Accepted Manuscript "

Chemosphere

In-vitro metabolomics to evaluate toxicity of particulate matter under environmentally
realistic conditions

Francisco Sanchez-Soberon, Matthias Cuykx, Noemi Serra, Victoria Linares,
Montserrat Bellés, Adrian Covaci, Marta Schuhmacher

PII: S0045-6535(18)31140-8
DOI: 10.1016/j.chemosphere.2018.06.065
Reference: CHEM 21597

To appearin: ECSN

Received Date: 19 March 2018
Revised Date: 7 June 2018
Accepted Date: 8 June 2018

Please cite this article as: Sanchez-Soberon, F., Cuykx, M., Serra, N., Linares, V., Bellés, M., Covaci, A.,
Schuhmacher, M., In-vitro metabolomics to evaluate toxicity of particulate matter under environmentally
realistic conditions, Chemosphere (2018), doi: 10.1016/j.chemosphere.2018.06.065.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.chemosphere.2018.06.065

ACCEPTED MANUSCRIPT

— PMy2s
— PMgo2s

siie :

M
01 1 10 100
Concentration (ug/mL)
o [ e -
MOZS :

o

P




N

o © o0 o Ol AW

1

11

12
13

14

I'n-vitro metabolomics to evaluate toxicity of particulate matter under environ-
mentally realistic conditions

Francisco Sanchez-SobetpMatthias Cuykk Noemi Serrj Victoria Linare§, Montserrat Bellés Adrian
Covacf, Marta Schuhmacher

'Universitat Rovira i Virgili, Chemical Engineerifepartment, Environmental Analysis and Management
Group, Av. Paisos Catalans 26, 43007 TarragonajrSpa

“Toxicological Center, Department of Pharmaceuti8aiences, University of Antwerp, Universiteitsplkin
2610 Antwerp, Belgium

3Universtiat Rovira i VirgiliSchool of Medicine, Laboratory of Toxicology and/iEsnmental Health, San
Lorenzo 21, 43201 Reus, Spain

*Corresponding author: marta.schuhmacher@urv.cat

Declarations of interest: none
1

Abbreviations: ACN: Acetonitrile; CCOHS: Canadian Centre for Occupational Health and Safety; CERs: Ceramides;
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Phosphatidylserines; QC: Quality Control; Ser: Serine; TB: Tracheobronchial; TEHP: 2ethylhexyl phosphate; TG:
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Abstract

In this pilot study three fractions of particulateatter (PM.2s PMyso025 and PMo.29 were
collected in three environments (classroom, home, @utdoors) in a village located nearby an
industrial complex. Time-activity pattern of 20 démts attending the classroom was obtained, and
the dose of particles reaching the children’s lungder actual environmental conditions (i.e. real
dose) was calculated via dosimetry model. The gk concentrations were reached in the
classroom. Simulations showed that heavy intermittgloor activities played a major role in PM
deposition, especially in the upper part of theirasory tract. The mass of Ry, sreaching the
alveoli was minorwhile PMys.0.25 and PM 2sapportion for most of the PM mass retained in the
lungs. Consequently, PM.o2sand PM 2swere the only fractions used in two subsequentcityxi
assays onto alveolar cells (A549). First, a cytmiox dose-response assay was performed, and
doses corresponding to 5% mortality gQvere estimated. Afterwards, two LC-MS metabolomic
assays were conducted: one applying,L&hd another applying real dose. A lower estimai€el
value was obtained for P)Ms than PM0.25(8.08 and 73.7 ng/mL respectively). The number of
altered features after ls@&xposure was similar for both fractions (39 and@8PMy 25 and PM 5.

0.25 respectively), while after real dose exposuredhasmbers differed (10 and 5 for b and

PM, s.0.25respectively). The most metabolic changes wdeta® to membrane and lung surfactant
lipids. This study highlights the capacity of PM #dter metabolic profile of lung cells at

conventional environmental levels.

1. Introduction

Particulate matter (PM) is recognized as one ofriwst harmful air pollutants (Megido et al.,

2016). PM consists of liquid droplets and solidgfreents smaller than 10 um suspended in the air,
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whose size, chemical composition, and shape aitedv@WWHO, 2014). For regulatory purposes,
environmental agencies all over the world usudigsify PM into two groups according to its size:
PMjq (those particles having a diameter smaller thapud sometimes named as respirable) and
PM,s(smaller than 2.5 um, also referred as fifi@)ropean Commission and EU Parliament, 2008;

US EPA, 2016). Several studies agree that the smiile PM, the more harmful it is, since it is
usually enriched in toxic components, such as palyc aromatic hydrocarbons (PAHs) and heavy
metals, and it can reach deeper parts of the egepyrsystem (Kelly and Fussell, 2016).In factsit
estimated that Pl is responsible of more than 2 million prematuratds per year globally

(Donahue et al., 2016).

In vitro tests have been used to assess the toxicity of\et al., 2018). The classical approach
in these assays consists of applying varying do$esxicant on different cell types, and study
parameters such as cytotoxicity, genotoxicity, rejtle of cell junction or apoptosis (X. Cao et al.,
2015; Chen et al., 2017; Peixoto et al., 2017). Although it is possible to find examples of paper
focused on studying the effects of PM under raalisbnditions (van Drooge et al., 2017), these
studies are conventionally used as a way of stgdglitited effects of PM on cells for short term

exposures (usually 24 hours) and doses higherthume experienced in environmental conditions.

To have a better approach of observing changeslis at low and real doses, omics sciences are a
powerful tool. Omics are a series of disciplinesulged on studying the complete profile of genes
(genomics), mMRNA (transcriptomics), proteins (pootécs), or metabolites (metabolomics) for a
given cell type or organism (Horgan and Kenny, 30Mlthough nowadays papers applying
different omics methods on lung cells have beerighdd, the number of studies assessing toxicity
of ambient PM by omics means is still I§@. Huang et al., 2015; Libalova et al., 2012; Longhin et

al., 2016; Vaccari et al., 2015; Wang et al., 2017; Wheelock et al., 2013; Zhang et al., 2017).
Furthermore, although some papers using omics igebs to evaluate PM toxicity under exposure
conditions typical of general population living western countries can be found (Mesquita et al.,

2015), to the best of our knowledge there is nepapsessing such a thing onto pulmonary cells.
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The aim of the present study is to have a deepderstanding of health effects on human lung cells
when exposed to PM under low dose and mid-term &xjgoconditions. To do so, three fractions of
PM (PMyo.25 PMeso25and PM 2s) were collected in three different environmentst@oors, inside

a classroom, and inside a domestic living roomylmean industrial area in the Tarragona County
(Catalonia, Spain). To calculate the exposure d$ lattending the classroom, time-activity pattern
of children attending the school was gathered, &ylesntly, a dosimetry model (MPPD) was used
to calculate real dose of PM reaching the childréumgs. To have an overview of the total toxicity
of the PM, a cytotoxicity assay was performed a#ieposing human alveolar cells (A549) to
different doses of those fractions of PM able tactethe lungs (i.e. PM.o2sand PM »g). Finally,

to have a better insight of hazardous potentialthaflse materials, a metabolomic assay was
performed by exposing the cells at 4_(Concentration of PM causing a 5% mortality) anceal

dose of the two fractions during mid-term (72 hpesure time.
2. Methods
2.1. Materials, chemicals, and standards

Polycarbonate (PC) filters for sampling were pusdathfrom Whatman (Maidstone, UK). Lung
carcinoma cells A549 (ATCE CCL-185™), culture media and supplements,
methylthiazolyldiphenyl-tetrazolium bromide (MTTéagent, and detergent reagent were obtained
from ATCC (Teddington, UK). Phosphate buffered mali(PBS), methanol (MeOH), and
acetonitrile (ACN) were obtained from Thermo Fisfiglaltham, MA, USA). Chloroform (CHG),
isopropanol (IPA), ammonium acetate (Mid), acetic acid (HAc), formic acid (FA), and
ammonium formate (NEF) were obtained from Merck KGaA (Darmstadt, GermarChamber
slides, tributylamine (TBA), 2-ethylhexyl phosphatind succinic acid-d4 were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Cholesterol-diduric acid-d3, and tryptophane-d5 were

obtained from CDN Isotopes (Pointe-Claire, Quekianada).

2.2.PM sampling and extraction



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

Samples of PMWh.o.5 PMss.25and PM sswere collected simultaneously frorff'2o 6" of May 2016

in Perafort (Tarragona province, Spain). This lmrats settled in a suburban area, where the air is
influenced by the presence of an industrial estatated 3 km south-west (Figure S1). This
industrial area comprises an oil refinery and savehemical companies (MAPAMA, 2018).
Samples were collected in three different enviromtsieinside a classroom, inside a living room,
and outdoors. These environments were in the satages within a 200 meters radius. The volume
of the classroom was 173.25 nand 20 students were attending the class dugngpkng. The
house living room had 40.43°nand was occupied by three nonsmoking people. Regpthe
outdoor sample, it was collected in the first-fleerrace of the same school at which the classroom
belongs. No ventilation was registered during thengling period in the indoor environments.
Samples were collected onto (PC) filters using adscimpactors (Siotuds, SKC Inc. Eighty-
Four, PA, USA) connected to a pump (Leland Leg&(C). Two samplers were placed in every
environment, working simultaneously at a flow rat® L/min. After 48 h, PC filters were replaced,
till having a total of 4 samples per fraction amyieonment. Before and after sampling, filters were
weighted several times till reaching a constangiveon a 10-pg accuracy microbalance. Masses of
PM were calculated as the differences in filterggiwebefore and after sampling. Particulate matter

concentrations in air were then calculated by dingdhe masses by the total sampled air volume.

To extract PM from PC filters, these were submeligéaltubes containing deionized water, shaken
for 20 min and sonicated for 10 min. Subsequefittgrs were removed from the tubes, dried at
room temperature, and weighted again. The supensateere centrifuged at 3500 rpm., freeze-
dried, and stored at -20 °C until further analyBistraction recoveries for PM ranged between 92
and 102%. Clean PC filters subjected to the sanmeation procedure were used as negative

control.

2.3. Children activity pattern



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

To calculate the real dose of PM inhaled by chidrphysical activities performed in every
microenvironment as well as the duration of thetevities were registered. 20 nine- to ten-year old
students attending the sampling room were askekkgoribe their daily routine. Their routine was
classified into 6 different activities: heavy exsecoutdoors, light exercise outdoors, light exsci

at home, sitting at school, sitting at home, aeeging time.
2.4. Calculation of real doses

Using the average measured PM levels and kidsitycpattern as inputs, the deposition of the
three PM fractions was calculated for three reginhe respiratory tract (Head, Tracheobronchial
(TB), and Pulmonary (P)) by the use of a dosimetrgdel (MPPD v 2.11 (ARA, 2014)). To

calculate the real dose to use in the experimémesiotal amount of PM reaching the pulmonary
region was divided by 32 m2 to obtain the mass Mf per alveolar area for an 8 years old kid
(Dunnill, 1962). Then, this number was multipliegthe total surface of the chamber slide used for
growing the cells (4.2 cfh All other parameters needed for the simulaticerevremained as

described previously (Sanchez-Soberén et al., 2015)
2.5.Cell line and cytotoxicity assay

Lung carcinoma cells A549 (ATCQCCL-185™) have been extensively used in toxicitylusfg
cells (L. Cao et al., 2015; Xu et al., 2013). To study the cytotoxicity of Ppk.oosand PM s an
MTT assay was performed for each PM fraction sépbréRoig et al., 2013). Cells were grown in
Dulbecco's Modified Eagle's Medium, supplementetth wD % inactivated Fetal Bovine Serum and
1 % penicillin in an incubator at 37 °C, 5 % gd saturating humidity. Following manufacturer
recommendations, cells were seeded at a concemtrati4x1G cells/cnf in 96-well plates. After

48 h, cells were observed under phase contrasbstiopy (Olympus, Japan) to ensure a confluence
between 70 to 80%. Subsequently, medium was alsaahd replenished with fresh medium
containing different concentrations of the PM estisa(500, 100, 50, 10, 5, 1, 0.5 and 0.1 pg/mL).

Four replicates were used for every concentratimc)uding negative controls. After PM
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application, cells were left in contact with thediem containing the particles during 72 h.

After exposure, the MTT reagent was added to théswe a final concentration of 5 %. The wells
were incubated for 4 h until purple precipitate wasble. Subsequently, detergent was added to a
final concentration of 50 %wv{v) and samples were left in the dark for 2 h. Absodeawas then
measured at 570 nm using an Epoch 2 microplatetrgpbotometer (BioTek, USA). To ensure
reproducibility of the procedure, this experimerdswdone twice. LEdoses were calculated by
using a biphasic equation from the dose-resporattes@lot using the software Dr. Fit (Di Veroli et

al., 2015).
2.6. Exposure strategy and metabolite extraction

Cells were seeded and grown in 4.Zamamber slides under the same conditions descfilrete
cytotoxicity assay (i.e. 37 °C, 5 % GQaturating humidity, and plating density of 4%aélls/cn?).
After 48 h of cell proliferation, medium was extred, and cells were exposed to media containing,
depending on the experiment, 4 ©r real dose of Plk.o2s and PM s Chamber slides were
randomized for three exposure conditions:;BM:s PMy2s and control. Six replicates were done
for every condition. Three independent experimemse conducted: one experiment, where the
real dose was applied and two experiments where@gevas used. (Further information regarding

concentrations applied in each experiment can &e iseTable S1).

To extract the metabolites, we followed procedyvesviously published (Cuykx et al., 2017a,
2017b). In brief, after 72 h exposure, cells wersked twice with Phosphate Buffered Saline
(PBS) and cell metabolism was quenched by subngeiggiis into liquid nitrogen. Chamber slides
were then scraped three times with 200 pL of 80/Af MeOH/MilliQ-water and the content was
transferred to a vial containing 420 pL of chlomofioand 500 pL of milliQ-water, having a final
solvent ratio of 2/3/2 water/MeOH/CHLIThe vials were then spiked with internal standagD0

ng cholesterol-d4, and 100 ng 2-ethylhexyl phosph{@EHP) and lauric acid-d3 for non-polar

fraction, and 200 ng tryptophane-d5 and succinid-d4 for the polar fraction. Vials were then
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vortexed three times for 30 s, and equilibrated I6r min at 4 °C. Subsequently they were
centrifuged at 3500 rpm during 7 min. The polar esnptant was transferred to pre-cooled
Eppendorf tubes, while the lower, non-polar phass wansferred to vials containing chloroform.
40 pL of polar phase from each sample were puiwvim Eppendorfs to make a couple of quality
control (QC) pools for polar compounds. Simila®) puL of non-polar phase from each sample
were aggregated into two vials to obtain two QC-potar pools. Samples and QC were evaporated
with nitrogen (non-polar phase) or using a cengigduevaporator for 2.5 h (polar phase). Both, polar

and non-polar samples were stored at -80 °C grianalysis.
2.7.Metabolomics Set-up:

Detail of the methods here employed can be cortsitteSupplementary Materials. In brief, non-
polar vials and polar Eppendorfs were divided imto subsamples: one was positively ionized and
the other one was negatively ionized. This ion@atnethodology has proven to be successful for
metabolomic studies, given the heterogeneity amdpdexity of biological samples (Nordstréom et
al., 2008) Positive and negatiuen-polar vials were analyzed on a Kinetex XB-C18 (150 x 2.1 mm;

1.7 pm particle size, Phenomenex, Utrecht, the Netherlands). A mixture of MeOH, IPA, and NH4AC

(pH 6.7) was used as mobile phase in negative ionization mode, while a mixture of ACN, IPA, and
water with an acetate buffer (pH 4.2) was used as mobile phase in positive ionization mode.
Positive polar Eppendorfs were analyzed using an iHILIC column (100 x 2.1 mm; 1.8 pm particle
size, HILICON, Umea, Sweden) using ACN/MeOH and water with a NH,F/FA buffer (pH 3.15) as
mobile phase. Negative polar Eppendorfs were analyzed through a Geminf® Phenyl-hexyl column
(150 x 2 mm, 3im particle size) (Phenomerfextorrence, CA, USA). Mobile phase was a mixture
of MeOH, TBA and FA in MeOH/MilliQ water (pH=9¥he columns were attached on an Agilent
Infinity 1290 UPLC (Agilent Technologies, Santa Clara, USA), and the detection was performed in an

Agilent 6530 QTOF with an Agilent Jet Stream nebulizer (Agilent Technologies).

2.8. Data treatment:
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Mass-Hunter qualitative software (version 2.06 A@ilent technologies) was used to evaluate LC
and MS parameters. To extract internal standamds the chromatogram, the “Find by Formula”-

algorithm (FBF) was used. Deconvolution algorithrasvset to retain peaks having a quality score
higher than 80% and abundance greater than 30@XeT$ignals were subsequently grouped into
molecular features according to their m/z, retenttone, and correspondence to isotopes or
adducts. Extracted features represent thus thereliff m/z signals of a metabolite. Mass Profiler
(v12.5, Agilent Technologies, Santa Clara, CA, US#3s used to merge data coming from

consecutive runs. The sums of the areas of all addrthe molecular features were the dependent

values of the variables.

Features present in at least 80 % of the samples ngtained for statistical analysis. This analysi
was performed using the software EZ info v 2.0 (ttiog, Umea, Sweden). Principal Component
Analysis (PCA) and Orthogonal Partial Least Squ@rssriminant Analysis (OPLS-DA)
techniques were applied to estimate the qualitthefdataset and to detect molecular features of
interest respectively. Welch T tests with Benjartioichberg correction were used to evaluate the
significance of differences of PM levels among emwinents, PM fractions (cytotoxicity), and
between exposed and control groups (metabolomiayassThose differences were considered

significant when the corrected p was below 0.05.

Annotation of significant features was performedgsMolecular Formula Generator algorithm
from the Mass-Hunter software. Tentative formulasrevcalculated having into account a mass
error of 10 ppm, isotope spacing of 5 ppm, and aimal 5 % difference in abundance compared to
the calculated isotopic pattern. To find structufess these features, a search was performed in
LipidMaps, Metlin, and Human Metabolome Databas&I[MB) (Fahy et al., 2007; Smith et al.,
2005; Wishart et al., 2013). The levels of confidence in identification argaoged according to
Schymanski et al. (2014). Heat maps were desigsed) uhe online resource Metaboanalyst v 4.0

(Xia and Wishart, 2016).
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3. Resultsand discussion
3.1.PM levels and time activity pattern:

Concentrations of the three PM fractions measurdha different microenvironments can be seen

on Figure 1.

Sensitivity in our samples was 0.39 pg/mvhich introduces an uncertainty between 10 ar¥d 20
PM.s.025at home and outdoors. Average outdoor values daddain this study were within the
range of the average annual values reported by #talonian Administration during the last five
years in the same area (Generalitat de Catalurh7)2 Although not statistically significant,
(p>0.05), average outdoor concentrations were hitjtaa those registered during the same days by
the air quality monitor stations in the area (188l 9.3 pg/mfor PMy and PM s respectively)
(Generalitat de Catalunya, 2016). Average PM camagons were below the thresholds set by the
European legislation (i.e. daily average of&@m’ for PMyo, and annual average of 46/m° and

25 ug/m for PMyo and PM srespectively) (European Commission and EU Parlian2908). The
highest concentrations for every PM fraction webeesved in classrooms, while the levels at home
were the lowest. These results could be highly tedlawith the occupancy of these
microenvironments. The higher the human activitg, greater the resuspension and contribution of
organic PM (textile fibers and skin debris) indo@srfozo et al., 2014; Viana et al., 2014). The

low occupancy at home, in combination with the latkventilation and absence of other indoor
sources in the room (i.e. tobacco, gas stove)dcbelthe cause of experiencing lower PM levels at
home than outdoors. This same trend has been eeppreviously for dwellings having similar

characteristics to the one used in this study (Rpolaet al., 206; Xiao et al., 2018).

Regarding time activity patterns, share of timensjy students in the different microenvironments

and performing the different activities can be seerfigure 2:

Kids spent most of their time (90 %) indoors, witlie outdoor time was mostly used during heavy

intensity activities. The most time-demanding attiwas sleeping (9.5 hours per day), while same

10
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share of time was spent sitting in school and atéx(6 hours each activity). Light exercise at home
was performed for 2 hours a day, while only halfhaur of light exercise outdoors was reported.
Heavy exercise was fully performed outdoors, spemdi daily average of 2 hours for this activity.
The activity pattern obtained in the present stwdgre similar to those obtained by other

researchers in western countri€shen Hubal et al., 2000; Matz et al., 2015).

3.2. Deposition pattern of particles and real dose cédtion

Daily deposited mass of the three sampled PM fsastican be seen on TableThe PM fraction
registering the highest overall deposition massas RM..s This fraction was mostly deposited
in the head and tracheobronchial regions of thginaery tract, while, as seen in previous studies,
the amount of coarse particles reaching the lurgywiaor (Sanchez-Soberdn et al., 2015). Despite
the scarce amount of time spent outdoors perforrigly intensity activities (2 hours per day), this
activity reached the highest share of PM depositgardless PM fraction. Fine fractions (PM.2s
and PM,5), however, followed a different deposition patterithin the respiratory tract. Between
30 and 40 % of the total deposited mass of thesgidins was addressed in the lung. Deposited
mass of PMs..25in lungs reaches it maximum during class time.Ha tase of Plbks heavy
exercise outdoors is the activity registering thghlst deposition masses for every respiratory

region.Regardless of PM fraction studied, head regiorsteggd the highest deposition masses.

These variances in deposition patterns of the tRiMdractions are related to the different levdls o
PM experienced in every environment, but also k& deposition mechanisms considered in the
MPPD model: inertial impaction, sedimentation (gi@iwonal setting), and diffusion (Brown et al.,
2013). Impaction and sedimentation are the dominagthanisms in particles bigger than 1 um
(Salma et al., 2015). These mechanisms are higipertent on the air speed on the respiratory
tract (Hussain et al., 2011). Thus, high air speeitidavor the impaction, while low velocities Wil
favor sedimentation. Furthermore, the larger the B more likely is to experience one of these
processes. Diffusion mechanism appears in partsnesller than 0.5 pm, which behave like gas

molecules. Particles within this size follow a Braan motion, and they deposit at random (Bakand

11
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etal., 2012).

In the first part of the respiratory tract, the espef inhaled air reaches the highest velocity with
the respiratory tract. Furthermore, as soon ast¢heity intensity increases, so does the air vigjoc
Consequently, impaction phenomenon is the domimaposition mechanism in head region,
affecting especially those particles of bigger silzeing high intensity activities (Hussain et al.,
2011). Air passing through the tracheobronchialiaegexperiences a deceleration, causing the
sedimentation of the heaviest particles. When riegcterminal areas of the respiratory tract, the
speed of air is minimal, which favors sedimentatidowever, at this point, most of the coarse PM
has been already deposited, and diffusion mechawsm®M, s becomes the most important

deposition process (CCOHS, 2010).

Based on these results, the amount of, Pdss and PM »5 deposited into the pulmonary region
after 72 h would be 30.75 and 80.11 pg, respegtivel performin vitro toxicity studies, the doses

were converted to 0.27 ng/mL and 0.70 ng/mL ofB¥bsand PM 25 respectively (Table S1).
3.3. Cytotoxicity

Since the mass of PN, sreaching the lungs was negligible, toxicity assesse performed for
PM,s.025 and PM2s As reported in previous studies using same ¢e# hnd PM fractions,
internalization of PM was reported in our cellsgiiie S2)(Dominici et al., 2013). Dose-response
plot graphs, as well as fitting equations for b8t fractions can be seen in Figure 3. Biphasic
decay was the best fitting equation for our datajtsvas chosen to calculate the concentration
corresponding to 5% of mortality (L The smaller PM fraction causes a higher toxicity
especially when applying doses ranging from 0.3Q@oug/mL. Consequently, estimated sLfor
PMo.2s was lower than for P.o.25(8.08 ng/mL and 73.70 ng/mL respectively). It skibbk noted
that in our case, these k@alues are out of the ranges of concentrationssassl in our cytotoxicity
assay. Subsequent microscopic observations of aftés the use of these doses were performed,

corroborating a slightly higher cell mortality thaontrol cells, which is appropriate to perform

12
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metabolomic assays. However, these values arempah to real LE and should not be taken as
absolute values for this indicator. This trend diigher toxicity of smaller PM has been reported
before(L. Cao et al., 2015; Guan et al., 2016; Zou et al., 2017). In fact, this reduction in the size is

related with a greater surface area, which canst dgam chemical composition, induce higher

damage to cells (Kelly and Fussell, 2012).

Comparing our result with previous research is dorafed. Few studies have been developed to
evaluate the cytotoxicity of A549 cells after 72xXposure to PM, and to our best knowledge, none
of them has divided Pp4into two fractions. Ho et al. (2016) obtained samitoxicity values (i.e.
LCsp) after exposing A549 cells to BMfrom coal burning origin. However, other studiesngs
environmental or household BNreported higher L§values(M. Huang et al., 2015; Q. Huang et

al., 2015). Apart from differences in the PM fracis here assessed, differences between studies
could be the result of different PM chemical compos and shape (data of these parameters for
the present study is in preparation). Other faafiuencing differences among studies is the
diverse methodologies used in the above cited esudiarticulate matter collection media varies
from fiber filters to PTFE membranes, and extractid PM has been performed under ultrapure
water or methanol. In the present study we decidedse PC filters for both, their ease in PM
extraction without excessive mechanical means,thainl hydrophilicity (Greenwell et al., 2002).
This make them suitable to obtain PM aqueous swistias expected to find inside the lungs (Cross

et al., 1994).
3.4. Metabolomics:

Regardless of experiment performed, between 140 &A0 non-polar features, and between 1100
and 1400 polar features per replicate were detentdte present study. These numbers are in line

with the performance reported previously usingsamme methodology (Cuykx et al., 2017b).
3.4.1. LCs experiment:

After analyzing metabolic changes in exposed celigse replicates treated with Rp LCs
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presented significant differences in the conterB®imetabolites compared to control cells (Tables
S2 and S3). On the other hand, cells exposed tgsBMLCs showed significant differences in the

content of 38 features with respect to controliogpés (Tables S4, and S5).

Hierarchical clustering analysis of these featuessyvell as the samples, can be seen in Figure 4.
According to this heat map, there is a groupingahples into two marked groups: exposed and
control. At the same time, there are a couple w$ters within the exposed group: one exclusively
formed by 5 PN 25 replicates (green color dashed square), and tier abmprising PMs.o 2sand

the remaining PNs replicate (blue color dashed line). This last Bbreplicate showed a
metabolic profile (i.e. fold change values in thier@d metabolites) closer to the overall metabolic
profile displayed by cell exposed to PM 25 Regarding compounds, a disposition into two gsoup
was noted depending on the overall regulation patfEhe first group (yellow dot-dashed square)
contains mostly downregulated features in exposats,cwhich comprised cardiolipins (CLSs),
phosphatidylserines (PSs), and most of phosphatidiihes (PCs). The second group (purple dot-
dashed square) is mainly formed by the upregultgatlires and includes all identified ceramides

(CERS).

Regardless of PM fraction applied, most of therattemetabolites were non-polar (Tables S2 and
S3). The vast majority of them were triglycerideBGf, CERs, and phospholipids. More
specifically, these changes have been detecteBSsr PCs, PEs, and CLs. These metabolites are
important constituents of cells membranes (Stillw&)16). Triglycerides and PCs are also the main
components of lung surfactant, a protein-lipid migtessential to reduce tension at the alveoli air-

liquid interphas&Bernhard et al., 2001; Lopez-Rodriguez and Pérez-Gil, 2014).

Under normal conditions, PSs are located in therirpart of the plasma membrane. But in cells
undergoing the apoptosis process, these lipids turthe external surface of the cell membrane,
sending a distress signal to macrophages in oamléetphagocyted (Segawa and Nagata, 2015).
Consequently, these substances have been studibbraarkers of different diseases, such as

cancer (Sharma and Kanwar, 2017). Although we were able to locate where in the cell
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membrane PSs were, we noticed a downregulatiohi®fgroup of compounds in both (B 25

and PM,5) exposed groups.

Phosphatidylethanolamines (PEs) play a significesie in membrane fusion and division,
apoptosis, and autophagy (Pavlovic and Bakovic, 3010ur results show significant
downregulation in the content of most PEs regasdtéd®M fraction applied. Phosphatidylcholines
(PCs), are the main component of lung surfactaetr{Bard et al., 2001). Cells exposed tooRi
showed an overall upregulation in PC content, whilese cells exposed to BNy sshowed an
overall downregulation. This size related respdndeC regulation has been previously reported in

other studiegChen et al., 2014; Juvin et al., 2002; Wang et al., 2017).

PCs and PEs are mainly generated via a couple ohanesms (Figure 5)Xe novoor from PS

decarboxylation(Bleijerveld et al., 2007; Vance, 2008). In de-novopathway, PEs and PCs are
generated from ethanolamine and choline, respégtiy&ibellini and Smith, 2010). The other
pathway consists on the transformation of PS tovREdecarboxylation. This PE can be then
transformed into PC by the action of phosphatidigaaolamine N-methyltransferase (PEMT)

(Zinrajh et al., 2014).

PM,s.0.25€licits an overall downregulation on PSs, PEs, BG4 (Figure 5a). In mammalian cells,
PSs are synthetized exclusively from PEs and P@sda®/and Tasseva, 2013). Therefore, a decrease
in the synthesis of PEs and PCs will lead to aebs® on PCs. Thus, B¥b.2scould be affecting

the de novopathway. On the other hand, M are more likely to affect the PS decarboxylation
pathway, increasing the levels of PCs by transfogm®Ss to PEs, and PEs into PCs (Figure 5b).
These differences in the way of action between PMsand PM s could be due to differences in

physicochemical characteristics between these taaidns.

A downregulation in CLs was significant in this gyuregardless of the PM fraction exposed. CLs
are almost exclusively localized in the inner mitocdrial membrane (Houtkooper and Vaz, 2008).

Cardiolipins improve the ATP generation via oxigatphosphorylation within this organelle, apart
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from being involved in other mitochondrial procesg€laypool and Koehler, 2012). , and more
specifically, its polar toxic constituents have meeecognized previously as disruptors of
mitochondrial functions (Xia et al., 2004). Althdugsing different kind of cells, Hiura et al. (2000

also recorded a decrease in mitochondrial CLs afigrosing mice macrophages to PM. This
damage in the mitochondrial membrane could be géegrby the particle surface (mechanical

damage), or by formation of reactive oxygen spe(R3S) (von Moos and Slaveykova, 2014).

Ceramides are highly concentrated in cell membranesplay a significant role in the response to
stress stimuli (Bikman and Summers, 2011). Theguation of CERs is recognized as a signal of
apoptosis and has been related to several lungs#is@ ee et al., 2015; Petrache et al., 2005).
Previous studies reported clear upregulations dR€Rfter PM exposurg®euschel et al., 2012;
Zhang et al., 2017). However, the regulations eséhCERs were variable, and fold changes were
low. This difference could be explained by the P&ek applied in the present study, which were

lower than the previously reported papers.

Regarding polar constituents ( Tables S4 and ®8§ exposed to Ppk.o.2sshowed an upregulation

in N1-Acetylspermidine, a precursor of spermidivéghart et al., 2013). Spermidine is involved in
regulation of inflammatory reactions, and has bestognized as defense line against reactive
oxygen species and DNA protector in lungs (Hoet Bietnery, 2000). On the other hand, cells
exposed to Plbs showed and upregulation in 1-Pyrroline-5-carbaxycid. This compound is a
precursor, of L-proline, which is able to genergpecific reactive oxygen species (ROS) acting as
signals for tumor suppression, apoptosis and oeliiwal (Liang et al., 2013; Wishart et al., 2013).
Furthermore, proline metabolism can be used asiks®f energy under stress conditions within

cells (Phang et al., 2015).
3.4.2. Real dose experiment

When cells were exposed to realistic PM dosesntimeber of significant features had been reduced

to 10 for PM2s and 5 for PMs.o.25 (Tables S5 and S6). Under real conditions,cRJ\Mloses are
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higher than PMso25 and consequently a higher effect of these paditb the cells could be

observed.

As shown in Figure 6, hierarchical grouping of regtles is not as clear as during thes leQposure.
Replicates are distributed into two groups: thstfadomprising exposed cells of both PM fractions,
while the second comprises a mix of exposed antraocells. Nevertheless, a plausible tendency
in sample distribution can be drawn: exposure to fkhd to cluster in comparison to control
samples. There is also a grouping in compounda:first group it is possible to differentiate those
features upregulated in the exposed cells (yellmt+ddshed square), while the second group
comprises those compounds showing fold changesndepée on the used PM (purple dot-dashed

square).

Contrary to the L€ experiment, the number of affected features &tdp ,sexposure was higher
for polar (7) than for non-polar (3), which coulelveal less intensive effects on cell membranes.
Cells exposed to PMs experienced an upregulation in the content of nadtsered metabolites,
such as proline, TGs, and PEs. These results ¢odidate that cells are undergoing a hormesis
phase, in which cells are activated as a consequehiceing exposed to low doses of toxic agents
(Zimmermann et al., 2014). Cells exposed to,BWbs showed an overall decrease in the altered
metabolites. Slight downregulations were noticedA&s and phosphatidylglycerols (PGs), one of
the constituents of lung surfactant and also pteaersmall scale in cell membranes (Stillwell,
2016). However, as previously pointed out, the nemdf altered metabolites in this experiment

was small, showing a higher fold change variabaityong the same exposure group replicates.

Despite the promising results of the approach rdescribed, this study still presents some
limitations that should be faced in future studksst, the number of students surveyed, the number
of environments assessed, and sampling durationlélibe increased to obtain wider conclusions.
Uncertainty in PMs.o.2slevels should be decreased by either, increasingplaag time or using a
more sensitive balance. Regardingyitro assays, a more accurate calculation of istheeded, as

pointed out previously. Also, having access to a-@&vtrolled air chamber would be useful to
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obtain more appropriate negative controls. Finalhysimplify dosage strategy, real doses were
calculated having into account the total surfacehef culture dishes, instead of the percentage of

cell confluence.
4. Conclusions

Three fractions of PM (Pbks, PMyso25 and PMg.29 were collected in three environments
(outdoor, classroom, and home) within a villageated nearby an industrial complex. The time
activity patterns of 20 students attending schoslenobtained to study the exposure and deposition
of PM within the children’s respiratory tract. Affteards, these particles were extracted from filters
and put in contact with alveolar A549 cells to stilde cytotoxicity and changes in the metabolic
profile after 72 h exposure. Classroom microenviment registered the highest levels of every PM
fraction collected, due to its higher occupancyg&dless of PM fraction, the upper respiratory
tract (head) was the region that retained mosthef dverall deposited mass, especially when
performing heavy intensity activities. The finestdtion (PM »s5) elicited a higher cytotoxicity than
PM. 5025 The number of metabolites affected by particbgsosure was similar for both fractions
in LCs doses, while after applying real doses changes weinly due to Plibs These changes
were mostly in compounds dealing with cell and etitandrial membrane functions, revealing the

potential of PM to elicit both extracellular andracellular damage.
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Figure 1: Average levels of PM within the three microenvironments. Error bars denote
standard deviations among samples (n=4). Asterisks denote statistically significant

differences (p<0.05).

Figure 2: Average daily share of time of the students attending to the school (n=20).

Figure 3: Dose-response graph of A549 cells after 72 h exposure to PM 250,25 (red) and
PMo2s (blue). The curve was fitted using a two-phase decay. Error bars denote standard
deviations (n=4). Characters indicate statistically significant differences between the

two fractions at a given dose (a = p<0.05; b= p<0.01).

Figure 4. Hierarchica clustering heatmap analysis of significative differential
metabolites after LCs exposure. Metabolite fold changes with respect to control cells
range between deep blue (negative fold changes) to deep red (positive fold changes).
Red dashed square embeds the control cluster, blue dashed square embeds the cluster
comprising al PM2s025 and one PMg 25 replicate, and green dashed line embeds the
remaining PMosreplicates. Yellow dot-dashed square embeds those features mostly
downregulated in exposed cells, while purple dot-dashed square embeds those features

mostly upregulated in exposed cells.

Figure 5: Observed PS, PE, and PC changes after exposure to PMs.025 (8) and PMo 25
(b). Upregulated metabolites are shown in green background, while downregulated
metabolites are shown in red. Key: Cho, choline; Etn, ethanolamine; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PEMT, phosphatidyl-ethanolamine

N-methyltransferase; PS, phosphatidylserine; Ser, serine.

Figure 6. Hierarchical clustering heatmap analysis of significative differential
metabolites after real dose exposure. Metabolite fold changes with respect to control

cells range between deep blue (negative fold changes) to deep red (positive fold



changes). Blue dashed square embeds most of the exposed replicates, while red dashed
square embeds control cells plus remaining exposed replicates. Yellow dot-dashed
square embeds those features mostly downregulated in exposed cells, while purple dot-

dashed square embeds those features mostly upregulated in exposed cells.



Table 1: Daily deposited doses calculated for every PMtioacand respiratory region (pg/day).

PM 10-25

PM 25025 PM 0.25 Total
Activity  Environment Head TB' P Total Head TB P Total |[Head TB P Total
Sleeping Home 11.24 544 0.3 16.98 1.6 034 24 443498 1.3 5.7 11.98| 33.31
Sitting Classroom 18.88 8.51 0.17 27.56 3.21 0.71.454 8.37 5.86 146 6.35 13.67 49.6
Sitting Home 7.55 3.41 0.07 11.03 1.07 024 148 792. | 33 0.82 357 7.69 21.5
Light Home 10.67 2.63 0 13.3 15 1 0.91 3.41 4.51 1.0134 3. 8.86 25.57
intensity
Light Outdoors 3.11 0.77 0 3.88 0.56 0.38 0.34 1.28 15 340 111 295 8.11
intensity
Heavy Outdoors 2428 4.01 0 28.29 3.97 6.09 0.66 10.y2 8911 2.68 6.63 21.2 60.2
intensity
Total 75.72 2477 054 101.03 1191 875 10.25 30.91 .0532 7.6 26.7 66.35| 198.29

! TB: Tracheobronchial; ? P: Pulmonary (Lung).
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Highlights

PM10.2.5, PM25.0.25, and PMg s were sampled in indoor and outdoor
environments.

Toxicity and metabolism of A549 cells exposed to PM25.0.25 and PMg 25 were
studied.

PM .25 showed an overall higher toxicity than PM25.9.25.

PMo.s elicited a higher ateration in metabolism than PM 5.9 2s.

Most of the altered features were lipids present in cell and mitochondrial
membranes.



