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Abstract

Cannabidiol (CBD) vaping products have become widely available in the U.S. since their
legalization in 2018. However, little is known about their respiratory health effects. Here we
show that aerosolization of commercial CBD vaping products generates a reactive CBD quinone
(CBDQ) which forms adducts with protein cysteine residues. Using click chemistry and a novel
in vitro vaping product exposure system (VaPES), we further demonstrate that CBDQ forms
adducts with human bronchial epithelial cell proteins including Keapl and activates KEAP1-Nrf2
stress response pathway genes. These results suggest that vaping CBD alters protein function and
induces cellular stress pathways in the lung.
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Vaping products containing cannabidiol (CBD) (Figure 1A), a hemp-derived
nonpsychoactive cannabinoid, have grown in popularity since they were legalized by the
2018 Farm Bill.1 In a 2019 survey (7= 30,288), 26.1% of U.S. adults reported CBD use

in the past 12 months and within that group 18.9% used CBD vaping oils.2 Use of CBD
vaping products can be attributed to a wide variety of claims about potential therapeutic
effects including help with pain, inflammation, insomnia, anxiety, and depression.2~* Most
CBD vaping products currently on the market can be categorized into either oil distillates
(700-1200 mg/mL) or juices (15-50 mg/mL). While oils are usually sold in prefilled
cartridges for use in pen-type devices or in disposable vapes, juices can be added to any
refillable vaping device including high-heat box mods. CBD vaping products are currently
unregulated in the U.S., and measured product concentrations commonly vary +20% from
their labeled values.®> Additionally, analysis of CBD vaping products has shown that they
can contain synthetic cannabinoids, A%-tetrahydrocannabinol (A%-THC) exceeding the legal
limit, heavy metals, large amounts of residual solvents, and flavoring chemicals.>~/
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There is an urgent need to understand the effects of vaping CBD, as 16% of patients within
the e-cigarette, or vaping, product use-associated lung injury (EVALI) crisis used CBD
vaping products.8 The EVALI outbreak initially included at least 2807 cases and 68 deaths
and cases continue to occur.®10 Despite their association with EVALI as well as the high
cannabinoid concentrations and potentially harmful constituents in CBD vaping products,
research on the respiratory health effects of vaping CBD has so far been limited. Within the
few studies that have evaluated CBD in the context of inhalational exposures, it has been
shown that aerosolized CBD induced cell death, pro-inflammatory responses, and reactive
oxygen species generation in bronchial epithelial cell lines.11:12 Proteomic analysis has also
shown increases in markers of airway epithelial toxicity following CBD aerosol exposure.13
However, the mechanism behind the adverse effects of vaped CBD on respiratory cell
function is not clear.

To investigate potential mechanisms of lung injury induced by aerosolized CBD, we
explored whether CBD oxidizes to reactive species during vaping. We hypothesized that,
due to the oxidation potential of CBD (1.2 V) and the high heat of vaping devices, CBD
oxidizes to CBD quinone (CBDQ, also known as HU-331) (Figure 1A) when vaped, which
forms adducts with thiol residues through Michael addition, altering protein function. CBDQ
is a known oxidation product of CBD that can be formed by reaction with potassium
hydroxide (the Beam test) and other oxidizing reagents.14-16 Recently, CBDQ has also

been detected in CBD vaping products after long-term storage.1” However, the amount of
CBDQ in commercial CBD products is not well characterized and the potential of vaping to
promote oxidation of CBD to CBDQ is unknown.

Previously, CBDQ was investigated as a potential anticancer therapeutic and was found to
induce cytotoxicity, apoptosis in certain cells types, liver toxicity, and inhibit topoisomerase
Il and angiogenesis.1418-20 Based on these findings, CBDQ has the potential to be harmful
to the lung epithelium when inhaled and may be responsible for the adverse effects

observed from vaping CBD. To explore conversion to CBDQ as a mechanism of toxicity

of vaping CBD, we first measured CBDQ and other cannabinoids in commercial CBD vaped
condensates and then used alkynyl-tagged CBD and click chemistry to explore the potential
for CBDQ and vaped CBD products to form adducts with cellular proteins and modify their
function.

To determine whether vaping CBD produces CBDQ, we measured CBDQ and other

select cannabinoids in nonvaped and vaped commercial CBD pure distillate oil (Liberty,
Gorilla Glue cartridge, 750 mg/mL) and commercial CBD juice (CBDFX, strawberry Kiwi,
16.67 mg/mL, 50/50 propylene glycol/vegetable glycerin (PG/VG) base) (Figure 1). Vaped
condensates were generated with a CCell Silo battery vaping device (500 mAh, ~3.7 V) and
a peristaltic pump (2 L/min) using methods adapted from those previously described.?!

A refillable CCell glass cartridge was used for the CBDFx juice. All vaped samples

were generated by taking 20 5-s puffs at 1 min intervals, and nonvaped samples were
collected from cartridges or liquid that had never been used in a vaping device or otherwise
heated. CBDQ, CBD, and other cannabinoids of interest (CBDA, CBN, A8-THC, A%-THC,
AB-THCQ, and A%-THCA) (Figures S1 and S2) were quantified using LC/MS-MS (Acquity
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UPLC system equipped with an Agilent Poroshell EC-C18 column) and dg-CBD as a
standard.

We found that CBDQ was present in all commercial CBD products and significantly
increased after vaping for both the oil (0.049 to 8.547 nmol/mg) and the juice (0.005 to
0.037 nmol/mg) (Figure 1B,C). Based on the estimated density of each product (0.93 g/mL
oil; 1.15 g/mL juice), the concentration of CBDQ can be converted to 7.95 mM in the

oil and 42.6 ¢M in the juice after vaping. For the vaping oil (Figure 1D), the amount of
CBD and cannabidiolic acid (CBDA) together was 2158 nmol/mg or approximately 678
mg/mL, compared to the advertised concentration of 750 mg/mL. Hemp can be high in
CBDA, which is rapidly decarboxylated to CBD and other cannabinoids when heated.22 The
amount of CBD measured in the vaping juice (Figure 1E) (45.2 nmol/mg or 16.3 mg/mL)
closely matched the advertised concentration of 16.7 mg/mL and slightly decreased after
vaping. Interestingly, for both the oil and the juice, we observed that A%-THC increased
after vaping. We also found that vaping increased the amount of cannabinol (CBN) and
A8-tetrahydrocannabinol (A8-THC) in the oil, while it decreased the amount of A8-THC in
the juice.

After determining that CBDQ is present in commercial CBD products and increases after
vaping, we next investigated whether CBDQ can form protein adducts. Based on the
structure of CBDQ, we hypothesized it could form adducts with cysteine residues through
Michael addition (Figure 2A). To test this, we combined either synthetic CBDQ (Scheme
S1) or vaped commercial CBD oil (Liberty, Gorilla Glue, 750 mg/mL) with a cysteine-
containing model peptide TpepKC (AcAVAGKCAGAR) for 2 h at room temperature. We
found that both synthetic CBDQ (0.1 mM) (Figure 2B) and vaped CBD oil condensate
(Figure 2C) formed adducts with the model peptide exclusively on the cysteine residue (RT:
5.8; ml/z637.0). Although no unmodified peptide was found after reaction with synthetic
CBDQ, some unmodified peptide remained after reaction with vaped CBD oil.

We next explored whether vaping CBD leads to covalent modification of cysteine-containing
proteins /in vitro and the potential for these modifications to alter protein function. To do
this, we first synthesized alkynyl-tagged CBD and CBDQ (a-CBD and a-CBDQ) (Figure
2A) using previously described chemistry?3 (Scheme S2). To determine whether pure CBDQ
forms adducts with proteins, we exposed a human bronchial epithelial cell line (16HBES)

to synthetic 2-CBD or a-CBDQ for 4 h at a range of concentrations (2—-35 xM). Fully
differentiated primary human bronchial epithelial cells (hBECs; n= 1 donor) grown at air
liquid interface were then exposed to vaped lab-made a-CBD juice (33.3 mg/mL &CBD

in 67/33 PG/VG) using the UNC vaping product exposure system (VaPES). VaPES is a
gravimetric sedimentation system developed by our group which can be used in a standard
laboratory incubator under physiological conditions and provides even deposition that is
sufficient for dose-response studies (Figure S4). For these experiments, VaPES was fitted
with a JUUL device and refillable pod, and hBECs were exposed to 20 or 40 5-s puffs

of lab-made a-CBD juice, each followed by 10 min rests to allow for complete aerosol
sedimentation. hBECs exposed to vaped a-CBD were compared to those exposed apically to
nonvaped a-CBD (10 ¢M) in PG/VG and media or a PG/VG in media vehicle control.
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Following exposures, cell lysates were reacted with a photocleavable azido biotin reagent
under “click” cycloaddition conditions which resulted in the biotinylation of any protein
covalently bound to a-CBD derived electrophiles. Lysates were then captured with
streptavidin beads, photoreleased, and probed by Western blot. For this study, we focused on
targeted analysis of a key protein of interest KEAP1. We chose KEAP1 as an initial target as
it is known to have modifiable cysteine residues and is a negative regulator of the KEAP1-
Nrf2 stress response pathway, a main cellular mechanism for managing electrophilic and
oxidative stress. We found that synthetic CBDQ, but not a-CBD, applied directly to cells
forms adducts with KEAP1 in a dose-dependent manner starting at 17 M (Figure 3A,B).
Additionally, when vaped, a-CBD formed more adducts with hBEC proteins compared to
nonvaped a-CBD or the PG/VG vehicle control (Figure 3C). Targeted analysis of hRBEC
lysates further revealed that KEAP1 was adducted after 20 and 40 puffs of &-CBD, but not
in the nonvaped a-CBD or vehicle control (Figure 3D). Adduction of KEAP1 suggested the
KEAP1-Nrf2 stress response pathway may be activated.

To confirm that the KEAP1-Nrf2 stress response pathway is activated by vaped CBD
aerosols, we measured expression of two prototypic KEAP1-Nrf2 inducible genes, HMOX1
and GPX2, in hBECs (n= 3-4 donors/condition) exposed to commercial CBD oil (Liberty,
Gorilla Glue cartridge, 750 mg/mL) and juice (CBDFX, strawberry Kiwi, 16.7 mg/mL).
VaPES and a CCell Silo battery device were used to take 10 or 20 5-s puffs followed by

10 min rests. Vaped samples were compared to a nonvaped CBD juice control which was

a 20-puff equivalent dose based on VaPES deposition testing (Figure S4). We found that

the 20-puff dose of CBD juice and oil significantly increased HMOX1 expression compared
to nonvaped CBD juice control (Figure 3E). Additionally, both the 10 and 20-puff dose

of CBD oil significantly increased GPX2 expression compared to nonvaped CBD juice
(Figure 3F). Overall, these data indicated that vaped commercial CBD products activated the
KEAP1-Nrf2 stress response pathway.

CBD and other cannabinoid vaping products have become increasingly popular in the U.S.
in recent years, partially due to a range of claims about their therapeutic value. However,
the respiratory health effects of vaping CBD are not well understood. In this study, we
have confirmed that CBDQ is present in CBD vaping liquids'’ and have further shown

for the first time that the vaping process generates high levels of CBDQ, especially in
concentrated vaping oils. We have also demonstrated that both CBDQ and vaped CBD
form adducts with cysteine residues and KEAP1, activating KEAP1-Nrf2 stress response
pathway genes. Based on the mechanism of action of other electrophiles, we propose that
covalent modification of KEAP1 by CDBQ prevents ubiquitination of NRF2, allowing

it to translocate into the nucleus where it functions as a transcription factor for a host

of antioxidant and cytoprotective genes.24 These obtained data therefore indicate that the
CBDQ present in vaped CBD acts as an electrophile and induces cellular stress pathways in
the lung.

While we chose KEAPL1 as an initial protein target, the reactivity of CBDQ and vaped CBD
toward thiols indicates that other proteins with modifiable cystine residues may be adducted,
potentially leading to the negative cellular effects previously observed from vaping CBD

in vitro11-13 Additionally, it is possible that other protein targets have higher reactivity
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with CBDQ at lower concentrations. Future work should therefore focus on identifying

all CBDQ protein adducts in an unbiased manner and the biological responses elicited

by these adducts. Also of note is that this study only examined one commercial oil and
one commercial juice. However, the flavoring chemicals and other additives in commercial
products such as metals, terpenes, and solvents have the potential to enhance oxidation

of CBD. It will therefore be important to characterize how flavoring profiles and vaping
product additives and contaminants alter CBDQ formation during the vaping process.

The results presented here indicate that vaping CBD produces a cytotoxic electrophile
CBDQ that activates cellular stress pathways and has the potential to cause injury to the
respiratory epithelium. These results are especially important in the context of EVALI
which included patients who used CBD vaping products.8 Importantly, EVALI continues

to occur, and there have been at least 92 additional cases documented since the CDC
stopped reporting in 2020.° Vitamin E acetate (VEA) was previously identified as a
potential causative agent of EVALI.2526 Recent studies have found that vaping VEA
produces potentially harmful thermal degradation products including ketene, duroquinone,
and carbonyls; 2729 however, vaping product constituents not derived from VEA may also
play an important role in lung injury. Our findings demonstrate that CBDQ and other
oxidation-derived cannabinoid quinones, such as those produced when vaping AS-THC and
AB-THC, should be explored as alternative mechanisms for EVALI. Furthermore, this work
highlights potential respiratory health risks for the many current users of CBD vaping
products as well as the need to evaluate other unregulated CBD-derived vaping products that
continue to emerge on the market including A10-THC, tetrahydrocannabivarin, THC acetate
ester, and hexahydro-cannabinol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Vaping-induced oxidation of commercial CBD vaping oil (Liberty, Gorilla Glue, 750

mg/mL) and juice (CBDFx, strawberry kiwi, 16.67 mg/mL) to CBDQ and other
cannabinoids. (A) Structures of CBD and CBDQ. (B) Generation of CBDQ after vaping;
shown as percent CBDQ per total measured cannabinoids of interest (see also Figure S3A).
(C) LC chromatograms of CBD oil before (red) and after (black) vaping showing CBDQ
formation. Composition of other cannabinoids before and after vaping for (D) Liberty CBD
oil (see also Figure S3B) and (E) CBDFx juice.
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CBDQ forms adducts with cysteine residues. (A) Scheme showing oxidation of CBD
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and formation of CBDQ-cystine adduct. Spectra of (B) synthetic CBDQ and (C) vaped

commercial CBD oil (Liberty, Gorilla Glue, 750 mg/mL) reacted with the cysteine-

containing model peptide TpepKC (AcAVAGKCAGAR). For both, adducts formed between

CBDQ and the Cys residue exclusively based on b and y ion assignment (Figure S5).
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Figure 3.
CBDQ and vaped CBD juice form adducts with KEAP1 and activate KEAP1-Nrf2 pathway

genes. (A) Western blot and (B) densitometry analysis showing adduction of KEAPL1 in
16HBEs incubated with synthetic &-CBD or a-CBDQ for 4 h. (C) Streptavidin blot and (D)
Western blot for KEAPL in primary hBECs exposed apically to PG/VG (VC), nonvaped
lab-made a-CBD in PG/VG (NV a-CBD), or vaped lab-made a-CBD juice for 20 or 40 5-s
puffs using VaPES. Expression of (E) HMOXZ and (F) GPX2in primary hBECs exposed to
nonvaped CBD commercial juice (20 puff equivalent) or 10-20 puffs commercial CBD juice
or oil with VaPES. * p < 0.05 vs nonvaped CBD juice unless otherwise noted (ANOVA with
Tukey posthoc).
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