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Abstract

:

This comprehensive review explores two antiretroviral drugs, Etravirine (ETV) and Darunavir (DRV), a non-nucleoside reverse transcriptase inhibitor and a protease inhibitor, that are commonly used in human immunodeficiency virus (HIV) infection treatment, often in combination with each other. The pharmacokinetic properties of these drugs are covered as well as the clinical trials of these two drugs combined. This paper also delves into the possible repurposing of these two drugs for other diseases, with drug repurposing being a significant factor in addressing global health challenges. DRV was extensively studied for treating COVID-19, as well as other infections, such as candidiasis and cryptococcosis, while ETV proved to be efficient in hampering Zika virus brain infection. The focus on cancer repurposing is also explored, with the results revealing that ETV has a particular inhibitory effect on ovarian cancer in vitro and on cancer molecules, such as anterior gradient protein 2 homolog (AGR2) and casein kinase 1 (CK1ε), and that DRV has an in silico inhibitory effect on human lactate dehydrogenase A (LDHA) and induces the in vitro and in vivo inhibition of pepsin, consequent laryngopharyngeal reflux, and possible laryngeal and hypopharyngeal carcinomas. The significance of fresh methods of drug development is emphasized in this work, as is the enormous potential for new therapeutic uses of the antiretroviral drugs ETV and DRV in viral and non-viral disorders.
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1. Introduction


The human immunodeficiency virus (HIV) is a retrovirus comprising two types, with HIV-1 being the primary cause of acquired immunodeficiency syndrome (AIDS) globally given its higher infectivity compared to the other type [1]. As of 2022, UNAIDS reported that approximately 39 million individuals were living with HIV globally, with 1.3 million new cases in 2022 alone and with 630.000 deaths related to this disease, mainly occurring in Eastern and Southern Africa [2]. AIDS leads to a severe acquired deficiency of immune function mediated by cells, rendering the affected individuals susceptible to opportunistic infections and neoplasms [3].



HIV accumulates in lymphoid tissues, establishing viral reservoirs, with memory CD4+ T cells serving as its primary cellular targets. Upon infection, these cells enter a state of latent resting and their overall numbers decrease. Additionally, HIV dysregulates other cell types, including B cells, CD8+ T cells, nonlymphoid cells, and natural killer cells. The depletion and dysregulation of CD4+ T cells, along with the disruption of other cell populations, result in an impaired immune response against HIV and other pathogens [4]. This virus contains two copies of single-stranded RNA molecules, and, among its essential genes, the pol gene plays a crucial role as it encodes two enzymes vital for viral infection: (i) a reverse transcriptase (RT) that converts RNA into DNA, which becomes integrated into the host’s DNA, (ii) and a protease responsible for cleaving protein precursors [5].



In modern times, HIV treatment enables patients to maintain immunological function via reducing viral replication, which not only leads to improved life quality and expectancy but also contributes to a significant reduction in HIV transmission rates, with sexual transmission declining by over 90%. The standard treatment for HIV infection involves a combination of three drugs: two nucleoside analog RT inhibitors (NRTIs) along with either a non-nucleoside RT inhibitor (NNRTIs), a protease inhibitor (PI), or an integrase inhibitor, taken orally daily. Adjustment of this regimen can occur in two scenarios: (i) if the current treatment proves ineffective, leading to virologic failure (the detection of high amounts of HIV RNA), prompting a reevaluation of the treatment plan, (ii) or when the current treatment has been effective and resulted in virologic suppression, allowing patients to switch to a less potent regimen to maintain viral suppression [6].




2. Pharmacokinetics and Physicochemical Properties


Etravirine (ETV) and Darunavir (DRV) are antiretrovirals used in the treatment of HIV-1 infections, usually given in a multidrug fashion. ETV is an NNRTI, while DRV is a PI. These two drugs were chosen for this review as they present several indications in the literature that they are relevant for combination and repurposing, representing information that is scattered and that the authors aim to consolidate. Furthermore, both these drugs have passed the required amount of time for a patent and already have generics, an advantage when developing a repurposing strategy. They have also been on the market for several years, and their safety profile is well known. Their use in combination with each other, a topic that will be explored in this review, was also a point considered in the development of this review along with the aggrupation of these two drugs.



2.1. Etravirine


ETV (Figure 1) was first approved by the European Medicines Agency (EMA) and the U.S. Food and Drug Administration (FDA) in 2008 under the commercial name Intelence® (Janssen Pharmaceuticals, Beerse, Belgium) [7,8]. Figure 1 represents the chemical structure of ETV. Its route of administration is oral, through 25, 100, and 200 mg tablets administered to people 6 years of age and older, and is indicated for treatment-experienced patients and those with HIV-1 strains resistant to other antiretroviral agents [8]. This drug is a diarylpyrimidine that binds to the HIV-1 RT allosteric site in a flexible manner, which allows ETV to adjust to mutations that alter the binding pocket of the RT [9]. RT is crucial for the replication of the HIV-1 retrovirus since it catalyzes the reverse transcription of its RNA into cDNA, which can then be inserted into the host cell genome and be used to produce proteins required for the replication of the HIV-1 virus [10].



The posology of ETV is 200 mg administered twice daily, always after a meal since systemic exposure decreases in fasting conditions, reaching a maximum plasma concentration (Cmax) after 4 h, at which point it extensively binds with plasma proteins, mainly albumin and α1-acid glycoprotein [7]. This drug has an area under the curve at 12 h (AUC12h) of around 4522 ng·h/mL and a Cmax of 297 ng/mL, inducing RT inhibition at a half maximal effective concentration (EC50) of around 0.9–21.7 nM, depending on the HIV-1 strain [8]. TV is mainly metabolized by CYP2C19, CYP3A4, and CYP2C9 through the hydroxylation of the methyl groups of the dimethylbenzonitrile moiety into mono- and dimethylhydroxylated metabolites. Afterward, metabolites originating from CYP3A4 are glucuronidated by UGT1A3 and 1A8, forming an O-glucuronide metabolite [11]. This metabolism occurs in the liver, and the metabolites are more than 90% less effective in inhibiting RT than the parent drug [12]. In total, 93.7% of ETV is eliminated through feces, of which 81–86% is unchanged ETV. Only 1.2% is eliminated renally, mostly consisting of metabolites, and this drug is dialyzable and has a terminal elimination half-life of 41 h [13].




2.2. Darunavir


DRV (Figure 2), first introduced by Janssen-Cilag International as Prezista®, was approved in 2006 by the FDA [14] and in 2007 by the EMA [15], and, as mentioned above, this drug is a protease inhibitor. The HIV-1 protease performs the posttranslational processing of the gag and gag-pol polyproteins, which is required to produce structural proteins of the viral core critical for the maturation of viral particles and viral infectivity [16]. Figure 2 demonstrates the chemical structure of this compound. DRV develops strong hydrogen bonds with amino acids in the main chains of the HIV-1 protease active site, and it also binds to the surface of a flexible flap in the protease dimer, which, overall, gives DRV the ability to adapt to changes in the protease structure. This maintains the inhibition of the protease (even in resistant HIV types), which will then halt the processing of the gag and gag-pol proteins and virus maturation, with an EC50 of 1–5 nM [17]. DRV is indicated for patients older than 3 years of age and heavier than 15 kg, and it is always given in combination, mostly with low-dose ritonavir but also with cobicistat. Treatment-naïve patients’ posology is 800 mg of DRV with 100 mg of ritonavir or 150 mg of cobicistat, and for treatment-experienced patients, it is 600 mg DRV with 100 mg of ritonavir, both administered twice daily and always in a fasted state [15]. When in the plasma, DRV is 95% bound to proteins, primarily α1-acid glycoprotein, with an AUC24h of around 93,026–124,698 ng·h/mL and a Cmax of 2282–3578 ng/mL, depending on the dosage. DRV is subject to hepatic oxidative metabolism via CYP family enzymes, mainly CYP3A4, and the oxidative metabolites are 90% less effective than DRV.



Concomitant administration with ritonavir is carried out specifically because it is a CYP3A4 inhibitor, and when used in combination with DRV, it suppresses this drug’s ability to be metabolized, increasing the parent drug concentration in the plasma and, consequently, its systemic availability [14]. The main metabolic pathways described in the literature were aniline aromatic hydroxylation, carbamate hydrolysis, and isobutyl aliphatic hydroxylation, processes presumably induced by CYP3A4, and all pathways were inhibited via ritonavir boosting and, to a lesser extent, glucuronidation. When boosted with ritonavir, 79.5% of the DRV dosage is eliminated through feces, of which 41.2% is unchanged DRV. In urine, the percentage is lower, at 13.9%, of which 7.7% is unchanged DRV, and this drug has a terminal elimination half-life of 15 h when used in combination [18].





3. Combination of ETV and DRV


ETV combined with DRV boosted with ritonavir is used in the treatment of experienced patients that have drug-resistant HIV infections [19], and several clinical trials preceded this approach.



One of the first trials was a phase I trial in which two treatments were tested, 600/100 mg of DRV/ritonavir administered twice daily with either 100 or 200 mg of ETV supplied twice daily, and the corresponding pharmacokinetic parameters were registered. In terms of DRV pharmacokinetics, no alterations were observed. For ETV, when only 100 mg was administered twice daily, a decrease in AUC12h by 37% as well as decreases in Cmax and Cmin of 32% and 49%, respectively, were observed [20]. These decreases could be related to the fact that ritonavir is an inducer of CYP2C9, CYP2C19, and glucuronosyl transferase [21], which are known metabolizers of ETV. This, however, was altered when 200 mg of ETV was given to patients, with increases in AUC12h, Cmax,, and Cmin of 80, 81, and 67% in comparison with a 100 mg dose [20].



The DUET-1 (NCT00254046) and DUET-2 (NCT00255099) clinical trials were phase III double-blind randomized trials carried out in several different countries in which patients received either a placebo or 200 mg of ETV twice daily with 600/100 mg DRV/ritonavir twice daily. These patients were treatment-experienced individuals that showed virological failure with standard NNRTIs, and confirmation of the success of this new treatment was established as below 50 copies of HIV-1 RNA per mL present at week 24. By this time, 56% and 62% of the patients administered the treatment achieved a viral load of less than 50 copies per mL, which can be compared to the values of 39% and 44% for the placebo groups [22,23]. Generally, the types of adverse effects (AEs) were the same in the treatment and placebo groups, with only a small increase in rashes in the treatment groups in the DUET-1 trial and, overall, some cases of neuropsychiatric and hepatic AEs [22]. This result demonstrated that the combination of ETV with DRV/ritonavir was more effective than the drugs alone and that ETV had a higher genetic barrier to resistance than other NNRTIs [22,23]. The patients from these studies continued being monitored for a 48-week and 96-week analysis of the long-term effects of ETV [24,25]. More than 80% and 90% of the patients that had a viral load of fewer than 50 copies/mL at 24 weeks and 48 weeks maintained this state at up to 96 weeks, with sustained safety and tolerability of ETV [25]. No new AEs were reported after 48 weeks besides those previously mentioned, and the onset of a rash after week 48 was rare [24].



A multicenter clinical experience trial of three Italian departments of infectious diseases with treatment-experienced patients treated with 200 mg of ETV and 800/100 mg or 600/100 mg of DRV/ritonavir was also performed. Virological efficacy was achieved, with safety even in highly penetrated patients [26]. Another treatment regimen was also tested in the INROADS Intelence aNd pRezista Once a Day Study (NCT01199939), in which 400 mg of ETV with 800/100 mg of DRV/ritonavir administered once a day was tested in treatment-naïve patients with transmitted resistance and in treatment-resistant patients for 48 weeks. The main outcome of this research, an overall effectiveness of 89% (HIV-1 RNA < 50 copies/mL) at week 48, showed that this combination was a successful nucleoside-sparing regimen. The once-daily combination of ETV and DRV/ritonavir was well tolerated, with a low incidence of major AEs and AEs associated with the course of therapy. Rash, which occurred for two participants, was the most frequent AE of therapy. Limb fat, bone density, or bone markers did not significantly alter under the nucleoside-sparing regimen. In patients with transmitted resistance who had received therapy before or had never had it, this regimen was virologically effective and well tolerated, with modest to moderate lipid increases, no changes in the distribution of fat in the limbs, and no clinically significant alterations in glucose metabolism [27].



Besides DRV boosted with ritonavir, ETV was also tested in combination with DRV boosted with cobicistat. The pharmacokinetics of the drugs were evaluated in a phase I open clinical trial in which 800/150 mg of DRV/cobicistat and 400 mg of ETV administered once daily were tested alone and in combination for 14 days (NCT02818348). A decrease in cobicistat plasma levels was noted, with decreases of 30%, 14%, and 66% for AUC24h, Cmax, and C24h, and DRV showed a decrease only at C24h (56%). Meanwhile, ETV kinetics were unchanged in combination. These results showed that there was a drug–drug interaction between ETV and cobicistat and that perhaps the combination of ETV is better for DRV/ritonavir than for DRV/cobicistat [28]. Table 1 gives a summary of all the clinical trials involving ETV and DRV combined.



The combination of ETV with DRV could be a problem for CYP3A5-expressing people. CYP3A5 is one of the most abundant cytochrome P450s, but there is a common variant that has a single-nucleotide polymorphism, CYP3A5*3, that leads to the loss of function of this enzyme, and individuals with homozygosity for this polymorphism are CYP3A5 non-expressors [29,30]. A total of 91–95% of Caucasians have this polymorphism, while only 27% of the African population has it, so functional CYP3A5 is mainly encountered in the latter population [30,31]. A study that included CYP3A5 expressors tested DRV/ritonavir alone and in combination with ETV to see if there would be an alteration in the plasma concentration of DRV. While the polymorphism did not alter the concentrations of DRV when alone, when combined with ETV, there was a significantly lower DRV plasma concentration in CYP3A5 expressors than in those with the polymorphism. This demonstrates a potential induction of functional CYP3A5 by ETV, which puts CYP3A5 expressor patients, mainly those of African descent, at risk of receiving sub-therapeutic concentrations of DRV. This combination is, therefore, not indicated for these patients [32].



Besides the treatment of already-infected people, pre-exposure prophylaxis, or PrEP, is a method of preventing HIV infection or its spread through the body among people with a higher risk of HIV either through sexual intercourse or due to drug injection [33]. This treatment usually consists of a combination of 300 mg of tenofovir and 200 mg of emtricitabine taken once daily orally. It has been approved under the name Truvada and is associated with high costs [34]. Several studies demonstrated that, when the regimen is adhered to, it has 99% effectiveness in preventing sexually acquired HIV [35,36,37,38,39], and for drug injection, there is 74–84% effectiveness through a regimen of only tenofovir [40,41]. The effectiveness of PrEP is connected to adherence to daily or at least 4-times-a-week ingestion [42], and the failure of PrEP has been demonstrated in individuals who had late access to PrEP or had either not initiated treatment or had not adhered to PrEP care [43]. In 2021, a new injectable PrEP, named Apretude, was approved by the FDA. It is a long-release injectable suspension of cabotegravir given every two months after two initial injection doses one month apart, with a cost of USD 4000 per dose as of March 2023 [44]. This formulation is more effective than tenofovir/emtricitabine at preventing HIV infection through sexual intercourse [45,46]. Overall, both treatments are very expensive, and failure to adhere to the treatments impacts their effectiveness. While Apretude has solved the adherence problem, its cost is still quite high.



A study decided to focus on patent-expired antivirals as new targets for PrEP using an in silico simulation approach to the investigation. This study accounted for the modes of action of the drugs, their pharmacokinetics and pharmacodynamics, and the viral exposure that occurs during sexual intercourse to establish correlations between different drugs’ in vitro potency and PrEP efficacy. This study’s main objective was to develop a screening tool to identify suitable candidates for PrEP based on the pharmacokinetic and pharmacodynamic characteristics of antiretroviral drugs. By analyzing various treatment-approved antiviral drugs, the researchers identified ETV and DRV as potential candidates for effective HIV prophylaxis. Both drugs were predicted to fully prevent HIV infection, even when administered orally and in cases of poor adherence, due to their favorable inhibitory quotients, meaning that their concentrations achieved in clinical settings significantly exceeded their EC50 (in vitro potency) [47]. Furthermore, ETV’s long elimination half-life of 40 h [48] suggested that it could maintain beneficial inhibitory levels, supporting the possibility of sustained prophylactic efficacy. However, this study warned of potential safety concerns for ETV, particularly regarding liver toxicity and skin reactions. PIs also had a steep concentration–prophylaxis profile. This indicated that the efficacy of PIs like DRV could switch between zero and complete protection, something that could be mitigated by using administration forms of DRV that do not rely on daily dosing, such as slow-release or nanoparticle formulations. In summary, both ETV and DRV demonstrated promise as potential candidates for PrEP against HIV. Their favorable inhibitory quotients and predicted efficacy in preventing infection, allied with the fact that they are both patent-free, make them noteworthy options for further investigation for a more affordable PrEP. However, before considering their use in PrEP applications, a thorough evaluation of safety concerns and the implementation of appropriate dosing strategies to maintain optimal drug concentrations are essential [47]. Biological information that points to the combination of ETR and DRV boosted with RTV and their accumulation in semen plasma and rectal tissue further indicates the possible effectiveness of these drugs in preventing HIV acquisition through rectal contact and suppressing virus replication in the male genital tract. This demonstrates that this drug combination can potentially be used for HIV prevention among both infected and uninfected individuals [49].




4. Repurposing of ETV and DRV


Drug repurposing, which involves using already-approved medications for one condition to treat an altogether different one, is an emerging methodology in the hunt for novel disease treatment approaches. In this process, the repurposed medications have already undergone the necessary risk assessment processes and been deemed safe for human use, thereby helping to avoid the high costs and sluggish speeds that are fundamentally connected with the creation of new pharmaceuticals [50]. Herein, we will focus on some possible new uses for ETV and DRV that were found in the literature.



4.1. Repurposing for Other Pathogens


The repurposing of drugs usually starts by testing them against similar diseases, which, in the case of the drugs focused on in this study, are caused by other pathogens.



Infection by Candida albicans is one of the most widely spread fungal infections in the world. It is an opportunistic fungus that can proliferate rapidly and invade tissues, causing various diseases, with oral and vaginal candidiasis being very common examples [51]. Oral candidiasis is often present in HIV-positive patients and is a precursor of esophageal candidiasis, an AIDS-defining disease, and a study demonstrated that HAART therapy decreased the oral colonization of C. albicans [52]. In this setting, the focus is on HIV-PIs, and one study focused on studying the impact of second-generation PIs, including DRV, on strains of C. albicans in vitro and in G. mellonella larvae. This study demonstrated that DRV had antifungal activity, inducing a decrease in virulence-related gene expression, thus protecting a larval model from death via this disease. This was achieved with a minimum inhibitory concentration of 512 µg/mL, which is a high value and suggests that DRV can be used as an adjuvant for the treatment of this disease [53]. Another often opportunistic infection often associated with AIDS is cryptococcosis, caused by the Cryptococcus neoformans and Cryptococcus gattii fungi, which causes high mortality in low-to-middle-income countries due to its entry into the central nervous system [54,55]. DRV was shown to decrease the capsule production and proteolytic activity of C. neoformans in one study [56]. It also had an inhibitory effect on planktonic growth, metabolic activity, and the biofilm formation of C. gattii and C. neoformans alone and even more so when used in combination with antifungals, having a synergistic effect with amphotericin B [57].



Meanwhile, ETV has been shown to inhibit the ability of Zika virus (ZIKV) to infect brain cells. This is a flavivirus that is transmitted via mosquito bites and is widespread throughout Brazil and the rest of the Americas [58]. This disease, which had previously only been associated with mild fever, rashes, and conjunctivitis [59], is associated with severe neurological complications in adults, with a high incidence of Guillain–Barré Syndrome (weakness of the limbs and nerve-innervated muscles) [60,61], as well as neonatal complications, wherein a correlation between microcephaly and infection with ZIKV during pregnancy has been established [62,63]. The RNA genome of this virus has a positive strand that codes for the NS5 protein, which is essential for viral replication [64]. Researchers have discovered possible regions of ETV in a computational analysis of the ZIKV NS5 protein, which may hinder a successful ZIKV infection cycle in the brain [65]. NS5 has two druggable sites that are suitable for small-molecule ligands like ETV to bind to. The binding pocket for SAM, the methyl donor in the 5′ RNA cap structure, is shared by the first site, the SAM site, which is found on the MTase domain of NS5 (N terminus). Small compounds like ETV that bind to this location can allosterically hinder viral replication [66]. The palm site, which is the second druggable location, is shared by DENV NS5 and other flaviviruses. It is found on the NS5’s RNA-dependent RNA polymerase (RdRp) domain (C terminus). The enzymatic activity of DENV RdRp is inhibited by competitive binding at the palm site [67]. Researchers have hypothesized that ETV may operate similarly by binding to ZIKV NS5’s palm site, and they have experimentally mutated several amino acid residues with possible ETV binding affinity to confirm their findings. Surprisingly, the outcomes demonstrated that ETV displayed a preference for binding to the NS5 protein’s RdRp domain (C terminus) as opposed to the MTase domain (N terminus), as was previously thought to be the case. These interactions were drastically reduced when these residues (mutant-14A) were introduced, proving that one or more of the altered residues are responsible for ETV binding. Furthermore, polymerase activity experiments confirmed these binding results, indicating that ETV binds to the RdRp domain and inhibits NS5 polymerase activity. The IFN−/− mouse model, which is prone to ZIKV replication in the brain and is widely used for the study of this disease [68], was used by researchers to evaluate the in vivo effects of ETV on ZIKV infection. ETV treatment prevented viral multiplication, decreased brain inflammation, and shielded neurons from apoptosis and necrosis in ZIKV-infected IFN−/− mice. Notably, ETV reduced the mortality caused by ZIKV. These results revealed that the in vivo spread of ZIKV in the brain was adversely affected by ETV’s direct interaction with the viral protein NS5 and that this drug could have the potential to be used for repurposing in ZIKV treatment [65].



Recently, the COVID-19 epidemic started and spread through the world rapidly, and drug repurposing was one of the first resources used by investigators to establish a treatment for this disease. The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in China at the end of 2019 and is the pathogen behind this pneumonic disease [69]. This virus enters the cell by binding its spike S protein to the cellular receptor angiotensin-converting enzyme 2 (ACE2), and the S protein has to be cleaved into S1/S2 units by cellular protease TMPRSS2 for S2 to bind to the cellular membrane and enter the cell [70,71]. The DNA of the SARS-CoV-2 virus contains two open reading frames that, when broken down, yield the 16 nonstructural proteins (NSP) required for this virus to complete its life cycle: polyproteins 1a and 1b. The chymotrypsin-like protease (3CLpro also known as Mpro) and, to a lesser extent, the papain-like protease (PLpro), are responsible for this process in betacoronaviruses like SARS-CoV 2 [72]. These are all possible targets of COVID-19 treatment with repurposing drugs, and antiretroviral drugs were one of the first groups studied, among which DRV has been extensively studied.



One of the first indications that DRV could be used for SARS-CoV-2 inhibition was uncovered in March of 2020 when a group of investigators used a molecule transformer–drug target interaction prediction model to assess the binding parameters of several drugs with some of the virus’ proteins [73], like the proteases as well as the helicase, which form part of the replication machinery [74]. The dissociation constants (kd), that is, the concentrations of the drug at which half of it is bonded to the target, were assessed, and the lower the kd, the higher the affinity of the drug with the target [75]. The drug Prezcobix, which combines DRV and cobicistat, had a kd of 90.38 nM with the SARS-CoV-2 helicase, which demonstrates the moderate affinity of DRV with this enzyme [73].



The Mpro enzyme has been one of the most targeted for inhibition, and the initial studies used in silico models to assess several types of drugs for this purpose. Molecular docking, molecular dynamic simulations, and molecular-mechanics-generalized born surface area calculations were used to obtain the docked poses, biding energy values, and evaluate the stability of interactions [76]. All these studies demonstrated that DRV is among the drugs with the highest affinity for SARS-CoV-2 Mpro and can effectively inhibit this virus’s activity [76,77,78,79,80,81]. Other in silico investigations also demonstrated that DRV has a relatively strong affinity with other SARS-CoV-2 proteins, as shown in a study of the S protein and the NSP9 RNA binding protein [82], and another one demonstrated that DRV targeted various binding motifs of every NSP protein tested except, interestingly and in contrast with the previous study, Nsp9 [83]. DRV was also shown to have synergy in silico with other compounds that were thought to be capable of being repurposed for treating COVID-19, namely, vitamin C derivates [84] and the marine alkaloid 8-hydroxymanzamine [85].



However, in vitro testing of DRV and other antiretrovirals was performed as well, using HEK-239 T cells transfected with SARS-CoV-2 Mpro, and the results regarding DRV in the study indicated that it, along with other HIV protease inhibitors, did not significantly inhibit the Mpro of SARS-CoV-2 in vitro. The conducted in vitro enzymatic assay revealed that DRV showed an IC50 value of 36.1 µM, which is considered suboptimal for inhibiting the viral enzyme in question [86]. Additionally, previous reports on the minimum concentrations of DRV in patient serum during antiretroviral treatment indicated a value of 3.3 µM [87], further highlighting the challenge of achieving the high plasma levels of DRV required to effectively block viral replication via inhibiting Mpro [86]. Some other studies highlighted the limitations of DRV repurposing for COVID-19. One aimed to investigate the population pharmacokinetics of DRV among patients infected with SARS-CoV-2 compared to patients with HIV. The researchers found that the clearance of DRV was significantly lower in SARS-CoV-2 patients compared to that of HIV patients, which was related to the levels of the cytokine IL-6 [88]. This cytokine is known to be involved in inflammation and may downregulate the activity of enzymes responsible for drug metabolism, including CYP3A4 [89], which metabolizes DRV, and dosing adjustment could be required for patients with severe SARS-CoV-2 infections [88]. Distribution to tissues is also a major agent in drug efficacy for this disease, mainly with respect to the lung and intestine, as they are the tissues with higher expression of ACE2 and TMPR22. DRV accumulates in the intestine but not in the lung and has failed to reduce viral loads in nasopharyngeal swabs, which makes DRV not ideal for treating COVID-19 [90].



Some clinical trials were started with this drug, either in combination with ritonavir or cobicistat: NCT04252274; NCT04425382; NCT04304053. The first one was performed to access the safety of DRV/cobicistat in COVID-19 patients, with the results showing that the drugs were well tolerated [91]. We could not find results for the remaining trials. Overall, DRV showed some interesting properties in relation to COVID-19 treatment, but after the development of the COVID-19 vaccines and the release of some unfavorable in vitro results, this drug was forgotten for this purpose. ETV was also briefly studied in silico for COVID-19 treatment due to its high bioavailability value and binding energy with Mpro and the RdRp [92], but it was not studied further. Figure 3 demonstrates all the possible mechanisms of the DRV- and ETV-based inhibition of SARS-CoV-2 replication.




4.2. Repurposing for Cancer Treatment


In terms of experimental studies, ETV has been studied in relation to ovarian cancer in an extensive study on the effects of several antiretrovirals on the alteration the of the cell cycle, differentiation, and DNA damage and the SKOV3 cell line. Applied at a concentration of 20 µM for 48 h., ETV caused cell damage, and it also stopped cells from entering into the cell cycle by blocking the passage of G0 to G1 as well as via decreasing the quantity of proteins associated with the cell cycle, like cyclin D1 and phosphorylated retinoblastoma (Rb) [93]. There was also an increase in p21, which is anti-proliferative and a cell cycle blocker since it inhibits cyclin-dependent kinases, which normally work in conjunction with cyclins to manage the cell cycle [94]. The drug also increased levels of E-cadherin, a tumor suppressor protein that, in healthy cells, is responsible for epithelial and cell–cell adhesion and is downregulated in cancer cells, allowing for invasion and metastasis [95]. An ETV-mediated increase in E-cadherin caused the differentiation of SKOV3 cells into less-invasive cells. Overall, ETV demonstrated the best effect on the ovarian cancer cells out of all the antiretrovirals tested, with the highest effects on cell cycle arrest and DNA damage, and it was the only one that caused cell differentiation [93].



ETV’s ability to reduce the survival of ovarian cancer cells may also result from its ability to inhibit the human anterior gradient protein 2 homolog (AGR2). This is a disulfide isomerase that regulates protein folding, is expressed in the endoplasmic reticulum, and is linked to the beginning of carcinogenesis, its progression, and resistance to therapy [30]. Normally, AGR2 regulates the total protein counts of cells, and it is essential for milk production during lactation [96], for the production of epithelial mucins for the respiratory system [97], and, overall, in the differentiation of epithelial goblet cells, i.e., cells that secrete mucus for some tissues, such as reproductive and gastrointestinal tissues [98]. The role of AGR2 in cancer cells is twofold, as there is intracellular AGR2, which maintains endoplasmic reticulum proteostasis required by the increased secretory demands of cancer cells, and there is extracellular AGR2, which causes inflammation, angiogenesis, and oncogenic signaling related to epithelial tumorigenesis [99]. The ability of AGR2 to induce angiogenesis has been linked to its interaction with vascular endothelial growth factor-A (VEGF-A), which enhances the VEGF-VEGFR2 pathway, which is often augmented in cancer, such as in prostate cancer, and is associated with angiogenesis [100]. The authors of one study decided to assess the effect of ETV on AGR2 inhibition using the ovarian cancer cell lines SKOV3, A2780 normal and Adriamycin-resistant, and OVCAR8, using concentrations ranging from 1.25 to 10 µM at different time points ranging from 12 to 72 h, performing several experiments. An in vivo study using an orthotopic ovarian cancer mouse model was also performed, with 100 mg/kg of ETV administered three times a week for three weeks. The drug was capable of decreasing the cell viability of all the cell lines as well as colony formation, migration, and invasion, with an IC50 of around 7.5 µM, and it inhibited tumor growth and the weight of tumor metastasis in vivo. Furthermore, ETV decreased AGR2 levels, both in the cells and in the mouse model, as well as the formation of HUVEC (human umbilical vein endothelial cells) tubes, which are associated with angiogenesis. Synergism with paclitaxel was also observed, both in vivo and in vitro, and no toxic effects were observed in the vital organs. Overall, this study demonstrates the capacity of ETV to inhibit ovarian cancer via the inhibition of AGR2, showing that it is promising for repurposing with respect to this cancer and potentially others where AGR2 overexpression is prominent, possibly via administration with paclitaxel due to their synergic effect [101].



Inhibiting casein kinase 1 (CK1ε), an enzyme belonging to a family of enzymes implicated in signal transduction pathways, has been investigated as a possible method of action of ETV [102]. The Dishevelled protein, which protects the stability of β-catenin by blocking its degradation complex, is phosphorylated by CK1ε, which is a positive regulator of the WNT/β-catenin pathway and activated by WNT [103]. With the buildup of β-catenin in the nucleus, which triggers cell proliferation, this pathway’s deregulation is linked to the emergence of early cancer [104]. Since CK1ε inhibition has been investigated, it has been shown to cause cancer cells to undergo cell cycle arrest and apoptosis, and ETV has been suggested to be a CK1ε inhibitor. In this in silico study, the investigators developed a pharmacophore model of binding modes utilizing the well-characterized catalytic pocket of CK1ε and known inhibitors. This model was then used to perform a virtual screening of an FDA-approved drugs library, and two drugs were identified, one of which was ETV. This drug stably bound to CK1ε through hydrogen bonds, with a calculated theoretical binding affinity similar to that of an already-approved CK1ε inhibitor, umbralisib, whose ability was better than the other drug (abacavir), so this study concluded that ETV could be repurposed for the inhibition of this enzyme [102].



As for DRV, an in silico study aimed to discover new inhibitors to target human lactate dehydrogenase A (LDHA) [105]. This enzyme, which turns pyruvate into lactate, is critical for glycolysis, but it is also important as a single-stranded DNA-binding protein when present in the nucleus. LDHA levels are frequently elevated in cancer patients due to the shift from aerobic phosphorylation to anaerobic glycolysis, and LDHA promotes several of the disease’s well-known characteristics, including increased proliferation, immune escape, cell invasion, metastasis, and angiogenesis [106], so the inhibition of LDHA activity is a potential target for cancer treatment. As such, one study developed a pharmacophore model of LDHA, and model docking was used to screen several drugs. DRV was shown to bind with the catalytic site of the enzyme with high stability (similar to known inhibitors) using hydrophobic interactions and hydrogen bonds, hampering the conformational changes needed for catalytic activity [105].



Other potential repurposing pathways of DRV are laryngeal and hypopharyngeal carcinomas. These carcinomas are associated with laryngopharyngeal reflux (LPR), in which substances like pepsin, hydrochloric acid, bile acids, and salts and bacteria suffer reflux in the larynx, oropharynx, and nasopharynx. Pepsin can cause a loss of epithelium of the mucous membranes of the larynx and hypopharynx, and it can also cause the carcinomas previously mentioned [107]. One study developed a pepsin-binding scheme and a mouse model of LPR to study several drugs, their inhibitory effects on pepsin, and their ability to protect against in vivo damage. The results of the study suggest that DRV demonstrated potential as an anti-peptic agent in preventing laryngeal damage caused by pepsin exposure in the mouse model. DRV was found to bind and inhibit pepsin effectively, with the lowest IC50 (0.06 µM) in the in vitro assays. In the in vivo model, DRV, when administered locally via inhalation, preserved normal laryngeal histology despite pepsin exposure, preventing pepsin-mediated laryngeal damage. This study provides an initial proof of concept that a pepsin-targeting therapeutic, such as DRV, may reduce mucosal damage like that seen in LPR patients [108]. Since pepsin damage and laryngeal and hypopharyngeal carcinomas have also been connected, DRV can potentially also be used for the treatment of those carcinomas in addition to LPR treatment.



Table 2 summarizes all the potential repurposing pathways for DRV and ETV mentioned in this article.



Other antiretrovirals have also been studied in relation to cancer. Other PIs like DRV that have been shown to exhibit effects include ritonavir (in treating cervical cancer) [109] and nelfinavir (in treating pancreatic cancer) [110]. These drugs provide direct evidence both through in silico methods and in cancer cells, while DRV’s effect is still only theoretical. Regarding NNRTIs like ETV, efavirenz has shown extensive repurposing possibilities, with even some clinical trials being underway for cancers like pancreatic and prostate cancer [111]. One of the studies that evaluated ETV but also included efavirenz and another NNRTI called rilpivirine showed that the last two drugs had a lower EC50 in treating pancreatic cancer than ETV (31.5 and 24.4 μmol/L vs. 89.9 μmol/L). While these NNRTIs show more promise with regard to this type of cancer, ETV was still one of the drugs with the strongest cytotoxic effects, and it is still very much worth pursuing [112].



This comprehensive review sheds light on the untapped potential of DRV and ETV that extends far beyond their original use. While fragments of this potential have been suggested in separate articles, this review consolidates the evidence, showcasing the substantial opportunities for drug repurposing with these agents. It is the belief of the authors that the adaptability of ETV and DRV exemplifies the exciting possibilities within translational medicine, urging further exploration. These antiretroviral drugs, with their expanding horizons, dictate a future in medicine where drug repurposing and innovation are the driving forces behind progress. This review also aims to raise public awareness about the potential of drug repurposing and its implications, both positive and negative, fostering support for innovative approaches in medicine.



Looking ahead, the in-depth exploration of these drugs’ mechanisms of action in various diseases is crucial, as this area remains relatively uninvestigated. Clear definitions of these mechanisms and effective pathways for their efficacy are necessary to harness their full potential and target them more precisely for specific diseases. Additionally, defining appropriate dosages is crucial. To achieve these goals, comprehensive research strategies are indispensable. This entails conducting meticulous in vitro studies using diverse models and harnessing the power of big-data-driven research conducted using in silico tools, streamlining the approach to this subject. Subsequently, advancing to clinical trials, possibly in conjunction with other relevant drugs or even in combination with each other, is the logical progression. For this vision to materialize, collaboration between the pharmaceutical industry and regulatory bodies is indispensable. While drug repurposing can be cost-effective, it still requires financial backing and regulatory approval. The success of this approach, particularly with respect to ETV and DRV, hinges on fostering interdisciplinary research and the exchange of knowledge and ideas among experts in virology, oncology, pharmacology, and related fields. This collaboration will unlock the full potential of these two versatile antiretroviral drugs, potentially revolutionizing the way we approach disease treatment in the future.





5. Conclusions


The usage of ETV and DRV, two antiretroviral medications frequently used to treat HIV-1 infections, is discussed in this paper along with an examination of their pharmacokinetics, physicochemical characteristics, and potential for use in other medical procedures. These drugs have demonstrated strong outcomes in sustaining viral suppression and have been widely utilized in combination therapy to treat drug-resistant HIV infections, with several clinical trials proving these capacities.



This article also examined the possibilities for repurposing ETV and DRV for other medicinal uses, including preventing the growth of diseases like candidiasis, cryptococcosis, and the ZIKV. DRV also demonstrated an initial potential for COVID-19 treatment, but further studies did not support this and so its application is still uncertain. According to the in vitro results combined with its inhibition of AGR2 and CK1ε, ETV also showed promise in the treatment of ovarian cancer, and DRV demonstrated promise as an LDHA and pepsin inhibitor in the fight against cancer and LPR.



The significance of repurposing existing drugs for brand-new therapeutic uses is emphasized in the analyzed studies. While both ETV and DRV have shown promise in a variety of settings outside of HIV therapy, further preclinical and clinical research is required to confirm their effectiveness and safety in these novel uses. Drug repurposing offers a time- and cost-efficient method for discovering novel medicines for a range of ailments, possibly helping people all over the world. To guarantee the effective and secure repurposing of these antiretroviral medications, however, a thorough evaluation of safety and pharmacokinetic interactions is essential.
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Figure 1. Chemical structure of ETV (developed using ChemDraw®. A Chemical Drawing Software. Available online: https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html (accessed on 30 July 2023)). 
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Figure 2. Chemical structure of DRV (developed using ChemDraw®. A Chemical Drawing Software. Available online: https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html (accessed on 30 July 2023)). 
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Figure 3. Suggested inhibitory targets of DRV and ETV for SARS-CoV-2 determined through several in silico studies. DRV was shown to exhibit affinity with S-protein, inhibiting entrance in the cell host, Mpro, thereby inhibiting polyprotein processing, helicase, and several NSPs, inhibiting virus replication. ETV showed promise for Mpro and RdRp binding, inhibiting further SARS-CoV-2 replication. The red “x” represent the inhibitory effects of ETV and DRV. Adapted from “COVID-19 Drug Mechanism of Action (Layout)” created by BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-templates (accessed on 30 July 2023). 
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Table 1. Clinical trials of the combination between ETV and DRV.
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Clinical Trial

	
Regimen

	
Time

	
Main Results

	
Ref.






	
Pharmacokinetic study

	
600/100 mg DRV/r (t.d)

+

100 or 200 mg ETV (t.d)

	
16 days

	
  100   mg   ETV — ↓      37 %   AUC  12 h  ,   ↓      32 %    C max  ,   ↓    49% Cmin in comparison with ETV alone

  200   mg   ETV — ↑      80 %   AUC  12 h  ,   ↑    32 %    C max  ,   ↑  49% Cmin in comparison with 100 mg ETV

Ritonavir decreased ETV exposure, which was resolved with increased ETV dosage

	
[20]




	
DUET-1 (NCT00254046)

	
600/100 mg DRV/r (t.d)

+

100 or 200 mg ETV (t.d)

	
24 weeks

	
56% and 62% of patients achieved viral loads <50 copies/mL

No serious AEs were noted; only rashes and some cases of neuropsychiatric and hepatic AEs were observed

Effective combination

	
[22,23]




	
DUET-2 (NCT00255099)

	
48 weeks

	
Continued efficient inhibition of virus replication

	
[24]




	
96 weeks

	
Sustained virus replication (>80%), high safety and

tolerability and no new AEs

	
[25]




	
Multicenter Italian clinical experience

	
600/100 mg or 800/100 mg DRV/r (t.d)

+

200 mg ETV (t.d)

	
24 months

	
Virological efficacy with safety even in highly penetrated patients

	
[26]




	
INROADS (NCT01199939)

	
800/100 mg DRV/r (o.d)

+

400 mg ETV (o.d)

	
48 weeks

	
Virological efficacy of 89%

Well tolerated

Low incidence of AEs (mostly rash)

No change in limb fate, bone density, or glucose metabolism

	
[27]




	
NCT02818348

	
800/150 DRV/cobicistat (o.d)

+

400 mg ETV (o.d)

	
14 days

	
  ↓      30 %   AUC  24 h  ,   ↓      14 %    C max  ,   ↓    66% C24h of cobicistat

  ↓    56% C24h of DRV

Drug–drug interaction between ETV and cobicistat; combination not recommend

	
[28]











 





Table 2. Studies on repurposing of DRV and ETV for different diseases.
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Drug

	
Target

	
Model

	
Main Results

	
Ref.






	
DRV

	
Candidiasis

	
Strains of C. albicans

G. mellonella larvae

	
Antifungal activity

Protection of in vivo model with inhibitory

concentration of 512 µg/mL

	
[53]




	
Cryptococcosis

	
C. neoformans and

C. gattii

	
  ↓    capsule production and proteolytic activity of

C. neoformans

Inhibition of planktonic growth, metabolic activity, and biofilm production

Synergistic with amphotericin B

	
[57]




	
COVID-19

	
Molecular docking of

several SARS-CoV-2

proteins

Transfected HEK-239

T-cells

Clinical trials

	
Binding affinity with SARS-CoV-2 Mpro, helicase, S ~

protein, and NSPs in silico

In silico synergism with vitamin C and

8-hydroxymanzamine

No significant inhibition of Mpro in vitro (IC50 of 36.1 µM)

Clinical trials without results

	
[73,76,77,78,79,80,81,82,83,84,85,86,88,90,91]




	
LDHA

inhibition

	
Molecular docking

of LDHA

	
Binds with catalytic sites similar to known

inhibitors via hydrophobic interactions and

hydrogen bonds

Adapts to conformational changes

Potential for inhibiting LDHA

	
[105]




	
Laryngopharyngeal reflux

Laryngeal and

hypopharyngeal

carcinomas

	
Pepsin protein

Mouse model of LPR

	
Bound to and inhibited pepsin (IC50 of 0.06 µM)

Prevented pepsin-mediated laryngeal damage

	
[108]




	
ETV

	
Zika vi