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Abstract

Introduction: While considerable progress has been made in the fight against HIV/AIDS, to date 

there has not been a cure, and millions of people around the world are currently living with HIV/

AIDS. eople living with HIV/AIDS have substance abuse disorders at higher rates than non-

infected individuals, which puts them at an increased risk of drug drug interactions.

Areas covered: Potential drug drug interactions are reviewed for a variety of potential drugs of 

abuse, both licit and illicit. These drugs include alcohol, cigarettes or other nicotine delivery 

systems, methamphetamine, cocaine, opioids, and marijuana. Potential interactions include 

decreased adherence, modulation of drug transporters, or modulation of metabolic enzymes. We 

also review the relative incidence of the use of these drugs of abuse in People living with HIV/

AIDS.

Expert opinion: Despite considerable improvements in outcomes, disparities in outcomes 

between PLWHA who use drugs of abuse, vs those who do not still exist. It is of critical necessity 

to improve outcomes in these patients, and to work with them to stop abusing drugs of abuse.
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1.0 Introduction

HIV is a global health condition with approximately 37.9 million individuals around the 

world living with HIV. According to the World Health Organization (WHO), 1.1 million of 

which are currently living with HIV in the United States with around 20,000 new cases a 

year [1]. Twenty-one percent of people living with HIV/AIDS (PLWHA) are unaware of 

their HIV status, leading to treatment delays and accelerated disease progression. While 

individuals with HIV live an average of 3 years without medication therapy, antiretroviral 

therapy (ART) has made a tremendous difference in the treatment of PLWHA since being 

introduced in the mid-1990s. Between 2000 and 2018, ART has increased the lifespan of 

PLWHA, decreased the rate of AIDs-related death by 45%, and reduced new HIV infections 

by 37%[1]. ART has also reduced the rate of HIV transmission from pregnant and 

breastfeeding women with HIV to their newborns. ART has quickly become the primary line 

of HIV treatment and is an essential component of care to managing HIV infections and 

preventing new cases.

Current HIV guidelines from the CDC establish standards of care for patients depending on 

their CD4 cell count, lifestyle, and adherence[2]. Because ART has been shown to reduce 

disease progression so significantly, all PLWHA are now recommended to receive ART as 

soon as possible after diagnosis, regardless of their CD4 cell count. A variety of 

antiretroviral medication options exist, either as a multiple tablet regimen (MTR) or a single 

tablet regimen (STR). While patient adherence is typically higher with STR, patients and 

providers may decide on MTR for a multitude of reasons, such as lower cost, wider 

availability, or combination flexibility. Patient adherence is a vital factor for reaching goal 

viral suppression levels and optimizing therapeutic outcomes[2]. Previously, it was generally 

accepted that adherence rates of ≥95% were necessary for patients to maintain optimal viral 

suppression[1]. Recent studies indicate that a lower adherence rate, potentially in the 80% to 

90% range may be adequate to keep patients virally suppressed[3]. However, only 63.4% of 

patients studied achieved a 90%+ adherence rate [2]. Substance abuse can affect adherence 

in multiple ways. Occasional use can lead to increased forgetfulness, for example with a 

missed dose or late medication administration. Addiction can lead to a complex interplay of 

non-adherence risk factors that can make adherence challenging, such as increased financial 

burden or reduced cognitive function.

It is clear that ART is the cornerstone of HIV therapy to ensure better patient outcomes. 

Because these drugs are so necessary, it is important to ensure they are working to their 

maximum efficacy in all patients. ART medications are metabolized by many common CYP 

pathways in the liver, leading to multiple documented drug-drug interactions among legal 

medications. This metabolism may also lead to interactions with drugs of abuse. The rate of 

substance abuse is comparatively much higher in the PLWHA population compared to the 

population without HIV/AIDS, with over 80% of PLWHA reporting illegal drug use during 

their lifetime compared to slightly less than 50% of the individuals without HIV/AIDS. 

Individuals with HIV report higher than average use of legal substances of abuse, including 

tobacco and alcohol (both binge drinking and chronic abuse). PLWHA also reported using 

illegal drugs more recently than individuals without HIV with about four times as PLWHA 

reporting illegal drug use in the past month compared to individuals without HIV/AIDS [4]. 
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Additionally, as these patients live longer, their likelihood of HIV/AIDS-related neurological 

conditions, including neuroAIDS, increases. These changes in neuropsychological and 

neurobehavioral function may lead to neurological impairment, increasing their likelihood of 

engaging in substance abuse. We propose that the potential of common metabolic pathways, 

particularly involving CYP enzymes (Table 1.), between ART medications and drugs of 

abuse can lead to decreased ART efficacy and increased toxicity, worsening patient 

outcomes. Because of the prevalence of substance abuse among individuals with HIV, it is 

important to study the interactions of ART medications with drugs of abuse to define how to 

adjust and improve HIV therapy and adherence to better protect the health of individuals 

with HIV.

2.0 Antiretrovirals and pharmacokinetics

Antiretrovirals are substrates of a variety of both drug efflux transporters and metabolic 

enzymes, most notably p-glycoprotein, breast cancer resistance protein, multi-drug 

resistance proteins, and a variety of cytochrome p450 enzymes [5]. Differences in the 

relative susceptibility to metabolic enzymes and transporters can influence the absorption, 

distribution, metabolism, and excretion of antiretrovirals. There is considerable patient to 

patient variability in the expression and function of these factors, as well as an active HIV 

infection is capable of further altering the intestinal expression of drug transporters and 

metabolic enzymes [6].

2.1 ART interactions with metabolic enzymes

Furthermore, as substrates of a variety of transporters and metabolic enzymes, antiretrovirals 

can influence concentrations of drugs given for a wide variety of diseases, as well as vice 

versa. Due to their requirement for pharmacoenhancement, administration of protease 

inhibitors or boosted elvitegravir has a high potential to interact with drugs given for 

cardiovascular issues, the administration of which is common in people living with HIV/

AIDS [7]. There are similar concerns for a number of NNRTI medications as well. Similarly, 

interactions primarily related to modulation of CYP enzymes cause interactions between 

antiretrovirals and many medications for the treatment of tuberculosis, especially drug 

resistant tuberculosis [8]. There are also concerns with interactions between some 

antiretrovirals, including most notably efavirenz, and a variety of hormonal contraceptive 

methods, which can result in decreased efficacy of some contraceptive methods [9]. Notably, 

these interactions are primarily CYP3A4-mediated, which may then have the potential to be 

further affected by drugs of abuse. Similar to CYP-mediated effects of antiretroviral 

concentrations, P-gp can play an important role in the internalization of antiretrovirals, 

including atazanavir [10].

There are also potential drug-drug interactions with opioids and antiretrovirals, including 

boosted darunavir, elvitegravir, efavirenz, and rilpivirine, which can in some circumstances 

require decreasing or increasing the dose of the opioid, depending on the drug which is 

administered [11] [12]. CYP-mediated DDI can also occur with boosted protease inhibitors 

and statins, which can require decreasing the dose of the statin [11] [12]. Similar interactions 

can occur between antiretrovirals and the direct acting antivirals used to treat hepatitis C.
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2.2 ART interactions with drug efflux transporters

Further, transporter and metabolic enzyme expression on tissue barriers in the body can be a 

cause of decreased concentrations in these tissue sites. Most notably, the brain represents a 

tissue reservoir where infected cells are capable of persisting for an extended amount of 

time. The blood-brain barrier represents a tight boundary which can prevent antiretrovirals 

or other medications from crossing into the brain environment. In addition to this tight 

boundary, drug efflux transporters including P-gp, BCRP, and transporters in the MRP 

family are present [13]. Polymorphisms in transporter expression and function can also play 

an important role in both efficacy and side effects [13]. In mouse models, it has been 

reported that P-gp inhibition can play a role in increasing brain concentrations of the 

protease inhibitor, atazanavir [14]. Experiments with transwell inserts supports that 

raltegravir is a P-gp and BCRP substrate, and suggests that alterations in expression of these 

transporters on the blood brain barrier may be a factor in drug distribution to these tissue 

sites [15].Similarly the blood-testis barrier has drug efflux transporters expressed on it, 

which can influence atazanavir concentrations in this reservoir [14]. In addition to P-gp, 

BCRP, and MRP transporters, CYP3A4 and 2D6 are expressed at the blood-testis barrier, 

and it has been noted that there is variable testicular tissue penetration of protease inhibitors 

which are substrates for the efflux transporters [16].

3.0 Alcohol

3.1 Incidence of alcohol use among PLWHA

According to the National Institute on Alcohol Abuse and Alcoholism, five drinks for men 

and 4 drinks for women within 2 hours are defined as binge drinking[17]. Five days or more 

binge drinking in one month are considered as heavy alcohol use. Both binge and heavy 

drinking increase the risk of alcohol use disorder (also known as unhealthy/harmful alcohol 

use) for individuals. Individuals with alcohol use disorder are unable to control their alcohol 

use which can result in unhealthy consequences[17].Alcohol use disorders are common 

among PLWHA[18]. Recent studies conducted in different countries showed that the 

prevalence of alcohol use disorder among PLWHA ranges from 14.0% to 38.4% [18–26], 

which was 3-times higher than the general population (5.8%−11.1%)[17] [27]. A recent 

meta-analysis that analyzed a total of 25 studies with more than 25,000 participants from 

2010 to 2019 showed that the pooled estimated prevalence of alcohol use disorder among 

PLWHA was 29.8% [18]. Analysis of those studies also showed that the prevalence of 

alcohol use disorder in developed countries was higher (42.09%), than the developing 

countries (24.53%). Alcohol use disorder among PLWHA was found to be associated with 

increased risk of unsafe sexual behavior, decreased medication adherence, changes in HV 

marker CD4 counts, and unexpected interactions with antiretroviral therapy (ART) [18,20] 

[28]. Although physicians recommend that patients who are under ART abstain from 

alcohol, the majority of them do not comply[29]. Since current guidelines for ART are not 

personalized for patients who consume alcohol, there is a need to study the impact of 

alcohol use among PLWHA to help build guidelines for the drug dose adjustment of ART.
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3.2 Effects of alcohol on ART adherence

Alcohol consumption has been reported to be a key cause to a lack of ART adherence among 

PLWHA[29]. Recent clinical studies conducted from different countries also showed the 

impact of alcohol use on adherence to ART[23,26] [30,31] [30]. For example, a study in 

Korea showed the increase in alcohol consumption was related to a decrease in adherence to 

ART[26]. The ratio of patients with less than 95% ART adherence for binge drinkers, 

hazardous drinkers, and alcohol dependents were 4.65%, 8.05%, and 27.67%, respectively. 

The increase in alcohol use was also found to be associated with lower adherence 

motivation. The low adherence ratio for hazardous drinkers and alcohol dependents were 

7.47% and 12.61%, respectively. Similarly, a study from Nepal also reported the negative 

association between alcohol use disorder and ART adherence[23]. A higher ratio of alcohol 

use disorder was observed from patients who were not adherent to ART (51.1% for men, 

22.7 for women), compared to those who were adherent to ART (29.6% for men, 12.5% for 

women). Additionally, a study from Latin America analyzed the association of alcohol use 

with ART adherence using a logistic regression model [31]. They showed that alcohol use 

was associated with a lack of ART adherence with an adjusted odds ratio of 2.46. The 

association between alcohol use and lack of ART adherence was also reported in a study 

conducted in the United States, which showed a 2% increase in odds ratio of becoming non-

adherent with each additional binge drinking day among women with HIV who were 

adherent to ART [30].

3.3 Effects of alcohol on ART efficacy/toxicity

Although the main metabolism of alcohol in binge, chronic, or heavy drinkers is through 

cytochrome P450 2E1 (CYP2E1) oxidation, previous studies also showed the involvement of 

CYP3A4 in alcohol metabolism[32] [33] [33] [34], the enzyme responsible for the 

metabolism of the majority of ART drugs[35]. A recent clinical study reported the 

association of increased drinking behavior with lower efficacy of ART[30]. Among women 

with HIV who were non-heavy drinkers and adherent to ART, an unsuppressed viral load 

was associated with an increase of 1 drink per week. Another study from the United States 

also showed that the decreased ART efficacy with alcohol use was due to intermediating 

factors such as alcohol-ART toxicity beliefs and alcohol-ART avoidance, causing lack of 

adherence and ultimately detectable viral load [36]. In previous studies, protease inhibitors, 

which are predominately metabolized by CYP3A4, have been shown in vitro to have 

interaction with alcohol, leading to altered inhibition of CYP3A4 [32,37]. This may 

potentially represent a mechanism by which alcohol use increases metabolism of protease 

inhibitors. More recently, Midde et al. from the Kumar group also reported the in vitro effect 

of alcohol on ART metabolism due to alternation of the ART-CYP3A4 interaction. They 

reported that alcohol changed the binding of an integrase inhibitor elvitegravir, to active sites 

of CYP3A4, decreasing apparent half-life of elvitegravir in human microsome[38]. They 

also reported decreased elvitegravir intracellular concentrations and less effective HIV 

suppression in HIV-infected monocytes in the presence of alcohol in an in vitro system[39]. 

They reported that this alcohol-induced alteration of elvitegravir concentrations were 

associated with the induction of CYP3A4, and the drug transporters MRP1 and MDR1. The 

same group also reported the effect of alcohol on a protease inhibitor, darunavir, and its 

effect on hepatic clearance, intracellular pharmacokinetics, HIV suppression of darunavir in 
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liver microsomes and U1 cells[40]. They showed that alcohol decreases apparent half-life 

and hepatic intrinsic clearance of darunavir when alcohol was co-exposed with a commonly 

used pharmaco-enhancer, ritonavir. They also reported that alcohol increased viral 

replication in HIV-infected monocytes, while having no effect on darunavir efficacy. In 

addition, Rao et al. from the same group reported that alcohol and darunavir/ritonavir 

combination decreased the expression of CYP3A4 and antioxidant enzymes SOD1 

superoxide dismutase 1 (SOD1) and peroxiredoxin (PRDX6) on cultured monocytes[41]. 

This alternation on the expression of CYP and antioxidant enzymes was associated with 

increased oxidative stress and cytotoxicity in monocytes. Additionally, Jesudas et al. showed 

that alcohol alone and in combination with lamivudine, a nucleoside reverse transcriptase 

inhibitor, enhanced hepatotoxicity and hyperlipidemia in rats. Rats receiving combined 

regimens with both alcohol and lamivudine showed more pronounced toxicity compared 

with rats received only alcohol[42]. These upregulations of metabolic enzymes due to 

ethanol exposure has the strong potential to decrease effective concentrations of 

antiretrovirals as they are administered, which may be a cause of worsened outcomes in 

PLWHA who drink.

In conclusion, PLWHA have an increased prevalence of alcohol use compared to the general 

population. This high prevalence of alcohol use, including mild, moderate, and heavy 

drinking, is associated with a lack of ART adherence, decrease response to ART, and 

increased toxicity. Thus, the screening of alcohol use and monitoring of ART adherence and 

drug level are recommended to improve ART outcomes among PLWHA.

4.0 Nicotine

4.1 Incidence of nicotine use among PLWHA

Smoking cigarettes is not only more common among people living with HIV/AIDS 

(PLWHA), but there are also lower rates of smoking cessation, as compared to the general 

population. A 2015 cigarette smoking prevalence study in the US reported by Mdodo et al. 
showed that 42.4% of PLWHA were current smokers while another 20.3% of patients were 

former smokers, whereas 37.3% had never smoked [43]. This prevalence in PLWHA is >2-

times higher than the general population as only 20.6% of general adults smoked cigarettes 

in the United States. Bui et al. investigated smoking cessation among the general population 

and PLWHA. In 40,888 smoking patients, smoking status of 45.9% of these was reported 

from HIV clinics (2,675/5,825), with 17.9% of patients’ status reported from non-HIV 

clinics (38,213/213,090) [44]. Helleberg et al. analyzed European and North American 

cohorts (N = 17,995) and reported 60% of smokers among PLWHA [45]. Since smoking 

may have more of an effect on life span than HIV infection [46] [45], the reduced life span 

among PLWHA smokers might also be attributed to smoking-induced non-HIV diseases 

[45] [47] [48].

Even though smoking cessation is strongly recommended in clinical settings, PLWHA who 

smoke are still struggling. Mdodo et al. reported that the smoking cessation rate was 32.4% 

within PLWHA, compared to 51.7% in the general population [43]. While the phenomenon 

is well-documented, the underlying cause is poorly understood. Quinn et al. recently 

reported that the cessation rate for treatment-adherent smokers was 35% while non-adherent 
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smokers’ rate was 19% [49]. Aigner et al. believed that pain might be an obstacle for smoke 

cessation [50], which may also explain the adherence issue for people receiving ART.

While smoking cessation might be difficult to achieve, some researchers have used 

electronic nicotine delivery systems (ENDS) as a substitution for cigarettes to minimize the 

negative effects of combustible cigarettes. Yingst et al. performed a small-scale pilot study to 

test the acceptability of ENDS, which reported a 48% to 55% reduction (p <0.01) in 

cigarettes per day (CPD) among the ENDS group compared to the control group [51]. Cioe 
et al. also reported similar results where CPD was reduced by more than 80% and complete 

transition to ENDS was observed at a rate of 36.8% [52]. Further, Benmarhnia et al. reported 

that cigarette abstinence increased from 9.6% to 15.5% with the use of ENDS [53]. 

However, not all clinical research supports ENDS. Although ENDS may decrease the usage 

of combustible cigarettes, it does not decrease the usage of nicotine [54] [55].

4.2 Effects of nicotine on ART adherence

PLWHA who smoke were reported to have a suboptimal antiretroviral treatment (ART) 

response, likely due in part to decreased adherence to a treatment plan. Similar to alcohol 

consumption, tobacco smoking is also among the top three reasons that influence negative 

ART adherence [56] [57] [58]. Real et al. reported that among non-adherent patients, 21.7% 

used nicotine. A similar finding was reported in China where 38.1% of patients were 

reported to use nicotine [57]. Zyambo et al.’s study with 473 patients found that ART 

adherence had a negative correlation with smoking relapse (HR = 0.65, 95% CI [0.49, 0.99]) 

[59]. Zhang et al. also reported smoking as the 2nd highest factor (PR = 1.30) in non-

adherence [58] in U.S. women [58]. King et al. reported similar results among sexual 

minority men in the U.S. where current smokers had much lower rates of ART adherence 

than non-smokers. Moreover, both smoking intensity (OR = 0.36) and smoking duration 

(OR = 0.31) were negatively correlated with ART adherence [60]. Pengpid et al. reported a 

study in South Africa in which they found that tobacco use (OR = 2.31) was highly 

correlated with lack of ART adherence [61]. Nguyen et al. performed a study in a Southeast 

Asian smoking population and reported that an increase in smoking frequency (OR = 1.1) 

was correlated with ART nonadherence [62]. Mai et al. reported that suboptimal ART 

adherence was highly associated with smoking (coefficient = 4.19) [63]. Aye and colleagues 

investigated a similar topic in Myanmar, in which among patients reporting non-adherence, 

tobacco use was reported with an OR value at 3.22 [64].

To elucidate the role of smoking on reduced ART adherence, researchers have investigated 

the underlying mechanisms. It was hypothesized that nicotine usage might be an indicator of 

anxiety, depression, pain, stigma, or sensation-seeking [65]. These emotional experiences 

were reported to be associated with suboptimal adherence to ART. Hence, smoking might be 

a secondary indicator of an underlying psychological issue. Esan et al. investigated the 

relationship between anxiety, smoking, and ART adherence with 68 patients, and found a 

significant correlation between anxiety symptoms and low medication adherence [66]. 

Nguyen et al. also reported that individuals with anxiety (OR = 1.6) or reporting pain (OR = 

1.9) had a higher probability of nonadherence [62]. Zeambo found that anxiety symptoms 

had a positive association with smoking relapse (HR = 1.55) whereas ART adherence had a 
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negative one [59]. Wykowski et al. performed a meta-analysis and found that PLWHA with 

anxiety had 59% higher odds of suboptimal ART adherence, compared to anxiety-free 

patients (OR: 1.59,) [67]. HIV-related stigma is another cause of anxiety. Shrestha et al. 
found an indirect relationship between HIV stigma and ART adherence (effect = 20.121) 

[68]. All of these stressors might contribute to suboptimal ART adherence [65].

4.3 Effects of nicotine on ART efficacy/toxicity

Smokers among PLWHA were reported to have suboptimal virologic suppression compared 

to non-smokers [69]. Such a phenomenon might result from increased HIV replication 

and/or decreased anti-retroviral effect from ART drugs [70]. It is well-documented that 

smoking negatively impacts the metabolism of ART agents [70]. Recently, Ghura et al. 
reported a potential “bidirectional” relationship between nicotine and ART drug metabolism 

[71]. A mathematical model predicted that smoking might induce the metabolism of 

antiretroviral drugs by 30% to 70%, which could result in deleterious patient outcomes [72].

Nicotine, the main addictive chemical of tobacco cigarettes, is primarily metabolized 

through CYP2A6 and CYP2B6 [73] [74]. In addition, long-term exposure to nicotine was 

reported to decrease the expression of these isoenzymes [75] [76]. As a result, patients who 

smoke would have different metabolism of ART drugs such as efavirenz and nevirapine 

which are metabolized through CYP2A6 and/or CYP2B6 [35]. On the other hand, Zhu et al. 
reported that cigarette smoking significantly upregulated the expression of CYP1A1 and 

1B1 in an in vitro system. Such induction of CYPs promoted the clearance of dolutegravir 

[77]. Apart from the CYP superfamily, nicotine was also shown to induce UGT1A1 in a 

cohort of PLWHA [78]. This could then result in faster clearance rates of abacavir, 

raltegravir, elvitegravir, and thus result in reduced HIV suppression for smokers [79].

ART drugs have also been reported to modify the metabolism of nicotine, resulting in issues 

with smoking cessation and toxicity. The nicotine metabolism ratio (NMR) is a biomarker of 

CYP2A6 and an indicator of the nicotine clearance rate [76]. Ashare et al. reported a 

significantly higher NMR among HIV-infected smokers (0.47) than non-smokers (0.34) 

[76]. On the other hand, efavirenz, a commonly prescribed NNRTI to HIV patient, was 

reported to reduce hepatic CYP1A2 and induce CYP2A6 activity [80]. Since nicotine is 

metabolized through CYP2A6, smokers receiving efavirenz should have a higher NMR and 

may consume more cigarettes. Indeed, Schnoll et al. found that an increased NMR was 

associated with taking efavirenz (b = 0.221, P = 0.010) [81]. As a result, smokers may have 

a faster nicotine clearance rate and might struggle with smoking cessation. Thus, increased 

cigarette consumption that negatively affects ART drugs’ metabolism is likely to accelerate 

this vicious cycle.

In addition to tobacco products’ potential influence on isoenzymes, smoking may also 

increase HIV replication. Ranjit et al. investigated the potential effect of benzo(a)pyrene 

(BaP), a carcinogen in tobacco products, on HIV replication [82]. They observed in vitro 

that chronic BaP exposure increased HIV-1 replication by >3-fold. Moreover, increased 

CYP1A1 expression, which is known to metabolize BaP, was also observed. Further, the 

study suggested that BaP exposure reduces HIV replication via CYP1A1-mediated BaP 

metabolism, which subsequently induces oxidative stress and NFkB pathway [82]. Rao et al. 
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performed a similar study with cigarette smoke condensate (CSC) also reported that CSC 

induced CYP1A1 expression and reactive oxygen species (ROS), which resulted in HIV 

replication [83]. Rao’s finding was also validated by Ande et al. in an ex vivo study using a 

32 subjects. Ande et al. reported an increased HIV viral load in HIV positive smokers over 

that of non-smokers. The study also provided a correlation between increased HIV 

replication and oxidative stress in which oxidative stress was increased by 2-fold in HIV 

negative smokers as compared to HIV negative non-smokers [69]. Similar results were also 

reported by Pollack et al. from Vietnam. They reported a 1.5- to 2-fold higher occurrence of 

HIV viral load among HIV positive smokers who consumed 1–10 cigarettes per day [84]. In 

summary, tobacco smoking, through both nicotine and polyaromatic hydrocarbons such as 

BaP alters not only the metabolism and thus efficacy of and toxicity by ART drugs, but also 

enhance HIV replication via oxidative stress pathway.

5.0 Methamphetamine

5.1 Incidence of methamphetamine use among PLWHA

Methamphetamine (Meth) abuse is a common comorbidity in PLWHA and has previously 

been associated with a 1.5-fold increased risk of HIV acquisition [85]. In the United States 

alone, prevalence of meth use among PLWHA was over 9% during 2015–2016 [86]. As per 

the National HIV Behavioral Surveillance (NHBS) 2017 survey from Seattle, WA; Portland, 

OR; and Denver, CO which involved 1,602 meth users, particularly men who have sex with 

men (MSM), and at substantial risk of HIV, reported that meth use most likely was the cause 

for low oral-preexposure prophylaxis (PrEP) awareness among the risk group[87]. Similar 

observations were noticed in a longitudinal study of the Swiss HIV Cohort performed during 

2007–2017 where use of psychostimulants, including meth, was significantly associated 

with unsafe sex with frequent partners, and higher prevalence of mood disorders, sexually 

transmitted infections, and viral infections other than HIV[88]. However, a significant 

increase in meth (from 0.2 to 2.4%; P < 0.001) use among the participants was noticed over 

time. Similar results were obtained in a cohort study funded by NIH/NIDA, indicating high 

prevalence of depression among HIV-infected MSM who were also meth users, compared to 

non-meth users, unemployed, as well as homeless participants[89]. A cross-sectional study 

performed in Iran highlighted the higher odds of emergence of viral infections, such as HIV 

and HCV, particularly among the meth users[90]. However, a Thai study reported a declined 

HIV incidence among people who inject drugs during 2005–2012 in a cohort from Bangkok. 

The discrepancy of HIV incidence between the countries depend on factors that likely 

contribute to awareness for PrEP, availability of fast HIV diagnosis and medication, and less 

use of sharing drug injections[91].

5.2 Effect of methamphetamine on ART adherence

Meth has long been associated with reduced/non-adherence to ART, and a failure of HIV 

viral suppression in the cerebrospinal fluid (CSF) that may also contribute to increased 

neuronal damage and cognitive disorders in both humans and in animal studies[92,93]. In 

previous studies, despite ART adherence, high HIV loads were reported in the plasma and 

CSF of PLWHA who used meth compared to non-meth users [92,94,95]. Recently, double-

blind randomized clinical trial study has shown that FDA-approved antidepressant 
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mirtazapine reduces meth use in PLWHA. The study also reported lasting benefits of the 

treatment despite poor medication adherence [96]. PrEP is highly effective for preventing 

HIV, and is considered as an excellent preventive treatment who for those who are at high 

risk of acquiring HIV. A qualitative study performed in the United States reported 

association between poor PrEP adherence and homosexual meth users [97,98]. Meth use has 

been shown to increase HIV replication in both in vitro and in vivo studies [99]. However, it 

has been difficult to correlate direct involvement of meth and rapid progression to AIDS due 

to non-adherence. In the context of promoting ART adherence among PLWHA who use 

meth, mobile- texting based interventions are believed to enhance ART adherence and lower 

the frequency of meth use among drug users[100]. In contrast, Hoenigl et al., investigated 

the relationship between PrEP adherence and drug abuse including meth and did not find 

any correlation between PrEP adherence and drug abuse [101]. In a cross -sectional study 

focused on MSM PLWHA who used meth, Jin H et al., reported that proportion of 

participants with a homelessness background were associated with low probability of 

suppressing viral load despite ART adherence. However, estimates of adherence of ART 

were not accurate[102]. Lower odds of achieving undetectable viral load in HIV-infected 

drug/meth users were noticed compared to non-users, whereas higher odds of suppressing 

viral load were correlated with declining drug use over time [103].

Many factors may impact ART adherence among PLWHA who use meth. PLWHA who 

consumed meth within 30 days showed 50% less prevalence of nonadherence compared to 

lifetime HIV+ meth users. Meth use, or potentially decreased adherence was also been 

associated with neurocognitive impairment including impairments in memory, speech, motor 

skills, executive and intellectual function, and mental awareness [104]. In contrast, a study 

with transgender women with HIV, Reback et al., reported that drug use of any type 

including meth did not impair ART adherence or achieving an undetectable viral load [103].

5.3 Effects of methamphetamine on ART efficacy/toxicity

Meth use by PLWHA was also reported to be associated with faster disease progression, 

immune dysfunction, neurocognitive impairment, and antiretroviral resistance [99] [105]. 

Sanchez et al., studied the combined effect of virus, meth, ARV such as zidovudine, 

nevirapine, saquinavir, and 118-D-24 in vitro and reported neuronal injury due to loss of 

neuronal dendrites and presynaptic terminals in cerebrocortical cells after 7-day exposure to 

meth and combinations of ARVs[106]. Meth is metabolized through CYP2D6, by N-

dealkylation. Inhibition of CYP2D6 by ritonavir is likely to be associated with enhanced 

concentrations of the meth derivative MDMA toxicity[107]. Nookala et al., suggested that 

meth alters the binding of type II protease inhibitors such as ritonavir and indinavir to 

CYP3A4 in vitro, which lead to decreased metabolism of protease inhibitors, of note 

ritonavir[108]. Meth exposure to PLWHA receiving ART, particularly saquinavir, ritonavir, 

and stavudine, has been linked with toxicity and mortality of antiretrovirals or meth 

[109,110]. However, Jayant et al., reported that co-encapsulation of Nelfinavir and 

Rimcazole using nanoformulation overcome the effects of drug abuse including use of meth 

in HIV infection using an in vitro blood brain barrier model [111].
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6.0 Cocaine

6.1 Incidence of cocaine use among PLWHA

The incidence and prevalence of cocaine use among PLWHA is typically higher than what 

has been found in the general population. Results from the Center for AIDS Research 

Network of Integrated Clinical Systems (CNICS), a prospective cohort of 10,652 PLWHA, 

found 11% of enrolled participants to have a co-occurring cocaine use disorder as defined by 

the Alcohol, Smoking, and Substance Involvement Screening Test (ASSIST) criteria[112] 

[113]. Additional data from an annual national survey found that, among respondents, 

approximately 49% of PLWHA had ever used cocaine, compared to 16% of general 

respondents, with 14% of PLWHA meeting criteria for cocaine dependence, compared to 

6% of the general respondents[4].

6.2 Effects of cocaine on ART adherence

Cocaine use among PLWHA has been repeatedly identified to negatively impact both 

adherence to ART as well as achieving viral suppression. A single-center study based in 

Vancouver, Canada, found that daily crack cocaine use to adversely impact optimal 

pharmacy refill adherence in one prospective study [114], while another study based in 

Boston, MA, found heavy cocaine use to be associated with lower rates of self-reported ART 

adherence [115]. This finding is consistent for HIV uninfected individuals on pre-exposure 

prophylaxis (PrEP) as well, with lower rates of adherence among persons using cocaine or 

stimulants [116] [117]. Not only does cocaine use appear to decrease rates of ART 

adherence, multiple studies have also shown heavy use to decrease rates of viral suppression, 

[118] [119], highlighting the public health impact of cocaine use among PLWHA.

The effects from cocaine use on ART adherence appears to be multifactorial. Perceived 

stigma and mental health disorders have previously been shown to negatively impact HIV 

care outcomes globally. PLWHA with cocaine use appear to have higher rates of concurrent 

depression [120]and stigma [121], with individuals experiencing higher degrees of 

anticipated substance use associated stigma having the poorest ART adherence rates. 

Although cognitive behavioral therapy for adherence and depression improves rates of 

adherence and viral suppression for most PLWHA, this unfortunately has not been shown to 

be the case for PLWHA with cocaine use [122]. This suggests that PLWHA who use cocaine 

are a particularly vulnerable population and need additional efforts to improve HIV care 

outcomes.

6.3 Effects of cocaine on ART efficacy/toxicity

The metabolism of cocaine appears to be at least partially mediated by CYP3A enzymes 

(both CYP3A4 and CYP3A5) [123], with the thought that women might be particularly 

more sensitive to the effects of cocaine, due to observed higher metabolic rates in women 

[124]. Many of the NNRTIs and PIs are metabolized by CYP3A4, suggesting a concern for 

potential cocaine-ART drug interactions through this metabolic pathway. As such, there is 

concern for toxicity when treating PLWHA with ART regimens containing NNRTIs or PIs 

[125] [126]. There is also growing interest in chronic inflammation and premature aging 

among PLWHA. Early data suggests that cocaine use among PLWHA induces telomere 
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shortening, potentially promoting premature aging in this population [127]. This premature 

aging, coupled with HIV-associated neurocognitive decline may be of considerable concern 

in the aging cohort of PLWHA. There is a continued need to examine the effects of cocaine 

use on both ART efficacy and toxicity among PLWHA.

7.0 Opioids

7.1 Incidence of opioid use among PLWHA

Opioid drug abuse, especially in PLWHA, also involves the nonmedical use of prescribed 

opiates such as morphine, codeine, hydrocodone or oxymorphone, and illicitly manufactured 

or distributed substances such as heroin, fentanyl and analogues [128]. A population-based 

prevalence study revealed that 26.8 million people are currently struggling with opioid use 

disorder world-wide. Among people who inject drugs (PWID), opioids are the most 

commonly used and 17.8 % of PWID are estimated to have been exposed to HIV infection 

world-wide [128] [129].  HIV prevalence among PWID varied across geographical regions. 

For instance, PWID have higher prevalence of HIV in Eastern Europe and Latin America 

[129] [130]. It is estimated that people who are either undiagnosed or diagnosed with HIV 

infection but underestimated in care are responsible for transmission of more than 90% of 

new HIV infection [131] [132] [133]. A recent study based on accumulated evidences 

suggested that prescription opioids pose infection risk, including pneumonia, especially in 

people living with HIV [134]. In addition, prescription opioid such as morphine appears to 

suppress the immune system in human and animal studies.

7.2 Effects of opioids on ART adherence

People who inject drugs and who also have HIV are less likely to adhere with ART. Azar et 
al., reported that people injecting opioids were less likely associated with optimal level of 

ART adherence whereas significant enhancement in adherence of ART was reported after 

maintaining methadone therapy [3]. A similar finding was reported in longitudinal studies 

performed in Canada, by Palepu et al., where patients receiving methadone maintenance 

therapy not only had boosted adherence and CD4 cell counts, but were also associated with 

suppressed HIV-1 RNA levels [3] [135]. Methadone maintenance therapy was also 

independently associated with lower likelihoods of opioid dependence [3]. Another 

longitudinal study conducted on HIV infected women in United States during 2003–2014, 

by Zhang and colleagues, found similar results using multivariable Poisson generalized 

estimating equations (GEE) regression that drug use, including opioids, was reported to have 

been linked with poor adherence to ART [58].

Many PLWHA with SUD have trouble with ART adherence due to use of opioids and other 

drugs. Anderson et al., reported reduced adherence over time in HIV-infected individuals 

with a history of drug dependence, including opioids [136]. Similar findings were noticed by 

Gonzalez A et al., based on a small scale study of 121 HIV-infected people (41 % female; M 
age = 47.00; SD = 7.1) who were also drug users despite being on opioid dependence 

treatment [137]. They found that medication adherence was highly associated with illicit use 

of substance such as opiates and cocaine. In addition, the rate of adherence on ART may 

depend on type or combination of drugs used before or during the treatment. For instance, 
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Hinkin et al.conducted a longitudinal study among 150 HIV-infected people to examine a 

link between medication adherence and drugs users. In this study they found that PLWHA 

who use opioids show significantly reduced ART adherence (63%), compared to non-drug 

users (79%) [138].

7.3 Effects of opioid on ART efficacy/toxicity

The major concern in the treatment for HIV-infected opioid users still remains the drug 

withdrawal side effects that lead to the occurrence of relapse, to which acute stress, renewed 

drug administration, treatment failure, viral resistance, and exposure to drug-associated 

environmental cues are firmly paired [139] [140]. The rate of relapse among people with 

SUD stands between 72–88% by the end of three years, despite inpatient detoxification 

[141]. Drug users among PLWHA routinely experience inordinate morbidity and mortality, 

compared to non-drug users [142]. People who inject drugs were found to be significantly 

less responsive to ART and viral suppression.

Synthetic opioids are structurally modified to improve the binding affinity of drug to opioid 

receptors such as μ-, κ-, δ- or N/OFQ-opioid receptors [143]. CYP450 isoenzymes are major 

enzymes involved in opioid metabolism [144] [145] [146] [147]. To a lesser extent, UDP-

glucuronosyltransferases(UGTs) metabolize morphine, hydromorphone, and oxymorphone 

[148].Finally, UGTs are also responsible for the formation of glucuronides that are believed 

to be the end product of the drug metabolism [149]. Semisynthetic opioids, such as 

oxycodone and hydrocodone are metabolized by CYP2D6 to hydromorphone, which shows 

more than a 5-fold higher opioid activity than the hydromorphone. CYP3A4 is also found to 

be involved in the clearance of hydrocodone. In a study supported by randomized controlled 

trials, ART drugs such as ritonavir and lopinavir/ritonavir effectively inhibited the CYP3A-

mediated N-demethylation of oxycodone, and thus increased the effects of oxycodone by 3-

fold.To avoid the opioid-related adverse effects, oxycodone doses need to be regulated, 

especially when oxycodone is being used in clinics during anti-retroviral treatment [150]. 

On the other side, ritonavir decreases the effects of hydrocodone, resulting in symptoms of 

opioid withdrawal in human subjects [151] [152]. Fentanyl, a synthetic opioid, is 

metabolized by the CYP3A4 into inactive metabolites such as norfentanyl, hydroxyfentanyl 

and hydroxynorfentanyl. Ritovavir was shown in human trials to inhibit the metabolism of 

fentanyl, thereby reducing the fentanyl clearance by 67%, thus requiring precautions if using 

fentanyl during ritonavir treatment [150].

The possibility of resumption of drug use is common among PLWHA with SUD, which 

highlights the need for opioid maintenance therapy. US FDA-approved therapies for opioid 

maintenance include methadone and buprenorphine which can be given to HIV-infected drug 

users to treat opioid dependence. Gruber et al., conducted study on opioid-dependent HIV-

negative people to examine drug interactions between buprenorphine and ART drug 

darunavir-ritonavir and fosamprenavir-ritonavir. The study showed no clinically significant 

pharmacokinetic or pharmacodynamic interactions between buprenorphine and used ART 

drugs, although there may be interactions with newer antireetrovirals since this article was 

originally published [151]. In contrast, darunavir and ritonavir decrease methadone levels in 

the plasma, causing withdrawal symptoms [151]. Other than CYP3A4, which is involved in 
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the metabolism of methadone and buprenorphine, CYP enzymes such as 2B6, CYP2C19, 

CYP2C9, and CYP2D67 also play a role in the metabolism of methadone, and 2C8 in the 

metabolism of buprenorphine [153] [154] [155].

The CYP3A4 inhibitors, ritonavir, nelfinavir, and nevirapine, were shown to reduce the 

plasma level of methadone, possibly due to involvement of CYP enzymes other than 

CYP3A4 [156] [153]. Heroin (diacetylmorphine) is metabolized by plasma and liver 

esterases to morphine, which is further metabolized by glucuronidation. High doses of 

ritonavir and nelfinavir resulted in faster glucuronidation of heroin. Although ARVs are also 

metabolized by glucuronidation, no known effects in combination with ARVs and heroin 

have been reported [157]. A recent study by Rodriguez et al., investigated the effect of 

opioid exposure on ART drugs in HIV-infected primary human astrocytes [158]. Similar to 

other findings, they found that emtricitabine, ritonavir, and atazanavir regimens reduced not 

only viral replication, but also suppressed HIV-mediated inflammatory response. The study 

also assessed the effect of morphine on ART related drugs in which morphine treatment 

neutralized the potential effects of this regimen. These effects are emerged due to loss of 

mitochondrial integrity and epigenetic changes [159].

8.0 Marijuana

8.1 Incidence of marijuana use amont PLWHA

Marijuana use is significantly higher among PLWHA than comparative individuals without 

HIV/AIDS. Based off 2005–2014 data from the National Survey on Drug Use and Health, 

approximately 77% of PLWHA reported lifetime marijuana use compared to 44.5% of HIV-

uninfected participants[4]. The timing of illegal drug use was significantly more recent 

among individuals with HIV; 36% of respondents with HIV reported using any illegal drug 

in the past month compared to only 8.6% of the respondents without HIV/AIDS (p<0.0001) 

[4]. The percentage of males with HIV/AIDS who smoke marijuana daily has been on the 

rise since 1984 [160]. Marijuana use among PLWHA remained consistently higher after 

adjusting for demographic factors including age, sex, race/ethnicity, education, total family 

income (=$75,000), and marital status [4]. Data from Europe also showed higher marijuana 

use among PLWHA, however, the incidence of use varied from country to country [161] 

[162]. It is important to note that the legality of marijuana in each country is expected to 

affect the incidence of use, and that use in the U.S.A. will likely increase due to increasing 

numbers of states legalizing or decriminalizing use.

8.2 Effects on of marijuana on ART Adherence

Marijuana is conventionally accepted as having a negative impact on medication adherence. 

Marijuana is widely known to negatively affect memory and cognitive function, which can 

present a challenge for patients on complicated medication regimens. A major consideration 

during HIV treatment is whether a patient should take a single table regimen (STR) or a 

multiple tablet regimen (MTR). Both have benefits, however, STR show higher rates of 

adherence overall [2]. Marijuana has been shown in a longitudinal studies to negatively 

affect the adherence of patients to HIV treatment, particularly with STR[58]. Most literature 

does not evaluate if failure to adhere stems solely from the use of marijuana. Failure to 
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adhere may potentially result from common co-conditions, such as alcohol use and/or 

depressive symptoms. Marijuana’s effect on adherence also seems to vary across studies 

when adjusting for a variety of demographics such as age and sex [4]. The frequency of 

marijuana use was an important consideration when evaluating medication adherence.

8.3 Effects of marijuana on ART efficacy/toxicity

Marijuana is the most commonly used illicit drug of abuse worldwide, which can cause 

significant efficacy and toxicity problems when combined with ART. Marijuana is an 

inducer of CYP 1A2 through aromatic hydrocarbon receptor activation [163]. In addition, 

limited data in human subjects suggest that delta-9-tetrahydrocannabinol (delta-9 THC) and 

cannabidiol (CBD) metabolism involves CYP3A4 and CYP2C19 enzymes[164]. These two 

enzymes are involved in the metabolism of multiple key ART medications, such as the non-

nucleotide reverse transcriptase inhibitors (NNRTIs) and protease inhibitors, including 

darunavir. A combination of a CYP enzyme inhibitor and a CYP enzyme substrate could 

lead to much higher ART concentrations in the body than anticipated. This could lead to 

increased renal/hepatic demand as well as an increase in adverse drug reactions and 

potentially toxic results.

Marijuana use is also important to consider with ART involving pharmacoenhancers. 

Pharmacoenhancers, such as ritonavir and cobicistat, are medications specifically prescribed 

to cause a controlled drug interaction, boosting the length of time a desired ART medication 

is at a therapeutic level in the body by inhibiting the ART medication’s metabolism[165]. 

These pharmacoenhancers are relied on in certain regimens to ensure ART efficacy. Because 

pharmacoenhancers’ major role is causing drug interactions, they have a multitude of CYP 

enzymes that they interact with, and they could have their concentration driven up 

(potentially causing toxicity) or down (potentially decreasing efficacy) through concurrent 

marijuana use.

Additional literature has shown that marijuana was been reported to lower plasma 

concentrations of common ART medications, such as indinavir and nelfinavir, through an 

undefined mechanism Evidence suggests that the lowered plasma concentration could result 

from decreased intestinal absorption[164]. Many ART medications have bioavailability 

limitations that depend on consistent intestinal absorption. Irregular absorption can cause the 

ART concentration to fall below the therapeutic levels needed to maintain optimal viral 

suppression and prevent disease progression. The potential of marijuana use on intestinal 

absorption is also an important area of future study because absorption may depend on the 

frequency and/or level of abuse. Once this mechanism is fully defined, it may be an 

important factor to consider when designing dose regimens to ensure efficacy.

9.0 Conclusion

While care for PLWHA has dramatically improved over the years, for many individuals 

disparities in care still exist. In PLWHA who use drugs of abuse, both licit and illicit, 

disparities in outcomes exist for a variety of reasons. PLWHA are more likely than non-

infected individuals to have substance use disorders. Drug-drug interactions due to induction 
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of metabolic enzyme or transporters, which can result in subtherapeutic concentrations of 

these drugs. This can lead to worsened outcomes in PLWHA.

10.0 Expert opinion

As previously discussed, PLWHA who have substance abuse disorders are at a higher rate of 

detrimental health outcomes than non-infected individuals. A key cause for this is due to the 

fact that there are multiple drug drug interactions that occur between ART medications and 

the substance the person might be taking. For instance, marijuana is a commonly used illicit 

drug among PLWHA and is an inducer of CYP 1A2 [163]. This is one such enzyme that is 

also involved in the metabolism of ART medications. The combination of a patient taking 

both an inducer and an inhibitor at the same time can cause serious drug toxicities, such as 

high levels of ART medications building up in the body. This, in turn, can lead to other 

issues along the line such as renal/hepatic failure and overall increase morbidity and 

mortality.

Alcohol use disorders are also common among PLWHA. The effects of the consumption of 

alcohol include decreased adherence to ART as well as drug toxicities. The enzyme that is 

involved in the metabolism of alcohol is CYP2E1 [35]. Consuming alcohol while taking 

ART has shown to cause lower efficacy of the regimen as well as increase morbidity and 

mortality down the line. As a result, it is imperative to discuss with the patient in depth as to 

whether they consume alcohol as well as the quantity and rate of consumption. Having this 

information on hand could help the clinician make a better decision on which ART regimen 

to start the patient on or even modify if there is evidence of treatment failure. Overall, the 

screening for alcohol usage among PLWHA is critical to improve ART effectiveness as well 

as health outcomes of these patients.

The combination of drug drug interactions between drugs of abuse and antiretrovirals, and 

drug related decreases in adherence also provides a significant concern. If antiretrovirals are 

taken less often than they should be, coupled with interactions resulting in lower 

concentrations of antiretrovirals when they are taken, there is the potential that drug 

concentrations may be insufficient to prevent HIV-1 replication in these individuals.

Because of the high rates of substance abuse among PLWHA, it is imperative to have a good 

relationship with these patients. This needs to occur so initial screening can take place prior 

to initiating ART. The screening for potential use of substances can take place in many 

different forms, such as a urinalysis or even a simple medication history discussion with the 

patient. There are pros and cons to each method that can include rate of turnaround time, 

false negatives, and even reliability. The underlying key to any method utilized for screening 

is to establish a sense of trust between the clinician and patient.

As new laws begin to emerge, one such thing to keep in mind is that some states might allow 

the legalization of marijuana. Increased access to marijuana may result in decreased 

effectiveness of ART among these patients. This would call for an increase in the need to 

understand the drug-drug interactions between ART and marijuana. There are many different 

types of ART available and PLWHA are not limited to only one therapy. Therefore, time and 
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effort are necessary to fully understand the drug interactions that can occur with each 

specific ART medication. It would also be useful to determine what substances of abuse 

PLWHA are using so therapy can be tailored to minimize interactions as well. Overall, this 

knowledge would help guide personalized therapy for PLWHA who also have a substance 

use disorder.

There is an underlying need for therapeutic measures both for substance use disorders as 

well as people with substance use disorder that are not willing to stop using drugs of abuse. 

This can include novel therapeutics or tailoring therapeutic measures to minimize drug-drug 

interactions. For example, during a medication history review, a clinician can identify a 

patient that is unable or unwilling to stop using a particular drug of abuse and use resources 

to determine which antiretrovirals might be the best therapeutic decision for that particular 

person. This may also include linking patients to non-pharmacologic interventions for 

stopping the use of drugs of abuse. Obtaining the help of a mental health therapist for these 

patients is one such example. The underlying key again is to be able to screen patients early 

on before they begin ART therapy, if feasible.

Funding

This paper was funded by the National Institute of Health (Grant number: NIH R01AA022063).

References

Articles of special interest have been highlighted as either of interest (*) or of considerable 
interest (**) to readers.

1. Bezabhe WM, Chalmers L, Bereznicki LR, et al. Adherence to Antiretroviral Therapy and Virologic 
Failure: A Meta-Analysis. Medicine (Baltimore). 2016 4;95(15):e3361. [PubMed: 27082595] 

2. Panel on Antiretroviral Guidelines for Adults and Adolescents. Guidelines for the use of 
antiretroviral agents in HIV-1-infected adults and adolescents. Department of Health and Human 
Services Available at http://aidsinfo.nih.gov/contentfiles/lvguidelines/AdultandAdolescentGL.pdf.

3. Azar P, Wood E, Nguyen P, et al. Drug use patterns associated with risk of non-adherence to 
antiretroviral therapy among HIV-positive illicit drug users in a Canadian setting: a longitudinal 
analysis. BMC Infect Dis 2015 4 18;15:193. [PubMed: 25927573] 

4. Shiau S, Arpadi SM, Yin MT, et al. Patterns of drug use and HIV infection among adults in a 
nationally representative sample. Addict Behav. 2017 5;68:39–44. [PubMed: 28088742] 

5. Kis O, Robillard K, Chan GN, et al. The complexities of antiretroviral drug-drug interactions: role 
of ABC and SLC transporters. Trends Pharmacol Sci. 2010 1;31(1):22–35. [PubMed: 20004485] 

6. Kis O, Sankaran-Walters S, Hoque MT, et al. HIV-1 Alters Intestinal Expression of Drug 
Transporters and Metabolic Enzymes: Implications for Antiretroviral Drug Disposition. Antimicrob 
Agents Chemother. 2016 5;60(5):2771–81. [PubMed: 26902756] 

7. Giguere P, Nhean S, Tseng AL, et al. Getting to the Heart of the Matter: A Review of Drug 
Interactions Between HIV Antiretrovirals and Cardiology Medications. Can J Cardiol. 2019 
3;35(3):326–340. [PubMed: 30825953] 

8. Mukonzo J, Aklillu E, Marconi V, et al. Potential drug-drug interactions between antiretroviral 
therapy and treatment regimens for multi-drug resistant tuberculosis: Implications for HIV care of 
MDR-TB co-infected individuals. Int J Infect Dis. 2019 6;83:98–101. [PubMed: 30991140] 

9. Nanda K, Stuart GS, Robinson J, et al. Drug interactions between hormonal contraceptives and 
antiretrovirals. AIDS. 2017 4 24;31(7):917–952. [PubMed: 28060009] 

Desai et al. Page 17

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://aidsinfo.nih.gov/contentfiles/lvguidelines/AdultandAdolescentGL.pdf


10. Kis O, Zastre JA, Hoque MT, et al. Role of drug efflux and uptake transporters in atazanavir 
intestinal permeability and drug-drug interactions. Pharm Res. 2013 4;30(4):1050–64. [PubMed: 
23224979] 

11. Devanathan AS, Anderson DJC, Cottrell ML, et al. Contemporary Drug-Drug Interactions in HIV 
Treatment. Clin Pharmacol Ther. 2019 6;105(6):1362–1377. [PubMed: 30739315] 

12. Wiggins BS, Lamprecht DG Jr., Page RL 2nd, et al. Recommendations for Managing Drug-Drug 
Interactions with Statins and HIV Medications. Am J Cardiovasc Drugs. 2017 10;17(5):375–389. 
[PubMed: 28364370] 

13. Nwogu JN, Ma Q, Babalola CP, et al. Pharmacokinetic, Pharmacogenetic, and Other Factors 
Influencing CNS Penetration of Antiretrovirals. AIDS Res Treat. 2016;2016:2587094. [PubMed: 
27777797] 

14. Robillard KR, Chan GN, Zhang G, et al. Role of P-glycoprotein in the distribution of the HIV 
protease inhibitor atazanavir in the brain and male genital tract. Antimicrob Agents Chemother. 
2014;58(3):1713–22. [PubMed: 24379203] 

15. Hoque MT, Kis O, De Rosa MF, et al. Raltegravir permeability across blood-tissue barriers and the 
potential role of drug efflux transporters. Antimicrob Agents Chemother. 2015 5;59(5):2572–82. 
[PubMed: 25691630] 

16. Huang Y, Hoque MT, Jenabian MA, et al. Antiretroviral drug transporters and metabolic enzymes 
in human testicular tissue: potential contribution to HIV-1 sanctuary site. J Antimicrob Chemother. 
2016 7;71(7):1954–65. [PubMed: 27076103] 

17. NIAAA. Alcohol facts and statistics [updated 1/15/2020]. Available from: https://
www.niaaa.nih.gov/publications/brochures-and-fact-sheets/alcohol-facts-and-statistics

18. Duko B, Ayalew M, Ayano G. The prevalence of alcohol use disorders among people living with 
HIV/AIDS: a systematic review and meta-analysis. Subst Abuse Treat Prev Policy. 2019;14(1):52–
52. [PubMed: 31727086] 

19. Egbe CO, Dakum PS, Ekong E, et al. Depression, suicidality, and alcohol use disorder among 
people living with HIV/AIDS in Nigeria. BMC Public Health. 2017;17(1):542–542. [PubMed: 
28577548] 

20. da Silva CM, Mendoza-Sassi RA, da Mota LD, et al. Alcohol use disorders among people living 
with HIV/AIDS in Southern Brazil: prevalence, risk factors and biological markers outcomes. 
BMC infectious diseases. 2017;17(1):263–263. [PubMed: 28399823] 

21. Crane HM, McCaul ME, Chander G, et al. Prevalence and Factors Associated with Hazardous 
Alcohol Use Among Persons Living with HIV Across the US in the Current Era of Antiretroviral 
Treatment. AIDS Behav. 2017;21(7):1914–1925. [PubMed: 28285434] 

22. Nouaman MN, Vinikoor M, Seydi M, et al. High prevalence of binge drinking among people living 
with HIV in four African countries. J Int AIDS Soc. 2018;21(12):e25202–e25202. [PubMed: 
30549445] 

23. Pokhrel KN, Gaulee Pokhrel K, Neupane SR, et al. Harmful alcohol drinking among HIV-positive 
people in Nepal: an overlooked threat to anti-retroviral therapy adherence and health-related 
quality of life. Glob Health Action. 2018;11(1):1441783–1441783. [PubMed: 29495948] 

24. Idrisov B, Lunze K, Cheng DM, et al. Role of substance use in HIV care cascade outcomes among 
people who inject drugs in Russia. Addict Sci Clin Pract. 2017;12(1):30–30. [PubMed: 29198185] 

25. Bultum JA, Yigzaw N, Demeke W, et al. Alcohol use disorder and associated factors among human 
immunodeficiency virus infected patients attending antiretroviral therapy clinic at Bishoftu 
General Hospital, Oromiya region, Ethiopia. PLoS One. 2018;13(3):e0189312–e0189312. 
[PubMed: 29509771] 

26. Kim JY, Yang Y, Kim HK, et al. The Impact of Alcohol Use on Antiretroviral Therapy Adherence 
in Koreans Living with HIV. Asian Nursing Research. 2018 2018/12/01/;12(4):258–264. 
[PubMed: 30316838] 

27. Manthey J, Gual A, Jakubczyk A, et al. Alcohol use disorders in Europe: A comparison of general 
population and primary health care prevalence rates. Journal of Substance Use. 2016 
2016/09/02;21(5):478–484.

Desai et al. Page 18

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.niaaa.nih.gov/publications/brochures-and-fact-sheets/alcohol-facts-and-statistics
https://www.niaaa.nih.gov/publications/brochures-and-fact-sheets/alcohol-facts-and-statistics


28. Chander G, Lau B, Moore RD. Hazardous alcohol use: a risk factor for non-adherence and lack of 
suppression in HIV infection. J Acquir Immune Defic Syndr. 2006;43(4):411–417. [PubMed: 
17099312] 

29. Kumar S, Rao PSS, Earla R, et al. Drug-drug interactions between anti-retroviral therapies and 
drugs of abuse in HIV systems. Expert Opin Drug Metab Toxicol. 2015;11(3):343–355. [PubMed: 
25539046] 

30. Barai N, Monroe A, Lesko C, et al. The Association Between Changes in Alcohol Use and 
Changes in Antiretroviral Therapy Adherence and Viral Suppression Among Women Living with 
HIV. AIDS Behav. 2017;21(7):1836–1845. [PubMed: 27752873] 

31. De Boni RB, Shepherd BE, Grinsztejn B, et al. Substance Use and Adherence Among People 
Living with HIV/AIDS Receiving cART in Latin America. AIDS Behav. 2016;20(11):2692–2699. 
[PubMed: 27091028] 

32. Kumar S, Earla R, Jin M, et al. Effect of ethanol on spectral binding, inhibition, and activity of 
CYP3A4 with an antiretroviral drug nelfinavir. Biochemical and Biophysical Research 
Communications. 2010 2010/11/05/;402(1):163–167. [PubMed: 20937259] 

33. Jin M, Arya P, Patel K, et al. Effect of alcohol on drug efflux protein and drug metabolic enzymes 
in U937 macrophages. Alcohol Clin Exp Res. 2011 01/;35(1):132–139. [PubMed: 21039635] 

34. Ande A, Sinha N, Rao PSS, et al. Enhanced oxidative stress by alcohol use in HIV+ patients: 
possible involvement of cytochrome P450 2E1 and antioxidant enzymes. AIDS Research and 
Therapy. 2015

35. Gong Y, Haque S, Chowdhury P, et al. Pharmacokinetics and pharmacodynamics of cytochrome 
P450 inhibitors for HIV treatment. Expert Opin Drug Metab Toxicol. 2019 2019/05/04;15(5):417–
427. [PubMed: 30951643] 

36. Kalichman SC, Katner H, Hill M, et al. Alcohol-Related Intentional Antiretroviral Nonadherence 
among People Living with HIV: Test of an Interactive Toxicity Beliefs Process Model. J Int Assoc 
Provid AIDS Care. 2019 Jan-Dec;18:2325958219826612–2325958219826612. [PubMed: 
30782051] 

37. Kumar S, Kumar A. Differential effects of ethanol on spectral binding and inhibition of 
cytochrome P450 3A4 with eight protease inhibitors antiretroviral drugs. Alcohol Clin Exp Res. 
2011;35(12):2121–2127. [PubMed: 21682753] 

38. Midde NM, Rahman MA, Rathi C, et al. Effect of Ethanol on the Metabolic Characteristics of 
HIV-1 Integrase Inhibitor Elvitegravir and Elvitegravir/Cobicistat with CYP3A: An Analysis 
Using a Newly Developed LC-MS/MS Method. PLoS One. 2016;11(2):e0149225–e0149225. 
[PubMed: 26872388] 

39. Midde NM, Sinha N, Lukka PB, et al. Alterations in cellular pharmacokinetics and 
pharmacodynamics of elvitegravir in response to ethanol exposure in HIV-1 infected monocytic 
(U1) cells. PLoS One. 2017;12(2):e0172628–e0172628. [PubMed: 28231276] 

40. Midde NM, Gong Y, Cory TJ, et al. Influence of Ethanol on Darunavir Hepatic Clearance and 
Intracellular PK/PD in HIV-Infected Monocytes, and CYP3A4-Darunavir Interactions Using 
Inhibition and in Silico Binding Studies. Pharmaceutical research. 2017;34(9):1925–1933. 
[PubMed: 28616684] 

41. Rao PSS, Kumar S. Chronic Effects of Ethanol and/or Darunavir/Ritonavir on U937 Monocytic 
Cells: Regulation of Cytochrome P450 and Antioxidant Enzymes, Oxidative Stress, and 
Cytotoxicity. Alcohol Clin Exp Res. 2016;40(1):73–82. [PubMed: 26727525] 

42. Jesudas B, Ramanathan R, Bhavani G, et al. Ethanol enhances lamivudine-induced liver toxicity: 
Investigation on hepatoprotective properties of silibinin-phosphatidylcholine complex in rats. 
Biomedicine. 2016 01/01;36:128–137.

43. Mdodo R, Frazier EL, Dube SR, et al. Cigarette smoking prevalence among adults with HIV 
compared with the general adult population in the United States: cross-sectional surveys. Annals 
of internal medicine. 2015;162(5):335–344. [PubMed: 25732274] 

44. Bui TC, Piñeiro B, Vidrine DJ, et al. Quitline treatment enrollment and cessation outcomes among 
smokers linked with treatment via Ask-Advise-Connect: Comparisons among smokers with and 
without HIV. Nicotine & Tobacco Research. 2019.

Desai et al. Page 19

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



45. Helleberg M, May MT, Ingle SM, et al. Smoking and life expectancy among HIV-infected 
individuals on antiretroviral therapy in Europe and North America. AIDS (london, England). 
2015;29(2):221.

46. Reddy KP, Parker RA, Losina E, et al. Impact of cigarette smoking and smoking cessation on life 
expectancy among people with HIV: a US-based modeling study. The Journal of infectious 
diseases. 2016;214(11):1672–1681. [PubMed: 27815384] 

47. Rasmussen LD, Helleberg M, May MT, et al. Myocardial infarction among Danish HIV-infected 
individuals: population-attributable fractions associated with smoking. Clinical Infectious 
Diseases. 2015;60(9):1415–1423. [PubMed: 25595744] 

48. Shepherd L, Ryom L, Law M, et al. Cessation of Cigarette Smoking and the Impact on Cancer 
Incidence in Human Immunodeficiency Virus–infected Persons: The Data Collection on Adverse 
Events of Anti-HIV Drugs Study. Clinical infectious diseases. 2018;68(4):650–657.

49. Quinn MH, Bauer A-M, Flitter A, et al. Correlates of Varenicline Adherence among Smokers with 
HIV and its Association with Smoking Cessation. Addictive Behaviors. 2019:106151. [PubMed: 
31783245] 

50. Aigner CJ, Gritz ER, Tamí-Maury I, et al. The role of pain in quitting among human 
immunodeficiency virus (HIV)–positive smokers enrolled in a smoking cessation trial. Substance 
abuse. 2017;38(3):249–252. [PubMed: 28328303] 

51*. Yingst J, Foulds J, Zurlo J, et al. Acceptability of electronic nicotine delivery systems (ENDS) 
among HIV positive smokers. AIDS care. 2019:1–5.Electronic nicotine delivery systems are an 
increasingly common method for using nicotine, and this article covers the acceptibility of these 
products in PLWHA

52. Cioe PA, Mercurio AN, Lechner W, et al. A pilot study to examine the acceptability and health 
effects of electronic cigarettes in HIV-positive smokers. Drug and alcohol dependence. 
2019:107678. [PubMed: 31711874] 

53. Benmarhnia T, Pierce JP, Leas E, et al. Can E-cigarettes and pharmaceutical AIDS increase 
smoking cessation and reduce cigarette consumption? Findings from a nationally representative 
cohort of American smokers. American journal of epidemiology. 2018;187(11):2397–2404. 
[PubMed: 29955810] 

54. Halpern SD, Harhay MO, Saulsgiver K, et al. A pragmatic trial of e-cigarettes, incentives, and 
drugs for smoking cessation. New England Journal of Medicine. 2018;378(24):2302–2310. 
[PubMed: 29791259] 

55. Rzewnicki D, Nouraie S, McCormack M, et al. Electronic Cigarette Use and Pulmonary Function 
in the Multicenter AIDS Cohort Study. B36. ADDICTION AND TOBACCO USE IN 
PULMONARY AND CRITICAL CARE MEDICINE: American Thoracic Society; 2019 p. 
A3009–A3009.

56*. Real LHG, Jansen K, Moreira FP, et al. HIV/AIDS patients adherence to antiretroviral therapy 
and the impact of the use of psychoactive substances. Revista Eletrônica Acervo Saúde. 
2019;11(12):e640–e640.Covers how the use of psychoactive substances decreases adherence to 
antiretrovirals, and what the barriers to adherence are for these patients

57. Zhao Q, Mao Y, Li X, et al. Substance use and perceived barriers to antiretroviral therapy 
adherence among people living with HIV in Guangxi, China. Addiction Research & Theory. 
2019;27(4):314–321.

58. Zhang Y, Wilson TE, Adedimeji A, et al. The impact of substance use on adherence to 
antiretroviral therapy among HIV-infected women in the United States. AIDS Behav. 
2018;22(3):896–908. [PubMed: 28560499] 

59. Zyambo CM, Burkholder GA, Cropsey KL, et al. Mental health disorders and alcohol use are 
associated with increased likelihood of smoking relapse among people living with HIV attending 
routine clinical care. BMC Public Health. 2019;19(1):1409. [PubMed: 31664967] 

60. King D, Grasso C, Dant L, et al. Treatment outcomes associated with quitting cigarettes among 
sexual minority men living with HIV: antiretroviral adherence, engagement in care, and sustained 
HIV RNA suppression. AIDS Behav. 2018;22(9):2868–2876. [PubMed: 29680935] 

Desai et al. Page 20

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



61. Pengpid S, Huis in ‘t Veld D, Peltzer K. Effects of tobacco use on non-adherence to antiretroviral 
therapy among HIV-positive patients in South Africa. Journal of Psychology in Africa. 
2019;29(3):265–269.

62. Nguyen NT, Tran BX, Hwang LY, et al. Effects of cigarette smoking and nicotine dependence on 
adherence to antiretroviral therapy among HIV-positive patients in Vietnam. AIDS care. 
2016;28(3):359–364. [PubMed: 26461976] 

63. Mai HT, Le GM, Tran BX, et al. Adherence to antiretroviral therapy among HIV/AIDS patients in 
the context of early treatment initiation in Vietnam. Patient preference and adherence. 
2018;12:2131. [PubMed: 30349207] 

64. Aye WL, Puckpinyo A, Peltzer K. Non-adherence to anti-retroviral therapy among HIV infected 
adults in Mon State of Myanmar. BMC Public Health. 2017;17(1):391. [PubMed: 28476150] 

65. Fletcher FE, Vidrine DJ, Trejo B, et al. “You Come Back to the Same Ole Shit:” A Qualitative 
Study of Smoking Cessation Barriers among Women Living with HIV: Implications for 
Intervention Development. Journal of Health Disparities Research and Practice. 2018;12(2):7.

66. Esan H, Shuter J, Weinberger AH. The relationship of anxiety and smoking behaviors to 
medication adherence among cigarette smokers living with HIV. Addictive behaviors. 
2019;90:301–305. [PubMed: 30476895] 

67. Wykowski J, Kemp CG, Velloza J, et al. Associations Between Anxiety and Adherence to 
Antiretroviral Medications in Low-and Middle-Income Countries: A Systematic Review and Meta-
analysis. AIDS Behav. 2019:1–13.

68. Shrestha R, Altice FL, Copenhaver MM. HIV-Related Stigma, Motivation to Adhere to 
Antiretroviral Therapy, and Medication Adherence Among HIV-Positive Methadone-Maintained 
Patients. Jaids Journal of Acquired Immune Deficiency Syndromes. 2019;80(2):166–173. 
[PubMed: 30383588] 

69. Ande A, McArthur C, Ayuk L, et al. Effect of mild-to-moderate smoking on viral load, cytokines, 
oxidative stress, and cytochrome P450 enzymes in HIV-infected individuals. PLoS One. 
2015;10(4):e0122402. [PubMed: 25879453] 

70. Kumar S, Rao P, Sinha N, et al. Cytochrome P450 and Oxidative Stress as Possible Pathways for 
Alcohol-and Tobacco-Mediated HIV Pathogenesis and NeuroAIDS. Neuropathology of Drug 
Addictions and Substance Misuse: Elsevier; 2016 p. 179–188.

71. Ghura S, Gross R, Jordan-Sciutto K, et al. Bidirectional Associations among Nicotine and Tobacco 
Smoke, NeuroHIV, and Antiretroviral Therapy. Journal of Neuroimmune Pharmacology. 2019:1–
21.

72. Irunde JI, Luboobi LS, Nkansah-Gyekye Y. Modeling tobacco smoking effect on HIV 
antiretroviral therapy. Journal of Mathematical and Computational Science. 2017;7(6):1046–1073.

73. Bloom AJ, Wang PF, Kharasch ED. Nicotine oxidation by genetic variants of CYP 2B6 and in 
human brain microsomes. Pharmacology research & perspectives. 2019;7(2):e00468. [PubMed: 
30906561] 

74. Lucas CJ, Patel J, Martin JH. Predicting drug interactions in addiction treatment. Internal medicine 
journal. 2017;47(8):872–878. [PubMed: 28782217] 

75. McConnell DD, Carr SB, Litofsky NS. Potential effects of nicotine on glioblastoma and 
chemoradiotherapy: a review. Expert review of neurotherapeutics. 2019 (just-accepted).

76. Ashare RL, Thompson M, Leone F, et al. Differences in the rate of nicotine metabolism among 
smokers with and without HIV. Aids. 2019;33(6):1083–1088. [PubMed: 30946162] 

77. Zhu J, Wang P, Li F, et al. CYP1A1 and 1B1-mediated metabolic pathways of dolutegravir, an HIV 
integrase inhibitor. Biochemical pharmacology. 2018;158:174–184. [PubMed: 30342022] 

78. Parant F, Miailhes P, Brunel F, et al. Dolutegravir population pharmacokinetics in a real-life cohort 
of people living with HIV infection: a covariate analysis. Therapeutic drug monitoring. 
2019;41(4):444–451. [PubMed: 30817698] 

79*. Chastain DB, Franco‐Paredes C, Stover KR. Addressing Antiretroviral Therapy‐Associated Drug‐
Drug Interactions in Patients Requiring Treatment for Opportunistic Infections in Low‐Income 
and Resource‐Limited Settings. The Journal of Clinical Pharmacology. 2017;57(11):1387–1399. 
[PubMed: 28884831] Covers co-morbid conditions and DDI, and how they can interact in 
individuals in low-income settings.

Desai et al. Page 21

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



80. Metzger IF, Dave N, Kreutz Y, et al. CYP2B6 genotype‐dependent inhibition of CYP1A2 and 
induction of CYP2A6 by the antiretroviral drug efavirenz in healthy volunteers. Clinical and 
translational science. 2019.

81. Schnoll RA, Thompson M, Serrano K, et al. Brief report: Rate of nicotine metabolism and tobacco 
use among persons with HIV: Implications for treatment and research. Jaids Journal of Acquired 
Immune Deficiency Syndromes. 2019;80(2):e36–e40. [PubMed: 30399039] 

82. Ranjit S, Sinha N, Kodidela S, et al. Benzo (a) pyrene in Cigarette Smoke Enhances HIV-1 
Replication through NF-κB Activation via CYP-Mediated Oxidative Stress Pathway. Scientific 
reports. 2018;8(1):10394. [PubMed: 29991690] 

83. Rao P, Ande A, Sinha N, et al. Effects of cigarette smoke condensate on oxidative stress, apoptotic 
cell death, and HIV replication in human monocytic cells. PLoS One. 2016;11(5):e0155791. 
[PubMed: 27203850] 

84. Pollack TM, Duong HT, Pham TT, et al. Cigarette smoking is associated with high HIV viral load 
among adults presenting for antiretroviral therapy in Vietnam. PLoS One. 2017;12(3):e0173534. 
[PubMed: 28267790] 

85. Plankey MW, Ostrow DG, Stall R, et al. The relationship between methamphetamine and popper 
use and risk of HIV seroconversion in the multicenter AIDS cohort study. J Acquir Immune Defic 
Syndr. 2007 5 1;45(1):85–92. [PubMed: 17325605] 

86. Maloney KM, Beer L, Tie Y, et al. Prevalence of Non-medical Amphetamine Use Among Men 
with Diagnosed HIV Infection Who Have Sex with Men in the United States, 2015–2016. AIDS 
Behav. 2020 6;24(6):1865–1875. [PubMed: 31834542] 

87. McMahan VM, Moreno C, Al-Tayyib A, et al. Pre-exposure Prophylaxis Awareness and Use 
Among Cisgender Men Who Have Sex With Men and Use Methamphetamine in 3 Western US 
Cities. Sex Transm Dis. 2020 4;47(4):217–223. [PubMed: 31923138] 

88. Hampel B, Kusejko K, Kouyos RD, et al. Chemsex drugs on the rise: a longitudinal analysis of the 
Swiss HIV Cohort Study from 2007 to 2017. HIV Med. 2020 4;21(4):228–239. [PubMed: 
31849182] 

89. Javanbakht M, Shoptaw S, Ragsdale A, et al. Depressive symptoms and substance use: Changes 
overtime among a cohort of HIV-positive and HIV-negative MSM. Drug Alcohol Depend. 2020 2 
1;207:107770. [PubMed: 31841750] 

90. Moradi G, Hajarizadeh B, Rahmani K, et al. Drug use and risk behaviour profile, and the 
prevalence of HIV, hepatitis C and hepatitis B among people with methamphetamine use in Iran. 
Int J Drug Policy. 2019 11;73:129–134. [PubMed: 31654935] 

91. Martin M, Vanichseni S, Sangkum U, et al. HIV Incidence and Risk Behaviours of People Who 
Inject Drugs in Bangkok, 1995–2012. EClinicalMedicine. 2019 3;9:44–51. [PubMed: 31143881] 

92. Chilunda V, Calderon TM, Martinez-Aguado P, et al. The impact of substance abuse on HIV-
mediated neuropathogenesis in the current ART era. Brain Res. 2019 12 1;1724:146426. [PubMed: 
31473221] 

93. Kuczenski R, Everall IP, Crews L, et al. Escalating dose-multiple binge methamphetamine 
exposure results in degeneration of the neocortex and limbic system in the rat. Exp Neurol. 2007 
9;207(1):42–51. [PubMed: 17603040] 

94. Chana G, Everall IP, Crews L, et al. Cognitive deficits and degeneration of interneurons in HIV+ 
methamphetamine users. Neurology. 2006 10 24;67(8):1486–9. [PubMed: 17060582] 

95. Carey CL, Woods SP, Rippeth JD, et al. Additive deleterious effects of methamphetamine 
dependence and immunosuppression on neuropsychological functioning in HIV infection. AIDS 
Behav. 2006 3;10(2):185–90. [PubMed: 16477511] 

96. Coffin PO, Santos GM, Hern J, et al. Effects of Mirtazapine for Methamphetamine Use Disorder 
Among Cisgender Men and Transgender Women Who Have Sex With Men: A Placebo-Controlled 
Randomized Clinical Trial. JAMA Psychiatry. 2019 12 11.

97. Storholm ED, Volk JE, Marcus JL, et al. Risk Perception, Sexual Behaviors, and PrEP Adherence 
Among Substance-Using Men Who Have Sex with Men: a Qualitative Study. Prev Sci. 2017 
8;18(6):737–747. [PubMed: 28578516] 

Desai et al. Page 22

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



98. O’Halloran C, Rice B, White E, et al. Chemsex is not a barrier to self-reported daily PrEP 
adherence among PROUD study participants. Int J Drug Policy. 2019 12;74:246–254. [PubMed: 
31739177] 

99. Passaro RC, Pandhare J, Qian HZ, et al. The Complex Interaction Between Methamphetamine 
Abuse and HIV-1 Pathogenesis. J Neuroimmune Pharmacol. 2015 9;10(3):477–86. [PubMed: 
25850893] 

100. Moore DJ, Montoya JL, Blackstone K, et al. Preliminary Evidence for Feasibility, Use, and 
Acceptability of Individualized Texting for Adherence Building for Antiretroviral Adherence and 
Substance Use Assessment among HIV-Infected Methamphetamine Users. AIDS Res Treat. 
2013;2013:585143. [PubMed: 24078868] 

101. Hoenigl M, Jain S, Moore D, et al. Substance Use and Adherence to HIV Preexposure 
Prophylaxis for Men Who Have Sex with Men(1). Emerg Infect Dis. 2018 12;24(12).

102. Jin H, Ogunbajo A, Mimiaga MJ, et al. Over the influence: The HIV care continuum among 
methamphetamine-using men who have sex with men. Drug Alcohol Depend. 2018 11 
1;192:125–128. [PubMed: 30248558] 

103. Carrico AW, Hunt PW, Neilands TB, et al. Stimulant Use and Viral Suppression in the Era of 
Universal Antiretroviral Therapy. J Acquir Immune Defic Syndr. 2019 1 1;80(1):89–93. 
[PubMed: 30272634] 

104. Moore DJ, Blackstone K, Woods SP, et al. Methamphetamine use and neuropsychiatric factors are 
associated with antiretroviral non-adherence. AIDS Care. 2012;24(12):1504–13. [PubMed: 
22530794] 

105. Massanella M, Gianella S, Schrier R, et al. Methamphetamine Use in HIV-infected Individuals 
Affects T-cell Function and Viral Outcome during Suppressive Antiretroviral Therapy. Sci Rep. 
2015 8 24;5:13179. [PubMed: 26299251] 

106. Sanchez AB, Varano GP, de Rozieres CM, et al. Antiretrovirals, Methamphetamine, and HIV-1 
Envelope Protein gp120 Compromise Neuronal Energy Homeostasis in Association with Various 
Degrees of Synaptic and Neuritic Damage. Antimicrob Agents Chemother. 2016 1;60(1):168–79. 
[PubMed: 26482305] 

107. Pal D, Kwatra D, Minocha M, et al. Efflux transporters- and cytochrome P-450-mediated 
interactions between drugs of abuse and antiretrovirals. Life Sci. 2011 5 23;88(21–22):959–71. 
[PubMed: 20932495] 

108. Nookala AR, Li J, Ande A, et al. Effect of Methamphetamine on Spectral Binding, Ligand 
Docking and Metabolism of Anti-HIV Drugs with CYP3A4. PLoS One. 2016;11(1):e0146529. 
[PubMed: 26741368] 

109. Bracchi M, Stuart D, Castles R, et al. Increasing use of ‘party drugs’ in people living with HIV on 
antiretrovirals: a concern for patient safety. AIDS. 2015 8 24;29(13):1585–92. [PubMed: 
26372268] 

110. Hales G, Roth N, Smith D. Possible fatal interaction between protease inhibitors and 
methamphetamine. Antivir Ther. 2000 3;5(1):19. [PubMed: 10846588] 

111. Jayant RD, Atluri VSR, Tiwari S, et al. Novel nanoformulation to mitigate co-effects of drugs of 
abuse and HIV-1 infection: towards the treatment of NeuroAIDS. J Neurovirol. 2017 
8;23(4):603–614. [PubMed: 28762183] 

112. Hartzler B, Dombrowski JC, Crane HM, et al. Prevalence and Predictors of Substance Use 
Disorders Among HIV Care Enrollees in the United States. AIDS Behav. 2017 4;21(4):1138–
1148. [PubMed: 27738780] 

113. Humeniuk R, Ali R, Babor TF, et al. Validation of the Alcohol, Smoking And Substance 
Involvement Screening Test (ASSIST). Addiction. 2008 6;103(6):1039–47. [PubMed: 18373724] 

114. Hayashi K, Wood E, Kerr T, et al. Factors associated with optimal pharmacy refill adherence for 
antiretroviral medications and plasma HIV RNA non-detectability among HIV-positive crack 
cocaine users: a prospective cohort study. BMC Infect Dis. 2016 8 27;16(1):455. [PubMed: 
27568002] 

115. Nolan S, Walley AY, Heeren TC, et al. HIV-infected individuals who use alcohol and other drugs, 
and virologic suppression. AIDS Care. 2017 9;29(9):1129–1136. [PubMed: 28513200] 

Desai et al. Page 23

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



116. Hojilla JC, Satre DD, Glidden DV, et al. Brief Report: Cocaine Use and Pre-exposure 
Prophylaxis: Adherence, Care Engagement, and Kidney Function. J Acquir Immune Defic Syndr. 
2019 5 1;81(1):78–82. [PubMed: 30730359] 

117. Hojilla JC, Vlahov D, Glidden DV, et al. Skating on thin ice: stimulant use and sub-optimal 
adherence to HIV pre-exposure prophylaxis. J Int AIDS Soc. 2018 3;21(3):e25103. [PubMed: 
29577616] 

118. Feldman MB, Kepler KL, Irvine MK, et al. Associations between drug use patterns and viral load 
suppression among HIV-positive individuals who use support services in New York City. Drug 
Alcohol Depend. 2019 4 1;197:15–21. [PubMed: 30743195] 

119. Tolson C, Richey LE, Zhao Y, et al. Association of Substance Use With Hospitalization and 
Virologic Suppression in a Southern Academic HIV Clinic. Am J Med Sci. 2018 6;355(6):553–
558. [PubMed: 29891038] 

120. Hammond ER, Lai S, Wright CM, et al. Cocaine Use May be Associated with Increased 
Depression in Persons Infected with HIV. AIDS Behav. 2016 2;20(2):345–52. [PubMed: 
26370100] 

121*. Stringer KL, Marotta P, Baker E, et al. Substance Use Stigma and Antiretroviral Therapy 
Adherence Among a Drug-Using Population Living with HIV. AIDS Patient Care STDS. 2019 
6;33(6):282–293. [PubMed: 31166784] Covers the relationship between HIV- associated stigma 
and non-adherence in PLWHA who use illicit drugs, primarily cocaine, marijuana, and alcohol

122. Dale SK, Traeger L, O’Cleirigh C, et al. Baseline Substance Use Interferes with Maintenance of 
HIV Medication Adherence Skills. AIDS Patient Care STDS. 2016 5;30(5):215–20. [PubMed: 
27158849] 

123. Ladona MG, Gonzalez ML, Rane A, et al. Cocaine metabolism in human fetal and adult liver 
microsomes is related to cytochrome P450 3A expression. Life Sci. 2000 12 15;68(4):431–43. 
[PubMed: 11205892] 

124. Lukas SE, Sholar M, Lundahl LH, et al. Sex differences in plasma cocaine levels and subjective 
effects after acute cocaine administration in human volunteers. Psychopharmacology (Berl). 1996 
6;125(4):346–54. [PubMed: 8826539] 

125. Bornheim LM. Effect of cytochrome P450 inducers on cocaine-mediated hepatotoxicity. Toxicol 
Appl Pharmacol. 1998 5;150(1):158–65. [PubMed: 9630465] 

126. Pellinen P, Honkakoski P, Stenback F, et al. Cocaine N-demethylation and the metabolism-related 
hepatotoxicity can be prevented by cytochrome P450 3A inhibitors. Eur J Pharmacol. 1994 1 
3;270(1):35–43. [PubMed: 8157080] 

127. Lai S, Heaphy CM, Rizzo AJ, et al. Cocaine use may induce telomere shortening in individuals 
with HIV infection. Prog Neuropsychopharmacol Biol Psychiatry. 2018 6 8;84(Pt A):11–17. 
[PubMed: 29410247] 

128. Strang J, Volkow ND, Degenhardt L, et al. Opioid use disorder. Nat Rev Dis Primers. 2020 1 
9;6(1):3. [PubMed: 31919349] 

129. Degenhardt L, Peacock A, Colledge S, et al. Global prevalence of injecting drug use and 
sociodemographic characteristics and prevalence of HIV, HBV, and HCV in people who inject 
drugs: a multistage systematic review. Lancet Glob Health. 2017 12;5(12):e1192–e1207. 
[PubMed: 29074409] 

130. Sypsa V, Psichogiou M, Paraskevis D, et al. Rapid Decline in HIV Incidence Among Persons 
Who Inject Drugs During a Fast-Track Combination Prevention Program After an HIV Outbreak 
in Athens. J Infect Dis. 2017 5 15;215(10):1496–1505. [PubMed: 28407106] 

131*. Alpren C, Dawson EL, John B, et al. Opioid Use Fueling HIV Transmission in an Urban Setting: 
An Outbreak of HIV Infection Among People Who Inject Drugs-Massachusetts, 2015–2018. Am 
J Public Health. 2020 1;110(1):37–44. [PubMed: 31725317] This describes the connection 
between risk of HIV-1 transmission and injection drug use.

132. Fauci AS, Redfield RR, Sigounas G, et al. Ending the HIV Epidemic: A Plan for the United 
States. JAMA. 2019 3 5;321(9):844–845. [PubMed: 30730529] 

133. Frieden TR, Foti KE, Mermin J. Applying Public Health Principles to the HIV Epidemic--How 
Are We Doing? N Engl J Med. 2015 12 3;373(23):2281–7. [PubMed: 26624243] 

Desai et al. Page 24

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



134. Edelman EJ, Gordon KS, Crothers K, et al. Association of Prescribed Opioids With Increased 
Risk of Community-Acquired Pneumonia Among Patients With and Without HIV. JAMA Intern 
Med. 2019 3 1;179(3):297–304. [PubMed: 30615036] 

135. Palepu A, Tyndall MW, Li K, et al. Alcohol use and incarceration adversely affect HIV-1 RNA 
suppression among injection drug users starting antiretroviral therapy. J Urban Health. 2003 
12;80(4):667–75. [PubMed: 14709714] 

136. Anderson AM, Higgins MK, Ownby RL, et al. Changes in neurocognition and adherence over six 
months in HIV-infected individuals with cocaine or heroin dependence. AIDS Care. 
2015;27(3):333–7. [PubMed: 25484035] 

137. Gonzalez A, Mimiaga MJ, Israel J, et al. Substance use predictors of poor medication adherence: 
the role of substance use coping among HIV-infected patients in opioid dependence treatment. 
AIDS Behav. 2013 1;17(1):168–73. [PubMed: 23008124] 

138. Hinkin CH, Barclay TR, Castellon SA, et al. Drug use and medication adherence among HIV-1 
infected individuals. AIDS Behav. 2007 3;11(2):185–94. [PubMed: 16897351] 

139. Fattore L, Fadda P, Antinori S, et al. Role of opioid receptors in the reinstatement of opioid-
seeking behavior: an overview. Methods Mol Biol. 2015;1230:281–93. [PubMed: 25293335] 

140. Kuhn BN, Kalivas PW, Bobadilla AC. Understanding Addiction Using Animal Models. Front 
Behav Neurosci. 2019;13:262. [PubMed: 31849622] 

141. Chalana H, Kundal T, Gupta V, et al. Predictors of Relapse after Inpatient Opioid Detoxification 
during 1-Year Follow-Up. J Addict. 2016;2016:7620860. [PubMed: 27722007] 

142. Miller WC, Hoffman IF, Hanscom BS, et al. A scalable, integrated intervention to engage people 
who inject drugs in HIV care and medication-assisted treatment (HPTN 074): a randomised, 
controlled phase 3 feasibility and efficacy study. Lancet. 2018 9 1;392(10149):747–759. 
[PubMed: 30191830] 

143. Ventura L, Carvalho F, Dinis-Oliveira RJ. Opioids in the Frame of New Psychoactive Substances 
Network: A Complex Pharmacological and Toxicological Issue. Curr Mol Pharmacol. 
2018;11(2):97–108. [PubMed: 28676005] 

144. Smith HS. Opioid metabolism. Mayo Clin Proc. 2009 7;84(7):613–24. [PubMed: 19567715] 

145. Ahmad T, Valentovic MA, Rankin GO. Effects of cytochrome P450 single nucleotide 
polymorphisms on methadone metabolism and pharmacodynamics. Biochem Pharmacol. 2018 
7;153:196–204. [PubMed: 29458047] 

146. Dagostino C, Allegri M, Napolioni V, et al. CYP2D6 genotype can help to predict effectiveness 
and safety during opioid treatment for chronic low back pain: results from a retrospective study 
in an Italian cohort. Pharmgenomics Pers Med. 2018;11:179–191. [PubMed: 30425549] 

147. Faria J, Solverson M, Faria M, et al. Potential Cytochrome P450 Drug-Drug Interactions among 
Pediatric Patients Undergoing Tonsillectomy. Otolaryngol Head Neck Surg. 2019 1;160(1):145–
149. [PubMed: 30105930] 

148. DePriest AZ, Puet BL, Holt AC, et al. Metabolism and Disposition of Prescription Opioids: A 
Review. Forensic Sci Rev. 2015 7;27(2):115–45. [PubMed: 26227254] 

149. Ouzzine M, Gulberti S, Ramalanjaona N, et al. The UDP-glucuronosyltransferases of the blood-
brain barrier: their role in drug metabolism and detoxication. Front Cell Neurosci. 2014;8:349. 
[PubMed: 25389387] 

150. Feng XQ, Zhu LL, Zhou Q. Opioid analgesics-related pharmacokinetic drug interactions: from 
the perspectives of evidence based on randomized controlled trials and clinical risk management. 
J Pain Res. 2017;10:1225–1239. [PubMed: 28579821] 

151. Gruber VA, Rainey PM, Moody DE, et al. Interactions between buprenorphine and the protease 
inhibitors darunavir-ritonavir and fosamprenavir-ritonavir. Clin Infect Dis. 2012 2 1;54(3):414–
23. [PubMed: 22100576] 

152. Wynn GH, Cozza KL, Zapor MJ, et al. Med-psych drug-drug interactions update. Antiretrovirals, 
part III: antiretrovirals and drugs of abuse. Psychosomatics. 2005 Jan-Feb;46(1):79–87.

153. McCance-Katz EF, Sullivan LE, Nallani S. Drug interactions of clinical importance among the 
opioids, methadone and buprenorphine, and other frequently prescribed medications: a review. 
Am J Addict. 2010 Jan-Feb;19(1):4–16. [PubMed: 20132117] 

Desai et al. Page 25

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



154. Gerber JG, Rosenkranz S, Segal Y, et al. Effect of ritonavir/saquinavir on stereoselective 
pharmacokinetics of methadone: results of AIDS Clinical Trials Group (ACTG) 401. J Acquir 
Immune Defic Syndr. 2001 6 1;27(2):153–60. [PubMed: 11404537] 

155. Chang Y, Moody DE, McCance-Katz EF. Novel metabolites of buprenorphine detected in human 
liver microsomes and human urine. Drug Metab Dispos. 2006 3;34(3):440–8. [PubMed: 
16381669] 

156. Kharasch ED, Walker A, Whittington D, et al. Methadone metabolism and clearance are induced 
by nelfinavir despite inhibition of cytochrome P4503A (CYP3A) activity. Drug Alcohol Depend. 
2009 5 1;101(3):158–68. [PubMed: 19232844] 

157. Davis GP, Surratt HL, Levin FR, et al. Antiretroviral medication: an emerging category of 
prescription drug misuse. Am J Addict. 2014 Nov-Dec;23(6):519–25. [PubMed: 24102874] 

158. Rodriguez M, Lapierre J, Ojha CR, et al. Importance of Autophagy in Mediating Human 
Immunodeficiency Virus (HIV) and Morphine-Induced Metabolic Dysfunction and Inflammation 
in Human Astrocytes. Viruses. 2017 7 28;9(8).

159. Rodriguez M, Lapierre J, Ojha CR, et al. Morphine counteracts the antiviral effect of 
antiretroviral drugs and causes upregulation of p62/SQSTM1 and histone-modifying enzymes in 
HIV-infected astrocytes. J Neurovirol. 2019 4;25(2):263–274. [PubMed: 30746609] 

160. Wenger DS, Crothers K. Marijuana Smoking in Men with HIV Infection: A Cause for Concern. 
EClinicalMedicine. 2019 1;7:5–6. [PubMed: 31193599] 

161. Garin N, Velasco C, De Pourcq JT, et al. Recreational drug use among individuals living with 
HIV in Europe: review of the prevalence, comparison with the general population and HIV 
guidelines recommendations. Front Microbiol. 2015;6:690. [PubMed: 26236288] 

162. Fuster-RuizdeApodaca MJ, Castro-Granell V, Garin N, et al. Prevalence and patterns of illicit 
drug use in people living with HIV in Spain: A cross-sectional study. PLoS One. 
2019;14(6):e0211252. [PubMed: 31206550] 

163. Lucas CJ, Galettis P, Schneider J. The pharmacokinetics and the pharmacodynamics of 
cannabinoids. Br J Clin Pharmacol. 2018 11;84(11):2477–2482. [PubMed: 30001569] 

164. Kosel BW, Aweeka FT, Benowitz NL, et al. The effects of cannabinoids on the pharmacokinetics 
of indinavir and nelfinavir. AIDS. 2002 3 8;16(4):543–50. [PubMed: 11872997] 

165. Arya V, Robertson SM, Struble KA, et al. Scientific considerations for pharmacoenhancers in 
antiretroviral therapy. J Clin Pharmacol. 2012 8;52(8):1128–33. [PubMed: 21712496] 

Desai et al. Page 26

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Article highlights:

• People living with HIV/AIDS are more likely to use substances of abuse than 

non-infected individuals

• PLWHA with substance use disorders have worsened outcomes compared to 

PLWHA who do not use drugs of abuse

• The reasons for this are multifactorial, and include decreased adherence, 

modulation of drug efflux transporters, and modulation of metabolic enzymes.

• Modulations of efflux transporters and metabolic enzymes can result in 

altered concentrations and efficacy of antiretrovirals for the treatment of 

HIV-1.
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Table 1.

Drugs of abuse and CYP enzymes of concern

Drug of Abuse CYP enzyme of concern

Alcohol 2E1, 3A4

Nicotine/Smoking 2A6, 2B6

Methamphetamine 2D6

Cocaine 3A4, 3A5

Opioids 3A4, 2D6, 2B6, 2C19, 2C9

Marijuana 1A2, 3A4, 2C19
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