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ARTICLE INFO ABSTRACT

Handling editor: Xavier Querol Background: Oxidative stress and inflammation are considered to be important pathways leading to particulate

matter (PM)-associated disease. In this exploratory study, we examined the effects of metals and oxidative po-
tential (OP) in urban PM on biomarkers of systemic inflammation, oxidative stress and neural function.
Methods: Fifty-three healthy non-smoking volunteers (mean age 28 years, twenty-eight females) were exposed to
coarse (2.5-10 pum, mean 213 ug/ms), fine (0.15-2.5 um, 238 ug/ma), and/or ultrafine concentrated ambient PM
(< 0.3um, 136 ug/m>). Exposures lasted 130 min, separated by =2 weeks. Metal concentrations and OP
(measured by ascorbate and glutathione depletion in synthetic airway fluid) in PM were analyzed. Blood and
urine samples were collected pre-exposure, and 1-h and 21-h post exposure for assessment of biomarkers. We
used mixed-regression models to analyze associations adjusting for PM size and mass concentration.
Results: Results for metals were expressed as change (%) from daily pre-exposure biomarker levels after exposure to a
metal at a level equivalent to the mean concentration. Exposure to various metals (silver, aluminum, barium, copper,
iron, potassium, lithium, nickel, tin, and/or vanadium) was significantly associated with increased levels of various blood
or urinary biomarkers. For example, the blood inflammatory marker vascular endothelia growth factor (VEGF) increased
5.3% (95% confidence interval: 0.3%, 10.2%) 1-h post exposure to nickel; the traumatic brain injury marker ubiquitin C-
terminal hydrolase L1 (UCHL1) increased 11% (1.2%, 21%) and 14% (0.3%, 29%) 1-h and 21-h post exposure to
barium, respectively; and the systemic stress marker cortisol increased 1.5% (0%, 2.9%) and 1.5% (0.5%, 2.8%) 1-h and
21-h post exposure to silver, respectively. Urinary DNA oxidation marker 8-hydroxy-deoxy-guanosine increased 14%
(6.4%, 21%) 1-h post exposure to copper; urinary neural marker vanillylmandelic acid increased 29% (3%, 54%) 1-h
post exposure to aluminum; and urinary cortisol increased 88% (0.9%, 176%) 1-h post exposure to vanadium. Results for
OP were expressed as change (%) from daily pre-exposure biomarker levels after exposure to ascorbate-related OP at a
level equivalent to the mean concentration, or for exposure to glutathione-related OP at a level above the limit of
detection. Exposure to ascorbate- or glutathione-related OP was significantly associated with increased inflammatory and
neural biomarkers including interleukin-6, VEGF, UCHL1, and S100 calcium-binding protein B in blood, and mal-
ondialdehyde and 8-hydroxy-deoxy-guanosine in urine. For example, UCHL1 increased 9.4% (1.8%, 17%) in blood 21-h
post exposure to ascorbate-related OP, while urinary malondialdehyde increased 19% (3.6%, 35%) and 8-hydroxy-
deoxy-guanosine increased 24% (2.9%, 48%) 21-h post exposure to ascorbate- and glutathione-related OP, respectively.
Conclusion: Our results from this exploratory study suggest that metal constituents and OP in ambient PM may
influence biomarker levels associated with systemic inflammation, oxidative stress, perturbations of neural
function, and systemic physiological stress.
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1. Introduction

Particulate matter (PM) in urban ambient air is a complex mixture
of various sizes and constituents. Some metals in PM, such as the
transition metals iron (Fe), copper (Cu), nickel (Ni) and vanadium (V),
have been found to be associated with cardiovascular and respiratory
hospital admissions and mortality (Bell and HEI Health Review
Committee, 2012; Lippmann et al., 2013; Zhou et al., 2011), and in-
creased heart rate and decreased lung function (Cakmak et al., 2014).
Oxidative potential (OP) is a measure of the capacity of PM to deplete
certain antioxidant molecules such as ascorbic acid (AA), glutathione
(GSH) and dithiothreitol (DDT) in synthetic airway fluid (Ayres et al.,
2008), and has been found to contribute to oxidative stress and in-
flammation in cultured human lung carcinoma cells (Crobeddu et al.,
2017). Large variations in OP levels of PM from different regions or
locations have been reported in the Netherlands and Belgium (Yang
et al, 2015b), London (UK) (Kelly et al, 2011), and Canada
(Weichenthal et al., 2016b; Weichenthal et al., 2016c). The transition
metal contents appear to partially explain the differences in OP levels in
these PM samples (Daher et al., 2014).

Oxidative stress and systemic inflammation are considered to be
important pathways linked to PM exposure-associated disease (Brook
et al., 2010; Nel, 2005; Weichenthal et al., 2013). Measurement of OP
involves redox activity of transition metals and organic chemicals, and
reflects interactions between different metals in the reaction. Therefore,
compared to PM mass, OP has been proposed as an exposure metric
more closely related to biological responses to PM exposures (Borm
et al., 2007). Indeed, in a study conducted in school children with
asthma in Montreal (Canada) we found a stronger association of ex-
haled nitric oxide (a clinical biomarker for lung inflammation) with
daily personal exposure to oxidative burden as measured by PM, s-in-
duced GSH depletion than with PM, 5 mass (Maikawa et al., 2016). In
another study performed in Atlanta (USA), compared to PM mass, OP
measured as PM, s-induced DTT depletion was also found to have a
stronger association with emergency department visits for asthma and
congestive heart failure (Bates et al., 2015). Others have reported in-
consistent results. For example, Tonne et al. reported no association
between GSH depletion-based OP and carotid intima-media thickness (a
measure of subclinical atherosclerosis) in London (UK) (Tonne et al.,
2012), while Strak et al. reported no associations between AA- or GSH-
related OP and acute respiratory response including exhaled nitric
oxide levels and lung function in adults in the Netherlands (Strak et al.,
2012). Although OP has been proposed as a useful parameter re-
presenting the overall oxidative toxicity potency of PM, evidence that
OP leads to oxidative stress and inflammation in humans is still scarce.

We previously reported that human exposure to coarse, fine and
ultrafine PM in a controlled environment was associated with increased
blood pressure (Zhong et al., 2015), as well as biomarkers indicative of
inflammation and oxidative stress (Behbod et al., 2013; Liu et al.,
2015), perturbation of blood-brain barrier, and physiological stress
response (Liu et al., 2017). In the present study, we explored the in-
fluence of metal constituents and OP (AA and GSH depletion) of urban
PM on biomarkers of systemic inflammatory and neural function. The
biomarkers examined in this study have been reported to be indicative
of: a) oxidative stress: 8-hydroxy-deoxy-guanosine (8-OHdG) (Park and
Floyd, 1992), malondialdehyde (MDA) (Janero, 1990), and brain-de-
rived neurotrophic factor (BDNF) (Moylan et al., 2013); b) inflamma-
tion: endothelin-1 (ET-1, also a potent vasoconstrictor) (Haynes et al.,
1996), interleukin-6 (IL-6) (Nishimoto and Kishimoto, 2006), C-re-
active protein (CRP) (Anderson et al., 1998), and vascular endothelial
growth factor (VEGF, a growth factor that regulates endothelial pro-
genitor cells from bone marrow to an injured site) (Haberzettl et al.,
2012); ¢) traumatic brain injury or neurodegeneration: neuron-specific
enolase (NSE), S100 calcium-binding protein B (S100B), and ubiquitin
C-terminal hydrolase L1 (UCHL1) (Blyth et al., 2011; Lewis et al., 2010;
Zetterberg et al., 2013); and d) systemic physical and mental stress:
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cortisol, homovanillic acid (HVA, end-product of dopamine metabo-
lism) and vanillylmandelic acid (VMA, end-product of epinephrine and
norepinephrine metabolism) (Frankenhaeuser et al., 1986; Fukuda
et al., 1996; Sapolsky et al., 2000).

2. Materials and methods

The original study design was a single-blind randomized cross-over
trial (Liu et al., 2015). The exposure technologist controlled the ex-
posure levels, thus was not blinded, but did not carry out any data
analyses. The participants were blinded to the randomization pattern of
the exposures. The biomarker measures and PM mass and composition
data were determined in blinded fashion. Exposure codes were un-
masked only for statistical analyses. Exposure to clean air was used as a
control for all participants in the original study, but in the present study
it was not included because metals and OP were not determined in
particle filters collected from exposure to clean air. Most of the parti-
cipants had more than one exposure to concentrated ambient particles
(CAPs).

Participants were non-smokers, 18-60 years of age, without a his-
tory of coronary artery disease, myocardial infarction, peripheral vas-
cular disease, angina, heart failure, hypertension, diabetes mellitus, or
ongoing upper respiratory infection. All participants were free of lipid
abnormalities and respiratory tract infections. We excluded participants
with baseline spirometry < 75% of predicted normal values (forced
vital capacity and forced expiratory volume in 1 s), those with clinically
significant abnormalities in their resting electrocardiogram, or who
were pregnant or breast-feeding. All participants provided informed
written consent prior to participating in the study. The Research Ethics
Boards of Health Canada, St. Michael's Hospital, and the University of
Toronto approved the study protocol. Detailed methods of participant
recruitment were described by Liu et al. (2015).

2.1. Exposure facility

Details of the coarse, fine and ultrafine PM concentrator facility
were described elsewhere (Rastogi et al., 2012). All participants were
also exposed to high-efficiency particulate absorption (HEPA) filtered
ambient air and/or medical air, but these exposures were not included
in the present study. The controlled exposures to CAPs were derived
from ambient air drawn from breathing height adjacent to a downtown
street in Toronto, Canada. We used Harvard Ambient Fine, Coarse and
Ultrafine Particle Concentrators to concentrate the particles for the
exposure. Ambient aerosols were drawn through a size-selective inlet
where particles > 10 um were removed. The fine PM concentrator de-
livered CAP 0.15-2.5pum in mass median aerodynamic diameter
(MMAD) (fine CAP), while the coarse PM concentrator delivered CAP
2.5-10 ym in MMAD (coarse CAP). In the airstream of the ultrafine
particle concentrator, particles larger than 0.3 pm were removed by
inertial impaction to deliver a concentrated ultrafine aerosol to the
participant. Experimental exposures took place in an enclosed tem-
perature-controlled exposure chamber. The exposure air stream was
delivered directly to the participant who was seated at rest and
breathing freely via an “oxygen type” facemask covering his/her nose
and mouth. Each exposure lasted 130 min. PM in the airstream was
collected on a Teflon filter (37 mm, 2 um) during the 130-min exposure
for determination of elemental contents and OP, and gravimetric de-
terminations of mass concentrations analyzed. All exposures were car-
ried out at the same time of the day. There was a minimum washout
period of at least 2 weeks between exposures.

2.2. Characterization of metal constituents in CAPs
Preparation of airborne PM filter samples: The airborne particulate

matter filter samples were prepared and digested in a clean-laboratory
environment (Class 100). The total metal extraction procedure for
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Teflon filters was carried out using a mixture of nitric acid and hy-
drofluoric acid in closed vessels at a constant temperature. An ultra-
sonication procedure was carried out during the extraction and diges-
tion period. The extracted solutions were then diluted using distilled
deionized water and analyzed by an inductively coupled plasma-mass
spectrometer (ICP-MS) for 36 elements.

The ICP-MS system (Perkin-Elmer Elan DRC-II) was equipped with
GemTip cross-flow nebulizer, Ryton spray chamber, plasma torch with
an alumina injector, a three-channel peristaltic pump attached on the
instrument and a Cetac auto-sampler ADX-500 used for feeding sample
solutions into the nebulizer and ICP plasma. In the ICP-MS analysis,
indium (In) was used as an internal standard and the five-point external
standard calibration curves were plotted linearly through zero for each
analyte. The concentrations of the standard solutions for each analyte
were 0, 10, 30, 50, 70 and 100 pg/1. All analytical results were standard
blank subtracted. Results for the filter samples were also corrected for
laboratory filter blank levels. The interferences of calcium oxides and
hydroxides on the measurements of 57Fe, 59Co and 60Ni isotopes were
corrected (Wu et al., 1996). Metal concentrations were expressed as [g/
m?>. Metals that were below the limit of detection were assigned a value
corresponding to [limit of detection]/v2. Only the metals presenting
over 75% of detectable values were included in the current analysis.

2.3. Measurement of oxidative potential (OP) in CAPs

Detailed methods of OP analyses can be found in Maikawa et al.
(2016). Briefly, PM collected on filters was extracted using high-pres-
sure liquid chromatography grade methanol. A synthetic human re-
spiratory tract lining fluid containing physiologically-relevant low
molecular weight antioxidants (AA or GSH), was incubated with CAP
samples for 4h at 37 °C on a 96-well plate. Positive [non-ferrous dust,
NIST PD-1 and Cu(ll), Gaithersburg, MD, USA] and negative (model
carbon black, Arosperse 15B; NIST) controls were assessed in parallel
with the CAP samples for inter-experimental standardisation. AA con-
centrations were measured using absorbance spectra in a UV-vis plate
reader (Molecular Devices, SpectraMax 190). GSH concentration was
determined using the oxidized glutathione-reductase-5,5’-dithio-bis
(2-nitrobenzoic acid) recycling assay (Baker et al., 1990). OP was ex-
pressed as percentage depletion of AA or GSH over 4h per ug of CAP
within the 200 pl of solution in the incubation well.

2.4. Measurement of biomarkers in blood and urine

At the time of enrollment, we measured the height and weight and
calculated the body mass index (BMI) of volunteers using standard
procedures. We collected urine and venous blood samples (20 ml) prior
to, and at 1-h and 21-h after each exposure.

Blood tests: We obtained fasting blood samples by venipuncture and
stored plasma at —70 °C. Biomarkers analyzed using ELISA kits were:
CRP (Alpco Laboratory Products Company, Salem, NH, USA); IL-6, ET-
1, VEGF, NSE and BDNF (R&D Systems, Minneapolis, MN, USA); S100B
(Millipore, Billerica, MA, USA); UCHL1 (EnCor Biotechnology Inc.,
Gainesville, FL, USA); and total cortisol (DetectX Cortisol ELISA Kkit,
Arbor Assays, Ann Arbor, MI, USA). MDA was measured using HPLC
with an Agilent 1200 series system (Mississauga, ON, Canada) as pre-
viously described (Liu et al., 2015).

Urine tests: We collected and stored urine samples at —20 °C. Urine
samples were clarified by centrifugation (5000 rpm, 5min in an
Eppendorf 5804 centrifuge) prior to analyses. Biomarkers analyzed
using ELISA kits were: VEGF (R&D Systems), 8-OHdG (8-OHdG kit from
Cosmo Bio USA, Carlsbad, CA, USA); VMA and HVA (Eagle Biosciences
Inc., Nashua, NH, USA); free cortisol (DetectX Cortisol ELISA kit, Arbor
Assays). Creatinine concentrations were measured using a CREA kit
(Roche Diagnostics, Laval, QC, Canada). Creatinine concentration was
used to normalize urinary biomarker concentrations. All assays were
carried out following the manufacturer instructions. HPLC analysis was
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used to measure urinary MDA, as previously described (Liu et al.,
2015).

Since all exposures were carried out at the same time of the day,
urine and blood samples were also collected at the same time of the day
for each participant. This procedure eliminated potential diurnal effects
on biomarkers which might have contributed to intra-individual var-
iations.

2.5. Statistical analysis

We calculated percent change of biomarker values at 1-h and 21-h
post exposure using the following equation:

Percent change of biomarker (%)
= [(post—exposure value minuspre—exposure value)/pre

—exposure value] 100

This equation was used to adjust for potential day-to-day variations
in participant factors such as diet, stress, exposure to ambient pollutants
and environmental tobacco smoke, and other unknown factors that may
have contributed to variations in systemic biomarker levels. We cal-
culated the correlations between OP measurements and PM mass and
metal concentrations using the Spearman rank order correlation
method.

We used mixed-effects linear regression models (with restricted
maximum likelihood estimation) to analyze associations of exposure to
metals and OP with post-exposure percent changes in biomarkers.
Mixed models accounted for the repeated measures, assuming random
participant intercepts and fixed slopes. (Fixed intercepts and random
slopes analysis was attempted, but models could not continue due to
convergence issue). We used an autoregressive model of order-one to
adjust for serial autocorrelation. OP as assessed by AA depletion was a
continuous variable, while OP as assessed by GSH depletion was a
binary variable (values above the limit of detection = 1). Age, sex
(binary variable, male = 1), BMI, season [binary variable, warm season
(May to October) = 1], PM size (dummy variable, coarse particle as
reference), and particle mass concentration were included in all models.
Temperature was not adjusted for in the models as it was kept constant
in the testing facility. The unit of regression coefficients for metals and
AA-related OP was the mean change (95% confidence interval) of a
biomarker per unit of a metal (1 ng/m®) or OP (1% AA depletion/ug
CAP) during the 130-min exposure. For the final results, regression
coefficients were multiplied by the mean concentrations of metals or OP
in the facility during the exposure (listed in Table 1 and Table S1) to
represent the change (95% confidence interval) of a biomarker after
exposure to a metal or AA-related OP at a level equivalent to the mean
concentration. The unit of regression coefficient for GSH-related OP
was the mean change (95% confidence interval) of a biomarker after
exposure to GSH-related OP at values above the limit of detection. The
statistical software used was R, version 3.2.4 (https://www.r-project.
org/). A two tailed value of p < 0.05 was considered statistically sig-
nificant.

3. Results

In total 53 participants were enrolled, including 28 females and 25
males. They self-identified as Asian (44%), Caucasian (42%) or other
(14%). Their mean age ( = standard deviation) was 28 years ( + 9) and
their mean BMI ( + standard deviation) was 23.2 kg/m2 ( *= 2.7). Forty
participants had more than one exposure to CAPs.

Table 1 presents the concentrations of total mass, selective metals,
and OP in coarse, fine and ultrafine CAPs, and in all CAP exposures
combined. Ninety-two percent of the coarse, fine and ultrafine PM fil-
ters were available for determining elemental constituents. Metals
shown in Table 1 are those that have demonstrated consistent asso-
ciations with biomarkers. Full list of results on all elements can be
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Characteristics of selective constituents in concentrated ambient particulate matter in the exposure airstream. Values are expressed as mean * standard deviation.

Number of samples is provided in parentheses.

All CAPs combined

Coarse CAPs Fine CAPs Ultrafine CAPs

Total mass (ug/m®)
Element (ng/mS)

198.0 = 72.4 (136)

Silver (Ag) 2.5 + 11.8 (125)
Aluminum (Al) 5608 *= 4152 (125)
Barium (Ba) 285 *+ 213 (125)
Copper (Cu) 287 * 313 (125)
Iron (Fe) 6394 + 4121 (125)
Potassium (K) 1813 + 1348 (125)
Lithium (Li) 2.7 = 1.6 (125)
Nickel (Ni) 32,5 = 56.8 (125)
Tin (Sn) 22.5 = 16.1 (125)
Vanadium (V) 8.1 = 4.4 (125)
OP (% AA depletion/ug CAP in incubation well)* 0.63 = 0.72 (76)

212.6 + 51.8 (77) 238.4 + 62.0 (29) 120.0 = 72.0 (30)

0.7 + 0.5 (72) 1.3 = 0.8 (25) 8.2 = 24.4 (28)
8360 *+ 2775 (72) 3685 * 2474 (25) 251 =+ 343 (28)
386 + 179 (72) 299 + 158 (25) 14.8 + 9.2 (28)
340 + 220 (72) 240 + 110 (25) 193 *= 542 (28)
8800 *+ 2723 (72) 6172 + 2550 (25) 408 + 274 (28)
2412 + 1283 (72) 1827 + 772 (25) 257 + 136 (28)
3.5 + 1.0(72) 3.0 = 1.6 (25) 0.5 = 0.4 (28)
33.5 + 54.6 (72) 30 + 20.5(25) 32.6 + 81.1 (28)
27.8 + 15.5(72) 25.3 + 14.3 (25) 6.3 + 5.4 (28)
9.9 * 3.4(72) 8 = 3.7 (25) 3.5 £ 3.9(28)
0.80 = 0.39 (42) 0.77 = 0.34 (8) 0.33 + 1.07 (26)

2 OP, oxidative potential. AA, ascorbic acid. CAP, concentrated ambient particles.

found in Supplementary Tables S1-S6. Filters of 35 coarse CAP, se-
venteen fine CAP and 4 ultrafine CAP exposures representing 44% of
the total samples were unavailable for OP assays. Fifty-six percent of
the GSH depletion values were below the limit of detection. For the
samples with GSH depletion values above the limit of detection, the
mean ( * standard deviation) was 1.24% ( = 0.62%) GSH depletion/ug
CAP in incubation well. We therefore used GSH depletion as a binary
variable (values above versus below the limit of detection) in statistical
analyses.

Table 2 lists correlation coefficients between OP (measured as AA
depletion) and metals in coarse, fine and ultrafine CAPs, and all CAP
exposures combined. OP appears to have a stronger correlation with
metals in fine and ultrafine CAPs compared to coarse CAP. AA-related
OP was not correlated with PM mass (r = 0.09).

Table 3 presents percentage change in blood biomarkers relative to
pre-exposure levels after exposure to metals in all CAPs, adjusted for
particle size and mass concentration in the models, with a sample size
of 125 observations. Ag, Ba, K, Ni, and Sn were significantly positively
associated with certain blood biomarkers including VEGF, MDA, NSE,
UCHLI1, cortisol or BDNF respectively, at 1-h or 21-h post exposure. Ag,
Cu and V were significantly negatively associated with ET-1 21-h post
exposure. There was also a trend towards a positive association be-
tween Fe and several blood biomarkers (MDA, UCHL1 and BDNF), as
well as for V with NSE (p < 0.1), but the confidence intervals included
the null value, indicative of large uncertainty.

Regression results for metals across all CAP exposures and urinary

Table 2
Spearman correlation coefficients between metals (ng/ug CAP) and oxidative
potential (OP) measurements (% AA depletion/pug CAP in incubation well).

OP (% AA® depletion/pg CAP in incubation well)

Element All CAPs Coarse CAP Fine CAP Ultrafine CAP
(ng/ug CAP®) combined (n =42) (n=8) (n = 25)
(n=75)

Ag 0.26 0.19 -0.12 0.46
Al 0.31 -0.18 0.60 0.16
Ba 0.46 0.18 0.64 0.33
Cu 0.54 0.14 0.62 0.70
Fe 0.45 0.14 0.74 0.27
K 0.37 -0.11 0.76 0.38
Li 0.36 -0.17 0.71 0.34
Ni 0.21 —0.02 0.48 0.30
Sn 0.51 0.26 0.43 0.57
\% 0.37 —-0.05 0.74 0.33

* p < 0.05.
2 AA, ascorbic acid.
b CAP, concentrated ambient particles.

biomarkers are shown in Table 4, with sample sizes varying between
123 and 124, depending on the variables. The most consistent findings
for these regression results were significantly positive associations of Al,
K and Li with VMA, Ni and V with HVA, and Li and V with cortisol, at 1-
h and/or 21-h post exposure.

Fig. 1 illustrates the associations between exposure to OP and per-
cent change (95% confidence interval) in blood biomarkers adjusted for
PM size and mass concentration, with a sample size of 74-76 ob-
servations depending on the variables. Numerical values can be found
in Table S7. AA-related OP was significantly associated with a 9.4%
increase in UCHL1 (1.8%, 17%) at 21-h post exposure, but a 14% de-
crease in ET-1 (—25%, —3.7%) 1-h post exposure. GSH-related OP at
levels above the limit of detection was significantly associated with IL-6
[41% increase (3.8%, 78%)], VEGF 26% increase (1.1%, 50%) and
S100B [17% increase (3.4%, 30%)] at 1-h post exposure. NSE at 1-h
post exposure also exhibited a trend towards positive associations with
GSH-related OP [18% increase (—1.7%, 37%), p < 0.1], but the con-
fidence intervals included the null value, suggesting a large degree of
uncertainty for this association. Regression results for CRP at 21-h post
exposure were a change of 63.8% (—25.7%, 153%) for an increase of
AA depletion to the mean level, and a change of —80.6% (—292%,
131%) for a GSH depletion level above the limit of detection. Results for
CRP at 1-h post exposure were not available due to model convergence
issue, likely because of a small sample size.

The associations between exposure to OP and percent change (95%
confidence interval) in urinary biomarkers are presented in Fig. 2, with
a sample size of 76 observations. Numerical values are reported in
Table S8. AA-related OP was significantly associated with urinary MDA
[7.1% increase (0.65%, 13.6%) and 19% increase (3.6%, 35%) at 1-h
and 21-h post exposure, respectively], but not with any other bio-
markers. GSH-related OP (for levels above the limit of detection) was
significantly associated with urinary 8-OHdG [24% increase (1.6%,
47%)] 21-h post exposure.

The mass concentration of CAP was significantly associated with
97% increase in blood MDA (39%, 155%) in models adjusted for AA-
related OP, as well as 96% increase in MDA (35%, 157%) in models
adjusted for GSH-related OP (Table S9). CAP mass concentration was
also significantly associated with 52% increase in urinary 8-OHdG in
models adjusted for AA-related OP or GSH-related OP (Table S10). Mass
concentration was not significantly associated with other biomarkers.

4. Discussion

In this study we sought to determine whether or not metal con-
stituents in urban PM and their oxidative potential were associated with
systemic biomarkers of inflammation, oxidative stress, and neural
function. The results demonstrate that exposure to certain metals (Ag,
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Fig. 1. Percentage change (95% confidence interval) in blood biomarkers 1-h and 21-h post exposure to AA-related OP at the mean exposure level (1A), and to GSH-
related OP at levels above the limit of detection (1B). Percent change was calculated using the equation: [(post-exposure value minus pre-exposure value)/pre-
exposure value] * 100. Models were adjusted for age, sex, BMI, season, type of CAPs, mass concentration. *, p < 0.05.

Al, Ba, K, Li, Ni, Sn, and V) and OP of PM were significantly associated
with increased inflammatory markers IL-6 and VEGF, oxidative stress
markers 8-OHdG and MDA, and neural markers S100B, NSE, UCHLI,
VMA, HVA and cortisol, and decreased inflammatory marker ET-1.
These associations were robust after the adjustment for PM size and
mass concentration in models. This suggests that the effects of metals
and oxidative potential on biomarkers were independent of PM size and
mass concentrations. Many of the biomarker changes were acute and
started almost immediately post exposure, some lasted for 21 h. The
peak response time for biomarkers varied, likely due to various factors
such as the location of production, the protein generation process, and
the breakdown time of metabolites. We previously observed a sig-
nificant influence of concentrated ambient PM mass on biomarkers of
inflammation (increases in blood and urinary VEGF and a decrease in
blood ET-1), oxidative stress (increases in urinary 8-OHdG and MDA)
(Liu et al., 2015), and neural biomarkers (increases in blood UCHL1 and
urinary VMA, and variations in blood and urinary cortisol) (Liu et al.,
2017) in study participants. Although biological constituents endotoxin
and B-glucan were contributing factors for these biomarker changes,
they did not account for all of the effects of the PM. It should be noted
that although the biomarkers we utilized for this study have been
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proposed as risk factors for certain health conditions, many of them
have not been used for clinical disease diagnosis. Taken together, the
results in the present study suggest that oxidative potential and metal
species in urban PM may influence systemic inflammation, oxidative
stress, and perturbation in biomarkers of neural function.

Adverse health effects of transition metals in PM have been rela-
tively well studied in experimental animals and human population (Bell
and HEI Health Review Committee, 2012; Lippmann et al., 2013), as
summarized by Chen and Lippmann (Chen and Lippmann, 2009). In a
panel study, Cakmak et al. followed 59 young healthy non-smoking
participants for 10 days in a small Canadian city that had an industrial
steel mill (Cakmak et al., 2014). The researchers observed significant
associations between metal constituents such as Ca, Cd, Li, Pb, Sn, Sr, V
and Zn in ambient PM, 5 and increases in heart rate and blood pressure,
and/or decreases in lung function. In another panel study conducted in
Montreal (Canada), Godri Pollitt et al. studied 70 school children with
doctor-diagnosed asthma for 10 consecutive days (Godri Pollitt et al.,
2016). The researchers collected data on daily personal exposure to
PM, s and trace metals, and measured daily fractional exhaled nitric
oxide levels to determine lung inflammation. They noted significant
associations between the fractional exhaled nitric oxide and trace
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Fig. 2. Percentage change (95% confidence interval) in urinary biomarkers 1-h and 21-h post exposure to AA-related OP at the mean exposure level (2A), and to
GSH-related OP at levels above the limit of detection (2B). Percent change was calculated using the equation: [(post-exposure value minus pre-exposure value)/pre-
exposure value] * 100. Models were adjusted for age, sex, BMI, season, type of CAPs, mass concentration. *, p < 0.05.

metals Ba and V, as well as Al and Fe. Concentrated ambient particles
have been used in toxicological studies in which metals such as Al, Fe,
V, and Ni in concentrated ambient particles caused significant increase
in pulmonary inflammatory cells in dogs (Clarke et al., 2000), and
oxidative stress in rats (Gurgueira et al., 2002). Few controlled human
exposure studies have reported effects of metal constituents in PM.
Huang et al. studied the inflammatory effects of water-soluble compo-
nents of concentrated fine PM (size 0.1-2.5 pm, median concentration
72 ug/m®) on 37 healthy individuals exposed via inhalation for 2h in
Chapel Hill, North Carolina (Huang et al., 2003). The researchers
conducted principal component analysis and identified two factors that
were highly correlated with CAP: sulfate/Fe/Se, a factor indicative of
soil minerals, and Cu/Zn/V, a factor of various combustion processes.
They reported significant associations between the sulfate/Fe/Se factor
and increased percentage of neutrophils in bronchoalveolar lavage, and
between the Cu/Zn/V factor and increased blood fibrinogen. Schau-
mann et al. conducted an experiment in which 100 ug of PM, s sus-
pensions, collected simultaneously from a German metal smelter area
and a non-industrialized area, were instilled through a bronchoscope
into contralateral lung segments of 12 healthy volunteers (Schaumann
et al.,, 2004). PM, 5 from the smelter area contained much higher
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concentrations of metals such as Cu, Cd, Cr, Fe, Ni and Zn compared to
the non-industrialized area, and induced a significantly higher influx of
monocytes. Instillation of metal-rich particles also resulted in a sig-
nificant increase in oxidant radical production in bronchoalveolar la-
vage cells and proinflammatory cytokines IL-6 and tumor necrosis
factor-a in the lavage. Our research findings are largely consistent with
published reports demonstrating associations between exposure to
metals of PM and biochemical and physiological changes in the body.

Reports on the adverse health effects of OP of ambient PM are still
emerging. Associations of GSH depletion in personal PM, s samples
were found with increased exhaled nitric oxide in school children with
asthma in Montreal (Canada) (Maikawa et al., 2016), and associations
of DTT oxidation in PM, s were noted with increased emergency de-
partment visits for asthma and congestive heart failure in Atlanta (USA)
(Bates et al., 2015). Both of these studies have shown that OP of urban
PM had significantly stronger associations with health outcomes than
did PM mass concentrations. Tonne et al. investigated the effects of OP
(GSH depletion) in PM;, on carotid intima-media thickness in a group
of British participants (Tonne et al., 2012). They reported a sig-
nificantly positive association between carotid intima-media thickness
and the product term of PM;,*OP, as well as PM;, mass, but not OP
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alone. Strak et al. studied a panel of healthy adult volunteers, in the
Netherlands who, on separate occasions, spent time at a location with
high traffic, an urban background location, an underground train sta-
tion, and a farm (Strak et al., 2012). Air pollution concentrations in-
cluding OP (GSH and AA depletion) of PM; at these sites were mea-
sured. The researchers did not find significant associations between PM
mass or OP and volunteers' level of exhaled nitric oxide or lung func-
tion, although particle counts and nitrogen dioxide were significantly
associated with adverse changes in lung inflammation and lung func-
tion. A birth cohort study in the Netherlands also reported significant
associations between children's exposure to OP (DTT oxidation) of
PM, 5 and increased asthma incidence, prevalence of asthma symptoms
and rhinitis, and decreased lung function (Yang et al., 2015a). Wei-
chenthal et al. conducted a series of epidemiological studies using OP
measured in PM, 5 as an exposure measurement. They studied emer-
gency department visits for myocardial infarction (Weichenthal et al.,
2016b) and respiratory diseases (Weichenthal et al., 2016a) between
2004 and 2011 in Canadian cities located in the province of Ontario
using a case-crossover design. Their results show that between-city
differences in OP levels (GSH but not AA depletion) in PM, s were
significantly associated with increased emergency department visits for
myocardial infarction, all respiratory illnesses, and asthma. These au-
thors also investigated the influence of OP in PM,s on long-term
mortality risk in Ontario (Canada) between 1991 and 2009 using Cox
proportional hazard models adjusting for individual-level covariates
and indirect-adjustment for cigarette smoking and obesity (Weichenthal
et al., 2016a). They reported significant associations between GSH-re-
lated OP (but not AA-related OP) and cause-specific mortality risks,
including lung cancer (12% increase per interquartile range of OP),
cardio-metabolic mortality (3% increase) and total non-accidental
death (3% increase). Interquartile range of PM, s concentration was
associated with 5.0% increase in lung cancer mortality, a weaker as-
sociation than for OP. In our present study, PM mass concentration in
models adjusted for OP was significantly positively associated with
blood MDA and urinary 8-OHdG, but not with other biomarkers, sug-
gesting that PM mass, compared to OP, might have less effect on bio-
markers of inflammation and neural function. To the best of our
knowledge, the present controlled human exposure study appears to be
the first to report the influence of OP on inflammatory and neural
biomarkers. This work provides supporting evidence for the epide-
miological literature on the adverse human health effects of oxidants
found in ambient particulate matter.

There were some commonalities between OP and metals with re-
gards to the effects on biomarkers: OP and some metals had sig-
nificantly positive associations with blood VEGF (with Ni), UCHL1
(with Ba, K and Sn, marginally significant with Al and Fe), and negative
associations with ET-1 (with Ag, Cu and V). On the other hand, sig-
nificant effects on systemic stress markers VMA, HVA, and cortisol were
only seen in metals, while significant effects on blood IL-6 and S100B
were only seen for OP. The moderate correlation coefficients between
OP and metals suggest that transition metals only partially contributed
to the production of OP in these CAPs. These results suggest that metals
may influence these stress biomarkers via a different mechanism(s),
while other reactive chemical compounds in PM such as organic oxi-
dants may also contribute to OP and its toxic potency.

One limitation of this study is that a subset of the PM filters was not
available for OP measurements, which may have resulted in a reduced
statistical power to detect effects of OP. The CAP concentrations used in
this study (mean 198 pg/m®) were relatively high compared to ambient
levels in countries such as Canada, the United States and western
European countries. However, such concentrations are frequently ex-
perienced by a sizable population around the world. For example, Delhi
(India) in 2014 had an annual average PM, s of 122 ug/m>, with daily
spikes reaching above 600 ug/m> per hour (Subramanian, 2016). We
studied the effects of 36 elements and 2 measures of OP on 16 bio-
markers. As this large number of regression analyses could potentially
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introduce spurious statistically significant associations by multiple
comparisons, we minimized the risk of false positive associations by
reporting only consistent results in this paper. As discussed above, our
results are in line with animal toxicological studies that reported sig-
nificant associations between metal contents in CAP and systemic in-
flammatory and oxidative stress biomarkers (Chen and Lippmann,
2009), as well as changes in cardiovascular physiology (Lippmann
et al., 2013). Large scale epidemiological studies over 150 US cities/
187 counties have shown risks of mortality and hospitalizations asso-
ciated with elemental contents in PM, 5 (Bell and HEI Health Review
Committee, 2012; Lippmann et al., 2013). Nevertheless, given the ex-
ploratory nature of this study, we interpret the findings with caution.
Further studies are warranted to verify these results.

In conclusion, this exploratory study shows that in a short period of
exposure to concentrated ambient PM, some of the metals and OP
measured in the PM were significantly associated with increased blood
and urinary biomarkers indicative of systemic inflammation, oxidative
stress, perturbations of blood-brain barrier integrity, and/or systemic
stress in healthy volunteers. Metals may have partially contributed to
the generation of OP in the particles and the adverse effects of OP, but
they appear to have other unique properties which may explain their
specific effects on biomarkers of systemic stress. These results provide
supporting evidence to explain how metals and OP in ambient PM may
affect disease development and mortality observed in epidemiological
studies.
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