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Introduction

Tobacco use is wide spread and the major preventable cause of can-
cer and respiratory diseases worldwide.1 The majority of tobacco 

related diseases is attributable to combustible products in particular 
cigarettes.2 For tobacco smoking the rate of initiation and progres-
sion to dependence are high. This can be explained by accessibility to, 
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Abstract

Background: Cigarettes and other forms of tobacco contain the addictive drug nicotine. Other com-
ponents, either naturally occurring in tobacco or additives that are intentionally added during the 
manufacturing process, may add to the addictiveness of tobacco products. As such, these compo-
nents can make cigarette smokers more easily and heavily dependent.

Efforts to regulate tobacco product dependence are emerging globally. Additives that increase 
tobacco dependence will be prohibited under the new European Tobacco Product Directive.
Objective: This article provides guidelines and recommendations for developing a regulatory strat-
egy for assessment of increase in tobacco dependence due to additives. Relevant scientific litera-
ture is summarized and criteria and experimental studies that can define increased dependence of 
tobacco products are described.
Conclusions: Natural tobacco smoke is a very complex matrix of components, therefore analysis 
of the contribution of an additive or a combination of additives to the level of dependence on this 
product is challenging. We propose to combine different type of studies analyzing overall tobacco 
product dependence potential and the functioning of additives in relation to nicotine. By using 
a combination of techniques, changes associated with nicotine dependence such as behavioral, 
physiological, and neurochemical alterations can be examined to provide sufficient information.

Research needs and knowledge gaps will be discussed and recommendations will be made to 
translate current knowledge into legislation. As such, this article aids in implementation of the 
Tobacco Product Directive, as well as help enable regulators and researchers worldwide to develop 
standards to reduce dependence on tobacco products.
Implications: This article provides an overall view on how to assess tobacco product constituents 
for their potential contribution to use and dependence. It provides guidelines that help enable 
regulators worldwide to develop standards to reduce dependence on tobacco products and guide 
researches to set research priorities on this topic.
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and availability of, the product and factors influencing the product 
appeal such as social influences and marketing. Tobacco comprises 
of many substances of which nicotine is the most characteristic and 
addictive component.3 Tobacco is usually not present in tobacco 
products in unprocessed form; chemical substances other than 
naturally occurring in tobacco are added to the eventual tobacco 
products to make them more palatable and attractive to consum-
ers. These substances that are intentionally added to tobacco prod-
ucts during the manufacturing process are referred to as additives. 
Additives may increase the addictiveness, attractiveness, and toxicity 
of tobacco products and are therefore starting point for regulation.

The term “addiction” is commonly referred to, but the term 
“dependence” is used globally as the technical term for substance 
use disorder.4,5 Therefore we will refer to this term throughout this 
article.

Currently, efforts to regulate tobacco product dependence 
are emerging. The WHO FCTC includes a strategy for regulating 
tobacco products to reduce their attractiveness, but does not yet pro-
vide any guidance for reducing either the dependence potential or 
toxicity of tobacco products.6 In the United States, efforts are ongo-
ing to evaluate possibilities to reduce nicotine content of cigarettes 
to nondependence levels and to restrict sales of menthol cigarettes.7,8 
In Brazil, some additives suspected to influence the action of nicotine 
were banned following flavor regulation.9

In 2014, the European Union (EU) has set up a new Tobacco 
Product Directive (TPD) to regulate tobacco products.10 One of the 
aspects by which the EU aims to regulate tobacco products is by 
influencing the dependence potential. The TPD prohibits tobacco 
products with increased dependence potential, thereby specifically 
focusing on the role of additives or a combination of additives in 
increasing the dependence potential of cigarettes and roll-your-own 
tobacco.

To assess the effects of additives on the level of dependence poten-
tial of a product, the TPD states that “Member States shall require 
manufacturers and importers of cigarettes and roll-your-own tobacco 
containing an additive that is included in the priority list,11 to carry 
out comprehensive studies, which shall examine for each additive 
whether it: contributes to the addictiveness of the products concerned, 
and whether this has the effect of increasing the addictiveness of any 
of the products concerned to a significant or measurable degree.” 
This requires standardized methods that allow for the assessment of 
increased dependence potential of tobacco products, due to additives.

The aim of this article is to define scientific criteria and to describe 
experimental methods to assess the effect of (individual) additives on 
the (increase in) dependence potential of tobacco products. As such, 
this article aids in implementation of the TPD, as well as in providing 
a guideline for global tobacco regulation and research priorities on 
this topic. This article is part of a series of three articles on criteria to 
assess the three key dimensions for tobacco product control: depend-
ence potential, toxicity, and attractiveness.12,13

In chapter  2, the TPD regulations regarding tobacco product 
dependence potential and its definition will be described. Natural 
tobacco contains several components with dependence potential of 
which nicotine is one of them. The mode of action of these com-
ponents will be discussed in chapter 3. The different paragraphs of 
chapter 4 represent the criteria that can be used to determine if a 
tobacco additive contributes to the overall dependence potential of 
the tobacco product. In these paragraphs the current state of knowl-
edge on methods used to assess (increased) dependence potential of 
tobacco will be reviewed.

To conclude, advantages and drawbacks of current methods will 
be evaluated, knowledge gaps will be discussed and recommendation 
will be made.

The EU Tobacco Product Directive on 
Regulating Addictiveness

In 2001 the EU set up the TPD (2001/37/EC) with the aim of devel-
oping internationally agreed rules and standards on tobacco prod-
uct presentation, production and manufacture. With regard to the 
dependence promoting properties of tobacco products the TPD 
called for example for the establishment of a common list of tobacco 
ingredients “which takes into account inter alia their addictive-
ness.”14 In particular “member states may provide for the prohibi-
tion of the use of ingredients which have the effect of increasing the 
addictive properties of tobacco products.”14

In 2010 the Scientific Committee on Emerging and Newly 
Identified Health Risks (SCENIHR) provided scientific advice to 
the European Commission on the role of tobacco ingredients in the 
dependence potential and attractiveness of tobacco products.15

The SCENIHR recommendations were taken along to update the 
TPD (2014/40/EU). The overall objective of the revision is to further 
protect human health and improve the functioning of the internal 
market. This new TPD strengthens existing rules and introduces 
novel rules for certain tobacco-related products.10

For the purpose of the TPD, dependence potential was defined 
as: “the pharmacological potential of a substance to cause addiction, 
a state which affects an individual’s ability to control behavior typi-
cally by instilling a reward or a relief from withdrawal symptoms, 
or both.”10

The revised TPD states that “additives that increase addictive-
ness should be prohibited” whereby it is mentioned that this includes 
“additives that facilitate inhalation or nicotine uptake.” An increase 
in dependence potential of a product is defined as: “to a significant 
or measurable degree.”

In order for the member states to assess increased dependence 
potential and carry out their regulatory tasks, information on the 
ingredients and emissions from tobacco products is needed. Therefore 
“…the existing reporting obligations for ingredients and emissions 
should be reinforced. Particular in respect of adopting and adapting 
maximum yields for emissions and their measurement methods, set-
ting maximum levels for additives that increase addictiveness (and 
toxicity or attractiveness).” Also “additives necessary for the manu-
facture of tobacco products, for example sugar to replace sugar that 
is lost during the curing process” should not result in an increase of 
dependence potential of the product.10

Addictive Components in Natural Tobacco

In the following paragraphs, components of natural tobacco causing 
dependence will be described. Knowledge on underlying mechanisms 
of tobacco dependence is necessary to understand how tobacco com-
ponents and/or tobacco additives may increase dependence on prod-
ucts as cigarettes and roll-your-own tobacco.

Nicotine is the Major Addictive Component of 
Natural Tobacco
Multiple studies in both human and animal subjects have shown 
the major component of natural tobacco, nicotine, to be the main 
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component responsible for the dependence on tobacco products.16 
Nicotine dependence does not happen after using tobacco once or 
twice; it develops over time. The first symptoms of nicotine depend-
ence can appear within days to weeks after tobacco smoking started, 
often before the onset of smoking daily.17 Initially the stimulant 
effects predominate followed by a domination of reward effects.

The amount of nicotine absorbed from the smoke into the lungs 
is high. Upon adsorption into the lungs nicotine enters the blood 
and reaches the brain in about 10 seconds after inhalation.3 Once 
in the brain, nicotine activates and desensitizes nicotinic acetyl-
choline receptors (nAChRs).18 Activation of the receptors results in 
activation of the mesolimbic pathway and release of several neu-
rotransmitters such as dopamine (DA). The mesolimbic pathway 
is associated with feelings of compulsion, pleasure, euphoria, and 
reward that plays a critical role in the reinforcement for continued 
tobacco use.19 Nicotine administration increases DA activity in the 
nucleus accumbens (NAc) and other limbic structures by direct 
stimulation of nicotinic acetylcholine receptors subunits within the 
ventral tegmental area.20 The activity of DA neurons in the ventral 
tegmental area is additionally influenced by the activity of multi-
ple neurotransmitter pathways. Release of neurotransmitters as 
DA, glutamate, and GABA is particularly important in the develop-
ment of nicotine dependence. The release is mediated by activation 
of receptors such as glutamate and serotonergic receptors and the 
endocannabinoid system.21,22 The systems are thereby all involved in 
the rewarding/reinforcing effects of nicotine. While a reward effect 
is exerted in the limbic system a stimulating effect is exerted mainly 
in the cortex via the locus ceruleus. The availability of mesolimbic 
DA can be increased by inhibition of monoamine oxidases A and B 
(MAO-A and MAO-B).23

Nicotine or tobacco withdrawal is a separately diagnosable dis-
order, from “dependence” or “substance use disorder” according 
to the International Classification of Diseases4 and the American 
Psychiatric Association,24 respectively. Withdrawal is also used by 
pharmacologists as the primary indicator that physiological depend-
ence and tolerance have developed. Withdrawal and physiologi-
cal dependence may occur in the absence of dependence (eg, as in 
the case neonates delivered from dependent cigarette smokers who 
show signs of withdrawal but would not meet any other criteria for 
dependence); conversely many people meeting criteria for depend-
ence or “substance use disorder”24 do not exhibit withdrawal symp-
toms whether the substance is tobacco, opiods, or stimulants.25

Nicotine withdrawal can be an important manifestation of 
dependence and motivates relapse. Withdrawal is associated with 
downregulation of the production of DA and other stimulatory 
neurotransmitters as the brain attempts to compensate for artificial 
stimulation. These somatic manifestations of withdrawal symp-
toms are mediated by the different nAChR expressed in the medial 
habenula brain area.26–28

Other Addictive Components in Natural Tobacco
Accumulating evidence suggests non-nicotine tobacco components 
to be involved in determining the dependent nature of natural 
tobacco.29–31 A  self-administration study in rats shows roll-your-
tobacco to have a higher dependence potential than cigarettes irre-
spective of nicotine levels.32

Minor Alkaloids
Minor alkaloids present in the tobacco leaf share a chemical struc-
ture closely related to nicotine. In most tobacco strains, nornicotine 

and anatabine are the most abundant of minor alkaloids, followed 
by anabasine. Nornicotine is a minor metabolite of nicotine and its 
effects are enantioselective.33 Testing of these components for nic-
otine-induced locomotor activity in rats shows anatabine, cotinine 
and myosmine to increase these effects suggesting they can increase 
the motivation for nicotine.34

Due to their nicotine-like structure, the minor alkaloids are likely 
to act in similar way as nicotine does. Components with affinity for 
the nAChRs have either synergistic effects with nicotine or reinforc-
ing effects of their own.

Nornicotine is indeed able to act as an agonist on nicotine ace-
tylcholine receptors, but with about tenfold lower potency.35,36 Self-
administration studies show nornicotine to have reinforcing effects 
while anabasine and anatabine do not. This indicates it has depend-
ence potential.37

Anabasine was also shown to have affinity for nAChRs, induce 
desensitization of nAChRs and evoke DA release in the striatum.38,39 
Lower doses of anabasine on the level typically found in cigarette 
smoke likely significantly contribute to the reinforcing effects of 
tobacco.40

Anatabine dose-dependently reduces nicotine self-administration 
in rats and rhesus monkeys suggesting that anatabine act as an ago-
nist.41 Monkeys did not self-administer anatabine above control 
(saline) levels indicating it does not have reinforcing effects nicotine. 
Recently, using in vitro binding studies it has been shown that the 
effects of anatabine on reinforcement and craving may be mediated 
through activity at nAChR subtypes.42

The minor tobacco alkaloid beta-nicotyrine have been reported 
to inhibit the major enzyme involved in nicotine metabolism.43

Natural Sugars
Sugars are natural tobacco components, and are frequently added 
to tobacco during the manufacturing process as well. Sugars are 
present in significant amounts in Virginia tobacco or are added 
in high quantities to Burley based tobacco products. Added sug-
ars are typically among the main ingredients in major commercial 
cigarette brands and likely contribute to smoking pleasure and 
dependence potential by several mechanisms including making 
the smoke more palatable and contributing to the formation of 
numerous aldehydes upon combustion. Aldehydes are sometimes 
also added to natural tobacco and are reported to enhance nicotine 
self-administration in young, but not in adult rats at low doses.44,45 
The observed reinforcing effects of acetaldehyde seem to be caused 
by condensation products of acetaldehyde and with small mol-
ecules such as amino acids (eg, tryptophan and tryptamine), which 
are present in tobacco as well as with other molecules present 
throughout the body. The beta carboline, harman, is an inhibitor 
of MAO and is formed from the reaction of acetaldehyde with 
tryptophan and tryptamine.46,47 MAO-A inhibition dramatically 
increases the motivation to self-administer nicotine in rats.48,49 In 
a recent study examining the effect of beta-carbolines on nicotine 
self-administration it was shown that pretreatment with harmane 
or norharmane did not show significant differences.40 Another 
study however shows reinforcing and neural activating effects of 
norharmane alone and in combination with nicotine.50 A  recent 
study suggests that a combination of cigarette smoke constituents 
including acetaldehyde, beta carbolines, and minor alkaloids does 
not alter the reinforcing effects on nicotine. However cigarette 
smoke constituents that inhibit MAO may increase the effects of 
nicotine.51
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Naturally Occurring MAO Inhibitors
Brain analysis of tobacco smokers showed a significant reduction in 
MAO levels relative to nonsmokers or former smokers.52 MAO inhi-
bition is associated with enhanced DA activity leading to increased 
reinforcement behaviors. The release in the bloodstream of MAO 
inhibitors (MAOIs) along with nicotine upon inhalation of tobacco 
smoke is thought to be responsible for most of its dependence prop-
erties.53 Examples of MAO inhibitors isolated from tobacco leaves 
and present in tobacco smoke are 2,3,6-trimethyl-benzoquinone and 
2-naphthylamine.54 Preliminary findings suggest that replacement 
of the effects of MAO inhibitors contained in cigarette smoke may 
enhance quit rates during smoking cessation.55

Drugs taken for mental disorders often exert MAO inhibitory 
effects. Suggesting the higher prevalence rates for tobacco depend-
ence among individuals with anxiety disorders, depression, or 
schizophrenia56 could be related to shared co-occurring mechanisms 
involving nicotine and MAO inhibition in the brain. Evidence for 
increased dependence related to medication intake in these individu-
als is however lacking.

Tobacco additives exerting MAO inhibitory effects are described 
in the section “Exerting additive effects on DA signaling by inhibi-
tion of its degradation”.

Additives and Tobacco Addiction

In this chapter experimental studies are described that are per-
formed for some additives to assess dependence potential. Overall 
assessment of increase in dependence potential can be performed 
using both human and animal studies. In addition to psycho-
logical state, metabolites, brain activity, and DA turnover can be 
analyzed.

Assessment of the Overall Increase in Tobacco 
Product Dependence Potential
Comparing the product with and without the additive, allows for 
assessing the contribution of the additive to the overall dependence 
potential of the tobacco product. By setting up panels of human 
subjects psychological analyses can be performed. When a signifi-
cant difference is scored this suggests the possibility that the addi-
tive leads to an increase or decrease in dependence compared to the 
product without the additive.

Several measures can be applied to assess dependence. Recently, 
revisions for DSM-V were proposed in order to increase the pre-
dictive value of these criteria for tobacco dependence assessment.5,24 
Dependence characteristic for nicotine and smoke(less) tobacco can 
be self-assessed using the Fagerström Test for Nicotine Dependence 
(FTND), a 12-item cigarette dependence scale and the cigarette with-
drawal scale (CWS-21).57–59 Twelve-item cigarette dependence scale 
covers the main definitions of dependence: compulsion, withdrawal 
symptoms, loss of control, neglect of other activities, time allocation, 
and persistence despite harm. Tolerance is however not measured 
using 12-item cigarette dependence scale. The FTND can assess the 
degree or severity of tobacco dependence using a scale indicative for 
the level of dependence. The higher the score the more dependent on 
nicotine the individual performing the test is. The FTND does meas-
ure physical dependence and tolerance by assessing control over use 
and the urgency for use. The test does not assess other salient dimen-
sions of dependence such as craving, compulsion, or withdrawal 
and several measured items are more difficult to apply to moder-
ate smokers.60 The cigarette withdrawal scale (CWS-21) is a 21-item 

multidimensional self-administered scale that measures withdrawal 
symptoms and predicts relapse to smoking.58

Indicators of nicotine dependence were assessed in menthol and 
non-menthol cigarette smokers using the FTND. Differences were 
observed in time to first cigarette of the day (TTF) suggesting greater 
urgency to smoke. Other indicators such as amount of cigarettes 
smoked on a day (CPD) did not differ between the two groups of 
smokers.61,62

An important limitation of the foregoing is that these are diag-
nostic instruments for assessing dependence in people and not neces-
sarily the dependence potential of the given substance or product 
type. Those methods are discussed below and are important comple-
ments to the foregoing.

Methods of assessing dependence potential of products and 
product variants in humans what is commonly referred to as 
“dependence potential” assessment methods internationally is more 
typically referred to as “abuse potential” or “abuse liability” assess-
ment by the United States Food and Drug Administration (US FDA). 
Accepted methods used in participant studies of dependence poten-
tial include measuring responses using visual analogue scales (VAS) 
for drug liking and response to a drug. Other measures include 
assessment of likelihood to take the drugs again. Human labora-
tory studies can be used to detect signals suggestive of dependence 
potential, however the ability of these studies to make distinctions of 
relative dependence potential is limited.25,63,64

Tobacco product dependence potential cannot only be tested in 
human subjects but also using laboratory animals. Current animal 
models for tobacco product dependence are based on assessing nico-
tine dependence and not dependence of tobacco products as a whole. 
These models aim to deliver nicotine independently from cigarette 
smoke, with similar pharmacokinetics of inhaled nicotine. A  few 
studies do propose animal models for tobacco smoke exposure that 
could potentially be used to evaluate tobacco addiction.62,65

The experimental animal models investigating nicotine depend-
ence are mainly models of nicotine reward and reinforcement. 
Current tests to analyze dependence potential can monitor self-
administration, speed of acquisition, conditioned rewarding effects, 
and drug discrimination.38,66,67 Severity of withdrawal can also be 
measured.68

Self-administration of nicotine has been repeatedly demonstrated 
in laboratory animal models. This effect is observed in a reliable man-
ner using an intravenous self-administration paradigm despite the 
fact that nicotine itself is regarded as a relatively weak reinforcer.69

A recent animal study shows the sensory properties of menthol 
can serve as a conditioned reinforcer for nicotine.70 Results of this 
study also suggest that during withdrawal smokers of menthol ciga-
rettes are likely to experience a stronger craving for nicotine, which 
could result in lower smoking cessation rates.71

Beside behavioral responses also neurobiological effects can be 
analyzed using animal models (see section “Exerting additive effects 
on nicotine dependent activation of mesolimbic pathways”).

Acting on Nicotine Duration and Concentration in 
Blood Circulation
Optimizing dosing characteristics including speed and delivery of 
nicotine is, as well as for most other dependence producing drugs, 
an important determinant of its dependence potential.72 The concen-
tration as well as the time nicotine is present in the blood circulation 
of cigarette smokers determines the effects of the compound in the 
body. Concentration and duration of nicotine can be increased by 
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improving the uptake and bioavailability of nicotine as discussed in 
the following paragraphs.

Exerting an Increase Nicotine Uptake
It has been shown that inhalation results in a rapid brain increase 
of nicotine in the brain thereby contributing to nicotine dependence 
in smokers. The rate of rise of nicotine concentration in the brain 
can be measured using positron emission tomography scans of brain 
regions.73,74

Inhalation can be facilitated by certain additives leading to 
deeper and more frequent inhalation by the cigarette smoker result-
ing in an increase in lung exposure and nicotine uptake. Additives 
can achieve this by enhancing sensory properties such as cooling 
effects or by having local anesthetic and bronchodilating properties. 
Menthol, theobromine and eucalyptol are described to have bron-
chodilator and antitussive (relieves coughs) effects.75 This allows for 
more air flow through the lungs and inhalation of larger volumes 
of smoke resulting in an increased bioavailability of nicotine and 
thereby enhancing its dependence promoting properties.

Menthol is a commonly used additive by activating cold sensi-
tive ion channels, such as TRPM8, thereby inducing cooling effects 
in a dose dependent manner.76 The tobacco additive eucalyptol can 
also activate similar ion channels involved in sensory sensation.77 
Menthol has both a cooling effect on mucosal surfaces and a local 
anesthetic effect.78

The efficiency of nicotine uptake in the blood stream via the lung 
is difficult to measure. Engineered 3D lung tissue constructs and 
mathematical computer models can be used to provide predictive 
information on lung uptake and particle deposition.79,80

Exerting an Increase Nicotine Bioavailability
Nicotine bioavailability is defined by an optimal rate of adsorption 
and distribution from the lungs into the bloodstream.

Upon uptake in the lungs the bioavailability of nicotine in the 
body is determined by properties such as its hydrophobicity and 
solubility. It has been proposed that the use of alkalizing compounds 
(such as ammonia) as tobacco additive increases the absorption of 
nicotine in the lungs. Biomarker analysis of nicotine in blood samples 
from smokers of cigarettes with different ammonia yields was per-
formed to evaluate the effects on nicotine bioavailability. Different 
ammonia yields in cigarettes did not increase the rate or amount 
of nicotine absorption from the lungs to the arterial blood circula-
tion.81,82 From these studies it is not excluded that other ingredients 
than ammonium salts influence nicotine adsorption in a similar way.

Nicotine is metabolized in the liver by cytochrome P450 (CYP) 
enzymes. The main enzymes involved in the metabolic pathway of 
nicotine are CYP2A6 and CYP2B6.35 Inhibition of nicotine metabo-
lism enhances its bioavailability and alters the behavioral effects in 
mice.68,83 Additives which can modulate the activity of metabolic 
pathways are therefore likely to effect the dependence potential of 
nicotine.

The effectiveness of an additive in inhibiting nicotine metabolism 
is expressed as relative CYP inhibitor ratio and is represented in a 
50% inhibitory concentration (IC50 value).84 This inhibitory concen-
tration of human and mouse CYP2A can be tested in an in vitro 
assay using recombinant enzyme.85 Inhibition of CYP can also be 
analyzed taking human liver microsomal preparations as enzyme 
source.

An example of mild to weak inhibitor of CYP2A6 are several 
lactones added to tobacco. The high IC50 of lactones indicates their 

effectiveness in inhibiting nicotine metabolism.86 The concentration 
of lactones added to tobacco products is much lower making its 
contribution to inhibit nicotine metabolism less likely. However the 
inhibitory effect of these compounds on CYP2A6, can be relatively 
weak in isolation, but might be greater when the chemicals act in 
combination.86

By using an in vitro liver CYP activity assay derivatives of 
phenylethylamine and benzaldehyde were confirmed to be inhibi-
tors of the metabolic enzyme mouse CYP2A5 (human CYP2A6).85 
Benzaldehydes are present as a natural tobacco component, but are 
also added to tobacco as flavorant.

When an additive inhibits CYP2A6 activity it doesn’t necessarily 
mean exposure to nicotine will increase. Flavonoids or furanocou-
marins have been shown to inhibit nicotine metabolism, but at the 
same time increases renal clearance of nicotine and cotinine resulting 
in no significant effect on overall exposure.87

A study using smokers whereby nicotine and its metabolite coti-
nine were analyzed after smoking cigarette with or without menthol 
showed inhibition of nicotine metabolism upon mentholated ciga-
rette smoking.88,89

Several studies showed menthol to be a weak inhibitor of human 
CYP2A6.43

Acting on the Nicotine Mode of Action in the Brain
Additives can exert effects that influence the ability of nicotine to 
activate mesolimbic pathways and/or influence DA signaling by inhi-
bition of its degradation

Exerting Additive Effects on Nicotine Dependent Activation of 
Mesolimbic Pathways
Activation of the mesolimbic DA system is analyzed in various 
ways. Neuroimaging techniques are used to study in vivo activity 
of mesolimbic brain areas upon nicotine use. Neuronal activity in 
these regions can be measured as well as activation of nACh recep-
tors, neurotransmitter release and transcriptional activation of 
specific mRNAs.

To provide brain images indicative of nicotine dependence posi-
tron emission tomography, functional magnetic resonance imaging 
(fMRI) and single-photon emission computed tomography (SPECT) 
techniques are used.90

Using neuroimaging studies nicotine, MAO or nAChR can be 
labeled and traced to demonstrate nicotine occupancy at nAChRs, 
nAChR availability and upregulation of nAChRs induced by 
chronic smoking.90–92 A recent study used positron emission tomog-
raphy scan to provide evidence that in brains of female menthol 
cigarette smokers nicotine accumulated fast thereby contributing to 
dependence. However a role of menthol in enhancing brain nico-
tine accumulation was not supported by this study.93 Neuroimaging 
studies using labeled nAChR subunits showed an upregulation of 
these receptors in the brain of menthol smokers. Indicating a higher 
nicotine exposure in smokers of menthol cigarettes, although other 
mechanisms for menthol influencing receptor density are possible.94 
Analysis of nicotinic acetylcholine receptor activity in vitro shows 
that menthol inhibits nAChR subtypes in a noncompetitive man-
ner.95,96 Activity of neurons in the mesolimbic DA brain area is not 
only measured by nACh receptor activation but also by measur-
ing the result of this receptor activation, a change in the release or 
turnover of DA. DA release and turnover can be measured either ex 
vivo or in vivo via isolation of specific brain tissue or microdialysis 
techniques.30,39,97,98
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A study in mice showed up-regulation of nAChR subtypes in 
various brain regions upon exposure to nicotine and menthol using 
western blots. A  significant increase in nicotine plasma levels was 
observed, which was accompanied by an increase of withdrawal 
intensity.99

Exerting Additive Effects on DA Signaling by Inhibition of its 
Degradation
Additives may influence the dependence potential of nicotine by 
interacting with the neural responses to the drug. For example MAO 
inhibitors that are not leading to dependence on their own slow the 
breakdown of monoamines such as DA thereby affecting the overall 
motivational impact of nicotine.

Beta-carbolines as harman and norharmane are MAO inhibitors 
present in tobacco products. As mentioned in the section “Natural 
sugars,” sugars are a source of these alkaloids and are present in nat-
ural tobacco but are also frequently added during the manufacturing 
process. Furthermore coffee, a tobacco additive, has been shown to 
be a source of beta-carbolines and other MAO inhibitors.100 Another 
example of additives showing MAO inhibition are synthesized cou-
marin derivatives. Coumarin has been used as an aroma enhancer in 
pipe tobaccos.101

Inhibition of the enzymatic activity of MAO can be measured 
in vitro using peroxidase-linked spectrophotometric assay. Enzymes 

can be isolated from rat liver microsomes or recombinantly gener-
ated. Using recombinant human MAO-A and MAO-B, IC50 values 
for enzyme inhibition by can be experimentally determined.102 In 
vivo MAO activity can be analyzed using a radiotracer, which can 
irreversibly bind MAO followed by a positron emission tomography 
scan of the brain.52

How to Translate Test Results Into Legislation?

An overview of additives that could influence tobacco prod-
uct dependence potential is provided in Table  1. Several studies 
assessed the potential of menthol to enhance nicotine dependence 
and clarified the mechanisms behind this. The contribution of 
menthol to ease of inhalation, absorbability, and sensory cueing 
effects may all contribute to increasing the dependence potential of 
cigarettes.103 Therefore the information provided on menthol may 
provide a model example of how to assess the effect of other addi-
tives on tobacco dependence. Although multiple studies have been 
performed on the impact of menthol, evidence for other additives 
increasing tobacco dependence is limited. Menthol is intentially 
added, but often additives are also present in natural tobacco such 
as sugars, benzaldehyde and acetaldehyde making it more challeng-
ing to study effects of their addition. Additives can exert additive 
effects on nicotine bioavailability, duration, and concentration in 

Table 1. Additives Described to Have Properties That Could Contribute to Dependence of Tobacco Products

Tobacco additive Chemical structure Source Main properties

Menthol Additive, (pepper)mint Sensory response (cooling), effects  
on central nervous system, 
local anaesthetic, nicotine 
metabolism, relieve throat 
irritation, flavorant

Eucalyptol Additive, eucalyptus Sensory reponse (cooling), 
Bronchodilating  
properties, flavorant

Theobromine Cocoa Bronchodilating  
properties, vasodilator

Ammonia Additive, ammonium salt Alkalizing (increased lung  
absorption), neurotoxin

Lactones Additive Nicotine metabolism

Benzaldehyde Additive Nicotine metabolism, flavorant

Acetaldehyde Additive and/or sugars Flavorant, probable human  
carcinogen, preservative

(Nor)Harman Sugars, coffee MAO inhibition

Coumarin Additive, cinnamon MAO inhibiting  
properties, flavorant

MAO = monoamine oxidase. Chemical structure, source and main properties are indicated.
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the blood circulation or nicotine dependent activation of mesolim-
bic pathways in the brain.

Guidelines to assess the impact of tobacco product contents on 
dependence potential could be similar to those already established 
for testing the dependence potential of pharmaceutical products. 
Special challenges include product complexity and the diverse range 
of tobacco products.104,105 For example, the US FDA has issued guid-
ance that cover dependence potential assessment for a range of dif-
ferent substances, formulations, and product types in which factors 
such as additives and product design features may act to either pro-
mote or deter dependence potential.63,72

To accurately assess tobacco dependence potential for regulatory 
purposes, it is necessary to use multiple evaluation methods whereby 
several factors associated with tobacco addiction are analyzed. 
Combinations of techniques examining behavioral, physiological 
and neurochemical changes occurring in specific brain sites with nic-
otine dependence will provide sufficient information. Correlations 
between responses and convergence of studies will lead to evidence 
based conclusions.

Since natural tobacco smoke is a very complex matrix of com-
ponents and differs significantly among different brands it is chal-
lenging to analyze the contribution of an additive or a combination 
of additives to the level of dependence on this product. We propose 
to combine studies analyzing overall tobacco product dependence 
potential and the functioning of additives in relation to nicotine. 
Proposed analysis would involve a combination of in vivo (in awake 
or anesthetized animals), ex vivo (in brain slices or cell cultures), and/
or in vitro studies as well as studies using human subjects whereby 
exposure to mainstream smoke can be measured.

Simplified experiments in animal models analyzing the mode of 
action of additives on nicotine addiction without making use of the 
tobacco matrix are well developed. The self-administration para-
digm has been widely accepted as a reliable animal model with high 
predictive value for the dependence potential of a drug and can be 
used to support findings observed in humans.

Animal models allow to control for factors that can affect 
study outcome such as environmental factors, genetic background 
and prior drug exposure. In human studies gender, age and inter 
individual difference in genetic susceptibility to drug dependence 
might have an impact on receptor response or nicotine metabo-
lism.106–108 Persons with a genetic basis for slow metabolism smoke 
fewer cigarettes daily than persons with faster metabolism, show 
a lower level of dependence and experience less severe withdrawal 
symptoms.109

The results of psychological/behavioral tests or more laborious 
neuroimaging studies analyzing different aspects or stages of nico-
tine dependence in vivo can be represented as a measureable degree 
of dependence caused by an additive. However, several different 
tests exist measuring slightly different dependence parameters that 
are given different levels of importance. For regulatory purposes, 
consensus needs to be established on the (combination of) tests that 
are preferred.

Ex vivo and in vitro studies are less time consuming and cheaper 
than in vivo studies. They are an important first step in the analysis 
of the dependence potential of an additive. In in vitro test systems 
additives can be analyzed either a separate compound or combined 
with nicotine.

Effects on the activity of enzymes specific for nicotine metabolism 
(CYP2A6) and DA breakdown (MAO) as well as DA turnover and/
or nAChR specific subunit regulations can be measured accurately. 

These tests allow for establishment of dose response relationships 
and definition of IC50 and EC50 values.

This type of analysis could give an indication of the concentra-
tion at which an additive could have an effect on nicotine depend-
ence potential and is therefore suitable for regulatory purposes. 
However, one has to keep in mind that these types of tests may have 
limited relevance to human dependence potential; inhibition potency 
can be different in vitro versus in vivo or between mouse and human. 
Dependence potential is determined by multiple factors and should 
be tested in the tobacco matrix. The effect of separate compounds 
might be weak, but combined maybe enough to exert an effect.

Research Needs and Knowledge Gaps

Further investigation on the relationship between MAO inhibition 
and nicotine reward is recommended. MAO inhibiting properties are 
described for several additives. Sources of MAO inhibitors are sugars 
but also coffee and coumarin contribute directly or indirectly via their 
reaction products to such effects. Studies are needed to define the con-
centration of additives whereby clear MAO inhibition is observed.

Knowledge gaps that can be answered by performing research as 
indicated on this topic by SCENIHR include a focus on the impor-
tance and concentration of different sugars. Several aspects can be 
analyzed such as efficacy of various sugars to generate aldehydes 
and the capacity of different tobacco blends to form aldehydes and 
inhibit MAO. When the sugar level in natural tobacco is determined 
the concentration of sugars added on top of that can be defined and 
the relationship with increased dependence potential of tobacco 
products can be determined.

In general further research is needed to select and standardize 
cellular- or biochemical tests to analyze in vitro activation of nAChR 
subunits or MAO or CYP2A5/6 inhibition that can act as predictors 
for increased nicotine dependence in vivo. Using standardized tests 
multiple additives can be tested to analyze if they contain properties 
as MAO or CYP2A5/6 inhibition or nAChR binding.

Most research performed to assess the role of additives in poten-
tiating tobacco dependence is specific for combustible products like 
cigarettes. This data can therefore not directly be translated to prod-
ucts whereby tobacco is heated or to products that do not contain 
tobacco but do contain nicotine such as electronic nicotine delivery 
systems (ENDS). The contribution of other ways of nicotine admin-
istration (such as via vaporization) to the dependence potential of 
the product are not well known. Studies can be performed to assess 
the effect of different nicotine containing products and inhalation 
techniques on tobacco or nicotine dependence.
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