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Abstract

Dimethyl selenide (DMSe) is one of the major volatile organoselenium compounds released from 

aquatic and terrestrial environments through microbial transformation and plant metabolism. The 

detailed processes of DMSe leading to secondary organic aerosol (SOA) formation and the 

pulmonary health effects induced by inhalation of DMSe-derived SOA remain largely unknown. In 

this study, we characterized the chemical composition and formation yields of SOA produced from 

the oxidation of DMSe with OH radicals and O3 in controlled chamber experiments. Further, we 

profiled the transcriptome-wide gene expression changes in human airway epithelial cells 

(BEAS-2B) after exposure to DMSe-derived SOA. Our analyses indicated a significantly higher 

SOA yield resulting from the OH-initiated oxidation of DMSe. The oxidative potential of DMSe-

derived SOA, as measured by the dithiothreitol (DTT) assay, suggested the presence of oxidizing 

moieties in DMSe-derived SOA at levels higher than typical ambient aerosols. Utilizing RNA 

sequencing (RNA-Seq) techniques, gene expression profiling followed by pathway enrichment 
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analysis revealed several major biological pathways perturbed by DMSe-derived SOA, including 

elevated genotoxicity, DNA damage, and p53-mediated stress responses, as well as downregulated 

cholesterol biosynthesis, glycolysis, and interleukin IL-4/IL-13 signaling. This study highlights the 

significance of DMSe-derived SOA as a stressor in human airway epithelial cells.

Graphical Abstract

1. INTRODUCTION

Selenium (Se) is a trace element existing in natural environments and also a micronutrient 

essential for human health.1,2 The oxidation states of Se are critical to determining its 

solubility, mobility, bioavailability, and toxicity.3 The average Se concentration in soils is 

~0.4 mg kg−1, with elevated levels of up to 5000 mg kg−1 in certain regions including the 

United States, Canada, China, Japan, Venezuela, and India.1 The occurrence of Se in these 

regions depends upon the type of soil, extent of soil erosion, organic matter, and rainfall. In 

addition, the elevated Se levels can be associated with the overuse of Se-containing 

fertilizers.1,3 Atmospheric deposition and soil drainage make Se available in water bodies.1,2 

In underground water, Se concentrations increase due to the use of Se-containing fertilizers 

in agricultural lands.3 Oxyanions of Se4+ and Se6+ along with a number of selenides (Se2−) 

are predominately present in aquatic environments.4 A significant transitory reservoir for Se 

element is the air.4,5 Microbial transformation in both terrestrial and aquatic systems 

contributes to the volatilization of Se and its release into the atmosphere in methylated 

forms, such as dimethyl selenide (DMSe), dimethyl diselenide (DMDSe), methaneselenol, 

or the inorganic selenium dioxide (SeO2). The presence of volatile DMSe has been reported 

in bottled water at concentration ranges of 4–20 ng L−1.6 Plants metabolically release Se 

into the atmosphere in the form of hydrogen selenide and selenates, as well as methylated Se 

and selenites.1,4 As Se is chemically similar to sulfur, the sulfate transporters in the plant’s 

roots facilitate the Se transport and distribution.1,4,7 Atmospheric input of Se is largely 

influenced by natural emissions from aquatic and terrestrial environments (including 

volcanic eruptions) and also anthropogenic emissions from industrial processes.4,8,9
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In the human body, Se plays an important role in regulating oxidative stress and the immune 

system.1 It also acts as the catalytic center of several seleno-proteins, including glutathione 

peroxidase and thioredoxin reductase.10 Deficiencies of Se in the human diet can cause 

thyroid dysfunction, growth retardation, and impaired bone metabolism.11 On the other 

hand, selenosis (i.e., the condition of Se toxicity) can lead to pulmonary edema, garlic 

breath, gastrointestinal disorders, neurological damage, hair loss, and sloughing of nails.1 Se 

has a relatively narrow range for optimal human consumption, with toxic levels reported at 

>400 μg day−1 and dietary deficiency at <40 μg day−1.3 It has been reported that the 

methylated forms of Se (e.g., DMSe) are less toxic than the inorganic Se species.12 

However, with the doses of 0.05 and 0.1 mg Se kg−1 of body weight, DMSe intratracheal 

instillation in mice has been reported to cause lung injury and inflammation.13 Inhalation of 

DMSe can also result in damage to centrilobular liver cells and acute tubular injury of the 

kidney.13

The chemical fate and transport of Se in natural environments and its interactions with plants 

have been widely studied.4,7 Atmospheric lifetimes of DMSe against oxidation by ozone 

(O3), hydroxyl radical (OH), and nitrate radical (NO3) have been reported, ranging from 

minutes to hours at typical respective oxidant concentrations.14 However, limited details for 

gas-phase products of DMSe oxidation are available. Dimethyl selenoxide [(CH3)2SeO] has 

been identified as the major gaseous product in O3 oxidation of DMSe, while both OH and 

NO3 radical oxidations of DMSe are thought to predominantly proceed by breaking the Se–

C bond, leading to the formation of formaldehyde.15 Although not directly identified, the 

formation of methaneseleninic acid [CH3Se-(O)OH] and dimethyl selenoxide as 

intermediates and precursors of nitrate salts is also expected from its OH and NO3 

oxidations. As a structural analogue of DMSe, dimethyl sulfide (DMS) has been reported as 

a major precursor leading to secondary aerosol formation in marine atmospheric 

environments.16 To date, the potential of DMSe to produce inhalable secondary organic 

aerosol (SOA) through atmospheric oxidation has not been investigated. SOA represents a 

highly complex and reactive mixture of oxidized species. The dynamic nature of SOA makes 

the characterization of its health impacts challenging. Given the wide range of emission 

sources of DMSe, we hypothesized that DMSe may be a ubiquitous precursor leading to 

SOA formation, thereby increasing the toxicity of ambient aerosols due to the redox-active 

properties of Se-containing components.

In this study, we characterized the chemical properties of SOA generated from OH and O3 

oxidations of DMSe in the presence of nitric oxides (NOx) in controlled chamber 

experiments and assessed the transcriptome-wide gene expression changes in human airway 

epithelial cells (BEAS-2B) exposed to DMSe-derived SOA. Gene expression profiling was 

carried out using RNA sequencing (RNA-Seq) followed by pathway enrichment analyses to 

identify perturbed biological pathways to provide a mechanistic understanding of DMSe-

derived SOA-induced health effects.
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2. MATERIALS AND METHODS

2.1. Chamber Experiments.

DMSe oxidation experiments were carried out in a ~1.3 m3 fluorinated ethylene propylene 

(FEP) Teflon environmental chamber, filled with zero air (ZA). In the OH oxidation 

experiment, nitrous acid (HONO) vapors generated by the dropwise addition of sodium 

nitrite to sulfuric acid were first introduced in the chamber, followed by flowing NO to 

achieve ~170–300 ppbv of NO by the start of irradiation. DMSe was injected into the 

chamber by flowing ZA over ~1.2 μL of DMSe in a glass bulb, to achieve a mixing ratio of 

~300 ppbv in the chamber. After allowing the content of the bag to mix for 10 min, black 

lights (peak radiation intensity at ~350 nm) surrounding the chamber were turned on to 

initiate photooxidation. Based on previous characterization experiments of octane oxidation, 

the expected OH concentration in the chamber is at least 3 × 107 molecules cm−3.17 In the 

O3 oxidation experiment, O3 was first introduced in the chamber by flowing ZA through a λ 
= 185 nm lamp source (UVP Ltd.). After reaching ~250 ppbv of O3 in the chamber, O3 

injection was stopped, and vapors of DMSe (1.2 μL) were injected into the bag. Once O3 

mixing ratio decreased to 50 ppbv, additional O3 was injected to the bag in a similar manner 

to maintain a mixing ration of ~50–150 ppbv. During the O3 oxidation experiment, 

background NOx in the chamber before the reaction was less than 2 ppbv. Relative humidity 

in the chamber was low (<25%) in both experiments. A summary of the experimental 

conditions is provided in Table S1.

During the experiments, gas-phase mixing ratios of O3 and NOx were monitored by a UV 

photometric ozone analyzer (Thermo, model 49i) and a chemiluminescence analyzer 

(Thermo, model 42i), respectively. Aerosol size distributions were measured by a scanning 

electrical mobility spectrometer (SEMS, Brechtel Manufacturing Inc.), while aerosol 

composition was measured by a mini aerosol mass spectrometer (mAMS) with a compact 

time-of-flight mass spectrometer detector (Aerodyne Research, Inc.). DMSe-derived SOA 

mass concentrations were determined by standard analysis of the unit-mass resolution 

spectra of mAMS (using SQUIRREL ToF-AMS Analysis Toolkit, version 1.61), as well as 

size distribution measurements by SEMS.18,19 DMSe-derived SOA densities used in SEMS 

mass calculations were determined by comparing vacuum aerodynamic-based mass 

distributions from the mAMS with mobility-based volume distributions of the SEMS.20 

Given the performance of mAMS during the experiments (mass spectrometer resolution of 

~1100 and mass accuracy of better than 1.2 ppm at m/z 40 and better than 3 ppm at m/z 
184), multipeak fitting routines written for high-resolution analysis of mAMS spectra were 

applied to m/z < 113 amu (using PIKA ToF-AMS Analysis Toolkit, version 1.21) to gain 

more detailed insights into the composition of DMSe-derived SOA.21 It is worth noting that 

>97% of the detected aerosol mass in both experiments was at m/z < 113 amu. The high-

resolution ion list of PIKA was adjusted to include Se-containing fragments (and their 

corresponding isotopic fragments) in the fitting routine.

2.2. Aerosol Sample Collection and Extraction.

At the end of each experiment, DMSe-derived SOA samples were collected onto 47 mm 

Teflon membrane filters and stored at −20 °C for 2 weeks until extraction. Filters were 
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extracted with 23 mL of high-purity methanol [high-performance liquid chromatography 

(HPLC) grade, Fisher Scientific], followed by 50 min of sonication. After sonication, the 

extracted solution was transferred to a clean vial, and the methanol solvent was dried off 

under a gentle stream of nitrogen gas. Then, the extracted DMSe-derived SOA constituents 

were stored at −20 °C (typically for a day) until further analysis.

2.3. Dithiothreitol (DTT) Assay.

DTT assays were conducted to measure the oxidative potential (i.e., thiol reactivity) of 

DMSe-derived SOA products from both O3 and OH oxidation experiments. The DTT assay 

procedures were carried out based on those published by Kramer et al.22 Briefly, an aqueous 

buffer solution was made with potassium phosphate monobasic/sodium hydroxide (0.05 M, 

pH 7.4) and 1 mM ethylenediaminetetraacetic acid (EDTA). The reaction mixtures (n = 3) 

containing 1 μg of DMSe-derived SOA extracts and 2.5 nmol of DTT were incubated at 37 

°C for 30 min; then, the remaining DTT was quenched with 10 nmol of 5,5′-dithiobis-(2-

nitrobenzoic acid) (DTNB) to make the final volume of 135 μL. The reaction between 

DTNB and DTT produced 5-thio-2-nitrobenzoic acid (TNB) that can be measured by its 

absorbance at 412 nm using a UV–vis spectrophotometer (Beckman DU-640). The DTT 

consumption rate (expressed as nmol DTT consumed per min per μg of sample) was 

quantified in comparison with blank filter samples. To examine the potential for sample 

degradation during storage, filter samples from O3 and OH oxidation experiments were also 

analyzed immediately after collection.

2.4. Cell Culture and Exposure.

BEAS-2B cells, obtained from the American Type Culture Collection (ATCC), were 

originally derived from the normal bronchial epithelium of a healthy individual. Cells were 

transformed by infection with a replication-defective SV40/adenovirus 12 hybrid and cloned 

to create an immortalized cell line.23 Cells were cultured in commercially purchased Gibco 

LHC-9 medium (1×) (Invitrogen) and grown at 37 °C and 5% CO2 in a humidified 

incubator. Cells were seeded in 24-well plates at a density of 2.5 × 104 cells per well in 250 

μL of LHC-9 medium for 2 days prior to exposure. At the time of exposure, cells reached a 

60–70% confluence. Dried DMSe-derived SOA extracts were reconstituted with the LHC-9 

medium. Cells were washed with phosphate-buffered saline (PBS) and then exposed to 

DMSe-derived SOA extracts from the O3 and OH oxidation experiments at the concentration 

of 10 μg mL−1 for 24 h. Cells exposed to extracts of blank filters were included as negative 

controls.

2.5. RNA Isolation and Sequencing.

After 24 h of exposure, cells were lysed with 350 μL of TRI reagent (Zymo Research) for 

total RNA isolation. Isolated RNA samples were further purified using the spin column-

based Direct-zol RNA MiniPrep kit (Zymo Research). Extracted RNA samples were stored 

at −80 °C until processing. Nanodrop ND-1000 spectrophotometer (Thermo Fisher 

Scientific, Wilmington, DE) and Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA) were 

used to measure the RNA quality and concentrations. The 260/280 nm absorbance ratios of 

all samples were determined to be >1.8. The RNA integrity number (RIN) scores from 

Bioanalyzer were >7. Following the manufacturer’s recommendations, RNA-Seq libraries 
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were prepared using the NEBNext ultra II Directional RNA Library Prep Kit for Illumina 

NextSeq. 500 high output 75bp single end analysis. RNA-Seq was performed at the 

University of California, Riverside-Institute for Integrative Genome Biology (IIGB). The 

read data were deposited in the sequence read archive (SRA) BioSample database (SRA 

accession number: PRJNA539990).

2.6. RNA-Seq Data Analysis.

After sequencing, FastQC (version 0.11.7)24 was used for read quality assessment. 

Trimming was obtained using Trimmomatic (version 0.35).25 Bases before positions 13 and 

after 72 were cropped with CROP:72 and HEADCROP:13 parameters. Reads that are at 

least 50 bases long were kept using MINLEN:50. Then, raw reads were aligned to the 

human genome version hg19 with HISAT2 (version 2.1.0).26 The aligned files were 

converted to bam files, sorted, and indexed with samtools (version 1.9).27 Subread (version 

1.6.2) tool was used for counting reads of the UCSC Genome Browser annotated coding 

sequence (CDS) using the featureCounts commands.28 Normalization and differential gene 

expression analysis were carried out using three different packages, including DESeq. 2 

(version 1.18.1), edgeR (version 3.20.9), and Limma package (version 3.34.9) in R (version 

3.4.4).29–31 The combination of multiple data processing tools that use different models and 

normalization methods to identify differentially expressed genes (DEGs) improves the 

sensitivity of DEG identification and provides more reliable and robust results than the 

individual solutions.32,33

Cutoffs used for DEGs between treated and untreated samples were identified and 

considered significant if the p value was ≤0.01, false discovery rate (FDR) value was ≤0.01, 

and the absolute Log2 fold change (Log2 FC) was ≥1. The workflow for RNA-Seq data 

analysis is provided in Figure S1. The Log2 FC values of selected genes are provided in 

Figures S2 and S3.

2.7. Pathway Enrichment Analysis.

For significantly altered genes, pathway enrichment analyses were performed to identify 

perturbed biological pathways from target gene sets using the ConsensusPathDB database.34 

To interpret the function of altered genes, over-representation analyses were carried out. 

Based on the hypergeometric distribution, the significance level of observed overlap between 

the members of predefined pathways and the input DEGs was calculated. Criteria of (1) a 

minimum overlap of two genes between the input list and pathways, and (2) a p value cutoff 

of 0.01 were set.35 ClueGO (a Cytoscape app, version 2.5.4) was used for visualization of 

enriched pathways.36

3. RESULTS

3.1. Aerosol Production and Composition.

Both OH and O3 oxidation experiments resulted in DMSe-derived SOA formation. Despite 

the intense nucleation during the O3 experiments (e.g., Figure 1a), the total mass of DMSe-

derived SOA formed from the O3 oxidation (10–20 μg m−3) was significantly lower than in 
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the OH experiments (250–300 μg m−3) at similar oxidation times and with similar amounts 

of DMSe injected (e.g., Figure 1b).

Although the chamber concentration of DMSe was not monitored during the experiments, 

given the differences in DMSe oxidation rate constants with OH (6.8 × 10−11 cm3 molecule
−1 s−1)14 and O3 (6.8 × 10−17 cm3 molecule−1 s−1)14 and representative oxidant 

concentrations during the experiments ([OH]average = 3 × 107 molecule cm−3 and [O3]average 

= 75–100 ppbv), we expect to have reacted only ~50–60% (~160–180 ppbv) of DMSe with 

O3 after 80–100 min (assuming the secondary production of OH was negligible), while a 

negligible fraction should have remained during the same time in the OH oxidation 

experiment. Further discussion on DMSe’s potential to form SOA is provided in Section 4.1. 

As shown in Figure 1b, in both experiments, estimated mass concentrations using mAMS 

unit-mass resolution spectra, along with the standard relative ionization efficiency of 

organics (RIEorg = 1.4) and unity collection efficiency, agreed well with the total mass 

concentrations estimated from the measured size distributions and inferred SOA densities.

High-resolution analysis of mAMS spectra with the modified HR-ion list suggests that on 

average ~52–54% of the observed mass concentration in the range of m/z < 113 was from 

fragments containing Se, while ~18–22% of the mass stemmed from organic fragments 

lacking Se in their structures (Figure 2a). The contribution of the Se-containing ions was 

similar between the O3 and OH oxidation experiments (Figure 2b), suggesting that the 

composition of DMSe-derived SOA is relatively similar for both pathways.

In both experiments, ~20–25% of aerosol mass was from nitrate (Figure 2a); however, given 

the different NO+/NO2
+ ratios, different compounds likely contribute to the nitrate 

concentrations in the OH and O3 oxidation experiments (Figure S4). During the first ~40 

min after the start of the reaction, there is evidence for the formation of organonitrates in 

both systems, given the higher ratio of NO+/NO2
+ relative to that of ammonium nitrate. 

However, during the OH experiment, the ratio decreased to values lower than that of 

ammonium nitrate after ~60 min, while in the O3 experiment, the ratio approached 

ammonium nitrate calibrations (Figure S4). These observations suggest the formation of 

nitrated salts or nitro-organics in the OH experiment and the formation of nitric acid in the 

O3 experiment.

3.2. Aerosol Oxidative Potential.

The oxidative potential of aerosol is expressed as DTT consumption rate normalized to the 

particulate matter (PM) mass (pmol min−1 μg−1). Both aerosol samples collected from OH 

and O3 oxidation experiments have similar DTT consumption rates of ~77 pmol min−1 μg−1, 

suggesting the presence of common oxidizing moieties in both aerosol systems. Note that 

the reactive components in DMSe-derived SOA did not seem to decay rapidly under the 

given storage duration and conditions as evidenced in the similarity of DTT activity between 

stored and freshly analyzed filter samples (Figure S5). The DTT assay has been widely used 

as an indicator for total particle-bound oxidants in aerosol constituents.37 In comparison 

with other sources of PM, DMSe-derived SOA have DTT consumption rates higher than 

ambient PM (10–70 pmol min−1 μg−1),38 SOA from isoprene, toluene, and α-pinene (2.1–

57.5 pmol min−1 μg−1),22,39,40 and diesel exhaust particles (1–61 pmol min−1 μg−1).41 The 
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DTT consumption rates of DMSe-derived SOA are comparable to cooking OA (90 ± 51 

pmol min−1 per PM), but less than biomass burning OA (151 ± 20 pmol min−1 μg−1)38 and 

naphthalene SOA (153.4 ± 49.2 pmol min−1 μg−1) that potentially constitute redox-active 

quinones.38

3.3. Differential Gene Expression from RNA-Seq Data.

RNA-Seq was performed to detect differential gene expression in BEAS-2B cells exposed to 

DMSe-derived SOA (from both OH and O3 oxidation experiments) versus the control 

groups that were exposed to the blank filter extracts. The lactate dehydrogenase (LDH) 

assay analysis of the cellular samples indicated no significant cell death after 24 h of 

exposure; therefore, RNA-seq results represent the true transcriptional change of the live 

cells (Figure S6). From RNA-Seq quality analysis, the quality metrics indicated base 

composition bias before 13 and after 72 bp positions, which could be due to the unbalanced 

selection of random primers. Therefore, those base positions were cropped prior to 

alignment. On average, we obtained 24.8 million mapped reads, with a mapping rate of 

90.81% (Table S2). From 23 393 UCSC annotated human CDS, we retained ~55% of genes 

for subsequent analyses with transcriptional signal fragments per million (fpm) ≥1 in 

DESeq. 2. This percentage was the same when using counts per million (cpm) ≥1 as a 

threshold in edgeR and limma.

With the sorting criteria of Log2 FC |±1|, p value = 0.01, false discovery rate (FDR)-adjusted 

p value = 0.01, DESeq. 2, edgeR, and Limma resulted in 2619 and 2616, 2605 and 2687, 

and 1229 and 1258 DEGs for O3 and OH, respectively. The three sets of DEGs obtained 

from DESeq. 2, edgeR, and limma were intersected to identify common DEGs. As shown in 

the intersections of Venn diagrams in Figure 3, we identified 1196 common DEGs from 

exposure to O3 oxidation products (862 upregulated and 334 downregulated) and 1232 

common DEGs from exposure to OH oxidation products (875 upregulated and 357 

downregulated) for the downstream pathway enrichment analysis.

3.4. Perturbed Biological Pathways.

Significantly altered biological pathways were identified using the Consensus-PathDB 

database (Tables S3 and S4). The input of DEGs was categorized into six groups based on 

up- and downregulation of genes: (1) upregulated by both O3 and OH oxidation products, (2) 

upregulated by O3 only, (3) upregulated by OH only, (4) downregulated by both O3 and OH 

oxidation products, (5) downregulated by O3 only, and (6) downregulated by OH only 

(Figure S7). Figure 4 shows the major biological pathways enriched for upregulated and 

downregulated DEGs by both O3 and OH oxidation products.

Top pathways that are enriched by upregulated common DEGs from both O3 and OH 

oxidation products include genotoxicity, p53 signaling, and mitogen-activated protein kinase 

(MAPK) signaling (Table S3). On the other hand, downregulated common DEGs by both O3 

and OH oxidation products enriched pathways mostly associated with the metabolic 

regulation of glucose, as well as the interleukins IL-4 and IL-13 signaling that are related to 

the pathogenesis of allergic airway disorders (Table S4).
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4. DISCUSSION

4.1. DMSe-Derived SOA Yields.

Both OH and O3 oxidations of DMSe resulted in the formation and growth of DMSe-derived 

SOA. Considering the estimated amounts of reacted DMSe in each experiment, our results 

suggest DMSe-derived SOA formation yields of ~23 and ~2% in the OH and O3 oxidation 

experiments, respectively (Table S1). The significantly lower yields in O3 oxidation 

experiments suggest the formation of relatively more volatile products under these 

conditions. These SOA formation yields are in the same range as the yields observed in a 

nonseeded chamber or flow tube photooxidation experiments of other naturally emitted 

hydro-carbons, such as isoprene and α-pinene.42–44 Further discussion on the potential 

abundance of atmospheric DMSe oxidation products is presented in Section 4.7. Note that 

these SOA yields are likely underestimated since vapor and particle losses to the chamber 

walls were not corrected for, and the observed nitrate components were not considered as 

DMSe-derived SOA. Despite the much lower formation yield in the O3 oxidation 

experiment, bulk DMSe-derived SOA composition was very similar to that in the OH 

oxidation experiment, which could potentially explain similar values of aerosol oxidative 

potential measured for DMSe-derived SOA in the two systems.

4.2. PM Oxidative Potential and DMSe-Derived SOA-Induced Oxidative Damage.

High PM oxidative potential measured by the DTT assay has been associated with the ability 

of PM to generate reactive oxygen species (ROS).45 Previously, the DTT activities of 

ambient PM have been largely attributed to the presence of transition metals and quinones.46 

In this study, the oxidative potential of DMSe-derived SOA was assessed and found to 

contribute to high DTT consumption rates, which supports our hypothesis that DMSe-

derived SOA possesses redox-active properties. Recent studies have also indicated that PM 

oxidative potential can be directly linked to the reactivity of PM constituents toward thiol 

functional groups within biomolecules leading to cellular oxidative stress.47,48 Cellular 

oxidative stress can be attributed to an imbalance between ROS production (from both 

exogenous and endogenous sources) and their elimination through protective mechanisms by 

antioxidants. Disbalance in these pathways is the leading cause of a variety of injuries, 

including acute and chronic inflammations, genome instability and mutation, pulmonary 

fibrosis, obesity, diabetes, and atherosclerosis.49 Prior studies have established that through 

metabolic processes, Se compounds have the potential to induce genotoxicity via the 

generation of ROS.50 Relative expression of oxidative stress and antioxidant-related genes 

are consistent with DTT results (Figure S2). With exposure to DMSe-derived SOA in 

BEAS-2B cells, several pathways associated with oxidative damage, genotoxicity, 

glutathione metabolism, biological oxidation, and DNA damage response were perturbed 

and are discussed in the next sections. Results from both DTT assays and pathway 

enrichment analysis suggest that Se-containing moieties in DMSe-derived SOA might be 

important in ROS-induced oxidative damage.

4.3. DNA Damage, Genotoxicity, and Activation of p53-Mediated Stress Response.

The upregulated DEGs from both O3 and OH oxidation experiments revealed the activation 

of p53 signaling pathway in response to DMSe-derived SOA exposure in BEAS-2B cells 
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(Table S3 and Figure 4a). Tumor suppressor protein p53 is encoded by the TP53 gene, which 

is one of the most commonly mutated genes in human cancer,51 including lung cancer.52 

More than half of all tumors exhibit mutations in either TP53 or MDM2 protooncogene 

(MDM2) genes, whose protein products control p53 activity.51,53 The affinity of p53 for 

MDM2 is reduced when ataxia-telangiectasia mutated (ATM) protein kinase (Table S3, FDR 

= 7.22 × 10−2) phosphorylates p53, which consequently results in reduced p53 degradation 

by MDM2 and thus enhances p53 protein stability and activity.54 The functions of p53 are 

complex; under normal conditions, p53 expression is very low inside the cell, but it is 

activated in response to oxidative, genotoxic, or oncogenic stress; p53 exerts its activities as 

tumor-suppressive, pro-oxidant, and antioxidant.51,55 Under mild stress, activated p53 acts 

as a prooxidant and mediates the activation of tumor protein 53-induced nuclear protein 1 

(TP53INP1) and cyclin-dependent kinase inhibitor 1A (CDKN1A) to induce cell cycle arrest 

in G1 to allow cells to repair and recover from damage. Under prolonged stress or rapid 

DNA damage, p53 acts as an antioxidant and activates the BCL2 binding component 3 

(BBC3) and phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1) genes that 

produce proapoptotic proteins to neutralize the DNA damage.51,55 In addition, p53 can also 

act as an upstream activator to regulate mitogen-activated protein kinase (MAPK) signaling 

in response to DNA damage from external insults.56 Overall, DMSe-derived SOA can 

activate p53 through the genotoxicity pathway, which could potentially result in various 

adverse cellular events like DNA damage, heat shock, hypoxia, and oncogene 

overexpression.57

4.4. Dysregulation of Metabolic Pathways with p53 Activation.

The downregulated DEGs identified from this study revealed the dysregulation of metabolic 

pathways associated with cholesterol biosynthesis, glycolysis, gluconeo-genesis, and fatty 

acid synthesis (Table S4 and Figure 4b).58 Upon the activation of p53 under stress, many 

cellular processes that control energy and metabolism are negatively regulated to maintain 

homeostasis. Recent studies have shown the connection between p53, energy metabolism, 

and metabolic diseases, including type II diabetes mellitus.51,55 Moreover, p53 can also 

indirectly control glycolysis by regulating the phosphatidylinositol 3-kinase/protein kinase b 

(PI3K/Akt) pathways (Table S4, FDR = 4.70 × 10−5). Specifically, the PI3K/Akt pathway 

can be negatively regulated by the p53 target genes, including the tumor suppressor gene 

phosphatase and tensin homologue deleted on chromosome 10 (PTEN) that is frequently 

inactivated by mutation.51 As the PTEN phosphatase activity is the major antagonist of Akt, 

PTEN could affect the p53 protein levels and stability by keeping Akt inactive,55,59 and thus 

PTEN would be an essential component of the p53 response upon DNA damage. At the 

same time, p53 is linked to enhancing the transcription of PTEN.60 However, under reduced 

nutrient or energy levels, the Akt and adenosine 5′-monophosphate (AMP)-activated protein 

kinase (AMPK) (Table S3, FDR = 1.88 × 10−3) fail to be activated, which can subsequently 

induce p53. As a result, it is clear that p53 plays a pivotal role in metabolic regulation.55 

Through suppression of the peroxisome proliferator-activated receptor-γ coactivator-1α 
(PGC-1α), p53 also influences the insulin resistance that is critical in the development of 

type II diabetes and prediabetes.51,61 Notably, the Warburg effect (FDR = 1.33 × 10−3) was 

also found to be significantly enriched in the current study (Table S3). The Warburg effect 

describes the increased usage of glycolysis for adenosine 5′-triphosphate (ATP) synthesis 
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rather than using oxidative phosphorylation, which is a metabolic hallmark of cancer cells 

that rewire their metabolism to promote growth and survival.55 It has been suggested that the 

Warburg effect may provide unifying insights into the progression of cancer and type II 

diabetes mellitus.62 Overall, the perturbed biological pathways identified in this study 

(Tables S3 and S4) are coherent and conclusively support the potential significance of p53-

mediated metabolic dysregulation caused by DMSe-derived SOA exposure.

4.5. Signaling Associated with Allergic Airway Inflammation.

Downregulated IL-4/IL-13 signaling (FDR = 6.40 × 10−4) and neutrophil degranulation 

(FDR = 1.61 × 10−2) pathways were both observed in this study (Table S4), consistent with 

the previous reports that IL-4 and IL-13 can suppress excessive neutrophil accumulation.63 

Although neutrophils were directly not tested in the current study, genes involved in 

neutrophil degranulation were found differentially expressed in BEAS-2B. Among these 

DEGs, mutation in SERPINA1 has been linked to low levels of α−1-antitrypsin (AAT) in 

alveolar epithelial cells that may lead to premature development of pulmonary emphysema.
64 Notably, perturbations in various inflammatory responses and signaling pathways 

revealed the potential interplay between oxidative damage and inflammation upon DMSe-

derived SOA exposure, which may result in the production of soluble mediators to activate 

the signal transducer and activator of transcription 3 (STAT3) and MAPK that mediate the 

expression of a variety of genes in response to cellular stimuli.49,65 Chronic inflammation 

can contribute to tumor development through the induction of oncogenic mutations, genomic 

instability, early tumor promotion, and enhanced angiogenesis. In type 2 inflammatory 

responses associated with the pathogenesis of asthma and allergies, IL-4 and IL-13 are the 

signature cytokines that can be triggered by allergens;66 however, IL-4 and IL-13 play 

distinct roles in allergic inflammatory states. Briefly, IL-4 regulates Th2 cell proliferation 

and survival that has been shown to be essential in the initiation of allergic airway responses, 

while IL-13 contributes to the pathological features of diseases (e.g., mucus production, 

airway smooth muscle alterations, and subepithelial fibrosis).67 Recent studies have shown 

that the activation of IL-4/IL-13−STAT6 and ROS-epidermal growth factor receptor (EGFR) 

signaling pathways is associated with airway mucin overproduction induced by foreign 

stimuli,68 as well as enhanced epithelial repair in response to lung injury.69 Together with 

the significant ROS generation potential (as measured by DTT) and the identified EGFR 

signaling pathway, our findings highlight the potential significance of DMSe-derived SOA in 

modulating allergic airway inflammation.

4.6. Potential Limitations.

When interpreting the results of the current study, some potential limitations should be 

considered. First, the oxidative potential of DMSe-SOA was measured using an acellular 

DTT assay to approximate the ability of PM to generate ROS or reactivity toward thiols. 

Recent studies have indicated that DTT activity can only represent part of PM-bound ROS.70 

Measurement of ROS within cells will provide more direct evidence to determine the 

cellular oxidative stress conditions and warrants future work. Also, the initial concentration 

of DTT used in the assay has been reported to influence the DTT consumption rates.71 

Caution should be taken when intercomparing the DTT assay results from different studies. 

In addition, owing to the nature of the hard ionization technique used by mAMS, the 
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composition of the highly fragmented DMSe-derived SOA products was obtained. To 

identify specific moieties or functional groups of DMSe-derived SOA contributing to ROS 

generation, comprehensive analysis that can retain molecular information is necessary. 

DMSe-derived SOA samples were extracted with methanol, which may have selectively 

enriched certain types of DMSe-derived SOA constituents. Furthermore, the use of an 

immortalized cell line (BEAS-2B) may not faithfully represent the untransformed human 

airway epithelium, but it provides reproducible results critical to gaining initial insights into 

the cellular response to DMSe-derived SOA exposure. Finally, as RNA-Seq and pathway 

enrichment analysis have enabled the rapid identification of pathway perturbations at the 

transcriptional level, functional validation will be required to demonstrate the effects on the 

changes of phenotypes.

4.7. Atmospheric Implications.

Selenium contamination is associated with a broad spectrum of natural and anthropogenic 

activities, but the sources and sinks are not well constrained in the atmosphere. 

Concentrations of Se measured in ambient aerosols have been reported to range from ~1.5 to 

30 ng m−3.72 A wide range of selenium volatilization rates from terrestrial emissions in 

California have also been reported (~20 μg Se m−2 day−1 for bare soil and up to 430 μg Se m
−2 day−1 in biotreated soil).73,74 Moreover, Karlson et al. reported that DMSe emissions 

potentially can increase with the onset of the warmer temperatures, during the summer 

season.75 In San Joaquin Valley, DMSe contributes to 90% of volatile Se.76 Assuming a 1 

acre source area, the emission rates mentioned above translate to ~4–80 pptv day−1 

emissions of DMSe in a 1.5 km deep planetary boundary layer. Considering typical, 

nonpolluted daytime OH and nighttime O3 concentrations (4 × 106 molecule cm−3 and 50 

ppbv, respectively) with the estimates of our DMSe-derived SOA formation yield, at least 

~0.2–80 ng m−3 of DMSe-derived SOA can be produced in 4 h during day or night. 

Although Se-rich soils might not be in close proximity to populated areas, since fine 

particles have lifetimes of ~7–10 days, once formed in at the atmosphere, DMSe-derived 

SOA particles could potentially be transported away and pose health risks in areas 

downwind of high DMSe emission regions. Furthermore, if agricultural fields contain high 

Se in the soil, field workers could potentially be in direct exposure to significant amounts of 

DMSe-derived SOA, especially during the warmer months.

Overall, the atmospheric oxidation of DMSe produces SOA with high oxidative potential. 

Transcriptomic gene expression profiling followed by pathway enrichment analysis revealed 

that major biological pathways perturbed by DMSe-derived SOA are associated with 

elevated genotoxicity, DNA damage, and p53-mediated stress responses, as well as 

dysregulated metabolic activities and cytokine signaling that plays crucial roles in allergic 

airway inflammation. Future work is required to examine atmospheric emissions of DMSe 

and gain a more detailed molecular composition of DMSe-derived SOA. To fully assess the 

environmental health impacts of DMSe-derived SOA, direct measures of ROS production 

and validation of the perturbed biological functions in primary airway epithelial cells and 

other cell types would also be valuable.
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Figure 1. 
(a) Nucleation and growth of DMSe-derived SOA particles during O3 oxidation of DMSe; 

(b) aerosol mass concentrations during OH and O3 oxidation experiments, as determined by 

mAMS and SEMS; aerosol density values of 1.8 and 1.6 g cm−3 were used in O3 and OH 

oxidation experiments, respectively.
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Figure 2. 
(a) Fractional contribution of SOA species to total SOA mass during filter collection. (b) 

Average high-resolution mass spectrometry (HR-MS) analysis of Se-containing fragments 

during the peak mass concentration of O3 and OH oxidation experiments. Frequency of each 

atom in the designated ions is specified by integers x, y, and z.
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Figure 3. 
DEGs identified from three different tools, including DESeq. 2, edgeR, and Limma for 

BEAS-2B cells exposed to DMSe-derived SOA resulting from (a) O3- and (b) OH-initiated 

oxidations. Sorting criteria: Log2 FC |±1|, p value = 0.01, FDR/adjusted p value =0.01, and 

CPM ≥ 1. Bar graphs represent the number of upregulated and downregulated DEGs in the 

intersections of three gene set inputs from DESeq. 2, edgeR, and Limma.
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Figure 4. 
Major biological pathways enriched for (a) upregulated and (b) downregulated DEGs, FDR 

< 0.01. Pie charts represent the percentage of visible genes of a pathway. Genes shared 

between pathways are shown.
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