Inflammation and Oxidative Stress from E-cigarette Exposure: Implications
for COPD and Asthma

Abstract

Currently, little is known about the effects of e-cigarette use on chronic respiratory
diseases, due to their relative novelty. This review compiles data on the cellular effects of e-
cigarette use with population data on disease incidence to determine potential risk for COPD and
asthma development, two of the most prevalent respiratory diseases. We searched the Google
Scholar database for studies on e-cigarette exposure and levels of inflammation and oxidative
stress in human cells and e-cigarette users, as well a population studies analyzing e-cigarette use
and respiratory disease incidence. All reviewed studies found significant increases in
inflammatory biomarkers, as well as pro-inflammatory cytokines, demonstrating a correlation
between e-cigarette use and a pro-inflammatory affect. Our findings suggest e-cigarette vapor
contains reactive oxygen species, and that exposure increases cellular oxidation and lowers
antioxidant power. Every population study we reviewed found significant correlations between
COPD and e-cigarette use, and asthma and e-cigarette use. These population studies cannot
provide causational data, though the basic cellular data provides support for causative effects.
Further research should investigate the link between the cellular and population data to identify

causation and understand the impact of e-cigarette use on disease rates.
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Abbreviations

8-OHdG 8-0x0-2'-deoxyguanosine

A549 Adenocarcinoma Human Alveolar Basal Epithelial Cells
ACT Asthma Control Test

AOR Adjusted Odd’s Ratio

BAL Bronchio-alveolar lavage

BEAS-2B Bronchial Epithelial Cell Line

CO Carbon Monoxide

COPD Chronic Obstructive Pulmonary Disease

CRP C-Reactive Protein

CXCL1 C-X-C motif ligand 1

CYP1A1/2 Cytochrome P450 Family 1 Subfamily A Member 1 and Member 2
CYP1B1 Cytochrome P450 Family 1 Subfamily B Member 1
CYP2B1/2 Cytochrome P450 Family 1 Subfamily B Member 1 and Member 2
CYP3A Cytochrome P450 Family 3 Subfamily A

ECG Electrocardiogram

EC e-cigarette

EVALI E-cigarette and Vaping Associated Lung Injury
FGF Fibroblast growth factor

GM-CSF Granulocyte macrophage colony stimulating factor
H292 Influenza A virus subtype H2N2

HaCaT Human Epidermal Keratinocyte Line

HFL1 Human fetal lung fibroblasts

HMOX1 Heme Oxygenase 1

IFNy Interferon Gamma

IL- Interleukin -

LDH Lactate dehydrogenase

MAPK mitogen-activated protein kKinase

MIP-1p Macrophage Inflammatory Protein - 1

MMP-9 Matrix metalloproteinase-1

NQO1 NAD(P)H Quinone Dehydrogenase 1

OR Odds Ratio

OX/ROS Oxidants/Reactive Oxygen Species

PG Propylene Glycol

RAGE Receptor for Advanced Glycation End Products
TNFa Tumor Necrosis Factor a

THC Tetrahydrocannabinol




Introduction

The Global Burden of Disease Study states that respiratory disease Is a leading cause for death
worldwide, with COPD ranked 3rd, lower respiratory tract infections ranked 4th, lung cancer
ranked 5", tuberculosis ranked 10th and Asthma ranked 14th in the last decade™?. This review
focuses on COPD and Asthma to understand how long-term use of e-cigarettes could affect risk

for these common respiratory diseases.

E-cigarettes are devices that vaporize e-liquids (which are typically a mixture of propylene,
glycol, glycerin, nicotine, and flavorings®) for inhalation. These e-cigarettes can contain nicotine
and/or tetrahydrocannabinol and come in a variety of sweet and fruit flavors®. These devices
were invented as a smoking cessation aid, though they are also used for nicotine and THC

delivery, for convenience (if smoking is not an option), and for their flavors®.

To date, the potential correlation between e-cigarette smoking and asthma and COPD has not
been fully investigated, however, it is possible to understand this correlation through current
research on the potential harm at a cellular level and through correlational population surveys.
While the data is often described based on studies done on animal lungs, human explant tissues,
or in vitro cells, it cannot fully provide reliable evidence for in vivo exposure. However,

population surveys can give more clues on the correlation °

In this review we present current data on the inflammation and oxidative stress effects of e-
liquids and e-vapors, to provide insight into mechanisms important in COPD and asthma

development and disease course. We then compile population data on COPD and asthma



incidence in e-cigarette users, to provide human-level data on the potential link between e-

cigarette use and COPD and asthma incidence.
Methods

This review had two parts, the first was a search for articles on inflammation and oxidative stress
biomarkers after e-cigarette exposure, the second was a search for population studies of e-
cigarette use and COPD and asthma incidence. The Google Scholar database was used for
searches, as it provided the largest breadth of results and is unrestricted access. The following

search terms were used to gather papers that met our search criteria.

Table 1: Search terms for human, cellular, and Maurine
studies on inflammatory and oxidative effects of e-

cigarette exposure
e-cig* AND | inflammation
Electronic cigarette AND | inflammation
e-cig* AND | Oxid*
e-cig* AND | Oxidative stress
--------------------------- NOT | EVALI
--------------------------- NOT | Oral effects

Table 2: Search terms for population studies on

COPD/asthma and e-cigarette use correlations
e-cig* AND | Chronic

obstructive

Electronic cigarettes AND | COPD
e-cigarettes AND | COPD
Electronic nicotine delivery AND | Chronic
system* Obstructive
e-cig* AND | asthma
Electronic cigarettes AND | asthma

*- used to truncate search terms

For this portion of the study, our search criteria included being published in English, published

after 2000, and no grey literature or literature reviews were used. Our search terms yielded



results in Google Scholar that were title reviewed for inclusion. Included titles underwent

abstract screening before undergoing full text screening and data extraction.

Data extraction was accomplished using the table shown below, slight modifications for the

population-study portion of this review.

Table 3: Data extraction table with sample study

Study | Exposed Material Vapor Type/Device Cellular Changes/Biomarkers
Smith Lung adenocarcinoma 0 mg- 20 mg/mL No Viability change (A549
et al cell line A549 nicotine, 3 Generation only)
Human Lung epithelial | Device Lowered Viability (BEAS-2B)
BEAS-2B cells No LDH Change
Increased DNA strand breaks
(only with nicotine)

(Example study, not valid data)

After extraction, data was written up and presented in the report shown below.

Results

Inflammation

Inflammation is an important part of the immune response, but chronic inflammation has
been shown to have serious adverse effects. Combustion cigarette use has been linked to
increased respiratory inflammation and this contributes to the increased disease risk associated

with cigarette smoking.

To understand whether e-cigarettes would have similar effects we reviewed cell and

human studies on the effects of e-cigarettes on inflammatory biomarkers.




Table 4: Inflammatory changes and exposure scenarios across reviewed studies

Study Cell Type Exposure Liquid Type Inflammatory Change
Scenario
Higham | Neutrophils | 24h intubationin | VIP brand, “USA + CD11b
etal from 0.1-0.3 optical Tobacco” flavor, +CD66b
(2016)’ healthy non- | density solutions 24 mg/mL nicotine + MMP-9
smokers + Neutrophil Elastase
+1L8
Wuetal® | Lung Exposure to liquid | Treated with “medium” | +IL-6
Epithelial extracts for 24 or | tobacco flavored e-
Cells 48 h. liquid, 0 or 18 mg/mL
nicotine, InnoVapor
LLC brand
Higham | Bronchial 24h incubation in | VIP brand, “USA +LDH
et al Epithelial & | 0.1-0.3 optical Tobacco” flavor, O IL-6/CXCLS8 (epithelial)
(2018)° Calu-3 Cells | density solutions 24 mg/mL nicotine + IL-6/CXCL8 (Calu-3)
+ p38 MAPK
Phosphorylation
Cervellati | A549 50 min exposure e-CIG Mini Touch T- -Viability
etal® HaCaT via a vacuum Fumo T-TEX + LDH
pump + Shape Change
+IL-8
+11-6
+11-10
+I1L-12
+ FGF
+ MCP-1
+ GM-CSF
+ MIP-1P
Lerner et | H292 Cells were Refillable pen-style & | + Shape Change
al™ BAL fluid | exposed to 4 secs | Blue e-cig with O Viability
from mice puffs every 30 secs | disposable cartomizer. | +IL-8 (H292)
for durations of 5, | Used tobacco, menthol, | +IL-6 (H292)
10, and 15 min. and fruit/sweet flavors. | +1L-6 (BAL)
Mice had 5 h Levels of nicotine O Macrophage (BAL)
exposures over 3d | varied
+ =Increase - =decrease in O =no change sec-seconds min— minutes d-—days h - hour

Cellular studies have identified several different markers of inflammation, namely

Interleukins (11-8, 11-6, etc.) and lactate dehydrogenase™. There also were increases in

inflammatory pathways, such as p38 MAPK. Signs of neutrophil activation also were increased,

such as IL-8 (a key neutrophil attractant™**) CD11b and CD66B (biomarkers for neutrophil




attraction and are key for neutrophil recruitment and granulation)****’. Neutrophils play a

significant role in the inflammatory response and development of COPD.

One study also found an upregulation of MMP-9 and Neutrophil Elastase activity which

are released from neutrophils in COPD, correlate to disease severity, and have the potential to

damage the lung parenchyma®,

These cellular studies show the possibility for e-cigarette exposure to instigate pulmonary

inflammation. Studies have since been done on humans to assess the impact of e-cigarette use on

inflammatory biomarkers and pulmonary functioning.

Table 5: Pulmonary Functioning and Inflammatory Biomarkers in Human E-Cigarette Users

Study Exposed Population Inflammatory Changes

Song et al 13 e-cigarette users +cell count

(2018)" +IL-8
+IL-6
+1L-1B

Vakali et al*® | 53 subjects, 10 min e-cigarette -FeNO (no nicotine)

challenge +airway temperature (nicotine)

+exhaled CO (both)

Song et al 30 never smoker 4-week e- O cell counts

(2020)* cigarette challenge O cytokines at follow up
+cells correlating with urinary PG
+11-8, -13 correlating with urinary PG
+ TNFa correlating with urinary PG
O mRNA changes

Chatterjee et | 10 participant e-cigarette + Serum CRP (peak 60-120 mins post-exposure)

al” challenge, 2 secs puffs, 16-17 did not return to baseline at 360 mins

inhalations

Brozek et al*®

120 adults (control, tobacco, 30
e-cigarettes, 30 dual)
Multi-fruit flavor e-cigarette
challenge, 12 mg/mL nicotine
average use for 5 min

-02

-FeNO

-CO (dual users)

-Peak expiratory flow

-Maximal expiratory flow (75% FVC) (dual users)
+Air temperature

Song,
Freudenheim,
et al (2020)*

742 never smokers, 15 e-
cigarette users, 16 smokers
BAL/lung brushings

+inflammatory cytokines
+cell counts
+IL-1B, -6, -8,

Kameshwar

Collected plasma, urine, saliva,

+IL-6, IL-8, IL-13, IFNy (plasma)




et al® exhaled breath condensate, and | + MMP-9 (plasma)
measured pulmonary function -CXCL1
and vaping characteristics from | -RAGE
e-cigarette and never smokers - Proresolving lipid mediators resolvin D1/D2
(plasma)
+ IFNy (urine)
-1L-8, IL-10, IL-13 (urine)

+ =Increase - =decrease in O =no change sec-seconds min— minutes d-days h - hour

We consistently found increases in biomarkers of inflammation, including interleukins
(specifically IL-8 and IL-6), exhaled air temperature, which is another biomarker for

inflammation.

Cervellati et al*® found that liquids with flavorings and nicotine had a greater effect than
flavorings alone and reported no change in humectants alone. This was verified by the Lerner et
al study that found 1L-8 increase only with flavorings/nicotine. The 2020 Song et al study**
found similar results, with non-significant cell count and cytokine increases in their participants.
The increases became significant when correlated to the levels of urinary PG (used as a
biomarker for e-cigarette exposure). This is potentially due to the fact that their study utilized e-

liquid that only contained humectants, without flavorings or nicotine.

Oxidative Stress

Oxidative stress has been linked to a variety of chronic diseases. Oxidative stress occurs
when the production of free radicals and reactive metabolites (often called oxidants and reactive
oxidation species (OX/ROS)) are not cleared by the body’s protective antioxidant mechanisms.
Evidence has also demonstrated a link between inflammation and oxidative stress. As an increase
in inflammatory cells leads to an increase in oxidation and decrease in antioxidant power.*’

Oxidative stress also can cause cellular and DNA damage that can contribute to the development
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of age-related diseases, like COPD. In COPD markers of oxidative stress are significantly

higher®®. The link between oxidative stress and asthma is less clear, though there appear to be

correlations between the two and evidence to suggest that OX/ROS plays a role in asthma

development®. Thus, several studies have evaluated the levels of OX/ROS in vapor and the

potential oxidative effects of vapor on users.

Table 6: Oxidative changes and exposure scenarios across reviewed studies

Study Cell Type Exposure Liquid Type Oxidative Change
Scenario
Lerner et H292 & Cells were exposed | Refillable pen-style & | + OX/ROS (vapor
al** HFL1 to 4sec puffs every | Blue e-cig with alone)
30 secs for 5, 10, or | disposable cartomizer. | + OX/ROS (cells)
15 min. Tobacco, menthol, and | + Shape Change
Mouse Mice exposed fruit/sweet flavors, - Lung glutathione
Model 5h/3d varying nicotine levels | (mice)
Canistro et | Rat Model | 1 ml/day of e-liquid | 18 mg/mL nicotine, +CYP1A1/2
al* delivered at 17 s Essential cloud brand, | + CYP2B1/2
puffs and 20 min red fruit flavor + CYP3A
rest periods. 11 -Ferric antioxidant
cycles/d, 5ds per power
week, 4w + 8-OHdG
Dusautoir BEAS-2B Cells were VIP brand, “USA + CYP1Al
etal* incubated with 0.1- | Tobacco” flavor, + CYP1B1
0.3 optical density | 24 mg/mL nicotine + Nuclear erythroid 2-
solutions with related factor 2
liquid for 24h. + NQO1
+ HMOX1
Song et al** | E-cigarette | E-cigarette users E-cigarette users + Inflammatory
Users BAL biomarkers
+ Oxidative stress
Kameshwar | Collected E-cigarette users E-cigarette users + 8-OHdG (urine)
et al® plasma, +8-isopostane
urine,
saliva,
exhaled
breath
condensate
+ =Increase - =decrease in O =no change sec-seconds min— minutes d-days h - hours
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The reviewed studies identified an increase in oxidative stress and reactive oxygen

species in both mouse and cellular models, which is believed to be caused by several factors.

One source of OX/ROS is believed to be the vapor itself. The Lerner et al study**
detected OX/ROS in vapor alone. t has been found that both nicotine and non-nicotine liquids
contain elevated levels of OX/ROS which indicates that even without flavorings or nicotine the
aerosolization of propylene glycol and glycerin produced OX/ROS. Levels of reactive oxygen
species also correlate to levels of carbonyls in vapor. Carbonyls like formaldehyde and
acetaldehyde are consistently found in e-cigarettes® and can contribute to antioxidative

imbalance®.

NQO1 (an OX/ROS protective enzyme)*, Nuclear erythroid 2-related factor 2
(upregulates antioxidant response enzymes and is protective against COPD, asthma, etc.)*, and
HMOX1 (which increases in response to oxidative stress and in associated with an increased risk
for COPD)** * were also upregulated in exposed cells are involved in the body’s response to

oxidants and can be used as biomarkers for increased oxidation.

Cells exposed to e-cigarette vapor also appeared to have an elevation in in cellular
OX/ROS production. Exposure to vapor led to an increase in Cytochrome P50 genes, like
CYP1Aland 2, CYP1B1 and 2, and CYP3A, which affect OX/ROS production®® *. In humans,
this would correlate to an increase in CYP monooxygenases that could similarity elevate levels
of OX/ROS, as CYP monooxygenases engage in metabolizing xenobiotic compounds* **. Mice
also lowered levels of lung glutathione (a thiol important in maintaining a cellular redox

balance)”.
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In tandem with increasing OX/ROS production, studies also found a decrease in
antioxidant capacity. Reduction in antioxidant enzymes catalase, DT-diaphorase, and superoxide
dismutase were also found to be reduced in the rat’s lungs*’. As was the conjugating phase 2
glutathione s-transferase enzyme which participates in the detoxification of foreign substances™.
The Lerner study also found significantly reduced antioxidant power in exposed rats, using ferric
antioxidant power testing'. Meanwhile, there was an increase in antioxidant power in control
rats, which demonstrates that the healthy rats were able to respond to changes with an increase in
antioxidant systems while exposed rats were less able to clear OX/ROS*. This downregulation

of antioxidant enzymes would contribute to the number of free radicals.

Oxidative imbalance can contribute to the development of COPD, asthma, and other
respiratory disease. It also can damage DNA and increase risk for cancer. Oxidative changes led
to an increase in the guanosine oxidation of 8-OHdG*, a common free radical induced DNA
oxidative lesion that is correlated to increased mutagenicity in mammalian cells®. It is used as a
biomarker for carcinogenesis and oxidative stress* and was found to be significantly increased in
exposed rats by Canistro et al**. Many studies also identified cellular shape changes and
increases in inflammatory cytokines which further corroborates a link a link between OX/RQOS,

inflammation, and cellular damage.

Overall, there is considerable evidence that e-cigarette exposure affects the oxidative
balance of the lungs. Though the extent to which this will contribute to disease risk is still not

understood given the lack of human evidence.

Chronic Obstructive Pulmonary Disease
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Inhalation of particles (such as cigarette smoke) is a major risk factor for COPD, as

inhalation can create chronic inflammation and tissue remodeling that increase risk for COPD.

Given the link between smoking, particle inhalation, and COPD, studies have investigated the

potential effects of e-cigarette use on COPD rates. Currently, most of the data on COPD and e-

cigarette use is correlational data from population studies. Here, we aimed to combine in vitro

laboratory data with population studies to better understand the potential link between e-cigarette

use and COPD.

Table 7: Odds Ratios of E-cigarette use and COPD from Tobacco Use Surveys

Data Set | Data Collection | E-cigarette use COPD Definition OR
Definition
PATH Longitudinal E-cigarette use = COPD = 1.86
Wave 1* | survey of tobacco | every day or emphysema, chronic
use in U.S. youth | occasional, current | bronchitis, or COPD
and adults or former
Path Longitudinal E-cigarette use = Respiratory Disease | 1.29 (Current)
Wave 1, survey of tobacco | every day or = COPD, chronic 1.32 (former)
2, 3% use in U.S. youth | occasional, current | bronchitis,
and adults or former emphysema, asthma
PATH Longitudinal E-cigarette use = Respiratory Disease | 0.63-2.43
Wave 4* | survey of tobacco | every day or = COPD, chronic
use in U.S. youth | occasional, current | bronchitis,
and adults or former emphysema, asthma
BRFSS* | Cross-sectional E-cigarette use = Respiratory Disease | 2.58
random-dial ever use (former or | = been diagnosed by
telephone survey | current use), some | a professional with
days or everyday COPD, emphysema,
use chronic bronchitis,
and/or asthma
BRFSS* | Cross-sectional E-cigarette use = Respiratory disease = | 1.65 (some
random-dial ever use (former or | ever use (former or days)
telephone survey | current use), some current use), some 2.77 (daily)
days or everyday days or everyday use
use
Southern | Survey of grade e-cigarette use = Chronic Bronchitis 1.41 (current)
California | 11 and 12 never-users, former | Symptoms = daily 1.70 (former)
Children’s | southern users (not in past 30 | cough for 3 months
Health California days), current users | in a row, congestion,
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Study* students (used in past 30 or phlegm not with a
days) cold or bronchitis

Several analyses of the Population Assessment of Tobacco and Health (PATH) study
identified a correlation between e-cigarette use and COPD diagnosis*. While the PATH study
provides a significant bolus of data on tobacco use, it is only correlational. To better determine a
timeline of risk, a longitudinal analysis from Bhatta et al analyzed three waves of the PATH
study to provide more longitudinal data*. They conducted a reverse-causality analysis of the data
using a combined analysis of those with respiratory disease at Wave 1 who were never users and
estimating the odds of beginning e-cigarette use by Wave 2 or 3. Having a respiratory disease at
wave 1 significantly predicted e-cigarette use at Wave 2 or 3. This may prove a correlative and
not causative relationship found in this study. Potentially showing that after diagnosis, patients

began using e-cigarettes with the belief that they will be therapeutic.

Flavorings and nicotine have been identified as the most harmful part of e-cigarette
vapor. So, to identify the impacts of different liquid types on COPD prevalence Wave 4 of the
PATH study was then analyzed by Shi et al.*’ Specifically, this study assessed for associations
between use of different e-liquid flavors and COPD. Finding that COPD prevalence differed
across flavor categories. Compared to other flavors, tobacco flavor had a higher AOR for self-
reporting COPD (AOR=2.43) among current combustion smokers. Fruit flavors had a lower
AOR= 0.63, which provides an interesting venue for research. Other flavors had an AOR=1.89.
Tobacco flavor having an association with COPD also held true for former smokers. This
association could be due to the fact that recent research has identified that tobacco flavorings

may provide an independent source of oxidants and reaction oxygen species.
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Two analysis of the Hawaiian Behavior Risk Factor Surveillance System (BRFSS) found
positive associations between respiratory diseases and e-cigarette use, and this is corroborated by

other studies™.

These studies can only provide correlational data, though they form a consensus on a
correlation between COPD and e-cigarette use. This provides interesting patient data, given the

evidence on cellular effects that may increase risk on a cellular level.

E-cigarettes were originally intended as tobacco cessation devices, and questions still
remain as to whether e-cigarettes provide a harmful reduction or smoking cessation strategy for
smokers with COPD. A retrospective study** matched 24 COPD patients who reported using e-
cigarettes daily (in addition to cigarette use) to 24 regular-smoking COPD. Patients that were
selected had a pack-year smoking history >30. They analyzed cigarettes/day, number of
exacerbations in 12 months, and change in exacerbations data over the baseline and 2 follow ups

that took place over the 24-month period of study.

They found a significant reduction in combustion cigarette use in the e-cigarette user
group. Cigarettes/day went from 21.8 at baseline, to 1.8 at follow up 1 and 1.58 at follow up 2,
with no change seen in the combustion cigarette control group. There were significant reductions
in COPD exacerbations in the EC-using group, from 2.3 at baseline to 1.8 and 1.4 at follow up 1
and 2 respectively and no change in the control group. No medications were significantly

changed or improved during this time.

Data on this is mixed, with studies supporting a reduction in COPD exacerbations in former

smokers>***, with others stating otherwise>> *.
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Asthma

Vaping is most prevalent among 15-24-year-old®” and Asthma is the most common

chronic health condition in young people®. This rose concerns about the effects of e-cigarette

use on asthma rates and exacerbations. Preliminary data on the vapor profile and cellular effects

of vaping spurred population studies on e-cigarette use and asthma prevalence.

Our review identified significant correlations between e-cigarette use and asthma

diagnosis from several studies and analysis (as outlined below).

Table 8: Odds Ratios of asthma and E-cigarette use from population surveys

Data Set Data Asthma/ E-cigarette Use OR (Total)

Collection Respiratory
Definition

2016 BRFSS* | Cross-sectional | Diagnosed with | E-cigarette use = | 1.33
random-dial asthma and still | ever use, (former
telephone have asthma use), current some
survey of adults days, every day, or
18+ (mean age no use (current or
55 years) former)

2016 BRFSS> | Cross-sectional | Diagnosed with | Current e-cigarette | 1.56 (total)
random-dial asthma and still | use (daily or some | 1.90 daily use
telephone have asthma days use) 1.48 somedays use)

survey of adults
never smokers

2016-2017 Cross-sectional | Diagnosed with | Current use = 1.36 (daily)
BRFSS® random-dial asthma and still | (daily or some 1.11 (sometimes, non-
telephone have asthma days use) significant)
survey of adults
never smokers
Hawaii Youth | 9-12 grade Ever diagnosed | Current (last 30 1.48 (current asthma)
Risk Behavior | students with asthma, days), former, or 1.22 (former asthma)
Survey® Current asthma | never users
South Korean | Cross-sectional | Asthma Current, former, or | 2.74 (current vs. never)
Student survey of high | diagnosis in never use
Survey® school students | past 12 months
2012 Florida Survey of high | Asthma attack Last 30-day use of | 1.78 (of having attack in
Youth Survey® | school students | in past 12 e-cigarettes past 12 months)
months
Hong Kong Grade 7 -12 Cough or Past 30 days e- 1.39 (ever-smokers)
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Student students phlegm for 3 cigarette use 1.40 (ex-smokers), 2.06
Survey® months in past (never smokers)
12 months

Data from the Behavioral Risk Factor Surveillance System (BRFSS ) study was analyzed

48, 59, 62

by several teams and identified significant correlations between e-cigarette use and asthma
diagnosis. With differences between daily and some days use when frequency was considered.
Though one of the teams did not identify a significance in former e-cigarette uses and asthma
diagnosis, analysis of the Hawaii Youth Risk Behavior Survey (HYRBS)®* found comparable

results. Their associations between e-cigarette use and asthma were significant independent of

cigarette or marijuana use (which have significant effects on asthma).

To understand e-cigarette, use and asthma severity, a survey of Florida youth® found
significant associations between e-cigarette use in past 30 days and reported asthma attacks in
the last 12 months (AOR=1.78). This provides evidence that e-cigarette use may exacerbate
existing asthma. However, the timelines may confound this data, as students could have had
asthma attacks prior to the 30-day period for e-cigarette use. On the other hand, the Hong Kong
student survey also asked students about number of days absent from school due to asthma
attacks. Finding that in never-smoking/current e-cigarette using students had a 13.21-18.59 OR
for 4 days absent and 5.04-6.81 for 1-3 days absent. This was used as a marker of disease
severity. of absence with asthma were also more likely to have tried E-cigarettes in the past 30
days than their non-asthmatic counterparts. This study also found significant associations
between e-cigarette use and respiratory symptoms (cough or phlegm for 3 consecutive months,

having not asked about asthma) for all tobacco use types except for current dual users.
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While e-cigarettes have health concerns, from the given evidence they are less harmful
than combustion cigarettes. There is conflicting data on whether or not e-cigarettes provide an
effective option for smoking cessation. Evidence for the effects of e-cigarette use on abstinence
and reduction in asthma symptoms is mixed. Polosa et al®® conducted a small retrospective
review of pulmonary function in smoking asthmatics who switched to e-cigarettes. They
analyzed spirometry data, airway hyper-responsiveness, asthma exacerbations, and subjective
asthma control taken at baseline and in 2 follow ups. Of the 18 participants whose records were
reviewed, 10 were sole e-cigarette users and 8 were dual users. Both single and dual users saw a
significant improvement in asthma control, spirometry data, and airway hyper-responsiveness.

There was a reduction in asthma exacerbations, but it did not reach statistical significance.

Another study included 130 asthmatic patients who underwent the clinical testing. Users
consisted of 42 smokers, 48 non-smokers, and 41 e-cigarette users who all went for spirometry,

etc.

Differential cell counts in induced sputum, a clinical exam, Asthma Control Test questionnaire,
chest radiograph, Oxygen Saturation, ECG, and eosinophil blood counts. E-cigarette users had
no differences between cigarette users in asthma control and pulmonary function (spirometry).
There were also significant reductions in spirometry parameters like FVC/FEV/FEV/FVC ratio,

maximal mid expiratory flow, and ACT score in e-cigarette users compared to non-smokers.

we found interesting results in sputum induction. sputum eosinophil is the most common
type for non-smokers and sputum neutrophil, the most common for smokers. E-cigarette users
had a mixed sputum type, indicating that e-cigarettes increased inflammation and mucus
hypersecretion; two things that predispose a patient to more asthma exacerbations®. There also

was a significant reduction in lung function as the percentage of neutrophils increased in sputum
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more than eosinophils.. neutrophils and eosinophils are not types of sputum. Sputum contains

granulocytes as a result of the inflammation and are part of the innate immunity.

Finally, a study®” used a web survey to collect data on the effects of e-cigarette use on
asthma symptoms. 631 asthmatics responded to the survey. 90% of users reported no change in
symptoms after switching to e-cigarettes and would recommend other asthmatic smokers switch
to e-cigarettes. A group of asthmatics using e-cigarettes for smoking cessation then underwent
clinical testing at an outpatient clinic. Outpatient visits included physical exam, asthma severity
questionnaires, and pulmonary function tests. 55 volunteers underwent a clinical evaluation
including 15 asthmatics. Of the 10 asthmatics who underwent testing, there was a significant
improvement in scores from the Asthma Control Questionnaire, Asthma Control Test, and the
36-Item Short Form Survey. Over the study course, there was no change in pulmonary function

tests. One sentence the questionnaires improved.

Conclusion

E-cigarette exposure causes a significant increase in inflammatory biomarkers,
specifically IL-8 and IL-6 production, LDH loss, and MMP9 changes in cells. Human studies
found consistent increase in interleukins, exhaled air temperature, and other inflammatory

biomarkers. Showing that e-cigarettes induce lung inflammation in users.

Elevated levels of reactive oxygen species were identified. Exposure to e-cigarettes
increased OX/ROS production and decreased antioxidant power. OX/ROS present in vapor itself

may also be a contributing factor.
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Reviewed population studies found significant correlations between e-cigarette use and
COPD or asthma, though these cross-sectional and self-reported surveys cannot prove causation

and may be affected by participant error.

There is no consensus on the effects of e-cigarettes as a smoking cessation or harm
reduction strategy for smokers with COPD or Asthma. Given the collected data, there could be
benefits to e-cigarettes as harm-reduction, because they are less toxic than cigarettes. However,
from the data presented here, they do pose risks for respiratory disease by inducing cellular and

physiological changes that contribute to disease risk.

Discussion
Inflammatory and Oxidative Effects

Our review identified that in both cells and humans, exposure to e-cigarette vapor led to
an increase in a variety of inflammatory cytokines and biomarkers. There was significant
heterogeneity in the liquids, devices, exposure scenarios, or inflammatory biomarkers used in
these studies, making direct comparison difficult. despite these differences, each studies showed
increased levels of inflammation measurements providing compelling evidence for in vitro pro-
inflammatory effects. The only study that did not find such inflammatory increases was the 2020
Song et al study®*. There was only a significant increase in the inflammatory biomarkers when
correlated with urinary PG levels (which was used as a biomarker for level of e-cigarette use),
though it should be noted that participants only used unflavored, non-nicotine liquids. Studies
have found that nicotine and flavorings are the most harmful part of e-liquids, and that

humectants alone pose negligible risk. Thus, our conclusion that e-cigarettes increase lung



21

inflammation stands. However, it does appear that OX/ROS levels can increase with humectants
alone, as found by the Lerner study when testing humectants alone for OX/ROS in vapor®.
Further research should focus on the effects of flavorings, nicotine, and humectants on

inflammation and OX/ROS levels to identify avenues for harm reduction.

We also found that OX/ROS levels increased significantly in cells and mice. This
increase is believed to originate from two sources with the first being the vapor itself, mostly
likely from the combustion of carbonyls like formaldehyde and acetaldehyde commonly found in
e-vapor®. Furthermore, there was an increase in OX/ROS production. This is caused by the
chemical constituents of vapor entering the body and metabolizing into reactive oxygen species,
as seen with other chemicals and medications® 7 7t 72 72 7# 75 76 77 'Heayy metals are also a
known cause of OX/ROS increase and have been found in e-cigarette vapor by several
studies’”. The antioxidant decrease is still not understood, and further research should endeavor
to understand how vapor lowers the antioxidant response. Further research should focus on the
human levels of oxidative stress to understand how the in vitro effects seen here will translate
into humans. This oxidative stress also induced 8-OHdG adducts, which have been proposed as a
biomarker of oxidative stress®***2, These adducts also have mutagenic and deleterious effects on

DNA, contributing to cancer risk.

Inflammation and oxidative stress also induce each other, and this feedback may
contribute to chronic stress and damage to lung tissues. Further research should investigate the
chronicity of this inflammation and oxidative stress, as the data currently only demonstrates short
term effects ranging from several hours to weeks. Diseases like COPD and cancer rely on
persistent inflammation and oxidative stress to develop, and the chronicity of e-cigarette-induced

inflammation and oxidative stress is unknown.
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Inflammation and oxidative stress also play a significant role in the etiology of many
respiratory diseases. To understand how these cellular changes may affect disease rates we
reviewed population studies on tobacco use and disease prevalence. The major complication of
the reviewed COPD and Asthma population studies is their lack of causational power due to their
cross-sectional nature. There is a possibility that those who develop respiratory diseases begin
using e-cigarettes with therapeutic or tobacco cessation intentions, thus representing a reverse
causality. In their longitudinal analysis of PATH data Bhatta et al found a significant reverse
causality association between COPD and e-cigarette use*. Given that this was the only study to
conduct such an analysis, it does cast doubt on the correlations. It is possible that in these
population surveys, participant recall is incomplete. E-cigarette users may also be exposed to
other forms of inhalational substances, including marijuana and second-hand smoke. Given that
e-cigarettes are marketed as therapeutics, it is entirely possible that those with respiratory
diseases begin using after receiving a diagnosis with the notion that it will improve their

condition.

The basic evidence regarding contents and cellular effects of e-cigarettes provides some
evidence of a causational relationship to the established correlations for example, activation of
certain proteins and pathways identified in studies can contribute to tissue destruction and are
upregulated in cigarette smokers, who have the highest risk for COPD development. Asthma can
also be exacerbated by persistent respiratory inflammation. Compared to the COPD population
data, asthma population studies may provide weaker causative data. As the asthma definitions
used in most of the surveys were vague and less time dependent (and thus could have developed
prior to e-cigarette use). Also, many asked about former, current, and/or official diagnosis of

asthma, which leaves room for significant recall bias, especially in youth. Evidence for e-
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cigarettes as asthma harm reduction is also mixed, though one small study found improvement in

asthma status and symptoms in smokers switching to e-cigarettes.

Despite being marketed as such, the efficacy of e-cigarettes as tobacco cessation is
contentious and undetermined. There are mixed results on whether e-cigarettes provide harm
reduction options for cigarette smokers with respiratory diseases. Some studies found decreases
in COPD exacerbations and improvement in asthma symptoms upon switching to e-cigarette use

while others found only subjective improvements and not laboratory changes in patients.

Further research and reviews should gather data on the effectiveness of e-cigarettes as
tobacco cessation and harm reduction strategies. From our review we can state that e-cigarettes
are less harmful than combustion cigarettes, but still pose health risks and potentially increase
rates of COPD and asthma. At this point, next steps should focus on providing more longitudinal
data, through prospective or retrospective studies of e-cigarette use and respiratory diseases to

understand risk to users.

References

(1) The burden of lung disease - ERS. https://www.erswhitebook.org/chapters/the-burden-of-lung-
disease/ (accessed 2022-05-16).

(2) The top 10 causes of death. https://www.who.int/news-room/fact-sheets/detail/the-top-10-
causes-of-death (accessed 2022-05-16).

(3) Hess, C. A.; Olmedo, P.; Navas-Acien, A.; Goessler, W.; Cohen, J. E.; Rule, A. M. E-Cigarettes as a
Source of Toxic and Potentially Carcinogenic Metals. Environmental Research 2017, 152, 221—
225. https://doi.org/10.1016/J.ENVRES.2016.09.026.

(4) Czogala, J.; Goniewicz, M. L.; Fidelus, B.; Zielinska-Danch, W.; Travers, M. J.; Sobczak, A.
Secondhand Exposure to Vapors from Electronic Cigarettes. Nicotine and Tobacco Research 2014,
16 (6), 655-662. https://doi.org/10.1093/ntr/ntt203.



24

(6)

(7)

(10)

(11)

(12)

(13)

(14)

(15)

Patel, D.; Davis, K. C.; Cox, S.; Bradfield, B.; King, B. A.; Shafer, P.; Caraballo, R.; Bunnell, R.
Reasons for Current E-Cigarette Use among U.S. Adults. Preventive Medicine 2016, 93, 14-20.
https://doi.org/10.1016/).YPMED.2016.09.011.

Polosa, R.; Morijaria, J. B.; Prosperini, U.; Busa, B.; Pennisi, A.; Malerba, M.; Maglia, M.;
Caponnetto, P. COPD Smokers Who Switched to E-Cigarettes: Health Outcomes at 5-Year Up.
Therapeutic Advances in Chronic Disease 2020, 11. https://doi.org/10.1177/2040622320961617.

Higham, A.; Rattray, N. J. W.; Dewhurst, J. A.; Trivedi, D. K.; Fowler, S. J.; Goodacre, R.; Singh, D.
Electronic Cigarette Exposure Triggers Neutrophil Inflammatory Responses. Respiratory Research
2016, 17 (1). https://doi.org/10.1186/s12931-016-0368-x.

Wu, Q.; Jiang, D.; Minor, M.; Chu, H. W. Electronic Cigarette Liquid Increases Inflammation and
Virus Infection in Primary Human Airway Epithelial Cells. PLoS ONE 2014, 9 (9).
https://doi.org/10.1371/journal.pone.0108342.

Higham, A.; Bostock, D.; Booth, G.; Dungwa, J. V.; Singh, D. The Effect of Electronic Cigarette and
Tobacco Smoke Exposure on COPD Bronchial Epithelial Cell Inflammatory Responses.
International Journal of COPD 2018, 13, 989-1000. https://doi.org/10.2147/COPD.S157728.

Cervellati, F.; Muresan, X. M.; Sticozzi, C.; Gambari, R.; Montagner, G.; Forman, H. J.; Torricelli, C.;
Maioli, E.; Valacchi, G. Comparative Effects between Electronic and Cigarette Smoke in Human
Keratinocytes and Epithelial Lung Cells. Toxicology in Vitro 2014, 28 (5), 999-1005.
https://doi.org/10.1016/j.tiv.2014.04.012.

Lerner, C. A.; Sundar, I. K.; Yao, H.; Gerloff, J.; Ossip, D. J.; Mcintosh, S.; Robinson, R.; Rahman, I.
Vapors Produced by Electronic Cigarettes and E-Juices with Flavorings Induce Toxicity, Oxidative
Stress, and Inflammatory Response in Lung Epithelial Cells and in Mouse Lung. PLoS ONE 2015, 10
(2). https://doi.org/10.1371/journal.pone.0116732.

J. Sepulveda. Accurate Results in the Clinical Laboratory. In Challenges in Routine Clinical
Chemistry Analysis: Proteins and Enzymes; A. Dasgupta J. L. Sepulveda, Ed.; 2013; pp 131-148.

De Boer, W. |.; Sont, J. K.; Van Schadewijk, A.; Stolk, J.; Van Han Krieken, J.; Hiemstra, P. S.
Monocyte Chemoattractant Protein 1, Interleukin 8, and Chronic Airways Inflammation in COPD.
Journal of Pathology 2000, 190 (5), 619-626. https://doi.org/10.1002/(SICI)1096-
9896(200004)190:5<619::AID-PATH555>3.0.CO;2-6.

Keatings, V. M.; Collins, P. D.; Scott, D. M.; Barnes, P. J. Differences in Interleukin-8 and Tumor
Necrosis Facfor-a in Induced Sputum from Patients with Chronic Obstructive Pulmonary Disease
or Asthma. American Journal of Respiratory and Critical Care Medicine 1996, 153 (2), 530-534.
https://doi.org/10.1164/ajrccm.153.2.8564092.

Higham, A.; Rattray, N. J. W.; Dewhurst, J. A,; Trivedi, D. K.; Fowler, S. J.; Goodacre, R.; Singh, D.
Electronic Cigarette Exposure Triggers Neutrophil Inflammatory Responses. Respiratory Research
2016, 17 (1), 1-11. https://doi.org/10.1186/s12931-016-0368-x.



25

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

Kim, D.; Haynes, C. L. On-Chip Evaluation of Neutrophil Activation and Neutrophil-Endothelial Cell
Interaction during Neutrophil Chemotaxis. Analytical Chemistry 2013, 85 (22), 10787-10796.
https://doi.org/10.1021/ac4020098.

Friedrichs, B.; Neumann, U.; Schiiller, J.; Peck, M. J. Cigarette-Smoke-Induced Priming of
Neutrophils from Smokers and Non-Smokers for Increased Oxidative Burst Response Is Mediated
by TNF-a. Toxicology in Vitro 2014, 28 (7), 1249-1258. https://doi.org/10.1016/j.tiv.2014.06.007.

Sharafkhaneh, A.; Hanania, N. A.; Kim, V. Pathogenesis of Emphysema: From the Bench to the
Bedside. Proceedings of the American Thoracic Society. Proc Am Thorac Soc May 2008, pp 475-
477. https://doi.org/10.1513/pats.200708-126ET.

Song, M.-A.; Brasky, T. M.; Freudenheim, J. L.; McElroy, J. P.; Weng, D. Y.; Ying, K. L.; Nickerson, Q.
A.; Reisinger, S. A.; Wewers, M. D.; Shields, P. G. Abstract 3237: Electronic Cigarettes and
Inflammation in the Human Lung. In Cancer Research; American Association for Cancer Research
(AACR), 2018; Vol. 78, pp 3237-3237. https://doi.org/10.1158/1538-7445.am2018-3237.

Vakali, S.; Tsikrika, S.; Gennimata, S. A.; Kaltsakas, G.; Palamidas, A.; Koulouris, N.; Gratziou, C. E-
Cigarette Acute Effect on Symptoms and Airway Inflammation: Comparison of Nicotine with a
Non-Nicotine Cigarette. Tob Induc Dis 2014, 12 (Suppl 1), A35—-A35.
https://doi.org/10.1186/1617-9625-12-S1-A35.

Song, M. A.; Reisinger, S. A.; Freudenheim, J. L.; Brasky, T. M.; Mathé, E. A.; McElroy, J. P.;
Nickerson, Q. A.; Weng, D. Y.; Wewers, M. D.; Shields, P. G. Effects of Electronic Cigarette
Constituents on the Human Lung: A Pilot Clinical Trial. Cancer Prevention Research 2020, 13 (2),
145-151. https://doi.org/10.1158/1940-6207.CAPR-19-0400.

Chatterjee, S.; Tao, J. Q.; Johncola, A.; Guo, W.; Caporale, A.; Langham, M. C.; Wehrli, F. W. Acute
Exposure to E-Cigarettes Causes Inflammation and Pulmonary Endothelial Oxidative Stress in
Nonsmoking, Healthy Young Subjects. American Journal of Physiology - Lung Cellular and
Molecular Physiology 2019, 317 (2), L155-L166. https://doi.org/10.1152/ajplung.00110.2019.

Brozek, G. M.; Jankowski, M.; Zejda, J. E. Acute Respiratory Responses to the Use of E-Cigarette:
An Intervention Study. Scientific Reports 2019, 9 (1), 1-9. https://doi.org/10.1038/s41598-019-
43324-1.

Song, M. A.; Freudenheim, J. L.; Brasky, T. M.; Mathe, E. A.; McElroy, J. P.; Nickerson, Q. A;
Reisinger, S. A.; Smiraglia, D. J.; Weng, D. Y.; Ying, K. L.; Wewers, M. D.; Shields, P. G. Biomarkers
of Exposure and Effect in the Lungs of Smokers, Nonsmokers, and Electronic Cigarette Users A C.
Cancer Epidemiology Biomarkers and Prevention 2020, 29 (2), 443-451.
https://doi.org/10.1158/1055-9965.EPI-19-1245.

Singh, K. P.; Lawyer, G.; Muthumalage, T.; Maremanda, K. P.; Khan, N. A.; McDonough, S. R.; Ye,
D.; MclIntosh, S.; Rahman, |. Systemic Biomarkers in Electronic Cigarette Users: Implications for
Noninvasive Assessment of Vaping-Associated Pulmonary Injuries. ERJ Open Research 2019, 5 (4),
00182-02019. https://doi.org/10.1183/23120541.00182-2019.

Cervellati, F.; Muresan, X. M.; Sticozzi, C.; Gambari, R.; Montagner, G.; Forman, H. J.; Torricelli, C.;
Maioli, E.; Valacchi, G. Comparative Effects between Electronic and Cigarette Smoke in Human



26

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

Keratinocytes and Epithelial Lung Cells. Toxicology in Vitro 2014, 28 (5), 999-1005.
https://doi.org/10.1016/j.tiv.2014.04.012.

Chatterjee, S. Oxidative Stress, Inflammation, and Disease. Oxidative Stress and Biomaterials
2016, 35-58. https://doi.org/10.1016/B978-0-12-803269-5.00002-4.

Kirkham, P. A.; Barnes, P. J. Oxidative Stress in COPD. Chest 2013, 144 (1), 266—273.
https://doi.org/10.1378/chest.12-2664.

Dalle-Donne, |.; Giustarini, D.; Colombo, R.; Rossi, R.; Milzani, A. Protein Carbonylation in Human
Diseases. Trends in Molecular Medicine. Elsevier Ltd April 1, 2003, pp 169-176.
https://doi.org/10.1016/51471-4914(03)00031-5.

Canistro, D.; Vivarelli, F.; Cirillo, S.; Marquillas, C. B.; Buschini, A.; Lazzaretti, M.; Marchi, L.;
Cardenia, V.; Rodriguez-Estrada, M. T.; Lodovici, M.; Cipriani, C.; Lorenzini, A.; Croco, E.;
Marchionni, S.; Franchi, P.; Lucarini, M.; Longo, V.; Croce, C. M. Della; Vornoli, A.; Colacci, A;
Vaccari, M.; Sapone, A.; Paolini, M. E-Cigarettes Induce Toxicological Effects That Can Raise the
Cancer Risk. Scientific Reports 2017, 7 (1). https://doi.org/10.1038/s41598-017-02317-8.

Dusautoir, R.; Zarcone, G.; Verriele, M.; Garcon, G.; Fronval, |.; Beauval, N.; Allorge, D.; Riffault,
V.; Locoge, N.; Lo-Guidice, J. M.; Anthérieu, S. Comparison of the Chemical Composition of
Aerosols from Heated Tobacco Products, Electronic Cigarettes and Tobacco Cigarettes and Their
Toxic Impacts on the Human Bronchial Epithelial BEAS-2B Cells. Journal of Hazardous Materials
2021, 401, 123417. https://doi.org/10.1016/j.jhazmat.2020.123417.

Uchiyama, S.; Noguchi, M.; Sato, A.; Ishitsuka, M.; Inaba, Y.; Kunugita, N. Determination of
Thermal Decomposition Products Generated from E-Cigarettes. Chemical Research in Toxicology
2020, 33 (2), 576-583. https://doi.org/10.1021/acs.chemrestox.9b00410.

Kopa, P. N.; Pawliczak, R. IQ0S—a Heat-Not-Burn (HnB) Tobacco Product—Chemical Composition
and Possible Impact on Oxidative Stress and Inflammatory Response. A Systematic Review.
Toxicology Mechanisms and Methods. Taylor and Francis Ltd February 12, 2020, pp 81-87.
https://doi.org/10.1080/15376516.2019.1669245.

Ross, D.; Siegel, D. NQO1 in Protection against Oxidative Stress. Current Opinion in Toxicology.
Elsevier B.V. February 1, 2018, pp 67-72. https://doi.org/10.1016/j.cotox.2017.10.005.

Zhao, H.; Eguchi, S.; Alam, A.; Ma, D. The Role of Nuclear Factor-Erythroid 2 Related Factor 2 (Nrf-
2) in the Protection against Lung Injury. American Journal of Physiology - Lung Cellular and
Molecular Physiology. American Physiological Society 2017, pp L155-L162.
https://doi.org/10.1152/ajplung.00449.2016.

Roet, K. C. D.; Bossers, K.; Franssen, E. H. P.; Ruitenberg, M. J.; Verhaagen, J. A Meta-Analysis of
Microarray-Based Gene Expression Studies of Olfactory Bulb-Derived Olfactory Ensheathing Cells.
Experimental Neurology. Academic Press May 1, 2011, pp 10-45.
https://doi.org/10.1016/j.expneurol.2011.03.001.



27

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

Marciniak, S. J.; Lomas, D. A. Basic Aspects of Cellular and Molecular Biology. In Clinical
Respiratory Medicine: Fourth Edition; Elsevier Inc., 2012; pp 7-18. https://doi.org/10.1016/B978-
1-4557-0792-8.00002-7.

Dusautoir, R.; Zarcone, G.; Verriele, M.; Garcon, G.; Fronval, |.; Beauval, N.; Allorge, D.; Riffault,
V.; Locoge, N.; Lo-Guidice, J. M.; Anthérieu, S. Comparison of the Chemical Composition of
Aerosols from Heated Tobacco Products, Electronic Cigarettes and Tobacco Cigarettes and Their
Toxic Impacts on the Human Bronchial Epithelial BEAS-2B Cells. Journal of Hazardous Materials
2021, 401, 123417. https://doi.org/10.1016/j.jhazmat.2020.123417.

Lerner, C. A.; Sundar, I. K.; Yao, H.; Gerloff, J.; Ossip, D. J.; MclIntosh, S.; Robinson, R.; Rahman, I.
Vapors Produced by Electronic Cigarettes and E-Juices with Flavorings Induce Toxicity, Oxidative
Stress, and Inflammatory Response in Lung Epithelial Cells and in Mouse Lung. PLoS ONE 2015, 10
(2). https://doi.org/10.1371/journal.pone.0116732.

Fanucchi, M. V. Pulmonary Developmental Responses to Toxicantsy. In Reference Module in
Biomedical Sciences; Elsevier, 2014. https://doi.org/10.1016/b978-0-12-801238-3.02073-0.

Paolini, M.; Cantelli-Forti, G.; Perocco, P.; Pedulli, G. F.; Abdel-Rahman, S. Z.; Legator, M. S. Co-
Carcinogenic Effect of B-Carotene. Nature 1999, 398 (6730), 760-761.
https://doi.org/10.1038/19655.

Canistro, D.; Vivarelli, F.; Cirillo, S.; Marquillas, C. B.; Buschini, A.; Lazzaretti, M.; Marchi, L.;
Cardenia, V.; Rodriguez-Estrada, M. T.; Lodovici, M.; Cipriani, C.; Lorenzini, A.; Croco, E.;
Marchionni, S.; Franchi, P.; Lucarini, M.; Longo, V.; Croce, C. M. Della; Vornoli, A.; Colacci, A.;
Vaccari, M.; Sapone, A.; Paolini, M. E-Cigarettes Induce Toxicological Effects That Can Raise the
Cancer Risk. Scientific Reports 2017, 7 (1). https://doi.org/10.1038/s41598-017-02317-8.

Cooke, M. S.; Evans, M. D.; Dizdaroglu, M.; Lunec, J. Oxidative DNA Damage: Mechanisms,
Mutation, and Disease. The FASEB Journal 2003, 17 (10), 1195-1214.
https://doi.org/10.1096/fj.02-0752rev.

Tanaka, H.; Fujita, N.; Sugimoto, R.; Urawa, N.; Horiike, S.; Kobayashi, Y.; Iwasa, M.; Ma, N.;
Kawanishi, S.; Watanabe, S.; Kaito, M.; Takei, Y. Hepatic Oxidative DNA Damage Is Associated
with Increased Risk for Hepatocellular Carcinoma in Chronic Hepatitis C. British Journal of Cancer
2008, 98 (3), 580-586. https://doi.org/10.1038/sj.bjc.6604204.

Perez, M. F.; Atuegwu, N.; Mead, E.; Oncken, C.; Mortensen, E. M. E-Cigarette Use Is Associated
with Emphysema, Chronic Bronchitis and COPD. American Journal of Respiratory and Critical Care
Medicine 2018, 197 (MeetingAbstracts), 6245.

Bhatta, D. N.; Glantz, S. A. Association of E-Cigarette Use with Respiratory Disease Among Adults:
A Longitudinal Analysis. American Journal of Preventive Medicine 2020, 58 (2), 182—-190.
https://doi.org/10.1016/j.amepre.2019.07.028.

Shi, H.; Tavarez, Z. Q.; Xie, Z.; Schneller, L. M.; Croft, D. P.; Goniewicz, M. L.; McIntosh, S.;
O’Connor, R. J.; Ossip, D. J.; Rahman, |.; Li, D. Association of Flavored Electronic Nicotine Delivery
System (ENDS) Use with Self-Reported Chronic Obstructive Pulmonary Disease (COPD): Results



28

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

from the Population Assessment of Tobacco and Health (PATH) Study, Wave 4. Tobacco Induced
Diseases 2020, 18 (10). https://doi.org/10.18332/TID/127238.

Wills, T. A.; Pagano, I.; Williams, R. J.; Tam, E. K. E-Cigarette Use and Respiratory Disorder in an
Adult Sample. Drug and Alcohol Dependence 2019, 194, 363—370.
https://doi.org/10.1016/j.drugalcdep.2018.10.004.

Perez, M. F.; Nkiruka, A. C.; Cheryl, O.; Mortensen, E. M. COPD Is Associated with E-Cig Use
Among Non-Smokers in BRFSS 2016. In American Thoracic Society International Conference
Meetings Abstracts American Thoracic Society International Conference Meetings Abstracts;
American Thoracic Society, 2019; pp A7110-A7110. https://doi.org/10.1164/ajrccm-
conference.2019.199.1_meetingabstracts.a7110.

McConnell, R.; Barrington-Trimis, J. L.; Wang, K.; Urman, R.; Hong, H.; Unger, J.; Samet, J.;
Leventhal, A.; Berhane, K. Electronic Cigarette Use and Respiratory Symptoms in Adolescents.
American Journal of Respiratory and Critical Care Medicine 2017, 195 (8), 1043—-1049.
https://doi.org/10.1164/rccm.201604-08040C.

Xie, Z.; Ossip, D. J.; Rahman, |.; Li, D. Use of Electronic Cigarettes and Self-Reported Chronic
Obstructive Pulmonary Disease Diagnosis in Adults. Nicotine & Tobacco Research 2020, 22 (7),
1155-1161. https://doi.org/10.1093/ntr/ntz234.

Polosa, R.; Morijaria, J. B.; Caponnetto, P.; Prosperini, U.; Russo, C.; Pennisi, A.; Bruno, C. M.
Evidence for Harm Reduction in Copd Smokers Who Switch to Electronic Cigarettes. Respiratory
Research 2016, 17 (1), 1-10. https://doi.org/10.1186/s12931-016-0481-x.

Au, D. H.; Bryson, C. L.; Chien, J. W.; Sun, H.; Udris, E. M.; Evans, L. E.; Bradley, K. A. The Effects of
Smoking Cessation on the Risk of Chronic Obstructive Pulmonary Disease Exacerbations. Journal
of General Internal Medicine 2009, 24 (4), 457-463. https://doi.org/10.1007/s11606-009-0907-y.

Godtfredsen, N. S.; Vestbo, J.; Osler, M.; Prescott, E. Risk of Hospital Admission for COPD
Following Smoking Cessation and Reduction: A Danish Population Study. Thorax 2002, 57 (11),
967-972. https://doi.org/10.1136/thorax.57.11.967.

Anthonisen, N. R.; Connett, J. E.; Enright, P. L.; Manfreda, J. Hospitalizations and Mortality in the
Lung Health Study. American Journal of Respiratory and Critical Care Medicine 2002, 166 (3),
333-339. https://doi.org/10.1164/rccm.2110093.

Kessler, R.; Faller, M.; Fourgaut, G.; Mennecier, B.; Weitzenblum, E. Predictive Factors of
Hospitalization for Acute Exacerbation in a Series of 64 Patients with Chronic Obstructive
Pulmonary Disease. American Journal of Respiratory and Critical Care Medicine 1999, 159 (1),
158-164. https://doi.org/10.1164/ajrccm.159.1.9803117.

E-cigarette prevalence by age | Tobacco Use in Canada | University of Waterloo.
https://uwaterloo.ca/tobacco-use-canada/e-cigarette-use-canada/prevalence-e-cigarette-use/e-
cigarette-prevalence-age (accessed 2021-01-23).

Asthma. https://www.who.int/news-room/fact-sheets/detail/asthma (accessed 2022-05-16).



29

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

Perez, M. F.; Atuegwu, N. C.; Oncken, C.; Mortensen, E. M. Asthma Is Associated with E-Cig Use in
Non-Smokers: Results from BRFSS. In American Thoracic Society International Conference
Meetings Abstracts; American Thoracic Society, 2019; pp A4073—-A4073.
https://doi.org/10.1164/ajrccm-conference.2019.199.1_meetingabstracts.a4073.

Perez, M. F.; Atuegwu, N. C.; Oncken, C.; Mead, E. L.; Mortensen, E. M. Association between
Electronic Cigarette Use and Asthma in Never-Smokers. Annals of the American Thoracic Society.
American Thoracic Society November 1, 2019, pp 1453-1456.
https://doi.org/10.1513/AnnalsATS.201904-338RL.

Schweitzer, R. J.; Wills, T. A.; Tam, E.; Pagano, |.; Choi, K. E-Cigarette Use and Asthma in a
Multiethnic Sample of Adolescents. Preventive Medicine 2017, 105, 226-231.
https://doi.org/10.1016/j.ypmed.2017.09.023.

Cho, J. H.; Paik, S. Y. Association between Electronic Cigarette Use and Asthma among High
School Students in South Korea. PLoS ONE 2016, 11 (3).
https://doi.org/10.1371/journal.pone.0151022.

Choi, K.; Bernat, D. E-Cigarette Use Among Florida Youth with and Without Asthma. American
Journal of Preventive Medicine 2016, 51 (4), 446—453.
https://doi.org/10.1016/j.amepre.2016.03.010.

Wang, M. P.; Ho, S. Y.; Leung, L. T.; Lam, T. H. Electronic Cigarette Use and Respiratory Symptoms
in Chinese Adolescents in Hong Kong. JAMA Pediatrics. American Medical Association January 1,
2016, pp 89-91. https://doi.org/10.1001/jamapediatrics.2015.3024.

Polosa, R.; Morijaria, J.; Caponnetto, P.; Caruso, M.; Strano, S.; Battaglia, E.; Russo, C. Effect of
Smoking Abstinence and Reduction in Asthmatic Smokers Switching to Electronic Cigarettes:
Evidence for Harm Reversal. International Journal of Environmental Research and Public Health
2014, 11 (5), 4965-4977. https://doi.org/10.3390/ijerph110504965.

Lim, H. Bin; Kim, S. H. Inhallation of E-Cigarette Cartridge Solution Aggravates Allergen-Induced
Airway Inflammation and Hyper-Responsiveness in Mice. Toxicological Research 2014, 30 (1), 13—
18. https://doi.org/10.5487/TR.2014.30.1.013.

Solinas, A.; Paoletti, G.; Firinu, D.; Di Pino, M.; Tusconi, M.; Mura, J. F.; Del Giacco, S.; Marongiu,
F. Vaping Effects on Asthma: Results from a Web Survey and Clinical Investigation. Internal and
Emergency Medicine 2020, 15 (4), 663—671. https://doi.org/10.1007/s11739-019-02247-5.

Valko, M.; Rhodes, C. J.; Moncol, J.; Izakovic, M.; Mazur, M. Free Radicals, Metals and
Antioxidants in Oxidative Stress-Induced Cancer. Chemico-Biological Interactions. Elsevier Ireland
Ltd March 10, 2006, pp 1-40. https://doi.org/10.1016/j.cbi.2005.12.009.

Droge, W. Free Radicals in the Physiological Control of Cell Function. Physiological Reviews.
American Physiological Society 2002, pp 47-95. https://doi.org/10.1152/physrev.00018.2001.

Willcox, J. K.; Ash, S. L.; Catignani, G. L. Antioxidants and Prevention of Chronic Disease. Critical
Reviews in Food Science and Nutrition 2004, 44 (4), 275-295.
https://doi.org/10.1080/10408690490468489.



30

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

Pacher, P.; Beckman, J. S.; Liaudet, L. Nitric Oxide and Peroxynitrite in Health and Disease.
Physiological Reviews. NIH Public Access January 2007, pp 315-424.
https://doi.org/10.1152/physrev.00029.2006.

Genestra, M. Oxyl Radicals, Redox-Sensitive Signalling Cascades and Antioxidants. Cellular
Signalling. Cell Signal September 2007, pp 1807-1819.
https://doi.org/10.1016/j.cellsig.2007.04.009.

Harwell, B. Biochemistry of Oxidative Stress. In Biochemical Society Transactions; Portland Press,
2007; Vol. 35, pp 1147-1150. https://doi.org/10.1042/BST0351147.

Ginter, E.; Simko, V.; Panakova, V. Antioxidants in Health and Disease. Bratislava Medical Journal
2014, 115 (10), 603—606. https://doi.org/10.4149/BLL_2014_116.

Valko, M.; Morris, H.; Cronin, M. Metals, Toxicity and Oxidative Stress. Current Medicinal
Chemistry 2005, 12 (10), 1161-1208. https://doi.org/10.2174/0929867053764635.

Parthasarathy, S.; Santanam, N.; Ramachandran, S.; Meilhac, O. Oxidants and Antioxidants in
Atherogenesis: An Appraisal. Journal of Lipid Research. 1999, pp 2143-2157.
https://doi.org/10.1016/s0022-2275(20)32089-7.

Frei, B. Reactive Oxygen Species and Antioxidant Vitamins: Mechanisms of Action. The American
Journal of Medicine 1994, 97 (3 SUPPL. 1). https://doi.org/10.1016/0002-9343(94)90292-5.

Goniewicz, M. L.; Knysak, J.; Gawron, M.; Kosmider, L.; Sobczak, A.; Kurek, J.; Prokopowicz, A.;
Jablonska-Czapla, M.; Rosik-Dulewska, C.; Havel, C.; Jacob, P.; Benowitz, N. Levels of Selected

Carcinogens and Toxicants in Vapour from Electronic Cigarettes. Tobacco Control 2014, 23 (2),
133-139. https://doi.org/10.1136/tobaccocontrol-2012-050859.

Gray, N.; Halstead, M.; Gonzalez-Jimenez, N.; Valentin-Blasini, L.; Watson, C.; Pappas, R. S.
Analysis of Toxic Metals in Liquid from Electronic Cigarettes. International Journal of
Environmental Research and Public Health 2019, 16 (22), 4450.
https://doi.org/10.3390/ijerph16224450.

Valavanidis, A.; Vlachogianni, T.; Fiotakis, K.; Loridas, S. Pulmonary Oxidative Stress, Inflammation
and Cancer: Respirable Particulate Matter, Fibrous Dusts and Ozone as Major Causes of Lung
Carcinogenesis through Reactive Oxygen Species Mechanisms. International Journal of
Environmental Research and Public Health. Int ) Environ Res Public Health August 27, 2013, pp
3886—3907. https://doi.org/10.3390/ijerph10093886.

Nishida, N.; Arizumi, T.; Takita, M.; Kitai, S.; Yada, N.; Hagiwara, S.; Inoue, T.; Minami, Y.;
Ueshima, K.; Sakurai, T.; Kudo, M. Reactive Oxygen Species Induce Epigenetic Instability through
the Formation of 8-Hydroxydeoxyguanosine in Human Hepatocarcinogenesis. Digestive Diseases
2013, 31 (5-6), 459-466. https://doi.org/10.1159/000355245.

Yasui, M.; Kanemaru, Y.; Kamoshita, N.; Suzuki, T.; Arakawa, T.; Honma, M. Tracing the Fates of
Site-Specifically Introduced DNA Adducts in the Human Genome. DNA Repair 2014, 15 (1), 11-20.
https://doi.org/10.1016/j.dnarep.2014.01.003.



31

(83) Fahy, J. v. Eosinophilic and Neutrophilic Inflammation in Asthma: Insights from Clinical Studies.
Proc Am Thorac Soc 2009, 6 (3), 256—259. https://doi.org/10.1513/PATS.200808-087RM.



