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Abstract

For more than 25 years, researchers have made advances in developing medi-

cations to treat alcohol use disorder (AUD), highlighted by the US Food and

Drug Administration’s (FDA’s) approval of disulfiram, naltrexone (oral and

long-acting), and acamprosate. These medications are also approved in Europe,

where the European Medicines Agency (EMA) recently added a fourth medi-

cation, nalmefene, for AUD. Despite these advances, today’s medications have a

small effect size, showing efficacy for only a limited number of individuals with

AUD. However, a host of new medications, which act on variety of pharmaco-

logic targets, are in the pipeline and have been evaluated in numerous human

studies. This article reviews the efficacy and safety of medications currently

being tested in human trials and looks at ongoing efforts to identify candidate

compounds in human studies. As mentioned in the National Institute on Alcohol
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Abuse and Alcoholism’s Strategic Plan 2017–2021 (https://www.niaaa.nih.gov/

sites/default/files/StrategicPlan_NIAAA_optimized_2017-2020.pdf),

medications development remains a high priority. By developing more effective

and safe medications, and identifying those patients who will benefit the most

from these treatments, we can provide clinicians with the tools they need to treat

this devastating disorder, providing relief for patients and their families and

markedly improving public health and safety.

Keywords

Alcohol use disorder · Human studies · Medications development

· Pharmacotherapy

1 Introduction

In the United States, three medications have been approved by the US Food and

Drug Administration (FDA) for the treatment of alcohol use disorder (AUD):

disulfiram, naltrexone (oral and extended-release injectable), and acamprosate.

Yet most people, less than 20%, seek treatment for AUD during their lifetime,

and of these less than 4% receive FDA-approved medications (Grant et al. 2015;

Litten 2016). Medications for AUD have been available to clinicians for decades

but remain underutilized. In an effort to better inform clinicians about the benefits

of medications for treating AUD, the Substance Abuse and Mental Health Services

Administration (SAMHSA) and National Institute on Alcohol Abuse and Alcohol-

ism (NIAAA) recently published practical guidelines for prescribing these

FDA-approved medications in clinical practice (http://store.samhsa.gov/shin/con

tent//SMA15-4907/SMA15-4907.pdf).

Raising awareness about the medications available and offering guidelines for pre-

scribing themmay help. Still, clinicians’ reluctance tomake full use of pharmacotherapies

may be, in part, because the existingmedications have such small effect sizes, on average,

and show a wide range of efficacy across patients. Some of this variability is due to the

significant heterogeneity of AUD itself. We simply do not know which type of patient is

most likely to respond to each of thesemedications. Severity, duration, and family history

of the disorder, co-occurring disorders, demographic characteristics, and genetic markers,

among other factors, all can impact how a patient responds to medication. In other words,

there is no silver bullet for the treatment of this complex disorder.

Because of this, in recent years, the search for medications to treat AUD has

undergone a paradigm shift toward precision medicine. Medications development

is now actively seeking to identify subgroups of patients who will benefit the most

from specific compounds and have the fewest side effects. The goal is to provide

clinicians with a full menu of medication options from which to choose. This is not

an entirely new concept. Over two decades ago, NIAAA first explored the idea of

“matching” specific treatments to specific types of patients with AUD in a series of

groundbreaking studies conducted through the Project Match initiative (Project

MATCH Research Group 1997). Since then, with advances in neuroscience and the

underlying etiology of AUD, clinical trials have focused not only on whether a
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medication works “on average” across a patient population but also if it works

better in certain patient subgroups based on a purported mechanism of action.

Most encouraging is the diversity and number of targets being studied today, as

well as the number of potential compounds currently in development. Preclinical

work is summarized in another chapter of this book (see Egli, M). Here we detail

the latest research on these medications, including their mechanism of action,

efficacy, and safety in treating AUD in humans. We include medications that

have exhibited efficacy in alcohol treatment clinical trials, medications that initially

showed promise but failed in subsequent multisite clinical trials, as well as

medications which are still in the early stages of evaluation in human studies

(Table 1).

1.1 Medications Exhibiting Efficacy in Alcohol Treatment Clinical
Trials

1.1.1 Nalmefene

Molecular and Functional Mechanisms of Action
Nalmefene is an opioid antagonist approved by the FDA to treat opioid overdose.

Although structurally similar to naltrexone, nalmefene has several differences that

may have advantages over naltrexone. It has a higher affinity for mu and kappa

opioid receptors, a lower likelihood to induce liver toxicity, and higher bioavail-

ability than naltrexone (Mann et al. 2016; Mason et al. 1999). In a three-group

(nalmefene, naltrexone, and placebo) human laboratory study, nalmefene reduced

alcohol-induced craving and stimulation compared with placebo. Similar results

also were found for naltrexone (Drobes et al. 2004).

Results of Clinical Trials
In a single-site 12-week randomized clinical trial (RCT), Mason et al. (1999) first

showed that alcohol-dependent patients who received either 20 mg or 80 mg of

nalmefene per day were less likely to relapse to drinking or to drink heavily,

compared with patients who were treated with placebo. Results were not signifi-

cantly different between the 20- and 80-mg doses, with both nalmefene groups

showing similar efficacy. In another 12-week multisite RCT in 270 alcohol-

dependent patients, nalmefene, evaluated at three different doses (5, 20, and 40 mg

per day), failed to show a difference in the number of heavy-drinking days (defined

as five or more drinks per day for men and four or more drinks per day for women),

alcohol craving, gamma-glutamyl transpeptidase (GGT), and carbohydrate-deficient

transferrin (CDT) levels (GGT and CDT are biomarkers of alcohol consumption)

(Anton et al. 2004). In contrast to the Anton et al. (2004) study, three recent large

RCTs of nalmefene showed a positive effect on drinking outcome, which, subse-

quently, led to approval of this medication for treatment of AUD in Europe. The first

24-week RCT was conducted in 604 alcohol-dependent patients across 39 sites in

Austria, Finland, Germany, and Sweden (Mann et al. 2013). Nalmefene was taken as
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needed (one 18-mg tablet per day) if the patient perceived a risk of relapse. Patients

taking nalmefene significantly reduced the number of days they drank heavily and

the total amount of alcohol they consumed compared with the placebo group (8.2

versus 10.7 heavy-drinking days; 33.3 versus 45.5 g of alcohol per day, respectively).

The design of the second 24-week RCT was similar to the first, with 718 alcohol-

dependent patients recruited across 57 sites in Belgium, the Czech Republic, France,

Italy, Poland, Portugal, and Spain (Gual et al. 2013). Again, patients taking

nalmefene as needed showed a significant reduction in the number of heavy-drinking

days and a reduction (nonsignificant) in the amount of alcohol they consumed

compared with the placebo group (6.6 versus 7.5 heavy-drinking days; 30 versus

33 g of alcohol per day, respectively). Interestingly, a secondary analysis of a

subgroup of the heaviest drinkers in the two trials showed even larger nalmefene

treatment effects (van den Brink et al. 2013). A year-long RCT trial was also

conducted in 675 alcohol-dependent patients across 60 sites in the Czech Republic,

Estonia, Hungary, Latvia, Lithuania, Poland, Russia, Slovakia, Ukraine, and the

United Kingdom (van den Brink et al. 2014). Although there was no significant

difference in drinking outcomes between those taking nalmefene as needed and the

placebo groups at 6 months, there was a significant reduction in heavy-drinking days

and alcohol consumption in the nalmefene group at 12 months. Nalmefene was well-

tolerated across the three studies, with the most common side effects being nausea,

vomiting, fatigue, insomnia, and dizziness. Although the oral formulation of

nalmefene is not yet available or approved for use in AUD in the United States, it

is approved for use in alcohol dependence in Europe.

1.1.2 Varenicline

Molecular and Functional Mechanisms of Action
Varenicline is a partial agonist at the α4β2 and a full agonist at α7 nicotinic

acetylcholine receptor (Mihalak et al. 2006). It has been approved by the FDA for

smoking cessation. Recent evidence indicates that varenicline also attenuates

drinking in alcohol-dependent individuals. In several human laboratory studies,

varenicline reduced alcohol craving and the subjective reinforcing effects of alco-

hol in non-alcohol-dependent heavy-drinking smokers, heavy-drinking smokers

and nonsmokers, and non-treatment-seeking alcohol-dependent individuals

(McKee et al. 2009; Roberts et al. 2017a, b; Schacht et al. 2014). Interestingly, in

one human laboratory study, varenicline was most effective in heavy drinkers with

high levels of depressive symptoms, in both reducing alcohol craving and alcohol

self-administration (Roberts et al. 2017b). Finally, Vatsalya et al. (2015) showed

that varenicline decreases activity in the striato-cortico-limbic regions of the brain,

which are associated with alcohol craving/urges in heavy drinkers.

Results of Clinical Trials
Several small RCTs of varenicline showed efficacy in problematic drinkers. Fucito

et al. (2011) conducted an 8-week RCT of varenicline (titrated up to 2 mg per day) in

30 heavy-drinking smokers. Varenicline was effective in reducing alcohol craving,
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resulting in fewer heavy-drinking days compared with those who received placebo.

In a 16-week RCT with 64 heavy-drinking smokers, varenicline (2 mg per day)

significantly reduced alcohol consumption compared with placebo (Mitchell et al.

2012b). In a 13-week RCT of 40 alcohol-dependent individuals, varenicline (2 mg

per day) reduced alcohol craving compared with placebo, but drinking outcomes

were similar (Plebani et al. 2013). However, smokers were less likely to report heavy

drinking when taking varenicline compared with those taking placebo.

Results of these small RCTs were confirmed by a larger 13-week multisite RCT

of varenicline (2 mg per day) in 200 alcohol-dependent individuals, approximately

40% of whom were smokers (Litten et al. 2013). Compared with the placebo group,

the varenicline group had significantly fewer heavy-drinking days (37.9% each

week versus 48.4%), drinks per day (4.4 versus 5.3), and drinks per drinking day

(5.8 versus 6.8). Furthermore, varenicline also reduced alcohol craving. The effi-

cacy was the same among smokers and nonsmokers. Notably, although the sub-

group of alcoholic smokers was not seeking treatment for smoking, varenicline still

reduced the number of cigarettes per day among smokers. A moderator analysis

indicated that varenicline was most effective in individuals with less severe AUD

and in those who reduced their smoking (Falk et al. 2015). Varenicline was well-

tolerated. The most common adverse effects were nausea, abnormal dreams, and

constipation. In another multisite RCT conducted in Sweden, 160 alcohol-

dependent individuals were given either varenicline (2 mg per day) or placebo for

12 weeks (de Bejczy et al. 2015). In this study, there were no differences in self-

reported drinking outcomes or reduction in smoking between the varenicline and

placebo groups. However, there were significant reductions in alcohol craving, the

number of reported AUD symptoms (measured using the Alcohol Use Disorders

Identification Test [AUDIT]), and blood levels of phosphatidyl ethanol (PEth), a

specific biomarker of alcohol consumption – all supporting an effect of varenicline

on alcohol consumption.

The FDA recently removed the Box Warning about possible neuropsychiatric

side effects on mood, behavior, or thinking when taking varenicline (https://www.

fda.gov/Drugs/DrugSafety/ucm532221.htm). However, the FDA has issued a warn-

ing that varenicline may change the way patients respond to alcohol, affecting their

ability tolerate its effects. Moreover, in rare accounts, seizures have been reported in

patients taking varenicline (https://www.fda.gov/Drugs/DrugSafety/ucm436494.

htm). However, none of these side effects were observed in the above RCTs.

1.1.3 Topiramate

Molecular and Functional Mechanisms of Action
Topiramate is an anticonvulsant approved by the FDA for treatment of seizures,

migraines, and obesity (combined with phentermine for the latter indication). It has

multiple pharmacologic effects in the brain. Topiramate antagonizes α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors, facilitates

GABA activity, blocks L-type calcium channels, reduces voltage-dependent sodium

channel activity, and inhibits carbonic anhydrase (Arnone 2005). In two human
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laboratory studies, topiramate reduced the frequency of heavy drinking and the

stimulating effects of alcohol in one study (Miranda et al. 2008) and alcohol craving

in the other (Miranda et al. 2016).

Results of Clinical Trials
Several clinical trials showed topiramate was effective in reducing drinking in

alcohol-dependent individuals, which was summarized by a recent meta-analysis

(Blodgett et al. 2014). Johnson et al. (2003) first demonstrated the efficacy of

topiramate in a single-site 12-week RCT with 150 alcohol-dependent individuals.

Individuals receiving topiramate (up to 300 mg per day) had fewer drinks per day,

more days abstinent, less heavy-drinking days, lower GGT, and less alcohol craving

than those treated with placebo. Notably, unlike previous alcohol pharmacotherapy

RCTs, this study did not require participants to be abstinent from alcohol before

starting the trial. Therefore, the study assessed when abstinence began rather than

how well it was maintained (i.e., abstinence initiation versus abstinence persis-

tence). Side effects included dizziness, paresthesia, psychomotor slowing, memory

or concentration impairment, nervousness, taste perversion, pruritus, and weight

loss. The results of this study were replicated in a larger 14-week multisite RCTwith

371 alcohol-dependent individuals (Johnson et al. 2007). Again, topiramate (titrated

up to 300 mg per day) significantly reduced the number of heavy-drinking days,

drinks per drinking day, and serum GGT levels and increased the number of days

abstinent. The side-effect profile was similar to the original study.

Several smaller RCTs of topiramate have since followed. Knapp et al. (2015)

conducted a single-site 14-week RCT in 21 alcohol-dependent individuals and

found that topiramate (300 mg per day) significantly reduced the number of drinks

per day, drinking days, and heavy-drinking days compared with placebo. Martinotti

et al. (2014) conducted a low-dose topiramate (100 mg per day) RCT in 52 alcohol-

dependent individuals and found it was effective in reducing daily alcohol con-

sumption and alcohol craving and increasing the number of days abstinent. The side-

effect profile for this lower dosage was more favorable than studies using 200 mg

per day and 300 mg per day. In another study, Kranzler et al. (2014) conducted a

12-week RCT of topiramate (200 mg per day) in 138 alcohol-dependent individuals.

Those receiving topiramate experienced fewer heavy-drinking days, reduced serum

levels of GGT, and more abstinent days relative to placebo. Moreover, a post hoc

analysis revealed that topiramate’s increased efficacy was moderated by a single

nucleotide polymorphism (SNP). Patients with the CC genotype of the rs2832407

GRIK1 gene encoding the glutamate kainate GluK1 receptor showed improvement

in drinking outcomes, whereas the other genotypes (AC and AA genotype) did not

show efficacy with topiramate. Notably, a previous small laboratory study with

heavy drinkers showed that individuals with the CC genotype of the rs2832407

GRIK1 gene had significantly fewer topiramate-related side effects and

lower topiramate blood concentrations (Ray et al. 2009). A two-site RCT currently

is being conducted in alcohol-dependent European-Americans and African-

Americans to see if these promising findings can be replicated, both in terms of

efficacy and safety/tolerability (ClinicalTrials.gov NCT02371889).
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Interestingly, Anthenelli et al. (2017) recently conducted a 12-week RCT of

topiramate (200 mg per day) in 129 alcohol-abstinent (mean of ~6 months) alcohol-

dependent male smokers (80% had other substance use disorders). In this popu-

lation, topiramate was not effective in reducing relapse to alcohol or smoking or

other drug use. Thus, topiramate may be more useful in preventing or reducing

alcohol consumption in current drinkers than in preventing relapse to drinking in

individuals with AUD who are abstinent. This finding was consistent with other

positive RCTs (Johnson et al. 2003, 2007) where abstinence initiation rather than

abstinence persistence was assessed.

As a final note, it appears that topiramate has gained acceptance with some large

clinical care provider organizations, such as the Veterans Health Administration

(Del Re et al. 2013). Nonetheless, research continues to explore other medications

with similar mechanisms of action but with a more favorable safety profile, parti-

cularly regarding cognitive dysfunction (see zonisamide and levetiracetam below).

1.1.4 Zonisamide

Molecular and Functional Mechanisms of Action
Zonisamide is approved by the FDA as an adjunct treatment for partial seizures. Like

topiramate, it has multiple molecular actions in the brain, including blocking voltage-

sensitive sodium channels and T-type calcium channels, facilitating GABA activity, and

serving as aweak inhibitor of carbonic anhydrase (Kothare andKaleyias 2008). However,

the side-effect profile of zonisamide appears to be more favorable than topiramate, with

the most common being somnolence, anorexia, dizziness, decreased cognitive dysfunc-

tion, headache, nausea, and agitation/irritability (Kothare andKaleyias 2008; https://www.

accessdata.fda.gov/drugsatfda_docs/label/2006/020789s019lbl.pdf). In a human labora-

tory study of risky drinkers, zonisamide reduced alcohol craving and alcohol intake in a

self-administration paradigm compared with placebo (Sarid-Segal et al. 2009).

Results of Clinical Trials
Several open-label trials (no placebo group) suggest that zonisamide may be

effective in reducing alcohol consumption and craving in alcohol-dependent

individuals (Knapp et al. 2010; Rubio et al. 2010). Zonisamide was well-tolerated

in these studies. This preliminary work was followed by a 12-week RCT of

zonisamide (up to 500 mg per day) in 40 alcohol-dependent individuals (Arias

et al. 2010). Zonisamide significantly reduced the number of heavy-drinking days,

drinks per week, and alcohol craving compared with placebo. It was well-tolerated

with no serious side effects. In another RCT, 85 alcohol-dependent individuals were

administered either zonisamide (400 mg per day), topiramate (300 mg per day),

levetiracetam (200 mg per day), or placebo for 14 weeks (Knapp et al. 2015).

Zonisamide and topiramate significantly reduced the percent of drinking days per

week, drinks per day, and heavy drinking per week compared with placebo (results

were slightly more favorable for topiramate). Levetiracetam was only effective in

decreasing the percent of heavy-drinking days per week. Neurotoxicity and cogni-

tive function were also evaluated for the three compounds. Individuals treated with
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zonisamide or topiramate were more likely to experience impairments in verbal

fluency and verbal working memory. Those treated with topiramate also had visual

memory impairments, and were slower to recall events, compared with zonisamide.

This indicates less severe side effects with zonisamide compared with topiramate.

Levetiracetam did not produce any performance decreases on the neuropsycho-

logical tests.

Several ongoing trials are being conductedwith zonisamide in veteran and non-veteran

AUD patients with and without posttraumatic stress disorder (ClinicalTrials.gov

NCT02368431, NCT01847469, NCT02901041, and NCT02900352).

1.1.5 Gabapentin

Molecular and Functional Mechanisms of Action
Gabapentin is approved by the FDA for the treatment of epileptic seizures, neuro-

pathic pain, and restless legs syndrome. Its mechanism of action is thought to be

related to its inhibition of voltage-gated calcium channels, which indirectly modu-

late GABA activity (Sills 2006). In a human laboratory study, Mason et al. (2009)

demonstrated that gabapentin (1,200 mg per day) was effective in reducing alcohol

craving and improving sleep quality.

Results of Clinical Trials
Several single-site RCTs of gabapentin have been conducted in alcohol-dependent

patients. Furieri and Nakamura-Palacios (2007) conducted a 4-week RCT of

gabapentin (600 mg per day) in 60 male alcohol-dependent patients from a

Brazilian public outpatient drug treatment center. Gabapentin significantly reduced

the number of drinks per day and number of heavy-drinking days and increased the

percent of days abstinent. Brower et al. (2008) conducted a small 6-week RCT trial

of gabapentin (titrated to 1,500 mg per day) in 21 alcohol-dependent individuals

who also were diagnosed with insomnia. Gabapentin significantly delayed the onset

of heavy drinking compared with placebo, but did not differ from the placebo group

in improving insomnia. In another RCT, gabapentin (up to 1,200 mg per day for

39 days) was combined with flumazenil (20 mg per day for first 2 days) in 60 -

alcohol-dependent patients (44 with relatively fewer and 16 with relatively more

pretreatment alcohol withdrawal symptoms) (Anton et al. 2009). Individuals with

more alcohol withdrawal symptoms before treatment had an increase in the percent

of days abstinent and a longer delay to heavy drinking when taking combined

gabapentin and flumazenil compared with placebo. On the other hand, those with

fewer alcohol withdrawal symptoms before treatment did not differ in drinking

outcomes compared with the placebo groups. In another RCT, 150 alcohol-

dependent individuals received either 16 weeks of naltrexone (50 mg per day) or

naltrexone (50 mg per day) combined with gabapentin (up to 1,200 mg per day for

the first 6 weeks) or double placebo (Anton et al. 2011). During the first 6 weeks, the

combined medication group experienced a longer delay to heavy drinking, less

heavy-drinking days, and fewer drinks per drinking day than the group taking

naltrexone alone or those receiving the placebo. In addition, the naltrexone/
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gabapentin group reported significantly better sleep than the other two groups.

Finally, Mason et al. (2014) conducted a 12-week RCT of gabapentin (900 mg

per day and 1,800 mg per day) in 150 patients with alcohol dependence. Gabapentin

significantly improved the rates of abstinence and no heavy drinking. The absti-

nence rate was 4.1% for the placebo group, 11.1% for the 900 mg group, and 17.0%

for the 1,800 mg group, while the rate of no heavy drinking was 22.5% for the

placebo group, 29.6% for the 900 mg group, and 44.7% in the 1,800 mg group.

Gabapentin also showed a dose effect on alcohol craving, mood, and sleep.

Gabapentin was well-tolerated with the most common side effects being fatigue,

insomnia, and headaches.

Although gabapentin is considered to have no abuse potential, a recent report

indicates that gabapentin potentially may be misused in substance abuse populations,

especially those who abuse opioids (Smith et al. 2016). NIAAA currently is conducting

a multisite RCT on enacarbil gabapentin, an extended-release prodrug (a medication

that is metabolized into a pharmacologically active drug after administration) designed

to increase its bioavailability (ClinicalTrials.gov: NCT02252536).

1.1.6 Baclofen

Molecular and Functional Mechanisms of Action
Baclofen is a GABAB agonist approved by the FDA for the treatment of muscle

spasticity. Several human laboratory studies suggest that baclofen may affect

alcohol drinking behavior by changing the subjective effects of alcohol (Evans

and Bisaga 2009; Farokhnia et al. 2017; Leggio et al. 2013).

Results of Clinical Trials
Several RCTs have provided mixed results on the efficacy, optimal dose, and safety

of baclofen. Addolorato et al. (2002) conducted a 4-week RCT of baclofen (30 mg

per day) in 39 alcohol-dependent individuals. The results showed that baclofen

increased abstinence rates and the number of days abstinent compared with pla-

cebo. The medication also reduced alcohol craving and state anxiety levels. The

same group conducted a larger 12-week RCT of baclofen (30 mg per day) in

84 alcohol-dependent individuals with co-occurring liver cirrhosis (Addolorato

et al. 2007). Individuals treated with baclofen experienced a higher rate of absti-

nence compared with placebo (71% versus 29%, respectively). Baclofen also

significantly increased number of days abstinent and reduced alcohol craving.

Baclofen was well-tolerated with no additional hepatic side effects. Indeed, there

was an improvement of blood liver tests in the baclofen group versus placebo, most

likely because of baclofen’s effects in facilitating alcohol abstinence. In contrast,

Garbutt et al. (2010) found no effect of baclofen (30 mg per day) in a 12-week RCT

with 80 alcohol-dependent individuals. There were no differences in number of

heavy-drinking days, percent of days abstinent, time to first drink, or time to relapse

to heavy drinking between the baclofen and placebo groups. However, baclofen

reduced the level of anxiety state, consistent with its mechanism of reducing the

symptoms of alcohol withdrawal. Baclofen was well-tolerated with the most
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common side effect being drowsiness. Morley et al. (2014) conducted a 12-week

RCT with 42 alcohol-dependent individuals using 30 mg per day of baclofen, 60 mg

per day of baclofen, or placebo. There were no differences in time to first heavy-

drinking day, time to first drink, number of heavy-drinking days, drinks per

drinking day, or percent of days abstinent between the baclofen and placebo groups.

In a subgroup analysis, individuals who received 30 mg per day of baclofen and

who had a lifetime or current anxiety disorder experienced a significant increase in

the time to first drink and time to first heavy-drinking day. Again, the major side

effect of baclofen was drowsiness. Finally, a small 12-week RCT was conducted to

determine if baclofen (80 mg per day) was effective in treating alcohol-dependent

individuals who also were smokers (n ¼ 30) (Leggio et al. 2015). Baclofen,

compared with placebo, significantly increased the number of days abstinent from

alcohol and tobacco co-use, but did not significantly increase the number of days

abstinent from alcohol use alone.

Two anecdotal reports showing that high doses of baclofen [up to 140 mg per

day (Bucknam 2007) and up to 300 mg per day (Ameisen 2005)] resulted in

abstinence from alcohol led researchers to wonder if it was more effective in

these higher amounts. Muller et al. (2015) conducted a RCT with a high dose of

baclofen (up to 250 mg per day) in 56 alcohol-dependent individuals. Those treated

for 12 weeks with 250 mg per day had a greater abstinence rate (68.2% versus

23.8% for placebo) and more cumulative abstinence duration (67.8 versus 51.8 for

placebo). No serious adverse events were observed. In contrast to these findings,

Beraha et al. (2016) conducted a RCT of baclofen in 151 alcohol-dependent

individuals who were administered a high dose (150 mg per day; 6 weeks titration,

10 weeks of high dose), a low dose (30 mg per day), or placebo. There were no

differences in time to first relapse or abstinence rates among the three groups

(although only 15.5% of those in the high dose group reached the 150 mg per

day). The high dose group experienced more adverse events, particularly fatigue,

sleepiness, drowsiness, dizziness, and dry mouth. In another multisite RCT, baclo-

fen (180 mg per day) or placebo was administered to 320 alcohol-dependent

individuals for 24 weeks (Reynaud et al. 2017). Although baclofen significantly

reduced alcohol craving, there were no significant differences in percent of absti-

nence and drinks per day between the baclofen and placebo groups. However, in a

subgroup analysis, baclofen was more effective than placebo in reducing drinking

in individuals who were drinking heavily at the start of the study. There were no

major adverse effects; the most common were somnolence, sleep disorders, asthe-

nia, and dizziness.

The mixed results of these RCTs suggest that baclofen works in a subgroup of

patients. In particular, it is conceivable that baclofen might be an effective medi-

cation in those patients with higher severity of alcohol dependence (Leggio et al.

2010). Whether higher doses are more effective remains unclear and controversial,

although higher doses may have a greater risk of adverse events. For example,

Rolland et al. (2015), in a study of 253 alcohol-dependent individuals, found a

positive relationship between the dose of baclofen and the likelihood of major

sedation. In addition, Boels et al. (2017) reported that baclofen, prescribed in high
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doses, may lead to severe poisoning (cardiovascular, neurological metabolic, respi-

ratory symptoms), particularly in patients with psychiatric illnesses. Currently,

several RCTs are being conducted using baclofen, which may shed light on its

efficacy, optimal dose (high versus low), safety, and possible subgroups who may

respond more favorably to this medication (ClinicalTrials.gov NCT02835365,

NCT 03034408, NCT01980706, NCT02723383, and NCT02596763).

1.1.7 Ondansetron

Molecular and Functional Mechanisms of Action
Ondansetron is a selective serotonin 5-HT3 antagonist approved by the FDA for the

treatment of nausea and vomiting. Several laboratory studies have shown that

ondansetron reduces the desire to drink and augments the stimulating and sedating

effects of alcohol (Johnson et al. 1993; Kenna et al. 2009; Swift et al. 1996).

Results of Clinical Trials
In a groundbreaking RCT, Sellers et al. (1994) administered 0.25 mg or 2.0 mg per

day of ondansetron or placebo to 71 alcohol-dependent individuals. After 6 weeks of

treatment, the 0.25 mg ondansetron group significantly decreased drinks per drink-

ing day compared with placebo (35% versus 21% reduction) in people consuming

ten or less drinks per drinking day at baseline. Interestingly, the daily 0.25 mg dose

of ondansetron was more effective than the 2.0 mg dose. In a subsequent 11-week

RCT, 271 alcohol-dependent individuals were randomized to receive 2 μg/kg, 8 μg/
kg, or 32 μg/kg per day of ondansetron or placebo (Johnson et al. 2000). An equal

number of patients with early (25 years of age or younger) and late (>25 years) onset

of alcoholism were recruited. Ondansetron significantly reduced the number of

drinks per day and the number of drinks per drinking day compared with placebo,

but only in people with early onset of alcoholism. The 8 μg/kg dose of ondansetron
was the most effective dose, increasing the percent of days abstinent and total

abstinence compared with placebo. Ondansetron was well-tolerated with no serious

adverse events. Kranzler et al. (2003) later confirmed these results by conducting an

open-label trial of ondansetron (8 μg per kg per day) in 40 early and late-

onset alcohol-dependent individuals. The early-onset individuals experienced a

greater decrease in drinks per day, drinks per drinking day, and alcohol-related

consequences compared with late-onset alcoholic individuals.

These clinical studies led researchers to question if a biological markermight be able

to predict a response to ondansetron. In particular, Johnson et al. (2011) hypothesized

that theremight be a pharmacogenetic interaction between ondansetron and the SLC6A4
gene. That gene encodes the serotonin transporter, 5-HTT, which is associated with

several psychiatric disorders. The SLC6A4 consists of two types of alleles, a long form
(L) and a short form (S) consisting of 44 less base pairs. Johnson et al. (2011) conducted

an 11-week RCT of ondansetron (8 μg/kg per day) in 283 dependent individuals

randomized to three different genotypes: LL, LS, and SS genotypes of 5-HTT.

Individuals with the LL genotype who received ondansetron had a significantly lower

number of drinks per drinking day and a higher percent of days abstinent than those
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treated with the LS/SS genotypes who received the medication or those who received

placebo regardless of their genotype. The research team also discovered another

functional single nucleotide polymorphism (T/G) rs1042173, in the 30-untranslated
region of the SLC6A4 gene. Individuals with the LL/TT genotype experienced a

significantly lower number of drinks per drinking day and higher percent of days

abstinent than all other genotypes and treatment groups combined. In a later analysis

from the same RCT, Johnson et al. (2013) found additional functional genetic

polymorphisms in the HTR3A and HTR3B genes, including AC in the rs17614942 in

the HTR3B gene and AG in the rs1150226 and GG in the rs1176713 portion of the

HTR3A gene. Ondansetron was more effective in reducing the number of drinks per

drinking day and the number of heavy-drinking days and increasing the percent of days

abstinent in people carrying one or more of these genetic variants. Kenna et al. (2014a)

conducted a laboratory study of ondansetron and sertraline in 77 non-treatment-seeking

alcohol-dependent individuals. Consistent with Johnson et al. (2011), Kenna et al.

(2014a) found a pharmacogenetic interaction between the LL genotype and ondan-

setron, but no effect was found for sertraline. Specifically, ondansetron was effective in

reducing the amount of drinks per drinking day in peoplewith theLLgenotype. In a later

analysis from the same human laboratory study, Kenna et al. (2014b) found that women

(not men) who had the LL genotype and equal or greater than 7 exon III repeats on the

dopamine receptor D4 gene (DRD4) experienced less alcohol intake after taking

ondansetron (0.5 mg per day for 3 weeks).

Finally, ondansetron given in doses cited above was much lower than that

required to treat nausea and vomiting (approximately 10 times less). The FDA

has issued a safety warning for ondansetron, indicating it may increase the risk of

abnormal electrical activity in the heart (https://www.fda.gov/Drugs/DrugSafety/

ucm271913.htm). However, this side effect may not be evident at the low doses

required to treat AUD.

NIAAA is currently supporting a two-site RCT of ondansetron to confirm these

promising genetic findings of Johnson et al. (2011, 2013) (ClinicalTrials.Gov

NCT02354703).

1.1.8 Prazosin and Doxazosin

Molecular and Functional Mechanisms of Action
Prazosin and doxazosin are both selective α-1 adrenergic antagonists approved by

the FDA to treat hypertension and benign prostatic hyperplasia. Fox et al. (2011)

conducted a human laboratory study on prazosin (16 mg daily) in 17 recently

abstinent, treatment-seeking alcohol-dependent individuals. Following cue and

stress exposure, the prazosin group significantly reduced alcohol craving and

reported lower levels of anxiety and negative emotions compared with the placebo

group.

Results of Clinical Trials
A 6-week study by Simpson et al. (2009) found that prazosin (16 mg per day),

compared with placebo, reduced drinking days per week and drinks per week in
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24 alcohol-dependent patients without posttraumatic stress disorder (PTSD). Sub-

sequently, Simpson et al. (2015) conducted a small 6-week RCT of prazosin (16 mg

per day) in 30 individuals with co-occurring alcohol dependence and PTSD.

Individuals treated with prazosin experienced a reduction in the percent of drinking

days and percent of heavy-drinking days compared with placebo. No significant

differences were found between the prazosin and placebo groups in terms of the

PTSD symptoms. This is surprising because prazosin has been shown to be effec-

tive in treating PTSD (Green 2014). The most common side effects of prazosin

were drowsiness, dizziness on standing, and fatigue. Petrakis et al. (2016) later

conducted a 13-week RCT of prazosin (16 mg per day) in 96 veterans with

co-occurring alcohol dependence and PTSD. There were no significant differences

between the prazosin and placebo groups in the drinking outcomes, alcohol craving,

or the PTSD symptoms. The mixed results of these studies suggest that the

medication may be effective only in subgroups. Raskind et al. (2016), for example,

reported that prazosin worked best in reducing PTSD symptoms in patients who had

a higher baseline standing blood pressure. Current studies are investigating this

compound in people with comorbid alcohol dependence and PTSD (ClinicalTrials.

gov NCT00585780 and NCT02226367).

Alcohol researchers also are investigating doxazosin, another α-1 adrenergic antag-
onist. The advantage of doxazosin over prazosin is that given its significantly longer

half-life, doxazosin requires only once-a-day dosing compared with prazosin’s two to

three dosages per day; frequency of side effects is lower; and, unlike prazosin, doxazosin

may be taken with or without food (Leggio and Kenna 2013). All these properties are

important in RCTs and in clinical practice as they could potentially increase medication

adherence.Kenna et al. (2015) conducted a 10-weekRCTof doxazosin (up to 16mg per

day) in 41 alcohol-dependent individuals. In themain analysis, no significant differences

were found in the drinking outcomes between the doxazosin and placebo groups.

However, in a priori moderator analyses, doxazosin-treated individuals with a greater

family history of alcoholism experienced a significant decrease in the number of drinks

per week and in the number of heavy-drinking days per week compared with placebo-

treated, high-family-history individuals. In a later analysis from the same RCT, Haass-

Koffler et al. (2017) found that doxazosin, compared with placebo, reduced the number

of drinks per week and heavy-drinking days per week in a subgroup of patients who had

higher baseline standing blood pressure.

These studies suggest that precision medicine may be important in using α-1
adrenergic antagonists to treat AUD.

1.1.9 ABT-436 (Vasopressin V1b Receptor Antagonist)

Molecular and Functional Mechanisms of Action
Vasopressin, a peptide released from the hypothalamus, acts on the type 1b receptor

(V1b) at the pituitary, activating the hypothalamic-pituitary-adrenal (HPA) axis,

which, in turn, regulates the body’s stress response (Milivojevic and Sinha 2017). In

addition, vasopressin acts on the extra-hypothalamic stress system, especially in the
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extended amygdala. Blocking the V1b receptors in various animal models has

resulted in decreased alcohol intake (Edwards et al. 2011; Zhou et al. 2011).

Results of a Clinical Trial
In a recent 12-week multisite RCT, ABT-436, a novel selective V1b receptor

antagonist, was evaluated in 150 alcohol-dependent individuals (Ryan et al. 2017).

ABT-436 (titrated to 800 mg per day) significantly increased the percent of days

abstinent compared with placebo (51.2 versus 41.6, respectively). The percent of

heavy-drinking days was lower in people receiving ABT-436 compared with pla-

cebo, although the difference was not statistically significant. Other measures of

drinking, alcohol craving, and alcohol-related consequences did not differ between

the ABT-436 and placebo groups. However, in smokers, the compound significantly

reduced the number of cigarettes consumed compared with placebo. In moderator

analyses, individuals reporting higher baseline levels of stress responded better to

ABT-436 than to placebo on drinking outcomes. ABT-436 was well-tolerated, with

diarrhea (mild-to-moderate severity) being the most common side effect. Unfortu-

nately, AbbVie, Inc. has recently discontinued development of this compound.

1.1.10 Aripiprazole

Molecular and Functional Mechanisms of Action
Aripiprazole is an atypical, antipsychotic medication approved by the FDA for the

treatment of schizophrenia, bipolar disorder, and for use as adjunct treatment for

major depression (Litten et al. 2016a). It has multiple pharmacological mechanisms

in the brain, including acting as a partial agonist for the dopamine D2 and serotonin

5-HT1A receptors and as an antagonist to the 5-HT2 receptors (Fleischhacker 2005).

Several human laboratory studies suggest that aripiprazole may affect drinking

behavior. Kranzler et al. (2008) reported that aripiprazole (2.5 mg and 10 mg per

day) increased the sedating effects of alcohol and, to a lesser degree, reduced the

euphoric effects. In another human laboratory study, Voronin et al. (2008) reported

that aripiprazole (up to 15 mg per day) reduced drinking in non-treatment-seeking

alcohol-dependent individuals, but had no effect on self-reported “high,” intoxica-

tion, or alcohol craving when compared with the placebo group. Finally, Myrick

et al. (2010) showed that aripiprazole (15 mg per day) blunted alcohol-cue-induced

brain activity in the right ventral striatum. Anton et al. (2017) recently completed a

human laboratory study of aripiprazole (15 mg per day) in 99 non-treatment-

seeking alcohol-dependent individuals. In a bar-lab setting, aripiprazole signifi-

cantly decreased alcohol self-administration among individuals with low self-

control and delayed the return to drinking in those with high impulsivity compared

with placebo.

Results of Clinical Trials
Martinotti et al. (2009) conducted a 16-week RCT of aripiprazole (up to 15 mg per

day) and naltrexone (50 mg per day) in 75 alcohol-dependent subjects. During

treatment, the aripriprazole and naltrexone groups displayed similar reductions on
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measures of abstinence, percent days abstinent and number of heavy drinking days.

However, patients treated with aripiprazole remained abstinent for a longer period

of time than those treated with naltrexone. Anton et al. (2008) conducted a 12-week

multisite RCT of aripiprazole with mixed results. Aripiprazole (titrated up to 30 mg

per day) was effective in reducing the number of drinks per drinking day compared

with the placebo group and reduced CDT at weeks 4 and 8. However, the ari-

piprazole group did not differ from the placebo group in percent of days abstinent,

number of heavy-drinking days, and time to first drinking day. The authors postu-

lated that these lackluster results possibly were related to dose-related attrition, as

the aripiprazole group had a higher dropout rate than the placebo group, especially

with the 30 mg dose. The most common side effects from aripiprazole were fatigue,

insomnia, restlessness, somnolence, anxiety, and disturbances in attention. It has

been suggested that aripiprazole may be efficacious at lower doses (15 mg per day).

NIAAA is currently supporting an aripiprazole RCT in individuals with AUD and

bipolar disorder, comparing the 15 and 30 mg daily doses (NCT02918370).

1.1.11 LY 2940094 (Nociceptin Receptor Antagonist)

Molecular and Functional Mechanisms of Action
The nociceptin (NOP) receptor (formerly known as opioid receptor-like) belongs to

the opioid receptor family. Several studies have shown that targeting this receptor

modifies alcohol drinking behavior in animal models (Aziz et al. 2016; Ciccocioppo

et al. 2004; Economidou et al. 2008, 2011). Recently, Lilly Research Laboratories

synthesized a NOP antagonist, LY2940094, that demonstrated an antidepressant

effect in individuals with major depressive disorder (Post et al. 2016a). In addition,

Rorick-Kehn et al. (2016) reported that LY2940094 was effective in decreasing

alcohol intake in animal models bred to show a preference for alcohol.

Results of a Clinical Trial
Post et al. (2016b) conducted an 8-week multisite RCT trial of LY2940094 (40 mg per

day) in 88 alcohol-dependent individuals. LY2940094 reduced the number of heavy-

drinking days compared with placebo (�24.5% versus �15.7%, respectively) and

increased the percent of days abstinent (9.1% versus 1.9%, respectively). Although

the primary endpoint, drinks per day, did not differ between the two groups in the full

sample, the compound did reduce drinks per day in two subgroups: thosewho drank less

at baseline and women. Because most of the women had lower baseline drinking, it was

difficult to determine which moderator had the most effect. The compound was well-

tolerated with no serious adverse effects. Themost common side effects were insomnia,

anxiety, and vomiting. Currently, BlackThorn Therapeutics has licensed the compound

from Lilly for further development.
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1.1.12 LY2196044 (Opioid Receptor Antagonist)

Molecular and Functional Mechanisms of Action
The novel compound LY2196044, synthesized by Eli Lilly and Company, is an

opioid receptor antagonist at the mu, kappa, and delta receptors. This compound has

been shown to reduce drinking in animal models (Wong et al. 2014) through a

mechanism similar to naltrexone and nalmefene.

Results of a Clinical Trial
In a 16-week multisite trial in 375 alcohol-dependent individuals, LY2196044

(up to 250 mg per day) significantly reduced the number of drinks per day from

baseline compared with placebo (�5.4 versus �4.7, respectively) (Wong et al.

2014). However, the number of heavy-drinking days and percent of days abstinent

did not differ significantly between the two groups. In a subgroup analysis,

LY2196044 significantly improved the drinking outcomes in people with the

dopamine receptor type 4 (DRD4) gene carrying tandem repeat L (which occurred

in 39% of the subjects), compared with L carriers who received only the placebo.

LY2196044-treated individuals had more gastrointestinal-related adverse events

than did placebo-treated individuals, a finding similar to other opioid antagonists,

such as naltrexone and nalmefene.

1.2 Medications That Have Shown Poor Efficacy in Multisite
Alcohol Pharmacotherapy Clinical Trials Despite Promising
Preliminary Studies

1.2.1 Quetiapine

Molecular and Cellular Mechanisms of Action
Quetiapine is an atypical antipsychotic medication approved by the FDA for treatment

of schizophrenia, manic episodes associatedwith bipolar I disorder, depressive episodes

associated with bipolar disorder, and as an adjunct treatment for major depression

(Litten et al. 2016a). Quetiapine hasmultiple actions in the brain, blocking the serotonin

5-HT1A and 5-HT2A receptors, the dopamine D1 and D2 receptors, the histamine H1

receptors, and the adrenergic α1 and α2 receptors (Ray et al. 2010). Two human

laboratory studies have found that non-treatment-seeking alcohol-dependent individuals

treated with quetiapine (400 mg per day) experienced reduced alcohol craving and

alcohol-induced sedation and impulsivity, compared with placebo (Moallem and Ray

2012; Ray et al. 2011).

Results of Clinical Trials
In three open-label studies, alcohol-dependent individuals who were treated with

quetiapine improved their drinking outcomes (Martinotti et al. 2008; Monnelly

et al. 2004; Sattar et al. 2004). Kampman et al. (2007) conducted a 12-week pilot

RCT of quetiapine (400 mg per day) in 61 Type A and Type B alcohol-dependent

individuals. [Type A alcoholics are characterized by late age of onset of problem
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drinking, low severity of alcohol dependence, few childhood risk factors, less

concomitant psychopathology, and reduced drug use. In contrast, Type B alcoholics

are characterized by early age of onset of alcohol problems, high severity of alcohol

dependence, polydrug use, and a high degree of concomitant psychopathology

(Babor et al. 1992).] Quetiapine-treated Type B alcoholic individuals experienced

fewer days of drinking and days of heavy drinking and less alcohol craving than

Type B alcoholic individuals treated with placebo. In contrast, among the Type A

alcoholic individuals, there were no differences between the quetiapine and placebo

groups.

To confirm these findings, Litten et al. (2012) conducted amultisite 12-week RCT

of quetiapine (titrated to 400 mg per day) in 224 alcohol-dependent individuals.

Surprisingly, there were no differences between the quetiapine and placebo groups in

percent of heavy-drinking days, drinks per day, drinks per drinking day, percent of

days abstinent, and percent of abstinent individuals. In a subgroup analysis, Type B

alcoholic individuals, regardless of whether they took quetiapine or placebo, did not

differ in drinking outcome. As expected, quetiapine improved sleep and symptoms

of depression. Quetiapine was well-tolerated, with the most common side effects

being dizziness, drymouth, dyspepsia, increased appetite, sedation, and somnolence.

This study was followed by another 12-week RCT of quetiapine (titrated to 600 mg

per day) in 90 alcohol-dependent individuals diagnosed with comorbid bipolar I or II

disorders and depressed or mixed mood state (Brown et al. 2014). The quetiapine

group did not differ from the placebo group in drinks per day, percent of days

abstinent, drinks per drinking day, and percent of heavy-drinking days. Finally, in

another 12-week RCT, Stedman et al. (2010) found that quetiapine (300–800mg per

day, flexible dosing) when added as an adjunct therapy with lithium or divalproex,

was no better than placebo in reducing alcohol use in 362 individuals with comorbid

alcohol dependence and bipolar I disorder. Together, these RCTs do not support the

use of quetiapine for AUD.

1.2.2 Levetiracetam

Molecular and Functional Mechanisms of Action
Like topiramate and zonisamide, levetiracetam is approved by the FDA to treat

seizures, yet it has fewer reported side effects (Litten et al. 2016a). It targets multiple

mechanisms in the brain, including activating the GABA and glycine systems,

inhibiting glutamate AMPA receptors, decreasing sodium/calcium channel currents,

and modulating the synaptic vesicle protein 2A (Abou-Khalil 2008; De Smedt et al.

2007, Fertig et al. 2012).

Results of Clinical Trials
Two open-label trials indicated that levetiracetam reduced alcohol consumption in

alcohol-dependent individuals (Mariani and Levin 2008; Sarid-Segal et al. 2008).

This was followed by multiple RCTs. As mentioned previously (in the topiramate

and zonisamide sections), Knapp et al. (2015) conducted a 14-week single-site RCT

with zonisamide (400 mg per day), topiramate (300 mg per day), and levetiracetam
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(2,000 mg per day) in 85 alcohol-dependent individuals. Levetiracetam showed less

efficacy than zonisamide and topiramate in reducing drinking (only reducing the

number of heavy-drinking days compared with placebo). Unlike zonisamide and

topiramate, levetiracetam showed no cognitive impairment. This confirmed an

earlier study by Gomer et al. (2007) that also found no cognitive impairment

from levetiracetam. Fertig et al. (2012) conducted a 16-week multisite trial of

levetiracetam (2,000 mg per day) in 130 alcohol-dependent individuals. There

were no differences on any drinking outcomes (percent of heavy-drinking days,

drinks per day, drinks per drinking day, or percent of days abstinent) between the

levetiracetam and the placebo groups. The medication was well-tolerated, with

fatigue being the only significant side effect. In another 16-week multisite RCT of

levetiracetam (2,000 mg per day) in 201 recently detoxified alcohol-dependent

individuals, Richter et al. (2012) found the compound did not affect the rate/time

of relapse compared with the placebo. In addition, Mitchell et al. (2012a) conducted

a 6-week single-site RCT of levetiracetam in 46 moderate-to-heavy drinkers.

Individuals were given a 500–1,000 mg dose per day, a 1,000–2,000 mg dose per

day, or placebo. Levetiracetam had no effect on drinking outcome. Interestingly,

individuals who initially were drinking less actually experienced an increase in

drinking with levetiracetam, compared with placebo. Thus, these RCTs indicate

that levetiracetam has very limited efficacy, if any, for treating AUD individuals.

1.3 Promising Medications: Ongoing Human Studies

1.3.1 Mifepristone

Molecular and Functional Mechanisms of Action
Mifepristone is a glucocorticoid receptor antagonist approved by the FDA for

terminating pregnancy (together with misoprostol) and for treating hyperglycemia

in patients with Cushing syndrome and type 2 diabetes mellitus and endometriosis.

Alterations in the brain glucocorticoid system are believed to drive compulsive-like

alcohol consumption in rats (Richardson et al. 2008; Simms et al. 2012; Vendruscolo

et al. 2012). Recently, Vendruscolo et al. (2015) tested the efficacy ofmifepristone in

both rats and humans.Mifepristone reduced alcohol intake in alcohol-dependent rats

but not in non-dependent rats. Vendruscolo et al. (2015) then tested the medication

(600 mg daily for 1 week) in a laboratory setting in 56 non-treatment-seeking

alcohol-dependent people. Mifepristone significantly reduced alcohol-induced crav-

ing during the laboratory session and reduced alcohol consumption during the

1-week treatment phase and 1-week posttreatment phase compared with placebo.

There were no serious adverse effects, and there were no differences in the type or

severity of adverse events during treatment between the mifepristone and placebo

groups. Currently, human laboratory and RCT studies are evaluating the efficacy and

safety of mifepristone (ClinicalTrials.gov: NCT02243709 and NCT02179749).
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1.3.2 Oxytocin

Molecular and Functional Mechanisms of Action
Oxytocin is a nine-amino acid polypeptide hormone approved by the FDA for

inducing labor and terminating pregnancy and as an adjunctive therapy in the

management of incomplete or inevitable abortion. It also plays a role in the brain’s

reward and stress systems, as well as in networks that have a role in social affiliations,

learning, and memory. Recent studies show that oxytocin affects alcohol drinking

behavior in animal models (Lee et al. 2016; Lee and Weerts 2016). In particular,

King et al. (2017) demonstrated reduced alcohol consumption in different models of

alcohol self-administration in mice, and Peters et al. (2016) reported that oxytocin

inhibited alcohol consumption and alcohol-induced dopamine release in the nucleus

accumbens of rats. A pilot RCT of oxytocin (48 IU per day, intranasal) was

conducted in 11 alcohol-dependent individuals admitted for medical detoxification

(Pedersen et al. 2013). Oxytocinwasmore effective than placebo in reducing craving

and the symptoms of alcohol withdrawal. Mitchell et al. (2016) conducted a human

laboratory study of oxytocin (40 IU, intranasal) in 32 non-treatment-seeking

individuals with alcohol abuse. Subjects receiving oxytocin had significant

improvements in social perception, compared with those receiving placebo, but

there was no effect on alcohol-induced craving. However, in a subgroup analysis,

oxytocin reduced alcohol craving in people with higher levels of attachment anxiety

and increased alcohol craving in those with lower levels of attachment anxiety.

Several human laboratory studies are currently underway to study the effects of

oxytocin in AUD individuals (ClinicalTrials.gov NCT03046836, NCT02407340,

and NCT02711189).

1.3.3 Ibudilast

Molecular and Functional Mechanisms of Action
Ibudilast (AV-411) is a nonselective phosphodiesterase inhibitor known to suppress

glial cell activation and neuroinflammation (Ledeboer et al. 2007). Bell et al. (2013)

showed that ibudilast reduced drinking in multiple animal models of alcohol

dependence. In a crossover human laboratory study, ibudilast (100 mg per day)

was no better than placebo in reducing subjective measures such as alcohol craving,

stimulation, sedation, positive mood, and negative mood (Ray et al. 2017). How-

ever, ibudilast, compared with placebo, was associated with improvements in mood

during stress- and alcohol-cue exposure. In a subgroup analysis, individuals with

elevated depression had reduced stimulant and mood-altering effects of alcohol

when given ibudilast, compared with those receiving placebo.

1.3.4 D-Cycloserine

Molecular and Functional Mechanisms of Action
D-cycloserine is a partial agonist at the glycinemodulatory site of the glutamate NMDA

receptor. It is FDA approved for the treatment of tuberculosis and urinary tract infection.
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The compound is also thought to enhance learning, memory, and decision making

because of its action on the NMDA receptor (Kelley 2004; Scholl et al. 2014). In

addition,D-cycloserine has been shown to reduce alcohol intake in rats (Seif et al. 2015).

Several human studies have been conducted with D-cycloserine to determine if the

medication enhances cue-exposure therapy in alcohol-dependent and problem-drinking

individuals. Watson et al. (2011) conducted a small human laboratory study in 16 absti-

nent alcohol-dependent individuals. D-cycloserine (single dose of 250mg) did not differ

from placebo in reducing the alcohol-induced cue response. However, because a high

percentage of individuals had little or no response to the cue exposure, it was difficult for

D-cycloserine to actually show an effect. In another human laboratory study, Hofmann

et al. (2012) found that D-cycloserine (50mg) increased alcohol craving compared with

placebo in 20 non-treatment-seeking problem drinkers during an alcohol-cue paradigm.

In contrast, MacKillop et al. (2015) later reported that D-cycloserine (50 mg) lowered

cue-elicited craving for alcohol in 37 treatment-seeking AUD individuals. In addition,

D-cycloserine reduced drinking during the 1-week interval between the cue-extinction

paradigms. Finally, Kiefer et al. (2015) conducted a human laboratory study of

D-cycloserine (50 mg) in 76 recently detoxified abstinent alcohol-dependent

individuals. Using functional magnetic resonance imaging (fMRI), D-cycloserine,

compared with placebo, decreased brain activation in the ventral and dorsal striatum,

areas of the mesolimbic system associated with addiction. Further studies are needed to

validate the efficacy of this compound for the treatment of AUD.

1.4 Other Promising Medications (Preclinical or Theoretical)

In addition to the medications above, NIAAA is supporting initial human studies of

compounds that have shown promise in preclinical studies and/or have rational theory

for efficacy in alleviating drinking in AUD individuals. These include the following

medications along with their cllinicaltrials.gov number: PF-5190457 (ghrelin receptor

inverse agonist) (NCT02707055), N-acetylcysteine (NAC) (precursor to glutathione)

(NCT02966873), guanfacine (α2A adrenoceptor agonist) (NCT02164422 and

NCT03137082), minocycline (inhibitor of 5-lipoxygenase) (NCT02187211), citicoline

(biosynthesis of phosphatidylcholine) (NCT02582905), dutasteride (5α-reductase
inhibitor) (NCT01758523), pregabalin (inhibitor of voltage-gated calcium channel)

(NCT02884908), and kudzu extract (mechanism unknown) (NCT03099590).

2 Final Remarks

From this review, it is clear that advances are being made in developing medications

to treat AUD, and researchers are exploring numerous targets involved in alcohol-

seeking and drinking behavior. Although progress has beenmade, the challenge over

the next decade will be to develop medications that are more effective than the

current ones and without serious side effects. To accomplish this, NIAAA has

identified two long-range goals to increase the effectiveness of alcohol treatment
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medications (Litten et al. 2016b): (1) advancing precision medicine and (2) discov-

ering more effective targets.

Advancing precision medicine (or personalized medicine) is an essential step in

identifying and targeting specific phenotypes that are most likely to respond favor-

ably to a given medication. Although precision medicine is in its early stages,

progress already is being made, especially in pharmacogenetics (Garbutt et al.

2014; Jones et al. 2015; Sun et al. 2016; see topiramate and ondansetron sections

above). Still, given the complexities of AUD, it is doubtful that one factor, such as a

person’s genetic makeup, will be sufficient to predict a positive outcome for that

individual (Litten et al. 2015). Most likely, multiple factors will need to be consid-

ered to successfully “match” an individual to a specific medication. Such factors

include biomarker signatures from the various “-omics,” including epigenomics,

transcriptomics, proteomics, and metabolomics (Litten et al. 2016b). Other factors

include biomarkers from brain imaging and electrophysiological variations, as well

as patients’ characteristics, such as demographics, drinking patterns, family history,

AUD severity, and psychiatric/medical comorbidity. Using this “treatment finger-

print,” an algorithm then could be established to describe a specific set of rules for

matching individuals with medications. NIH’s new groundbreaking initiative, the

“All of Us Program” (formerly known as the Precision Medicine Initiative) (https://

allofus.nih.gov), offers a tremendous resource for this. The program is drawing

together data on more than 1 million individuals. It will be useful not only for

identifying different phenotypes and genotypes but also will enable scientists to

test new information and computational approaches for deciphering the heterogene-

ity of complex diseases like AUD.

A second long-range goal in discovering medications is to identify targets in the

brain that will be effective across the multiple phenotypes of AUD. During the past

two decades, scientists have focused their research on targets that affect craving and

the urge/desire to drink. So far, these efforts have produced alcohol treatment

medications that have only small effect sizes (Zindel and Kranzler 2014). As we

begin to better understand the mechanisms underlying brain function, this undoubt-

edly will lead to new druggable targets. To help accomplish this goal, NIH has

initiated several major programs, including the “Brain Research through Advancing

Innovative Neurotechnologies (BRAIN) initiative.” Supporting research on inno-

vative technologies will enable us to examine how individual brain cells and neural

circuits interact to produce specific behaviors, such as AUD, which can disrupt

normal function (https://www.braininitiative.nih.gov/).

Another potential target involves the enzymes implicated in alcohol metabolism.

We know that a genetic variant of the alcohol dehydrogenase gene (ADH1B*2)
results in a more rapid alcohol metabolism, elevating acetaldehyde levels in the

body (Hurley and Edenberg 2012). Because of the toxic and aversive actions of

acetaldehyde, people with this genetic variant, which is common in Asian

populations, are less likely to drink heavily and to become dependent on alcohol

(Hurley and Edenberg 2012). Disulfiram, the first medication approved by the FDA

for use in AUD, uses a similar mechanism of action, increasing acetaldehyde levels

and making it uncomfortable to drink alcohol. However, disulfiram often is not
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effective because patient adherence tends to be low, probably because this medica-

tion does not reduce alcohol craving (Johnson 2008). One strategy is to develop a

compound that interferes with the alcohol metabolism, producing the desired

aversive effect while, at the same time, reducing craving for alcohol (Diamond

and Yao 2015). Another strategy is to produce a long-lasting compound that is

active for weeks or perhaps months, eliminating the need to take daily dosages.

And finally, developing a rational, systematic way to identify druggable targets

will be vital in the hunt for new medications. Currently, more than 30 targets have

been identified that appear to influence alcohol-seeking and drinking behavior

(Litten et al. 2016b). To better understand these targets, we need to know their

role in causing and/or maintaining problematic drinking, whether they are related or

independent of each other, and how they fit within the different domains of AUD

(e.g., incentive salience/reward, negative affect/emotionality, and cognitive func-

tion) to produce the wide variety of responses to alcohol that we see across the

population. It is particularly important to identify how these targets interrelate with

molecular pathways and other brain circuits. One approach is to develop, integrate,

and data mine biomolecular and cellular networks to discover druggable targets

(Hopkins 2008; Masoudi-Nejad et al. 2013; Yildirim et al. 2007). Those networks

are highly complex and include gene-gene, gene-protein, and protein-protein

interactions, metabolic differences, and variations in gene expression and regu-

latory networks (Gebicke-Haerter 2016; Robinson and Nielsen 2016; Tang et al.

2013). Researchers examining other complex disorders are using this approach,

including cancer, endocrine disorders, Huntington’s disease, mood disorders, and

schizophrenia (Collier et al. 2016; Morrow et al. 2010; Pirhaji et al. 2016; Yildirim

et al. 2007). Many believe complex diseases like AUD cannot be effectively treated

with one target–one medication; instead, successful treatment depends on multiple

targets and combinations of medications. To date, there is a paucity of clinical

studies where combined pharmacotherapies have been tested in AUD (Lee and

Leggio 2014). To facilitate this line of research in the alcohol field, NIAAA

recently issued a guide, Development, Integration, and Data Mining of Biomolecu-
lar and Cellular Networks for Discovering Druggable Targets for Alcohol Use
Disorder and Alcohol-Induced Organ Damage (https://grants.nih.gov/grants/guide/
notice-files/NOT-AA-17-007.html).

Ultimately, the success of our medications development program rests on our

ability to get people into treatment. In any given year, less than 10% of individuals

with AUD are offered or seek treatment (Grant et al. 2015). This meager rate would

not be acceptable if these individuals were affected by cancer or another chronic

medical condition. AUD is a chronic brain disorder. All patients suffering from

AUD need to receive adequate treatment. By providing addiction-oriented educa-

tion and training during medical school, clinical training, and beyond, we can help

physicians better understand the pharmacotherapy options available to them,

making AUD medications a routine part of standard practice.

In summary, the goals outlined abovewill be challenging but certainly are attainable.

The NIAAA, the alcohol research community, the pharmaceutical industry, the

clinicians, and the patients themselves all have a role in identifying, developing, and
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implementing the next generation of medications. By developing more effective

medications, with few side effects, and identifying the patients who will benefit the

most from these treatments, we can provide clinicians with the tools they need to treat

this devastating disorder, providing relief for patients and their families, and markedly

improving public health and safety.
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