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SUMMARY

Background: Next generation of nicotine/tobacco products
(NGPs) include electronic cigarettes (ECs), heated tobacco
products (HTPs), oral nicotine pouches (NPs) and smoke-
less tobacco (SLT) products (in particular snus). These
products commonly contain nicotine and are intended to
replace combustible cigarettes (CCs) and thus can be
regarded as tobacco harm reduction products. To fulfill this
role, it is essential that nicotine, which has well established
addictive properties, is not causally related to health risks
upon chronic use.

Objectives: The purpose of this review is to evaluate the
scientific literature to answer the question, whether nicotine
is involved in the development of any diseases or disorders
associated with the acute, short, mid- and long-term use of
NGPs. Appropriate results from studies with nicotine
replacement therapy (NRT) products (gum, patches, in-
halers, lozenges) are included as reference basis for infer-
ring the health effects of NGPs. Furthermore, suggestions
for filling identified gaps and for avoiding or minimizing
limitations and weaknesses in study design are provided.
Methods: Literature databases such as MEDLINE, Google
Scholar and an in-house ABF library (containing about
180,000 articles) were searched for relevant articles.
Furthermore, pertinent monographs (such as the US
Surgeon General Reports) and recent reviews were
screened for further publications. Inclusion criteria were: all
human studies investigating the association between use
(preferably chronic use) of the nicotine/tobacco products
mentioned above and health effects, including diseases,
disorders, changes in biomarkers of biological effect
(BOBES). In vivo (animal) and in vitro studies were also
considered, provided effects of NGPs in the presence and
absence of nicotine or in relation to the nicotine exposure
dose were reported. Also, reference lists of recent suitable
articles were screened. In total, about 500 articles were
retrieved by this approach. The role of nicotine was evaluated
by considering the article authors’ statements and their cited
references as well as by own judgement of reported results.
Human studies are presented in a standardized table format.
Results: In total, 183 human studies were evaluated, with
cardiovascular diseases (CVD) ranking highest (N = 75
studies), followed by respiratory diseases (43), oral health
disorders (23), cancer (10), metabolic syndrome (7),
reproduction disorders (5) and several other diseases (< 5).
The majority of studies do not provide evidence for a
participation of nicotine in the pathogenesis. Some (weak)
evidence was found that nicotine might be involved in
some CVD-related effects and metabolic syndrome. This
would be also supported by results from animal and in vitro
studies.

Discussion: Human studies showed some severe limitations
and weaknesses with respect to the study design and time
of availability of NGPs on the market. A severe flaw is the
insufficient consideration of dual use (NGP + CC), particu-
larly in studies on chronic use, which could have led to
erroneously increased risks for NGPs with direct conse-
quences also for the role of nicotine. Additionally, prior
effects from using CC have an impact. Both circumstances
could have led to inaccurate conclusions in terms of
elevated risk levels, which require changes in method

designs. Suggestions for methodological improvements are
provided for future studies.

Conclusions: A final evaluation of the role of nicotine in
disease development in NGP users is currently not possible
because use durations are too short. Chronic studies often
suffer from insufficient separation between NGP only and
dual use together with CCs, which may falsely increase the
observed health risk. There is some limited evidence that
nicotine may be involved in CVD-related effects, which,
however, has to be verified in well controlled long-term
studies. The potential involvement of nicotine in other
patho-mechanisms also requires further research. [Contrib.
Tob. Nicotine Res. 33 (2024) 1-111]

KEYWORDS

Nicotine; next generation nicotine/tobacco products; e-ciga-
rettes; heated tobacco products; nicotine pouches; health risks;

ZUSAMMENFASSUNG

Hintergrund: Zu den Nikotin-/Tabakprodukten der ndchsten
Generation (NGP) gehdren elektronische Zigaretten (ECs),
erhitzte Tabakerzeugnisse (HTPs), orale Nikotinbeutel
(NPs) und rauchlose Tabakprodukte (SLTs, insbesondere
Snus). Diese Produkte enthalten in der Regel Nikotin und
sollen klassische Zigaretten ersetzen, sie konnen daher als
Produkte zur Risikoreduzierung beim Tabakkonsum be-
trachtet werden. Um dieser Rolle gerecht zu werden, ist es
wichtig, dass Nikotin, das nachweislich abhéngig macht,
bei chronischem Konsum nicht kausal mit Gesundheits-
risiken verbunden ist.

Ziele: Ziel dieser Ubersichtsarbeit ist es, die wissenschaftli-
che Literatur auszuwerten, um die Frage zu beantworten, ob
Nikotin bei akutem, kurz-, mittel- und langfristigen Kon-
sum von NGPs an der Entstehung von gesundheitlichen
Beeintrichtigungen oder Stérungen im Zusammenhang von
NGPs beteiligt ist.

Entsprechende Ergebnisse aus Studien mit Nikotinersatz-
therapieprodukten (Kaugummi, Pflaster, Inhalatoren,
Lutschtabletten) werden als Vergleichsgrundlage fiir die
Beurteilung von gesundheitlichen Auswirkungen von NGPs
herangezogen.

Dariiber hinaus werden Vorschlige zur Schliefung
identifizierter Liicken und zur Vermeidung oder Minimierung
von Einschrinkungen und Schwichen im Studiendesign ge-
macht.

Methoden: Literaturdatenbanken wie MEDLINE, Google
Scholar und eine hauseigene ABF-Datenbank (mit etwa
180.000 Artikeln) wurden nach relevanten Artikeln durch-
sucht. Dariiber hinaus wurden einschligige Monographien
(z. B. die US Surgeon General Reports) und aktuelle Uber-
sichtsarbeiten nach weiteren Veroffentlichungen durch-
sucht. Einschlusskriterien waren: alle Humanstudien, die
den Zusammenhang zwischen dem (vorzugsweise
chronischen) Konsum der oben genannten Nikotin-/Tabak-
produkte und gesundheitlichen Auswirkungen, einschlief3-
lich Krankheiten, Stérungen und Verdnderungen der Bio-
marker fiir biologische Wirkungen (BOBEs), untersuchen.
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Berticksichtigt wurden auch In-vivo- (Tier-) und In-vitro-
Studien, sofern iber Wirkungen von NGPs in An- und Ab-
wesenheit von Nikotin oder in Abhéngigkeit von der Nikotin-
Expositionsdosis berichtet wurde. Auflerdem wurden die
Referenzlisten aktueller geeigneter Artikel durchsucht.
Insgesamt wurden auf diese Weise etwa 500 Artikel
gefunden. Die Rolle von Nikotin wurde anhand der
Aussagen der Artikelautoren und der von ihnen zitierten
Referenzen sowie durch eigene Beurteilung der berichteten
Ergebnisse bewertet. Die Humanstudien werden in einem
standardisierten Tabellenformat dargestellt.

Ergebnisse: Insgesamt wurden 183 Humanstudien ausgewertet,
wobei Herz-Kreislauf-Erkrankungen (CVD) an erster Stelle
stehen (N = 75 Studien), gefolgt von Atemwegserkrankungen
(43), gesundheitlichen Storungen in der Mundhéhle (23), Krebs
(10), metabolischem Syndrom (7), Fortpflanzungsstdrungen (5)
und verschiedenen anderen Krankheiten (< 5).

Die meisten Studien liefern keine Beweise fiir eine
Beteiligung von Nikotin an der Pathogenese. Einige
(schwache) Hinweise deuten darauf hin, dass Nikotin an
einigen CVD-relevanten Effekten und am metabolischen
Syndrom beteiligt sein kdnnte. Dies wird auch durch
Ergebnisse aus Tier- und /n-vitro-Studien gestiitzt.
Diskussion: Humanstudien zeigten einige schwerwiegende
Schwichen hinsichtlich des Studiendesigns und Ein-
schrankungen hinsichtlich des Zeitpunkts der Verfiigbarkeit
von NGPs auf dem Markt.

Ein schwerwiegender Mangel ist die unzureichende Be-
riicksichtigung des Dualgebrauchs (NGP + CC), insbe-
sondere in Studien zum chronischen Gebrauch, was zu
falschlicherweise erhohten Risiken fir NGP mit direkten
Folgen auch fiir die Rolle von Nikotin gefiihrt haben konnte.
Dariiber hinaus haben frithere Auswirkungen des
Zigarettenrauchens einen Einfluss. Beide Umstinde
konnten zu ungenauen Schlussfolgerungen in Bezug auf
erhohte Risikowerte gefiihrt haben, was Anderungen im
Methodendesign erfordert. Fiir kiinftige Studien werden
Vorschlage fiir methodische Verbesserungen gemacht.
Schlussfolgerungen: Eine abschlieBende Bewertung der
Rolle von Nikotin bei der Entwicklung von Krankheiten bei
NGP-Konsumenten ist derzeit nicht moglich, da die Dauer
des Konsums zu kurz ist. Bei chronischen Studien wird
héufig nicht ausreichend zwischen dem ausschlieBlichen
Konsum von NGPs und dem gleichzeitigen Konsum mit
Zigaretten (CCs) unterschieden, was das beobachtete Ge-
sundheitsrisiko falschlicherweise erh6hen kann.

Es gibt einige begrenzte Hinweise darauf, dass Nikotin an
CVD-bezogenen Effekten beteiligt sein konnte, was jedoch
noch in gut kontrollierten Langzeitstudien tiberpriift werden
muss. Auch die mogliche Beteiligung von Nikotin an
anderen Pathomechanismen muss weiter erforscht werden.
[Contrib. Tob. Nicotine Res. 33 (2024) 1-111]

RESUME

Contexte: La nouvelle génération de produits a base de
nicotine et de tabac (NGP) comprend les cigarettes électro-
niques (EC), les produits du tabac chauffés (HTP), les
sachets de nicotine oraux (NPs) et les produits du tabac
sans fumée (SLT) (en particulier le snus). Ces produits
contiennent généralement de la nicotine et sont destinés a

remplacer les cigarettes combustibles (CC); ils peuvent
donc étre considérés comme des produits de réduction des
méfaits du tabac. Pour remplir ce role, il est essentiel que la
nicotine, dont les propriétés addictives sont bien établies, ne
soit pas liée de maniére causale aux risques pour la santé en
cas d’utilisation chronique.

Objectifs: L’ objectif de cette étude est d’évaluer la littérature
scientifique pour répondre a la question de savoir si la
nicotine est impliquée dans le développement de maladies ou
de troubles associés a ’utilisation aigué, a court, 8 moyen et
a long terme des NGP. Les résultats appropriés d’études
portant sur des produits de thérapie de remplacement de la
nicotine (gomme, patchs, inhalateurs, pastilles) sont inclus
comme base de référence pour juger les effets des PGN sur
la santé. En outre, des suggestions pour combler les lacunes
identifiées et afin d’éviter ou minimiser les limites et les
faiblesses de la conception de I’étude sont fournies.
Méthodes: Des bases de données bibliographiques telles
que MEDLINE, Google Scholar et une bibliothéque interne
de ’ABF (contenant environ 180000 articles) ont été
consultées a la recherche d’articles pertinents. En outre, les
monographies pertinentes (telles que les rapports du
Surgeon General des Etats-Unis) et les revues récentes ont
été examinées pour trouver d’autres publications. Les
critéres d’inclusion étaient les suivants: toutes les études
humaines portant sur 1’association entre 1’utilisation (de
préférence chronique) des produits a base de nicotine et de
tabac mentionnés ci-dessus et les effets sur la santé, y
compris les maladies, les troubles et les changements dans
les biomarqueurs d’effets biologiques (BOBE). Des études
in vivo (sur des animaux) et in vitro ont également été
prises en considération, a condition que les effets des PNG
en présence et en I’absence de nicotine ou en fonction de la
dose d’exposition a la nicotine aient été rapportés. Les listes
de référence d’articles récents et pertinents ont également
été examinées. Au total, environ 500 articles ont été
récupérés grace a cette approche. Le role de la nicotine a
été évalué en tenant compte des déclarations des auteurs de
cet article et des références citées, ainsi que de leur propre
jugement sur les résultats rapportés. Les études humaines
sont présentées sous forme de tableau standardisé.
Reésultats: Au total, 183 études humaines ont été évaluées,
les maladies cardiovasculaires (MCV) arrivant en téte
(N =175 études), suivies des maladies respiratoires (43), des
troubles de la santé bucco-dentaire (23), du cancer (10), du
syndrome métabolique (7), des troubles de la reproduction
(5) et de plusieurs autres maladies (< 5). La majorité des
¢études ne fournissent pas de preuves de la participation de
lanicotine a la pathogenése. Certaines preuves (faibles) ont
été trouvées que la nicotine pourrait étre impliquée dans
certains effets liés aux maladies cardiovasculaires et au
syndrome métabolique. Cette hypothése serait également
étayée par les résultats d’études animales et in vitro.
Discussion: Les études humaines ont montré des limites et
des faiblesses importantes en ce qui concerne la conception
de I’étude et la période de disponibilité des PNG sur le
marché. La prise en compte insuffisante de la double
utilisation (NGP + CC), en particulier dans les études
chroniques, constitue une grave lacune, qui aurait pu con-
duire a une augmentation erronée des risques liés aux NGP,
avec des conséquences directes sur le role de la nicotine. En
outre, les effets antérieurs de 1’utilisation du CC ont un
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impact. Ces deux circonstances auraient pu conduire a des
conclusions inexactes en termes de niveaux de risque élevé,
ce qui nécessite des changements dans la conception des
méthodes. Des suggestions d’améliorations méthodologi-
ques sont proposées pour des études futures.

Conclusions: Une évaluation finale du réle de la nicotine
dans le développement de maladies chez les utilisateurs de
NGP n’est actuellement pas possible car les durées d’utilisa-
tion sont trop courtes. Les études sur les maladies chroniques
souffrent souvent d’une séparation insuffisante entre
I’utilisation de la NGP uniquement et la double utilisation
avec des CC, ce qui peut faussement augmenter le risque
observé pour la santé. Il existe des preuves limitées que la
nicotine peut &tre impliquée dans les effets liés aux maladies
cardiovasculaires, ce qui doit toutefois étre vérifié dans des
études de longue durée bien controlées. L’implication
potentielle de la nicotine dans d’autres mécanismes patholo-
giques doit également faire I’objet de recherches plus
approfondies. [Contrib. Tob. Nicotine Res. 33 (2043) 1-111]

1. INTRODUCTION

Two major issues are associated with the recreational (non-
therapeutic), long-term use of nicotine: (i) its dependence
forming capacity and (ii) potential toxicity (1). The late
professor M.A.H. RUSSELL framed this issue in the follo-
wing statement: “Since people smoke mainly for nicotine
and fail to quit because they are addicted, and since they
die mainly from the “tar”, carbon monoxide and other
harmful gases taken in alongside nicotine, and since they
chew and snuff tobacco for nicotine but die largely from the
nitrosamines and other carcinogens in tobacco, it seems
logical to offer either a cleaner product or, better still, an
acceptable source of purer, less contaminated nicotine.” (2).
RUSSELL also provided a brief summary of the health
effects of nicotine at that time “... nicotine has no part in
tobacco-related cancers and chronic obstructive lung
disease, two of the major causes of tobacco-related prema-
ture deaths. There is some evidence that it contributes to
the overall cardiovascular risks of smoking. These risks
appear to be most evident when nicotine is rapidly absor-
bed through the lungs. However, it must be said that the
evidence is discounted by two experts more competent than
I am to assess it. They state: “That nicotine has a role in the
cause of cardiovascular disease has its adherents, but the
evidence is not compelling” (FROGGATT & WALD).” (2).
Clive Bates, a long-standing smoking and tobacco industry
adversary, recently stated with respect to promoting NGPs
(in particular ECs): “... that a harm reduction strategy is
possible by encouraging smokers who want to continue
using nicotine to switch from high-risk to low-risk nicotine
use.” (3).

There are three major implications of nicotine when
broadly used as recreational drug in NGPs:

(i) The toxic effects of nicotine and its role in human
health when used long-term

(i) Nicotine’s addictive properties, potentially leading to
a nicotine dependence of consumers

(ii1) Nicotine’s role in public health, e.g., by facilitating
young people to initiate usage of NGPs and (at worst)

switch to more harmful products such as cigarettes
(‘gateway effect’).

Almost all scientists would agree to the statement that most
of the harm is caused by smoking, not nicotine (4). Never-
theless, many questions remain open.

A systematic review of the addiction and appeal issue of
ECs (but certainly would also apply to other NGPs) re-
vealed that higher nicotine concentrations and the availabi-
lity of a variety of flavors in the products might facilitate
complete substitution for CCs (5). The authors further
conclude that future regulations should take into account
their impact on smokers of CC, for whom the new products
may be cessation tools or reduced-harm alternatives.

The NATIONAL ACADEMIES OF SCIENCES, ENGINEERING,
MEDICINE (NASEM) indicated that the “abuse liability of
tobacco products increases with greater delivery, faster
rate of absorption, and higher blood nicotine concentra-
tions” and that smoking was “the most reinforcing and
dependence-producing form of nicotine administration”,
however, NASEM also concluded that other sensory stimuli
such as taste and smell are of relevance for dependence on
cigarette smoking (6). Furthermore, the UK COMMITTEE ON
ToxICITY OF CHEMICALS IN FOOD, CONSUMER PRODUCTS
AND THE ENVIRONMENT (COT) stated that, despite of
similar pharmacokinetics, the extent of dependence may
differ between CCs and ECs (7), all the more between CC
and other NGPs.

In the first SURGEON GENERAL’S REPORT ON SMOKING AND
HEALTH, nicotine was held unaccountable as major cause
for smoking-related diseases (8).

The UK ROYAL COLLEGE OF PHYSICIANS (RCP) concluded
in a comprehensive review that short-term nicotine use did
not result in significant harm (9). Furthermore, the RCP
stated that provision of the nicotine that smokers are
addicted to without the harmful components of tobacco
smoke can prevent most of the harm from smoking (9).
Finally, the FDA, known to base its conclusions on scienti-
fic evidence, had stated: “We have reviewed the published
literature on this longer-term use of NRT products and
have not identified any safety risks associated with such
use” (10).

There are a number of research fields in the area of nico-
tine’s health risks implicated with the use of NGPs, which
are not dealt with in detail in this review:

O The important issue of addiction is not in the center of

this review. The reader is referred to other recent reviews
on this issue (1, 5).
Another important aspect in the context of nicotine
consumer products is nicotine’s poisoning and lethal
doses (accidental or suicidal). Also, this problem is not
dealt with in more detail in this review. Until recently,
the human lethal dose for nicotine was assumed to be in
the range of 30—60 mg. A recent verification suggested
that the fatal dose is probably much higher (500—
1000 mg) (11). These issues are considered in detail in
other recent reviews (1, 7).

O Acute adverse effects of nicotine products as reported in
clinical studies or long-term field studies with NRT
products (see for example (12)) are also not considered
in this review. In a meta-analysis comprising more than
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177,000 individuals, significantly increased risks for a
number of adverse effects in NRT users were reported,
including heart palpitations, chest pains, nausea, vomi-
ting, gastrointestinal complaints, insomnia, skin irrita-
tions (nicotine patches), mouth and throat soreness (oral
NRTs), mouth ulcers (oral NRTs), hiccoughs and
coughing (oral NRTs) (13). Findings of a randomized
clinical trial (RCT) on nicotine patch users over 52
weeks support the safety of long-term use of this NRT
product (14). This review will not further discuss acute
adverse effects of nicotine but focus on disorders,
physiological changes and disorders upon chronic use of
nicotine products.

O Also, effects of using ECs and HTPs on bystanders
(passive or secondhand exposure) were not considered in
this review. It should, however, be mentioned that
neither ECs nor HTPs generate any sidestream smoke
(the main contributor to environmental tobacco smoke,
ETS). Rather, secondhand exposure by ECs or HTPs can
only originate form the exhaled aerosols. Appropriate
studies were reviewed in recent monographs (1, 7).

O Exposure of NGP users to nicotine and toxicants has
been investigated rather elaborately on two levels: (i)
release of nicotine and toxicants under common use
patterns by chemical analysis and (ii) uptake of these
chemicals by measuring suitable biomarkers of exposure
(BOEs) in body fluids or users. The area of BOEs in
users of NGPs is not systematically covered in this
review. The reader is referred to recent reviews and
articles dealing with this topic in detail (1, 15, 16). The
data available suggest that, on average, nicotine uptake
is somewhat higher in smokers compared to users of the
other NGPs (15, 16). Long-term use of the various
products leads to comparable nicotine uptake between
smokers and NGP users (1).

There are presently unavoidable limitations in the evalua-
tion of nicotine’s role in health effects when using NGPs:

O NGPs, in particular electronic cigarettes (ECs), heated
tobacco products (HTPs) and nicotine pouches (NPs) are
on the market for clearly less than 20 years. Therefore,
long-term effects with endpoints of diseases or even
mortalities are as yet out of range. Despite of that, some
scientists are already convinced that for example EC use
constitute a severe health risk (17). For the evaluation of
certain chronic nicotine effects, studies with Swedish
snus and nicotine replacement therapy products (NRTs:
nicotine gums, patches, inhalators) are included in this
review.

O As aresult of the relative short market availability of the
NGPs, the number of consumers, in particular mid-term
to long-term consumers, is low and NGP users in general
may be younger than smokers of CCs (18). Furthermore,
NGP use patterns are not yet well settled. Therefore, it is
not unlikely that during the switching phase from CCs to
NGPs, there will be some dual use, which might be dif-
ficult to assess correctly. As a consequence, dual use (CC
combined with NGP use) in human studies dealt with in
this review, needs to be considered when evaluating the
results. A practical classification for dual users of CC and
EC has been proposed by BORLAND et al. (19).

O Development, modification and improvements of NGPs
is an ongoing process with the manufacturers. Presently,
at least the fourth generation of ECs is available on the
market (20). Release of nicotine and toxicants from
NGPs vary with design features and can certainly
influence the biological effects on the user. In other
words, the point in time (year), when a study with NGPs
is conducted could be relevant in terms of product-
related nicotine uptake and its effects in the body.

O The role of nicotine could be best elucidated, if NGPs
with and without nicotine would be compared. This, in
principle, should be possible in vapers using e-liquids
containing or not containing nicotine. There are, howe-
ver, too few users available who use nicotine-free ECs,
thus preventing a comparison with nicotine-containing
ECs (1). This approach (with/without nicotine), there-
fore, is limited to controlled, experimental studies.

O Biomarkers of potential harm (BOPHs), also termed
biomarkers of biological effects (BOBEs) or biomarkers
of risk, would represent a suitable alternative for classi-
cal epidemiological endpoints (diseases, mortality) to
assess long-term health risks much earlier than to await
3 to 4 decades of NGP use (21). However, there are as
yet limitations in the validations of BOBEs in terms of
their prediction power for diseases and mortality. Most
studies using BOBEs are, therefore, limited to acute or
mid-term investigations (1, 22).

O When evaluating the detrimental effects of nicotine taken
up with NGP (or NRT) use, the route of uptake has to be
considered. Therefore, inhalation (EC, HTP, nicotine
inhaler), buccal absorption (snus, NP, nicotine gum) and
dermal uptake (nicotine patch) are distinguished in this
review.

Specific, study-related limitations will be discussed in the
relevant sections of this review.

In the endeavor to examine the role of nicotine in health
risks implicated with the use of NGPs, our focus are clearly
results from human studies. However, given the limitations
listed above, in vivo (animal) and in vitro studies represent
a valuable supplement to human studies. Those studies are
considered, if the effects of nicotine (either alone or in the
mixture that NGPs release) were investigated. The problem
of extrapolation of animal and in vitro studies to human
users has to be taken into account (1).

The main purpose of this review is to elucidate the long-
term toxicity of nicotine in human users of nicotine pro-
ducts, rather than its dependence-forming properties and the
resulting consequences for public health. Addiction to
nicotine will become less a problem, as long as accompa-
nying chemicals absorbed with nicotine from a product are
less toxic (23). The review is structured according to the
most important smoking-related diseases and detrimental
effects. Due to the fact that the role of nicotine is always of
foremost interest, a chapter on beneficial effects of nicotine
in various diseases and disorders is added, so that literature
was briefly summarized and evaluated for the following
topics:

O Cardiovascular diseases (CVD)
O Cancer (various organs)
O Respiratory diseases (RD)
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O Oral health

O Oxidative stress and inflammation (various cells and organs)
O Metabolic syndrome

O Reproduction

O Other disorders and diseases

O Beneficial effects of nicotine

2. METHODS
2.1 Literature sources

Relevant articles were retrieved from various databases,
including:

© PubMed

O Google Scholar

O ABF in-house literature database containing about
180,000 articles on the topic smoking and health

Recent reviews and monographs dealing with the topic of
interest were evaluated, including:

© US Surgeon General Report of 2014 “The Health
Consequences of Smoking—50 Years of Progress: A
Report of the Surgeon General” (24)

0 US Surgeon General Report of 2010 “How Tobacco
Smoke Causes Disease: The Biology and Behavioral
Basis for Smoking-Attributable Disease” (25)

O NATIONAL ACADEMIES OF SCIENCES, ENGINEERING AND
MEDICINE (NASEM): “Public Health Consequences of
E-Cigarettes.” (6)

O COMMITTEE ON TOXICITY OF CHEMICALS IN FOOD,
CONSUMER PRODUCTS AND THE ENVIRONMENT (COT):
“Statement on the Potential Toxicological Risks from
Electronic Nicotine (and Non-Nicotine) Delivery Systems
(E(N)NDS — E-Cigarettes)” (7)

O MCNEILL et al. (A report commissioned by the Office
for Health Improvement and Disparities): “Nicotine
Vaping in England: An Evidence Update including
Health Risks and Perceptions, September 2022 (1)

Reference lists of recent suitable articles from the above
sources were screened for further relevant articles on the
topic of interest.

In total, about 500 articles were retrieved for more detailed
screening by applying the inclusion criteria described in the
following section.

2.2 Inclusion criteria

Human studies considered for evaluation must have
investigated users of the NGPs electronic cigarettes (ECs),
heated tobacco products (HTPs), nicotine pouches (NPs),
nicotine replacement therapy (NRT) products (skin patches,
chewing gum, lozenges, inhaler), smokeless tobacco (SLT)
products (snus, oral snuff). Furthermore, at least one
biological endpoint (disease, disorder, tissue or cell da-
mage, physiological changes, biomarkers of effect or
potential harm) must have been studied. Observed changes
related to product use must be compared to at least one of
the comparator conditions: non-users (NU), smokers of

combustible cigarettes (CC), baseline (BL) prior to NGP
use. Animal (in vivo) and in vitro studies were only consi-
dered for evaluation in this review, if the study design
allows to allocate the contribution of nicotine to an obser-
ved effect with relevance to understand human effects.

2.3 Evaluation of the role of nicotine

Three aspects were considered in order to evaluate the role
of nicotine in effects observed in human users of nicotine
products: (i) sufficient scientific evidence that nicotine
directly participates in a physiological (or pathophysiol-
ogical) mechanism (e.g., by acting via a nicotine-specific
receptor), (ii) evidence cited by the authors of a study
showing that nicotine is likely (or unlikely) to be involved,
(iii) judgement by the authors of this review considering (i),
(i1) and the presented study data, using a simple coding
system (see explanation in the following section).

2.4 Brief summaries of human studies

The human studies considered in this review are briefly
summarized in Tables 1-8. All tables are of the same
structure and provide the following information:

Tables 1-8 are divided in seven subsections of various
diseases, disorders and biological markers. The results of
which are summarized below. The vast majority of the
studies on CVD, but also for the other diseases discussed in
this review, have been performed with ECs. However, with
respect to the participation of nicotine in pathogenesis,
most of the findings are assumed to be valid also for the
other nicotine-containing NGPs.

3. CARDIOVASCULAR DISEASES (CVD)

Cardiovascular diseases (CVD) are one of the leading
causes of (premature) death worldwide. Tobacco use, in
particular cigarette smoking, is a well-established risk
factor for CVD (24). CVD comprise a variety of detri-
mental outcomes, such as myocardial infarction (MI),
stroke, atherosclerosis, hypertension, arterial stiffness and
others. CVD is a multi-factorial disease with several
comorbidities. Risk factors in addition to smoking are
metabolic disorders, diet, physical inactivity, etc. There-
fore, it is extremely difficult to disentangle the contribution
of one factor such as NGP use or the role of one chemical
such as nicotine. In recent years, there has been growing
concern about the impact of NGPs (ECs, HTPs, nicotine
pouches, snus) and other nicotine-containing products, such
as nicotine replacement therapy (NRT) products on cardio-
vascular health.

Studies have identified several potential mechanisms by
which NGPs could contribute to the development of CVD,
including altered hemodynamics, endothelial dysfunction,
vascular reactivity, and enhanced thrombogenesis (26).
Nicotine but also other aerosol components of ECs and
HTPs, such as acrolein and other aldehydes, have also been
linked to adverse cardiovascular effects (27).

Nicotine, in particular, has been implicated in the develop-
ment of CVD. However, the cardiovascular effects of
nicotine depend on the dose delivered and its distribution
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Column 1

Author, year, country (Reference)

(self-explaining)

The following types are differentiated: cross-over, cross-sectional, RCT (randomized
controlled trials), longitudinal, case-control, prospective

If available number (N) in each group, duration and daily consumption of product use,
mean age of group is provided. If not indicated other, groups contain both sexes.
Important study design features are also provided.

Major endpoints are given in bold. Abbreviations, see corresponding section at the
beginning of the review.

The authors’ main conclusion is provided (labeled as such, AO). Comments on
issues with product compliance (in particular exclusive use of an NGP over a longer
time period), generally originate from the review authors (ARO).

Statement from the study authors (indicated as such, AO) or review authors are
provided (ARO). In red, a simplified code for nicotine (N)'s role in generating the

reported effects is stated:

?  N's role cannot be deduced from the study data

0 Nis notinvolved in producing the effect

0.5 N is partly responsible, other product features probably also play a role

1.0 N causes the observed effect (other product features play no or only minor roles)

Combinations of codes are possible.

Column2  Studytype

Column 3  User groups/Duration of product use
Column4 Endpoints and findings

Column5 Comments (bias, compliance, etc.)
Column 6  Conclusions of nicotine’s role
Column 7

Limitations (L) / Gaps (G) / Proposals (P) These evaluations in general originate from the review authors (AOR). Proposals

are provided, if the endpoints of the study look promising and an improved study is
assumed to provide valuable data.

kinetics, which necessitates further investigation with new
generation nicotine-containing products (NGPs).

Despite these concerns, some studies suggest that nicotine-
containing products, such as nicotine gum, may be safe for use
in individuals with pre-existing cardiovascular disease (28).
In this chapter and particularly in Table 1, studies are
presented that may further elucidate the role of nicotine in
the development of CVD. Before human, animal and
in vitro studies on this topic are discussed, some general
facts on the pathomechanisms for development of CVD are
presented.

3.1 Patho-mechanism for the development of CVD with
special reference to smoking

Cardiovascular diseases (CVD) are responsible for a
significant proportion of (premature) deaths worldwide.
Atherosclerosis is a key factor in the development of CVD,
and it primarily develops in vascular regions with disturbed
blood flow (25). Oxidative stress, endothelial cell activa-
tion, and inhibited release of endothelial nitric oxide (NO)
are key molecular events that contribute to atherosclerosis
(29). Cigarette smoking plays a significant role in all stages
of plaque formation in atherosclerosis. Smoking causes
oxidative stress, upregulation of inflammatory cytokines,
endothelial dysfunction, and reduces the bioavailability of
NO (30). This leads to the formation of vulnerable plaques,
platelet activation, stimulation of the coagulation cascade,
and impaired anti-coagulative fibrinolysis. Nicotine is
involved in almost all steps of this process except
fibrinolysis. Smoking causes vascular dysfunction by
reducing NO bioavailability, which is one of the first steps
initiated by smoking in the pathogenesis to CVD. Smoking
also leads to the formation of foam cells (macrophages,
which are loaded up with oxLDL), which is another step in
early atherogenesis (31, 32).

Smoking also has a number of cardiovascular effects, in-
cluding acute ischemic events and more chronic athero-
genesis-related effects, such as systemic hemodynamic

effects, coronary blood flow, myocardial remodeling,
arrhythmogenesis, thrombogenesis, endothelial dysfunc-
tion, inflammation, angiogenesis, dyslipidemia, hyper-
tension, and insulin resistance (25, 33-36). Acute smoking
increases plasma norepinephrine and epinephrine, as well
as heart rate, blood pressure (BP), blood glycerol, and the
blood lactate/pyruvate ratio. These effects can be regarded
as inherent nicotine effects, mediated by nicotine-specific
receptors (nAChRs) (37). The dose-response between ciga-
rettes per day and the risk of CVD is reported to be non-
linear (25).

A key role in pathogenesis of atherosclerosis is assigned to
the vascular extracellular matrix (ECM) (38). Of importance
are matrix metalloproteases (MMPs), which upon activation
mediate degradation of ECM of the atherosclerotic plaque,
inflammation and proliferation of smooth muscle cells, all of
which exacerbate atherosclerosis and MI (38).

Smoke constituents involved in CVD include nicotine, CO,
and particulate matter. Smoking is a major risk factor for
CVD and is found to be responsible for 15-20% ofall CVD
cases. Smoking cessation can reverse most of the steps in
the development of CVD, opening the chance that swit-
ching from smoking to a harm-reduced product could be
beneficial.

3.2 Human studies on CVD and NGP use

Table 1 contains short summaries and evaluations of human
studies on NGP use and CVD endpoints (see page 42).

3.2.1 Myocardial infarction (MI)

Nicotine stimulates the sympathetic nervous system
through the release of epinephrine and norepinephrine,
resulting in an increase in heart rate, reduction in heart rate
variability (HRV), endothelial dysfunction with reduced
myocardial blood flow and increased myocardial demand
for oxygen and nutrients associated with increased risks of
myocardial ischemia, MI and sudden death (6). Other
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mechanisms for detrimental effects of nicotine on the
cardiovascular system are myocardial remodeling caused
by persistent sympathetic stimulation, arrhythmogenesis
(mediated through catecholamine release) and thrombo-
genic effects. The latter have been shown in animal studies,
but human studies with NRT and smokeless tobacco did not
show increased platelet activation (6).

Table 1 lists 7 publications on MI and use of nicotine
products other than CC. Use of SLT, snuff or snus was
investigated in 5 studies (39—43), use of ECs in 2 studies
(44, 45). Study types comprise case-control (2x), pro-
spective (2x%), cross-sectional (2x). One publication was a
meta-analysis, which includes the evaluation of up to 9
epidemiological studies (42). Users of oral tobacco were
found to have a significantly increased risk for MI compared
to non-users (NU), if the study was conducted in the USA
(42). But inconsistent results were reported in Swedish studies
(3941, 43). Cigarette smokers (CC), when included in the
evaluations, always showed a significantly increased risk
for MI compared to NU. Vaping (EC) was also reported to
increase the risk for MI compared to NU (44, 45).

These finding are similar to a recent systematic review with
meta-analysis of 4 cross-sectional studies on MI risk in
vapers (46). EC users compared to non-EC or non-CC users
had significantly increased relative risks for MI of 1.30. EC
only users compared to CC only users were found to have
a significantly reduced risk of 0.61, whereas in most of the
studies described in Table 1, the extent of risk for EC users
was very close to that of cigarette smokers (CC).

From none of the studies, the role of nicotine in the emer-
gence of MI can be directly deduced. However, in some of
the publications, evidence was cited that nicotine might
play a role in the development of MI, most probably
through its sympathomimetic effects on the cardiovascular
system. Together with the consideration in Section 3.1,
nicotine’s role in the emergence of MI can be summarized
as ‘possibly participating’ (in the code defined in the table
above: 0-0.5). An overall summary of the probability of the
involvement of nicotine in the development of MI and all
diseases/disorders treated in the following is presented in
Section 12.2.

As indicated in Table 1 (Columns 5 and 7), a general issue
and limitation of all studies presented is that self-reported
long-term use of NGPs might be biased or simply wrong.
It is likely that part of the self-reported past or current ex-
clusive users of NGPs were actually past or current dual-
and/or poly-users (NGP + CC). The reported increase in
relative risks for exclusive NGP users have to be inter-
preted with caution (47). Objective and improved informa-
tion on past and present product use would be required in
order to prevent possible bias.

3.2.2 Stroke

In Table 1, 5 publications are listed on the risk of stroke for
users of NGPs (48-52). The study types comprise one
prospective (48), 3 cross-sectional (49, 50, 52) and one
meta-analysis (51), which included 6 cross-sectional
studies. In one study, the risk of Swedish snuff (48) was
investigated, all other studies dealt with ECs. In the snuff
study, no increased risk for stroke in users compared to NU
was found (48). In the meta-analysis of BOFFETTA et al.

(42), SLT users in the USA were found to have a signifi-
cantly increased stroke risk compared to NU, whereas in
Swedish studies there was no significant increase observed
(see Table 1, subsection Myocardial infarction (MI)).

For EC use, inconclusive results were reported. Risk for
stroke was significantly elevated in those vapers, who
reported everyday use of EC and those, who were former
CC smokers. Unexpectedly, some studies found even
higher risk for stroke in EC or dual users than in CC
smokers (49, 52).

Involvement of nicotine in stroke development cannot be
deduced from any of these studies. An involvement of
nicotine in the pathogenesis of stroke, particularly ischemic
stroke, is discussed by some authors. Overall, we would
evaluate the participation of nicotine for stroke develop-
ment ‘partly participating’ (0-0.5).

The cross-sectional studies on stroke have some principal
weaknesses, which are similar to those discussed for the M1
studies. These comprise potential misreports on NGP use,
particularly the issue as described before, on the self-
reported exclusive NGP use which were actual dual users.
Furthermore, cross-sectional studies in principle cannot
prove causality due to the issue of temporality. Smokers
feeling very early symptoms of a disease might be more
likely to switch to a presumably safer product, thus increa-
sing the assessable risk in the user group of this product.

3.2.3 Atherosclerosis

Increase in atherosclerotic plaques, apart from increase in
systolic and diastolic blood pressure, as well as impaired
endothelial nitric oxide synthase signaling are among the
most important changes leading to CVD in users of tobacco
and nicotine products, including NGPs (53).
Development of atherosclerosis and effects on the cardio-
vascular system of ECs, the most frequently investigated
NGPs have been reviewed by DAMAY et al. (54, 55). These
authors provided evidence that EC aerosol components
such as nicotine, PG, particulate matter, heavy metals, and
flavors can be involved in mechanisms leading to atheros-
clerosis. It is assumed that the effects of nicotine are
mediated via free fatty acids (FFA) release, sympathetic
activation as well as inflammation and angiogenesis. The
overall adverse vascular events include elevated oxidative
stress, endothelial dysfunction, inflammation, arterial stiff-
ness, as well as the development of atherosclerotic lesion.
In Table 1, 8 studies (2 prospective (56,Table 57), 4 cross-
sectional (58—61), 2 cross-over (62, 63)) are allocated to the
category ‘atherosclerosis’. The NGPs investigated were
SLT products from Sweden (56, 58—60) and USA (57), as
well as ECs (61-63). The biological endpoints were rather
heterogeneous and comprise general CVD, vascular plaque
formation, platelet aggregation, fibrinogen, Apoprotein A
(Apo A) and Apoprotein B (Apo B), Triglyceride (TG),
CDA40 ligand (CD40L) is a membrane protein (also named
CD154), P-selectin and EV.

Two of the SLT studies (56, 57) showed evidence that
development of atherosclerosis might be associated with
product use, three did not (58—60). It is worth mentioning
that the two studies showing an increased risk for SLT
users were prospective studies with mortality or morbidity
for ‘general CVD’ as epidemiological endpoint. Vascular
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plaque formation and intima thickness were not found to be
significantly different in SLT users compared to NU (59,
60). In contrast to that, vapers (EC) were reported to have
intima thicknesses significantly higher than NU, but
significantly lower than smokers (CC) (61).

Involvement of nicotine in the pathogenesis of atheroscle-
rosis was observed in a cross-over study comparing ECs
with and without nicotine in acute release of epithelial cell-
and platelet-derived extracellular vesicles (EVs) (63). No or
only weak evidence for a participation of nicotine in
atherogenesis is deducible form the other studies. The
overall score tends to 0 (Table 1), suggesting probably no
involvement of nicotine.

3.2.4 Arterial stiffness

Arterial stiffness indicates endothelial dysfunction and can
be regarded as an early event in CVD, particularly atheros-
clerosis (25, 64). This disorder is most frequently characte-
rized by three indicators: Flow-mediated vasodilation
(FMD), pulse-wave velocity (PWV) and augmentation
index (AI). FMD can be measured as an acute response in
systemic as well as coronary arteries to an exposure and is
mediated by the endothelium through the release of dilator
substances such as nitric oxide (NO). A decrease in FMD
indicates an epithelial dysfunction. Pulse wave Doppler
(PWD, technique to measure the blood flow velocity) is
determined by measuring the carotid and femoral pulse
pressures and the time delay between the two waves. An
increase in PWD indicates arterial stiffness. Al is another
marker for arterial stiffness and can be also derived by
analysis of the pulse-wave curve.

Table 1 shows 16 studies on NGP use and arterial stiffness
(65-81). Also shown are the results of a meta-analysis
comprising 8 studies (82). Four studies investigated the
association of arterial stiffness with SLT use (65-67, 80),
the others with EC use. Interestingly, in 5 publications
(68-71, 73) e-liquids with and without nicotine were
evaluated so that a possible involvement of nicotine can be
directly deduced. Although the results in terms of changes
in FMD, PWV and Al are somewhat heterogeneous, some
general finding can be inferred. Acute use of nicotine-
containing products (CC, EC, SLT), mostly shown in cross-
over type of studies, was found to decrease FMD and
increase PWV and Al Usually, the levels of these variables
after NGP use are between those of smokers (CC) and NU.
Long-term effects of snus (80) and EC use (74) may be
deduced from two studies. No significant difference in
baseline FMD levels was reported between smokers (CC
for > 1 year), vapers (EC for > 1 year) and NU (74). Long-
term use of snus (> 15 years) was found to increase PWV
and Al significantly compared to NU (80).

According to the NATIONAL ACADEMIES OF SCIENCES, EN-
GINEERING AND MEDICINE (NASEM), oxidants and pro-
inflammatory agents in tobacco smoke are most relevant for
impaired FMD, whereas the role of nicotine is unclear (6).
Results from a cross-over study including smoking (CC)
and using a nasal nicotine spray revealed reduction of FMD
under both conditions (83). The FMD-decreasing effect of
CC was greater, although the nicotine exposure was similar
under both conditions. The authors conclude that nicotine
isresponsible for this endothelial dysfunction, however, the

mechanisms of the nicotine effects remain unclear.

EC use increases arterial stiffness in young smokers
through the release of norepinephrine by nicotine (84). The
extent of the effect in terms of BP and PWV was lower than
that of smoking (CC).

Another study found that, in contrast to CC use, vaping
caused no changes in arterial stiffness (85). The authors
speculate that lower bioavailability of nicotine from EC or an
additional effect of other substances present in CC but absent
in EC aerosol might be responsible for this observation.
Taken together, the role of nicotine in the generation of
arterial stiffness is controversial. While some studies found
clear evidence for a participation (score: 1), other did not
(score: 0). For the acute decrease in FMC, most likely
nicotine is responsible. What is lacking are investigations
of possible long-term effects of NGP use.

These observations were also described in a recent systemic
review with meta-analysis on the effect of vaping (EC) and
cardiovascular health, comprising 27 studies (86).

3.2.5 Hypertention (HT)

Hypertension is defined as chronically elevated BP, e.g.,
systolic blood pressure (SBP) > 160 mm Hg and diastolic
blood pressure (DBP) > 100 mm Hg. In Table 1, four
relatively large studies are listed, two with SLT users
(87, 88) conducted in Sweden, two with vapers (EC)
(89, 90) conducted in the USA and South Korea, respecti-
vely. In all studies, the risk for hypertension was significan-
tly elevated in NGP users compared to NU. The authors of
these studies cited evidence that nicotine might be causally
related to the development of hypertension.

In a review on SLT use and hypertension (91), 12 studies
were evaluated which relatively consistent show, according
to the authors, a clinical relevant increase in heart rate
(HR), SBP and DBP. The authors conclude that SLT use
should be considered a potential cause of sodium retention
and poor BP control because of its nicotine, sodium and
licorice content.

However, as indicated in Table 1, due to misreport or vague
recollection of product use, particularly of the product use
history as well as some inherent limitations of cross-
sectional studies (3 of the 4 studies were cross-sectional
studies) the results have to be interpreted with caution.

In our judgement, nicotine, is probably involved in the de-
velopment of hypertension (0.5-1).

3.2.6 Heart rate (HR) and blood pressure (BP)

In Table 1, this subclass of cardiovascular changes upon
use of NRTs contains 19 entries on this topic (92—109),
including mostly cross-over type of studies (N = 11), but
also one meta-analysis (100) comprising 14 studies and one
review (105). Most frequently, EC use was investigated in
comparison to either NU or smokers (CC). In a few studies
the effect of SLT, HTP and NRT products (nicotine gum
and inhaler) are reported. Despite the large heterogeneity of
the scientific approaches, the overall results show a relati-
vely homogenous picture: use of nicotine-containing NGPs
acutely increase HR, SBP and DBP.

In one study (95), vaping (ECs with and without nicotine)
was found to nicotine-dependently decrease the heart rate
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variability (HRV), indicating a risk for CVD.

Of interest are also two longitudinal studies over time
periods of 6 (99) and 12 weeks (109). In the 6-week study,
smokers (CC) who partially replaced CCs by ECs did not
show any change in SBP and DBP after 6 weeks (99). In the
12-week study, which followed a similar approach, signifi-
cant decreases in HR, SBP and DBP were observed (109).
Almost all studies evaluated in Table 1 provide medium to
strong evidence (0.5—1) that nicotine is causally related to
acute increases in HR and BP. The same conclusions can be
derived from the studies briefly described below.

In a double-blind cross-over study with 15 male non-
smokers, subjects received a placebo and a 2 mg-nicotine
tablet (110). Despite an only modest increase in plasma
nicotine levels (3.6 ng/mL), significant increases under
nicotine conditions over placebo in HR, SBP and carotid-
femoral PWV was observed. The authors conclude that also
small nicotine doses may acutely deteriorate the elastic
properties of the aorta.

A living, systematic review on cardio-dynamic effects such
as HR and BP came to the conclusion that EC substitution
incurs no additional cardiovascular risks, rather some
possible benefits (2 studies showed a reduction of SBP in
HT patients after 1 year of EC use) may be obtained, but
the evidence is of low to very low certainty (111).

In a recent review on the health effect of vaping (112), a
section on effects of nicotine versus nicotine-free ECs was
included. The authors’ conclusion was that ECs containing
nicotine have greater effects than nicotine-free ECs, e.g., in
terms of increase HR, BP, arterial stiffness and flow
resistance. However, other in vitro, ex vivo, and animal
studies showed different effects regardless of whether
nicotine was present or not. The authors further stated that
future studies should continue to investigate the effects of
nicotine in EC aerosol, as it has been shown to have effects
outside of the other ingredients in ECs (112).

Overall, the evaluated literature provided strong evidence
for a causal role of nicotine in the acute increase in HR and
BP. The chronic effects of nicotine on HR and BP are less
well investigated and require further research.

3.2.7 Other biological markers for CVD

In Table 1, subclass “Other BOBEs for CVD risk”, 13
studies have been entered (76, 113—124). A large number
of various BOBEs were investigated, of those the following
were selected for a brief summary and evaluation in this
section: HDL, LDL, TG, WBC, s-ICAM-1, fibrinogen,
8-epi-PGF,,, 11-dh-TXB2.

It should be noted here that the evaluations and summaries
of the table entries are not comprehensive in terms of
biological endpoints investigated in the studies presented in
the tables. Rather, the summaries and evaluations represent
selections, which we think convey a typical picture of the
available literature. (There are a number of general BOPH
for oxidative stress (oxLDL, HDL, 8-isoprostane, s-NOX-
2-derived peptide), inflammation (CRP), endothelial
function (FMD, PWYV) and platelet function (E-selectin, P-
selectin) which are also relevant for the generation of CVD.
Studies on these BOPH, if not included in Table 1, will be
also presented in Table 5.)

The NGPs investigated with the selected BOBEs include

SLT (113-115), NRT (nicotine patch) (116), ECs (76, 117,
119, 121, 122, 124) and HTPs (118); (120, 123). For the
selected CVD-related biomarkers, it can be stated that use
of the NGPs improves or at least does not worsen the
possibly implicated risks for developing CVD in compari-
son to levels observed in smokers (CC). There were 5
studies including a longitudinal approach, one study on
nicotine patch users over 77 days (116), one study with
vapers (EC), covering 24 months (119) and three studies
with HTP users covering 90—180 days (118, 120, 123). All
longitudinal studies showed improvement in CVD-BOBEs
at the final follow-up visits when the NGPs were used
compared to the baseline level, when CCs were used. It is
interesting to note that the authors of the nicotine patch
study (116) conclude that nicotine might inhibit the norma-
lization (increase) of the HDL levels, because HDL increa-
sed only after the subjects had also quit using the NRT
product.

For almost all of the evaluated studies in section 3.2, both
the study authors and the authors of this review were of the
opinion that nicotine plays no role in the pathogenesis or its
involvement cannot be judged from the study data (0/?).

3.3 Animal studies providing evidence for the role of
nicotine in CVD

In the following, results of animal studies were briefly
summarized, which try to work out the effect of either pure
nicotine or nicotine as a constituent of NGPs (most fre-
quently ECs with and without nicotine) on the development
of CVD.

A mouse model (ApoE” mice) was reported to show
nicotine and cotinine plasma levels after intermittent
exposure to EC aerosol very similar to human vapers, thus
representing a suitable tool for in vivo animal studies for
investigating vaping effects on CNS, CVD, metabolism and
carcinogenesis (125). In this study, EC-exposed mice (2.4%
nicotine, 12 weeks) showed reduced body weight and food
intake as well as increased locomotion compared to saline
controls.

Rats were treated with nicotine (0.6 mg/kg, i.p.) for 28 h
(126). Compared to a saline control, chronic nicotine
administration impaired aortic reactivity, probably via
redox imbalance (increased MDA, decreased SOD and
GSH) and vascular remodeling mechanism.

In a long-term (60 weeks) study with mice exposed to EC
aerosol derived from e-liquid with 0, 6 and 24 mg/mL
nicotine, impaired endothelium-dependent and endo-
thelium-independent vasodilation were observed with
nicotine-containing exposure occurring earlier and more
severe than without nicotine. The effects were similar to
those found with smoke (CC) exposure (127). The authors
concluded that long-term vaping can induce CVD similar
to smoking. The same mouse model and exposure regime
was applied in another study to further elucidate the
mechanism how EC aerosol induced vascular epithelial
dysfunction (VED) (128). According to the authors’
interpretation, EC aerosol activates NADPH oxidase and
uncouples eNOS, causing superoxide generation and
vascular oxidant stress that triggers VED and hypertension
with predisposition to other CVD. The observed effects
were nicotine dose-dependent, with the zero nicotine dose
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still having detrimental effects to the air exposure control
group.

A main issue when comparing exposure effects, particularly
those related to CVD, observed in animal studies with those
measured in human vapers or users of other NGPs is that
the treatment of animals is usually associated with stress
responses which are also risk factors for CVD (1).

In a 12-week study with ApoE knock-out mice exposed to
EC aerosol with 0 and 2.4% nicotine and saline (control),
the nicotine group but not the nicotine-free and saline
groups showed detrimental changes such as decreased left
ventricular fractional shortening and ejection fraction,
increase in serum FFA and cardiac MDA as well as
atherosclerotic lesions (129, 130). The authors concluded
that these results indicate profound adverse effects of
e-cigarettes with nicotine on the heart in obese mice and
raise questions about the safety of the nicotine e-cigarettes
use (129, 130).

A 6-month study with ApoE knock-out mice exposed to CC
smoke, PG/VG aerosol with (ECN) and without nicotine
(ECO) revealed that ejection fraction, fractional shortening,
cardiac output, and isovolumic contraction time remained
unchanged following ECO exposure, while ECN caused an
increase in isovolumic relaxation time similar to CC smoke
exposure (131). ECN also increased PWV and arterial
stiffness, but to a significantly lower extent than CC smoke
did. The authors conclude that EC aerosol exposure induce
substantially lower biological responses associated with
CVD compared to CC smoke. The contribution of nicotine
in the EC aerosol to the observed effects appear to be
medium to small.

ESPINOZA et al. (132) reviewed mostly animal study-based
effects of EC aerosol exposure and came to the conclusion
that mechanisms such as oxidative stress, inflammation,
lipid accumulation, and sympathetic dominance relevant for
the generation of CVD may be aggravated by vaping and
that nicotine plays a detrimental role in this process.

Mice treated with nicotine for 14 days were found to have
profound aggravation of the immune response after ische-
mia/reperfusion injury (133). According to the authors,
these observations are not only relevant for stroke occur-
rence but also for nicotine-related inflammatory responses
in other organs.

In an attempt to identify which smoke or aerosol compo-
nent might be responsible for the acute impairment of the
endothelial function (measure as a decrease in FMD in
rats), nicotine (as high and low levels in CC smoke),
particles (as inert carbon particles), acrolein and acetalde-
hyde were measured (134). All agents tested showed
similar reductions of FMD compared to air. The effect was
prevented by bilateral vagotomy. The authors conclude that
acute endothelial dysfunction by disparate inhaled products
is caused by vagus nerve-signaling initiated by airway
irritation.

WU et al. (135) showed in a mouse model that nicotine
exerts its pro-atherosclerotic property via a pyroptosis
mechanism mediated by ROS-stimulated inflammation
processes.

In a mouse model (ApoE™), exposure to EC aerosol (2 h/d,
5 d/week, 16 weeks; e-liquid with 2.4% nicotine) was
found to increase level of damaged mitochondrial DNA in
circulating blood and induce the expression of TLRY,

which in turn elevates the release of pro-inflammatory
cytokines (IL-6, TNF-a) in monocytes/macrophages and
consequently lead to atherosclerosis (136). In addition, the
authors report enhanced TLR9-expression in human
femoral artery atherosclerotic plaques from EC users and a
significant increase of oxidative mitochondria DNA lesions
(8-OHdQG) in the plasma of EC-exposed mice. Unfortunate-
ly, the authors did not include a nicotine-free EC group or
discuss the potential role of nicotine in the observed effects.
Rats were exposed to EC aerosol with and without nicotine,
CC smoke and fresh air (137). E-cig exposure did not
increase myocardial infarct size or worsen the no-reflow
phenomenon, but EC aerosol with nicotine (not so without
nicotine, CC smoke or fresh air) induced deleterious
changes in LV structure leading to cardiovascular dysfunc-
tion and increased systemic arterial resistance after coro-
nary artery occlusion followed by reperfusion.

In summary, animal studies have limitations when intended
to extrapolate to human nicotine product users since animal
treatment (particularly by inhalation) can be associated with
stress responses, which are also risk factors for CVD. In
mice and rats, chronic nicotine administration impaired
aortic reactivity, probably via redox imbalance, and
vascular remodeling mechanisms. Long-term vaping in
mice exposed to EC aerosol derived from e-liquid with
nicotine showed impaired endothelium-dependent and
endothelium-independent vasodilation (similar to smoking)
and increased the risk of CVD. Nicotine played a detri-
mental role in the process of oxidative stress, inflammation,
lipid accumulation, and sympathetic dominance. However,
the contribution of nicotine in EC aerosol to the observed
effects appears to be medium to small. In mice treated with
nicotine, there was profound aggravation of the immune
response after ischemia/reperfusion injury, a process
important for stroke.

Overall, animal studies suggest that nicotine is involved in
a number of patho-physiological processes related to the
development of CVD.

3.4 In vitro studies providing evidence for the role of
nicotine in CVD

In the following, some findings of in vitro studies on
nicotine’s role in CVD-related processes are briefly
described.

Nicotine was reported to stimulate DNA synthesis and
proliferation of vascular endothelial cells in vitro (138),
even at concentrations significantly lower than smokers’
nicotine plasma levels (< 10~® M). The author suggests that
the results may be important in tumor angiogenesis, athero-
genesis and vasculargenesis.

In vitro studies with aortic smooth muscle cells exposed to
EC aerosol condensate showed no influence of nicotine on
cytotoxicity, LDH, ROS and IL-8 release. In contrast, high
EC power and cinnamon flavor increased pro-inflammatory
effects (139).

In in vitro and in vivo (mice) models, it was shown that
acute and chronic exposure to nicotine can lead to edema
formation in the brain, most probably mediated by nAChRs
(140). The authors conclude that these findings support the
paradigm that nicotine products not only increase the
incidence of stroke but also have the potential to worsen
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stroke outcome by increased edema formation.

KAISAR et al. (141) reported dose- and time-dependent
effects of nicotine on the blood-brain barrier (BBB) endo-
thelium of mice consisting of loss of BBB integrity and
vascular inflammation and promotion of the onset of stroke.
In conclusion, in vitro studies suggest that nicotine can
stimulate proliferation of vascular endothelial cells, thus
potentially contributing to atherogenesis. However, in vitro
studies with aortic smooth muscle cells showed no in-
fluence of nicotine on cytotoxicity and ROS formation.
Nicotine exposure has been linked to edema formation in
the brain and can also have effects on the BBB, thus
promoting the onset of stroke.

3.5 Chapter summary

A series of reviews and monographs dealing with the CVD
risks of nicotine products (with particular focus on ECs) are
available. A brief summary is provided below.

BENOWITZ and GOURLAY (142) evaluated the safety of
NRT products in terms of cardiovascular effects of nicotine
and came to the conclusion that the risk of NRT for smo-
kers, even for those with CVD are small and substantially
outweighed by the potential benefits of smoking cessation.
The EU-based SCIENTIFIC COMMITTEE ON HEALTH, EN-
VIRONMENTAL AND EMERGING RiIsKS (SCHEER) (143)
reviewed the most recent scientific and technical informa-
tion on ECs and concluded for CVD: “The overall weight
of evidence for risks of long-term systemic effects on the
cardiovascular system is moderate.” However, SCHEER
evaluated the evidence that nicotine is involved in the
development to CVD as “strong”.

In a recent review, BUCHANAN ef al. (144) evaluated pre-
clinical and clinical studies on EC aerosol exposure and
cardiovascularrisk. The authors came to the conclusion that
the impact of chronic EC exposure is essentially unstudied.
The available, mostly acute studies suggest that exposure to
EC could be a potential cardiovascular health concern.
Further, mostly long-term studies were needed before
considering ECs safe alternatives to CC. The role of
nicotine was related to its activation of the sympathetic
nervous system causing increased HR, BP, and myocardial
contractility.

The NASEM report of 2018 (6) came to the following
conclusions with respect of the association between EC use
and CVD:

O No evidence for an association between vaping and
clinical cardiovascular outcomes (CVD, stroke, periphe-
ral artery disease);

O Substantial evidence that vaping acutely increases HR;

O Moderate evidence that vaping acutely increases DBP;

O Limited evidence that vaping acutely (short-term)
increases SBP, changes biomarker of oxidative stress;
biomarkers, increases endothelial dysfunction, arterial
stiffness and autonomic control;

O Insufficient evidence that vaping is associated with long-
term changes in HR, BP and cardiac geometry and
function.

According to the NATIONAL ACADEMIES OF SCIENCES,
ENGINEERING, AND MEDICINE (NASEM) (6), while nicotine

can induce a more atherogenic lipid profile, cessation
studies using nicotine replacement therapy (NRT) found
improvements in high-density lipoprotein (HDL)/low-
density lipoprotein (LDL) ratios and reduced dyslipidemia.
NASEM also suggests that nicotine-induced vasoconstric-
tion may play a role in the progression of chronic hyperten-
sion to malignant hypertension. Nicotine also appears to be
responsible for increased insulin resistance in smokers, as
itreleases several hormones that are insulin antagonists and
activates certain receptors in adipose tissue. NASEM notes
that exposure to nicotine from e-cigarettes likely elevates
the risk of cardiovascular disease in people with pre-
existing cardiovascular diseases, but the risk in people
without cardiovascular disease is uncertain.

The COMMITTEE ON TOXICITY OF CHEMICALS IN FOOD
(COT) stated that no long-term studies with inhaled
nicotine or vaping products are as yet available (7). Studies
on CVD and NRT use as an aid to quitting cigarette
smoking, were, according to COT, “mostly of inadequate
quality to draw clear conclusions but have not shown
evidence of serious cardiovascular events”. The committee
further stated that the risk related to nicotine when swit-
ching from CC to EC use would not be expected to in-
crease, however, there are currently no data on adverse
effects in NU who switch to NGPs containing nicotine.
An umbrella review of PERUZZI ef al. (145) on vaping and
CVD evaluating 7 systematic reviews suggests that EC use,
and likely also HTP use, despite clearly causing an increase
in overall cardiovascular risk, may represent a temporary
lesser evil than CC. The authors mention that the role of
nicotine was mostly not clearly disentangled. As key
adverse cardiovascular effects of ECs and HTPs and
probably also other nicotine-containing products, the
authors named acute myocardial infarction, hypertension,
oxidative stress, endothelial dysfunction, arterial stiffness,
and thrombosis. According to the authors an involvement
of nicotine appears likely. Similar effects were also dis-
cussed in another recent review (146).

A recent review investigated the impact of ECs on CV
health with a special focus on causal pathways and public
health implications (147). The authors stated that additives
in the e-liquid such as nicotine and flavors are mostly
responsible for the effects, which include prolonged
sympathoexcitatory CV autonomic effects such as increa-
sed HR and BP as well as decreased oxygen saturation.
Vaping is therefore a risk factor for developing atheroscle-
rosis, hypertension, arrhythmia, MI and heart failure.
According to the authors, studies on the long-term effects
of EC use are urgently needed (147).

With respect to the urgent requirement of long-term studies
our review comes to the same conclusions as the previously
cited review (147). However, in our opinion it is not
justified to state that vapers are at increased risk of develo-
ping various CVDs as CRITSELIS and PANAGIOTAKOS (147)
did. Our literature evaluation with special focus on the role
of nicotine in the development of CVD, basically came to
the same conclusions. The use of NGPs such as ECs, HTPs,
nicotine pouches, snus, and NRT products has gained
increasing popularity over the years. The potential risks
associated with the use of these products in relation to CVD
have been a topic of concern. This chapter aimed to explore
the involvement of nicotine in the pathogenesis of CVD
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and the role of nicotine in contributing to CVD.

Quite a number of human, animal, and in vitro studies have
been conducted to investigate the effects of nicotine on the
cardiovascular system. Nicotine has been found to partici-
pate in acute effects such as an increase in HR and BP as
well as a decrease in NO production. Also decrease in FMD
of arteries was frequently reported upon use of nicotine-
containing products. Moreover, nicotine may also be
involved in more chronic processes such as atherogenic
plaque formation, disturbance of lipid metabolism, oxi-
dative stress, inflammation, and thrombogenesis. Although
the evidence for a nicotine involvement in these processes
is much weaker.

Smoking CC is reported to be responsible for 15-20% of
the total population CVD. Epidemiology shows that there
is no linear dose-response relationship between smoking
(CC) and CVD. Smoking-related effects on the cardiovas-
cular system are mostly reversible, this means that swit-
ching from CC to NGPs could be beneficial.

Human studies on HR and BP revealed acute increases in
NGP users, but lower than in smokers (CC). Causal
participation of nicotine through its sympathomimetic
properties is plausible.

Use of SLT products (including snus), NRT products, and
ECs showed partly inconsistent results and partly signifi-
cant increased risks for M1, stroke, atherosclerotic changes,
and hypertension. The role of nicotine in the development
of these CVD is unclear. In cross-sectional studies, there
are issues with causality, temporality as well as
misclassification in product use (false self-reports and
vague recollection of product use, particularly in exclusive
NGP user groups).

Arterial stiffness is an important predictor of CVD. Acute
studies showed an increase in PWV and Al compared to
sham use, the effect, however, was found to be lower than
smoking (CC). An involvement of nicotine appears to be
possible. The effect of chronic NGP use was as yet hardly
investigated and results so far are inconclusive. Long-term
studies are required to determine the involvement of
nicotine, if any, in the development of arterial stiffness.
BOBESs have been used to assess the potential risks associa-
ted with the use of NGPs. Some improvements (indicating
lower CVD risk) have been observed in medium-term
(90-360 days) and long-term (24 months) studies in
subjects who switched from CCs to NGPs (ECs or HTPs).
No clear evidence for the participation of nicotine is
reported or can be deduced from the data. More long-term
studies are required to determine the involvement of
nicotine in BOBEs.

Animal and in vitro studies provide some direct evidence
that nicotine (either as a pure compound or released from
NGPs) is involved in a number of pathogenic pathways
leading to CVD. However, limitations in terms of transfera-
bility to humans and the adequate nicotine doses have to be
considered.

In conclusion, the use of NGPs has been associated with
both acute and chronic effects on the cardiovascular
system. While nicotine has been implicated in acute effects,
its role in chronic processes leading to CVD is still unclear.
Long-term studies are required to better understand the
effects of NGPs on the cardiovascular system and the
involvement of nicotine in these effects. Epidemiological

and field studies may potentially be biased by mis-
classification of products user groups (particularly NGP
only users). An objective assessment of long-term product
use would be of major importance.

4. CANCER (various organs)

Induction of cancer by tobacco smoking has been scientifi-
cally elucidated since the 1950s. Tobacco smoke contains
more than 70 known carcinogens as well as a large number
of cocarcinogens, tumor promotors, epigenetically active
chemicals as well as toxicants, which all can contribute to
and promote the process of chemical carcinogenesis
(148-150). The IARC (149) has determined a causal
relationship between cigarette smoking (CC) and various
cancers, including cancer of the lung, bladder, kidneys, oral
and nasal cavity, larynx, pharynx, esophagus, pancreas,
stomach, cervix and myeloid leukemia.

With respect to the purpose of this review, it has to be
emphasized that the development of cancer requires several
decades, which is much longer than the NGPs are in use.
Furthermore, it is extremely difficult to take into account
possible residual effects of prior smoking. Therefore, it is
clear that presently no proper studies are available for
evaluating the cancer risk of NGP use, let alone the contri-
bution of nicotine.

In this context, we like to mention that the IARC answered
to the question “Does nicotine cause cancer?” with the
statement “No. Nicotine is a common chemical compound
found in tobacco plants, and its effect is to make tobacco
addictive rather than to cause cancer directly.”
(https://cancer-code-europe.iarc.fr/index.php/en/ecac-12-
ways?catid=0&id=199, assessed Oct 12, 2023).

4.1 Patho-mechanisms with special reference to smoking

Tobacco smoking can be involved in carcinogenesis by
various mechanisms (25). CC smoking is associated with
the uptake of more than 70 carcinogens, which, either as
un-metabolized parent compound or after metabolic
activation, can form DNA adducts. DNA adducts, as arule,
are repaired, but upon persistence, they can form the origin
of mutations. If mutations occur in genes which are critical
for tumorgenesis such as oncogenes or tumor-suppressor
genes, a loss of normal cell growth can be the consequence,
which finally may end up in cancer. Apart from tumor
initiators, tobacco smoke also contains cocarcinogens (e.g.,
catechol, alkyl catechols) and tumor promotors, which
primarily do not interact with DNA but stimulate cell
proliferation and thus tumor growth. An important diffe-
rence between genotoxic tumor initiators and cocarcinogens
and tumor promotors is that effects of the latter two are
reversible. Furthermore, it is scientifically accepted that no
threshold dose exists for carcinogen, below which no
cancer risk can be assumed (151). The fact that smoking
cessation decreases the cancer risk, indicates that co-
carcinogens and promotors play an important role in
smoking-related carcinogenesis (25). Furthermore, epi-
genetic effects, which impact gene-regulation by either in-
creasing or decreasing DNA methylation can significantly
influence tumorigenesis.
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Figure 1. Simplified scheme for mechanisms leading to smoking-related cancers (modified from (25)).

Also epigenetic effects are supposed to be mainly reversible.
Other possible mechanisms how smoking can have an
impact on cancer development include induction of phase 1
enzymes (e.g., cytochrome P450 enzymes) responsible for
the formation of the ultimate carcinogens, inhibition of
phase 2 enzymes (responsible for conjugation and detoxi-
fications of carcinogens), inhibition of repair enzymes,
impairment of the immune system and stimulation of
tumor-angiogenesis.

A simplified scheme of the described mechanistic pathways
to smoking-related cancers (in general chemical carcino-
genesis) is shown in Figure 1 (modified from (25)).

4.2 Human studies

In quite a large number of studies, the exposure to carcino-
gens has been investigated in users of NGPs, usually
compared to smokers (CC) and NU (e.g., (152—158)), for
review see (16). The aspect of exposure to toxicants,
including carcinogens, is not discussed in this review.
Overall reduction in the product use-related exposure to
carcinogens is 95% in NGP users compared to smokers
(CC). An exception are tobacco-specific nitrosamines
(TSNAs) in SLT (excluding Swedish snus) which might
release similar or even higher amounts of TSNAs compared to
CC. This is mentioned several times throughout this review.
BRAZNELL et al. (159) tried to estimate the lung cancer risk
in HTP users on the basis of 16 biomarkers (7 BOEs and
9 BOBESs) which are known to correlate with lung cancer
risk in smokers. From their results, the authors concluded
that the appropriateness of this approach is limited.
CAMERON et al. (160) summarized the latest evidence about
the deleterious effects of vaping on oral health and the risks
of oral cancer and came to the conclusion that e-cigarette
use is not risk-free.

Table 2 contains 10 studies, 4 of them investigated cancer
as an endpoint (56, 161-163), whereas the other studies
investigated epigenetic effects (mainly DNA methylation)
in blood (164, 165) or saliva (166) or in epithelial cells
from the oral cavity (167) and the lung (168) (see page 62).
One cancer study (169) was not a study with a classical
epidemiological approach (prospective or case-control), but

was a longitudinal observational study with a limited
number of participants (in total 912 subjects: smokers,
vapers, dual users).

All cancers as endpoints were evaluated in studies with
SLT (56, 161, 162), NRT (nicotine gum) (163) and ECs
(169). None of these studies showed significant associations
between NGP use and cancer risk. Only in three studies
(56, 161, 169), the overall cancer risk of smoking (CC) was
investigated, one showed a significant increase (56).

No significant relationship between SLT use and pancreatic
cancer was found, although a significant trend with increa-
sing consumption of SLT was observed (162). Cigarette
smoking (CC) was not investigated in this study.

No significant association between NRT use and cancer of
the lung and the gastro-intestinal (GI) tract was reported
(163). CC use was found to significantly increase the risk
of lung cancer, but not of GI cancer.

DNA methylation and implicated gene regulations were
investigated in the 5 studies of Table 2. In all of them, EC
use compared to smoking (CC) was in the focus of the
study. One study also included SLT users (165). The
provided data show clear evidence that EC use (and
probably also use of other NGPs) are distinct from CC
users and NU with some overlap. An increase in genotoxi-
city levels associated with vaping habits was also deduced
from a recent study of peripheral blood samples from
vapers (EC), smokers (CC) and NU (170). Vapers showed
changes at the epigenetic level specifically associated with
the loss of methylation of the LINE-1, which were reflected
in its representative RNA expression detected in vapers.
In terms of biological effects, changes, perturbations,
physiological malfunctions, disorders or even cancer
formation, there are too many gaps for any reasonable
predictions.

With respect to an involvement of nicotine, the evaluated
studies show either no evidence for a participation of
nicotine in tumorigenesis and/or a role of nicotine cannot
be deduced from the provided data (0/?). There might be
some weak evidence that TSNAs from SLT are involved in
the development of pancreatic cancer (162). The carcinoge-
nic potential of smokeless tobacco (SLT) has been revie-
wed by Hecht et al. (171). The TSNAs NNN and NNK
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were considered to be the most potent carcinogens in SLT.
There are a number of epidemiological studies on cancer
and use of oral tobacco with controversial results, depen-
ding on the point in time of study and the geographical
region (e.g., USA, Scandinavia, India) where the study was
conducted (172, 173). Older SLT products could have high
TSNA levels resulting in significantly higher NNK and
NNN exposure of the users than exhibited by smokers
(CC). Therefore, these SLT products cannot be regarded as
NGPs suitable for tobacco harm reduction, at least not for
cancer endpoints. With respect to the focus of this review
(role of nicotine in the development of diseases), cancer
studies with older SLT products will not be included in the
evaluation. As a result, we decided to only consider SLTs
with very low levels of TSNAs as NGPs.

The potential carcinogenicity of chronic NGP use and the
avertable role of nicotine was evaluated in a number of
recent monographs and reviews.

The NASEM (6) concluded that nicotine probably does not
increase the risk of cancer. This statement is mainly based
on the Lung Health Study (163), which followed users of
NRT products for 7.5 years, found no evidence for an
increased cancer risk. The NASEM further stated that
nicotine might be a tumor promotor, but it would be
unlikely to increase the human cancer risk (6). This evalua-
tion is also shared by COT (7).

The EU-based Scientific Committee on Health, Environ-
mental and Emerging Risks (SCHEER) (143) reviewed the
most recent scientific and technical information on ECs and
concluded for cancer in the respiratory tract: “The overall
weight of evidence for risks of carcinogenicity of the
respiratory tract due to long-term, cumulative exposure to
nitrosamines and due to exposure to acetaldehyde and
formaldehyde is weak to moderate. The weight of evidence
forrisks of adverse effects, specifically carcinogenicity, due
to metals in aerosols is weak”.

TRAVIS et al. (174) performed an umbrella review on
cardiopulmonary and carcinogenic risks of EC use. The
authors state that there are some acute cardiopulmonary
risks for vapers, although lower than in smokers. It is
expected that in the long-term switcher from CC to EC will
probably benefit, however, studies to show this are as yet
lacking.

In a model calculation, the following order of life-time
cancer risks was reported (175): combustible cigarettes
(CC) > heat-not-burn (HTP) > e-cigarettes (EC) > nicotine
inhaler (NRT), with EC use representing < 1% of the
cancer risk associated with CC use.

In arecent review by MAAN et al. (176), molecular insights
of EC use on oral carcinogenesis was investigated. The
authors provided a summary of the effects of EC usage on
cancer therapy resistance, cancer stem cells (CSCs),
immune evasion, and microbiome dysbiosis, all of which
may lead to increased tumor malignancy and poorer patient
prognosis. It was concluded that ECs may not be as safe as
they are perceived to be, however further research is needed
to definitively determine their oncogenic potential. EC use
was also shown to lead to transcriptomic changes in both
blood and sputum, which was only partly overlapping with
corresponding changes in smokers (CC) (177). Observed
transcriptomic alterations were stronger in CC than in EC
users. The biological impact of these changes, however, are

as yet unknown.

Taken together, the presented evidence suggests that
chronic use of NGPs has as yet not shown to increase the
cancer risk. Although theoretical possible, there is also no
evidence that long-term use of nicotine is involved in
human carcinogenesis. However, for obvious reasons no
long-term cancer studies with NGPs are currently available.

4.3 Animal and in vitro studies providing evidence for the
involvement of nicotine in cancer development

As mentioned above, nicotine can exert quite a number of
effects in the mammalian organism, impacting the brain,
cardiovascular system, lung and many others. Nicotine may
be involved in the modulation of many physiological
processes such as the activity of certain ligand-gated ion
channels known as nicotinic acetylcholine receptors
(nAChRs) modulating cell proliferation, apoptosis, immune
response, oxidative stress, tumor proliferation, metastasis,
promotion of lung cancer, cell proliferation, angiogenesis,
migration and invasion (178). Several of these are directly
or indirectly associated with cancer development.

In the following, evidence is presented from animal and
in vitro studies, which investigated the role of either pure
nicotine or NGP exposure with and without nicotine in
tumorigenesis.

MAIER et al. (179) reported no effect of nicotine in a
mutant K-Ras1-driven mouse model for lung cancer as well
as in mice treated with NNK and additionally with oral
nicotine. The authors conclude that nicotine, applied in
doses similar to those in NRT use, does not enhance lung
tumorigenesis.

In similar experiments, MURPHY et al. (180) found no
enhancing effect of nicotine administered 2 weeks prior to
and 44 weeks after NNK treatment of mice on multiplicity
of lung tumors. Nicotine alone over 46 weeks did not
increase the lung tumor multiplicity. The authors concluded
that these results question the interpretation of in vitro
studies suggesting that nicotine stimulates cancer cell
growth.

In a study with mice exposed to EC aerosol, LEE et al.
(181) found O°-medG and y-OH-PdG elevated in lung,
heart and bladder. DNA repair activity and proteins were
reduced in the lung. Nicotine and NNK were reported to
have similar effects in human lung and bladder cells
in vitro. The authors suggest that EC use may contribute to
lung and bladder cancer as well as heart disease through the
nitrosation of nicotine (181). The same working group
(182) exposed mice (FVB/N strain, highly susceptible to
tumor induction) to EC aerosol, PG/VG aerosol (without
nicotine) and fresh air for 54 weeks. The EC group develo-
ped lung adenocarcinomas (9 of 40 mice) and bladder
urothelial hyperplasia (23/40), whereas these lesions were
extremely rare in the PG/VG and fresh air group. Accor-
ding to the authors, these results together with previous
findings (181) suggest that EC aerosol is a lung and
potential bladder carcinogen for mice, whether it is also a
risk factor for human vapers needs to be investigated.
Exposure of male ApoE” mice to air, EC aerosol derived
from e-liquids with 6 and 36 mg nicotine/mL showed
nicotine dose-dependent increases in epigenomic DNA
methylation in WBC as well as an increase in plasma
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mitochondrial DNA and 8-OHdG levels (183). The authors
concluded that the epigenomic-wide CpG site methylation
pattern overlaps with previously published methylation
sites in vapers/smokers and that the methylation pattern
correlates well with enhanced systematic inflammation
reported in animal models and human vapers.

Nicotine has also been suspected to be a precursor for
carcinogenic metabolites such as NNK and NNN.
HECHT et al. (184) showed with human liver microsomes
containing CYP 2A6 that nicotine is 2’-hydroxylated
yielding the ring-opened aminoketone, which, upon
nitrosation, could form the lung carcinogen NNK. The final
step, which according to the authors would have important
toxicological consequences, however, has not been obser-
ved until now in humans.

TANG et al. (185) stated that EC aerosol is carcinogenic in
mice. As possible mechanism these authors propose that
nicotine can be nitrosated to NNK and NNN, which, upon
further metabolism, form ultimate carcinogens and both
groups of agents can form DNA adducts. Additionally,
formaldehyde is a potential inhibitor of DNA repair, thus
further accelerating the carcinogenic process. The authors
provide some evidence from the literature which should
support their hypothesis.

Already in 2011, SHIELDS (186) emphasized that, despite of
the fact that animal studies provide no cause for concern
(179, 180), long-term cancer studies with NRT users are
urgently needed to show that nicotine does not promote the
carcinogenesis. More than 10 years later, the situation has
not much changed with respect to human cancer studies. In
terms of evidence derived from animal and in vitro studies,
it can be noted that the investigations of LEE ef al. (181)
and TANG et al. (182) give cause for concern that nicotine
in EC aerosol might be involved in lung and bladder
carcinogenesis. Whether these findings are transferable to
human vapers (or in general NGP users) remains questio-
nable.

Based on various human, animal and in vitro studies,
NASEM came to the following role of nicotine in the
process of cancer induction (6): “When the evidence is
viewed in total, while there is a biological rationale for
how nicotine could potentially act as a carcinogen in
humans, there is no human evidence to support the hypo-
thesis that nicotine is a human carcinogen. While it is
biologically plausible that nicotine can act as a tumor
promoter, the existing body of evidence indicates this is
unlikely to translate into increased risk of human cancer”.

4.4 Chapter summary

Cigarette smoking is an established risk factor for cancer of
various organs, including lung, bladder, kidneys and
pancreas. Tobacco smoke contains more than 70 carcino-
gens which are involved in the turmorigenesis by acting as
initiators, cocarcinogens and promotors. Epigenetic effects
mediated by the DNA methylation grade leading to up- and
downregulation of genes possibly involved in tumori-
genesis gained increasing interest and was also shown to be
significantly altered by smoke exposure.

A participation of nicotine has long been assumed and
could occur on a number of different mechanisms, inclu-
ding metabolism to carcinogens (NNK, NNN), epigenetic
effects, angiogenesis, cell growth stimulation.

For obvious reasons, only a few human cancer studies with
NGPs (including SLTs, NRT products and ECs) are
available. There is no evidence that these products signifi-
cantly increase the cancer risk, suggesting that nicotine is
not a driving factor in carcinogenesis. The results of long-
term animal studies with cancer endpoints are as yet
inconclusive.

Human and animal studies reveal that exposure to EC
aerosols (other NGPs have not yet been investigated)
significantly change the epigenetic DNA methylation
profile in cells of target organs (lung, oral cavity) or blood
cells. Overlap with smokers or NU is reported to be low,
suggesting that the methylation profiles are rather specific
for the exposure. Consequences in terms of disorders,
diseases or even cancer are currently unknown.

Overall, while the studies presented suggest that NGPs may
be a less harmful alternative to smoking in terms of cancer
risk, more research is needed to understand the long-term
effects of nicotine and other components of these products
on cancer development.

5. RESPIRATORY DISEASES (RD)

5.1 Patho-mechanism for the development of RD with
special reference to smoking

As major mechanisms for effects in the respiratory tract,
which are common in users of inhalable nicotine products
(CCs, ECs, HTPs), DAVIS et al. named dysregulated in-
flammation and decreased pathogen resistance in their
recent review. In addition, dysregulated lipid processing
might be unique to vaping (187). The authors relate the
latter effect mainly to the humectants PG and VG in the EC
aerosol. The impacted processes in the lung after aerosol
exposure accordingly would comprise:

(1) dysregulated mucin expression followed by impaired
ciliary clearance

(i1) build-up of apoptotic and necrotic epithelial and
immune cells, engraved by impaired efferocytosis

(iii) increased release of inflammatory mediators (cytoki-
nes, proteases, ROS)

(iv) impaired pathogen phagocytosis by macrophages and
neutrophils

(v) reduced chemotaxis by neutrophils, (vi) disruption of
the epithelial barrier (187). As a result of these proces-
ses, the respiratory tract of chronically exposed sub-
jects is much more vulnerable to pathogen load and in-
fections.

Smoking-related (nonmalignant) respiratory diseases include
chronic bronchitis, COPD, emphysema and the worsening of
asthma. According to the US Surgeon General Report of
2010 (25), definitions of these RD are as follows:
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Chronic obstructive pulmonary disease (COPD) A preventable and treatable disease characterized by airflow limitation that is not fully

Emphysema

Asthma

reversible. The limitation is usually progressive and is associated with an abnormal
inflammatory response of the lungs to noxious particles or gases, primarily caused by
cigarette smoking. Although COPD affects the lungs, it also produces significant systemic
consequences.

Permanent enlargement of the airspaces distal to the terminal bronchioles, accompanied by
destruction of their walls and without obvious fibrosis. In patients with COPD, either condition
may be present. However, the relative contribution of each to the disease process is often
difficult to discern.

A chronic inflammatory disease of the airways in which many cell types play a role — in
particular, mast cells, eosinophils, and T lymphocytes. In susceptible persons, the
inflammation causes recurrent episodes of wheezing, breathlessness, chest tightness, and
cough, particularly at night and/or in the early morning. These symptoms are usually
associated with widespread and variable airflow obstruction that is at least partly reversible
either spontaneously or with treatment. The inflammation also causes an associated increase
in airway responsiveness to a variety of stimuli.

Tobacco smoke toxicants such as acrolein and formalde-
hyde are regarded to be responsible for initiating oxidative
stress (e.g., by the formation of ROS), inflammatory pro-
cesses and a proteinase/anti-proteinase imbalance. These
processes are key players in the development of respiratory
diseases in smokers (188, 189).

Intact lung defense systems, including nasal hair, convolu-
ted passages of nasal sinuses, coughing, sneezing, swallo-
wing, mucociliary cells, normal flora, inflammatory cells,
alveolar macrophages represent the first barrier against the
inhalable toxicants (25). Impairment of these defenses for
example by smoking are the first step for the development
of various respiratory diseases (RDs).

A decline in lung function is also a typical consequence of
long-term smoking. Spirometrically determined parameters
such as forced expired volume in 1 second (FEV1), forced
vital capacity (FVC) and forced expired flow at 25-75%
(Figure 2) can be measured non-invasively and, therefore, are
frequently applied in clinical and epidemiological studies.

5.2 Human studies on RD and NGP use

As in smoking, the aerosol of inhalable NGPs (ECs, HTPs)
may affect various areas of the lungs by interaction with the

epithelial cells of the trachea, bronchial tubes and branch-
ings as well as the alveoli (191, 192).

In principle, vaping and use of other inhalable NGPs can
induce respiratory diseases by similar mechanisms as for
smokers (CC). Inflammatory processes, which can be
monitored by a series of biomarkers are suggested to be in
the focus (193, 194).

It is almost self-evident that oral NGPs such as snus or
nicotine pouches (NPs) as well as nicotine gums (NGs)
have no direct detrimental effects on the respirtory tract.
The same applies for nicotine taken up with these products.
NASEM stated three pathways, how nicotine could be
involved in respiratory diseases in vapers:

(1) decreases viral and bacterial clearance

(i1) impaired cough

(iii) nicotinic acetylcholine receptor activity in the airways
and cystic fibrosis transmembrane conductance regula-
tor dysfunction (6).

From two short-term studies, the NASEM (6) and the COT
(7) concluded that using ECs with nicotine but not without
nicotine could impair the mucociliary clearance process in
the lung.
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Figure 2. Schematic spirogram for measuring the lung function parameters FVC, FEV1 and FEF,;_,; (according to (190), modified).
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Overall, the NASEM report stated only limited to moderate
evidence for lung damaging effects of vaping (6).

The majority of vapers are former smokers and thus could
bear pre-existing lung damages which could be aggravated
by vaping and, therefore, would lead to a confounded
evaluation of the risks associated with EC (1) or HTP use.
MIR et al. summarized the EC effects on the respiratory
tract as follows (53): “Increased susceptibility to respira-
tory infections, case of e-cigarette related organizing pneu-
monia, pro-inflammatory effects via oxidative stress, in-
creasedrisk of developing COPD, diffuse alveolar damage,
mucociliary dysfunction, fluctuations in surfactant com-
position lead to gas exchange abnormalities, lung damage
and cell death, reduced functional residual capacity.”
Table 3 contains 40 entries with short descriptions of
investigations on respiratory tract effects of NGP use (101,
119, 195-232) (see page 65). In all studies EC use was
compared to either smoking (CC) or NU (or both). In only
one study, an HTP was investigated (215). Studies are
mostly of cross-sectional type (21 studies). However, also
5 longitudinal studies with observational periods between
1 and 5 years were included (196-199, 223). It is note-
worthy that there are 5 studies (201, 208, 209, 222, 226), all
of the cross-over type, in which the effects of ECs with and
without nicotine were compared. These studies would provide
direct evidence on the role of nicotine in the observed effects.
Finally, Table 3 also contains two meta-analyses comprising
13 (231) and 11 cross-sectional studies (232).

Both meta-analyses investigated the association between
vaping and asthma and found a significantly increased risk
(odds ratio (OR) = 1.2—1.3), which is only slightly lower
than that observed for CC or dual (CC/EC) users
(231, 232). These finding were in accordance with two EC
studies in Table 3 (200, 212) and one HTP study (215) but
opposed to another EC study (216). All asthma studies have
a number of limitations, which are mentioned in Table 3.
Lung function parameters such as FEV1 and FVC were
most frequently determined in the studies listed in Table 3.
Reported results are heterogeneous, comprising impaired,
unchanged and increased values of spirometric variables.
Consistent results in terms of lung function and COPD
(measured as CAT score) were reported by POLOSA and
coworkers (198, 199, 223): in a longitudinal study lasting
for up to 5 years, smokers (CC) who switched to EC
showed no change or slightly improved lung function
values and CAT scores compared to subjects who conti-
nued to use CCs. The evaluation of 3 cross-sectional
studies revealed no increased risk for COPD and other
respiratory diseases such as chronic bronchitis, emphysema
and wheezing in vapers (216), whereas PEREZ et al. 2019
(213) reported an increased risk of COPD in EC users.
POLOSA et al. (233) found that smokers with COPD who
switched to HTPs over a period of 3 years showed consistent
improvements in respiratory symptoms, exercise tolerance,
quality of life, and rate of disease exacerbations compared to
smokers with COPD who continued to use CCs.

FeNO, an acute BOBE of respiratory inflammation as well
as CVD showed heterogeneous changes (unchanged,
decreased and increased levels) upon vaping in several
studies (see Table 3). In a long-term study over one year,
with those subjects who quit smoking and used ECs for
staying abstinent, an increase compared to baseline levels

was reported (196). An increased risk in vapers for chronic
bronchitis was found in a longitudinal study over 1 year (197).

Various BOBEs were measured in either BAL, EBC or
sputum (Table 3). The obtained results do not allow to draw
clear conclusions, whether vaping is associated with
detrimental effects in the respiratory tract.

The presence or absence of nicotine in e-liquids of ECs was
found to have no acute effect on lung functions

(FEV1 etc.), FeNO (208, 209, 222), while acute increase in
airway resistance (208), EMP, changes in the transcriptome
in small airway epithel (SAE) and upregulation of inflam-

masome genes were reported to be nicotine-dependent
(201, 226).

Overall, findings on respiratory effects of ECs described in
Table 3 are partly contradictory and as yet inconclusive.

The same is true for the possible involvement of nicotine on
these effects. More research in this field, particularly on the
effects of long-term NGP use is required in order to draw
solid conclusions.

Other recent monographs and reviews in this area of
research are in accordance with these conclusions:

The EU-based Scientific Committee on Health, Environ-
mental and Emerging Risks (SCHEER) (143) reviewed the

most recent scientific and technical information on ECs and
concluded for respiratory diseases: “The overall weight of
evidence is moderate for risks of local irritative damage to

the respiratory tract of users of electronic cigarette due to

the cumulative exposure to polyols, aldehydes and nicotine.

However, the overall reported incidence is low.”

WILLS et al. (234) conducted an integrative review on EC

use and respiratory disorders covering epidemiological and
animal studies. Meta-analysis of 15 epidemiological studies

revealed significantly increased risks for asthma and COPD

in vapers compared to NU. According to the authors, these

observations were consistent with evidence from animal

and in vitro studies which show an impact of EC aerosol on

cytotoxicity, oxidative stress, inflammation, gene changes

in the immune system of lung cells and tissues. The authors

cite evidence that these effects were both dependent and
independent of nicotine in the aerosol.

Results from the National Health and Nutrition Examina-

tion Survey (NHANES) showed higher prevalence of
asthma and COPD in EC and dual users (EC + CC) than in

smokers (CC only) and NU (235). Vapers with asthma were

significantly younger than any of the other groups with this

disease, suggesting that other factors may play a role as

well. A possible reason for this observation could be that

young subjects with asthma symptoms start with ECs,

assuming that these are less detrimental for them.

In a recent state-of-the-art review on respiratory effects of
vaping (236), it was found that human, animal and in vitro

studies show measurable adverse biologic effects, which
are similar to or different from those of CC. The authors

assume that nicotine exposure will likely have pharmacolo-

gic effects in any organ where nAChR are expressed, thus

having impact on inflammation in the airways, susceptibili-

ty to infection and the risk of developing COPD or lung

cancer. The authors suggest that sufficient information on
chronic effects of EC use will not be available before the

middle of this century.

Based on more or less the same available evidence as the

previously cited reviews, BRAVO-GUTIERREZ et al. (237) in
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their systematic review came to the (strong) conclusion that
“ECs and HTPs use is involved in damage related to the
development of pulmonary diseases. The evidence available
so far is significant enough for physicians, researchers, and
public health policymakers to address these devices as an
emerging public health problem that needs regulation”
(237). The authors cite extended evidence, particularly
from animal and in vitro studies showing that damaging
effects of EC and HTP aerosols were found to be both
dependent and independent on the presence of nicotine.
In a recent state-of-the-art review, JONAS (191) concluded
that relatively little is known about the potential effects of
chronic vaping on the respiratory system, and a growing
body of literature supports the notion that vaping is not
without risk. Furthermore, the author emphasized that in
particular long-term effects on the lungs are unknown. The
same applies for the other inhalable NGP, HTP.

The literature on health impact of using ECs or HTPs in
COPD patients was evaluated in a review (238). The
authors conclude that, while ECs and HTPs may offer some
benefits in reducing harm from CC, their long-term effects
on COPD are still unclear.

5.3 Evidence for nicotine’s role from (in vivo) animal
studies

Chronic exposure of mice to EC aerosol revealed that in the
presence of nicotine, increased airway hyper-reactivity,
distal airspace enlargement, mucin production, cytokine
and protease expression was observed. These changes were
not found when nicotine was absent (239). Experiments
with normal human bronchial epithelial cells showed
impaired ciliary beat frequency, airway surface liquid
volume, as well as increased IL-6 and IL-8 secretion with
nicotine, but not without nicotine (239).

In a study with mice exposed to PG and VG aerosol, with
and without nicotine, detrimental effects in terms of lung
inflammation and function were observed, independent of
the presence of nicotine (240).

In a review on EC use and lung diseases, ROWELL and
TARRAN (241) cite evidence from mostly murine studies that
nicotine might be involved in various lung diseases by
proliferating and inflammatory effects on various lung cells.
Acute exposure (3 d, 2 h/d) of mice to EC aerosol with
nicotine was reported to increase sex-specifically the
inflammatory response in the lungs (242). No effect was
observed with nicotine-free aerosols.

The same working group (243) reported that sub-chronic
EC exposure of mice (2 h/d, 5 d/week, over 30 d) with or
without nicotine affected lung inflammation and repair
responses/extracellular matrix remodeling, which were
mediated by the nicotinic receptor nAChRa7 in a sex-
dependent manner. The authors speculate that, as an
agonist, nicotine might have pro- and anti-inflammatory
roles, which might explain these results (243). In this case,
it has to be assumed that other EC aerosol constituents
(e.g., aldehydes) can have similar detrimental effects in the
lung, however acting via a different mechanism than nico-
tine.

GLYNOS et al. (244) concluded from the results of their
4-week mice inhalation study that all major constituents of
EC aerosol (PG, VG, N and flavors, tested separately or in

combination) can negatively impact lung function and
inflammation. Nicotine was found to exert an exaggerating,
ameliorating or indifferent role in terms of lung damage.
In another study, mice were exposed to EC aerosol (with/
without nicotine; 2 X 30 min/d, 21 d) (245). The exposure
regime induced airway inflammation, impairment of the
lung function and increase in ACE-2 expression, to a
greater degree in males exposed to EC aerosol with nico-
tine. Increase in IL-6 was independent of sex and nicotine.
The authors conclude that vaping may facilitate the infec-
tion with SARS-CoV-2.

In a mice inhalation study with various aerosols, including
ECs with and without different flavor and nicotine
(2 x 30 min/d, 6 d/week, 0-18 d), it was found that ECs
with nicotine suppressed airway inflammation, but did not
alter airway hyper-responsiveness and remodeling (246).
An inhalation study with rats exposed for 28 d to nicotine-
free aerosol generated at 1.5 and 0.25 Q enhanced xanthine
oxidase and P450 enzymes to a higher degree at the low
resistance condition (247). A nicotine-containing EC
aerosol was not tested.

In a mice study, it was also observed that nicotine-free EC
aerosol exposure (2 h/d, 6 d/week, 8 weeks) increased
airway resistance and affected how the lungs react to
tobacco cigarette smoke exposure in dual users (248). A
nicotine-containing EC aerosol was not tested.

Exposure of mice to PG aerosols with and without nicotine
(2 h/d, 3 d) were reported to alter the circadian molecular
clock genes in the lung in only the nicotine-exposed
animals, which, according to the authors, may have conse-
quences for the lung cellular and biological functions (249).
Mice exposed to PG/VG aerosol with and without nicotine
over 4 months did not develop pulmonary inflammation or
emphysema in contrast to smoke- (CC) exposed mice
(250). EC-exposed animals were found to exert disruption
of pulmonary lipid homeostasis and immune impairment
independent of nicotine in the aerosol.

SUN et al. (251) investigated biomarkers of oxidative stress
(8-OHdG), inflammation (CRP) and tissue injury on lungs
of mice exposed (2 h/d, 5 d/week, 8 weeks) to PG/VG
aerosols (0, 12, 24 mg/mL nicotine), smoke (CC, 0.7 mg
nicotine/cig) and air. CC exposure led to the highest
biomarker levels in plasma and lung, except for CRP in
plasma for which EC aerosol without nicotine was highest.
Increasing nicotine levels in EC appear to suppress
8-OHdG in lung and plasma as well as CRP in plasma. The
authors conclude that EC exposure can lead to lung da-
mage.

Female mice were exposed (2 h/d, 6 weeks) to PG/VG
aerosol with and without vanilla flavor (252). EC vehicle
exposure was found to disrupt immune homeostasis,
irrespective of the presence of vanilla flavor. No EC aerosol
with nicotine was tested.

In an inhalation study with ApoE-deficient mice (3 h/d,
5 d/week, 6 months), LAVRYNENKO et al. (253) observed
that HTP and EC aerosols in contrast to smoke (CC) did not
induce significant changes in the ceramide profiles (a lipid
class dysregulated in CVD and respiratory disorders) and
associated enzymes. All aerosols contained nicotine,
therefore, the role of nicotine cannot be deduced from this
study. Exposure to various EC aerosols (PG/VG, PG/VG/N,
PG/VG/N/F (flavor)) showed a slight impact on lung
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inflammation and epithelial irritation compared to sham
exposure (254). However, no differences were observed for
EC acrosols with and without nicotine, suggesting that
nicotine is not responsible for the observed effects.
CHUNG et al. (255) found in in vitro (human lung epithelial
cells) and in vivo (sheep) experiments that EC aerosols with
nicotine (0, 10, 20 mg) impaired dose-dependently the
mucociliary clearance. The main nicotine effect could be
suppressed by a TRPAI1 (transient receptor potential
ankyrin 1) inhibitor. The authors concluded that nicotine
exerted its effect via the TRPA1 and not via nicotinic
acetylcholine receptors.

MaA et al. (256) investigated the cell toxicity of EC aerosols
with and without nicotine as well as the NF-kB-mediated
oxidative stress in a mouse model. It was found that the
cytotoxicity in various cell systems was independent of
nicotine and mostly caused by aldehydes in the aerosol.
In vivo mouse exposure with the EC aerosols showed
elevated expression of NF-kB and heme oxygenase-1,
irrespective of the presence of nicotine. The authors suggest
that oxidative stress, pro-inflammatory, NF-kB pathway
activation, and cell death are involved in EC exposure
induced acute lung inflammation.

Mice were exposed to EC aerosols with nicotine and
various flavors as well as to a PG/VG aerosol (257). Ex-
posure dose-dependent increases in total cells, macrophages
and neutrophils in BAL were observed with all aerosol,
irrespective of the nicotine content. Oxidative stress
markers in blood (8-OHdG, MDA) were also found to be
increased, dose-dependently and independent of nicotine.
This was also true for some inflammatory response on the
mRNA level.

Mice exposed to smoke (CC) or EC aerosol derived from
e-liquid with 6 and 12 mg nicotine over 10 weeks showed
the highest detrimental effects in terms of impaired lung
function, elevated inflammation markers and severe
inflammation proteome network perturbations after CC
exposure (258). Effects (if any) of EC aerosol exposure
were much smaller and independent of the nicotine level.
The authors suggest that in this animal model, EC aerosol
is less harmful to the respiratory system than cigarette
smoke at the same dose of nicotine.

MAISHAN et al. (259) exposed mice to an EC aerosol with
and without nicotine for 1 h/d over 9 d. From the results it
was concluded that acute exposure to aerosolized nicotine
can impair clearance of viral infection and exacerbate lung
injury.

Based on the studies reviewed, the role of nicotine in the
various effects of electronic cigarettes and HTPs on the
lung can be summarized as follows:

© Nicotine appears to be involved in airway hyper-reactivi-
ty, mucin production, cytokine and protease expression,
and impairment of ciliary beat frequency and airway
surface liquid volume;

© Nicotine may be implicated in proliferating and inflam-
matory effects on various lung cells, and can affect lung
inflammation and repair responses;

O Nicotine may exacerbate or ameliorate lung damage, the
evidence is inconclusive as observed in human studies;

O Nicotine-free electronic cigarette aerosols can also
induce airway inflammation and affect lung function,

suggesting that other constituents in the aerosol may also
play a role.

5.4 Evidence for nicotine’s role from in vitro studies

In vitro investigations with aerosols from ECs and HTPs
suggest that nicotine might be at least partly responsible for
the observed cytotoxicity (260-263).

EC aerosols with and without nicotine stimulated the
expression of MUCS5AC in human bronchial and nasal
epithelial cells (205, 264), suggesting that aerosol consti-
tuents other than nicotine are involved in the impairment of
the mucociliary transport system of users, which could lead
to the various respiratory diseases, including COPD.
Studies with human alveolar macrophages revealed that EC
aerosol is cytotoxic, proinflammatory and inhibits phago-
cytosis (265). These effects were found to be partly depen-
dent on nicotine.

A study with EC aerosol derived from VG (no nicotine, no
flavors) including human volunteers, animals (sheep) and
in vitro experiments with primary human bronchial epithe-
lial cells (HBECs) found that VG aerosols can potentially
cause harm in the airway by inducing inflammation and ion
channel dysfunction with consequent mucus hyper-concen-
tration (266). The authors cite evidence from other studies
(mostly mice and in vitro) showing that the EC aerosol in
the absence of nicotine can induce airway inflammation and
high mucus load. In similar experiments with PG aerosols,
it was also found that mucus hyper-concentrations were
induced in sheep (in vivo) and in HBECs (in vitro) (267).
Furthermore, metabolism of PG to methylglyoxal (MGO)
was reported for airway epithelial cells (267).

Nicotine was found to significantly contribute to the
disruption of the lung epithelial barrier function both when
present in condensate of CCs and ECs (268). The authors
suggest that another constituent in EC aerosol causing this
effect was acrolein.

Invitro experiments, PG/VG aerosols (+/- nicotine and +/-
WS-23 (a synthetic menthol-like cooling agent)) and airway
endothelial cells (AECs) revealed suppressing effects on
IL-6 and s-ICAM-1 mRNA as well as enhancing effects on
MUCSAC mRNA of the nicotine- and WS-23-containing
aerosols compared to the sole PG/VG aerosols (269). The
authors conclude that WS-23 and nicotine aerosols modu-
late the AEC responses and induce goblet cell hyperplasia,
which could impact the airway physiology and susceptibili-
ty to respiratory diseases.

MORI et al. (270) compared mitochondrial DNA copy
number (mtCN) in lung biospecimen from smokers (CC),
vapers (EC) and never-smokers (NU) and found significant
ly higher mtCN in CC compared to NU, with EC in be-
tween. Further evaluations comprised associations of mtCN
with immune response markers in BAL and gene methyla-
tions. From their results, the authors conclude that smoking
may elicit a lung toxic effect through mtCN, while the
impact of EC is less clear and the observed associations
suggest exposure may not be harmless.

Adverse pulmonary and systemic effects of a nicotine
aerosol were shown in a rat (in vivo) model and in cell
culture experiments with normal human bronchial epithelial
cells (271). From their results, the authors deduced an
action scheme of inhaled nicotine, according to which the
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alkaloid acts vianAChR to cause release HMGB, caspases,
E-cadherin and many other cellular mediators. As a result,
nicotine stimulates inflammation, cell death and increased
lung epithelial permeability.

Cinnamaldehyde, an EC flavor agent, was found to dose-
dependently decrease the ciliary beat frequency in human
bronchial epithelial cells via inhibition of mitochondrial
energy supply (272). Addition of nicotine had no effect.
The authors conclude that inhalation of cinnamaldehyde
with EC vapor may increase the risk of respiratory infections.
Diacetyl and 2,3-pentanedione, two EC flavor compounds,
were shown by transcriptomic studies with normal human
bronchial epithelial cells (NHBEC) to impair the cilia
function and likely contribute to the adverse effects of ECs
in the lung (273). The role of nicotine in this system was
not investigated.

The EC aerosol matrix compounds PG/VG have been
shown in in vitro experiments with HBEC to decrease the
glucose uptake and metabolism (274). The results suggest
that PG/VG could reduce the cell volume and membrane
fluidity, with further consequences on epithelial barrier
function.

Human nasal epithelial cells derived from smokers and
non-smokers were exposed to PG/VG without and with
nicotine (as salt or free base) (275). Changes in MUC5AC
and pro-inflammatory cytokines were used as biological
endpoints. Observed effects were dependent on the type of
nicotine as well as on the source of the cells (smokers or
non-smokers). The authors conclude that it is important to
understand that the biological effects of ECs use are likely
dependent on prior cigarette smoke exposure.

The in vitro evidence reviewed above can be shortly
summarized as follows:

O In vitro studies suggest that nicotine is at least partly
responsible for the cytotoxicity and pro-inflammatory
effects of electronic cigarette aerosols on lung cells,
including alveolar macrophages and airway endothelial
cells;

O Exposure to electronic cigarette aerosols containing
nicotine can disrupt the lung epithelial barrier function
and induce goblet cell hyperplasia, potentially impacting
airway physiology and susceptibility to respiratory
diseases;

O While aerosol constituents other than nicotine appear to
be involved in the impairment of the mucociliary trans-
port system of users, nicotine is implicated in the stimu-
lation of MUCSAC expression in human bronchial and
nasal epithelial cells, which could contribute to respirato-
ry diseases;

O The impact of electronic cigarettes on mitochondrial
DNA copy number in lung biospecimen is less clear than
the impact of cigarette smoking, but exposure to electro-
nic cigarette aerosols may also lead to significant chan-
ges;

O The adverse effects of certain electronic cigarette flavor
compounds, such as cinnamon aldehyde, diacetyl, and
2,3-pentanedione, on lung cells are likely independent of
nicotine, but the role of nicotine in the impairment of
cilia function by aerosol constituents is not yet clear.

5.5  Chapter summary

Cigarette smoking (CC) is an established risk factor for
non-malignant lung diseases such as chronic bronchitis,
COPD, emphysema and asthma. Impairment of various
lung defense systems including mucociliary clearance and
innate immunity as well as activation of inflammatory
processes are first steps in the smoking-related pathogenes-
is. Smoking is significantly associated with a decline in
spirometrically determined Iung function as well as FeNO.
Numerous studies with vapers (EC) (and to a much lower
extent also with HTP users) have investigated acute effects
of product use on the respiratory system with as yet inclu-
sive results. A limited number of long-term studies (obser-
vation periods of > 1 year) with vapers suggest that detri-
mental effects on the respiratory system, if any, are much
smaller than in smokers (CC). No involvement of nicotine
in the pathogenesis can be deduced from human studies. A
few studies reported a possible role of nicotine in the gene
regulation of lung cells. Consequences of these observa-
tions in terms of risk for lung diseases are as yet unknown.
In vivo animal and in vitro studies found that nicotine may
play a role in some pathways of respiratory tract patho-
genesis, for example mucociliary clearance, cell prolifera-
ting and inflammatory effects. Almost all those effects have
been also observed for the aerosols without nicotine.

In conclusion, presently there is no sufficient evidence that
nicotine in NGPs has any detrimental effects leading to an
increase in non-malignant lung diseases for the users. Well-
designed long-term studies are urgently required to fill this
gap of knowledge.

6. ORAL HEALTH

The oral cavity is the primary target organ for all tobacco
and nicotine product habits, particularly oral products such
as SLTs (snus, oral snuff), nicotine pouches and nicotine
gum, but also inhalable products such as CCs, ECs, HTPs
and nicotine inhalers. This chapter discusses the available
evidence in terms of pathogenesis for various non-malig-
nant oral health issues upon using conventional tobacco
products such as CCs and SLTs as well as human, animal
and in vitro studies with NGPs.

6.1 Patho-mechanisms with special reference to smoking

The US Surgeon General Report on the health consequen-
ces of SLT use concluded that an early effect is leukoplakia
formation with the possibility of transformation to dysplas-
tic lesions and finally (after decades of use) to oral cancer
(276). Suspected, but still not confirmed at that time, were
detrimental effects of SLT use on gingivitis, periodontitis,
damage of the salivary glands and negative effects on teeth.
It should be mentioned, however, that the Surgeon General’s
conclusions are based on findings from various countries
including those where more harmful oral tobacco products
were sold than for example in Scandinavia and the USA.
In general, the lack of dental hygiene is a potential con-
founder in oral health effects (277).
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Delayed healing after oral surgery or tooth extraction is
another negative health effect of tobacco use. Less a health
effect but rather a social problem could be bad breath (278)
and dental staining (279) which is frequently observed in
chronic smokers.

Major oral diseases associated with tobacco use and smo-
king are periodontal diseases and oral cancer (280). Invol-
ved mechanisms for periodontal diseases are the promotion
by the invasion of pathogenic bacteria, inhibiting auto-
immune defense, aggravating the inflammatory reaction, and
aggravating the marginal bone loss (MBL). According to the
authors, the link between periodontal disease and oral cancer
is limited and needs further research. Evidence is provided
that nicotine has a damaging effect on periodontal cells and
alveolar bone (alveolar process).

Indicators of periodontitis risk such as increased plaque
index (PI), probing depth (PD), clinical attachment loss
(CAL) and decreased bleeding on probing (BOP) are more
frequently observed in smokers than NU (281).

The oral microbiome of smokers (CC) is significantly
different from that of non-smokers, creating an “at-risk-for-
harm” oral environment (282, 283). CC use was de-
monstrated to create greater abundance of Parvimonas,
Fusobacterium, Campylobacter, Bacteroides, and Trepone-
ma and lower levels of Veillonella, Neisseria, and Strepto-
coccus (284).

6.2 Human studies

Medical investigations of the oral cavity and gum use a
number of diagnostic measures to evaluate oral health, here
are short definitions of the most important ones:

O PI(plaque index): A measure of the amount of plaque on
teeth and gums;

© PD (probing depth): The depth of the pocket between the
tooth and gum, which can indicate gum disease;

© BOP (bleeding on probing): Bleeding that occurs when
a dental instrument is used to measure PD, also indica-
ting gum disease;

O MBL (marginal bone loss): The amount of bone that has
been lost around a tooth, often due to gum disease.

O CAL (clinical attachment loss): The distance between the
gum line and where the tooth is attached to the bone,
which is another indicator of gum disease;

O Xerostomia: The medical term for dry mouth, which can
be caused by impairment of the salivary glands.

A systematic review on the effects of EC use in the oral
cavity comprising 8 studies was published in 2019 (285).
The major lesions and markers of interest were plaque
index (PI), clinical attachment loss (CAL), probing depth
(PD), marginal bone loss (MBL), bleeding on probing
(BOP) and pro-inflammatory cytokine levels. All para-
meters (except for BOP which decreased with exposure),
were significantly elevated in EC users compared to NU,
but lower than observed in smokers (CC). Additionally, 9
different types of lesions of the oral mucosa were detected,
with nicotinic stomatitis, hairy tongue and angular cheilitis
being more prevalent in vapers. The authors cite evidence that
the decrease in BOP is a nicotine effect (vasoconstriction).

NASEM (6) reviewed 4 human and 5 in vitro studies on

vaping and oral health. The authors found limited evidence
suggesting that switching to ECs would improve periodont-
al disease in smokers and concluded that there was limited
evidence suggesting that nicotine or other constituents of
EC aerosol could adversely affect cell viability and cause
cell damage in oral tissue in NU.

In a recent systematic review by YANG ef al. (286), seven
categories of oral damages were identified to be of interest:
mouth effects, throat effects, periodontal effects, dental
effects, cytotoxic/genotoxic/oncologic effects, oral micro-
biome effects, and traumatic/accidental injury. The evalua-
tion of 99 studies revealed that the symptoms associated
with vaping were minor and temporary. In switchers (CC to
EC), a mitigation of oral symptoms was usually reported.
The authors further conclude that well-designed, long-term
studies on oral health are needed. Very similar conclusions
were also drawn in another review (287).

In a large population-based cross-sectional questionnaire
study in the USA with > 450,000 adults, daily EC use was
associated with poor oral health (adjusted OR (CI) = 1.78
(1.39-2.30), daily EC users versus NU) (288).

From a systematic review of the literature on the impact of
vaping on periodontitis (289), the authors conclude that the
available results point to increased destruction of the perio-
dontium leading to the development of the periodontitis.
The authors cite evidence that nicotine might play a role in
reduction of BOP by vasoconstriction in the gingival tissue.
For a systematic review on vaping and periodontal indices
(290), 5 studies with 512 subjects were identified. Smokers
(CC) had the worst values for PD and PI, non-users (NU)
the best. The BOP parameter was equally reduced in CC
and EC compared to NU. The latter finding is consistent
with a reduced microcirculation in gingival tissues caused
by nicotine.

REEVE et al. (291) investigated mRNA and miRNA in the
buccal mucosa of vapers (EC) and non-users (NU). From
their findings (evaluation of 5 cross-sectional studies, all
conducted in Saudi Arabia), the authors conclude that an
average history of 2 years of EC use results in no detectable
histologic or transcriptome abnormalities in the buccal
mucosa. ROBBINS and ALI (292) commented on this review
by stating that large-scale, multi-centered, randomized
controlled trials would be preferable, however, probably
unethical (because of a CC group). A better control for
confounding factors in cross-sectional studies, according to
the commenters is essential.

A systemic review comprising 14 studies evaluated xero-
stomia in vapers (EC) and smokers (CC) (293). The
prevalence was 33 and 24% in users of ECs and CCs,
respectively. The difference, however, was not significant.
PARK et al. (294) compared several sets of the oral micro-
biome in EC users and NU by analyzing saliva and gingival
fluid samples. A large degree of disparity was observed.
According to the authors, the results suggest that the
observed changes may increase inflammatory processes and
lead to periodontal disease.

In a review of the literature about the effects of vaping on
oral health, it was found the at EC use might be implicated
with less marked detrimental effects on the buccal mucosa
and gingival tissues than smoking (CC) (295). In terms of
nicotine’s role in oral health, the authors conclude that the
alkaloid may be involved in migration inhibition, cyto-
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skeleton alterations, and extracellular matrix remodeling in
human gingival fibroblasts and increase the amount of pro-
inflammatory cytokines secreted in cultured gingival
keratinocytes and fibroblasts. Furthermore, e-liquids, ir-
respective of the presence of nicotine, may induce oxidative
stress buccal mucosa cells.

MIR et al. (53) summarized the EC effects in the oral cavity
as follows: “Increased pro-inflammatory markers in
gingival epithelial cells, increased pro-senescence response
in periodontal cells, heightened capacity for Staphylococ-
cus aureus colonization of oral epithelial cells and biofilm
Sformation, higher carriage of oral Candida albicans.”

In Table 4 (see page 76), 23 studies, 18 of the cross-
sectional and 5 of the longitudinal type are briefly descri-
bed and evaluated (281, 296-317). All longitudinal studies
(281, 301, 305, 314, 315), that investigated the effects of
ECs, comprised observation periods between 6 months and
> 1 year and reported somewhat impaired oral health in
vapers compared to NU. The effects were significantly
lower than those found in smokers (CC). In one longitudi-
nal study (315), acrolein-derived DNA adducts were
reported to be elevated in buccal cells of EC users compa-
red to NU, but lower than in smokers (CC).

Of special interest is also the finding that PCR-determined
DNA Iesions in special genes (e.g., HPRT) in vapers (EC)
were similar to smokers (CC) but significantly elevated
compared to NU (317).

In one study of Table 4, pro-inflammatory cytokines in
saliva of snus (including nicotine pouches) users were
investigated (316). Levels were reported to be higher in
snus and nicotine pouch users than in smokers (CC) and
vapers (EC), which in turn were higher than in NU.
8-OHdG adducts (a marker for oxidative stress) were not
found to be different between buccal cells of NU, EC and
CC users (308). In contrast, myeloperoxidase (MPO),
another oxidative stress biomarker, was reported to be
higher in EC, CC and dual users compared to NU (309).
In almost all studies of Table 4, inflammation markers were
found to be highest in smokers (CC) and lowest in NU,
with EC and snus users in between. The same is true for the
oral/tooth health indicators PI, PD, BOP, MBL and CAL.
BOP was consistently reported to decrease nicotine-depen-
dently in several studies, which is interpreted as a nicotine-
related vasoconstriction in the gingival tissue (281, 296,
299,300, 303-305, 311). For other biological effects listed
in Table 4, either no involvement of nicotine can be stated
(0) or a participation of nicotine is not deducible from the
reported data (?).

The oral microbiome was found to differ significantly
between users of CCs, ECs and NU, with only some
overlap (312, 314). Consequences in terms of oral health
risk can, as yet, not be inferred.

The same might be true for the reported dysregulation of
genes in the oral cavity (306, 317), although the authors
interpret the changes as indication for a higher oral health
risk.

Taken together, there is (although as yet) limited evidence
from human studies showing that use of NGPs can deterio-
rate oral health markers such as PI, PD, BOP, MBL, CAL
and inflammation markers compared to NU. The reported
effects are in general, however, significantly lower than in
smokers (CC). The oral microbiome as well as the gene

regulation in buccal cells was found to be different between
smokers (CC), vapers (EC) and NU. The impact or changes
in the oral microbiome for oral health is as yet unknown. Of
interest is the vaping-dependent increase in acrolein-
derived DNA adducts in buccal cells, which certainly
requires further investigations. For most of the reported
effects there is no, or only questionable evidence, for an
involvement of nicotine. An exception is the oral health
marker BOP, which is consistently found to be decreased
in users of nicotine-containing products, most probably due
to the vasoconstriction effect of nicotine in gingival tissue.

6.3 Animal studies and in vitro studies providing evidence
for an involvement of nicotine

No in vivo animal studies for the purpose of interest could
be identified.

An in vitro model for oral mucosa tissue found that pro-
inflammatory responses (release of MMPs and LDH) was
higher for nicotine-rich compared to nicotine-free EC
aerosols, both, however were lower than for CC smoke
(318).

6.4 Chapter summary

The oral cavity is the primary target for all tobacco and
nicotine product habits. The use of conventional tobacco
products can lead to non-malignant disorders such as
leukoplakia, gingivitis, periodontitis, salivary gland and
teeth damage, delayed healing, bad breath, and dental
staining.

Most human studies in this field investigated EC use and
reported impairments in the clinical oral health indicators
PI, BOP, CAL, PD, MBL, as well as in pro-inflammatory
cytokine levels. Effects are usually slightly higher than in
NU, but significantly lower than in smokers (CC). The oral
microbiome and gene regulation in buccal cells is found to
significantly differ between EC and CC users and NU.
Whether this has implications for oral health risk is not yet
known. DNA lesions in buccal mucosa cells, as found to be
elevated in smokers (CC), were not increased in vapers
(EC). In a very recent study, EC use was reported to
increase acrolein-derived DNA adducts in buccal cells.

A participation of nicotine in the development of the
reported oral health disorders was not unequivocally
observed with the exception of BOP. The decrease in BOP
was found to be dependent on the presence of nicotine,
most probably through its vasoconstriction effect in the
gum. Whether this has detrimental effects upon chronic use
of NGP is not known.

7. OXIDATIVE STRESS AND INFLAMMATION
(various cells and organs)

Oxidative stress and inflammation are crucial processes in
the pathogenesis for many diseases. Smoking is causally
related to both processes. There are a series of BOBEs for
oxidative stress and inflammation which are applied in
many human studies as early indicator for detrimental
effects of smoking in various organs, tissues and cell
systems (1, 22, 25).
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Therefore, results for these biomarkers in users of NGPs are
presented in the context of almost all diseases and disor-
ders. In this chapter, oxidative stress and inflammatory
processes are described in a more general context.

7.1 Patho-mechanisms with special reference to smoking

Smoking is associated with an increase in oxidative stress,
which is thought to be a major mechanism underlying the
pathogenesis of smoking-related diseases (25, 319).

Oxidative stress occurs when there is an imbalance between
the production of reactive oxygen species (ROS), which are
formed by subsequent addition of electrons to molecular
oxygen (0,), yielding: superoxide radical anions (O,"),
hydrogen peroxide (H,0,), hydroxyl radicals (OH’) and
water (H,O). The highly reactive superoxide radical anion
and the hydroxyl radical can initiate lipid peroxidation to
form lipid peroxides (ROO). The body has the ability to
detoxify these molecules by various processes, including:

O Antioxidant enzymes (superoxide dismutase (SOD),
catalase, glutathione peroxidase)

0 Endogenous antioxidants (glutathione, thiols, urcate)

© Exogenous antioxidants (ascorbate, tocopherols, ubi-
quinol, flavonoids, carotinoids)

Smoking disturbs the oxidant/antioxidant balance so that
ROS can cause damage to cellular components, including
DNA, proteins, and lipids.

Cigarette smoke contains a complex mixture of more than
7,000 chemicals, including free radicals and other ROS.
These ROS can directly damage cellular components,
including DNA, proteins, and lipids, leading to oxidative
stress. In addition, cigarette smoke can also activate im-
mune cells, such as neutrophils and macrophages, which
produce additional ROS and other inflammatory molecules.
This creates a cycle of oxidative stress and inflammation
that can contribute to the pathogenesis of smoking-related
diseases.

One of the key mechanisms by which smoking causes
oxidative stress is through the activation of the nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase
system. NADPH oxidase is an enzyme complex that
produces ROS as part of the normal immune response.
However, cigarette smoke can activate this system in a way
that leads to excessive production of ROS, contributing to
oxidative stress. In addition, cigarette smoke can also
impair the function of SOD and other antioxidant enzymes,
further exacerbating oxidative stress.

Finally, smoking can also lead to oxidative stress through
the depletion of antioxidants. Cigarette smoke contains a
number of chemicals that can deplete antioxidants, inclu-
ding ascorbate and glutathione (GSH). As a physiological
response (compensation), GSH in various cells and tissues
of smokers is elevated compared to that of non-smokers.
In summary, smoking is associated with an increase in
oxidative stress, which is thought to be a major mechanism
underlying the pathogenesis of smoking-related diseases.
Smoking can cause oxidative stress through a number of
mechanisms, including the activation of the NADPH
oxidase system.

Nicotine has not been reported to be a cause or otherwise

involved in the smoking-related oxidative stress, for which
a number of chemicals in tobacco including aldehydes,
radicals, quinones and many others were found to be
responsible (320). It is also probable that nicotine is not
causally involved in inflammatory processes (321).
Another important process how smoking is causally
involved in the development of various diseases is the
stimulation of inflammatory processes (25, 193). Inflamma-
tion is a complex process involving the immune system,
which aims to protect the body from harmful stimuli,
including pathogens, damaged cells, and irritants. When the
immune system detects such stimuli, it triggers a cascade of
molecular and cellular events, including the release of
cytokines, chemokines, and reactive oxygen species (ROS),
the recruitment of immune cells such as neutrophils and
macrophages, as well as the activation of inflammatory
signaling pathways. Smoking can trigger inflammation
through several mechanisms.

Firstly, cigarette smoke contains numerous harmful chemi-
cals, including “tar”, carbon monoxide, and nicotine, which
can directly damage cells and tissues and trigger an im-
mune response. For example, “tar” can induce DNA
damage and oxidative stress, which can activate the nuclear
factor kappa B (NF-«kB) pathway, a key regulator of in-
flammation. Additionally, cigarette smoke can increase the
production of ROS, which can cause oxidative damage and
trigger inflammation by activating redox-sensitive signaling
pathways.

Secondly, smoking can alter the composition of the micro-
biome in the respiratory tract or oral cavity, leading to
dysbiosis and inflammation. The respiratory tract is normal-
ly colonized by a diverse community of microbes, which
can play a role in immune regulation and protection against
pathogens. However, smoking can disrupt this balance by
reducing the diversity of the microbiome and promoting the
growth of pathogenic bacteria, thus initiating inflammatory
processes.

Thirdly, smoking can activate immune cells and promote
the release of pro-inflammatory mediators. For example,
smoking can stimulate neutrophil activation and recruit-
ment, leading to the release of cytokines such as inter-
leukin-8 (IL-8) and tumor necrosis factor alpha (TNF-a).
Additionally, smoking can activate macrophages and
dendritic cells, which can present antigens to T cells and
trigger an adaptive immune response.

Fourthly, smoking can alter epigenetic modifications,
which can lead to persistent changes in gene expression and
inflammation. Epigenetic modifications, such as DNA
methylation and histone acetylation, can regulate gene
expression by altering the accessibility of chromatin to
transcription factors. Smoking has been shown to alter
DNA methylation patterns in immune cells, leading to
changes in the expression of genes involved in inflamma-
tion and immunity.

Overall, smoking can trigger inflammation through multiple
mechanisms, including direct damage to cells and tissues,
dysbiosis of the microbiome, activation of immune cells,
and alterations in epigenetic modifications. These inflam-
matory processes can contribute to the development and
progression of smoking-related diseases, such as cardiovas-
cular disease, chronic obstructive pulmonary disease, and
cancer.
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7.2 Human studies

EMMA et al. (319) summarized the knowledge derived from
human, animal and in vitro studies on the impact of CC, EC
and HTP use on oxidative stress. The overall conclusion of
the authors is that, although NGPs release significantly
lower amounts of toxicants compared to CCs, the new
products can also induce oxidative stress in various organ
systems, consequently, harm is reduced but not eliminated.
With respect to the dependence of oxidative stress on the
presence of nicotine, the authors presented evidence for
both, dependence and independence of nicotine. Not
unexpectedly, nicotine-dependence of effects was observed
more frequently in cardiovascular system.

A cross-sectional study by CARNEVALE and others (322)
compared changes in oxidative stress markers after ad
libitum vaping or smoking for a week. The study found
increased levels of soluble NOX-2-derived peptide and
8-iso-prostaglandin F2a and significantly decreased nitric
oxide and vitamin E levels. Furthermore, there was a
statistically significant reduction in flow-mediated dilation
function after participants vaped or smoked for a week. The
authors concluded that both smoking and vaping induced
the oxidative stress, but the use of vaping products appea-
red to produce a less pronounced effect on levels of soluble
NOX-2-derived peptide, 8-iso-prostaglandin F2a and nitric
oxide than cigarette smoking. Both human studies explored
a relatively short exposure to vaping effects, and CARNE-
VALE and others (322) noted that future research should
clarify the chronic vascular effects of vaping product use.
In Table 5 (see page 82), 11 studies investigating the effect
of NGP use (9 with EC, 1 with NRT product and 1 with
nicotine pouch users) on oxidative stress and inflammation
biomarkers are briefly described (323-333). Study types
were cross-sectional (9 x) and cross-over (2 x). The most
frequently applied oxidative stress marker was 8-epi-PGF,,,
whereas CRP and s-ICAM were most often used as inflam-
mation marker.

Overall, the studies listed in Table 5 suggest that use of
NGPs (mostly EC use was investigated) leads to no change
or to an increase in the markers for oxidative stress or in-
flammation compared to NU. Increases, however, were
mostly found to be significantly lower than in smokers.
Principal weaknesses in terms of current and former use of
CCs in cross-sectional studies have to be considered (see
comments in Table 5). Another general issue is that the
duration of use of NGPs is too short for evaluating the
long-term effects of NGP use.

The role of nicotine in oxidative stress or inflammation in
general was not deducible from the study data. A study
with long-term nicotine pouch or snus users showed no
significant increase in oxidative stress or inflammation
markers, suggesting that nicotine might play no role (0) in
these processes (333).

7.3 Animal studies providing evidence for the involvement
of nicotine

NASEM stated that comparisons between cell studies were
difficult due to different cell cultures used, varying expo-
sure methods (for example, cells were exposed to vaping
e-liquids, aerosol extract or aerosol generated directly by

vaping products), and different lengths of exposure (6).
Based mainly on findings from cell and animal studies,
NASEM concluded that “there is substantial evidence that
components of e-cigarette aerosols can promote formation
of reactive oxygen species/oxidative stress. Although this
supports the biological plausibility of tissue injury and
disease from long-term exposure to e-cigarette aerosols,
generation of reactive oxygen species and oxidative stress
induction are generally lower from e-cigarettes than from
combustible tobacco cigarette smoke”.

Rats exposed to nicotine-free EC aerosols showed increa-
sed oxidative stress (ROS, lipid peroxidation, protein
carbonylation) in the testis (334). The authors suggested
that human vapers may also develop gonads dysfunction.
KUNTIC et al. (75) reported that in mice, EC vapor without
nicotine had more detrimental effects on endothelial
function, markers of oxidative stress, inflammation, and
lipid peroxidation than vapor containing nicotine. The
authors conclude that EC aerosol exposure increases
vascular, cerebral, and pulmonary oxidative stress via a
NOX-2-dependent mechanism and that the EC vapor con-
stituent acrolein might act as a key mediator of the obser-
ved adverse vascular consequences.

7.4 Invitro studies providing evidence for the involvement
of nicotine

In vitro experiments with mouse epithelial lung cells
showed that the presence of nicotine in the EC aerosol had
no influence or even reduced the extent of oxidative stress
implicated with the exposure (335).

In vitro stem cell studies with EC aerosol revealed that
mitochondria were nicotine-dependently stressed (including
oxidative stress) combined with autophagy dysfunction to
clear damaged mitochondria leading to faulty stem cell
populations, resulting in cellular aging (336).

The cytotoxic, oxidative stress and inflammatory effects
(release of IL-8) of the e-liquid flavors diacetyl, cinnamon
aldehyde, acetoin, pentanedione, o-vanillin, maltol and
coumarin were tested in the absence of nicotine in vitro in
two human monocyte cell types (337). Dose-dependent
increases were found for some of the chemicals. Mixture of
the flavors showed larger effects. The authors conclude that
flavorings used in e-liquids can trigger an inflammatory
response mediated by ROS production leading to potential
pulmonary toxicity and tissue damage in vapers.

In an ex vivo (healthy human NU)/in vitro study, it was
shown that EC aerosols cause pro-inflammatory responses
in neutrophils, which are independent of the nicotine
content (0, 16, 24 mg/mL) (338).

Su et al. (339) investigated the impact of smoke (CC) and
EC aerosols with increasing nicotine content (0.0313,
0.125, 0.5, 2, 8, or 32 pg/mL in e-liquid) on HUVEC.
Smoke (CC) was found to have the highest impact on cell
viability, apoptosis, adhesion molecules (ICAM, VCAM),
inflammation cytokines (IL-6, IL-8, IL-18, TNF-a) and
ROS. Effects of EC aerosols were much smaller (or absent)
and showed no dependence on the nicotine dose. The
authors concluded that ECs are not harmless at all, but
could represent a good alternative to CCs.

GIEBE et al. (340) exposed human monocytes with aqueous
extracts of CC, EC, HTP and pure nicotine (as a control).
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As a general conclusion the authors stated that anti-oxida-
tive and pro-inflammatory processes were activated by all
products. NGPs (EC, HTP) overall showed lower responses
relative to controls (nicotine) than CC extracts.

7.5 Chapter summary

Smoking cigarettes is causally associated with oxidative
stress and inflammation. Both processes are first steps in
the pathogenesis of many smoking-related diseases.
Human studies on users of electronic cigarettes (ECs, other
NGPs have been investigated distinctly less frequently)
showed mixed results. Some studies suggest that ECs and
other new nicotine products may also contribute to oxida-
tive stress and inflammation. The extent of both effects, if
any, was found to be significantly smaller than in smokers
(CC). The role of nicotine in these processes is unclear. In
general, cross-sectional studies may suffer from bias and
confounding factors, which have to be considered when the
results are interpreted.

Animal studies showed that exposure to releases of ECs
and other new nicotine products can lead to oxidative stress
and inflammation. Nicotine seems to play a role in this
process, as animal studies have shown that nicotine alone
or EC aerosols with nicotine compared to those without can
cause oxidative stress and inflammation.

In vitro (cell) studies have also shown that exposure to ECs
and other new nicotine products can cause oxidative stress
and inflammation in various cell types. Nicotine has been
shown to play a role in this process, but the exact mecha-
nisms are still not fully understood. Extrapolation of the
results of in vitro and animal studies to human users is
limited due to distinct differences in applied models and
exposure conditions (dose, time).

Overall, there is evidence to suggest that using ECs and
other NGPs can contribute to oxidative stress and inflam-
mation but to a much smaller extent than smoking (CC).
There is insufficient evidence that nicotine may play a role
in this process, but further research is needed to fully
understand the mechanisms involved. In particular, long-
term human studies are required to find out whether NGP
use is associated with oxidative stress and inflammation in
various organ systems.

8. METABOLIC SYNDROME

Metabolic syndrome is a cluster of conditions that occur
together, increasing the risk of developing heart disease,
stroke, and diabetes. The syndrome is characterized by a
combination of high blood pressure, high blood sugar,
excess body fat, and abnormal cholesterol or triglyceride
levels.

8.1 Patho-mechanisms with special reference to smoking

Cigarette smoking is a known risk factor for metabolic
syndrome. Smoking increases insulin resistance, a condi-
tion in which the body becomes less responsive to the
hormone insulin, which regulates blood sugar levels.
Insulin resistance can lead to high blood sugar levels and
eventually to type 2 diabetes (25).

Smoking also increases the risk of developing abdominal
obesity, one of the key components of metabolic syndrome.
The toxins in cigarette smoke promote the accumulation of
fat in the abdomen, which increases the risk of developing
insulin resistance, high blood pressure, and abnormal
cholesterol or triglyceride levels.

There are several biomarkers that can be used to early
detect metabolic syndrome, including:

O Fasting glucose: A blood test that measures the amount
of glucose in blood after an overnight fast. Elevated
levels of fasting glucose can indicate insulin resistance
and prediabetes, both of which are risk factors for
metabolic syndrome;

© Hemoglobin AC1 (HbAlc): HbAlc is a long-term bio-
marker for elevated glucose levels in blood;

O Triglycerides (TG): High levels of TG are often seen in
people with metabolic syndrome;

© HDL cholesterol: A blood test that measures the amount
of high-density lipoprotein (HDL) cholesterol, often
referred to as “good” cholesterol. Low levels of HDL
cholesterol are also a risk factor for metabolic syndrome;

O Waist circumference: Abdominal obesity, or excess body
fat around the waist, is a key component of metabolic
syndrome;

© Insulin resistance: A blood test that measures the amount
of insulin in blood. Elevated insulin in blood is a risk
factor for metabolic syndrome and indicates lower in-
sulin sensitivity;

O C-Peptide in blood: C-peptide is released from pro-
insulin upon formation of insulin the pancreas. It is used
as marker for physiological insulin generation.

Overall, a combination of these biomarkers can be used to
early detect metabolic syndrome.

TWEED et al. (341) reviewed the effects of smoking (CC)
and the involvement of nicotine on the endocrine system.
The authors provide suggestions for mechanisms how acute
and chronic nicotine exposure might be involved in insulin
resistance, weight gain and other hormone-controlled pro-
cesses.

8.2 Human studies

In an acute intravenous nicotine infusion study, AXELS-
SON et al. (342) found that in patients with type 2 diabetes,
but not in healthy subjects, the treatment induced a reduc-
tion in insulin sensitivity. The authors conclude that
diabetic subjects are particularly susceptible to the detri-
mental effects of nicotine.

HoD et al. (343) reviewed the literature on EC use and
weight gain in human, animal and in vitro studies. Accor-
ding to the authors, results from human studies (most of
them were cross-sectional) were inconclusive, partly due to
severe limitations in the study design. A high prevalence of
EC use in overweight and obese subjects was noted. The
role of nicotine was not clear. In contrast, most animal
studies found reduced weight gain upon EC exposure with
nicotine partly found to play a significant role. Results of
in vitro studies with adipocytes were inconclusive in terms
of explaining the influence of EC aerosol or nicotine on
weight gain. The authors emphasize the need for further
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research including human studies with nicotine-free ECs.

Evaluation of data from 5121 adults from the NHANES
study, including TGs, HDL, fasting blood glucose and
elevated blood pressure led the authors conclude that EC
use or dual use is associated with MetS.

Table 6 (see page 85) summarizes 7 studies on the associa-
tion between nicotine product use and the risk for metabolic
syndrome (determined by various biomarkers or self-
reported pre-diabetes), including 5 cross-sectional
(113, 121, 344-346), one cross-over (347) and one pooled
study consisting of 5 cohort studies (348). The nicotine
products investigated included NRTs (gum (345), patch
(347)), SLT products (113, 348), ECs (344, 346) and dual
use of EC + CC (121).

All but one study (346) showed at least some evidence that
product use might be associated with insulin resistance
(Table 6). The risk for metabolic syndrome, however, was
lower than observed for smokers (CC).

Three studies (345, 347, 348) provide evidence that nico-
tine might be involved in the development of metabolic
syndrome, while one study (346) suggests that an involve-
ment of nicotine is unlikely.

8.3 Animal studies providing evidence for the involvement
of nicotine

There have been animal studies that suggest nicotine may
have an impact on metabolic syndrome, although the exact
mechanisms are not yet fully understood.

In a recent study, DUNCAN et al. (349) reported that
nicotine elevates blood glucose levels through a Tcf712-
dependent stimulatory action on the medial habenula in rats
and mice. The authors suggest that Tcf712 regulates the
stimulatory actions of nicotine on a habenula-pancreas axis
that links the addictive properties of nicotine to its diabetes-
promoting actions.

Long-term oral nicotine exposure of obese rats was found
to reduce insulin resistance through reduced hepatic
glucose release and thus contributes to lowering the blood
glucose level (350).

In another rat study, 6 weeks of nicotine exposure resulted
in reduced weight gain, blood insulin and TG (351). No
effect was observed on blood glucose. Further experiments
with antagonists suggest that the nicotine-related enhanced
insulin sensitivity is mediated via the a-nAChR.

Mice exposed for 12 weeks to EC aerosol, smoke from CCs
or fresh air were not reported to differ in terms of insulin
resistance and glucose tolerance (346).

8.4 Invitro studies providing evidence for the involvement
of nicotine

Experiments with white adipose tissues of smokers and
non-smokers showed that nicotine increases lipolysis,
which results in body weight reduction (a typical effect of
CC use), but this increase also elevates the levels of
circulating FFA and thus causes insulin resistance in
insulin-sensitive tissues (352). These mechanisms would
explain the controversial effects of nicotine in smokers:
reduction in weight gain and increase in insulin resistance.
Nicotine was shown to induce insulin resistance in
cardiomyocytes of mice via downregulation of Nrf2 (353).

8.5 Chapter summary

Smoking cigarettes is a well-established risk factor for
metabolic syndrome, which is a cluster of conditions in-
cluding high blood pressure, high blood sugar, excess body
fat, and abnormal cholesterol and/or triglyceride levels.
Studies have shown that smoking cigarettes is associated
with an increased risk of metabolic syndrome and its
individual components, even after accounting for other risk
factors such as age, sex, and body mass index (BMI). The
mechanisms underlying this association are not fully
understood, but it is thought that smoking may contribute
to metabolic dysfunction through inflammation, oxidative
stress, and impaired insulin sensitivity.

There is limited research on the association between NGP
use and metabolic syndrome, and the available studies have
produced mixed results. Some studies have suggested that
NGP use may be associated with metabolic dysfunction,
such as increased insulin resistance and impaired glucose
tolerance, while others have found no significant associa-
tion. The role of nicotine in these effects is unclear, as some
studies have suggested that nicotine alone may have
metabolic effects similar to those of smoking, while others
suggested that the effects of ECs on metabolism may be
due to other factors such as flavorings or other additives.
Animal studies have provided evidence that chronic
exposure to nicotine has no or even beneficial effects in
terms of insulin resistance and glucose tolerance. These
observations would be in disagreement with most of the
human studies.

On the other hand, evidence from in vitro studies suggest
that nicotine is involved in the development of metabolic
syndrome and provide some plausible mechanisms.
Overall, the available evidence suggests that smoking
cigarettes and using NGPs can contribute to the develop-
ment of metabolic syndrome. While there is still limited
research on the specific effects of ECs and other NGPs on
metabolism, some studies suggested that these products
may have similar effects to smoking, although to a signifi-
cantly lower extent. The effects may be due, in part, to
nicotine. Further research, in particular long-term studies
with human NGP users is needed to prove or disprove an
association between NGP use and metabolic syndrome.

9. REPRODUCTION

Smoking cigarettes can negatively affect both male and
female fertility. Also the offspring of smoking parents have
been found to suffer from deficits as neonates but also later
in their life (24)

9.1 Patho-mechanisms with special reference to smoking

The US Surgeon General Reports of 2010 (25) and of 2014
(24) gave overviews of the detrimental effects of smoking
during pregnancy and the possible effects on the offspring.
Accordingly, in males, smoking can lead to a decrease in
sperm count, motility, and morphology. In females, it can
affect ovulation and reduce the chances of conception.
Smoking during pregnancy can increase the risk of miscar-
riage, premature birth, and low birthweight. It can also in-
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crease the risk of stillbirth and sudden infant death syn-
drome (SIDS). Smoking can accelerate the loss of fertility
in women, leading to earlier menopause. It can also de-
crease the effectiveness of assisted reproductive technolo-
gies, such as in vitro fertilization (IVF). Quitting smoking
can improve fertility and reproductive outcomes.

9.2 Human studies with NGPs

The Report of the US Surgeon General of 2016 on EC use
among youth and young adults (354) concludes that nico-
tine can cross the placenta and has known effects on fetal and
postnatal development. Nicotine exposure during pregnancy
canresult in multiple adverse consequences, including SIDS,
altered corpus callosum, deficits in auditory processing, and
obesity.

The EU-based SCIENTIFIC COMMITTEE ON HEALTH, ENVI-
RONMENTAL AND EMERGING RIsks (SCHEER) (143)
reviewed the most recent scientific and technical informa-
tion on ECs and concluded for CNS and reproductive
disorders: “The overall weight of evidence for risks of other
long-term adverse health effects, such as pulmonary
disease, CNS and reprotoxic effects based on the hazard
identification and human evidence, is weak, and further
consistent data are needed”.

There were only few human studies on the use of NGPs
during pregnancy and its impact on mother and baby.
Previous reviews came to the conclusion that, in particular,
vaping during pregnancy does not reduce the birthweight
and that there is insufficient evidence for detrimental
effects on fetal development (6, 7, 355). Also, no particular
involvement of nicotine was identified. Based on animal
studies, the COT (7) concluded with respect to effects on
the developing lungs, there “is good biological plausibility
for an effect of nicotine on development”. However, COT
cautioned to simply transfer the effects of nicotine in
animal studies to humans, given the unclear relationship of
dosing to human exposures (7).

In a review on vaping during pregnancy, CALDER et al.
(356) found that prevalence was about 1-7%. Most of the
women used ECs in order to reduce or quit CC smoking.
Another review on possible detrimental effects of vaping on
reproduction came to the conclusion that human studies are
scarce and that the effects observed in animal models
suggest that caution should be taken when vaping and that
more research is required to identify its potential adverse
effects on fertility (357).

MCNEILL et al. expressed concern about nicotine use and
fetal development and cognitive deficits in adolescents
(358). The authors concluded that the limited literature
suggests that vaping in pregnancy has little or no effect on
birthweight.

In Table 7 (see page 87), five studies with users of NGPs
are summarized (359-363). All studies were of the cross-
sectional type and included ECs as NGP, in one study snuff
use was investigated (360), in two studies (359, 361) also
dual users (CC + EC) were evaluated.

Results for EC users were inconsistent: No impact of
vaping during pregnancy on birthweight was found in one
study (361), whereas decreased birthweight was reported in
daily EC users in another (363). Reduced birthweights in
offspring were, however, observed for women who were

dual or CC users during pregnancy (361). Surprisingly,
smallness for gestational age (SGA) in offspring was
observed when mothers vaped during pregnancy, but not
for CC and dual users (359). Fertility was not found to be
diminished by either vaping (EC) or smoking (CC) (362).
Total sperm count was found to be significantly decreased
in daily users of CC or EC, not so in snuff users (360). The
authors concede that dual use (CC + EC) could not be
excluded in their study population.

In a large study with 24,904 reproductive-aged women, a
significantly elevated risk for disability in reproduction was
reported for vapers (similar to smokers and dual users)
compared to NU (364).

None of the study results in Table 7 shows evidence for a
contribution of nicotine on detrimental effects of human
reproduction.

Taken together, inconsistent results were found for electro-
nic cigarette (EC) users during pregnancy, with some
studies reporting no impact on birthweight and others
reporting decreased birthweight or smallness for gestational
age in offspring. None of the study results show evidence
for a contribution of nicotine on detrimental effects of
human reproduction.

9.3 Animal studies providing evidence for the role of
nicotine in reproduction

Gravid rats were exposed to an aerosol derived from ECs
with 0 and 18 mg/mL nicotine in the liquid as well as to
fresh air (365). Weight at birth was not different between
the groups. However, cerebrovascular dysfunction was
observed in the offspring of EC-exposed rats, which was
independent of nicotine content. The authors state that their
data show some evidence for an effect of nicotine in the
very early phase of life (1 month old offspring).

Gravid mice were exposed to EC aerosol with and without
nicotine (366). Since the exposure was detrimental to
maternal and offspring lung health, irrespective of the
presence of nicotine, the authors concluded that the effects
are likely due to by-products of vaporization rather than
nicotine.

WANG et al. (367) reported that adult mice exposed
prenatally to EC aerosols +/- nicotine could be predisposed
to developing pulmonary disease later in life. Some
changes in the lungs of the offspring, such as MMP-9
downregulation, were primarily found after exposure with
nicotine-containing aerosol. The authors conclude that
vaping during pregnancy is unsafe and increases the
propensity for later-life interstitial lung diseases.
Offspring of mice exposed to EC aerosol with and without
nicotine during gravity showed, regardless of nicotine
presence, lung dysfunction and structural impairments that
persists to adulthood (368).

REHAN et al. (369) reported asthma phenotype in terms of
lung function impairments in the 1. (F1) and 2. generation
(F2) of offspring from rats exposed to nicotine (1 mg/kg,
s.c.) during gravity. The authors conclude that germline
epigenetic marks imposed by exposure to nicotine during
pregnancy can become permanently programmed and
transferred through the germline to subsequent generations.
Taken together, animal studies have shown that exposure to
e-cigarette aerosol during gravity can lead to detrimental
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effects on offspring's health, including cerebrovascular
dysfunction and lung structural impairments. The detrimen-
tal effects observed in offspring were not solely due to the
presence of nicotine, as exposure to e-cigarette aerosol
without nicotine also led to adverse health effects. The
studies further suggest that exposure to nicotine during
gravity can lead to permanent germline epigenetic marks,
which can be transferred through generations and increase
the propensity for later-life interstitial lung diseases in
offspring.

9.4 Chapter summary

Smoking cigarettes (CC) is an established risk factor for
impairing female and male fertility. Smoking during
pregnancy also increases the risk for low birthweight and
has detrimental effects on the offspring.

Studies on new NGPs, particularly ECs, are limited, but
previous reviews suggest that vaping during pregnancy
does not reduce birthweight, nor is there sufficient evidence
for detrimental effects on fetal development. Animal
studies suggest that nicotine can have an effect on lung
development, but it is unclear if this can be translated to
humans. Gravid rats exposed to an aerosol derived from
electronic cigarettes with nicotine showed a decreased
number of offspring and a delay in fetal development.
Overall, inconsistent results were found for electronic
cigarette (EC) users during pregnancy, with some studies
reporting no impact on birthweight and others reporting
decreased birthweight or smallness for gestational age
(SGA) in offspring. None of the study results show convin-
cing evidence for a contribution of nicotine on detrimental
effects of human reproduction. Some animal studies
suggest that nicotine exposure can affect reproduction.
Further research is certainly needed, in particular human
long-term studies, to clarify the somewhat controversial
results between human and animal studies with respect to
the role of nicotine.

10. OTHER DISORDERS AND DISEASES

In the following subchapters some other roles of cigarette
smoking, NGP use and the potential participation of
nicotine are briefly discussed. The disorders comprise
(Table 8, see page 88):

O Qcular disorders

O Bone disorders

O Impaired physical performance
O Mental disorders

10.1 Ocular disorders

Cigarette smoking can have several detrimental effects on
the eyes (370), including:

O Increased risk of age-related macular degeneration
(AMD). Smoking was found to increase the risk of de-
veloping AMD by up to four times;

O Increased risk of cataracts: Cataracts are a clouding of
the eye’s lens that can cause vision loss. Smoking in-

creases the risk of cataracts and can also cause them to
develop at an earlier age;

O Increased risk of dry eye syndrome, which can lead to
eye irritation, redness, and blurred vision;

O Increased risk of diabetic retinopathy: Smoking can
worsen diabetic retinopathy, a condition that affects
people with diabetes and can lead to vision loss.

The exact mechanisms by which smoking causes these
detrimental effects are not fully understood. However, it is
thought that smoking may cause oxidative stress and
inflammation in the eyes, leading to damage to the ocular
cells and tissues.

Nicotine is known to constrict blood vessels, which can
decrease blood flow to the eyes and other parts of the body.
This can contribute to the development of AMD and other
eye diseases. Additionally, nicotine has been shown to have
a detrimental effect on the tear film, which can contribute
to the development of dry eye syndrome.

In Table 8, four studies on EC use and detrimental ocular
effects are briefly described (371-374). The rather small
studies investigated both acute (371, 374) and chronic
effects (1 to > 3 years of EC use) (372, 373). No acute
effects on tear film quality (371) or on choroid thickness
(CT) and centralfoveal thickness (CFT) (374) were repor-
ted. Long-term use (a few years) was found to be associated
with detrimental effects on tear film quality (372) and
foveal vision (373). In the latter study, nicotine-related
vasoconstriction in the retina was suggested. From all other
studies no involvement of nicotine can be deduced. The
chronic studies were cross-sectional studies and may suffer
from misclassification of product use.

10.2 Bone disorders

Cigarette smoking can have several detrimental effects on
the bones (375), including:

O Increased risk of osteoporosis, which causes bones to
become weak and brittle, making them more susceptible
to fractures. Smoking can contribute to osteoporosis by
reducing bone density and interfering with the body’s
ability to absorb calcium.

© Smoking can slow down the process of bone healing,
e.g., after a fracture or surgery. This is because smoking
can reduce blood flow to the bones, which is necessary
for proper healing.

© Smoking can increase the risk of bone infections, such as
osteomyelitis, which can lead to bone loss and other
complications.

The exact mechanisms by which smoking causes these
detrimental effects are not fully understood. However, it is
thought that smoking may cause oxidative stress and in-
flammation in the bones, leading to damage to the cells and
tissues that make up the bones.

Nicotine may have detrimental effects on bone health, for
example by interfering with the body's ability to absorb
calcium, which is essential for healthy bones. Additionally,
nicotine has been shown to reduce bone density and bone
mineral content, which can contribute to the development
of osteoporosis (376).
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NICHOLSON and coworkers (377, 378) evaluated the
literature for possible detrimental effects of vaping on bone
health. The authors stated that long-term studies in humans
are lacking. However, the fact that nicotine receptors are
expressed in human osteoblasts and osteoclasts suggests,
according to the authors, that use of nicotine products could
have an impact on bone health, particular on bone healing
following orthopedic surgery and injury. Evidence is
discussed showing that nicotine and other constituents of
EC aerosols, such as carbonyl compounds and metal can
significantly impair osteoblast function, suggesting the EC
use may be detrimental to bone health. /n vitro experiments
of the NICHOLSON group (379) with EC condensate de-
monstrated nicotine-dependent reduction of viability and
impaired function of human osteoblasts.

KALLALA et al. (376) reviewed the nicotine-related effects
of smoking in humans, animals and in vitro systems.
Nicotine is found to have effects on osteoneogenesis,
osseointegration and steady-state skeletal bone. High
nicotine doses mostly exhibit negative effects, whereas low
doses have stimulating effects. The authors also mention
emerging evidence of nicotine’s potential future therapeutic
role in bone augmentation and reconstructive surgeries.
REUMANN et al. (380) exposed Apo-E '~ mice to EC aerosol
with and without nicotine. In contrast to CC smoke and
similar to sham exposure, EC aerosol exposure did not
change bone structure and integrity, irrespective of the
nicotine content.

In Table 8, two cross-sectional studies were briefly revie-
wed, one suggested that vaping (EC) could increase the risk
of bone fragility (381), the other (382) implies that EC use
is a risk factor for arthritis. An involvement of nicotine in
inflammatory processes such as arthritis cannot be exclu-
ded. The weaknesses of cross-sectional studies have to be
considered when these results are interpreted.

10.3 Impaired physical performance

Cigarette smoking can have impairing effects on physical
performance (383, 384), including:

O Decreased lung function: Smoking can damage the lungs
and reduce lung capacity, making it more difficult to
breathe during exercise. This can result in reduced
endurance and performance.

O Smoking can damage blood vessels and increase the risk
of heart disease, which can affect cardiovascular function
and reduce physical performance.

O Smoking can reduce oxygen levels in the blood, making
it more difficult for the body to produce energy.

© Smoking can reduce muscle strength and endurance,
making it more difficult to perform physical tasks.

Smoking-related oxidative stress and inflammation in the
body lead to damage of lung cells and tissues as well as
blood vessels and muscles.

Nicotine can have a stimulant (sympathomimetic) effect on
the body, which can increase heart rate and blood pressure.
However, nicotine can also constrict blood vessels, thus
reducing blood flow to the muscles and impairing physical
performance. Additionally, nicotine can interfere with the
body’s ability to transport and use oxygen, which can

contribute to reduced endurance. Overall, it has to be
assumed that the negative effects of smoking on physical
performance outweigh any potential benefits from nico-
tine’s stimulant effects.

Physical performance in EC-exposed female mice (measu-
red by the grip strength, swimming time and glycogen
content in liver and muscles) decreased with increasing
nicotine content in the e-liquid (385). The authors do not
provide a plausible explanation for this observation.
Impairment of skeleton muscle force and regeneration was
compared in male mice exposed to air, PG/VG +/- nicotine
aerosols (386). Impairment was found after exposure to
sole PG/VG aerosol, however, effects were stronger with
the nicotine-containing aerosol. The nicotine aerosol also
decreased the adrenal and increased the blood epinephrine
and norepinephrine levels. Furthermore, the glycogen stores
in the muscles and the liver were elevated after exposure to
nicotine aerosol.

In Table 8, a short description of a study is listed, which
investigated the physical performance of long-term smokers
(CC, 28 years use duration) and SLT users (25 years of use)
in comparison to NU (387). While for smokers a significan-
tly lower VO, and workload was found, no decrease was
seen in SLT users. The results suggest that nicotine might
not be responsible for an impairment of physical perfor-
mance.

10.4 Mental disorders

Cigarette smoking was reported to have a range of detri-
mental effects on brain and the mood, including depression,
anxiety disorders, schizophrenia, and substance use disor-
ders (388, 389).

Studies have shown that cigarette smoking can increase the
risk of developing depression and anxiety disorders, and
can worsen the symptoms of these disorders in people who
are already affected. Observations are controversial, while
smoking was found to worsen the symptoms of schizophre-
nia and impair cognition and memory, other studies
reported improving effects of smoking on these traits (see
also next chapter).

Several hypotheses have been proposed with respect to the
mechanism how smoking may affect the brain (390). One
possibility is that the nicotine in cigarettes can affect the
release of various neurotransmitters in the brain, including
dopamine and serotonin, which are involved in mood
regulation. Nicotine can also activate the hypothalamic-
pituitary-adrenal (HPA) axis, leading to increased levels of
stress hormones, which can exacerbate anxiety and other
mental health problems.

Additionally, smoking is associated with chronic inflamma-
tion, which may play a role in the development of mental
disorders. Studies have shown that people with mental
illnesses often have higher levels of inflammation bio-
markers in their bodies, and smoking may contribute to this
by increasing levels of pro-inflammatory cytokines.
Overall, while nicotine may play a role in both detrimental
and beneficial effects of cigarette smoking on mental
health, the exact mechanisms are likely complex and
multifaceted.

The COMMITTEE ON TOXICITY OF CHEMICALS IN FOOD
(COT) (7) also reviewed nicotine effects in adolescents and
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young adults but found no data on the direct effects of
nicotine in humans to examine. COT commented that while
brain development in humans continues to around 25 years
of age, there was the potential for nicotine to have adverse
neurodevelopment effects as well as negative mental health
effects.

In a state-of-the-art review, RUSZKIEWICZ et al. (391) stated
that vaping can cause the following effects in the human
brain: calcium dyshomeostasis, epigenetic changes, impai-
red autophagy, impaired neurotransmission, mitochondrial
dysfunction, neuroinflammation, and oxidative stress. As
possibly involved agents in the EC aerosol, nanoparticles,
free radicals, heavy metals, flavor chemicals, PG/VG and
nicotine were named. The authors cite evidence that
nicotine can be rapidly delivered to and accumulate in the
brain by use of ECs and other products, similar to CC use.
Interestingly, quite a number of animal studies were cited,
which show adverse brain effects of EC aerosols also in the
absence of nicotine. On the other hand, developmental
neurotoxicity of nicotine is, according to the authors, well
established, as well as all effects related to cholinergic
stimulation related to dependence formation and withdra-
wal effects. In this review also a section on neuroprotective
effects of nicotine is included comprising its (mostly
beneficial) role in Parkinson’s disease, Alzheimer’s disease,
schizophrenia and depression. Furthermore, it is mentioned
that nicotine has positive cognitive effects. The authors,
however, add for consideration that these beneficial effects
of nicotine may be nullified by other harmful and neuro-
toxic compounds in the EC aerosol (391).

A vast amount of literature shows that smoking-derived
nicotine exacerbates ischemic brain damage and induction
of stroke (392). SIEGEL et al. (392) listed 4 pathways, how
nicotine may exert adverse effects on the brain:

(1) inhibition of aromatase enzyme activation thus abolis-
hing the de novo synthesis of 17p-estradiol (E2);

(i) an alteration in metabolism of histamine and y-amino-
butyric acid (GABA), which leads to hypo-perfusion
that subsequently can reduce glucose uptake resulting
in impairment of the energy production as well as the
functionality of the blood-brain barrier (BBB), and
inducing edema;

(ii1) induction of inflammatory processes;

(iv) as a consequence of systemic inflammation: vascular
injury, endothelial dysfunction, and thrombus forma-
tion. The authors suggest that vaping (EC), similar to
smoking (CC) may have the same detrimental effects
in the brain, however, long-term studies to approve
this, are as yet lacking.

In a literature review, RAVAL provides evidence that nico-
tine inhibits estrogen signaling. According to the authors
this may make women’s brains more susceptible to
ischemic damage (393).

REN et al. (394) reviews the effects of nicotine exerted via
the nAChRs in the brain across the life-span. Evidence
from in vivo (animal) and human studies, according to the
authors reveal that nicotine exposure during the perinatal
period disrupts general growth, cardiovascular and lung
function, the endocrine system, motor function, reward, and
attention.

Nicotine exposure during adolescence may enhance
susceptibility to addiction, impulsivity, and mood disorders,
while during adulthood nicotine may not have the apparent
adverse consequences on the brain. The authors finally
point to potential neuroprotective effects (in e.g., Alzhei-
mer’s and Parkinson’s diseases, see also chapter on benefi-
cial effects of this review) of nicotine in senescence, which
might comprise an interesting field of research to explore
further.

In a recent review, LESLIE (395) emphasized that nicotine
can have particularly detrimental effect on adolescent
brains. Most of the evidence comes from animal studies,
however, human studies on adolescent brain showed that
there is an increased number and activity of nAChRs in
brain regions that are important for reward and an increase
in nicotine-induced dopamine release in limbic regions.
Some effects, such as nicotine reward, are greater in
adolescents than adults, whereas other behavioral effects,
such as aversion, are greater in adults. The author emphasi-
zed the need for further longitudinal studies in teen and
young adult EC users.

The Report of the US Surgeon General of 2016 on EC use
among youth and young adults (354) concludes that nico-
tine exposure during adolescence can cause addiction and
can harm the developing adolescent brain.

In in vitro and in vivo/ex vivo experiments with mouse brain
cells, it was found that nicotine and EC aerosol can induce
glucose deprivation which could lead to enhanced ischemic
brain injury and stroke risk (396).

In Table 8, two relatively large cross-sectional studies on
the use NGPs and mental disorders/mood are listed (397,
398). In both studies, an association between EC use and
depression as well as suicidality was observed. An involve-
ment of nicotine cannot directly be deduced from the
results, but is supposed by the authors (397, 398).

In the same section of Table 8, a meta-analysis comprising
31 placebo-controlled clinical trials with nicotine patches
and their acute impact on cognitive functions, attention and
memory is reviewed (399). A significant improvement in
cognitive function and attention was observed upon
nicotine patch use.

11. BENEFICIAL EFFECTS OF NICOTINE

Apart from the role nicotine might play in diseases and
disorders discussed in the previous chapters, nicotine has
been found to have some beneficial effects, meaning that
traits are improved (e.g., cognitive function), disease
symptoms are suppressed (e.g., tics in Tourette syndrome),
or the risk for development of a disease may be reduced
(e.g., Parkinson’s disease) (400, 401). Not all researchers,
however, would agree that nicotine has any beneficial
effects (402). Nicotine, of course, is not primarily used for
therapy and prevention of these diseases. However, if adult
users of nicotine products want to benefit from these
positive properties, they most likely would not increase
their risk for many diseases discussed in previous sections
when using NGPs in contrast to cigarette smoking.

In the following, the evidence for beneficial nicotine effects
1s summarized. If available, studies with NGPs are included
in the evaluations for the following traits and disorders:
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O Cognitive function

O Schizophrenia and other mental diseases
O Ulcerative colitis

O Parkinson’s disease

O Alzheimer’s disease

O Tourette’s syndrome

O Weight gain

11.1 Effects on cognitive function

There is some evidence to suggest that nicotine may have
some cognitive benefits. Research suggests that nicotine
can improve attention, working memory, and other cogni-
tive functions, particularly in people who are abstinent from
smoking or have a genetic predisposition to cognitive
deficits. The former observation would suggest that nico-
tine acts primarily by eliminating withdrawal effects of
abstinence, which has impaired cognitive capabilities.
Nicotine appears to work by increasing the release of
neurotransmitters such as dopamine and norepinephrine,
which are involved in attention and memory processes.

In a nicotine replacement study (abstinent smokers used
nicotine lozenges), it was shown by EEC measurement that
the treatment directly affected brain neuronal activity
modulating the cognitive network (403).

Comparing the cognitive performance in subjects smoking
nicotine-containing and de-nicotinized (placebo) cigarettes
suggests that response expectancies can be experimentally
manipulated and can influence perceived rewarding effects
of smoking, but do not affect the actual cognitive perfor-
mance when smoking nicotine cigarettes (404).
NEWHOUSE et al. (405) stressed the fact that the effect of
nicotine on cognitive performance depends on the starting
level. Normal individuals are unlikely to show cognitive
benefits after nicotinic stimulation except under extreme
task conditions, individuals with mental diseases such as
Parkinson’s or Alzheimer’s disease or schizophrenia may
benefit from nicotine.

A meta-analysis comprising 31 studies revealed that
transdermal nicotine had statistically significant positive
effects on attention, and non-significant effects on memory,
in healthy non-smoking adults (399).

11.2  Schizophrenia and other mental diseases

Nicotine can improve some of the cognitive deficits
associated with schizophrenia, such as attention, working
memory, and sensory processing. The same mechanisms as
described in the previous section are involved.

In addition, some studies have found that smoking may
have a protective effect against the development of schizop-
hrenia, and that people with schizophrenia who smoke may
have better cognitive function and fewer negative symp-
toms than those who do not smoke. Smoking rate in
schizophrenic patients is significantly higher than in the
general population, suggesting that schizophrenics may use
nicotine products for self-medication (406, 407).

It was suggested that also other patients with psychiatric
disorders may benefit from the pharmacological effects of
nicotine on cognitive functions (408). Therefore, various
groups of patients with psychiatric diseases may particular-
ly benefit from harm-reduced NGPs.

Inareview 0f2017 (409), 9 relevant studies were identified
which investigated the replacement of CC with EC in
patients with mental illnesses. It was found that some
studies suggest that combustible tobacco product use is de-
creased among these patients after initiating EC use, other
studies imply that rates of dual use are higher than in the
general population. The authors conclude that more research
is required on the potential benefit or harm for subjects with
mental illness when they switch from CC to EC.

Another review on EC use in mentally ill adolescents and
young adults (12-26 years old) identified 40 (mostly)
studies and found a significant relationship between vaping
and mental illness compared with NU. The mental illness
included depression, anxiety, suicidality, eating disorders,
post-traumatic stress disorder, externalizing disorders
(attention-deficit/hyperactivity disorder and conduct dis-
order), and transdiagnostic concepts (impulsivity and per-
ceived stress). Notably, the authors name the association
between the illnesses and EC use ‘comorbidities’. Howe-
ver, they concede significant methodological limitations,
e.g., directionality in cross-sectional studies.

11.3  Ulcerative colitis

There is some evidence to suggest that smoking and
nicotine may have beneficial effects for people with
ulcerative colitis (UC), a type of inflammatory bowel
disease. Research suggests that smoking may decrease the
risk of developing UC, and that people with UC who smoke
may have less severe symptoms and a lower risk of requi-
ring surgery than non-smokers with UC (410, 411).
Possible mechanisms responsible for this remain purely
speculative but may involve mucosal eicosanoids and
intestinal mucus. It is also not clear whether nicotine by
binding to the nACHR is the major component in smoke
responsible for the beneficial effects in UC (412, 413).
As to the role for nicotine, some studies have found that
nicotine replacement therapy (NRT, usually nicotine
patches) may improve symptoms in people with UC who
do not smoke. A review comprising 22 studies came to the
conclusion that transdermal nicotine in combination with
conventional therapy was more beneficial than individual
treatment with either (414).

In a case control study, no association between vaping (EC)
and the treatment outcome of UC was observed compared
to NU (415). However, the study was rather small (47 UC
cases using ECs).

Taken together, there is supportive evidence that smoking
(CC) could be beneficial for UC, but there is as yet in-
conclusive evidence that nicotine and NGPs can have such
a beneficial effect.

11.4 Parkinson’s disease

There is epidemiological evidence to suggest that smoking
(CC) may have beneficial effects on the development and
severity of Parkinson’s disease (PD) (416). The author
states that the frequently discussed ‘pre-Parkinson’s persona-
lity’ appears unlikely as an explanation for the association.
Research suggests that nicotine can improve some of the
motor and cognitive symptoms associated with PD, such as
tremors, rigidity, and attention. Nicotine appears to work by
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increasing the release of dopamine and other neurotransmit-
ters that are involved in motor and cognitive processes. A
recent investigation with neurons of Drosophila brain
indicates that both the serotonergic and dopaminergic
systems contribute to different aspects of PD symptomat-
ology and that nicotine has beneficial effects on specific
symptoms (417).

QUIK et al. (418) suggest that beneficial nicotine effects
may work by several mechanisms:

(i) protective action against nigrostriatal damage;

(i1) a symptomatic effect in PD;

(iii) attenuation of L-dopa-induced dyskinesias, a debilita-
ting side effect of L-dopa therapy. Stimulation of the
release of dopamine, thus compensating the deficit of
this neurotransmitter in PD appears to be the most
probable mechanism.

It was suggested that nicotine gum could be a promising
tool against various brain disorders, including PD and
Alzheimer’s disease (AD).

11.5 Alzheimer’s disease

Various research suggests that nicotine may have beneficial
effects for people with Alzheimer’s disease (AD) by
improving memory performance and cognitive deficits
(419, 420). Nicotine appears to work by increasing the
release of dopamine that is involved in cognitive processes.
In addition, some studies have found that smoking may
have a protective effect against the development of AD, and
that people with AD who smoke may have slower cognitive
decline than non-smokers with AD.

Possible mechanisms for the beneficial effects of nicotine
in AD but also in PD and in cognitive function in healthy
individuals have recently been reviewed (421). The mecha-
nisms involved are not yet clear. Stimulation of the nicoti-
nic receptors in the brain is hypothesized. However,
anti-inflammatory, anti-oxidant effects as well as neuro-
protective effects by enhancing the survival of certain types
of neurons are also discussed.

11.6 Tourette’s syndrome

Tourette’s syndrome (TS) is a neuropsychiatric disorder
characterized by motor and vocal tics, obsessions, compul-
sions and visual-motor deficits (422). It has been shown that
administration of nicotine (patches or gums) can potentiate
the efficacy of treatment with neuroleptics (422, 423). The
effect was observed to persist for days, weeks or even
months without further nicotine administration.

It has been proposed that TS is caused by excessive striatal
dopamine release and/or dopamine receptor hypersensitivi-
ty. Nicotine is known to pre-synaptically rapid release of
several neurotransmitters, such as acetylcholine, y-amino-
butyric acid, norepinephrine, dopamine, and serotonin,
followed by a prolonged desensitization of the receptors.
The latter effect might be responsible for the persistent
effect of nicotine in TS (422).

11.7 Weight gain

It is well established that smoking cessation is associated
with a significant weight gain (424-427).

The mechanism of this phenomenon is not exactly known,
various possibilities are discussed:

(1) increased food intake;
(i1) alteration in physical activity,
(iii) reduced basal metabolic rate (347).

The role of nicotine is discussed controversially. In a
long-term smoking cessation study, nicotine gum users
gained significantly less weight than NU (428). A similar
effect was observed, when nasal nicotine spray was applied
as smoking cessation aid (429). In a smoking cessation
study over 12 months in Japan, it was found that when
Varenicline was used as a quitting aid, weight gain was
lower than when using nicotine patches (0.94 versus
2.78 kg) (430). In a 12-month smoking cessation study with
postmenopausal women, weight gain in a nicotine and a
placebo patch group was similar after 1 year, despite the
fact that after 12 weeks (duration of patch use) the nicotine
group consumed significantly more calories (431).
Another nicotine patch study compared standard treatment
duration (8 weeks) versus extended treatment (24 weeks)
(432). After 24 weeks, the extended-treatment group gained
significantly less weight than the standard-treatment group.
In a systematic review on the association between body
weight and EC use, 13 studies were evaluated, comprising
human, animal (in vivo) and in vitro studies (343). The
authors found a high prevalence of EC use among an obese
population. From that, however, the authors concede that
no causal inference can be concluded, as the majority of the
human studies were cross-sectional. The reviewed animal
studies consistently suggest that EC use may cause weight
decrease. However, these observations were not supported
by the reviewed in vitro data. The authors conclude that the
effect of vaping on body weight changes, require further
investigations (343).

Nicotine can act as an appetite suppressant, reducing
feelings of hunger and increasing basic metabolism. Nico-
tine appears to work by stimulating the release of adrena-
line and other neurotransmitters that increase energy
expenditure and reduce food intake (433).

12. DISCUSSION

The purpose of this review was to elucidate the role of
nicotine in potential health risks associated with the
long-term (chronic use) of NGPs. Evidence was presented
from human, animal and in vitro studies. From the outset,
it was obvious that availability of NGPs on the market is
presently still too short and products are still too variable
for consistent and reliable long-term studies on health effect
of users. For this reason, the product assortment of NGPs
(usually limited to ECs, HTPs and NPs) was extended to
SLT products (particularly snus) and NRT products
(patches, gums, inhalers), which are available for quite
some time and for which long-term studies lasting longer
than 10 years, in a minor degree exist.
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The presented data will be discussed with the following
aspects in focus:

O Chronic human studies with NGPs (strengths and
limitations)

O Diseases and disorders in which nicotine might play a role

O Gaps in knowledge and possible research to fill them

12.1 Chronic human studies with NGPs (strengths and
limitations)

Long-term epidemiological studies, which investigate
chronic effects of NGP use for 10 or more years are by now
virtually available only for products such as SLT (e.g.,
snus) or NRT products by which the class of NGPs was
extended. Endpoints include myocardial infarction (MI)
(39-42), heart failure (43), stroke (42, 48), cardiovascular
diseases (CVD) (56), hypertension (HT) (87, 88), various
cancers (56, 161-163), type 2 diabetes (348).

In a series of human studies the long-term use of ECs were
investigated. The duration of use is frequently not well
defined, but can be assumed to be less than 10 years, due to
the market availability of these products since about 2006.
Endpoints of these studies include stroke (52), hypertension
(89, 90), asthma (212, 231, 232), COPD and various
respiratory impairments (119, 198, 199,213,216, 223), oral
health risks (301), metabolic syndrome and diabetes
(344, 346), arthritis and bone impairments (381, 382), low
birthweight delivery (363), mental health symptoms and
depression (397, 398).

Brief study descriptions, results, role of nicotine and
limitations of these long-term studies are presented in
Tables 1-4 and 6-8.

Results of the long-term studies cited above are very in-
consistent. Chronic use of NGPs ranged from lowering the
risk to levels comparable to NU risk to increasing the risk
close to or even higher than that of cigarette smoking (CC).
All studies have a number of weaknesses and limitations
noted in the summary tables. Apart from the fact that all
chronic EC studies presently available, cover by far a too
short time period of EC use (significantly lower than 10
years) in order to draw any firm conclusions with respect to
causing chronic detrimental effects or diseases, there are at
least two major issues, which could erroneously increase
the risk of NGP use determined in long-term studies,
particularly cross-sectional studies:

O Misclassification of NGP use: It is highly likely that
subjects defined as NGP only users are actually, at least
for some time periods, dual users of NGPs with most
frequently combustible cigarettes (CC). Questionnaires
and short-term biomarkers of exposure to CC (e.g.,
COHb/COex, but also cotinine) are in general not
suitable to eliminate this confounder (16, 434). Almost
all studies have shown that dual use is implicated with
health risks similar or close to that of CC only use (see
Tables 1-8 in this review). A suitable measure to avoid
or at least reduce the confounder of misclassification
would be to apply specific long-term biomarkers of
exposure to CC, such as 2-cyanoethyl-valine hemoglobin
adducts (CEVal), which can indicate CC use of the last
3—4 months (123, 333, 435).

O An issue with cross-sectional studies is that this type of
study cannot, in principle, prove causality, because of
temporality (234): it is not known whether the observed
disorder or disease is a result of using the NGP or
whether the subject switches to an NGP because of early
symptoms of a disorder or disease. Temporality is
obviously inversed in mental disorders such as schizop-
hrenia where patients are supposed to use nicotine
products as a kind of self-medication (406). It may, how-
ever, also play a role in diseases/disorders with readily
identifiable early symptoms such as respiratory diseases,
hypertension and CVD, which would induce users of a
harmful product (e.g., CC) to switch to a presumably less
harmful product (e.g., EC).

The possible involvement or non-involvement of nicotine
in the pathogenesis of the investigated diseases or disorders
would also have to be evaluated by considering the general
study limitations described above.

On the other hand, the evaluation ‘0’ (meaning that nicotine
is not involved, e.g., in (39, 40, 161, 163, 199)) could also
be wrong for reasons discussed in the following.

First, the duration of EC use could be too short for a pro-
found statement in the implicated risk. Second, other weak-
nesses might be too small group sizes and very heteroge-
neous product designs preventing clear study outcomes.
Third, nicotine delivery of the first generation of ECs was
rather low compared to CCs and the newer generations of
ECs (97, 105, 209), so that the alkaloid could not unfold an
effect. Forth, the same could be true with the low nicotine
deliveries of NRT products investigated in long-term (163).

12.2 Diseases and disorders in which nicotine might play
arole

The involvement of nicotine in the pathogenesis of various
diseases, disorders or any physiological changes upon chronic
and acute use of NGPs has been evaluated in the presented
human studies (Tables 1-8) as described in the methodologi-
cal sections 2.3 and 2.4. The results of this evaluation were
further condensed to an even simpler system, comprising 3
classes for describing the probability of an involvement of
nicotine in detrimental effects in NGP users:

O Nicotine is unlikely to be involved in the pathogenesis.
Class I comprises the codes 0 and 0/? used in Tables 1-8).

O An involvement of nicotine cannot be deduced from the
study data. However, a participation of nicotine cannot
be completely ruled out. Class II is equivalent to the
code ? (only) in Tables 1-8.

O There is some evidence from the study data, the article
authors’ as well as the review authors’s interpretation
that nicotine is at least partly involved in the patho-
genesis of the observed effects. Class III includes the
codes 0-0.5, 0.5, 0.5-1.0 and 1.0 used in Tables 1-8).

Table 9 summarizes the results of Tables 1-8 according to
this classification system (see page 90).

From the number of evaluable observations in human
studies, it is obvious that for most of the single diseases of
disorders the number of studies is too low for any strong
conclusions. For all disorders, Class II (involvement of
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nicotine cannot be deduced, but can also not be ruled out)
is found to have the highest frequency (50%). In disorders
with at least 10 observations, Class I (involvement of
nicotine rather unlikely), cancer shows the highest fre-
quency (40%).

CVD-related endpoints were most frequently investigated
in our review (75 observations), followed by RD-related
(43 observations) and oral health-related endpoints (23
observations). Although we are well aware of the fact that
the relative distributions cannot be representative for any
disease or product investigated, the described classification
for the role of nicotine may provide some valid indications
in which diseases or detrimental effects the participation of
nicotine is possible or unlikely.

In all CVD-related effects in NGP users presented in
Table 1, 49% were assigned to Class III (evidence for
participation of nicotine). Some disorders in the CVD
category showed exceptionally high percentages for Class
III, namely risk for hypertension (100%), acute increase in
heart rate and blood pressure (72%) and arterial stiffness
(47%) (Table 9). An involvement of nicotine in CVD-
related disorders was also reported in long-term animal
studies (most frequently using mice as a model) (127-131).
As possible mechanisms for the involvement of nicotine in
CVD development in mice the stimulation of oxidative
stress, inflammatory processes in the vascular endothelium,
lipid accumulation and sympathetic dominance were
discussed (132). In vitro studies showed that nicotine can
stimulate vascular endothelial cell proliferation and inflam-
mation and thus contribute to atherosclerosis (138, 141).
The role of nicotine in respiratory disease- (RD) related
endpoints was evaluated in 43 human studies with NGPs
(Table 3). A participation of nicotine could not be deduced
from the presented study data (but also not excluded) in
65% or the observations (Class II), while the percentages
for an unlikely (Class I) and a possible involvement of
nicotine (Class II) in the pathogenesis was 16 and 19%,
respectively (Table 9). In other words, for this category of
disorders, the uncertainty of the role of nicotine is higher
compared to CVD-related disorders. In considering the
literature on human studies with NGPs and the effects on
the respiratory tract (see Section 5.2), the overall conclu-
sion with respect to the role of nicotine was that there is
inconsistent evidence for a participation of nicotine in the
development of RD. A controversial picture of the partici-
pation of nicotine in RD-related effects of EC and HTP
aerosols must be also deduced from animal and in vitro
studies reviewed in Sections 5.3 and 5.4, respectively. In
quite a number of both types of studies, detrimental effects
on respiratory tract and lung epithelial cells were also
observed in the absence of nicotine.

Damaging effects on the oral cavity and buccal cells were
investigated in 23 human studies (Table 4). In the majority
of observations (57%) a participation of nicotine cannot be
deduced from the data, but also not completely ruled out
(Class II). A participation of nicotine in the observed effect
of NGP use was unlikely in 9% of the studies (Class 1),
whereas a contribution of nicotine to detrimental effect
appears possible in 35% of the observations (Class III). A
similar conclusion in terms of the participation of nicotine
in oral health risks can be drawn from various reviews
considered in Section 6.2. A consistent finding is that nico-

tine is causally associated with a decrease in BOP, due to
its vasoconstriction effect in gingival tissue. No animal
studies on the role of nicotine in oral mucosa damage are
available. An in vitro model showed that nicotine may
induce inflammatory processes in oral mucosa tissue (318).
Not unexpectedly (chemical carcinogenesis typically re-
quires decades in humans), there are only a limited number
of human cancer studies available which allow an evalua-
tion of the role of nicotine in the development of this class
of disease (10 studies are summarized in Table 2). The
Class I/II/1I distribution for the probability of a participa-
tion of nicotine in cancer induction was found to be
40/50/10% (Table 9), with a high degree of uncertainty,
given the low number of studies and the extent of bias and
confounding factors in human long-term studies, as dis-
cussed earlier in this review. The role of nicotine in
carcinogenesis is discussed controversially since at least the
first US Surgeon General Report on Smoking and Health
(8). In none of the recent evaluations of the cancer risk in
NGP users (particularly vapers) presented in Section 4.2,
nicotine is genuinely considered as a product constituent
responsible for increasing the cancer risk (6), although the
possibility that nicotine can be a precursor for the human
carcinogens NNN and also (much less likely) NNK has to
be kept in mind (184, 185). In long-term animal studies,
nicotine was not found to increase the lung cancer rate in
mice (179, 180). On the other hand, EC aerosol without
nicotine was reported to increase the lung and bladder
tumor rate in mice (30, 181, 182). To sum up the potential
role of nicotine in cancer risk of NGP users, it appears safe
to state that there is presently no evidence that nicotine
might increase the cancer risk compared to NU. The data
available rather give cause to assume that cancer risk in
NGP users is reduced compared to smokers of CC.

There is at least some evidence that nicotine might be
involved in the development of a metabolic syndrome in
NGP users (7 studies, Tables 6 and 9). Evidence from
animal studies (Section 8.3) and in vitro studies (Section
8.4) show contradictory effects of nicotine with respect to
insulin resistance, glucose tolerance and weight gain.
Clarification or the association between chronic NGP use
and metabolic syndrome is certainly an interesting field of
research for the future.

Five human studies on use of NGPs and reproduction were
evaluated for a possible role of nicotine (Table 7). None of
the studies shows evidence for a participation of nicotine in
generation of detrimental effects to the offspring. A rat
study (reviewed in Section 9.3) suggests that nicotine may
have detrimental effects in lung and CNS development in the
offspring (367). However, no nicotine-dependency of these
endpoints were reported in other studies (365, 366, 368).
Too few observations for a meaningful evaluation of the
role of nicotine in other disorders such as detrimental
effects on the eyes, bones, brain or physical performance
are available (Table 9). In terms of mental disorders, the
considerations provided in Section 10.4 suggest that
nicotine may have both detrimental effects as well as
beneficial effects on the brain. For the developing brain (up
to 25 years of age in humans), the COMMITTEE ON TOXI-
CITY OF CHEMICALS INFOOD (COT) (7) suggested that there
is the potential for nicotine to have adverse neuro-
development effects negatively influencing mental health.
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12.3  Gaps in knowledge and possible research to fill them

In Tables 1-8, which review potential risks for diseases and
disorders of NGP users, gaps (“G”), limitations (“L”),
potential bias and confounding factors are briefly men-
tioned. Also, for promising approaches, possible research
proposals (“P”) are mentioned, which we think would
broaden our knowledge in the field of NGPs and health
risks. Further valuable information on nicotine effects could
be gained from medium- to long-term studies with NRT
products such as nicotine nasal spray, gum or patches.

12.3.1 General limitations and suggestions for improve-
ments

Almost all studies reviewed in Tables 1-8 have similar
limitations, weaknesses and gaps, which are compiled
together with suggestions for avoidance and study improve-
ments in Table 10 (see page 90).

In order to improve and extent knowledge on possible
detrimental effects of NGPs and the role of nicotine in any
pathogenic processes, it is obvious that future research has
to avoid the limitations and weaknesses listed in Table 10.
Some of these (e.g., numbers 1, 4, 5, 6, 11) are inherent to
the present market situation of NGPs and can be improved
in probably only a decade from now.

It appears that the number of human studies on the associa-
tion between NGP use and diseases/disorders summarized
in Tables 1-8 correctly reflects the importance of the re-
search areas by now and also for the future. These include
(without preempting a rank order for the importance):

o CVD

O Cancer

O Respiratory diseases
O Oral health

O Metabolic syndrome

Classical epidemiological studies (preferably of prospective
type) with suitable morbidity and mortality endpoints would
represent the gold standard. For reasons given above, it
would require another one to two decades from now before
suitable epidemiological studies can get off the ground.
Till then, application of suitable BOBEs embedded in
well-designed studies would represent an acceptable
alternative. Suggestions for suitable study designs are
provided in Table 10. There are a multitude of BOBEs
listed in Tables 1-8, many of them have been successfully
applied in short-, mid-term and (rarely) long-term studies.
However, their prediction power for a disease has most
frequently not been evaluated sufficiently. Future research
will (hopefully) resolve some of these deficiencies. In the
last column of Tables 1-8, promising study designs and
endpoints are indicated with “of interest” under the caption
“P” (= Proposal for research project). In general, effects of
long-term (> 1 year) use of NGPs (preferable of one class
or NGP only) would be of highest relevance.

Apart from these more general considerations for future
research in the field of NGP use and health risks, in the
following we provide two examples for specific studies,
which, in our view, could be of relevance for evaluating the
potential health risks for NGP users.

12.3.2 Differentiation of dual and NGP only use

It was pointed out at various passages in this review that it
is of eminent importance for NGP risk evaluation to
differentiate between NGP only use and dual (or even
multi) product use. In present time, for NGP users, dual use
(most frequently in combination with CC) is the rule rather
than the exception. Many studies in Tables 1-8 have shown
that health risks associated with dual use are commonly
closer to CC use than to NGP only use, depending on the
substitution of CC with NGPs. Insufficient separation of
NGP only and dual user groups (misclassification), there-
fore, is a severe source of confounding and bias, particular-
ly in cross-sectional studies. A recent review (16) showed
that there are many possibilities to differentiate CC users
from NGP users by suitable biomarkers of exposure.
Differentiation of dual from NGP only and CC only use
becomes more complex. This is also evident from the bio-
marker results of a controlled clinical study with users of
CCs, ECs, HTPs, snus, NRT products and NU (15,
155-158). We suggest to assess levels of suitable bio-
markers in exclusive and dual- (or poly-)users of nico-
tine/tobacco products in long-term studies for the differen-
tiation of these groups. In particular, CEVal (2-cyanoethyl-
valine) as a specific marker for chronic smoking (CC)
should be also included (123, 333, 435). This long-term
biomarker of exposure to acrylonitrile reflects the use of
CC in the last 3—4 months.

12.3.3 Endogenous formation of carcinogens from nicotine

The human carcinogens NNN and (much less likely) NNK
may be formed under special chemical conditions from
nicotine (184, 185). NNN can also be formed by nitrosation
of the nornicotine, which is a minor nicotine metabolite
and, therefore, present in all NGP users. There is evidence
that endogenous NNN formation in EC users is possible in
saliva, catalytically accelerated by thiocyanate (157) and in
urine under acidic conditions (436, 437). To further clarify
the possibility of endogenous formation of NNN and NNK
from nicotine in NGP users, we suggest to perform control-
led clinical studies, in which this issue is investigated.

13. CONCLUSIONS

From the evaluated literature the following conclusions can
be drawn:

O The market availability of potentially harm-reduced
NGPs (ECs, HTPs, NPs) is too short (< 10 years) to
allow epidemiological studies with morbidities and mor-
talities as endpoints. Therefore, the assortment of NGPs
was extended by snus and NRT products as well as study
endpoints were broadened to BOBEs indicating acute,
mid- and long-term physiological changes in order to
predict a disease risk later in life;

0 Use of NGPs was reported to have detrimental effects
thus increasing the risk for a broad range of diseases,
including CVD, cancer (various organs), respiratory/lung
diseases, buccal mucosa and gingival tissue changes,
metabolic syndrome and many other disorders, particu-
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larly in switchers from CC. Previous use of CCs over a
long time period may certainly have an impact on the
health risks in switchers. It is, therefore, of high impor-
tance that the history of previous smoking is accurately
assessed when studying the risks of NGP use. Further-
more, a number of limitations in study design and user
group misclassifications could have erroneously in-
creased the risk.

The evaluation of the role of nicotine suffers from the
same shortcoming. However, the involvement of nicotine
was judged to be not unlikely in a number of primarily
acute changes upon NGP use such as cardiovascular
effects (heart rate, blood pressure, arterial stiffness),
metabolic syndrome and mental disorders. Results of
animal and in vitro studies appear to partly support a
participation of nicotine in the pathogenesis of these
disorders, however, extrapolation of these findings to
human NGP users may entail severe flaws.

O In the majority of human studies, the study design does

not allow to deduce the role of nicotine in the observed
biological endpoints, leaving open the question, whether
nicotine is at least partly responsible for the observed
effects or not involved at all.

Nicotine appears to have controversial effects to the
brain. While the alkaloid is suggested to have adverse
effect to the developing brain, it is reported to improve
cognitive performance. Nicotine is also suggested to
have beneficial effects in terms of alleviation of symp-
toms, delaying or preventing the outbreak of a number of
diseases. Beneficial effects of nicotine, however are not
in the focus of this review and, therefore, only briefly
discussed.

Suggestions for improvements in study design in order
to avoid or minimize falsified risk estimates for NGP
users are provided. Also, two examples for research pro-
posals are briefly presented.

14. ABBREVIATIONS

11-dh-TXB2:  11-Dehydrothromboxane B2

5-hmC: 5-Hydroxymethylcytosine

5-mC: 5-Methylcytosine

8-Epi-PGF,; 8-Epi-Prostaglandin F,, (marker of oxidative stress, also termed ‘8-isoprostane”’)
8-OHdG: 8-Hydroxy-2'-deoxyguanosine (marker for DNA lesions)

ADH: Aldehyde dehydrognase

AE: Adverse effect

AGE: Advanced glycation endproduct

AHRR: Aryl hydrocarbon receptor repressor

Al Augmentation index (measure for arterial stiffness)

ANOVA: Analysis of variance

AO: Authors’ opinion

ARO: Authors’ of this review opinion

ASC: Apoptosis-associated speck-like protein

AIX7S: Aortic augmentation index standardized to a heart rate of 75 beats per minute
BAL: Bronchoalveolar lavage

BBB: Blood-brain barrier

BG: Blood glucose

BL: Baseline (at the start of a longitudinal study)

BM: Biomarker

BOBE: Biomarker of biological effect

BOE: Biomarker of exposure

BOP: Bleeding on probing (marker for microcirculation in the gum)

BOPH: Biomarker of potential harm

BP: Blood pressure

bpm: beats per minute (heart rate)

BRFSS: Behavior and Risk Factor Surveillance System (population study in the USA)
BW: Body weight

C-Peptide: Connecting peptide (part of the pro-insulin molecule, released upon insulin formation in the pancreas)
CAB: Cardiac authonomic balance (shift to sympathetic predominance = CVD risk)
CAC: Circulating angiogenic cell (marker for vascular injuries)

CAL: Clinical attachment loss (an oral change)

CAT score: Score derived from a COPD assessment tool

CC: Conventional cigarettes or users of those

CCl16: Club cell protein 16 (pneumoprotein)

CDA40L: CDA40 ligand is a mebrane protein (also named CD154)

CEMA: 2-Cyanoethyl-mercapturic acid

CEVal: N-(2-cyanoethyl)valine (Hb adduct of acrylonitrile, specific for CC use)
CFT: Centralfoveal thickness (effect in the eye)

CHD: Coronary heart disease (all ischemic heart disease)

38 CTNR 33 (1) - 2024



CI: Confidence interval (usually 95 %)

CNS: Central nervous system

COex: Carbon monoxide in exhaled breath (biomarker for exposure to carbon monoxide)
COHb: Carboxyhemoglobin (biomarker for the exposure to carbon monoxide)
COPD: Chronic obstructive pulmonary disease

Cot: Cotinine

CotP: Cotinine in plasma

CotS: Cotinine in serum

CotU: Cotinine in urine

CPD cigarettes per day

CRP: C-Reactive protein

CT: Choroid thickness (effect in the eye)

CTX: C-terminal crosslinked telopeptide of type I collagen (bone and collagen degradation product)
CV: Cardiovascular

CVD: Cardiovascular disease

CWC: Construction workers cohort (in Sweden)

CYP: Cytochrome P450

DBP: Diastolic blood pressure

DL: Dyslipidemia

EBC: Exhaled breath condensate

EC: Electronic cigarettes of users of those

ECO: Electronic cigarette without nicotine

ECN: Electronic cigarette with nicotine

ELF: (Nasal) epithelial lining fluid

EMP: Epithelial microparticle

eNOS: Endothelial nitrogen oxide synthetase

EP: Epithelial particle

EV: Extracellular vesicle

EVALL Electronic cigarettes and vaping associated lung injury
FAZ: Foveal avascular zone (impairs foveal (focused) viewing)
FBG: Fasting blood glucose

FDG: ®F-Fluorodexyglucose

FEF,; .s: Forced expiratory flow at 25-75% of FVC

FEVI: Expired volume in 1 second

FeNO: Fractional of exhaled nitric oxide

FET: Forced expiratory time

FEVI: Forced expiratory volume in 1 second

FFA: Free fatty acids

FMC: Flow-mediated constriction

FMD: Flow-mediated dilation

FMUS: Full-mouth ultrasonic scaling

FU: Follow-up (in prospective studies)

FVC: Forced vital capacity

v-OH-PdG: y-Hydroxy-1,N’-propano-deoxyguanosine

G: Gap(s) in the reviewed study

GCF: Gingival crevicular fluid

GSH: Glutathione

GSH-Px: Glutathione peroxidase

GST: Glutathione S-transferase

GI: Gingival index

Hb: Hemoglobin

HbAlc: Hemoglobin Alc (marker for chronic elevated blood glucose)
HBEC: Human bronchial epithelial cell

HDL.: High density lipoprotein (CVD risk factor when decreased)
HI: Hyperinsulinemia

HMGBI: High mobility group box 1 (proteins)

HOLI: HDL antioxidant index

HR: Heart rate

HRV: Heart rate variability (measure for chronic autonomic CV system activity)
hs-CRP: High sensitivity C-reactive protein

HT: Hypertension (usually: SBP>160 or DBP>90 mm Hg)
HTP: Heated tobacco product

HUVEC: Human umbilical vein epithelial cells
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INFy: Interferone y

IL: Interleukin

IMT: Intima-media thickness

IPF: Idiopathic pulmonary fibrosis

L: Limitation(s) in the reviewed study

LDH: Lactate dehydrogenase

LDL: Low density lipoprotein (CVD risk factor when increased)

LINE-1: Long interspersed nucleotide elements 1

IncRNAs: Long non-coding RNAs (play a role in gene regulation, transcription post-transcriptional modification,
chromatin remodeling)

LTA EPIL: Light transmission aggregometry epinephrine-stimulated

LV: Left ventricle/ventricular

MAP: Mean arterial pressure

MBL: Marginal bone loss

MDA: Malondialdehyde (biomarker for oxidative stress)

M/I: Insulin sensitivity

MI: Myocardial infarction

MMP: Matrix metalloprotease (involved in tissue degradation and processing of signal molecules, in humans:
23 MMPs are known)

MP Microparticle

MPG: N-Methylpurine DNA glycosylase (base excision repair enzyme)

MPO Myeloperoxidase

MSNA: Muscle sympathetic nerve activity

MUC4: Gene coding for the large glycoprotein mucin-4

MUCS5AC: Gene coding for the large glycoprotein mucin-5

N: Nicotine

nAChR: Nicotinic acetylcholine receptor

NADPH: Nicotinamide adenine dinucleotide phosphate

NASEM: National Academies of Sciences, Engineering, Medicine

NEC: Nasal epithelial cells

nEC: never EC users

Nequ: Nicotine equivalents (nicotine + major metabolites in urine)

NF-«B: Transcription factor (occurring in almost all cells)

NG: Nicotine gum

NGP: New generation (tobacco/nicotine) product

NHANES: National Health and Nutrition Examination Survey (population study in the USA)

NNAL: 4-(Methylnitrosamino)- 1-(3-pyridyl)-1-butanol

NNK: 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone

NNN: N’-Nitrosonornicotine

NO: Nitric oxide

NO production: Nitrite + nitrate in serum

NOX-2: NADPH oxidase 2

s-NOX2-dp: Soluble NOX2-derived peptide

NP: Nicotine pouch

Nrf2: Nuclear factor erythroid 2-related factor 2 (a protein which regulates enzymes involved in oxidative
response, inflammation, immunity, and energy metabolism)

NRT: Nicotine replacement therapy or users of corresponding products

NS: Non-smoker

NU: Non-users of tobacco/nicotine products

0%-medG: O°-Methyldeoxyguanosine

OPG: Osteoprotegerin (regulates osteoblast recruitment)

OR: Odds ratio

oxLDL: Oxidized LDL (marker for oxidative stress)

P: Proposal(s) for an improved investigation or study

PAH: Polycyclic aromatic hydrocarbons

PAI-1: Plasminogen activator inhibitor type 1

PATH: Population Assessment of Tobacco and Health (population study in the USA)

PD: Probing depth (an oral change)

PECAM-1: Platelet endothelial cell adhesion molecule 1

PEF: Peak expiratory flow

PFA: Platelet function analyzer

PG: 1,2-Propylene glycol

PGE2: Prostaglandin E2

40 CTNR - 33 (1) - 2024



PGI-M:
PI:
PIBL:
PISF:
PMP:
PO,:
POLP:
PTT:
PWA:
PWD:
PWV:
Qc:
RAGE:
RANKL:
RCT:
RD:
RHI:
ROS:
RR:

S:

SA:
SBP:
SAE:
sCD40L:
(s-)ICAM-1:
SGA:
SLT:
SOD:
SPO,
SRP:
SP-D

(s-)P-Selectin:

SV:
(s-)VCAM-1:
TCO,:
TG:
TGF-B1:
TLRO:
TNF-o.:
TP53:
t-PA:
TRPAL:
TSNA:
Tx-M:
U:
ULSAM:
VC:
VG:
VLDL:
VOZmax:
V/Q:
WBC:
WP:

2,3-dinor-6-ketoprostaglandin F,, (prostacyclin metabolite)
Plaque index

Peri-implant bone loss

Peri-implant sulcular fluid

Platelet microparticle

Partial oxygen pressure in blood

Polymerase P (involved in DNA synthesis and repair)
Pulse transit time

Pulse wave amplitude (measure for arterial stiffness)

Pulse wave doppler

Pulse wave velocity (measure for arterial stiffness)

Cardiac output

Receptor for advanced glycation end products

Receptor activator of NF-kB ligand (regulates osteoblast recruitment)
Randomized clinical trial

Respiratory diseases

Reactive hyperaimia index

Reactive oxygen species

Relative risk

Smoker (usually CC)

Smoking abstinent

Systolic blood pressure

Small airway epithelium

Soluble DC40 ligand

(soluble) Intercellular adhesion molecule 1

Smallness for gestational age (variable for pregnancy outcome)
Smokeless tobacco or users of those products

Superoxide dismutase (anti-oxidative stress enzyme)
Oxygen saturation

Scaling and root planing (a non-surgical periodontal therapy)
Surfactant protein-D (pneumoprotrein)

(soluble) P-Selectin

Stroke volume (heart)

(soluble) Vascular cell adhesion molecule 1
Transcutaneous oxygen tension

Triglycerides

Tumor growth factor 81

Toll-like receptor 9 (triggers signaling cascades that lead to a pro-inflammatory cytokine response)
Tumor necrosis factor o

Tumor suppressor 53

Tissue Plasminogen activator

Transient receptor potential ankyrin 1

Tobacco-specific nitrosamine

2,3-dinor-Thromboxane A2

Urinary

Uppsala Longitudinal Study of Adult Men

Vital capacity

Vegetarian glycerol

Very low density lipoprotein

Maxium oxygen uptake

Ventilation and perfusion (mismatch indicates early changes in lung function, not detected by spirometry)
White blood cells

Water-pipe (smokers)
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Table 9. Probability for an involvement of nicotine in various diseases, disorders, detrimental changes in NGP users (evaluations
extracted from Tables 1-8).

Disgases / disorder / Number of evaluations Class | Class Il Class IlI
detrimental changes (%) (%) (%)
Myocardial infarction (MI) 7 28.5 28.5 43
Stroke 5 20 40 40
Atherosclerosis (related diseases) 8 25 50 25
Arterial stiffness 19 21 32 47
Hypertension (HT) 4 0 0 100
Heart rate (HR) / blood pressure (BP) 18 0 28 72
CVD related BOBEs 14 21 50 29
Sum of CVD 75 16 35 49
Cancer (various organs or all) 10 40 50 10
Respiratory disorders (RD) 43 16 65 19
Oral health disorders 23 9 57 35
Inflammation / oxidative stress 11 18 82 0
Metabolic syndrome 7 14 43 43
Reproduction 5 20 80 0
Eye disorders 4 20 50 20
Bone disorders 2 0 50 50
Physical performance 1 100 0 0
Mental disorders 2 0 0 100
All observed disorders 183 17 50 33

Table 10. Frequent limitations, weaknesses and gaps in human studies investigating the association between NGP use and
detrimental health effects as well as suggestions for avoidance and improvements.

Limitations / weaknesses / gaps Avoidance / improvements

1. Duration of NGP use in most studies was too short for Inherent weakness, due to the relative short market availability of modern
the development of diseases or disorders NPGs (ECs, HTPs, NPs). Improvement can only come with time

2. Group sizes in most studies was too small Larger studies have to be performed in the future

w

Many studies included only one sex (mostly males) Males and females should be included

4. In many studies, the NGP users were relatively young Inherent weakness (see 1.)
(hence also the controls)

5. The majority of studies investigated ECs (HTPsand  All NGPs should be evaluated for the health risks. With respect to NPs (and

NPs are clearly under-represented) partly also to HPTs), presently this is an inherent weakness (see 1.)

6. Concealed dual use (mostly CC + NGP) was a Exclusive NGP use (‘NGP only’) is preferable for a reliable product risk
general problem in epidemiological and field studies.  evaluation. To achieve this goal will be quite difficult for the years to come.
Erroneously increased risks for NGP could be the The application of suitable (ideally product-specific) biomarkers which
consequence indicate concurrent CC use over weeks to months could help to circumvent

this problem

7. The long-term use history of tobacco/nicotine products More efficient questionnaires have to be developed for this purpose. Where
in study subjects was usually not adequately assessed applicable, interviewers have to be well-trained. Combining
questionnaires/interviews with suitable biomarkers would be also of

advantage
8. The majority of studies did not include dose-response An existing DRR is very strong evidence for a (causal) effect. Therefore,
relationships (DRR) future NGP study designs should allow to investigate DRRs

9. In most studies, only one control group was included  Ordinarily, NGP studies can (and should) have a positive and a negative
control group: positive controls are usually smokers (or in longitudinal
studies: smokers who continue to smoke); negative controls are usually
(‘life-time’) non-users (NU) (or in longitudinal studies: smokers who quit

smoking)

10. Almost all (long-term) human studies do not include a  For elucidating the role of nicotine in disease/disorder development upon
nicotine-free product group (only a few short-term NGP use, comparison to a nicotine-free NGP would be ideal. However, it
experimental studies do) appears rather unlikely that this goal can be achieved in field studies

11. In many studies NGP users are former smokers, there For a proper evaluation of the health risk of NGP use, initial NGP user would
was rarely a group of initial NGP users be most suitable. However, this again is an inherent weakness.

Improvement (i.e. inclusion of groups of initial NGP users) would be possible
in some years from now. On the other hand, the main focus of NGP
evaluation is presently to approve their suitability for tobacco harm reduction.
For this purpose, no initial NGP users are required.

12. Cross-sectional and case-control studies (most In principle, prospective studies can avoid these weaknesses. However,
frequently used in epidemiology) have immanent cross sectional studies are faster and much cheaper and will, therefore,
limitation: in principle no causality can be deduced, always take up an important role. More important is the careful interpretation
temporality (what is first, product use or disorder?) of results from cross-sectional studies, clearly pointing to weaknesses and

limitations
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