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Abstract

Introduction: Smoking remains a worldwide epidemic, and despite an increase in public 

acceptance of the harms of tobacco use, it remains the leading cause of preventable death. It is 

estimated that up to 70% of all smokers express a desire to quit, but only 3–5% of them are 

successful.

Areas covered: The goal of this review was to evaluate the current status of smoking cessation 

treatments and the feasibility of implementing personalized-medicine approaches to these 

pharmacotherapies. We evaluated the genetics associated with higher levels of nicotine addiction 

and follow with an analysis of the genetic variants that affect the nicotine metabolic ratio (NMR) 

and the FDA approved treatments for smoking cessation. We also highlighted the gaps in the 

process of translating current laboratory understanding into clinical practice, and the benefits of 

personalized treatment approaches for a successful smoking cessation strategy.

Expert opinion: Evidence supports the use of tailored therapies to ensure that the most efficient 

treatments are utilized in an individual’s smoking cessation efforts. An understanding of the 

genetic effects on the efficacy of individualized smoking cessation pharmacotherapies is key to 

smoking cessation, ideally utilizing a polygenetic risk score that considers all genetic variation.

Keywords

nicotine; metabolism; cytochrome P450; UDP glucuronosyltransferase; flavin monooxygenase; 
nicotine metabolism ratio; bupropion; varenicline; nicotine replacement therapy; tobacco 
cessation; pharmacogenetics

1. Current tobacco use

Tobacco remains the number one cause of preventable death in adults worldwide. 

Approximately 34 million American adults currently smoke cigarettes, accounting for 

around 14% of the US population. [1] Cigarette smoking rates have been decreasing over the 

last few decades, attributed to diverse policies such as increased tobacco taxes, tobacco-free 
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indoor air regulations, awareness of second-hand smoking, educational programs on the 

health consequences of tobacco use, and accessible options for behavioral smoking cessation 

treatment options (Figure 1). [1] Reflecting the shifting public perceptions regarding the 

safety of smoking, more than half of all smokers make a serious attempt to quit once a year. 

However, only 3–5% maintain abstinence after one year. [2] Only one-third of those who 

attempt to quit have used a pharmacotherapeutic aid, [3] even though the quit rate among 

those utilizing pharmacotherapy is 2–3-fold higher as compared to subjects taking placebo. 

[4–6] This low success rate encompasses many factors including a wide variety of 

behavioral and genetic components. However, the presence of genetic variants may affect an 

individual’s response to cessation treatments, highlighting the need for an approach that is 

more reliant on personalized medicine.

Below we review three main areas: nicotine dependence, nicotine metabolism, and 

personalized approaches to pharmacotherapy options aimed at improving smoking cessation 

success.

2. Nicotine dependence

2.1. Nicotine pharmacodynamics

Nicotine (1-methyl-2-[3-pyridyl] pyrrolidine) is a tertiary amine alkaloid present in the 

leaves of the tobacco plant Nicotiana tabacum and is the ultimate cause of smoking 

addiction. [7] In smoked tobacco, nicotine volatilizes in the droplets of tar as free nicotine, 

whereas in smokeless tobacco itis solubilized in the moisture of the tobacco product. [8] 

Nicotine is easily absorbed through the nasal/oral mucosa or the skin, with the most effective 

absorption through pulmonary routes. [9] Non-ionized nicotine can cross the blood-brain 

barrier, and in alkaline solutions nicotine is easily absorbed through membranes. [10] The 

average intake of nicotine per cigarette is 1 mg, 3.5 mg per 2.5 g for snuff and 4.5 mg per 

7.9 g of chewing tobacco for 30 min. [11,12]

Nicotine binds to the heterogenous nicotinic acetylcholine receptors (nAChRs) in the brain, 

ganglia, and neuromuscular junctions.[13] The (S)-nicotine isomer binds with high 

specificity to the nAChRs in the brain while the (R)-nicotine isomer binds only weakly to 

the same receptors. [14] (S)-nicotine shows a very high affinity (Ki = 1.1 nM) for the α4β2-

subunit-containing nAChRs (Figure 2). [15] The nAChRs are a class of ligand-gated ion 

channels, and when nicotine is bound allosteric changes occur, causing modifications to the 

adjacent ion channels. (7) Bound nicotine opens the channel, allowing the entry of cations 

such as sodium and calcium. This stimulates the release of dopamine, resulting in the 

nicotine rewarding effect. [16,17] Besides dopamine, activation of these receptors also 

triggers the release of norepinephrine, acetylcholine, serotonin, γ-aminobutyric acid 

(GABA), glutamate, and endorphins. [18,19] The release of these neurotransmitters triggers 

a list of behaviors that include, but are not limited to, enhanced performance, mood 

modulation, reversal of withdrawal symptoms, and nicotine self-administration. [13,20] 

Additionally, sustained use of nicotine increases the number of nAChRs and also 

desensitizes the receptor towards the agonist, a phenomenon known as neuroadaptation 

[21,22] which is believed to play a role in nicotine withdrawal symptoms. [23]
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2.2. Genetics of nicotine dependence

The level to which a person can become addicted to nicotine varies widely among 

individuals and populations based on their genetic disposition. A large proportion of 

variation in nicotine addiction can be explained by the genetic locus on chromosome 

15q25.1, with risk alleles in this locus increasing nicotine dependence by 30–40%. [24,25] 

This locus includes the CHRNA5, CHRNB4, and CHRNA3 genes that code for the 

nAChRs, each of which contain variants known to modify nicotine dependence. [26]

When a smoker first decides to quit, they may experience heightened responses of 

withdrawal during early abstinence. [27] These feelings of less satiety in early abstinence are 

due to higher expression levels of nAChRs in smokers, resulting from the chronic exposure 

to nicotine. [28] Normal metabolizers have more expression of the nACHRs, so whenever 

they are craving (neural cues) nicotine their cravings are more than those in slow 

metabolizers. This results in higher amount of smoked cigarettes and as a consequence 

higher amounts of nicotine in the body. [29] In addition, normal metabolizers may benefit 

from adjunctive behavioral smoking cessation treatments (e.g., cue exposure therapy). [27] 

Differences in the amount and availability of nAChRs in the brain between slow and fast 

metabolizers have been linked to differences in rewarding effects. [30]Nicotine dependence 

has been evaluated among people of European descent, with the strongest associations in 

CHRNA3 and CHRNA5. [31–34] Multiple variants have been reported to be linked to these 

two genes (Figure 3). The variant rs16969968, located in CHRNA5, is a missense variant 

that alters conductance of alpha 5-containing nicotinic receptors in vivo. [35] This variant 

has been previously associated with delayed smoking cessation and earlier lung cancer 

diagnosis. [36–38] Genetic variation in chromosome 15 has been explored in different racial 

groups (European, Asian and African Americans), but only the rs16969968 variant 

conserves its association with heavy smoking across these populations. [39]

rs16969968 is a ‘defining variant’ in this locus since a number of additional variants that are 

tightly linked with it have been associated with nicotine dependence within populations with 

European ancestry. For example, the genetic variant rs1051730 located in the CHRNA3 gene 

is highly linked to rs16969968 [linkage disequilibrium (LD) r2=0.987] and is associated 

with smoking quantity and short-term smoking cessation among Europeans. [24,26,37] For 

example, when analyzing the (A) allelic variant among smokers of Europeans and Asian 

descent, it was strongly associated with heavy smoking (OR=1.33); however, this variant is 

only moderately linked with rs16969968 in African Americans (LDr2 =0.4), and thereby 

shows a lower effect (OR=1.15) when compared to that observed for the rs16969968 (G) 

allelic variant (OR=1.62) in this population. [39] In Europeans, the variant rs1317286 is also 

highly linked with rs16969968 (LD r2=0.975) and is highly associated with cigarettes per 

day (CPD). [40] Also linked is the rs2036527 variant (LD r2 =0.917), which is associated 

with heavy smoking and CPD in African Americans. [41]

A second defining variant, which is independent from rs16969968 (LD r2=0.226), is 

rs578776. This variant is located in the untranslated region of the CHRNA3 gene and is also 

strongly linked with nicotine dependence in smokers of European descent. [37] Although 

this variant has been tested in Asian and African American populations, it has not been 

associated with heavy smoking among these specific populations. [39] Linked to this variant 
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(LD r2=0.8) is the rs6495308 variant located in the CHRNA3 gene, which is associated with 

CPD among Europeans and Asian descendent populations, but not in African Americans. 

[39,40] The rs680244 variant is moderately linked with rs578776 (LD r2=0.363) in 

European populations and has also been associated with decreased mRNA levels of 

CHRNA5 in vivo. [42]

A third defining genetic variant located within the CHRNA5 gene, but independent from 

both the rs16969968 variant (r2=0.431) and the rs578776 variant (r2=0.109) is rs588765 

(also known as rs880395). It is associated with differences in CHRNA5 expression and 

smoking rates among European and Asian populations. [43] When tested in African 

American populations, the rs588765 variant only showed a trend towards significance. [39]

In addition to the genetic locus 15q25 locus, there is strong evidence that neurexins (NRXN; 

presynaptic cell adhesion proteins), specifically NRXN 1 and 3, play a role in nicotine 

dependence and polysubstance addiction, respectively. [44–46] Neurexins are highly 

polymorphic genes and different polymorphisms have been associated with different 

smoking behaviors. For example, for NRXN1, the rs10865246 variant has been associated 

with higher nicotine addiction when compared to subjects with wt NRXN1. [47] Similarly, 

the NRXN1 rs985919 and rs1882296 variants were associated with tobacco consumption in 

a Mexican mestizo population. Interestingly, the rs221473 and rs221497 variants in NRXN3 

were associated with lower risk of smoking among Spanish Caucasians. [48]

Identification of the genetic factors which influence an individual’s level of nicotine 

addiction provides an opportunity for smoking cessation treatments that are personalized or 

tailored to best suit their level of addiction. In addition to the genetic variants that govern the 

physical dependence to nicotine, there are a number of behavioral traits linked to an 

individual’s predisposition towards tobacco use and nicotine addiction. These include such 

factors as anxiety, [49] sensation-seeking, [50] and impulsivity. [51] Although not discussed 

in-depth in this review, they are important components of the biological effects of nicotine, 

and co-medications to treat these behaviors have the potential to negatively interact have 

with any prescribed smoking cessation pharmacotherapy, leading to unwanted drug-drug 

interactions (DDI).

3. Smoking cessation treatment options

The current accepted best practices for increasing smoking cessation rates is a 

pharmacotherapy treatment along with behavioral counseling. [52,53] In 2019, the U.S. 

Food and Drug Administration (FDA) approved five nicotine replacement therapies (NRTs) 

and two non-nicotine oral medications indicated to help smokers stop using tobacco 

products. Additionally, there are groups of smokers for which behavioral support only, and 

not concurrent pharmacotherapies, are recommended. These groups include pregnant 

women, smokeless tobacco users, light smokers (<10 cigarettes per day), and adolescents. 

[53,54] A combination of pharmacotherapy and behavioral or psychological support 

therapies is now considered to be the standard of care. [48]
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3.1. Nicotine replacement therapy

Nicotine Replacement Therapy (NRT) is an alternative nicotine source meant to reduce 

nicotine withdrawal symptoms at a rate at least 2 times greater than a placebo group. [4] 

There are several versions of NRT and they can be classified as long-acting (nicotine 

transdermal patch) and short-acting (nicotine gum, nicotine lozenge, nicotine inhaler, and 

nicotine nasal spray). The first NRT on the market was nicotine gum, initially introduced in 

the 1970s in the United Kingdom. It received FDA approval as an over-the-counter 

medication in the U.S. in 1996 [55] and has been the most widely used form of NRT since 

its introduction. However, its efficacy can be affected by physiological factors such as 

impaired absorption due to an acidic diet or other gastrointestinal problems. [56] The main 

adverse effects reported for NRT are specific for each NRT product, ranging from skin 

irritation, irritation in the gums, and (rarely) chest pain and palpitations. [57]

4.2. Bupropion

Bupropion is an atypical antidepressant that weakly inhibits dopamine/norepinephrine re-

uptake and has properties as a nicotinic acetylcholine receptor antagonist. [58] Bupropion 

has been commercialized as a sustained-release formula (Zyban®) since 1997, helping to 

lessen the severity of cravings and nicotine withdrawal symptoms. [59] In clinical trials, it 

has been shown to double the abstinence rate compared to placebo or the nicotine patch 

groups. [5] It prevents relapses and increases quitting rates by 25–30%. [5,60] Some of the 

adverse effects associated with bupropion are insomnia, dry mouth, and (rarely) seizures and 

hypersensitivity reactions. [61]

4.3. Varenicline

Varenicline (Chantix®) is a high-affinity partial agonist of the α4β2 nAChR subtype, 

resulting in reduced dopamine release and producing relief from withdrawal and craving 

symptoms. [62] Varenicline has been approved and commercialized since 2006 [63] and has 

shown efficacy by increasing smoking cessation rates 3-fold vs placebo and 2-fold vs 

bupropion- or NRT-treated groups. [6] Some of the most commonly reported adverse effects 

for varenicline are nausea, insomnia, abnormal dreams, headache, suicidal behaviors and 

(rarely) skin rash. [64–67] As mentioned above, varenicline binds with highly specificity to 

α4β2 receptors, but it also binds to the serotonin 5-HT3 receptor, and this binding 

mechanism of action is hypothesized to be involved in reducing nicotine withdrawal 

symptoms. [68]

4. Pharmacogenetic factors influencing smoking cessation 

pharmacotherapy

In the clinical setting, smoking cessation pharmacotherapies and dosages are chosen based 

on levels of nicotine addiction as assessed by tools such as the Fagerström Test for Nicotine 

Dependence (FTND), a validated, standardized smoking assessment questionnaire, and the 

nicotine metabolic ratio (NMR), an in vivo biomarker for the rate of nicotine metabolism 

(discussed in more detail below in section 7). The overall success of pharmacotherapy 

treatments in smoking cessation efforts are between 7–30% post-treatment. [4,69] There are 
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many factors that may affect the efficacy of these treatments and an individual’s response to 

smoking cessation pharmacotherapy, including heritable variation in both nicotine receptor 

and metabolism genes. [70] Genetic variation has been associated with differences in 

smoking cessation treatment efficacy and adverse effects throughout an individual’s 

smoking cessation efforts, [71] with studies suggesting that genetic factors account for 

approximately 50% of the variability in smoking cessation success. [72,73]

4.1. NRT

The genetic factors affecting NRT efficacy are similar to those affecting levels of nicotine 

addiction. When analyzing genetic variation within populations and their response to 

smoking cessation pharmacotherapy, there is an association between CHRNA5 genetic 

variation and cessation success (or lack thereof) in patients treated with NRT. [74,75] In 

Caucasians classified as low-, medium- and high-risk haplotypes (combining the 

rs16969968, rs680244,rs588765,and rs1051730 variants within the CHRNA5-CHRNA3-
CHRNB4 loci), the “high risk” haplotype was not only associated with high nicotine 

dependence but also with increased risk of NRT pharmacotherapy failure. [75,76] The rate 

of nicotine metabolism (measured by the NMR; reviewed in section 6) has been shown to be 

a good biomarker for NRT efficacy as compared to other treatments among slow 

metabolizers. [77–79] Genetic variation in metabolizing enzymes can also play an important 

role in NRT efficacy and will be discussed in more detail in section 5.0 of this review.

4.2. Bupropion

Bupropion exhibits high variability in treatment response, with 30–45% of users 

successfully achieving long-term abstinence. [5,80,81] Given bupropion’s mechanism of 

action within the brain, individuals with genotypes that predispose for higher dopamine 

availability have better responses to bupropion. For example, genetic variation in the 

promoter region (−141C Ins) of the dopamine D2 receptor (DRD2) translates to higher 

transcriptional efficiency, and subjects with the variant alleles how an association with 

higher quit rates when using bupropion vs NRT. [82–84] In addition, the dopamine 

transporter gene SLC6A3/DAT1 presents a variable number of tandem repeats (VNTRs), 

with the presence of 9 vs 10 VTNRs associated with an increased ability to stop smoking 

using either NRT or bupropion. [83,85] Also, the GG haplotype (rs737865 and rs165599) in 

the enzyme catechol-O-methyltransferase (COMT), which is involved in the metabolic 

inactivation of dopamine, has been associated with a favorable outcome when using 

bupropion for smoking cessation in a Caucasian population. [86]

In humans, bupropion is metabolized to an active metabolite, hydroxy-bupropion by 

CYP2B6.[87] The CYP2B6*6 variant has been shown to predict decreased CYP2B6 

function against bupropion among Alaskan Native and American Indian populations, [88] 

and it has been shown that individuals homozygous for the CYP2B6*6 allele exhibit lower 

apparent renal clearance of hydroxy-bupropion than subjects homozygous for the 

CYP2B6*1 (wildtype) isoform. [89,90] The CYP2B6*6 and *18 alleles were associated 

with 33% less hydroxy-bupropion in plasma. [91] It has been reported that carriers of the 

CYP2B6*6 allele have significantly higher abstinence rates than CYP2B6 (*1/*1) subjects 

when treated with bupropion. [92] The CYP2B6 non-coding single nucleotide 
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polymorphism (SNP; rs8109525; −5293 G>A) has been associated with CPD and 

continuous abstinence (52 weeks) when treated with bupropion. [68,93] Additionally, in a 

German population, carriers of the CYP2B6*4 (rs2279343; K262R) allele exhibited a 

significantly higher (1.66-fold) Cmax for bupropion as compared to CYP2B6 (*1/*1) 

subjects, [94] potentially leading to higher exposure of active drug and a predisposition to 

adverse effects consequently decreasing adherence to therapy. It was also reported that 

higher hydroxy-bupropion concentrations resulted in improved smoking cessation outcomes, 

suggesting that slow CYP2B6 metabolizers should receive a higher bupropion dose to 

achieve the desired outcome. [95] However, studies also showed that smokers with the 

defective CYP2B6 activity allele, CYP2B6*5 (rs3211371; 1459C>T), reported greater 

increases in cravings and higher relapse rates when treated with bupropion, [96] indicating 

some inconsistency between studies when examining the role of CYP2B6 and the effects of 

bupropion in tobacco cessation. While some studies have shown that polymorphisms in 

CYP2C19 affect bupropion pharmacokinetics, this difference was not observed with 

smoking cessation outcomes, [97] and additional studies did not find any significant 

correlations between CYP2C19 SNPs and levels of bupropion or its metabolites in plasma. 

[98]

Approximately 75%, 25% and 10% of the active bupropion metabolites hydroxy-bupropion, 

erythro-hydrobupropion, and threo-hydrobupropion, respectively, are excreted in the urine as 

their glucuronide conjugates. [91] It was recently reported that UGT2B7 glucuronidates 

(S,S)-, (S,R)- and (R,S)- hydrobupropion, whereas UGT1A9 catalyzes (R,R)-

hydrobupropion glucuronidation formation. [99] While not yet studied, it is therefore 

possible that genetic variation in UGTs 2B7 and 1A9 may also play a role in response to 

buproprion.

4.3. Varenicline

Varenicline efficiency as a smoking cessation therapy is highly influenced by 

polymorphisms in the 15q25 locus. The rs7164594 SNP in the PSMA4 gene within the 

15q25 locus was highly associated with sustained abstinence after varenicline treatment. 

[68] In addition, the same study reported that two SNPs in the CHRNB2 gene (rs3811450 

and rs4262952) were associated with increased smoking abstinence when subjects were 

treated with varenicline. [68] CHRNA7 encodes the nAChR α7 subunit, and a variant in its 

promoter region (rs28531779) showed an association with nicotine addiction while its 

hybrid gene, [100] CHRFAM7A (result of a CHRNA7 partial duplication and a fusion with 

the FAM7A gene), showed an association with abstinence among Italian smokers treated 

with varenicline. [101] SNPs (rs11606194, rs3758987, and rs11607240) in the HTR3A and 

HTR3B genes that code for the serotonin receptor 5-HT3 and play a role in varenicline-

induced nausea and are associated with early relapse. [68]

In humans, 81% of varenicline is excreted as parent drug, with the only urinary metabolite 

occurring via N-carbamoyl glucuronidation in a reaction catalyzed by UGT2B7. [102] The 

UGT2B7*2 allele (rs7439366) was associated with decreased clearance, explaining 9% of 

the inter-individual variability observed in varenicline clearance. [103] The transporter 

SLC22A2 (OCT2) is involved in the glomerular filtration of varenicline excretion into urine. 
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[104,105] A variant in OCT2 (rs316006;1502–529 A>T) has been associated with a 36–50% 

increase in abstinence at the end of 6 months treatment with varenicline. [106] Subjects 

homozygous for another CHRNA4 variant (rs1044396;1629 C>T) were associated with a 

30% lower success rate in terms of varenicline treatment in a Brazilian population. [107] In 

addition, SNP rs555018 in the CHRNA5 gene was associated with increased varenicline-

induced toxicity including nausea. [68] This side effect may be explained by tolerance, those 

individuals that can tolerate higher nicotine concentrations do not experience nausea when 

treated with varenicline. [68] Consistent with this possibility, CHRND (codes for the delta 

subunit of the nAChR) and CHRNG (codes for the gamma subunit of the nAChRs) have also 

been associated with both nicotine dependence and nausea. [108]

The efficacy of tobacco cessation pharmacotherapies may therefore be greatly influenced by 

individual variation in a wide range of genes encoding phase I and phase II metabolic 

enzymes, transporters and nicotine receptor subunits. There is also the potential for the many 

genetic variants in these genes to greatly affect the success of any smoking cessation effort, 

be it a prescribed pharmacotherapy, an over-the-counter NRT, or behavioral counseling, and 

should better inform which cessation option, or options, have the potential to be most 

effective.

5. Nicotine metabolism

It is known that tobacco users titrate their tobacco intake to achieve the desired 

psychopharmacological effects of nicotine. Hence, faster rates of nicotine metabolism result 

in higher levels of tobacco consumption. [109,110] This is in part due to the relatively short 

half-life of nicotine, at approximately 2 hours in the average smoker. Nicotine undergoes 

extensive hepatic metabolism, involving both phase I and phase II enzymes. Phase I 

metabolism consists primarily of the C-oxidation of nicotine to cotinine by CYP2A6 and the 

N’-oxidization to nicotine N’-oxide (NOX) by FMO1, FMO2, and FMO3 (see Figure 4). 

[111–114] Nicotine is also converted to 4-hydroxy-4-(3-pyridyl)-butanoic acid (HPBA), 

possibly by CYP2A6, [115] and to nornicotine (NON) by CYP2B6 and CYP2A6. [116] 

Cotinine is further metabolized by hydroxylation to trans-3’-hydroxycotinine (3HC) by 

CYP2A6, [117] and N-oxidization to cotinine-N-oxide (COX) possibly by CYPs 2C19, 

2A6, and 2B6 (Perez-Paramo YX, unpublished results). Cotinine is also converted to 

norcotinine (NOC) by CYP2A6. [118]

The phase II metabolism of nicotine, cotinine and 3HC is via glucuronidation. Nicotine-N-

glucuronide (nicotine-Gluc) and cotinine-N-glucuronide (cotinine-Gluc) are formed 

primarily by UGT2B10, with UGT1A4 playing a minor role. [119–121] One study 

suggested that UGTs 1A1 and 1A9 may play a role in nicotine and cotinine glucuronidation. 

[121,122] Unlike the N-glucuronidation that occurs for both nicotine and cotinine, 3HC 

undergoes O-glucuronidation to form trans-3’-hydroxycotinine-O-glucuronide (3HC-Gluc), 

which is mediated by multiple UGT enzymes including UGTs 1A9, 2B7, and 2B17. 

[123,124] Approximately 90% of nicotine and its metabolites are excreted in the urine. [125]

It has been reported that an individual’s exposure to tobacco can be assessed by measuring 

the total nicotine metabolites in their urine. [126] The distribution of the different nicotine 
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metabolites in body fluids varies among race and ethnicity, mainly due to the genetic 

makeup of individuals, with an estimated 60% of nicotine metabolism believed to be 

heritable. [127] As mentioned above, CYP2A6 is the major enzyme involved in the 

metabolism of nicotine to cotinine, cotinine to 3HC, the conversion of nicotine to the minor 

metabolites nornicotine and norcotinine, and potentially the 2’-hydroxylation of nicotine to 

HPBA. These CYP2A6-derived metabolites account for 70–80% of nicotine metabolites in 

the urine of Caucasian smokers; however, in East Asian populations this percentage could be 

as low as 50%. [128–130] This disparity may be linked to the higher prevalence of low 

activity and non-functional variants in CYP2A6 in East Asian populations, which would 

drive nicotine metabolism into pathways not mediated by CYP2A6. For example, NOX and 

nicotine-Gluc levels are higher among East Asians populations, at almost double those 

observed for Caucasian and Latino populations. [131–133] In addition, African American 

smokers show higher levels of urinary cotinine, which has been associated with a higher 

prevalence (˜37%) of the non-functional splice variant (rs116294140) in the UGT2B10 gene 

in this population, resulting in defects in the cotinine and nicotine glucuronidation pathways. 

[126,130,134]

Nicotine metabolism is by far one of the most important variables in nicotine exposure 

among smokers. Understanding the enzymes involved in this process and the analysis of the 

effects of genetic variants in the genes that code for them on nicotine metabolism is 

important to better tailor personalized approaches to smoking cessation therapy.

6. NMR

The NMR (3HC/COT) is a measure of nicotine clearance and a predictive biomarker of 

response to tobacco cessation pharmacotherapy. NMR was first described in 2003 as an in 
vivo biomarker for CYP2A6 activity and as a predictor of cigarette consumption. [135] The 

NMR is a stable measure regardless of time of day for smokers consuming at least 5 

cigarettes per day, [136,137] and continues to be stable in ad-libitum smokers over a 44 

week period. [138] Initially, the NMR was described in plasma; however, studies have tested 

its reproducibility in different body fluids such as saliva (r2= 0.95) and blood (r2=0.84) and 

found that urinary NMR (r2=0.76) is not quite as reliable a proxy as that observed in plasma. 

[139] In a clinical trial where smokers were randomized to treatment based on the NMR, the 

threshold of NMR in plasma defining a slow metabolizer was NMR < 0.31 while a fast 

metabolizer had an NMR > 0.31 (Figure 5). [140] It has been widely reported that nicotine 

metabolic rate is a good predictor of nicotine dependence and smoking cessation success. 

[136,141] For example, it was reported that when treating patients with the transdermal 

nicotine patch the percentage of abstinence was reduced by 30% in each increasing quartile 

of NMR, with patients in the highest NMR quartile reporting more severe cravings. [142] 

Similarly, NMR was shown to be a significant predictor of abstinence when treating patients 

with transdermal nicotine; faster metabolizers showed lower quit rates and higher levels of 

anxiety when compared to slow metabolizers, a result that has been repeated in multiple 

studies among Caucasians and African Americans. [79,143,144] Another study showed that 

among normal metabolizers, the smoking quit rates were higher when using varenicline as 

compared to the nicotine patch. [77,141,145] Similarly, fast, but not slow, metabolizers 

benefited from treatment with bupropion vs placebo. [78] Recently, a study showed that fast 
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metabolizing women were 10 times less likely to stop using e-cigarettes than slow 

metabolizers. [146] In several studies, regardless of treatment option, slow metabolizers 

have been reported to have better quitting rates and fewer relapses, [147,148] and it was 

reported that normal metabolizers should be treated preferentially with a non-NRT 

pharmacotherapy option such as varenicline and bupropion. [149] However, other studies 

have reported that smokers with higher NMR (i.e., faster nicotine metabolizers) may be less 

likely to relapse after an attempt to quit smoking, [150] or that the use of NMR as a 

stratification tool does not impact the success of pharmacotherapy for smoking cessation. 

[145]

It also has been suggested that the NMR is a better assessment of in vivo CYP2A6 activity 

than CYP2A6 genotyping alone, since the NMR incorporates not only genotype but also 

environmental factors affecting nicotine clearance such as CYP2A6 inducers or inhibitors, 

drug-drug interactions, as well as effects that other metabolizing enzymes may have on 

systemic levels of cotinine and 3HC. [136]

The NMR may potentially be affected by nicotine metabolism pathways other than 

CYP2A6. UGT2B10-associated increases in urinary cotinine have been associated with a 

lower NMR in African Americans as compared to Caucasians. [126] 3HC-Gluc formation is 

catalyzed by several UGTs including UGT2B17, which has a deletion variant whose 

prevalence varies widely different among different racial groups: ~30% in Caucasians, 25% 

in African American, and ˜80% among Asians and Native Hawaiians. [151] Variability in 

the prevalence of this deletion variant may potentially affect the NMR by interfering with 

3HC metabolism, disproportionately increasing urinary 3HC levels (and the NMR ratio) in 

those smokers who carry the deletion. [152]

There are many non-genetic factors that may affect the NMR. For example, female smokers 

using estrogen therapies such as birth control or estrogen replacement therapy exhibit a 

higher NMR (19–29%) as a result of increased transcriptional activity for CYP2A6, induced 

via the estrogen receptor. [153–156] This results in pregnant women who are smokers 

exhibiting a higher NMR during pregnancy than one that is measured postpartum. [157] 

Another factor associated with the NMR is alcohol use, although the factors behind this 

effect are unknown. [153] Also, the NMR is negatively correlated with BMI, which could be 

due to the over-abundance of adipose tissue altering the activity of nicotine metabolic 

enzymes. [127,158,159] In addition, the NMR was 16% lower in users of mentholated 

cigarettes vs non-mentholated cigarettes. [153] It has been reported that the use of 

mentholated cigarettes inhibits CYP2A6 [160] and as a consequence reduces nicotine 

clearance in vivo by approximately 10%. [161] Nevertheless, up to 67% of NMR inter-

individual variability can be explained by genetic variation in nicotine metabolizing genes, 

especially in CYP2A6. [127,152] While no correlation was observed between FTND and 

NMR, [135] smoking topography including puff volume has been correlated with NMR, 

with a puff volume increase of between 23 and 28% in each increasing NMR quartile. [162]

Multiple studies have already shown the NMR to be a useful tool in the clinical setting when 

a smoker must decide which pharmacotherapy aids to utilize when beginning their smoking 

cessation therapy (reviewed in ref. [74]). For example, Lerman et al., reported the successful 
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use of NMR in a clinical trial examining the use of varenicline or NRT to maximize quitting 

rates while minimizing side effects. [77] Current best practices suggest that slow 

metabolizers utilize an NRT, while fast metabolizers will have the best success using 

bupropion and/or varenicline. These practices have thus far demonstrated promising results 

utilizing the NMR as a personalized approach, [141] indicating that the incorporation of 

precision medicine in deciding on smoking cessation therapy can maximize 

pharmacotherapy success while minimizing adverse effects among patients.

7. Pharmacogenetic factors influencing nicotine metabolism

7.1. Cytochrome P450 enzymes

CYP2A6 is a highly polymorphic enzyme with several loss-of-function alleles (e.g., *4, and 

*7), decreased function alleles, (e.g., *1A, *2, *9,and *12) and normal function alleles (e.g., 

*14 and *1). [163] The CYP2A6*1A allele (rs1137115) has been associated with lower 

mRNA expression, alternative splicing, and slower nicotine metabolism in European 

American smokers. [164,165] It has been shown that in Asian smokers, this variant reduces 

the NMR ratio by 10–20%, [166,167] and it has also been shown to be correlated with risk 

of early cigarette smoking in Mexican Mestizo smokers. [168] The missense variant 

CYP2A6*2 (L160H; rs1801272) located in exon 3, was associated with lower enzyme 

metabolism and fewer smoked cigarette pack-years. [109,169] The whole gene deletion 

CYP2A6*4 allele has been associated with reduced smoking and reduced NMR. 

[166,167,170] The CYP2A6*7 allele (I471T;rs5031016) is associated with decreased 

CYP2A6 activity, lower nicotine metabolism, fewer CPD, and reduced NMR. [166,170,171] 

The intron polymorphism (rs28399433) within the CYP2A6*9 allele has been associated 

with a >50% reduction in enzyme expression [172] and has been associated with higher 

nicotine addiction, tobacco dependence, and decreased nicotine metabolism in Spanish, 

[169] Mexican Mestizo, [168] and Japanese smokers. [173] CYP2A6*12, which codes for a 

hybrid allele between CYP2A6 and the CYP2A7 intron 2 sequence, results in approximately 

60% reduced activity in vivo. [174] In addition, this allele has been associated with reduced 

3HC levels in Mexican smokers. [175] The missense SNP(S29N; rs28399435) encoded by 

the CYP2A6*14 allele has a compensatory effect only when combined with the *1A variant 

in European Americans. [165] CYP2A6*17 (V365M; rs28399454), only present in African 

Americans, has been associated with decreased CYP2A6 enzyme expression and stability in 
vitro [176] with decreased nicotine and cotinine oxidation in vivo, accounting for up to 8% 

of the NMR variance in African Americans. [177,178] The missense polymorphisms 

encoded by the CYP2A6*23 (N203C; rs56256500) [179] and CYP2A6*35 
(N438Y;rs143731390) [180] alleles have been associated with impaired CYP2A6 activity 

and lower NMR in smokers.

Several other non-coding polymorphisms identified in GWAS studies were shown to be 

associated with reduced CYP2A6 activity. Baurley et al., reported on several polymorphisms 

(rs12459249, rs56113850, rs4001926, rs7247098, and rs34226463) that were associated 

with reduced CYP2A6 transcription and reduced NMR in European, African, and Asian 

American smokers. [181] Patel et al., described two polymorphisms (rs35755165 and 

rs56113850) associated with low CYP2A6 activity in a Caucasian population, [182] while 

Perez-Paramo and Lazarus Page 11

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Loukola et al., demonstrated that several non-coding- polymorphisms (rs56113850, 

rs113288603, and rs12461964) were associated with decreased NMR in Finish smokers. 

[183] Chenoweth et al., reported several unique variants in CYP2A6 in African Americans 

that were not identified among Caucasians, with the rs12459249 variant demonstrating the 

strongest association with NMR variability in this population. [184] Recently, the largest 

GWAS study of a Caucasian population reported 14 putatively causal variants on 

chromosomes 19 and 4 that together explained ˜38% of NMR variation. [185]

CYP2B6 has been reported to be involved in the conversion of nicotine to cotinine but is 10-

fold less active against nicotine than CYP2A6. [186–188] However, it has been reported that 

CYP2B6 is the main enzyme involved in NON formation, [116] and several polymorphisms 

in CYP2B6 have been reported to be associated with nicotine metabolism. The CYP2B6*5 
(rs3211371) and CYP2B6*6 (rs3745274 and rs2279343) alleles have been associated with 

increased nicotine metabolism, [189] and the CYP2B6*6 allele was associated with faster 

nicotine and cotinine clearance in vivo. [190] While the CYP2B6*4 (rs2279343) allele 

showed similar activity as wild-type CYP2B6, the *5 and *9 (rs3745274) variants were 

correlated with decreased intrinsic clearance when compared to the wild-type isoform. [191] 

Other associations between CYP2B6 variants and smoking include the CYP2B6 intron 

rs7260329 SNP and decreased CPD, [93] a CYP2B6 promoter variant (rs8109525) and 

increased nicotine metabolism, [189] and an intron CYP2B6 variant, rs3786552, which was 

associated with nicotine metabolism and dependence. [189]

7.2. Flavin monooxygenase (FMO) enzymes

FMO involvement in the nicotine to NOX pathway was reported for the first time by 

Cashman et al., in 1992. [114] Later, Park et al., reported on the stereoselective production 

of S-(−)-nicotine-N’-oxide by FMO3. [112] The levels of NOX observed in the urine of 

smokers are attributed almost entirely to FMO3 since it is the major hepatically-expressed 

FMO involved in NOX formation. [112] However, a comprehensive study of all five FMO 

isoforms recently found that FMOs 1, 2 and 3 are all active in NOX formation. [111]

Polymorphisms in the FMO3 isoform have been widely associated with nicotine dependence 

and nicotine metabolism. The variant rs2266782 (E158K) has been associated with 

decreased NOX production in vitro (61%; [111]) and between 35–66% decreased NOX 

formation in vivo. [192] In addition, subjects with CYP2A6-defective alleles show an 

association between rs2266782 and the level of nicotine metabolism, but not with NMR, 

CPD or total nicotine metabolites. [193] This polymorphism has been associated with risk of 

hypertension [194] and sudden infant death syndrome (SIDS) due to an increased exposure 

to nicotine. [195]

Another FMO3 polymorphism associated with NOX production was rs2266780 (E308G). 

This polymorphism has been associated with aberrant splicing, resulting in decreased 

enzyme expression [196] and decreased NOX production in vitro (49%), [111] as well as 

with increased levels of nicotine dependence. [197] The FMO3 haplotype E158K/E308G 

(LD r2=0.98) has been analyzed in vitro, showing decreased enzyme stability. [198] This 

haplotype has been associated with the number of cigarettes consumed among nicotine 

dependent individuals. [199] A missense FMO3 variant, rs17366557 (V257M), has been 
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associated with decreased NOX production in vitro but not in vivo, [196] while an intragenic 

variant in FMO3 (rs1736560) was also associated with nicotine dependence (evaluated using 

FTND/CPD). [200] Other missense FMO3 variants including rs12072582 (D132H), 

rs2066530 (V277A), and rs72549322 (N61S) were associated with decreased NOX 

production in vitro. [111]

Genetic variation in the FMO1 enzyme, which is expressed in the brain, has been widely 

associated with higher levels of nicotine dependence in Caucasians. [200] Polymorphisms 

(rs10912765 and rs4433435) in FMO1 have been associated with nicotine dependence 

(evaluated using FTND/CPD). [17] In addition, the I303V variant in FMO1 showed a 66% 

decreased activity against nicotine in vitro as compared to the wild-type FMO1 isoform. 

[111]

The major FMO2*1 allele in humans encodes for a truncated, non-functional enzyme with 

an stop codon at position Q472. [201] However, while the FMO2*2 allele that encodes a 

functional FMO2 isoform is not observed in Caucasians, its prevalence is 26% in African 

Americans and is preferentially expressed in the lung. The activity of the full length FMO2 

enzyme against nicotine was reported for the first time by Perez-Paramo et al., in 2019. 

[111]

7.3. UDP-glucuronosyltransferase (UGT) enzymes

As described above, UGT2B10 is the major enzyme involved in cotinine-Gluc, and nicotine-

Gluc formation. [120,121] UGT2B10 also exhibited activity in the N-glucuronidation of 

3HC, a minor metabolite of nicotine not observed in the urine of smokers. [123] The splice 

variant defined by the UGT2B10 rs116294140 variant, which is most common in African 

Americans, has been widely associated with decreased levels nicotine-Gluc and cotinine-

Gluc in the urine of smokers. [130,192] Moreover, it has been reported that carriers of this 

splice variant have significantly higher free cotinine levels. [134] Another important 

polymorphism in the UGT2B10 enzyme is the variant rs61750900 (D67Y), which is 

associated with significantly decreased glucuronidation activity among individuals 

homozygous for this variant. [121,130,202,203] Studies have suggested that this 

polymorphism may be associated with level of cigarette consumption. [203,204] This 

polymorphism was also associated with large decreases 3HC-N-glucuronide production in 
vitro. [123] The UGT2B10 genetic variant rs112561475 (N397D) was associated with 

enhanced glucuronidation activity against nicotine in Caucasians, [199] and several 

intergenic/intronic variants were associated with altered levels of urinary cotinine-Gluc 

(rs115765562 or rs34100980, rs141360540 orrs10028938, rs115219551or rs9997650, and 

rs294777), and nicotine-Gluc (rs116224959 or rs835315) in smokers. [205]

Chen et al., reported that UGT2B17 exhibited the highest 3HC-O-Gluc formation activity 

among all UGTs tested. [123] Consistent with this is the fact that Caucasian smokers 

homozygous for the UGT2B17 deletion exhibited a 42% decrease in urinary 3HC-Gluc 

levels. [206] A similar pattern was observed in African American smokers [152,192] but not 

in Mexican smokers. [175]
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In addition to UGT2B10 and UGT2B17, several other UGTs play minor roles in nicotine 

metabolism. Studies in human liver microsomes suggested the involvement of UGT1A1 in 

nicotine-N-glucuronidation. [122] In an African American population, the intronic variants 

(rs6742078 and rs1018124)in the UGT1A1 gene were associated with altered cotinine-Gluc 

and nicotine-Gluc urinary levels in vivo. [207] In a separate study, the UGT1A1 intronic 

rs3771342 and the 3’-untranslated region rs10209214 variants were associated with 

decreased urinary levels of nicotine-Gluc and cotinine-Gluc, respectively. [207]

UGT1A4 has been shown to glucuronidate nicotine and cotinine at rates that are 

approximately 10-fold less than UGT2B10 in vitro. [119,208] Polymorphisms in the 

UGT1A4 gene have been associated with altered urinary levels of cotinine-Gluc and 

nicotine-Gluc in African Americans. [207] This includes the intronic variants rs3732220 and 

rs871514, which have been associated with increased levels of urinary cotinine-Gluc. [207] 

In addition, the intron rs13401281 UGT1A4 variant was associated with increased levels of 

nicotine-Gluc in African Americans. [207] Interestingly, in smokers taking olanzapine who 

were carriers of the UGT1A4 rs375836466 (L48V) variant, a 5.1-fold increase in olanzapine 

levels were observed as compared to non-smokers and non-carriers, indicating possible 

drug-drug interactions between nicotine or cotinine and olanzapine. [209]

UGT1A9 has been reported to metabolize 3HC to its O-glucuronide, but less efficiently than 

UGT2B7. [124] UGT1A9 was also suggested to catalyze nicotine-Gluc and cotinine-Gluc 

formation. [119] Recently, it was reported that an intronic UGT1A9 variant (rs12471326) 

was associated with high levels of urinary cotinine-Gluc in Mexican smokers. [175]

UGT2B7 exhibits low nicotine-Gluc formation activity and no activity against cotinine 

glucuronidation in vitro, [120] but has been shown to be active in catalyzing 3HC-Gluc 

formation. [124] The UGT2B7 intronic variants rs4535394 and rs57216626 have been 

associated with decreased 3HC-Gluc urinary levels in European and African American 

populations. [207] The intronic UGT2B7 variant rs4356975 was associated with increased 

urinary cotinine-Gluc levels in African Americans. [207]

7.4. OCT2 transporter

The transporter SLC22A2 (OCT2) is expressed in the renal proximal tubule cells and 

endothelial cells of the blood brain barrier, and has been reported to mediate the tubular 

secretion of nicotine. [210] The missense polymorphism rs316019 (S270A) is associated 

with increased nicotine and cotinine Cmax, and decreased nicotine clearance. [192] This 

polymorphism was also associated with a significant 6 month abstinence from smoking 

among 2233 participants who were treated with NRT. [106]

Summarized above are studies outlining the large number of genetic variants present in 

nicotine metabolizing enzymes and transporters that vary between populations and 

individuals and are linked to modifying the levels of nicotine exposure in smokers. The 

incorporation of this information in personalized approaches to smoking cessation treatment 

is essential to achieving maximum efficacy and decreasing adverse effects.
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8. Conclusion

Smoking remains one of the biggest public health problems worldwide. Billions of dollars 

support smoking cessation programs in the United States, [1] yet a high percentage of 

relapse still occurs. A potential new tool to combat this crisis would be to utilize strategies 

employed by tailored or personalized treatment plans, which are based on a patient’s genetic 

profile. Such strategies are already in place in some smoking cessation programs, through 

the utilization of a patient’s NMR to guide which, if any, pharmacotherapies are used in 

optimizing and personalizing a patient’s smoking cessation treatment plan. One of the key 

steps in implementing this approach is performing a single patient stratification, instead of 

utilizing a reference population. The genotypic information from that patient could inform 

clinicians of which genetic variants might be playing the largest role in driving the patient’s 

nicotine addiction, and in turn which pharmacotherapies could be most effective in helping 

them reach their smoking cessation goals.

In this review, we highlight the current knowledge of the genes involved in nicotine, 

bupropion and varenicline metabolism and transport, receptor genes and the dopaminergic 

pathways. Detailed information on the genetic variants present in these genes are vital to 

implementing a tailored treatment strategy in clinical practice. One of the main paradigms is 

choosing the right biomarkers to provide adequate information to properly tailor the 

personalized treatment. Examining polymorphisms in nicotine metabolizing enzymes are 

essential in fully understanding the different enzymes at play in the metabolism of nicotine. 

Equally as important as the genetic variation that exists in the 15q25 locus, which has been 

demonstrated to strongly affect not only nicotine dependence, but also adherence to 3 

different modes of pharmacotherapies. Finally, fully understanding the metabolism of the 

prescribed pharmacotherapies bupropion and varenicline are key in understanding the 

interplay of nicotine metabolism and smoking cessation pharmacotherapy. Therefore, 

examining a panel of key genetic variants in nicotine metabolism, nicotine dependence and 

pharmacotherapy metabolism is the optimal approach to developing a personalized treatment 

for smoking cessation.

Two of the key elements for the use of personalized treatment in the clinic is the cost 

effectiveness and implementation. With the recent advent of consumer driven genotyping 

services at a reasonable price, a future reality may include genotyping services provided to 

patients in the routine clinical practice. In addition, the NMR has been shown to be a 

consistent and reliable biomarker for nicotine metabolism rates in most populations. 

Currently, an NMR test costs approximately 25 USD and is available as a clinical laboratory 

test. [141] The current challenge in improving the utility of NMR in the clinical setting is the 

education and acceptance of this tool among clinical providers. [141,211]

Biomarkers commonly used to assess nicotine addiction and smoking topography are single 

phenotypic measures of a great many genetic variants, each influencing their own section of 

the nicotine metabolism pathway. In order for these biomarkers to be effectively utilized by 

clinicians to assist smokers in their cessation goals, a greater understanding of the molecular 

basis of addiction and metabolism is essential. Personalized treatments based on biomarker 
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and genetic information must accurately reflect a smoker’s underlying biology in order to 

aid that smoker in their motivation to quit.

As reviewed in this study, nicotine metabolism exhibits great variability between individuals. 

The main variance in nicotine metabolism is due to genetic variants in the genes involved in 

its metabolism. While CYP2A6 catalysis to cotinine is the most important pathway in 

nicotine metabolism, there are other important enzymes including the FMOs, UGTs and 

other CYPs involved in nicotine metabolism. This review highlights the need to genotype 

individuals for all possible nicotine-related pathways for a better understanding on how 

biomarkers (NMR specifically) are reflecting an individual’s complex biology.

9. Expert opinion

Smoking remains one of the biggest public health problems worldwide. Billions of dollars 

are spent to support smoking cessation programs in the United States, yet a high percentage 

of relapse still occurs. This low success rate encompasses many factors including a wide 

variety of behavioral and genetic components. The efficacy of tobacco cessation 

pharmacotherapies (nicotine replacement therapy-NRT, varenicline and bupropion) is greatly 

influenced by individual variation in a wide range of genes encoding both phase I and phase 

II metabolizing enzymes and nicotine acetylcholine receptor subunits (nAChRs), 

highlighting the need for an approach that is more reliant on personalized medicine. The 

complex genetic matrix of variants in these genes has the potential to greatly affect the 

success of any smoking cessation effort, be it a prescribed pharmacotherapy, an over-the-

counter nicotine replacement therapy (NRT; e.g., patches, gums, nasal sprays, etc.), or 

behavioral counseling, and should better inform which cessation option, or options, have the 

potential to be the most effective. The rate of nicotine metabolism varies between 

individuals and ethnicities, with large differences observed in urinary nicotine metabolite 

profiles between smokers. It has been reported that this factor plays an important role in 

smoking disparities and differences in smoking rates between people of different ethnicities.

The main variance in nicotine metabolism is due to genetic variants in the genes involved in 

its metabolism. While CYP2A6 catalysis of nicotine to cotinine is the primary pathway in 

nicotine metabolism, there are other important enzymes including the FMOs, UGTs and 

other CYPs involved in nicotine metabolism. Multiple studies have already shown that the 

nicotine metabolic ratio (NMR) is a useful tool in the clinical setting when decisions are 

made regarding which pharmacotherapy aids to utilize when beginning a smoking cessation 

therapy. [74] Current best practices suggest that slow CYP2A6 metabolizers (with a low 

NMR) utilize an NRT, while fast metabolizers (with a high NMR) will have the best success 

using bupropion and/or varenicline. [77,141,145,149] However, the NMR cutoff to stratify a 

population in slow vs. fast metabolizers needs to be explored among different ethnic 

populations. The current challenge in improving the utility of the NMR in the clinical setting 

is the education and acceptance of this tool among clinical providers. Also important is the 

need to genotype individuals for all possible nicotine-related pathways for a better 

understanding on how biomarkers (NMR specifically) are reflecting on an individual’s 

complex biology.

Perez-Paramo and Lazarus Page 16

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The need for prospective randomized trials to test the utility of the use of genetic marker and 

dosing options is imperative in order to provide solid evidence that the use of personalized 

therapy improves smoking cessation rates. In addition, bioinformatic tools that help 

clinicians to interpret and translate basic genetic findings into a more readily usable clinical 

interpretation would be of great help when implementing pharmacogenetics in the clinical 

setting. The goal of this review was to describe the current status of smoking cessation 

treatments and the feasibility of implementing personalized-medicine approaches to tobacco 

cessation pharmacotherapies, and to highlight the benefits of personalized treatment 

approaches for a successful smoking cessation strategy.
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Article highlights

• Smoking is the leading preventable cause of death; although 70% of smokers 

desire to quit only 3–5% are successful.

• Genetic variation in nicotine acetylcholine receptors results in differences in 

addiction to nicotine between individuals.

• The metabolism of nicotine varies greatly between individuals due to genetic 

variation in these pathways, leading to unique nicotine clearance rates, and as 

a consequence results in varying levels of nicotine exposure between 

individuals.

• Smoking cessation pharmacotherapies (nicotine replacement therapy, 

varenicline and bupropion) are metabolized differently among individuals, 

suggesting that personalized approaches to maximize smoking cessation 

outcomes are warranted.

• More research is needed to achieve personalized smoking cessation 

approaches to improve smoking cessation outcomes. A polygenic risk score 

that incorporates all sources of variation in nicotine metabolism and target 

pathways is necessary to increase smoking cessation success.
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Figure 1. 
Trends in the prevalence of cigarette smoking among adults 18 years and older. National 

Health Interview Survey (NHIS) 1965–2017 US. Adapted from [1].

Source: NHIS, National Center for Health Statistics, public use data, 1965–2017.

Note: From 1965 to 2017, data were reported for the following years: 1965, 1966, 1970, 

1974, 1976–1980, 1983, 1985, 1987, 1988, 1990–1995, and 1997–2017.
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Figure 2. 
Genetic variants in chromosome 15 associated with nicotine dependence. (A) Architecture 

of the genetic variants in chromosome 15q25. (B) Linkage disequilibrium between the 

genetic variation within the 15q25.1 locus associated with nicotine dependence in Northern 

Europeans from Utah (CEU) population. The color intensity indicates LD levels among 

variants. Using the LDlink tool from the National Institutes of Health.

Perez-Paramo and Lazarus Page 31

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Schematic of hepatic nicotine metabolism. (A) 4-hydroxy-4-(3-pyridyl)-butanoic acid, (B) 

nornicotine, (C) nicotine-N’-oxide, (D) norcotinine (E) cotinine-N-oxide, (F) nicotine, (G) 

cotinine, (H) trans-3’-hydroxycotinine, (I) nicotine-N-glucuronide, (J) cotinine-N-

glucuronide, and (K) 3HC-O-glucuronide.
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Figure 4. 
Schematic of nicotine metabolism and disposition. Created with BioRender.com
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Figure 5. 
The nicotine metabolic ratio (NMR) and its clinical interpretation.
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