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Formation of redox-active duroquinone from vaping of vitamin E
acetate contributes to oxidative lung injury

Alexa Cancholal, C.M. Sabbir Ahmed?!, Kunpeng Chen?, Jin Y. Chenl, Ying-Hsuan Lin12"
1Environmental Toxicology Graduate Program, University of California, Riverside, CA, USA

2Department of Environmental Sciences, University of California, Riverside, CA, USA

Abstract

In late 2019, the outbreak of e-cigarette, or vaping-associated lung injuries (EVALI) in the

United States demonstrated to the public the potential health risks of vaping. While studies

since the outbreak have identified vitamin E acetate (VEA), a diluent of tetrahydrocannabinol
(THC) in vape cartridges, as a potential contributor to lung injuries, the molecular mechanisms
through which VEA may cause damage are still unclear. Recent studies have found the thermal
degradation of e-liquids during vaping can result in the formation of products that are more

toxic than the parent compounds. In this study, we assessed the role of duroquinone (DQ) in

VEA vaping emissions that may act as a mechanism through which VEA vaping causes lung
damage. VEA vaping emissions were collected and analyzed for their potential to generate
reactive oxygen species (ROS) and induce oxidative stress-associated gene expression in human
bronchial epithelial cells (BEAS-2B). Significant ROS generation by VEA vaping emissions

were observed in both acellular and cellular systems. Furthermore, exposure to vaping emissions
resulted in significant upregulation of NQOZ and HMOX-1 genes in BEAS-2B cells, indicating a
strong potential for vaped VEA to cause oxidative damage and acute lung injury; the effects are
more profound than exposure to equivalent concentrations of DQ alone. Our findings suggest there
may be synergistic interactions between thermal decomposition products of VEA, highlighting the
multifaceted nature of vaping toxicity.
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1. Introduction

Vaping, or inhalation of aerosolized e-cigarette liquids, has become increasingly popular
over the last decade, particularly among adolescents and those trying to quit tobacco
cigarettes.! The popularity of vaping has largely been attributed to the customization options
available (through both the e-cigarette design and liquid flavors) as well as their perception
as a safer alternative compared to traditional cigarettes.2 However, the outbreak of the
vaping-related illness, known as EVALI (e-cigarette, or vaping, product use-associated lung
injury), in users of e-cigarettes and vaping products highlights the potential contribution of
vaping to public health risks.

The wave of vaping-related injuries began in August of 2019 and by February of 2020, the
Centers for Disease Control and Prevention (CDC) had reported over 2,800 hospitalizations
of patients who displayed symptoms of coughing, dyspnea (shortness of breath), and chest
pain characteristic of acute respiratory distress syndrome.3 Majority of affected patients
appeared to be young (under 35), with no history of pre-existing respiratory conditions

that may have caused the damage.* > Majority of patients did, however, report the use of e-
cigarette or vape products within 3 months preceding the onset of any symptoms.> Over 80%
of surveyed patients reported that they had used tetrahydrocannabinol (THC)-containing
vaping products, and 35% used THC exclusively.* ® Evidence suggests that vitamin E
acetate (VEA), found in high frequency in illicit cannabinoid-containing vaping cartridges
and in the bronchoalveolar lavage of EVALI patients, are strongly linked to the outbreak.5: 7
However, the exact causative agents and underlying molecular mechanisms remain unclear.
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VEA is a synthetic derivative of vitamin E used in black market or homemade vaping
cartridges as a viscosity enhancer to dilute or “cut” THC. In some instances, the ratio of
VEA to THC in cartridges linked to EVALI cases was found to be greater than 95%.” Alone,
vitamin E and its derivatives are considered safe for consumption and are often used in
skin-care products for protection against UV-induced damage.8 However, recent studies have
demonstrated that VEA and other e-liquids undergo drastic changes in chemical composition
during the vaping process, forming products such as formaldehyde, acrolein, acetaldehyde,
and more depending on the oil heated.%-1! Vaping of VEA in particular was found to result
in the formation of the reactive quinone species, duroquinone (DQ).”- 10. 11

Quinones like DQ are highly redox active molecules that can undergo redox cycling — a
process in which the quinone is reduced by a cellular reductase (such as NADPH quinone
reductase) or reducing agent to a semiquinone radical.12 13 This radical can then react
with molecular oxygen to produce superoxide and re-form the quinone, resulting in the
generation of reactive oxygen species (ROS), including superoxide, hydrogen peroxide,
and hydroxyl radicals.1# The redox cycling can continue indefinitely until oxygen or a
reducing agent concentration has been depleted, which ultimately leads to oxidative stress
and damage to crucial molecules including lipids, proteins, and DNA.14 In addition to
ROS-mediated damage, quinones can act as electrophiles capable of direct damage via
Michael addition to macromolecules such as DNA and proteins.1# 15 Many studies have
indicated that inhalation of various quinone species can lead to detrimental effects on human
lung health, especially to airway epithelium.15-17

To date, few studies have investigated the potential role of the thermal degradation products
of VEA in acute lung injuries. For this reason, the objective of this study was to assess the
potential of DQ produced during VEA vaping to induce oxidative damage in human airway
epithelial cells as a possible contributing factor. VEA vaping emissions were analyzed using
gas chromatography/mass spectrometry (GC/MS) methods and applied to human airway
epithelial cells (BEAS-2B) to assess oxidative potential and toxicological responses upon
exposure. Additionally, we investigated the size distribution of vaping aerosols and the
chemical constituents at different size fractions to characterize the potential risk of aerosol
lung deposition.

2. Materials and Methods

2.1 Materials

DL-alpha tocopherol acetate (VEA, > 97%), DL-alpha tocopherol (vitamin E, > 97%),
tetramethyl-1,4-benzoquinone (DQ, > 98%), durohydroquinone (DHQ, > 95%), tert-

butyl hydroperoxide (TBHP, 70% in water), and sodium hydroxide (NaOH, 1.0 M in

water) were purchased from Tokyo Chemical Industry (TCI America, Inc.). 1, 3, 5-
trichlorobenzene (TCB, 98%) was purchased from Alfa Aesar. Acetonitrile (ACN, 99.95%)
was purchased from Fisher Chemical. Triton X-100 (10% w/v) was purchased from

Roche. Cell-grade dimethyl sulfoxide (DMSO) was purchased from MP Biomedicals. 2’-7-
dichlorodihydrofluorescein diacetate (DCFH,DA) was purchased from Cayman Chemical
Company. Phosphate Buffered Saline (PBS, 1X) was purchased from Corning. Fluoro-
Max™ Green Fluorescent Microspheres (0.27 pm) were purchased from Thermo Scientific.

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.
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2.2 Sample Collection

The procedure for collecting VEA vaping aerosols was adapted from previous

studies0 11. 18 to maintain reproducibility with other e-cigarette research. The vape pen
(CCell M3b) was operated at 3.6 V. The average peak temperature of the heating element
was measured to be 218.6 £ 3.6 °C using a 1 mm grounded k-type thermocouple wire

(MN Measurement Instruments) following the protocol previously described in Chen et al.19
(Figure S1). The full protocol for the measurement of the heating element temperature is
described in the Supporting Information (SI).

A fresh cartridge (CCell TH2; 0.5 mL, 2.2 Q) was used for each collection. Prior to each
collection, the cartridge was filled with VEA standard oil, weighed, and preconditioned by
taking 3-5 puffs until the oil was properly warmed. Vaping emissions were collected using
a cold trap apparatus on dry ice to condense emission products. One 4 s puff was taken at
intervals of 30 s using a 0.4 L min~1 air flow rate, which was controlled by a 0.46 L min~1
critical orifice connected a diaphragm pump (Gast Manufacturing Inc.) (Figure S2). After
20 puffs, the vape pen was rested for 10-20 minutes to prevent overheating of the battery
and cartridge. Collections were repeated a total of 4 times for quantification and statistical
analysis.

Condensed vaping emissions were dissolved in ACN for chemical analysis or in cell culture
media for cell exposure. To increase the solubility of VEA vaping emissions in aqueous
media, DMSO was added to each collection so that the final concentration was 0.1 % v/v
DMSO.

2.3 GC/MS Analysis

GC/MS (Agilent 6890N GC and 5975C inert MSD equipped with an electron ionization
(EI) ion source) analysis was performed to identify and quantify decomposition products
from VEA vaping. The detailed procedures for the operation of GC/MS have been reported
previously.20 For non-polar compounds such as untransformed VEA, 2 pL of samples were
directly injected into an Agilent J&W DB-5MS column (30 m x 0.25 mm i.d., 0.25 pm film)
for separation. The GC was set to 60 °C for 1 min, ramped to 150 °C at a rate of 3 °C min~1,
held at 150 °C for 2 min, ramped to 310 °C at a rate of 20 °C min~1, and held at 310 °C

for 5 min. A solvent delay of 6 min was used. For polar degradation products such as DQ, 2
pL of sample were directly injected into a Rtx-VMS fused silica column (30 m x 0.25 mm
i.d., 1.4 um film). The GC was set to 35 °C for 1 min, ramped to 240 °C at a rate of 10

°C min~1, and held 4 min. A solvent delay of 6 minutes was also used. Compounds were
identified using the NIST 2008 mass spectral database; emission products were confirmed
and quantified using corresponding authentic or surrogate standards dissolved in ACN.

2.4 Cell Culture

Human bronchial epithelial cells (BEAS-2B) were purchased from the American Type
Culture Collection (ATCC). Cells were cultured in either Gibco® LHC-9 medium (1X)
(Invitrogen) or supplemented Bronchial Epithelial Growth Medium (BEGM; Lonza). Cells
were incubated at 37 °C and 5% CO, until confluent (75-80%) and transferred to 96- or
24-well plates for exposure experiments.

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.
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2.5 Cytotoxicity Analysis

BEAS-2B cells were grown in 96-well plates at initial seeding densities of 6 x 103 cells per
well and allowed 24 hours for attachment. Wells were then treated with 2-fold dilutions

of VEA vaping emissions, unvaped VEA, or DQ standard for 24 hours. The highest
concentration of VEA vaping emissions and unvaped VEA used to expose cells was 125
mg/mL, though the actual concentration available to cells may have been lower due to
solubility issues. The highest concentration of DQ used was 25 pg/mL as this was the
corresponding concentration of DQ produced in VEA vaping emissions at the time of cell
exposure. Untreated cells were included as negative controls, while cells treated with 0.1%
v/v Triton X-100 were used as a positive control to simulate 100% cell death. DMSO

was added to each treatment so that the final concentration was 0.1 % v/v. To account for
cytotoxicity induced by DMSO, 0.1% v/v DMSO in media was used as a vehicle control.
Finally, 100 puffs of vaped deionized (DI) water was used as a vaping device control. To
measure cytotoxicity after exposure, the lactate dehydrogenase (LDH) cytotoxicity assay
was used as a measure of cell membrane integrity. The assay was performed following the
manufacturer's protocol (Roche) and absorbance was measured on a TECAN SpectraFluor
Plus microplate reader at 490 nm, with a reference wavelength at 620 nm. Light absorbance
by the mixture of LDH assay reagent and treatments themselves was also considered and
subtracted before analysis.

2.6 Detection of ROS

2.6.1 Acellular 2’-7’-Dichlorodihydrofluorescein (DCFH5) Assay—To measure
exogenous ROS production, the DCFH> fluorescent assay was used. 200 pL of a 5 mM
DCFH,DA solution in DMSO was chemically hydrolyzed with 4.8 mL of 0.01 M NaOH
for 30 minutes in the dark. After 30 minutes, 10 mL of 1 X PBS was added to neutralize
the reaction and reduce the risk of auto-oxidation?L; the solution was then placed on ice in
the dark until use to prevent photo-oxidation. 100 pL of either dilutions of DQ, unvaped
VEA, or VEA vaping emissions in DMSO were added to the wells of a black, clear bottom
96-well plate (Corning), followed by 100 pL of chemically hydrolyzed DCFH,. To account
for background fluorescence or photo- or auto-oxidation of DCFH,, DCFH, in DMSO only
(no treatment added) was also assessed. To account for the role of metals in ROS generation,
100 puffs of vaped DI water were used as a vaping device control. Finally, 120 uM of
TBHP was used as a positive control to induce ROS production. Fluorescence intensity was
measured every 5 minutes for 75 minutes (excitation: 485 nm, emission: 535 nm) using a
GloMax Multi+ Plate Reader (Promega) with Instinct® Software.

2.6.2 Cellular DCFH,DA Assay—The DCFH,DA assay was also performed in the
cellular system to measure intracellular ROS in BEAS-2B cells. Cells were seeded in
96-well plates at densities of 6 x 103 cells per well for 24 hours at 37 °C prior to exposure.
After 24 hours, the media was removed, and each well was washed with 50 pL of PBS. After
washing, cells were exposed to 100 uL of a 15 uM solution of DCFH,DA in cell culture
media and incubated at 37 °C for 45 minutes. The dye solution was subsequently removed
and 100 pL of treatment or control groups were added upon exposure. All treatments in
media contained 0.1 % v/v of DMSO. Background fluorescence of cell-free DCFH,DA in

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.
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media with 0.1 % v/v DMSO was also measured. The fluorescence intensity was measured
following the same protocol as described in section 2.6.1.

2.7 Biomarker Analysis

2.7.1 Cell Exposure, RNA Extraction and Purification—To assess the alteration of
oxidative stress-associated gene expression, BEAS-2B cells were seeded in 24-well plates
at densities of 6 x 104 cells per well and allowed 24 hours for attachment. Cells were then
exposed to 65 mg mL~1 of VEA vaping emissions, 65 mg mL~1 of unvaped VEA, 12.5

pg mL~1 of DQ standard, 100 puffs of vaped DI water, or 50 uM of TBHP for 6 hours

to assess expression of heme oxygenase | (HMOX-1) and 24 hours to assess expression

of NAD(P)H quinone dehydrogenase 1 (MVQOJI) (Figure S3). Untreated cells were included
as negative controls. After exposure, cells were lysed with 300 uL of cold TRI Reagent
(Zymo Research) for total RNA isolation. The RNA was extracted using the Direct-zol RNA
MiniPrep kit (Zymo Research). A Nanodrop ND-2000C spectrophotometer (Thermo Fisher
Scientific) was used to determine the RNA quality (A260/280 ratios) and concentrations.
A260/280 ratios for all RNA samples chosen for gene expression analysis were above 1.8.
Purified RNA samples were stored at =80 °C until further processing.

2.7.2 gPCR—EXxpression levels of NQOI, and HMOX-1 genes were measured using
the one-step QuantiFast SYBR Green® RT-PCR kit (Qiagen). The QuantiTect Primer
Assays (Qiagen) of NQOI (GeneGlobe ID: QT00050281) and HMOX-1 (GeneGlobe ID:
QT00092645) were used in this study. The results were normalized to a housekeeping
gene beta-actin (ACTB) (Qiagen, GeneGlobe ID: QT00095431) and expressed as log, fold
changes over the unexposed controls. A CFX96 Touch Real Time PCR detection system
(Bio-Rad) was used. Thermal cycling conditions for RT-PCR were set as follows: 10 min
at 50 °C for reverse transcription, 5 min at 95 °C for initial denaturation and 40 cycles of
amplification (10 s at 95 °C and 30 s at 60 °C).

2.8 Aerosol Analysis

A Scanning Electron Mobility Spectrometer (SEMS; Brechtel Manufacturing Inc.) was used
to determine the volume and size distribution of VEA vaping aerosols emitted directly from
the vape pen. The aerosol collection efficiency of the cold trap method was determined by
measuring the volume and number concentrations at the inflow and outflow of a first cold
trap, and the outflow of a second cold trap (figure S4).

A micro-orifice uniform deposit impactor (MOUDI, Mo. 110; MSP Corporation) was used
to determine the distribution of identified compounds in different sizes of aerosols. To
collect size-fractionated aerosol samples, the vape pen was connected to a 4 L jar; emissions
were vaped into the jar using the previously described protocol. A diaphragm pump was
used to pull emissions through the MOUDI at a flow rate of 30 L min~1. The pump was
allowed to run for 1 hour after completion of aerosol generation to ensure that all particles
were deposited on MOUDI stages lined with aluminum foil. Collected size-fractionated
vaping aerosols on foil stages were extracted with 5 mL of ACN and sonicated for 30 mins.
Samples were dried with a gentle N5 gas stream to 100 uL, with 10 L of 1, 3, 5-TCB
solution (2 pg/pL) added to the samples as an internal standard, and subsequently analyzed

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.
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using GC/MS following the method described in section 2.3. The experimental set-up is
shown in the SI (Figure S5A).

To verify the cut sizes of MOUDI stages, 0.27 um green fluorescent microspheres
(ThermoFisher Scientific) that correspond to the mode of vaping aerosol size distribution
were nebulized and pulled through the MOUDI to deposit on the foil-lined stages. Figure
S5B shows the microspheres deposited at the expected cut size, confirming the stages
expected to see the majority of VEA vaping emissions.

2.9 Statistical Analysis

GraphPad Prism 9 was used to analyze differences in DCFH,DA/DCFHj activities and gene
expression levels after treatment. Two-way Analysis of Variance (ANOVA) with Tukey HSD
post-hoc analysis was used to determine the statistical significance of treatments compared
to the untreated control. A p-value < 0.05 was considered statistically significant.

3. Results and Discussion

3.1 GC/MS Analysis of VEA Emissions

Previous studies have found that several factors can impact the formation and collection
efficiency of various compounds in vaping emissions, including model of e-cigarette
tested, puffing topography (e.g., puff duration, puffing interval, and air flow rate), and
collection method.18 22 23 GC/MS analysis of VEA vaping emissions at 3.6 V revealed

a wide range of decomposition products (Figure S6 and S7). While a large portion of

the spectra remains unidentified, we were able to attribute approximately 21% of the total
mass of VEA consumed by the vape pen to major emission products of duroquinone,
durohydroquinone (DHQ), vitamin E, and VEA. We have also tentatively identified 3,

7, 11-trimethyl-1-dodecanol as a decomposition product based on a consistent NIST MS
spectral library reverse match score of 900 or greater, and 1-pristene based on comparison
of experimental mass spectra with spectra previously reported in literature by Mikheev et
al.24, which describes fragment ions of /2111, 126, and 181 that are consistent with

our results. Due to the lack of available authentic standards, 1-dodecanol was used as a
surrogate to quantify 3, 7, 11-trimethyl-1-dodecanol and 1-pristane was used to quantify
1-pristene. Table 1 summarizes the production yields of each identified compound per mg
of VEA consumed by the vape pen. Information regarding predicted molecular weight,
boiling point, and vapor pressures of compounds was obtained from ChemSpider2® based
on the estimates from Environmental Protection Agency (EPA)’s EPI Suite program. The
determined yields were used to calculate the concentrations of DQ standard expected to be
found in corresponding vaped VEA collections for use in cell exposures. To account for
variations between vaping aerosol collections, production yields of DQ were quantified prior
to each cell exposure experiment to determine the corresponding DQ concentrations in each
vaped VEA treatment.

The detection of these products is consistent with prior findings, 1% 11 24 though the mass
yield of DQ shown here is 3 times lower than previously reported.}! This difference
may be attributed to an increased flow rate compared to our previous study, which may

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.
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decrease the residence time the of parent oil in the cartridge and ultimately decrease the
amount of VEA that is transformed by the heated coil. In addition, other studies have
identified decomposition products that could not be found in our spectra, such as ketene
or durohydroquinone monoacetate (DHQMA).10. 24 Absence of these compounds in our
spectra may be attributed to differences in the collection method and vape pen operation.
The cold trap collection method used in this study was optimized for the collection of
compounds such as DQ and VEA, whose boiling points are well above the temperature of
dry ice and are easily captured for analysis. For compounds with high vapor pressure, such
as ketene, the use of dry ice to condense emissions may not capture gas-phase products

as efficiently as liquid nitrogen used in prior studies.19 Ketene, which has an approximate
boiling point of =56 °C25, was not expected to be observed in our collection. In addition,
observation of carbonyl-containing compounds from GC/MS often requires derivatization
methods that were not used in this study? 26, As such, it is highly likely that ketene and
other higher volatility compounds are produced during the vaping process but cannot be
observed in our results.

Furthermore, the current study analyzed vaping emissions produced at an average peak
temperature of 218 °C (3.6 V), which is a lower temperature than what has previously
been reported in literature at similar applied voltages for VEA vaping.2”: 28 Differences in
measured coil temperature may be attributed to the design of the device used. In Lynch et
al.2” and Wu et al.10, where coil temperatures reach up to 600 °C, coils with 0.25 to 1.8 Q
resistance were used, compared to the 2.2 Q resistance coil at 3.6 V used in our study. This
difference in coil resistance may impact the resulting power output and the temperatures
the heating element was able to reach, even when operated at the same voltage setting. The
cartridge in this study was chosen as it is a product intended for use in THC vaping and
was a brand found to be used by patients who developed EVALI symptoms.”: 29 It is highly
possible that the temperature used in VEA vaping may impact the identity and quantity of
certain decomposition products.30.

Finally, previous reports of VEA thermal degradation have found VEA to be thermally
stable up to temperatures > 250 °C3L; in addition, the temperature used here (218 °C) is, to
our knowledge, the lowest reported temperature at which DQ production has been observed.
The differences in these findings may be attributed to a catalytic effect between VEA oil
and the metal constituents of the cartridge that the oil must come into contact with during
vaping. One study by Saliba et al.32 recently investigated the pyrolysis of propylene glycol
(PG) and found that the presence of a metal heating coil during pyrolysis greatly impacted
the temperature at which PG began to decompose into carbonyl-containing compounds. In
the presence of stainless steel, Kanthal, or aged nichrome, the temperature at which peak
methylglyoxal production was observed was decreased by nearly 300 °C compared to pure
pyrolysis in the absence of metal. Thus, is it highly possible that VEA may be interacting
with metals in the device in a similar way, resulting in a catalytic effect to degrade VEA at
lower temperatures. However, further study into the impact of temperature and vaping device
construction of VEA degradation should be explored.

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.
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3.2 Cytotoxicity Analysis

BEAS-2B cells were exposed to 2-fold serial dilutions of unvaped VEA, VEA vaping
emissions, and DQ standard for 24 hours before cytotoxicity was assessed. The results of
the LDH assay support our prior findings of differential toxicity after the vaping process.!
There is a considerable shift in cytotoxicity between cells exposed to unvaped VEA and
those exposed to VEA vaping emissions (Figure 1); a clear dose-dependent response can
likewise be observed when cells are exposed to DQ alone. Neither the vehicle nor device
controls demonstrated significant cytotoxicity. At corresponding DQ concentrations, DQ can
account for nearly 50% of the observed cytotoxicity in VEA vaping emission-exposed cells.
Concentrations not found to be overly toxic (< 30%) within the 24-hour exposure period
were chosen for further gene expression analysis33,

3.3 ROS Production

DCFH,DA is a fluorescent assay used to measure general oxidative potential in both
cellular and acellular systems. In its non-fluorescent form, DCFH,DA can easily enter
through lipid membranes.?L: 34 Once transported into the cytosol, it may be deacetylated
by intracellular esterases, converting it to DCFHo, a non-fluorescent form that cannot
cross cellular membranes as readily and can be oxidized by reactive species to form the
fluorescent product 2’,7’-dichlorofluorescein (DCF).21: 34-36 The deacetylation process can
also be done in acellular systems by chemically hydrolyzing DCFH,DA into DCFH, using
NaOH;35: 37, 38 this form can then be oxidized by a compound of interest and/or generated
H,0, (Figure S8).

Quinones such as DQ are highly electrophilic and have the potential to generate large
amounts of ROS through redox cycling; generated ROS can then damage cellular
membranes and other macromolecules critical to regular function. However, assessment
of only this exogenous oxidative potential does not account for ROS generated by the cell
itself during metabolic processes or immune responses to a xenobiotic.3% 40 Endogenous
ROS can contribute greatly to intracellular redox homeostasis, further inducing oxidative
stress.#1: 42 Assessment of both the oxidative potential and the total cellular ROS produced
upon exposure to a toxicant can help to better elucidate the mechanism of toxicity and the
risk of oxidative damage to cells.

The DCFH,;DA/DCFH, assay was studied in both acellular and cellular systems over 75
minutes after either addition of the DCFH, or exposure of treatments and controls to
BEAS-2B. The time course results of both assays can be found in the SI (Figure S9). Figure
2 summarizes the exogenous oxidative potential of treatments in the acellular system (Figure
2A) and the intracellular ROS measured in BEAS-2B exposed to treatments (Figure 2B);
results are expressed as the fold change in fluorescence intensity compared to the negative
control. After 75 minutes, neither unvaped VEA nor the device control induce significant
ROS generation in either system. In the acellular system, DQ and VEA vaping emissions
both demonstrate the ability to generate ROS significantly compared to the solvent alone;
note that equivalent concentrations of DQ standard alone shows greater ROS production
than VEA vaping emissions. In addition, all concentrations of DQ standard reacted more
quickly with DCFH> than VEA vaping emissions (Figure S9B and C). In the cellular

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.
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system, however, only the highest concentration of VEA vaping emissions resulted in
significant ROS generation (p = 0.0329).

In the acellular system, DQ was expected to demonstrate high DCFH, oxidation both
through the generation of ROS during redox cycling, as well as through direct oxidation
by DQ or adduct formation of DQ and DCFH> via Michael addition. While DQ is an
electrophilic compound and has already been observed in the vaping emissions, VEA
emissions constitute a mixture of electrophiles, metals, and antioxidants (such as vitamin
E) that may compete with the DCFH probe to be oxidized. These nontarget interactions
may suppress the overall response observed by VEA vaping emissions compared to DQ
alone in the acellular system. In the cellular system, there exists an even larger array of
scavengers — biomolecules, lipids, and other antioxidants — that may compete with the
probe to be oxidized by generated ROS. Antioxidant molecules may also interact with the
probe itself and cause attenuation of the probe before it is able to be oxidized by ROS,43
resulting in a reduced signal compared to the acellular system. For DQ-treated cells, it

is likely that the concentration of DQ is not great enough to overcome competition by
scavengers, resulting in decreased ROS production or ability to stimulate endogenous ROS
production. In contrast, the highest concentration of VEA vaping emissions, being a mixture
of degradation products, may have contained a greater amount of electrophilic species to
compete with scavengers to oxidize DCFH>, and/or contained compounds able to induce
endogenous ROS production by the cells.*! Nevertheless, these findings support that VEA
vaping emissions and DQ are both capable of generating ROS that may induce oxidative
damage in exposed cells.

3.4 Gene Expression Analysis

The relative levels of gene expression for the exposure and control groups, expressed as

the log, fold changes, were calculated using the comparative cycle threshold (2-24CT)
method.** NQO1 was chosen as a biomarker of quinone toxicity as the enzyme is known

to compete with quinone reduction pathways that may initiate quinone redox-cycling;*®> DQ
has been used in several studies as model quinone substrate to induce NQOZ expression in
various cell types.#6-48 HAJOX-1, in contrast, is a stress-induced enzyme and is a commonly
used biomarker of downstream oxidative damage.*® Our results show that exposure to

DQ and VEA vaping emissions results in significant upregulation of HMOX-1 and NQO1
compared to the untreated control (Figure 3). HMOX-1 and NQO1 expression by vaping
emissions was found to be significantly greater than expression seen in DQ-exposed cells (p
< 0.0001 for HMOX-1 expression and p = 0.0391 for NQO1 expression). Neither unvaped
VEA, the DMSO vehicle control, nor the water device control resulted in significant gene
expression change of either biomarker.

NQOI1 and HMOX-1 upregulation by DQ and VEA vaping emissions provides evidence
that quinones are present in vaping emissions at concentrations that pose a risk to the
alteration of cellular homeostasis, and that both DQ alone and VEA vaping emissions
have the potential to induce oxidative damage through the production of ROS or reactions
with biomolecules to disrupt redox signaling pathways® 51, The ability of VEA vaping
emissions to both induce greater NQOZI and HMOX-1 expression than DQ standard alone,

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Canchola et al.

Page 11

highly suggests that VEA vaping emissions may contain a mixture of electrophiles and ROS
inducers that are capable of inducing oxidative damage. The significant difference in NQOZ
expression between DQ and vaping emissions may imply the presence of more quinones and
quinone-containing species than DQ alone. In addition, studies have found that oxidation of
vitamin E by free radicals or ROS results in the generation of vitamin E quinone, which

can be reduced by NQOZ to a hydroquinone and again act as an antioxidant.>2 Thus, the
increased upregulation of both NQOZI and HMOX-1 may also be attributed to interactions
between VEA decomposition products in the total mixture. These results overall support
that quinone toxicity is one contributing mechanism through which the VEA vaping-induced
lung oxidative damage occurs, but the presence of other degradation compounds and metals
from the device may either enhance DQ toxicity or provide additional mechanisms of
toxicity.

3.5 Aerosol Analysis

The majority of particles emitted directly from the vape pen existed between 200 to 400

nm in diameter, though a small fraction of particles can be observed between 60 to 100 nm
(Figure 4A and B). This observed size distribution agrees with recent studies of aerosolized
VEA at approximately the flow rate used.11: 24 The total aerosol collection efficiency of our
collection method was estimated to be = 99.9% by both volume and number (Figure 2B and
C) after tandem cold trap collection.

Size of emitted particles will greatly impact lung deposition, with smaller particles (< 100
nm) capable of penetrating into the lower conducting airways and the alveolar region of

the lungs.53 54 Based on these results, VEA vaping emissions overall have the potential

to penetrate into the lower respiratory system of vape users. To determine the sizes at
which DQ and other identified compounds are enriched that have direct implications for
the associated risk of lung deposition, we analyzed size-fractionated aerosol composition in
vaping emissions. Table 2 depicts the mass fractions of the major decomposition products
found from chemical analysis. The stages containing the largest total mass of particles
deposited were those with cut sizes ranging between 180 to 1000 nm. We observed that
VEA could be found at all sizes, while the first major decomposition product, vitamin

E, favored particle sizes above 180 nm, but was not detectable above 1000 nm. 3, 7,
11-trimethyl-1-dodecanol showed the greatest fraction in the larger sized particles (560

nm and above) but was found at detectable levels in particles smaller than 100 nm. DHQ
was detectable at diameters greater than 180 nm, but only showed substantial deposition
above 560 nm. This contrasts with DQ, which could only be found at sizes below 560

nm. The greatest mass fraction of DQ was observed in particles 56 to 100 nm in diameter.
1-Pristene was not detectable at any particle size. The inability to detect 1-pristene is likely
attributable to fast oxidation of the double bond by ozone from room air, which was present
at background levels between 30-40 ppbv.5% 56 This background concentration of 0zone was
not expected to substantially influence the detection of the other target compounds.

Ultimately, VEA, 3,7,11-Trimethyl-1-docecanol, DQ were observed to exist as particles with
diameters less than 100 nm and therefore are likely the main products able to penetrate
the alveolar region of the lungs. The decomposition products show clear potential for
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differential lung deposition in those who vaped VEA. One recent study found that the
chemical composition of e-cigarette aerosols are size dependent and heavily dependent

on boiling point and vapor pressure of the aerosol constituents.>” As shown in Table

1, the vapor pressures of emitted products vary greatly, which in turn may impact their
gas-particle partitioning behavior once released into the environment. This compositional
difference in particle size may impact the risk of exposure and negative health effects to
people in proximity to active vapers (i.e., passive vaping). With the exception of 1-pristene,
transformation of aerosols, or aging, after vaping was not expected to substantially influence
the results due to the short residence time in the jar and hydrophobic nature of the target
compounds. It is possible that some more hygroscopic constituents may absorb water vapor
from room air if left over time.58 This process could drastically impact the size of particles,
resulting in larger particles that are more likely to deposit in different regions of the airways
when inhaled by bystanders. However, to fully understand the dynamic nature of these
particles in the environment and the exposure risk via passive vaping, further study is
required.

3.6 Potential Limitations

Some further limitations to this study should be noted. First, VEA was studied individually
in an isolated system to examine the formation and contribution of DQ to oxidative lung
injuries, while cartridges linked to EVALLI cases were often blends with varying ratios of
VEA and THC. A prior study reported that in both liquid and aerosol phases, THC and
VEA can form hydrogen bonded complexes.>® In addition, a study by Muthumalage et al5°
recently found that exposure of BEAS-2B cells and mice to CBD/counterfeit cartridges
resulted in greater ROS generation and inflammatory responses than VEA alone. The role
of the interactions between these complexes in VEA-induced lung toxicity has not been
investigated at this time. Furthermore, the toxicological responses following exposure were
studied using an immortalized, monoculture cell line, which does not allow for investigation
into the systemic effects /n vivo. While the parent VEA molecule was not found to

induce cytotoxicity in our study, recent reports have demonstrated that VEA and other
e-liquids may interact with pulmonary surfactant at the air-liquid interface, resulting in
mechanical injury to the lungs that may contribute to EVALI-symptom onset.61: 62 Finally,
decomposition product formation was investigated at one voltage/temperature setting and
puffing topography. However, vaping behavior may vary drastically between users, which
has been found to alter composition,8: 63 and size and volume distributions22: 24 of aerosols.
The vaping topography used in this study was adapted from previous literature on nicotine
vaping, but less is known about the parameters used in THC-vaping.54 As a result, those
who vaped VEA could have been exposed to differing concentrations of DQ or aerosol
compositions than observed in this study.

4. Conclusions

This study investigated the potential contribution of the thermal decomposition product
DQ in VEA vaping emissions to induce oxidative stress in exposed lung cells. Our results
show that DQ and VEA vaping emissions show significant potential to generate ROS,
potentially causing oxidative damage to biomolecules. Moreover, VEA vaping emissions
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were found to be linked to the upregulation of NQOZ (a quinone-metabolizing enzyme)

and HMOX-1 (an oxidative stress biomarker) genes, providing evidence of vaping-induced
oxidative stress and quinone toxicity as one potential mechanism. Finally, our results support
that decomposition products of VEA may deposit at different lung depths. DQ in particular
was found to exist at sizes below 100 nm, suggesting its potential to penetrate into the
alveolar region of the lungs. Notably, the differential responses between DQ- and VEA
vaping emission-exposed cells highlight the need to further investigate the decomposition
products of VEA during vaping. The increased responses induced by VEA vaping emissions
suggest that while quinone toxicity has a high potential to damage cells, it is likely that the
vaping emissions contain a mixture of electrophilic compounds (e.g., aldehydes or ketones),
ROS inducers, and metal catalysts that may enhance VEA'’s oxidative potential. In essence,
while our results provide evidence that quinone toxicity may be one of the molecular
mechanisms through which VEA vaping causes oxidative lung injuries, it may be one of
several mechanisms. It is likely that EVALI symptoms may be the result of synergistic
interactions between DQ and other vaping emission products from VEA and THC®0. To
fully understand the molecular mechanisms through which VEA vaping causes lung injury,
future studies are required to investigate the potential interactions between decomposition
products. The wide variability in the chemical compositions that users may have been
exposed to as a result of variations in vaping behavior must also be explored in future works.
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Cytotoxicity measured by the LDH assay for BEAS-2B cells exposed to unvaped VEA,
VEA vaping emissions and DQ standard at corresponding concentrations based on
determined production yields. The results are expressed as the mean of three technical
replicates (n=3) + the standard error of the mean (SEM). * indicates p < 0.05; ** indicates p
< 0.01; *** indicates p< 0.001.
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Figure 2.
ROS generated at 75 minutes by unvaped VEA, VEA vaping emissions, DQ standard, and

DMSO, water and TBHP positive controls in (A) acellular and (B) cellular systems. Results
were normalized to their cytotoxicity and are expressed as fold change in fluorescence
intensity over the untreated control in the acellular or cellular system. Each treatment

is expressed as the mean £ SEM (n=3) for both acellular and cellular assays. Two-way
ANOVA was used to determine statistical significance compared to the negative control. *
indicates p < 0.05; *** indicates p < 0.001; **** indicates p < 0.0001.
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Figure 3.

Relative expression in BEAS-2B cells of HMOX-1 and NQOIgenes after 6- and 24-hour
exposure, respectively, to 65 mg/mL of VEA vaping emissions, 65 mg/mL of unvaped VEA
oil, 12.5 pg/mL of DQ standard, and 100 puffs of vaped DI water collected in cell culture
media. 50 uM TBHP was used as a positive control for HMOX-1 expression. Results are
expressed as the mean fold change (log,) over unexposed controls and normalized to a
housekeeping gene (ACTB) + SEM of 3 samples per treatment (n=3). Two-way ANOVA
was used to determine statistical significance compared to the negative control. * indicates
p<0.05; **** indicates p<0.0001.
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Size distribution of VEA vaping aerosols characterized by (A) volume and (B) number
concentrations. Collection efficiency was determined by comparing the (C) total particle
volume concentration and (D) total particle number concentration sampled immediately
after emission from the vape pen and after tandem cold trap collection. Particle collection
efficiency was estimated to be = 99.9% by both volume and by number. One puff was taken
for each SEMS sampling cycle (3 min). Results are expressed as the average of 3 cycles
(n=3) after background subtraction.
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