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Abstract

Introduction—Substance abuse is a common problem among HIV-infected individuals. 

Importantly, addictions as well as moderate use of alcohol, smoking, or other illicit drugs have 

been identified as major reasons for non-adherence to antiretroviral therapy (ART) among HIV 

patients. The literature also suggests a decrease in the response to ART among HIV patients who 

use these substances, leading to failure to achieve optimal virological response and increased 

disease progression.

Areas covered—This review discusses the challenges with adherence to ART as well as 

observed drug interactions and known toxicities with major drugs of abuse, such as alcohol, 

smoking, methamphetamine, cocaine, marijuana, and opioids. The lack of adherence and drug 

interactions potentially lead to decreased efficacy of ART drugs and increased ART, and drugs of 

abuse-mediated toxicity. As CYP is the common pathway in metabolizing both ART and drugs of 

abuse, we discuss the possible involvement of CYP pathways in such drug interactions.

Expert opinion—We acknowledge that further studies focusing on common metabolic pathways 

involving CYP and advance research in this area would help to potentially develop novel/alternate 

interventions and drug dose/regimen adjustments to improve medication outcomes in HIV patients 

who consume drugs of abuse.
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1. Introduction

In USA, ∼ 1.1 million people (∼ 4% of the global HIV-infected population) are infected 

with HIV (UNAIDS 2013). There has been a steady rate of incidence of HIV infections in 

USA with ∼ 50,000 new cases per year (UNAIDS 2013). As per center for disease control 

and prevention (CDC) guidelines for HIV care, in USA, ∼ 20% of HIV-infected patients 

remain unaware of their infection, and many present opportunistic infections as a primary 

indicator of the disease. The decline in AIDS-related death since 2005, and increase in 

lifespan of HIV-infected individuals, has been attributed to the successful clinical 

intervention employing antiretroviral therapy (ART) for HIV patients. As HIV-infected 

patients live longer, they are vulnerable to neuroAIDS and have higher prevalence of 

neuropsychological and neurobehavioral impairments [1]. This has caused an increase in the 

prevalence of drugs of abuse behavior. National Survey on Drug Use and Health data 

collected from 2005 to 2009 revealed that about one in every six individuals with HIV/AIDS 

has used an intravenous illicit drug in their lifetime [2]. Nearly two-thirds of the surveyed 

HIV-infected population have used a non-intravenous illicit drug. Moreover, ∼ 24% of the 

HIV-infected individuals were in need of treatment for alcoholism or other substance abuse.

Alcohol use is a common feature among HIV-infected individuals [3,4]. The prevalence of 

mild-to-moderate drinking is ∼ 2.5-times higher in HIV-infected population (50 – 60%) 

compared to general population (20 – 25%). The occurrence of heavy drinking among HIV-

infected individuals has also been reported to be almost twice as compared to the general 

population [5]. Smoking/nicotine dependence, on the other hand, has also been recognized 

as a common occurrence among HIV-infected individuals with prevalence rates reported > 

40% in most studies compared to ∼ 15% in general population [6-8]. From a global 

perspective, a significant number of HIV patients have been identified as smokers/nicotine 

dependent in various parts of the world [9-11]. In these studies, > 47% of participants 

reported to be current smokers. In addition, prevalence of smoking was found to be higher in 

males compared to females across these studies. Furthermore, illicit drug methamphetamine 

is the second most commonly abused psychostimulant worldwide and methamphetamine 

dependence has been identified as a common occurrence among HIV-infected individuals 

[12]. Similarly, cocaine use through smoking, intranasal, and injection routes has been 

prevalent in HIV-infected individuals for the past two decades. Data collected in early 1990s 

showed higher percentage of HIV occurrence amongst crack cocaine users compared to non-

smokers [13]. Interview of > 1000 HIV-positive inpatients from public hospitals reported 

34% crack cocaine users amongst this group [14]. High prevalence of marijuana use has also 

been reported among HIV-positive patients [15,16]. Finally, based on data from a cohort 

study in veterans, a small but significantly higher probability of opioid prescription for pain 

management in HIV-infected individuals, compared to non-infected individuals, has been 

reported [17]. In different studies evaluating prevalence of aberrant opioid usage amongst 
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veterans and homeless individuals with HIV infection, 13 and 37% of surveyed individuals, 

respectively, reported a history of opioid abuse [18,19].

Given the high prevalence of drug addiction in HIV-infected population, it is imperative to 

understand the effect of drugs of abuse on HIV medication. Several studies have found a 

strong correlation between substance abuse and non-adherence to ART in HIV patients, 

thereby limiting the potential benefits of ART [20,21]. In a report studying HIV-infected 

injection drug users on ART, lack of adherence to medication resulted in lower rates of 

virological suppression creating potential for an enhanced disease progression [22]. 

Furthermore, non-adherence to ART has been directly implicated in impaired virological 

responses to ART in HIV-infected patients [23]. Another study, conducted by Giordano et 

al., found inconsistent HIV clinic follow-up visits after initiation of ART as a result of 

injection drug use amongst HIV patients [24].

The use of these drugs, especially alcohol, tobacco, and methamphetamine, has also been 

shown to attribute towards lower responses to ART medication in HIV-positive patients 

[25]. We propose a possible involvement of CYP pathways in drugs of abuse-mediated 

decreased response to ART and increased toxicity, which may subsequently lead to 

exacerbated HIV pathogenesis and AIDS and neuroAIDS development and progression 

(Figure 1). CYP isozymes metabolize majority of marketed drugs including ART drugs, 

especially non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors 

(PIs), and integrase inhibitor (INIs), as well as all the drugs of abuse [26,27]. The CYP-

mediated common metabolic pathways might lead to potential drug–drug interactions in 

HIV-positive drug users who are on ART [28,29]. Recently, we have reviewed the 

possibility of CYP-mediated drug–drug interactions in HIV-infected substance users who 

are on newer classes of antiretroviral medication, including INIs and CCR5 antagonists [30]. 

Table 1 provides specific CYP isozymes that are known to interact with various drugs of 

abuse and ART drugs through metabolism, induction, and inhibition, as well as possible 

clinical outcomes. In this review, first we briefly discuss drug interactions among ART 

followed by HIV/ART interactions with drugs of abuse with respect to adherence, response, 

and toxicity to ART and drugs of abuse. We also discuss our opinion with regard to potential 

advancement in this field, which would ultimately help improve the treatment strategy of 

HIV-infected patients who abuse these drugs.

2. ART: pharmacokinetics and drug interactions

Since introduction in 1990s, ART has markedly improved the clinical management of HIV 

infection. Current antiretroviral drugs are classified into several groups based on their mode 

of action at various stages of HIV life cycle. Combination therapy, prescribed to HIV-

infected patients, often includes drugs from different categories such as nucleoside/

nucleotide reverse transcriptase inhibitors, NNRTIs, PIs, INIs, and CCR5 antagonists. 

Although combination therapy has improved the management of HIV and decreased 

progression to AIDS, it has heightened the possibility for drug–drug interactions. The two 

key mechanisms, which mediate most of these adverse interactions, are membrane 

transporters and CYPs.
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2.1 ART and cell membrane transporters

Transporter proteins expressed on cell membranes are critical in facilitating the transport of 

substances across the cellular membrane. Although both influx and efflux roles of such 

transporters is required for maintaining cellular homeostasis, the effect of transporter 

proteins on cellular bioavailability of drug and its active metabolite is known to dictate 

clinical outcomes [31]. Efflux transporters such as p-glycoprotein (P-gp), multidrug 

resistance-associated proteins, and breast cancer resistance protein have shown to 

significantly affect the bioavailability of several drug molecules, including antiretroviral 

drugs [29].

Importantly, drugs comprising the ART regimens are not only substrates for efflux 

transporters but these drugs also induce or inhibit efflux transporters resulting into potential 

drug–drug interactions. Although inhibition of efflux proteins by antiretroviral drugs can be 

expected to increase the intracellular bioavailability and efficacy of ART, it can lead to 

adverse effects and toxicity. On the other hand, induction of efflux transporters by 

antiretroviral drugs can result in the sub-optimal plasma level of these drugs resulting in 

decreased efficacy in HIV patients.

PIs darunavir and saquinavir, for example, are known to induce the expression of P-gp and 

thereby reduce the bioavailability of other antiretroviral drugs prescribed as part of 

combination therapy [32]. On the other hand, PIs including nelfinavir, ritonavir, and 

nevirapine have been shown to increase the accumulation of the INI drug raltegravir 

possibly through a P-gp-dependent mechanism [33]. Similarly, whereas absorption and 

bioavailability of atazanavir are significantly reduced by tenofovir disoproxil fumarate, 

efflux transport of atazanavir is reported to be reduced in the presence of ritonavir [34]. 

Overall, based on the net effect of different antiretroviral drugs on expression and activity of 

efflux transporters, there is a significant chance of precipitating drug–drug interactions. 

Therefore, stringent clinical evaluation of newer ART and regular patient monitoring is 

essential to achieved desired efficacy in HIV-positive patients.

2.2 ART and CYPs

Hepatic metabolism involving CYP enzymes is the primary metabolic pathway for majority 

of ART drugs. Of which, CYP3A4 is the major enzyme, which metabolizes all NNRTIs and 

PIs, and some INIs and CCR5 antagonists. In addition, whereas several NNRTIs are CYP 

inducers, all PIs are known CYP inhibitors. CYP inducers enhance the rate of metabolism 

and decrease the bioavailability of ART, whereas CYP inhibitors enhance the bioavailability 

of other ART drugs leading to increased efficacy [35]. Based on this rationale, ritonavir (PI), 

a strong inhibitor of CYP3A4, has been a prominent part of combination therapy and widely 

prescribed as a booster for ART. This is the first example of positive or appropriate drug–

drug interaction for the enhanced therapeutic effect in HIV-infected individuals. Similarly, 

cobicistat, a novel non-ART selective inhibitor of CYP3A4, has also been used for boosting 

plasma levels of ART drugs, including elvitegravir [36], thereby providing an alternative 

option for ritonavir-intolerant patients.
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Although ritonavir and cobicistat boosting is associated with enhanced efficacy of other 

ART drugs, inhibition of CYP3A4 also increases the possibilities of inappropriate or 

negative drug–drug interactions leading to toxicities in HIV-infected patients [37]. This 

could occur as a result of increased plasma levels of other drugs such as NNRTIs or PIs, 

which are cytotoxic at high concentrations. Drug–drug interactions associated with 

approaches involving ritonavir boosting or CYP3A4 inhibition have been reviewed 

previously, which recommends the need for close clinical monitoring in HIV patients [38]. 

However, being a new drug in the ART regimen, the negative drug–drug interactions 

involving cobicistat-mediated CYP3A4 inhibition have not been studied yet.

Overall, the presence of multiple drugs in ART regimens, especially NNRTIs, PIs, and INIs, 

enhances the risk of drug– drug interactions and drug toxicity. Although involvement of 

common metabolic pathways comprising of CYP enzymes is one possible mechanism for 

such interactions, changes in expression of drug efflux transporters such as P-gp can further 

complicate ART for HIV-infected patients. Interactions involving multiple pathways and 

multiple drugs further complicate the risk of serious adverse effects in HIV-infected patients 

who are on ART.

3. Alcohol-ART interactions

3.1 ART adherence in alcohol users

Alcohol drinking, especially heavy drinking, is known to affect medication adherence in 

HIV-infected patients [39]. The CDC defines heavy drinking as 15 drinks or more per week 

for males and 8 drinks or more per week for females. It has been reported that patients with 

alcohol drinking problem are more likely to take medicine off schedule or skip dosing [40]. 

In separate studies, alcohol consumption has been attributed to the lack of adherence to HIV 

medication [41]. Therefore, several studies have emphasized the need for suitable 

interventions to limit alcohol use while on ART [42,43]. However, there is limited success 

in this area, especially with HIV-infected heavy drinkers. In addition, although heavy 

alcohol users, compared to non-drinkers, are four times less likely to observe positive 

responses to ART, there is no change in drug regimen for heavy drinkers [44]. Thus, there is 

an urgent need to study the impact of alcohol use on HIV population to help customize the 

ART regimen for drinkers.

3.2 Effect of alcohol on ART efficacy and toxicity

Heavy and light alcohol consumption, in patients on ART medication, is marked by an 

increased viral burden compared to non-drinking patients [45]. In addition, patients 

consuming heavy amounts of alcohol while on ART medication are four times less likely to 

achieve a positive impact on viral load. Moreover, heavy alcohol drinkers on ART are two 

times more likely to have their CD4 counts < 500/mm3 than non-drinkers. Similarly, 

previous finding has reported increased replication of SIV in macaques following chronic 

ethanol consumption [46]. An increased viral load and decreased CD4 counts in HIV-

infected drinkers, who are not on ART, are likely to be a direct effect of oxidative stress 

through CYP2E1, which has been linked to viral replication. Recently, literatures have been 

reviewed on examining the effect of ethanol consumption on ART and HIV progression 

Kumar et al. Page 5

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2015 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[47]. Alcohol metabolism is mainly regulated by CYP2E1, which is highly induced in 

chronic alcohol users [47-50]. Consistent with this, it has been earlier shown that ethanol 

induces CYP2E1, which in-turns metabolizes ethanol and produces oxidative stress and 

toxicity, in monocytes/macrophages and astrocytes [49,51]. However, HIV-infected 

drinkers, who are on ART and show decreased response to ART and increased toxicity, are 

likely to be through the CYP3A4 pathway as it's mainly responsible for metabolism of ART 

drugs [52].

A significantly higher variability in activity of hepatic CYP3A4 has been documented in 

HIV patients compared to control subjects suggesting a wider range of inherent drug 

metabolizing capacity amongst patients [53]. CYP3A4 is responsible for metabolizing all 

the NNRTIs and PIs, which are integral part of ART regimens [27]. In addition, NNRTIs 

and PIs are also known to induce the CYP3A4 protein level as well as inhibit the CYP3A4 

enzyme suggesting drug–drug interactions [28]. Furthermore, chronic ethanol consumption 

has been shown to induce the CYP3A4 level, which may increase drug metabolism, 

subsequently decreasing drug efficacy and increasing drug toxicity [51,52,54]. Based on the 

effects of alcohol on the activity of CYP enzymes, an alteration in metabolism of ART in 

alcohol-dependent HIV-infected individuals has been predicted [52]. For example, chronic 

ethanol consumption by HIV-infected individuals has been shown to significantly affect the 

therapeutic steady-state plasma drug concentrations of HIV treatments including stavudine, 

lamivudine, and nevirapine [55]. Similarly, it has been demonstrated that ethanol interacts 

differentially with CYP3A4 in the presence of different types of PIs (type I: atazanavir, 

lopinavir, saquinavir, and tipranavir or type II PIs: indinavir and ritonavir), leading to 

differential effects on the IC50 or binding affinity of these PIs [56,57]. Type I binding occurs 

as a result of non-covalent binding between ligand and heme of the enzyme whereas type II 

binding occurs when a ligand containing strong nucleophile covalently binds to the heme of 

the enzyme [55]. In both the cases, they replace water molecule, which is bound to the heme 

of the enzyme as the sixth ligand. The altered CYP3A4 binding and inhibition of CYP3A4 

activity with these PIs by ethanol may have implications on their metabolism and efficacy in 

HIV-infected alcohol users. In fact, the in vitro study has shown that 20 mM (physiological 

concentration) of ethanol significantly decreases the metabolism of nelfinavir by 

recombinant CYP3A4. Further studies with other PIs and NNRTIs are underway to examine 

the effects of alcohol on the metabolism and bioavailability of NNRTIs and PIs. 

Furthermore, there is an urgent need to examine the effects of alcohol on differential 

response to ART, which would help develop potentially novel interventions and apply drug–

dose adjustments for HIV-infected drinkers.

4. Smoking/tobacco-ART interactions

4.1 ART adherence in smoking/tobacco users

Smoking in female HIV patients has been associated with a lower adherence to ART [58]. In 

another study, smoking has been identified as a critical independent predictor of non-

adherence to ART in HIV-infected patients [59]. Compared to patients identified as non-

smokers, smoking-associated increased levels of depression have been implicated with non-

adherence to ART who continued smoking [60]. A recent study, while exploring the extent 
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of non-adherence to ART in HIV-infected smokers, found the extent of nicotine dependence 

to serve as a better predictor for non-adherence to ART [61]. This study revealed that higher 

levels of nicotine dependence was associated with greater extent of non-adherence to ART 

compared to the lower level of nicotine dependence in HIV-positive individuals.

4.2 Effect of smoking/tobacco on ART efficacy and toxicity

Literatures have been previously reviewed on the effects of tobacco use on HIV 

pathogenesis [62]. In brief, tobacco smoking as well as nicotine alone has shown to increase 

viral replication in in vitro systems in various cell types, such as monocytes, astrocytes, and 

T cells. In addition, exposure to nicotine and other cigarette constituents has been shown to 

induce oxidative stress, disrupt the blood–brain barrier (BBB), and result in progression of 

disease among HIV-infected patients. Overall, significantly higher mortality rates have been 

observed in HIV patients who smoke compared to non-smoking HIV-positive individuals.

Nicotine, the major constituent of tobacco smoking, is primarily metabolized by CYP2A6 

(liver) and CYP2A13 (lungs) to cotinine and other minor metabolites and produce oxidative 

stress as well as reactive metabolites such as nitrogen-derived nitrosamine ketone [63,64]. 

Similarly, CYP1A1-mediated metabolism of polycyclic aromatic hydrocarbons (PAHs) is 

known to produce oxidative stress and reactive metabolites [65]. PAH metabolites-derived 

DNA adducts have been shown to stimulate HIV replication [66]. Feldman et al. have 

reported a direct association of CYP1A1 with a reduced responsiveness of ART in female 

smokers with HIV infection thereby implicating CYP pathways for the ineffectiveness of 

ART in smokers [67]. In addition, reports have shown that nicotine metabolism is relatively 

faster in women than men suggesting altered smoking-mediated effects in women compared 

with men [68]. However, the mechanism by which smoking/nicotine may reduce efficacy of 

ART and increase viral load is unknown. A recent finding demonstrates an increased 

nicotine metabolism in HIV-positive patients compared to HIV-negative individuals [69]. 

This finding concurrent with our recent unpublished observations, in which viral load is 

increased in HIV smokers than HIV nonsmokers, suggests the involvement of CYP pathway 

in increased viral load in HIV smokers. Similarly, an induced CYP3A4 level in HIV 

smokers compared with HIV nonsmokers (unpublished observation) further suggests 

involvement of CYP pathway in decreased efficacy of ART. These results, along with 

previous reports on involvement of oxidative stress in HIV disease [70,71], warrant further 

investigations concerning the effect of CYP pathway on metabolism of ART in HIV-

positive smokers. Further studies examining contribution of CYP pathways on increased 

HIV-1 pathogenesis, via increased HIV-1 replication and decreased response to ART, have 

potential in developing a better treatment strategy for HIV-infected smokers.

5. Methamphetamine-ART interactions

5.1 ART adherence in methamphetamine users

Methamphetamine abuse in men, who have sex with men (MSM), heterosexual, and women, 

is associated with the increased rate of HIV infection and decreased adherence to ART drugs 

[72]. In particular, in an interview conducted with > 1100 HIV-positive inpatients, the 

prevalence of methamphetamine use and concurrent non-adherence to ART drugs was found 

Kumar et al. Page 7

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2015 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to be higher among HIV-infected MSM than non-MSM [73]. Importantly, as opposed to 

having an aggregate effect, methamphetamine was found to exhibit the day-specific effect of 

ART adherence [74]. Days of methamphetamine use were specifically marked by 

significantly higher odds of non-adherence for ART. Methamphetamine interventions often 

target substance use behaviors to enhance ART treatment outcomes. However, interventions 

may also need to address coexisting neuropsychiatric factors and cognitive impairment to 

improve ART medication adherence [75]. Recently, implementation of personalized 

interventions, including strategies such as creating focus groups and providing text 

reminders, has shown promising results towards improvement of ART adherence in HIV-

infected methamphetamine abusers [76,77].

5.2 Effect of methamphetamine on ART efficacy and toxicity

Methamphetamine has been shown to cause peripheral toxicity as well as neurotoxicity in 

HIV-infected as well as uninfected population [78]. However, methamphetamine toxicity in 

HIV-infected individuals is further increased compared to un-infected individuals [79]. 

Importantly, active methamphetamine use is associated with increased viral loads and 

reduced ART efficacy [12]. Several pathways may contribute toward methamphetamine-

mediated toxicity in the brain. For example, methamphetamine may bind to dopamine 

receptors and alters the levels of dopamine causing increased oxidative stress. A recent 

review has recently been published on this, in which, in addition to known mechanism, other 

mechanisms including CYP-mediated pathways have been proposed [80]. However, the 

mechanism by which methamphetamine further exacerbates neurotoxicity in HIV-infected 

patients, especially who are on ART, is not known. There is no population-based report or in 

vitro findings that suggest a decrease in response of ART in HIV-infected methamphetamine 

users. However, due to the involvement of CYP pathways in methamphetamine metabolism, 

it is worth studying the impact of methamphetamine on ART medication.

Methamphetamine is metabolized by CYP2D6 and to some extent by CYP3A4, and forms 

mainly amphetamine and 4-hydroxymethamphetamine in humans. Amphetamine is further 

metabolized to 4-hydroxymethamphetamine and norephedrine [81]. Methamphetamine-

mediated metabolism is likely to increase oxidative stress that may ultimately cause toxicity 

[82]. As methamphetamine is also metabolized by CYP3A4, it is possible that 

methamphetamine induces CYP3A4, which would increase the metabolism of NNRTIs and 

PIs causing a decrease in response to ART drugs. Similarly, methamphetamine may also 

interact with CYP3A4 and compete with CYP3A4-ARTs interactions leading to a three-way 

methamphetamine-ART-CYP3A4 interaction. These interactions may ultimately lead to 

altered metabolism of ART drugs. In unpublished observations, we have shown that 

methamphetamine alters the binding of PIs in differential manner. For example, it increases 

the binding of type II PIs, ritonavir, whereas it decreases/has no effects on the binding of 

other PIs suggesting that methamphetamine is likely to alter the metabolism of PIs in 

differential manner. The need for relevant clinical evaluation of methamphetamine-induced 

drug–drug interactions with ART is strengthened by recent report of enhanced 

methamphetamine metabolism in the non-human animal model of Rhesus Macaque [83]. 

Hence, further studies are essential to examine the role of methamphetamine on the 
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metabolism and efficacy of ART drugs, especially PIs, which would ultimately help develop 

a better treatment strategy for HIV-infected methamphetamine users.

6. Cocaine-ART interactions

6.1 ART adherence in cocaine users

Results from MACH14 cohort, studying effects of individual drugs of abuse on ART 

adherence, demonstrated ∼ 11% of HIV patients are recent cocaine users [84]. A multi-

center study assessing drug use among > 1100 HIV-infected jail inmates, 30 days prior to 

incarceration, revealed 53% individuals using cocaine [85]. Moreover, compared to other 

drugs of abuse, the prevalence of cocaine use was found to be highest among these HIV-

infected inmates prior to incarceration.

Cocaine use amongst HIV-infected individuals has been directly linked to non-adherence to 

ART in various studies. Based on an electronically monitored adherence study of ART in 

HIV-infected individuals, active cocaine usage was associated with 41% decline in 

adherence to ART [86]. Continued cocaine use was attributed to decline in adherence to 

antiretroviral medications from 68% in non-users to 27% in active users over a period of 6-

month. Similarly, a study focusing on HIV-infected black women reported lack of adherence 

to ART in crack cocaine users compared to non-users [87]. Results from a pilot study have 

suggested that counseling and video intervention lead to improved adherence to ART 

amongst crack cocaine users [88].

6.2 Effect of cocaine on ART efficacy and toxicity

CYP3A enzymes (CYP3A4 and CYP3A5) are partly responsible for the metabolism of 

cocaine [89]. In addition, reports have shown that responses to cocaine are higher in women 

than men, possibly due to higher metabolic rates in women [90,91]. As most NNRTIs and 

PIs are metabolized by CYP3A4, there is a possibility of potential cocaine–ART interactions 

through the CYP pathway in HIV-infected patients. Induction or inhibition of CYP3A4 by 

ART in HIV-patients might lead to altered metabolism of cocaine. As the metabolite of 

cocaine, norcocaine, is considered hepatotoxic, an altered metabolism of cocaine by 

antiretroviral drugs would result in severe hepatotoxicity. Overall, treating HIV-infected 

cocaine users with PI and/or NNRTIs in the ART regimen may result in adverse drug–drug 

interaction and toxicity through the CYP3A pathway [92,93]. Therefore, there is a need to 

examine the effects of cocaine on differential response to ART and ART-mediated toxicity, 

so that potentially novel interventions and/or drug dose adjustments can be developed for 

HIV-infected cocaine users.

7. Opioids-ART interactions

7.1 ART adherence in opioid users

Similar to other drugs of abuse, opioid misuse has been linked to decreased adherence to 

ART in HIV-infected individuals [94]. In this study, whereas more than half the study 

population reported taking prescribed opioid analgesic in the past 90 days, one-fifth of these 

opioid users reported opioid analgesic abuse. Importantly, treatment of opioid dependence 
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with opioid substitution therapy, by prescribing methadone or buprenorphine, was found to 

improve adherence to ART [95].

7.2 Effect of opioids on ART efficacy and toxicity

Drug interactions, as a result of altered levels of metabolic enzymes, have been reported 

with concomitant administration of opioids and ART [96]. NNRTIs are known to decrease 

the bioavailability of methadone thereby precipitating withdrawal like symptoms [97,98]. 

Similarly, inhibition of CYP3A4 following treatment with PIs can lead to increased 

oxycodone levels and toxicity [99]. Drug–drug interactions following administration of 

several ART drugs, in opioid users, have been reviewed previously [29]. Methadone is 

primarily metabolized by CYP3A4, CYP2B6, and CYP2D6, which may lead to potential 

methadone–ART interactions because most NNRTIs and PIs are metabolized by CYP3A4 

and some NNRTIs are metabolized by CYP2B6 [100]. These drug–drug interactions may 

occur either as a result of induction of CYP enzymes by methadone or by inhibition of 

CYP3A4 by methadone. Similarly, as CYP2D6 is highly polymorphic enzymes in human, 

the half-life of methadone vary from 4 h (in rapid CYP2D6-metabolizing variants) to as long 

as 130 h (in slow/no CYP2D6-metabolizing variants) in humans [101]. This would cause 

varied degree of drug–drug interactions in different individuals. Similarly, oxycodone is 

metabolized by CYP enzymes in the liver, making it vulnerable to drug interactions [102]. 

Similar to methadone, some people are fast metabolizers and some are slow metabolizers of 

oxycodone, resulting in different half-life of oxycodone in different individuals. This may 

cause altered oxycodone–ART interactions in different individuals ultimately leading to 

decreased efficacy of ART and increased adverse effects in HIV-infected opioid users. 

Therefore, there is an urgent need to examine the effects of opioids, especially methadone 

and oxycodone, on differential response to ART and ART-and opioids-mediated toxicity. 

This would help to develop potentially novel drugs, as well as, drug-dose regimes for HIV-

infected opioid users.

8. Marijuana-ART interactions

8.1 ART adherence in marijuana users

Marijuana use is common among HIV-infected patients. Prevalence of marijuana use has 

been observed to be as high as alcohol in some studies [16,103]. Critically, as observed with 

other drugs of abuse, marijuana use in HIV patients has been associated with lack of 

adherence to ART [15,85]. Furthermore, legalization of marijuana use in several states 

across USA is expected to exacerbate the prevalence and adverse effects of marijuana 

smoking amongst HIV population. This is expected to further reduce the adherence of HIV 

medication in HIV-infected marijuana users.

8.2 Effects of marijuana on ART efficacy and toxicity

Cannabinoids present in marijuana have been shown to significantly affect (inhibit or 

induce) the activity of several CYP isoforms [104]. In vitro, in vivo, and clinical 

observations suggest the possible interaction of marijuana constituents with CYP3A, 

CYP1A, CYP2C9, CYP2A6, and CYP2B6. Importantly, in comparison to other drugs of 

abuse, marijuana was identified as the only illicit substance that inhibited the increase in 
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CD4 T-cell counts associated with antiretroviral treatment in HIV patients [105]. Whereas 

another report has cited no significant effect of marijuana use on viral load in HIV patients 

[106], the study has its limitations namely, short duration of cannabis use and few 

participants. Cannabis use, more importantly, is associated with increased ART-related side 

effects suggesting possible CYP inhibitory effects [15]. A different study, however, reported 

that high plasma levels of delta-9-tetrahydrocannabinol, the most psychoactive ingredient of 

marijuana, were associated with decreased plasma concentrations of PI therapy [107]. 

Decreased plasma bioavailability of PI therapy is found to be in agreement with CYP 

induction reported in cannabinoid treated mouse [108]. Overall, given the complexity of 

marijuana and CYP interactions, there is a need to further examine the effects of marijuana 

use on CYP expression, ART pharmacokinetics, and HIV pathogenesis.

9. Conclusion

Prevalence of drug dependence and abuse in HIV-infected patients is higher than general 

population. Importantly, the use of recreational drugs in HIV-positive patients is associated 

with non-adherence to ART and subsequent failure in achieving optimal virological 

responses. As the CYP pathway is common to both, metabolism of ART and metabolism of 

drugs of abuse, this pathway plays an important role in drug interactions in HIV-infected 

individuals who use these substances. In addition, ability of ART drugs and drugs of abuse 

to induce and inhibit CYP enzymes further strengthens the importance of CYP pathways in 

drug interactions in HIV-infected substance users. Towards this, recent findings have 

demonstrated the involvement of CYP pathways in drugs of abuse-mediated decreased 

efficacy of ART drugs, as well as increased ART- and drugs of abuse-mediated toxicity. 

However, studies investigating the involvement of CYP pathway are still preliminary and 

additional work is needed to fully realize the impact of substance of abuse on HIV patients.

10. Expert opinion

From literature, it is apparent that increased prevalence of drug abuse in HIV-infected 

individuals has serious effects on their health outcomes, especially in relation to lack of 

adherence to HIV medication and poor virological response to ART. Therefore, newer 

strategies aimed at improving adherence, such as use of electronic sensor in medicine 

bottles, formulation of multiple drugs in single pill, and extended drug delivery strategy, 

have been adopted, which are showing promising results. Although health care providers 

and researchers play a major role in educating HIV patients and providing formulations to 

adhere with the medication, it is also important for the social workers and community 

representatives to educate these patients. It is therefore expected that in the next 5 years 

there will be a significant improvement in medication adherence using current as well as 

new strategies, which will ultimately improve clinical outcomes in HIV patients who are 

dependent on drugs of abuse.

In addition to improving adherence to ART, the major issue is to develop novel/additional 

interventions for the HIV patients who abuse alcohol, tobacco, methamphetamine, cocaine, 

opioids, and marijuana. There is also a need for drug dose and drug regimen adjustments for 

HIV patients who abuse these drugs. However, this requires additional and immediate 
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research on the effects of these drugs on response to ART drugs, especially on NNRTIs and 

PIs. As CYP pathways are involved in the metabolism of both ART (NNRTIs and PIs) and 

drugs of abuse (Figure 1), the role of CYP pathways in potential drug–drug interactions 

between ART (NNRTIs and PIs) and drugs of abuse has been discussed (Table 1). Co-

administration of ART mediation and drugs of abuse has the potential for varied drug–drug 

interactions in HIV-infected individuals. Broadly, the drugs of abuse-and/or ART drugs-

mediated induction or inhibition of CYP enzymes can lead to four different scenarios for 

drug–drug interactions: i)if drugs of abuse or NNRTI/PI alone as well as in combination 

cause induction of CYP enzymes in HIV-infected patients, this may lead to enhanced 

metabolism of ART. This is likely to decrease bioavailability of NNRTIs/PIs medication and 

attenuate/decrease the response to ART leading to increased viral load and decreased CD4 

counts; ii) induction of CYP enzymes by drugs of abuse and/or NNRTI/PI followed by their 

increased metabolism can cause toxic accumulation of metabolites of drugs of abuse and/or 

NNRTI/PI leading to potential toxicity and adverse effects; iii) in HIV-infected patients, 

drugs of abuse and/or NNRTI/PI administration may lead to inhibition of CYP enzymes. 

This would decrease the metabolism of drugs of abuse and/or NNRTI/PI thereby increasing 

the bioavailability, which is likely to increase the efficacy of NNRTI/PI. This scenario 

causes positive effects on therapy and is being utilized to boost the bioavailability of ART; 

and iv) the inhibition of CYP enzymes by drugs of abuse and/or NNRTI/PI may cause 

excessive accumulation of these drugs leading to severe toxicity. Of the four scenarios, three 

are expected to cause inappropriate drug–drug interactions leading to suboptimal response to 

ART drugs and adverse events. Therefore, it is critical to examine the possible involvement 

of CYP pathways in drugs of abuse-mediated interactions with ART drugs, which would 

help develop potentially novel drugs and/or adjust drug dose and drug regimens in HIV-

infected drugs users.

Recent and current studies with alcohol, tobacco, and methamphetamine have provided 

rationale to hypothesize that CYP pathways are likely to be involved in altering response to 

HIV medication through drug– drug interactions [28,54]. In particular, alcohol has been 

shown to interact differentially with CYP3A4 in the presence of PIs of different 

physicochemical properties [56,57]. Therefore, additional studies are needed to examine the 

effects of alcohol on the metabolism and efficacy of different PIs, which utilize in vitro 

study with primary cells, ex vivo study with clinical samples from HIV-infected drinkers, 

and in vivo study with HIV-infected humanized mouse. A significant progress in this 

direction would potentially help to find new interventions for HIV-infected drinkers and 

smokers. In addition, similar studies are needed to examine the role of CYP pathways in 

methamphetamine-, cocaine-, marijuana-, and opioid drugs-mediated altered response to 

HIV medication.

Psychostimulant drugs of abuse, including methamphetamine, cocaine, and nicotine, are 

known to cause disruption to the BBB resulting in increased permeability across BBB [109]. 

For example, Toborek et al. have demonstrated that methamphetamine exposure induces 

oxidative stress and disrupt BBB [110]. Based on these data, we can rationalize that, in HIV-

infected drugs users, whereas the disruption of BBB would result in increased infiltration of 

HIV-infected monocytes and accelerate progression of neuroAIDS, the increased 
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permeability of BBB would also cause enhanced CNS bioavailability of NNRTI/PI. 

Although increased CNS bioavailability will help decrease viral load in the brain, increased 

accumulation of ART drugs in the brain may also cause neurotoxicity. Furthermore, CYP 

enzymes (CYP3A4, CYP2E1, and CYP1A1) are widely expressed in CNS and are known to 

be induced by xenobiotics to the levels similar to the hepatic CYP levels [111]. This is 

further expected to enhance drug–drug interactions and toxicity in the brain.

Other important area of future research, involving the effect of these drugs on response to 

ART, is examining the impact of gender- race- and polymorphism-based differences on HIV 

medications. There is ample evidence that CYP enzymes, which contribute to the 

metabolism of NNRTIs, PI, and INIs, as well as ethanol, nicotine, methamphetamine, 

cocaine, opioid, and marijuana carry single nucleotide polymorphisms [112]. In addition, 

these CYP enzymes are developmentally and hormonally regulated, and therefore, show 

different expressions and activities in children versus adult and men versus women. The 

literatures clearly show that nicotine and cocaine metabolisms are faster in women than 

men, which may have important implications on the treatment strategy of HIV-infected 

women compared to men who are tobacco and cocaine users [68,91]. Literatures also 

suggest significant inter-individual differences in the metabolism of many drugs of abuse, 

especially opioid, which are very important to study to tailor ART drugs for each group of 

individuals [101]. Therefore, it is critical to study the role of CYP enzymes in drugs of 

abuse-mediated modulation of pharmacokinetics of ART medication in these populations. In 

particular, it is important to study this using HIV-infected drinkers, smokers, and 

methamphetamine users representing population from different race, age, and sex to find the 

basis of inter-individual differences on the metabolism, bioavailability, and efficacy of ART 

drugs. The findings from these studies would provide basis for future studies that would 

ultimately tailor the ART drugs for men, women, children, and different ethnic groups.
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Article highlights

• Substance abuse is critical hindrance to clinical care of HIV patients.

• Drug addiction results in nonadherence to antiretroviral therapy (ART) in HIV-

infected individuals.

• CYP pathways are responsible for the metabolism of all major drugs of abuse 

and medications, including ART.

• Induction or inhibition of CYP enzymes by either ART or drugs of abuse can 

cause the potential drug–drug interaction leading to adverse events.

• Decreased/abolished ART bioavailability, due to the induction of CYPs by 

substance abuse, may result in increased viral load and lack of response to HIV 

medication.

• Increased adherence to ART and novel/alternate interventions, as well as drug 

dose adjustments in drug users can improve the management of HIV/AIDS 

patients who are dependent of drugs of abuse.
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Figure 1. Effect of common drugs of abuse on efficacy of ART and progression of AIDS
Common metabolic enzymes involved in the metabolism of ART and alcohol (CYP2E1 and 

CYP3A4), nicotine (CYP1A1, CYP2A6, and CYP3A4), methamphetamine (CYP2D6 and 

CYP3A4), cocaine/opioids (CYP3A4) and marijuana/THC (CYP2C9) may result in altered 

bioavailability of antiretroviral drugs. Drug–drug interactions between drugs of abuse and 

ART drugs, mediated by CYP enzymes, may result in decreased response to ART leading to 

enhanced HIV replication in HIV-infected patients.

ART: Antiretroviral therapy; THC: Tetrahydrocannabinol.
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Table 1

Possible clinical outcomes in HIV-positive patients as a result of interactions among drugs of abuse, ART, and 

CYP enzymes.

Drugs of abuse/ART Metabolism (CYPs) Induction (↑) Inhibition (↑) Clinical outcome

Alcohol 2E1 ↑2E1, ↑2A6, ↑↓3A4 Altered ART metabolism Increased ROS

Nicotine/tobacco 1A1, 2A6, 2A13 ↑1A1, ↑2A6 Increased ROS

Methamphetamine 2D6, 3A4 2A6, 2B6 Altered ART metabolism

Cocaine 3A4 NA NA

Opioids 3A4, 2B6, 2D6 NA NA

Marijuana 3A4, 2C9  CYP Increased ART metabolism

 CYP Increased ART side effects

Non-nucleoside reverse transcriptase 
inhibitors 3A4, 2B6 ↑↓3A4 Altered ART metabolism

Protease inhibitors 3A4 ↑↓3A4 Altered ART metabolism

Integrase inhibitors 3A4 NA NA

↑-Induction of CYP enzyme; ↓-Inhibition of CYP enzyme; -Proposed mechanism; bold arrow (↑) represents predominant effect ART: 
Antiretroviral therapy; NA-data not available.
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