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Introduction

Tobacco-related illness remains the leading cause of preventable death worldwide, with
over 7 million deaths annually (WHO 2017). A worldwide gender gap is seen in tobacco use, in
which the prevalence is 4- to 10-times higher in males than in females. This gap is much higher
in developing countries than in developed countries because of the stigma against tobacco
smoking. However, with increasing tobacco use in adolescents, especially in developing
countries, the gender gap is closing (Warren 2008, Higgins, Kurti et al. 2015). Some evidence
suggests that socioeconomic status may affect the onset of tobacco use and cessation success
(Daniel, Hickman et al. 2009, van Wijk, Landais et al. 2019). Further complicating the treatment
of tobacco dependence is the occurrence of comorbidity with other disorders. High comorbidity
is seen between nicotine dependence and mental health disorders, such as depression, anxiety,
and schizophrenia (Pettey and Aubry 2018, Tidey, Davis et al. 2018). The prevalence of nicotine
use is high among individuals who engage in poly-substance abuse. Poly-drug use is widespread
among adolescents, people with lower socioeconomic status, and people with a high comorbidity
of mental health disorders (Bello, Khoddam et al. 2018). Despite the higher risk of
cardiovascular and inflammatory disease (Campagna, Alamo et al. 2019), the rate of smoking in
people who are diagnosed with diabetes is comparable to the general population (Ford, Mokdad

et al. 2004).

Electronic cigarettes
The rates of tobacco smoking have been declining in recent decades, but the use of
electronic cigarettes has rapidly increased since their introduction to the market (WHO 2017).

Electronic cigarettes are currently under scrutiny in the United States after several vaping-related



lung injuries and deaths were reported (Schier, Meiman et al. 2019). Countries in the European
Union are recommending electronic cigarettes as smoking cessation aids (Erku, Gartner et al.
2019, Filippidis, Laverty et al. 2019). Researchers have struggled to stay apprised of the rapid
progression of vaping technology. Nearly a decade after the advent of electronic cigarettes,
however, we are beginning to understand their effects on nicotine dependence. Nicotine-
containing electronic cigarette liquid produces a similar lowering of intracranial self-stimulation
(ICSS) reward thresholds as nicotine alone in rats (Harris, Muelken et al. 2018). The effects of
precipitated withdrawal from chronic nicotine-containing electronic cigarette liquid and nicotine
alone on ICSS thresholds were similar in rats (Harris, Muelken et al. 2017). Passive nicotine
vapor studies have characterized nicotine vapor-induced dependence in rats and mice (George,
Grieder et al. 2010, Kallupi and George 2017, Shao, Lopez et al. 2019), but no studies have
investigated the possible attenuation of intravenous nicotine self-administration by passive vapor
exposure (Cohen and George 2013). The lack of a nicotine vapor self-administration model in
rats has limited further explorations of the neuropharmacological mechanisms of electronic
cigarette use. Our laboratory developed the first such model, which was shown to produce
nicotine dependence and cardiopulmonary abnormalities in rats (Smith, Kallupi et al. 2019).
Further investigations of this animal model may shed light on the neurobiological mechanisms of

electronic cigarette use and the development of novel treatments.

Nicotine
Nicotine is absorbed from tobacco smoke or electronic cigarettes into the lungs
(Benowitz 1990). From the lungs, nicotine diffuses into the central nervous system within

seconds where it activates nicotinic acetylcholine receptors (Langley 1905). The rapid absorption
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and rise in blood nicotine levels after the inhalation of nicotine-containing smoke or vapor
contribute to the reinforcing properties and abuse liability of these products (Benowitz 1990,
Henningfield and Keenan 1993). Neuronal nAChRs are pentameric ligand-gated ion channels
that consist of 12 receptor subunits (a2-10, $32-4). The most widely expressed nAChRs in the
central nervous system contain the a42, o334, and a7 subunits (Deneris, Connolly et al. 1988,
Connolly, Boulter et al. 1992, Gotti, Moretti et al. 2008). The reinforcing properties of nicotine
are mainly attributed to binding at $2-containing nAChRs (Picciotto, Zoli et al. 1998, Maskos,
Molles et al. 2005), particularly nAChRs that contain the 42 subunits for which nicotine has
the highest affinity (Watkins, Epping-Jordan et al. 1999, Tapper, McKinney et al. 2004). The
nicotine-induced activation of 432 nAChRs increases dopamine release in the prefrontal cortex,
ventral striatum, and nucleus accumbens (Koob 1992, Leshner and Koob 1999, Di Chiara 2000).
The mesolimbic dopamine system is associated with positive reinforcement for most drugs of
abuse, including nicotine (Koob 1992, Leshner and Koob 1999). Recent genome-wide
association studies have also identified a role for the a5, a3, and 34 subunits in nicotine
dependence (Improgo, Scofield et al. 2010). Chronic nicotine use leads to receptor changes in the
central nervous system and muscular-skeletal system, which contribute to tolerance, negative
reinforcing effects, and withdrawal upon cessation (Marks, Burch et al. 1983, Schwartz and
Kellar 1983, Benwell, Balfour et al. 1988, Wonnacott 1990, Grieder, Besson et al. 2019).
Environmental cues that are associated with substance use contribute to the habituation of drug
intake and contribute to relapse (Niaura, Rohsenow et al. 1988). In nicotine-dependent
individuals, cues that are associated with a specific method of nicotine use may trigger craving,

drug seeking, and withdrawal symptoms (Carter and Tiffany 1999). Upon cessation, nicotine-



dependent individuals exhibit negative affective states, characterized by depressed mood,

anxiety, irritability, and insomnia (Cohen, Pickworth et al. 1991, Parrott 2003).

Food and Drug Administration-approved pharmacotherapies

Seven smoking cessation therapies are currently approved by the United States Food and
Drug Administration (FDA): varenicline, bupropion, and nicotine replacement therapy in the
form of nicotine patches, gum, lozenges, sprays, and inhalers (Prochaska and Benowitz 2016).
Nicotine replacement therapy products are designed to deliver nicotine in a controlled manner,
with a gradual rise in blood nicotine levels. The slow pharmacokinetics of these products lowers
their abuse liability compared with inhalation and oral tobacco products (West, Hajek et al.
2000). Varenicline is an a4p2 and a7 nAChR partial agonist (Coe, Brooks et al. 2005) that was
shown to significantly increase abstinence rates compared with placebo in clinical studies
(Gonzales et al. 2006). Bupropion is an atypical antidepressant and the only FDA-approved
nicotine cessation therapy that does not contain or mimic nicotine. Bupropion blocks the
reuptake of dopamine via the dopamine transporter, the norepinephrine transporter, and the
nicotinic acetylcholine receptors. All of these interactions may contribute to bupropion’s

mechanism of action during smoking cessation.

Modulation of the Nicotinic Acetylcholine Receptor

Modulation of nAChRs remains a central strategy for the development of smoking
cessation pharmacotherapies. Non-specific nAChR antagonists act as a general blockade of
nicotine’s activity, however the lack of specificity may result in unwanted side effects.

Mecamylamine is a non-selective, non-competitive antagonist of nAChRs (Papke, Sanberg et al.
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2001). Mecamylamine was originally FDA approved for the treatment of hypertension, but it is
most often used as a repurposed pharmacologic in experimental models of neuropsychiatric
disorders (Shytle, Penny et al. 2002, Bacher, Wu et al. 2009). In animal models, mecamylamine
blocks the discriminative stimulus effects of nicotine (Morrison and Stephenson 1969, Stolerman,
Naylor et al. 1999, Moerke, Zhu et al. 2017), and is widely used to precipitate withdrawal after
establishment of nicotine dependence (Malin, Lake et al. 1994, Damaj, Kao et al. 2003, Paterson
and Markou 2004). Mecamylamine and a mecamylamine enantiomer have been assessed in
clinical trials as a treatment for smoking cessation and as an antidepressant, both without much
success (Rose, Sampson et al. 1989, Rose, Behm et al. 1994, Rose, Behm et al. 1998, Moller,
Demyttenaere et al. 2015). The hypertension drug, pempidine, a non-selective, non-competitive
antagonist of nAChRs, has shown antagonism of the physiological effects of nicotine in animal
studies (Haikala and Ahtee 1988, Martin, Suchocki et al. 1990). Subtype specific antagonists
would allow for modulation of specific nicotine-mediated behaviors with limited side-effects. The
2 specific nAChR competitive antagonist dihydro-/-erythroidine shows some promise in
blocking the discriminative stimulus effects of nicotine in animal models (Williams and Robinson
1984, Stolerman, Chandler et al. 1997, Gommans, Stolerman et al. 2000, Moerke, Zhu et al.
2017). One strategy for the development of nAChR antagonists with high subtype specificity is
the utilization of natural toxins (Hone, Scadden et al. 2012, Kini 2019, You, Li et al. 2019). The
diterpenoid alkaloid methyllycacotinine, a competitive agonist for the a7 nAChR subtype
(Alkondon, Pereira et al. 1992), reduced nicotine self-administration in rats (Markou and Paterson
2001). The peptide a-conotoxin AulB blocks 334 nAChRs in several brain regions involved in
nicotine dependence (Luo, Kulak et al. 1998, Fu, Matta et al. 1999, Grady, Meinerz et al. 2001,

Kulak, McIntosh et al. 2001). Investigations with o.-conotoxin AulB show modulation of nicotine
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reward and physical withdrawal signs via a34 containing nAChRs, but not the acute behaviors
or affective withdrawal signs of nicotine (Jackson, Sanjakdar et al. 2013). In mice, a-conotoxin
TxIB, an antagonist of a6f32 containing nAChRs, was found to inhibit the expression and
reinstatement of conditioned place preference induced by nicotine (You, Li et al. 2019).
Additionally, a-conotoxin TxIB inhibited the increase in concentrations of dopamine, GABA,
and norepinephrine in the nucleus accumbens, hippocampus, and prefrontal cortex induced by
nicotine. Mecamylamine and pempidine have similar pharmacodynamic effects, with
mecamylamine more commonly used now as a pharmacological tool in animal models of nicotine
dependence. Dihydro-f-erythroidine, methyllycacotinine, and a-conotoxin need further
validation in animal models of nicotine dependence. While they are unlikely to be useful in a
clinical setting, their nAChR subtype specificity could provide insight into the mechanisms
involved in nicotine dependence and lead to the development of smoking cessation therapies. For
more comprehensive reviews on nAchR ligands and modulators in the scope of nicotine

dependence, see (Papke and Lindstrom 2020, Wilkerson, Deba et al. 2020).

Acetylcholinesterase inhibitors

Acetylcholinesterase is a catabolic enzyme that is responsible for metabolizing
acetylcholine in the synapse (Thapa, Lv et al. 2017). Acetylcholinesterase inhibitors, such as
galantamine and donepezil, increase extracellular acetylcholine levels in the brain, augmenting
cholinergic transmission (Shaikh, Verma et al. 2014). Nicotine acetylcholine receptors are
endogenously activated via binding of acetylcholine, making the cholinergic system an attractive
therapeutic target for nicotine dependence (Turner, Gold et al. 2013). Acetylcholinesterase

inhibitors are FDA-approved for the treatment of cognitive impairments that are associated with
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mild to moderate Alzheimer’s disease (Lazarevic-Pasti, Leskovac et al. 2017). The
acetylcholinesterase inhibitor donepezil has been shown to reverse deficits in contextual fear
conditioning induced by nicotine withdrawal in mice (Poole, Connor et al. 2014). In rats,
donepezil has been found to attenuate nicotine self-administration and reinstatement of nicotine
seeking (Kimmey, Rupprecht et al. 2014, Ashare, Kimmey et al. 2016). Chronic donepezil
treatment was found to induce the up-regulation of o7 nAChRs and nicotine induced calcium ion
induction in rat cortical neurons (Takada-Takatori, Kume et al. 2008). The acetylcholinesterase
inhibitor galantamine was shown to reverse the nicotine withdrawal-induced disruption of
contextual fear conditioning in mice (Wilkinson and Gould 2011) and attenuate nicotine taking
and seeking in rats (Hopkins, Rupprecht et al. 2012, Liu 2013). In rhesus monkeys, galantamine
and donepezil were shown to exert nicotine-like discriminative stimulus effects under a fixed-
ratio 5 schedule of stimulus-shock termination (Moerke and McMahon 2019). Some evidence
indicates that galantamine acts as a positive allosteric modulator of nAChRs, perhaps potentiating
the effects of nicotine (Maelicke, Samochocki et al. 2001, Farlow 2003, Inden, Takata et al. 2016,
Hahn, Shrieves et al. 2019). Galantamine has seen some success in reducing nicotine intake in
human subjects (Sofuoglu, Herman et al. 2012, Ashare, Kimmey et al. 2016, MacLean, Waters et
al. 2018), but larger clinical trials are necessary to determine the efficacy of galantamine for

smoking cessation.

Pharmacotherapeutic Approaches for the Treatment of Nicotine Dependence: Beyond
Nicotinic Acetylcholine Receptors
The present review focuses on the newest pharmacotherapeutic strategies that do not target

nAChRs. Two biotherapeutic strategies (i.e., nicotine vaccines and nicotine-degrading enzymes)
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target nicotine peripherally to reduce its effective concentration in the central nervous system. An
opposing pharmacokinetic strategy is the inhibition of nicotine metabolism to shift its effective
dose and prolong its duration of action. Other possible therapeutic approaches target cannabinoid
receptors 1 and 2, peroxisome proliferator-activated receptor alpha and gamma, or repurpose
metformin (i.e., which was approved by the FDA for the treatment of type 2 diabetes) for the

treatment of nicotine dependence.

Vaccines

The development of nicotine vaccines began two decades ago, centered around the
hypothesis that targeting nicotine systemically rather than targeting nAChRs in the brain would
more successfully treat nicotine dependence (Fig. 1A) (Hieda, Keyler et al. 1997). High-affinity
antibody production relies on hapten design. Research on optimizing nicotine haptens is
summarized in Table 1. The evolution of hapten development is presented in Fig. 2. Active
vaccination was the initial strategy for preventing and attenuating nicotine-taking behavior in
animal models (Table 2). Active vaccination is defined as administration of a vaccine to the
subject in order to stimulate an immune response to the hapten (i.e. nicotine-immunogen
conjugate). Active vaccination against nicotine suppresses nicotine-induced dopamine release in
the nucleus accumbens shell and prevents the reinstatement of nicotine-seeking behavior in rats
(de Villiers, Lindblom et al. 2002, Lindblom, de Villiers et al. 2002). One major concern about
nicotine vaccines, however, was their efficacy in active smokers. Vaccination against nicotine in
rats during continued nicotine administration produced anti-nicotine antibodies that reduced
brain distribution by 40-60%, suggesting that vaccination could be a feasible strategy in current

smokers (Hieda, Keyler et al. 2000). However, both human and rat studies suggested that a 40-
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60% reduction of brain distribution may not be sufficient to prevent smoking because a > 95%
reduction of nicotine was shown to be required to reduce nicotine seeking and smoking (Smith,
Cassidy et al. 2017, Kallupi, Xue et al. 2018).

Because of the inconsistent or lack of robust titer production following active
vaccination, the next strategy to emerge was passive vaccination using an anti-nicotine antibody.
Passive vaccination is defined as administration of monoclonal antibodies raised against the
hapten (i.e. nicotine-immunogen conjugate) to the subject. The experimental production of anti-
nicotine antibodies is detailed in Table 3. Studies of passive vaccination with anti-nicotine
antibodies in animal models are summarized in Table 4. Pretreatment with anti-nicotine
immunoglobulin G (IgG) reduced the brain distribution of nicotine by 65%, attenuated the
nicotine-induced elevation of systolic blood pressure, and prevented the nicotine-induced
stimulation of locomotor activity in rats (Pentel, Malin et al. 2000). Improvements in hapten
design led to development of the anti-nicotine IgG NIC9D9, which reduced the brain distribution
of nicotine by 89% and prevented the nicotine-induced stimulation of locomotor activity in rats
(Meijler, Matsushita et al. 2003, Carrera, Ashley et al. 2004). Combining active and passive
vaccination strategies was shown to increase the efficacy of immunotherapy against the brain
distribution of nicotine and nicotine-induced locomotor activity in rats by increasing total plasma
antibody concentrations (Roiko, Harris et al. 2008). Several iterations of immunogenic carrier
protein-conjugate vaccines have undergone clinical trials, but none have passed Phase II because
of the inconsistent production of high-affinity antibodies and interindividual variations in the
antibody response (Heekin, Shorter et al. 2017).

The latest vaccination strategy involves alternative hapten-carrier encapsulation methods

using nanoparticle and lipid technology, the progress of which is summarized in Table 5. Recent
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efforts to improve nicotine vaccines include nanoparticle encapsulation (Zhao, Hu et al. 2017)
and liposome complex formation (Lockner, Ho et al. 2013, Hu, Zheng et al. 2014). The
encapsulation of nicotine-KLH conjugates by poly(lactic-co-glycolic acid (PLGA) nanoparticles
improved titers by 400% compared with vaccination with free nicotine-KLH conjugates in mice
(Hu, Smith et al. 2016). Although the majority of preclinical studies of nicotine vaccines and
monoclonal antibodies have been conducted in rodent models, some studies have been
performed in nonhuman primates (Table 6). The majority of preclinical work on anti-nicotine
vaccines has been conducted only in males, which is a major issue. Further compounding this
issue is the lack of genetic diversity in mouse and rat strains that are used in these studies, which
may contribute to the lack of success in clinical trials of anti-nicotine vaccines. Small sample
sizes in many behavioral studies may also lead to reproducibility and translation issues across
species. Future studies should incorporate both males and females and focus on obtaining
reproducible, robust titers across animal species before progressing to clinical trials. Another
limitation of the vaccination strategy is the ability of the subjects to compensate for the vaccine
by increasing self-administration. Future studies could potentially address this issue using

combination therapy with known pharmacotherapies for smoking cessation.

Nicotine-degrading enzymes

In the continued effort to target systemic nicotine (Fig. 1B), researchers turned to nature
after the discovery of an enzyme that was isolated from Pseudomonas putida S16, a non-
pathogenic member of the Pseudomonas family, which metabolizes nicotine to fumaric acid
(Tang, Wang et al. 2013). From this strain, the nicotine-degrading enzyme NicA2 was isolated

and shown to have a promising binding profile for therapeutic use (K, = 91.9 £ 10.4 nM, k., =
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[1.32 £ 0.04] x 102 57!, ko Ky = 1.44 x 10° s7-M™" at 37°C; (Xue, Schlosburg et al. 2015). NicA2
has a half-life of 1 day in rat sera and an optimum temperature of 70°C. Crystallography and
kinetic analyses of the flavoenzyme showed that NicA2 is a monoamine oxidase with high
specificity for S-nicotine (Tararina, Xue et al. 2018). The oxidoreductase features a hydrophobic
binding site with a solvent-exclusive cavity that promotes a hydride transfer mechanism. The
enzyme’s half-life was further improved to 3 days by N-terminal albumin fusion with an albumin
binding domain (Xue, Kallupi et al. 2018). With this mutation, the enzyme completely blocked
the brain distribution of nicotine and prevented somatic signs, hyperalgesia, and irritability-like
behavior that are associated with nicotine withdrawal in rats. Chronic administration of the
modified NicA2 decreased compulsive-like nicotine intake and prevented nicotine- and stress-
induced relapse in rats with a history of the escalation of nicotine self-administration (Kallupi,
Xue et al. 2018). The wildtype enzyme (20 mg/kg) reduced nicotine discrimination and
reinforcement in rats (Pentel, Raleigh et al. 2018). Compensation for the enzyme with an
increase in nicotine self-administration was attenuated with a higher dose of the enzyme (70 mg/
kg). Improvements in potency, the pharmacokinetic profile, and immunogenicity in a human
HLA DR4 transgenic mouse model showed promise for human therapeutic use (Thisted, Biesova
et al. 2019). Table 7 summarizes experimental progress that has been made with nicotine-
degrading enzymes. However, important issues (e.g., compensation with greater nicotine intake
by the user) need to be addressed before NicA2 can proceed to clinical trials. Similar to all
biotherapeutics, the route of administration and frequency of administration are also important

issues because injectables are not desirable by consumers.

Slowing Nicotine Metabolism
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In contrast to biotherapeutics targeting nicotine in the periphery to reduce nicotine
concentration in the central nervous system, an alternative strategy involves slowing nicotine
metabolism (Fig. 1C). The initial metabolism of nicotine and its co-metabolites primarily
involves hepatic cytochrome P-450 2A6 (CYP2A6) (Murphy, Raulinaitis et al. 2005). One
proposed strategy for smoking cessation has been slowing nicotine metabolism by inhibition of
CYP2AG. For this strategy, the mouse model is more translational than the rat since the mouse
CYP2AS and human CYP2AG6 orthologs share close structural and functional similarity
(Murphy, Raulinaitis et al. 2005, Siu, Wildenauer et al. 2006). Whereas in rats, nicotine is
primarily metabolized by enzymes in the CYP2B family (Nakayama, Okuda et al. 1993). A
summary of the studies of CYP2A®6 inhibition in mice is shown in Table 8. Inhibition of
CYP2AS with methoxsalen in mice increases nicotine’s Cmax, prolongs the plasma half-life of
nicotine, and decreases its clearance (Damaj, Siu et al. 2007, Alsharari, Siu et al. 2014, Bagdas,
Muldoon et al. 2014). This enhancement of nicotine’s bioavailability by methoxsalen is
accompanied by altered behavioral effects of nicotine, such as analgesia, hyperthermia, and
conditioned place preference (Damaj, Siu et al. 2007, Alsharari, Siu et al. 2014, Bagdas,
Muldoon et al. 2014). Similar results have been found with coumarins which inhibit CYP2AS5 in
mice, resulting in prolonged nicotine-induced behaviors, including enhanced memory and
learning processes (Budzynska, Skalicka-Wozniak et al. 2016). Recently, a new CYP2A6
inhibitor, DLCI-1, has been validated in a mouse model of intravenous self-administration,
where CYP2AS inhibition significantly reduced nicotine self-administration (Chen, Fowler et al.
2020). In this study, lower rates of self-administration were accompanied with similar behavior
that of mice showing higher nicotine self-administration. These studies suggest that low-dose

nicotine replacement therapy could be effectively combined with a CYP2A6 inhibitor for
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smoking cessation. Table 8 summarizes the findings in mice with CYP2AS inhibitors. Although
this strategy shows translational promise, and potential to reduce nicotine intake, there is no
evidence that this strategy prevents cue- or nicotine-induced reinstatement. Therefore, in terms of
smoking cessation, this potential therapeutic could be useful for reducing intake, however it is

unclear whether it would be useful in complete cessation.

Endocannabinoid System

Substances that activate the cannabinoid receptor system have shown promise in
attenuating the effects of drugs of abuse (Sloan, Gowin et al. 2017). Table 9 summarizes studies
of cannabinoid receptor agents in animal models of nicotine dependence. Cannabinoid-1 (CB,)
receptor antagonism (or inverse agonism) affects several nicotine-mediated behaviors (Fig. 2A).
CB, antagonism by rimonabant decreased nicotine self-administration and attenuated nicotine-
induced dopamine release in the nucleus accumbens (Cohen, Perrault et al. 2002). Nicotine-
associated cues maintain nicotine-seeking behavior in rats several weeks after nicotine
withdrawal, and CB, receptor antagonism by rimonabant reversed this nicotine-conditioned
behavior in rats (Cohen, Perrault et al. 2005). Pretreatment with the CB; receptor antagonist
AM?251 suppressed nicotine self-administration, but continued pretreatment was necessary to
maintain such a beneficial effect (Shoaib 2008). The CB, receptor inverse agonist rimonabant
also reduced the nicotine- and cue-induced reinstatement of nicotine seeking. However,
rimonabant, which was approved as an anti-obesity drug in Europe, was withdrawn from market
because of serious psychiatric side effects, including mood disorders and suicidal ideation.
Alternative strategies of modulating the cannabinoid system, such as indirectly by modulating

fatty acid amide hydrolase and directly using cannabidiol, have been proposed. Fatty acid amide
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hydrolase is the enzyme that is responsible for hydrolyzing endocannabinoids and has been
evaluated as a potential therapeutic target for several indications (Tripathi 2019). Investigations
of URB597, a fatty acid amide hydrolase inhibitor, suggest a role for the endocannabinoid
system in regulating the rewarding properties of nicotine and nicotine dependence liability (Fig.
2A-B) (Merritt, Martin et al. 2008). The mechanism of action of URB597 in mediating nicotine
behaviors is likely mediated by CB, receptors and peroxisome proliferator-activated receptor o
(Luchicchi, Lecca et al. 2010, Justinova, Panlilio et al. 2015, Forget, Guranda et al. 2016).
Another promising strategy for smoking cessation is agonism of peroxisome proliferator-
activated receptors (PPARs, Fig. 2A-B). Peroxisome proliferator-activated receptors are a family
of nuclear ligand-activated transcription factors that upregulates the transcription of genes
regulating peripheral physiological responses (i.e. inflammation) when activated by
endocannabinoids, such as oleoylethanolamide and palmitoylethanolamide (Zhu, Kan et al.
2000). Proliferator-activated receptor oo (PPARa) has been found to play a role in nicotine
reward and withdrawal, mediated by interactions with the a7 nAChR (Melis, Scheggi et al.
2013, Jackson, Bagdas et al. 2017). The fibrate medication clofibrate, a PPARc agonist,
prevented intravenous nicotine acquisition in rats and decreased ongoing intravenous nicotine
self-administration in rats and non-human primates and prevented relapse-like behavior in non-
human primates (Panlilio, Justinova et al. 2012). Clofibrates effects on nicotine-mediated
behavior were found to be specific to PPARa by co-administration of PPARo antagonist MK886
during behavior experiments. Exogenous administration of an endogenous lipid with structural
similarity to endocannabinoids, N-oleoyl glycine, was found to prevent withdrawal behaviors in
nicotine dependent mice and nicotine induced conditioned place preference (Donvito, Piscitelli et

al. 2019). The mechanism of action for the effect of N-oleoyl glycine on nicotine-dependent
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behaviors is presumed to involve PPAR« activation leading to downstream negative modulation
of 32 containing nAchR expression on dopaminergic neurons in the ventral tegmental area
(Melis, Scheggi et al. 2013). The y isoform of proliferator-activated receptor (PPARYy) has the
highest level of expression in the central nervous system, with localization in brain areas
involved in drug addiction (i.e. the amygdala and hippocampus) (Searcy, Phelps et al. 2012,
Ferguson, Most et al. 2014). Agonism of PPARYy by pioglitazone in rats showed reduced somatic
signs of withdrawal and anxiety-like behavior induced by nicotine withdrawal (Domi, Caputi et
al. 2019). The behavioral effect of PPARy manipulation on nicotine withdrawal in mice was
investigated via neuron specific PPARYy deletion and pharmacologic blockade of PPARYy by
antagonist GW9662. PPARYy expression increased in GABAergic and glutamatergic cells of the
amygdala and hippocampus, respectively. PPARy agonism with pioglitazone showed some
effect on craving in a small clinical trial (Jones, Comer et al. 2017), however further pre-clinical
and clinical evaluation is needed to assess the potential for agonism of PPARs as a smoking
cessation pharmacotherapeutic in humans. The recent legalization of cannabidiol in the United
States, coupled with the FDA approval of a cannabidiol formulation for the treatment of epilepsy
(2018), makes it a possible candidate for pharmacological development. In animal models of
alcohol and cocaine dependence, cannabidiol prevented relapse (Gonzalez-Cuevas, Martin-
Fardon et al. 2018). However, the effect of cannabidiol on nicotine dependence has yet to be
examined in animal models. There is still much to be explored on the endocannabinoid receptor

system front in terms of smoking cessation pharmacotherapy.

Metformin
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Smokers have a higher chance of developing diabetes, and nicotine is known to increase
blood glucose levels (Maddatu, Anderson-Baucum et al. 2017). A recently discovered link
between nicotine use and diabetes involves the diabetes-associated gene Tcf712, which is densely
expressed in the medial habenula region of the rodent brain (Duncan, Heyer et al. 2019).
TCF7L2 protein was found to regulate nicotine intake in rats, with a polysynaptic connection
from the medial habenula to the pancreas. Metformin is a synthetic biguanide that is most
commonly prescribed for the treatment of type 2 diabetes. It is also prescribed for polycystic
ovarian syndrome, metabolic syndrome, and diabetes prevention (Markowicz-Piasecka,
Huttunen et al. 2017). Metformin works by activating adenosine monophosphate-activated
protein kinase (AMPK). AMPK can be activated by an increase in the intracellular
AMP/adenosine triphosphate ratio, which can result from hypoxia, oxidant stress, and glucose
deprivation (Fig. 3A). High nicotine levels in chronic smokers was shown to be associated with
AMPK activation that resulted from stress signaling and high reactive oxygen species levels in
adipose tissue (An, Wang et al. 2007). The chronic activation of hypothalamic AMPK by
nicotine results in negative energy balance, which is responsible for nicotine-induced weight loss
(Fig. 3B). Upon nicotine withdrawal, AMPK is no longer activated, and this energy imbalance is
reversed, contributing to smoking cessation-induced weight gain (Fig. 3C) (Martinez de
Morentin, Whittle et al. 2012). In models of type 2 diabetes, metformin-induced AMPK
activation lowers glucose levels. In models of nicotine dependence, metformin may alleviate the
effects of nicotine withdrawal that are induced by a lack of AMPK activation (Fig. 3D).
Metformin-induced AMPK activation was shown to improve signs of nicotine withdrawal in
mice (Brynildsen, Lee et al. 2018). Metformin reduced the oxidative and inflammatory risk for

stroke and post-ischemic brain injury that was promoted by smoking and electronic cigarette use
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(Kaisar, Villalba et al. 2017). Metformin activates counteractive mechanisms that are associated
with the nuclear factor erythroid 2-related factor (Nrf2) pathway, which reduces the toxic effects
of tobacco smoke (Prasad, Sajja et al. 2017). Table 10 summaries the findings to date with
metformin. The effects of metformin on nicotine self-administration and its efficacy in
preventing cue-induced relapse have not yet been evaluated. Future studies are also needed to
investigate the efficacy of metformin in co-morbid disease models of diabetes and nicotine

dependence.

Conclusion

Anti-nicotine vaccine and antibody strategies need to be reevaluated in preclinical studies
before conducting clinical trials. The nicotine-degrading enzyme NicA?2 could be an alternative
to vaccination as a biotherapeutic strategy. In contrast to a biotherapeutic approach to target
nicotine in the periphery, CYP2A®6 inhibitors could slow the metabolism of nicotine leading to a
decrease in smoking behavior. Metformin and cannabidiol are the only two pharmacotherapeutic
strategies that are already approved by the FDA and thus may be more amenable to bringing to
market for the treatment of nicotine dependence. Further preclinical studies are needed to
demonstrate the efficacy of metformin and cannabidiol in alleviating the symptoms of nicotine
withdrawal and preventing relapse. The majority of preclinical behavioral work on nicotine
cessation pharmacotherapies has been conducted only in male subjects. Future studies must
incorporate both sexes to produce translatable results. The changing landscape of tobacco use
calls for adaptation by the research field. With the rise of nicotine dependence in adolescents,
future preclinical studies must also evaluate effects of pharmacological strategies for nicotine

cessation in adolescent animals. New nicotine cessation therapies must also consider the

17



pharmacological effects of nicotine vapor delivery methods. Finally, new models of poly-
substance use including nicotine are necessary to evaluate the effectiveness of pharmacotherapies

in poly-substance use disorder.
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Figure 1. Pharmacotherapy strategies targeting nicotine pharmacokinetics. A) Monoclonal
antibodies (mAbs) and vaccines against nicotine increase nicotine half-life, concentration in the
periphery, and decrease nicotine concentration in the central nervous system (CNS) via high
affinity nicotine-mAb binding. The nicotine-mAb construct is too large to pass the blood-brain-
barrier, thereby decreasing the concentration of nicotine bound nAchRs, leading to a decrease or
prevention in nicotine mediated behaviors; B) Exogenous delivery of a nicotine degrading
enzyme, such as NicA2, decreases nicotine concentration in the periphery with an increase in
concentration of an inactive metabolite. Decrease in active nicotine bound nAchRs in the CNS
leads to a decrease in nicotine mediated behaviors; C) Inhibitors of hepatic CYP2A6 lead to an
increase the half-life and of peripheral concentration of nicotine. Increased nicotine bound
nAchRs in the CNS results in a lower effective dose of nicotine.




Endocannabinoid System Modulation of Nicotine Dependence
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Figure 2. Pharmacodynamic modulation of nicotine dependence by the endocannabinoid
system. A) Nicotine activates nicotinic acetylcholine receptors (nAChR) on dopaminergic (DA)
neurons in the ventral tegmental area (VTA) projecting to the nucleus accumbens (NAc), this
pathway is associated with increased nicotine seeking and self-administration (SA) in animal
models. The enzyme, fatty acid amide hydrolase (FAAH) metabolizes endocannabinoids, such as
anandamide. FAAH inhibitors increase the concentration of endocannabinoids, which act as
inhibitors of the cannabinoid 1 (CB,) receptor in the VTA, decreasing dopamine release. This
results in decreased nicotine self-administration, nicotine seeking, and cue-association behaviors
in animal models. Endocannabinoids also act on the transcription regulating peroxisome
proliferator-activated receptors (PPARs) in the VTA, leading to downstream regulation of
dopamine in the NAc; B). nAChR expression is dysregulated during nicotine withdrawal,
decreasing dopamine release mediated by GABAergic and glutamatergic neurons projecting to
the VTA, which results in a negative affective state that contributes to relapse and withdrawal
behaviors in animal models. Endocannabinoids act on PPARs in GABAergic and glutamatergic
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neurons in the CeA and HIPP, respectively, resulting in the upregulation of dopamine in the
VTA via a pathway involving increased nAChR expression. This is accompanied with decreased
withdrawal and relapse behaviors in animal models.
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Proposed Mechanism of Action of Metformin for Smoking Cessation
o ADP/ATP Q nicotine @ metformin
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Figure 3. Proposed mechanism of action of metformin for smoking cessation. A) Adenosine
monophosphate (AMP) regulates AMP-activated protein kinase (AMPK) via the rate of its
phosphorylation to adenosine diphosphate or adenosine triphosphate (ADP/ATP). AMPK
activates cellular glucose and fatty acid uptake and oxidation throughout the body to maintain
energy homeostasis. In the hypothalamus, carbohydrate preference is regulated by the
paraventricular (PVH), white adipose tissue (WAT) and brown adipose tissue (BAT)
thermogenesis is regulated by the ventromedial (VMH), and regulation of food intake is
regulated by the arcuate (ARC). Nicotine use causes an increase in phosphorylated AMPK
(AMPK-P), likely mediated by nicotinic acetylcholine receptors (nAChRs), causing a state of
negative energy imbalance. Increased AMPK-P in the VMH is associated with increased
thermogenesis in BAT cell cultures and appetite suppression in animal models. Increased
AMPK-P in the ARC is associated with appetite suppression in animal models. These effects
likely contribute to nicotine-induced weight loss; C) During smoking cessation, there is
dysregulation of AMPK resulting in a positive energy imbalance and weight gain; D) The
mechanism of action of metformin is not entirely understood, however it is thought to act by
indirectly increasing AMPK phosphorylation to regulate blood glucose levels. Metformin is
readily absorbed into hepatic mitochondria, decreasing glucogenesis and lipogenesis. In the gut,
metformin X to increase glucose utilization. In the brain, metformin was found to have
neuroprotective effects in animal models of smoking. Metformin has been found to increase
hypothalamic AMPK phosphorylation, perhaps contributing to appetite suppression and weight
loss. Metformin may help return the body to homeostasis during the cessation and withdrawal
period due to its similar effects on AMPK as nicotine.
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Figure 2. Nicotine hapten design. See Table 1 for corresponding studies.
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Table 1. Nicotine hapten design.

Hapten Structure # Carrier Adjuvant Dose Strain/Species Sex, n Nicotine affinity Reference
(presented (Ks)
in Fig. 1)
6'(Carboxymeffl{!g;fég%)e— 1 KLH Complete Freund’s adjuvant 25 ug (s.c.) Holtzmann rats Male, n=8 1.5 x10°M (Hieda, Keyler et al. 1997)
aminomerhylt;;’iacrést;ié 2 rEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male,n=5 2.6 £0.6x 10" M (Pentel, Malin et al. 2000)
P18 | 3 KLH Incomplete Freund’s adjuvant 100 ug (s.c.) Wistar rats Male,n=5 8.4 x10°M’ (Lindblom, de Villiers et al.
2002)
_37. o (< : ; _ -7
succinylmethyltr:?g;iie ! 1B Alum 100 ug (s.c.) Balb/c mice Female, n =5 1.8x10"M (Cerny, Levy et al. 2002)
NIC | 5 KLH Sigma adjuvant system 100 ug (s.c.) 129GIX+ mice n/a 1.7+02x10°M (Meijler, Matsushita et al.
2003)
CNA | 6 KLH Sigma adjuvant system 100 ug (s.c.) 129GIX+ mice n/a 1.0£0.1x10°M (Meijler, Matsushita et al.
2003)
CNI | 7 KLH Sigma adjuvant system 100 ug (s.c.) 129GIX+ mice n/a 0.6+0.1x10°M (Meijler, Matsushita et al.
2003)
GK56 | 8 KLH Complete Freund’s adjuvant 100 ug (i.p.) Wistar rats Male, n=6 0.850 +0.382 x 10° M (de Villiers, Lindblom et al.
2010)
GK60 | 9 KLH Complete Freund’s adjuvant 100 ug (i.p.) Wistar rats Male, n=6 0.615 £0.173 x 10° M (de Villiers, Lindblom et al.
2010)
GK81 | 10 KLH Complete Freund’s adjuvant 90 ug (i.p.) Wistar rats Male,n=6 0.165 +£0.076 x 10° M (de Villiers, Lindblom et al.
2010)
GK83 | 11 KLH Complete Freund’s adjuvant 100 ug (i.p.) Wistar rats Male, n =12 0.273 +£0.092 x 10° M (de Villiers, Lindblom et al.
2010)
IP31 | 12 KLH Complete Freund’s adjuvant 100 ug (i.p.) Wistar rats Male, n =12 0.014 +0.007x 10° M (de Villiers, Lindblom et al.
2010)
5G62 | 13 KLH Complete Freund’s adjuvant 100 ug (i.p.) Wistar rats Male, n =12 0.144 +0.081 x 10° M (de Villiers, Lindblom et al.
2010)
I1B87 | 14 KLH Complete Freund’s adjuvant 100 ug (i.p.) Wistar rats Male, n =12 0.020 +0.009 x 10° M (de Villiers, Lindblom et al.
2010)
AM1 | 15 TT AS-03 adjuvant 100 ug (s.c.) 129GIX+ mice nr,n=4 14.63+2.19x 10°M (Moreno, Azar et al. 2010)
1’-SNic | 16 KLH Complete Freund’s adjuvant 25 ug (i.p.) Rats nr,n=73 12x10°M (Pravetoni, Keyler et al. 2012)
(S5)-3-(5-(1- | 17 DT Alum 25 ug (i.m.) BALB/c mice Female, n =10 192+32x 10°M"™

methylpyrrolidin-2-
yl)pyridin-3-yl)propanoic
acid

(Pryde, Jones et al. 2013)



(5)-2-(5-(1-
methylpyrrolidin-2-
yl)pyridin-2-
yloxy)ethanamine
(5)-2-(3-(1-
methylpyrrolidin-2-
yl)pyridin-2-
yloxy)ethanamine
(5)-2-(3-(1-
methylpyrrolidin-2-
yl)pyridin-4-
yloxy)ethanamine
(S)-N-(2-aminoethyl)-5-(1-
methylpyrrolidin-2-
yl)nicotinamide
(5)-3-(5-(1-
methylpyrrolidin-2-
yl)pyridin-3-yl)propan-1-
amine

(5)-2-(5-(1-
methylpyrrolidin-2-
yl)pyridin-3-
yloxy)ethanamine
(5)-5-3-(5-(1-
methylpyrrolidin-2-
yl)pyridin-3-yl)propy!
ethanethioate
3-(1'-methyl-5,6-
dihydrospiro[cyclopenta[c
Ipyridine-7,2’-pyrrolidine]-
4-yl)propanoic acid
(5)-3-(5-(1-
methylpiperidin-2-
yl)pyridin-3-yl)propanoic
acid

triAM1

(+)-3"-
succinylmethylnicotine
(-)-3"-
succinylmethylnicotine
nicotine-6-hexanoic acid

5-aminoethoxy-nicotine

18

19

20

21

22

23

24

25

26

27

28

29

30
31

DT

DT

DT

DT

DT

DT

DT

DT

DT

OVA
TT

TT

TCC

CRM

Alum

Alum

Alum

Alum

Alum

Alum

Alum

Alum

Alum

Sigma adjuvant system

CpG

CpG

CpG

25 ug (i.m.)

25 ug (i.m.)

25 ug (i.m.)

25 ug (i.m.)

25 ug (i.m.)

25 ug (i.m.)

25 ug (i.m.)

25 ug (i.m.)

25 ug (i.m.)

100 ug (i.p.)

100 ug (i.m.)

100 pg (i.m.)

2.5 ug (i.m.)

10 ug (i.m.)

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice
Wistar rats
Wistar rats

C57BL/6 mice

BALB/c mice

Female, n=10

Female, n= 10

Female, n =10

Female, n =10

Female, n =10

Female, n = 10

Female, n= 10

Female, n= 10

Female, n=10

Female,n=06

Male, n =10
Male, n =10

Female, n=5

Female, n =10

8.7+0.7x10°M™

154+ 1.6 x 10°M"™

Antibody titers were too
low to determine affinity

152+3.6x10°M™

187 +1.8%x 10°M"”

20.9+8.0x 10°M"™

174+59x 10°M"”

Antibody titers were too
low to determine affinity

163.4+11.6 x 10°M™

155+23.0x 10°M
23.9+32x10°M
23.8+3.2x10°M
42x10°M

3.87+0.27 % 10°M -
19.8 £ 11.64 x 10°° M**

(Pryde, Jones et al. 2013)

(Pryde, Jones et al. 2013)

(Pryde, Jones et al. 2013)

(Pryde, Jones et al. 2013)

(Pryde, Jones et al. 2013)

(Pryde, Jones et al. 2013)

(Pryde, Jones et al. 2013)

(Pryde, Jones et al. 2013)

(Pryde, Jones et al. 2013)

(Collins and Janda 2014)

(Lockner, Lively et al. 2015)
(Lockner, Lively et al. 2015)

(Miller, Roque et al. 2014)

(McCluskie, Thorn et al. 2015)

*Value reported is ICy. **Value reported is ICs. nr, not reported; KLH, keyhole limpet hymocyanin; rEPA, Pseudomonas aeruginosa exoprotein A; rCTB, recombinant cholera toxin B subunit; NIC,
N-[1-0x0-6-[(25)-2-(3-pyridinyl)- 1-pyrrolidinyl]hexyl]-B-alanine; Alum, aluminium hydroxide gel; CNA, N-[6-(2,3,3a,4,5,9b-hexahydro-1H-pyrrolo[3,2-h]isoquinolin-1-yl)hexanoyl]-B-alanine; CNI,
N-[6-(2,3,3a,4,5,9b-hexahydro-1H-pyrrolo[2,3-f]quinolin- 1-yl)hexanoyl]-B-alanine; OVA, ovalbumin; TT, tetanus toxin; DT, diphtheria toxin; i.m., intramuscular; s.c., subcutaneous; i.p.,

intraperitoneal; TCC, trimeric coiled-coil peptide; CRM, cross-reactive material 197; CpG, type B oligodeoxynucleotide (5’-TCG TCG TTT TTC GGT GCT TTT-3’).
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Table 2. Studies of active vaccination against nicotine.

Hapten Carrie Adjuvant Dose Strain/Species Sex, n Brain Measurements Reference
r nicotine
C
reduction
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male, n=4 75% Reduction of brain nicotine concentration .
aminomethylnicotine measured after daily saline injection (taiteih, [eyilarclatl 200
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male, n=5 60% Reduction of brain nicotine concentration . .
aminomethylnicotine measured after daily nicotine injection (Hieda, Keyler et al. 2000)
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male,n =38 42% Reduction of brain nicotine concentration .
aminomethylnicotine measured after chronic saline infusion (Gicdayieylereta 000
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male,n =38 29% Reduction of brain nicotine concentration . .
aminomethylnicotine measured after chronic nicotine infusion (Hieda, Keyler et al. 2000)
— | tEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male, n =10 — 90% incidence of seizures induced by nicotine .
after chronic saline infusion (Rt R it el AL0H)
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male, n =10 38% 70% incidence of seizures induced by nicotine N
aminomethylnicotine after chronic nicotine infusion (Tuncok, Hieda et al. 2001)
— | tEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male, n =10 — 80% incidence of seizures induced by nicotine .
after chronic saline infusion (Rt TRt it el AL,
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Male, n =10 38% 40% incidence of seizures induced by nicotine N
aminomethylnicotine after chronic nicotine infusion (Tuncok, Hieda et al. 2001)
— | — Incomplete Freund’s adjuvant 100 ug (s.c.) Wistar rats Male, n =13 n/a ;12;‘1’0 nl:icrl;?jcs::i ;11 dopamine release following (de Villiers, Lindblom et al. 2002)
KLH s . . _ 00 . . .
IP18 Incomplete Freund’s adjuvant 100 ug (s.c.) Wistar rats Male, n=5 n/a n;):/)'o[ilr?:ri:.lzztig Iiiopamlne release following (de Villiers, Lindblom et al. 2002)
| o . _ N . .
Incomplete Freund’s adjuvant 100 ug (s.c.) Wistar rats Male, n=5 n/a ;Zl:r I_ui (:;I\;«ea;cl?:;iﬂ gm reinstatement session (Lindblom, de Villiers et al. 2002)
KLH ’s adj .C. i = 6+£0. in rei i
IP18 Incomplete Freund’s adjuvant 100 ug (s.c.) Wistar rats Male, n=5 n/a zﬂ6e : I?]j):ﬁ]v;a;ﬂz/] linhgm reinstatement session (Lindblom, de Villiers et al. 2002)
trans-3’- | rCTB Alum 100 ug (s.c.) Balb/c mice Female,n=5 90% Titers were unaffected by chronic nicotine
succinylmethylnicotine infusion (Cemyitevyictalponz)
trans-3’- | rCTB — 30 ug Balb/c mice Female,n=5 90% No adjuvant required for titer response similar to .
succinylmethylnicotine (intranasal) s.c. vaccination (Cerny, Levy et al. 2002)
trans-3-N- | Bcell Molecular adjuvant 200 ug Sprague-Dawley rats Male, n =38 n/a Most psychomotor effects of nicotine were i . .
succinylaminomethyl | epitope (s.c./i.p.) prevented (il Cheate el 2T,
nicotine No effect on nicotine/saline discrimination
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Holtzman rats Male, n=30  64% Nicotine concentrations significantly reduced in o i
aminomethylnicotine muscle, testis, spleen, kidney, and heart but to a (Satoskar, Keyler et al. 2003)
lesser extent than in brain
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Holtzman rats Male, n=6 n/a Tissue distribution of antibody production: 200 o .
aminomethylnicotine ug/ml in serum, 0.4 ug/g in brain, 4.5 ug/g in (toer, Koyt e ell, 2008),
muscle, 25.4 ug/g in fat, 13.7 ug/g in lung, 8.6
ug/g in heart
— | KLH Sigma Adjuvant System 250 ug (s.c.) Wistar rats Male, n = nr n/a 16% decrease in ambulatory measure following A .
6" challenge with nicotine in locomotor assay (Carrera, Ashley et al. 2004)
NIC | KLH Sigma Adjuvant System 250 ug (s.c.) Wistar rats Male, n =15 n/a 45% decrease in ambulatory measure following g .
6" challenge with nicotine in locomotor assay (Chze, Aditey Gial, AUDY)
— | tEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Female,n=7 — Breeding began 1 week after final booster. i
Nicotine (0.03 mg/kg) was delivered i.v. on (Keyler, Dufek et al. 2005)
gestational day 16-22
trans-3’- | rEPA Complete Freund’s adjuvant 25 ug (i.p.) Sprague-Dawley rats Female,n=6  42% Fetal brain nicotine ¢ reduction was 42% after
aminomethylnicotine nicotine (0.03 mg/kg, i.v.) was delivered on (KeyeuibuicketalR00s)
gestational day 16-22
— | tEPA Complete Freund’s adjuvant 25 ug (i.p.) Holtzman rats Male, n=10 — Self-administration began 2 weeks after final
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aminomethylnicotine
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aminomethylnicotine
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trans-3’-
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6-carboxymethlureido
nicotine

trans-3’-
aminomethylnicotine
6-carboxymethlureido
nicotine

trans-3'-
aminomethylnicotine
trans-3'-
aminomethylnicotine
trans-3'-
aminomethylnicotine

NIC

CNI

6-
(carboxymethylureido)-
(*)-nicotine

6-
(carboxymethylureido)-
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rEPA

rEPA

rEPA

rEPA

rEPA

rEPA

rEPA

rEPA

KLH

Complete Freund’s adjuvant

Complete Freund’s adjuvant
Complete Freund’s adjuvant

Complete Freund’s adjuvant

Complete Freund’s adjuvant
Complete Freund’s adjuvant
Complete Freund’s adjuvant
Complete Freund’s adjuvant

AS-03 adjuvant

AS-03 adjuvant

Complete Freund’s adjuvant
Complete Freund’s adjuvant
Complete Freund’s adjuvant

Complete Freund’s adjuvant

Alum

Alum

Alum

25 ug (i.p.)

25 ug (i.p.)
25 ug (i.p.)

25 ug (i.p.)

25 ug (i.p.)
25 ug (i.p.)
25 ug (i.p.)
25 ug (i.p.)
100 ug (i.p.)
100 ug (i.p.)

25 ug (i.p.)
25 ug (i.p.)
25 ug (i.p.)

25 ug (i.p.)

100 ug (s.c.)

100 ug (s.c.)

100 ug (s.c.)

2.8 ug (i.m.)

2.8 ug
(intradermal)

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Wistar rats

Wistar rats

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Wistar rats

Wistar rats

Wistar rats

BALB/c mice

BALB/c mice

Male, n=14
Male, n=9
Male, n=15
Male, n=15
Male, n=12
Male, n=12
Male, n=12
Male, n=5
Male, n=5
Male, n =12
Male, n =12
Male, n =12
Male, n =12
Male, n =8
Male, n =8
Male, n =8
Male, n=5
Male, n=5

n.s.

90%, 35%
55%

78%

n/a

n/a

n/a

37%

40%

79% reduction of nicotine self-administration
during extinction

38% reduction of mean number of nicotine
infusions during fixed-ratio 3 self-administration
73% reduction of nicotine self-administration
during extinction

Nicotine sensitization began 10 days after final
booster

No effect in locomotor assay after nicotine (0.3
mg/kg, s.c.) administration

Concurrent with passive vaccination (Nic311, 30
mg/kg)

Attenuation of nicotine (0.3 mg/kg, s.c.)-induced
increase in locomotor activity

94% serum nicotine bound after 0.03 mg/kg
nicotine, i.v.

85% serum nicotine bound after 0.03 mg/kg
nicotine, i.v.

Bivalent vaccination approach

98% serum nicotine bound after 0.03 mg/kg
nicotine, i.v.

50 mean lever presses during progressive ratio

43% increase in nicotine intake during 1 h FR1
session

171 mean lever presses during progressive ratio
Brain nicotine ¢ measured after 10 min and 2 h
cigarette smoke exposure

Brain nicotine ¢ measured after 10 min and 2 h
cigarette smoke exposure

No change in nicotine-induced locomotor
activity compared with non-immunized control
In combination with passive vaccination
(Nic311)

Significant decrease in nicotine-induced
locomotor activity compared with non-
immunized control

Breakpoint of 14.6 + 2.4 during progressive-
ratio self-administration

Nicotine self-administration and breakpoint
during progressive-ratio self-administration was
not significantly different than KLH control
Nicotine-induced analgesia was not blocked by
NIC-KLH

Nicotine self-administration was not
significantly different from KLH control
Breakpoint of 39.1 + 10 during progressive-ratio
self-administration

Nicotine-induced analgesia was blocked by
CNI-KLH

Brain nicotine ¢ reduction measured 5 min after
0.01 mg/kg nicotine, i.v.

Brain nicotine ¢ reduction measured 5 min after
0.01 mg/kg nicotine, i.v.

(LeSage, Keyler et al. 2006)

(Roiko, Harris et al. 2008)
(Roiko, Harris et al. 2008)

(Roiko, Harris et al. 2008)

(Keyler, Roiko et al. 2008)

(Keyler, Roiko et al. 2008)

(Moreno, Azar et al. 2010)

(Moreno, Azar et al. 2010)

(Pravetoni, Keyler et al. 2011)
(Pravetoni, Keyler et al. 2011)
(Cornish, Harris et al. 2011)

(Cornish, Harris et al. 2011)

(Moreno, Azar et al. 2012)

(Moreno, Azar et al. 2012)

(Moreno, Azar et al. 2012)

(Chen, Pravetoni et al. 2012)

(Chen, Pravetoni et al. 2012)



(*)-nicotine

6_
(carboxymethylureido)-
(+)-nicotine

6-
(carboxymethylureido)-
(*)-nicotine

6-
(carboxymethylureido)-
(*)-nicotine

o6-
(carboxymethylureido)-
(+)-nicotine

AM1

trans-3’-
aminomethylnicotine
trans-3’-
aminomethylnicotine
AM1

trans-3’-
aminomethylnicotine

aminomethylnicotine
o0-
(carboxymethylureido)-
(+)-nicotine

1'-SNic

trans-3’-
aminomethylnicotine

aminomethylnicotine
o6-
(carboxymethylureido)-
(+)-nicotine

aminomethylnicotine

o0-
(carboxymethylureido)-
(+)-nicotine

aminomethylnicotine
o0-
(carboxymethylureido)-
(+)-nicotine

aminomethylnicotine

o6-
(carboxymethylureido)-
(+)-nicotine

trans-3’-
aminomethylnicotine
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KLH

dAd5

DT

DT

KLH

Alum

Laser vaccine adjuvant

Monophosphoryl lipid A

Monophosphoryl lipid A, CpG

Adjuplex (Advanced
BioAdjuvants, LLC)

Alum

CpG, Alum

Adjuplex (Advanced
BioAdjuvants, LLC)
Complete Freund’s adjuvant

Complete Freund’s adjuvant

Complete Freund’s adjuvant

Complete Freund’s adjuvant

Complete Freund’s adjuvant

Complete Freund’s adjuvant

Complete Freund’s adjuvant

Complete Freund’s adjuvant

2.8 ug (i.m.)
2.8 ug
(intradermal)

2.8 ug
(intradermal)

2.8 ug
(intradermal)

4 ug (i.m.)
10 pg (im.)
10 pg (im.)
4 ug (i.m.)
25 ug (i.p.)
25 ug (i.p.)

25 ug (i.p.)

25 ug (i.p.)

25 ug (s.c.)

25 ug (s.c.)

25 ug (s.c.)
100 ug (i.p.)

100 ug (i.p.)

50 ug (.p.)

50 ug (.p.)

100 ug (s.c.)

100 ug (s.c.)

50 ug (s.c.)

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

BALB/c mice

C57BL/6 mice

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Holtzman rats

Male,n=5

Male, n=5

Male, n=5

Male, n =35

Female, n =4

Female, n =

10

Female, n =

10

Male, n =8

Male, n =12
Male, n =12
Male, n=12
Male, n =12
Male, n =12
Male, n =12
Male, n =12
Male, n =12
Male, n =12
Male, n =12

58%

34%

48%

62%

Brain nicotine ¢ reduction measured 5 min after
0.01 mg/kg nicotine, i.v.

Brain nicotine ¢ reduction measured 5 min after
0.01 mg/kg nicotine, i.v.

Brain nicotine ¢ reduction measured 5 min after
0.01 mg/kg nicotine, i.v.

Brain nicotine ¢ reduction measured 5 min after
0.01 mg/kg nicotine, i.v.

Pre AdS immunity did not alter vaccine
performance

Brain nicotine ¢ reduction measured 5 min after
0.05 mg/kg nicotine, i.v.

Brain nicotine ¢ reduction measured 5 min after
0.05 mg/kg nicotine, i.v.

70-80% reduction of nicotine-induced locomotor
activity

50 ug KLH added to match carrier protein
content in trivalent vaccine

Trivalent vaccination strategy

Monovalent vaccine dose matched to trivalent
vaccine
Trivalent vaccination strategy

Complete Freund’s adjuvant did not significantly
alter antibody titers or serum concentration
compared with alum

Produced higher antibody titers and serum
antibody concentrations than 3’-AmNic-rEPA

Bivalent vaccination strategy

Produced higher antibody titers and serum
antibody concentrations than 3’-AmNic-rEPA
but not 6-CMUNic-KLH

Alum did not significantly alter antibody titers or
serum concentrations compared with complete
Freund’s adjuvant

Produced higher antibody titers and serum
antibody concentrations than 3’-AmNic-rEPA

Bivalent vaccination strategy

(Chen, Pravetoni et al. 2012)

(Chen, Pravetoni et al. 2012)

(Chen, Pravetoni et al. 2012)

(Chen, Pravetoni et al. 2012)

(De, Pagovich et al. 2013)
(McCluskie, Pryde et al. 2013)
(McCluskie, Pryde et al. 2013)
(Rosenberg, De et al. 2013)

(de Villiers, Cornish et al. 2013)

(de Villiers, Cornish et al. 2013)

(de Villiers, Cornish et al. 2013)

(Cornish, de Villiers et al. 2013)

(Cornish, de Villiers et al. 2013)

(Cornish, de Villiers et al. 2013)

(Cornish, de Villiers et al. 2013)

(Cornish, de Villiers et al. 2013)



6- | KLH Alum 50 ug (s.c.) Produced higher antibody titers and serum
(carboxymethylureido)- antibody concentrations than 3’-AmNic-rEPA
~____ (£)nicotine | but not 6-CMUNic-KLH
n/a, not applicable; KLH, keyhole limpet hymocyanin; rEPA, Pseudomonas aeruginosa exoprotein A; rCTB, recombinant cholera toxin B subunit; NIC, N-[1-0x0-6-[(2S)-2-(3-pyridinyl)-1-
pyrrolidinyl]hexyl]-B-alanine; CNA, N-[6-(2,3,3a,4,5,9b-hexahydro-1H-pyrrolo[3,2-h]isoquinolin-1-yl)hexanoyl]-B-alanine; CNI, N-[6-(2,3,3a,4,5,9b-hexahydro-1H-pyrrolo[2,3-f]quinolin-1-
yDhexanoyl]-B-alanine; Alum, aluminium hydroxide gel; i.v., intravenous; n.s., not significant; CpG, type B oligodeoxynucleotide (5’-TCG TCG TTT TTC GGT GCT TTT-3"); dAdS, disrupted
adenovirus 5; DT, diptheria toxoid; Hexon, adenovirus capsid hexon; 1’-SNic, (25)-N,N’-(disulfanediyldiethane-2,1-diyl)bis[4-(2-pyridin-3-ylpyrrolidin-1-yl)butanamide].
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Table 3. Anti-nicotine antibody production

Antibo Hapten Carri  Adjuvant Dose Strain/Species Sex, Nicotine Measurement Reference
dy er n affinity
Nic-1gG | trans-3’- rEPA Complete Freund’s 100 ug  New Zealand white rabbits  nr 1.0£02x 10°M™"  2.7% cotinine .
aminomethylnicotine adjuvant crossreactivity (=L INGEEL AL
. -7 2
NIC9D9 | NIC KLH nr nr Mice nr 3x10"M n/a (Isomura, Wirsching et al. 2001)
) . 3 Lo e
17'([))[:}8 TD1 KLH nr nr Mice nr 6.3x10°M 50% nicotine catalysis (Dickerson, Yamamoto et al. 2004)

nr, not reported; n/a, not available; rEPA, regulatory protein A (Escherichia coli); NIC, N-[1-0x0-6-[(2S)-2-(3-pyridinyl)-1-pyrrolidinyl]hexyl]-B-alanine; KLH, keyhole limpet hymocyanin; TD1, 5-
0Xx0-5-(2-(pyridin-3-yl)pyrrolidin- 1-yl)pentanoic acid.

45



Table 4. Passive vaccination studies

Brain
nicotine
(o
Antibody Dose Strain/Species Sex, n reduction Measures/behavior Reference
control-IgG | 50 mg, i.v. Sprague-Dawley rats Male, n=6 — n/a (Pentel, Malin et al. 2000)
Nic-lgG | 12.5mg,i.v. Sprague-Dawley rats Male, n=6 33% n/a (Pentel, Malin et al. 2000)
Nic-lgG | 25mg, i.v. Sprague-Dawley rats Male, n=6 52% n/a (Pentel, Malin et al, 2000)
Nic-lgG | 50 mg, i.v. Sprague-Dawley rats Male, n=6 65% n/a (Pentel, Malin et al. 2000)
— | — Sprague-Dawley rats Male, n=4 n/a ~30% increase in systolic blood pressure induced by nicotine (Pentel, Malin et al. 2000)
Nic-lgG | 50 mg, i.v. Sprague-Dawley rats Male, n=4 n/a ~20% increase in systolic blood pressure induced by nicotine (Pentel, Malin et al. 2000)
Nic-lgG | 100 mg, i.v. Sprague-Dawley rats Male, n=4 n/a ~15% increase in systolic blood pressure induced by nicotine (Pentel, Malin et al. 2000)
Nic-lgG | 150 mg, i.v. Sprague-Dawley rats Male, n=4 n/a ~4% increase in systolic blood pressure induced by nicotine (Pentel, Malin et al. 2000)
- Sor. Dawley rat Male. = 6 o Increase from baseline of 70.7 + 33.9 activity counts/5 min in locomotor .
— prague-Dawley rats ale,n= a Ay i s (Pentel, Malin et al. 2000)
. . L
control-IgG | 50 mg,i.v. Sprague-Dawley rats Male,n=6 n/a :lrilz(rjia;: from baseline of 71.0 + 32.7 counts/ 5 min in locomotor assay after (Pentel, Malin et al, 2000)
. . _ Decrease from baseline of 15.0 + 24.1 counts/5 min in locomotor assay .
Nic-lgG | 50 mg, i.v. Sprague-Dawley rats Male, n=8 n/a after nicotine (Pentel, Malin et al. 2000)
NIC9D9 is.mg/kg, Wistar rats Male,n=17 89.9% Reduction of brain concentration after 0.28 mg/kg nicotine, s.c. (Carrera, Ashley et al. 2004)
NIC9D9 is.mg/kg ? Wistar rats Male, n=7 57.8% Reduction of brain concentration after 0.56 mg/kg nicotine, s.c. (Carrera, Ashley et al. 2004)
i 1.5 ml/kg, Wistar rat Male. n = nr o 3.4% decrease in ambulatory measure following 6™ challenge with nicotine
saline iv. star rats ale,n= a in locomotor assay (Carrera, Ashley et al. 2004)
50 mg/kg, . _ 66.9% decrease in ambulatory measure following 6™ challenge with
NIC9D9 iy Wistar rats Male, n =15 n/a Ty —— (Carrera, Ashley et al. 2004)
control-IgG | 21 mg, i.v. Sprague-Dawley rats Female,n=7 IgG was delivered i.v. on gestational day 16-22, followed by nicotine (0.03
mg/kg, i.v.) 30 min later (Keyler, Dufek et al. 2005)
Nic-1gG | 7mg,i.v. Sprague-Dawley rats Female,n=7 66% 63% reduction of fetal brain nicotine ¢ after 0.03 mg/kg nicotine, i.v. (Keyler, Dufek et al. 2005)
Nic-IgG | 21 mg, iv. Sprague-Dawley rats Female.n=7  82% Eieclz:iizminvmconne ¢ was not significantly reduced after 0.03 mg/kg (Keyler, Dufek et al. 2005)
Nic311 is.mg/kg ? Holtzman rats Male, n=15 n.s No effect in locomotor assay after nicotine (0.3 mg/kg, s.c.) administration (Roiko, Harris et al. 2008)
30 me/k Concurrent with active vaccination (3’-AmNic-rEPA, 25 ug)
Nic311 iv K Holtzman rats Male, n=15  ~40% Attenuation of nicotine (0.3 mg/kg, s.c.)-induced increase in locomotor (Roiko, Harris et al. 2008)
o activity
1gG is.mg/kg ? Holtzman rats Male, n=12 — Brain nicotine ¢ measured after 2 h cigarette smoke exposure (Pravetoni, Keyler et al. 2011)
Nic311 ig.mg/kg, Holtzman rats Male, n=12  29% Brain nicotine ¢ measured after 2 h cigarette smoke exposure (Pravetoni, Keyler et al. 2011)
Nic311 ?6 mg/kg, Holtzman rats Male, =12 15% No chapge in nicotine-induced locomotor activity compared with non- (Cornish, Harris et al. 2011)
iv. immunized control
78% In combination with active vaccination (3’-AmNic-rEPA) . S
Nic311 133 me/ke, Holtzman rats Male, n=12 Significant decrease in nicotine-induced locomotor activity compared with (Cornish, Harris et al. 2011)

non-immunized control

n/a, not available; nr, not reported; s.c., subcutaneous; n.s., non significant; 3’-AmNic-rEPA, trans-3’-aminomethylnicotine conjugated to regulatory protein A (Escherichia coli)
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Table 5. Liposome vaccine studies.

Hapten farrie Adjuvant Liposome content Dose gg:g’e/ s Sex, n Titers Reference

AM1 nicotine | KLH g‘ygs‘t‘;‘n Acprent DMPC, DMPG, cholesterol, lipid-maleimide 200 pul BALB/c mice nrn=>5 20000-25000 (Lockner, Ho et al. 2013)

AM]1 nicotine | KLH n/a DMPC, DMPG, cholesterol, lipid-maleimide 200 wl BALB/c mice nr,n=>35 10000-15000 (Lockner, Ho et al. 2013)

AM]1 nicotine | KLH Pam;CAG DMPC, DMPG, cholesterol, lipid-maleimide 200 ul BALB/c mice nr,n=>35 10000-15000 (Lockner, Ho et al. 2013)

AM]1 nicotine | KLH MPLA DMPC, DMPG, cholesterol, lipid-maleimide 200 wl BALB/c mice nr,n=>35 25000-30000 (Lockner, Ho et al. 2013)

AM]1 nicotine | KLH MPLA, Pam;CAG DMPC, DMPG, cholesterol, lipid-maleimide 200 ul BALB/c mice nr,n=>5 < 30000 (Lockner, Ho et al. 2013)
rac-trans-3'-hydroxy rf’,’eert):’l)s’ Z’C’ g;’ntgg BSA Alum DOTAP, DSPE- PEG(2000)-maleimide 50 ug BALB/c mice Female,n=8  5000-10000 (Hu, Zheng et al. 2014)
rac-trans-3'-hydroxy ’ngn”l}s’ Z’C’ Efntgli BSA h DOTAP, DSPE- PEG(2000)-malcimide S0ug  BALBlcmice  Female,n=8  ~10000 (Hu, Zheng et al. 2014)
rac—trans—3'—hydroxyr;)’leert,:z_)slrégg’)tgi BSA Alum n/a 50 ug BALB/c mice Female,n=8 < 10000 (Hu, Zheng et al. 2014)
rac-trans-3'-hydroxy ?:rtr?l)s/ Tég?ﬂtg}z BSA Alum n/a 50 ug BALB/c mice Female,n=8 < 10000 (Zheng, Hu et al. 2015)
rac-trans-3'-hydroxy ’zgﬁc’}; Z’C’gﬁfgi BSA n/a SD\?/;‘?IP’ DSPE- PEG(2000)-maleimide, SOug  BALBfomice  Female,n=8  45000-50000 (Zheng, Hu et al. 2015)
rac-trans-3'-hydroxy ’zgﬁc’}; Z’C’gﬁfgi BSA Alum SD\?,;’?{P’ DRTHE- HEC AT it S0ug  BALB/omice  Female,n=8  55000-60000 (Zheng, Hu et al. 2015)
rac-trans-3'-hydroxy ’;:;;hl); Z’C’ E;.”f;’;g BSA a DOTAP, DSPE- PEG(2000)-maleimide 50 ug BALB/c mice Female,n=8  10000-15000 (Zheng, Hu et al. 2015)
rac-trans-3'-hydroxy ’;:s;% Z’C’ gﬁfgg BSA Alum DOTAP, DSPE- PEG(2000)-maleimide 50 ug BALB/c mice Female,n=8  10000-15000 (Zheng, Hu et al. 2015)

Nic-pGalCer | n/a aGalCer cholesterol, DSPC 3ug BALB/c mice Female, n = 5 60000-70000 (Chen, Zhang et al. 2019)

Nic-pGalCer | n/a Pam;CSK, Cholesterol, DSPC 3ug BALB/c mice Female,n=5  30000-40000 (Chen, Zhang et al. 2019)

Nic-pGalCer | n/a Freund’s adjuvant Cholesterol, DSPC 3ug BALB/c mice Female,n=5 < 10000 (Chen, Zhang et al. 2019)

Nic-pGalCer | n/a n/a Cholesterol, DSPC 3ug BALB/c mice Female,n=5  ~10000 (Chen, Zhang et al. 2019)

Nic-pGalCer | n/a aGalCer, Pam;CSK, Cholesterol, DSPC 3ug BALB/c mice Female,n=5  20000-30000 (Chen, Zhang et al. 2019)

Nic-aGalCer | n/a n/a Cholesterol, DSPC 0.6 ug BALB/c mice Female,n=5  10000-20000 (Chen, Zhang et al. 2019)

Nic-aGalCer | n/a n/a Cholesterol, DSPC 3ug BALB/c mice Female,n=5  10000-20000 (Chen, Zhang et al. 2019)

Nic-aGalCer | n/a n/a Cholesterol, DSPC 15 ug BALB/c mice Female,n=5  10000-20000 (Chen, Zhang et al. 2019)
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All vaccinations delivered subcutaneously. n/a, not applicable; nr, not reported; Alum, aluminium hydroxide gel; BSA, bovine serum albumin; KLH, keyhole limpet hymocyanin; Pam;CAG, S-[2,3-
bis(palmitoyloxy)-(2RS)-propyl]-N-palmitoyl-(R)-cysteinyl-alanyl-glycine (Toll-like receptor agonist); MPLA, monophosphoryl lipid A (Toll-like receptor agonist); DMPC, 1,2-dimyristoyl-SN-glycero-
3-phosphocholine; DMPG, 1,2-dimyristoyl-SN-glycero-3-phospho-(1'-rac-glycerol); DOTAP, N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate; DSPE-PEG(2000)-maleimide,
1,2-distearoyl-SN-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]; SWNH, single-walled nanohorns (negatively charged); DSPC, 1,2-distearoyl-SN-glycero-3-
phosphocholine; Pam;CSK,, N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)- propyl]-[R]-cysteinyl-[S]-seryl-[S]-lysyl-[S]-lysyl-[S]-lysyl-[S]-lysine (Toll-like receptor agonist).



Table 6. Nicotine vaccination in nonhuman primates.

Vaccine Dose Species Sex, n Measures Reference
5-aminoethoxy-nicotine-CRM, CpG | 100 ug, i.m. Cynomolgus monkeys nr,n="7 Up to ~34% reduction of nicotine in brain (McCluskie, Thorn et al. 2015)
. . . _ Vaccination decreased discrimination for nicotine (i.v.) under X
SEL-068 nanopatrticle vaccine | 2 mg,s.c. Squirrel monkeys Male, n =8 fixed-ratio 10 schedule of stimulus termination (Desai and Bergman 2015)

8 c S HIE z —0.63+0. -6 )

NIC7-CRM, Alum 150 ug, i.m. Cynomolgus monkeys Male and female, n Sera ICs 963 0 1'5 x 10 ) M ‘ (McCluskie, Thorn et al. 2015)
=7-14 10% reduction of brain nicotine levels

150 ug, i.m. Cynomolgus monkeys Male and female, n Sera ICs, = 0.10 £ 0.02 x 10° M .

NIC7-CRM, CpG, Alum =7-14 ~80% reduction of brain nicotine levels (McCluskie, Thorn et al. 2015)
1000 ug, i.m. Cynomolgus monkeys Male and female, n Sera ICs, =29.0 £ 18.45 x 10° M

NIC-VLP, Alum

=7-14

~10% reduction of brain nicotine levels

(McCluskie, Thorn et al. 2015)

nr, not reported; CRM, cross-reactive material 197; CpG, type B oligodeoxynucleotide (5’-TCG TCG TTT TTC GGT GCT TTT-3’); i.m., intramuscular; s.c., subcutaneous; i.v., intravenous;

Alum, aluminium hydroxide gel.
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Table 7. Nicotine-degrading enzymes.

Enzyme Dose Strain/ Sex, n Measurements Reference
Species
NicA2-ABD | 10 mg/kg, i.p. Wistar rats Male,n=8 NicA2 reduced responding during footshock-, nicotine-, and stress(yohimbine)-induced reinstatement (Kallupi, Xue et al. 2018)
NicA2 WT | 20-70 mg/kg, i.v. ]S)Zr\sijye;ats Female, n =8 NicA2 reduced nicotine-induced discrimination and reinforcement (Pentel, Raleigh et al. 2018)

NicA2-ABD 10 me/ke. i Wistar rats Male and NicA2 reduced brain nicotine concentration, somatic signs of nicotine withdrawal, nicotine withdrawal- .

SKE, 1P- Female,n=8 induced hyperalgesia, and irritability during withdrawal (Xue, Kallupi et al. 2018)
NicA2-PEG1, - . Male and . - . . . . . . . .
PEG2, PEG3 5 mg/kg, s.c. HLA DR4 mice female, 1 = 6 PEGylation of NicA2 decreased immunogenicity > 10-fold, measured by NicA2-specific antibody titers (Thisted, Biesova et al. 2019)

ABD, albumin binding domain; WT, wildtype; i.p., intraperitoneal; s.c., subcutaneous; i.v., intravenous.
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Table 8. Slowing nicotine metabolism.

Inhibitor Target Dose Strain/ Sex, n Measurements Reference
species
Methoxsalen inhibited nicotine metabolism in vitro with a K; of 0.32 £ 0.03 x 10 L
methoxsalen | CYP2AS5 — — — oM (Damaj, Siu et al. 2007)
methoxsalen | CYP2AS 2.5 mg/kg, s.c. ICR mice Male, n = 4-6 Methoxsalen increased the AUC and half-life of plasma nicotine in vivo (Damaj, Siu et al. 2007)
methoxsalen | CYP2A5 2.5 mg/kg, s.c. ICR mice Male, n = 8-12 Methoxsalen prolonged nicotine-induced antinociception and hypothermia (Damaj, Siu et al. 2007)
methoxsalen | CYP2AS 15 me/kg, ip. ICR mice Male, 7 = 8-12 ?fgt};:‘/ge; ;“)C‘eased the Cmax, AUC, and half-Hife of plasma nicotine in o 1 rar, Siu et al. 2014)
. . _ Methoxsalen pretreatment potentiated nicotine-induced (15 mg/kg, p.o.) L
methoxsalen | CYP2A5 15 mg/kg, i.p. ICR mice Male, n =8-12 s en e et (Alsharari, Siu et al. 2014)
a low dose of nicotine (0.1 mg/kg, s.c.) was unable to produce conditioned place
— | — — ICR mice Male, n =28 preference or precipitated withdrawal, but did reduce open arms time and paw (Bagdas, Muldoon et al. 2014)
withdrawal latency
Conditioned place preference for a low dose of nicotine (0.1 mg/kg, s.c.) was
15, 30, and 45 . _ induced after pretreatment with methoxsalen at 15 and 30 mg/kg, but not 45
methoxsalen | CYP2A5 mg/kg, i.p. ICR mitee WSSt mg/kg, this effect of methoxsalen corresponded with dose-dependent increase in (Bagdas, Muldoon et al. 2014)
plasma nicotine levels
Pretreatment with methoxsalen resulted in increased somatic signs of withdrawal,
methoxsalen | CYP2A5 15 mg/kg, i.p. ICR mice Male, n =8 further decrease in open arms time, and increased hyperalgesia precipitated by (Bagdas, Muldoon et al. 2014)
mecamylamine after repeated administration of low-dose nicotine
Combination pretreatment with methoxsalen and nicotine (0.05 mg/kg, s.c.)
methoxsalen | CYP2A5 30 mg/kg, i.p. ICR mice Male, n =8 completely reversed spontaneous somatic signs of withdrawal after chronic (Bagdas, Muldoon et al. 2014)
nicotine infusion (36 mg/kg/day, 7 days)
. . . . . i icotine’s i i icotine- (Budzynska, Skalicka-Wozniak et
xanthotoxin | CYP2A5 15 mg/kg, ip. Swiss albino mice Male, = 8-10 Xanthotoxm pr'o}onged mcotmf: s erresswe effects and the duration of nicotine y
induced acquisition and consolidation of memory
al. 2016)
. . . . icotine’ i icotine-i (Budzynska, Skalicka-Wozniak et
bergapten | CYP2AS 2 i, o Swiss albino mice Male, = 8-10 Berg?plgn prolonged nicotine’s depre§swe} effects and nicotine-induced 32
acquisition of memory, but not consolidation
al. 2016)
i . . . . i icotine’s ) icotine-i (Budzynska, Skalicka-Wozniak et
umbelliferone | CYP2A5 25 mg/ke, i.p. Swiss albino mice Male, = 8-10 Umb{el{hferone prolonged nicotine’s de;pre§slve effects and nicotine-induced y
acquisition of memory, but not consolidation al. 2016)
25,50, and 75 . Male and DLCI-1 (25 and 50 mg/kg) reduced intravenous nicotine self-administration, and
DLCI-1 [CHEeES mg/kg, p.o. MBI miee female, n = 13 was found to be more effective than bupropion (1 mg/kg) (Chen, Fowler et al. 2020)
Despite reduced intravenous nicotine self-administration after treatment with
DLCI-1 | CYP2AS 50 mg/kg, p.o. C57BL/6] mice Male,n=5 DLCI-1, mice had similar locomotor activity to saline treated mice after nicotine (Chen, Fowler et al. 2020)

i.p., intraperitoneal; s.c., subcutaneous; p.o., per oral; CYP2AS, mouse ortholog of human cytochrome P450 CYP2A6; AUC, area under curve; Cmax, concentration max
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Table 9. Cannabinoid studies.

Cannabinoid Mechanism of Dose Strain/species Sex, n Measurements Reference
action
Central CB, receptor . . _ Reduced nicotine self-administration
SR141716 antagonist O el Ay Rt WL IS Prevented of substitution of nicotine for p-amphetamine (Cohen, Perrault et al. 2002)
Central CB, receptor . _ Prevented nicotine-induced increase in extracellular dopamine
SR141716 antagonist 3 mg/ke, ip. Sprague-Dawley rats Male =6 levels in nucleus accumbens shell in freely moving rats (Cohen, Perrault et al. 2002)
rimonabant a(llg]i(’;lnli':lceptor mverse 1, 3 mg/kg, i.p. Sprague-Dawley rats Male n=13 Prevented nicotine-induced conditioned place preference (Le Foll and Goldberg 2004)

. _ No reduction of nicotine self-administration after 3 days of vehicle .

— | — — Lister hooded rats Male, n =12 pretreatment (Shoaib 2008)
Selective CB; receptor . . _ ~60% reduction of nicotine self-administration after 3 days of .

AM251 AT 1 mg/kg, i.p. Lister hooded rats Male, n =12 AM251 pretreatment (Shoaib 2008)
Selective CB; receptor . . _ ~90% reduction of nicotine self-administration after 3 days of .

AM251 antagonist 3 mg/kg, i.p. Lister hooded rats Male, n =12 AM251 pretreatment (Shoaib 2008)
Selective CB; receptor . . _ ~98% reduction of nicotine self-administration after 3 days of .

AM251 AT 10 mg/kg, i.p. Lister hooded rats Male, n =12 P — (Shoaib 2008)

— | — — Lister hooded rats Male, n =18 No reduction of reinstatement responses after vehicle pretreatment (Shoaib 2008)
Selective CB; receptor . . _ ~25% reduction of reinstatement responses after vehicle .

AM251 AT 1 mg/kg, i.p. Lister hooded rats Male, n =18 S — (Shoaib 2008)
Selective CB; receptor . . _ ~50% reduction of reinstatement responses after vehicle .

AM251 antagonist 3 mg/kg, i.p. Lister hooded rats Male, n =18 pretreatment (Shoaib 2008)
Selective CB; receptor . . _ ~95% reduction of reinstatement responses after vehicle .

AM251 AT 10 mg/kg, i.p. Lister hooded rats Male, n =18 v —— (Shoaib 2008)

) CB, receptor inverse 03.1,and 3 ) Male and Nicotine (0.5 or 0.7 mg/kg) did not produce conditioned place . '
rimonabant agonist me/ke. i CB1 knockout mice female, n = preference (Merritt, Martin et al. 2008)

£ E/XE, LP- 6-8 Rimonabant had no effect
. Male and . ..

. CB, receptor inverse 0.3, 1, and 3 mg/ . ) _ Nicotine (0.5 or 0.7 mg/kg) produced conditioned place preference, . .
rimonabant agonist kg, i.p. CS7BL/6] mice geirgnale, "= which was dose-dependently blocked by rimonabant (Merritt, Martin et al. 2008)
rimonabant CB, receptor inverse 3 me/ke. i FAAH knockout mice ?gr?:l:ns _ Nicotine reward at 0.1 mg/kg was increased during conditioned . .

agonist g/Kg, 1.p. 10-12 T place preference, which was blocked by rimonabant (Merritt, Martin et al. 2008)
rimonabant CB, receptor inverse 3 me/ke. i C57BL/6] mice i”\:r;;lZl:ns _ Nicotine reward at 0.1 mg/kg was ineffective during conditioned . .
agonist g/Kg, 1.p. o , = place preference (Merritt, Martin et al. 2008)
03.3.5. and 10 Male and The potency of nicotine reward at 0.1 mg/kg was increased by
URB597 | FAAH inhibitor N FAAH knockout mice female, n = URB597 in U-shaped dose-dependent manner, with high doses (5 (Merritt, Martin et al. 2008)
mg/kg, i.p. . ’
10-12 and 10 mg/kg) not having an effect
03,3,5,and 10 Male and
URB597 | FAAH inhibitor mg’/kg, i)p C57BL/6J mice female, n = No change in locomotor activity after URB597 administration (Merritt, Martin et al. 2008)
T 10-12
CB, recentor inverse Male and Mecamylamine (1 mg/kg, s.c.) but not rimonabant blocked acute
rimonabant a olnist P ‘ 3 mg/kg, i.p. C57BL/6J mice female, n = nicotine-induced antinociception, measured in tail-flick and hot- (Merritt, Martin et al. 2008)
& 6-8 plate tests
Male and . - . .
. - CB1 knockout mice female. n = CB; receptor knockout mice exhibited similar extent of somatic . .
310 T signs of withdrawal to wildtype mice (Merritt, Martin et al. 2008)

. CB, receptor inverse . . Male and . . .

rimonabant agonist 3 mg/kg, i.p. C57BL/6J mice female, n = Somatic signs of withdrawal were decreased by rimonabant (Merritt, Martin et al. 2008)
8-10
Male and . - . . .
| o FAAH knockout mice female. n = FAAH knockout mice exhibited two-fold increase in somatic signs . .
10-15 T of withdrawal compared with wildtype mice (Merritt, Martin et al. 2008)
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URB597

URB597
URB597

rimonabant
MK886

URB597
URB597
rimonabant

rimonabant
URB597
rimonabant
MK886

URB597

URB597

Wwy14643

methyl
oleoylethanola
mide

Wwy14643

methyl
oleoylethanola
mide

Wy14643
Wy14643

53

FAAH inhibitor

FAAH inhibitor

FAAH inhibitor

CB, receptor inverse
agonist

PPARa« antagonist

FAAH inhibitor

FAAH inhibitor

CB, receptor inverse
agonist

CB, receptor inverse
agonist

FAAH inhibitor

CB, receptor inverse
agonist

PPAR« antagonist

FAAH inhibitor

FAAH inhibitor

PPAR« agonist

PPAR« agonist

PPARa«. agonist

PPAR« agonist

PPARa« agonist
PPAR« agonist

3,5,and 10
mg/kg, i.p.

10 mg/kg, i.p.

0.1 mg/kg, i.v.

0.5 mg/kg, i.v.

3 mg/kg, i.p.

0.3 -3 mg/kg, i.p.

0.3 and 1 mg/kg,
ip.

0.3 -1 mg/kg, i.p.

1 mg/kg, i.p.
0.1 mg/kg, i.v.
0.5 mg/kg, i.v.

3 mg/kg, i.p.

0.1 and 0.3
mg/kg, i.p.
0.1 and 0.3
mg/kg, i.p.

20 and 40 mg/kg,
ip.

10 mg/kg, i.m.

10, 20, and 40
mg/kg, i.p.

10 mg/kg, i.m.
20 and 40 mg/kg,

ip.
20, and 40 mg/kg,

C57BL/6J mice

FAAH knockout mice

C57BL/6J mice

Sprague-Dawley rats

Sprague-Dawley rats

Sprague-Dawley rats

Long Evans rats

Long Evans rats

Long Evans rats

Long Evans rats

Sprague-Dawley rats
Sprague-Dawley rats
Sprague-Dawley rats

Wistar rats

Wistar rats

Sprague-Dawley rats

Sprague-Dawley rats

Squirrel monkeys

Squirrel monkeys

Sprague-Dawley rats

Squirrel monkeys

Male and

female, n =
10-15

Male and
female, n =
10-15

Male and
female, n =
10-15

Male, n = 14-
48

Male, n=9
Male, n=13
Male,n=7
Male,n =7
Male, n =8
Male,n =8
Male,n=6
Male,n =6
Male,n=6
Male,n =8
Male, n="7-
11

Male,n =6
Male, n=5
Male, n =10
Male, n =10
Male, n=11-
15

Male, n=3

FAAH inhibitor dose-dependently increased number of somatic
signs of withdrawal

FAAH knockout mice exhibited an increase in conditioned place
aversion compared with wildtype mice

FAAH inhibitor increased conditioned place aversion during
nicotine withdrawal

URBS597 prevented nicotine’s effects on dopaminergic neurons in
the ventral tegmental area

Blockade of CB; by rimonabant reduced the ability of URB597 to
block nicotine-induced stimulation of dopaminergic neuron
discharge rate

Antagonism of PPARa by MK886 prevented URB597 from
altering nicotine-induced stimulation of bursting, but not firing rate
of dopaminergic neurons

FAAH inhibition by URB597 at varying doses had no effect on
breakpoint for nicotine during progressive-ratio schedule of self-
administration

FAAH inhibition by URB597 partially prevented cue-induced and
nicotine-induced reinstatement of nicotine seeking

CB, blockade by rimonabant dose-dependently reduced the
breakpoint for nicotine during progressive-ratio schedule of self-
administration

CB, blockade by rimonabant prevented cue-induced and nicotine
induced reinstatement of nicotine seeking

Pretreatment with URB597 blocked nicotine’s depression of
medium spiny neurons in the shell of the nucleus accumbens
Rimonabant fully reversed URB597’s blockade of nicotine’s effects
in medium spiny neurons in the shell of the nucleus accumbens
MKS886 fully reversed URB597s blockade of nicotine’s effects in
medium spiny neurons in the shell of the nucleus accumbens
URBS597 did not alter somatic signs of withdrawal induced by
nicotine abstinence, locomotor activity or weight.

URBS597 reversed nicotine withdrawal-induced anxiety in the
elevated plus maze test and in the shock-probe defensive burying
test

WY 14643 dose-dependently reduced intravenous nicotine self-
administration (FRS) during three consecutive sessions, nicotine
responding returned to baseline after three sessions of pre-treatment
with WY 14643 (40 mg/kg)

methyl oleoylethanolamide reduced intravenous nicotine self-
administration (FRS) during three consecutive sessions

WY 14643 dose-dependently reduced intravenous nicotine self-
administration (FR10) during five consecutive sessions, nicotine
responding returned to baseline after five sessions of pre-treatment
with WY 14643 (40 mg/kg)

methyl oleoylethanolamide reduced intravenous nicotine self-
administration (FR10) during five consecutive sessions

WY 14643 dose-dependently reduced the nicotine-induced
reinstatement of extinguished nicotine-seeking
WY 14643 dose-dependently reduced the nicotine-induced

(Merritt, Martin et al. 2008)

(Merritt, Martin et al. 2008)

(Merritt, Martin et al. 2008)

(Melis, Pillolla et al. 2008)

(Melis, Pillolla et al. 2008)

(Melis, Pillolla et al. 2008)

(Forget, Coen et al. 2009)

(Forget, Coen et al. 2009)

(Forget, Coen et al. 2009)

(Forget, Coen et al. 2009)

(Luchicchi, Lecca et al. 2010)
(Luchicchi, Lecca et al. 2010)
(Luchicchi, Lecca et al. 2010)

(Cippitelli, Astarita et al. 2011)

(Cippitelli, Astarita et al. 2011)

(Mascia, Pistis et al. 2011)

(Mascia, Pistis et al. 2011)

(Mascia, Pistis et al. 2011)

(Mascia, Pistis et al. 2011)

(Mascia, Pistis et al. 2011)

(Mascia, Pistis et al. 2011)



WY14643
methyl
oleoylethanola
mide

WY14643
methyl

oleoylethanola
mide

AM630

AM1241

AM404
AM404
AM404
AM404

Clofibrate

Clofibrate

Clofibrate

Clofibrate

Clofibrate

URB597 and
URB694

URB597 and
URB694

URB597
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PPAR« agonist

PPAR« agonist

PPAR« agonist

PPAR« agonist

CB, receptor antagonist

CB, receptor agonist

anandamide transport
inhibitor
anandamide transport
inhibitor
anandamide transport
inhibitor
anandamide transport
inhibitor

PPARa«. agonist

PPAR« agonist

PPAR« agonist

PPARa«. agonist

PPAR« agonist

FAAH inhibitor

FAAH inhibitor

FAAH inhibitor

ip.

40 mg/kg, i.p.

5 and 10 mg/kg,
iv.

20 and 40 mg/kg,
i.p.

10 mg/kg, i.p.

1.25,2.5,and 5
mg/kg, i.p.

1,3, and 10
mg/kg, i.p.

5 mg/kg, i.p.
5 mg/kg, i.p.
5 mg/kg, i.p.
5 mg/kg, i.p.

300 mg/kg, i.p.

300 mg/kg, i.p.

100 mg/kg, i.m.

300 mg/kg, i.p.

100 mg/kg, i.m.

1 mg/kg, i.v.

1 mg/kg, i.v.

0.1,0.3,and 1
mg/kg, i.v.

Sprague-Dawley rats

Sprague-Dawley rats

Sprague-Dawley rats

Sprague-Dawley rats

Long Evans rats

Long Evans rats

Long Evans rats

Sprague-Dawley rats
Sprague-Dawley rats
Sprague-Dawley rats
Sprague-Dawley rats

Sprague-Dawley rats

Sprague-Dawley rats

Squirrel monkeys

Sprague-Dawley rats

Squirrel monkeys

Squirrel monkeys

Squirrel monkeys

Squirrel monkeys

Male, n = 5-7
Male, n=7
Male, n = 5-6
Male,n=5
Male, n =22
Male, n =12
Male, n =10
Male, n=9-
10

Male, n =9-
10

Male, n =9-
10

Male, n =9-
10

Male, n=9
Male, n=13
Male, n =4
Male, n=9
Male, n =4
Male, n =4
Male, n =4
Male, n =4

reinstatement of extinguished nicotine-seeking, this effect was
prevented by MK886 (1 mg/kg, i.m.)

WY 14643 inhibited nicotine-induced activation of dopamine
neurons in the ventral tegmental area, this effect was blocked by
MKS886 (3 mg/kg)

methyl oleoylethanolamide inhibited nicotine-induced activation of
dopamine neurons in the ventral tegmental area

WY 14643 inhibited nicotine-induced elevations in dopamine levels
in the nucleus accumbens of freely moving rats, the effect of 40 mg/
kg WY 14643 was blocked by MK886 (3 mg/kg)

methyl oleoylethanolamide inhibited nicotine-induced elevations in
dopamine levels in the nucleus accumbens of freely moving rats,
this effect was blocked by MK886 (3 mg/kg)

No effect on nicotine self-administration under FRS and PR
schedules of reinforcement

No effect on cue- and nicotine-induced reinstatement

No effect on nicotine self-administration under FRS5 and PR
schedules of reinforcement

No effect on cue- and nicotine-induced reinstatement

No effect on nicotine self-administration under FRS and PR
schedules of reinforcement

No effect on cue- and nicotine-induced reinstatement

AM404 prevented nicotine-induced conditioned place preference

AM404 prevented nicotine-induced reinstatement of abolished
conditioned place preference

AMA404 did not affect the locomotor suppressant or anxiolytic
effects of nicotine

AM404 reduced nicotine-induced elevations in dopamine levels

Clofibrate prevented acquisition of intravenous nicotine self-
administration in naive rats

Clofibrate decreased intravenous nicotine self-administration in
experienced rats, this effect was blocked by MK886 (3 mg/kg, i.m.,
n=7); food self-administration was not affected by clofibrate
Clofibrate decreased intravenous nicotine self-administration in
experienced monkeys, this effect was blocked by MK886 (1 mg/kg,
i.m.); food self-administration was not affected by clofibrate
Clofibrate blocked the effects of nicotine on firing of ventral
tegmental area dopamine cells and nicotineOinduced elevations of
dopamine in the nucleus accumbens shell, these effects were
blocked by MK886 (10 mg/kg, i.p., n=5)

Clofibrate decreased nicotine-induced and cue-induced
reinstatement, this effect was dose-dependently blocked by MK886
(1 and 3 mg/kg, i.m.)

URB597 and URB694 both inhibited brain and liver FAAH
activity, increasing brain and liver anandamide, 2-
arachidonoylglycerol, and oleoylethanolamide

URB597 and URB694 both induced a rightward shift in nicotine’s
dose-response curve (3, 10, 30, and 100 ug/kg/inj, i.v., FR10)
URBS597 dose dependently reduced nicotine (30 ug/kg/inj, i.v.) self-
administration (FR10), this effect was reversed by MK886 (0.3 and
1 mg/kg, i.m.), a PPAR« antagonist

(Mascia, Pistis et al. 2011)

(Mascia, Pistis et al. 2011)

(Mascia, Pistis et al. 2011)

(Mascia, Pistis et al. 2011)

(Gamaleddin, Zvonok et al. 2012)

(Gamaleddin, Zvonok et al. 2012)

(Gamaleddin, Zvonok et al. 2012)

(Scherma, Justinova et al. 2012)
(Scherma, Justinova et al. 2012)
(Scherma, Justinova et al. 2012)
(Scherma, Justinova et al. 2012)

(Panlilio, Justinova et al. 2012)

(Panlilio, Justinova et al. 2012)

(Panlilio, Justinova et al. 2012)

(Panlilio, Justinova et al. 2012)

(Panlilio, Justinova et al. 2012)

(Justinova, Panlilio et al. 2015)

(Justinova, Panlilio et al. 2015)

(Justinova, Panlilio et al. 2015)



URB694

URB597

pioglitazone

pioglitazone

pioglitazone

pioglitazone

N-oleoyl-glycine

N-oleoyl-glycine

FAAH inhibitor

FAAH inhibitor

PPARY agonist

PPARY agonist

PPARY agonist

PPARY agonist

PPAR« agonist

PPAR« agonist

0.03, 0.1, and 1
mg/kg, i.v.

0.3 mg/kg, i.p.

15 and 30 mg/kg,
ip.

15 and 30 mg/kg,
ip.

15 and 30 mg/kg,
ip.

30 mg/kg, i.p.

10, 30, and 60
mg/kg, i.p.

1, 10, and 30 mg/
kg, i.p.

Squirrel monkeys

Long Evans rats

Wistar rats

PPARY™* mice

PPARY""” mice

PPARy"*" mice

ICR mice

ICR mice

Male, n =4
Male, n = 8-
13

Male, n =27
Male, n = 6-8
Male, n = 6-8
Male, n = 6-8
Male, n =7-8
Male, n =7-8

URBG694 dose dependently reduced nicotine (30 ug/kg/inj, i.v.) self-
administration (FR10), this effect was reversed by MK886 (1
mg/kg, i.m.), a PPARo antagonist

URBS597 attenuated cue-induced reinstatement of nicotine seeking,
which was reversed by rimonabant (0.15 mg/kg), but not AM630 (5
mg/kg) or MK886 (1 mg/kg), antagonists of the CB, and PPARa
receptors, respectively

Pioglitazone (15 and 30 mg/kg) reduced somatic signs of
withdrawal and anxiety-like behavior induced by nicotine
withdrawal (nicotine patches)

Pioglitazone (15 and 30 mg/kg) reduced somatic signs of
withdrawal and anxiety-like behavior induced by nicotine
withdrawal (nicotine patches)

Pioglitazone (15 and 30 mg/kg) had no effect on somatic signs of
withdrawal and anxiety-like behavior induced by nicotine
withdrawal (nicotine patches)

GWI9662 reversed the effect of pioglitazone on the symptoms of
nicotine withdrawal

N-oleoyl-glycine dose dependently reversed nicotine withdrawal-
induced decreased time in open arms during elevated plus maze and
reversed mecamylamine precipitated somatic signs of withdrawal in
nicotine-dependent mice

N-oleoyl-glycine dose dependently prevented the development of
nicotine-induced conditioned place preference, this effect was
selective to nicotine compared to morphine

(Justinova, Panlilio et al. 2015)

(Forget, Guranda et al. 2016)

(Domi, Caputi et al. 2019)

(Domi, Caputi et al. 2019)

(Domi, Caputi et al. 2019)

(Domi, Caputi et al. 2019)

(Donvito, Piscitelli et al. 2019)

(Donvito, Piscitelli et al. 2019)

i.p., intraperitoneal; i.v., intravenous; FR, fixed ratio; PR, progressive ratio; FAAH, fatty acid amide hydrolase; PPARa, peroxisome proliferator-activated receptor alpha.
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Table 10. Metformin studies.

Dose Strain/Species Sex, n Measurements Reference
Metformin decreased oxidative DNA damage and the incidence and multiplicity of
800 mg/kg diet, 6 Male and microadenomas and normalized miRNA and RNA expression in electronic cigarette-exposed

weeks

200 mg/kg/day,
i.p., 10 days

200 mg/kg/day,
i.p., 10 days
100-200
mg/kg/day, i.p., 4
weeks

250 mg/kg/day,
i.p., 7 days

50 ug/day, i.c.v., 7
days (osmotic
minipump)

i.p., intraperitoneal; i.c.v., intracerebroventricular.
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Strain H mice

C57BL/6]J mice

C57BL/6] mice

C57BL/6J mice

129SvEv; C57BL/6J mice

129SvEv; C57BL/6J mice

female, n =10

Male,n=6
Male, n=6
Male, n =8
Male, n =7-16
Male, n =7-8

mice but did not affect the yield of electronic cigarette-induced lung adenomas or malignant
tumors

Animals that were treated with metformin exhibited better stroke outcome and reduction of
inflammation after chronic tobacco smoke exposure

Animals that were treated with metformin exhibited better stroke outcome and reduction of
inflammation after chronic nicotine-containing electronic cigarette exposure

Metformin prevented cigarette smoke-induced loss of blood-brain barrier integrity and
function, mediated by Nrf2 activation

Systemically delivered metformin reduced nicotine withdrawal-induced anxiety-like behavior,
measured by novelty-induced hypophagia and marble-burying behavior

Centrally delivered metformin reduced nicotine withdrawal-induced anxiety-like behavior,
measured by novelty-induced hypophagia and marble-burying behavior

(Izzotti, Balansky et al. 2014)

(Kaisar, Villalba et al. 2017)

(Kaisar, Villalba et al. 2017)

(Prasad, Sajja et al. 2017)

(Brynildsen, Lee et al. 2018)

(Brynildsen, Lee et al. 2018)





