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ARTICLE INFO ABSTRACT

Keywords: Background: E-cigarette aerosol containing aldehydes, including acetaldehyde, are metabolized by the enzyme
E-Cigarette aerosol aldehyde dehydrogenase 2 (ALDH2). However, little is known how aldehyde exposure from e-cigarettes, when
Aldehydes coupled with an inactivating ALDH2 genetic variant, ALDH2*2 (present in 8% of the world population), affects
ALDH2*2 variant . cqs

. cardiovascular oxidative stress.
Cardiomyocytes

Objectives: The study was to determine how e-cigarette aerosol exposure, coupled with genetics, impacts car-
diovascular oxidative stress in wild type ALDH2 and ALDH2*2 knock-in mice.

Methods: Using selective ion flow mass spectrometry, we determined e-cigarette aerosol contains acetaldehyde
levels 10-fold higher than formaldehyde or acrolein. Based on this finding, we tested how isolated ALDH2*2
primary cardiomyocytes respond to acetaldehyde and how intact ALDH2*2 knock-in rodents instrumented with
telemeters respond physiologically and at the molecular level to 10 days of e-cigarette aerosol exposure relative
to wild type ALDH2 rodents.

Results: For ALDH2*2 isolated cardiomyocytes, acetaldehyde (1 pM) caused a 4-fold greater peak calcium influx,
2-fold increase in ROS production and 2-fold increase in 4-HNE-induced protein adducts relative to wild-type
ALDH2 cardiomyocytes. The heart rate in ALDH2*2 mice increased ~200 beats/min, while, heart rate in
ALDH2 mice increased ~150 beats/min after 10 days of e-cigarette exposure, relative to air-exposed mice. E-
cigarette aerosol exposure triggered ~1.3 to 2-fold higher level of protein carbonylation, lipid peroxidation, and
phosphorylation of NF-kB for both strains of mice, with this response exacerbated for ALDH2*2 mice.
Conclusions: Our findings indicate people carrying an ALDH2*2 genetic variant may be more susceptible to in-
creases in cardiovascular oxidative stress from e-cigarette aerosol exposure.

Oxidative stress

1. Introduction

Electronic cigarettes (e-cigarettes) are popular among teens and
young adults [1]. E-cigarette aerosol, although containing less chemicals
compared to conventional tobacco cigarette smoke, contains aldehydes
produced from the combustion of the primary chemical components of
e-liquid propylene glycol (PG) and vegetable glycerin (VG) [2]. Impor-
tantly, aldehyde exposure is estimated to contribute to over 92% of the
cardiopulmonary disease risk from tobacco smoke [3] and recognized by
the Institute of Medicine as one of the most significant cardiovascular
toxins within tobacco smoke [4]. However, whether the aldehydes
within e-cigarette aerosol are detrimental to the cardiovascular system
has not been extensively studied.

Generally, aldehydes are deleterious to the cell and can form
aldehyde-induced protein adducts leading to cellular dysfunction and

cell death [5]. These aldehydes are metabolized by the enzyme, alde-
hyde dehydrogenase 2 (ALDH2). In particular, ALDH2 has a K, for
acetaldehyde that is 900-fold lower relative to cytosolic ALDH1 with
ALDH2 selective and specific for acetaldehyde metabolism [6]. In the
cardiovascular system, ALDH2 activation is important in limiting mast
cell renin release and mitigating cellular injury from ischemic events by
protecting the heart from aldehyde-induced injury [7,8].

However, an inactivating ALDH2 genetic variant, known as
ALDH2*2, severely limits aldehyde metabolism. The ALDH2*2 genetic
variant is present in approximately 30% of people of East Asian descent
(540 million people or 8% of the world population) [9]. This genetic
variant leads to an increased cardiomyocyte cell death during
ischemia-reperfusion injury [10-13], increased risk of coronary artery
disease [14,15], as well as alcohol-induced heart disease [16]. However,
it is unknown how aldehydes present within e-cigarette aerosol impact
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the cardiovascular system. This is particularly important since
Asian-American users of e-cigarettes, particularly among young adults
[17,18], have increased in recent years, from 2% reported in 2013 to
10% in 2018 [19]. For these reasons, the aim for this study is to deter-
mine whether in ALDH2*2 variant mice e-cigarette exposure exacer-
bates cardiovascular oxidative stress relative to wild type ALDH2 mice.

2. Materials and methods
2.1. Quantification of aldehydes and nicotine in e-cigarette aerosol

Blu, Halo, and JUUL e-cigarettes were tested for aldehyde and
nicotine aerosol content. Aerosols were generated by drawing from an e-
cigarette using a Masterflex peristaltic pump and collected into Tedlar
Bags (Zefon International). Aldehydes and nicotine levels were quanti-
fied in real time using selective ion flow tube mass spectrometry (SIFT-
MS, Syft).

2.2. ALDH2 and ALDH2*2 mouse expression and activity

The ALDH2*2 knock-in mouse was created on a C57/BL6J back-
ground followed by editing and inserting a single copy of the ALDH2*2
variant gene (E504K) by homologous recombination [20]. When chal-
lenged with alcohol, the mice accumulate acetaldehyde similar to the
levels seen in humans carrying the ALDH2*2 genetic variant [20]. All
animals were maintained in a constant 12-h dark/12-h light cycle in an
AAALAC-accredited Veterinary Service Center at Stanford University.
Food and water were available ad libitum.

The ALDH2 protein expression for heart, lung, and liver homoge-
nates were analyzed by Western blot as previously described using an
ALDH2 primary antibody (Abcam, ab103892, 1:1000) [21]. The ALDH
enzymatic activity was measured as previously described using 200 pg of
mitochondrial fraction for each organ homogenate (pmol NADH/-
min/mg protein) [8].

2.3. Primary mouse cardiac myocyte studies

Adult male cardiac myocytes were isolated from wild type ALDH2
and ALDH2*2 mice as previously described [22] and were plated on
laminin (Sigma) coated-plates for calcium imaging or ROS production.

2.3.1. Calcium influx

Cover slips containing cardiac myocytes were mounted on a Zeiss
Axiovert inverted fluorescent microscope. Cardiac myocytes were
superfused continuously with DMEM serum free media by a peristaltic
pump at a flow rate of 2 ml/min. After collection of baseline data, cells
were superfused with a pulse of acetaldehyde (0.1, and 1 pM) for 30 s to
mimic an exposure when inhaling an e-cigarette. Real-time calcium
levels were acquired using an alternating excitation wavelength (340
and 380 nm), as previously described [23].

2.3.2. Reactive oxygen species production

Reactive oxygen species generation was measured by Amplex red
(50 pM with 0.1 U/mL horseradish peroxidase) or Dichlorofluorescein
diacetate (DCF-DA, 10puM) in the presence and absence of acetaldehyde
(0.1 and 1 pM) or 4-HNE (20 pM) and measured for 2 h using a micro-
plate reader (TECAN, Switzerland) [24].

2.4. Rodent e-cigarette aerosol exposure studies

2.4.1. Telemeter implantation for EKG recording

Telemeters (KAHA Sciences) for EKG recording were implanted
under isoflurane anesthesia with EKG leads tunneled and placed in a
lead II configuration. Heart rate was measured by placing rodents on a
wireless digital receiver t-Base (KAHA Sciences) and recorded by Lab-
Chart (AD Instruments). After confirmation of the telemeter
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functionality, heart rate was measured while rodents were exposed to
room air or e-cigarette aerosol.

2.4.2. E-cigarette aerosol exposure and tissue collection

After telemeter implantation, rodents were divided into 4 groups:
room air exposed wild type ALDH2 mice, room air exposed homozygous
ALDH2*2 mice, e-cigarette exposed wild type mice, and e-cigarette
exposed ALDH2*2 mice. Before exposure, the baseline heart rates were
recorded for 5 min. A wild type ALDH2 mouse with an ALDH2*2 mouse
were then paired and exposed to e-cigarette aerosol or room air for 4
sessions a day for 10 days. Each session (30 min) contained 7 min of
exposure phase (a total of 14 puffs) followed by 23 min of a smoke-free
recovery phase. Heart rate was recorded daily. The puff volume and
exposure duration were based on prior studies [25-28]. After
completing 10 days of exposure, hearts were homogenized for molecular
studies.

2.4.3. Protein carbonylation

Carbonyl groups introduced into protein side chains were measured
by an OxyBlot protein oxidation detection kit (Millipore). Specifically,
15-20 pg of protein was added into either positive DNPH (2,4-dini-
trophenylhydrazine) solution or negative derivatization-control solu-
tion. DNP-derivatized protein were separated and detected by Western
blot.

2.4.4. Free MDA production

Free malondialdehyde (MDA) was measured by reacting with thio-
barbituric acid (TBAR) to generate a MDA-TBAR adduct according to the
manufacturer’s instructions (Abcam). The absorbance of MDA-TBA was
measured at 532 nm using a Synergy 2 plate reader (BioTek).

2.4.5. 4-HNE protein adducts

The formation of 4-HNE-induced protein adducts was measured by a
4-HNE primary antibody (Alpha Diagnostic, HNE51-5, 1:1000), as
described [20].

2.4.6. NF-xB analysis

Nuclear factor kappa B (NF-kB/p65) in heart homogenates were
analyzed by Western blot as previously described using primary anti-
body anti-phospho-NF«kB (ThermoFisher, MA5-15160, 1:1000) or anti-
NFkB (ThermoFisher, PA1-186, 1:1000). Membranes were imaged by
using a gel imaging system (Azure Biosystems).

3. Statistics

Data analysis were performed using Graph Pad Prism 7.0 software
with one and two-way ANOVA with Bonferroni correction performed for
multiple comparisons between groups. For direct comparison between
two groups, a Students t-test was performed. Data were expressed as
mean + SEM with "denoting significance between genotypes and
*+denoting significance within genotypes at p<0.05, “at p<0.01, and *at
p<0.001.

4. Results
4.1. Acetaldehyde as the primary aldehyde within e-cigarette aerosol

Three e-cigarette brands (Blu, Halo and JUUL) were quantified for
nicotine and aldehydes (Fig. 1A, Supplemental Table 1). The reagent
ions, reaction ratio, and mass used to detect nicotine and aldehydes by
SIFT-MS were summarized (Supplemental Table 2). Aerosolized nico-
tine, acetaldehyde, formaldehyde, and acrolein for Blu (24 mg/ml), Halo
(24 mg/ml), and JUUL (50 mg/ml) e-cigarettes were measured relative
to air (Fig. 1B and C). Acetaldehyde levels were the highest in all e-
cigarettes relative to formaldehyde and acrolein (Fig. 1C: Acetaldehyde:
Blu, 10.7+4.6* ppm, Halo, 8.6+3.4* ppm, JUUL, 5.3+1.4* ppm versus



X. Yuetal

Redox Biology 54 (2022) 102369

Nicotine
. 30- *
[ ]
20+ * ;i-
- )

10+

ppm
pdes
>y

$ O ©
Blu Halo JUUL > Q@ &
C. air Blu Halo JUUL D. g
20+ * * =
g - -
o]
154 - ;
£ n -4
- n
R é * * §
5. 2 - L ©
3 &
A—% bl | e O°
0 - —an———— T =
< (] - (] 2 (] < &> < < Q&
é«\“\b é,ob ‘0\0\ p O p O ‘0\0\ é&b 5 *b ‘0\0\ @b 3}‘4‘6 ‘o\@\ PI!:)erclentage of
& O O L APOR: AR A) pylene Glycol
TN TN TN
& & & & & & & &
Y k°‘ P &0\ Y k°‘ P &o&

Fig. 1. E-cigarette aerosol primarily contains acetaldehyde with other aldehydes several-fold less within e-cigarette aerosol. A. Three brands of e-cigarettes.
B. Amount of nicotine and C.aldehydes (acetaldehyde, formaldehyde and acrolein) in e-cigarette aerosol or room air. Data was expressed as mean + SEM (ppm). D.
Total aldehyde load (ppm) relative to the percentage of propylene glycol from different e-cigarette brands. R? was calculated by Pearson correlation. *p < 0.001,
comparison between e-cigarette aerosol and air, calculated by one-way ANOVA with Bonferroni correction. n= 20 measurements per e-cigarette.

formaldehyde: Blu, 0.8+0.6 ppm, Halo, 0.7+0.5 ppm, JUUL, 0.2+0.08
ppm or acrolein: Blu: 1.24+0.9 ppm, Halo: 0.6+0.4 ppm, JUUL: 0.09
+0.06 ppm, respectively, n=20/group versus other aldehydes and air).
Additionally, the total aldehyde load (acetaldehyde, formaldehyde,
acrolein) varied between the 3 e-cigarette brands and linearly correlated
with the ratio of propylene glycol to vegetable glycerin (Fig. 1D, JUUL
(30/70): 5.6+0.3 ppm, Halo (50/50): 9.9+0.9 ppm, Blu (60/40): 12.6
+1.3 ppm, R2= 0.99, p=0.0025). Together, these results identify that e-
cigarette aerosol primarily contains acetaldehyde with other aldehydes
several-fold less within e-cigarette aerosol.

4.2. ALDH?2 expression and activity across organs

As the enzyme responsible for metabolizing acetaldehyde is ALDH2,
we used wild type ALDH2 and ALDH2*2 knock-in rodents and ques-
tioned whether there were organ-specific differences in ALDH2
expression and activity (Fig. 2A). Interestingly, the relative protein
expression in heart homogenates for wild type ALDH2 mice was 2-fold
lower relative to the lung and liver by Western blot (Fig. 2B: heart
0.5740.14" relative to lung 1.05+0.11 and liver 1.41+0.05, ALDH2/
GAPDH relative densitometry units). Further, the protein expression of
ALDH2 had similar trends between genders (Supplemental Fig. 1), and
ALDH2*2 rodents had a 2-fold lower protein expression for the heart
relative to the lung and liver (Fig. 2B: heart 0.23+0.05" relative to lung
0.53+0.07 and liver 0.67+0.16). The tissue type, protein expression,
and point mutation within an integral o-helix of the enzyme caused

ALDH activity for the ALDH2*2 heart homogenate to have 2 to 3-fold
lower activity when comparing the respective wild type ALDH2 organ
(Fig. 20C).

4.3. Primary cardiomyocyte response to acetaldehyde

When challenging ALDH2 and ALDH2*2 primary adult car-
diomyocytes with an acetaldehyde pulse to mimic an e-cigarette, a clear
difference in the dose-dependent calcium influx occurred between the
genotypes. ALDH2*2 myocytes responded with an intracellular calcium
influx even at the lowest acetaldehyde dose tested (0.1 pM), as opposed
to wild type ALDH2 myocytes (Supplemental Fig. 1B). The difference in
calcium influx between the ALDH2 genotypes continued to separate
dose-dependently. For ALDH2*2 myocytes, acetaldehyde (1 pM) caused
a 4-fold greater peak response to calcium influx versus wild type ALDH2
myocytes (Fig. 2D: 19.1+£5.2" versus 4.0+0.6, % maximal peak
response, respectively). The peak maximal response triggered by 0.1 or
1 pM acetaldehyde also varied between genotypes (Fig. 2D). ALDH2*2
myocytes had a higher intracellular ROS level at baseline relative to wild
type ALDH2 myocytes as determined by Amplex red (Fig. 2E: 3990.8
+326.7 versus 1726.24+290.8, relative fluorescence units, respectively,
n=8). When challenged with acetaldehyde, ROS was exacerbated for the
ALDH2*2 cardiac myocytes relative to wild type ALDH2 cardiac myo-
cytes (0.1uM treated: 5193+1406 vs 2044+21, 1 pM treated: 6605
+1769 vs 27332406). These findings were also consistent when using
DCF-DA for ALDH2*2 and ALDH2 untreated and acetaldehyde-treated
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Fig. 2. Basal level of ALDH2 expression and activity and cardiac myocyte response to acetaldehyde. A. An ALDH2*2 knock-in rodent on a C57/BL6J
background was generated with a missense mutation (glutamic acid to lysine at 487) that reflects the human ALDH2*2 genetic variant. B. Top: Representative
Western blot of ALDH2 protein (56 kDa) expression for heart, lung, and liver tissue homogenates for ALDH2 and ALDH2*2 mice. Bottom: Quantification of ALDH2
protein expression normalized to GAPDH (36 kDa) (n=6/group). C. ALDH2 enzymatic activity for homogenates of each genotype and organ (n=6/group). D.
Calcium influx by 1 pM acetaldehyde. KCl (60 mM) was used as a positive control. E. H,O, activity by 0.1 or 1 pM acetaldehyde with 4-HNE (20uM) as a positive
control assessed by Amplex Red (n=8/group). F. Inmunostaining of primary cardiomyocytes for 4-hydroxynoneal (4-HNE) protein adducts in vehicle or 1 pM
acetaldehyde treated cells (left panel, bar = 20 pm). Green: dystrophin, Red: 4-HNE protein adducts, Blue: DAPI. Right: Quantification of 4-HNE protein adducts
(n=8/group). WT= wild type, *2 = ALDH2*2, H= heart, Lu= lung, Liv= liver. Blue represents wild type ALDH2 mice and red represents the ALDH2*2 mice.
“p < 0.05, between genotypes; and "p < 0.05, *p < 0.01, *p < 0.001, within genotypes, respectively, calculated by one-way ANOVA with Bonferroni correction. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

cardiac myocytes (Supplemental Fig. 1C). At baseline, ALDH2*2 pri-
mary cardiomyocytes also demonstrated higher levels of 4-HNE-induced
protein adducts relative to wild type ALDH2 cardiomyocytes. When
exposed to 0.1 pM acetaldehyde, 4-HNE protein adducts were not sta-
tistically significant (Supplemental Fig. 1D) which was increased by
1 pM acetaldehyde (Fig. 2F).

4.4. E-cigarette exposure impact on heart rate in rodents

As acetaldehyde is highly prevalent in all e-cigarette aerosols tested,
we questioned what impact the inactivating genetic variant ALDH2*2
relative to wild type ALDH2, has on e-cigarette aerosol exposure in

rodents. We first quantified heart rate physiologically during and after
exposure (as alcohol consumption and metabolism to acetaldehyde re-
sults in tachycardia for humans carrying the ALDH2*2 variant) [29,30].
A representative EKG waveform in normal sinus rhythm was provided
for our mouse model (Supplemental Fig. 2A). Wild type ALDH2 and
ALDH2*2 mice were exposed to e-cigarette aerosol or air four times per
day for 10 days (Fig. 3A). During exposures, mice were exposed paired
by genotype to e-cigarette aerosol or air while continuously monitoring
oxygen and carbon monoxide levels within the exposure chamber
(Fig. 3B). Concentrations of nicotine and aldehydes for e-cigarette
aerosol or air within the exposure chamber were also quantified (Sup-
plemental Figs. 2B and 2C).
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Fig. 3. Heart rate measurements of ALDH2 and ALDH2*2 mice exposed to e-cigarette aerosol. A. Experimental protocol. Wild type ALDH2 mice or ALDH2*2
mice were exposed to 7 min of e-cigarette aerosol exposure four times daily for 10 total days. B. Picture of the e-cigarette aerosol exposure chamber, where rodents
were pair-matched (one wild type ALDH2 and one ALDH2*2 rodent) to an exposure. Device in yellow is a multi-gas monitor. C. Baseline heart rate before exposure.
D. Mean heart rate changes during the first exposure. E. midway through the 10-day exposure and. F. the last day of the 10-day exposure. Data is expressed as mean
+ SEM. Solid colors are rodents exposed to e-cigarette aerosol, dashed line and open circles are rodents exposed to air. Blue is wild type ALDH2 and red is ALDH2*2
rodents. "p < 0.05, between genotypes; and "p < 0.05, *p < 0.01, *p < 0.001, within genotypes, respectively, calculated by two-way ANOVA with Bonferroni
correction. n=7-8 mice/group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

At baseline, there was no significant difference in the resting heart
rate occurring between rodent groups (Fig. 3C). We next quantified the
change in heart rate occurring during the time period of the e-cigarette
aerosol exposure (Fig. 3D-F). During the first day of e-cigarette aerosol
exposure, only the ALDH2*2 mice showed an elevated heart rate
immediately after e-cigarette aerosol exposure versus ALDH2 rodents
exposed to e-cigarette aerosol or air (Fig. 3D: 679+32 " bpm versus 602
+20 bpm and 548+16 bpm). Midway through the e-cigarette or air
exposures, both the ALDH2*2 and wild type ALDH2 mice had heart rate
increases immediately after e-cigarette aerosol exposure (Fig. 3E). After
10 days of exposure, the ALDH2*2 and wild type ALDH2 mice had
increased heart rates (Fig. 3F, e-cigarette ALDH2*2 743+36* bpm and e-
cigarette ALDH2 723+27* bpm versus air ALDH2*2 mice 536+31 bpm
and air ALDH2 561437 bpm).

4.5. E-cigarette aerosol exposure causes cardiovascular oxidative stress in
rodent hearts

After e-cigarette aerosol or room air exposure, we quantified car-
diovascular oxidative stress by measuring protein carbonylation, total
free malondialdehyde (MDA) production, and 4-hydroxynonenal
(4HNE)-protein adduct formation in heart homogenates.

Protein carbonylation was elevated for ALDH2*2 mice or wild type
ALDH2 mice exposed to e-cigarette aerosol compared to air (Fig. 4A,
Supplemental Fig. 2D). Levels of carbonylation were significantly
greater for ALDH2*2 and ALDH2 mice for e-cigarette exposed relative to
air (Fig. 4B, ALDH2*2: 14.4+3.4" vs. 8.1+0.6 and ALDH2 10.2+2.5"
vs. 5.2+0.4, ratio of protein carbonylation to negative control). Free
MDA in heart homogenates from ALDH2*2 mice were ~1.8-fold higher
relative to homogenates from air exposed ALDH2*2 mice (Figs. 4C and

98.9411.6% vs 59.4+6.4 nmol/ml MDA, respectively). This was in
contrast to wild type ALDH2 which did not show increased levels of free
MDA relative to air-treated wild type ALDH2 mice (Figs. 4C and 54.9
+13.8 vs 43.44+9.6 nmol/ml MDA, respectively). Further, 4-HNE-
induced protein adducts were elevated for ALDH2*2 and wild type
ALDH2 mice after e-cigarette aerosol exposure relative to air (Fig. 4D4E,
62.7+8.7" and 58.3+4.3" vs 38.6+4.4 and 33.8+4.4, respectively). To
understand the mechanism, we initially measured p-NF-kB and NF-kB in
untreated rodent heart homogenates, finding that in ALDH2*2 mice the
p-NF-kB to NF-kB ratio was ~2-fold higher when compared to wild type
ALDH2 mice (Supplemental Fig. 2E). The elevated basal p-NF-kB in the
untreated ALDH2*2 mice may be due to the increased ROS-dependent
phosphorylation of NF-kB [31]. For heart homogenates from ALDH2*2
and wild type ALDH2 mice subjected to e-cigarette aerosol, a significant
increase in the ratio of p-NF-kB to NF-kB occurred relative to rodents
exposed to air (Figs. 4F 0.59+0.14 and 0.47+0.12 versus 0.3+0.15 and
0.15+0.06, respectively).

5. Discussion

Here we identified acetaldehyde as a primary aldehyde within e-
cigarette aerosol. When exposed to e-cigarette aerosol, the ALDH2*2
mice (due to genetics that limit acetaldehyde metabolism) are more
susceptible to cardiovascular oxidative stress when compared to wild
type ALDH2 rodents. As the ALDH2*2 mice are a knock-in model where
a single copy of the ALDH2 gene is replaced with the inactive human
ALDH2*2 variant, this study provides valuable insight that people car-
rying an ALDH2*2 variant may potentially be more susceptible to the
elevated cardiovascular oxidative stress that can occur with frequent e-
cigarette aerosol exposure. Exposure to aldehydes within e-cigarette
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Fig. 4. Aldehydic load after e-cigarette aerosol or air exposure. A. Representative blot of protein carbonyl expression. B. Quantification of protein carbonylation
(n=6/group). C. Free malondialdehyde (MDA) in heart homogenates. The concentration of MDA was normalized by the total amount of protein (n=6/group). D.
Representative blot of 4-HNE-induced protein adducts with GAPDH (36 kDa) as a loading control. E. Quantification of 4-HNE-induced protein adducts (n=6/group).
F: phospho- and total nuclear factor kappa B (NF-kB, 65 kDa) in heart homogenates (n=6/group). "p < 0.05, between genotypes; and 'p < 0.05, “p < 0.01,
*p < 0.001, within genotypes, respectively, calculated by one-way ANOVA with Bonferroni correction.

aerosol can promote ROS production, increase protein carbonylation,
lipid peroxidation, and NF-kB activation leading to elevated levels of
cardiovascular oxidative stress that is further exacerbated in the
ALDH2*2 variant due to the limited ability to metabolize aldehydes
within e-cigarette aerosol. This may pave the way to developing preci-
sion medicine strategies towards understanding cardiovascular risk for
e-cigarette exposures by considering how genetics influence aldehyde
metabolism.

Aldehydes are generated from e-cigarettes by the incomplete com-
bustion of propylene glycol and vegetable glycerin when exposed to
oxygen [32]. Although e-cigarette aerosol contains aldehydes, the levels
could be as much as 70-fold less compared to conventional cigarette
smoke [2]. Our findings identify within e-cigarette aerosol aldehydes
including acrolein, acetaldehyde, and formaldehyde which are consis-
tent with prior studies [2,33-35]. By using real-time mass spectrometry
to measure aldehydes, our study identifies acetaldehyde as the primary
aldehyde within e-cigarette aerosol. A prior study also identified acet-
aldehyde as the predominant aldehyde within e-cigarette aerosol rela-
tive to formaldehyde and acrolein [2]. The level of acetaldehyde
measured within e-cigarette aerosol for our study also reflect those of a
prior study identifying that acetaldehyde levels are 10-fold higher than
acrolein [33]. Other studies suggest acetaldehyde levels may be at or
slightly less than the levels of formaldehyde and acrolein within
e-cigarette aerosol [2,34,35]. However, acetaldehyde is quite volatile

relative to formaldehyde and acrolein, and the lower levels of acetal-
dehyde may be attributable to the time for sample preparation causing
neutralization and dispersal of acetaldehyde which would account for
the lower reading. This is the advantage of using a SIFT MS technique to
assess e-cigarette aerosol quantities as the measurements are performed
immediately and in real-time. Interestingly, we also observed that the
total aldehyde load within e-cigarette aerosol increased with higher
percentages of propylene glycol. Together, these findings describe a
real-time monitoring technique to quantify levels of aldehydes in
e-cigarette aerosol while identifying that acetaldehyde is a predominant
aldehyde within e-cigarette aerosol.

Cigarette smoke-induced oxidative stress within the cardiovascular
system is an important trigger for the pathogenesis of cardiovascular
diseases, including coronary artery disease, atrial fibrillation, heart
failure, and cardiac ischemia-reperfusion injury [15,36]. E-cigarette use
also elevates oxidized low-density lipoprotein, a marker of oxidative
stress, 1.5-fold in humans when compared to non-e-cigarette, non-to-
bacco users [37]. Additionally, e-cigarette aerosol can trigger lipid
peroxidation which form endogenous aldehydes including 4-hydroxyno-
nenal (4-HNE) and malondialdehyde (MDA) [26,38]. As 4-HNE can
inhibit ALDH2 enzymatic activity, this can further drive increases in
oxidative stress levels from e-cigarette exposures by limiting acetalde-
hyde metabolism [8]. Importantly, when ALDH2*2 rodents were
exposed pair-matched to e-cigarette aerosol exposure with wild type
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ALDH2 mice, our findings provide new insight that genetics which limit
aldehyde metabolism can drive heightened levels of cardiovascular
oxidative stress with e-cigarette exposure. This is caused by a lesser
capability for the ALDH2*2 enzyme to neutralize aldehydes leading to
an imbalance requiring less oxidative stress to cause a more pro-reactive
environment.

Our study indicates that the ALDH2 enzyme contributes to the heart
rate-mediated responses to e-cigarette aerosol. Heart rate increases after
e-cigarette or tobacco cigarette use occurs in humans and is correlated
with plasma nicotine concentrations [39]. During e-cigarette use, heart
rate may increase ~5 beats per minute in humans [40]. Human subjects
vaping e-cigarettes without nicotine when compared to the same sub-
jects vaping e-cigarettes with nicotine also would suggest the immediate
increase in heart rate is only partially caused by nicotine [41]. We
observed that e-cigarette aerosol exposure increases heart rate in ALDH2
and ALDH2*2 rodents, with increases in ALDH2*2 rodents earlier and
more pronounced relative to wild type ALDH2 rodents. Taken together,
these data indicate that aldehydes also contribute to the heart rate
response of e-cigarettes. With limited aldehyde metabolism, an increase
in heart rate likely occurs bya similar mechanism to how accumulation
of acetaldehyde increases heart rate after alcohol consumption for those
carrying the ALDH2*2 variant.

Our study also identifies aldehydes from e-cigarette aerosol can
induce oxidative stress. Oxidative stress is known to trigger and exac-
erbate the pathogenesis of atherosclerosis, hypertension, and diastolic
dysfunction in humans and animal models [42,43]. Reactive aldehydes
from e-cigarette aerosol promote the overproduction of ROS, which
exacerbates endogenous lipid peroxidation, protein adduct formation as
well as endogenous aldehydes including 4-HNE and MDA, leading to
increases in oxidative stress [44]. Kuntic and colleagues identified that
reactive aldehydes in e-cigarette aerosol were important mediators of
e-cigarette-induced oxidative stress in wild type mice [42]. Our study
highlights the role of aldehyde metabolism in e-cigarette-induced
oxidative stress and importantly identifies that inefficient aldehyde
metabolism, as for the ALDH2*2 mice, causes higher levels of oxidative
stress relative to wild type ALDH2 mice. Other studies also report
e-liquid can generate the reactive aldehyde MDA [45-47]. In addition,
we observed that acetaldehyde as the primary aldehyde in e-cigarette
aerosol promotes intracellular Ca®* influx, with the ALDH2*2 variant
further enhanceing the Ca" influx. Sussan and colleagues showed that
elevated ROS production induced by the e-cigarette exposure is associ-
ated with a higher level of lipid peroxidation marker MDA in mouse lung
homogenates [26]. We observed similar ROS production and increased
levels of lipid peroxidation markers in both wild type ALDH2 mice and
ALDH2*2 mice after e-cigarette aerosol exposure. These observations
link aldehyde metabolism to e-cigarette-mediated oxidative stress and
calcium handling which can eventually lead to cardiovascular
dysfunction.

We find that the NF-xB pathway is involved in mediating e-cigarette-
induced cardiovascular oxidative stress and at baseline this inflamma-
tory pathway is increased for ALDH2*2 knock-in mice relative to wild
type ALDH2 mice. This is likely secondary to increased baseline levels of
ROS in the ALDH2*2 knock-in mice. Similar to prior work, this accu-
mulation of intracellular ROS and NF-kB activation by phosphorylation
of Ser536 likely leads to downstream activation of pro-inflammatory
cytokines which can result in heightened levels of inflammation [48].
For cardiomyocytes isolated from C57BL/6J mice, human pulmonary
microvascular endothelial cells, and C57BL/6J mice exposed to the
e-cigarette vapor, the proinflammatory cytokines including inter-
leukin-1f, ICAM-1 MCP1, interleukin-6, interleukin-8 and TNF-a, were
upregulated by NF-kB activation [49,50]. In human pulmonary artery
smooth muscle cells, the balance of NF-xB activation and downstream
signaling events of inflammation are also regulated by ALDH2 [51].
E-cigarette aerosol-induced lung injury has also been linked to oxidative
stress and the pro-inflammatory NF-xB pathways [52]. In the context of
our present study, ALDH2*2 mice demonstrate a higher level of NF-xB
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phosphorylation after e-cigarette exposure compared to wild type
ALDH2 mice. Together, this study suggests that activation of NF-kB can
lead to triggering of a pro-inflammatory pathway which may explain
how e-cigarette exposure can elevate cardiovascular oxidative stress.

Although mitochondria are abundant within the heart relative to
other organs, ALDH2 expression within the heart is 2.4-fold less relative
to the lung and 2.8-fold to the liver. This finding identifies organ systems
that are the first exposed to aldehyde sources having a higher capacity to
metabolize aldehydes; likely in order to protect the body from oxidative
stress caused by inhaled and consumed substances. The tissue specific
distribution of ALDH2 puts the cardiovascular system, with less distri-
bution and enzymatic activity relative to other organs, at a greater
susceptibility for the reactive aldehyde-induced damage to e-cigarette
aerosol which is amplified by carrying the ALDH2*2 genetic variant.
Differences in tissue specific expression and activity of ALDH2 may lead
to specific organ systems being more susceptible to organ injury from
aldehydes [53,54]. Similar to our findings, a recent non-biased approach
to map the proteome of the human body for 32 different organs
measured from 14 individuals revealed the liver had ~2-fold higher
ALDH2 protein expression relative to the heart [55]. Taken together,
organ specific levels of ALDH2 expression may be an important player in
driving the pathophysiology of e-cigarette aerosol. Understanding
ALDH2 expression across organ systems may also advance the under-
standing and provide a common link to how tobacco cigarettes, e-ciga-
rettes and alcohol, as sources of aldehyde exposure, alone or
concomitantly can lead to an increased risk of cardiovascular disease.

Our study should be interpreted within the context of potential
limitations. Although we did not measure cardiac function and
morphology for the ALDH2*2 mice in this study, prior studies identify
that baseline cardiac function (measured by heart rate, left ventricular
pressure and coronary perfusion pressure) [56], heart weight [57] and
the heart histology [57] for ALDH2*2 mice were not different when
compared to the wild type ALDH2 mice. Also, we used whole body
exposure to e-cigarette aerosol rather than a nose-only exposure.
Regardless of the exposure method, our study matched rodents of
different ALDH2 genotypes pairwise to e-cigarette exposure to identify
what impact the ALDH2*2 variant will have on cardiovascular oxidative
stress relative to wild type ALDH2 rodents. In addition, we used ho-
mozygote ALDH2*2 rodents whereas most of the human population are
heterozygous for the ALDH2*2 variant. Although we report ALDH2
protein expression was similar between genders, a prior study identified
that wild type ALDH2 mouse female heart homogenates have a 20-30%
increase in phosphorylation causing a 20-30% increase in ALDH2
enzymatic activity relative to male heart homogenates [58]. As these
gender differences result in a ~10% change in enzymatic activity for
wild type ALDH2 rodents this is minor when considering the ALDH2*2
variant triggers a 3-fold lower enzymatic activity relative to the wild
type ALDH2 rodents. However, more studies are needed to identify how
gender, when coupled with differences in ALDH2 genetics, impacts
cardiovascular oxidative stress with e-cigarette aerosol exposure.
Although we primarily examined the impact of acetaldehyde exposure in
vitro, e-cigarette aerosol also contains formaldehyde and acrolein.
Therefore, we cannot exclude a potential synergistic effect when rodents
are exposed to aldehydes within e-cigarette aerosol concomitantly.
Regardless of these limitations, our data provide novel insight that
within certain populations carrying genetics which limit aldehyde
metabolism, there is a potential concern that oxidative stress is exacer-
bated with e-cigarette aerosol exposure.

In summary, we identify acetaldehyde as a predominant aldehyde
within e-cigarette aerosol and further describe how rodents carrying an
inactivating variant of ALDH2, ALDH2*2, are more susceptible to car-
diovascular oxidative stress when exposed to e-cigarette aerosol. We
also unexpectedly identify that the expression and activity of ALDH2 is
lower in the heart relative to the lung and liver. This may provide a basis
to understand how the heart as an organ may be more susceptible
aldehyde-induced oxidative stress via NF-kB triggering a
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proinflammatory pathway. Ultimately, this study highlights the impor-
tance of considering the impact of genetics to develop a further under-
standing of the cardiovascular risks with e-cigarette aerosol use [59].
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