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Abstract Adolescent substance use is of considerable public
health importance. This narrative review provides a brief back-
ground to genetically informative research methodologies and
highlights key recent literature examining the interplay be-
tween genetic and environmental influences in the etiology of
substance use. Twin studies have quantified the magnitude of
genetic and environmental influences, and more recently, co-
relative and Children of Twin designs have shown environ-
ments can moderate heritability. Studies have identified a num-
ber of specific gene variants (e.g. OPRM1, DRD4, SHTTLPR)
that interact with parenting and peer influence, and the effec-
tiveness of interventions may vary by genotype. However, little
research has taken into account the stage-sequential nature of
substance use. This may obscure important differences in the
genetic and environmental influences, and their interplay, at the
stages of escalation to problem use. Future research needs to
build on existing methodologies to disentangle the complexi-
ties of progression in adolescent substance use.
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Introduction

Substance use is an area of considerable public and research
importance due to the associated health and social conse-
quences [1]. Use during adolescence is an area of particular
research focus, not just because adolescence is the typical
period for substance use initiation [2] but also because of the
acute risks and harms [3—5] from substance use and the strong
association between onset, extent of use during adolescence
and risks for the subsequent development of substance depen-
dence and related harms [6—12]. There has been a long history
of research into environmental risk factors for the initiation of
substance use [13] and more recently a recognition of strong
genetic influences on substance use and substance use disor-
ders, derived principally from the findings of twin studies [12,
14-18]. Advances in genotyping technologies have permitted
the expansion of research on these genetic influences to the
identification of specific genetic variants associated with drug
use. Despite this, relatively few genetic variants have been
identified as being robustly associated with substance depen-
dence, with some notable exceptions [19-21].

The limited number of genetic variants with strong, robust
associations with substance use has led to increasing focus on
the interplay between genetic predispositions and environ-
mental exposures in the etiology of substance use and escala-
tion to problems [22-26]. Gene by environmental interplay
encompasses both gene by environment interaction and gene
by environment correlation. Three main categories of gene by
environmental correlation have been identified. These are ac-
tive correlation, whereby individuals select, modify or con-
struct experiences that are correlated with their genetic
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predisposition; passive correlation, whereby individuals are
passively exposed to environments that are correlated with
their genetic predispositions; and evocative correlation,
whereby the individual’s genotype elicits a certain response
from the environment around them [27]. Gene by Environ-
ment Interactions (GXE) occur when environmental effects on
individuals vary by genotype or when the environment alters
the effect a gene has on an individual’s physiology [27, 28].

In this review, we focus on the recent literature exploring
genetic and environmental influences on the development of
substance use and dependence during adolescence. By
highlighting methodological approaches, preliminary findings
and the necessity of considering the stage-sequential nature of
substance use, we identify areas that show the greatest prom-
ise for disentangling this complex etiology.

Genetically Informative Research and the Risk
Factors for Adolescent Substance Use

The magnitude of genetic and environmental influences on
substance use disorders has been broadly quantified by twin
studies. Agrawal and Lynskey [17] noted that estimates of the
heritability of substance dependence ranged from 0.30 to 0.70
and were broadly equivalent across individual substances.
Twin methodologies allow the quantification of the magnitude
of both shared environmental influences that increase twin
similarity on a trait and non-shared environmental influences
that do not increase similarity on a trait [27]. Shared genetic
influences are typically less prominent than non-shared envi-
ronmental influences in the etiology of substance dependence;
although in adolescence, the shared environment may be rel-
atively more prominent. In addition to quantifying the magni-
tude of genetic and shared environmental influences on sub-
stance dependence, twin studies have also demonstrated that
there are likely to be genetic influences that form a vulnera-
bility to substance use across drug classes [29, 30], although
some evidence has been found for separate, albeit highly cor-
related, licit and illicit drug genetic factors [31].

Utilising Traditional Twin Studies to Explore Gene
by Environment Interplay

Twin studies have not only allowed quantification of the mag-
nitude of genetic effects but have also provided strong evi-
dence that the magnitude of genetic influences is altered by the
environment. For example, Boardman et al. have demonstrat-
ed the impact of public health policies, finding that the mag-
nitude of genetic influences on smoking desistance increased
following the introduction of restrictive legislation on
smoking behaviours [32] and that genetic influences on daily
smoking in adolescents were lower in states with more restric-
tive access to tobacco products [33]. Social factors also play

an important role. For example, the heritability of smoking is
higher in schools where the most popular students smoke [34];
genetic influences on adolescent smoking are more prominent
in the presence of low parental monitoring [35]; and heritable
influences on adolescent substance use are more prominent in
environments characterised by high levels of peer substance
use [36].

The Utility of Large, Linked Administrative Data Sets

In addition to results from twin studies, Kendler and his col-
leagues have recently used a novel research strategy to exam-
ine genetic influences, based on the analysis of whole popu-
lation administrative data sets from Sweden, with sample sizes
exceeding one million individuals. Combining official records
of treatment seeking, official police contact and related infor-
mation at a whole population level with information on out-
comes in relatives (e.g. full siblings, cousins), they have con-
firmed substantial heritability for drug abuse in both males
(55 %) and females (73 %), with environmental factors shared
by siblings operating only in males [37]. The convergence of
these findings with those from traditional twin studies, which
have typically studied less severe phenotypes based on self-
report symptom data, is impressive. Using a similar approach
to examine concordance for drug abuse in pairs of related
individuals, the authors demonstrated the importance of fam-
ily environmental influences on drug abuse in sibling pairs,
where those whose older sibling had recorded drug abuse had
a 1.42 (95 % CI, 1.31-1.54) increased likelihood of drug
abuse compared to those whose younger siblings had recorded
drug abuse [38e¢]. Similar findings were reported for cousin
pairs, who were found to be significantly more similar in
recorded drug abuse if they were close in age and location
when growing up [39].

In addition to confirming the importance of both (latent)
genetic and environmental influences on risks for drug abuse,
these authors have presented a number of analyses examining
the extent to which specific, measured environmental expo-
sures are associated with risks for drug abuse while controlling
for heritable influences on such risk. For example, Giordano
et al. [40], using a co-relative comparison within sibling and
cousin pairs discordant for exposure to trauma, demonstrated
that experiencing a second-hand traumatic event (e.g. having a
parent or sibling be assaulted or die) before age 15 was associ-
ated with twice the risk for the development of drug abuse.
They used a similar approach to highlight the importance of
neighbourhood social deprivation on the development of drug
abuse [41]. Kendler et al. [42] highlighted risks for drug abuse
associated with exposure to both peer deviance and parental
divorce while also implicating interactions between genetic li-
ability for drug abuse and peer deviance and between parental
divorce and peer deviance in the etiology of officially recorded
drug abuse. For those with low genetic risk (determined by the
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drug abuse records of relatives), living in an area with high peer
deviance was associated with an increase in 28.1 cases of drug
abuse per 10,000 person-years. In comparison, being at very
high genetic risk in a high risk area was associated with an
increase of 78.0 cases per 10,000 person-years.

The Use of Children of Twins Design

One potential liability of the traditional twin method is that
any GxE will be confounded with, and therefore inflate, esti-
mates of heritability unless measured environmental expo-
sures are explicitly modelled [43]. One design which can
model both main effects of genes and environment and gene
by environmental interactions is the children of twins (CoT)
design. This design allows a comparison of outcomes in (1)
children at high genetic risk and high environmental risk (e.g.
parent is alcohol dependent), (2) high genetic risk but reduced
environmental risk (parent is not alcohol dependent but their
MZ co-twin is), (3) intermediate genetic risk but reduced en-
vironmental risk (parent is not alcohol dependent but their DZ
co-twin is) and (4) children at low genetic and low environ-
mental risk (control families; both parent and co-twin are not
alcohol dependent). Thus, it allows detection not only of ge-
netic transmission but also environmental consequences of
parental alcohol dependence that may depend upon offspring
genotype (Gene x Shared Environment interaction [43]) or be
masked by genetic nonadditivity.

Applying the CoT design to study the links between paren-
tal drug dependence (alcohol or cannabis) and onset of sub-
stance use in offspring, Waldron et al. [44¢] reported that both
children of parents who were drug dependent (high genetic/
high environmental risk) and those of non-drug-dependent
parents whose MZ co-twin was drug dependent (high
genetic/low environmental risk) had elevated rates of early
onset tobacco (7.30 and 2.22 times higher risk, respectively),
alcohol (1.43 and 2.82 times higher risk, respectively) and
cannabis use (only significant for those with high genetic/
low environmental risk, where it was 3.03 times higher).
While this pattern of results strongly implicates heritable in-
fluences in transmission of risks associated with parental drug
dependence, further analyses also highlighted that, indepen-
dent of these influences, exposure to parental divorce signifi-
cantly elevated risks of early onset substance use.

Interactions of Specific Genetic Variants
with Environmental Exposures

While the research above has focussed on latent genetic influ-
ences, research that has explored specific genes in relation to
the environment has also found encouraging results for GXE.
There are a number of considerations when selecting specific
gene variants to be tested against specific environmental ex-
posures. What is considered a large sample for environmental
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research may be underpowered for genetic studies, with ex-
tremely high numbers of participants required to identify
strong GXE between genotypes and environmental exposures
that commonly occur [45, 46], resulting in the employment of
prioritisation strategies for investigation of GXE that focus on
genetic variants that are common in the population; that are
associated with the disorder being studied; or that are associ-
ated with individual response to the environmental factor un-
der consideration [28, 45]. Consequently, the genetic variants
that have been studied to date are those commonly studied in
the mental health GxE literature.

There is some evidence that the influence of specific gene
variants may be moderated by environmental exposures such
as neighbourhood peer substance use, parental supervision,
and parent-child attachment. For example, Daw et al. [47]
studied the influence of SHTTLPR in combination with mea-
sures of peer smoking. There was not a statistically significant
main effect of neighbourhood peer cigarette use, but those
with more copies of the SHTTLPR short allele had a signifi-
cantly higher hazard of smoking initiation in environments
where a higher proportion of neighbourhood peers smoked.
Specifically, the hazard ratio for the interaction between peer
use and number of SHTTLPR short alleles on any smoking
was 3.532 (P=0.002) and 5.686 (P<0.001) for regular
smoking. In addition, COMT has been found to interact with
parental supervision to affect frequency of drinking at age 19
and with parental involvement to affect amount consumed at
age 19 [48]. The interaction between OPRMI1 and parental
rule setting was also found to significantly differentiate heavy
drinkers from light drinkers [49]. Further, the effect of an
ADH1B variant has been found to be moderated by the drink-
ing behaviour of peers, with a protective effect on reaching
drinking milestones observed when no friends were reported
to be drinking that was significantly reduced when most or all
best friends were reported to be drinking [50]. Finally, higher
numbers of DRD4 alleles significantly interacted with parent-
child attachment to increase risk of problematic smoking (anx-
ious attachment) and cannabis use (avoidant and anxious at-
tachments) [51].

Genetic Variants and Response to Substance Use
Interventions

A new and emerging research area is the examination of how
specific genetic variants may alter response to treatment or
prevention interventions. Understanding why certain interven-
tions are successful for some people and less so for others
would allow for the development of tailored intervention
programmes and represent an example of potential GXE inter-
actions. However, only recently has research begun to consid-
er whether an individual’s genetic risk can moderate the ef-
fects of participation in an intervention for substance use.
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Brody et al. [52¢¢] reported the results of two longitudinal
family-centred randomised controlled trials designed to re-
duce alcohol use in 900 11-17 year olds. They examined
whether adolescents assigned to the intervention condition
who carried a dopaminergic or GABAergic susceptibility
gene would demonstrate greater decreases in alcohol use than
adolescents who did not carry either susceptibility gene. They
found that participants within the intervention condition car-
rying two or three susceptibility genes evinced smaller in-
creases in alcohol use than participants with none or only
one susceptibility gene. Regression estimates for the interac-
tion between gene and intervention (significant after adjust-
ment for multiple comparisons) were —0.86 (SE 0.22) for
GABRGI, —0 .67 (SE 0.21) for GABRA2 and —1.19 (SE
0.29) for DRD2. These findings provide support for the dif-
ferential susceptibility theory [53] which suggests that the
genetic make-up of some individuals may increase malleabil-
ity or susceptibility to both negative and positive environmen-
tal influences. Thus, some individuals may be adversely af-
fected by negative exposures and may also be more likely to
benefit from positive environments. Therefore, inter-
individual variability can exist in response to positive experi-
ences such as programmes designed to address substance use.

Methodological Challenges of Specific Genetic Variants

Research is providing promising results for GXE and has
highlighted genes that warrant further exploration. How-
ever, the selection of specific genetic variants for study
has limitations. With regard to the environmental expo-
sures selected for study, there are an extensive number
of potential exposures that can be combined with the
plethora of gene candidates. Sher and colleagues [54]
have highlighted that the unavailability of information
on the number of possible environmental influences
means that there is no “environome” to compare with
the genome. Distal factors that are thought to have a
long-term effect (such as childhood family environment)
can be differentiated from proximal exposures (such as
availability), and studies of GXE in adolescent substance
use may benefit from systematically classifying environ-
ment in this way. There is also a need to identify whether
GxE findings remain stable at different time points. De-
velopmental stage has previously been shown to affect
gene associations [55], and specifically for adolescent
substance use, it is important to confirm whether associa-
tions differ depending on the type of drug, the stage of
substance use, the developmental stage of the tested pop-
ulation and across subgroups. Finally, despite years of
candidate gene studies, there are still few replicated asso-
ciations [46]. Additional lines of GXE research may iden-
tify more robust associations.

Polygenic Risk Scores

Focussing research on combinations of genes or gene systems
may be a more efficient strategy for understanding GXE in
substance use. The advent of genome-wide association studies
(GWAS) has implicated multiple genes from multiple biolog-
ical pathways in the etiology of substance use [19, 56]. How-
ever, as for other complex traits, the effect sizes of individual
gene variants associated with substance use are small and fall
short of accounting for the expected amount of variability
based on heritability estimates [57]. Taking this into account,
some researchers have moved from examining single genes
for GXE to considering polygenic risk scores [58¢, 59, 60]. In
principle, these scores work in the same way as other risk
prediction models, aggregating the effects of multiple genetic
variants to produce a quantitative estimate of (genetic) risk for
a particular trait for each individual.

While risk scores do have the potential to be useful and
informative, careful consideration must be given to (i)
methods used to develop these scores, (ii) the strength of as-
sociation between the polygenic score and the outcome(s) of
interest and (iii) whether the results are applicable beyond the
study sample [61]. An illustrative paper on this topic used a
longitudinal community sample to investigate the interaction
between a polygenic risk score and age in relation to tobacco
consumption [62¢]. The authors demonstrated that, even when
multiple genetic factors were combined, the polygenic score
only accounted for a small proportion of the variance in a trait
for nicotine (in their example, from 0.1 to 1 % of the variance
in cigarette consumption between the ages of 14 and 24) and
did not show the same relationship for alcohol. This does not
rule out the use of polygenic risk scores but does serve to
underline the need for realistic expectations about their likely
predictive power and the importance of considering their po-
tential contribution in combination with other, nongenetic,
risk factors [63].

Considering the Stage-Sequential Nature of Drug
Dependence

There are three key features of the relationship between ge-
netic and environmental influences on the development of
substance use and dependence that require further elaboration.
Firstly, it is important to note that the development of sub-
stance dependence is a stage-sequential process in which a
number of different transitions must first occur (see Fig. 1).
Many individuals will reach different stages without
progressing to dependence, but traditionally, most studies of
dependence have conflated these stages. For example, the
common comparison of individuals who are substance depen-
dent against those who are not dependent often fails to distin-
guish between non-cases who may have never used a drug and
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Fig. 1 Diagram of stage-
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those who used the drug (potentially regularly) but did not
progress to dependence. There is also value in exploring var-
iation amongst those who reach different stages, differentiat-
ing not only those who do or do not initiate use but also those
who initiate use earlier or later [64]. Despite research
highlighting the necessity of considering early substance use
stages, this has rarely been considered, making it unclear at
which stages in the development of drug dependence specific
genetic or environmental influences are most prominent [65].

Secondly, research suggests that the relative strength of
genetic and environmental influences on the development of
substance dependence varies by both stage of substance use
and by developmental age [12, 66—70]. For example, there is
evidence that, in their aggregate, genetic influences are rela-
tively weaker in younger aged samples [71] and at earlier
stages (e.g. initiation) in the development of substance depen-
dence [16] (see Fig. 1). Nonetheless, there is also evidence of
substantial, albeit incomplete, overlap in the genetic influ-
ences on initiation and problem use [72—74].

A third feature that deserves further exploration is the ex-
tent to which the importance of measured genetic and envi-
ronmental influences on substance dependence may vary
across stages of substance involvement (see Fig. 1). Early
stages of substance use, such as initiation, might be genetical-
ly influenced through personality traits such as novelty seek-
ing [75], while genetic factors associated with sensitivity to
drug effects may influence progression of use. At subsequent
stages, such as drug dependence and withdrawal, genetic in-
fluences on drug metabolism may have stronger associations.
Similarly, there may be distal and proximal environmental risk
factors that are unique to specific stages of substance involve-
ment, while others may act across multiple stages or show
correlation while not being identical [72]. Research is also
emerging into how external influences can lead to changes
in gene function at a cellular level [76], and these epigenetic
mechanisms have recently begun to attract interest in the field
of substance use [77—79]. Speculatively, early stages of use
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may be influenced by pre-existing epigenetic modification
(resulting, for example, from childhood stressors [80—83])
with later stages influenced by epigenetic modifications
brought about by substance use. Consequently, it is expected
that the use of the stage-sequential approach will reveal that
observed genetic and environmental associations will alter
throughout the sequence towards dependence.

Recent research utilising the stage-sequential approach
has demonstrated differences in association by stage of
use for both environmental and genetic factors. For ex-
ample, Sartor et al. [68] reported a number of associa-
tions with environmental factors that were unique to on-
set of alcohol use (e.g. male gender, attention deficit
hyperactivity disorder, parental divorce and maternal al-
cohol dependence), while others were unique to the tran-
sition from alcohol use to dependence (e.g. nicotine de-
pendence, cannabis abuse, generalised anxiety disorder).
Similar results have been obtained for genetic risk fac-
tors. Belsky et al. [58¢] reported that a multi-locus ge-
netic risk score, derived from the results of meta-
analyses for nicotine dependence, was unrelated to initi-
ation of tobacco use but was significantly associated with
increased risks for daily tobacco use, more rapid progres-
sion from initiation to heavy use, increased risks for the
development of nicotine dependence and reduced likeli-
hood of successful cessation. The literature on substance
use behaviour trajectories has typically studied behaviour
change that occurs between substance use stages, and
modelling development and changes in substance use
over time has found that GABRA2 is associated with
an increase in drunkenness between ages 18-19, sug-
gested to be due to the enhanced independence related
to reaching adulthood [84]. Similarly, OPRM1 has been
found to differentiate those who were light drinkers from
those who had progressed to moderate drinking in par-
ticipants followed up over 6 years (participants on aver-
age aged 14.3 at start of study) [49].
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In summary, studies utilising the stage-sequential approach
are likely to reveal differential genetic influences at different
stages, with substance-specific genes more likely to operate at
later stages [85]. Different environmental influences are also
likely to operate at each stage, and research into trajectories
suggests that environmental change should be incorporated
into analysis [84]. Taking this approach to research is key
for gaining a comprehensive understanding of GXE in the
development of adolescent substance use and to reaching
meaningful conclusions about opportunities for intervention.

Conclusions

The research currently available highlights the role of genetic
and environmental influences and, importantly, their interplay
in the development of adolescent substance use and provides
intriguing avenues for potential interventions. The evidence
shows promising leads with regard to gene variants that war-
rant further exploration, the composite effects of genes on
substance use and the importance of the type and timing of
environmental influences in shaping adolescent substance use
behaviour.

Genetic and environmental interplay continues to be a
promising avenue for exploration in order to understand
the underlying causes of adolescent substance use and pro-
gression and future research will need to apply the optimal
strategies for investigating this area [28, 45, 61], demon-
strate the replicability of findings and overcome issues
around the measurement of phenotypes. Incorporation of
new methodologies provides the best opportunity to over-
come the barriers to these aims. As discussed in this re-
view, the innovative use of noninvasive methods for re-
search through administrative data sets [38ee, 39, 41, 42]
shows promise for analysis of large samples with measured
phenotypes at relatively low cost and effort. Combining
such methods with a stage-sequential approach to under-
standing genetic and environmental influences on drug in-
volvement and response to intervention may be key to
disentangling the complex etiology of one of the great
public health issues of our time.
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