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ABSTRACT: Hydroxyl radical ((OH)-initiated oxidation of isoprene, the most ~ GasPhase Inhalation Toxicology
abundant nonmethane hydrocarbon in the atmosphere, is responsible for on Oﬁeﬁ""es"""ﬂfo&
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substantial amounts of secondary organic aerosol (SOA) within ambient fine 2\/ R CmTET
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particles. Fine particulate 2-methyltetrol sulfate diastereoisomers (2-MTSs) are wornene  tepox  OF ik
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abundant SOA products formed via acid-catalyzed multiphase chemistry of (Z - — - — - - —
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isoprene-derived epoxydiols with inorganic sulfate aerosols under low-nitric

oxide conditions. We recently demonstrated that heterogeneous ‘'OH oxidation &’ i @ aj
of particulate 2-MTSs leads to the particle-phase formation of multifunctional {5 2"%{“""“5“'",,,,, =52 Cols
organosulfates (OSs). However, it remains uncertain if atmospheric chemical g T’”k@ @ (&) -)

aging of particulate 2-MTSs induces toxic effects within human lung cells. We

show that inhibitory concentration-50 (ICy,) values decreased from exposure to e G ok os,imz,m.
fine particulate 2-MTSs that were heterogeneously aged for 0 to 22 days by
'OH, indicating increased particulate toxicity in BEAS-2B lung cells. Lung cells
further exhibited concentration-dependent modulation of oxidative stress- and inflammatory-related gene expression. Principal
component analysis was carried out on the chemical mixtures and revealed positive correlations between exposure to aged
multifunctional OSs and altered expression of targeted genes. Exposure to particulate 2-MTSs alone was associated with an altered
expression of antireactive oxygen species (ROS)-related genes (NQO-1, SOD-2, and CAT) indicative of a response to ROS in the
cells. Increased aging of particulate 2-MTSs by ‘OH exposure was associated with an increased expression of glutathione pathway-
related genes (GCLM and GCLC) and an anti-inflammatory gene (IL-10).

Atmospheric Emissions Aerosol Phase

1. INTRODUCTION oxidation of volatile organic compounds (VOCs)."" Isoprene
is the most abundant nonmethane VOC emitted into Earth’s
atmosphere (~500 Tg yr') and is primarily derived from
vegetation.'” Gaseous isoprene hydroxy hydroperoxides
(ISOPOOH) are the most abundant first-generation reaction
products (~70% vyield) resulting from gas-phase hydroxyl
radical (‘OH)-initiated oxidation of isoprene under NO,-free
conditions.'” "OH-mediated oxidation of ISOPOOH predom-

Atmospheric fine particulate matter (PM,;, aerodynamic
diameter <2.5 ym) contributes to poor air quality,’ climate
change,2 and adverse human health effects.’ Exposure to PM, ¢
. . o ) 3
triggers lung-associated pathologies including asthma, allergy,
chronic obstructive pulmonary disease (COPD), bronchitis,
emphysema, decreased lung function, and increased cases of

lung cancer.” Once PM, s is deposited deep within the lungs, it ) : - ] )
can cause the induction of inflammatory cascades,’ includi,ng inantly occurs during the daytime and generates a high yield

i . 14
pro-inflammatory cytokines such as interleukin-6 (IL-6), (~75%) of gaseous isoprene epoxydiols (IEPOX).™ In the

interleukin-8 (IL-8),’ and C-reactive protein (CRP).® These presence of inorganic su.lfa'lt'e (Sulfinorg) aerosol that i.s mc')stly
derived from human activities, IEPOX undergoes acid-driven

inflammatory cytokines are often associated with endothelial . ) ; o
multiphase chemistry to form a variety of low-volatility

dysfunction, systemic inflammation, and exacerbated myocar-
dial ischemia.” In addition to inhalation of PM,s, other

gaseous copollutants, such as carbon monoxide, nitrogen Received: September 11, 2023
oxides (NO,), ozone (O;), and sulfur dioxide (SO,), have Revised:  September 26, 2023
been associated with higher instances of cardiopulmonary Accepted:  October 4, 2023
diseases.'’

One of the largest PM, s constituents is often secondary
organic aerosol (SOA), formed from the atmospheric
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organosulfates (OSs) that have been shown to greatly
contribute to SOA mass in PM,; collected from densely
forested areas of the Southeastern U.S. and Amazon.'*'°
Particulate methyltetrol sulfates (MTSs) are major products
resulting from this multiphase chemistry, with 2-methyltetrol
sulfate diastereomers (2-MTSs) being the predominant
isomers. 2-MTSs are also the single-most abundant SOA
tracers,'”'® contributing up to 13% of the organic
carbon'®'”"? and up to 15% of the organic mass in PM,
collected from various U.S. and Amazonian sites.

We recently demonstrated that the heterogeneous OH
oxidation of fine particulate 2-MTSs leads to substantial
formation of multifunctional particulate OSs, which are also
detected in large quantities within atmospheric PM,.>
Increasing the IEPOX—to-Squmor% aerosol ratio causes extensive
conversion of Sulf,,,, to OSs. ! Climate change will likely
cause larger isoprene emissions in the future,”” while regulatory
controls on SO, emissions might cause Sulf,,,,, within PM, 5 to
primarily exist in OS forms.”" Hence, systematically examining
the early biological changes resulting from inhalation exposures
of atmospherically aged particulate OSs (i.e, 2-MTSs),
including the multifunctional particulate OS products, is
needed in order to aid prediction of acute and long-term
exposure responses in humans, especially in a changing
atmosphere.

Few studies have focused on airway epithelial cellular
responses following exposure to freshly generated isoprene-
derived SOA.>™*° Upper respiratory irritation was demon-
strated during previous in vivo studies using mice exposed to
gas phase mixtures of isoprene and oxidants (O; and NO,).*
In other mouse models, Wilkins et al. demonstrated a
dependence of the reaction time, relative humidity (RH),
and Oj; concentration on airway irritation in mice exposed to
isoprene and other organic mixtures.”” Another study used the
dithiothreitol (DTT) assay to measure the oxidative potential
(OP) of isoprene-derived SOA generated under low- and high-
NO,, conditions. They found higher OP for certain low-NO,
SOA and noted that the OP was comzparable to or exceeded
that of fresh and aged diesel particles.”® In an in vitro model
using A549 lung cells, exposure to the gas-phase photo-
chemical oxidation products of isoprene and 1,3-butadiene in
the presence of NO, enhanced cytotoxicity and the up-
regulation of the IL-8 gene (a marker of inflammatory
response).”” Similarly, response to nonaged IEPOX-derived
SOA induced a less significant reactive oxygen species (ROS)-
associated genomic changes when compared with fresh
methacrylic acid epoxide (MAE)-derived SOA (a type of
isoprene-derived SOA formed in high-NO, conditions) in
BEAS-2B cells.”**" IL-8 and cyclooxygenase 2 (COX-2)
expression were significantly upregulated at a concentration
of 0.067 ug cm™* following exposure of BEAS-2B cells at an
air—liquid interface to photochemically generated isoprene
SOA in the presence of initially high-NO, conditions in acidic
Sulfisorg aerosol.”* We previously reported that 29 micro-RNAs,
controlling regulators of inflammatory- and ROS-associated
pathways, were differentially expressed in the presence of
nonaged IEPOX- and MAE-derived SOA.”> In both SOA
types, significantly altered gene expression was associated with
the nuclear factor erythroid-derived 2-like 2 (Nrf2) tran-
scription factor network.”

This previous research focused on freshly generated isoprene
SOA derived from MAE, IEPOX, and ISOPOOH, which are
known isoprene SOA precursors, and provided unique insights

into the induction of oxidative stress-related gene expression
based on their associated chemical compositions.”’ However, it
remains uncertain how atmospheric aging of these fine particle
types changes their potential to induce toxicity within human
lung cells. In a recent study with viscous, photochemically aged
organic aerosol, an increased level of O, in the particle interior
occurred with decreased viscosity and faster mixing of the
particles with carbon-centered radicals (CCR) within the
interior of the viscous aerosol.”> Because 2-MTSs can be
viscous and are surface active, it is plausible for 2-MTSs to be
present at the aerosol particle surface in the presence of
inorganic species.25 Thus, the accumulation of ROS and CCR
may also occur when organic aerosols are enriched in 2-MTSs
and have undergone 'OH-mediated atmospheric aging. RH
governs the viscosity of SOA and results in the buildup of ROS
within an organic shell.2%**3 At low RH, surface MTSs within
the shell will be oxidized, and when particles are inhaled in a
humid environment such as the interior of the lungs, the higher
RH will break down core—shell morphology. Hence, aerosol
may no longer be phase separated and become homogeneously
mixed within lungs, which may exacerbate negative health
outcomes.””

In the present study, we hypothesized that the formation of
multifunctional OSs from the heterogeneous ‘OH oxidation of
fine particulate 2-MTSs would result in the modification of
aerosol physiochemical properties™ and would also modulate
anti-ROS gene expression in lung cells. Using inflammation-
and oxidative stress-related genes identified from our previous
studies with nonaged isoprene-derived SOA,”*** a targeted set
of 14 genes was included in the current study. Our results show
that these particulate multifunctional OSs, which are seen in
PM, 5 collected from areas affected by isoprene emissions and
acidic Sulfiorg aerosol,"®** induce enhanced oxidative stress
and inflammatory responses in a human bronchial epithelial
lung cell line (BEAS-2B) when compared to nonaged
particulate 2-MTSs.

2. EXPERIMENTAL PROCEDURES

2.1. Chemicals and Probes. Sections SI.1 and S1.2 of the
Supporting Information (SI) provide the details of chemicals and
probes/assays, respectively, included in the current study. As
demonstrated in our prior study by Chen et al,*’ the 2-MTS
standard used in this study represent the MTS isomeric mixture in
ambient PM, 5 samples.

2.2. Generation and Chemical Characterization of Aged
Fine Particulate 2-Methyltetrol Sulfates. The experimental setup
for generating and collecting aged particles from the heterogeneous
'OH oxidation of particulate 2-MTSs is illustrated in Figure S1 and
detailed in Section S1.3. Aged particulate 2-MTSs were collected onto
47 mm quartz fiber filters (PALL Corp) at 4 L min™' under each
stabilized ‘OH exposure condition, summarized in Table S1. Blank
and sample quartz fiber filters were stored in the dark at —20 °C until
extracted in methanol, blown dry, and reconstituted in Milli-Q water
to a concentration of 50 mg mL™" (Section S1.3). A 10-uL aliquot of
each reconstituted aqueous extract was preserved for analysis by ion
chromatography (IC) to quantify Sulfinorg (Section S1.3) and for
analysis by hydrophilic interaction liquid chromatography interfaced
to electrospray ionization high-resolution quadrupole time-of-flight
mass spectrometry operated in negative ion mode (HILIC/(—)ESI-
HR-QTOFMS) to quantify OSs and other potential water-soluble
SOA constituents. Remaining aqueous extracts were used for
biological assays described below. Detailed descriptions for the
oxidation flow reactor (OFR), filter processing (or sample workup),
and quantitative offline chemical analysis protocols (IC and HILIC/
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(—)ESI-HR-QTOFMS) have been previously described and also
described in Supporting Information.'>%%*

2.3. Cell Viability Analysis. Cell culture details are provided in
Section S1.4. Briefly, BEAS-2B bronchial epithelial cells were used for
these experiments. A resazurin assay was performed to analyze the
percent change in cellular proliferation following treatment with the
increasing concentration of heterogeneously oxidized particulate 2-
MTSs, compared to an unexposed control. The oxidized 2-MTSs
correspond to ambient atmospheric aging of particulates at 0, S, 12,
and 22 days. We analyzed exposure concentrations ranging from 0.01
to 4000 ug mL™" to determine the inhibitory concentration-50 (ICs,)
for the BEAS-2B cells following 24 and 48 h exposures. For this assay,
10,000 cells well™" were seeded in black-walled 96-well plates and
allowed to adhere overnight. Cells were then exposed to aqueous
aerosol extracts; after the desired treatment time, the conditioned
medium was aspirated, and 100-yL of fresh medium and 20-uL of
0.15 mg mL™" of resazurin were added to each well. Cells were
incubated for 3 h, and fluorescence measured using a 560 nm
excitation-590 nm emission filter set in a microplate spectropho-
tometer Promega GloMax (Madison, WI). Results are presented as an
average of four independent exposure experiments (biological
replicates) with four technical replicates for each exposure
concentration.

Final calculations to determine cellular viability percentage were
made using the following formula:

Cellular Perecentage of Viability
= [(Fluorescence of Treated Cells at S60 nm emission
— Fluorescence of the blank)
/ (Fluorescence of Untreated Control Cells at 560

nm — Fluorescence of the blank)] X 100

where the blank is the well with culture medium and resazurin dye
alone, and the untreated control cells were treated with blank filter
extracts in DI water.

2.4. Cell Exposure and RNA Extraction. BEAS-2B cells were
seeded at 200,000 cells well ™ in tissue culture-treated 24-well plates.
After allowing them to adhere overnight, cells were then exposed to
0.02, 0.2, and 2 mg mL™! of the four aerosol types (Table S1) as well
as a vehicle control (blank filter extract in DI water). We used
averaged data from four replicate analyses for each of four exposure
samples/concentration for the mRNA gene expression study.
Following 24 h exposure, aerosol-treated and control cells were
harvested in 350 uL of buffer RLT plus (Qiagen, Valencia CA) and
placed in a QIAcube (Qiagen, Valencia CA). Total RNA was
extracted using Qiagen’s All Prep DNA/RNA/miRNA Universal Kit
following the manufacturer’s protocol. Quality and quantity of total
RNA was determined using NanoDrop-2000c spectrophotometer
(ThermoScientific, Waltham, MA, USA), and samples were stored at
—80 °C in nuclease-free water until further analysis.

2.5. Gene Expression Analysis. Extracted RNA was used to
synthesize 10 uL of 20 ng L~ cDNA using an Applied Biosystems’
High-Capacity cDNA Reverse Transcription Kit, according to the
manufacturer’s protocol. Two ng uL™' cDNA was the final
concentration used for reverse transcription-quantitative polymerase
chain reaction (RT-PCR) analysis. cDNA libraries created were
stored at —20 °C until analyzed for mRNA expression. Expression
changes were evaluated in 14 oxidative stress- and inflammatory-
associated genes, with validated SYBR-Green primers obtained from
Integrated DNA Technologies (USA). Details of the reverse and
forward primers are provided in Section S1.5 and Table S3. Qiagen
QuantiTect SYBR Green RT-qPCR Kit was used for gene expression.
Analysis and normalization of the NanoString raw data was conducted
using nSolver Analysis Software v2.5 (NanoString Technologies). RT-
gPCR Ct values were then normalized against the geometric mean of
housekeeping gene (ACTIN), and fold changes in expression were
calculated based on the AACt method.*

2.6. Data Analysis. The statistical analyses were performed using
GraphPad Prism (Version 9.2.0 for Windows, GraphPad Software, La
Jolla, CA, U.S., www.graphpad.com). Details of the statistical analysis
carried out, including principal component analysis (PCA), in the
study are provided in Sections S1.6—S1.11.

3. RESULTS AND DISCUSSION

3.1. Chemical Composition and PCA of Particulate 2-
MTSs and Its Aging Products. The relative abundances of
specific chemical constituents in the full aerosol mixture for the
four different aging times (0, S, 12, and 22 days of equivalent
‘OH exposures) are shown in Figure 1. The details of the

osr -
Unquantified
I NH, + InorgSO,
- 183
0.6 1 mmmis3
135
2-MTS

04} - | 211
o | 213

231
227
229
0.04fF 1 171

169
0.03F
0.02f
001} !

. 139
0Oday 5days 12days 22days

A\
\¥

A\
\

- 185

199

215

J | w55
2-MTS

Oxidation Products

Fraction of chemical species in Sample

=

Figure 1. Chemical composition of particulate 2-MTSs under
equivalent days of ambient ‘'OH exposure (0, S, 12, and 22 days).
HILIC/(—)ESI-HR-QTOFMS and IC analyses assessed the chemical
changes of particulate 2-MTSs with increased atmospheric chemical
aging. The numbers in the legend are the nominal m/z values for
monoisotopic deprotonated molecules characterized by HILIC/
(—)ESI-HR-QTOFMS. The fractional composition is calculated as
the ratio of each identified species (organic and inorganic) to total
particulate concentration (measured by SMPS, see Section S1.3).

chemical mechanisms underlying product formation from
heterogeneous 'OH oxidation of particulate 2-MTSs shown
in Figure 1 have been published elswehere*® and will not be
fully reiterated here. Briefly, heterogeneous ‘OH oxidation of
particulate 2-MTSs initiates a cascade of organic peroxy radical
(RO,) reactions in the condensed phase through functional-
ization and fragmentation.”” Fragmentation reactions result in
the off-gassing of volatile reaction products (e.g, acetic or
formic acids) and recycling of particulate Sulf;,oe and
functionalization reactions lead to formation of low-volatility
multifunctional OSs that remain in the particle phase. In this
study, we observed substantial compositional changes for the
dominant aerosol constituents, including 2-MTSs and Sulf;,..y,
over the course of heterogeneous 'OH oxidation, and we
observed OSs that have been previously reported from the
heterogeneous ‘OH oxidation of 2-MTSs. Oxidation products
were detected as deprotonated ions ([M — H] ™ ions) at mass-
to-charge ratios (m/z) 213 (CsH,0,87), 211 (CsH,0,57),
171 (C3H,04S57), 227 (CsH,04S7), 229 (CHyOgS™), 169
(C3H0487), 199 (C,H,0,S7), 155 (C,H;04587), 139
(C,H;0457), and 185 (C3H;O,S™) measured by HILIC/
(—=)ESI-HR-QTOFMS.”® Other [M — H]~ ions measured
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here included those at m/z 183 (C,H,04S™), 153
(C3H;0557), 135 (CsH,,0,7) and 197 (CsHyO4S™), which
were impurities in the 2-MTS standard present in the nonaged
particulate 2-MTS sample.

The full list of observed compounds is summarized in Table
S4. Their identities were supported by elemental compositions
determined from high-resolution mass fittings and extracted
ion chromatograms (EICs) derived from the HILIC/(—)ESI-
HR-QTOFMS method; the identified compounds exhibited
similar peak shapes and retention times to those previously
reported for laboratory-generated and ambient IEPOX-derived
SOA (Figure S2)."7*%*” The fraction labeled “Unquantified” in
Figure 1 refers to the residual mass when comparing the sum
of HILIC/(—)ESI-HR-QTOFMS and IC quantified tracers
with the total mass calculated based on the scanning mobility
particulate sizer (SMPS) data (Section S1.3). The residual
mass may result from insufficient recovery of some semivolatile
organic compounds in filter extraction/sample preparation
steps, uncertainties in HILIC/(—)ESI-HR-QTOFMS quanti-
fication due to the lack of authentic standards for some
compounds, possible changes in aerosol density during aging,**
or reaction products (e.g., nonsulfated organics) that are not
well suited to HILIC/(—)ESI-HR-QTOFMS detection.

3.2. IG5, Values of 2-MTS and Its Aging Products in
BEAS-2B Cells. The BEAS-2B cells were treated with nonaged
and heterogeneously aged 2-MT'S aerosol extracts at increasing
concentrations ranging from 0.01—4000 g mL™". The percent
cellular proliferation (Figure S3) was then calculated as a
function of blank filter-extract treated cells at 24 and 48 h post
exposure relative to the aerosol extracts aged for 0, S, 12, and
22 days.

Figure 2 shows the dose response curves at 24 h (Figure 2a)
and 48 h (Figure 2b) and the corresponding table of ICs,
values. The ICs, values estimated for 24 h exposures at 0, 5, 12,
and 22 days of heterogeneous ‘'OH oxidation of particulate 2-
MTSs were ~230, 49, 25, and 12 mg mL™}, respectively. At 48
h exposures to extracts from 0, 5, 12, and 22 days of aging, the
ICs, values were ~151, 44, 26, and S mg mL™}, respectively
(Figure 2b). At both exposure time points, the 1Cs, values
showed a decreasing trend in cells exposed to increasingly aged
particulate 2-MTSs, suggesting that ‘OH mediated aging causes
increased particulate toxicity (Figure S3).

In terms of the environmental relevance of the concen-
trations used, the heterogeneously aged 'OH oxidation
products were in the mg mL™! range. In contrast, ambient
atmospheric particulate MTS concentrations reported to date
range up to 2.3 ug m~> of 2-MTSs in regions that are heavily
impacted by atmospheric oxidation chemistry of isoprene in
the presence of anthropogenic-derived Sulfinorg.”’ 1,34,37,39
Thus, the exposure concentrations used in the lung cells are
higher than the environmentally relevant conditions. For the
sake of comparison, our previous studies with the a-pinene
SOA ozonolysis mixture exhibited ICy, values of 912 and 230
ug mL™' in BEAS-2B cells at 24 and 48 h exposures,
respectively.’’ Hence, particulate 2-MTSs and their heteroge-
neous ‘OH oxidation products appear to be less toxic to lung
cells than a-pinene-derived SOA particles. Nevertheless, it is
important to note that the genomic effects of the 2-MTSs and
their heterogeneous ‘OH oxidation products are evident even
at elevated exposure concentrations of 0.02 mg mL™" following
24 h exposures. Taken together, future studies should examine
the effects of chronic exposure to low-level concentrations of
particulate 2-MTSs. Chronic exposure to fine particulate 2-
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Figure 2. Dose—response inhibition curves of 0.01—4000 pug mL™"
atmospherically aged aerosol at (a) 24 and (b) 48 h in BEAS-2B cells.
Cellular inhibition values were calculated using the resazurin assay
relative to untreated-control BEAS-2B cells. The final ICy, in mg
mL™" were calculated from nonlinear, dose—response curves and
estimated using the slope from Hill’s equation.

MTSs and their heterogeneous 'OH oxidation products is
important to examine in order to understand the impact on
lung cell responses and potential downstream human health
effects.

The inverse relationship between the ICy, value and
atmospheric aging of 2-MTSs implies that the formation of
multifunctional OSs by aging mechanisms results in the
chemical structures that impair lung cellular growth. In our
previous study with a-pinene SOA, ozonolysis of a-pinene
created low-volatility particulate organic hydroperoxides that
exhibited increased ROS and adversely affected cellular
viability." Chowdhury et al.*' also reported that higher ROS
levels mediated cytotoxicity in aged versus fresh SOA samples.
In another study with naphthalene-derived secondary organic
aerosol (NSOA),* altered toxicological profiles were exhibited
in the BEAS-2B cells during atmospheric aging. We report a
similar decrease in the cell proliferation rate and ICj, values
with an increased atmospheric aging of particulate 2-MTSs by
heterogeneous ‘OH oxidation, thereby highlighting the need to
study the aerosol chemical aging processes in the atmosphere
to predict the long-term exposure responses.

3.3. Gene Expression Analysis after Exposure of
BEAS-2B Cells. BEAS-2B cells were exposed to extracts of
fresh and heterogeneously aged aerosol components for 24 h.
Gene expression (mRNA) analysis was carried out for 14 genes
involved in the antioxidant response, oxidative stress response,
glutathione-related signaling pathways, and inflammatory
pathways. The ROS-response associated genes have been
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Figure 3. Heat map representing differential gene expression through z-stacked clustering of samples by genes that were upregulated (green) or
downregulated (red) following treatment with heterogeneously ‘OH-oxidized particulate 2-MTSs at the four atmospherically relevant aging time
points shown. This map summarizes the results of three exposure concentrations of 0.02, 0.2, and 2 mg mL™" in BEAS-2B cells. The
atmospherically aged 2-MTS aerosol samples (5—22 days of aging) altered the gene expression differentially, implying the role of both increased
atmospheric aging and chemical composition as a driver of toxicogenomic changes in current study.

shown to be associated with lung-associated pathologies in
previous studies.”>*>>%°3°6°7

The changes in mRNA expression in comparison to a vehicle
control are clustered in a heat map to visualize the effect of
atmospheric chemical aging of particulate 2-MTSs (Figure 3).
The mean z-scores of the gene expression data are displayed,
where a positive score (green) represents increased gene
expression, while a negative score (red) represents decreased
gene expression. Our previous study identified altered
expression of 29 oxidative stress- and inflammation-associated
genes, enriched for their involvement in the NRF-2 pathway
following exposure to the full isoprene-derived SOA
mixture.””** The genes included in the present study were
from the antioxidant-response elements (ARE) cluster, driven
by the transcription factor NF-E2 p4S-related factor 2 (Nrf2)
and expressed by the NFE2L2." The expression of NFE2L2 is
negatively regulated by Kelch-like ECH-associated protein 1
(KEAPI), a repressor protein that promotes Nrf-2 degrada-
tion."* NRE-2 is a key transcription factor in the regulation of
the ARE-mediated activation of defensive genes, including
NQO-1, GST, and HMOX-1, as well as antioxidant enzymes,
cofactors, proteasomes, cytokines, chemokines, and drug
transporters;>" its expression is negatively regulated by
KEAP-1, once associated secondary genes are switched on.””

In this study, we observed downregulation of NE2FL2 at 0
days of aging (2-MTSs alone) for all the tested concentrations,
and upregulation with increased atmospheric aging (Figure 3).
0.02 mg mL™" concentration of S—12 days of aged particulate
2-MTSs resulted in an ~S5—10-fold increased expression
(Figure S4a). KEAP-1 expression at all concentrations and
atmospheric aging time was increased (Figure 3). Significant
changes in KEAP-1 gene expression upon exposure to various

atmospherically aged samples was observed; for example, ~5—
15-fold upregulation was observed at 0 days aging, while 5-days
aged 2-MTSs only resulted in a ~3-fold change in expression at
all the exposure concentrations studied (Figure S4b). We
noted that the expression levels of both KEAP-1 and NE2FL2
increased after exposure to aged particulate 2-MTSs. Given
their known inverse relationship to each other (i.e, KEAP-I
serves as a repressor of NRF2), this coexpression at the mRNA
level was due to a negative feedback loop that shuts down
NRF-2 as soon as oxidative stress is controlled.”” Since we
studied the mRNA-level activation of the ARE cluster,”® the
explanation for this discrepancy is likely at the post-
transcriptional level, warranting further studies with our
aerosol at the protein level.

The second gene cluster included in the study was from an
inflammatory pathway, which included the HMOX-1, IL-6, IL-8
and IL-10 genes. Heme oxygenase (HMOX-1) is a protective
factor, part of a cluster regulated by ARE-gene, and is
associated with anti-inflammatory, antioxidant, and antiproli-
ferative effects.’”>>>* The 2.0 mg mL™" concentration of aged
particulate 2-MTSs resulted in an increased (~20—80-fold)
expression of HMOX-1, while significant fold changes in the
gene expression were also observed at 0.2 mg mL™" exposure
concentration (Figure SSa). IL-6 and IL-8 are important pro-
inflammatory chemokines that play a role in the genesis and
persistence of atmospherically induced airway inflamma-
tion.”>>* IL-6 exhibited decreased expression at 0.2 and 2.0
mg mL ™! exposure concentrations at most aging time points
(Figure SSb). IL-8 was down-regulated at the 0.02 mg mL™
concentration for all aerosol aging points, while up-regulated at
the 0.2 and 2.0 mg mL™" exposure concentrations (Figure
SSc). IL-10 exhibited both concentration-dependent and
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atmospheric aging-mediated up-regulation in gene expression,
as evident in Figure 3 with ~20—60-fold increase at 22 days
aged aerosol exposure (Figure S5d). The expression of
HMOZX-1 in the current study is similar to a prior report on
cigarette smoke extract exposure, where the increased
expression of HMOX-1 peaked at 12 h, and returned to
baseline levels at 24 h.®> At higher concentrations, IL-10 and
HMOX-1 are upregulated, and IL-6 and IL-8 are down-
regulated; hence, the cellular response shifts from pro-
inflammatory to anti-inflammatory signaling.64 Since HMOX-
1 dysregulation has been reported in several lung pathologies,
including asthma® and COPD, the chronic exposure studies
can establish a role of aged particulate 2-MTSs in inflammation
induced adverse lung effects.

Four genes from the glutathione (GSH) detoxification
pathway were included, namely, GCLC, GCLM, GSH, and
GST. The GSH pathway encodes for the phase II
detoxification enzymes including GSH, an important anti-
oxidant protein, involved in the removal of peroxides and
xenobiotic electrophiles (Figure 4).”> The aged particulate 2-
MTSs exhibited differential expression when compared to the
exposure of nonaged 2-MTSs (Figure 3). GCLM expression
exhibited up-regulation at all concentrations and exposure
conditions (Figures 3 and S6¢c). GCLC expression exhibited
up-regulation (~2—6-fold) after exposure to 0.2 and 2.0 mg
mL™" of all four exposure types (Figure S6d). GSR was
downregulated when exposed to the nonaged 2-MTSs, while at
2.0 mg mL™" concentration, a ~2—5-fold increase in GSR
expression was noted when exposed to 5, 12, and 22 days of
aged aerosol (Figure S6b). Our results imply conversion of
GSSG into GSH as both GCLC and GCLM expression were
upregulated at high exposure concentrations.””*’ GST was
upregulated with 0.02 and 0.2 mg mL™" exposure concen-
trations following exposure to all three aged 2-MTS aerosol.
GSH mitigates ROS response and regulates pulmonary

inflammation, and as observed in previous in vitro

studies, GCLM up-regulation is observed from diesel
exhaust-particulate and cigarette smoke exposures as well as
inducing lung inflammation.’”®® Similarly, GCLM and GCLC
overexpression observed in our study implies GSH accumu-
lation following exposure*

Exposure to the PM, contributes to ROS production,
cellular death, and hyperoxia.61 Hence, four antioxidant
enzymes encoding genes were included in the study, namely,
NQO-1, CAT, SOD-1, and SOD-2. First, the NQO-1 and CAT
genes exhibited a concentration-dependent fold change in
expression that differed between the exposure types (0—22
days). When exposed to the 2.0 mg mL ™" concentration of all
exposure types (0, S, 12, and 22 days), NQO-1 displayed
increased expression (~3-fold) while CAT was downregulated
(~2 fold) (Figures 3, S7ab). One of the first enzymes
contributing to cellular ROS buildup is nicotinamide adenine
dinucleotide phosphate (NADPH) dehydrogenase that
produces ‘O,”."" NQO-I, the gene encoding for this enzyme,
was slightly altered in the current study, along with the CAT
gene, which encodes for catalase enzyme. NQO-1 expression
was upregulated following exposure to the 2.0 mg mL™'
concentration of aged 2-MTSs (Figure 3). A previous COPD
study on smokers revealed that catalase was downregulated in
bronchiolar epithelial cells, as can be observed in our study as
well by our measurement of CAT.*"">

The anti-ROS response includes superoxide dismutase
(SOD) enzyme synthesis, which is involved in the metabolism
of superoxide anions. SOD-1 is cytoplasmic while SOD-2 is
exclusive to mitochondrial spaces.”” SOD-1 was upregulated
(~2—30-fold) when exposed to S- and 22-days equivalent aged
aerosol (Figures 3, S7c) and downregulated (~1—8-fold) when
exposed to 0- and 12-day aged aerosol (Figure S7c). SOD-2
was downregulated (~3-fold) following exposure to all 2-
MTSs (Figure S7d). The downregulation of SOD-2 suggests
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superoxide depletion within 24 h of exposure of particulate 2-
MTSs, and as observed in previous studies, decreased synthesis
of SOD enzymes occurs through negative feedback mecha-
nism.”” Our results highlight the altered expression of anti-
ROS enzyme-encoding genes within 24 h of exposure, which
was significantly altered by the exposure type and concen-
tration.

3.4. Multiple Linear Regression (MLR) Model for
Altered Gene Expression. PCA was carried out on four
different heterogeneously aged particulate 2-MTS samples
(Table S1) to reduce the dimension of the variables. We then
performed MLR modeling to understand which of the 14-
studied genes exhibited altered expression due to atmospheric
aging of particulate 2-MTS.

The biplot of PCA in Figure S8a explains the variance based
on the degree of atmospheric aging of samples (along the x-
axis, PC1) and the variance based on the chemical composition
differences (along the y-axis, PC2). As shown in Figure S8b,
three PC components explained the total variance of 82.37%
for PC1 and 12.72% for PC2. Since the values for PC1 could
explain the variance greater than 80% (Table S5), we only
included PC1 in our current analysis. The MLR model was
used to determine the dependence of PC1 on driving changes
in the gene expression. As shown in the biplot in Figure S8a,
PC1 showed a positive correlation value for 16 of the 18
variance values studied (i.e, [M — H] ions at the m/z values
measured by HILIC/ESI-HR-QTOFMS), while a negative
correlation with 2 variance values (i.e., [M — H]™ ions at m/z
183 and 218, with the latter associated with the 2-MTSs). The
2-MTSs and m/z 183 (main impurity, 10%) were the
dominant precursors in the nonaged sample (0 days aging of
2-MTSs),”® while the remaining chemical components (m/z
values) increased due to the heterogeneous ‘OH oxidation of
the nonaged samples. Hence, PC1 explains the variance
resulting from the aging and helped reduce the chemical
components into aged and nonaged chemical products alone.
This enabled us to exclude other factors, such as structural or
chemical composition dependence, on gene expression. Table
S6 summarizes the PC1 scores generated that were analyzed
with the gene expression values during MLR analysis.

Table S7 summarizes the results from the MLR modeling,
where f, (p-value <0.05) represents the gene expression levels
following exposure to nonaged components of particulate 2-
MTSs (e, m/z 183 and 215). Similarly, 5, (p-value <0.0S5)
shows how exposure to m/z values corresponding to the
heterogeneous ‘OH oxidation products of particulate 2-MTSs
(as well as NH,* + SO,*”) drove the differential gene
expression in the cells. As observed from the results
summarized in Table S7, exposure to different concentrations
of the four exposure types changed the dependence of gene
expression (marked with an asterisk) to PC1. At the 0.02 mg
mL™" exposure concentration, GCLM exhibited /3, with p-value
of 0.043, while IL-10 exhibited 3, with p-value of 0.045. At the
0.2 mg mL™" exposure concentration, CAT (f, with a p-value
of 0.019 and f, with a p-value of 0.044), SOD-2 (3, with a p-
value of 0.028), GCLC (3, with a p-value of 0.022), and IL-10
(B, with a p-value of 0.049 and 5, with a p-value of 0.052)
genes exhibited a significant dependence on atmospheric aging.
Similarly, at the 2.0 mg mL ™" exposure concentration, NQO-1
(B, with p-value of 0.023), CAT (3, with p-value of 0.003),
SOD-2 (3, with p-value of 0.002), GCLC (3, with p-value of
0.0018), GCLM (f3, with p-value of 0.001 and S, with p-value

of 0.015), and IL-6 (0 with p-value of 0.029) showed
dependence on 2-MTSs aging.

MLR results confirm the concentration-dependent effect of
aged particulate 2-MTSs on the following genes: NQO-1, CAT,
GCLC, GCLM, IL-6, IL-10, and SOD-2. Our results show that
only 7 of the genes included in the study were differentially
regulated when exposed to the increasingly aged particulate 2-
MTSs. Note that the heat-map data in Figure 3 shows that
exposure to increasingly aged 2-MTSs caused significant
changes in the gene expression (NFE2L2, KEAP-1, GCLM,
GCLC, SOD-1, SOD-2, IL-6, and IL-10). Our MLR model was
able to predict the dependence on atmospheric aging (ie.,
decreased 2-MTSs) in only a few of the genes. The gene
pathways included in our study are summarized in Figure 4. As
noticed through MLR model, onlgy the genes that regulate the
phase II detoxification enzymes*~** showed dependence on
increased atmospheric aging of the 2MTSs. As explained in the
Figure 4, these genes requlate proteins/enzymes involved in
cell survival, ROS response, and one gene from anti-
inflammatory response (IL-10).

In our previous studies,””*”* we reported that the exposure
to the full isoprene-derived SOA mixture resulted in altered
gene expression within the NRF-2 and oxidative stress
pathways (summarized and compared in Table S8). The
result from the current study expands on this by including the
effect of atmospheric chemical aging on gene expression with
corresponding chemical analysis. In a study with gasoline-
derived PM, 5, the effect of various gasoline components on
altering gene expression within BEAS-2B cells was revealed
through multivariate PCA.%” This prior study showed that the
aromatic component in the fuel altered gene expression, and
hence, the toxicological responses were attributed to a specific
chemical type within the exposed PM,s mixture, while our
results link both atmospheric aging and composition as a driver
of differential gene expression. Similarly, in a study by Han et
al,* NSOA exposed in BEAS-2B cells revealed the effect of
carbonyl components as a driver of post-translational
toxicology following atmospheric chemical aging. Our study
demonstrates that heterogeneous ‘OH oxidation of 2-MTSs,
leads to gene expression changes within BEAS-2B cells. The
GSH detoxification pathway®' and anti-inflammatory response
genes™ exhibited significant dependence on aging of
particulate 2-MTS. Notably, the expression levels of NQO-1,
SOD-2 and CAT resulting from exposure to freshly generated
2-MTS particles suggests ROS-induced response within treated
cells.

4. CONCLUSIONS

The most significant change in the chemical composition
resulting from the ‘OH oxidation of 2-MTSs is the dramatic
decrease in the 2-MTS mass fraction from ~80 to ~50% from
0 to 22 days and increased multifunctional OSs formation with
the increased atmospheric aging. The yield of low-volatility
multifuctional OSs from 2-MTSs was only up to 4% aerosol
mass fraction in the 22 days aged samples. However,
contributions of the OSs and nonsulfated particle-phase
products could be higher owing to the fact that 25% of the
aerosol mass reamined unquantified at the molecular level. OSs
may be included in this unassigned mass, but this remains
uncertain since we lacked authentic standards to quantify the
OS products resulting from aging particulate 2-MTSs by
HILIC/(—)ESI-HR-QTOFMS; this highlights the need for
continued synthesis of critical chemical constituents within

https://doi.org/10.1021/acs.chemrestox.3c00278
Chem. Res. Toxicol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.3c00278/suppl_file/tx3c00278_si_001.pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.3c00278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Research in Toxicology

pubs.acs.org/crt

PM, 5. Previous atmospheric measurements find much higher
particulate mass contributions from these multifunctional OSs
products in PM, 5 than the most aged samples genereated in
this work, e%pecially in urban areas impacted by isoprene
emissions.”*’" For example, OSs at m/z 211 (CsH,0,S™) and
213 (C4HyO,S™) are the second and third most abundant OSs,
respectively, following 2-MTSs, and their sum contributing
~2% of total particulate OC mass in PM, 5 samples collected
from Atlanta, GA US. in summer.”* This likely means
particulate 2-MTSs can become more aged or accumulate
during atmospherically relevant lifetimes (from 2 to 3 weeks)
of PM, 5 in urban areas due to their low volatilities.” The most
aged sample that was attainable under our experimental setup
(2.85 x 10" molecules cm™ s 'OH exposure) only
corresponds to 3—8 equiv aging days in an urban setting
with a gas-phase ‘'OH concentration of 4 X 10°—1.1 X 10’
molecules cm™.”” Since it is challenging to generate more aged
aerosol samples with our current experimental setup, synthesiz-
ing the multifunctional low-volatility OSs products we
identified in this study will help to elucidate their individual
toxicities in a mixture that is representative of their chemical
composition in atmospheric PM, ;.

Furthermore, atmospheric aging of particulate 2-MTSs was
shown to modulate the expression of genes within pathways
under the control of KEAP-1/NRF-2 and inflammatory cluster.
The gene expression changes that were observed in relation to
nonaged 2-MTS particles included ROS enzymes and genes
involved in inflammatory response cascades. The altered
expression of enzyme-encoding ROS-responsive genes in the
exposed cells indicates increased antioxidant and cellular
survival responses. The GSH pathway also exhibited gene
upregulation with increased 2-MTSs aging. There is also
evidence of gene expression shifts from pro-inflammatory to
anti-inflammatory signaling, thereby we conclude heteroge-
neous 'OH oxidation of 2-MTSs drives the ICs, and gene
expression in the exposed BEAS-2B cells. When comparing the
ICs, values from this study with our prior data using BEAS-2B
cell lines,*””* we found that particulate 2-MTSs and their aged
particulate products exhibited higher IC;, values. Particulate
nitrophenols were recently shown by our group to be the most
toxic in BEAS-2B cells,”® followed by a-pinene SOA and then
2-MTSs and its aged particluate products examined in the
current study. Future studies using isoprene-SOA should focus
on exposure effects at the translational level, as protein changes
could be different from mRNA-level changes.”” Finally, as
acute studies carried out in the current study may not elucidate
chronic exposure effects of chemically aged particulate 2-
MTSs,”* future research should include in vivo models as these
can help better predict the systematic inflammation or
irritation in the respiratory system.
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