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Chapter 6 
Shared Physiological and Genetic Factors 

Contributing to Tobacco and Alcohol Co-Use 

Introduction 
Significant progress has been made toward identifying biological factors contributing to tobacco 
and alcohol use through large-scale human genetic studies of dependence and substance use 
disorders.1,2 Substance use disorders are complex diseases in which thousands of genetic variants 
contribute to an individual’s overall risk. Indeed, thousands of genetic loci have been identified 
as contributing to tobacco and alcohol use. Studies have found that some of these genetic 
variants are associated either with tobacco or alcohol use, and some are associated with the use 
of both substances.1-7 

Throughout the 1990s and early 2000s, the prevailing methodology in genetic studies utilized 
family-based approaches when conducting whole genome studies or focused on candidate genes 
based on known physiological or biochemical pathways.8-10 A summary of those approaches 
applied to smoking behaviors was reviewed in the 2010 Surgeon General’s report, How Tobacco 
Smoke Causes Disease: The Biology and Behavioral Basis for Smoking-Attributable Disease, 
and National Cancer Institute (NCI) Monograph 20, Phenotypes and Endophenotypes: 
Foundations for Genetic Studies of Nicotine Use and Dependence.8,10 The development of  
low-cost technologies for examining hundreds of thousands of variants across the genome has 
expanded researchers’ ability to conduct large-scale agnostic association studies.11-14  
Agnostic association studies consider all regions of the genome without prior assumptions about 
the relevant area of the genome or type of genetic element of interest.15 These genome-wide 
association studies (GWAS) leverage very large sample sizes to achieve the statistical  
power needed to detect small-effect genetic variants and have been applied to both tobacco  
and alcohol.1,2,16  

This chapter discusses the physiological, cellular, molecular, and genetic factors contributing to 
tobacco and alcohol use. Overall, genetic studies have demonstrated that tobacco and alcohol use 
disorders, as well as other substance use disorders and psychiatric disorders, have both shared 
and unique genetic risk factors. The chapter describes overlapping genetics and corresponding 
neurophysiology contributing to the co-use of tobacco and alcohol, summarizing the biological 
pathways affected by nicotine and ethanol and describing findings from neuroimaging studies 
and genetics studies, particularly results from large GWAS. When discussing biological 
mechanisms, this chapter focuses on nicotine and ethanol. Nicotine and ethanol are the main 
drivers of the addictive processes for tobacco and alcohol, respectively. However, one important 
contrast between tobacco and alcohol is that ethanol is almost entirely responsible for  
alcohol-related carcinogenesis, while tobacco smoke is a complex mixture of thousands of 
compounds, including many which are toxic and carcinogenic.17-19 There is insufficient evidence 
to conclude that nicotine plays a direct role in carcinogenesis, although it does interact with some 
relevant pathways.20  



 
Chapter 6: Shared Physiological and Genetic Factors Contributing to Tobacco and Alcohol Co-Use 

   
 

 356 
 

The initiation of tobacco and alcohol use and the progression from initiation and use to  
tobacco or alcohol use disorders is a process with multiple stages, as shown in Figure 6.1.  
Both environmental and genetic factors contribute to the development of dependence and 
disease, and different genetic factors contribute to tobacco and alcohol use patterns across 
different phases of use and development of use disorders.19,21 Further, biological and behavioral 
studies of tobacco and alcohol use address a wide range of phenotypes at different stages of the 
developmental trajectory of use. The combined influence of these factors on tobacco use and 
dependence are also highlighted in NCI Monograph 20.8 Notably, individuals may quit using 
tobacco or alcohol or make unsuccessful attempts at cessation at any point and thus move 
forward or backward along this trajectory. Therefore, this diagram is a simplification in that it is 
unidirectional and does not include additional feedback loops.  

NCI Monograph 208 emphasizes the importance of identifying endophenotypes (i.e., phenotypes 
related to the underlying mechanisms of disease), including those that are related to the adoption 
or maintenance of nicotine dependence. Further research identifying the phenotypes and 
endophenotypes underlying use and co-use of both tobacco and alcohol could refine the 
conceptual model presented in Figure 6.1 to incorporate factors in addition to behavioral 
disinhibition that influence initiation and continued use of tobacco and alcohol, including various 
patterns of use. Efforts are being made to characterize endophenotypes related to alcohol use,22 
and some research has directly addressed endophenotypes of co-use and polysubstance use.23 
Large longitudinal neuroimaging studies such as the Adolescent Brain Cognitive Development 
(ABCD) and Healthy Brain and Child Development (HBCD) studies24,25 could facilitate 
identification of new phenotypes and endophenotypes related to co-use. 

Figure 6.1 Developmental Trajectory of Tobacco and Alcohol Use Disorders Is a Process  
With Multiple Stages 

 

Source: Adapted from Bierut 2011.26  
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Tobacco use and alcohol use disorder may develop concurrently with first or early use, or use 
disorders may manifest more gradually or not at all.19 Alcohol use often occurs without 
characteristic features of dependence or use disorder; however, even alcohol use within the 
2020–2025 U.S. Dietary Guidelines (≤2 drinks/day for men and ≤1 drink/day for women)27  
is associated with increased cancer risk.28 Attention to alcohol use at all levels of consumption  
is important from the perspective of cancer prevention.27 For example, a low level of alcohol 
consumption (1 drink per day) is associated with an increased risk for breast cancer among 
women (see chapter 4). Moreover, as discussed in chapter 4, there is a dose-response relationship 
between alcohol consumption and many cancers, and increased synergistic risk of head and  
neck cancer and squamous cell esophageal cancer associated with tobacco and alcohol use. 
Alcohol use disorders often involve higher levels of consumption and thus greater cancer risk. 

As discussed in chapter 2, more than half of those who report current (past-year or past-month) 
tobacco use also report using alcohol. It should also be noted that, among U.S. adults in 2022, 
daily or near-daily cannabis use in the past month (5.3%) was approximately as prevalent as 
daily or near-daily alcohol use in the past month (4.4%).29 Although discussion of co-use of 
cannabis with alcohol and/or tobacco is beyond the scope of this monograph, research to 
understand the interplay among tobacco, alcohol, and cannabis is increasingly important,  
given trends in cannabis use. 

Most of the research as of 2026 has been conducted in adults, but a handful of longitudinal 
studies investigating precursors and the onset of alcohol use in childhood and adolescence are 
underway. The largest (N = ~11,500) and most comprehensive of these is the ongoing ABCD 
study,25,30 which investigates neurodevelopment among youth ages 10–20 years.31,32 Another key 
study is the HBCD study, a cohort designed to examine in utero effects as well as subsequent 
environmental exposures in infancy and beyond on ontogeny of brain development and 
ultimately substance use.24  

In most past studies, sex has not been directly examined to identify whether distinct genetic 
variants play differential roles in men and women. Where appropriate, this chapter incorporates 
discussion about whether sex differences have been examined or identified. Similarly, the field 
of human genetics has only recently begun a strong effort to recruit a diverse sample of 
participants at a large scale. For example, the All of Us Research Program, with recruitment 
launched by the National Institutes of Health (NIH) in 2018, is making such an effort.33  
Where available, data for previously underrepresented populations are presented in this chapter, 
describing similarities and differences between results from the initial European ancestry-based 
studies. Finally, one of the major challenges in the field is moving from the identification of 
genetic variants to understanding their biological function; this is especially difficult because 
most of the variants do not fall in genes with known or predicted impacts on molecular function. 
Research has expanded to begin to incorporate data from other “omics” resources, such as 
studying gene expression in the brain, epigenetic features, proteomics, and metabolomics. 
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Nicotine, Ethanol, and Biological Pathways in the Brain 
Tobacco and alcohol are frequently used together, and high comorbidity exists between nicotine 
dependence and alcohol use disorder (see chapter 2).34-36 Furthermore, both substances target 
many of the same neuronal pathways in the brain, sometimes in a manner that accentuates the 
effect of the other substance and in other cases reduces it.  

General Overview of Neurophysiology 
As research reveals more about the brain, characteristics of its functions and complexity become 
even more challenging to describe and understand. For example, the brain used to be described 
primarily in terms of different functions of certain morphologically defined regions, such as  
the striatum, hippocampus, or prefrontal cortex. With advances in the technologies and 
computational analysis approaches used, it has become clear that each brain region is part of a 
network, comprised of complex connections of subregions, and that even within very small 
subregions, different cell types (e.g., neurons, interneurons, astrocyte, microglia) are found  
that confer unique neurophysiological signals.37,38 Such signals may be different between 
immediately adjacent cells.39 Likewise, many psychoactive substances affect dopamine release 
and binding in key brain regions, and there has been a significant focus on understanding how 
substances disrupt the dopaminergic pathway and thereby lead to dependence.40 In addition to 
dopamine, substance use also influences the release of norepinephrine, serotonin, glutamate,  
and acetylcholine. Furthermore, differences between individuals due to both genetic variation 
and environment, including past experiences or precursors, can confer different baseline levels  
of neurotransmitters and/or differential responses to substances according to functional changes 
of brain receptors.  

The neurophysiological mechanisms underlying substance use disorders have been described  
and studied in the context of three functional domains or mechanisms: (1) incentive salience, 
(2) negative emotional states, and (3) executive function; each of these is mediated by a distinct 
neurobiological circuit: (1) basal ganglia, (2) extended amygdala, and (3) prefrontal cortex, 
respectively.41 This triadic neurobehavioral model was primarily developed to explain the 
maintenance of use and return to use after abstinence in adults who have already progressed to 
substance use disorder. In addition, evidence also supports its relevance in explaining the onset 
and escalation of substance use earlier in life,42 demonstrating its importance across different 
stages of substance use and addiction. Furthermore, the triadic neurobehavioral model appears  
to apply to most or all substance use disorders.43 

Addictive substances—including nicotine and ethanol—affect these three major neurobiological 
circuits implicated in dependence and addiction. The neurobiological circuit implicated in 
incentive salience includes the nucleus accumbens, dorsal striatum, globus pallidus, thalamus, 
and ventral tegmental area (Figure 6.2).41 This system is a major pathway for dopamine, 
involving modulation of reward, motivation, and desire, and contains the cell bodies of neurons 
that, when stimulated, cause dopaminergic release in multiple other structures, including the 
nucleus accumbens.19 Nicotine, ethanol, and other addictive substances increase dopamine 
concentrations in the nucleus accumbens, leading to an urge or motivational drive to continue 
consuming these substances. In contrast, the extended amygdala recruits the brain’s stress   
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systems, which drive feelings of negative affect during withdrawal states.41 The prefrontal 
cortex, which is involved in higher-order executive functioning, is dysregulated among 
individuals with substance use disorders and contributes to disadvantageous decision-making, 
impaired self-awareness, and dysregulated self-control and self-regulation.19,41,44,45  
Intense feelings of craving and anticipation are further associated with the prefrontal cortex  
and intervals between use.44  

Importantly, addictive substances affect some of the same neurobiological circuits in overlapping 
but not identical ways, and are often used together or in a short time window. The effects of  
co-use may be additive, disinhibitory, or have other types of interactions. For example, additive 
effects of co-use of nicotine and ethanol have been demonstrated in rats.46 The long-term effects 
on brain function from concurrent co-use of two or more addictive substances can be stronger 
than the effects of using either substance separately.47 Accordingly, polysubstance use or co-use 
of multiple addictive substances has been considered a severity indicator in substance use 
disorders and is linked to poorer health outcomes and higher rates of return to use after 
treatment.47-50 Finally, in addition to shared effects of addictive substances on the brain, there are 
also substance-specific effects. For example, a pathway between the medial habenula and 
interpeduncular nucleus (IPN) contains numerous neuronal nicotinic receptors. These receptors 
have been widely studied for their role in the effects of nicotine and ethanol on behavior  
and the development of tobacco and alcohol use disorders,10,51,52 and were highlighted in the 
2010 Surgeon General’s report.10 Figure 6.2 illustrates the key brain regions affected by nicotine  
and ethanol use. 

Figure 6.2 Key Brain Regions Affected by Nicotine and Ethanol Use 

 

Source: Adapted from Koob & Volkow 2016.41 
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Dysregulation of Dopaminergic Signaling With Nicotine and Ethanol Use 
All addiction processes affect the function of the brain. This includes substance use disorders  
and other mental health conditions that involve compulsive behaviors, such as gambling 
disorders, compulsive sexual behavior, eating disorders, and internet gaming addictions.53 At its 
core, any kind of dependence or addiction involves cyclical changes in the production, release, 
and binding of dopamine in the brain.41 Increases in addictive behaviors occur as people seek out 
the specific substance or experience that leads to a transient increase in dopamine release, and an 
increasing amount of the experience or substance may be needed to elicit this response, a process 
referred to as “tolerance.”19 The fact that cross-tolerance (when repeated administration of one 
substance induces a decreased response to another substance) is associated with nicotine and 
ethanol co-use as well as use of other substances together with tobacco and/or alcohol54,55  
has important implications for interventions addressing initiation and cessation in the context of 
co-use (see chapters 5 and 7). Furthermore, chronic use of addictive substances shifts baseline 
dopamine levels downward in animal models and some human studies, such that addiction is 
sometimes described as a hypodopaminergic state.56 This results in increased craving and use of 
drugs of choice and reduced salience of other nondrug stimuli. Morel and colleagues (2019)57 
provide a comprehensive overview of the important role of dopaminergic neurons in modulating 
nicotine and ethanol reinforcement. 

Most physiological studies of addictive behaviors have been conducted using rodent models.58 
Rodents and humans share similar brain structures, neuronal pathways, and genetic homology 
across the genome.41,59 However, it is important to recognize the limitations of animal models,  
as certain aspects of these models may not translate to humans. For example, most rodent studies 
employ a single inbred strain of mouse or rat for research,60 and these genetically identical 
animals are assessed for behavioral measures believed to capture different aspects of the 
developmental trajectory depicted in Figure 6.1. In some studies, animals self-administer the 
substance, but methods for administration can vary according to access (limited, unlimited, 
choice between substance and water) and route of administration (oral or injection). When 
examining measures for tolerance or withdrawal, nicotine or ethanol are often injected by the 
investigator to ensure a consistent dose. Reviews of rodent behavioral paradigms provide 
additional detail.61-63 Mouse and rat models have different strengths and weaknesses that have 
evolved over time. As genetic tools developed in the mouse have become standard in the rat, 
many investigators have transitioned to using the rat for studies of the neuroscience of 
psychiatric disorders because the processes fundamental to addictive behavior in humans are 
more similar to those in the rat than in the mouse.64  

Many human studies indicate that adolescent exposure to alcohol and/or tobacco leads to an 
increased risk of developing tobacco and alcohol use disorder in adulthood, as well as other 
substance use disorders.65-67 However, because co-use of tobacco and alcohol products in 
adolescence is common, it is difficult to disentangle in longitudinal human studies which 
substance accounts for what proportion of the subsequent development of a substance use 
disorder.65 Chronic consumption of alcohol in rats may increase the rate of biotransformation  
of nicotine and its metabolites, and this may differ by sex.68 Nicotine and ethanol also appear  
to have interactive influences on neuronal activity in rodents.46,69 These interactions may underly 
the observation that nicotine and ethanol have not only antagonistic but also synergistic effects  
in the brain.52  
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Neuronal nicotinic acetylcholine receptors (nAChRs) play a key role in mediating the 
interactions of nicotine and ethanol.6,36,70 nAChRs are widely expressed throughout the brain  
and are present on many of the key neuronal projections from the ventral tegmental area depicted 
in Figure 6.2. Nicotine directly binds to nAChRs in the brain, while alcohol modulates these 
receptors both directly, by interacting with them, and indirectly, by influencing other signaling 
pathways that affect nAChR function.71,72 Nicotine stimulates the cholinergic system and the 
nAChRs specifically in the ventral tegmental area.36,73 This stimulates the release of dopamine 
into the nucleus accumbens and augments activity in the prefrontal cortex. Therefore, nicotine 
can act to prime dopamine neurons in the ventral tegmental area such that alcohol becomes more 
reinforcing. Animal studies have also shown that consumption of ethanol alone leads to increases 
in dopamine release in the nucleus accumbens via activation of nAChRs in the ventral tegmental 
area, which contributes to the reinforcing properties of alcohol.71,73,74 Thus, co-use of nicotine 
and ethanol produces greater reinforcement through synergistic dopamine effects, which then 
causes continued self-administration of both substances.52,73 

The interaction effects of nicotine and ethanol highlight that responses to these substances can be 
enhanced with co-use and will change over time with continued use. Continued use and co-use 
may lead to the development of tolerance, especially if use increases. nAChRs are also highly 
expressed in the medial habenula and IPN (Figure 6.2), two regions believed to be involved in 
abstinence and withdrawal, but this circuit is not as well-characterized as the mesolimbic 
pathway.75,76  

Neuroimaging Studies 
A longstanding question in the neurobiology of addiction has been whether early baseline 
differences in brain structure and function contribute to the development of substance use 
disorders and/or whether substance use leads to lasting changes in brain structure, brain function, 
or both. As of 2026, however, it has not been feasible to unpack substance-use-related 
differences in brain structure or function, because most participants in past neuroimaging studies 
have been adults.77 With time, answers to this important question may come from 2, large-scale 
longitudinal neuroimaging studies ongoing as of 2026: the HBCD study, which began enrolling 
pregnant participants in 2023,78,79 and the ABCD study which began enrolling 9–10 year olds in 
2016.31,32 Additionally, although preclinical neuroimaging studies in animal models have given 
insight into the direct consequences of chronic drug use,80 the complex interactions between 
genetic vulnerability factors and chronic substance use in humans cannot be sufficiently modeled 
in animals. Neuroimaging studies in humans have attempted to incorporate underlying genetic 
risk factors into studies of brain structure and function; until recently these have been limited 
mainly to candidate genes and small sample sizes.81 These studies share similar design 
constraints as the original candidate gene studies. Nevertheless, neuroimaging techniques  
have been used to study the three major neurocircuits implicated in substance use disorder: the 
(1) basal ganglia, (2) extended amygdala, and (3) prefrontal cortex.41 The most comprehensive 
review (published in 2018) of the neuroimaging literature in adults with substance use disorders 
has extended this prior theoretical framework by identifying 6 large-scale brain networks 
consistently implicated in addiction (Figure 6.3).82  
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• The reward network includes subcortical and cortical brain regions activated during  
the appraisal of subjective value (anterior prefrontal cortex, rostral anterior cingulate,  
nucleus accumbens, orbitofrontal cortex, and subgenual anterior cingulate). 

• The striatal habit network underlies learning of automatized behavior (caudate  
and putamen). 

• The salience network is involved in (re)directing attentional resources toward salient 
stimuli (dorsal anterior cingulate, anterior insula, and inferior parietal lobule). 

• The executive network supports the selection of possible behavioral responses 
(dorsolateral prefrontal cortex and ventrolateral prefrontal cortex). 

• The self-directed network is activated during self-directed/referential cognitive processes 
(precuneus, posterior cingulate cortex, and dorsomedial prefrontal cortex). 

• The memory network is involved in flexible, multi-cue learning and memory 
(hippocampus and parahippocampus). 
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Figure 6.3 Large-Scale Brain Networks Implicated in Addiction Through Neuroimaging 

 

Source: Adapted from Zilverstand et al. 2018.82 

Importantly, Zilverstand and colleagues (2018)82 noted that multiple studies have revealed the 
importance of emotional and cognitive factors beyond the feelings of anticipation, intoxication, 
and withdrawal described in the classic triadic model of addiction. Overall, the evidence from 
human neuroimaging studies supports the role of impaired salience attribution, negative 
emotional states, and dysregulated executive function underlying substance use disorders,  
but also points to the importance of changed appraisal of subjective value, altered self-directed 
processing, and changes in flexible learning and memory.82 These higher-order cognitive 
processes could not be studied in the animal models from which the classic triadic model of 
addiction was mostly derived; hence, their importance was only revealed through the human 
neuroimaging literature. Furthermore, Zilverstand and colleagues’ review of the neuroimaging 
literature highlighted that, for individuals with substance use disorders, both the classically 
studied and the newly identified brain networks show increased recruitment during  
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substance-related processing. However, they are not activated to the same degree during  
non-substance-related processing, when individuals with substance use disorders engage in  
non-drug-related processing.82 Finally, the neuroimaging literature points to nuanced sex 
differences in the neurobiological mechanisms underlying substance use disorders,83 though this 
remains an area of need for further research. 

It is important to recognize that the networks described in the human neuroimaging literature  
are slightly different than the pathways described in the literature based on animal models.84  
This occurs because neuroimaging studies use a whole-brain approach to measure neuronal 
activation in humans in vivo, rather than the localized measurements in animals following 
experimental procedures. Although the same or similar brain regions are examined, they are 
therefore sometimes described at different levels of detail, depending on the tools used to 
measure substance effects, resulting in somewhat different descriptions of the role of specific 
regions. There may also be differences between species in relevant pathways and networks. 

Several studies have used neuroimaging to examine changes in the brain associated with nicotine 
or ethanol, but very few studies have considered both substances together.82 In 2014, Liu and 
colleagues85 used functional magnetic resonance imaging (fMRI) to examine brain regions 
activated in response to cues for smoking and alcohol use. The study used a framework of three 
networks (reward, salience, and cognitive control). Their data supported an interconnection 
between networks that activated together in response to both smoking and alcohol cues. 
Specifically, they found that the posterior cingulate cortex and right posterior insula were 
associated with alcohol behavioral traits (loss of behavioral control) and responded to both 
smoking and alcohol cues. These two regions were classified as part of the salience network  
in this study,85 whereas Zilverstand and colleagues placed the posterior singular cortex in the 
self-directed network and the insula in the salience network.82 However, there were also regions 
that showed differences in response to alcohol taste cues versus tobacco visual use cues. 

Multiple studies have also examined volumes of various brain regions associated with cigarette 
smoking and alcohol use.86-88 A 2020 mega-analysis (meta-analysis of pooled data from multiple 
existing datasets) revealed different results for individuals with alcohol dependence and smoking 
compared with nondependent controls.87 Smaller volumes in the hippocampus, thalamus, 
putamen, and amygdala were detected among individuals with alcohol dependence. However, 
compared with nonsmoking control participants, larger volumes in multiple regions, including 
the hippocampus and right nucleus accumbens, were associated with smoking. It was unclear 
whether these differences were the result of substance exposure and continued use, or whether 
individuals with early differences in brain structure were at increased risk for the development of 
dependence and substance use disorders.  

Two developments have opened the neuroimaging studies to more powerful analyses:  
(1) large scale datasets with tens of thousands of subjects and (2) Mendelian randomization,  
that can use genetic variation to help determine whether an exposure is causally related to an 
endpoint (see chapter 5). A 2022 Mendelian randomization study addressed this predisposition  
or consequence question by using subcortical brain volume data from approximately  
37,000 participants in combination with tobacco and alcohol phenotypic and genotypic data  
from the UK Biobank study.89 Alcohol dependence was inversely associated with volume of the 
amygdala and hippocampus; similarly, cigarettes per day was inversely associated with 
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hippocampal volume. The study authors did not perform a combined analysis to examine 
comorbid effects. The results strongly suggest that differences in brain volume are the 
consequence of use, rather than a predisposing factor. As genetically informative neuroimaging 
datasets continue to emerge, further knowledge will be gained of the predisposing features in the 
brain that increase tobacco and alcohol use and the consequences of substance use. 

More research is moving beyond the addiction cycle to try to understand different trajectories 
leading to addiction and the functional domains associated with substance use. For example, 
detailed phenotyping of a sample of 454 adults in the United States, 186 with current alcohol use 
disorder, identified 3 neurofunctional domains—incentive salience, negative emotionality,  
and executive function—that distinguished between participants with and without alcohol use 
disorder.90 Drossel and colleagues (2023)91 characterized neurobehavioral subtypes based on 
extensive questionnaires for 173 people with past substance use disorders and 420 controls. 
Among people with a past substance use disorder, latent profile analysis identified three subtypes 
involving higher approach-related behavior, lower executive function, or higher negative 
emotionality. Participants in these three groups had distinct patterns of functional connectivity 
between brain networks, as measured with fMRI, that were associated with return to substance 
use. These results suggest substantial heterogeneity in these three major mechanisms related to 
addiction. Additionally, these results point towards the existence of stable trait-like factors 
related to dependence and addiction. 

Shared Genetic Factors That Contribute to Tobacco and Alcohol Behaviors 
This section is divided into three parts: (1) background information about methodology for  
the study of genetics of complex traits, (2) a description of the challenges of combining data  
from studies that used different measures of tobacco and alcohol related phenotypes,  
and (3) a summary of findings from large GWAS. As discussed in the introduction of this 
chapter, tobacco and alcohol use involve a complex developmental trajectory and diverse 
phenotypes beyond simply “use” or “substance use disorder.” This section emphasizes that there 
are multiple behaviors associated with tobacco and alcohol use and better understanding and 
measurement of these behaviors in genetic studies could strengthen understanding of these 
complex traits. In many studies, researchers have focused on tobacco or alcohol behaviors 
individually, although in most cases the participants were assessed for multiple substances,  
and many used both tobacco and alcohol (see Appendix 6A). Technological advancements and 
the development of innovative analytical approaches have bolstered the ability to perform 
integrative analyses that ask more nuanced questions about shared genetic features relevant to 
both tobacco and alcohol across the lifespan. In humans, most studies of the genetics of tobacco 
use have examined cigarette smoking; however, genetic studies in animal models have also 
examined the effects of nicotine specifically.8 With changes in the tobacco marketplace and the 
increasing use of e-cigarettes and other novel tobacco products (see chapter 2), current and future 
genetic studies may consider addressing tobacco use other than cigarette smoking.  
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How Genetic Studies Are Conducted 
As mentioned above, considerable evidence from genetic studies has demonstrated that tobacco 
and alcohol use disorders, as well as other substance use disorders and psychiatric disorders, 
have both shared and unique genetic risk factors.1-7 Geneticists use twin and family study designs 
to estimate the proportion of variance in a trait that is due to genetic factors and the proportion 
that is due to environmental factors.92-94 Because monozygotic (identical) twins share 100% of 
their genes, while dizygotic (fraternal) twins share on average only 50%, heritability can be 
estimated by comparing the similarity of an observed trait between monozygotic and dizygotic 
twins. Heritability is a statistical concept that estimates how well differences in genetic factors 
within a population account for differences in a particular trait (phenotype). Heritability can 
range from zero to one, where values close to zero indicate that the trait is due mostly to 
environmental factors in the population studied. Higher heritability estimates suggest a larger 
proportion of variation in the trait within that population is due to genetic factors, which can 
include both additive and multiplicative effects between genes.92-94 The remaining phenotypic 
variance due to environmental factors can be parsed into those shared between siblings reared 
together and nonshared environmental factors unique to each person. 

Heritability is dependent on the population in which it is studied, and heritability can change 
over time with different environments as well as with changes in the genetic makeup of a 
population, for example through genetic admixture.92-94 Twin and family studies are usually 
underpowered to detect sex-dependent differences in heritability but can provide evidence of 
potential differences.95 

It is also important to distinguish heritability from other similar concepts.92-94  

• Heritability does not indicate the proportion of phenotypic variability determined by 
genetics for any particular person. For example, a heritability estimate of 50% for the  
trait “number of cigarettes smoked per day,” indicates that approximately half of the 
variability in that population for this trait is due to genetic differences in that population 
at that time. 

• Heritability estimates do not provide any information about the specific genetic or 
environmental factors contributing to a trait. Heritable traits are not the same as familial 
traits. Familial traits are traits shared within a family. They may or may not include a 
genetic component. 

• Heritability estimates are not intended to indicate that a trait cannot be changed.  
Genes are not destiny. For instance, although the risk of developing certain chronic 
conditions like type 2 diabetes has a genetic component, behavioral factors such as diet 
and physical activity play a significant role in disease development. A person with a 
genetic predisposition to diabetes can significantly reduce their risk through healthy 
behaviors, demonstrating that genetic risk can, in many cases, be mitigated by 
environmental factors. 
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Heritability is used by geneticists as an important first step to confirm that a trait is determined in 
part by genetic factors, and it is also used to determine how much shared genetic variance exists 
between traits. 

Decades of research demonstrate that, across populations, an approximately equal split between 
genetic and environmental factors contributes to risk for smoking and alcohol use.10,96 A 2003 
meta-analysis of twin studies from the United States, Australia, and Finland provided heritability 
estimates and shared and non-shared environmental risk factors for smoking initiation and 
cigarette smoking for men and women.97 For both sexes and both phenotypes, heritability 
estimates centered around 50%,97 as is the case for most substance use behaviors.98 A similar 
meta-analysis of alcohol use disorders from 12 twin and 5 adoption studies revealed a heritability 
estimate of 49% for alcohol use disorder, with no differences due to sex.96 Furthermore, two 
studies modeling rate of progression to alcohol use disorder suggested that environmental factors 
played a larger role in initiation of alcohol use, while genetic factors contributed more toward 
continued use and increased use.99,100 Some of the underlying environmental variables were 
associated with family circumstances that may have genetic influences, as well. Cohort studies 
addressing the ontogeny of substance use could help clarify the relative importance of genetic 
and environmental factors for initiation and use.79,101 Notably, environmental factors, such as 
social influences of parental or peer smoking behavior and attitudes, also appear to play a larger 
role in smoking initiation than genetic factors.102,103 

Twin studies examining shared genetics of substance use disorder generally and for specific 
substances, including tobacco and alcohol, suggest a complex mix of genetic and environmental 
influences that may differ for different substances.104 Delineating the relative contributions of 
each is a substantial methodological challenge, especially as many past studies suggest that other 
factors, such as disinhibition, are shared across many substance use disorders and other comorbid 
psychiatric diseases. This is discussed in detail in NCI Monograph 20.8  

As reviewed by Goldman and colleagues (2005),105 initial studies investigating the genetic 
contributions to alcohol and tobacco use were conducted either as family-based linkage analyses 
or as case-control association studies of unrelated individuals.10,106 Linkage studies examine 
genetic markers spread across the entire genome in families to identify regions of the  
genome shared by family members affected by a trait of interest, called quantitative trait loci. 
This approach had notable successes, for example identifying the genetic basis of single-gene 
disorders, such as cystic fibrosis and Huntington’s disease.107 Genetic loci for some substance 
use behaviors were identified through this approach, including identification and confirmation  
of alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH2) genes as loci affecting 
alcohol use behaviors (see chapter 5). However, in general, linkage studies failed to identify 
strong loci linked to tobacco and other substances.105 Rather, behavioral traits are largely 
influenced by the small effects of thousands of genetic factors in combination with 
environmental influences.105 

An alternate approach was common until the early 2000s, whereby case-control studies 
compared unrelated individuals with a specific characteristic, trait of interest, or disease (cases) 
with unrelated individuals without that characteristic (controls).10 Investigators would then use 
these studies to compare the frequency of hypothesized candidate genetic variants in the cases 
and controls. For studies of substance use disorders, these “candidate gene” studies often focus 
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on genes expressed in neuronal pathways known to be involved in dependence and addiction, 
such as serotonin receptor and dopamine transporter, among others.108 However, these studies 
had numerous limitations, including being underpowered to detect small effect sizes,109  
not always controlling for population stratification (a situation in which cases and controls are 
derived from genetically distinct underlying populations with different frequencies of specific 
genetic variants),110 and often not thoroughly considering the impact of multiple testing on 
statistical significance.108,111-115 Reflecting these limitations, results from these initial studies 
largely failed to replicate in later GWAS studies that appropriately considered potential 
population stratification and multiple comparisons.108,111-114 

In the early 2000s, high-throughput genotyping technologies emerged that facilitated assessment 
of many thousands of variants across the genome, leading to the advent of GWAS.116-118 This 
moved the field away from family-based linkage studies toward case-control association studies 
with sufficiently large sample sizes to detect small effects of single nucleotide polymorphisms 
(SNPs), the most commonly assessed genetic variant. Although GWAS provide benefits over 
linkage studies and have now yielded thousands of genetic variants associated with tobacco and 
alcohol use,1,2 many GWAS to-date have had other limitations, including limited phenotypic 
assessments, challenges with controlling for population stratification, and samples collected 
primarily from participants of European ancestry.110,116,118 Efforts toward more detailed 
phenotypic assessments and increased collection of samples with individuals from diverse 
ancestry have begun to address these limitations.116 In addition, initial studies (linkage, candidate 
gene, and GWAS) typically focused on either smoking or alcohol phenotypes individually.119 
As additional studies have examined co-use, the field has begun to learn more about shared 
molecular genetic factors. 

Challenges in Conducting Phenotype Assessments 
There are several challenges associated with assessing substance use phenotypes for genetic, 
physiologic, and behavior studies. Many large-scale studies of tobacco and alcohol use are  
meta-analyses of samples collected from existing studies in which the phenotypic measures often 
do not align perfectly (see Table 6.1 and Appendix 6A). For example, the assessment protocols 
used often vary across the studies included in a meta-analysis, so a significant amount of time 
must be devoted to harmonizing the phenotype before results can be pooled. Resources with 
recommended measures for cohort and genetic studies (e.g., the PhenX Toolkit) are available and 
useful for incorporating in various types of studies. Further, previous research is limited by lack 
of ancestral diversity that limits the generalizability of genetic findings and their relationship to 
phenotypic diversity and the ability to implement precision medicine across all populations.120  

In addition, as discussed previously, findings from earlier genetic studies have not been 
replicated in larger studies. GWAS efforts are often subject to data sharing policies that require 
scientific data to be available for use by the larger research community.121,122 Such data sharing 
requirements are vital to ensure reproducibility and rigor of analyses performed using the data. 
Despite progress in standardizing data, expanding biobanks, and promoting data sharing, 
challenges such as inconsistent measures and lack of diverse representation still affect the overall 
impact and applicability of genetic research. 
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Measurement challenges also contribute to important limitations in large-scale genetic studies  
of substance use. In general, measures for smoking have involved variables describing initiation 
and lifetime patterns of use, such as age of initiation, number of cigarettes smoked per day,  
and smoking cessation (see chapter 2). Each of these variables may be defined in different ways, 
depending on choices made in the underlying study and evolving evidence for the validity and 
reliability of different instruments. Large-scale studies typically do not include diagnostic 
measures of tobacco use disorder.13 Furthermore, specific diagnostic criteria for substance use 
disorder from the Diagnostic and Statistical Manual of Mental Disorders (DSM) continue to 
evolve.123,124 Other measures of tobacco use are also used and many studies have measured 
nicotine dependence with the Fagerstrom Test for Nicotine Dependence (FTND).125,126  

For alcohol behaviors, many of the initial large-scale studies were limited to queries measuring 
the number of alcohol-containing drinks consumed per week.127 Some studies have begun to 
disentangle similar and different genetic results for consumption measures compared to measures 
of an alcohol use disorder, such as the Alcohol Use Disorders Identification Test (AUDIT),128 
developed by the World Health Organization.129 A 2023 cross-ancestry meta-analysis that 
measured alcohol consumption and alcohol use disorder in the same participants and focused on 
those who reported current drinking found that the genetic correlation between alcohol use 
disorder and alcohol consumption is quite high in both European (0.86–0.92) and African  
(0.98–1.00) ancestry groups.130 This reflects a very large proportion of variance that is likely due 
to pleiotropy (one or more genes influencing two traits) and confirms that there are multiple loci 
relevant both to alcohol consumption and alcohol use disorder. However, Kember and 
colleagues130 also identified a set of variants related to alcohol use disorder, independent of level 
of alcohol consumption; such variants are of great interest in better understanding the transition 
to alcohol use disorder and its harmful consequences. 

In studies focused on alcohol and other substances, DSM diagnoses of substance use disorder 
have been examined.128 In addition, the inclusion of phenotypes that are not defined as disorders, 
such as presence or absence of alcohol consumption, increases the sample size available for 
GWAS analysis, thereby increasing power to detect genes associated with alcohol-related 
behavior.131 Most initial studies of the genetics of tobacco and alcohol use examined results 
individually for smoking and alcohol consumption, followed by a simple comparison of 
overlapping genes.132 It has also been common for investigators to analyze data for other 
substances and/or psychiatric disorders in combination with tobacco and alcohol.119 In 2018,  
a new method for multi-trait analysis of GWAS (MTAG) was developed to enable joint analysis 
of multiple traits, which boosts statistical power for detecting associations with each trait.133  
MTAG can be applied to GWAS summary statistics without access to individual-level data for 
multiple traits, and the summary statistics do not need to come from independent discovery 
samples. For each SNP, trait-specific effects are estimated in a computationally efficient 
manner.133 Examples of application of this tool for tobacco and alcohol phenotypes are presented 
later in the chapter. 

Another challenge associated with assessment of tobacco and alcohol use is that overall study 
design can affect results obtained. Study design includes decisions about participant inclusion 
criteria such as age, sex, ancestry, measures of socioeconomic status, and others that may or may   
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not be clearly described. For tobacco and alcohol use, it can also be important to define 
thresholds of exposure. Initiation and experimentation as behaviors themselves may be more 
closely related to environmental variables such as access to these substances or social context, 
but the family setting and individual risk-taking also involve traits influenced by genetics and 
genotype by environment interactions.134 Not everyone who tries tobacco or alcohol progresses 
to regular smoking or drinking. To address the idea that a person with very limited experience 
with a substance may not be considered as having initiated use, some studies define a threshold 
of use, such as having smoked at least 100 cigarettes for an adult participant to be considered a 
person who has ever smoked.135,136 Changes in availability and use of specific tobacco products 
are another important point to consider when studying smoking behaviors. Although cigarette 
smoking initiation has decreased substantially, the introduction of e-cigarettes in the mid-2000s 
has led to substantial uptake among adolescents. Since 2014, e-cigarettes have been the most 
used tobacco product among adolescents, and adolescent e-cigarette use remains a major public 
health problem.137,138 As of 2026, there is no standard for a minimum threshold of e-cigarettes or 
alcohol exposure for classifying participants as having ever used e-cigarettes or alcohol. Such a 
standard will be helpful, because having taken a puff of an e-cigarette or a single sip of alcohol 
does not adequately classify an individual as having initiated use. Furthermore, there is a lack of 
research on whether a combined threshold might be useful when examining both tobacco and 
alcohol use and the genetic correlates of nondaily tobacco and alcohol use.  

Main Results From Genetic Studies 
This section presents findings from genetic studies that emerged during the early 2000s through 
2025. At the individual gene level, early studies identified associations with genes involved in 
the metabolism of nicotine and ethanol and genes associated with known targets of nicotine, 
nAChRs, in the brain. Subsequent large-scale studies expanded the number of variants and genes 
associated with smoking and alcohol use to the thousands, so interpreting the results has become 
much more challenging. Researchers developed methods to determine whether genes fall within 
specific physiological pathways, cell types, or other shared biological features to better 
understand the mechanistic pathways associated with specific genes. Although initial analytical 
approaches were primarily focused on a single phenotype, the development of multi-trait 
analysis has proven effective at increasing the number of variants associated with tobacco and 
alcohol use. As samples including individuals from more diverse ancestries have continued to 
grow, it has become clear that similar genetic pathways contribute to risk for tobacco and alcohol 
use disorders across populations. 

Drug Metabolism and Neuronal Response Genes 
Initial genetic results for both nicotine and ethanol have highlighted the impact of individual 
differences in drug metabolism on use and use disorders. The first genes identified that influence 
alcohol use, albeit somewhat indirectly, were the ADH and ALDH2 genes,139 which encode the 
proteins that are the main enzymes that metabolize ethanol and its primary metabolite, 
acetaldehyde (see chapters 4 and 5). Similarly, variants within genes coding for proteins that 
metabolize nicotine (cytochrome P450 and CYP genes) have been reproducibly associated with 
smoking behaviors.140,141 Another highly replicated association with smoking involves nAChRs 
(CHRN genes).142 This region includes the top genome-wide significant associated genes for   
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smoking behaviors26,136 and also lung cancer (see chapter 5)26,136 and has effectively become a 
positive control for human genetic studies related to nicotine phenotypes. These initial studies 
were described in both the 2010 Surgeon General’s report and NCI Monograph 20.8,10 nAChRs 
are the main site of action for nicotine in the brain, indicating that these genetic findings align 
well with the neurophysiology of nicotine’s action.  

Further characterization of the CHRNA5/CHRNA3/CHRNB4 gene region revealed multiple 
independent genetic signals within this cluster, perhaps implicating functional variants in nearby 
genes as well.143 However, the primary genetic variant, a single nucleotide polymorphism, 
rs16969968, corresponds to an amino acid change in the CHRNA5, a gene coding region that has 
been demonstrated to confer differential functional responses in the nAChRs.144 Other genetic 
signals in the region are also associated with differential gene expression.145 Evidence for an 
association between CHRN genes and alcohol behaviors specifically is equivocal as the  
large-scale human GWAS have not replicated findings from candidate gene studies, which have 
found associations between various subunit genes and alcohol behaviors.146-149 Regardless, 
findings of the association have informed the use of varenicline, a high-affinity partial agonist at 
α4β2 nAChRs, as one of the current treatments for smoking.150 

Some studies have reported associations between variation at SNP rs16969968 in the CHRNA5 
gene and a variety of differences in brain structure using neuroimaging approaches.151 Many of 
these appear as baseline differences, independent of whether someone smokes, and there has 
been some evidence for differential effects of smoking dependent on genotype, along with 
evidence for differential cue reactivity by sex.151 However, these studies had several design 
limitations (small sample size and differences in age, location, cohort, possible population 
stratification, or other environmental confounders), so it will be important to replicate the studies 
in larger samples before drawing firm conclusions. Genetic associations in humans between 
different CHRN genes and alcohol behaviors have been difficult to disentangle from the 
associations with smoking behaviors. A possible explanation for these difficulties is the high 
levels of co-use of these substances (see chapters 2 and 3).6 New analyses or studies of people 
who use cigarettes or alcohol exclusively could help address this challenge. 

Genome-Wide Association Studies 
Appendix 6A presents a summary of selected large GWAS for tobacco, alcohol, tobacco and 
alcohol combined, tobacco and alcohol with other substances, and imaging studies published 
since 2018, with information about the studies’ samples and main results. The search strategy  
for identifying relevant large GWAS is summarized in Appendix 6B. Four publications focusing 
specifically on tobacco, alcohol, and combined effects results are summarized in this section and 
in Table 6.1. The first publication discussed in this section presented results from the most 
powerful study conducted as of 2026, GWAS and Sequencing Consortium of Alcohol and 
Nicotine use 2 (GSCAN2), which included approximately 3.4 million individuals from 
60 cohorts representing people with biological ancestors from African, American, East Asian, 
and European populations, with around 21% of the total sample derived from non-European 
samples.2 This publication reported genetic loci associated with individual smoking and alcohol   
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phenotypes,2 whereas the second publication conducted a multi-trait analysis for a combined 
addiction risk factor including four substances: alcohol, tobacco, opioids, and cannabis.4  
Two other publications applied MTAG to conduct joint analyses of genetically correlated traits. 
One of these studies focused on smoking and alcohol use phenotypes only,11 while the other 
included smoking, alcohol, opioids, and cannabis.14 All four studies have begun to converge on 
loci shared across substances. 
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Table 6.1 Key Genome-Wide Association Studies of Tobacco and Alcohol 

Study Phenotype(s) Samplea Selected results 

Cheng et al. 202311 Alcohol and smoking joint analysis Million Veteran Program  
• N = 318,694 European American 

subjects from Million Veteran Program 
database 

• Joint analysis of alcohol use measures and 
smoking measures using MTAG 
 21 loci for smoking initiation and 17 for smoking 

cessation when combined with alcohol use 
disorder (compared to 16 and 8, for single-trait 
smoking initiation or cessation, respectively) 

 10 shared loci for alcohol use disorder and 
smoking status, including SIX3, NCAM1, and 
near DRD2 

• MTAG of smoking behaviors with alcohol 
consumption did not enhance discovery 

Hatoum et al. 20234  Alcohol 
Cancer 
Tobacco 
Opioid 
Cannabis 
General addiction risk factor 

• n = 1,025,550 European American 
subjects and n = 92,630 African 
American subjects 

• Disaggregated general and substance-specific loci; 
substance-specific loci include metabolic and 
receptor genes 
 19 addiction risk factor SNPs 
 9 alcohol-specific 
 32 tobacco-specific 
 5 cannabis-specific 
 1 opioid-specific 

Saunders et al. 20222  Alcohol 
Smoking  

• GSCAN2: N = 3.4 million individuals 
from 4 major clines of global ancestry 
(~21% non-European) 

• Many of the 3,823 associated variants from 2,143 
loci showed consistent effect sizes across  
ancestry dimensions 
 Polygenic scores developed in one ancestry 

performed poorly in others 
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Table 6.1 (continued) 

Study Phenotype(s) Samplea Selected results 

Xu et al. 202314  Opioid 
Cannabis 
Alcohol 
Smoking 

• Yale-Penn sample (n = 5,692 European 
ancestry, n = 4,918 African ancestry); 
Penn Medicine Biobank sample (n = 
29,054 European ancestry, n = 10,265 
African ancestry) 

• Multi-trait analysis of opioid use disorder, cannabis 
use disorder, alcohol use disorder, and smoking 
initiation in European ancestry individuals; 
examined opioid use disorder, alcohol use  
disorder, and smoking trajectory in African  
ancestry individuals 

• MTAG boosted number of loci identified for all  
traits and identified genes not previously linked  
to any substance, and increased power of 
polygenic scores 

• European ancestry results: 36 loci for opioid  
use disorder, 60 loci for cannabis use disorder, 
52 loci for alcohol use disorder, 144 loci for 
smoking initiation 
 African ancestry results: 2 loci for opioid use 

disorder, 3 loci for alcohol use disorder, 1 locus 
for smoking trajectory 

Note. GSCAN2 = GWAS and Sequencing Consortium of Alcohol and Nicotine use 2; MTAG = multi-trait analysis of GWAS; SNP = single nucleotide polymorphism.  
aPopulation descriptors (e.g., European American) are quoted from the cited studies. 
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Large Genome-Wide Association Study for Tobacco and Alcohol. In GSCAN2, a large GWAS 
study, investigators examined four cigarette smoking phenotypes: initiation (whether an 
individual ever smoked regularly), the age of onset of regular use (age individual began smoking 
regularly), amount smoked (cigarettes per day among people who currently or formerly smoked), 
and cessation (current versus former smoking).2 “Regular” use was based on survey questions 
addressing regular use explicitly or questions about number of cigarettes smoked over the life 
course or smoking every day for at least 1 month.2 One alcohol use phenotype, drinks per week, 
was available across most studies. The results of this study are illustrated in Figure 6.4 using 
Manhattan plots, which allow graphical representations of the results of GWAS.152 In these plots, 
the x-axis displays the genomic location of the SNPs identified and the y-axis the negative base 
10 log of the p value obtained for each SNP. Points above the solid black line represent variants 
that have a significant association with the phenotype of interest adjusting for the genome-wide 
comparison number. Some of the y-axes are discontinuous because of very low p values for 
some SNPs (e.g., 1.9 x 10-308 for some drinks per week SNPs).2 Compared to the original  
GWAS and Sequencing Consortium of Alcohol and Nicotine use (GSCAN) publication,1  
the multiancestry analysis greatly expanded the number of loci found, identifying a total of 
2,143 loci across all phenotypes, with 3,823 independent variants.2 Follow-up analysis of  
high-priority genes nearby top loci revealed that these genes were highly enriched across brain 
and nerve tissues, specifically within regions of the cortex, hippocampus, amygdala, 
hypothalamus, and midbrain. Furthermore, the high-priority genes were enriched in gene 
pathways related to neurogenesis, neuronal development, neuronal differentiation, and synaptic 
function, connecting them to the developmental and longitudinal aspects of tobacco and alcohol 
use disorders.2 Five loci were associated with all 4 smoking phenotypes and the alcohol 
phenotype, localizing to large regions on chromosomes 2, 8, and 16, all of which contain 
multiple genes (G. Saunders, Ph.D., personal communication, September 12, 2023). These areas 
are excellent targets for focused attention on the comorbidity between tobacco and alcohol use. 
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Figure 6.4 Multiancestry Meta-Analysis Manhattan Plots for Smoking Behaviors and  
Alcohol Consumption 

 

Note. Each dot on the plot signifies a single nucleotide polymorphism (SNP). Genomic coordinates are displayed along the x-axis, and each 
color block represents a chromosome. The y-axis is the negative logarithm of the association p value for each SNP. The strongest associations 
have the smallest p values (e.g., 10−15), and their negative logarithms will be the greatest (e.g., 15). The black line across the plot marks 
5 x 10−9 and SNPs above this line surpass the genome-wide significance level. Some y-axis scales are discontinuous to illustrate variants  
with very small p values. 
Source: Saunders et al. 2022.2 Reproduced, with minor formatting changes, with permission from Nature. 

https://s100.copyright.com/AppDispatchServlet?title=Genetic%20diversity%20fuels%20gene%20discovery%20for%20tobacco%20and%20alcohol%20use&author=Gretchen%20R.%20B.%20Saunders%20et%20al&contentID=10.1038%2Fs41586-022-05477-4&copyright=The%20Author%28s%29&publication=0028-0836&publicationDate=2022-12-07&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
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Multi-Trait Genome-Wide Association Studies. The Psychiatric Genomics Consortium (PGC) 
was established to unify researchers studying the genetic basis of psychiatric disorders and 
consists of more than 800 investigators from 36 countries with combined datasets exceeding 
400,000 participants.153 The Substance Use Disorder Working Group of PGC is focused on 
examining the genetics of substance use disorders and comorbid phenotypes.154 Hatoum and 
colleagues (2023)4 conducted a multivariate GWAS meta-analysis of a “general addiction  
risk factor,” alongside analysis of individual substances including “problematic alcohol use,” 
“problematic tobacco use,” opioid use disorder, and cannabis use disorder. The term 
“problematic substance use” was introduced when one or more of the measures in the  
meta-analysis was derived from a scale rather than a diagnostic measure (A. Hatoum, Ph.D., 
personal communication, March 19, 2024). Hatoum and colleagues defined “problematic alcohol 
use” as including both alcohol use disorder (as a case-control GWAS) and the Alcohol Use 
Disorders Identification Test-Problem Items (AUDIT-P) subscale, a continuous measure that 
focuses on the problematic consequences of drinking. “Problematic tobacco use” was quantified 
based on the FTND scale of dependence.125 The FTND has a genetic correlation of 0.95 to 0.97 
with cigarettes per day, so these 2 items were parceled together using MTAG (A. Hatoum, Ph.D., 
personal communication, March 19, 2024). The total sample size included 1,025,500 individuals 
of European ancestry and 92,630 individuals of African ancestry.4 In the European ancestry 
sample, the study identified 19 independent SNPs associated with the “general addiction risk 
factor” and highlighted top associations with the PDE4B and DRD2 genes, both of which are 
involved in the dopaminergic reward pathway. Importantly, the association with DRD2 was 
discovered through chromatin remodeling analyses, which indicates the variants are likely to be 
involved in regulation of the gene by turning it on or off under different circumstances  
(e.g., during development, time of day, in response to an environmental stimulus). This is a 
common theme among GWAS results, where many of the top SNPs do not fall within  
protein-coding regions of genes, but rather in regions where function is more difficult to 
predict.155 In these cases, the SNP could be in a region contributing to regulation of gene 
expression or it could be associated (in linkage disequilibrium) with a different,  
causally related SNP. 

Hatoum and colleagues (2023)4 observed that substance-specific loci fell into three categories: 
substance receptors, substance-specific metabolism, and general neurotransmitter mechanisms. 
The first two categories confirmed previous results for both tobacco (e.g., CHRNA5) and alcohol 
(e.g., ADH1B). The largest category of variants was associated with general neurotransmitter 
mechanisms. Hatoum and colleagues also presented tables listing the top SNPs from each 
chromosome; in many cases, they are associated with both “problematic tobacco use”  
and “problematic alcohol use.”  

Finally, Hatoum and colleagues4 showed that the polygenic score generated based on their results 
and applied in an independent sample of mostly substance-naive children ages 9–10 years  
(from the ABCD study)25 was correlated with other co-occurring earlier childhood behaviors 
and environments, including measures of externalizing behavior and fun-seeking, sleep duration, 
parental externalizing and substance use behaviors, and socioeconomic disadvantage.4 While a 
number of these associations are statistically significant, the standardized effect estimates were 
small, ranging from about 0.06 to 0.10. 
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This genetic connection to early risk factors highlights that predecessors of substance use are in 
part genetically driven by the same genetic variants associated with later tobacco and alcohol 
use. As with providing genetic risk information about other diseases or medical conditions, 
providing genetic risk scores for tobacco and alcohol use must be done with great care because 
this information can be stigmatizing or result in inappropriate victim blaming. This is especially 
challenging when treatments are only modestly effective and when social and environmental 
factors influencing tobacco and alcohol use are often difficult to address. The emerging body  
of research addressing how people respond to biological or genetic models of behavior and how 
such framing relates to stigmatization may be informative.156 As of 2026, evidence is mixed as to 
whether information about genetic risk influences behavior change.157 Furthermore, there appear 
to be geographic and cultural differences in how people respond to information about family and 
genetic variation in risk.156 Continued research is needed to optimize communication about 
genetics and environmental aspects of risk. 

Two other publications have applied MTAG to the analysis of genetically correlated traits.  
This approach was applied to data from the Million Veteran Program (N = 318,694) to examine 
2 smoking phenotypes (smoking initiation and smoking cessation) and 2 alcohol phenotypes 
(alcohol consumption, as defined by the Alcohol Use Disorders Identification Test-Concise 
[AUDIT-C], and alcohol use disorder).11 For both smoking initiation and smoking cessation,  
the MTAG strategy using alcohol use disorder GWAS summary statistics identified more 
genome-wide significant loci than the initial single-trait analysis.11 In contrast, no additional 
variants were discovered for smoking measures using the alcohol consumption summary 
statistics. There were 10 loci showing colocalization between alcohol use disorder and smoking 
traits, including a functional analysis demonstrating pleiotropic effects between 2 genes and both 
smoking behaviors and gene expression. A second publication using MTAG with a smaller 
sample (n = 5,692 European ancestry; n = 4,918 African ancestry) examined 4 substance use 
traits among participants of European ancestry (opioid use disorder, cannabis use disorder, 
alcohol use disorder, and smoking initiation) and 3 substance use traits among participants of 
African ancestry (opioid use disorder, alcohol use disorder, and smoking trajectory).14 This study 
also had power to detect additional associations via the multi-trait approach. Of note, eight novel 
and significant genome-wide loci for smoking initiation were detected in the European ancestry 
sample and one novel locus for smoking trajectory was detected in the African ancestry sample. 
Additionally, 10 novel genome-wide significant loci were identified in relationship to alcohol 
use disorder in the European ancestry sample. Overall, only 5 of 19 novel loci identified in the 
analysis of the European sample were significantly associated with 2 or more substances.  

Many studies have converged on the same genes and/or physiological pathways as shared 
components of underlying risk for tobacco and alcohol use across diverse populations. Such 
findings hold substantial promise for the development of new classes of treatments and 
personalized medicine. However, these genetic risk factors may differ among populations with 
less genetic similarity. One strategy to examine this has been the use of multiancestry 
transcriptome-wide association studies, whereby expression data are integrated with GWAS data 
to identify correlations between associated SNPs and patterns of gene expression.158 This   
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approach was applied to tobacco use phenotypes to identify additional genes and perform  
in silico drug repurposing analysis that identified possible alternative treatments for nicotine 
dependence.159 These results highlight the importance of recruitment of large samples from 
diverse populations across the world as further efforts are made to develop personalized 
medicine approaches for tobacco and alcohol use and co-use.  

The Potential for Personalized Medicine for Prevention and Cessation 
As researchers continue to identify genetic loci associated with tobacco and alcohol use, some 
specific genetic markers and their related biological markers have been studied in the context  
of treatment trials to assess whether individuals with specific variants show differential 
likelihood of successfully quitting. Most of these studies have been conducted for treatment  
for either tobacco or alcohol use, but a few have encompassed treatment for both substances. 
NCI Monograph 20, published in 2009, presented initial forays into pharmacogenetic studies  
for cessation of tobacco use, providing potential avenues to design personalized treatment for 
smoking cessation8 (personalized approaches to tobacco cessation are further discussed  
in chapter 7). 

Surveys have shown that individuals want information about their personal genetic risk.160 
Providing genetic risk information accompanied by education/coaching about behavior change161 
could potentially strengthen efforts to reduce tobacco and alcohol use. However, such 
approaches have yet to be applied to tobacco and alcohol co-use; as of 2026, the evidence is 
mixed that such information improves success of behavioral interventions for either tobacco  
or alcohol use.157,160-162 

Personalized Treatment for Tobacco Use 
The field of pharmacogenomics seeks to understand how genetic variation influences the 
pharmacokinetic (absorption, distribution, metabolism, and excretion) and pharmacodynamic 
(interaction with receptors, transporters, and downstream targets) properties of a substance. 
These characteristics may affect treatment response and the potential for adverse events.163  
The nicotine metabolite ratio (NMR) measures the ratio of 3'-hydroxycotinine (3HC) to cotinine; 
higher ratios indicate faster nicotine clearance and lower levels of nicotine in the blood.164  
The NMR is a validated measure of nicotine metabolism that can be ascertained using saliva, 
plasma, or urine.165  

The NMR is as a proxy for variation in the CYP2A6 gene, because the CYP2A6 protein is largely 
responsible for the metabolism of nicotine.166,167 Clinical studies typically separate participants 
into slow metabolizers (usually those in the first quartile of NMR) and fast metabolizers  
(all others, or those in the highest quartile of NMR) to determine whether different treatments 
(e.g., nicotine replacement therapy [NRT], bupropion, varenicline, placebo with counseling)  
are more or less effective in one group than the other. Some data support using NRT for slow 
metabolizers and non-nicotine treatments for normal metabolizers.165,168,169 Together these and 
other studies support the possibility that NMR could be a predictive biomarker contributing to 
improved selection of treatments for smoking cessation.167 
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Studies have also examined CYP gene variants and CYP activity in people who smoke from 
different racial and/or ethnic groups. CYP2A activity levels differ across several groups but do 
not fully account for differences in smoking intensity and exposure to carcinogens.170-172  
Further studies of race and/or ethnic variation in metabolism of carcinogens and nicotine are 
needed to help account for differences in lung cancer incidence between demographic groups 
that appear independent of smoking intensity.173 CYP2A6 is thought to be an important target  
for the optimization of smoking treatments,174 but its potential has not yet been realized.175  

Variation in nAChR subunit genes has also been associated with differences in ability to quit 
smoking and may vary according to treatment.167,168,176-180 A 2022 systematic review included 
studies of individuals of European ancestry and evaluated multiple variants across the CHRN 
genes.180 The review found that variants in the CHRNA5-A3-B4 gene cluster are risk alleles for 
cessation failure.180 Results of pharmacotherapy studies suggested that NRT and bupropion 
might support abstinence among people with the high-risk alleles. However, the review did not 
assess combined NRT and varenicline, and the odds ratios for cessation were not significant for 
any therapy tested.180 As of 2026, data for other nicotinic receptor subunits genes are lacking.  
In summary, this research represents the first foray into precision treatment to promote  
smoking cessation. 

Personalized Treatment for Alcohol Use Disorders 
Lohoff compiled a comprehensive review in 2020163 describing the status of pharmacogenomic 
studies of alcohol use disorder. This included an evaluation of U.S. Food and Drug 
Administration (FDA)-approved medications for alcohol use disorder (disulfiram, acamprosate, 
and naltrexone) along with medications used off-label for alcohol use disorder (topiramate, 
gabapentin, baclofen, ondansetron, varenicline). For each of the FDA-approved medications, 
specific genetic variants have been studied in clinical trials based on genes known or believed to 
be related to the primary target for the medication. Variants in the DBH, OPRM1, and ALDH2 
genes were examined in a few studies; in some cases, specific alleles were associated with 
improved treatment response with disulfiram compared to the alternate allele, but these were 
small studies that have not been replicated.163  

Naltrexone primarily targets the µ-opioid receptor, and a specific variant in OPRM1 gene, 
rs1799971, corresponding to an amino acid substitution (asparagine to aspartate: Asn40Asp)  
has been widely studied in multiple clinical trials.163 A meta-analysis evaluated seven 
randomized control trials (RCTs) that examined the effect of Asn40Asp on naltrexone treatment 
for heavy drinking or alcohol use disorder. This meta-analysis identified a moderating effect of 
Asn40Asp on drinks per day, but this effect was not significant when taking into account 
multiple comparisons; the authors concluded that the available evidence remains unclear about 
whether this genetic variant predicts naltrexone treatment response.181  
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Acamprosate is believed to target N-methyl-D-aspartic acid (NMDA) receptors and indirectly 
affect γ-aminobutyric acid type A (GABAA) neurotransmission.182 Polymorphisms in GATA4, 
DRD2, GABRA6, GABRB2, and GRIN2B have been studied in relation to treatment with 
acamprosate, and overall evidence suggests that individuals who have an initial desire to remain 
abstinent and receive acamprosate treatment may have reduced risk of relapse to drinking.183  
The efficacy of treatment may be partially moderated by variation in these genes, but results  
are limited.183 

Topiramate increases GABA transmission, leading to inhibition of glutamate, and is used as  
an anticonvulsant medication; this medication requires close monitoring for side effects.184  
A meta-analysis of seven RCTs found topiramate to be significantly better than placebo at 
facilitating decreased drinking, but the effect was moderate.185 Furthermore, emerging evidence 
suggests that individuals with the C-allele of rs2832407 in the GRIK1 gene may respond better to 
topiramate treatment.184  

For the other medications, few or no pharmacogenomic studies have been conducted. As with 
treatment for tobacco use, additional studies are needed before large-scale clinical efforts to 
implement personalized treatments for alcohol use disorder should be undertaken. For example, 
research is just beginning on the potential of somatostatin (SST), vasoactive intestinal peptide 
(VIP), glucagon-like peptide-1 (GLP-1), nociceptin (NOP), and neuropeptide S (NPS) as targets 
for alcohol use disorder pharmacotherapies.186 Interest has also emerged in treating alcohol use 
disorder with psychedelic drugs based on some promising results,187-189 but data to consider 
personalized approaches are lacking.  

Personalized Treatment for Comorbid Tobacco and Alcohol Use Disorders 
Varenicline, a pharmacotherapy for smoking cessation, is a partial agonist at the α4β2 nAChRs, 
but a full agonist at α7 nAChRs, and likely affects other nAChR subtypes.190-192 Several studies 
have also examined use of varenicline for alcohol use disorder.163 Two trials of varenicline for 
alcohol use disorder suggested varenicline could be effective in reducing heavy drinking days or 
alcohol consumption in people who smoke at least 10 cigarettes per week193 and in both people 
who do and do not smoke.194 Evidence also indicates that varenicline can facilitate smoking 
cessation among people who drink heavily and also smoke.195 However, while varenicline use 
for alcohol use disorder has shown some positive effects,196 it is not FDA approved for this 
indication (see chapter 7). Most recently, a 2023 meta-analysis of 22 RCTs of varenicline for 
treatment of alcohol use disorder reports reduction in some but not all measures of alcohol use 
and use behavior.197 

No studies were identified that examined genetic factors (e.g., variation in the CHRN genes) that 
may moderate treatment responses to varenicline use for co-use of tobacco and alcohol. Previous 
studies focused on either tobacco or alcohol use may have collected data from participants that 
used both substances; however, these studies are likely to be underpowered to draw meaningful 
conclusions about the complex genetic interactions relating to co-use behaviors. 
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In sum, there is evidence that varenicline may be a useful treatment option for people who both 
smoke and have alcohol use disorder. However, effect sizes are modest and understanding of 
variation in effectiveness is limited. As more well-powered clinical studies examining various 
therapies for cessation of tobacco and alcohol are conducted, opportunities for treating co-use 
and for exploring personalized treatment approaches will likely increase. See chapter 7  
for further discussion of pharmacotherapies for tobacco and alcohol use. 

 
Box 6.1. The Potential Role of Glucagon-Like Peptide-1 Agonists in 

Treating Substance Use Disorders 
GLP-1 receptor agonists were originally developed as treatments for type 2 diabetes and are now 
commonly used to treat obesity.198 These medications mimic the incretin hormones that stimulate the 
release of insulin in response to eating; they suppress appetite and decrease body weight by activating 
gut-brain signaling mechanisms involving several brain regions.199 FDA approval of GLP-1 medications 
to treat type 2 diabetes and obesity has resulted in their wide use, and patients have anecdotally 
reported unanticipated decreases in their use of alcohol and other addictive substances.200 In addition, 
studies conducted in animals support a potential role for these medications in treating alcohol use 
disorder.201,202 These findings have resulted in a small but growing number of trials examining the 
effects of these medications on substance use. Martinelli and colleagues (2024)203 identified 5 RCTs 
examining tobacco (n = 2), alcohol (n = 2), and cocaine use (n = 1) in a total of 630 participants 
receiving either of 2 GLP-1 agonists (exenatide or dulaglutide). Of these five studies, one observed 
increased abstinence from smoking in the medication group and one observed reduced alcohol 
consumption in the medication group (compared with patients receiving placebo). Additionally, a study 
comparing patients taking semaglutide for type 2 diabetes to patients taking other antidiabetes 
medications, found that those taking semaglutide had a lower risk of utilizing health care for tobacco use 
disorder, suggesting that the medication may have reduced their tobacco use.204 Other studies have 
found that semaglutide taken once per week reduced craving and some measures of consumption in 
people with alcohol use disorder,205 and once weekly exenatide increases tobacco cessation success 
and weight loss.206 Interestingly, a further study of exenatide for smoking cessation reported that it was 
only associated with cessation for a specific genotype (CHRNA5 rs16969968 GG),207 a gene known to 
be associated with response to treatment for smoking cessation.177 Additional RCTs are needed to 
clarify the potential role of GLP-1 agonists in treating substance use disorders, although their 
widespread use will also result in substantial data from observational studies. 

 

 
Using Large-Scale Genetic Studies to Predict Cessation 
As the field of genetics has moved from candidate gene studies to large-scale GWAS, there has 
also been a movement from studies of single genes predicting cessation to using information 
from many genes to predict successful cessation. A goal of this approach is to use results of 
large-scale GWAS to generate polygenic scores accounting for clinically significant variation in 
cessation success and other aspects of tobacco and alcohol use. Polygenic scores are an estimate 
of genetic risk based on variation in SNPs calculated with results from GWAS and other data.208   



 
Monograph 24: Tobacco and Alcohol: Understanding Co-Use to Reduce Cancer Incidence and Mortality 

   
 

383  
 

Most polygenic scores have been derived in populations of European ancestry and therefore have 
greater predictive accuracy among genetically similar populations.209 Research is underway to 
improve the predictive ability of polygenic scores across different populations.210 For example, 
Lennon and colleagues (2024)211 have proposed a detailed polygenic scores pipeline designed  
to improve the development and validation of polygenic scores and prevent exacerbation  
of health disparities associated with polygenic scores derived primarily from European  
ancestry populations.  

The use of polygenic scores represents the next frontier in translating knowledge of genetic risk 
into improved health.160 However, research is needed to determine whether this approach can 
contribute to addressing tobacco and alcohol use. Utility of polygenic scores for public health 
goals depends on both the capacity to identify subjects differing in risk and the availability of 
specific interventions that could help people with different polygenic scores for initiation, 
continued use, and cessation. A 2022 study to identify polygenic scores for alcohol use disorder 
and alcohol use disorder severity found that the odds ratio for developing alcohol use disorder 
associated with the highest decile of the polygenic score (OR = 1.96, 95% CI = 1.54–2.51) was 
similar to those for having a first-degree family history212 and that both family history and 
polygenic score provided unique information about risk. Whether this kind of risk information 
can be used to improve cessation of tobacco and/or alcohol use is not yet established. 

Chapter Summary 
Understanding how genetic variation influences the risk of substance use, including the use of 
tobacco and alcohol, can contribute to the prevention and treatment of substance use disorders. 
Genetic studies have focused on identifying variants related to nicotine, the primary addictive 
component of tobacco products, and ethanol, the primary addictive component of alcohol 
products. Complex behaviors, such as tobacco use, alcohol use, and tobacco-alcohol co-use, 
develop in stages over time, as a result of the interaction of thousands of genetic factors with 
diverse environmental factors. As of 2026, most genetic research on substance use has been 
conducted in adults. However, new longitudinal studies—the Adolescent Brain Cognitive 
Development (ABCD) study and the Healthy Brain and Child Development (HBCD) study—are 
underway to help understand the onset of substance use in adolescents and younger children.  
The topic of genetic contributions to tobacco use was reviewed in NCI Monograph 20, 
Phenotypes and Endophenotypes: Foundations for Genetic Studies of Nicotine Use and 
Dependence, published in 2009. Since that report’s publication, advances in technology—most 
notably the development of high-throughput genotyping technologies enabling genome-wide 
association studies (GWAS)—have contributed to significant advances in the field.  

Research into how the brain responds to nicotine and ethanol and to the use of tobacco products 
and different types of alcohol-containing beverages reveals a complex interplay of many brain 
regions that contribute to altered neurobehavioral processes involved in substance use and 
development of substance use disorders. The triadic neurobehavioral model describes the 
neurophysiological mechanisms underlying substance use disorders in terms of three functional 
domains (incentive salience, negative emotional states, and executive function) mediated by   
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distinct neurobiological circuits (basal ganglia, extended amygdala, and prefrontal cortex, 
respectively). All addictive substances, including nicotine and ethanol, affect these three major 
neurobiological circuits; additionally, substance-specific neurobiological effects have also  
been identified. 

Addictive behaviors, including tobacco and alcohol use, involve changes in the production, 
release, and binding of dopamine in the brain. Over time, tolerance (when a greater amount of 
the substance is needed to elicit the same response) develops. Cross-tolerance (when repeated 
administration of one substance induces a decreased response to another substance) is associated 
with co-use of tobacco and alcohol and has important implications for prevention and  
treatment interventions. 

General processes of addiction influence response to multiple substances with co-use leading to 
additive effects on reward systems and development of substance use disorders. This conclusion 
is supported by neurophysiological findings from both human and rodent studies. These shared 
processes at the genetic and neurophysiological levels help explain why co-use of tobacco and 
alcohol is especially common in people who use tobacco and who drink on average at higher 
levels, such as more than one drink a day for women and two drinks per day for men.  

Neuroimaging studies support the importance of the classic triadic neurobehavioral model of 
addiction—but also extend it. Altered salience attribution, negative emotional states, and 
dysregulated prefrontal function are at the core of substance use disorders. However, higher 
order processes, such as changed appraisal of subjective value, altered self-directed processing, 
and changes in flexible learning and memory in individuals with substance use disorders also 
play a critical role in substance use and substance use disorders. The brain networks identified 
from the human neuroimaging studies of tobacco and alcohol use differ slightly from those 
identified in animal (rat, mouse) models; this is likely attributed to differences in experimental 
procedures and imaging tools, as well as interspecies differences. 

Studies of people who use tobacco and alcohol as well as other addictive substances suggest 
there may be several different neurophysiological precursors that can lead to substance use 
and/or substance use disorders. Ongoing longitudinal studies that include sophisticated brain 
imaging and extensive phenotyping concerning psychological traits should help further  
elucidate these potential precursor phenotypes and may help inform the development of 
pharmacotherapies to prevent the onset of tobacco and alcohol use and co-use. 

Genetic studies further illuminate the relationship between genes and substance use. Studies of 
monozygotic (identical) and dizygotic (fraternal) twins have been used to estimate heritability,  
a statistical concept that estimates how well differences in genetic factors within a population 
account for differences in a particular trait. Heritability ranges from zero to one, with values 
close to zero indicating that the trait is mostly due to environmental factors, and higher values 
indicating the trait is largely due to genetic factors. Heritability is specific to the population 
studied and can change as the environment or genetic makeup of a population changes. 
Geneticists use heritability to ascertain that a trait is determined, at least in part, by genetic 
factors, and to determine how much shared genetic variance exists between traits. Extensive   
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research has now demonstrated that, across populations, the risk for smoking and alcohol use  
is split roughly equally between genetic and environmental factors. Research suggests that 
environmental factors (e.g., substance use by peers and family, price, advertising) play a larger 
role in initiation of tobacco and alcohol use than genetic factors. Conversely, evidence suggests 
that genetic factors play a larger role in continued and increased substance use than 
environmental factors.  

Prior to the availability of GWAS, genetic studies employed family-based linkage analyses or 
case-control association studies. While important, these studies had very limited ability to 
identify genes underlying behavioral traits, such as substance use, which result from the 
interaction of thousands of genetic factors, combined with environmental influences. Although 
GWAS represent an enormous advance, these studies also have limitations, which may include 
limited phenotypic assessment, difficulty controlling for population stratification, and limited 
ancestry diversity of study participants. Additionally, initial studies have focused either on 
tobacco use or alcohol use phenotypes, and few have examined tobacco–alcohol co-use.  
Progress is being made, however, thanks to the use of electronic medical records, the emergence 
of large “biobanks,” measures to promote data sharing, and other factors. 

Large-scale human genetic research has identified numerous potential risk loci linked to both 
tobacco and alcohol use, whether individually or as co-occurring disorders. Of note, studies show 
that the genetic pathways that contribute to risk for tobacco and alcohol use disorders are similar 
across diverse populations. While many risk loci have not been mapped directly to specific 
genes, those that have confirm the significance of previously identified neurophysiological 
pathways (e.g., involving nicotinic acetylcholine receptors, CHRN genes). Additionally, 
variations in genes and proteins that affect the metabolism of nicotine (e.g., cytochrome P450, 
CYP genes) and ethanol (e.g., alcohol dehydrogenase, ADH genes; aldehyde dehydrogenase, 
ALDH2 genes) have consistently been associated with individual responses to these substances, 
influencing the risk of increased use, and suggesting avenues for the development of 
pharmacotherapies or more effective use of existing therapies. In cases where GWAS results 
identify single nucleotide polymorphisms (SNPs) outside protein-coding regions of genes, the 
function of these is more difficult to predict; however, these SNPs could contribute to regulation 
of gene expression or be associated with a different, causally related SNP. Despite these 
advancements, developing effective treatments for substance use, including tobacco and alcohol 
co-use, tailored to individual genetic profiles is not yet a reality. The field of personalized 
medicine for substance use is still in its early stages, requiring further research to determine 
whether personalized strategies for tobacco cessation and alcohol cessation/reduction can be 
developed. Progress hinges on collaborative efforts among experts in physiology, pharmacology, 
genetics, and psychology, who must address the intricate interactions between genetic factors 
and environmental influences on tobacco and alcohol use. 

In summary, significant strides have been made in understanding the brain’s response to nicotine 
and ethanol and identifying genetic factors linked to substance use. However, translating these 
findings into precise, effective treatments remains a challenge. Continued interdisciplinary 
research and integration of genetic and environmental data are crucial for advancing personalized 
medicine in the realm of substance use disorders.  
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Research Needs 
Although the field has been successful at identifying genetic variants associated with 
nicotine and ethanol use, very few studies have carefully considered these behaviors 
together. Improved understanding of genetic associations and pathways that overlap between 
tobacco and alcohol use behaviors will provide important insight in the context of personalized 
medicine. Additional well-powered studies that combine brain imaging with genetics in children 
and adolescents, such as the HBCD study and ABCD study, have the potential to differentiate 
between functional brain differences that are predisposing to substance use and those that result 
from substance exposure. Such studies could also be strengthened by the further characterization 
of phenotypes and especially endophenotypes of tobacco and alcohol co-use at specific periods 
of initiation and use over the life course. 

Further, more research is needed to develop prevention and treatment approaches  
that specifically address heterogeneity in the three neurofunctional domains related to 
addiction. Longitudinal studies of brain development and neurobehavioral characteristics are 
needed to better understand how these trait-like factors are involved in addiction and substance 
use across the lifespan. Ongoing cohort studies, such as the HBCD and the ABCD studies, 
should help address these questions through a combination of extensive phenotyping, brain 
imaging, and biospecimen collection. 

Genetic and epidemiological analyses depend on consistent and meaningful definitions  
of use categories. For cigarettes, a threshold of having smoked at least 100 cigarettes is widely 
used to classify a person as having ever been an established user (e.g., rather than having tried 
smoking a few times). However, there is no standard for a minimum level of e-cigarettes or 
alcohol exposure for classifying participants as ever users. Establishing such thresholds and 
consideration of combined thresholds across both tobacco and alcohol products may facilitate 
research in this area. In addition, consistent measurement of various consumption patterns in 
longitudinal epidemiologic studies, such as nondaily smoking and drinking over the life course 
and analysis with genetic data, would further discovery of gene-environment interactions for 
tobacco and alcohol co-use.  

Further analysis of the ontogeny of tobacco and alcohol co-use in diverse populations is 
needed. Such studies should continue efforts to address populations of diverse ancestry and to 
examine interactions between environment and the range of genetic and development variation 
over the entire life course. In addition, the neuroimaging literature suggests that there are sex 
differences in the neurobiological mechanisms underlying substance use disorders83; research is 
needed to explore these differences. 

Although post hoc strategies used to characterize the genes and variants emerging from 
GWAS have begun to identify pathways, few of the GWAS results have been pursued at 
the functional level. Most GWAS results do not fall within a gene with obvious function, so 
methods to quickly predict and test functional implications of individual variants must be 
expanded. One such method (Functional Mapping and Annotation of Genome-Wide Association 
Studies; FUMA) has been developed and is now widely used.213,214  
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Although the field widely recognizes that gene-gene interactions and gene-environment 
interactions contribute to tobacco and alcohol use, studies have been underpowered to 
detect such interactions. This area of research is poised for the development of new methods, 
which should also consider environmental factors that change over time, such as the tobacco 
product marketplace. For example, the entry of e-cigarettes into the marketplace has resulted in 
high levels of adolescent use of e-cigarettes. These genetic characteristics and behavioral 
phenotypes could also be studied in relation to additional disease outcomes related to tobacco 
and alcohol co-use. 

There remain many research questions related to the genetics of tobacco and alcohol  
use phenotypes and their diverse health effects. For example, the GWAS and Sequencing 
Consortium of Alcohol and Nicotine use (GSCAN) data were used to estimate the genetic 
correlation between smoking measures and lung cancer; in general, heavier smoking and lower 
smoking cessation were positively associated with increased risk for lung cancer and chronic 
obstructive pulmonary disease.215 Further, variation in the CHRNA5 gene, which is one of the 
loci most strongly associated with heavy smoking and failed smoking cessation,167 is also one of 
the strongest associations with the development of lung cancer (see chapter 5).215 It is also clear 
that there are genetic associations specific to the development of lung cancer that are not 
smoking related.216 However, genetic variants of the locus coding the nicotine metabolizing 
genes (CYP2A6) displayed an inverse relationship with smoking behaviors; despite being 
associated with an increased risk of heavier smoking, lung cancer, and chronic obstructive 
pulmonary disease, they were also associated with successful smoking cessation.215 This inverse 
relationship highlights the need to better understand how nicotine metabolism alters the risk of 
heavier smoking measured by cigarettes smoked per day, lung cancer, and chronic obstructive 
pulmonary disease while also contributing to increased smoking cessation. Disentangling the 
common and specific genetic contributions to smoking and lung cancer may be useful in 
developing new treatments or treatment approaches. Together these results highlight the 
importance of investigating the genetic associations between behavior and risk to determine 
whether they can inform the development of improved approaches to cessation. 

Similarly, there is a relationship between the genetics of alcohol consumption and aerodigestive 
tract cancers. Multiple risk variants in the ADH and ALDH genes have emerged from GWAS for 
aerodigestive tract cancers (see chapter 5).217 There is evidence that tobacco and alcohol use 
leads to genetic variations in tumor suppressor genes, along with other disruptions to cell-cycle 
processes, which contribute to the development of oral cancers.218 Emdin and colleagues 
(2021)219 report that a polygenic score derived from 12 independent genetic variants for cirrhosis 
of the liver identifies individuals who are most susceptible to the hepatotoxic effects of excess 
alcohol consumption or obesity. Strong genetic predictors of excess risk related to behavior and 
obesity could potentially guide more targeted interventions. Overall, it is a significant research  
gap that few genetic studies as of 2026 have directly addressed phenotypes of co-use of tobacco 
and alcohol.  
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Further research is needed to optimize health communications related to family history, 
and to genetic and environmental influences of risk of tobacco and alcohol use, and co-use. 
Notably, it is unclear from the present literature whether information about family history 
improves responses to health communications or influences decision-making in a positive way. 
Further research is also needed on how stigma influences health cognitions related to individual 
and family history. 

Conclusions 
1. Tobacco and alcohol use affect multiple complex neurophysiological processes in  

the brain. Networks of brain regions that include the nucleus accumbens; amygdala; 
habenula; interpeduncular nucleus; hippocampus; insula; as well as cingulate, 
orbitofrontal, and prefrontal cortices influence how people respond to nicotine and 
ethanol, the primary substances in tobacco and alcohol products that lead to dependence 
and addiction. 

2. Large-scale human genetic studies have identified thousands of genetic variants 
associated with tobacco and alcohol use. Variation in genes and in proteins involved  
in the metabolism of nicotine and ethanol have been associated with an individual’s 
response to these substances, patterns of continued use, and risk for sustained use and 
dependence. These associations provide a mechanistic basis for some of the observed 
differences in substance use at the population level. 

3. Multiple risk loci have been mapped to genes known to be involved in nicotine  
and ethanol use and their physiological effects. The pathways of interest include 
dopaminergic, GABAergic, glutamatergic, and stress response pathways. These pathways 
influence how genetic variations affect individual responses to nicotine and ethanol, 
patterns of continued use, and the potential development of substance use disorders 
related to other drugs.  

4. Genetic studies have identified a substantial number of genetic variants that are 
associated with both alcohol use and tobacco use across populations, providing 
evidence for shared underlying mechanisms. A better understanding of the shared 
biological mechanisms from additional genetic studies will inform efforts to prevent use 
disorders and develop pharmacotherapies for tobacco and alcohol co-use and polyuse 
with other substances. 

5. Research to understand neurophysiologic and genetic factors contributing to 
tobacco and alcohol use and their co-use is beginning to inform precision medicine 
treatment approaches. An understanding of the complex interplay between genetic and 
environmental factors is essential for personalized treatments for tobacco and alcohol use 
to be most effective. Additional research is needed to effectively use existing therapies 
and develop personalized pharmacotherapies for tobacco and alcohol co-use. 
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Appendix 6A Selected Genome-Wide Association Studies of Tobacco and Alcohol 
Published Since 2018 

Study Phenotype(s) Samplea Selected results 

23andMe 
Research 
Team 2019220 

Alcohol 
Smoking 

UK Biobank and 23andMe  
(N = 939,908) 
Replication 
• 10 cohorts from 7 studies 

(n = 35,445) 

• 46 of 99 general risk tolerance loci contain lead 
SNP for at least 1 other GWAS 

• Genes near SNPs are highly expressed  
in the brain 

Deak et al. 
2022221 

Alcohol Million Veteran Program  
(n = 218,623 European American and 
n = 29,132 African American) 

• 15 genome-wide significant loci for “maximum 
habitual alcohol intake” 

• “Maximum habitual alcohol intake” is genetically 
correlated with measures of alcohol-related 
problems, but alcohol consumption measures  
load on a separate factor 

Deak et al. 
2022222 

Alcohol 
Cannabis 
Tobacco 
Opioid 

7 cohorts: Million Veteran Program, 
Psychiatric Genomics Consortium, 
iPSYCH, FinnGen, Partners Biobank, 
Vanderbilt University Medical Center 
(BioVU), Yale-Penn 3 
• N = 639,063 (n = 84,877 African 

ancestry; n = 544,186 European 
ancestry) 

• 18 independent, genome-wide, significant loci for 
opioid use disorder, including OPRM1 

• Strong genetic correlations of opioid use disorder 
with alcohol use disorder (rg = 0.77) and cannabis 
use disorder (rg = 0.82) 

Kember et al. 
2023130 

Alcohol Million Veteran Program longitudinal 
data (N = 409,630; n = 296,989 
European American; n = 80,764 
African American; n = 31,877 Hispanic 
American) 
• Validation in Vanderbilt University 

Medical Center (BioVU) (n = 66,903 
European American; n = 12,384 
African American) 

• UK Biobank (n = 123,561 European 
ancestry; n = 1,182 African 
ancestry) 

• 26 loci associated with alcohol use disorder  
and 22 loci associated with AUDIT-C  
(some ancestry-specific and some novel) 

• Excluding subjects reporting abstinence, 
additional loci were found (7 for alcohol use 
disorder and 8 for AUDIT-C) 
 Mediation analysis revealed set of variants  

with effects on alcohol use disorder that are not 
mediated through alcohol consumption 

Kranzler et al. 
2019223  

Alcohol • Million Veteran Program 
(N = 274,424) 

• Replication samples: Penn Medicine 
BioBank (n = 9,965), Yale-Penn 
study (n = 9,739) 

• 18 genome-wide significant loci 
 5 associated with AUDIT-C and alcohol use 

disorder 
 8 associated with AUDIT-C only 
 5 associated with alcohol use disorder only 
 Polygenic scores for both traits replicated in  

2 independent samples 

Liu et al. 20191  Alcohol 
Smoking  

GWAS & Sequencing Consortium of 
Alcohol and Nicotine use (GSCAN):  
• N of up to 1.2 million (depending on 

phenotype) 

• Total of 566 variants in 406 loci associated  
with tobacco use and/or alcohol use 

• 150 loci showed evidence for pleiotropic 
association 
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Appendix 6A (continued) 
Study Phenotype(s) Samplea Selected results 

Mallard et al. 
2022224  

Alcohol 
Smoking 
Psychiatric 
disorders 

Discovery:  
• UK Biobank (n = 147,267); 

Netherlands Twin Register 
(n = 9,975); Avon Longitudinal 
Study of Parents and Children 
(n = 3,582) 

Replication:  
• UK Biobank different subset (n = 

239,719); Collaborative Study on 
the Genetics of Alcoholism (COGA, 
n = 6,390); Vanderbilt University 
Medical Center (BioVU, n = 91,602) 

• Identification of a 2-factor structure at the genetic 
level exemplified by “consumption” and “problems” 
which are: 
 Highly correlated (rg = 0.80) 
 Strongly associated with alcohol dependence 

(rg = 0.67)  
• Moderately associated with other psychiatric 

disorders, including cigarettes per day 

Miller & Gizer 
2024225 

Alcohol 
Imaging 

23andMe, GSCAN, UK Biobank, 
Million Veteran Program, AlcGen, 
Cohorts for Heart and Aging Research 
in Genomic Epidemiology (CHARGE), 
Psychiatric Genomics Consortium, 
FinnGenR6, Enhancing Neuro Imaging 
Genetics through Meta-Analysis 
(ENIGMA)  

Various combinations depending on 
phenotype sample sizes:  
• Sensation seeking: 710,971 
• Alcohol consumption: 1,388,120 
• Alcohol use disorder: 220,182 
• Neuroimaging: ~30,000 

• Sensation seeking, alcohol consumption, alcohol 
use disorder, and neuroimaging 

• Support for shared genetic architecture between 
sensation seeking and alcohol consumption, via 
genes expression in midbrain and striatal tissues, 
and genetic variants associated with increased 
cortical surface area 

• Alcohol consumption and alcohol use disorder 
show overlap with genetic variants associated  
with decreased frontocortical thickness 

• Mediation models provide evidence of alcohol 
consumption mediating associations between 
sensation seeking and alcohol use disorder 

Rabinowitz et 
al. 2022226 

Alcohol 
Cannabis 
Tobacco 
Common 
substance 
use factor 
Imaging 

• 71 neuroimaging studies from the 
ENIGMA Consortium (N = ~33,000) 

• GWAS summary statistics for 
tobacco and alcohol use from 
23andMe and GSCAN cohorts 
(N = ~1.2 million) 

• GWAS summary statistics for 
cannabis use from International 
Cannabis Consortium, UK Biobank, 
and 23andMe (N = 184,765) 

• Adolescent Brain Cognitive 
Development (ABCD) study 
(N = 10,403)  

• 8 significant negative correlations 
 Alcohol drinks per week and average cortical 

thickness 
 Intracranial volume with age of smoking 

initiation 
• 5 positive genetic correlations 
 Insula surface area and lifetime cannabis use 
 Common substance use behavior genetic factor 

and pericalcarine surface area 
• There is a shared genetic etiology between 

cortical brain morphology and substance  
use behaviors 
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Appendix 6A (continued) 
Study Phenotype(s) Samplea Selected results 

Risner et al. 
2021227  

Alcohol 
Smoking 
Psychiatric 
disorders 

Pooled Database of Genotypes and 
Phenotypes (dbGAP) samples (n = 
6,394, European ancestry); National 
Longitudinal Study of Adolescent to 
Adult Health (Add Health) Wave IV 
(n = 3,061, European ancestry) 

• Nicotine dependence (cigarettes per day,  
AUDIT-C, AUDIT-P, neuroticism, schizophrenia, 
depression, BMI, self-perceived risk-taking, 
educational attainment) 

• Partial correlations between nicotine dependence 
and polygenic scores developed for each of the 
individual nine phenotypes 

• Multi-trait polygenic score also shows similar 
estimates with nicotine dependence, but depends 
on phenotype 

Toikumo et al. 
202413  

Tobacco PsychMerge network biobanks: 
Vanderbilt University Medical Center 
(BioVU), Mass General Brigham 
Biobank, Penn Medicine BioBank, 
Million Veteran Program, UK Biobank  

N = 898,680 subjects (n = 495,005 
European American, n = 114,420 
African American, n = 44,365 Latin 
American ancestry, and n = 244,890 
European ancestry from UK Biobank) 

• Tobacco use disorder based on electronic health 
records 

• 88 independent risk loci 
• 461 potential risk genes, primarily expressed in 

the brain 
• Tobacco use disorder genetically correlated with 

many other health outcomes 

Wang et al. 
2023228  

Alcohol Michigan Longitudinal Study (n = 665; 
European ancestry) 

• Problem alcohol use that combines frequency of 
alcohol use, maximum drinks in 24-hour period, 
and alcohol use problems at 4 assessments 
during young adulthood (11–29 years) 

• Problem alcohol use polygenic score was 
significantly associated with alcohol-related 
problems in young adulthood even after  
adjusting for: 
 Demographic covariates 
 Parental alcohol use disorder 

• Drinking and alcohol use problems in early and 
mid/late adolescence 

Xu et al. 
2020229 

 Smoking Million Veteran Program (MVP; 
n = 286,118;), includes n = 209,915 
European American, n = 54,867 
African American, n = 21,336 Hispanic 
American) 

Meta-analysis with GSCAN 
(n = 842,717) 

• EMR-based smoking trajectories 
 In MVP: 18 loci for smoking trajectory in 

European Americans; 1 locus in African 
Americans; 1 locus in Hispanic Americans 

 In MVP and GSCAN: 99 loci for smoking 
initiation 

 In MVP and GSCAN: 13 loci for smoking 
cessation 

Zhang et al. 
2022230  

Alcohol 
Nicotine 
Cannabis 
Opioid 

National Epidemiologic Survey on 
Alcohol and Related Conditions-III 
(n = 22,848 subjects, n = 12,505 
predominately European ancestry) 

• 21 independent SNPs and 17 gene-based loci  
for substance use disorders 

• Some SNPs/loci are substance-specific, some  
are shared 
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Appendix 6A (continued) 
Study Phenotype(s) Samplea Selected results 

Zhou et al. 
2020231  

Alcohol N = 435,563 European ancestry 
subjects from Million Veteran Program 
Phase 1 (n = 202,004), MVP Phase 2 
(n = 65,387), Psychiatric Genomics 
Consortium (n = 46,568), and UK 
Biobank (n = 121,604)  

Replication of polygenic score in 
Vanderbilt University Medical Center 
(BioVU) (n = 67,589) 

• 29 independent risk variants (19 novel) 
• Problem alcohol use was genetically correlated 

with 138 phenotypes  
• Heritability analyses of problem alcohol use 

showed enrichments in the brain and in conserved 
and regulatory genomic regions 

Zhou et al. 
2022232  

Alcohol 
Tobacco  

5 cohorts (N = 13,551): 
• Thai study of genetics 

methamphetamine dependence – 
Global Screening Array (n = 532) 

• Thai study of genetics of 
methamphetamine dependence – 
Multi-Ethnic Global Array 
(n = 2,370) 

• Million Veteran Program-East Asian 
Americans (n = 6,955) 

• Han Chinese – Global Screening 
Array (n = 3,381) 

• Han Chinese – Cyto12 array 
(n = 313) 

• Independent evaluation of polygenic 
score in Genetic Epidemiology 
Research in Adult Health and Aging 
(n = 4,464 East Asians) 

• Detected 2 well-known loci, one in ADH1B and 
one in BRAP near ALDH2  

• Alcohol use disorder polygenic score associated 
with days per week of alcohol consumption and 
nominally associated with pack-years of smoking 
and ever versus never smoking 

Zhou et al. 
2023233  

Alcohol Multiple cohorts (N = 1,079,947; 
n = 903,147 European ancestry; 
n = 122,571 African ancestry; 
n = 38,962 Latin American ancestry; 
n = 13,551 East Asian ancestry; 
n = 1,716 South Asian ancestry), 
including Million Veteran Program, UK 
Biobank, FinnGen, iPSYCH, QIMR 
Berghofer Medical Research Institute, 
Psychiatric Genomics Consortium, 
Yale-Penn 3, East Asian cohorts 

• Problematic alcohol use based on DSM-IV alcohol 
dependence and AUDIT-P scale 

• 110 independent risk variants 
• High degree of cross-ancestral similarity in genetic 

architecture of problematic alcohol use 
• Fine mapping across ancestries allowed 

narrowing of putative functional variants 
• Transcriptome-wide association study and 

chromatin interaction analyses implicated brain-
expressed genes 

• Polygenic score derived from multiple ancestries 
improves predictability and explains more variance 
relative to single-ancestry polygenic score 

Note. ABCD = Adolescent Brain Cognitive Development; AUDIT-C/AUDIT-P = Alcohol Use Disorders Identification Test (C = Concise; 
P = Problem); BMI = body mass index; DSM-IV = Diagnostic and Statistical Manual of Mental Disorders (Fourth Ed.); EMR = electronic medical 
record; GSCAN = GWAS and Sequencing Consortium of Alcohol and Nicotine use; GSCAN2 = GWAS and Sequencing Consortium of Alcohol 
and Nicotine use 2; GWAS = genome-wide association study; N = full study sample; n = subpopulation sample; MTAG = multi-trait analysis of 
GWAS; SNP = single nucleotide polymorphism. Four key GWAS of tobacco and alcohol2,4,11,14 are presented in Table 6.1 
aPopulation descriptors (e.g., European American, European ancestry) are quoted from the cited studies. 

  



 
Monograph 24: Tobacco and Alcohol: Understanding Co-Use to Reduce Cancer Incidence and Mortality 

   
 

393  
 

Appendix 6B Literature Search Strategy 
To identify relevant studies, the following search strings were used in PubMed: “GWAS and 
nicotine”; “genetics and smoking”; “smoking and imaging studies”. Searches were conducted 
between June and December 2023 to identify peer-reviewed studies published since PubMed 
inception through December 2023. Studies were also identified based on reviewing reference 
lists and review articles cited in key papers and/or presentations at scientific meetings, such as 
the NIDA Genetics and Epigenetics Cross-Cutting Research Team Meeting. Additional studies 
published after 2023 were incorporated into the chapter based on their relevance. 
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