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The effects of long-term use of nicotine per se on cancer risk, in the absence of tobacco extract or Received 27 August 2015
smoke, are not clearly understood. This review evaluates the strength of published scientific Revised 14 March 2016
evidence, in both epidemiological and animal studies, for the potential carcinogenic effects of Accepted 20 April 2016
nicotine per se; that is to act as a complete carcinogen or as a modulator of carcinogenesis. For
human studies, there appears to be inadequate evidence for an association between nicotine
exposure and the presence of or lack of a carcinogenic effect due to the limited information
available. In animal studies, limited evidence suggests an associgtion betweea long-term n_icotine genesis; cotinine; epidemi-
exposure and a lack of a complete carcinogenic effect. Conclusive studies using current bioassay ology; nicotine;
guidelines, however, are missing. In studies using chemical/physical carcinogens or transgenic toxicokinetics; xenograft
models, there appears to be inadequate evidence for an association between nicotine exposure

and the presence of or lack of a modulating (stimulating) effect on carcinogenesis. This is primarily

due to the large number of conflicting studies. In contrast, a majority of studies provides sufficient

evidence for an association between nicotine exposure and enhanced carcinogenesis of cancer

cells inoculated in mice. This modulating effect was especially prominent in immunocompromized

mice. Overall, taking the human and animal studies into consideration, there appears to be

inadequate evidence to conclude that nicotine per se does or does not cause or modulate

carcinogenesis in humans. This conclusion is in agreement with the recent US Surgeon General’s

2014 report on the health consequences of nicotine exposure.
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Introduction

Nicotine delivery systems (Shahab et al. 2013; Benowitz
2014) continue to evolve for nicotine replacement
therapy (NRT) products and for electronic nicotine
delivery systems (ENDS, e-cigarettes). As a result, millions
of people are exposed to nicotine per se on a daily basis
resulting in blood nicotine levels of approximately
5-40ng/ml (Table 1). These products are often touted
s “clean” nicotine delivery products as they contain
pharmaceutical-grade nicotine as the only added active
ingredient and do not contain tobacco (Schneider et al.
2001; Benowitz 2014; Flora et al. 2016). The recom-
mended duration of use for approved NRT products is
8-12 weeks depending on the product type (US Food
and Drug Administration 2013). The FDA, however,
recently proposed the possibility of a 6-month extension
of NRT use with healthcare provider consultation (US

Table 1. Plasma and urinary concentrations of nicotine and
cotinine in users of nicotine delivery systems (with comparison
to conventional cigarettes).

Blood concentration
range (ng/ml)

Urinary concentration
range (ng/ml)

Nicotine-containing

product Nicotine Cotinine Nicotine Cotinine
NRT
Dermal patch 6-28%1,19  161-170% - -
7-259 80-300¢ 300-13009
Sublingual tablet  7-30%71 - - -
Nasal spray 3-20%1 170 £ 95§ - -
Gum 7-43%} - - 900||
Inhaler 2-40% 1 - - -
Lozenge 35¢ - - 900||
ENDS 9-24#** 11,11 99-15699  604-12508§ 1420-2480§%

Conventional cigarette 10-50* 184+£106|||| 1191 +£1145]||| 1149+ 736|||

*From Schneider et al. (2001) (review article).

tFrom Shiffman et al. (2005) (review article; maximum concentrations).

{From Gourlay and Benowitz (1996) (after 4-6 h of patch application).

9[From Lawson et al. (1998a, 1998b) (approximate values for 11-mg to 44-mg
patch users).

§From Benowitz et al. (1997) (mean £ SD).

|[From Kotlyar et al. (2011) (approximate values, 4-mg lozenges or gums).

#From Ramoa et al. (2015).

**From Lopez et al. (2015).

tTFrom D'Ruiz et al. (2015) (after 90 min of ad libitum use).

t1From Dawkins and Corcoran (2014) (ad libitum).

4/9/From Pacifici et al. (2015) (switched to e-cigarette for 1-8 months).

88From Hecht et al. (2015) (95% confidence interval).

|[IFrom Roethig et al. (2009) (population estimates; urine data previously
unpublished; mean + SD).

Food and Drug Administration 2013; Fucito et al. 2014).
It seems that uncertainty regarding the potential adverse
health effects (including cancer risk) of long-term use of
nicotine per se may be, in part, responsible for the
modest increase in the proposed duration of NRT use
(Shields 2011; Grando 2014).

At present, nicotine is not considered a human
carcinogen as noted in numerous statements from
authoritative bodies (Table 2). For example, the latest
report of the US Surgeon General concluded that “the
evidence is inadequate to infer the presence or absence
of a causal relationship between exposure to nicotine
and risk for cancer” (US Department of Health and
Human Services 2014, p. 8). In addition, the Tobacco
Advisory Group of the UK Royal College of Physicians
stated that there is no direct evidence that NRT is
carcinogenic (UK Royal College of Physicians 2007). NRT
product warning label statements (health-related) pro-
vide authoritative bodies with the opportunity to
communicate their concern about the potential harmful
effects of these products. For NRT products, the labels
do not warn about potential cancer risks (US Food and
Drug Administration 2015). Numerous review/opinion
publications also suggest that the scientific evidence
(animal and human) does not support a carcinogenic
effect for long-term nicotine exposure (Benowitz 2011;
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Table 2. Statements by authoritative bodies on the potential carcinogenic effect of nicotine per se.

Authoritative body Authoritative statement

Attributing statement

WHO FCTC* -
IARCY (No full assessment)
FDA} (HPHC list)

US Surgeon General

to nicotine and risk for cancer.”

US Surgeon General§ -

UK RCP)| -

“The evidence is inadequate to infer the presence or
absence of a causal relationship between exposure

Not a carcinogen, but may function as a tumor promoter

Not generally considered to be a carcinogen

Biological effects through receptor binding

Likely enhances carcinogenicity

Not listed as a carcinogen

Insufficient data to conclude that nicotine causes or contributes to

cancer in humans

o No support from animal studies for the hypothesis that nicotine is a
complete carcinogen

e Tumor promoter in some experimental models

Mechanistic data supporting a role of nicotine in stimulating

carcinogenesis

o No direct evidence for carcinogenicity of NRTs

HPHC: harmful and potentially harmful constituents; IARC: International Agency for Research on Cancer; NRT: nicotine replacement therapy product; US FDA: US
Food and Drug Administration; UK RCP: Royal College of Physicians; WHO FCTC: World Health Organization Framework Convention on Tobacco Control.

*From WHO Framework Convention on Tobacco Control (2014).
tFrom International Agency for Research on Cancer (2012).
{From US Food and Drug Administration (2012).

S[From US Department of Health and Human Services (2014).
§From US Department of Health and Human Services (2010).
[[From UK Royal College of Physicians (2007).

Cardinale et al. 2012; Hecht 2012a, 2012b International
Agency for Research on Cancer 2012, p. 134; Warren &
Singh 2013; Schaal & Chellappan 2014; Sanner &
Grimsrud 2015). A comprehensive evaluation of the
published scientific literature on this topic (animal and
human studies), however, is missing.

Carcinogenesis is a multi-staged process which oper-
ationally involves three stages: initiation, promotion and
progression (Klaunig 2013). A complete carcinogen is a
chemical that induces tumors, by itself, usually with
initiating, promoting, and progressing properties.
Genotoxicity is a required property of initiators. The
available data on a genotoxic potential of nicotine are
conflicting and have not been critically reviewed.
Genotoxicity was not observed for nicotine or its four
major metabolites at concentrations of up to 1 mg/ml in
the Salmonella reverse mutation assay and in a sister
chromatid exchange assay in Chinese hamster ovary
cells (Doolittle et al. 1995). However, in recent in vitro
genotoxicity studies examining strand-breaking activity
assessed by the Comet assay, chromosome aberration or
micronucleus formation, nicotine was found to be active
in a concentration range between 160ng/ml and
650 pg/ml (Argentin & Cicchetti 2004; Ginzkey et al.
2012; 2013; Bavarva et al. 2014; Ginzkey et al. 2014a,
2014b). This range is beyond the systemic nicotine levels
achieved by using NRT products (Table 1), but at local
sites of entry, such as at respiratory tract or oral epithelia,
nicotine concentrations may indeed be higher than
systemic concentrations (Jarvis et al. 1984). Genotoxic
effects at systemically relevant nicotine concentrations
(16 ng/ml) were reported in a few studies, such as in a
cytokinesis-blocked micronucleus assay (Kleinsasser
et al. 2005) and in a chromosomal aberration assay
(Demirhan et al. 2011). Overall, definitive studies to

determine the genotoxic potential of nicotine in users of
nicotine delivery systems are missing.

Concern has been raised by authoritative bodies that
nicotine might act as a promoter and/or progressor of an
initiated carcinogenic process (Table 2). From a mech-
anistic standpoint, there is considerable evidence that
nicotine exposure can affect many of the cellular
processes that are considered important for the promo-
tion or progression of the carcinogenic process.
Numerous reviews have been published summarizing
these mechanistic findings (Improgo et al. 20171;
Cardinale et al. 2012; Jensen et al. 2012; Lee & Cooke
2012; Russo et al. 2012; Schuller 2012; Chu et al. 2013;
Warren & Singh 2013; Grando 2014; Niu & Lu 2014;
Schaal & Chellappan 2014; Schuller 2014). For example,
nicotine has been reported to stimulate cell prolifer-
ation, inhibit apoptosis, induce cell migration and
invasion, induce angiogenesis and inhibit immune func-
tions. Such effects were often observed in vitro at
systemically and/or locally relevant nicotine concentra-
tions. In particular, the role of nAChRs in triggering
intracellular signaling pathways that influence the car-
cinogenic process have been emphasized (Grando 2014).

Nicotine per se is a unique active ingredient for a
consumer product in that the majority of nicotine’s
effects are mediated by binding and activating nicotinic
acetylcholine receptors (nAChRs) in a wide variety of
neuronal (central and peripheral nervous system) and
non-neuronal tissue. Consequently, nicotine exposure
affects numerous systems, including neurologic, neuro-
muscular, cardiovascular, respiratory, immunological and
gastrointestinal. The presence of different types of
nAChRs, receptor upregulation and receptor desensi-
tization influences these complex physiological effects.
Numerous studies in experimental animals demonstrate
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that nicotine exposure results in a dramatic increase in
both nAChR numbers and receptor desensitization in the
brain resulting in tolerance to the central effects of
nicotine (Marks et al. 1985; Renda & Nashmi 2014). In
contrast, little is known about the response of peripheral
nAChRs in regard to receptor upregulation and desen-
sitization following nicotine exposure (Lam et al. 2016).
Similarly, many types of cancer cells express a wide
variety of nAChRs (Improgo et al. 2013), but few studies
have characterized the effect of nicotine on receptor
numbers and desensitization (Brown et al. 2013).

Based on the mechanistic studies, a case for biological
plausibility has been proposed for a potential role of
nicotine in carcinogenesis. Therefore, it seems appropri-
ate for the present review to critically evaluate the
strength of published scientific evidence, in both human
and animal studies, for potential carcinogenic effects of
nicotine per se. The potential of nicotine per se to act as a
complete carcinogen or as a modulator of an initiated
carcinogenic process are assessed in this review.
Toxicokinetic considerations relevant for this evaluation
are also briefly summarized. Mechanistic data on the
potential carcinogenic effects of nicotine per se, how-
ever, will not be evaluated, as numerous mechanistic
studies have recently been reviewed (see above). Finally,
the words nicotine per se and nicotine are used
synonymously in this review.

Methods

For the present review, evaluations of relevant published
literature were carried out according to processes

Topic

described in the sections below, which were adapted
or modified from a wide variety of published frameworks
(Hill 1965; International Agency for Research on Cancer
2007; Organisation for Economic Co-operation and
Development 2009; Rhomberg et al. 2011; Goodman
et al. 2013; Rhomberg et al. 2013; Prueitt et al. 2014;
Willhite et al. 2014). These frameworks, including our
own, have similar processes such as defining the study
question, gathering relevant studies using inclusion and
exclusion criteria, evaluating studies for quality, consist-
ency and relevance, integrating evidence on related
topics to draw conclusions and using these conclusions
to determine a strength of evidence classification
(Rhomberg et al. 2013).

Study question

The present review was conducted to answer the
question: What is the potential carcinogenic effect of
nicotine per se, at levels found in users of nicotine
delivery systems? In this review, nicotine delivery
systems refer to products that contain nicotine as the
only added active ingredient, that contain pharmaceut-
ical grade nicotine and do not contain tobacco. Due to
the large number of in vitro and in vivo studies on this
topic (Figure 1), we chose to limit our answer to this
question using published human and animal studies. In
vitro studies and mechanistic data will not be critically
evaluated in the present review. Thus, the objective of
this review is to critically evaluate the strength of
published scientific evidence, in both human and animal
studies, for the potential carcinogenic effects of nicotine

Nicotine Effect on

Carcinogenesis

3138 publications

Exclude:
Tobacco
Non-nicotine (e.g. NNK)

No carcinogenesis endpoints
Review/Commentary

2747 publications

Include:
Nicotine per se & major metabolites
Nicotine delivery systems (e.g. NRT, ENDS)
Carcinogenesis endpoints
Original research

391 publications

Exclude:
In Vitro

316 publications

Human
1 publication

Subtopics

Cancer Causing
28 publications

Include:
Human & Animal

75 publications

Animal
74 publications*

Modulating Cancer
50 publications

Figure 1. Overview of findings from literature searches and criteria used for the inclusion and exclusion of publications for critical
evaluation. *The total number is only 74 because several publications include both complete and modulating cancer studies.



per se. In animal studies, the potential of nicotine to act
as a complete carcinogen or as a modulator (stimulator)
of carcinogenesis is evaluated. The goal for study
evaluations is not to provide a yes or no answer to the
question but to generate knowledge, communicate
uncertainty about conclusions and enable an informed
discussion about knowledge gaps and possible actions
to be taken.

Literature search

An updated search of the relevant scientific literature
was performed the final week of October 2015 in the
Medline and Embase databases primarily relying on their
hierarchical controlled-vocabulary thesauri. The concept
of cancer (including carcinogenesis) was covered by
selecting all records indexed to the most general cancer
term, “Neoplasms” (“Neoplasm” in Embase), or to any of
its narrower terms; 683 total Medline terms and 1002 in
Embase. The cancer set was combined by Boolean AND
with items indexed to either “Nicotine” or “Cotinine.” In
Embase, allowance also was made for items indexed to
either “Nicotine N Oxide” or “Nicotine N’ Oxide.” No
such inclusion was necessary in Medline, since that
database maps the oxides to “Nicotine,” modified by an
“analogs & derivatives” sub-heading.

Since Medline makes titles and abstracts available
before being fully indexed, a strategy such as the above
must be supplemented by a “free-text” approach to pick
up the mostly newer unindexed records. Thus, the “In-
Process,” “Epub Ahead of Print” and “PubMed-Not-
Medline” file segments were queried for either of
nicotine or cotinine and any of cancer?, carcino?,
tumor?, tumor?, cocarcinogen?, neoplas?, oncogenic or
oncogenesis (where? represents zero or more
characters).

Using the above search methodology, 3138 database
records were identified. One of the authors (MWF) read
the title and abstract (as available) for each of these
records and applied the inclusion and exclusion criteria
(as detailed in the Section “Inclusion/exclusion criteria”)
to identify relevant studies for evaluation. This search
strategy in combination with using secondary sources
from publications and reviews (as described in the next
paragraph) resulted in the identification of one publica-
tion for human studies and 75 publications for animal
studies to be critically assessed and evaluated (Figure 1).

In addition to the process described above, one of the
authors (H. J. H.) identified recent reviews that addressed
the potential of nicotine to act as a carcinogen or as a
modulator of carcinogenesis (Benowitz 2011; Improgo
et al. 2011; Lee et al. 2011; Singh et al. 2011; Cardinale
et al. 2012; Jensen et al. 2012; Schuller 2012; Hecht
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2012a; Warren & Singh 2013; Grando 2014; Schaal &
Chellappan 2014; Schuller 2014). These reviews as well
as original studies were found with PubMed searches
performed in January 2015, using keywords “nicotine
AND cancer,” and “nicotine AND carcinogen*". Relatively
old but relevant in vivo studies on nicotine and its
metabolites were also discovered by checking earlier
reviews (Larson et al. 1961; Schievelbein 1962; Levy &
Martin 1989). All these reviews and original research
publications were used as secondary sources to identify
relevant published studies.

Inclusion/exclusion criteria

The articles identified as potentially eligible for inclusion
in the present review were examined and confirmed
as in scope by one of the authors (H. J. H.) based on
inclusion/exclusion criteria described in detail below and
illustrated in Figure 1. In many cases, a single publication
contained data from several relevant studies. For
example, a single publication could contain results
from using various strains of animals, various routes of
nicotine administration or various kinds of cancer cells in
xenograft experiments. The relevant studies present in a
single publication are referred to as sub-studies. As a
result, the 74 publications identified using animals
contained 112 relevant animal studies or sub-studies
(33 cancer causing and 79 modulating cancer). Thus, in
the present review, 113 (sub-)studies (including one
human study) were critically assessed for relevance and
quality as well as evaluated for strength of evidence in
categories such as human studies and animal studies
including complete carcinogenesis and modulating
carcinogenesis.

Studies included for evaluation are those in which
nicotine, free base or salts, or the major metabolites of
nicotine, cotinine or nicotine-N'-oxide (NNO), are admin-
istered. The half-life of nicotine is relatively short,
especially in rodents, while the half-life of some of
nicotine’s metabolites, such as cotinine and NNO, are
longer (Matta et al. 2007). Therefore, it seems plausible
that, findings that appear to be related to nicotine may
instead result from one or more of its metabolites.
Accordingly, studies that investigate the potential car-
cinogenicity of cotinine or NNO exposure were identified
and are included in the current review.

Studies in which nicotine delivery systems are used
for exposure are included. As previously mentioned,
nicotine delivery systems refer to products that contain
nicotine as the only added active ingredient, that
contain pharmaceutical grade nicotine and do not
contain tobacco. Examples would include the NRT
products listed in Table 1 as well as ENDS such as e-
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cigarettes. Accordingly, studies investigating the poten-
tial carcinogenicity of NRT products in humans and
animals were identified and are included in the current
review. In contrast, no relevant studies using ENDS were
identified or evaluated.

Studies that use any product that contains tobacco for
nicotine exposure are excluded. Epidemiological studies
on Swedish snus (a smokeless tobacco) are often used as
an indirect measure of the potential carcinogenic effect
of long-term nicotine use in humans (Benowitz 2011).
However, for this review, exposure to nicotine per se and
snus are not considered equivalent. They differ in that a
snus user is exposed not only to nicotine extracted from
this tobacco product but also exposed to compounds
that may mask a potential carcinogenic effect of nicotine
(Hecht et al. 1986; Hoffmann et al. 1987; Prokopczyk
et al. 1987).

Pesticide products that contain nicotine in combin-
ation with other tobacco alkaloids or contain nicotine of
unknown purity are excluded. Studies that investigate
the use of non-nicotine compounds or products are also
excluded. Examples would include tobacco-specific
nitrosamines such as 4-(methylnitrosamino)-1-(3-pyri-
dyl)-1-butanone (NNK) or N-nitrosonornicotine (NNN),
and tobacco alkaloids other than nicotine.

Studies that describe the use of carcinogenesis
endpoints or the possibility of detecting such are
included. Examples of such endpoints include cancer
diagnosis (human studies), gross pathology assessment,
tissue histopathology analysis, tumor-related character-
istics such as tumor size or volume, vascularization or
metastasis. Studies identified in the literature search that
do not include such endpoints are excluded from
evaluation. Common non-carcinogenesis endpoints
observed include those found in studies investigating
metabolism, dependence and receptor activity (nAChRs).

Studies that are described in publications that are
reviews, commentaries or opinions are not evaluated in
this review. Only publications describing original
research studies in some detail are included in this
review.

Studies that are not conducted in humans or animals
(e.g., in vitro) are excluded from evaluation in this review.
Seventy-four relevant animal publications (whose stu-
dies met the inclusion criteria above) are assigned to one
of the two subtopic categories, cancer causing or
modulating cancer (Figure 1). Cancer causing studies
are those that investigate whether nicotine acts as a
complete carcinogen. In these studies, carcinogenesis
is followed in animals during long-term exposure to
nicotine alone. The second subtopic category of animal
studies comprises those evaluating the modulating
(stimulating) effect of nicotine on carcinogenesis

induced by other sources. Relevant modulating carcino-
genesis studies are placed in one of the two subcate-
gories depending on the source of carcinogenesis.
These are a chemical, physical or transgenic source or
the implantation of cancer cells (xenograft source).

Critical assessment of relevance and quality of
studies

The in vivo studies reviewed differ in various aspects of
study design, conduct and reporting. Thus, it is
challenging to compare studies as well as to determine
the strength of evidence for each of the studies that
have passed the inclusion criteria in order to evaluate
the potential carcinogenicity of nicotine. To facilitate this
evaluation, certain criteria, based on current inter-
national guidelines for carcinogenicity testing
(Organisation  for  Economic  Co-operation and
Development 2009), were used for judging relevance
and quality of studies. Both criteria were combined to
derive a score for the adequacy of a study for the
purpose of this evaluation. Five design criteria on study
relevance, including route of administration, group size,
dose response, daily dose, duration of exposure as well
as quality were scored separately as plus (+) or minus (—)
and documented in the supplementary material
(Supplementary Tables 1-3). If information was lacking,
the study was assigned a minus score. Alternative
approaches to judge study relevance and quality have
been published. For instance, the Klimisch scores
(Klimisch et al. 1997) were not considered discriminative
enough for the current evaluation. This approach relies
heavily on generally accepted international guidelines

Table 3. Adequacy evaluation criteria for individual animal
studies on the potential carcinogenicity of nicotine.

Category Adequate study parameters

Inhalation, oral, dermal

50 per sex (100 of single sex)

Three (or two) dose levels

Eliciting signs of toxicity, or

>1mg/(kg x d)

>18 months (complete carcinogen studies)

Any duration (modulating carcinogenesis studies)
e.g., Nicotine biomonitoring, body weight data

Route of administration
Group size
Dose-response

Daily dose (average)

Duration of exposure

Quality (subjective)

Notes:

(1) Adequacy criteria for group size, dose-response, and study duration were
derived from the carcinogenicity study design guidance provided by the
Organisation for Economic Co-operation and Development (2009). Other
adequacy criteria were subjectively set by the authors.

(2) Adequacy was scored with plus (+) or minus (—). If information was
lacking, minus (—) was also applied.

(3) Plus (+) scores of a study were totaled for an overall adequacy score. The
maximum plus (+) score is 6 (studies on complete carcinogenesis) or 5
(modulating studies), with >2(+) representing a high-adequacy score and
<2(+) representing a low-adequacy score.



and/or Good Laboratory Practice and few studies in our
review were conducted approaching such guidelines.

Our adequacy evaluation criteria are listed in Table 3
and briefly explained as the following: adequate routes
of administration were those that corresponded to the
use of nicotine delivery systems in humans, i.e., inhal-
ation, dermal and oral (Organisation for Economic
Co-operation and Development 2009).

For the first category of studies, group sizes of
approximately 100 or more (or 50 per sex) were
considered adequate (Organisation for Economic
Co-operation and Development 2009). Optimally, a
dose-response relationship on the basis of at least
three dose groups should be targeted (Organisation for
Economic Co-operation and Development 2009), but
each attempt to have more than one dose group was
honored as adequate.

Average daily doses were calculated or estimated as
a common denominator. Because this calculation is
imprecise in view of the rapid nicotine metabolism in
most laboratory animals, the actual dosing regimen was
also provided in the Supplementary material, which lists
the various studies in detail (Supplementary Tables 1-3).
The highest dose level in the carcinogenicity studies
should be selected to elicit some evidence of
toxicity (Organisation for Economic Co-operation and
Development 2009). Thus, any sign of nicotine-related
toxicity, such as body weight or survival effects, was
honored as indicative of a sufficiently high dosing and
considered adequate. There might have been very acute
and transient toxic reactions to nicotine injection, which
were also honored here, although the same average
daily dose given continuously, e.g., via the drinking
water, might have avoided such toxic response. Another
criterion of adequacy related to dosing or exposure was
the assumption that the experimental nicotine exposure
relative to body weight was similar or higher than in a
user of nicotine delivery systems. For NRT, it is recom-
mended that nicotine gum users consume no more than
24 units containing 4 mg nicotine each per day, while for
nicotine inhaler users, not more than 16 units containing
10mg nicotine each per day is recommended and
sublingual tablet users can use up to 24 units containing
2mg of nicotine each (Schneider et al. 2001). Thus, the
upper limit of exposure to nicotine from NRTs can be
estimated to be approximately 1 mg/(kg x d). Doses at
this level or above were also considered adequate. The
assessment of nicotine doses from experimental studies
is hampered by the fact that quite often it was not stated
whether doses were given in terms of pure nicotine or
any salt and whether a racemic mixture or the pharma-
cologically active S(—)-enantiomer was used. If not
stated otherwise, the data are interpreted as pure
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(—)-nicotine, which may lead to erroneous overestimates
of nicotine doses of up to six-fold.

Study durations of >18 months were honored as
adequate according to guidelines for assessing complete
carcinogenesis (lower range of acceptable study dur-
ations selected for inclusion of studies with susceptible
spontaneous or transgenic strains; Organisation for
Economic Co-operation and Development 2009). For
cancer-modulating studies, study duration was not a
useful adequacy criterion. In many of these studies, the
initial inducer of carcinogenicity was administered in a
way that led to rapid tumor development. Therefore,
animals in these studies were exposed to nicotine for
relatively short periods of time, if these time periods
were considered sufficient to induce cancer by the initial
treatment alone. Because cancer growth was apparently
easily observed in most of these studies, as a conse-
quence of the initial treatment, any duration of nicotine
exposure was honored as adequate for modulating
carcinogenesis studies.

A final score was given based on a subjective
evaluation of study quality. This included the availability
of body weight or nicotine biomonitoring data, which
were thought to at least improve the comparison of
studies with similar design.

In order to achieve a comprehensive overview, no
study was excluded from evaluation because it failed a
certain study adequacy criterion. Rather, all studies that
passed the inclusion criteria were evaluated. For assess-
ing the strength of evidence for the studies evaluated, an
overall adequacy score was determined by totaling the
individual plus values for each individual sub-study. This
approach gave all adequacy criteria the same weight.
However, for practical reasons, only studies (or parts
thereof, i.e.,, sub-studies) with high-adequacy scoring
(with an overall score >2) were discussed in detail in the
main body of the review, while narratives regarding
studies or sub-studies with low-adequacy scoring (with
an overall score <2) were placed in the Supplementary
material (Supplementary Table 4). Scoring results were
also used to roughly divide studies into two categories or
tiers in other assessments (Goodman et al. 2014), but
ranking of studies was avoided. Here, the overall results of
studies with low-adequacy score were compared with
those observed in high-adequacy score studies within the
same subsection, to detect potential biases when strat-
ifying by study adequacy.

Strength of evidence evaluation and
classification

The evaluation and the integration of scientific evidence
as well as strength of evidence classification (for human,
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animal, complete carcinogen, modulating carcinogen-
esis studies) are a matter of facilitated professional
judgment, reflecting conclusions derived from evaluat-
ing relevant studies individually and collectively. The
term “facilitated” refers to professional judgment that is
guided by key factors or criteria for drawing conclusions
from scientific studies (Rhomberg et al. 2013). The use of
such criteria is described below. Key factors or criteria
considered in the present review for evaluating and
integrating scientific evidence were adapted from
numerous sources and are described in brief below
(Hill 1965; Goodman et al. 2013; Rhomberg et al. 2013).
Criteria for evaluation and integrating evidence include
consideration of the reproducibility, reliability and
strength of the observed carcinogenic response, the
presence of a dose (exposure)-carcinogenic response
relationship, the timing (temporal relationship) and
specificity of the carcinogenic response following nico-
tine exposure, and the dose and route of administration
that is relevant to human nicotine exposure (nicotine
delivery systems).

The framework described above uses an approach
adapted from Bradford Hill and US Environmental
Protection Agency (Hill 1965; Rhomberg et al. 2013).
This approach was modified taking into account that
conclusions in the present review did not consider
mechanism of action data (biological plausibility) and
limited information is available for long-term nicotine
exposure in humans (lack of coherence). Therefore, it is
important to remember that the strength of evidence
conclusions and classifications in this review are a
generalization. That is, we recognize the inherent
difficulty in applying specific animal study results to
arrive at conclusions for a more general study question
(Rhomberg et al. 2013).

A thorough discussion of the strengths and weak-
nesses (based on the above criteria) of the relevant
studies for each topic is provided in this review. Using
our adequacy scoring system, less ideal studies (low-
adequacy score) were not rejected outright but were
summarized briefly as a narrative for each topic area (a
more detailed evaluation of each study is found in the
Supplementary material). The conclusions from the low-
adequacy scored studies were then compared with the
more detailed narrative and conclusions from the high-
adequacy scored studies, again for each topic. Finally,
the reasoning for the overall strength of evidence
conclusion and classification was discussed in the
present review for each topic (human, animal, cancer
causing and cancer modulating studies).

The strength of evidence classifications used in the
present review were adapted and modified from the
Evaluation of Carcinogenic Risks outlined by the

International Agency for Research on Cancer (IARC)
(International Agency for Research on Cancer 2007). A
major modification to the IARC strength of evidence
assessment is the separation of the IARC classification
“evidence suggesting lack of carcinogenicity” into two
classifications: “limited evidence suggesting a lack of
effect” and “sufficient evidence of a lack of effect.” With
this revised classification in place, the strength of
evidence conclusions are balanced. A conclusion and
classification can be neutral (inadequate evidence) or
can be deemed limited or sufficient in both directions,
for a carcinogenic effect or for a lack of a carcinogenic
effect. Strength of evidence classifications used for
evaluating human and animal studies were as follows:

e Sufficient evidence: Conclusive or highly suggestive
studies are available for an association between
nicotine exposure and either a lack of carcinogenic
effect or a carcinogenic effect.

e Limited evidence: The evidence from available
studies is indicative of an association between
nicotine exposure and either a lack of carcinogenic
effect or a carcinogenic effect. Conclusive studies
are missing.

e [nadequate evidence: The available studies are of
insufficient quality or consistency to permit a
conclusion regarding an association between expos-
ure to nicotine and carcinogenesis. Only conflicting
or incomplete evidence is available.

We believe that one strength of the classification
system described above is that it provides a balanced
and symmetrical distribution for strength of evidence
conclusions. On both sides of a neutral conclusion
(inadequate evidence), there exists the same possible
classification (sufficient or limited evidence) for either a
carcinogenic effect or the lack of an effect. Similarly,
Rhomberg et al. (2011) supported a “two-pan balance”
system for determining the weight of evidence as a
more satisfactory means of drawing conclusions from an
array of observations. These investigators suggested that
many classification systems use “a single scale showing
how much evidence in accord with a conclusion can be
accumulated.” We believe that the IARC (International
Agency for Research on Cancer 2007) and equipoise
(Goodman et al. 2013) classification systems suffer from
this limitation. Both systems favor observations demon-
strating a positive effect, with only one availability
category for a lack of an effect (sufficient evidence).
Obviously, providing sufficient evidence for a lack of an
effect is very difficult to accomplish especially in light of
the fact that negative findings often go unpublished.
Another strength is our classification system (sufficient,
limited, and inadequate evidence) provides a clear



communication that is easily understood, both from an
overall conclusion point of view as well as the reasoning
behind the message. Other frameworks using an equi-
poise classification system (e.g., equipoise and above or
below equipoise), for example, are not easily
understood.

As previously mentioned, a limitation of our strength
of evidence conclusions is the absence of mechanistic
data as well as little information in humans. Thus, our
classification system is not meant to determine conclu-
sions for a causal relationship between nicotine expos-
ure and carcinogenesis.

Evidence from human studies

Epidemiological and clinical studies on the cancer risk
associated with using nicotine delivery systems were
identified and reviewed. One NRT study was identified as
relevant and was critically evaluated. No other cancer-
related studies with users of other nicotine delivery
products (such as ENDS) were found.

Epidemiological studies with nicotine replace-
ment therapy (NRT) use

The Lung Health Study investigated the cancer risk from
using NRT products. This study prospectively investi-
gated surveillance data on 3320 intervention partici-
pants who were enrolled in this study for 5 years and
then followed up for 7.5 years (Murray et al. 2009).
Nicotine gum use and smoking were determined by self-
reporting, although the nicotine exposure from gum use
may have been quite accurate as it was supplied for free
to the participants of the study for the full 5 years. Most
participants used either NRT or cigarettes, rather than
using both concurrently. Using Cox proportional hazard
regression analysis, the NRT alone was not a significant
predictor of lung cancer [hazard ratio (HR) 1.02, 95%
confidence intervals 0.95-1.09], while continued smok-
ing was predictive [HR 1.08 (1.01-1.16)]. Neither NRT use
nor continued smoking was significant predictors for all
cancers and for gastrointestinal cancers in particular
(including oral cancer). Survival from any diagnosis of
cancer was the same between users of NRT and non-
users. Most importantly, survival without any diagnosis
of lung cancer was significantly higher for those partici-
pants below the median cigarette exposure during the
study compared to those above the median level
(determined in pack-years). There are a number of
serious limitations regarding the interpretation of this
study that were identified by the authors. First, the
5-year study duration and the follow-up period of 7.5
years are not considered long enough for lung cancer to
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develop. In addition, the total number of lung cancer
cases in the study (morbidity and mortality) was only 75.
Finally, the daily nicotine exposure in the NRT user group
was approximately 2mg (average of 2 gums per day
with 2 mg nicotine per gum, assuming 50% extraction).
Considering an appreciable first-pass effect upon oral
nicotine exposure (see Section “Comparative toxicoki-
netics”), the estimated nicotine exposure in this study
is approximately one order of magnitude below
that observed for users of nicotine delivery products
(Table 1).

In summary, this study provided no evidence for an
effect of NRT use on cancers of the lung, the gastro-
intestinal tract or overall. This one study provides
inadequate evidence for an association between nico-
tine exposure and the presence of or lack of a
modulating effect on carcinogenesis following smoking
cessation.

Conclusion on human studies

There is only one epidemiological study on the long-
term use of NRT after smoking cessation, and this study
provided no evidence for an effect of NRT use on cancers
of the lung, gastrointestinal tract, or overall. This study,
however, was relatively short given the reported 20-30
year latency period for lung cancer. Longer-term pro-
spective epidemiological studies are required to support
the hypothesis that nicotine does not cause cancer by
itself or stimulate carcinogenesis. This would include
surveillance studies after smokers switched to NRTs or
ENDS as well as studies on users of these products
without prior use of conventional tobacco products.
Overall, for human studies (NRT use), there appears to be
inadequate evidence for an association between nico-
tine exposure and the presence of or lack of a
carcinogenic effect due to a limited number of studies.

Evidence from animal studies

Comparative toxicokinetics

Because there is little information from studies in
humans, laboratory animal studies are important in
evaluating the carcinogenic potential of nicotine, at
levels found in users of nicotine delivery systems. The
kinetics of nicotine absorption, distribution and metab-
olism are relevant for its pharmacological action
(Benowitz et al. 2009), but also must be considered for
the evaluation of its toxic activity, e.g., when comparing
different routes of administration in various species and
when extrapolating to the human nicotine user.

The time course for systemic nicotine distribution is
fastest after inhalation (within seconds), intermediate for
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oral uptake and relatively delayed after dermal exposure
(lag time of 1h) (Benowitz et al. 2009). Once absorbed,
nicotine is widely distributed in the body. As a conse-
quence of the first-pass effect, only 30% of orally
administered nicotine can reach systemic circulation
(Matta et al. 2007). After inhalation or intravenous (i.v.)
exposure, however, the first-pass effect of hepatic
metabolism is avoided. The plasma half-life of nicotine
in humans is approximately 2 h (Hukkanen et al. 2005).
At an experimental dose of 1mg/kg in rats and mice,
half-lives of 0.75-1.6 h (Kyerematen et al. 1988; Schepers
et al. 1993; Matta et al. 2007) and 6-9 min (Petersen et al.
1984; Siu & Tyndale 2007) were reported, respectively.
These differences in elimination half-lives mirror differ-
ences in the rates and also patterns of nicotine metab-
olism among species. Thus, the route and mode of
administration (e.g., injection versus continuous expos-
ure) and the choice of species used for a study will
determine differences in local and systemic exposures of
nicotine and its metabolites that may lead to toxic and
carcinogenic effects. Animal studies for the investigation
of the potential carcinogenicity of nicotine were, there-
fore, sorted according to the route of administration
used in the various studies reviewed herein.

Several nicotine metabolites have longer half-lives
than the parent compound, such as cotinine in human
smokers (16 h, Benowitz et al. 2009), rats (3 h, Schepers
et al. 1993) and mice (25-50 min, Siu & Tyndale 2007),
and have, therefore, been monitored as surrogates for
nicotine exposure.

Figure 2 provides a schematic overview of the average
range of levels for nicotine doses in users of nicotine

Cheng et al., 2005 (s.c. cont.)
Theophilus et al., 2012

AlSharari et al., 2013 (s.c. cont.)

delivery systems and the respective nicotine and
cotinine levels in blood (based on the values from
Table 1). These data can be used to compare nicotine
exposures in animal studies based on doses relative to
body weight or on blood and urine levels, as available
(Figure 2).

For instance, to achieve the same systemic nicotine
concentration, higher nicotine doses relative to body
weight have to be administered to rodents (especially
mice) in comparison to humans. At drinking water doses
of 20mg/(kg x d) or higher, blood nicotine and cotinine
levels can be achieved in mice similar to those in users of
nicotine delivery systems (Table 1).

In animals, to maintain a nicotine blood level
throughout the day that mimics the diurnal changes
commonly seen in users of NRT or ENDS, inhalation or
the oral administration of nicotine via the drinking water
or the diet appear most suitable.

Potential of nicotine to cause cancer in animals

Studies aimed at evaluating the carcinogenic potential
of nicotine can be divided into two categories: studies or
study parts (sub-studies) with exposure to nicotine alone
and studies or sub-studies with exposure to nicotine in
combination with other exposures. The intention of
reviewing the first category of studies is to evaluate the
potential of nicotine to cause cancer, i.e., whether
nicotine acts as a complete carcinogen. The intention
of reviewing the latter category of studies is to evaluate
the modulating effect of nicotine on the carcinogenic
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Figure 2. Overview of nicotine biomonitoring data in mouse and rat studies (various shaped arrows). Data referring to human
exposure and blood nicotine levels are presented as a black bar indicating the range of data presented in Table 1 (users of nicotine
delivery systems). For species comparison, mouse data are shown from studies with oral administration via the drinking water (red
color: Pietild et al. 1995; Sparks & Pauly 1999; Grabus et al. 2005; Arany et al. 2011; AlSharari et al. 2013), s.c. osmotic minipump
(brown color: AlSharari et al. 2013) and feeding (violet color: Theophilus et al. 2012). Rat data are shown from nicotine inhalation
(black color: Werley et al. 2014), continuous s.c. administration via minipump (dark blue color: Cheng et al. 2005), and feeding (blue

color: Theophilus et al. 2012).



Table 4. Reported findings of relevant studies for evaluating the
potential of nicotine to act as a complete carcinogen.

Route/adequacy Number of
scoring (sub-)studies Positive* Negative* Labsy
Inhalation
Total 1 0 1 1
High score 1 0 1 1
Low score 0 0 0 0
Oral
Total 7 0 7 5
High score 5 0 5 5
Low score 2 0 2 2
Dermal
Total 1 0 1 1
High score 0 0 0 0
Low score 1 0 1 1
Othert
Total 14 2 3 12
High score 1 0 1 1
Low score 13 2 2 11

To facilitate comparisons, the (sub-)studies were grouped into high and low-
adequacy scoring studies with overall scores subjectively set to >2 and <2,
respectively.

*As judged by the authors of the respective studies, where “positive”
indicates stimulating carcinogenesis and “negative” indicates a lack of
carcinogenic effect.

tNumber of different laboratories contributing studies.

1The two positive studies (both s.c.) were those with the longest exposure
period. Many shorter but still chronic studies in this category were not
planned as carcinogenicity studies and were, therefore, often not judged
by the respective authors as positive or negative for carcinogenesis. This
resulted in a total number of studies that was higher than the sum of
studies reported as positive or negative by the authors.

potency of these other exposures (Section “Potential of
nicotine to modulate carcinogenesis”).

In the first category, several animal species were
exposed to nicotine using different routes of adminis-
tration in studies published over the past 100 years. A
summary of reported conclusions from all reviewed
studies on the potential of nicotine to act as a complete
carcinogen is given in Table 4. A more detailed descrip-
tion of high-adequacy score studies is provided in the
section below. A description of low-adequacy score
studies as well as a more detailed overview of each study
evaluated in this category is provided in the supple-
mentary material (Supplementary Tables 4 and 1,
respectively). At the end of the current section, both
high and low-adequacy score studies are discussed in
aggregate, and a conclusion on this part of the review is
provided.

Inhalation exposure

Waldum et al. (1996) conducted a 24-month inhalation
study in Sprague-Dawley rats with nicotine exposure for
20 h/d, 5 d/week at a reported nicotine concentration of
0.5mg/m>. A nicotine dose of 0.4mg/(kg x d) can be
estimated on the basis of an average body weight of
300g/rat, a standard respiratory minute volume of 0.21
(estimated according to Alexander et al. 2008) and
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assuming full retention of the inhaled nicotine (Feng
et al. 2007). No food was available during the whole-
body nicotine exposure. Plasma nicotine levels were
found to exceed the range found in users of nicotine
delivery products (Table 1) by several folds. In this study,
the determination of blood nicotine levels seems to be
appropriate for comparison to users of nicotine delivery
systems due to the long daily nicotine exposure, which
probably resulted in a relatively stable steady-state
concentration. The body weight of the nicotine-exposed
rats was approximately 5% lower than that of the sham-
exposed rats (Waldum et al. 1996) indicative of an
effective nicotine exposure level. There was only one
dose level, but this dose level was in an effective range.
From the initial animals in the nicotine and sham control
groups (68 and 34 rats, respectively), several were used
for regular necropsies during the study. Thus, only 22
and 7 rats, respectively, were available for the final
necropsy, which included examination of the brain,
lungs, gastrointestinal tract, liver, kidneys and ovaries for
tumors. For the rats undergoing necropsy during the
course of the study, 36% and 24% of the nicotine and
control groups, respectively, had tumors, such as age-
related mammary tumors, which were found in both
groups. Historical control data from this laboratory are
not available, but mammary fibroadenomas in female
Sprague-Dawley rats are spontaneous tumors fre-
quently observed at the end of cancer studies (Dinse
et al. 2010). Some tumor types were only found in
nicotine-exposed rats, i.e., tumors of the anterior pitu-
itary gland (8% incidence), ovary (5%) and skin (2%). In
addition, two metastases of unknown origin were found
in nicotine-exposed rats. None of these tumor incidences
was statistically significantly different between nicotine
and sham-exposure groups. Moreover, in historic con-
trols, tumors have frequently been observed in various
parts of the pituitary gland (between 1% and 39%) and
occasionally also in the ovary (up to 0.6%), and skin (up
to 1.7% incidence, Dinse et al. 2010). No lung tumors
were detected in either group. Additionally, lung
neuroendocrine hyperplasia was investigated, and no
effect by nicotine was found. The authors of this study,
which was a high-adequacy scoring study, concluded
that they “did not find any tumorigenic effect of nicotine
on any organ in the body.”

Oral administration

Wilson et al. exposed Albino rats to nicotine sulfate,
nicotine tannate or nicotine bentonite via their food in
order to investigate body weight and organ microscopic
damage (Wilson & DeEds 1936; Wilson et al. 1938). For
up to 10 months, the rats were exposed to four doses of
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nicotine sulfate at levels of 0.006-0.05% in the diet.
These levels corresponded to doses of approximately
4 mg/(kg x d) to 33 mg/(kg x d). A no-observed adverse
effect level of 4mg/(kg x d) was reported based on the
retarded body weight development and lower food
consumption compared with control. Microscopic exam-
ination revealed that organs (liver, spleen, kidneys,
lungs, adrenals, heart, testes, thyroid and pancreas)
from nicotine-treated rats showed negligible structural
difference from organs obtained from control animal
(nicotine-free feed). This high-adequacy scored study is
characterized by a suitable dose-response assessment,
but it is hampered by the relatively short duration.
Group sizes were not reported.

Toth (1982) exposed Swiss mice in sufficiently large
groups for their lifetime to 0.5 and 0.7 mg/ml nicotine via
the drinking water. For the group exposed to the high
concentration, the author reported daily doses of 4.3
and 5.3mg of nicotine hydrochloride for female and
male mice, respectively, which translates to average
nicotine doses of approximately 150 mg/(kg x d) assum-
ing a body weight of 25g. Due to higher water
consumption, the daily dose per mouse in the low-
concentration group was only minimally smaller than in
the high concentration group. Surprisingly, no toxicity,
in particular, no impact on body weight development or
survival, was reported at these doses, although the dose
reported clearly exceeded that of other drinking water
studies using mice. Histopathological examination of the
liver, spleen, kidneys, bladder, thyroid, heart, testes,
pancreas, ovaries, brain, nasal turbinates and lungs (at
least four lobes) was performed but findings were not
reported, except for tumor incidences. No increase in
tumor incidence due to nicotine exposure was observed,
in particular in lungs, which had a background tumor
incidence of approximately 15%. The Swiss strain of mice
is genetically predisposed to a relatively high lung
cancer susceptibility (Manenti & Dragani 2005). The
author of the study, which received the highest
adequacy score in this review, concluded that nicotine
was “not carcinogenic under the experimental
conditions.”

Murphy et al. (2011) exposed A/J mice to 0.2 mg/ml
nicotine hydrogen tartrate (NHT) for 11 months via the
drinking water. Water consumption was significantly
lower in nicotine-exposed mice compared with sham-
exposed mice, but there was no indication of dehydra-
tion. Body weights were not reported. Based on the
reported weekly water consumption of 15ml and an
estimated body weight of 25 g, a daily nicotine dose of
6 mg/kg could be calculated. Plasma and urinary nico-
tine and cotinine levels were also reported. While the
plasma cotinine level of mice was below that observed

in humans, the urinary cotinine level found in the mice
of this study exceeded that normally found in humans.
No significant effect by nicotine on lung tumor multi-
plicity and size was observed, although there was an
incidence of 15% (2/15 mice) adenocarcinomas in the
nicotine-exposed group compared with the sham con-
trol with none. A similar pattern of numerically higher
incidences and multiplicities of adenocarcinomas in the
nicotine- versus sham-exposed mice was also observed
in parallel groups that were pretreated with the tobacco-
specific N-nitrosamine NNK. The A/J mouse is a strain
susceptible to lung carcinogenesis, and thus, in this
particular case, a study duration of 11 months should be
sufficient for examining potential carcinogenic effects in
this particular tissue (Stoner & Shimkin 1982); however, a
group size of 19 is relatively small.

Hermann et al. (2014) exposed C57/Bl6 mice for 18
months to nicotine via the drinking water at a nominal
dose of 20mg/(kg x d). The authors were particularly
interested in mechanisms of pancreatic carcinogenesis.
No effect on the area of pancreatic intra-epithelial
neoplastic lesions by nicotine was observed. No other
neoplastic findings were reported. This sub-study was
conducted in parallel to a study using transgenic mice
and reportedly was only intended to confirm earlier
reports of no effects by nicotine on pancreatic tumori-
genesis; on its own right, it suffered from a very small
group size (n=3) but otherwise received a high-
adequacy score.

Nishikawa et al. (1992) investigated the potential of
nicotine to induce pancreatic carcinogenesis. Nicotine
was administered to female Syrian Golden hamsters for 9
months at an estimated dose of 2.5 mg/(kg x d) via the
drinking water (n=30). The pancreas was carefully
examined in serial sections of four anatomical lobes. In
addition, the spleen and the duodenum were grossly
examined. No neoplastic or preneoplastic lesions were
detected in the pancreas.

Subcutaneous administration

Thompson et al. (1973) administered nicotine (as a base)
s.c. to male Fischer rats for up to 22 months at a daily
dose of 1 mg/kg. Nicotine was administered in a gelatin
matrix with the intention to prolong the absorption from
the injection site and achieve a rather sustained nicotine
distribution. The nicotine exposure was high enough to
elicit a significant decrement in the body weight
development of the rats (approximately 15% at max-
imum, which is generally considered acceptable for valid
carcinogenicity studies). Starting group sizes were 38 for
the nicotine treatment group and 10 for the vehicle
control group, but mainly due to technical reasons, only



28 and six rats remained for the final dissection. The
spleen, liver, adrenals, vertebra, lymph nodes, lungs,
heart, kidneys, thymus, testes, anterior pituitary gland,
skin, trachea, renal artery and aorta were routinely
examined in the euthanized animals. No consistent
differences in general pathology, which was described to
be typical for aged rats of this strain, were found
between the control and the nicotine-exposed groups.
In the control group, two tumors were discovered, an
adenocarcinoma of the lung and an adenoma of the
anterior pituitary gland resulting in an incidence of 33%.
Within the nicotine-exposed group, there were nine
tumors present in eight rats resulting in an incidence of
29%. These tumors included three instances of pheo-
chromocytoma, four cases of epidermoid carcinoma of
the skin, one leukemia and one fibrosarcoma. The
authors noted that all the tumors found are frequently
observed in aged rats. In particular, pheochromocyto-
mas indeed occur at rather high incidence in male rats
(Greim et al. 2009). The only statistically significant
difference in histopathology was the incidence of Leydig
cell hyperplasia, which occurred in 89% of the nicotine-
exposed and 66% of the control rats. The authors noted
that the etiologic significance of the observation is
unclear. Apparently, Leydig cell tumors are not com-
monly observed in other studies with this strain of rat
and of similar duration. Overall, this negative study is
characterized by its sufficient dosing and duration and
the broad scope of organs and tissues examined, but it
only had one dose level of nicotine and the group sizes
were small.

Low-adequacy score studies

Relevant studies with low-adequacy scores using intra-
tracheal installation (Yokohira et al. 2012), oral adminis-
tration (Schoental & Head 1953; Truhaut & De Clercq
1961), dermal application (Schoental & Head 1953), s.c.
injection (Staemmler 1935, 1936; Yun & Kim 1938;
Hueper 1943; Erankd et al. 1959a, 1959b; Thienes 1960;
Schuller et al. 1995; Galitovskiy et al. 2012), i.v. injection
(von Otto 1911; Kosdoba 1930) and i.p. injection
(Schmah! & Habs 1976) were identified and evaluated.
These studies are described in the Supplementary
material as a narrative (Supplementary Table 4) and as
an entry in the evidence table in the Supplementary
material (Supplementary Table 1).

Discussion of aggregate evidence

High-adequacy score studies. Seven studies were
identified with high-adequacy scoring and each varied
widely in study design and quality. Overall, the greatest
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weaknesses often included the lack of dose-response
analyses, a lack of sufficient group sizes, a lack of
sufficient exposure duration and the lack of sufficient
tissue histopathological analyses. However, all these
studies were negative with regard to any potential
carcinogenic effect of nicotine. These studies were
conducted in numerous laboratories with three species
(i.e., rats, mice and hamsters) and three different routes
of administration, including the relevant inhalation and
oral exposure routes. The highest adequacy scores were
obtained by the two major dedicated carcinogenicity
studies that were judged negative (lack of carcinogenic
effect) by the authors (Toth 1982; Waldum et al. 1996).
The negative study by Toth (1982) came closest to a
study design matching current bioassay guidelines.

Low-adequacy score studies. Sixteen low-scoring
studies were reviewed in this section and were predom-
inately considered negative (lack of carcinogenic effect)
by their authors, with two exceptions using s.c. nicotine
administration.

One exception relates to adrenal medulla adenocar-
cinomas or pheochromocytomas reported after s.c.
nicotine administration to rats (Staemmler 1935). This
effect was not dose dependent, and it was not observed
again in other studies of similar design that were
conducted in rats, mice, Guinea pigs and rabbits
(Kosdoba 1930; Eranko et al. 1959a, 1959b; Thienes
1960; Thompson et al. 1973), with one exception, i.e., a
22-month s.c. nicotine administration study in which
three rats were observed in the nicotine group and none
in the control (not statistically significant, Thompson
et al. 1973). In particular, the Thienes (1960) and Eranko
et al. (1959a, 1959b) studies were performed in response
to the findings reported by Staemmler (1935), but the
carcinogenic effect could not be reproduced. The
occurrence of pheochromocytomas seems to be related
to disturbances in catecholamine synthesis, which may
indeed be the case in the nicotine exposure studies
(Greim et al. 2009). A morphological effect of nicotine on
adrenals might seem plausible, as nicotine can stimulate
the release of corticosterone and catecholamines from
the adrenal cortex and medulla, respectively, and
hypertrophic adrenals were indeed described for i.v.-
treated rabbits (Kosdoba 1930). However, an effect on
adrenals was not reported in 90-d nicotine feeding
studies with rats and mice at doses of 6 and 120 mg/
(kg x d), respectively (Theophilus et al. 2012). In general,
the relevance of pheochromocytomas in rat carcinogen-
icity studies for human risk assessment was questioned
(Greim et al. 2009).

The second exception was the report that rhabdo-
myosarcomas and leiomyosarcomas were observed after
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s.C. nicotine administration to A/J mice for 5 d/week for
24 months (Galitovskiy et al. 2012). This study had small
group sizes, and no statistical tests were performed.
The development of spontaneous rhabdomyosarcomas
was also observed in other studies using this mouse
strain: Rhabdomyosarcomas at the hind legs and lower
back were described to be rather frequent spontaneous
tumors in A/J mice (34% incidence, Landau et al. 1998).
In a chronic mainstream smoke inhalation study in A/J
mice, rhabdomyosarcoma incidences of 27% and 43%
in female and male control mice were observed,
respectively, which tended to decrease with increasing
mainstream smoke and thus nicotine exposure concen-
trations (Stinn et al. 2013).

Leiomyosarcomas have not been reported as a
consequence of nicotine administration in other studies,
and this finding would need to be reproduced in a more
carefully designed study with a more appropriate route
of administration. Interestingly, the authors reported
only one mouse with pulmonary adenoma. The inci-
dence of lung tumors after 24 months observed in this
study is surprisingly low, as most other studies in A/J
mice showed 100% incidence at this age (e.g., Stoner &
Shimkin 1982).

In principle, the overall results of the low-adequacy
studies agree with those of the high-adequacy studies,
i.e, they do not suggest that nicotine is a complete
carcinogen.

Comparative evaluation by dose. For a comparative
evaluation, both high and low-adequacy studies were
considered. The doses used in the various studies cover
a relatively broad range for rats [0.3-33 mg/(kg x d)] and
mice [1-150mg/(kg x d)]. The doses used are similar or
higher than those found for users of nicotine delivery
systems. For example, in the lifetime mouse study
conducted by Toth (1982), the dose of nicotine admin-
istered via drinking water exceeded by two orders of
magnitude that reported for human exposure following
nicotine use (relative to body weight). The lifetime
inhalation study (Waldum et al. 1996) reported blood
nicotine levels beyond those reported for human
users of nicotine. Both the Toth (1982) and
Waldum et al. (1996) studies reported the lack of
nicotine-induced carcinogenicity. The most recent
mouse study, which was reported as positive by their
authors, used the lowest s.c. nicotine dose in this
category (Galitovskiy et al. 2012), shedding additional
doubt on the findings reported. A rat s.c. study with a
similarly low apparent daily dose of nicotine for 22
months but with a pronounced nicotine-related body
weight effect was negative for carcinogenesis
(Thompson et al. 1973).

Nicotine concentration in body fluids may not be the
best marker for comparing nicotine exposure from bolus
injections due to the rather rapid and species-dependent
clearance as well as the lack of standardizing sampling
periods relative to nicotine administration. The only
nicotine inhalation study available, however, exposed
rats for 20 h/d, so the reported plasma nicotine value of
130 ng/ml most likely represents a stable, steady-state
concentration (Waldum et al. 1996). However, the daily
dose of 0.4mg/(kg x d), estimated on the basis of the
nicotine concentration in the aerosol and on certain
assumptions of respiratory minute volume and body
weight, does not fit the reported nicotine plasma level in
comparison to other rat studies with sustained nicotine
exposure (Figure 3). In a 90-d mainstream smoke nose-
only inhalation study (6h/d) in rats with a nicotine
concentration of 13 mg/m? in the aerosol, a daily dose of
3.5mg/kg can be estimated for the same strain and sex
of rats using the same assumptions as above, which
resulted in an average serum nicotine concentration of
280 ng/ml (Gaworski et al. 2008). In any case, the plasma
nicotine value determined in the nicotine inhalation
study (Waldum et al. 1996) most likely reflects a higher
nicotine uptake than the estimated inhaled dose. As this
study was conducted in a whole-body-exposure mode,
nicotine deposited on the cage surfaces and the fur of
the rats, which, as a consequence of self-grooming, can
lead to several folds higher overall doses, as assumed
from smoke inhalation studies (Mauderly et al. 1989;
Haussmann et al. 1998). Based on the plasma nicotine
values reported, the dose in this nicotine inhalation
study (Waldum et al. 1996) appears to be sufficiently
high to exceed human exposure from nicotine use and
no carcinogenic potential was detected.

An average nicotine plasma level of 0.4ng/ml was
reported from a negative drinking water study in mice
(Murphy et al. 2011), which is low, given the estimated
dose of 6 mg/(kg x d) based on water consumption and
body weight (Figure 3). In plasma, 19ng/ml cotinine
level was determined on average (Murphy et al. 2011).
Both the nicotine and cotinine plasma levels reported
are relatively low compared to those in human nicotine
users (Figure 2). Urinary nicotine and cotinine concen-
trations of 1300ng/ml and 4400 ng/ml, respectively,
were also reported in this study, which are similar to and
exceeding those found in users of nicotine delivery
systems, respectively (Table 1 and Figure 2).

Summary of the evidence

The high-adequacy score studies were consistently
negative (absence of a stimulating effect on carcino-
genesis). The statistical power of only a few of the
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Figure 3. Overview of nicotine biomonitoring data in mouse and rat studies investigating potential nicotine-mediated carcinogenesis.
Data (indicated by arrows) were generated in a rat inhalation study (Waldum et al. 1996) and in mouse studies with exposure to
nicotine via drinking water (Wong et al. 2007; Maier et al. 2011; Murphy et al. 2011; Hermann et al. 2014; Li et al. 2015), via continuous
s.c. administration (Hao et al. 2013), via i.v. administration (Li et al. 2015) and via patch and i.p. administration (Davis et al. 2009).
Nicotine doses and nicotine and cotinine levels in blood and urine from users of nicotine delivery systems such as NRT products or
ENDS are illustrated as black bars (blood) or diamonds and bars (urine) indicating the range of concentrations (from data presented in
Table 1). Positive (cancer stimulating) and negative studies are characterized by red and green colors, respectively.

negative studies seemed to be sufficient, though. The
finding of adrenal medulla adenocarcinoma in one low-
adequacy study was not dose dependent and inconsist-
ent with the results of other studies, although this type
of effect might seem to be coherent with non-neoplastic
effects of nicotine described in a few studies, i.e., adrenal
hypertrophy. The findings of rhabdomyosarcomas and
leiomyosarcomas in A/J mice injected with nicotine
found in a low-adequacy score study was inconsistent
with other studies, had a low strength of association (no
statistical tests performed), and the low number of age-
related spontaneous lung cancer cases was incoherent
with historic controls of this strain of mice. As discussed
in the Introduction, results on the potential genotoxicity
of nicotine at relevant concentrations are conflicting and
thus are not inconsistent with the relative absence of
animal studies demonstrating nicotine as a complete
carcinogen.

Conclusion

Overall, the animal studies on nicotine carcinogenicity
available to date do not suggest that nicotine is a
complete carcinogen. However, there has been no single
study that would have passed the current criteria of a

well-designed study according to generally agreed-upon
guidelines, e.g., in terms of number and range of
dose levels, statistical power, or biomonitoring of
nicotine exposure by its metabolites in body fluids.
Therefore, conclusive studies are missing. Nevertheless,
two negative (lack of carcinogenic effect) studies were
the highest adequacy scoring studies in this group. In
conclusion, limited evidence suggests an association
between long-term nicotine exposure and a lack of a
complete carcinogenic effect.

Potential of nicotine to modulate carcinogenesis

This section reviews studies in which nicotine admin-
istration was tested for a potential modulating (stimu-
lating or lack of stimulating) effect of tumorigenic
processes induced by chemical and physical treatments
and genetic manipulations (Section “Cancer induction
by physical, chemical, and transgenic means”) as well
as cellular treatments (xenograft studies, Section
“Cancer xenograft studies”). At the end of each of
these two sections, both high and low-adequacy score
studies are discussed in aggregate and a conclusion is
provided for each respective part of the review.
Subsequently, in an attempt to further stratify results
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Table 5. Reported findings of relevant studies for evaluating the
potential cancer modulating activity of nicotine in studies
induced by physical, chemical, or transgenic means.

Route/type/adequacy Number of
scoring (sub-)studies  Positive*  Negative*  Labsf
Inhalation
Total 0 0 0 0
Oral
Total 1" 4 7 8
High score 4 4 6
Low score 3 0 3 3
Dermal
Total 8 4 4 1
High score 0 0 0 0
Low score 8 4 4 1
Other
Total 16 9 7 10
High score 0 0 0 0
Low score 16 9 7 10

To facilitate comparisons, the (sub-)studies were grouped into high and low-
adequacy scoring studies with overall scores subjectively set to >2 and <2,
respectively.

*As judged by the authors of the respective studies, where “positive”
indicates stimulating carcinogenesis and “negative” indicates a lack of
carcinogenic effect.

tNumber of different laboratories contributing studies.

by study design variables, the results of these two
sections are further discussed regarding the impact of
various study design parameters used, e.g. route of
administration, dose and dose rate, or the impact of
immune competence.

Cancer induction by physical, chemical and
transgenic means

A summary of reported conclusions from all reviewed
studies in this category is given in Table 5. A description
of high-adequacy studies is provided in the section
below. A narrative description of low-adequacy studies
as well as a more detailed overview of all studies
evaluated in this category is provided in the
Supplementary material (Supplementary Tables 4 and 2).

Oral administration. In a relatively early study,

Freedlander et al. (1956) investigated the potential
of nicotine to modulate the tumorigenicity of UV light
in mice (n=100), which, under the conditions of
the study, developed ear and eye tumors. The nicotine
dose administered via the drinking water was
increased from approximately 3 to 18 mg/(kg x d) over
the course of the 7-month study. Tumor incidences
were 42% in the control group and 35% in the group
treated with nicotine via the drinking water. Thus,
the authors concluded that there is no additive or co-
carcinogenic effect of nicotine with UV light. There
was no group exposed to nicotine alone.

In a study by Liu et al. (2011), the bladder of Wistar
rats was infused with N-methyl-nitrosurea (MNU) suffi-
cient to induce bladder cancer within a few months.
After the end of the MNU treatment, rats were
randomized into four groups treated intragastrically
with nicotine doses from 0 to 11mg/(kg x d) for 2
months (n=12). Although the groups were very small,
animals were necropsized at given time points up to the
conclusion of the study at 4 months. The authors
reported a nicotine dose-dependent increase in tumor
size (no data shown). In the high-dose nicotine group,
two metastases were found. In addition, a nicotine dose-
dependent increase in the frequency of mutated p53
genes was reported, which was apparently determined
by immunohistochemistry. The authors concluded that
nicotine may play an important role in the development
of bladder cancer.

Murphy et al. (2011) investigated the modulating
activity of nicotine on NNK-induced carcinogenesis.
Female A/J mice (n=18) were initiated with a single
i.p. injection of 80 mg/kg NNK and exposed to nicotine
hydrogen tartrate via the drinking water for up to 11
months. In order to be able to study the potential
impact of nicotine on various stages of the NNK-induced
tumorigenesis, nicotine was administered either for 0.5
months before NNK administration, for 11 months after
NNK administration, or throughout the study (with NNK
administration after 0.5 months of nicotine exposure).
Water consumption was lower than in sham-exposed
mice, leading to an approximate nicotine dose of 6 mg/
(kg x d). Plasma nicotine and cotinine levels were
determined throughout the study and found to be
relatively low, 0.66 and 31 ng/ml respectively, compared
with levels reported for users of nicotine delivery
products (Table 1). Lung tumor multiplicity was approxi-
mately 20, and there was no effect of nicotine on
multiplicity, size and progression from benign to malig-
nant lung tumors regardless of the nicotine exposure
regimen. The advantages of this study were the targeted
nicotine exposure at various stages of tumorigenesis, the
chronic duration and the biomonitoring of nicotine
exposure. Limitations were the intermediate group sizes
relative to other studies in this category and the
relatively low nicotine exposure as assessed by
biomonitoring.

Maier et al. (2011) conducted a relatively similar study
to that above but with the use of AB6F1 mice. The
nicotine dose delivered via the drinking water was
estimated at 10 mg/(kg x d). No nicotine-related toxicity
was observed. Nicotine exposure was for 3 months after
i.p. treatment with 100mg/kg NNK for three weeks
(n=10). A control group exposed to nicotine alone was
included in this study. Although a relatively high NNK



dose was used, the average tumor multiplicity was only
approximately 1.5, which may be related to the relatively
short duration and the loss of pulmonary tumor
susceptibility by crossing of susceptible A/J with less
susceptible C57BI6 mice. Nicotine did not enhance lung
carcinogenicity in terms of tumor multiplicity and
volume. There was a numerical trend to a higher
incidence of lung tumors in the nicotine-treated
groups, which was not statistically significant. Serum
cotinine levels were at 137 ng/ml, which according to
the authors’ suggestion would be comparable with an
NRT user with exposure to a 22 mg nicotine patch.

Maier et al. (2011) also used a mouse model
transgenic for a mutated human Kras gene, which is
known to progress rapidly through pulmonary tumori-
genesis, i.e., Kras-*2. In this model, tumors are apparent
as early as 2 weeks of age, and they progress to
adenocarcinomas within several months. Two weeks of
nicotine exposure starting at an age of 3 weeks did not
change tumor multiplicity or tumor burden. Six weeks of
nicotine exposure starting at an age of 6 weeks did not
affect tumor multiplicity, size or burden. A daily nicotine
dose of 10mg/(kg x d) was estimated (n=>5). If this
treatment was continued until the death of the mice
(approximately for 5 months), nicotine did not alter the
overall life span either. It is unclear whether the life span
was limited by the lung tumors, because data on tumor
multiplicity or size were not reported for this latter sub-
study. In the lung tumors found in this study, nicotine
did not alter the activation status of a number of
proteins associated with cellular growth signals, such as
Akt, Erk, or the proliferation marker Ki-67. The group
sizes in this sub-study are among the smallest in this
category.

Hermann et al. (2014) studied the effect of nicotine
administration on pancreatic cancer development in
various mouse models, apparently exposed to nicotine
at a nominal concentration of 20mg/(kg x d) via
the drinking water. Kras™*t¢"2Y9¢%.F|qstTA/tetO-Cre and
Kras*t>t¢120.  Typ53+/LSLR172H;Pdx-1-Cre  (KPC) mice
were exposed for 18 and 20 months, respectively,
which resulted in a 10- and 4-fold increase in the area
of pancreatic intraepithelial neoplasia lesions, respect-
ively (n=7). In addition, the grade or severity of the
lesions was higher in the nicotine-treated groups. For
the KPC mouse, an increased number of circulating
pancreatic cells was also observed that was considered
indicative of a metastatic phenotype. For the Kras"
LsLG12vgeo mouse, a urinary cotinine level of 210 ng/ml
was reported, which the authors suggested was similar
to the level of intermediate smokers. This suggestion,
however, was based on a reference that only reported
blood cotinine levels, and in their abstract, the authors
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indeed discussed their result on the basis of blood levels.
The reported value, as a urinary cotinine level, is much
lower than what has been reported for users of nicotine
delivery products (Table 1 and Figure 2). A plethora
of mechanistic investigations was included in this
study pointing to a nicotine-induced acinar cell dedif-
ferentiation via down-regulation of Gataé. For instance,
nicotine seemed to increase tumor growth from murine
acinar cells in nude mice, if these cells harbored
a mutated Kras gene and were deficient of Gata6
(h=2-3).

Nishikawa et al. (1992) investigated the potential of
nicotine to modulate the pancreatic carcinogenesis
initiated by N-nitrosobis(2-oxopropyl)amine in female
Syrian Golden hamsters. After completion of the initi-
ation, nicotine was administered for 9 months at an
estimated dose of 2.5 mg/(kg x d) via the drinking water
(n=130). The pancreas was carefully examined in serial
sections of four anatomical lobes. In addition, the spleen
and the duodenum were grossly examined. The authors
claimed to find a tendency to enhanced pancreatic
carcinogenesis in terms of adenocarcinoma and dyspla-
sia incidence; however, no statistically significant effects
for nicotine were reported.

Low-adequacy score studies. Relevant studies with
low-adequacy scores using oral administration
(Freedlander & French 1956; Ito et al. 1984; Nakada
et al. 2012), cheek pouch application (Chen & Squier
1990; Chen et al. 1994), dermal application (Bock & Tso
1976; Bock 1980), s.c. injection (Rana & Bhagat 1970;
Bhagat & Rana 1971; Gurkalo & Volfson 1982; Habs &
Schmahl 1984; Schuller et al. 1995; Bersch et al. 2009;
Hayashi et al. 2014) and i.p. injection (Habs & Schmahl
1976; Davis et al. 2009; Iskandar et al. 2013) were
identified and evaluated. A study on the potential of
nicotine to modulate chemotherapy was conducted
using osmotic minipumps to administer nicotine (Berger
& Zeller 1988), presumably via the s.c. route, although
the actual route of administration was not specified.
These studies are described in the Supplementary
material as a narrative (Supplementary Table 4) and as
an entry in the evidence table in the Supplementary
material (Supplementary Table 2). No inhalation studies
were identified.

Discussion of aggregate evidence.

High-adequacy score studies. All high-adequacy score
studies used oral nicotine administrations. Of the eight
high-adequacy (sub-)studies identified and evaluated for
a potential role of nicotine in modulating the carcino-
genic effects of inducing treatments, four were negative
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(lack of a stimulating effect) and four were positive
(stimulating effect). The positive rat study by Liu et al.
(2011) used an intragastric and thus most probably
bolus administration of nicotine. The study is difficult to
interpret because actual tumor data were not provided
by the authors. Other studies in this category used
sustained nicotine administration to mice or hamsters
via the drinking water. The second set of two positive
sub-studies in this context investigated the effect of
nicotine administration on pancreatic neoplastic devel-
opments in particular models of Kras mutant mice
(Hermann et al. 2014). However, in another Kras mutant
mouse model, no effect of nicotine on pulmonary
carcinogenesis was observed (Maier et al. 2011).
Nominal nicotine doses of 10 (racemic mixture) and
20mg/(kg x d) (unknown type of nicotine) were esti-
mated for the negative and positive Kras mutant studies,
respectively. With the uncertainty in the type of nicotine
used in the positive study, a potential dose-response
difference between the two studies as a reason for the
differential outcome remains a possibility. A difference in
the Kras biology of both models might also explain the
difference in outcomes. Both studies, however,
employed very small group sizes. Importantly, various
sub-studies from two laboratories did not find a
stimulating activity of oral nicotine for lung tumors
induced by NNK, a tobacco-derived N-nitrosamine,
regardless of the temporal relationship between the
administrations of the two compounds (Maier et al.
2011; Murphy et al. 2011).

Low-adequacy score studies. Twenty-seven low-ade-
quacy scoring (sub-)studies were identified and evalu-
ated in this category. The three oral studies were all
negative; included here are two studies with A/J mice
that are susceptible to Ilung tumor formation
(Freedlander & French 1956; Nakada et al. 2012).
Combination with either urethane or NNK did not
increase tumor risk. However, cheek pouch application
studies with hamsters were reported to be positive in
combination with chemical carcinogens (Chen & Squier
1990; Chen et al. 1994). Rather complex nicotine
responses were obtained in studies that tried to identify
whether nicotine would play a role in a rather common
model for tobacco carcinogenesis, i.e, mouse skin
painting (Bock & Tso 1976; Bock 1980). The main
author concluded that the results of his experiments
showed that nicotine per se can enhance carcinogenesis
induced by the combination of benzo[a]lpyrene and a
promoter, although the mechanism of this presumed co-
carcinogenesis and its relevance to humans remained
unclear. Of the s.c. injection studies, a stimulating effect
of nicotine was reported for pancreatic, pulmonary and

gastric cancer models upon induction with dimethyl-
benzanthracene (Bersch et al. 2009), hyperoxia (Schuller
et al. 1995) and methylnitronitrosoguanidine (Gurkalo &
Volfson 1982), respectively. Other studies with s.c.
nicotine injection were negative or apparently even
showed a protective effect, e.g,, in a colitis-associated
cancer model (Hayashi et al. 2014). Upon i.p. injection,
nicotine was reported to stimulate NNK-induced car-
cinogenesis in A/J mice (Davis et al. 2009; Iskandar et al.
2013), which apparently is in contrast to the results of
NNK studies with A/J mice and nicotine administration
via the drinking water (see “High-adequacy score
studies” section). It would be interesting to understand
from a mechanistic point of view, why bolus adminis-
trations of nicotine, as few as thrice per week, can result
in a positive modulating effect.

Summary of the evidence. Across the many different
routes of administration, which includes both sustained
and bolus administrations, study results on carcinogen-
icity were not consistent, providing about half positive
and half negative results, regardless of the adequacy
score obtained. Except for the skin painting studies
with mixed results, those studies with the highest
statistical power in terms of group sizes tended to be
negative. Most studies had very small group sizes.
Dose-response studies were not performed. Dose-
response analyses across studies were difficult due to
the often missing description of the actual nicotine
type used and the difficulty of assessing dose or dose
rate with bolus injection studies administering only a
few injections per week. However, a trend to a dose-
responsive behavior across studies cannot be excluded.
Dose-responsiveness would certainly need to be
assessed in future studies using the biologically active
nicotine enantiomer. Biological plausibility is difficult to
assess, as the high-adequacy score studies lack suffi-
cient mechanistic investigations. Of particular interest is
to develop a better understanding of the toxicody-
namic similarities and differences between sustained
and bolus administrations. This is especially important
in light of the well-known effect of nicotine dosing
regimens on the induction and desensitization of
nAChRs (Marks et al. 1985; Renda & Nashmi 2014;
Lam et al. 2016). Interestingly, none of the studies in
this section was conducted with immunocompromized
animals, in contrast to the majority of studies con-
ducted with xenografts (see “Cancer xenograft studies”
section).

Conclusion. Conflicting results were reported for the
effect of nicotine in cancer models with physical,
chemical, or  transgenic initiation. Additional



Table 6. Reported findings of relevant studies for evaluating the
potential cancer modulating activity of nicotine in xenograft
studies.

Route/type/adequacy Number of
scoring (sub-)studies  Positive*  Negative*  Labsf
Inhalation
Total 0 0 0 0
Oral
Total 20 15 5 1
High score 7 4 3
Low score 13 1 2 7
Dermal
Total 1 1 0 1
High score 0 0 0 0
Low score 1 1 0 1
Other
Total 14 8 6 1
High score 4 2 2 3
Low score 10 6 4 8

Note: To facilitate comparisons, the (sub-)studies were grouped into high and
low-adequacy scoring studies with overall scores subjectively set to >2 and
<2, respectively.

*As judged by the authors of the respective studies, where “positive”
indicates stimulating carcinogenesis and “negative” indicates a lack of
carcinogenic effect.

tNumber of different laboratories contributing studies.

mechanistic insight is required to allow an understand-
ing of the negative and positive findings reported. Thus
for animal studies using chemical, physical or trans-
genic models to initiate cancer, there is inadequate
evidence for an association between nicotine exposure
and the presence of or lack of a stimulating effect on
carcinogenesis.

Cancer xenograft studies

In general, studies in this category investigated the
ability of nicotine exposure to modulate (stimulate)
tumor growth after cancer cells were inoculated in
animals. Immunocompromized mice were commonly
used in these studies. A summary of reported conclu-
sions from all reviewed studies in this category is given
in Table 6. A description of high-adequacy studies is
provided in the section below. A description of low-
adequacy studies as well as a more detailed overview of
all studies evaluated in this category is provided in the
Supplementary material (Supplementary Tables 4 and 2,
respectively).

Oral administration. Jarzynka et al. (2006) were
interested in the combined effect of estradiol and
nicotine on the growth of A549 cells subcutaneously
(s.c.) implanted into nude ovariectomized mice. Nicotine
was administered at two estimated doses of 20 and
40mg/(kg x d) via the drinking water for 36 d (n=28).
Estradiol was administered via a pellet co-injected with
the A549 cells. There is no mentioning of a sham
operation with a pellet containing no estradiol as a
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control for potential physical effects. Nicotine by itself
resulted in a numerical but statistically non-significant
increase in tumor growth in the high dose group, which
was characterized by the authors as positive (stimulates
tumor growth). At the lower dose of nicotine, no effect
was observed (data not shown). There was a statistically
significant increase in cell proliferation due to nicotine in
the tumor tissue, while there was only a numerical
increase in vascularization. Estradiol by itself also
resulted in a numerical but statistically non-significant
increase in tumor growth. The combined administration
of both substances resulted in an increased tumor
volume that was significantly higher than in the
untreated control or in the high-dose nicotine group.
Given the moderate, if any, effect of nicotine on tumor
growth in this study, the claimed combination effect
could have been an estradiol effect and with no
particular contribution by nicotine.

Shin et al. (2004) investigated the role of nicotine in
athymic nude mice inoculated with a gastric cancer cell
line into the gastric wall. Nicotine was administered for 3
months at two doses of 11 and 62 mg/(kg x d) via the
drinking water (n=10). A decreased body weight effect
was observed at the high nicotine dose. The area of the
gastric wall covered by a tumor increased with increas-
ing nicotine doses from 18 mm? to 25 mm? to 30 mm? in
parallel to an increasing cell proliferation index.
Neovascularization determined as microvessel density
as well as the expression of the vascular endothelial
growth factor (VEGF) in the tumor tissue also increased
in a parallel manner. These effects were dependent on
the activity of cyclooxygenase-2 (COX-2). The authors
concluded that their study revealed “a direct promoting
action of nicotine on the growth of gastric tumor.”

Wong et al. (2007) inoculated colon cancer cells s.c.
into the flank of nude BALB/c mice. Nicotine was
administered for 25 d at two doses of 10 and 40 mg/
(kg x d) via the drinking water (unknown group size). No
effects on drinking water consumption and body weight
development were observed. No group size was
reported. Higher tumor volumes were observed in a
dose-dependent manner, and the tumor growth was
attenuated by B;- and p,-adrenoceptor antagonists
given by i.p. injections thrice per week for the course
of the study. Plasma adrenaline and cotinine levels
increased with increasing nicotine doses; the authors did
not comment on the surprising finding of low levels of
cotinine in the sham-treated group. In the tumor tissue,
increased levels of both types of adrenoceptors, COX-2,
prostaglandin E, (PGE;), VEGF and microvessel density
were observed. The authors concluded that the nicotine-
dependent effect on tumor growth would be mediated
by B-adrenergic activation and angiogenesis. The same
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group investigated an s.c. xenograft model with colon
cancer cells that were pretreated in vitro with 10 nM,
100 nM and 1000 nM of nicotine for 5h before inocula-
tion (Ye et al. 2004). After 3 weeks, the volume of the
tumors was increased in a nicotine concentration-
dependent manner. The formation of these tumors
could be inhibited by incubation of the cancer cells with
inhibitors of the epidermal growth factor receptor or
inhibitors of 5-lipoxygenase prior to treatment with
nicotine.

Maier et al. (2011) inoculated AB6F1 mice with three
different cell lines derived from NNK-induced lung
adenocarcinoma of the same strain and observed
tumor development. The F1 generation of A/J and
C57Bl6 mice, i.e, AB6F1 mice, was used in order to
combine the A/J susceptibility to developing lung
cancer and the C57B16 apparent preference for con-
suming nicotine-containing drinking water. Within the 2
weeks of nicotine exposure at an estimated dose of
10mg/(kg x d), no modulating effect on tumor growth
or the development of metastases was found. The group
sizes in this sub-study are among the smallest in this
category (n=5).

Li et al. (2015) investigated the potential antagonist
effect of nicotine on the chemotherapeutic effect of the
epidermal growth factor receptor (EGFR) inhibitor
erlotinib. In one sub-study, nicotine was administered
via the drinking water for 20 d after s.c. inoculation of PC9
NSCLC cells in nude BALB/c mice (group size unknown). A
nicotine dose of 20 mg/(kg x d) was estimated, which
resulted in serum cotinine levels of approximately 37 ng/
ml. The authors did not explain why their control mice
also had cotinine levels of up to 20ng/ml. A small but
statistically significant increase in tumor volume was
observed. Interestingly, a parallel group of mice was
exposed to i.v. nicotine injections for 5 d/week at doses
of 0.06 mg/kg, and, in this group, a similar increase in
tumor growth was observed as with the oral nicotine
administration. Between days 21 and 36, erlotinib was
also administered and inhibited the further growth of the
xenograft tumors. Growth inhibition was less effective
in the group with prior and concomitant oral nicotine
exposure compared to that with iv. injections.
Nevertheless, in comparison with a control without
nicotine, both types of nicotine treatment attenuated
the growth-inhibitory effect of erlotinib.

Subcutaneous administration. Pratesi et al. (1996)
administered nicotine s.c. via osmotic minipumps to
athymic nude BALB/c mice that were s.c. inoculated with
tumor fragments developed from a small cell lung cancer
cell line in the same mouse strain. Nicotine doses of 0.8

and 8 mg/(kg x d) were maintained for 2 weeks either
shortly after inoculation or after tumors had grown to a
certain size (n =5-10). The time until a target tumor size
was obtained was used to measure the potential
modulating activity of nicotine on tumorigenesis. No
effect was observed for nicotine, while in a parallel
experiment a modulating activity for serotonin was
claimed. The study suffered from very small group sizes.

Hao et al. (2013) investigated the effect of nicotine on
pulmonary metastasis formation from murine melanoma
cells given i.v. to immunocompromized RAG2™/~ mice.
Nicotine was administered via s.c. osmotic minipumps at
a dose rate of 13mg/(kg x d), resulting in nicotine
plasma levels of approximately 49ng/ml (n=10-13).
Within 2 weeks, nicotine doubled the tumor volume
determined via luminescence labeling of the melanoma
cells. The nicotinic growth effect on metastases was
largely diminished in RAG2™~ B2-nAChR™~ mice
generating by crossing the RAG2/~ with mice
knocked-out for this nAChR receptor. The authors
interpreted these results to demonstrate that nicotine
would exert an immunoinhibitory effect on TK cells via
2-nAChR, which would otherwise contain the growth of
these melanoma metastases.

Berger and Zeller (1988) investigated a potential
interference with the chemotherapy of two types of rat
cancer models. In a leukemia model driven by inocula-
tion of rat leukemia cells and treated with cyclophos-
phamide for chemotherapy, nicotine had a borderline
significant enhancing effect on the development of
leukemia, i.e., nicotine was interpreted to impair the
chemotherapy by cyclophosphamide, although only at
the lowest of three cyclophosphamide doses. Nicotine
was administered for 2 weeks via an osmotic minipump
(no specification of the route of administration but
presumably s.c., n =8) at doses of 2.5 and 5 mg/(kg x d).
No effect on the development of leukemia in this
xenograft model was seen by nicotine alone.

Low-adequacy score studies. This section includes
relevant studies with low-adequacy scores using i.v.
injection (Paleari et al. 2008; Li et al. 2015), oral
administration (Heeschen et al. 2001; Natori et al. 2003;
Al-Wadei et al. 2009; Lee et al. 2010; Al-Wadei et al. 2012;
Nakada et al. 2012; Banerjee et al. 2013; Khalil et al. 2013;
Banerjee et al. 2014; Liu et al. 2015), dermal application
(Davis et al. 2009), s.c. injection (Warren et al. 2012) and
i.p. injection (Davis et al. 2009; Maier et al. 2011; Molfino
etal. 2011; Trevifo et al. 2012; Pillai et al. 2015; Yuge et al.
2015). In one study, nicotine was administered via an
osmotic minipump; however, the actual route of delivery
was not specified (Improgo et al. 2013). These studies are
described in the Supplementary material as a narrative



(Supplementary Table 4) and as an entry in the evidence
table in the Supplementary material (Supplementary
Table 2). No inhalation study was identified.

Discussion of aggregate evidence.

High-adequacy score studies. Of the high-adequacy
score (sub-)studies with oral nicotine administration, the
four studies conducted with immunocompromized mice
were considered positive by their authors (Shin et al.
2004; Jarzynka et al. 2006; Wong et al. 2007; Li et al.
2015), while the three sub-studies conducted with
immunocompetent mice were negative (Maier et al.
2011). This differentiation is not as clear-cut as it might
first seem, because the estimated nicotine dose used in
the negative sub-studies were also among the lowest in
this category. It is unclear whether other differences in
study design could be responsible for the difference in
outcome between these studies. The genetic set-up and
thus the aggressiveness of the cancer cells used might
also affect the responsiveness to nicotine.

Low-adequacy score studies. Twenty-four xenograft
(sub-)studies with low-adequacy scores were identified.
For those studies with oral nicotine administration, all
were considered positive by their authors with the
exception of those with intentionally low nicotine doses
that were not expected to be positive and used for
mechanistic investigations (Banerjee et al. 2013, 2014).
Also, the negative study using s.c. nicotine administra-
tion was not intended to dose nicotine high enough to
enhance tumor growth but rather to see whether lower
doses might interfere with radio- and chemotherapy
(Warren et al. 2012). The two studies with nicotine
administration via s.c. minipumps used two different
types of immunocompromized mice; the one with the
higher estimated nicotine dose was positive (Hao et al.
2013), while the one with the lower estimated nicotine
dose was negative (Pratesi et al. 1996). The sub-studies
with i.p. nicotine injection were all positive except for
two sub-studies, for which the nicotine administration
frequency was not clearly identified (Maier et al. 2011).
For the bolus types of nicotine administration, daily
doses or dose rates are difficult to estimate and compare
with other types of administrations. Both studies with
sustained or bolus administration were considered
positive, i.e., stimulating tumor growth from inoculated
cancer cells. An interesting finding was the similar
increase in tumor growth seen in one study after either
oral or iv. nicotine administration (Li et al. 2015). In
contrast, in another study nicotine administration via
both drinking water and i.p. injections were negative
(Maier et al. 2011). In this category, studies using both
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immunocompetent (Heeschen et al. 2001; Natori et al.
2003; Davis et al. 2009; Nakada et al. 2012) and
immunocompromized mice (Paleari et al. 2008; Al-
Wadei et al. 2009; Lee et al. 2010; Al-Wadei et al. 2012;
Trevifio et al. 2012; Improgo et al. 2013; Khalil et al. 2013;
Li et al. 2015; Liu et al. 2015; Pillai et al. 2015; Yuge et al.
2015) were considered positive by their authors. The
negative studies by Maier et al. (2011) and Molfino et al.
(2011) as well as the positive study by Davis et al. (2009)
used immunocompetent animals.

Summary of the evidence. There was a certain degree
of consistency for the finding of cancer growth
stimulating effects of nicotine across types of cancer
cells used, sites of inoculation, routes of nicotine
administration and laboratories conducting the studies
in finding positive effects of nicotine in xenograft
models. Such effects may also be biologically plausible
in view of the in vitro findings on cell proliferation, anti-
apoptosis, cell migration and invasion, and angiogenesis
(see “Introduction” section), although a critical assess-
ment of the degree of coherence in translating the in
vitro findings to in vivo effects seem to be missing. The
strengths of association between nicotine exposure and
xenograft growth were variable from modest effects to
severe differences as compared to controls. However,
most studies used very small group sizes and dose-
response analyses were rarely conducted.

Conclusion. The majority of studies in this category
were positive across various routes of administration,
various cancer cell types for inoculation, various organs
and various types of hosts. In particular, positive findings
were observed after both sustained and bolus nicotine
administration. Some of the negative study results may
be explained by the relatively low doses administered.
Thus, a majority of studies provides sufficient evidence
for an association between nicotine exposure and
enhanced carcinogenesis of cancer cells inoculated in
mice.

Discussion of cancer-modulating activity studies

Of the approximately 70 studies or sub-studies covered
in this category, about 60% demonstrated the stimula-
tion of a carcinogenic effect and about 40% showed a
lack of such effect (Tables 5 and 6). To assess the
relevance of these experimental animal studies to users
of nicotine delivery systems (e.g., NRT products and
ENDS), it would be helpful to understand the differences
in study design parameters that may be responsible for
the conflicting findings.
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General insufficiency of available
information. Common obstacles for the current
assessment are the frequent absence of information on
the type of nicotine (base, salt, and enantiomer) used in
these studies as well as the common lack of information
on nicotine exposure (e.g., accurate assessment of
plasma nicotine or cotinine levels). Furthermore, prac-
tically all published studies did not provide sufficient
information to fully judge their findings’ relevance and
significance in a comparative manner. For instance, very
few studies report body weight changes following
nicotine treatment. At high doses, nicotine exposure in
animals has been shown to result in a significant
reduction in growth rate (body weight increase or
maximally attained body weight), presumably due to a
decrease in food intake (Wilson & DeEds 1936). Such an
effect may or may not affect tumor growth in many of
these relatively short-term studies. Such information
would be useful for evaluating the actual nicotine
exposure levels as well as the relevance of a carcino-
genic effect (or lack of).

Most studies suffered from very small group sizes.
Most studies in this category were conducted with mice,
and consequently, no species-specific pattern for an
effect or lack of an effect could be determined. The
studies were conducted in three dozen different
laboratories, and occasionally conflicting findings were
derived in the same laboratory depending on the study
conditions.

Segregation of studies by type of tumor
initiation. Another approach to interpret the studies
reviewed in this section is by the process in which the
carcinogenic effect was established. Thirty-five studies or
sub-studies used exposure of chemical or physical
carcinogens or transgenic mice in combination with
nicotine (Table 5) while 35 studies or sub-studies, most
of which were mouse studies, used the inoculation of
cancer cells or tumor fragments (Table 6). Of the first
group, 16/35 studies (46%) were positive, while the
others were negative or, in few cases, even showed a
protective effect. Of the second group, 24/35 were
positive (69%). Among the three sub-studies that used
mice transgenic with mutant Kras, two from one
laboratory were positive (Hermann et al. 2014) and one
was negative (Maier et al. 2011). In the study by Nakada
et al. (2012), sequential dosing with NNK and nicotine
was negative, while nicotine administration after inocu-
lation with cancer cells was positive. For studies
investigating the cooperative effect of NNK and nicotine,
most but not all were negative. Overall, nicotine’s effect
on chemical/physical/transgenic-induced carcinogenesis
does not appear to be dependent on the type of

initiating agent. For xenograft studies, the evidence
appears to be sufficient for a stimulating effect of
nicotine on the growth of inoculated cancer cells.

Segregation of studies by route of
administration. Both positive and negative results
were found in studies investigating virtually all routes
of nicotine administration. For determining study
adequacy criteria, those routes of administration that a
user of nicotine delivery systems may be exposed to,
were weighed higher than others. This is justified based
on the relevance for extrapolating the respective data to
humans. However, the findings from animal studies
evaluated in this section do not indicate that the
influence of nicotine on carcinogenesis is dependent
on a particular route of nicotine administration.

Comparative evaluation by dose or dose rate. Both a
modulating effect and a lack of an effect on carcino-
genesis were observed upon sustained nicotine admin-
istration or bolus nicotine administration. It is interesting
to note that a similar increase in tumor growth was
reported in a study using i.v. (bolus) or oral (sustained)
nicotine administration side by side (Li et al. 2015). Of
the studies using bolus administration of nicotine, there
is no separation of positive and negative studies by dose
stratification. Also, there is no stratification observed for
the modulation of either physical/chemical- or cancer
cell-induced carcinogenesis. If average daily doses are
calculated for the positive bolus studies, these average
doses are much lower than those that can be achieved
by sustained exposure to nicotine, such as via drinking
water, presumably due to rapid nicotine turnover. It
remains to be investigated whether and how transient
high nicotine exposures obtained by bolus administra-
tion might be sufficient to trigger events that may
eventually stimulate carcinogenesis. Because of the
rapid nicotine metabolism in the animal species
investigated, it can be assumed that upon bolus
administration, all nicotine is metabolized between
administrations, even if performed on a daily basis. It
may be concluded that the trigger obtained by a bolus
administration seems to survive long enough to main-
tain a certain level of stimulating activity, such as
proliferative or anti-apoptotic, between dosing intervals.
This phenomenon may also be related to the observa-
tion that cancer cells were triggered to faster tumor
growth upon inoculation by prior in vitro incubation
with nicotine (Ye et al. 2004; Yu et al. 2012; Yu & Chang
2013). Otherwise, a repeated transient trigger, even with
intermediate phases without nicotine present, may also
be sufficient. A third and even more hypothetical
possibility would be that the effects would not be
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Figure 4. Cancer modulating activity as judged positive or
negative by respective authors for mouse studies using nicotine
administration via drinking water (stratified by average
estimated daily nicotine dose). Positive modulating activity
refers to stimulating carcinogenesis. Negative activity is the lack
of a stimulating effect. Symbols characterize chemical/physical/
transgene-based (circles) and cancer cell-based (triangles)
studies with high (full symbols) and low (open symbols)
adequacy scores.

mediated by nicotine itself but rather by its metabolites
which have longer half-lives.

Of the drinking water studies in mice, as the largest
example of sustained nicotine dosing, about half of the
(sub-)studies were considered positive by their authors
(cf. Figure 4). Most studies using chemical/physical
carcinogens or transgenes in combination with nicotine
were negative, while the majority of those using cancer
cells to initiate the carcinogenic effect were positive. The
negative sub-studies with inoculated cancer cells had
relatively low estimated daily doses of nicotine admin-
istered. In particular, in the study by Jarzynka et al.
(2006), the low dose at 20mg/(kg x d) was negative,
while the high dose at 40mg/(kg x d) was claimed
positive by the authors (on the basis of only 20%
increase in tumor volume). Among the drinking water
studies, several used measures of tumor volume to
assess the effect of nicotine. An attempt to establish a
relationship across studies between the daily doses of
nicotine received from the drinking water and tumor
volume failed. Without demonstrating a dose-response
relationship, the presence of a possible threshold for
nicotine’s modulating effect could not be established.
Interestingly, with chemical cancer induction, only com-
paratively low nicotine doses were used, which may or
may not explain the negative results in this category. All
these interpretations for possible trends in the available
data or the lack thereof should be viewed cautiously due
to the uncertainties in reporting the form of nicotine
used. Future studies with chemical, transgene and
cellular induction of cancer should aim at establishing
nicotine dose-response relationships and potentially
determine a nicotine threshold, if any, for these
modulating effects.

CRITICAL REVIEWS IN TOXICOLOGY 723

Mixed results were also observed with other sustained
exposure methods. For example, using s.c. administra-
tion via osmotic minipumps at a dose of 8 mg/(kg x d),
no stimulating effect on tumor growth was found in a
study with mice (Pratesi et al. 1996). In contrast, a dermal
patch delivering a nicotine dose of 25mg/(kg x d)
resulted in a 1.7-fold increase in tumor volume in mice
(Davis et al. 2009).

Nicotine biomonitoring. If it is difficult to judge
studies by their nominally reported doses, it may be
more useful to stratify them by biomonitoring data that
reflect tissue levels of nicotine or its metabolites.
Systemic concentrations of nicotine and cotinine at a
given per-kg dose are lower in mice than those in users
of nicotine delivery systems (Figure 2) due to the rapid
metabolism of both the parent compound and the
primary metabolite. This rapid metabolism may not be
reflected by their concentrations in urine, as these would
integrate across the metabolic rate differences between
species. The usefulness of all biomonitoring data
depends on the knowledge of sampling periods relative
to nicotine administration. However, sampling informa-
tion is not available for the few studies that actually
provided biomonitoring data.

Biomonitoring data are only available for seven recent
studies, several of them conducted in sub-studies (Figure
3). In the negative drinking water study performed using
mice by Murphy and colleagues, plasma nicotine and
cotinine levels were far below those found in users of
nicotine delivery systems (Table 1), while urinary levels
were similar (Murphy et al. 2011). In another drinking
water study using a murine model, which administered a
slightly higher estimated daily nicotine dose than in the
previous study, a blood cotinine value similar to the
average cotinine levels in users of nicotine delivery
systems was reported (Maier et al. 2011). In this latter
study, no modulation by nicotine of the carcinogenicity
induced by NNK, transgenic mutant Kras, or inoculation
with NNK-transformed cells was observed. A positive
(stimulates tumor growth) study by Wong et al. (2007)
reported plasma cotinine values of 43 and 169 ng/ml
after nicotine administration via the drinking water at
estimated doses of 10 and 40 mg/(kg x d). The urinary
cotinine levels in the positive (stimulates tumor growth)
drinking water study by Hermann et al. (2014) with
mutant Kras mice were far below those of users of
nicotine delivery systems (see “Oral administration”
section).

Thus, based on the biomonitoring data available, a
real stratification for negative and positive studies is still
not possible. Biomonitoring data are critical for evaluat-
ing studies on the potential carcinogenesis of nicotine.
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Hopefully, future investigations will collect such data
with consideration of species-specific toxicokinetics and
transparent sampling methodology.

Applicability of the two-stage model of
carcinogenesis. For the nicotine studies conducted
in combination with chemical carcinogens, it might be
informative to determine the amount of information
available related to investigating the classic two-stage
cancer model with initiation and promotion or investi-
gating a co-carcinogenic effect (Moolgavkar & Knudson
1981; Cohen & Ellwein 1991). In fact, several published
studies were indeed designed to unravel such relation-
ships. Both cancer models (two-stage and co-carcino-
genic) require specific timing for the dosing schedule of
compounds under investigation. To facilitate the inter-
pretation of data on this topic, the information whether
any chemical compound given in combination with
nicotine was given concomitantly (c) or sequentially (s) is
available in the Supplementary material (Supplementary
Table 2).

Murphy et al. (2011) explicitly tested this question
using nicotine administration in various combinations
with NNK: nicotine was either given before, after or both
before and after NNK administration. In all three cases,
nicotine had no effect on NNK-induced tumorigenesis. In
other studies, when nicotine was given after NNK,
contrasting effects were observed: In two studies with
nicotine administration via the drinking water, nicotine
did not enhance tumorigenesis when NNK was given i.p.
at 80-100 mg/kg either once or thrice (Maier et al. 2011;
Nakada et al. 2012). In another study when NNK was i.p.
injected twice at 100mg/kg, an enhancing effect by
nicotine was reported upon i.p. nicotine administration
(Iskandar et al. 2013). Perhaps a critical difference
between the studies is the nicotine dose rate.

Habs and Schmahl (1984) investigated whether nico-
tine would affect tumor initiation or promotion by MNU
by either administering nicotine during the week before
MNU injection or for 3 months after MNU injection.
Neither approach of nicotine treatment affected tumor
incidence, size or histology.

Nicotine was also used in two studies with chemically-
induced bladder cancer (Ito et al. 1984; Liu et al. 2011).
The study by Liu and colleagues was considered positive
after intragastric administration of nicotine, the other by
Ito et al. was negative after administering nicotine via
the food at a lower dose.

Skin painting studies have been the classic model to
test for two-stage carcinogenesis and co-carcinogenesis
(Rubin 2001; in particular for cigarette smoke, cf., Rubin
2002). In view of this, Bock et al. conducted a series of
studies to determine the role of nicotine in tobacco

condensate-related dermal carcinogenesis (Bock & Tso
1976; Bock 1980). Bock concluded that the results of his
“experiments show that the enhancement of BaP-TPA
carcinogenesis by nicotine is not due to a specific effect
of the alkaloid on either initiation or promotion.”
However these studies left him uncertain whether
nicotine could be a co-carcinogen (Bock 1980).

It is obvious that insufficient information is available
to classify nicotine in the context of the classic two-stage
carcinogenesis model. This is not possible until we have
a better understanding as to why some studies report
tumorigenesis-stimulating effects from nicotine expos-
ure while others report no effect. Cohen and Ellwein
(1991) suggested that the difficulty with this termin-
ology (e.g. two-stage carcinogenesis model) is that it
relies on specific experimental protocols for its defin-
ition. For instance, one feature of a promoter in the
initiation-promotion model is reversibility, which has not
been investigated for nicotine.

Impact of immune competence. Several immuno-

compromized mouse models were used in the evaluated
studies, including nude, severe combined immunodefi-
cient (scid) and non-obese diabetic (NOD)-scid mice. The
development of immunodeficient mouse models (athy-
mic nude mice) in the 1960s for in vivo investigation of
human tumor growth and metastasis continued in the
1980s with the development of the scid mouse (RAG"~
or ~/7) and into the 1990s with the NOD-scid mouse
(Shultz et al. 2014). The adaptive immune system in
these mouse models is severely compromised, but the
innate immune system remains intact to varying degrees
depending on the model (Shultz et al. 2014). Recent
studies have demonstrated that the innate immune
system, especially natural killer (NK) cells, plays a critical
role in suppressing tumor growth in nude mice
(Guerriero et al. 2011; Klier et al. 2011; Zhou et al. 2011).

Numerous published studies have clearly demon-
strated that nicotine administration can inhibit both the
innate and adaptive immune systems (Kalra et al. 2004;
Han et al. 2014). In fact, nicotine administered for 6
weeks (s.c., minipump) to immunocompromized mice
(RAG ") inhibited NK cell function and accelerated B16
tumor cell burden and metastasis in these animals (Hao
et al. 2013). When dosed with sufficiently high nicotine
doses using various routes of administration, 18 of 19
(sub-)studies with immunocompromized mice evaluated
in this review were considered positive by the studies’
authors. It would be interesting to learn if these positive
modulating effects of nicotine on tumor growth were
dependent on immunosuppression (combination of
animal model- and nicotine-derived).



Overall conclusion

There are numerous positive studies regarding the
modulating activity of nicotine for the growth of
inoculated cancer cells (1) using various kinds of
cancer cells administered to various sites, (2) in various
strains of mice, (3) employing various routes of nicotine
administration and (4) conducted in various laboratories.
Several of these studies investigated biological plausi-
bility and suggest that angiogenesis might be involved
as one mode of action by which nicotine may exert this
growth-stimulating effect on cancer cells. Overall, there
seems to be sufficient evidence to conclude that
nicotine can stimulate carcinogenesis of inoculated
cancer cells in laboratory animals, especially in immu-
nocompromized mouse models.

The studies involving co-exposure with chemical
carcinogens cannot be conclusively interpreted as
showing either the presence or absence of a modulating
effect of nicotine on the carcinogenesis of these
compounds because of conflicting results and major
qualitative or quantitative limitations. Thus, the existing
evidence is inadequate to support the presence or
absence of a carcinogenesis-modulating effect of nico-
tine when combined with chemical co-exposures.

For a risk assessment of nicotine, it would be helpful
to understand why in some animal models, nicotine was
indeed positive (stimulates carcinogenesis) while in
others, negative (lack of stimulation). The current
assessment did not produce any stratifying study
design variable (e.g., dose) or biological principle that
would allow a separation between positive and negative
study outcomes with regard to a cancer-modulating
effect of nicotine.

Studies with nicotine metabolites

Nicotine has a very short half-life in the laboratory
rodent species commonly used for pharmacological and
toxicological studies with nicotine (Matta et al. 2007) (cf.,
“Comparative toxicokinetics” section). Metabolites, such
as cotinine and 3'-trans-hydroxycotinine, have a longer
half-life than nicotine, though still shorter in rodents
than in humans. In studies with mixed results with
nicotine itself, e.g., some odd dose-response behavior in
mouse skin painting studies (Bock 1980), it seemed
possible that nicotine metabolites could either partici-
pate or interfere with the potential of nicotine to act as a
carcinogen itself or to modulate the carcinogenesis of
other materials. Several relevant studies were identified
on these topics, and a summary of reported conclusions
from all reviewed studies in this category is given in
Tables 7 and 8. A more detailed description of high-
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Table 7. Reported findings of relevant studies for evaluating the
potential of nicotine metabolites to act as complete carcinogens.

Number of
Route (sub-)studies Positive* Negative* Labst
Inhalation
Total 0 0 0 0
Oral
Total 5 1 4 3
High score 4 1 3 2
Low score 1 0 1 1
Dermal
Total 1 0 1 1
High score 0 0 0 0
Low score 1 0 1 1
Other
Total 3 1 2 1
High score 0 0 0 0
Low score 3 1 2 1

To facilitate comparisons, the (sub-)studies were grouped into high- and
low- adequacy scoring studies with overall scores subjectively set to >2
and <2, respectively.

*As judged by the authors of the respective studies, where “positive”
indicates stimulating carcinogenesis and “negative” indicates a lack of
carcinogenic effect.

tNumber of different laboratories contributing studies.

Table 8. Reported findings of relevant studies for evaluating the
potential cancer modulating activity of nicotine metabolites.

Number of

Route (sub-)studies Positive* Negative* Labst
Inhalation

Total 0 0 0 0
Oral

Total 7 4 3 3

High score 5 3 2 3

Low score 2 1 1 2
Dermal

Total 2 1 1 1

High score 2 1 1 1

Low score 0 0 0 0
Other

Total 0 0 0 0

To facilitate comparisons, the (sub-)studies were grouped into high and low-
adequacy scoring studies with overall scores subjectively set to >2 and <2,
respectively.

*As judged by the authors of the respective studies, where “positive”
indicates stimulating carcinogenesis and “negative” indicates a lack of
carcinogenic effect.

tNumber of different laboratories contributing studies.

adequacy score studies is provided in the section below.
A description of low-adequacy score studies as well as a
more detailed overview of each study evaluated in this
category is provided in the Supplementary material
(Supplementary Tables 4 and 3, respectively). At the end
of the current section, both high and low-adequacy
score studies are discussed in aggregate, and a conclu-
sion on this part of the review is provided.

Oral administration

Truhaut et al. (1964) exposed Wistar rats to cotinine via
the drinking water at an estimated dose of 63 mg/
(kg x d) (n>60 for cotinine group; n>15 for control).
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The rats showed signs of toxicity mainly during the first 6
months of the study. Between months 8 and 18, 12/15
rats that died in the cotinine group had malignant
tumors, mainly lymphosarcomas in the digestive tract.
Such lymphosarcomas were not observed in any of the
15 control rats euthanized after 18 months. Of the 45
rats euthanized after 18 months of cotinine exposure,
several had benign lesions.

LaVoie et al. (1985) wondered whether nicotine
metabolites might be involved in smoking-related blad-
der cancer and, therefore, exposed Fischer 344 rats to
urinary nicotine metabolites, i.e., cotinine, trans-NNO,
and the mixture of cis- and trans-NNO, at toxic doses via
the drinking water (n>33). No carcinogenic effect was
seen after 18 months of exposure. To explore the
potential promoting activity of the exposure to nicotine
metabolites, parallel groups were initiated by dietary
treatment with N-[4-(5-nitro-2-furyl)-2-thiazolyllforma-
mide (FANFT), a model carcinogen for the induction of
bladder cancer in rats. In addition to bladder cancer,
tumors at other sites also were induced by FANFT. The
nicotine metabolites did not promote the FANFT-
induced bladder cancer, rather if anything, NNO
inhibited this effect. However, NNO induced an increase
in forestomach cancer.

Freedlander et al. (1956), in a relatively early study,
investigated the potential of NNO to modulate the
tumorigenicity of UV light in mice (n = 100), which under
the conditions of this study developed ear and eye
tumors. The NNO dose administered via the drinking
water was increased from approximately 12-56 mg/
(kg x d) over the course of the 7-month study. Tumor
incidences were 42% in the control group and 41% in
the group treated with NNO via the drinking water. The
authors concluded that there is no additive or co-
carcinogenic effect of NNO and nicotine (see above) with
UV light. No treatment group was exposed to NNO
alone.

Nakada et al. (2012) applied two animal tumor models
used for investigating the modulating potential of
nicotine in parallel to cotinine (unclear group sizes). In
one of these models, A/J mice were exposed to an
initiating dose of NNK (80mg/kg, ip.), which was
followed by cotinine administration via the drinking
water. Two concentrations of cotinine were offered (with
saccharine) resulting in estimated doses of 20 and
60mg/(kg x d). After 4 months, adenocarcinomas had
not yet developed, while the incidence of adenomas was
significantly increased in the high cotinine dose group
compared to the NNK-only group. The low dose of
cotinine, as well as the same low dose of nicotine, did
not lead to a significant effect on adenoma multiplicity.

Dermal application

Bock (1980) investigated, in two sub-studies (n>45),
whether the co-carcinogenic effect that he had seen
with nicotine in mouse dermal carcinogenesis studies
might be related to nicotine metabolites, which might
have explained some of the odd dose/time-response
behaviors observed with nicotine. Cotinine and NNO,
respectively, were mixed with BaP and 12-O-tetradeca-
noylphorbol-13-acetate (TPA) in an experimental setup
that showed co-carcinogenic activity with nicotine. With
cotinine, there was a statistically significant increase in
cancer incidence for the high dose tested. This increase
was, however, not considered to be sufficiently high to
suggest that metabolic formation of cotinine could
account for the co-carcinogenic effect of nicotine in this
assay system. With NNO, there was a statistically
significant decrease in cancer incidence at both doses
tested.

Low-adequacy score studies

This section includes relevant studies with low-adequacy
scores using oral administration (Freedlander & French
1956; Schmahl & Osswald 1968; Nakada et al. 2012).
Additionally, in view of the contrasting results seen in
rats, Boyland (1968) exposed mice to cotinine using
various routes of administration. However, little infor-
mation is available, as the data were only presented in a
preliminary manner. Thus, this series of sub-studies was
given a very low-adequacy score (for a detailed descrip-
tion, see Supplementary material, Supplementary Table
4). Boyland (1968) concluded that cotinine might induce
bladder cancer after implantation into the bladder
within a pellet, but would be negative after dermal,
s.c, and subscapular injections. Relevant concurrent
controls were missing in these studies, which are
necessary when using the bladder pellet implantation
technique, which is known to induce bladder cancer by
itself (Clayson 1974).

Discussion of aggregate evidence

High-adequacy score studies. In those studies inves-

tigating the effect of cotinine as a potential complete
carcinogen, a positive effect observed with cotinine in
the earliest study (Truhaut et al. 1964) could not be
reproduced in a second study with the same strain of
rats and the same concentration of cotinine in their
drinking water (Schmahl & Osswald 1968). The authors of
the second study even claimed to have administered a
higher overall cumulative dose of cotinine, which is
difficult to judge. The most recent study on this topic



(LaVoie et al. 1985), with a higher adequacy score than
the other studies in this section, did not reveal any
increase in carcinogenicity by either cotinine or NNO.

Interestingly, the mouse skin painting study (Bock
1980) also suggested a trend towards higher tumor
modulating activity of cotinine and a clear inhibition by
NNO, as observed in the rat study in combination with
FANFT (bladder carcinogen). The strongest positive
cotinine study was in combination with NNK (Nakada
et al. 2012). Mechanistically, the same anti-apoptotic
effects were implicated in this study for cotinine that
were also suggested for nicotine.

Low-adequacy score studies. The two oral low-
adequacy score studies on cotinine in rats (Schmahl &
Osswald 1968) and NNO in combination with urethane
in mice (Freedlander & French 1956) were both negative.
However, cotinine seemed to stimulate tumor growth in
mice inoculated with Lewis carcinoma cells (Nakada
et al. 2012). A complex study in mice using various
routes of administration (Boyland 1968) was difficult to
evaluate due to the lack of information.

Summary of the evidence

Studies with two nicotine metabolites were found, both
testing their potential complete carcinogenicity or their
potential to modulate carcinogenesis. The results from
studies with cotinine were inconsistent, as were the
study designs used therein. Biological plausibility, such
as nAChR activation by cotinine was not assessed in the
positive studies. There seemed to be a dose-response
effect in one study, although only two dose levels were
tested. For NNO, all available studies point to negative, if
not protective effects, across various models. No bio-
logical plausibility was offered for this finding. It might
be interesting to investigate the interaction of NNO with
nAChRs.

Conclusion

Definitive carcinogenicity studies according to current
standards are not available. The overall evidence is
inadequate regarding a potential carcinogenic activity of
cotinine, while there seems to be limited evidence for a
lack of carcinogenicity of NNO.

Limitations of the current review

The current review has comprehensively and critically
evaluated available evidence from epidemiological and
animal carcinogenesis experiments. The review did not
discuss the plethora of mechanistic information that is
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available on the potential of nicotine (and its metabol-
ites), e.g., for epigenetic effects and in particular for
modulating signal transduction pathways involved in
various aspects of carcinogenesis, such as cell prolifer-
ation, inhibition of apoptosis, angiogenesis and invasion
(Jensen et al. 2012; Russo et al. 2012; Chu et al. 2013;
Improgo et al. 2013; Grando 2014; Niu & Lu 2014; Schaal
& Chellappan 2014; Schuller 2014). There is also consid-
erable published data on the interaction of nicotine and
related compounds with nAChRs and its potential
impact on carcinogenicity, but this information is not
discussed in this review.

A surprisingly large number of animal studies were
identified in this review with many different species,
doses, routes and rates of administration, and co-
exposures. Given the limited information provided on
the dosing (e.g., the form of nicotine used in dosing) and
the fast metabolism of nicotine in these species, it is
extremely difficult to compare studies based on actual
tissue levels of nicotine or its metabolites. Comparisons
between studies are further complicated by the fact that
biomonitoring was only rarely performed and methodo-
logical information was often missing.

The potential for nicotine to modulate the carcino-
genic process induced by other materials may be
relevant for humans in cases when carcinogenic
processes are already present. However, all the studies
reviewed that combine chemical carcinogens with
nicotine exposure were conducted at very high doses
of the initiating carcinogen, which may trigger other
mechanisms of carcinogenesis not found at lower and
more relevant doses. In addition, the cancer cells
routinely used in xenograft models induced a very
rapid and aggressive growth of tumors. It remains to be
established to what degree such studies are relevant for
human carcinogenesis and should serve as the basis for
evaluating a modulating role of nicotine.

The potential of nicotine and its metabolites for
endogenous nitrosation to yield carcinogenic N'-nitrosa-
mines was not specifically addressed in this review.
However, any potential risk stemming from such
nitrosation should have been observed in the nicotine
studies reviewed.

Knowledge gaps

Additional information on the long-term effect of
nicotine exposure in humans is needed to determine
the potential carcinogenic risk. This could be obtained in
human studies by extending NRT use for longer periods
than currently approved. Such studies should be con-
ducted in former smokers as these users are presumably
the most vulnerable population due to possible
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presence of already induced (pre-) cancerous processes.
A second approach would be to follow up on studies
with users of ENDS, again in former smokers and in ENDS
users who had never smoked tobacco products.

Definitive laboratory animal studies are needed to
assess the complete carcinogenic potential of nicotine.
The design of an appropriate study or set of studies is
challenging. For example, there are various routes of
nicotine exposure for humans [inhalation (buccal/nasal),
oral, dermal]. Doses and concentrations of nicotine and
its metabolites in users of nicotine delivery systems need
to be considered when designing and interpreting a
carcinogenicity study of nicotine. Different allometric
and biomonitoring parameters should be selected for a
species comparison, of which systemic blood levels (with
understood circadian changes) should be monitored.

For a better assessment of the modulating activity of
nicotine, dose-response relationships would need to be
established considering the same study design param-
eters as discussed above. Very recently, a nicotine
threshold effect was considered possible based on in
vitro and in vivo studies (Schuller 2014). Because the
suggested mechanisms for this modulating effect are
mainly non-genotoxic, a threshold of exposure to induce
such effects may exist and requires further characteriza-
tion for its potential application to users of nicotine
delivery systems considering both toxico-kinetic and
—-dynamic species differences.

Nicotine exposure in an immunocompromized mouse
model (nude, athymic) resulted in a positive modulating
effect of carcinogenesis (tumor xenografts) in over 90%
of the studies. This observation deserves further inves-
tigation, in light of nicotine’s ability to suppress the
innate and adaptive immune response. It would be
interesting to learn if there is an association between
nicotine’s immunosuppressant activity and the observed
cancer modulating effect in immunodeficient mice. This

hypothesis could certainly serve as an alternate explan-
ation for understanding the consistent cancer modulat-
ing effects of nicotine observed in this model system.

Overall conclusions

What are the potential carcinogenic effects of nicotine
per se at levels found in users of nicotine delivery
products? At present, public health statements on the
subject indicate that “nicotine is not generally con-
sidered to be a carcinogen” (International Agency for
Research on Cancer 2012). The latest report from the US
Surgeon General concluded that “the evidence is inad-
equate to infer the presence or absence of a causal
relationship between exposure to nicotine and risk for
cancer” (US Department of Health and Human Services
2014). The purpose of the present review is to evaluate
the strength of published scientific evidence, in both
human and animal studies, for nicotine per se to act as a
complete carcinogen or as a modulator of carcinogen-
esis. The findings from this comprehensive evaluation
are summarized in Table 9.

For human studies, there appears to be inadequate
evidence for an association between nicotine exposure
and the presence of or lack of a carcinogenic effect. A
limited number of studies are available on the subject
with only one epidemiological study identified that
investigated the cancer risk from using NRTs. The study
provided no evidence for an effect of NRT use on cancers
of the lung, the gastrointestinal tract, or overall. However,
inadequate evidence was concluded due to the limited
follow up time (12 years) for a chronic disease such as
cancer and due to the low dose of nicotine (NRT) routinely
used by participants of this study.

In animal studies, suggestive but still limited evidence
suggests an association between long-term nicotine
exposure and a lack of a complete carcinogenic effect.

Table 9. Strength of evidence classification for nicotine to act as a carcinogen or carcinogenesis modulator in human and animal

studies.

Strength of evidence

Sufficient* Limitedt Inadequatet Limitedt Sufficient*
—— } } o
Source of evidence Lack of carcinogenic effect Carcinogenic effect
Human studies
NRT use X
Animal studies
Complete carcinogenesis
Modulating carcinogenesis with:
Chemical/physical/transgenic initiation X

Cancer cell initiation

X

*Sufficient evidence: conclusive or highly suggestive studies are available between nicotine exposure and either a lack of carcinogenic effect or a carcinogenic

effect.

tLimited evidence: the evidence from available studies is indicative of an association between nicotine exposure and either a lack of carcinogenic effect or a

carcinogenic effect. Conclusive studies are missing.

flnadequate evidence: there is only conflicting or incomplete evidence available.



The two rodent studies with the highest adequacy
scores reported the absence of a carcinogenic effect
with lifetime exposure to nicotine (Toth 1982; Waldum
et al. 1996). However, conclusive studies using current
bioassay guidelines are missing.

In approximately 70 animal studies, nicotine was
investigated for its ability to modulate (stimulate) the
carcinogenic process induced by administration of
chemical/physical carcinogens, inoculation with cancer
cells, or in transgenic models. In 35 studies using
chemical/physical carcinogens and transgenic models,
there appears to be inadequate evidence for an associ-
ation between nicotine exposure and the presence of or
lack of a modulating (stimulate) effect on carcinogenesis.
Evidence was deemed inadequate due to the large
number of conflicting studies (approximately 50%). In
contrast, a majority of studies (69%) provide sufficient
evidence to conclude that nicotine can stimulate
carcinogenesis of inoculated cancer cells in animals,
especially in immunocompromized mouse models.
Inconsistent findings on nicotine’s ability to modulate
carcinogenesis may result from the use of numerous
animal models and a wide variety of dosing regimens for
nicotine administration. Comparisons between studies,
however, are complicated by the fact that nicotine
biomonitoring was rarely performed and methodo-
logical information was often missing.

Overall, taking both the human and animal studies
into consideration, there appears to be inadequate
evidence to conclude that nicotine per se does or does
not cause or modulate carcinogenesis in humans. This
conclusion agrees with the recent US Surgeon General’s
2014 report on the health consequences of nicotine
exposure (US Department of Health and Human Services
2014).
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