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Chapter 1 

Introduction 
 

This chapter provides background for this thesis and outlines the rationale and overall research 

aim of the PhD study. The chapter concludes with an outline of the thesis structure. 
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1.4.2. Research Question 2 

Do the six novel MAO inhibitors that have been identified from tobacco smoke show 

potent inhibition of human MAO A and MAO B isoenzymes? 

In previous work, Truman et al. (2017) found that harman and norharman, two potent reversible 

MAO inhibitors from tobacco smoke comprised under 10% of the total MAO A inhibitory 

activity in cigarette smoke and suggested that other either known or unknown MAO inhibitors 

may make significant contributions to total MAO inhibitory activity . The kynuramine assay 

will be used to determine MAO inhibitory activity of the novel MAO inhibitors identified. In 

addition, norharman will be used as a positive control for MAO A and MAO B inhibition. 

1.4.3. Research Question 3 

Do the six novel MAO inhibitors  identified show reversible inhibition or irreversible 

inhibition against human MAO A and MAO B? 

It has long been suggested that tobacco smoke results in irreversible MAO inhibition. We 

suggested that 1,4-benzoquinone may play a role in the irreversible inhibition of MAO A (Hong 

et al., 2022). Many studies have been conducted to isolate MAO inhibitors from tobacco smoke. 

However, the identification of irreversible inhibitors in tobacco smoke has remained 

unanswered. To determine the reversibility of the novel MAO inhibitors identified, a time-

dependent assay and a centrifugation-ultrafiltration method (commonly named repeated 

washing) is used. 

1.4.4. Research Question 4 

What are the modes of inhibition and potential binding sites of the novel reversible 

MAO inhibitors to human MAO  enzymes? 

It has been reported that non-nicotinic compounds in tobacco are commonly reversible 

inhibitors of MAO and show competitive inhibition, non-competitive, or mixed-type inhibition 

(Hong et al., 2022). Kinetic analysis of the MAO inhibition by the two novel PUFA inhibitors 

will be explored to determine the mode of inhibition, and molecular docking studies will be 

conducted to characterize the potential binding sites of the novel inhibitors to MAO.  

1.5. Thesis Structure 
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Biologically active compounds present in tobacco smoke  

2.1. Mechanisms of nicotine addiction 
 

Smoking is still a major cause of premature death and preventable disease in the world (Gowing 

et al., 2015; West, 2017). Smoking behaviour is not only affected by the pharmacologic effects, 

but also by environmental factors like smoking cues, smoking friends, stress, and product 

marketing. Other factors that affect susceptibility involve age, sex, genetic preposition, 

psychiatric disorder and substance abuse (Fig. 2.1) (Benowitz, 2010).  

 

 

Figure 2.1. The Biology of nicotine addiction. 

Reproduced with permission, from Benowitz (2010). Copyright Massachusetts Medical 

Society. 

Nicotine from tobacco causes pleasure and relieves stress and anxiety. However, nicotine 

withdrawal induces stress and anxiety, which encourages people to start smoking again. 

Nicotine addiction occurs when smokers become dependent on smoking for modulation of 
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Table 2.1. Suggested behavioural effects of nicotine, cotinine, and selected monoamine oxidase 

inhibitors in tobacco smoke. 

Smoke component Chemical structure Mechanism Disease state affected References 
Nicotine  

 
 

 

nAChR activation Cognitive 
improvement 

(Majdi et al., 2021; 
Newhouse et al., 2004b) 

Nicotine �Y �r-synuclein fibril formation: 
(cognition �Ç) 

�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•���� (Kardani et al., 2017; 
Villafane et al., 2018) 

Nicotine �Y���u�Ç�o�}�]����ß-peptide 
aggregation: (cognition�Ç) 

���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� ((Esteves et al., 2017; 
Zhang et al., 2006) 

Nicotine Cognition�Ç Schizophrenia (Waterhouse et al., 2018) 
Nicotine Cognition�Ç  Depression (Conley et al., 2021; 

Gandelman et al., 2018) 
Cotinine 

 

�Y �r-synuclein fibril formation, 
neuroprotection 

�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•����
���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� 

(Iarkov et al., 2021; Riveles 
et al., 2008; Terry Jr et al., 
2005) 

Naphthoquinones 

 

MAO inhibition, 
neuroprotection (nitric oxide 
control) 

�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•�� (Venkatakrishnan et al., 
2009) 

Harman/Norharman 
 

 

MAO inhibition Antidepressant (Farzin & Mansouri, 2006) 
Harman/Norharman MAO inhibition Anxiolytic (Smith et al., 2013) 

2,3,6-Trimethyl-1,4-
naphthoquinone 

 

MAO inhibition Neuroprotection, 
�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•�� 

(Sari & Khalil, 2015) 

Reproduced with permission, from Hong et al. (2022). 

 

2.2.4. Monoamine oxidase inhibitors   

Monoamine oxidase inhibitors (MAOIs) in tobacco smoke have long been regarded as having 

potential significance in modulating the effects of smoking on the brain (Dome et al., 2010; 

Fowler et al., 2003; Hogg, 2016). Monoamine oxidase (MAO) enzymes in the brain are 

responsible for clearance of brain transmitters, notably dopamine, serotonin, adrenaline and 

noradrenaline (Lewis et al., 2007). Since inhibition of MAO activity will lead to reduced 

clearance of neurotransmitters such as dopamine it is suggested that MAOIs in the tobacco 

smoke might enhance the dopamine reward from nicotine and the addictiveness of smoking.  

A variety of experimental evidence has been produced showing that MAO inhibition enhances 

behavioural responses to nicotine in rats (Guillem et al., 2005; Harris et al., 2020; Smith et al., 

2016b; Villegier et al., 2011; Villegier et al., 2006), but the extension to human smoking 

behaviour is less clear. MAO activity is well known to be reduced in smokers (Fowler et al., 

1996a; Fowler et al., 1996b) with the inhibition being believed to be irreversible (Yu & 

Boulton, 1987). The time course of recovery of activity after smoking cessation extends over 

several weeks after smoking cessation, consistent with the equivalent recovery time from 

inhibition by known irreversible MAO inhibitory drugs (Fowler et al., 2003). Although 

epigenetic (Launay et al., 2009) and microRNA (Higuchi et al., 2018) mechanisms for MAO 
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Table 2.2. Suggested behavioural effects of additional compounds from tobacco and tobacco 

smoke. 

Component Chemical structure Observed effect Application Reference 
Catechol 

 
�Y�����u�Ç�o�}�]��-�t���(�]���Œ�]�o���(�}�Œ�u���š�]�}�v ���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� (Huong et al., 2010) 

Hydroquinone 
 

�Y����-synuclein fibrillation  �W���Œ�l�]�v�•�}�v�[�•�����]�•�����•�� (Hong et al., 2009) 

Solanesol 
 

Neuroprotection Stroke (Rajdev et al., 2020) 

Limonene 
 

Neuroprotection ���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� (Shin et al., 2020) 

Cembranoids 

 

Nicotinic activation, 
neuroprotection 

���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� 
�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•�� 

(Ferchmin et al., 2009) 

Quercetin 

 

�Y���}�P�v�]�š�]�À�����(�µ�v���š�]�}�v 
�Y�����u�Ç�o�}�]��-�t���(�]���Œ�]�o��formation 

���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� 
�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•�� 

(Khan et al., 2019; Paula 
et al., 2019) 

Kaempferol 

 

�X���•�š�Œ�]���š���o�����}�‰���u�]�v���U���^�K�����˜���'�^�,�� 
�Y���u���o�}�v���]���o�����Z�Ç���� 

�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•�� (Li & Pu, 2011) 

Eugenol 
 

�Y�]�u�u�}���]�o�]�š�Ç���]�v���(�}�Œ���������•�Á�]�u���š���•�š Depression (Irie et al., 2004) 

�t-asarone 

 

�X���(�(�]�������Ç���}�(���u���u���v�š�]�v�� 
�X���}�P�v�]�š�]�À���������(�]���]�š 

���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� (Chang & Teng, 2018; Liu 
et al., 2016)                
(Han et al., 2020) 

Vanillin 
 

�Y���}�Æ�]�����š�]�À�����•�š�Œ���•�•���Œ���•�‰�}�v�•�� 
�Y�����Z���À�]�}�µ�Œ���o���]�u�‰���]�Œ�u���v�š 

�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•�� (Dhanalakshmi et al., 
2016) 

Ferulic acid 

 

�X���•���Œ�}�š�}�v�]�v�����v�����v�}�Œ���‰�]�v���‰�Z�Œ�]�v�� 
�Y�]�u�u�}���]�o�]�š�Ç���]�v���(�}�Œ���������•�Á�]�u���š���•�š 
�Y���Œ���]�v�������‰�]�o�o���Œ�Ç�����}�v�•�š�Œ�]���š�]�}�v 

Depression 
 
���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� 

(Chen et al., 2015; Wang 
et al., 2021) 

Caffeic acid 

 

�Y���]�u�u�}���]�o�]�š�Ç���]�v���(�}�Œ���������•�Á�]�u���š���•�š Depression (Takeda et al., 2002) 

Chlorogenic acid 

 

�Y�u�]�š�}���Z�}�v���Œ�]���o�����]�•�(�µ�v���š�]�}�v 
�Y���}�Æ�]�����š�]�À�����•�š�Œ���•�• 

�W���Œ�l�]�v�•�}�v�[�•�����]�•�����•�� (Singh et al., 2020) 

Rutin 

 

�Y���]�u�u�}���]�o�]�š�Ç���]�v���š���]�o���•�µ�•�‰���v�•�]�}�v���š���•�š 
�Y�����(�(�����š���}�(�����Z�Œ�}�v�]�����]�v���µ���������•�š�Œ���•�• 

Depression, Anxiety (Parashar et al., 2017; 
�z�µ�•�Z���[�µ�����š�����o�X�U���î�ì�í�ó�• 

Naringenin 

 

�Y�����u�Ç�o�}�]��-�t���š�}�Æ�]���]�š�Ç�� 
�Y���]�u�u�}���]�o�]�š�Ç���]�v���š���]�o���•�µ�•�‰���v�•�]�}�v���š���•�š 
�X�u���u�}�Œ�Ç 

���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� 
Depression 
 

(Md et al., 2018; Yang et 
al., 2014; Yi et al., 2012) 

Naringin 

 

�Y�u�]�š�}���Z�}�v���Œ�]���o�����]�•�(�µ�v���š�]�}�v 
�X�u���u�}�Œ�Ç  

���o�Ì�Z���]�u���Œ�[�•�����]�•�����•�� (Sachdeva et al., 2014) 

Scopoletin 
 

�Y�����v�Æ�]���š�Ç-like behaviour Anxiety (Luo et al., 2020) 

Esculetin 
 

�Y���]�u�u�}���]�o�]�š�Ç���]�v���(�}�Œ���������•�Á�]�u���š���•�š Depression, Anxiety (Sulakhiya et al., 2016) 

Quinic acid 

 

�Y�D���K-B, neuroprotection Dementia (Liu et al., 2020) 

SOD: superoxide dismutase, GSH: glutathione peroxidase, Reproduced with permission, from Hong et al. (2022). 
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While the contribution of biologically active molecules other than nicotine remains to be 

established it is clear that tobacco smoke contains many components which might have 

beneficial effects. While this in no way compensates for the overall deleterious effects of 

smoking, these effects may help explain the strength of tobacco dependence many smokers 

experience and are worthy of further study, so that we can disentangle the deleterious and 

beneficial effects, to better help smokers to stop smoking. 
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formation of cytosolic H2O2 but gives rise to elevated mitochondrial electron transport chain 

(ETC) activity (Graves et al., 2020). It has been proposed that the ETC pathway, using ETC 

complex IV for ATP production from H2O2 within the mitochondria, protects dopamine 

neurons against the H2O2 toxicity (Chen & Jonas, 2020).  

 

 

Figure 3.1. Monoamine oxidase (MAO) catalyzed oxidation of monoamines. 

MAO oxidation uses an amine and oxygen as substrates and gives an imine and hydrogen 

peroxide (H2O2) as products. The imine product is spontaneously hydrolysed to an aldehyde 

which is oxidized by aldehyde dehydrogenase (ALDH) into a carboxylic acid or converted into 

an alcohol by aldehyde reductase (ALR). 

 

Two isoforms, MAO A and MAO B, are located at the outer membrane of mitochondria in 

most mammalian tissues (Edmondson et al., 2009) and show 70% amino acid identity with 

similar molecular weights of 59 and 58 kDa, respectively (Shih et al., 1999). These isoforms 

have different substrate and inhibitor specificities. The preferred substrate for MAO A is 

serotonin and those for MAO B, beta phenethylamine and benzylamine. Both isoforms catalyze 

oxidation of dopamine, norepinephrine, epinephrine, tyramine and tryptamine (Youdim et al., 

2006).  

The first clinically effective monoamine oxidase inhibitor, iproniazid, was originally developed 

to treat tuberculosis, and then used as an antidepressant. However, its clinical use was 

discontinued because of hepatotoxicity (Tipton, 2018). MAO A and MAO B are selectively 

and irreversibly inhibited by the propargyl-containing MAO inhibitors clorgyline and 
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Figure 3.8. Suggested mechanism for the reaction of 5-ethyl-3-methyllumiflavinium (FI+) with 

MMTP. 

 

3.2.3. MAO in neurotransmitter metabolism   

Monoamine oxidases catalyze the metabolism of neurotransmitters dopamine, norepinephrine, 

epinephrine and serotonin (Fig. 3.9). 

 
Figure 3.9. Dopamine, norepinephrine, epinephrine and serotonin metabolism in the central 

nervous system (CNS).  
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itself does not show any MAO inhibitory activity, but non-nicotinic components in tobacco 

smoke inhibit MAO, the key enzymes responsible for the degradation of neurotransmitters 

(Castagnoli et al., 2002; Dome et al., 2010). It has been hypothesized that, since MAO enzymes 

break down neurotransmitters in the brain, MAO inhibitors in tobacco smoke may increase the 

lifetime of dopamine and enhance the reinforcing properties of nicotine (Hogg, 2016; Rose, 

2006). Evidence that this is a real effect comes from use of MAO inhibitors with nicotine in 

rats. Work from several studies has found that nicotine plus MAO inhibition was more 

rewarding than nicotine alone (Guillem et al., 2005; Villegier et al., 2007). Furthermore, it has 

been reported that the non-selective MAO inhibitor tranylcypromine greatly enhanced 

nicotine-induced dopamine release in the nucleus accumbens when animals were pretreated 

with it. This dopamine release is believed to be a neurochemical marker of addictiveness 

(Dome et al., 2010; Villegier et al., 2007). Thus, MAO inhibition has long been suspected to 

be an important aspect of the effect of tobacco on smokers, with potential relevance to both 

tobacco dependence (Hogg, 2016; Rose et al., 2001) and treating other mental health issues 

(Rose et al., 2001; Villegier et al., 2010). 

Smith et al. (2016) found that MAO A inhibition rather than MAO B inhibition is responsible 

for the increase in nicotine self-administration at low dose, suggesting that cigarette smoke 

components with MAO A inhibitory activity, have potential to increase the primary reinforcing 

and reinforcement enhancing effects of nicotine. Nicotine not only acts as a primary reinforcer 

in tobacco smoke, enhancing the probability of behaviours that lead to nicotine delivery, but 

also strongly increases behaviours that lead to the delivery of nonpharmacological stimuli 

(Palmatier et al., 2006).                                                          

Although the overall importance of MAO inhibitors as a factor in tobacco dependence has not 

been fully established, these current findings imply that we need an understanding of the effects 

of MAO inhibitors on smokers. 

3.4. MAO inhibitors in tobacco and tobacco smoke 
 

Tobacco and tobacco smoke are examples of complex mixtures such as wood smoke, plant 

extracts, coal tar, humus, with many chemical components in inexact proportions (Perfetti & 

Rodgman, 2011). By 2008, 8430 chemical components in tobacco and tobacco smoke had been 

identified. A total of 4994 components were identified in tobacco, while 5315 components 
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were identified in tobacco smoke, of which, 1879 common components were found. These 

components were categorized into 34 classes of chemicals (Fig. 3.10). 

Most markedly, tobacco smoke contains about ten times more hydrocarbons (alkanes, alkenes, 

alkynes, alicyclics, monocyclic aromatic, polycyclic aromatic) than the tobacco plant. Tobacco 

smoke also contains more phenols, quinones, ketones, free radicals, halogen-containing and 

fixed gases, and nitrogen-containing compounds (except for proteins and amines). Among 34 

classes of chemicals, a greater number of nitrogen heterocyclic compounds are found in 

tobacco smoke, whereas the tobacco plant contains a greater number of alcohols. 

 

 

Figure 3.10. Distribution of compounds in tobacco and tobacco smoke according to the 

chemical classes.  

Created using data from Perfetti and Rodgman (2011). 

 

Rodgman and Perfetti (2013) created an alphabetical index of chemical components in tobacco 

and tobacco smoke. We crossmatched this index with existing literature (Das et al., 2022; Hogg, 

2016; Mostert et al., 2017; Sari & Khalil, 2015; Tao et al., 2005; Tripathi et al., 2018; van der 
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should be carried out in case there is also a need for regulation of levels of these inhibitors. It 

is unknown what level of MAO A inhibitors could shift the threshold dose for reinforcement 

enhancement or whether this is dependent on the tobacco type. 

Future studies could explore the reinforcement effects of flavoring compounds in tobacco 

products or alternative tobacco products such as electronic cigarettes (e-cigarettes). Recently, 

Truman et al. (2019) found that flavoured e-liquids showed a wide range of MAO inhibitory 

activity and identified vanillin and ethyl vanillin as active compounds. It is possible that other 

flavoring compounds in e-liquids may have MAO inhibitory activities and have potential to 

increase the reinforcing properties of nicotine. This aspect of e-cigarettes may require 

monitoring. 

Further studies of the MAO inhibitors in tobacco smoke are required, in order to assess their 

contribution to MAO inhibition in smokers, and their potential behavioural effects. If specific 

MAO inhibitors are proven to promote nicotine addiction, they could perhaps be used with 

nicotine to produce a more effective form of nicotine replacement therapy, with the potential 

to help many smokers cease smoking.  
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studies suggested that nicotine had relatively weak reinforcing properties as opposed to other 

drugs of abuse including amphetamine, cocaine or morphine (Balfour, 2009). It has been 

proposed that monoamine oxidase (MAO) inhibitors in tobacco smoke decrease the breakdown 

of neurotransmitters linked to the reward pathway, and act synergistically with nicotine to 

increase the addictive effects of nicotine (Hogg, 2016).  

MAO catalyzes the degradation of a variety of monoamines, including neurotransmitters such 

as dopamine, serotonin, norepinephrine and epinephrine. Two isoforms, MAO A and MAO B 

exist in most mammalian tissues and have different inhibitor sensitivities and substrate 

specificities (Youdim et al., 2006). MAO A is selectively inactivated by clorgyline at low doses 

and favourably oxidizes serotonin and norephinephrine, while MAO B is inactivated by 

selegiline (l-deprenyl) at low doses and oxidizes beta phenethylamine and benzylamine. Both 

isoforms catalyze dopamine, tyramine, and tryptamine (Lewis et al., 2007). MAO inhibitors 

are currently used in medicine. Selective MAO A inhibitors are effective treatment for 

depression, consistent with their effectiveness in decreasing the metabolism of serotonin and 

norephinephrine, while selective MAO B inhibitors are an effective treatment for Parkinson's 

disease (PD) (Finberg, 2014).  

Surprisingly, positron emission tomography (PET) studies show that smokers have lower levels 

of brain MAO A (28%; p<0.0003) and MAO B (40%; p<0.0002) activity compared to non-

smokers (Fowler et al., 1996a; Fowler et al., 1996b). The mechanism of MAO inhibition in 

smokers is unknown. However, it is conceivable that several tobacco-derived substances may 

induce MAO inhibition in smokers, either due to additive or synergistic effects (Hogg, 2016). 

Animal studies have shown that MAO inhibition increased self-administration of nicotine 

(Guillem et al., 2005; Villegier et al., 2007) and MAO A inhibition, but not MAO B inhibition, 

increased self-administration of nicotine at low doses (Smith et al., 2016). Therefore, it may be 

important to characterize unidentified MAO inhibitors in tobacco smoke to elucidate the 

mechanism of MAO inhibition and know their contribution to the addictive effects of nicotine 

in human.  

Previously, a number of reversible MAO A and/or MAO B inhibitors in tobacco smoke have 

been studied (Herraiz & Chaparro, 2005; Khalil et al., 2006; Khalil et al., 2000). The beta-

carboline alkaloids harman and norharman are the most well-known and potent reversible 

MAO inhibitors in tobacco smoke, but these inhibitors comprise less than 10% of the overall 

MAO A inhibitory activity of tobacco smoke implying other inhibitors may contribute 
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¹H-¹H correlation spectroscopy (COSY). The amounts in the final fractions were becoming too 

small for further fractionation, but this NMR analysis of the fractions allowed identification of 

major components. These were confirmed as the major contributors by testing of commercially 

purchased compounds for MAO inhibitory activity. The scheme for bioassay-guided 

fractionation processes is shown in Fig. 4.1.  

 

Figure 4.1. Isolation of hydroquinone and catechols from tobacco particulate matter. 

 

                                        

Hydroquinone       Catechol       4-Methylcatechol      4-Ethylcatechol         4-Vinylcatechol            

Figure 4.2. Chemical structures of the hydroquinone and catechols. 

 

Further, we have included 4-ethylcatechol and 4-vinylcatechol to test for their MAO inhibitory 

activity because they have been detected in cigarette smoke condensate (Park, 1982; 

Schlotzhauer et al., 1978) (Fig. 4.2) and are structurally related to catechol. Four of the five 

compounds are commercially available (Sigma Aldrich). 4-Vinylcatechol was successfully 

synthesized from caffeic acid by thermal decarboxylation (Jia et al., 2015; Terpinc et al., 2011) 
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Figure 4.3. Time-dependent inhibition of human recombinant MAO A by catechols and 

hydroquinone.  

The MAO A activity remaining is expressed as a percentage of activity in controls. The results 

are given as the mean ± SD (triplicate).  

4.4.5. ADME prediction                                     

All tested phenolic compounds are predicted to display high gastrointestinal absorption and 

cross the blood brain barrier by passive penetration (Table 4.3). However, SwissADME 

predicts harman and norharman, two potent MAO inhibitors from tobacco smoke, as substrates 

for Pgp (P-glycoprotein), a drug efflux pump. On the other hand, all phenolic compounds, 

clorgyline, and selegiline are predicted as non-substrates for Pgp. Further, SwissADME and 

PreADMET web tools were applied to predict the absorption, distribution, metabolism, 

excretion, and toxicity (ADMET) data (Appendix 4.3 and 5.2).   
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Figure 5.4. LB and Dixon plots of the inhibition of MAO A and MAO B by linoleic acid. For 

MAO A, (a) and (b); and MAO B, (c) and (d). 
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Figure 5.6. Docking interactions of linoleate with hMAO B. 

The results were visualized and analysed using Discovery Studio. 
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Chapter 6 

General Discussion and Conclusions 
 

This chapter provides a discussion of the key findings and presents the overall conclusions of 

this PhD study. Additionally, it includes future research directions.  
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lack of support for modeling explicit water molecules. Water molecules frequently 

mediate interactions between biological molecules. AutoDock Vina 1.2.0, a new 

version, has been suggested (Eberhardt et al., 2021).  

6.3. Future Directions 
 

The important issues or queries addressed in the current thesis are summarized as follows, 

which should be explored in further studies. 

6.3.1. Studies on the MAO inhibitors 

Further studies on the MAO inhibitors in tobacco smoke are needed to evaluate their 

contribution to MAO inhibition in smokers, and their behavioural effects. If specific MAO 

inhibitors are proven to promote addiction to smoking, they could be used with nicotine to 

develop a more effective form of nicotine replacement therapy for smoking cessation and help 

many smokers quit smoking. 

6.3.2. Studies on the low nicotine cigarettes 

The FDA authorized the marketing of very low nicotine cigarettes (Food and Drug 

Administration, 2021), but these tobacco products will still include MAO inhibitors. Since 

MAO A inhibition, but not MAO B, is responsible for increasing nicotine self-administration 

at low doses (Smith et al., 2016), further research on the MAO A inhibitors in tobacco smoke, 

should be conducted in case there is also a need for regulating the levels of these inhibitors. It 

is not known what level of MAO A inhibitors could shift the threshold nicotine dose for 

reinforcement enhancement or whether this depends on the tobacco type. 

6.3.3. Studies on the flavoring chemicals in e-liquids 

Future studies to explore the reinforcement effects of flavoring compounds in tobacco products 

or alternative tobacco products such as electronic cigarettes (e-cigarettes) are required. Truman 

et al. (2019) found that flavoured e-liquids contained a broad range of MAO inhibitory activity 

and identified vanillin and ethyl vanillin as active compounds. It is likely that other flavoring 

chemicals in e-liquids may have MAO inhibitory activities and have potential to increase the 

reinforcing effects of nicotine. This aspect of e-cigarettes may require ongoing monitoring. 
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