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Abstract

Rationale: Chronic electronic cigarette (EC) users exhibit a higher susceptibility of low-density
lipoprotein (LDL) to undergo oxidation as compared to non-user controls. However, there is a
paucity of data regarding EC effects on lipid peroxidation in the blood and their relationship to
cardiovascular risk.
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Objective: To test the hypothesis that chronic (=1 year) EC use exerts intermediate effects on
plasma lipid peroxidation and/or antioxidant defense compared to chronic tobacco cigarette (TC)
smoking.

Methods and Results: We enrolled EC-users (n=32), TC-smokers (n=29) and non-users
(n=45), with mean ages of 28.3, 27.8 and 27.4 years, respectively. Plasma concentrations of

free polyunsaturated fatty acids and oxidized metabolites were assessed by mass spectrometry.
Total antioxidant capacity (TAC), concentrations of glutathione, bilirubin, heme oxygenase-1
(HO-1), and functional activity of paraoxonasel (PON1) were determined by colorimetric

and enzymatic assays. Multivariable analysis was performed using classification models for
segregating participants based on biomarker profiles. TC-smokers exhibited higher plasma
arachidonic acid concentration. Instead, EC-users displayed lower plasma concentrations of both
arachidonic acid and linoleic acid as compared to non-users and TC-smokers (p<0.05). Oxidized
LA metabolites (9- and 13-hydroxyoctadecadienoic acid (HODE)) were lower in EC-users and
TC-smokers as compared to non-users (p<0.001). Consistently, TAC and bilirubin were elevated
in EC-users and TC-smokers as compared to non-users (p<0.05). Of interest, plasma HO-1
concentration was higher in TC-smokers as compared to non-users (p=0.01) with intermediate
levels in EC-users. Multivariable analysis identified 5 biomarkers (13-HODE, LA, 9-HODE,
12-hydroxyeicosatetraenoic acid (HETE), AA) that discriminated EC-users from TC-smokers and
non-users with an accuracy of 73.4%.

Conclusions: Chronic use of EC induces common (i.e. lower 9- and/or 13-HODEs and higher
TAC and bilirubin) as well as differential effects (i.e. altered AA and LA concentrations) to those
induced by TC, along with intermediate plasma HO-1 concentration, suggesting that EC, likewise
TC smoke, could impact cardiovascular risk.

Graphical Abstract
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INTRODUCTION

Cigarette smoking results in increased mortality, largely due to deleterious cardiovascular
and cancer promoting effects via a variety of mechanisms, several of which involve the
development of oxidative stress in target tissues®. Electronic cigarettes (EC), introduced in
2006 as a potentially safer alternative to tobacco cigarettes (TC), rapidly gained worldwide
popularity, especially among young adults?. EC are battery-powered devices that contain
the e-liquid in a reservoir that upon heating produces aerosols that are inhaled by the user.
The absence of tobacco-related combustible constituents led to the notion that they may
be less harmful than conventional TC. However, several studies have suggested that EC
use is associated with oxidative stress® 4, inflammation® 6 and endothelial dysfunction’.
While chronic use of EC alters lipid biosynthetic homeostasis and lung innate immunity
processes’, the potential of EC to induce adverse cardiovascular effects, which are

well documented in TC-smokers® 19, remains largely unknown. Thus, it is important to
determine whether EC use induces health effects that could lead to an increased risk of
cardiovascular diseases.

Circ Res. Author manuscript; available in PMC 2022 August 20.
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Human studies have shown that TC smoking induces prooxidative effects in the lungs and
systemic tissues in smokers by triggering and/or exacerbating the generation of reactive
oxygen species (ROS), together with impaired intracellular antioxidant responses’: 11,
Animal studies also indicate the ability of cigarette smoke to induce oxidative stress and
lipotoxicity in the heart!2. Interestingly, EC emissions generate ROS in concentrations
comparable to TC smokel3, Thus, it has been reported that an EC aerosol extract induces
ROS production in vascular endothelial cells in a concentration-dependent manner, resulting
in increased cytotoxicity!®. Furthermore, Carnevale et al showed that use of a single EC

for a total duration of 9 puffs led to increased concentrations of soluble NADPH oxidase
(Nox-2)-derived peptide, greater 8-iso-prostaglandin F2a production and decreased serum
concentration of vitamin E’. Chronic TC-smokers with =10 cigarettes per day for =5 years
exhibited elevated concentrations of 8-epi-prostaglandin F,, as compared to hon-smoker
controls in the blood!®. We have previously reported that chronic EC-users exhibit higher
susceptibility for the oxidation of plasma low-density lipoproteins (LDL) as compared to
non-smoking adults3. Therefore, it is possible that chronic EC use may exert prooxidative
effects and/or lower antioxidant defense in the plasma that could further lead to release of
proinflammatory cytokines, thereby resulting in increased cardiovascular risk among healthy
young adults.

In the current study, we sought to investigate whether chronic EC-users exhibit intermediate
effects on oxidative metabolism, in between non-users and TC-smokers, by assessing plasma
concentrations of oxidized products of essential polyunsaturated fatty acids (PUFASs). Thus,
we measured oxidized products of linoleic acid (LA) and arachidonic acid (AA), generated
via the activity of lipoxygenases, which we have reported to be sensitive biomarkers of air
pollution-induced lipid peroxidationl®. In addition, we also assessed the effects of EC use
and TC smoking on i) total plasma antioxidant capacity (TAC) and plasma concentrations of
glutathione and bilirubin, as measures of systemic antioxidant reserve; ii) enzymatic activity
of paraoxonasel (PON1), an antioxidant enzyme associated with circulating high-density
lipoproteins (HDL)Y7, iii) biomarkers of innate immune response and chemokines, and

iv) heme oxygenase-1 (HO-1), an intracellular enzyme that protects against oxidation18,
inflammation?® and atherosclerosis2%, but leaks out into the blood in conditions of vascular
injury?l: 22 thus serving as an indicator of cardiovascular risk?2-24,

METHODS

Data availability.

The authors declare that all supporting data including Major Resources Table are available
within the article, and its online-only Data Supplement.

Study population.

Plasma samples were obtained between 2015 to 2018 from young healthy male and female
study participants, ages 21-45 years, who had either chronically used EC (=12 months,
EC-users) or smoked TC (=12 months, TC-smokers) or who had not used EC and/or smoked
TC within the last year (non-users). See additional details including plasma collection and
storage in the online-only Data Supplement.

Circ Res. Author manuscript; available in PMC 2022 August 20.
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Plasma free fatty acids and their oxidized metabolites.

Plasma free LA and AA, and their oxidized products 9- and 13-hydroxyoctadecadienoic
acids (HODE) and 5-, 12- and 15- hydroxyeicosatetraenoic acids (HETE) were extracted
and analyzed by liquid chromatography coupled to ion trap mass spectrometry (ITMS) as
previously described!®. See additional details including plasma lipid profile in the online-
only Data Supplement.

Plasma antioxidants, HO-1, biomarkers of innate immunity and secretory phospholipase

Ag,

Paraoxonase (PON) and arylesterase enzymatic activities as well as concentrations of TAC,
total and conjugated (direct) bilirubin, glutathione, HO-1, biomarkers of innate immunity
and secretory phospholipase A, (SPLA,) were measured in the plasma, as described in the
online-only Data Supplement.

Statistical methods.

RESULTS

Data were reported as means + SEM or geometric means/medians with interquartile ranges
(IQR) as specified. Examination of normal quantile plots and the Shapiro Wilk statistic were
used to determine whether the distribution of a biomarker was normal in the original or log
scale. See additional details in the online-only Data Supplement.

Baseline characteristics.

The study of 106 healthy participants included 32 EC-users, 29 TC-smokers and 45 non-
users. Baseline characteristics of all participants (Table 1) show that the overall age and
BMI were similar among the three groups (p>0.05). The ethnic distribution was also similar
between the three groups (p=0.732) with most of the participants being Caucasians (62.2%
non-users, 59.4% EC-users and 58.6% TC-smokers). 68.7% of EC-users were former
smokers, which was expectedly higher than the 8.8% of non-users who were former smokers
(p=4.32 x1078). Although both EC-users and TC-smokers included a higher proportion of
males than females (71.9% and 65.5% respectively) in comparison to non-users (57.8%),
there were no significant differences in overall sex distribution (p=0.455). Baseline cotinine
concentrations were similar between TC-smokers and EC-users, consistent with a similar
smoking burden.

Both EC use and TC smoking lowered plasma concentrations of oxidized free fatty acids.

Plasma lipid profiles denoted similar levels of total, unesterified, VLDL and HDL
cholesterol, as well as triglycerides. However, while EC-users exhibited lower concentration
of LDL cholesterol (p=0.02), TC-smokers displayed higher levels of free fatty acids (FFAS)
as compared to non-users (p=0.04) (Supplemental table I). Plasma concentrations of all
biomarkers are shown in Supplemental table 1. Surprisingly, plasma concentrations of
9-HODE, 13-HODE and total HODEs were significantly lower in both EC-users and TC-
smokers as compared to non-users, with similar levels between EC-users and TC-smokers
(Figure 1A). On the other hand, there were no differences in the plasma concentrations of

Circ Res. Author manuscript; available in PMC 2022 August 20.
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12-HETE, 15-HETE or total HETEs (Figure 1B). To normalize the HODEs and HETES by
their parental PUFAS, we assessed the plasma concentrations of LA and AA, respectively.
Unexpectedly, EC-users exhibited lower concentrations of both LA and AA while TC-
smokers displayed higher concentration of AA as compared with the other groups (Figure
2); the latter consistent with the elevated FFAs observed in the lipid profiles (Supplemental
table 1). Expectedly, there were positive associations between the concentrations of 9-HODE
(p=0.006), 13-HODE (p=0.005) and total HODES (p=0.004) with the corresponding parental
compound LA (Supplemental figure IA-C), as well as positive associations between the
concentrations of 12-HETE (p=0.086), 15-HETE (p=3.33x1078) and total HETEs (p=0.007)
with the parental compound AA (Supplemental figure 11A-C). We calculated the ratios

of the concentrations of HODESs and HETES to the concentrations of the corresponding

LA and AA, which allowed us to determine whether changes in the oxidized metabolites
were mostly due to the degree of lipid peroxidation or changes in the concentrations of

the parental compounds. These ratios serve as surrogate estimates, although imperfect, of
the degree of lipid peroxidation. Thus, TC-smokers exhibited significantly lower ratios

of 9-HODE/LA, 13-HODE/LA, total HODES/LA and 15-HETE/AA as compared to non-
users and EC-users (Figure 3), consistent with lower lipid peroxidation. On the other

hand, EC-users displayed similar ratios of HODES/LA and HETES/AA as compared to
non-users, indicating that the lower concentration of HODES were mostly due to lower LA
concentration even if lower degree of lipid peroxidation could not be ruled out.

EC use and TC smoking promoted antioxidant homeostatic responses.

To determine potential mechanisms responsible for EC and TC effects on oxidative
biomarkers, we assessed plasma TAC via a colorimetric assay. Consistently, plasma
concentration of TAC was significantly higher in TC-smokers as compared to non-users
(p=1.03x107%), suggestive of an elevated antioxidant defense, with intermediate levels in
EC-users (Figure 4A). However, while adjustment for sex did not affect the observed
differences between TC-smokers and non-users (p=0.0003) or between EC-users and
TC-smokers (p=0.03), the differences between EC-users and non-users were no longer
statistically significant (p=0.18) (Supplemental table I11).

We then asked whether elevation in anti-oxidant defense involved higher functionality of
PON1, an important anti-oxidant enzyme associated with HDL17, which has been reported
to be inhibited after chronic or subacute exposure to TCZ? or air pollutionl®, There

were no significant differences in PON activity among the three groups (Supplemental
figure I11A). Since PON activity is known to be influenced by PONI single nucleotide
polymorphisms (SNPs)26, we also measured arylesterase activity which is not affected by
genetic differences. Consistently, participants in all three groups displayed similar levels
of arylesterase activity in the plasma or HDL fractions (Supplemental figure 111B-C),
indicating that effects on oxidized lipids were not due to elevations in PON1 functional
activity.

We then determined plasma concentrations of bilirubin and glutathione using colorimetric
assays. Importantly, total bilirubin levels were elevated in both EC-users (p=0.009) and
TC-smokers (p=0.008) as compared to non-users, and unconjugated bilirubin was higher

Circ Res. Author manuscript; available in PMC 2022 August 20.
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among EC-users as well (p=0.006) (Figure 4B). Furthermore, both EC use and TC

smoke influenced glutathione metabolism with effects on overall redox status. Indeed,
EC-users exhibited higher total glutathione (p=0.006), GSH (p=0.06) and GSSG (p=0.1)
concentrations without changes in the GSH/GSSG ratio, whereas TC smokers displayed
elevated levels of GSH (p=0.05) and GSH/GSSG ratio (p=0.05) (Figure 4C-F). Altogether,
our data indicates that both EC-users and TC-smokers exhibited compensatory antioxidant
responses, with greater effects induced by TC smoke, especially on TAC, likely responsible
for the inhibition in lipid peroxidation. On the other hand, EC-users exhibited intermediate
effects on TAC and similar GSH/GSSG ratios to non-users, suggesting that those individuals
had reached a state of redox homeostatic balance.

TC smoking but not EC use led to higher plasma HO-1 concentration and vascular
inflammation.

We then asked whether antioxidant responses triggered by chronic EC use or TC smoke
could have included the induction of HO-1, as evidenced by elevation in the plasma
concentration of bilirubin, which is a byproduct of the catabolism of heme groups carried
out by HO-1. We measured the plasma concentration of HO-1 which has been reported
to leak into the blood after vascular inflammation or injury?2. Indeed, our data indicates
that HO-1 concentration was elevated in the plasma of TC-smokers as compared to non-
users (p=0.01), with intermediate levels present among EC-users (Figure 5A), suggesting
upregulation of HO-1 and subsequent leakage into the circulation. Interestingly, when
HO-1 concentration was plotted against levels of 9-HODE, 13-HODE and TAC across all
participants, we also observed that the spline curves for EC-users were intermediate between
non-users and TC-smokers (Supplemental figure 1V).

We further sought to determine whether chronic EC use or TC smoking could have

induced vascular inflammation via Luminex immunoassays that included chemokines and/or
biomarkers of innate immunity such as sCD14, sCD163, CCL2 and CX3CL1. TC-smokers
but not EC-users exhibited elevated concentrations of sSCD14 in comparison to non-users
(p=0.006) (Figure 5B). In addition, plasma concentration of CCL2 associated with HO-1
among TC-smokers (p=0.009) but not among EC-users (p=0.09) or non-user (p=0.82)
(Figure 5C). This data indicates that chronic TC smoking induced vascular proinflammatory
effects that could have led to the release of HO-1 in the blood.

Biomarker profiles segregate EC-users from TC-smokers and non-users by multivariable
analysis using classification models.

We used multivariable analyses to determine whether EC-users, TC-smokers and non-users
could be segregated. The canonical scores from the nominal logistic regression model for
discriminating between the 3 groups showed that there was a continuum with TC-smokers
on the upper right of the plot (blue triangles), non-users on the lower left (green circles), and
EC-users in the middle right (orange squares), with a small degree of overlap (Figure 6A).
This model had a prediction accuracy of 94.4%.

We also used a classification tree model to generate a tree with 7 classification nodes with
the use of 2 primary (i.e. 9-HODE and LA) and 3 derived (13-HODE/LA, 12-HETE/AA

Circ Res. Author manuscript; available in PMC 2022 August 20.
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and 9-HODE/LA) biomarkers, which allowed classification of individuals with a prediction
accuracy of 73.4%. Importantly, this classification tree implied that the 5 most important
biomarkers for discriminating modest associations between EC-users, TC-smokers and
non-users were in the following order; 13-HODE/LA ratio, 9-HODE, 12-HETE/AA ratio,
9-HODE/LA ratio and LA (Figure 6B). For each branch of the tree, if the condition is

true, one branches left; otherwise, if the condition is false, one branches right. Remarkably,
only two biomarkers (13-HODE/LA and 9-HODE) were sufficient to discriminate between
TC-smokers, generally on the right side of the tree, and non-users. The other three
biomarkers (12-HETE/AA, 9-HODE/LA, LA) were required to discriminate between non-
users, generally on the left side of the tree, from EC-users, in the middle.

DISCUSSION

To our knowledge, this is the first study to report alterations in PUFAs and their oxidized
metabolites along with changes in systemic antioxidant defense, and inflammatory responses
in otherwise healthy young adults who were habitual EC-users or TC-smokers as compared
to non-users, with implications in the risk of cardiovascular disease (Figure 7).

We have previously reported that chronic EC use increased LDL susceptibility for
oxidation3. To investigate EC effects on blood oxidation status, we measured plasma
concentrations of 9- and 13-HODEs as well as 5-, 12- and 15-HETEs, derived at least

in part, from lipoxygenase-mediated oxidation of LA and AA, respectively?’. We and others
have found that these compounds serve as exquisite biomarkers of air pollution-induced
lipid peroxidation in animal models28: 29, young healthy individuals'® and human TC
studies30. Surprisingly, both EC-users and TC-smokers displayed lower concentrations of
9- and 13-HODEs, with no differences in HETEs (Figure 1), which was in contrast to the
data published in another study3°. However, our data was consistent with previous studies
that reported lower levels of 9- and 13-HODEs with no differences in the concentration

of 15-HETE in the plasma3! or 12-HETE in the saliva3? of smokers vs non-smokers. In
addition, effects on the concentrations of 9- and 13-HODEs were negatively associated with
the plasma cotinine levels (Supplemental figure V). We also found that former TC smoking
among EC-users did not affect these oxidative biomarkers differently in comparison to those
who never smoked TCs (Supplemental figure V1).

We then normalized the concentrations of HODEs and HETEsS by their respective parental
PUFAs (LA and AA, respectively) to determine whether the lower concentration of
oxidative biomarkers were due to lower degree of lipid peroxidation or lower concentration
of the parental substrates. Interestingly, TC-smokers but not EC-users exhibited lower
ratios of 9-, 13- and total HODES/LA, and 15-HETE/AA (Figure 3), indicating lower

lipid peroxidation in the former. On the other hand, EC-users displayed similar ratios

as non-users, likely indicating that the lower concentration of oxidative biomarkers were
largely if not exclusively, due to lower plasma concentrations of the parental substrates.
Importantly, neither TC-smokers nor EC-users exhibited elevated ratios for any of the
compounds which would have been indicative of higher lipid peroxidation, and in apparent
contrast with a large number of studies that have documented the oxidative potential

of TC33.34 and increasing evidence that EC also induces prooxidative effects in tissue
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culturel® 35 animal36 and human studies®’. We argued that chronic use of EC and TC may
have induced antioxidant homeostatic responses triggered by the TC and EC prooxidative
effects, leading to compensatory effects, especially prominent against the oxidation of LA in
TC-smokers. Therefore, we assessed plasma TAC to gauge the cumulative antioxidant status,
which includes antioxidants such as a- and y-tocopherol, B-carotene, lycopene, bilirubin,
ascorbic and uric acids®®: 39, We found that plasma TAC was significantly elevated in
TC-smokers and EC-users (Figure 4A), in support of our aforementioned hypothesis. While
our results are opposite to the study of Bloomer et al, who reported lower concentrations

of blood antioxidant capacity and increased malondialdehyde in 15 chronic TC-smokers vs.
13 non-smoker controls*?, they are consistent with the study of Charalabopoulos et al, who
observed higher plasma TAC in healthy young chronic smokers vs non-smokers*L.,

Considering that cigarette smoking has been reported to decrease plasma concentrations of
vitamins C and E, B-carotene as well as enzymatic anti-oxidant activities for erythrocyte
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px)*2, we
investigated whether TAC-elevated effects could have been due to changes in bilirubin,

a powerful antioxidant, and/or glutathione metabolism. Indeed, both EC-users and TC-
smokers exhibited elevated plasma concentrations of bilirubin (Figure 4B), and changes

in glutathione metabolic parameters (Figure 4C—F). Thus, TC-smokers displayed higher
concentration of reduced glutathione and GSH/GSSG ratio, consistent with significant
elevation in TAC. Consistent with our data, smoking has been previously reported to exhibit
significantly elevated blood concentration of reduced glutathione*3 and GSH/GSSG ratio*4
as compared to non-smokers, and according to the study of Ashfaq et al, plasma ratio

of GSH/GSSG significantly associated with carotid intima media thickness (CIMT) and
the Framingham risk score in healthy non-smoking individuals between the ages of 30

to 65 years*®. Therefore, elevated ratio of GSH/GSSG in TC-smokers may predict an
increased likelihood of sub-clinical atherosclerosis and cardiovascular risk, even though
clinical cardiovascular outcomes were not directly assessed. Interestingly, while EC-users
exhibited higher levels of total glutathione, their GSH/GSSG ratios were similar to non-
users, suggesting that those individuals had reached a state of redox homeostatic balance.

We then investigated whether elevation in bilirubin concentrations were due to higher
expression of HO-1, the rate-limiting enzyme in the catabolism of heme, resulting in the
release of carbon monoxide, ferrous iron and biliverdin?!; the latter further converted into
bilirubin by biliverdin reductase®8. Indeed, TC-smokers displayed elevated plasma HO-1
concentration, with intermediate levels present in EC-users (Figure 5A). Since HO-1 is an
intracellular enzyme, it has been proposed that its presence in the blood denotes its release
by leukocytes, monocytes/macrophages, smooth muscle cells or endothelial cells that are
activated and possibly damaged by oxidative stress or inflammation?!. Therefore, while
HO-1 is deemed as an exquisite sensor for oxidative stress, elevated levels in the blood
have also been proposed as a marker of vascular injury or inflammation?!: 22, In support
of this, HO-1 concentrations in the blood have been reported to be elevated in patients
with non-alcoholic fatty liver disease?’, type-2 diabetes mellitus*®, Parkinson’s disease?®,
acute myocardial infarction?* and coronary artery disease (CAD)%0, thereby serving as an
indicator of cardiovascular risk.

Circ Res. Author manuscript; available in PMC 2022 August 20.
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We then asked whether changes in HO-1 could have been due to changes in the circulating
inflammatory mediators by assessing biomarkers of innate immunity and chemokines that
are associated with oxidative stress and cardiovascular disease burden®1-53, Indeed, TC-
smokers exhibited significantly elevated levels of CD14, with a lesser degree of induction
in EC-users (Figure 5B), along with a positive association between HO-1 and CCL2
(Figure 5C) in TC-smokers, consistent with our previous study demonstrating a dose
response increase in proinflammatory monocytes and cellular oxidative stress (COS), that
was lowest in non-users, intermediate in EC-users, and highest among TC-smokers?. Thus,
HO-1 associates with proinflammatory mediators®#-57 in TC-smokers, important in the
development of CV events.

It was interesting that plasma concentrations of LA and AA were differentially affected in
EC-users and TC-smokers, suggesting an alteration in lipid metabolism (Figure 2). Cigarette
smoking has been inversely associated with serum concentrations of cholesterol esters

and phospholipid AA58. One possibility to explain the higher concentration of AA in TC-
smokers is that TC-smokers but not EC-users had elevated concentrations of SPLA,*, a key
metabolic enzyme that hydrolyzes AA from phospholipids and releases the unoxidized form
into the blood®. However, no significant differences were obtained in SPLA, concentrations
in the plasma of our study participants (Supplemental figure VII). Another possibility is

that elevated FFAs and AA in particular, could be related to lipase-mediated release of

FFAs via lipolysis from adipose tissue®L. While evaluation of intracellular lipases was not
feasible in our study, we did observe higher concentration of plasma FFAs in TC-smokers
(Supplemental table 1). On the contrary, effects on PUFAs in EC-users were consistent

with a previous study reporting lower concentration of AA in the brains of rats exposed

to EC for 8 weeks®2. In addition, the study of Canistro et al showed that rats exposed to

EC for 4 consecutive weeks exhibited significant reduction in the plasma concentrations of
a sum measure of various omega-6 PUFAs that included both AA and LA as compared

to the non-exposed control group®3. Importantly, we found that EC-users who had never
smoked TCs also exhibited lower LA and AA concentrations in comparison to those who
were former TC-smokers, indicating that these effects in chronic EC uses were not due to
carryover effect due to TC smoking in the previous years (Supplemental figure VIII).

The use of multivariable analysis with a classification tree model segregated participants
from all three groups, with an overall accuracy of 73.4%. The PLS-DA model also
discriminated the 3 groups based on two canonical scores with TC-smokers on the left

of the plot (blue triangles), non-users on the right (green circles), and EC-users in the
middle (orange squares) (Supplemental figure 1X). Scores predicted by the nominal logistic
regression and PLS-DA models, when all variables were simultaneously considered, placed
EC-users within the extremities of biomarker profiles of non-users and TC-smokers, with a
classification accuracy of 94.4% and 66% respectively. These results were consistent with
the distribution of participants stratified by HO-1 and 9-HODE, 13-HODE or TAC levels
(Supplemental Figure 1V), and other studies documenting EC effects that were less intense
than TC effects induced in tissue culture® 65 and human studies®6. While chronic EC use
resulted in several effects that were similar to those induced by TC smoke, they were of
smaller magnitude and accompanied by other effects that were different. Altogether, these
effects segregated EC-users from non-users and TC-smokers (Figure 6).
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Does chronic EC use or TC smoke augment cardiovascular risk among healthy young
individuals? It is well known that TC smoking is the most prevalent, preventable risk factor
for cardiovascular diseases resulting in increased morbidity and mortality33 67, In addition
to the increased GSH/GSSG ratio discussed above, TC-smokers exhibited a plasma HO-1
concentration that was 20% higher than in non-users, which fall within the same range

of previous studies with elevations of 27.2%, 28.5% and 20.7% in patients with carotid
atherosclerosis?3, CADC and Parkinson’s disease*® respectively, as compared to healthy
control individuals, supporting the notion that chronic TC smoke increased cardiovascular
risk in our cohort of healthy young individuals. EC-users displayed a 5.3% higher
concentration of HO-1 as compared to non-users, which was not statistically significant
(Figure 5A). Future larger studies are required to determine whether these smaller elevations
in HO-1 could indicate increased CV risk.

Our study depended on the reliability of each participant’s self-reported questionnaire.
These can be unreliable and prone to misstatements, underestimating the smoking status

of an individual® %8, Although 68% of EC-users were former cigarette smokers who
reportedly had quit smoking at least 1 year before the study (Table 1), we cannot exclude
the possibility that some of our participants occasionally consumed tobacco products. The
longer duration of TC smoking as compared to EC use (Table 1) also has a potential to
affect the biomarkers in our study that cannot be ignored. In addition, there are other factors
beyond those recorded in our study (e.g. diet, lifestyle) that could have influenced some

of the outcome variables such as blood concentrations of PUFAs®. Adjustment for the
recorded factors did not alter the observed findings with the exception of sex, since after sex
adjustment, the observed differences in plasma TAC between EC-users and non-users lost
statistical significance (p=0.18), supporting a greater impact on plasma TAC in TC-smokers
than EC-users. Furthermore, our measures of PUFASs and their oxidized metabolites were
only circumscribed to their hydrolyzed free forms and did not include measures of the
esterified forms, which would have allowed determination of their total (i.e. free + esterified)
concentrations. While our multivariable analyses were helpful in segregating individuals
based on their biomarker profiles, we do not have another dataset on which to validate these
findings, which will be addressed in future studies. Furthermore, considering the exploratory
nature of our study, we did not perform multiple comparisons adjustment within groups
across all biomarkers to control for false positive results (Type-I error) in order to avoid
increasing false negative results (Type ll-error). Lastly, there was no data obtained for the
daily exercise status or environment of residency across groups, that could have affected our
study outcomes.

Conclusions.

Our results indicate that chronic use of EC and TC exerted a myriad of effects involving
lipid metabolism, oxidative and inflammatory responses with important implications for
cardiovascular risk. Some of the EC effects were similar to those exerted in TC-smokers
although to a lesser degree, such as those affecting oxidative biomarkers derived from
linoleic acid, total antioxidant capacity, heme oxygenase-1 and proinflammatory cytokines
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like CD14, making them intermediate in between non-users and TC-smokers; while other
effects were notably different such as those affecting levels of polyunsaturated fatty
arachidonic and linoleic acids. Chronic use of EC and/or smoking of TC elicited antioxidant
homeostatic responses that involved the HO-1/bilirubin axis and glutathione metabolism,
and that in the case of EC users, resulted in a state of redox homeostatic balance. It is

still to be determined whether elevated HO-1 among TC smokers is indicative of increased
cardiovascular risk, and if years long usage of EC among young healthy individuals, and in
individuals with other comorbidities could result in increased cardiovascular risk as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CCL2 C-C motif chemokine ligand 2
CX3CL1 C-X3-C motif chemokine ligand 1
EC electronic cigarettes

GSH reduced glutathione

GSSG oxidized glutathione

HETE hydroxyeicosatetraenoic acid
HODE hydroxyoctadecadienoic acid

HO-1 heme oxygenase-1

PLS-DA partial least square-discriminant analysis
PON1 paraoxonasel

PUFAs polyunsaturated fatty acids

sCD14 soluble cluster of differentiation 14
sCD163 soluble cluster of differentiation 163

Circ Res. Author manuscript; available in PMC 2022 August 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gupta et al. Page 13
TAC total antioxidant capacity
TC tobacco cigarettes
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Electronic cigarettes (EC), introduced in 2006 as potentially safer alternatives
to tobacco cigarettes (TC), have gained unprecedented popularity, especially
among young adults, with little known about their long-term health effects.

. Chronic users of EC exhibit greater susceptibility for the oxidation of plasma
low-density lipoprotein (LDL) in comparison to non-smoking individuals
indicating increased oxidative stress.

What New Information Does This Article Contribute?

. Chronic use of EC and TC is associated with both similar as well
as differential effects on polyunsaturated fatty acids, pro-oxidative and
antioxidant biomarkers in the blood.

. EC-users display intermediate alterations in cardiovascular health metrics
between non-users and TC-smokers.

With a growing popularity for EC use among younger adults, there is a gap in our
understanding regarding EC effects on biomarkers of lipid peroxidation in the blood and
their relationship to cardiovascular health. We asked whether chronic use (more than
one year) of EC could potentially alter cardiovascular health metrics in healthy young
adults using novel and sensitive biomarkers of lipid peroxidation. Thus, we recruited
individuals who were either chronic users of EC, TC or non-users, for measurement

of oxidized metabolites of polyunsaturated fatty acids and antioxidant capacity in their
plasma. EC-users and TC-smokers exhibited lower levels of oxidized products of linoleic
acid in comparison to non-users and the levels of antioxidant defense markers were

also elevated likely due to antioxidant homeostatic responses. In addition, TC-smokers
had increased concentrations of heme oxygenase-1 and cluster of differentiation-14,
markers of vascular injury and inflammation, respectively, possibly reflecting increased
cardiovascular injury. Lastly, our multivariable analysis demonstrated that EC-users
exhibited biomarker levels that were overall intermediate between non-users and TC-
smokers with a potential to be related to future adverse cardiovascular health effects.
Therefore, our study indicates that long-term use of either EC or TC exerted health
effects including alterations in lipid metabolism, oxidative and inflammatory responses,
that are relevaent to cardiovascular health.
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Figure 1. Plasma concentrations of oxidized metabolites of linoleic acid and arachidonic acid
Concentrations of (A) 9-HODE, 13-HODE and total HODEs (9-HODE + 13-HODE);

and (B) 12-HETE, 15-HETE and total HETEs (12-HETE + 15-HETE) in the plasma

of non-users (n=45), EC-users (n=32) and TC-smokers (n=29). The solid horizontal line
indicates the median and error bars represent the interquartile range (IQR). Statistical
analysis was performed using one-way ANOVA on the original or log scale as indicated
followed by the post hoc t test using the Fisher’s LSD criterion. EC = electronic cigarettes;
HETE = hydroxyeicosatetraenoic acid; HODE = hydroxyoctadecadienoic acid; LSD = least
significant differences; TC = tobacco cigarettes.
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Figure 2. Plasma PUFAs.
Concentrations of (A) linoleic acid and (B) arachidonic acid in the plasma of non-users

(n=45), EC-users (n=32) and TC-smokers (n=29). Figure representation, statistical analysis
and other abbreviations are same as in Figure-1. PUFAs = polyunsaturated fatty acids.
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Figure 3. Plasma ratios of oxidized lipids to parental PUFAs.
Plasma levels of HODEs and HETES normalized by linoleic acid and arachidonic acid,

respectively, among non-users (n=45), EC-users (n=32) and TC-smokers (n=29). (A) 9-
HODE/LA, 13-HODE/LA and Total HODESs/LA; and (B) 12-HETE/AA, 15-HETE/AA and
Total HETES/AA. Figure representation, statistical analysis and other abbreviations are same
as in Figure-1. AA = arachidonic acid; LA = linoleic acid; PUFAs = polyunsaturated fatty

acids.
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Figure 4. Plasma antioxidant status.
(A) Total antioxidant capacity (TAC) in non-users (n=45), EC-users (n=30) and TC-smokers

(n=28); (B) total and unconjugated bilirubin in non-users (n=39), EC-users (n=25) and

T &
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TC-smokers (n=23); (C) total glutathione, (D) reduced glutathione (GSH), (E) oxidized
glutathione (GSSG) and (F) ratio of reduced to oxidized glutathione (GSH/GSSG) in non-
users (n=40), EC-users (n=29) and TC-smokers (n=22). Figure representation, statistical
analysis and other abbreviations are same as in Figure-1.
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Figure 5. Vascular injury and inflammatory response in the plasma of smokers.
(A) Heme oxygenase-1 (HO-1), (B) cluster of differentiation 14 (CD14) in the plasma

of non-users (n=45), EC-users (n=30) and TC-smokers (n=28), (C) association of C-C
motif chemokine ligand 2 (CCL2) with HO-1 in TC-smokers. Spearman’s correlation was
computed along with linear regression. The correlation coefficient and p-value are indicated
on the graph (panel C). Figure representation, statistical analysis and other abbreviations are

same as in Figure-1.
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Figure 6. Multivariable analysis plots.
(A) Two-dimensional score plot of nominal multinomial logistic model v7a neural net based

on multivariable analysis of 33 biomarkers considered simultaneously for discriminating
between non-users (green circles, n=45), EC-users (orange triangles, n=32) and TC-smokers
(blue squares, n=29). To improve the schematic representation, two data points for the non-
users were excluded as outliers, which barely changed the prediction accuracy from 94.4%
with inclusion to 94.3% with exclusion of the two outliers. (B) Classification tree separated
EC-users (n=32) from non-users (n=45) and TC-smokers (n=29) based on 2 primary (i.e.,
9-HODE and LA) and 3 derived (13-HODE/LA, 12-HETE/AA and 9-HODE/LA\) variables
out of all 18 predictor outcomes. For each branch of the tree, if the condition is true, one
branches left; otherwise, if the condition is false, one branches right. AA = arachidonic acid;
LA = linoleic acid; other abbreviations are same as in Figure-1.
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Figure 7. Schematic diagram.
Proposed model of cardiometabolic effects exerted by chronic EC-users and TC-smokers.

White solid arrows indicate common effects, whereas orange and blue dotted arrows
indicate differential effects due to EC use or TC smoking, respectively. Double headed
arrows indicate no statistical differences. AA = arachidonic acid; CD14 = cluster of
differentiation 14; CVD = cardiovascular disease; EC = electronic cigarette; GSH =

reduced glutathione; GSSG = oxidized glutathione; HO-1 = heme oxygenase-1; HODE =
hydroxyoctadecadienoic acid; LA = linoleic acid; PUFAs = polyunsaturated fatty acids; TAC
= total antioxidant capacity; TC = tobacco cigarette; Total GSH = total glutathione.

Plasma antioxidant status
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Table 1.

Baseline characteristics of non-users, e-cigarette (EC) users and tobacco-cigarette (TC) smokers.

Characteristics N((’r?;lfs‘“;rs E((ri:u:fze)" s TC('S?ZOQ';”S p-value
Age (years) 27.4+08 28.3+0.9 27811 0.79
Sex, No.
Males 26 23 19 0.45
Females 19 9 10
BMI 23.4+04 248 0.6 24505 0.11
Race/Ethnicity, No.
African American 1 2 3
Asian 8 8 8
Hispanic 5 2 1
White (Non-Hispanic) 28 19 17 073
Native Hawaiian 2 0 0
Unknown 1 1 0
Duration (years) of EC-use NA 2(1- 3)# NA NA
Duration (years) of TC-smoking NA NA 8(5- 10)# NA
Duration (years) of former TC-smoking NA 4(3- 7,25)# NA NA
Former Smoker, No. 4 22 NA 4.32x1078
Interval since quitting, y 2@2- 4)# 2.25 (15— 4)# NA NA
Baseline Nicotine (ng/mi) ND 47(305-1615)" 7.75(485-1193)" 042
Baseline Cotinine (ng/ml) ND 89.8 (42.8 - 1455)# 98 (52 - 205)# 0.68

Data are shown as mean + SEM for parametrically distributed data or median (IQR)# for nonparametrically distributed data. Statistical analysis
was performed using A) one-way ANOVA followed by the post hoc t test under the Fisher’s LSD criterion for age and BMI data or B)
Kruskal-Wallis test for baseline nicotine and cotinine data. The p values for comparing categorical data such as sex, race/ethnicity and former
smoking status were computed using Fisher’s exact test.

*
EC-users had quit smoking for at least one year prior to the study onset.

Abbreviations: SEM, standard error of mean; IQR, interquartile range; BMI, body mass index; NA, not applicable; ND, not detected.
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