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Abstract

Opioid use disorder (OUD) creates significant public health and economic burdens worldwide.
Therefore, understanding the risk factors that lead to the development of OUD is fundamental to
reducing both its prevalence and its impact. Significant sources of OUD risk include co-occurring
lifetime and current diagnoses of both psychiatric disorders, primarily mood disorders, and other
substance use disorders, and unique and shared genetic factors. Although there appears to be
pleiotropy between OUD and both mood and substance use disorders, this aspect of OUD risk is
poorly understood. In this review, we describe the prevalence and clinical significance of addictive
and affective comorbidities as risk factors for OUD development as a basis for rational opioid
prescribing and OUD treatment and to improve efforts to prevent the disorder. We also review the
genetic variants that have been associated with OUD and other addictive and affective disorders to
highlight targets for future study and risk assessment protocols.
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Introduction

The U.S. opioid epidemic remains a major public health problem and more than 130 people
die each day from opioid-related overdoses (National Institute on Drug Abuse, 2019). It also
represents a major economic burden, with misuse of prescription opioids alone resulting in
an annual U.S. cost of $78.5 billion. Although approximately one-third of this expense
($28.9 billion) is attributable to increased health care costs and medication-assisted
treatment (MAT) programs (Florence et al., 2016), the remaining two-thirds are due to
criminal justice-related costs and lost productivity from both nonfatal and fatal consequences
of opioid use. Although initially the opioid epidemic in the U.S. was fueled by prescription
opioid analgesics, it has now shifted into more use of illicit and/or more potentially deadly
opioids like heroin and fentanyl (Pergolizzi et al., 2018). Given the combined loss of life and
financial cost of the opioid epidemic, it is important to understand the risk factors for opioid
use, misuse, and opioid use disorder (OUD).

Estimates of the percentage of individuals with pain who are exposed to opioid medication
and who develop problematic opioid use, dependence or addiction varies widely. Current
opioid misuse is estimated to occur in 21.7% to 29.3% of individuals exposed to opioids
(Vowles et al., 2015). The comparable rates for developing current OUD following opioid
exposure are between 8% and 12% (Vowles et al., 2015), while the rates for developing
lifetime opioid use disorder (OUD) are between 34.9% and 41.3% (Boscarino et al., 2011,
2015). The wide range of estimates for these phenotypes reflects the difficulty in accurately
ascertaining them, in part due to the lack of consistent definitions for terms like misuse,
abuse, dependence, and addiction; variation in their severity; current vs. lifetime timeframes;
and the various indications for which opioids have been prescribed (Boscarino et al. 2011,
Boscarino et al. 2015, Cheatle 2016). Despite the range of estimates, it is clear that a large
proportion of individuals treated with opioid analgesics are at risk for developing
problematic opioid use behaviors. Thus, a better understanding of factors contributing to
problematic opioid use can help in both the prevention and treatment of OUD and its
associated risk of overdose and death,

The risk factors associated with the development of OUD include co-occurring psychiatric
disorders (PDs) and other substance use disorders (SUDs), genetic variation, and
environmental stressors, which may include chronic pain and past adverse experiences
(Boscarino et al., 2015; Barry et al., 2016; Berrettini, 2017; Rogers et al., 2019). These
factors can act additively or synergistically to increase OUD risk. Moreover, a genetic
predisposition for OUD can be shared (i.e., through pleiotropy) with other PDs and SUDs
(Hu et al., 2018).

In this review, we first discuss the prevalence of co-occurring PDs, principally focusing on
mood disorders (MDs), and SUDs in individuals with problematic opioid use or OUD. We
also explore the shared genetic factors that may underlie this and other comorbidities. By
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highlighting the common comorbidities and the shared genetic architecture of these
phenotypes, we hope to promote better opioid prescribing and OUD treatment practices and
enhance prevention efforts.

Review Methods

To identify the relevant literature, we used Google Scholar bots with the terms “opioid
abuse,” “opioid comorbid association depression,” and “opioid GWAS.” In addition, we
performed detailed literature searches in Google Scholar using terms including “opioid
comorbidity,” “psychiatric opioid comorbidity,” “opioid GWAS,” “SUD comorbidity,”
“SUD GWAS,” and “opioid neuroticism association,” focusing on literature published over
the past 10 years. We included research articles and reviews with relevant results or
discussion. We also reviewed the reference lists of the articles that were initially identified
through literature searches to locate additional articles that we may have missed initially.
This search strategy resulted in the inclusion of work older than 10 years, but it filled a
significant gap in the narrative of the review. For the compilation of the findings (see
Supplementary Table 1), we consulted GeneCards — The Human Gene Database
(genecards.org; Stelzer et al.,, 2016) to catalog loci in which single nucleotide
polymorphisms (SNPs) have been associated with opioid-related phenotypes, including
opioid dependence and OUD; other SUDs; and associated PDs.

Origins of Comorbidity

Martins et al. (2012) outlined three overlapping hypotheses of how comorbidity between
OUD and PDs develops (Figure 1). The “self-medication” hypothesis postulates that
individuals develop OUD as a result of repeated opioid use to relieve symptoms associated
with established PDs (Khantzian, 1985). The “precipitation hypothesis” postulates that OUD
and OUD withdrawal (Morspan et al., 2015) result in shifts in behavior and alterations in
neural plasticity that lead to the development of PDs. Finally, “shared vulnerability” includes
common underlying genetic and/or environmental factors associated with both OUD and a
PD give rise to both conditions. Although there is support in the literature for all three of
these hypotheses (Emrich et al., 1982; Swendsen, 2000; Krueger et al., 2001; Kendler et al.,
2003; Saitoh er al., 2004; Brady and Sinha, 2005; Martins et al., 2012), in general, pre-
existing PDs (“self-medication”) and genetic liabilities/personal histories (“shared
vulnerability”) appear to be the most robust predictors of OUD (Brooner, 1997; Brady and
Sinha, 2005; Barry et al.,, 2016). Nevertheless, psychiatric symptoms arising from previous
opioid use (“precipitation”) should not be ignored, as individuals may use opioids to
alleviate incident mood or anxiety symptoms, thereby initiating a cycle of opioid use and
dependence (Fatséas et al., 2010; Dell’Osso et al., 2014).

The development of comorbidity between OUD and other SUDs mirrors the development of
psychiatric comorbidities. Individuals in withdrawal from one substance may begin to use
another substance in an attempt to mitigate the negative effects or to increase the overall
effect of pain relief — mirroring “self-medication” (Kaufman, 1976a, 1976b; Darke and
Ross, 1997; Manchikanti et al., 2006; Rogers et al., 2019). Akin to “precipitation” in PDs,
SUD comorbidities can also arise via “gateway” mechanisms in which the use of one drug
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leads to the use of another, more potent, one (Kaufman, 1976b). There are three interrelated
gateway conditions: “sequencing,” “association,” and “causation” (Kandel and Faust, 1975;
Fiellin et al,, 2013). In sequencing, a static relationship exists between two substances, with
one initiated before the other, while in association the use of two substances is begun at the
same time. Finally, in causation, the act of initiating one substance results in the initiation of
another substance (Fiellin ef af., 2013). Indeed, prior misuse of other substances is common
among patients with OUD, with 34-68% of individuals initiating opioid use after
experimenting with or becoming addicted to one or more other substances (lves et a/., 2006;
Fiellin et al,, 2013; Arterberry et al., 2016; Rajabi et al., 2019). Regardless of which gateway
mechanism(s) is operative, use of the first substance can, and often does, persist despite the
individual’s taking up a second drug, resulting in mixed or polydrug use disorders (Rogers et
al., 2019). Finally, with shared vulnerability, multiple SUDs can arise through genetic
pleiotropy. This shared propensity can be explained by the “common factor model” in which
genetically influenced developmental trajectories and shared genetic liabilities exist for
multiple substances (Morral et a/., 2002; Cleveland and Wiebe, 2008).

Co-occurring substance use and PDs is common. Barry et al. (2016) found that more than
half of individuals with OUD met lifetime criteria for at least three psychiatric or non-opioid
SUDs. There is evidence that common physiological mechanisms underlie this comorbidity.
The neurotransmitters dopamine, gamma-aminobutyric acid (GABA), and glutamate and
their respective receptors are commonly involved in both SUDs and PDs (Gémez-Coronado
et al. 2018). Moreover, several biological processes, including oxidative stress, immune
responses, and inflammation, are common to both SUDs and PDs. These common
physiological processes can be partially explained by correlated genetic vulnerabilities.
Understanding these genetic correlations could greatly improve our ability to detect
individuals at risk for OUD and PDs and improve the treatments available to them.

OUD and Co-Occurring Mood Disorders

SUDs occur at frequencies higher than expected in individuals with almost all PDs
(Lappalainen, 2004) and an estimated 45-56% of OUD patients have at least one PD
(Brooner, 1997; Kidorf et al., 2004; Sullivan et al., 2005; Barry et al,, 2016). In addition, the
presence of co-occurring disorders commonly is associated with higher rates of opioid use
and lower rates of MAT program adherence (Sullivan et a/., 2006; Grattan et al., 2012; Smith
et al., 2017; Litz and Leslie, 2017), increasing the risk of opioid relapse by 80% (Clark et al.,
2015). The adverse effects of comorbidity are proportional to the number of comorbid PDs
(Edlund et al., 2010; Liao et al., 2017). For example, in a survey of randomly selected
individuals, those with one or two comorbid PDs had five times the odds of opioid use,
while individuals with three or four such disorders had a nine-fold increased odds of opioid
use (Sullivan et al., 2005). Further, the presence of OUD and a least one comorbid PD
increases the likelihood of having another comorbid SUD (Kidorf et al.,, 2004). The majority
of studies in the literature on psychiatric comorbidity with OUD involve MDs (Brooner,
1997; Kidorf et al., 2004; Ahmadi et al., 2004; Sullivan et al., 2005; Barry et al., 2016),
consistent with the disorders’ shared neurobiology and phenomenology (Lutz and Kieffer,
2013).
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In a review of the prevalence of comorbid PDs in opioid-dependent patients worldwide, the
average rates of current and lifetime depression were estimated to be 13.4% and 25.4%,
respectively (Strain, 2002). Among patients in a buprenorphine (BUP) treatment program,
19% had a current diagnosis of depression and 24% reported having had a previous
depressive episode (Savant et al., 2013). In a Chinese population of methadone (MET)-
maintenance patients, the prevalence of depression was 38.3% (Yin et al., 2015). Similarly,
in a U.S. population of prescription opioid users, the prevalence of depression was 30.1%,
nearly quadruple that of non-opioid users (8.4%) (Sullivan et al., 2005). Among individuals
entering a treatment research program for co-occurring chronic pain and OD, current
depression was present in 40% of both individuals dependent on heroin and those dependent
on prescription opioids, with lifetime rates of 52% and 47%, respectively (Barry et al.,
2016). In a study of U.S. college students who engaged in recreational prescription opioid
use, 59% had symptoms of major depression (Davis et al., 2020).

Depression is commonly cited as an important risk factor for the development of OUD and
is associated with negative opioid use outcomes. Patients treated with opioids for chronic
non-cancer pain (CNCP) are significantly more likely to exhibit symptoms of depression
than those who do not receive opioids (43.6% vs. 26.8%, p < 0.001) (Goesling et al., 2015).
Similarly, individuals who screen positive for depressive symptoms or have a diagnosis of
depression are 3.63 times (95% CI = 1.71-7.70) more likely to be diagnosed with OUD,
with the severity of the depression significantly associated with the odds of opioid misuse
(OR =3.71, 95% CI = 1.01-13.76) (Feingold et al. 2018). In the United States between 2011
and 2015, a 1% increase in self-reported depression diagnoses was associated with a 26%
increase in opioid-related overdose deaths (Foley and Schwab-Reese, 2019). In an
adolescent population, a major depressive episode was significantly associated with
nonmedical prescription opioid use (OR = 1.51, 95% CI = 1.37 — 1.67) and opioid abuse/
dependence (OR =2.18, 95% CI = 1.77 — 2.70) (Edlund et a/., 2015). Litz and Leslie (2017)
also determined that OUD patients with MD or bipolar disorder [BPD]) were significantly
less likely to continue BUP MAT (OR = 0.805, 95% CI = 0.651 — 0.994). The presence of
multiple comorbid PDs (including depression and BPD) also increased the propensity for
risky behaviors in heroin users, including unprotected sex, sharing of injection needles, and
opioid overdose, likely contributing to the higher rates of HIV, hepatitis, and sexually-
transmitted diseases among regular heroin injectors with depression compared to those with
no history or symptoms of depression (Williams et a/., 2017). Finally, among opioid-naive
patients undergoing surgery, lifetime depression was associated with the subsequent long-
term use of opioid analgesics (OR = 1.46, p< 0.001) (Leroux et al., 2019).

In considering the co-occurrence of depression and OUD, it is important to distinguish
between independent depression (that which arises outside of the context of opioid abuse)
and depression that occurs in temporal proximity to heavy opioid use or OUD (i.e.,
substance-induced depression). Dakwar et al. (2011) found no significant difference in the
proportion of opioid-dependent individuals with independent depression and those with
substance-induced depression. However, independent depression is a robust predictor of
OUD and should be considered a risk factor for the disorder among patients receiving opioid
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analgesics (Feingold et a/., 2018). On the other hand, substance-induced depression has
important implications for OUD patients who are receiving MAT, as such comorbidity can
increase craving, drug-seeking, and the risk of relapse (Tiet and Mausbach, 2007). Notably,
continued postoperative opioid use is associated with significantly increased odds of new-
onset depression (OR = 2.08, 95% CI = 1.74-2.49) (Wilson et al., 2019).

Neuroticism (NEU) is one of the “Big Five” personality traits and is characterized by a
tendency to feel negative emotions and a vulnerability to stress (McCrae and John, 1992).
The link between high NEU scores and pain is well established (Cheng and Furnham, 2013;
Yadollahi ef al., 2014; Krok and Baker, 2014; Shivarathre et al., 2014; Bucourt et al., 2017;
Chang et al., 2017) and is a robust predictor of the onset and burden of disease (Sutin et a/.,
2013; Weston et al., 2015). The link between NEU and disease burden is also evident in the
OUD literature. In a 10-year follow-up study of older individuals administered prescription
opioids, NEU was associated with both a higher risk of persistent pain (OR = 1.44, 95% CI
= 1.38-1.51) and greater use of opioid medication (OR = 1.21, 95% CI = 1.14-1.29) (Sutin
et al., 2019). NEU score was also a significant indicator of chronic severe pain in patients in
methadone maintenance therapy (MMT) (p < 0.001, OR = 1.60, 95% CI = 1.27-2.12) (Koh
and Othman, 2019). High NEU scores are consistently observed among heroin users
(Patalano, 1998; Brooner et al., 2002; Korngr and Nordvik, 2007) alongside greater
impulsivity, insecurity, and lower emotional stability, sociability, and ego strength (Patalano,
1998). NEU was also associated with risk of opioid relapse in a one-year follow-up study of
OUD patients in a Polish sample (Betkowska-Korpata, 2012), while individuals who
remained in MAT and/or remained abstinent from opioids had low or normal NEU scores
(Trémeau et al., 2003; Betkowska-Korpata, 2012).

It has been suggested that the link between NEU and relapse reflects emotion-focused
coping in which individuals attempt to react to a stressor, in this case opioid addiction, by
changing their thoughts or feelings about the stressor through positive thinking or self-
criticism (Matthews and Campbell, 1998; Delié et al., 2017). Emotion-focused coping was
found to be less useful when dealing with a stressful situation than task- or problem-focused
coping (Matthews and Campbell, 1998).

OUD and Polysubstance Use

Polysubstance use and comorbid SUDs are extremely common among individuals with
OUD and their prevalence is positively correlated with opioid misuse, withdrawal, and
overdose. Data from the 2016 National Survey on Drug Use and Health (NSDUH) indicate
that the prevalence of polysubstance use is as high as 92.9% among individuals who use
opioids other than prescribed and it increases with the severity of opioid exposure
(Winkelman et al., 2018). Polysubstance use was observed in 45.5% of individuals who were
prescribed opioids but did not misuse them, 68.0% of those who misused opioids, 82.7% of
those with diagnosed OUD, and 92.9% of heroin users. Among heroin users, nearly half
(40.9%) commonly used three or more additional drugs and nearly one-third (30.0%) used
two other drugs. In the 2015 Global Drug Survey (GDS), which included the United States,
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United Kingdom, Germany, France, and Australia, the rates of polysubstance use among
individuals self-reporting opioid misuse and abuse ranged from 40.1% to 67.2%, with males,
unemployed individuals, and those with less education being at greater risk for use/
dependence (Morley et al., 2017). In this international comparison, polysubstance use was
universally and significantly associated with the prevalence of misuse (OR = 4.36, 95% CI =
3.29-5.93) and abuse (OR = 6.49, 95% CI = 4.0-10.48) of prescription opioids. Even though
the rates of reported opioid misuse and abuse in the U.S. sample were higher than any other
country (28.2% and 27.7%, respectively compared to misuse as high as 27.5% [Germany]
and abuse as high as 21% [U.K.]), the results of this study show that comorbid
polysubstance use with OUD is a global issue. Among CNCP patients from the Department
of Veterans Affairs (VA), Edlund et al. (2007) found that non-opioid substance abuse
comorbidity was most strongly associated with opioid abuse and dependence (OR = 2.34),
while the association with a comorbid mental health disorder was more modest (OR = 1.46).
Among heroin injectors both within and outside of MAT programs in Australia,
polysubstance abuse was the greatest risk factor for both negative health outcomes
(injection-related risks and injuries) and criminal activity (Betts ef a/., 2016).

As with comorbid PDs, comorbid SUDs can begin before, during, or following the onset of
OUD. Savant et al. (2013) found that the rate of comorbidity of at least one lifetime SUD
diagnosis with OUD was 70%, while the comorbidity with a current diagnosis was 16%.
Similar results were observed by Barry et al. (2016), who found that the lifetime prevalence
of any non-opioid SUD was 88.3% in heroin users and 69.8% in prescription opioid abusers,
with current rates being 39.0% and 27.9%, respectively. This high rate of comorbidity of
lifetime SUDs provides evidence for the “gateway” hypothesis of multi-morbidity and
reinforces the clinical relevance of taking a drug use history to predict opioid use (Ives et al.,
2006; Hooten et al., 2015). Finally, co-occurring disorders can have deleterious effects on
the health of individuals in MAT programs and should be identified and treated as part of a
comprehensive approach to OUD treatment.

Nicotine, in any form, is consistently the most commonly used comorbid substance among
opioid-dependent individuals, with a prevalence reported to be as high as 98% (Clemmey,
1997; Best et al., 1998; Chun et al., 2009; Pajusco et al., 2012). In MET-treated patients, the
prevalence of smoking is three to four times that of the general population (Clemmey, 1997).
The extremely high comorbidity rate may be partially explained by persistent withdrawal
symptoms among patients being treated with MET or other opioid agonists. In opioid
agonist maintenance clinics, the prescribed dosage of agonists like MET and BUP rarely
account for either metabolic differences among patients or potential drug interactions
(Trujols et al., 2012). Thus, many patients experience physical and/or psychological
symptoms that persist despite agonist treatment. Indeed, patients who reported that their
MET doses were not adequate for symptom relief results in an increase of smoking behavior
(Tacke et al., 2001). Smoking may also enhance the effects of other substances, including
MET. It has been suggested that MET patients smoke for one or more of three reasons: it
makes taking other drugs and MET more enjoyable; it shares the same cues and withdrawal
symptoms as harder drugs, making smoking highly addictive; and it is viewed as having
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fewer acute negative side effects than “harder” drugs, making it more acceptable (McCool
and Richter, 2003). These factors may help to explain the high rates of smoking initiation
among OUD patients. Moreover, nicotine dependence among individuals in treatment for
OUD leads to significantly higher rates of smoking-related morbidity and mortality and has
been linked to poorer treatment outcomes (e.g., a higher rate of relapse; Burling et al. 2001;
Hurt 1996; Lemon et al. 2003; McCarthy et al. 2002). Smoking is also associated with
heroin use and addiction. In an Australian sample, 94% of heroin users smoked (Darke and
Hall 1995). Similarly, In an Italian sample, 97.2% of heroin-addicted individuals were
smokers (Pajusco et al. 2012).

Nicotine dependence is also an important risk factor for the development of OUD. Data from
the National Epidemiologic Survey on Alcohol and Related Conditions (NESARC), show
that an early-onset of cigarette use is significantly associated with the initiation, re-initiation,
and persistence of opioid use (ORs = 1.40-1.61) (Arterberry et al. 2016). In a meta-analysis
of 175,063 individuals from North America, Asia, and Europe, Rajabi et al. (2019) reported
that smoking more than doubled the odds of opioid use (OR = 2.51, 95% CI = 1.91-3.28),
with the odds of OUD among smokers more than 8-fold those of non-smokers (OR = 8.23,
95% CI = 3.07-22.09). Thus, lifetime and current smoking status should be considered by
clinicians to be significant risk factors for OUD. Circumspection in prescribing opioids to
individuals who smoke could help to reduce the iatrogenic risk of OUD. Among individuals
with OUD, the availability of a wide variety of effective treatments for smoking cessation
argues for combining treatment for smoking with that for OUD.

The prevalence of alcohol use disorder (AUD) among individuals with OUD ranges from
7% to 46% (Strain, 2002; Sullivan et al., 2005, 2006; Hartzler et al., 2010; Barry et al., 2016;
Hser et al., 2017), often significantly higher among both individuals who use prescription
opioids other than prescribed and those who use illicit opioids than in the general population
(Maremmani et al., 2007). Regardless of when AUD develops among individuals with OUD,
it is associated with poorer treatment outcomes and higher rates of overdose-related
morbidity and mortality (reviewed in Witkiewitz and Vowles 2018). Because both alcohol
and opioids are central nervous system depressants, in combination they can be lethal (White
and Irvine, 1999). Notably, the concomitant use of alcohol and opioids can also disrupt pain
signaling in the brain, interfering with the treatment of chronic pain (Egli et a/., 2012).

The risk of comorbidity of AUD and OUD appears to be bidirectional. Among CNCP
patients, those who used opioids other than prescribed were 2.6 times (95% Cl = 1.12-6.26)
more likely to have past or current AUD than individuals who use opioids as prescribed
(Ives et al. 2006). Additionally, using the MarketScan claims database, Landsman-Blumberg
et al. (2017) observed that, among CNCP patients, those with AUD were significantly more
likely to overdose on opioids (p < 0.001). Akin to cigarette use, data from the NESARC
show that early-onset of an AUD significantly increased the odds of initiating (OR: 1.38,
95% CI = 1.16-1.63), re-initiating (OR: 2.03; 95% CI = 1.32-3.12), and persisting in (OR:
1.72; 95% CI = 1.25-2.36) opioid use (Arterberry et al., 2016). As with smoking, the risk of
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developing OUD could potentially be reduced by clinicians’ circumspection in prescribing
opioid analgesics to patients who with AUD.

Cocaine use disorder (CUD) is also prevalent among individuals with OUD and in MMT
patients. Among Spanish heroin users, 62.3% were shown to use cocaine (Barrio et al.
1998). More recently, in a U.S. population of heroin users, 74% and 88% reported lifetime
use of crack and cocaine, respectively (Bobashev et al. 2018). Similarly, in the U.S., the
prevalence of cocaine use among MMT patients has been found to be as high as 75% (Grella
et al., 1995; Tzilos et al., 2009). Because methadone, an opioid agonist, has no effects on
cocaine reinforcement, many individuals in MMT programs seek out the effects of cocaine
to get high.

Because there are no medications with consistent evidence of efficacy in treating CUD
(Shorter et al. 2015), psychosocial treatment is the cornerstone in treating MMT patients
who use cocaine. One approach for which there is consistent evidence of efficacy in
reducing cocaine use is contingency management (Higgins et al., 1991; Blanken et al., 2016;
Knapp et al., 2007; Lussier et al., 2006; Minozzi et al., 2016).

In addition to cocaine use and CUD being highly comorbid with OUD, a study of CNCP
patients who used opioids other than prescribed showed them to be 4.3 times (95% CI =
1.76-10.4) more likely to have a past CUD than controls, with 40.3% of patients who used
opioids other than prescribed testing positive for cocaine or amphetamines (lves et al.,
2006). Further, among these patients, a past history of CUD was the strongest predictor of
opioid misuse (lves et al., 2006). Among a cohort of patients treated with opioids, those
illustrated problematic use the drugs reported significantly more years of lifetime cocaine
use than those who used them as prescribed (p < 0.002) (Knisely et al., 2008).

Cannabis use disorder (CaUD) also commonly co-occurs with OUD, with 22% of current
users of heroin and 20% of current users of prescription opioids reporting lifetime CaUD
(Barry et al., 2016). CaUD, both alone and in combination with other disorders, increases
the risk of developing OUD. Among young adults, a history of CaUD was associated with
subsequent prescription opioid abuse in both males (OR = 2.52, 95% CI = 2.22-2.85) and
females (OR = 2.34, 95% CI = 2.07-2.66) (Fiellin et al., 2013). Similarly, early-onset CaUD
was associated with the re-initiation (OR =2.92, 95% CI = 1.85, 4.59) and persistence (OR
=3.11; 95% CI = 2.21, 4.39) of opioid abuse and the frequency of cannabis use predicted
opioid use, initiation, and re-initiation (Arterberry et al. 2016). In U.S. population data,
CaUD was significantly associated with a higher incidence of nonmedical opioid use (OR =
3.13, 95% CI = 1.19-8.23, including nonmedical prescription opioid use (OR = 2.62, 95%
Cl =1.86, 3.69), and OUD (OR =2.18. 95% CI = 1.14, 4.14) (Olfson et al. 2018). The
presence of both CaUD and AUD significantly increased the risk of opioid misuse among
opioid-using adults with chronic pain (Rogers et al., 2019).
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The Genetics of OUD Comorbidity

As discussed previously and illustrated in Figure 1, psychiatric comorbidities can develop as
a result of three, non-mutually exclusive mechanisms: self-medication, precipitation, and
shared vulnerability (Martins et al. 2012). Under the umbrella of shared vulnerability genetic
and epigenetic contributors to comorbidity contribute to self-medication and precipitation.
Thus, individuals can self-medicate symptoms of a PD, the etiology of which is partly
genetic (Mullins et al., 2019; Shen et al., 2020) or develop an incident PD in the context of a
genetically influenced SUD (Langbehn et al., 2003; Kendler et al., 2003). Further, multiple
comorbidities can exist through pleiotropy, in which there is shared genetic variation that
leads to multiple PDs and/or SUDs (Wetherill et al., 2015; Hu et al., 2018; Foo et al., 2018;
Pasman et al., 2018). Indeed, significant genetic correlations have been identified between
many SUDs and PDs [e.g., AUD and depression (Edwards et al. 2012; Foo et al., 2018),
CUD and Tobacco Use Disorder (TUD; Sadler et al., 2014), CaUD and depression (Pasman
etal., 2018), AUD and PDs/SUDs: (Walters et al., 2018; Kranzler et al. 2019), and TUD and
schizophrenia (Erzurumluoglu et al., 2019)]. These findings highlight the complex nature of
the shared vulnerability among SUDs and between SUDs and PDs.

Multiple candidate gene studies and a limited number of genome-wide association studies
(GWAS) of OUD have identified risk or protective variants. The genes implicated in these
studies include OPRDI (which encodes the §-opioid receptor) and OPRM1 (which encodes
the p-opioid receptor), and genes involved in calcium- (P/TPNM3, PPP3CA) and potassium-
related cellular effects (KCNG1, and KCNG2) (Mayer et al., 1997; Zhang et al., 2008;
Nielsen et al., 2010; Crist et al., 2013; Gelernter et al., 2014; Hancock et a/., 2015; Zhou et
al., 2020). Other genes associated with OUD include RGMA, MCOLN1, PNPLA6, CNIH3,
and DDX18 (Nelson et al., 2016; Cheng et al., 2018, 2020). Significant advances have also
been made in the genetics of fentanyl sensitivity (Fukuda et al., 2009; Ide et al., 2014; Mieda
et al., 2016; Muraoka et al., 2016; Nishizawa et al., 2018; Takahashi et al., 2018) and MET
metabolism (Kharasch and Stubbert, 2013; Levran et a/., 2013; Marie-Claire et al., 2016;
Yang et al., 2016), as well as the epigenetics of OUD (Li et al., 2015; Browne et al., 2020).
The genes, variants, and pathways implicated in these studies may also be relevant to other
SUDs and PDs.

There have also been several studies that demonstrate pleiotropy of loci associated with
either OUD phenotypes or other SUDs or PDs. In a study investigating the potential roles of
rare variants (RVs) in N-methyl-D-aspartate (NMDA) glutamate receptors in substance
dependence, Xie et al, (2014) identified 11 RVs that were significantly associated with
opioid dependence in African Americans (o= 0.0008), including GR/INZ2B (p = 0.0009) and
DISCI1 (p=0.001), where two SNPs were significant: rs139667828 and rs61737326. In a
sample of Polish individuals Fudalej et a/. (2016) found a significant association the D/SCI
SNP rs2738888 and OD, with the C allele also appearing to be protective against suicidality.
DISC1 has been associated to a number of PDs, most notably schizophrenia (SCZ), BPD,
and depression (Millar et al., 2000; Brandon and Sawa, 2011; Porteous et al., 2011).

Recently, a GWAS of 41,176 individuals, comprising 4,503 opioid-dependent cases, 4,173
opioid-exposed controls, and 32,500 opioid-unexposed controls showed that the SNP
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rs9291211 was associated with opioid exposure (Polimanti et a/., 2020). This variant is
located in BEND4, which regulates the transcriptomic profile of SLC30A9. Both of these
genes have been associated with neuroticism (Kichaev et al., 2019) and depression (Wray et
al., 2018). In addition, associations with rs9291211 and alcohol consumption, neuroticism,
depression, anxious feelings, and the use of dietary supplements were identified in a
phenome-wide scan in the UK Biobank (Polimanti ef a/., 2020). This study also showed an
association of opioid exposure with SDCCAGS, which has been previously associated with
risk-taking behaviors (Karlsson Linnér et al., 2019), schizophrenia (Schizophrenia Working
Group of the Psychiatric Genomics Consortium, 2014), and educational attainment (Lee et
al., 2018).

Significant genetic correlations between several OUD-associated traits and both PDs and
SUDs have been identified in GWAS. A GWAS of 79,729 European American individuals
(8,529 confirmed cases of prescription OUD and 71,200 controls) from the Million Veteran
Program (MVP), the Yale-Penn dataset and the Study of Addiction: Genetics and
Environment showed significant genetic correlations of OUD with 83 other traits, including
substance-related traits and psychiatric illnesses (Zhou et al., 2020). Specifically, significant
positive correlations were observed between OUD and smoking behaviors, alcohol
dependence and related behaviors, attention deficit/hyperactivity disorder (ADHD), major
depressive disorder, schizophrenia, and neuroticism (Zhou ef a/., 2020). Polimanti et al.,
(2020) found that a polygenic risk score (PRS) based on a GWAS of risk tolerance (Karlsson
Linnér et al., 2019) was positively associated with both opioid exposure and opioid
dependence. They also found that a PRS based on a GWAS of neuroticism was positively
associated with opioid dependence, but not opioid exposure. Taken together, these results
illustrate that different associations can be uncovered using different samples, traits, and
analytic methods. Both genetic correlation and the use of PRS can be expected to provide
additional insights into the genetic pleiotropy of OUD and both other SUDs and PDs.

A potentially useful resource in this effort is the Alcohol, Nicotine, Cocaine, and Opioid
Dependence Gene Database (Hu et al., 2018; ANCO-GeneDB; https://bioinfo.uth.edu/
ancogenedb/). This freely available tool for research on the genetics of co-occurring SUDs is
comprised of information from GWAS, PheWAS, PubMed, and direct experimentation,
along with data from indirect sources including drug interactions, gene expression assays,
and tissue-specific enrichment analyses. Although the data in ANCO-GeneDB show no
overlap among SNPs across the four phenotypes, at the genic level, a total of 151 genes are
shared across all phenotypes and 42 genes are shared by opioid and nicotine dependence.
The next greatest overlap is among alcohol, nicotine, and OD, with a total of 71 genes. This
is consistent with epidemiological evidence that these disorders commonly co-occur.
Overlap between opioid dependence and either alcohol or cocaine dependence was lower,
with 15 and 9 genes in common, respectively. Another approach to understanding the
pleiotropy in opioid-related traits is highlighted in a recent review by Sumitani et a/., (2020),
which curated polymorphisms in genes associated with human pain sensitivity, opioid
sensitivity and/or addiction. The review illustrates the interrelated genetic basis for these
three phenotypes and suggests that personalized opioid analgesic strategies can be developed
for treating pain.
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There is currently no database like ANCO-GeneDB that links PDs with SUDs. Such a
database could substantially improve research on the comorbidity of these disorders. To
highlight the shared genetic variation of OUD with PDs and other SUDs, we catalogued
SNPs in 71 genes that have been associated, principally in GWAS, with opioid-related
phenotypes and at least one other SUD or PD (Supplementary Table 1). The list was
compiled using GeneCards — The Human Gene Database (genecards.org; Stelzer et al.,
2016). It shows that the phenotypes that overlap most with opioid-related traits are nicotine/
smoking-related ones, which appear in 39% of the SNP/gene entries. This is followed by
schizophrenia (SCZ; 31% of entries) and depression (20% of entries). Some other notable
phenotypes that overlap with opioid-related phenotypes are measures of wellbeing (17%),
alcohol dependence/consumption (13%), ADHD (11%), risk taking (10%), and anxiety
(6%). Figure 2 summarizes these results.

Among the SNPs that have been catalogued, only one is common to both an opioid
phenotype and a PD/SUD phenotype: rs4606, an exonic SNP in the RGSZ gene (Regulator
of G-protein signaling 2), whose G allele is associated with both opioid dependence (Kaski,
2019) and GAD (Dunn et al., 2014). This variant has also been associated with panic
disorder and several other personality disorders (Leygraf et a/., 2006; Smoller et al., 2008;
Koenen et al., 2009; Otowa et al., 2011).

The rates of association that appear in the table are generally consistent with the comorbidity
rates observed in the literature. Consistent with the most common overlap of loci associated
with opioid-related phenotypes and loci associated with smoking-related phenotypes is the
high prevalence of nicotine dependence among opioid-dependent individuals. The table
highlights how shared genetic liability corresponds to the comorbidity seen in clinical
settings. Moreover, the SUD and PD phenotypes shown in the table are potential indicators
of risk for OUD. However, this is likely just the tip of the iceberg. Understanding the genetic
architecture of co-occurring disorders will require large multi-population GWAS samples
that provide adequate power and represent key non-European population groups, as most of
the genetic research in this area has focused predominantly on European-ancestry
individuals. However, there is much complexity that must be accounted for, as a recent study
showed that the predictive accuracy of PRS, even within a single ancestral population, can
differ significantly when considering characteristics such as the socio-economic status, age,
or sex distributions of the groups in which the GWAS and the prediction were conducted, as
well as the study design (Mostafavi et a/., 2020).

Limitations of this Review

In this review we explored the prevalence of OUD comorbidities, which showed that several
PDs and SUDs are robust risk indicators of opioid misuse and abuse. We also illustrated the
complex nature of the literature on the genetics of OUD comorbidity. The review is limited
by the available literature, which is fragmentary. For instance, the literature does not permit
a temporal assessment of comorbidity during the evolution of the opioid epidemic, primarily
in the U.S, from prescription opioid analgesics to more deadly, illicit opioids like heroin and
fentanyl. As more research becomes available, future reviews should focus on this
developmental perspective as the potential for negative outcomes has greatly increased over
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time and new causal links and associations regarding the use of illicit opioids could be
uncovered. Additionally, there is limited information provided in most studies of the
temporal order of onset of OUD and comorbid disorders. The temporal sequencing of
disorders has important implications for etiology and should be given greater attention in
studies of comorbidity.

The complex nature of the genetics of OUD comorbidity was illustrated in two recent
publications [Zhou et al. (2020) and Polimanti ef a/. (2020)]. These studies underscore the
effects of different sample ascertainment, trait definition, and analytic approach. However,
new discoveries are to be anticipated, as ever-larger study samples become available,
substantially increasing the power to detect genetic associations, and novel methods are
applied to identify the causal variants and effector genes uncovered by GWAS. Despite its
limitations, this review of the available literature on the genetics of OUD comorbidity
provides a framework within which new findings can be interpreted.

Conclusion

In this review, we have highlighted the abundant evidence that OUD is commonly associated
with a variety of other SUDs and PDs. However, despite this, and the recognition that
clinically it is important to assess comorbidity in patients with OUD, there has been
relatively little research aimed at understanding the common genetic risk factors that may
underlie these phenotypes. Further, there is little information on the genetic basis of OUD
among populations other than those of European ancestry, particularly a paucity of data from
GWAS.

There is evidence that recent efforts to limit opioid prescribing for pain, particularly high-
dose therapies, offers the prospect of reducing the opioid epidemic. However, the reduction
in prescribed opioids has been accompanied by increased use of illicit opioids. Thus, there
remains a pressing need for a greater understanding of the root causes of OUD and the
factors contributing to its risk, including comorbid disorders, to permit identification and
intervention with individuals most susceptible to misusing opioid drugs.
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Acknowledgements

This work was supported by the Commonwealth of PA Dept. of Health Tobacco Settlement Act 2001-77 grant #
4100083337 to JHM, the Ruth L. Kirschstein National Research Service Award (T32 HG009495) to PJF, and NIH
grant P30 DA046345 to HRK.

Conflict of Interest

Dr. Kranzler is a member of an advisory board for Dicerna Pharmaceuticals; is a member of the American Society
of Clinical Psychopharmacology’s Alcohol Clinical Trials Initiative, which in the past three years was supported by
AbbVie, Alkermes, Ethypharm, Indivior, Lilly, Lundbeck, Otsuka, Pfizer, Arbor, and Amygdala Neurosciences; and
is named as an inventor on PCT patent application #15/878,640 entitled: “Genotype-guided dosing of opioid
agonists,” filed January 24, 2018.

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al. Page 14

References

Ahmadi J, Majdi B, Mahdavi S, Mohagheghzadeh M (2004). Mood disorders in opioid-dependent
patients. Journal of Affective Disorders 82: 139-142. [PubMed: 15465588]

Avrterberry BJ, Horbal SR, Buu A, Lin H-C (2016). The effects of alcohol, cannabis, and cigarette use
on the initiation, reinitiation and persistence of non-medical use of opioids, sedatives, and
tranquilizers in adults. Drug and Alcohol Dependence 159: 86-92. [PubMed: 26710977]

Barrio G, De la Fuente L, Royuela L, Diaz A, Rodriguez-Artalejo F (1998). Cocaine use among heroin
users in Spain: the diffusion of crack and cocaine smoking. Spanish Group for the Study on the
Route of Administration of Drugs. Journal of Epidemiology & Community Health 52: 172-180.
[PubMed: 9616422]

Barry DT, Cutter CJ, Beitel M, Kerns RD, Liong C, Schottenfeld RS (2016). Psychiatric Disorders
Among Patients Seeking Treatment for Co-Occurring Chronic Pain and Opioid Use Disorder. The
Journal of Clinical Psychiatry 77: 1413-1419. [PubMed: 27574837]

Berrettini W (2017). A brief review of the genetics and pharmacogenetics of opioid use disorders.
Dialogues in Clinical Neuroscience 19: 9. [PubMed: 28566943]

Best D, Lehmann P, Gossop M, Harris J, Noble A, Strang J (1998). Eating too Little, Smoking and
Drinking too much: Wider Lifestyle Problems among Methadone Maintenance Patients. Addict Res
6: 489-498.

Betkowska-Korpata B (2012). Personality in the big five model and maintaining abstinence after one
year follow-up. Psychiatr Pol 46: 387-399. [PubMed: 23045892]

Betts KS, Chan G, Mcllwraith F, Dietze P, Whittaker E, Burns L, et al. (2016). Differences in
polysubstance use patterns and drug-related outcomes between people who inject drugs receiving
and not receiving opioid substitution therapies: Polysubstance use, injecting-related harms and
treatment. Addiction 111: 1214-1223. [PubMed: 26857811]

Blanken P, Hendriks VM, Huijsman IA, van Ree JM, van den Brink W (2016). Efficacy of cocaine
contingency management in heroin-assisted treatment: Results of a randomized controlled trial.
Drug and Alcohol Dependence 164: 55-63. [PubMed: 27177805]

Bobashev G, Tebbe K, Peiper N, Hoffer L (2018). Polydrug use among heroin users in Cleveland, OH.

Drug and Alcohol Dependence 192: 80-87. [PubMed: 30243143]

Boscarino JA, Hoffman S, Han J (2015). Opioid-use disorder among patients on long-term opioid
therapy: impact of final DSM-5 diagnostic criteria on prevalence and correlates. SAR: 83.

Boscarino JA, Rukstalis MR, Hoffman SN, Han JJ, Erlich PM, Ross S, et al. (2011). Prevalence of
Prescription Opioid-Use Disorder Among Chronic Pain Patients: Comparison of the DSM-5 vs.
DSM-4 Diagnostic Criteria. Journal of Addictive Diseases 30: 185-194. [PubMed: 21745041]

Brady KT, Sinha R (2005). Co-Occurring Mental and Substance Use Disorders: The Neurobiological
Effects of Chronic Stress. Am J Psychiatry: 11.

Brandon NJ, Sawa A (2011). Linking neurodevelopmental and synaptic theories of mental illness
through DISC1. Nature Reviews Neuroscience 12: 707-722. [PubMed: 22095064]

Brooner RK (1997). Psychiatric and Substance Use Comorbidity Among Treatment-Seeking Opioid
Abusers. Arch Gen Psychiatry 54: 71. [PubMed: 9006403]

Brooner RK, Schmidt CW Jr., Herbst JH (2002). Personality trait characteristics of opioid abusers with
and without comorbid personality disorders. In: Personality disorders and the five-factor model of
personality, 2nd ed, American Psychological Association: Washington, DC, US, pp 249-268.

Browne CJ, Godino A, Salery M, Nestler EJ (2020). Epigenetic Mechanisms of Opioid Addiction.
Biological Psychiatry 87: 22—-33. [PubMed: 31477236]

Bucourt E, Martaillé V, Mulleman D, Goupille P, Joncker-Vannier I, Huttenberger B, et al. (2017).
Comparison of the Big Five personality traits in fiboromyalgia and other rheumatic diseases. Joint
Bone Spine 84: 203-207. [PubMed: 27269650]

Burling TA, Seidner Burling A, Latini D (2001). A controlled smoking cessation trial for substance-
dependent inpatients. Journal of Consulting and Clinical Psychology 69: 295-304. [PubMed:
11393606]

Chang M-C, Chen P-F, Lung F-W (2017). Personality disparity in chronic regional and widespread
pain. Psychiatry Research 254: 284-289. [PubMed: 28500976]

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al.

Page 15

Cheatle MD (2016). Facing the challenge of pain management and opioid misuse, abuse and opioid-
related fatalities. Expert Review of Clinical Pharmacology 9: 751-754. [PubMed: 26933873]
Cheng H, Furnham A (2013). Factors Influencing Adult Physical Health after Controlling for Current

Health Conditions: Evidence from a British Cohort. PLOS ONE 8: €66204. [PubMed: 23826090]

Cheng Z, Yang B, Zhou H, Nunez Y, Kranzler HR, Gelernter J (2020). Genome-wide scan identifies
opioid overdose risk locus close to MCOLN1. Addiction Biology 25.

Cheng Z, Zhou H, Sherva R, Farrer LA, Kranzler HR, Gelernter J (2018). Genome-wide Association
Study Identifies a Regulatory Variant of RGMA Associated With Opioid Dependence in European
Americans. Biological Psychiatry 84: 762—770. [PubMed: 29478698]

Chun J, Haug NA, Guydish JR, Sorensen JL, Delucchi K (2009). Cigarette Smoking Among Opioid-
Dependent Clients in a Therapeutic Community. Am J Addict 18: 316-320. [PubMed: 19444736]

Clark RE, Baxter JD, Aweh G, O’Connell E, Fisher WH, Barton BA (2015). Risk Factors for Relapse
and Higher Costs Among Medicaid Members with Opioid Dependence or Abuse: Opioid
Agonists, Comorbidities, and Treatment History. Journal of Substance Abuse Treatment 57: 75—
80. [PubMed: 25997674]

Clemmey P (1997). Smoking habits and attitudes in a methadone maintenance treatment population.
Drug and Alcohol Dependence 44: 123-132. [PubMed: 9088784]

Cleveland HH, Wiebe RP (2008). Understanding the association between adolescent marijuana use and
later serious drug use: Gateway effect or developmental trajectory? Dev Psychopathol 20: 615—
632. [PubMed: 18423097]

Crist RC, Clarke T-K, Ang A, Ambrose-Lanci LM, Lohoff FW, Saxon AJ, et al. (2013). An Intronic
Variant in OPRD1 Predicts Treatment Outcome for Opioid Dependence in African-Americans.
Neuropsychopharmacol 38: 2003-2010.

Dakwar E, Nunes EV, Bisaga A, Carpenter KC, Mariani JP, Sullivan MA, et al. (2011). A Comparison
of Independent Depression and Substance-Induced Depression in Cannabis-, Cocaine-, and
Opioid-Dependent Treatment Seekers: Comparison of Independent and Substance-Induced
Depression. The American Journal on Addictions 20: 441-446. [PubMed: 21838843]

Darke S, Hall W (1995). Levels and correlates of polydrug use among heroin users and regular
amphetamine users. Drug and Alcohol Dependence 39: 231-235. [PubMed: 8556972]

Darke S, Ross J (1997). Polydrug dependence and psychiatric comorbidity among heroin injectors.
Drug and Alcohol Dependence 48: 135-141. [PubMed: 9363413]

Davis RE, Bass MA, Wade MA, Nahar VK (2020). Screening for depression among a sample of US
college students who engage in recreational prescription opioid misuse. Health Promot Perspect
10: 59-65. [PubMed: 32104658]

Delié M, Kajdiz K, Pregelj P (2017). Association of the five-factor model personality traits and opioid
addiction treatment outcome. Psychiatria Danubina 29: 289-291. [PubMed: 28953780]

Dell’Osso L, Rugani F, Maremmani AGlI, Bertoni S, Pani PP, Maremmani | (2014). Towards a unitary
perspective between Post-Traumatic Stress Disorder and Substance Use Disorder. Heroin use
disorder as case study. Comprehensive Psychiatry 55: 1244-1251. [PubMed: 24791684]

Dunn EC, Solovieff N, Lowe SR, Gallagher PJ, Chaponis J, Rosand J, et al. (2014). Interaction
between genetic variants and exposure to Hurricane Katrina on post-traumatic stress and post-
traumatic growth: A prospective analysis of low income adults. Journal of Affective Disorders
152-154: 243-249.

Edlund MJ, Forman-Hoffman VL, Winder CR, Heller DC, Kroutil LA, Lipari RN, et al. (2015).
Opioid abuse and depression in adolescents: Results from the National Survey on Drug Use and
Health. Drug and Alcohol Dependence 152: 131-138. [PubMed: 25981310]

Edlund MJ, Martin BC, Devries A, Fan M-Y, Brennan Braden J, Sullivan MD (2010). Trends in Use of
Opioids for Chronic Noncancer Pain Among Individuals With Mental Health and Substance Use
Disorders: The TROUP Study: The Clinical Journal of Pain 26: 1-8. [PubMed: 20026946]

Edlund MJ, Steffick D, Hudson T, Harris KM, Sullivan M (2007). Risk factors for clinically
recognized opioid abuse and dependence among veterans using opioids for chronic non-cancer
pain: Pain 129: 355-362. [PubMed: 17449178]

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al.

Page 16

Edwards AC, Aliev F, Bierut LJ, Bucholz KK, Edenberg H, Hesselbrock V, et al. (2012). Genome-
wide association study of comorbid depressive syndrome and alcohol dependence: Psychiatric
Genetics 22: 31-41. [PubMed: 22064162]

Egli M, Koob GF, Edwards S (2012). Alcohol dependence as a chronic pain disorder. Neuroscience &
Biobehavioral Reviews 36: 2179-2192. [PubMed: 22975446]

Emrich HM, Vogt P, Herz A (1982). Possible Antidepressive effects of Opioids: Action of
Buprenorphine. Annals of the New York Academy of Sciences 398: 108-112. [PubMed: 6760767]

Epstein DH, Marrone GF, Heishman SJ, Schmittner J, Preston KL (2010). Tobacco, cocaine, and
heroin: Craving and use during daily life. Addictive Behaviors 35: 318-324. [PubMed: 19939575]

Erzurumluoglu AM, Liu M, Jackson VE, Barnes DR, Datta G, Melbourne CA, et al. (2019). Meta-
analysis of up to 622,409 individuals identifies 40 novel smoking behaviour associated genetic
loci. Mol Psychiatry.

Fatséas M, Denis C, Lavie E, Auriacombe M (2010). Relationship between anxiety disorders and
opiate dependence— A systematic review of the literature. Journal of Substance Abuse Treatment
38: 220-230. [PubMed: 20116963]

Feingold D, Brill S, Goor-Aryeh I, Delayahu Y, Lev-Ran S (2018). The association between severity of
depression and prescription opioid misuse among chronic pain patients with and without anxiety:
A cross-sectional study. Journal of Affective Disorders 235: 293-302. [PubMed: 29660645]

Fiellin LE, Tetrault JM, Becker WC, Fiellin DA, Hoff RA (2013). Previous Use of Alcohol, Cigarettes,
and Marijuana and Subsequent Abuse of Prescription Opioids in Young Adults. Journal of
Adolescent Health 52: 158-163.

Florence CS, Zhou C, Luo F, Xu L (2016). The Economic Burden of Prescription Opioid Overdose,
Abuse, and Dependence in the United States, 2013: Medical Care 54: 901-906. [PubMed:
27623005]

Foley M, Schwab-Reese LM (2019). Associations of state-level rates of depression and fatal opioid
overdose in the United States, 2011-2015. Soc Psychiatry Psychiatr Epidemiol 54: 131-134.
[PubMed: 30173316]

Foo JC, Streit F, Treutlein J, Ripke S, Witt SH, Strohmaier J, et al. (2018). Shared genetic etiology
between alcohol dependence and major depressive disorder: Psychiatric Genetics 28: 66—70.
[PubMed: 29901528]

Fudalej S, Jakubczyk A, Kopera M, Piwonski J, Bielecki W, Drygas W, et al. (2016). DISC1 as a
Possible Genetic Contribution to Opioid Dependence in a Polish Sample. J Stud Alcohol Drugs
77: 220-226. [PubMed: 26997180]

Fukuda K, Hayashida M, Ide S, Saita N, Kokita Y, Kasai S, et al. (2009). Association between OPRM1
gene polymorphisms and fentanyl sensitivity in patients undergoing painful cosmetic surgery: Pain
147: 194-201. [PubMed: 19783098]

Gelernter J, Kranzler HR, Sherva R, Koesterer R, Almasy L, Zhao H, et al. (2014). Genome-Wide
Association Study of Opioid Dependence: Multiple Associations Mapped to Calcium and
Potassium Pathways. Biological Psychiatry 76: 66—74. [PubMed: 24143882]

Goesling J, Henry MJ, Moser SE, Rastogi M, Hassett AL, Clauw DJ, et al. (2015). Symptoms of
Depression Are Associated With Opioid Use Regardless of Pain Severity and Physical Functioning
Among Treatment-Seeking Patients With Chronic Pain. The Journal of Pain 16: 844-851.
[PubMed: 26080041]

Gomez-Coronado N, Sethi R, Bortolasci CC, Arancini L, Berk M, Dodd S (2018). A review of the
neurobiological underpinning of comorbid substance use and mood disorders. Journal of Affective
Disorders 241: 388-401. [PubMed: 30145509]

Grattan A, Sullivan MD, Saunders KW, Campbell ClI, Von Korff MR (2012). Depression and
Prescription Opioid Misuse Among Chronic Opioid Therapy Recipients With No History of
Substance Abuse. The Annals of Family Medicine 10: 304-311. [PubMed: 22778118]

Grella CE, Anglin MD, Wugalter SE (1995). Cocaine and crack use and HIV risk behaviors among
high-risk methadone maintenance clients. Drug and Alcohol Dependence 37: 15-21. [PubMed:
7882869]

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al.

Page 17

Hancock DB, Levy JL, Gaddis NC, Glasheen C, Saccone NL, Page GP, et al. (2015). Cis-Expression
Quantitative Trait Loci Mapping Reveals Replicable Associations with Heroin Addiction in
OPRML. Biological Psychiatry 78: 474—-484. [PubMed: 25744370]

Hartzler B, Donovan DM, Huang Z (2010). Comparison of opiate-primary treatment seekers with and
without alcohol use disorder. Journal of Substance Abuse Treatment 39: 114-123. [PubMed:
20598831]

Higgins ST, Delaney DD, Budney AJ, Bickel WK, Hughes JR, Foerg F, et al. (1991). A behavioral
approach to achieving initial cocaine abstinence. AJP 148: 1218-1224.

Hooten WM, St Sauver JL, McGree ME, Jacobson DJ, Warner DO (2015). Incidence and Risk Factors
for Progression From Short-term to Episodic or Long-term Opioid Prescribing. Mayo Clinic
Proceedings 90: 850-856. [PubMed: 26141327]

Hser Y-I, Mooney LJ, Saxon AJ, Miotto K, Bell DS, Huang D (2017). Chronic pain among patients
with opioid use disorder: Results from electronic health records data. Journal of Substance Abuse
Treatment 77: 26-30. [PubMed: 28476267]

Hu R, Dai Y, Jia P, Zhao Z (2018). ANCO-GeneDB: annotations and comprehensive analysis of
candidate genes for alcohol, nicotine, cocaine and opioid dependence. Database 2018.

Hurt RD (1996). Mortality following inpatient addictions treatment. Role of tobacco use in a
community-based cohort. JAMA: The Journal of the American Medical Association 275: 1097—
1103. [PubMed: 8601929]

Ide S, Nishizawa D, Fukuda K-I, Kasai S, Hasegawa J, Hayashida M, et al. (2014). Haplotypes of
P2RX7 Gene Polymorphisms are Associated with both Cold Pain Sensitivity and Analgesic Effect
of Fentanyl. Mol Pain 10: 1744-8069-10-75.

Ives TJ, Chelminski PR, Hammett-Stabler CA, Malone RM, Perhac JS, Potisek NM, et al. (2006).
Predictors of opioid misuse in patients with chronic pain: a prospective cohort study. BMC Health
Serv Res 6: 46. [PubMed: 16595013]

Kandel D, Faust R (1975). Sequence and Stages in Patterns of Adolescent Drug Use. Arch Gen
Psychiatry 32: 923. [PubMed: 1156108]

Karlsson Linnér R, Biroli P, Kong E, Meddens SFW, Wedow R, Fontana MA, et al. (2019). Genome-
wide association analyses of risk tolerance and risky behaviors in over 1 million individuals
identify hundreds of loci and shared genetic influences. Nature Genetics 51: 245-257. [PubMed:
30643258]

Kaski SW (2019). Genetic and Pharmacologic Studies Towards Prevention of opioid use disorder. PhD
Thesis, West Virginia University Libraries.

Kaufman E (1976a). The Abuse of Multiple Drugs. I. Definition, Classification, and Extent of
Problem. The American Journal of Drug and Alcohol Abuse 3: 279-292. [PubMed: 1032742]

Kaufman E (1976b). The Abuse of Multiple Drugs. Il. Psychological Hypotheses, Treatment
Considerations. The American Journal of Drug and Alcohol Abuse 3: 293-301. [PubMed:
1032743]

Kendler KS, Prescott CA, Myers J, Neale MC (2003). The Structure of Genetic and Environmental
Risk Factors for Common Psychiatric and Substance Use Disorders in Men and Women. Archives
of General Psychiatry 60: 929. [PubMed: 12963675]

Khantzian EJ (1985). The self-medication hypothesis of addictive disorders: focus on heroin and
cocaine dependence. AJP 142: 1259-1264.

Kharasch ED, Stubbert K (2013). Role of Cytochrome P4502B6 in Methadone Metabolism and
Clearance: The Journal of Clinical Pharmacology. J Clin Pharmacol 53: 305-313. [PubMed:
23361846]

Kichaev G, Bhatia G, Loh P-R, Gazal S, Burch K, Freund MK, et al. (2019). Leveraging Polygenic
Functional Enrichment to Improve GWAS Power. The American Journal of Human Genetics 104:
65-75. [PubMed: 30595370]

Kidorf M, Disney ER, King VL, Neufeld K, Beilenson PL, Brooner RK (2004). Prevalence of
psychiatric and substance use disorders in opioid abusers in a community syringe exchange
program. Drug and Alcohol Dependence 74: 115-122. [PubMed: 15099655]

Knapp WP, Soares B, Farrell M, Lima MS de (2007). Psychosocial interventions for cocaine and
psychostimulant amphetamines related disorders. Cochrane Database of Systematic Reviews.

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al.

Page 18

Knisely JS, Wunsch MJ, Cropsey KL, Campbell ED (2008). Prescription Opioid Misuse Index: A brief
questionnaire to assess misuse. Journal of Substance Abuse Treatment 35: 380-386. [PubMed:
18657935]

Koenen KC, Amstadter AB, Ruggiero KJ, Acierno R, Galea S, Kilpatrick DG, et al. (2009). RGS2 and
generalized anxiety disorder in an epidemiologic sample of hurricane-exposed adults. Depression
and Anxiety 26: 309-315. [PubMed: 18833580]

Koh CH, Othman Z (2019). Neuroticism Is Associated with Chronic Severe Pain among Ex-Opioid
Users on Methadone Maintenance Therapy. International Medical Journal 26: 15-18.

Korngr H, Nordvik H (2007). Five-factor model personality traits in opioid dependence. BMC
Psychiatry 7: 37. [PubMed: 17683593]

Kranzler HR, Zhou H, Kember RL, Vickers Smith R, Justice AC, Damrauer S, et al. (2019). Genome-
wide association study of alcohol consumption and use disorder in 274,424 individuals from
multiple populations. Nature Communications 10: 1499.

Krok JL, Baker TA (2014). The influence of personality on reported pain and self-efficacy for pain
management in older cancer patients. J Health Psychol 19: 1261-1270. [PubMed: 23744717]

Krueger RF, McGue M, lacono WG (2001). The higher-order structure of common DSM mental
disorders: internalization, externalization, and their connections to personality. Personality and
Individual Differences 30: 1245-1259.

Landsman-Blumberg PB, Katz N, Gajria K, Coutinho AD, Yeung PP, White R (2017). Burden of
Alcohol Abuse or Dependence Among Long-Term Opioid Users with Chronic Noncancer Pain.
JMCP 23: 718-724. [PubMed: 28650247]

Langbehn DR, Cadoret RJ, Caspers K, Troughton EP, Yucuis R (2003). Genetic and environmental
risk factors for the onset of drug use and problems in adoptees. Drug and Alcohol Dependence 69:
151-167. [PubMed: 12609696]

Lappalainen J (2004). Genetic Basis of Dual Diagnosis. In: Kranzler HR, Tinsley JA (eds) Dual
Diagnosis and Psychiatric Treatment: Substance Abuse and Comorbid Disorders, Marcel Dekker:
New York, pp 32-52.

Lee JJ, Wedow R, Okbay A, Kong E, Maghzian O, Zacher M, et al. (2018). Gene discovery and
polygenic prediction from a genome-wide association study of educational attainment in 1.1
million individuals. Nature Genetics 50: 1112-1121. [PubMed: 30038396]

Lemon SC, Friedmann PD, Stein MD (2003). The impact of smoking cessation on drug abuse
treatment outcome. Addictive Behaviors 28: 1323-1331. [PubMed: 12915172]

Leroux TS, Saltzman BM, Sumner SA, Maldonado-Rodriguez N, Agarwalla A, Ravi B, et al. (2019).
Elective Shoulder Surgery in the Opioid Naive: Rates of and Risk Factors for Long-term
Postoperative Opioid Use. Am J Sports Med 47: 1051-1056. [PubMed: 30943077]

Levran O, Peles E, Hamon S, Randesi M, Adelson M, Kreek MJ (2013). CYP2B6 SNPs are associated
with methadone dose required for effective treatment of opioid addiction: CYP2B6 and methadone
dose. Addiction Biology 18: 709-716. [PubMed: 21790905]

Leygraf A, Hohoff C, Freitag C, Willis-Owen SAG, Krakowitzky P, Fritze J, et al. (2006). Rgs 2 gene
polymorphisms as modulators of anxiety in humans? J Neural Transm 113: 1921-1925. [PubMed:
16736243]

Li D, Zhao H, Kranzler HR, Li MD, Jensen KP, Zayats T, et al. (2015). Genome-Wide Association
Study of Copy Number Variations (CNVs) with Opioid Dependence. Neuropsychopharmacol 40:
1016-1026.

Liao Y-T, Chen C-Y, Ng M-H, Huang K-Y, Shao W-C, Lin T-Y, et al. (2017). Depression and severity
of substance dependence among heroin dependent patients with ADHD symptoms: Depression
Among Heroin Dependent Patients With ADHD. Am J Addict 26: 26-33. [PubMed: 27997065]

Litz M, Leslie D (2017). The impact of mental health comorbidities on adherence to buprenorphine: A
claims based analysis: Mental Health Buprenorphine Adherence. Am J Addict 26: 859-863.
[PubMed: 29143483]

Lussier JP, Heil SH, Mongeon JA, Badger GJ, Higgins ST (2006). A meta-analysis of voucher-based
reinforcement therapy for substance use disorders. Addiction 101: 192-203. [PubMed: 16445548]

Lutz P-E, Kieffer BL (2013). Opioid receptors: distinct roles in mood disorders. Trends in
Neurosciences 36: 195-206. [PubMed: 23219016]

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al.

Page 19

Manchikanti L, Cash KA, Damron KS, Manchukonda R, Pampati V, McManus CD (2006). Controlled
substance abuse and illicit drug use in chronic pain patients: An evaluation of multiple variables.
Pain Physician 9: 215-225. [PubMed: 16886030]

Maremmani I, Pani PP, Mellini A, Pacini M, Marini G, Lovrecic M, et al. (2007). Alcohol and Cocaine
Use and Abuse Among Opioid Addicts Engaged in a Methadone Maintenance Treatment Program.
Journal of Addictive Diseases 26: 61-70.

Marie-Claire C, Crettol S, Cagnard N, Bloch V, Mouly S, Laplanche J-L, et al. (2016). Variability of
response to methadone: genome-wide DNA methylation analysis in two independent cohorts.
Epigenomics 8: 181-195. [PubMed: 26792095]

Martins SS, Fenton MC, Keyes KM, Blanco C, Zhu H, Storr CL (2012). Mood and anxiety disorders
and their association with non-medical prescription opioid use and prescription opioid-use
disorder: longitudinal evidence from the National Epidemiologic Study on Alcohol and Related
Conditions. Psychological Medicine 42: 1261-1272. [PubMed: 21999943]

Matthews G, Campbell SE (1998). Task-Induced Stress and Individual Differences in Coping.
Proceedings of the Human Factors and Ergonomics Society Annual Meeting 42: 821-825.

Mayer P, Rochlitz H, Rauch E, Rommelspacher H, Hasse HE, Schmidt S, et al. (1997). Association
between a delta opioid receptor gene polymorphism and heroin dependence in man. NeuroReport
8: 2547-2550. [PubMed: 9261824]

McCarthy WJ, Zhou Y, Hser Y-I, Collins C (2002). To Smoke or Not to Smoke: Impact on Disability,
Quality of Life, and Illicit Drug Use in Baseline Polydrug Users. Journal of Addictive Diseases
21: 35-54.

McCool RM, Richter KP (2003). Why do so many drug users smoke? Journal of Substance Abuse
Treatment 25: 43—-49. [PubMed: 14512107]

McCrae RR, John OP (1992). An Introduction to the Five-Factor Model and Its Applications. Journal
of Personality 60: 175-215.

Mieda T, Nishizawa D, Nakagawa H, Tsujita M, Imanishi H, Terao K, et al. (2016). Genome-wide
association study identifies candidate loci associated with postoperative fentanyl requirements
after laparoscopic-assisted colectomy. Pharmacogenomics 17: 133-145. [PubMed: 26566055]

Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS, Semple CAM, et al. (2000).
Disruption of two novel genes by a translocation co-segregating with schizophrenia. Hum Mol
Genet 9: 1415-1423. [PubMed: 10814723]

Minozzi S, Saulle R, Crescenzo FD, Amato L (2016). Psychosocial interventions for psychostimulant
misuse. Cochrane Database of Systematic Reviews.

Morley KI, Ferris JA, Winstock AR, Lynskey MT (2017). Polysubstance use and misuse or abuse of
prescription opioid analgesics: a multi-level analysis of international data. PAIN 158: 1138-1144.
[PubMed: 28267061]

Morral AR, McCaffrey DF, Paddock SM (2002). Reassessing the marijuana gateway effect. Addiction
97: 1493-1504. [PubMed: 12472629]

Mostafavi H, Harpak A, Agarwal |, Conley D, Pritchard JK, Przeworski M (2020). Variable prediction
accuracy of polygenic scores within an ancestry group. eLife 9.

Mullins N, Bigdeli TB, Bgrglum AD, Coleman JRI, Demontis D, Mehta D, et al. (2019). GWAS of
Suicide Attempt in Psychiatric Disorders and Association With Major Depression Polygenic Risk
Scores. AJP 176: 651-660.

Muraoka W, Nishizawa D, Fukuda K, Kasai S, Hasegawa J, Wajima K, et al. (2016). Association
between UGT2B7 gene polymorphisms and fentanyl sensitivity in patients undergoing painful
orthognathic surgery. Mol Pain 12: 174480691668318.

National Institute on Drug Abuse (2019). Opioid Overdose Crisis. Opioid Overdose Crisis.

Nelson EC, Agrawal A, Heath AC, Bogdan R, Sherva R, Zhang B, et al. (2016). Evidence of CNIH3
involvement in opioid dependence. Mol Psychiatry 21: 608-614. [PubMed: 26239289]

Nielsen DA, Ji F, Yuferov V, Ho A, He C, Ott J, et al. (2010). Genome-wide association study
identifies genes that may contribute to risk for developing heroin addiction: Psychiatric Genetics
20: 207-214. [PubMed: 20520587]

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al.

Page 20

Nishizawa D, Mieda T, Tsujita M, Nakagawa H, Yamaguchi S, Kasai S, et al. (2018). Genome-wide
scan identifies candidate loci related to remifentanil requirements during laparoscopic-assisted
colectomy. Pharmacogenomics 19: 113-127. [PubMed: 29207912]

Olfson M, Wall MM, Liu S-M, Blanco C (2018). Cannabis Use and Risk of Prescription Opioid Use
Disorder in the United States. AJP 175: 47-53.

Otowa T, Shimada T, Kawamura Y, Sugaya N, Yoshida E, Inoue K, et al. (2011). Association of RGS2
variants with panic disorder in a Japanese population. American Journal of Medical Genetics Part
B: Neuropsychiatric Genetics 156: 430-434.

Pajusco B, Chiamulera C, Quaglio G, Moro L, Casari R, Amen G, et al. (2012). Tobacco Addiction
and Smoking Status in Heroin Addicts under Methadone vs. Buprenorphine Therapy. IJERPH 9:
932-942. [PubMed: 22690174]

Pasman JA, Verweij KJH, Gerring Z, Stringer S, Sanchez-Roige S, Treur JL, et al. (2018). GWAS of
lifetime cannabis use reveals new risk loci, genetic overlap with psychiatric traits, and a causal
effect of schizophrenia liability. Nat Neurosci 21: 1161-1170. [PubMed: 30150663]

Patalano F (1998). Cross-cultural similarities in the personality dimensions of heroin users. The
Journal of Psychology 132: 671-673. [PubMed: 9857503]

Pergolizzi JV Jr, LeQuang JA, Taylor R Jr, Raffa RB, Group for the NR (2018). Going beyond
prescription pain relievers to understand the opioid epidemic: the role of illicit fentanyl, new
psychoactive substances, and street heroin. Postgraduate Medicine 130: 1-8. [PubMed:
29190175]

Polimanti R, Walters RK, Johnson EC, McClintick JN, Adkins AE, Adkins DE, et al. (2020).
Leveraging genome-wide data to investigate differences between opioid use vs. opioid
dependence in 41,176 individuals from the Psychiatric Genomics Consortium. Mol Psychiatry
25:1673-1687. [PubMed: 32099098]

Porteous DJ, Millar JK, Brandon NJ, Sawa A (2011). DISC1 at 10: connecting psychiatric genetics and
neuroscience. Trends in Molecular Medicine 17: 699-706. [PubMed: 22015021]

Rajabi A, Dehghani M, Shojaei A, Farjam M, Motevalian SA (2019). Association between tobacco
smoking and opioid use: A meta-analysis. Addictive Behaviors 92: 225-235. [PubMed:
30685521]

Rogers AH, Shepherd JM, Paulus DJ, Orr MF, Ditre JW, Bakhshaie J, et al. (2019). The Interaction of
Alcohol Use and Cannabis Use Problems in Relation to Opioid Misuse Among Adults with
Chronic Pain. IntJ Behav Med 26: 569-575. [PubMed: 31489600]

Sadler B, Haller G, Agrawal A, Culverhouse R, Bucholz K, Brooks A, et al. (2014). Variants near
CHRNB3-CHRNAG are associated with DSM-5 cocaine use disorder: evidence for pleiotropy.
Scientific Reports 4: 1-8.

Saitoh A, Kimura Y, Suzuki T, Kawai K, Nagase H, Kamei J (2004). Potential Anxiolytic and
Antidepressant-Like Activities of SNC80, a Selective -Opioid Agonist, in Behavioral Models in
Rodents. J Pharmacol Sci 95: 7.

Savant JD, Barry DT, Cutter CJ, Joy MT, Dinh A, Schottenfeld RS, et al. (2013). Prevalence of mood
and substance use disorders among patients seeking primary care office-based buprenorphine/
naloxone treatment. Drug and Alcohol Dependence 127: 243-247. [PubMed: 22771144]

Schizophrenia Working Group of the Psychiatric Genomics Consortium (2014). Biological insights
from 108 schizophrenia-associated genetic loci. Nature 511: 421-427. [PubMed: 25056061]

Shen H, Gelaye B, Huang H, Rondon MB, Sanchez S, Duncan LE (2020). Polygenic prediction and
GWAS of depression, PTSD, and suicidal ideation/self-harm in a Peruvian cohort.
Neuropsychopharmacology: 1-8.

Shivarathre DG, Howard N, Krishna S, Cowan C, Platt SR (2014). Psychological Factors and
Personality Traits Associated With Patients in Chronic Foot and Ankle Pain. Foot Ankle Int 35:
1103-1107. [PubMed: 25301891]

Shorter D, Domingo CB, Kosten TR (2015). Emerging drugs for the treatment of cocaine use disorder:
a review of neurobiological targets and pharmacotherapy. Expert Opinion on Emerging Drugs 20:
15-29. [PubMed: 25425416]

Smith RV, Young AM, Mullins UL, Havens JR (2017). Individual and Network Correlates of
Antisocial Personality Disorder Among Rural Nonmedical Prescription Opioid Users: Individual

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al.

Page 21

and Network Correlates of ASPD. The Journal of Rural Health 33: 198-207. [PubMed:
27171488]

Smoller JW, Paulus MP, Fagerness JA, Purcell S, Yamaki LH, Hirshfeld-Becker D, et al. (2008).
Influence of RGS2 on Anxiety-Related Temperament, Personality, and Brain Function. Arch Gen
Psychiatry 65: 298-308. [PubMed: 18316676]

Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S, et al. (2016). The GeneCards
Suite: From Gene Data Mining to Disease Genome Sequence Analyses. Current Protocols in
Bioinformatics 54: 1.30.1-1.30.33. [PubMed: 27322403]

Strain E (2002). Assessment and Treatment of Comorbid Psychiatric Disorders in Opioid-Dependent
Patients. Clin J Pain 18: 14-27. [PubMed: 11803298]

Sullivan MD, Edlund MJ, Steffick D, Uniitzer J (2005). Regular use of prescribed opioids: Association
with common psychiatric disorders: Pain 119: 95-103. [PubMed: 16298066]

Sullivan MD, Edlund MJ, Zhang L, Uniitzer J, Wells KB (2006). Association Between Mental Health
Disorders, Problem Drug Use, and Regular Prescription Opioid Use. Arch Intern Med 166: 2087.
[PubMed: 17060538]

Sumitani M, Nishizawa D, Hozumi J, Ikeda K (2020). Genetic implications in quality palliative care
and preventing opioid crisis in cancer-related pain management. Journal of Neuroscience
Research 00: 1-11.

Sutin AR, Stephan Y, Luchetti M, Terracciano A (2019). The Prospective Association between
Personality Traits and Persistent Pain and Opioid Medication Use. J Psychosom Res 123:
109721. [PubMed: 31103210]

Swendsen J (2000). The comorbidity of depression and substance use disorders. Clinical Psychology
Review 20: 173-189. [PubMed: 10721496]

Tacke U, Wolff K, Finch E, Strang J (2001). The effect of tobacco smoking on subjective symptoms of
inadequacy (‘not holding’) of methadone dose among opiate addicts in methadone maintenance
treatment. Addiction Biology 6: 137-145. [PubMed: 11341853]

Takahashi K, Nishizawa D, Kasai S, Koukita Y, Fukuda K, Ichinohe T, et al. (2018). Genome-wide
association study identifies polymorphisms associated with the analgesic effect of fentanyl in the
preoperative cold pressor-induced pain test. Journal of Pharmacological Sciences 136: 107-113.
[PubMed: 29502940]

Tiet QQ, Mausbach B (2007). Treatments for Patients With Dual Diagnosis: A Review. Alcoholism
Clin Exp Res 0: 070212174136001-7??

Trémeau F, Darreye A, Staner L, Corréa H, Weibel H, Khidichian F, et al. (2008). Suicidality in
Opioid-Dependent Subjects. Am J Addict 17: 187-194. [PubMed: 18463995]

Trujols J, Iraurgi 1, Sifiol N, Portella MJ, Pérez V, Pérez de los Cobos J (2012). Satisfaction With
Methadone as a Medication; Psychometric Properties of the Spanish Version of the Treatment
Satisfaction Questionnaire for Medication. Journal of Clinical Psychopharmacology 32: 69-74.
[PubMed: 22198457]

Tzilos GK, Rhodes GL, Ledgerwood DM, Greenwald MK (2009). Predicting cocaine group treatment
outcome in cocaine-abusing methadone patients. Experimental and Clinical Psychopharmacology
17: 320-325. [PubMed: 19803631]

\orspan F, Mehtelli W, Dupuy G, Bloch V, Lépine J-P (2015). Anxiety and Substance Use Disorders:
Co-occurrence and Clinical Issues. Current Psychiatry Reports 17.

Vowles KE, McEntee ML, Julnes PS, Frohe T, Ney JP, van der Goes DN (2015). Rates of opioid
misuse, abuse, and addiction in chronic pain: a systematic review and data synthesis. PAIN 156:
569-576. [PubMed: 25785523]

Walters RK, Polimanti R, Johnson EC, McClintick JN, Adams MJ, Adkins AE, et al. (2018).
Transancestral GWAS of alcohol dependence reveals common genetic underpinnings with
psychiatric disorders. Nat Neurosci 21: 1656-1669. [PubMed: 30482948]

Weston SJ, Hill PL, Jackson JJ (2015). Personality Traits Predict the Onset of Disease. Social
Psychological and Personality Science 6: 309-317.

Wetherill L, Agrawal A, Kapoor M, Bertelsen S, Bierut LJ, Brooks A, et al. (2015). Association of
substance dependence phenotypes in the COGA sample: Substance dependence. Addiction
Biology 20: 617-627. [PubMed: 24832863]

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Freda et al.

Page 22

White JM, Irvine RJ (1999). Mechanisms of fatal opioid overdose. Addiction 94: 961-972. [PubMed:
10707430]

Williams SC, Davey-Rothwell MA, Tobin KE, Latkin C (2017). People Who Inject Drugs and Have
Mood Disorders—A Brief Assessment of Health Risk Behaviors. Substance Use & Misuse 52:
1175-1184.

Wilson L, Bekeris J, Fiasconaro M, Liu J, Poeran J, Kim DH, et al. (2019). Risk factors for new-onset
depression or anxiety following total joint arthroplasty: the role of chronic opioid use. Reg
Anesth Pain Med 44: 990-997.

Winkelman TNA, Chang VW, Binswanger IA (2018). Health, Polysubstance Use, and Criminal Justice
Involvement Among Adults With Varying Levels of Opioid Use. JAMA Netw Open 1: €180558.
[PubMed: 30646016]

Witkiewitz K, Vowles KE (2018). Alcohol and Opioid Use, Co-Use, and Chronic Pain in the Context
of the Opioid Epidemic: A Critical Review. Alcohol Clin Exp Res 42: 478-488. [PubMed:
29314075]

Wray NR, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A, et al. (2018). Genome-
wide association analyses identify 44 risk variants and refine the genetic architecture of major
depression. Nature Genetics 50: 668—681. [PubMed: 29700475]

Xie P, Kranzler HR, Krystal JH, Farrer LA, Zhao H, Gelernter J (2014). Deep resequencing of 17
glutamate system genes identifies rare variants in DISC1 and GRIN2B affecting risk of opioid
dependence. Addict Biol 19: 955-964. [PubMed: 23855403]

Yadollahi P, Khalaginia Z, Vedadhir A, Ariashekouh A, Taghizadeh Z, Khormaei F (2014). The study
of predicting role of personality traits in the perception of labor pain. Iran J Nurs Midwifery Res
19: S97-S102. [PubMed: 25949260]

Yang Z, Bradshaw S, Hewett R, Jin F (2019). Discovering Opioid Use Patterns from Social Media for
Relapse Prevention. arXiv:191201122 [cs].

Yin W, Pang L, Cao X, McGoogan JM, Liu M, Zhang C, et al. (2015). Factors associated with
depression and anxiety among patients attending community-based methadone maintenance
treatment in China: Depression and anxiety among MMT clients. Addiction 110: 51-60.

Zhang H, Kranzler HR, Yang B-Z, Luo X, Gelernter J (2008). The OPRD1 and OPRK1 loci in alcohol
or drug dependence: OPRD1 variation modulates substance dependence risk. Molecular
Psychiatry 13: 531-543. [PubMed: 17622222]

Zhou H, Rentsch CT, Cheng Z, Kember RL, Nunez YZ, Sherva RM, et al. (2020). Association of
OPRM1 Functional Coding Variant With Opioid Use Disorder: A Genome-Wide Association
Study. JAMA Psychiatry 77: 1072-1080.

Drug Alcohol Depend. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Freda et al.

Page 23
Highlights
. Smoking-related phenotypes represent the most common comorbidities and
risk indicators of Opioid Use Disorder.
. Among genes associated with opioid-related phenotypes, smoking-related
associations were the most common phenotype overlap observed.
. The rates of association that appear among genes associated with opioid-
related phenotypes are generally consistent with the comorbidity rates of
psychiatric disorders observed in the literature.
. This review highlights the importance of multi-disorder comorbidity in both

identifying and treating those prone to OUD. Additionally, it identifies many
loci that may have roles in OUD comorbidity.
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Figure 1:
Illustrations depicting different origins of OUD comorbidity. A.) OUD and psychiatric

disorder comorbidities can arise via precipitation and self-medication. In precipitation, the
ongoing use of opioids can result in the development of psychiatric disorders. In self-
medication, individuals may begin to use opioids to alleviate the symptoms associated with
pre-existing psychiatric disorders. B.) OUD and substance use disorder comorbidities can
arise via sequencing and association as well as causation. In sequencing and association,
relationships exist between the use of one substance and the use of another. In causation,
using one substance ultimately leads to the use of another, usually more potent one. C.) Both
the environment and genetic factors can lead to comorbidity. Related disorders regularly
share common risk factors. However, some risk factors are unique to certain disorders. Red
and blue arrows indicate factors that are unique to disorders A and B, respectively, while
green arrows represent shared factors that are common to both disorders.
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Prevalence of Psychiatric Phenotypes with Highest Overlaps with
Opioid-Related Phenotypes
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Figure 2:
Bar graphs illustrating the prevalence, measured in number of genes (blue) and SNPs

(orange), of psychiatric phenotypes with the highest overlaps with opioid-related phenotypes
found in Table S1.
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