dorms) according to the previous literature in lightly sealed
buildings.36−39 We used I/O ratios of 0.8 for NO2 and 0.5 for
SO2 for all indoor microenvironments based on the previous
ﬁndings on similar physical characteristics of the buildings.40−43 These measured and estimated pollutant concentrations were coupled with the detailed time-activity data

in the metabolism of AA, producing 20-hydroxyeicosatetraenoic acid (20-HETE), a bioactive lipid mediator regulating
vascular and cardiac functions implicated in the pathogenesis
of cardiovascular disease.18,19 Moreover, the upregulation of
redox homeostasis could aﬀect the metabolism of AA through
the nonenzymatic pathway to produce isoprostanes, including
8-isoprostane, that modulate vascular and airway smooth
muscle tone.20 In addition, AA can be metabolized through the
cyclooxygenase (COX) pathway producing immunomodulatory prostaglandins and the prothrombotic and vasoconstrictive thromboxane A2 (TXA2) and its inactive metabolite 11dehydro-thromboxane B2 (11-dhTXB2).21 TXA2 and other
molecules, including P-selectin and von Willebrand factor
(vWF), play important roles in platelet activation, aggregation,
and coagulation,22,23 which are critical in various cardiovascular diseases, including ischemic heart disease and stroke.24
Given evidence that exposure to nitro-PAHs aﬀects the activity
of CYP enzymes and induces oxidative stress, we hypothesized
that exposure to nitro-PAHs may alter the oxidative
metabolism of AA.
To test this hypothesis, we analyzed the stored urine samples
collected from a previous study that originally investigated the
cardiorespiratory eﬀects of indoor air quality intervention in
healthy adults.25,26 Five urinary amino-PAHs that have been
previously used as biomarkers of nitro-PAH exposures were
measured: 1-naphthylamine (1-AN), 2-naphthylamine (2-AN),
9-aminophenanthrene (9-APhe), 2-aminoﬂuorene (2-AF), and
1-aminopyrene (1-AP).2,27 Three urinary AA metabolites
pertinent to three diﬀerent AA metabolism pathways were
measured: 20-HETE produced via the CYP pathway; 8isoprostane produced via nonenzymatic pathways; and 11dhTXB2, an inactive metabolite of TXA2, produced via the
COX pathway. In addition, three urinary biomarkers related to
systemic oxidative stress were measured: malondialdehyde
(MDA), 8-hydroxy-2′-deoxyguanosine (8-OHdG), and 6sulfatoxymelatonin (aMT6s).28−30 We also measured Pselectin and vWF in plasma as biomarkers of platelet activation
and endothelial dysfunction. We aim to explore the
associations of the urinary amino-PAHs with (1) urinary AA
metabolites, (2) biomarkers of systemic oxidative stress, and
(3) biomarkers of platelet activation and endothelial
dysfunction.

2. METHODS
2.1. Study Subjects. The study design has been previously
described in detail.25 Brieﬂy, 89 healthy oﬃce workers, 22−52
years old, were recruited from a company campus in Changsha
City, Hunan Province, China. The participants are free from
major self-reported chronic diseases. In addition, participants
with abnormal blood lipid levels or markers of liver, kidney, or
other metabolic dysfunctions were excluded. From December
1st, 2014 to January 31st, 2015, early morning (7−9 a.m.)
urine and blood samples were collected up to four times, with a
2-week interval. They were measured for a set of pathophysiologic biomarkers including the ones described below. All the
urine and blood aliquots were stored at −80 and −30 °C,
respectively, before analysis. No subjects reported with chronic
diseases and self-reported current smokers were included. The
study protocol was approved by the Ethics Committee of
Shanghai First People’s Hospital and the Duke University
Campus Institutional Review Board.
2.2. Measurements of Biomarkers. The present study
simultaneously analyzed urinary 1-AN, 2-AN, 9-APhe, 2-AF, 13868
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collected from each participant to calculate personal air
pollutant exposure averaged over 24 h prior to each visit.
The method of the exposure assessment and the relationships
between personal air pollution exposures and the current
health outcomes have been previously published.25,31,44,45 In
this study, air pollutant exposures were controlled for potential
confounding eﬀects in the sensitivity analysis.
2.4. Statistical Analysis. Because the raw data of all the
amino-PAHs and outcome variables had right-skewed
distributions, they were natural logarithm-transformed before
statistical analysis. The repeated measure correlations among
urinary amino-PAHs and cotinine were examined.
Linear mixed-eﬀect regression (LMER) models were used to
assess the relationships of the urinary amino-PAHs with three
AA metabolites and biomarkers of oxidative stress, platelet
activation, and endothelial dysfunction, respectively. In this set
of models, the concentration of each outcome variable was the
dependent variable, and each of the amino-PAHs was the
independent variable. We controlled for ﬁxed-eﬀect covariates
that have been previously reported to potentially aﬀect
cardiovascular health. These included sex, age, body mass
index (BMI), urinary cotinine concentration, upper respiratory
infection status, and 24 h average ambient temperature and
relative humidity. In addition to these covariates, urinary
aMT6s was included as a covariate to adjust for the
antioxidative level in all models in which urinary MDA, 8OHdG, and 8-isoprostane concentrations were one of the
dependent variables. Subject ID was treated as a random
intercept. From the model output, the percent change and 95%
conﬁdence interval (CI) in an outcome variable associated
with a 10% increase in urinary amino-PAH concentration were
calculated.
Four sensitivity analyses were conducted in the present
study. First, we conducted a sensitivity analysis by reexamining the aforementioned relationships excluding the
measurements from subjects who had reported an upper
respiratory infection during the 1 week prior to a clinical visit.
Second, these relationships were re-examined excluding the
measurements from subjects who had a urinary concentration
of cotinine higher than 50 ng/mL, which has been reported as
the cut point for active smokers.46 Third, concerning air
pollution exposure might confound the relationships between
nitro-PAH exposures and the health outcomes, we further
added personal exposure to PM2.5, O3, NO2, and SO2 as ﬁxedeﬀect covariates in the models. Fourth, we tested whether the
associations examined in the main analyses are modiﬁed by sex.
All statistical analyses were conducted using R software
(version 4.0.2) with rmcorr, lme4, and lmeTest packages.47−49 A
p-value of 0.05 was used as the cut point for statistical
signiﬁcance. Detailed model results and p-values adjusted for
multiple testing using the Benjamini−Hochberg method are
shown in Table S4. A detailed description of equations for the
statistical models is provided in the Supporting Information.

Article

Table 1. Characteristics of Study Participants
participant characteristics

value

age, mean ± SD [range] (year)
male, no. (%)
BMI, kg/m2, mean ± SD [range]

31.7 ± 7.8 [22−52]
64 (71.9%)
22.3 ± 2.7 [15.9−29.4]

3.2. Urinary Amino-PAHs and Personal Air Pollutant
Exposures. The urinary concentration of amino-PAHs and 24
h average personal exposure to PM2.5, O3, NO2, and SO2 are
shown in Table 2. Among the ﬁve urinary amino-PAHs, 2-AF
Table 2. Concentrations of Urinary Amino-PAHs and
Cotinine and Personal Exposures to PM2.5, O3, NO2, and
SO2 Averaged over the 24 h Prior to Biospecimen
Collection
mean ± SD

median
(IQR)

range
a

Urinary Amino-PAHs and Cotinine (ng/mL)
1-AN
8.6 ± 49.3 4.1 (8.4)
2-AN
5.4 ± 7.1
3.6 (7.6)
9-APhe
8.1 ± 16.1 0.35 (10.1)
2-AF
23.3 ± 25.6 19.3 (31.7)
1-AP
10.0 ± 7.6
7.6 (5.7)
total amino-PAHs
55.5 ± 75.3 38.5 (45.8)
(Σamino-PAH)
cotinine
13.5 ± 13.0 10.5 (13.5)
Air Pollution Exposure
PM2.5 (μg/m3)
38.5 ± 30.4 26.8 (43.1)
O3 (ppb)
6.8 ± 4.4
4.5 (7.3)
NO2 (ppb)
23.6 ± 6.8
23.5 (8.6)
SO2 (ppb)
6.3 ± 1.7
6.1 (3.1)

0.025−865
0.039−56.6
0.089−127
0.21−139
2.5−59.8
3.0−988
0.038−103
2.0−153
1.7−19.3
12.4−39.4
3.6−10.6

a
Concentrations of urinary amino-PAHs are adjusted by speciﬁc
gravity.

Table 3. Concentrations of Biomarkers
mean ± SD

median
(IQR)

Urinary AA Metabolitesa
20-HETE (ng/mL)
0.71 ± 0.92 0.50 (0.68)
8-isoprostane (ng/mL)
4.6 ± 12.3 1.8 (3.3)
11-dhTXB2 (ng/mL)
1.5 ± 1.2
1.3 (1.1)
Systemic Oxidative Stressa
urinary MDA (ng/mL)
88.3 ± 38.4 79.7 (39.7)
urinary 8-OHdG (ng/mL)
4.9 ± 3.0
4.2 (3.4)
Melatonina
urinary aMT6s (ng/mL)
16.6 ± 14.5 12.5 (12.3)
Platelet Activation and Endothelial Dysfunction
plasma soluble P-selectin
24.3 ± 7.5
22.9 (9.3)
(pg/mL)
plasma vWF (μg/mL)
32.3 ± 15.7 30.1 (20.5)

range
0.017−7.5
0.17−188
0.065−14.2
7.0−323
0.78−19.4
0.34−86.0
10.9−60.4
3.5−82.8

a

Concentrations of urinary 20-HETE, 8-isoprostane, 11-dhTXB2,
MDA, 8-OHdG, and aMT6s are adjusted by speciﬁc gravity.

3. RESULTS
3.1. Participant Characteristics. The characteristics of
the participants are summarized in Table 1. Of the 89
participants, 64 (71.9%) were male. The mean ± standard
deviation (SD) age and BMI of the participants were 31.7 ±
7.8 years and 22.3 ± 2.7 kg/m2, respectively. Of the 323
measurements obtained from all participants, 36 (11%) of
them reported respiratory infection in the week prior to
biospecimen collection.

has the highest median concentration, and 9-APhe has the
lowest median concentration. The repeated measure correlations among amino-PAHs are summarized in Table S3. The
results show that all the amino-PAHs were positively
correlated.
3.3. Associations between Amino-PAHs and AA
Metabolites. Using the amino-PAH concentrations and
biomarker concentrations longitudinally measured in each of
the participants, we examined the relationships between
3869
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associated with changes in the aMT6s level by −0.3% (−0.6 to
−0.1%), −0.4% (−0.7 to −0.1%), −1.0% (−2.3 to 0.3%), and
−0.6% (−1.2 to 0.1%), respectively. However, we did not ﬁnd
a signiﬁcant association between any of the amino-PAHs and
MDA.
3.5. Associations between Amino-PAHs and Biomarkers of Platelet Activation and Endothelial Dysfunction. Figure 3 shows the relationships of amino-PAHs

amino-PAHs and three AA metabolites. The results are shown
in Figure 1. We found that a 10% increase in each of 1-AN, 2-

Figure 1. Estimated mean percent change and 95% CIs in AA
metabolites associated with a 10% increase in amino-PAHs.

AN, 9-APhe, 2-AF, 1-AP, and Σamino-PAH was associated
with an increase in 20-HETE by 0.7% (0.1 to 1.3%), 0.7% (0.1
to 1.4%), 0.5% (−0.2 to 1.1%), 0.6% (−0.1 to 1.3%), 11.5%
(8.9 to 14.2%), and 2.9% (1.4 to 4.3%), respectively. The
results show that 10% increases in 1-AP and Σamino-PAH
were associated with increases in 11-dhTXB2 by 1.8% (0.4 to
3.3%) and 0.5% (−0.2 to 1.3%), respectively. Moreover, a 10%
increase in each of 1-AN, 2-AN, 2-AF, and Σamino-PAH was
associated with changes in 8-isoprostane by −0.7% (−1.2 to
−0.1%), −0.8% (−1.5 to −0.2%), −0.6% (−1.2 to 0.01%), and
−1.5% (−2.8 to −0.1%).
3.4. Associations between Amino-PAHs and Biomarkers of Systemic Oxidative Stress. Figure 2 shows

Figure 3. Estimated mean percent change and 95% CIs in biomarkers
of platelet activation and endothelial dysfunction associated with a
10% increase in amino-PAHs.

with plasma P-selectin and vWF. The results show that a 10%
increase in each of 1-AN, 2-AN, 2-AF, and Σamino-PAH was
associated with increases in P-selectin by 0.2% (0.1 to 0.3%),
0.2% (0.1 to 0.3%), 0.1% (0.02 to 0.2%), and 0.3% (0.01 to
0.5%), respectively. In contrast, we did not ﬁnd a signiﬁcant
association between vWF and any of the amino-PAHs,
although the trend of a positive association appeared to be
consistent across all the amino-PAHs.
3.6. Sensitivity Analysis. Four sensitivity analyses were
conducted in the present study. First, we conducted a
sensitivity analysis using a dataset excluding measurements
from subjects who reported having an upper respiratory
infection 1 week prior to biospecimen collection (36
measurements from 27 subjects). Second, the aforementioned
associations were re-examined excluding measurements with
urinary cotinine concentrations higher than 50 ng/mL (nine
measurements from eight subjects). In these two sub-datasets,
we found little diﬀerences in amino-PAH associations with all
the health outcomes (Figures S1−S6). Third, adding 24 h
average personal exposure to PM2.5, O3, NO2, and SO2 as ﬁxedeﬀect covariates in our LMER models did not markedly change
the results of the main analysis (Figures S7−S9). However, all
signiﬁcant associations between amino-PAHs; namely, 1-AN,
2-AF, 2-AN, and Σamino-PAH; and P-selectin became
attenuated and nonsigniﬁcant in this sensitivity analysis.
Fourth, the interactions between urinary amino-PAHs and
sex were nonsigniﬁcant in any of the associations examined in
the main analyses (Table S5).

Figure 2. Estimated mean percent change and 95% CIs in biomarkers
of systemic oxidative stress associated with a 10% increase in aminoPAHs.

the relationships of amino-PAHs with urinary MDA, 8-OHdG,
and aMT6s. We found that a 10% increase in each of 1-AN, 2AN, 9-APhe, 2-AF, 1-AP, and Σamino-PAH was associated
with increases in 8-OHdG by 0.5% (0.2 to 0.8%), 0.6% (0.3 to
0.9%), 0.5% (0.2 to 0.8%), 0.3% (−0.1 to 0.6%), 6.1% (4.9 to
7.2%), and 1.6% (0.9 to 2.2%), respectively. In addition, a 10%
increase in each of 1-AN, 2-AN, 1-AP, and Σamino-PAH was

4. DISCUSSION
It has been reported that exposure to nitro-PAHs can induce
cardiac toxicity in an animal model;12 however, human
evidence is lacking whether and how nitro-PAHs exposure
can adversely aﬀect the cardiovascular system. The main
ﬁndings of this study are that increased urinary concentrations
3870
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produced during the metabolism process of nitro-PAHs, and
the increased ROS level may further lead to increased systemic
oxidative stress.1 In addition, according to the current ﬁndings,
nitro-PAH exposures may alter the metabolism of AA through
CYP and COX pathways, during which ROS and/or oxidative
modulators can be further produced.62 These ﬁndings are
conﬁrmed by the current results that increased urinary
concentrations of amino-PAH were associated with increased
8-OHdG and decreased aMT6s, indicating a higher level of
DNA oxidative damage and the lower antioxidant level,
respectively. These results are also partially supported by a
previous study ﬁnding signiﬁcant and positive associations of
urinary 8-OHdG with urinary 1-AN and 2-AN in a group of 95
truck terminal workers.27 In addition, melatonin is a potent
antioxidant and can stimulate antioxidant enzymes, and it is a
key endogenous factor in limiting oxidative damage.32,33
Melatonin can also modulate many biological pathways related
to the cardiovascular function.63,64 A lower circulating
melatonin level has been associated with a higher risk of
cardiovascular disease, including hypertension, congestive
heart failure, and coronary heart disease.65,66 The nitroPAHs-induced increase in systemic oxidative stress and
decrease in circulating melatonin level might be an important
mechanism leading to adverse cardiovascular eﬀects.
However, in the present study, the results show that
increasing levels of amino-PAHs were signiﬁcantly associated
with decreasing concentrations of 8-isoprostane. As a
metabolite of AA through the nonenzymatic pathway, 8isoprostane is produced by the interaction of AA with ROS.
The current result suggests that nitro-PAH exposures may alter
the metabolism of AA toward the CYP and COX pathways,
leading to increased 20-HETE and 11-dhTXB2 and decreased
8-isoprostane. In addition, this change in AA metabolism could
be a potential explanation for the nonsigniﬁcant relationships
between urinary concentrations of amino-PAHs and MDA.
Speciﬁcally, MDA can be produced by the metabolism of AA
through a nonenzymatic pathway during lipid peroxidation and
through an enzymatic pathway during the biosynthesis of
TXA2 (COX pathway).67 Therefore, nitro-PAH exposures
might have lowered MDA production by suppressing the AA
nonenzymatic pathway and increased MDA production
through upregulating the COX pathway. These opposite
eﬀects might have led to nonsigniﬁcant associations between
urinary amino-PAHs and MDA. In addition to CYP, COX, and
nonenzymatic pathways, AA can be also metabolized though
the lipoxygenase (LOX) pathway, which is not measured in
this study. It has been previously reported that increased PAH
exposures were associated with increased LOX activity in a
group of 26 nonsmoking healthy adults.68 Whether and how
nitro-PAHs exposures may aﬀect AA metabolism through the
LOX pathway needs to be further investigated.
People can be exposed to nitro-PAHs from diﬀerent
sources.69,70 For example, it has been reported that 1nitronaphthalene and 2-nitronaphthalene are largely produced
through smoking,71 while 1-nitropyrene, 2-nitroﬂuorene, and
9-nitrophenanthrene are mainly found in diesel exhaust.72−74
In this study, 1-AP has a particularly strong association with
20-HETE, 11-dhTXB2, 8-OHdG, and aMT6s. In addition, 1AN and 2-AN are signiﬁcantly associated with 20-HETE, 8OHdG, and aMT6s. The results conﬁrm previous ﬁndings that
exposure to diesel emissions and smoking can adversely aﬀect
the cardiovascular system.75,76

of amino-PAH (biomarkers of nitro-PAH exposures) were
signiﬁcantly associated with increased urinary 20-HETE, 11dhTXB2, and 8-OHdG and decreased 8-isoprostane and
aMT6s in healthy adults. These associations were not markedly
changed after controlling for air pollutant exposures in terms of
the eﬀect size and statistical signiﬁcance (see Figures S7−S9).
The results suggest a potential biological mechanism by which
exposure to nitro-PAHs can increase oxidative stress and alter
the metabolism of AA toward CYP and COX pathways. The
increased levels of systemic oxidative stress and the AA
metabolites, including 20-HETE and thromboxanes, have been
linked to the pathogenesis of cardiovascular diseases.18,50,51
This is the ﬁrst study that examined the relationships
between urinary amino-PAHs and AA metabolites in healthy
adults. We found that amino-PAHs were signiﬁcantly and
positively associated with 20-HETE, a metabolite of AA
formed by CYP enzymes of the 4A and 4F families.52 The
results expand the previous ﬁndings of an animal study that
nitro-PAH exposures altered the expression of genes related to
CYP enzymes of the 1A family by suggesting that it may also
alter the activity of CYP enzymes of the 4A and 4F families.12
Future toxicological studies are needed to further explore the
underlying mechanisms. It is worth noting that 20-HETE plays
an important role in the regulation of vascular tone and blood
pressure.18 It promotes the endothelial dysfunction and
endothelial activation, increases myogenic tone, sensitizes
smooth muscle cells, and stimulates smooth muscle cell
contractility, migration, and proliferation.18,19,52 The increase
of 20-HETE levels has been associated with a number of
cardiovascular diseases such as hypertension, myocardial
infarction, and stroke.18,53
AA can be metabolized through the COX pathway, which
involves two major COX enzymes, cyclooxygenase-1 (COX-1)
and cyclooxygenase-2 (COX-2).54 TXA2 is a metabolite of AA
formed only by the COX-1 enzyme, and it is further
metabolized into the inactive form 11-dhTXB2. In the present
study, we found that increased urinary amino-PAH concentrations were associated with the increased urinary 11-dhTXB2
concentration. The results suggest that exposure to nitro-PAHs
may increase the activity of the COX-1 enzyme and/or
suppress the activity of COX-2. This suggestion is partially
supported by a previous study ﬁnding that diesel exhaust
particle extract and associated PAHs inhibited the COX-2
activity in vitro but do not inhibit the activity of COX-1.55 In
addition, in vitro exposure of rabbit platelets to pyrene and
anthracene induced production of TXB2 via a calcium carrierdependent mechanism, supporting our ﬁndings of a particularly strong association between 1-AP and 11-dhTXB2.56 The
current ﬁndings call for further investigations on the eﬀects of
nitro-PAH exposure on COX enzymes and associated health
consequences. TXA2, as a vasoconstrictor, may be an
important link in the mechanism by which nitro-PAH
exposures can induce cardiovascular disorders.57 It may also
be a marker of platelet activation and a subsequent
procoagulant state,58,59 which is implicated in the pathophysiology of a variety of cardiovascular disorders.24 Although we
did not observe signiﬁcant associations with the procoagulation
markers of soluble P-selectin and vWF, there were suggestive
positive associations that suggest a need to further explore the
eﬀects of nitro-PAH exposures on hemostasis.
Several in vivo and in vitro toxicological studies have
reported that exposure to nitro-PAHs can induce reactive
oxygen species (ROS).12,60,61 Speciﬁcally, ROS can be
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mechanism by which nitro-PAHs may adversely aﬀect
cardiovascular health.

Four sensitivity analyses were conducted in this study. First,
given that respiratory infection might aﬀect AA metabolism,
systemic oxidative stress, and vascular function, a sensitivity
analysis was conducted by re-examining the aforementioned
relationships when the measurements from subjects who had
reported an upper respiratory infection were excluded. Second,
concerning active smokers might expose to PAHs and other air
pollutants not measured in this study, we conducted another
sensitivity analysis to examine the associations between aminoPAHs and the health outcomes excluding measurements from
active smokers (urinary cotinine > 50 ng/mL). Third, a
copollutant analysis was conducted by controlling for personal
exposure to PM2.5, O3, NO2, and SO2 as ﬁxed-eﬀect covariates
in the models. The results of these sensitivity analyses do not
markedly change the observed associations in the main
analyses supporting the robustness of our main results. We
only found that after controlling for personal air pollutant
exposure in the LMER models, the associations between
amino-PAHs and P-selectin were changed to be nonsigniﬁcant,
and the eﬀect sizes were also decreased. The results indicate
that air pollution exposure is a potential confounder for these
relationships, warranting future studies to further investigate
the health eﬀects of nitro-PAH on hemostasis. Fourth, the
nonsigniﬁcant interaction terms between sex and amino-PAHs
suggest that sex may not modify the associations examined in
the main analyses (see Table S5). However, this result should
be cautiously interpreted, concerning the unbalanced sex
distribution (only 25% of the participants were female) in this
study of a relatively small sample size.
The strengths of this study include a well-controlled
population with little variability in potential confounders,
detailed assessment of and adjusting for air pollutant
coexposures, and repeated bioﬂuid assessments measuring a
variety of relevant biomarkers. Speciﬁcally, the collection of
multiple urine samples that were assessed for contemporaneous biomarkers is a strength which should reduce the impact
of potential exposure misclassiﬁcation due to the acute nature
of nitro-PAH metabolism. Also, these samples were all
collected at the same time of the day, reducing the impacts
of daily variation patterns in urinary metabolism and nitroPAH acute exposures. On the other hand, this study has some
limitations including a limited sample size, a homogeneous
population not necessarily representative of the local region or
generalizable to other regions, and limited controlling for
potential sources of within-individual variation, such as the
alcohol intake and medication usage. Another limitation is that
although we were able to control for criteria air pollutant
coexposures, other forms of PAH metabolites that could
potentially confound our results were not able to be controlled.
In addition, we used microenvironmental concentrations and
time-activity data to calculate time-weighted personal pollutant
exposures. Although this method is less accurate than personal
monitoring, it is more accurate than simply using concentrations of ambient pollutants.
In summary, increased urinary concentrations of aminoPAH were associated with increased 20-HETE, 11dhTXB2,
and 8-OHdG and decreased 8-isoprostane and aMT6s. The
results suggested that exposure to nitro-PAHs may increase
systemic oxidative stress and alter AA metabolism toward CYP
and COX pathways. Given that the oxidative metabolism of
AA plays a vital role in modulating systemic oxidative stress,
vascular tone, and thrombosis, our ﬁndings provide the ﬁrst
evidence in humans suggesting a potential pathophysiologic
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