
Redox Biology 51 (2022) 102281

Available online 15 March 2022
2213-2317/Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Live cell imaging of oxidative stress in human airway epithelial cells 
exposed to isoprene hydroxyhydroperoxide 

Syed Masood a, Edward R. Pennington b, Steven O. Simmons c, Philip A. Bromberg d, 
Saame R. Shaikh e, Rebecca L. Rice f, Avram Gold f, Zhenfa Zhang f, James M. Samet g,* 

a Curriculum in Toxicology and Environmental Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA 
b Oak Ridge Institute for Science and Education, Oak Ridge, TN, USA 
c National Center for Computational Toxicology, U.S. Environmental Protection Agency, Research Triangle Park, NC, USA 
d Center for Environmental Medicine, Asthma and Lung Biology, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA 
e Department of Nutrition, Gillings School of Global Public Health, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA 
f Department of Environmental Sciences and Engineering, Gillings School of Global Public Health, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA 
g Public Health and Integrated Toxicology Division, U.S. Environmental Protection Agency, Chapel Hill, NC, USA   

A R T I C L E  I N F O   

Keywords: 
Air pollution 
Secondary organic aerosols 
Oxidative stress 
Glutathione redox potential 
Lipid peroxidation 
Live cell imagining 

A B S T R A C T   

Exposure to respirable air particulate matter (PM2.5) in ambient air is associated with morbidity and premature 
deaths. A major source of PM2.5 is the photooxidation of volatile plant-produced organic compounds such as 
isoprene. Photochemical oxidation of isoprene leads to the formation of hydroperoxides, environmental oxidants 
that lead to inflammatory (IL-8) and adaptive (HMOX1) gene expression in human airway epithelial cells 
(HAEC). To examine the mechanism through which these oxidants alter intracellular redox balance, we used live- 
cell imaging to monitor the effects of isoprene hydroxyhydroperoxides (ISOPOOH) in HAEC expressing roGFP2, a 
sensor of the glutathione redox potential (EGSH). Non-cytotoxic exposure of HAEC to ISOPOOH resulted in a rapid 
and robust increase in EGSH that was independent of the generation of intracellular or extracellular hydrogen 
peroxide. Our results point to oxidation of GSH through the redox relay initiated by glutathione peroxidase 4, 
directly by ISOPOOH or indirectly by ISOPOOH-generated lipid hydroperoxides. We did not find evidence for 
involvement of peroxiredoxin 6. Supplementation of HAEC with polyunsaturated fatty acids enhanced ISOPOOH- 
induced glutathione oxidation, providing additional evidence that ISOPOOH initiates lipid peroxidation of 
cellular membranes. These findings demonstrate that ISOPOOH is a potent environmental airborne hydroper
oxide with the potential to contribute to oxidative burden of human airway posed by inhalation of secondary 
organic aerosols.   

1. Introduction 

Environmental peroxides produced by photochemical oxidation of 
biogenic volatile organic compounds such as isoprene contributes to the 
formation of secondary organic aerosols (SOA). SOA are the largest mass 
fraction of ambient particulate matter (PM2.5), a leading cause of global 
morbidity and mortality [1–8]. While much of the interest in 
isoprene-derived secondary organic aerosols (Iso-SOA) concerns the 
mass contribution to PM2.5, recent studies have demonstrated adverse 
biological effects from direct human exposure to Iso-SOA [9]. 

Exposure of human airway epithelial cells (HAEC) to Iso-SOA in
duces inflammatory and adaptive gene expression that is regulated by 
oxidant responsive signaling [10]. This mechanism is supported by Lin 

et al. [11], who reported activation of the KEAP1/Nrf-2/ARE signaling 
pathway in HAEC exposed to Iso-SOA. Consistent with this observation, 
Iso-SOA has been shown to generate reactive oxygen species (ROS) in 
HAEC [10]. 

The mixture of isoprene-derived compounds present in Iso-SOA in
cludes environmental hydroperoxides such as isoprene hydroxyhy
droperoxide (ISOPOOH) and electrophilic compounds. The mechanisms 
through which environmental hydroperoxides such as ISOPOOH induce 
oxidant stress in exposed cells have not been established; specifically, it 
is presently unknown whether these compounds act directly on HAEC or 
through the generation of intermediate oxidants such as hydrogen 
peroxide or lipid hydroperoxides formed intra- or extracellularly. Per
oxidation of unsaturated fatty acids can disrupt membrane structure and 
result in downstream production of oxidized products [12,13], and in 
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accordance with expectations, increasing the membrane unsaturated 
fatty acid content in HAEC has been shown to increase sensitivity to 
oxidant stress [12,14]. 

The high temporal resolution provided by live-cell imaging is well 
suited to the study of transient events such as those induced by oxidative 
stress [15]. We have shown that monitoring the ratio of reduced to 
oxidized glutathione (EGSH) using the genetically-encoded sensor roGFP 
[16] provides a dynamic index of intracellular redox changes that occur 
in response to xenobiotic oxidative stress induced by exposure of HAEC 
to Zn [17], ozone [18], quinones [19], and lipid hydroperoxides [20]. In 
addition to its utility as a real-time reporter of intracellular EGSH, 
live-cell imaging using roGFP is an experimental approach that has been 
used extensively to probe biochemical processes, such as bioenergetic 
adaptations, involved in the metabolism of xenobiotics and to identify 
enzymatic activities that mediate them [16,21,22]. While the redox 
relay through which roGFP equilibrates with EGSH was originally 
described for H2O2, we recently showed that the lipid hydroperoxide 
9-HpODE can also initiate glutathione oxidation through glutathione 
peroxidase 4 (GPX4) that is reported by roGFP [20]. 
Glutathione-S-transferase-mediated glutathionylation of peroxiredoxin 
6 (PRX6), a 1-cysteine lipid hydroperoxide scavenging enzyme [23], is a 
second potential mechanism for oxidation of glutathione that may be 
sensed by roGFP. 

In the present study we elucidate the mechanism through which 
exposure to the environmental hydroperoxide ISOPOOH induces 
oxidative stress in cultured HAEC. We report that ISOPOOH potentiates 
lipid peroxidation leading to the oxidation of glutathione. 

2. Methods 

2.1. Material and reagents 

All media for cell culture including: minimum essential media with 
glutamax (MEM), Dulbecco’s phosphate buffered saline (DPBS), Hank’s 
balanced salt solution (HBSS), and fetal bovine serum (FBS) were pur
chased from Gibco, and Bovine type 1 collagen was obtained from Fisher 
Scientific, Thermo Fisher Scientific (Waltham, MA, USA). Willco Wells 
black glass-bottom dishes were used for confocal microscopy (Amster
dam, Netherlands). Laboratory regents and chemicals including: 
hydrogen peroxide (H2O2), tert-butyl hydroperoxide (t-BOOH), dithio
threitol (DTT), hexadimethrine bromide (Polybrene), 2-acetylamino-3- 
[4-(2-acetylamino-2-carboxyethylsulfanylthiocarbonylamino)phenyl
thiocarbamoylsulfanyl] propionic acid (2-AAPA), sodium selenite, D- 
(+)-glucose, extracellular catalase from bovine liver, human fibronectin, 
and fatty acid free fraction V bovine serum albumin (BSA) were pur
chased from Sigma-Aldrich (St Louis, MO, USA). Liperfluo was obtained 
from Dojindo (Rockville, MD, USA). Calcein AM was purchased from 
Invitrogen- Thermo Fisher Scientific (Waltham, MA, USA). Basic labo
ratory supplies were purchased from Thermo Fisher Scientific (Wal
tham, MA, USA). Fatty acids: palmitic acid (PA) and oleic acid (OA), 

polyunsaturated fatty acids (PUFAs): eicosapentaenoic acid (EPA), and 
docosahexaenoic acid (DHA) were purchased from Cayman Chemicals 
(Ann Arbor, MI, USA). 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phos
phocholine (SDPC), 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phospho
choline (PAPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) were purchased from Avanti Polar Lipids (Birmingham, AL). All 
solvents were HPLC grade and purchased from Fisher Scientific 
(Hampton, NH). Indium tin oxide (ITO) coated glass slides were pur
chased from Sigma (Burlington, MA). Fresh stocks of lipid mixtures were 
used to minimize oxidation, and handling of lipids occurred under low 
light conditions and a gentle stream of nitrogen gas. Antibodies for GPX4 
and PRX6 were obtained from Santa Cruz Biotechnology (Dallas, TX, 
USA). 

2.2. Synthesis of ISOPOOH 

Aqueous hydrogen peroxide (30%; Sigma-Aldrich, St. Louis, MO) 
was extracted three times with ethyl ether and the extracts combined 
and dried over MgSO4. KMnO4 titration determined this solution to be 
~1 M [24]. To 20 mL of this solution was added 1 g 2-methyl-2-vinylox
irane (Sigma-Aldrich, St. Louis, MO) and 2–3 mg phosphomolybdic acid 
hydrate (Sigma-Aldrich, St. Louis, MO) catalyst [25]. The mixture was 
stirred at room temperature and monitored by 1H NMR until the starting 
material was consumed. The solvent was removed under vacuum on a 
rotary evaporator at room temperature and the residue frozen and 
lyophilized for a ~2 h to remove the bulk of the hydrogen peroxide. The 
lyophilizate was then purified by column chromatography on silica gel 
using a solvent gradient from 50% ether in hexane to 100% ether. The 
factions were analyzed by 1H NMR and fractions that were free of re
sidual H2O2 were used for exposure experiments. 

2.3. Cell culture 

SV-40 transformed human bronchial epithelial cell line 16HBE14 
(16-HBE) was gifted from the laboratory of Dr. Ilona Jaspers (UNC 
Chapel Hill, NC, USA) [26]. 16-HBE cells were cultured with complete 
media: MEM with Glutamax with 10% FBS and 1% 
penicillin-streptomycin. All containers used to culture 16-HBE cells were 
coated with a matrix of: 30 μg/mL bovine type 1 collagen, 0.01% BSA, 
and 1% human fibronectin in LHC Basal Medium. Cells were cultured at 
37 ◦C in a humidified environment containing 5% carbon dioxide (CO2). 
For live-cell imaging, cells were cultured in 35 mm black glass-bottom 
dishes with 12 mm #1.5 glass aperture. 

2.4. Genetically encoded constructs 

The plasmids for the genetically encoded roGFP2 were a generous 
gift from S.J. Remington (University of Oregon, OR, USA). The plasmid 
for genetically encoded glutaredoxin-linked roGFP (GRX1-roGFP2) was 
a generous gift from Professor Doctor Tobias Dick (German Cancer 
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Research Center, Heidelberg, Germany). The plasmid for the genetically 
encoded HyPer was purchased from Evrogen (Farmingdale, NY, USA). 
The adenoviral vector for the overexpression of intracellular catalase 
(AdCAT) was purchased from the University of Iowa Viral Vector Core 
(Iowa City, IA, USA). 

2.5. shRNA design 

ShRNA hairpin oligonucleotides shown below were designed by 
selecting an 18-bp site from the human GPX4 complete mRNA (NCBI 
Accession: NM_002085.4) and human PRX6 complete mRNA (NCBI 
Accession: NM_004905.3) optimized for siRNA targeting of GPX4 and 
PRX6 mRNAs, or a random 18-bp sequence (scramble) with no predicted 
homology to human genomic or transcript sequences.: 

GPX4: 5′- GATCTTGCTGAACATATC -3′

PRX6: 5′- CTTCTTCTTCAGGGATGG -3′

Scramble: 5′- ACTCTCGCCCAAGCGAGA -3′

Single stranded synthetic 97-bp oligonucleotides (Invitrogen Corp., 
Valcencia, CA) incorporating sense/antisense sequences in a stem-loop 
motif were PCR amplified using the primers forward: 5′-AGTCACTC
GAGTGCTGTTGACAGTGAG-3′ and reverse: 5′-AAGTCAGGATCCTCC
GAGGCAGTAGG-3.’ The resulting PCR products were subcloned into a 
modified lentiviral transfer vector, pRIPZ (Dharmacon, Birmingham, 
AL) between XhoI and BamHI restriction sites. The resulting shRNA 
expression constructs were verified by fluorescent DNA capillary 
sequencing. This cloning strategy nests the shRNA fragments between 5′

and 3′ miRNA30 adaptors within the 3′ untranslated region of a poly
cistronic red fluorescent protein reporter gene under the control of a 
CMV promoter. 

2.6. Lentiviral vector production and titering 

HEK293T cells were co-transfected in 10 cm dishes with purified 
transfer vector plasmids and lentiviral packing mix (Dharmacon; Bir
mingham, AL) according to manufacturer’s instructions. 16 h post- 
transfection, cell culture medium was replaced with fresh DMEM and 
cells were incubated for an additional 48 h at 37 ◦C. Medium was then 
harvested and detached cells were pelleted by centrifugation for 10 min 
at 5000×g. The resulting supernatants from the individual transfections 
were concentrated once by low-speed centrifugation through an Amicon 
Ultra 100kD centrifuge filter unit (Millipore; Billerica, MA), and the 
retentates were aliquoted and stored at − 80 ◦C. To determine viral ti
ters, 2 × 104 HEK293T cells were transduced with 50 μl of lentiviral 
stock dilutions ranging from 1:10 to 1:781,250. Viral titers (expressed as 
transducing units per ml viral stock) were determined 96 h post- 
transduction by counting fluorescent cell colonies by fluorescent mi
croscopy and multiplying the colony count by the dilution and volume 
factors. 

2.7. Viral transduction 

Stable cellular expression of genetically encoded fluorescent re
porters was achieved through a lentiviral transduction of 16-HBE cells. 
16-HBE cells were seeded in a 6-well plate overnight to reach 40% 
confluency. 16-HBE cells were then serum-starved in LHC Basal Medium 
for 2 h. Lentivirus encoding either roGFP2, GRX-roGFP2, or HyPer at a 
multiplicity of infection (MOI) of 2 were mixed with 10 μg/mL hex
adimethrine bromide (Polybrene) and incubated with 16-HBE cells for 4 
h. The plate was rocked every 30 min to allow for redistribution of viral 
particles. After 4 h, 2 mL of complete cell culture media was added to 
each well, and the cells were incubated at 37 ◦C/5% CO2 for another 4 h. 
Following this incubation, media was aspirated and 16-HBE cells were 
washed twice with 1X DPBS. Complete cell culture media was added to 
each well and cells were incubated at 37 ◦C/5% CO2 and expanded. 

Stable expression of GPX4 and PRX6 knockdown followed identical 
protocols using roGFP2 expressing 16-HBE cells. Cells expressing 

shRNAs were only used for 2 weeks before repeating the transduction. 
Transient overexpression of intracellular catalase was achieved using 
adenoviral transduction (AdCAT). AdCAT particles were mixed with 
LHC Basal Medium at MOI of 200 and added to cells for 4 h. Complete 
media (1 mL) was added and cells were incubated an additional 4 h. 
Cells were then washed with DPBS and fresh complete media was added 
until experiments the following day at confluency of 80%. All AdCAT 
experiments were conducted in glucose sufficient conditions (Kirkman, 
1984). 

2.8. Exposure conditions 

All exposures were conducted on native 16-HBE cells or 16-HBE cells 
expressing the aforementioned genetically encoded fluorescent re
porters at 80% confluency. 16-HBE cells cultured in glass bottom dishes 
for microscopy experiments were identically equilibrated for 30 min in 
Locke’s Buffer, a minimal buffered salt solution which contains no 
organic compounds, prior to imaging [18,27]. HAEC were exposed to a 
variety of hydroperoxides on a custom-built microscopy stage top, 
maintaining 37 ◦C with 5% CO2 and ≥95% relative humidity at a flow 
rate of 3.0 L/min. 

To induce overexpression of GPX, roGFP-HAEC were pre-treated for 
36 h with 1 μM sodium selenite dissolved in water and diluted in com
plete media. To inhibit GRX, roGFP-HAEC were pretreated for 3 h with 
100 μM of the small molecule inhibitor 2-AAPA, dissolved in dimethyl 
sulfoxide (DMSO) and diluted to less than 1% DMSO in complete media, 
prior to equilibration in Locke’s Buffer. Exogenous catalase was sus
pended in 1X DPBS and was administered to roGFP-HAEC at a final 
concentration of 100 units/mL. In some experiments, roGFP-HAEC were 
deprived of glucose for 2 h to sensitize cells to oxidant exposure. 

Each experiment consisted of four distinct intervals: (a) an untreated 
baseline for 5 min, (b) exposure to hydroperoxide for 25–35 min, (c) 
exposure to 1 mM H2O2 for 5 min as a maximal control to check the 
integrity of the roGFP relay, and (d) exposure to 5 mM DTT for 5 min to 
reduce sensor back to baseline. All experiments involved treatment with 
paired controls within 1 h of exposure. 

2.9. Cell viability assay 

Cell viability was determined by Calcein AM. 16-HBE cells grown in 
black Willco wells microscopy dishes were washed twice with 1X DPBS. 
Cells were incubated with 1 μM Calcein AM in 1X DPBS for 30 min at 
37 ◦C with 5% CO2. After incubation, cells were washed twice with 1X 
DPBS and replenished with Locke’s Buffer. Cells were exposed to either 
100 μM t-BOOH, 100 μM ISOPOOH, or 100 μM H2O2 for 35 min. Cells 
were then exposed to 0.1% Triton-X as a positive control. Calcein AM 
incorporation was assessed using 488 nm excitation and measuring 525/ 
30 nm emission. The fluorescent intensity data are presented after 
normalization to baseline for each condition. 

2.10. Lipid extract preparation 

Total lipid extracts (TLE) were prepared from 16-HBE cells using a 
modified Bligh and Dyer extraction [28]. 16-HBE cells were exposed to 
either 100 μM ISOPOOH, 100 μM t-BOOH, 100 μM H2O2, or 1 mM H2O2 
for 40 min. TLE from exposed cells were dried under a stream of nitrogen 
until a lipid film was formed void of excess solvent. TLE were resus
pended in 1X DPBS with 0.025% BSA by vortexing for 2 min. Naïve 
roGFP-HAEC were then exposed to aqueous TLE. 

2.11. Supplementation with polyunsaturated fatty acids (PUFAs) 

HAEC were supplemented with PUFA as previously described using a 
protocol shown to be effective in shifting the fatty acid profile with 
supplemented fatty acids [12]. Briefly, PUFAs were prepared in 
serum-free MEM with 2.5 mg/mL fatty acid-free BSA (fraction V). 
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roGFP-HAEC were supplemented with either PA, EPA, or DHA at a final 
concentration of 30 μM in complete media for 16–18 h [29]. Cells were 
washed with 2.5 mg/mL BSA in DPBS followed by a second rinse in the 
appropriate exposure medium. Uptake and incorporation of PUFAs was 
previously confirmed with complete fatty acid profile analysis con
ducted via gas chromatography (Omegaquant, Sioux Falls, SD, USA) 
[12]. 

2.12. Construction of giant unilamellar vesicles (GUVs) 

GUVs were constructed by electroformation as described [30–32]. 
Lipids (33.3 mol% SDPC, 33.3 mol% PAPC, 33.3 mol% DOPE) and the 
fluorescent probe Liperfluo (0.1 mol%; Dojindo Molecular Technologies, 
Rockville, MD) were co-dissolved in chloroform to achieve a total con
centration of 0.5 mg/mL. Next, 10 μg of total lipid was spread onto the 
conductive side of an ITO-coated glass slide. The lipid-coated slide was 
subjected to vacuum pumping in the dark for 1 h to remove excess 
solvent. Once the lipid film was dried, a GUV electroformation chamber 
was assembled as described [31]. 

GUV electroformation was performed at room temperature, in the 
dark, using a 250 mM sucrose solution. GUV electroformation frequency 
and peak-to-peak voltage was controlled using a HP3324A program
mable function generator. Initially, a sine waveform with a frequency of 
10 Hz and a peak-to-peak voltage ranging from 0.2 V to 1.4 V was 
applied and linearly increased over a 30-min period. Next, a sine 
waveform with a frequency of 10 Hz and a peak-to-peak voltage of 1.4 V 
was applied and held constant for 120 min. For the detachment of GUVs, 
a square waveform with a frequency of 4.5 Hz and peak-to-peak voltage 
of 2.1 V was applied and held constant for 30 min. Once electro
formation was completed, GUVs were extracted from the chamber using 
a 20½-gauge needle and allowed to settle in the dark at room temper
ature for 30 min prior to preparing microscopy slides. GUVs were then 
drawn into a rectangular micro-capillary tube, mounted on a microscope 
slide, and the ends were sealed with nail polish. Imaging was performed 
at room temperature. For treated GUVs, an aliquot of GUVs was 
removed and treated with a final concentration of either 100 μM H2O2, 
ISOPOOH, t-BOOH immediately prior to preparing microscope slides for 
imaging. 

2.13. Live-cell imaging analysis 

All live-cell imaging was conducted on the Nikon Eclipse C1si 
spectral confocal imaging system using 404 nm, 488 nm, and 561 nm 
primary lasers with Perfect Focus (Nikon Instruments Corporation, 
Melville, NY, USA). The objective used was the 1.4 NA 60 X violet- 
corrected, oil-immersed lens. 16-HBE cells expressing roGFP2, GRX1- 
roGFP2, and HyPer monitored in time-series experiments with tempo
ral resolution of 1 acquisition/minute or 10 acquisitions/minute were 
excited sequentially at 488 nm and 405 nm and emission was monitored 
using a 525/30 nm band-pass filter (Chroma, Bellows Falls, VT, USA). 
Laser power and pixel dwell time were constant for all experiments, and 
detector gain was optimized prior to the start for each experiment and 
kept constant for the duration of the experiment. 

Regions of interests (ROI) were drawn for 10 individual cells within a 
single well and monitored for the duration of the experiment. Data ob
tained from each experiment were calculated as ratios of the emission 
intensities at 510 nm for laser excitation at 488 nm and 405 nm. Ratios 
were calculated for each cell observed and normalized to the baseline 
and maximal response for each individual cell. The maximal response 
was achieved by administering 1 mM H2O2, as a control near the end of 
the experiment. The normalized ratios for individual ROIs (cells) were 
averaged to compile as one sample. The results presented in each graph 
are the mean ± standard error of the mean (SEM) of three independent 
experiments. 

2.14. Lipid peroxidation measurements 

Lipid peroxidation of the plasma membrane in living 16-HBE cells 
was measured using the fluorescent sensor Liperfluo [33]. 16-HBE cells 
were incubated with 1 μM solution of Liperfluo in LHC Basal Medium for 
30 min at 37 ◦C with 5% CO2. After incubation, cells were washed twice 
with HBSS and replenished with Locke Buffer. Cells were exposed to 
either 100 μM t-BOOH, 100 μM ISOPOOH, or 100 μM H2O2 for 35 min. 
Data was collected by exciting the sensor with 488 nm while measuring 
at 525/30 nm emission. The fluorescent intensities are presented after 
normalization to baseline for each condition. 

2.15. Confocal microscopy and image analysis of GUVs 

Imaging was conducted using a Nikon A1R-HD25 Confocal Micro
scope using a 60 × 1.49 NA APO TIRF oil immersion objective (Nikon 
Instruments, Melville, NY). Secondary analysis of GUVs was conducted 
with NIH ImageJ. After background subtraction, the total fluorescence 
intensity of individual GUVs was measured by analyzing the integrated 
density of each GUV membrane. A circle surrounding the perimeter of 
each GUV membrane was first measured and then subtracted from 
measurement of a circle drawn around the interior of each GUV mem
brane. The total fluorescence intensity of each GUV membrane was 
normalized to its diameter to account for any disparities in GUV size. 

2.16. Statistical analysis 

All microscopy images were quantified using the NIS-Elements AR 
software (Nikon Instruments Corporation, Melville, NY, USA). All data 
in the main text were normalized to individual cell baseline and 
expressed as mean ± SEM of three or more independent experiments. All 
statistical analyses were performed using Graphpad PRISM 9.1 
(Graphpad Software, La Jolla, CA, USA). A Two-way ANOVA analysis 
with post-hoc Sidak’s multiple comparisons test to control were con
ducted for time-series experiments with two treatment groups. A 
threshold of p < 0.05 was considered statistically significant. For GUV 
analysis, images were quantified using ImageJ FIJI [34]. A one-way 
ANOVA analysis with Dunnett’s multiple comparison to control (un
treated GUVs) was conducted for all GUV measurements. All statistical 
analyses were conducted in Graphpad PRISM 9.1 (Graphphad Software, 
La Jolla, CA, USA). 

3. Results 

3.1. ISOPOOH induced glutathione oxidization in HAEC 

To examine oxidative stress induced in the human airway epithelium 
by exposure to the environmental peroxide ISOPOOH, we used live cell 
imaging to monitor the oxidation state of the intracellular glutathione 
pool in HAEC expressing roGFP (roGFP-HAEC) exposed to ISOPOOH in 
real time. The exposure of HAEC to 100 μM ISOPOOH resulted in a rapid 
increase in EGSH, followed by a slow decline suggesting an adaptive re
covery (Fig. 1A, S2A, S2B). ISOPOOH-exposed HAEC remained 
responsive to further oxidation with 1 mM H2O2 (positive oxidant 
control) and reduction by 5 mM DTT (reducing control) (Fig. 1A, S2A, 
S2B). Similarly, in experiments using temporal resolution ten-fold 
greater in magnitude (measurements taken every 6 s) responses of 
HAEC exposed to 100 μM ISOPOOH were identical to the response 
shown in Fig. 1A (data not shown). Preliminary, experiments showed 
that 100 μM ISOPOOH was the lowest dose that produced robust effects 
(Fig. 1A, S2A, S2B) without inducing cytotoxicity in the study interval 
(Fig. 1B, S3B). 100 μM ISOPOOH showed approximately equimolar 
potency to known strong oxidants such as 100 μM t-BOOH and 100 μM 
H2O2 (Fig. S3A). 
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3.2. Testing the integrity of the roGFP redox relay in HAEC exposed to 
ISOPOOH 

The fluorogenic sensor roGFP equilibrates with the GSH/GSSG redox 
pair through the activity of glutaredoxin (GRX) [16]. To examine the 
possibility that ISOPOOH interacts directly with the roGFP sensor, we 
tested the dependence of the roGFP response to ISOPOOH on GRX ac
tivity by pretreating roGFP-HAEC with 100 μM 2-AAPA, a small mole
cule inhibitor of GRX. As shown in Fig. 2A, pretreatment with 2-AAPA 
ablated the roGFP response to 100 μM ISOPOOH. While 2-AAPA is 
also a known inhibitor of glutathione reductase (GR), the enzyme that 
reduces GSSG to GSH using NADPH (Fig. S1), we observed no changes in 
the EGSH baseline in 2-AAPA treated cells, suggesting that any effect on 
GR was not sufficient to alter the kinetics of the response to ISOPOOH. 
Similarly, pretreating roGFP-HAEC with 100 μM 2-AAPA ablated re
sponses to 100 μM H2O2 and t-BOOH (Figs. S4A and S5A). Furthermore, 
to assess the involvement of GRX in ISOPOOH-induced EGSH, we also 
treated HAEC expressing GRX-roGFP to ISOPOOH. Chimerically linking 
GRX to roGFP effectively increases the local concentration of GRX in 
proximity to roGFP, producing a response with higher sensitivity to GSH 
oxidation and faster kinetics [16]. In HAEC expressing GRX-roGFP, 
exposure to 100 μM ISOPOOH induced an earlier response that 
reached a higher plateau compared to the response in HAEC expressing 
roGFP (Fig. 2B). These results show that GRX is required for the 

ISOPOOH-induced roGFP response, ruling out direct oxidation of roGFP 
by ISOPOOH. GRX involvement was also validated for H2O2 and t-BOOH 
exposures in HAEC expressing GRX-roGFP. 

We have previously shown in HAEC that GPX proteins mediate the 
oxidation of GSH by H2O2 as well as by short-chain hydroperoxides such 
as t-BOOH and long-chain hydroperoxides such as 9-HpODE (Figs. S4C 
and S5C) [20]. To determine whether the EGSH oxidation reported by 
roGFP reflects direct oxidation of GSH by ISOPOOH, we examined the 
involvement of GPX in mediating GSH-dependent reduction of ISO
POOH by increasing the expression of GPX. roGFP-HAEC were 
pre-treated with 1 μM sodium selenite for 36 h prior to ISOPOOH 
exposure [20]. As shown in Fig. 2C, roGFP-HAEC supplemented with Se 
evinced an accelerated rate of GSH oxidation when exposed to 100 μM 
ISOPOOH compared to non-supplemented HAEC, consistent with a 
rate-limiting role of GPX4 in mediating GSH oxidation in response to 
ISOPOOH treatment of HAEC. Combined with the GRX findings, these 
data demonstrate that ISOPOOH-induced GSH oxidation is reported by 
roGFP through the same oxidative relay previously established for H2O2 
(Fig. S1). 

The pentose phosphate pathway utilizes glucose to produce NADPH 
required for GR to mount a reductive tone to oppose oxidative stress 
[21]. We next tested the integrity of the NADPH-dependent reductive 
step in the relay by depriving HAEC of glucose prior to exposure to 
ISOPOOH. As shown in Fig. 2D, in HAEC that were deprived of glucose 

Fig. 1. Exposure to ISOPOOH induces a rapid in
crease in EGSH in HAEC. A) Exposure of roGFP-HAEC 
to 100 μM ISOPOOH for 40 min followed by the 
addition of 1 mM H2O2 and 5 mM DTT. (B) Cyto
toxicity of 100 μM ISOPOOH was measured in HAEC 
prelabeled with Calcein AM. Cells were treated with 
to 0.1% Triton-X at 40 min as a positive control. Data 
shown represent the fluorescence intensity at 510 nm 
resulting from sequential excitation with 488 and 
405 nm laser light. Calculated ratios are corrected for 
baseline ratio and expressed as percent of the 
maximal response observed. Values are presented as 

mean ± SEM, n = 3.   

Fig. 2. ISOPOOH induces GSH oxidation through a redox relay as reported by roGFP. (A) roGFP-HAEC were treated with a GRX inhibitor 2-AAPA or vehicle for 
3 h prior to exposure to 100 μM ISOPOOH at the indicated time. (B) A comparison of 16-HBEs cells expressing roGFP or GRX-roGFP exposed to 100 μM ISOPOOH at 
the indicated time. (C) roGFP-HAEC were supplemented 1 μM sodium selenite or vehicle for 36 h prior to exposure to 100 μM ISOPOOH. (D) roGFP-HAEC were 
deprived of glucose for 2 h prior to exposure to 100 μM ISOPOOH followed by the addition of glucose (1 mM final). All fluorescence intensity values were normalized 
to baseline and/or maximal sensor response. All values are presented as mean ± SEM, n = 3. 
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for 2 h, ISOPOOH treatment produced an roGFP-reported response that 
was markedly potentiated in magnitude relative to cells incubated in 
normal glucose levels. The reintroduction of glucose caused a rapid and 
robust reversal of the ISOPOOH-induced GSH oxidation reported by 
roGFP in HAEC (Fig. 2D). These findings are consistent with a role for 
NADPH in the maintenance of EGSH in HAEC exposed to ISOPOOH. 
Similarly, glucose deprivation of roGFP-HAEC exposed to 100 μM H2O2 
or t-BOOH also demonstrated increased sensitivity, with a similar 
reversal with the introduction of glucose (Figs. S4D and S5D). Taken 
together with the findings showing GPX involvement in 
ISOPOOH-induced oxidation of GSH, and the requirement of GRX in the 
transduction of EGSH to roGFP, these data validated the use of roGFP as a 
reporter of the oxidation state of the GSH in HAEC exposed to ISOPOOH. 

3.3. ISOPOOH induced GSH oxidization is not dependent on the 
generation of H2O2 

Organic hydroperoxides are unstable compounds that can decay in 
aqueous media [35]. We therefore next investigated the possibility that 
ISOPOOH-induced oxidation of GSH is mediated by the generation of 
secondary oxidants, specifically H2O2. To determine whether the in
crease of EGSH induced by ISOPOOH in roGFP-HAEC is mediated by the 
generation of extracellular H2O2, we used exogenous catalase to spe
cifically scavenge H2O2 that might be produced in the medium. As 
shown in Fig. 3A, the presence of 100 units/mL of bovine liver catalase 
effectively ablated GSH-oxidation induced by 100 μM H2O2. In marked 
contrast, the same concentration of exogenous catalase failed to sup
press glutathione oxidation induced by exposure of HAEC to 100 μM 
ISOPOOH (Fig. 3B), and indeed, appeared to cause a time-dependent 
enhancement in response to ISOPOOH. Paradoxically, the effect of 
ISOPOOH appeared to be enhanced by the presence of 100 units/mL of 
extracellular catalase, suggesting possible oxidant generation by redox 
cycling between the peroxide and the iron in the catalytic center in 
catalase; however, use of catalase inactivated by pretreatment with an 
equimolar concentration of the iron-chelator deferoxamine did not alter 
the EGSH response in HAEC exposed to ISOPOOH compared to untreated 
catalase (data not shown), arguing against a redox-cycling event. We 
speculate that the enhanced activity could be the result of the formation 
of alkoxy radicals from some homolytic cleavage of ISOPOOH by cata
lase [36]. 

We next examined whether ISOPOOH-induced oxidation of GSH is 
dependent on intracellular generation of H2O2. While adenoviral over
expression of catalase in roGFP-HAEC ablated roGFP responses to H2O2 
at concentrations up to 1 mM (Fig. 4A), catalase had no effect on 
ISOPOOH-induced GSH oxidation in roGFP-HAEC, which showed time 
dependent increase similar to that observed with exogenous catalase 
(Fig. 4B). Similarly, extracellular catalase and overexpression of intra
cellular catalase failed to dampen t-BOOH-induced GSH oxidation in 
HAEC (Fig. S6). 

Additionally, we measured levels of intracellular H2O2 in HAEC 
expressing HyPer, a specific and sensitive fluorogenic reporter of H2O2 
[37]. HyPer expressing HAEC (Hyper-HAEC) exposed to ISOPOOH 

showed no detectable increase in intracellular concentrations of cyto
solic H2O2 (Fig. 4C and D). Taken together, these data show that 
ISOPOOH-induced GSH oxidation is not dependent on the generation of 
extracellular or intracellular H2O2. 

3.4. ISOPOOH induced EGSH oxidization is mediated through glutathione 
peroxidase 4 (GPX4) 

Having eliminated H2O2 as major contributor, we next assessed the 
role of lipid hydroperoxides as potential mediators of ISOPOOH-induced 
glutathione oxidation in HAEC. Although there is some overlap with 
other GPX forms, the GPX4 isozyme is known to be relatively specific for 
long chain lipid hydroperoxides [38], and we recently showed that its 
activity can mediate GSH oxidation induced by lipid hydroperoxides in 
roGFP-HAEC [20]. As expected, shRNA knockdown of GPX4 expression 
did not alter the H2O2-induced increase in EGSH in HAEC (Fig. 5A). 
However, GPX4 knockdown resulted in a significant reduction in 
ISOPOOH-induced GSH oxidation compared to a scramble shRNA con
trol sequence (Fig. 5C). Like ISOPOOH, EGSH increases induced by 
t-BOOH were also significantly diminished in roGFP-GPX4 KD HAEC 
relative to scramble controls (Fig. 5E). 

The efficiency of lentiviral-targeted gene expression knockdown is 
known to vary among cells in a population [39]. The presence of an 
additional red fluorescent protein marker in the GPX4 and scramble 
(control) shRNA vectors permitted visual identification of roGFP-HAEC 
expressing GPX4 KD or scramble sequences and non-transduced roGF
P-HAEC in the same microscopy field. This facilitated a direct compar
ison of GPX4 KD and scramble shRNA positive cells side-by-side with 
non-transduced roGFP-HAEC expressing normal levels of GPX4, as 
both respond to hydroperoxide exposure in real time. As shown in 
Fig. 5B, D, and 5F, the comparison of adjacent exposures of GPX4 KD to 
control roGFP-HAEC showed the same pattern with hydroperoxide 
stimulation as that seen in heterogenous cultures of GPX4 KD and 
scramble shRNA transduced cells (Fig. 5A, C, 5E), thus supporting the 
role of GPX4 in mediating ISOPOOH-induced GSH oxidation. 

Peroxiredoxin 6 (PRX6) has a substrate specificity similar to GPX4 
[40]. Since PRX6 is reduced by glutathione-S-transferase using GSH, it 
could potentially play a role in glutathione oxidation induced by lipid 
hydroperoxides formed by exposure of HAEC to ISOPOOH. The EGSH 
increase in roGFP-HAEC expressing a PRX6 shRNA vector showed no 
significant difference in response to 100 μM ISOPOOH exposure relative 
to cells transduced with a scramble control vector (Fig. 6A, C, 6E). 
Similar to the GPX4 knockdown experiments, the red fluorescent protein 
encoded in the PRX6 KD and scramble vectors permitted visual identi
fication of PRX6 and scramble controls in roGFP-HAEC. Comparison of 
PRX6 shRNA positive cells to adjacent normal expressing PRX6 HAEC 
also showed no difference in responses to exposures to ISOPOOH, H2O2, 
or t-BOOH (Fig. 6B, D, 6F). These findings suggest that PRX6 activity is 
not a major contributor to metabolism of hydroperoxides that induce 
GSH oxidation, as a key reported by roGFP, further implicating GPX4 as 
the enzyme responsible for ISOPOOH activity. 

The involvement of GPX4 in GSH oxidation thus suggests the 

Fig. 3. GSH oxidation induced by ISOPOOH is independent of extracellular H2O2. (A) roGFP-HAEC were exposed to 100 μM H2O2 in the presence of 100 units/ 
mL of extracellular catalase or vehicle alone. (B) roGFP-HAEC exposed to 100 μM ISOPOOH in the presence of 100 units/mL of extracellular catalase or vehicle alone. 
All fluorescence intensity values were normalized to baseline and maximal sensor response. All values are presented as mean ± SEM, n = 3. 
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Fig. 4. GSH oxidation by ISOPOOH is independent of intracellular H2O2. (A) roGFP-HAEC overexpressing intracellular catalase were exposed to 100 μM H2O2 or 
vehicle alone. (B) roGFP-HAEC overexpressing intracellular catalase were exposed to 100 μM ISOPOOH or vehicle alone. (C) HAEC expressing the sensor HyPer were 
exposed to 100 μM H2O2 or vehicle alone. (D) HAEC expressing the sensor HyPer were exposed to 100 μM ISOPOOH or vehicle alone. All fluorescence intensity 
values were normalized to baseline and maximal sensor response. All values are presented as mean ± SEM, n = 3. 

Fig. 5. ISOPOOH-induced GSH oxidation is mediated by GPX4. HAEC expressing roGFP and GPX4 shRNA (GPX4 KD) or a scramble control were exposed to (A) 
100 μM H2O2 (C) 100 μM ISOPOOH, or (E) 100 μM t-BOOH. EGSH response to (B) 100 μM H2O2 (D) 100 μM ISOPOOH, or (F) 100 μM t-BOOH expressing GPX4 
knockdown were compared to roGFP-HAEC with wildtype GPX4 expression in the same cultures. All fluorescence intensity values were normalized to baseline. All 
values are presented as mean ± SEM, n = 3. 
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possibility that ISOPOOH exposure generates secondary lipid hydro
peroxides which are capable of oxidizing GSH through the action of 
GPX4. 

3.5. ISOPOOH induces lipid peroxidation of cellular membranes in HAEC 

We next asked whether GPX4 mediates GSH oxidation induced by 
ISOPOOH exposure through the production of secondary lipid hydro
peroxides. As an initial test of the generation of bioactive lipid 

hydroperoxides in HAEC treated with ISOPOOH, total lipid extracts 
(TLE) were prepared from HAEC exposed to 100 μM ISOPOOH and were 
subsequently added to unexposed HAEC cultures. As shown in Fig. 7, the 
addition of TLE from ISOPOOH-exposed HAEC induced oxidation of 
GSH in naïve HAEC (Fig. 7). TLE from HAEC which had been exposed to 
100 or 1000 μM H2O2 similarly increased EGSH in unexposed roGFP- 
HAEC (Fig. S7). Furthermore, TLE from HAEC exposed to 100 μM t- 
BOOH which is known to induce lipid peroxidation, showed similar 
increases in GSH oxidation in unexposed roGFP-HAEC (Fig. S8). 
Furthermore, to ensure that ISOPOOH could not have been carried over 
in the TLE, organic extracts of media containing ISOPOOH were taken to 
dryness under nitrogen and showed no effect on EGSH in HAEC (data not 
shown). These data are consistent with the notion that bioactive lipid 
products are formed in HAEC treated with ISOPOOH. 

The fluorophore Liperfluo partitions into cellular membranes to 
allow for lipid hydroperoxide detection and quantification. It has been 
demonstrated by Yamanaka et al. that changes in Liperfluo’s fluorescent 
properties are mediated through the reduction of lipid hydroperoxides 
to lipid alcohols [33]. As shown in Fig. 8, exposure of Liperfluo-labelled 
HAEC to 100 μM ISOPOOH resulted in an increase in fluorescence in
tensity, indicating that ISOPOOH exposure generates lipid hydroper
oxides, relative to vehicle treated control cells. Similar results were 
obtained in HAEC exposed to 100 μM H2O2 or t-BOOH (Fig. 8). Overall, 
while ISOPOOH may directly oxidize GPX4, these data suggest that GSH 
oxidation induced by ISOPOOH exposure of HAEC is mediated by sec
ondary lipid hydroperoxides formed through peroxidation of cellular 
membranes. 

To further explore the potential formation of lipid hydroperoxides 
when ISOPOOH interacts with cellular membranes, we employed a 

Fig. 6. ISOPOOH-induced GSH oxidation is not mediated by PRX6. HAEC expressing roGFP and PRX6 shRNA (PRX6 KD) or a scramble control were exposed to 
(A) 100 μM H2O2 (C) 100 μM ISOPOOH, or (E) 100 μM t-BOOH. EGSH response to (B) 100 μM H2O2 (D) 100 μM ISOPOOH, or (F) 100 μM t-BOOH expressing PRX6 
knockdown were compared to roGFP-HAEC with wildtype PRX6 expression in the same cultures. All fluorescence intensity values were normalized to baseline. All 
values are presented as mean ± SEM, n = 3. 

Fig. 7. ISOPOOH exposure produces secondary organic oxidative species 
in HAEC. roGFP-HAEC were exposed to total lipid extracts (TLE) prepared from 
HAEC exposed to either 100 μM ISOPOOH, 1 mM H2O2, or 0.025% BSA 
(Vehicle Control) for 40 min. All fluorescence intensity values were normalized 
to baseline and maximal sensor response. All values are presented as mean ±
SEM, n = 3. 
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biomimetic membrane system in which the fatty acid composition can 
be tightly controlled. Giant unilamellar vesicles (GUVs) were con
structed by electroformation of various phospholipids containing un
saturated fatty acids [(18:0–22:6)-PC/(16:0–20:4)-PC/(18:1)2PE] and 
visualized by the sensor Liperfluo. Liperfluo-containing GUVs exposed 
to 100 μM ISOPOOH showed increased fluorescence intensity as 
compared to vehicle-treated controls (Fig. 9). The diameter of each GUV 
was also measured to eliminate any artifacts arising from variations in 
GUV size distribution. These data highlight the oxidative potency of 
ISOPOOH given that direct interaction of ISOPOOH with cellular and 
biomimetic membranes results in increased peroxidation of unsaturated 
phospholipid fatty acids. 

3.6. Polyunsaturated fatty acids (PUFAs) supplementation potentiates 
ISOPOOH-induced GSH oxidation in HAEC 

The GUV experiment suggested that membrane fatty acid saturation 
plays a role in the potency with which ISOPOOH oxidizes GSH in HAEC. 
We therefore sought to determine whether modulating the PUFA con
tent of HAEC membranes prior to exposure to ISOPOOH influences the 
magnitude of glutathione oxidation in HAEC. We pretreated roGFP- 
HAECs with BSA conjugated PA (16:0), EPA (20:5n-3), or DHA 
(22:6n-3) 16–18 h prior to ISOPOOH exposure. As shown in Fig. 10, 
ISOPOOH-induced GSH oxidation was markedly potentiated in HAEC 

pretreated with EPA or DHA relative to unsupplemented controls. HAEC 
pretreated with EPA or DHA before exposure to H2O2 showed similar 
increases in EGSH (Fig. S9). HAEC supplemented with palmitic acid, a 
saturated fatty acid, exposed to ISOPOOH, H2O2, or t-BOOH did not 
show alterations in GSH oxidation compared to supplemented controls 
(Fig. 10, S9, S10). These findings show that fatty acid unsaturation is a 
determinant of ISOPOOH-induced GSH oxidation as reported by roGFP 
in HAEC. 

4. Discussion 

With estimated releases of 500 Tg/year, isoprene is the most abun
dant non-methane hydrocarbon in the atmosphere and is known to be a 
major precursor of a variety of photochemical oxidation products, 
including hydroperoxides [41]. We previously reported that exposure to 
long-chain lipid hydroperoxides, such as 9-HpODE, induces alterations 
in cellular metabolism and oxidative stress in HAEC [20]. However, 
despite their pervasiveness in the atmosphere, the initiating toxicolog
ical events arising from exposure to low-molecular weight environ
mental hydroperoxides remain to be investigated. In this study we 
present the first report on a mechanism of action through which expo
sure to an environmentally relevant hydroperoxide, such as ISOPOOH, 
initiates oxidative stress in HAEC. 

Inasmuch as glutathione is present in millimolar concentrations in 

Fig. 8. ISOPOOH exposure produces secondary 
lipid hydroperoxides in HAEC membranes. HAEC 
prelabeled with the fluorophore Liperfluo were 
exposed to either 100 μM t-BOOH (green line), ISO
POOH (red line), H2O2 (blue line), or vehicle (black 
line) for 35 min after a 5-min baseline. Data shown 
represent the fluorescence intensity at 510 nm 
resulting from excitation with 488 nm laser light. All 
fluorescence intensity values were corrected for 
baseline fluorescence. All values are presented as 
mean ± SEM, n = 3. One-sided error bars were used 
for clarity. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 9. ISPOOH induces lipid peroxidation in a 
cell free biomimetic membrane preparation. (A) 
Representative images of untreated GUVs visualized 
with Liperfluo (0.1 mol%) (left panel) and GUVs 
treated with 100 μM H2O2, ISOPOOH, and t-BOOH, 
respectively (right panel). GUVs were composed of 
(18:0–22:6) PC/(16:0–20:4) PC/(18:1)2DOPE (33.3/ 
33.3/33.3 mol%). (B) The average fluorescence in
tensity of individual GUV membranes (left panel), 
either untreated or treated with 100 μM H2O2, ISO
POOH, and t-BOOH, respectively was determined for 
each individual vesicle, as well as the average GUV 
diameter (right panel). Data shwon are average ±
SEM from a total of 150–300 vesicles analyzed from 
n = 2–3 independent experiments. Asterisks indicate 
significance from untreated vesicles: ***p < 0.001, 
****p < 0.0001. Scale bars are 10 μm.   
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most cells, the glutathione redox potential is a relevant and quantifiable 
marker of the intracellular redox state [42]. Key proteins involved in 
many facets of cellular function are subject to regulation through 
reversible oxidation of specific cysteinyl thiols which is reflected in the 
EGSH [43]. The high temporal resolution of live-cell imaging using 
roGFP, a sensor that reports on the intracellular EGSH, is advantageous to 
the elucidation of the early oxidative effects of xenobiotic exposure in 
HAEC [15]. Using this approach, we observed that exposure of 
roGFP-HAEC to ISOPOOH causes a rapid and robust increase in EGSH. 
However, the interactions of H2O2, low molecular weight environmental 
organic hydroperoxides or long-chain lipid hydroperoxides with gluta
thione, between glutathione and roGFP, and between glutathione and 
NADPH, all require the participation of key enzymes arranged in a 
specific redox relay that includes GPX, GRX, and GR [16,21,22]. 
Inserting roGFP into the relay can validate its use as a readout of EGSH in 
HAEC exposed to ISOPOOH and provide valuable insight into the 
mechanism of ISOPOOH-induced GSH oxidation. While the redox relay 
through which roGFP equilibrates with EGSH is well described for H2O2, 
we demonstrate here by using extra and intracellular catalase in
terventions as well as the sensor HyPer that the effect of ISOPOOH on 
HAEC is not dependent on generation of extracellular or intracellular 
H2O2. 

We then sought to determine the involvement of the glutathione 
peroxidases. Within the GPX family of proteins, GPX1 has strong selec
tivity for small inorganic peroxides such as H2O2 while GPX4 has 
demonstrated selectivity for long-chain lipid hydroperoxides [20,44]. 
shRNA knockdown of GPX4 revealed that it is a critical protein involved 
in regulating GSH oxidation in HAEC following ISOPOOH exposure. We 
also investigated the possible involvement of ISOPOOH-mediated lipid 
peroxidation and show evidence pointing to the participation of lipid 
hydroperoxides. PRX6 is another lipid hydroperoxide scavenger 
enzyme. In contrast to GPX4, knockdown of PRX6 had no effect on the 
roGFP response to ISOPOOH, indicating that PRX6 may not contribute 
significantly to ISOPOOH-induced oxidative stress. However, the 

persistence of ISOPOOH-induced GSH oxidation in PRX6 knockdown 
cells does not rule out PRX6 involvement, rather it shows that PRX6 does 
not have a significant role in reducing ISOPOOH-generated lipid hy
droperoxides in the roGFP redox relay. Furthermore, although we show 
that GPX4 is a critical protein in mediating the ISOPOOH-induced GSH 
oxidation, we cannot rule out the involvement of other GPX isotypes, 
which remains an area for future investigation. 

The demonstration that organic extracts of ISOPOOH-treated HAEC 
can convey the glutathione-oxidizing activity to naïve cells suggests the 
generation of oxidizing intermediates. Direct measurement of lipid hy
droperoxides by Lipferfluo confirmed the formation of lipid hydroper
oxides in HAEC following ISOPOOH exposure, as did the findings we 
obtained using a biomimetic membrane system. 

Lastly, the involvement of lipid hydroperoxides in mediating gluta
thione oxidation induced by ISOPOOH is further supported by our ex
periments showing its potentiation in HAEC containing elevated levels 
of unsaturated fatty acids. Polyunsaturated fatty acids, specifically ω-3 
PUFA dietary supplementation, has previously been shown to amelio
rate the adverse health effects of exposure to air pollution [45,46]. 
However, it has also been shown that lipid peroxidation and resulting 
oxidative stress by strong oxidants such as ozone, can be enhanced by 
increasing the degree of unsaturation of fatty acids in cellular mem
branes [12]. We similarly show here that increasing the content of un
saturated fatty acids in HAEC membranes increases their sensitivity to 
ISOPOOH exposure. Furthermore, compared to H2O2 and a potent 
organic hydroperoxide t-BOOH, ISOPOOH demonstrated similar po
tency inducing lipid peroxidation and GSH oxidation in HAEC. Previous 
reports have implicated the production of lipid hydroperoxides in 
receptor-mediated activation of critical signaling pathways [47], 
thereby potentially linking ISOPOOH exposure to altered cell signaling. 

The finding that glucose deprivation potentiates EGSH, and that 
glucose replacement reverses ISOPOOH-induced GSH oxidation is 
consistent with the requirement of NADPH for glutathione reductase 
activity. Oxidant exposure induces sulfenylation of glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) [48,49]. Peroxide mediated sulfe
nylation of GAPDH shifts the metabolism of glucose from glycolysis to 
PPP [50,51]. Since, the inactivation of GAPDH is reversible, this post
translational modification allows the cell to maintain homeostatic 
equilibrium by shifting between metabolic function and the redox bal
ance via the production of NADPH [21,50]. This observation implies 
that the oxidative stress induced by ISOPOOH exposure may be tightly 
regulated by adaptative intracellular metabolic changes. Therefore, 
further studies are required to elucidate the mechanisms that underlie 
ISOPOOH effects on cellular bioenergetics. Of interest is whether ISO
POOH can directly oxidize GAPDH or if GADPH is sulfenylated by 
ISOPOOH-generated secondary lipid hydroperoxides. 

ISOPOOH is a first-generation photochemical oxidation product of 
isoprene. In the western United States, daytime ambient ISOPOOH 
concentrations have reached 1–2 ppb [52,53]. Given the ubiquitous 
nature of ISOPOOH exposure, a plausible exposure range of HAEC based 
on similar previous calculations would be 40–90 μM ISOPOOH/hour 
(S11), an exposure dose similar to that used in this study [54]. The study 
of secondary aerosols consisting of higher generation oxidation products 
such dihydroxydihydroperoxy isoprene (ISO(POOH)2) and additional 
highly oxygenated oligomers, will serve to improve our understanding 
of the role of plant-derived organic molecules and their oxidation 
products in the inhalation toxicology of air pollution. 

Previous studies investigating the adverse effects of isoprene-derived 
SOA have focused on downstream analysis of differential gene expres
sion, specifically alterations in mRNA levels and the use of chemical 
assays to quantify the oxidative potency of the SOA. In this study, we 
aimed to characterize early events involved in the mechanism of action 
underlying the redox toxicology of ISOPOOH in HAEC. By using a 
quantitative real-time live-cell imaging approach to monitor changes in 
cellular EGSH we were able to quantify early redox-responses in HAEC 
exposed to ISOPOOH. 

Fig. 10. Polyunsaturated fatty acids increase HAEC sensitivity to 
ISOPOOH-induced changes in EGSH. roGFP-HAEC were supplemented with 
30 μM PA, EPA, or DHA for 16–18 h prior to exposure to 100 μM ISOPOOH for 
5 min. The ratio of 510 nm fluorescence intensity by 488 nm–405 nm excitation 
was controlled for baseline and positive control (1 mM H2O2 treatment) is 
shown as the percent of the response in unsupplemented controls. All values are 
presented as mean ± SEM, n = 3. Asterisks denote significance difference from 
unsupplemented controls: *, p < 0.05. 
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In summary we investigated the early cell responses to oxidative 
stress induced in HAEC by ISOPOOH exposure as reported by changes in 
intracellular EGSH as reported by roGFP. Our findings show that expo
sure to ISOPOOH generates lipid hydroperoxides and that ISOPOOH- 
induced lipid peroxidation induces changes in the intracellular gluta
thione redox status of HAEC. These findings demonstrate that ISOPOOH 
is an environmental hydroperoxide with potency equivalent to H2O2 and 
t-BOOH that can contribute to the oxidative burden posed by direct 
exposure of the human airway epithelium to SOA. 
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