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Abstract

Introduction—Drugs used in HIV treatment; all protease inhibitors, some non-nucleoside 

reverse transcriptase inhibitors, and pharmacoenhancers ritonavir and cobicistat can inhibit 

cytochrome P450 (CYP) enzymes. CYP inhibition can cause clinically significant drug-drug 

interactions (DDI), leading to increased drug exposure and potential toxicity.

Areas covered—A complete understanding of pharmacodynamics and CYP-mediated DDI is 

crucial to prevent adverse side effects and to achieve optimal efficacy. We summarized the 

pharmacodynamics of all the CYP inhibitors used for HIV treatment, followed by a discussion of 

drug interactions between these CYP inhibitors and other drugs, and a discussion on the effect of 

CYP polymorphisms. We also discussed the potential advancements in improving the 

pharmacodynamics of these CYP inhibitors by using nanotechnology strategy.

Expert opinion—The drug-interactions in HIV patients receiving ARV drugs are complicated, 

especially when patients are on CYP inhibitors-based ART regimens. Therefore, evaluation of 

CYP-mediated drug interactions is necessary prior to prescribing ARV drugs to HIV subjects. To 

improve the treatment efficacy and minimize DDI, novel approaches such as nanotechnology may 

be the potential alternative approach. However, further studies with large cohort need to be 

conducted to provide strong evidence for the use of nano-formulated ARVs to effectively treat 

HIV patients.
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1. Introduction

According to the UNAIDS, there were approximately 36.9 million people living with HIV/

AIDS (PLWHA) worldwide in 2017 [1]. In 1987, the US FDA licensed the first 

antiretroviral drug (ARV) zidovudine (ZDV, also known as azidothymidine) [2]. ZDV works 

by inhibiting reverse transcriptase of HIV, slowing the replication of the virus and the 

progression of the disease. In the last two decades, the antiretroviral therapy (ART) has 

made a significant contribution to reduction in HIV/AIDS-related death and improved 

quality of life for PLWHA [3]. In 2018, there are more than 30 antiretroviral drugs (ARVs) 

approved for the treatment of HIV in the US [4]. According to the mechanism of action of 

ARVs, they are classified into six groups as follows: nucleoside reverse transcriptase 

inhibitors (NRTIs), nonnucleoside reverse transcriptase inhibitors (NNRTIs), protease 

inhibitors (PIs), fusion inhibitors (FIs), entry inhibitors (also known as CCR5 antagonist), 

and integrase strand transfer inhibitors (INSTIs) [5]. ARVs can be used as either a single 

regimen or the combination of 3-4 drugs [6]. In most of the cases, in order to achieve their 

highest efficacy, ARVs are used in combination regimens that can attack multiple stages of 

the HIV life cycle, and subsequently slow the disease progression of HIV.

Drugs used in HIV, especially drugs from the PIs, the NNRTIs, and the INSTIs classes are 

metabolized via the Cytochrome P450 (CYP) pathway [7, 8]. All the PIs are metabolized by 

CYP3A4, and almost all the PIs are inhibitors of CYP3A4. Other than PIs, Efavirenz (EFV) 

and etravirine (ETR) from the NNRTIs class also have the potential to inhibit CYP enzymes. 

EFV is metabolized by CYP2B6 but can inhibit CYP3A4. ETR is metabolized by CYP3A4, 

CYP2C9, and CYP2C19, and it is also an inhibitor of CYP2C9 and CYP2C19 [7, 8]. To 

minimize the first pass metabolism, pharmacokinetic enhancers (PK enhancers) ritonavir 

(RTV) and cobicistat (COBI) are used in ART regimen due to their ability to inhibit 

CYP3A4 leading to decreased doses and frequency of administration for ARVs which are 

substrates of CYP3A4. Table 1 provides a summary of CYP substrates, inhibitors, and 

inducers that are used in HIV treatment.

As CYP enzymes are responsible for the metabolism of 70%−80% drugs in clinical use [9], 

it is expected that CYP enzymes account for the majority of the variabilities in 

pharmacokinetics and pharmacodynamics for the ARVs which are substrates of CYP 

enzymes [10]. In fact, PLWHA are prone to drug interactions because of the use of multiple 

drugs in their ART regimens, as well as the use of other drugs for the treatment of 

coinfections and comorbidities, which are common in these patients [8]. It has been shown 

that most of the drug interactions of these ARVs are mediated by or due to the involvement 

of CYP enzymes [11]. Specifically, for those ARVs which can inhibit or induce the CYP 

enzymes, has a higher chance of interfering with the drug metabolism of other CYP 

substrates. In this review, we discussed the CYP inhibitors used in HIV treatment, including 
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the potent inhibitors RTV and COBI, and ARVs from the PI and NNRTI classes, which 

show inhibition for CYP enzymes. These CYP inhibitors can cause clinically significant 

drug-drug interactions (DDI) by inhibition of CYP enzymes, leading to increased drug 

exposure and potential toxicity [12]. We summarized the pharmacodynamics of all the CYP 

inhibitors used for HIV treatment, interactions between these CYP inhibitors and other non-

ARV drugs, and the effect of CYP polymorphisms on the dynamics and interactions of these 

drugs. In the end, we also discussed the potential advancements in improving 

pharmacodynamics of these CYP inhibitors, using a novel nanotechnology strategy. A 

systematic literature search using PubMed, Google Scholar, ClinicalTrials.gov, and 

Drugs@FDA was performed using keywords such as ARV drug names, generic names 

combined with pharmacodynamics, DDI, and nanoformulation to obtain relevant literature.

2. Pharmacokinetics and pharmacodynamics of CYP inhibitors for HIV 

treatment

Among all the CYP inhibitors used for HIV treatment, RTV and COBI are the most potent 

CYP inhibitors of both CYP3A4 and CYP2D6 [12, 13]. In the regimen which does not 

contain PK enhancers, some ARVs can also act as a CYP inhibitor when it is given 

separately [7, 8]. PIs-including atazanavir (ATV), darunavir (DRV), fosamprenavir (FPV), 

lopinavir (LPV), saquinavir (SQV), indinavir (IDV), and nelfinavir (NFV) are intermediate/

weak CYP3A4 inhibitors, while tipranavir (TPV) is a CYP2D6 inhibitor. EFV from the 

NNRTIs is a CYP3A4 inhibitor, while ETR from the same class is a CYP2C9 and CYP2C19 

inhibitor [7, 8]. Moreover, RTV and COBI are using as a PK enhancing strategy to increase 

the systemic exposure of an ARV that increases the levels of ARV, which are being 

metabolized by CYP3A4 [12, 13]. The CYP inhibition potency for all the CYP inhibitors 

used in HIV treatment is shown in Table 2. In the following subsections, we categorized 

based on the inhibition potency of CYP enzymes.

2.1 Strong CYP inhibitors

2.1.1. Ritonavir (RTV) and RTV-boosted PIs

2.1.1.1 RTV: RTV was initially developed as a PI to combat HIV-1 [14]. During 

development, however, it was discovered to have weak antiretroviral capabilities, but to be a 

strong inhibitor of CYP3A4. Based on these findings, it was observed that administration of 

low doses of RTV could allow for decreased doses and administration times necessary for 

drugs, which were substrates of CYP3A4 [14]. It is available as a 100 mg tablet, in an oral 

solution, and in an oral powder [15]. It is also available co-formulated with lopinavir (LPV). 

Serious side effects can include hepatotoxicity, primarily observed through increased 

transaminase levels, pancreatitis, elongation of the PR-interval, and lipid abnormalities [15]. 

Currently, use of full-dose RTV as an ARV monotherapy is no longer recommended. RTV is 

only prescribed as a part of a therapeutic combination with ARVs to decrease HIV 

replication [15]. Table 3 lists the changes in PK parameters of the PIs in RTV-boosted PI 

regimens.

2.1.1.2 Lopinavir (LPV)/RTV: LPV is co-formulated with RTV as part of a tablet 

branded in the US as Kaletra [16]. Current guidelines recommend a dose of 800 mg of LPV 
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with 200 mg of RTV given either once or twice daily, in combination with 2 NRTIs. As the 

drug is primarily formulated as a 200 mg LPV/50mg RTV tablet, this recommended regimen 

requires taking 2-4 tablets daily. Once daily dosage is more common than twice daily due to 

ease for patients to take the regimen. However ,if there is a risk of LPV resistance 

developing, twice daily dosing is necessary [8]. The reported EC50 of LPV in the presence 

of human plasma has been reported at 0.18 μg/ml, well below the steady-state trough 

concentration of 9.8 μg/ml [16]. While the drug is generally well tolerated, the reported side 

effects include pancreatitis, liver damage, especially in individuals co-infected with hepatitis 

B or C, metabolic disturbances which can lead to diabetes, and increased lipid levels. Due to 

its co-formulation with RTV, concomitant therapy with Kaletra and drugs which are 

CYP3A4 substrates can result in increased concentrations of the other drugs [16]. Therefore, 

the dose of CY3A4 substrates should be administered cautiously when it is given along with 

the Kaletra.

2.1.1.3 Tipranavir (TPV)/RTV: TPV, a selective nonpeptidic PI, received its FDA 

approval in 2005 for the use in treatment-experienced patients and other PI-resistant HIV-1 

strain [17]. TPV should always be co-administered with RTV to ensure optimum drug 

availability. TPV demonstrates antiviral activity against a wide range of HIV-1 isolates 

(EC50 = 0.03-0.07 μM) and HIV-2 (EC50 = 0.233-0.522 μM) [17]. The benefit of the 

combination was more pronounced in treatment-experienced patients receiving two active 

drugs with TPV/RTV and enfuvirtide combination [18]. Recommended dosage guideline is 

500 mg TPV, co-administered with 200 mg RTV. TPV is one of the few effective and 

reasonably safe ART regimes available for children who have prior ART experience. 

Pediatric patients enrolled in a randomized, open-label trial who were on a TPV/RTV 

regimen from earlier ages, demonstrated long term safety, tolerability, and reasonable viral 

suppression level for up to 5 years [19].

2.1.2. Cobicistat (COBI) and COBI-boosted INSTIs

2.1.2.1 COBI: COBI is a well-known pharmacokinetic enhancer. It inhibits the most 

common ARV metabolizing enzyme, CYP3A4 in a better selective manner than RTV [20]. 

COBI does not have any anti-retroviral activity of its own, however, it efficiently increases 

total drug exposure of CYP substrates-based ARVs. COBI was initially FDA approved as a 

single tablet form in 2012. COBI is always co-administered with other ARVs, commonly 

with PIs, 150 mg tablet each time with food, and other ARVs if needed. Although COBI and 

RTV both act in a similar manner, they are not interchangeable in many cases due to lack of 

enough exposure data. As COBI itself is not an ARV, the activity and resistance 

development completely depend on the ARVs that are given with COBI. A randomized, 

double-blinded, active-controlled trial reported that the safety and efficacy of COBI co-

administered with ATZ was comparable to that of RTV-boosted group [21].

2.1.2.2 Elvitegravir (EVG)/COBI: EVG binds to the integrase-viral DNA complex 

followed by interaction with the DNA and the magnesium ions in the integrase [22]. 

Currently, EVG only is available in multiple combinations with NRTIs and CYP3A 

inhibitors, which is considered a complete treatment regimen as a first-line therapy or in 

cases of resistance. It was first approved by FDA in 2012 as part of a combination drug, as 
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well as a single drug formulation, which was later retracted in 2017. While in combination, 

EVG shows 50% effective concentration (EC50) ranging between 0.02 and 1.7 nM in in vitro 

system. EVG has antiviral activity against HIV-1 subtypes A-G and O (EC50 0.1-1.3 nM) 

and HIV-2 (EC50 0.53 nM). The safety and efficacy of EVG in combination with an RTV-

boosted PI was compared with another INSTI in a multicenter, randomized, double-blinded, 

phase 3 study on 700 participants. It revealed that EVG has a similar effect as other INSTI. 

Moreover, EVG combination has a once daily dose, which is more convenient to adhere to 

the therapy [23]. Recommended dosage for EVG combination drug is one tablet once daily 

with food, considering body weight and creatinine level [22].

2.1.3. Distinctions between RTV and COBI—COBI was introduced to overcome the 

limitations of RTV as it selectively inhibits CYP3A4 and CYP2D6, with less off-target drug 

interaction potential [21, 24]. This is due to the limited effect of COBI on activation of 

pregnane X receptor (PXR), thus limited effect on other drug metabolizing enzymes [25]. 

Moreover, unlike RTV, COBI does not induce CYPs, which makes it less prone to DDI. 

Additionally, RTV itself has antiviral activity. Both drugs raise the serum creatinine level, 

however, COBI’s effect is comparatively more pronounced [25]. In terms of the PIs-boosting 

activity, RTV and COBI have an equal effect on EVG, while RTV boosts TPV at relatively 

higher magnitude [26]. Switching from RTV- to COBI-boosted regimen should be observed 

closely because the enzyme-inducing property of both the drugs differs leading to potential 

differences in drug exposure. COBI-boosted formulations are shown to reduce pill burden 

and ensure same time dosing [27]. Conversely, the coformulated tablets may be too large for 

some patients, while RTV is available as an oral liquid. Overall, RTV and COBI both are 

effective ATV-boosters, however, dose adjustment and close monitoring are highly 

recommended while switching [27].

2.2. Intermediate CYP inhibitors

2.2.1 Fosamprenavir (FPV, prodrug of amprenavir)—FPV is administered as 1400 

mg daily with RTV, either as a single 1400 mg dose, or a 700 mg twice daily dose [8, 28]. 

As with all other protease inhibitors, FPV/RTV must be coadministered with two NRTIs. 

Care must be taken for individuals with hepatic impairment, and doses are decreased based 

on their level of hepatic impairment. Compared to other PIs, FPV has a larger side effect 

profile [28]. Skin reactions and rashes, including Stevens-Johnson syndrome, have been 

reported with FPV, and it should not be administered in individuals with a sulfa allergy. 

Additionally, lipid elevation, metabolic disturbances, and gastrointestinal side effects can 

occur in individuals receiving FPV. Further, there are many drug-drug interactions, both with 

ARVs and other medications, including antiarrhythmics, anticonvulsants, many statins, and 

some oral contraceptives. Because of the high required dose, side effect profile, and drug-

drug interactions, FPV is not commonly used for the treatment of HIV in the United States 

[28].

2.2.2 Indinavir (IDV)—IDV is another drug in this class, which was approved in the US 

in 1996. In vitro tests performed on lymphoblastic, monocytic, and peripheral blood 

lymphocytes demonstrated an IC95 (95% inhibitory concentration) ranged between 25-100 

nM. A randomized, double-blinded study to evaluate the efficacy of IDV, zidovudine or the 
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combination showed improved CD4 cell count [29]. However, IDV is not currently 

recommended to be used in the USA due to the occurrence of severe drug-induced 

nephrotoxicity. 67% IDV-treated patients present asymptomatic crystalluria, 8% shows 

symptoms and 3% has nephrolithiasis [30]. IDV is still commercially available in capsule 

form with a recommended dosage of 800 mg every 8 hours, with water, 1-2 hours before/

after a meal [31].

2.2.3 Nelfinavir (NFV)—NFV is a potent viral PI, preventing the cleavage of gag-pol 

polyprotein, leading to the formation of immature non-infectious viral particles [32]. NFV 

was first approved in the US in 1997 and is available as tablet and oral powder. EC50 of NFV 

against certain HIV-1 strains (RF and IIIB) ranges from 1-43 nM/L [33]. It is also effective 

against zidovudine-resistant HIV-1 strain (G910-6) with an EC50 of 60 nM/L. A study to 

evaluate the presence and efficacy of circulating NFV metabolites showed that NFV is the 

major chemical substance with two other metabolites. All of them are active against similar 

HIV-1 strains, although the efficacy level varies greatly between the metabolites [34]. An 

ART regimen of multiple-dose RTV in combination with two doses of NFV in a single-site, 

open-label, non-randomized clinical trial on PI-naïve HIV-infected patients, successfully 

demonstrated the combination as a potential dual PI-option in the mentioned group [35]. The 

adult dose of NFV is 1250 mg BD or 750 mg TID with a meal [32].

2.2.4 Darunavir (DRV)—DRV was initially approved in 2006. Its administration 

requires pharmacologic boosting, either with RTV or with COBI [36]. A co-formulated 

version with RTV does not exist, although a co-formulation with COBI (Prezcobix) does 

exist [37]. When administered with RTV, the recommended dose of DRV is 800 mg and 

RTV is 100 mg [36]. DRV/COBI consists of a single tablet of 800 mg DRV and 150 mg 

COBI [37]. Both of these combinations, coupled with 2 NRTIs are listed as recommended 

initial regimens in certain clinical situations in the current DHHS Guidelines for the Use of 

Antiretroviral Agents in HIV-1-Infected Adults and Adolescents [8]. Based on 

pharmacokinetic studies, the drug should be administered after eating, as administration 

under a fasting state results in plasma concentrations 30% lower compared to administration 

after eating [38]. There have been no reports in differences in DRV pharmacokinetic profiles 

based on sex or ethnicity. DRV is, in general, well tolerated by patients. While in the 

ARTEMIS trial the vast majority of subjects reported an adverse event, only 28% had a 

grade 2-4 adverse event, with gastrointestinal adverse events being the most common. These 

adverse events were, however, less common than in the LPV comparator arm in the trial. 

Elevated liver enzymes and lipid panels also occur with relatively high frequency [39]. More 

recently, DRV was co-formulated with COBI, which showed a similar pharmacokinetic 

profile compared to DRV and RTV [40].

2.3. Weak CYP inhibitors

2.3.1 Atazanavir (ATV)—FDA first approved ATV in 2003. Unlike other PIs, ATV is a 

once-daily dose drug with minimal effect on the patient’s lipid profile [41]. ATV is an 

azapeptide PI active against HIV-1, but ineffective against HIV-2. ATV shows an EC50 of 

2-5 nM range against HIV-1 group M subtypes (A-D, AE, AG, F, G, and J) in in vitro 

system. A population pharmacokinetic model, including a mixed model of absorption, 
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suggested a significant difference in ATV pharmacokinetics, regimens, and virological 

failure between the patients experiencing unboosted ATV [42]. Accordingly, recommended 

dosing of ATV is 300 mg with RTV, a PI booster with food or only ATV 400 mg once daily 

with food. However, the prevalence of safety concerns and tolerability issues have been 

long-recognized [43]. ATV combinations commercially available are with COBI, 

lamivudine, and ZDV [41].

2.3.2 Saquinavir (SQV)—SQV is available as single drug, in the form of tablets, 

capsules, and soft gelatin capsules. In vitro studies on acutely and chronically infected 

lymphoblastoid, monocytic cells, and peripheral blood lymphocytes demonstrated 50% and 

90% inhibitory concentrations, namely IC50 and IC90 values in the range of 1-30 nM and 

5-80 nM, respectively [44]. When administered in combination with reverse transcriptase 

inhibitors, SQV showed additive to synergistic in vitro effect, while with other PIs, SQV 

showed synergistic activity. In an open-label randomized clinical study in treatment-naïve, 

HIV-infected patient treated with SQV and other ARVs, showed decreased HIV RNA levels 

[45]. In general, it is recommended to always use SQV in the presence of RTV, which 

significantly inhibits the metabolism of SQV, thus increasing the drug availability [44]. SQV 

is a specific inhibitor of both HIV-1 and HIV-2 proteases. Some HIV-1 infected patients have 

reduced susceptibility to SQV, mostly due to the presence of multiple mutations in viral 

protease. Until now, there has been no report on resistance development in patients receiving 

SQV/RTV combination therapy [44]. General SQV (capsule/ tablet) dosage guideline for 

adults is 1000 mg twice daily, with a 100 mg RTV within 2 hours of a meal [44].

2.3.3 Efavirenz (EFV)—EFV was approved in the US in 1998, and now commercially 

available as tablet and capsule. It is commonly recommended as part of ART regimens [46]. 

EFV is used in combination with other NRTSs like lamivudine and ZDT or TFV in 

treatment-naïve HIV patients. It can also be used in combination with other retroviral drugs 

as post-exposure prophylactic agent to prevent HIV transmission. The recommended dosage 

of EFV is 600 mg, orally, once daily on empty stomach, preferably at bedtime. A 90-95% 

effective concentration of EFV in in vitro system (lymphoblastoid and monocytic cell lines, 

peripheral blood mononuclear cells) were between 1.7-25 nM. It has antiviral activity 

against most HIV-1 reverse transcriptase, but inactive against HIV-2. In vitro studies with 

HIV-1 isolates identified isolates with reduced susceptibility due to one or more amino acid 

substitutions in reverse transcriptase enzyme. Clinical isolates from patients failing treatment 

also showed amino acid substitutions. Reduced susceptibility was observed in the case of 

EFV alone or combination treatment with other NRTIs [46].

2.3.4 Etravirine (ETR)—ETR is a relatively newer addition to the FDA approved 

NNRTI drugs to be used in patients who have developed resistant against one NNRTI and 

other ARVs [47]. ETR blocks DNA and RNA-dependent viral polymerase activity by 

selectively binding to the reverse transcriptase enzyme. In patients with other NNRTI 

resistance, ETR is recommended to be prescribed in combination with both NRTIs and other 

ART regimens. General dosage guideline is to take 200 mg (two 100 mg tablets) twice daily 

following a meal. Currently, ETR is only available as a single drug regimen in tablet form. 

ETR exhibited appreciable activity (EC50 = 0.9-5.5 nM) against laboratory strains and 
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clinical isolates of HIV-1 in in vitro system. Developing resistance against ETR requires 

more than one substitution in reverse transcriptase enzyme [47]. In an open-label, partially 

blinded, randomized clinical trial on 199 patients assigned to ETR (400 mg and 800 mg 

twice daily) in presence of two optimized background ART showed a significant reduction 

in viral load as well as safety level compared to control [48]. Resistance against ETR may 

develop in case of multiple substitutions in reverse transcriptase enzyme, typically those 

which already shows resistance against other NNRTIs.

3. Drug-drug interactions involving CYP inhibitors in HIV treatment

CYP-mediated metabolism is the primary metabolic pathway for all PIs, all NNRTIs, and for 

few INSTIs. An understanding of the effect of the drug-drug interactions of those ARVs is 

crucial, especially for the CYP inhibitors. Since many other drugs on the market are CYP 

substrates, in the presence of a potent CYP inhibitor may cause a toxic drug accumulation. 

Therefore, numerous drugs should be avoided when using CYP inhibitors-based ARV 

regimens [10]. The below-mentioned class of drugs may have significant interactions with 

CYP inhibitors used in HIV treatment. Many of these drug-drug interactions require either 

decreased doses of the co-administered product, close monitoring, or avoid co-

administration if needed. Table 4 summarized the most common CYP-mediated drug 

interactions between ARVs (CYP inhibitors) and other drugs.

3.1 Statins

Dyslipidemia is highly prevalent among PLWHA and it may increase the risk for 

cardiovascular disease [49]. Statins are commonly used drugs for treating hyperlipidemia for 

HIV patients. However, all the statins are CYP substrates, except pravastatin, which 

indicates that the potential drug-drug interactions between statins and CYP inhibitors need 

to be considered [50]. Among all the CYP inhibitors used in HIV therapy, almost all the PIs 

are potent CYP3A4 inhibitors except TPV and IDV. Therefore, the concentrations of the 

majority of statins are significantly increased when co-administrated with PIs. For example, 

when simvastatin, atorvastatin, and pravastatin were studied in the presence of SQV/RTV, 

the AUC of simvastatin and atorvastatin were increased by 3059% and 79%, respectively 

[51]. Significant drug interactions have also been reported between PIs and lovastatin [50]. 

Since CYP3A4 is the major metabolizing enzyme for simvastatin and lovastatin, simvastatin 

and lovastatin have the highest potency for drug-drug interaction with potent CYP3A4 

inhibitors such as PIs, RTV-boosted ARV regimens, and COBI-boosted ARV regimens [8]. 

A recent review article summarized clinical efficacy trials until the year of 2016, suggesting 

that atorvastatin and pravastatin are safe for patients receiving PI-or NNRTIs-based therapies 

[52]. Rosuvastatin should be used with care in patients on ARV drug regimens containing 

PIs. The PI-based regimens are contraindicated for fluvastatin, simvastatin, and lovastatin. 

Other than PIs, some of the NNRTIs and INSTIs are CYP substrates or inhibitors, therefore, 

close monitoring and dose adjustments are often necessary for statins in patients receiving 

NNRTIs and INSTIs drug regimens [8].
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3.2. Antituberculosis drugs

Although tuberculosis is a common disease even in immunocompetent population 

worldwide, it is one of the opportunistic and mortal diseases among PLWHA. People with 

HIV/TB coinfection has a much higher chance to develop to an active TB [53]. Rifampin 

and rifabutin are commonly used for the treatment of TB in PLWHA. However, both 

rifampin and rifabutin can induce CYP3A4, with rifampin as a potent CYP3A4 inducer [54]. 

Rifampin showed reduced AUC and Cmax of EFV by 26% and 20%, respectively[46]. 

Rifampin also induces the metabolism of all PIs; more than 75% decrease of drug 

concentration was observed when co-administrated rifampin with PIs. PK enhancer RTV 

does not overcome this interaction and cause additional hepatotoxicity [8]. Therefore, 

rifampin is contraindicated with PIs, and rifabutin is a preferred regimen for the treatment of 

TB for people on PI-based regimens. In general, rifampin should be avoided in patients 

receiving PIs and NNRTIs. Some PIs and NNRTIs inhibit the metabolism of rifabutin 

significantly, causing a bidirectional drug interaction. Dose adjustments for rifabutin are 

needed when co-administered with PIs and NNRTIs [8].

3.3. Antifungal drugs

Antifungal drugs are commonly used for the treatment of oral candidiasis or cryptococcal 

meningitis among PLWHA [8]. Since antifungal drugs ketoconazole, fluconazole, 

miconazole, and itraconazole, are both CYP3A4 substrates and inhibitors, these antifungals 

have potential opportunities for CYP-mediated interactions with PIs, NNRTIS, INSTIs, and 

PK booster. Ketoconazole is the most potent CYP3A4 inhibitor among all the antifungals. 

Co-administration of ketoconazole with RTV/SQV led to an increased concentration of RTV 

and SQV by 62% and 94%, respectively [55], and an increased AUC of SQV by 190% [56]. 

Ketoconazole was also associated with a drug-drug interaction with amprenavir (active form 

of FPV). Co-administration of ketoconazole with amprenavir increased the AUC for both 

ketoconazole and amprenavir [57]. Additionally, because of the inhibition of CYP3A4, RTV 

and COBI demonstrated an increased level of ketoconazole and itraconazole, doses 

>200mg/day of ketoconazole or itraconazole is not recommended when using RTV- or 

COBI-boosted ARV regimens [15] [21].

3.4. Anticonvulsants

An increased risk of developing seizures was observed in HIV patients than in the general 

population [58]. Phenytoin, phenobarbital, and carbamazepine are commonly used drugs to 

control seizures. However, these drugs are metabolized by CYP enzymes and they induce 

CYP enzymes, which lead to CYP-mediated interactions with PIs, NNRTIS, some INSTIs, 

or PK enhancers. For example, co-administration of carbamazepine with IDV resulted in a 

failure of IDV therapy. Also, co-administration of phenytoin, phenobarbital, and 

carbamazepine with CYP inhibitors-based ARVs, caused increased plasma concentrations of 

anticonvulsants. Study showed an increased carbamazepine concentration concurrent with 

LPV/RTV [59]. RTV/SQV and EFV led to a 3-fold increase in plasma concentrations of 

carbamazepine. Similar interactions were also observed between NFV and carbamazepine 

[10]. In general, phenytoin, phenobarbital, and carbamazepine are not recommended when 

using PI- or NNRTI-based regimens. Co-administration of phenytoin, phenobarbital, and 
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carbamazepine with COBI-boosted PI regimen, LPV/RTV, ETR, and EVG/COBI are 

contraindicated [8].

3.5. Ergot alkaloids

Co-administration of CYP inhibitors with ergot alkaloid agents can develop ergot toxicity 

and increase the risk for ergotism or cause life-threatening side effects [60]. For example, a 

potent inhibition of ergot metabolism was observed even at prescribed doses of PIs and 

developed ergotism on an HIV-positive man in the United States [61]. A recent study from 

Belgium also reported a severe drug-drug interaction of ergotamine co-administered with 

DRV, abacavir, and lamivudine, causing fetal ischemia on an HIV-positive woman [62]. 

Additionally, there are total of 22 clinical ergotism cases reported in Thailand in HIV-

infected patients from 2011 to 2013 [63]. This report summarized the severe clinical 

consequences caused by co-administration of RTV-boosted ARVs with ergot alkaloid agents 

and brought global attention to the potential of causing life-threatening drug-drug 

interactions by ergotamine and strong CYP3A4 inhibitors. CYP inhibitors used for HIV 

therapy include all PIs, EFV from NNRTIs, and PK enhancers are contraindicated with 

concomitant use of ergot alkaloid agents [64]. Thus, alternative agents 5-HT agonists 

(triptans) can be prescribed for PLWHA to treat a migraine type headache [15].

3.6. Other CYP substrates

Due to the CYP inhibition of PIs, some NNRTIs, and RTV- or COBI- boosted ARVs, it is 

expected that potential drug-drug interactions between these ARVs and other CYP substrates 

will occur [10]. Other than the drugs that are mentioned above, CYP-mediated drug 

interactions of PIs, NNRTIs, INSTIs, and PK boosters occur with numerous other non-ARV 

drugs. For examples, the macrolide antibiotics erythromycin and clarithoromycin show 

increased concentration of SQV and amprenavir, while RTV can increase the concentration 

of clarithromycin. Co-administration of oral contraceptives with PIs and NNRTIs also cause 

significant DDI. The AUC and Cmax of ethinyl estradiol are reduced if patient is taking RTV 

and NFV daily. Since acid reducer cimetidine and omeprazole are inhibitors of CYP3A4, 

they cause potential adverse DDI with PIs and NNRTIs. Increased concentrations of the 

immunosuppressant tacrolimus were observed due to the inhibition of CYP3A4 by NFV. 

SQV also increased the concentration of ciclosporin, due to the CYP3A4 inhibition [10].

4. Polymorphism of CYP enzymes affecting pharmacodynamics of CYP 

inhibitors used in HIV treatment

Other than CYP-mediated DDI mentioned above, another major challenge posed by the 

CYP inhibitors is the inter-ethnic and inter-individual differences in expression and activity 

of CYP enzymes due to polymorphisms [65]. In fact, single nucleotide polymorphisms 

(SNP) cause approximately 60% inter-individual dependent difference in drug response [66, 

67]. CYP3A4, the most common drug-metabolizing enzyme, responsible for metabolism of 

PIs and secondary metabolizer of several other ARVs, has at least 19 CYP3A4 variants and a 

number of sub-variants [68]. For example, CYP3A4*1B −392A>G and CYP3A4 

671-202C>T reduce EFV clearance, whereas the CYP3A4*22 SNP is associated with 

decreased clearance of RTV-boosted LPV. This is more prevalent in the Caucasian 
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population and virtually absent within East Asian population [69]. In addition, CYP3A5*3 

6986A>G, commonly found within the Caucasian population, is significantly associated 

with LPV/RTV monotherapy failure in general population [70, 71]. Although, when the 

study was performed specifically on Caucasians, there was potentially no decrease in the 

efficacy of these two drugs [71].

CYP2B6, involved in metabolism of few ARV drugs (e.g. EFV and nevirapine are substrates 

and inducers, RTV is an inducer) is highly polymorphic in nature [72]. Certain SNPs e.g. the 

516G>T variant of CYP2B6*6 reduces the enzyme expression resulting into differences in 

plasma concentration and neuropsychological toxicity of EFV in adult HIV patients [73]. 

Similarly, 516G>T plays a significant role in EFV concentrations, especially in children 

older than 10 years [74]. Moreover, higher EFV plasma levels and CNS-related 

complications are observed in patients deficient in CYP2B6 516T allele [75]. 516G>T 

variant is most common in the South Asian population, while least frequently observed in 

East Asians [69]. Studies have also shown the presence of CYP2B6*18 variant in the 

African population, which produces non-functional protein, leading to increased nevirapine 

and EFV plasma exposure [76]. Drug monitoring is recommended for clinicians when 

prescribing EFV and NFV, and pharmacogenetics-based dosing should be done if possible. 

For CYP2B6 poor metabolizer SNPs, dose reduction or drug replacement is needed.

Other CYPs like CYP2C9 and CYP2C19 show polymorphisms, which influence the 

metabolism of ARVs such as ETR, TPV, NFV, and DLV. Presence of CYP2C9*3 variant 

leads to reduced ETR clearance, while CYP2C19*2 is related to decreased NFV clearance in 

Black, Caucasian, and Hispanic populations [69]. HIV-positive alcohol abusers with 

CYP2C9*3 genotype are also at a higher risk of developing ARV-associated hepatotoxicity, 

particularly, if NFV is prescribed [77]. A study on voriconazole co-administered with an 

RTV-boosted ATV regimen demonstrated that both extensive and poor metabolizers have a 

modest reduction in ATV exposure [78]. Similarly, factors like gender, age, and diet can also 

influence the expression/activity of CYP enzymes leading to inter-individual differences in 

drug response [79].

5. Research and development to improve pharmacodynamics and to 

overcome DDI of CYP inhibitors

Researchers are developing new delivery methods to improve pharmacodynamics of ARVs 

and to overcome DDI [80]. One of the promising methods to achieve this is the use of 

nanotechnology using polymer-based nanoparticles. Nanoparticles could be used to improve 

drug delivery because they are generally taken up by cells efficiently [81]. Therapeutic drugs 

can be encapsulated in the core of nanoparticles and provide targeted delivery of drugs at the 

site of action, bypass transporters and metabolic enzymes, and cross the BBB [82, 83]. For 

example, in the clinic, EVG is recommended with a co-administration of a PK enhancer 

COBI for better efficacy [22]. However, co-administration of EVG with COBI is relatively 

expensive and may also cause DDI [84]. An improved delivery method of EVG can, not 

only improve drug concentration in viral reservoirs but also eliminate the use of COBI and 

thus reduce the cost and minimize the potential of CYP-mediated DDI. Recently, Kumar and 
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Yallapu groups developed a PLGA nanoformulation loaded with EVG, which increased the 

level of the drug by 2-fold compared to drug alone in macrophages [84]. This EVG 

nanoformulation also showed an improved viral suppression in HIV-infected primary 

macrophages. They hypothesized that this high bioavailability of EVG in nanoparticles is 

due to the protection of nanoparticles from EVG metabolic enzyme CYP3A4.

Nanoformulation of other CYP inhibitors used for HIV treatment has also been developed. 

For example, ATV suffers from poor water solubility and rapid first-pass metabolism by 

CYP3A4 causing reduction in bioavailability by 60% [85]. With this regard, ATV was 

nanoformulated to improve the bioavailability. , in Compared to plain drug, the 

nanoformulated ATV showed significant enhanced improvement of Cmax and AUC0-24 by 

1.1- and 2.9-fold, respectively [86]. Another example is DRV, a CYP inhibitor from the PIs. 

DRV has poor oral bioavailability (37%), metabolizes in the liver by CYP enzymes, and may 

lead to liver diseases and skin rashes [87, 88]. Desai et al. demonstrated that solid lipid 

nanoparticles loaded DRV has 4-fold increased permeability than DRV plain drug [89]. 

Similar these nanoparticles also enhanced AUC by 2.50- and 2.51-fold upon intra-gastric 

and intra-duodenal administration, respectively. Further, higher accumulation of DRV was 

also found in the brain (1.5-fold and 3.5-fold for plain drug and nanoparticles, respectively) 

and even in the spleen, which serves as the main reservoir for HIV replication. Low 

accumulation of nanoparticles loaded DRV in the liver suggests the ability of these 

nanoparticles to bypass first-pass liver metabolism, prolonging circulation of the drug [89]. 

Similar attempt to improve oral bioavailability of DRV/RTV was made by Augustine et al, 
where the authors generated nanoparticles and microencapsulated them within calcium 

alginate/chitosan film to enhance their stability in pH-sensitive gastric conditions and sustain 

the release of drugs in the small intestine. Investigators were able to increase oral 

bioavailability of the drugs by 2-fold by encapsulating the nanoparticles versus plain drugs 

[90].

6. Conclusion

ARVs belonging to different classes are combined due to their ability to act at different 

stages of HIV life cycle. Most of the ARVs are metabolized by CYP pathway, and majority 

of them are either CYP inhibitors or inducers, and few possess both the activities. This can 

lead to both pharmacokinetics and pharmacodynamics interactions which can complicate the 

treatment of HIV infection. Acquisition of the knowledge of CYP-mediated drug 

interactions will help healthcare providers to manage patients on ART regimens more 

efficiently. When prescribing or switching one or more ARVs during HIV therapy, clinicians 

should be diligent about potential pharmacokinetics and pharmacodynamics drug-drug 

interactions to avoid drug resistance and adverse effects.

7. Expert opinion

Because of the combination of multiple drugs in ART regimen, the CYP-mediated DDI 

occurrence in a specific patient is complex and hard to predict even with the information 

provided on package inserts. The CYP inhibitors used in HIV treatment, which we discussed 

here, can cause clinically significant DDI by inhibition of CYP enzymes, leading to 
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increased drug exposure and potential toxicity. There is a need to know the factors that 

contribute to CYP-mediated DDI to avoid unpredictable interactions and consequent 

toxicity. Moreover, this complexity is also indicated by the polymorphism of CYP enzymes 

and individual differences of CYP activities. A pharmacogenetics evaluation for PLWHA is 

needed to determine whether the patient has fast or poor metabolizer for CYP enzymes. It is 

important to consider all these factors while prescribing ARV drugs, which are metabolized 

by CYP pathway, to HIV patient who also receives other drugs for the treatment of other 

conditions such as opportunistic infections. If several drugs are competing for the same 

metabolic pathways and drug interactions are hard to predict, clinicians need to titrate drug 

dose based on clinical response. Patient monitoring is critical to avoid their toxicity when 

CYP substrates are prescribed to patients who are on CYP inhibitors-based ARV regimens.

Recently, nanoformulation of ARVs is under development to overcome the limitations and 

side effects of current HIV treatment [80]. As we mentioned before, nanoparticles could be 

used as an effective delivery system of EVG in HIV-infected monocytes, perhaps bypassing 

CYP3A4 and eliminating the use of COBI [84]. Although only few nanoparticles loaded 

ARVs/molecules have reached to the clinical trials for HIV treatment, nanomedicine may 

provide a new approach for delivery of ARVs on a safe and efficient base for long-term 

therapy [80]. However, it was found that few nanoparticles itself may involve in drug 

metabolism and inhibit/induce some CYP enzymes [91]. Thus, in order to move forward to 

clinical use, one should consciously select a nanoparticle which doesn’t affect CYP 

induction/inhibition. Also, several aspects including long-term adverse reactions, systemic 

toxicities, accumulation of nanomaterials, and their interactions with plasma proteins need to 

be studied before moving to clinical use.

In addition, the influence of drug transporters should also be considered because drug 

transporter expression is also influenced by ARVs, which can lead to DDI [92]. The solute 

carrier (SLC) and ATP-binding cassette (ABC) transporters superfamily may limit the oral 

bioavailability of PIs, causing opposing effects [93]. Changes in the expression of drug 

transporters are also related to toxicity and efficacy of ARV drugs and the influence of drug 

transporters on ARVs was reviewed by Griffin et al. [93].

Overall, ARV drug interactions are complicated, especially when patients are on CYP-

inhibitors-based ART regimens. Therefore, it is necessary for clinicians to consider CYP-

mediated drug interactions while prescribing co-medications to patients receiving ARV 

therapy as inappropriate prescription may cause drug toxicity and/or fail to achieve viral 

control. If the clinician is unsure about the possible interactions, titration of drug dose based 

on a clinical response is needed.
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Article Highlights

• Most of the drugs used in HIV such as protease inhibitors (PIs), 

nonnucleoside reverse transcriptase inhibitors (NNRTIs), integrase strand 

transfer inhibitors (INSTIs), and pharmacokinetics enhancers (PK enhancers) 

are metabolized by cytochrome P450 (CYP) pathway.

• PK enhancers, all PIs, and some NNRTIs are also CYP inhibitors, which are 

expected to have a higher chance of interfering with drug metabolism causing 

unexpected pharmacodynamic changes and drug-drug interactions. Among all 

the CYP inhibitors used for HIV treatment, RTV and COBI are the most 

potent CYP inhibitors of both CYP3A4 and CYP2D6.

• The drug groups most implicated in CYP-mediated interactions with CYP 

inhibitors-based antiretroviral therapy (ART) include: statins, anti-TB drugs, 

antifungals, and anticonvulsants.

• Acquisition of the knowledge of CYP-mediated drug-drug interactions will 

help clinicians to manage patients on ART regimens more efficiently.

• To improve the treatment efficacy and minimize the drug-drug interactions, 

novel approaches which can bypass CYP metabolism may be the potential 

alternative future direction.
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Table 1:

CYP substrates, inhibitors, and inducers that are used in HIV treatment

ARV drugs by drug class CYP substrate CYP inhibitor CYP inducer

Protease inhibitors

Atazanavir (ATV) 3A4 3A4, 2C8 (weak)

Darunavir (DRV) 3A4 3A4 2C9

Fosamprenavir (FPV) 3A4 3A4 3A4 (weak)

Lopinavir (LPV) 3A4 3A4 (weak)

Saquinavir (SQV) 3A4 3A4

Tipranavir (TPV) 3A4 3A4, 2D6 (weak) 3A4, 1A2, 2C19

Indinavir (IDV) 3A4 3A4

Nelfinavir (NFV) 3A4, 2C19 3A4

Non-nucleoside reverse-transcriptase inhibitors (NNRTIs)

Efavirenz (EFV) 2B6 (primary), 2A6, 3A4 3A4 3A4, 2B6, 2C19

Etravirine (ETR) 3A4, 2C9, 2C19 2C9, 2C19 3A4

Delavirdine (DLV) 3A4 3A4, 2D6, 2C9, 2C19

Nevirapine (NVP) 3A4, 2B6 3A4, 2B6

Rilpivirine (RPV) 3A4

Integrase strand transfer inhibitors (INSTIs)

Bictegravir (BIC) 3A4

Dolutegravir (DTG) 3A4 (minor)

Elvitegravir (EVG) 3A4 2C9

CCR5 Antagonist

Maraviroc 3A4

PK Enhancers (Boosters)

Cobicistat (COBI) 3A4 3A4, 2D6

Ritonavir (RTV) 3A4, 2D6 3A4, 2D6 1A2, 2B6, 2C8, 2C9, 2C19
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Table 2:

CYP inhibition potency of drugs used in HIV treatment

Drugs used in HIV treatment IC50 in microsomes 
(μM)

Ki in microsomes (μM) Inhibition potency

CYP3A4 inhibitors

Ritonavir (RTV) [12, 13] 0.015 0.017-0.03 Strong

Cobicistat (COBI) [13] 0.036 - Strong

Fosamprenavir (FPV)/Amprenavir [12] 0.38 0.11 intermediate

Lopinavir (LPV)/RTV [94] - - Strong

Tipranavir (TPV)/RTV [8] - - Strong

Indinavir (IDV) [12, 13, 95] 0.4 −0.9 0.24 intermediate

Nelfinavir (NFV) [12] 1.90, 0.30 0.30 intermediate

Darunavir (DRV) [96] - 0.4 intermediate

Squainavir (SQV) [12, 95] 2.14 0.76 weak

Atazanavir (ATV) [97] - 2.35 weak

Efavirenz (EFV) [8] - - weak

CYP2D6 inhibitors

Ritonavir (RTV) [13, 98] 6.4 - Strong, but less extent than CYP3A4 
inhibition.

Cobicistat (COBI) [13] 6.5 -

 Tipranavir (TPV)/RTV [8] - -

 Lopinavir (LPV)/RTV [94] - -

CYP2C9 inhibitors

 Etravirine (ETR) [99] 0.58 - weak

CYP2C19 inhibitors

 Etravirine (ETR)[99] - - weak

IC50 values shows the concentration producing 50% inhibition of control enzyme

Ki values shows inhibition rate constant. – Data not available
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Table 3:

Changes in pharmacokinetics parameters of the PIs in RTV-boosted PI regimens

RTV boosting effect

Protease inhibitors Concentration (Cmin/Cmax/Css) Area under curve (AUC)

Atazanavir (ATV)[93] Cmin ↑ ~5 fold ↑ ~3 fold

Darunavir (DRV) [93] - ↑ ~10 fold

Fosamprenavir (FPV)/Amprenavir [93] Cmax ↑ ~1.5 fold
Cmin ↑ ~4 fold

↑ >2 fold

Lopinavir (LPV) [93] Cmin↑ ~2 fold
Css ↑ ~15-20 fold

↑ ~1.5 fold

Saquinavir (SQV)[100] Cmin↑ ~18 fold
Cmax ↑ ~7 fold

↑ ~16 fold

Tipranavir (TPV)[101] Cssmin↑ ~20 fold
Cssmax ↑ ~3 fold

↑ 4-13 -fold

Indinavir (IDV) [93] Cmin ↑ ~1.4 fold ↑ ~2 fold

Nelfinavir (NFV)[102] C12h↑ 30-90%
Cmax ↑ ~20%

↑ 20-40%

– Data not available
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Table 4:

Drug-drug interactions between ARVs (CYP inhibitors) and other drugs

Class of drugs ARVs Outcomes 
(ARV drug 
levels)

Outcomes (co-
administered drug 
levels)

Dosing Recommendation Ref

Lipid-lowering (Statins) All PIs, EVG/COBI No effect ↑ simvastatin,
↑ lovastatin,
↑ fluvastatin,
↑ atorvastatin 
possible
↑ rosuvastatin 
possible

Do not co-administer 
simvastatin, lovastatin, 
fluvastatin with PIs and 
EVG/COBI; Dose 
adjustments for 
atorvastatin and 
rosuvastatin may be 
necessary.

[8, 50, 51] 
[52]

EFV, ETR No effect ↑ fluvastatin possible Dose adjustments for 
fluvastatin may be 
necessary.

[8]

Anti-TB (Rifampin, rifabutin)

All PIs, EFV, ETR, 
EVG/COBI

↓ ARV levels 
when co-
administered 
with 
rifampin.

No effect Do not co-administer 
rifampin with PIs, EFV, 
ETR, and EVG/COBI. 
Rifabutin is a preferred 
regimen after dose-
adjustment.

[8, 46]

Antifungals (Ketoconazole, itraconazole) All PIs, PI/RTV, PI/
COBI, EVG/COBI

↑ PIs, ↑ ketoconazole,
↑ itraconazole

Dose adjustments are 
needed. Doses 
>200mg/day of 
ketoconazole or 
itraconazole is not 
recommended.

[15] [21] 
[55] [56]

Anticonvulsants (Phenytoin, 
phenobarbital, carbamazepine)

PI/RTV, PI/COBI, 
EFV, ETR, EVG/
COBI

↓ ARV levels ↑ carbamazepine 
with PI/RTV and PI/
COBI

Do not co-administer 
phenytoin, phenobarbital 
and carbamazepine with 
PI/RTV, PI/COBI, ETR, 
and EVG/COBI. Monitor 
anticonvulsants and EFV 
concentrations for dose 
adjustments.

[8] [59] [10]

Ergot alkaloids PI/RTV, PI/COBI, 
EFV, ETR, EVG/
COBI

No effect ↑ ergotamine effects Do not co-administer. Use 
alternative agents: 5-HT 
agonists (“triptans”).

[15] [64]

ARVs- Antiretroviral drugs; PIs, -Protease inhibtors; EVG-Elvitegravir; EFV-Efavirenz; COBI-Cobicistat; ETR- Etravirine; RTV- Ritonavir.
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