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Abstract: A major challenge in the management of antiretroviral therapy (ART) is to improve the
patient’s adherence, reducing the burden caused by the high number of drugs that compose the
treatment regimens for human immunodeficiency virus positive (HIV+) patients. Selection of the
most appropriate treatment regimen is responsible for therapeutic success and aims to reduce viremia,
increase the immune system response capacity, and reduce the incidence rate and intensity of adverse
reactions. In general, protease inhibitor (PI) is one of the pillars of regimens, and darunavir (DRV),
in particular, is frequently recommended, along with low doses of enzyme inhibitors as cobicistat
(COBI) or ritonavir (RTV), by the international guidelines. The potential of clinically significant drug
interactions in patients taking COBI or RTV is high due to the potent inhibitory effect on cytochrome
CYP 450, which attracts significant changes in the pharmacokinetics of PIs. Regardless of the patient
or type of virus, the combined regimens of DRV /COBI or DRV /RTV are available to clinicians,
proving their effectiveness, with a major impact on HIV mortality /morbidity. This study presents
current information on the pharmacokinetics, pharmacology, drug interactions, and adverse reactions
of DRV; it not only compares the bioavailability, pharmacokinetic parameters, immunological and
virological responses, but also the efficacy, advantages, and therapeutic disadvantages of DRV /COBI
or DRV/RTV combinations.

Keywords: antiretroviral therapy (ART); antiretrovirals (ARVs); boosted protease inhibitor (PI);
darunavir (DRV); ritonavir (RTV); cobicistat (COBI); HIV/AIDS

1. Introduction

The human immunodeficiency virus (HIV), responsible for the development of ac-
quired human immunodeficiency syndrome (AIDS), is today one of the most serious public
health challenges that humanity has to deal with [1]. Nearly 40 million people world-
wide are infected with HIV, and global efforts are being made to reduce the number of
new infections and to give all patients access to antiretroviral treatment/therapy (ART).
Aware of their condition, people infected with HIV take ART daily, thus often managing to
keep a low or even undetectable viral load. This way, their life expectancy has increased
significantly, and they can live a normal life.

Another major benefit of ART is the possibility of preventing virus transmission, as
this therapy manages to significantly reduce the number of maternal-fetal transmissions [2].
Highly active ART (HAART) has significantly reduced viremia, increased the body defense
capacity, improved general condition, reduced the number of opportunistic infections,
and prolonged survival, but with potentially significant side effects, reported since 1997,
especially in the first generations of antiretrovirals (ARVs) [3,4].

Patients with HIV infection may face increased risk of cardiovascular disease, neu-
rocognitive disorders, liver disease, cancer, and bone demineralization. These comorbidities
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are not only attributed to the disease per se, but are considered, in some cases, side effects
of ART. Comorbidities can also be caused by continued viral replication in so-called “sanc-
tuaries,” or they can be consequences of chronic HIV inflammation. Nowadays, only a
third of deaths among people infected with HIV are caused by the natural course of the
disease. The rest of the deaths occur due to comorbidities, complications induced by drug
interactions and toxicity of ART [5].

ART can inhibit viral replication, controlling the infection and thus prolonging the
patient’s life. Moreover, people infected with HIV can lead a normal life for decades. How-
ever, even patients who initially responded well to the treatment may experience moments
or periods of therapeutic failure. This failure can be caused by many factors: low /lower
patient adherence, too low potency of the drug, viral resistance, cellular characteristics,
and pharmacokinetic considerations [6].

There is an apparently large number of medicinal substances (30 molecules) avail-
able to HIV infected patients. Treatment regimens always include combinations of ARV
drugs [7]. The treatment history is different for each patient. In the majority of cases, it is
proven that none of the patients will remain on the same regimen over time. The more often
these regimens change, the older the patient becomes (“therapeutically” speaking), and the
lower the virological response. Thus, it is imperative that those who set up the regimens
know exactly the concentration of drug substance needed to suppress HIV replication
without generating resistance or toxicity problems [7].

It is known that HIV has the great ability to make genetic mutations. There are
significant zonal differences in the type of virus, which requires in-depth study related
to its evolution in the body, depending on the geographical region and genetics of the
infected population.

This study aims to provide the main information on the topic related to ART usage
in HIV-infected patients, especially regarding those in whose regimen a protease inhibitor
(PI)—namely darunavir (DRV)—is introduced in combination with an enzyme inhibitor
(a booster), which increases the ARV effect of PI. The pharmacokinetic of the PIs is sig-
nificantly influenced when combined with ritonavir (RTV) or cobicistat (COBI) (both are
boosters); therefore, a detailed analysis of changes in pharmacokinetic parameters is required
in patients with this regimen. Management of ART involves choosing the best treatment
regimen for the therapeutic success (by lowering viremia, increasing CD4 lymphocyte levels,
reducing the frequency and intensity of ARV medication, avoiding toxicity, etc.). The article
reviews information from the literature relevant to the topic. At this time, there is not much
comparative data between the advantages and disadvantages of using one inhibitor or
another, or to strictly compare the values of boosted pharmacokinetic parameters.

2. Antiretroviral (ARV) Medication

The main classes of ARV drugs comprise 30 molecules active against HIV-1 as follows:
nucleoside or nucleotide reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse
transcriptase inhibitors (NNRTIs), integrase inhibitors, PIs, and pharmacokinetic enhancers
(boosters). In addition, there are new fixed dose combinations between various molecules,
designed to improve administration and thus achieve adherence:

e fixed dual combinations—emtricitabine/tenofovir, COBI/DRYV, lamivudine/zidovudine,
lopinavir/RTV, and abacavir/lamivudine;

e fixed triple combinations—abacavir/lamivudine/zidovudine and abacavir/lamivu-
dine/dolutegravir;

e fixed quadruple combinations—elvitegravir/COBI/emtricitabine/tenofovir.

2.1. Human Immunodeficiency Virus (HIV) Protease

In the life cycle of HIV, the protease is an essential element for viral maturation. HIV
protease is a homo dimeric aspartyl protease, each monomer being composed of 99 amino
acid residues with a catalytic aspartic acid (Asp) at position 25. HIV-1 protease cleaves the
precursor of Gag (Gag) and Gag-Pol polyproteins encoded by the HIV genome-1 at nine
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processing sites to produce mature active proteins. Pol-polyproteins are first cleaved from
Gag-Pol polyproteins and then further digested into protease, reverse transcriptase (p51),
H ribonuclease (RNase H) (p15), and integrase [8].

The active site is not fully exposed, being covered by two flaps, which must be opened
to allow the substrates to access it. HIV-1 protease activity can be inhibited by blocking its
active site. The indispensable role of HIV protease in viral maturation makes it a major
target of ARV drugs. A large number of HIV protease protein structures have facilitated
the formulation of new and improved inhibitors [9].

2.2. Protease Inhibitors (PIs)

The first PI approved by the United States was RTV (1996), shortly followed by indi-
navir (1996), nelfinavir (1997), saquinavir (1997), amprenavir (1999), lopinavir/RTV (2000),
atazanavir (2003), fosamprenavir (2003), tipranavir (2005), and DRV (2006). The potency of
these agents is similar, the choice of one of them in therapy is made taking into account the
pharmacokinetics (regardless of how many times they are administered /day), tolerance,
and the presence of antiviral resistance. Most HIV PIs are metabolized by the liver through
enzymes that metabolize the drug cytochrome P450 (CYP450). Importantly, all approved
HIV PIs have a high potential for drug-drug interactions due to their ability to inhibit drug
metabolizing enzymes, most commonly cytochrome P450 3A4 (CYP 3A4) [10,11].

RTV is the strongest inhibitor of CYP 3A4 and, for this reason, is often combined
in small doses (100 to 200 mg daily) with other PIs to produce a booster effect, increas-
ing plasma levels and the half-life of the protease, without significantly increasing side
effects [12,13].

COBI is a newly introduced pharmacological enhancer that has inhibitory activity
against several drug metabolizing enzymes in addition to CYP 3A4 including CYP 2D6 and
the P-glycoprotein (P-gp) transporter, making it an important agent. It is used in therapy
when the increase in active substance levels of agents metabolized by the cytochrome P450
system is desired, being available as 150 mg tablets [14].

Ten HIV PIs are currently available: saquinavir, indinavir, RTV, nelfinavir, amprenavir,
fosamprenavir, lopinavir, atazanavir, tipranavir, and DRV. PIs represent the largest class of
drugs used in the fight against HIV. These substances block the activity of HIV protease,
an enzyme that the virus uses to break down high-mass polyproteins into smaller units
needed to assemble new viral particles [15].

PI acts in the late stage of the HIV replication process. When the virus infects a cell, its
replication systems are forced to produce long viral precursor proteins. These precursors
are grouped so that they are able to leave the cell, causing cell lysis and its death. Even
before proteins leave the cell, they must be cleaved by an enzyme called “HIV protease” (a
member of the aspartyl-protease family of enzymes, which includes renin and pepsin). The
protease acts in the budding virion, causing the morphologically distinguishable immature
virions to mature. At such a late stage in replication, the benefit of this action is the
relatively small locus of activity. The requirement that all viral proteins be enzymatically
cleaved at this location creates a blockage and involves a very specific and effective action
of disrupting viral replication. However, there is a disadvantage of this mechanism, namely
that these substances are not potentiated and acted upon at the initial time of infection.
Thus, PIs have a virustatic rather than a virucidal effect [7].

However, HIV can still replicate (even in the presence of Pls), but the resulting virions
are immature and do not have the ability to infect new cells. All molecules currently known
to act by inhibiting HIV protease are metabolized by CYP450, especially by the CYP3A4
isoenzyme group.

If a CYP 3A4 inhibitor (RTV or COBI) is administered associated with both fluconazole
(antimycotic, also an enzymatic inhibitor of CYP 3A4) and atazanavir (PI), the rate of
metabolization of all ARVs decreases, leading to their increased concentration in plasma.
The action of other drugs also metabolized by CYP 3A4 isoenzymes (i.e., rifampicin,
sildenafil, tacrolimus) will be potentiated, increasing the risk of toxicity or, conversely,
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blocking the activity of other substances by hepatic metabolism. CYP3A4 inducers decrease
the PI concentrations although this effect has been shown to counterbalance the effect of
stimulators. When concentration problems occur, monitoring plasma concentrations (at the
initial moment—T), then at 1, 2, 3, and 4 h) may be helpful to clinicians in understanding
whether the maximum concentration and prolonged exposure exceed the therapeutic
safety limits.

Administered on a long-term basis, most of these PIs have numerous side effects, the most
common being metabolic syndromes: dyslipidemia [16], insulin resistance [17], and lipodys-
trophy/lipoatrophy as well as cardiovascular [18] and cerebrovascular diseases [16,19-22].
Used in monotherapy, the Pls are associated with a slight improvement in the body fat
distribution [23,24].

HIV PIs approved by the Food and Drug Administration (FDA) have some structural
similarities and a similar binding pattern, which may be responsible for some of the
common side effects of the regimens containing them.

3. Antiretroviral Therapy Resistance

ART promotes the development of resistant viral variants extremely fast, within a few
days or weeks from the moment of incomplete suppression of replication [6]. The virus
suffers mutations through the modification of a single nucleotide or the deletion of some
nucleotides [25]. The accumulation phenomenon for certain resistance mutations in some
cases may be connected with lower “viral fitness”, that is, lower viral replication capacity.
HIV can generate variants that present stable infectious capacity in the environment in
which they are found [26,27]. Rapid selection of viral species (resistant to currently used
inhibitors) is determined by the following factors: high rate of mutations (caused by lack of
correction activity of viral reverse transcriptase); dynamic viral replication in HIV-positive
subjects; potential double infection; and insufficient drug efficacy. These mutations occur
not only in the protease substrate binding site in the immediate proximity of an inhibitor,
but also outside the active site of the enzyme. In addition to the common amino acid
substitution mechanism, insertions in the HIV-1 (PR) protease (selected during ART) were
also observed [28,29].

HIV-1 protease is prone to resistance development largely due to the process in which
it is synthesized in vivo. Reverse transcriptase creates viral deoxyribonucleic acid (DNA)
from viral ribonucleic acid (RNA) that is embedded in the virus host cell during infection.
This process, unlike eukaryotic DNA synthesis, is highly prone to errors due to the lack of
correction mechanisms, causing HIV-1 to develop many polymorphic mutations [30,31].

The high error rate of this process increases the probability that genetic mutants
will be introduced into the system being influenced by the evolutionary pressures of PIs.
Consequently, the resistance development is exacerbated and persistent due to the limited
ability of many PlIs to maintain effective concentrations in the body and/or to reach the
desired sites of action such as the central nervous system (CNS) [32]. The CNS and other
regions of the body can act as viral reservoirs, which can lead to increased virulence [33].

To improve the effective penetration of Pls, strategies have been used to increase
the ability to cross the blood-brain barrier (BBB) by increasing the lipophilic nature of
inhibitors and introducing fluoride into the structure in different positions [32,34].

Enzymatic Resistance to Protease Inhibitors

Resistance to PIs occurs due to mutations in the HIV protease. Currently, about
10-20 such mutations are known. Frequently, multiple mutations can occur/exist in the
same patient, which leads to the appearance of totally different enzymatic structures [35].
Published data showed that mutations in 45 of the 99 amino acid positions in protease
are associated with PI treatment [36]. Mutagenesis can occur spontaneously because the
reverse transcriptase present in the virus has no restorative properties, leading to a high
rate of mutagenesis [37,38]. Some studies also point out that low adherence to antiviral
pharmacotherapy promotes the selection of strains resistant to PIs [39,40]. Mutants that



Biomedicines 2021, 9, 313

5 of 35

confer resistance to ARV can result mainly from two processes: (1) replacement of a single
amino acid (from the 99 amino acid positions mentioned above, in the protease), which is
the principal pathway; and (2) in some cases, an amino acid is inserted into the gene that
encodes amino acid sequencing in the structure of the protease [29,41,42].

The evaluation of the structural changes and the activity of the mutant proteins
highlighted three categories of mutations, as follows:

e  Unique amino acid substitutions in the cavity of the active site of the enzyme, altering
the size and shape of the side chains, which may alter the affinity of the drug and
preserve the catalytic activity. The known mutations of this type are D30N, V32I, 147V,
G438V, I50V, Val82, 184V, and G48T/L8IM [43].

e  Mutations that reduce the stability of the protease dimer, increasing dissociation
between these portions and releasing limited inhibitor. The mutations associated with
this mechanism are L24I, I50V, F53L, and Ile50 [44].

e Distal mutations, also related to PI resistance, may occur in different ways and may
be difficult to detect, but may promote structural changes until the interaction with
the inhibitor changes [37,45]. Distal mutations can also cooperate with active-site
mutations to provide high PI resistance [46]. Examples of these mutations are L76
V [47,48] G73S [44], and N88D [49].

The highest resistance to PIs is correlated with primary and secondary mutations
in the protease gene. Primary mutations are caused by changes in the active locus of
the protease; secondary mutations help restore viral protease activity, increasing viral
replication capacity. Typical examples are V82A /F/T mutations, which contribute to the
resistance to many PIs including lopinavir/RTV, atazanavir, fosamprenavir, nelfinavir, and
saquinavir. Cross-resistance to other ARVs has also been studied in people infected with
HIV using more than 6000 clinical isolates. These studies indicated that 59-80% of isolates
had reduced susceptibility to indinavir (IDV), RTV, nelfinavir (NFV), and saquinavir (SQV),
among other Pls [50].

The most common and general approved PIs have lower than optimal pharmacoki-
netic properties. This is due to the fact that Pls are only substrates for the CYP3A4
isoenzyme (a subunit of the hepatic cytochrome P450 enzyme system, which is responsible
for the metabolic degradation of Pls) [51].

As a result, numerous approved PIs have low plasma levels and short half-life. Inter-
estingly, some PIs act as both inhibitors and inducers of isoenzymes. As it turns out, RTV
is a potent inhibitor of CYP3A4 and the administration of a low dose of RTV with PI signif-
icantly improves the pharmacokinetic parameters of PIs. PIs such as DRV, fosamprenavir,
and atazanavir can be given as a once daily dose when given with a low dose of RTV [52].

However, the use of RTV as a pharmacokinetic booster may raise some issues. When
RTV is used as an enzyme inhibitor for other classes of antiviral compounds in HAART that
does not contain PI, a subtherapeutic dose of RTV may accelerate the onset of Pl-resistant
HIV-1 variants [53]. Multi-resistant HIV-1 variants that are resistant to one PI are also
likely to be cross-resistant to all PIs. RTV has other side effects such as lipid disorders
and unwanted drug interactions. Recently, a new pharmacokinetic enhancer has been
developed, COBI, which is stable and has no anti-HIV activity [54,55].

Unlike RTV, COBI will not contribute to the development of drug-resistant HIV-1
variants. The formulation of a PI with COBI resulted in an all-in-one pill, convenient for
patients, resulting in increased adherence by reducing the pill burden. While this regimen
has improved the pharmacokinetic properties of currently approved PIs, a PI design that
does not require a pharmacokinetic booster is the ideal option.

4. Pharmacokinetics of Antiretrovirals (ARVs)

Pharmacokinetics describes the quantitative aspects of the pathway of the drug sub-
stance in the body after administration [52]. Figure 1 shows a curve of plasma concentration
over time after a single dose of drug. After oral administration, the drug enters the gas-
trointestinal tract, dissolves, and is absorbed through the intestinal wall. It then follows the
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hepatic pathway and enters the systemic circulation. At this time, it can be detected and
quantified in plasma [53].

Toxic effect

Maximum effect 1

Ze

Adverse effect

Therapeutic domain

Effect duration

Therapeutic effect

Plasmatic concentration

Debut effect

Suboptimal effect

Time
Figure 1. Plasmatic concentration-time curve.

Absorption may take some time; the interval elapsed from the time of administration
until the occurrence of a certain level of concentration in the blood is called “lag time”—the
period of delay. Absorption determines the level of plasma concentration [53]. The stages
of metabolism follow the distribution in the compartments of the body and elimination,
in unmodified form, through the liver, kidneys, or both, being metabolized in various
ways/organs, the most important being the liver. When the level of the medicinal substance
entering the plasma by absorption is equal to the level of the substance that is distributed
or eliminated, the maximum concentration level (Cmax) is reached. The time at which this
concentration is reached is called Tmax. After this point, the distribution and elimination
rates exceed the absorption rate, and the plasma concentration begins to decrease [52,53].

If the distribution takes place faster than elimination, a biphasic decline will be
observed on the curve. The first curve that will decrease, much faster, results from the
distribution of the drug in the compartments of the body. The second curve occurs later,
is slower, and represents a decrease in the plasma concentration of the substance after
elimination (being slightly counterbalanced by redistribution from tissues, again into
plasma). The time when/at which the plasma concentration of the drug falls below 50% is
called the half-life (t1/2). Due to the different distribution and elimination, there are two
half-lives, but in practice, no distinction is made between them [53,55].

At the end of the dosing interval, before the ingestion of a new dose, a residual con-
centration (Ctrough) is reached, which is most often equal to the minimum concentration
(Cmin). The area under the curve (AUC) is a pharmacokinetic parameter that measures
drug exposure over the entire dosing interval, without providing information if these
pharmacokinetics have a dynamic profile (i.e., if there is a large difference between the
maximum concentration (Cmax) and the minimum concentration (Cmin)) [53].

In the case of ARV drugs, this link between active substance concentrations, efficacy,
and toxicity levels has been demonstrated, therefore Cmax, Cmin, and AUC are significant
parameters. They indicate the degree of ARV exposure, either at a certain point in time
(Cmax and Cmin) or at a certain time interval. The pharmacokinetics of any drug change
with a single dose or with repeated doses. When the pharmacokinetic profile does not
change after the next dose, an equilibrium level is reached, called the steady state. The
time to reach this threshold is different and depends on a number of factors. Among ARV
drugs, those that are capable of inducing CYP 450 enzyme systems need 14 days to reach
steady state plasma levels [56].
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Another important factor in reaching the level of therapeutically effective plasma
concentration is the binding to plasma proteins. The most important plasma proteins
are albumin and alpha I-acid glycoprotein (AAG). AAG mainly binds HIV PIs and has
a wide variety depending on race, body mass index (BMI) (stronger in those with high
body mass index), and the stage of HIV infection (strong binding in the acute phase of
the disease). Most ARV drugs are bound to plasma proteins, sometimes even completely.
Only the free, unbound fraction is pharmacologically active, so the factors that prevent
this binding influence the effectiveness of the therapeutic agent. The determination of the
plasma drug concentration takes into account both the bound and the unbound fraction of
plasma proteins [53].

It is known that pharmacodynamics studies explain and describe the response/
concentration relationship. When this correlation exists, plasma levels can be manip-
ulated by adjusting the dose in order to obtain concentration values within a desired
necessary therapeutic window (the range of concentrations in which the toxicity/efficacy
ratio is optimal). In practice, therapy monitoring can be used to correctly adjust the dose.
If low doses are given for long periods of time and the level of plasma concentration falls
below the optimum concentration, there is an increased risk of therapeutic failure due to
the appearance of viral resistance and ART will be ineffective. On the other hand, too high
doses of drug are associated with an increased risk of toxic effects, influencing the patient’s
quality of life, with immediate consequences on their adherence to treatment [1].

The pharmacokinetics of ARV substances are extremely different, depending on the
concentration but also on the patient, with multiple side effects and high toxicity. Clin-
ical studies have shown that there is a great variety in terms of therapeutic response,
from one patient to another or for the same patient, depending on many variables/
circumstances [1,52-56].

4.1. Pharmacokinetics of Protease Inhibitors

Oral bioavailability of PIs is generally considered to be weak or variable (i.e., less
than 68%). On average, the time to Cmax among agents is 3 h (range, 1, 5-6 h), with a
median half-life of approximately 6 h. The elimination half-life varies between 3 and 15 h.
Except for indinavir (Crixivan, IDV, Merck, Germany), all PI agents are extensively bound
to proteins (>90%). Of all the pharmacokinetic parameters, the metabolic considerations on
PIs may be the most worrying. This is especially true for patients receiving poly-medicine
(i.e., antifungal or antibiotic agents for AIDS, associated with comorbidities and at risk for
multiple drug interactions). PIs are inducers and substrates of multiple cytochrome P450
(CYP) isoenzymes including CYP 3A4, CYP 2D6, CYP 2C9, and 3-glycoprotein.

Compared to other classes of ARVs, PIs have unique characteristics that justify their
prescription compared to other classes of drugs [56].

4.1.1. Intrinsic Antiviral Activity

A recent study pointed out that the intrinsic antiviral potency (called an instantaneous
inhibitory potential) may be higher for PIs than for other classes of ARV drugs. This
observation is based on the fact that nucleoside analogues and integrase inhibitors target
reactions in which a single enzyme complex and viral nucleic acid mediate a key step.
Instead, Pls target the entire number of enzymes [57].

4.1.2. Residual Activity

Studies have found that PIs show residual ARV activity, even in individuals who have
already developed resistance to other antiretrovirals. A significant proportion of newly
developed viruses will remain partially sensitive to Pls for some time. This explains the
need to continue a failed treatment regimen with Pls instead of eliminating them, in the
case of patients who have no other treatment options. This is because the use of PIs is
associated with low viral load and viremia below 10,000 copies/mL, which does not lead
to a decrease in CD4, at least for 1-2 years [58,59].
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4.1.3. Increased CD4 Levels

Several studies comparing NNRTIs and PIs have shown that cluster gains of differen-
tiation 4 (CD4) are generally higher using PIs than NNRTIs, even without dose adjustment
in the case of patients undergoing complete viral suppression [60-62].

4.1.4. The Unique Features of PIs Are as Follows:

Reduced immune activation [63];

Reduction of CD4+ cell apoptosis [64,65];

Decreased fitness of Pls-resistant viral variants [66];

Affected replication of PIs-resistant viruses in T-cells (tymocytes) [67].

From a clinical point of view, these characteristics make Pls a preferred class of ARVs, es-
pecially in patients with very low CD4 counts and whose priority is rapid immune restoration.

4.1.5. Entering Sanctuaries

One of the main limitations of most PIs is the low penetration into the central nervous
system (CNS). This feature may not be relevant in the case of ARV regimens in triple
combinations [68].

4.1.6. Genetic Barrier Against Resistance

The availability of PIs marked an important step in the treatment of HIV infection.
However, there was a significant cost in terms of quality of life because first-generation
PIs required complex dosing and had significant side effects. The latest PIs have overcome
these limitations with a more convenient dosage (only a few pills, once a day) and a
favorable safety profile and greater potency. The pharmacokinetic profile has improved
considerably with low doses of RTV, and PIs continue to be key agents in the treatment
of HIV [69]. The main enzymes responsible for the oxidative processes of exogenous and
endogenous substances are CYP 450, they exist in more than 50 different isoenzymes in
humans, metabolizing most foods and drugs (70-80%) [70]. Enzymes involved in the
metabolism of ARV agents include CYP2D6, 2C9, 2C19, 1A2, 2EI, 2B6, and 2A6; however,
many of them are subject to hepatic metabolism mediated by the CYP3A4, CYP3AS5, and
CYP2C9 isoenzymes [50].

To minimize the metabolism of these enzymes, pharmacokinetic enhancers (PK en-
hancers) like RTV and COBI are used as ART due to their ability to inhibit CYP3A4,
CYP3AS5, and CYP2C9; this reduces the dose and frequency of PI administration [71,72].
Monitoring the drug therapy in HIV-infected patients treated with DRV (PI) in combination
with RTV (booster) or in combination with COBI (booster) provides clinicians with a new
approach to the pharmacokinetics of these drugs.

4.2. Efficiency of Pls, Compliance, and Survival

People living with HIV must follow strict treatment regimens to prolong their lives
and reduce mortality [73]. Lack of adherence and compliance leads to continued replication
and the emergence of HIV resistance to ART. This viral resistance leads to aggravation
of the patient’s condition, therefore, obtaining patient adherence is a major goal of ther-
apy [15]. There are several causes that contribute to non-adherence, the main one being
the occurrence of significant side effects or secondary mortality [2,74,75]. For example, in
many HIV-infected patients who were given ARV drugs, liver failure was observed, and
major complications were reported [76-78]. Although opportunistic infections are another
important risk in the treatment of HIV+ patients, the real cause of death is most often
an organ failure due to the adverse effects of ARV [79]. ARVs can cause damage to the
gastrointestinal and liver cells, leading to lipid imbalance and sexual dysfunction [80-82].
As numerous studies show, all the above-mentioned side effects cause the patient to give
up treatment [1,83,84].
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4.3. PI Side Effects

The most common side effects reported by patients treated with Pls are as follows:
sexual dysfunction, gastrointestinal disorders (nausea, vomiting, diarrhea), liver disorders,
pancreatitis, cardiovascular disease, rash, and metabolic disorders. ARV intolerance and
toxicity are the cause of frequent changes in treatment regimens. Unfortunately, this change
also leads to the emergence of resistance [85-89].

Progress in treatment and individualization of doses has led to fewer side effects
compared to the initial regimens. Today, less than 10% of naive patients (those who are
in the first treatment regimen) on ART still experience adverse events that could limit
the treatment. Even so, long-term complications persist, especially the appearance of
insulin resistance and disorders related to lipid metabolism. Therefore, it is necessary to
continue monitoring the complete blood count and metabolic profile of these patients. Tests
should be performed every three to six months, being also necessary an annual analysis of
the urine (in order to verify proteinuria) and a lipid profile; if the treatment schemes are
changed, the tests must be done again, respecting the periodicity [5,89,90].

4.3.1. Insulin Resistance

Insulin resistance is a common subject in HIV patients, contributing to dyslipidemia
and impaired glucose metabolism [91]. Immune system activation results in chronic
inflammation (high levels of proinflammatory cytokines) that may be prominent in patients
undergoing treatment or may be improved in untreated patients [61]. Treatment with
ARVs decreases proinflammatory cytokines, but insulin status still exists due to factors
such as virus production, deterioration of lymphoid structure, and loss of Sterol-Regulatory
Element-Binding Protein 1 (SREBP-1), which regulates the expression of genes associated
with lipid synthesis. In addition, it is possible to induce endoplasmic reticulum stress and
reduce glucose transporter 4 (GLUT4). Reduction of GLUT4 may lead to insulin resistance;
approximately 80% of patients receiving these drugs develop insulin resistance, which may
lead to diabetes [92,93]. PIs have different reactions in relation to insulin resistance; this
difference in each drug behavior can be explained by distinct molecular targets for each
PI or by the difference in affinity between molecules, even in the case of the same target
cellular protein [21].

4.3.2. Associated Metabolic Disorders

Metabolic disorders associated with PI therapy are the most problematic adverse
events that may occur, their incidence varying from drug to drug. These disorders include
hyperlipidemia, abnormal fat distribution (lipodystrophy), and impaired glucose tolerance,
which are thought to be due to peripheral insulin resistance. Clinicians caring for patients
treated with PIs should be alert to adverse events, especially those involving changes
in lipid and glucose metabolism [94]. Lipid disorders are related to high levels of total
cholesterol, low-density lipoproteins, very low-density lipoproteins, triglycerides, and
an atherogenic lipid profile. Up to half of patients may have lipodystrophy syndrome
(disorders and morphological changes related to lipid abnormalities) [95]. The first changes
usually appear a few weeks after starting treatment.

Two studies published in 2007 on 25,000 patients showed that the use of PIs is directly
correlated with myocardial infarction [96,97]. The first generation of PIs interferes with
extracellular regulatory kinase (ERK) 1/2, GLUT4, and Akt/protein kinase B, resulting
in effects on lipogenesis. Newly developed compounds such as atazanavir or DRV have
fewer side effects of this kind [98].

4.3.3. Lipodystrophy

Lipodystrophy is the redistribution of fat, with accumulation on the throat and ab-
domen, occasionally forming a “buffalo hump” (dorsocervical fat), being usually associated
with fat loss from the face, buttocks, and extremities. This disorder is resistant to treat-
ment, often not reducing even with the discontinuation of the triggering agent. Some
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patients become unrecognizable after the treatment because of the body and facial feature
alterations, many of them resorting to plastic surgery for some relief. Glucose intolerance,
which sometimes leads to diabetes and genuine diabetic ketoacidosis, have been reported
more and more frequently [99].

Hyperlipidemia is closely associated with both hyperglycemia and redistribution
of fat and may put HIV patients receiving HAART at increased risk for cardiovascular
disease [100]. PIs suppress the breakdown of the nuclear sterol regulatory element-binding
proteins (nNSREBP) into adipose tissue. Suppression of nNSREBP decomposition results in
increased fatty acid and cholesterol biosynthesis in the liver, leading to lipodystrophy and
insulin resistance in adipose tissue [101]. The combination of enzymatic inhibitors with
lipid-lowering agents/“statins” may reduce lipid levels, possibly reducing the cardiovas-
cular risk, but leading to rhabdomyolysis if the chosen statin is incompatible with this type
of inhibitor [101].

Many patients experience gastrointestinal symptoms at the beginning of treatment
with PIs or when switching from one regimen to another. These symptoms frequently lead
to discontinuation of therapy and can be a major obstacle to efficient treatment [102]. The
study found that 25% of patients discontinued treatment due to their toxicity regimens.
Nausea and vomiting are among the most common complaints, up to 75% as presented in
some studies [103]. These symptoms usually subside within 4-6 weeks of treatment, but
some patients continue to experience long-term symptoms.

4.3.4. Sexual Dysfunction

Sexual dysfunctions occur more frequently in patients treated with PIs than in patients
treated with other substances [104]. There are studies showing that the rate of sexual
dysfunction is 70% in the case of PI treatment [105]. However, there are no studies to
explain the mechanism of erectile dysfunction, delayed ejaculation, and decreased libido
as a result of PI therapy:.

4.3.5. Hepatic Toxicity

All drugs in the class of PIs have been associated with liver damage. About a third of
patients treated with PIs have liver problems associated with high levels of enzymes. Most
of the time, these reactions are mild and transient [106]. PIs are associated with four main
forms of hepatotoxicity:

e Mild to moderate increases in serum aminotransferase and alkaline phosphatase
levels that occur in a large proportion of patients taking ARV regimens containing PI.
Moderate to severe increases in serum aminotransferase levels (above five times the
upper normal limit) are found in 2% to 18% of patients, depending on the agent, the
frequency of monitoring, and most importantly, the presence of virus coinfection with
hepatitis B (HBV) or C (HCV). In HIV patients, without HCV or HBV infection (“mono
infection”), increases in alanyl aminotransferase (ALT) and aspartate aminotransferase
(AST) are uncommon; levels of more than five times the upper normal limit were
reported in only 1-4% of patients. These increases are usually asymptomatic and
self-limiting and can be resolved even with continued medication. Therefore, this
should not be a reason to discontinue the medication.

e  Hyperbilirubinemia, without other manifestations of liver damage, is caused by the
inhibition of glucuronyl transferase UDD, the liver enzyme responsible for conjugating
bilirubin that is deficient in Gilbert’s syndrome. Hyperbilirubinemia is usually mild,
averaging 0.9-1.5 mg/dL, but may be more severe in patients with Gilbert’s syndrome
with increases of 2.5 mg/dL or more and clinical jaundice. Jaundice, however, does
not indicate liver damage. However, jaundice caused by PIs can be painful for the
patient and is a reason to discontinue treatment.

e  Acute, idiosyncratic liver damage has been reported in most agents not very frequently.
The few reported cases usually occurred within one to 12 weeks after starting therapy,
and the pattern of serum enzyme growth ranged from hepatocellular to mixed and
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cholestatic. Signs of allergy or hypersensitivity (fever, rash, eosinophilia) may also
occur as well as the appearance of autoantibodies. Acute liver damage from PIs is
usually self-limiting but severe and isolated cases of acute liver failure have been
reported, especially in patients with pre-existing underlying liver disease.

e  Exacerbation of chronic underlying hepatitis B or C in co-infected individuals. Hep-
atitis usually occurs in 2-12 months after starting therapy, being associated with a
hepatocellular pattern of serum enzyme growth, and also by increases, followed by
decreases in the serum levels of HBV DNA or HCV RNA. These fluctuations can be
severe, and even fatal cases have been reported [14].

5. Drug-Drug Interactions

Drug interactions are the cause of many of HAART complications. Among them, an
important role is played by the inhibition, respectively the enzymatic induction produced
by PIs as well as the interactions of the P-glycoprotein.

5.1. Enzymatic Inhibition

Enzymatic inhibition occurs when a substance blocks or reduces the activity of
metabolic enzymes. The net effect is to increase plasma levels and the effects of the parent
compound, while preventing the formation of metabolites and reducing elimination. All
PIs are inhibitors of cytochrome 450, especially in the CYP 3A4 isomorph. From this point
of view, PIs behave similarly to ciprofloxacin, erythromycin, clarithromycin, diltiazem,
itraconazole, or ketoconazole. They all inhibit CYP 3A4 and affect the pharmacokinetics of
low therapeutic index substances. For example, in patients treated with carbamazepine,
vomiting and dizziness, increased liver enzyme levels, and increased serum anticonvulsant
levels were observed 12 h after a dose of RTV [107]. Even other PIs, although with lower
action on CYP 3A4, affect the metabolism of some drugs such as HMG-reductase inhibitors,
statins. The effect in this case is the more frequent occurrence of rhabdomyolysis [108].

The metabolism of the PIs is, in turn, affected by other potent 3A4 inhibitors, because
all PIs are metabolized by the enzyme 3A4. Any substance with a stronger inhibitory effect
on 3A4 can slow down the metabolism of PIs. The other potent inhibitors that influence the
rest of the PlIs include ciprofloxacin, clarithromyecin, diltiazem, erythromycin, itraconazole,
nefazodone, and grapefruit juice. Inhibition of PI metabolism by these agents may increase
their efficacy or reduce the dose required (as seen when RTV is used to potentiate other PI).
However, there is also an adverse reaction such as worsening of side effects and toxicity,
which leads to an increased risk of events such as headaches, nausea, diarrhea, hepatitis,
and pancreatitis. All lead, in the end, to non-adherence. It should be mentioned that the
interruption of the potent inhibitor, other than PIs, entails a return to the uninhibited state,
but also a rapid reduction in circulating levels of PI, which puts the patient in danger of
developing viral resistance to the entire class of Pls.

5.2. Enzymatic Induction

This represents the phenomenon of increase or acceleration of metabolic enzyme activ-
ity, under the action of a substance or a compound. The net effect is to decrease the levels
of the parent compound and its effects, while increasing the production of metabolites and
the amount available for elimination. Rifampicin, carbamazepine, phenytoin, ethanol, and
barbiturates are potent inducers of many enzymes belonging to the CYP 450 family [109].
Induction of PI metabolism can reduce their circulatory level, putting the patient at risk of
developing viral resistance, which leads to failure of HIV treatment. P-glycoproteins can
be inhibited and induced. They are found in many sites including the peaks of villi in the
jejunal enterocytes and the endothelium of blood-brain barrier cells [110].

These glycoproteins are responsible for the outflow or “pumping” of substances
outside the cells and are the “guardians” that influence the bioavailability and pharma-
cokinetics of drugs in the intestine and liver and prevent the penetration of the drug into
the brain, testicles, and placenta. PIs are all substrates of P-glycoproteins, which may



Biomedicines 2021, 9, 313

12 of 35

explain why it is difficult for ARVs to cross the blood—-brain barrier or other sanctuaries.
When P-glycoproteins are inhibited, the concentration of the drug increases, especially if
it is a substrate for the P-glycoprotein. RTV initially inhibits the P-glycoprotein, which
may allow other substrates to reach higher serum levels, either in the intestinal wall or in
the blood-brain barrier. This inhibition of P-glycoprotein, together with 3A4 inhibition,
would have an additive inhibitory effect and would increase the level of substrate drugs
for P-glycoprotein and CYP 3A4. In vitro, long-term RTV exposure induces P-glycoprotein
expression, reducing the drug ability to ‘cross the barrier’, and effectively reducing the
bioavailability of P-glycoprotein as a substrate [7,111].

6. Protease Inhibitors Enhancement

ART combined with two or more PIs has changed the standard of care in the treatment
of HIV infection. Two PIs regimens such as DRV/RTV are commonly used as initial
therapy with PIs. As viral resistance increases and the development of new PIs decreases,
clinicians resort to dual RTV-boosted PIs to treat patients. The potency of these combination
therapies is increased, while the burden of pills, dietary restrictions, and often side effects
are reduced. These clinical advantages lie in the improvement of the pharmacological
properties of the substances, in particular, through changes in pharmacokinetics (absorption
and metabolism). Changes are occurring in the absorption and metabolism of PIs when
co-administered with a cytochrome P450 enzyme inhibitor (CYP) (e.g., a low dose of RTV
is reflected in significant changes in pharmacokinetic parameters). The ability of RTV to
increase concomitant plasma concentrations (Cmin) of co-administered PI is probably the
greatest clinical benefit of dual therapy, as inadequate ARV concentrations may support
long-term ARV resistance.

The fact that there is a close link between the therapeutic response and the plasma
concentration of the drug substance is certain. Studies show that inadequate levels of
circulating substance play an important role in therapeutic failure and the emergence of
viral resistance [10]. Low adherence, low absorption, and high variability of pharmacoki-
netic parameters (in the case of schemes containing a PI) lead to poor exposure of the
body to the drug substance and, consequently, to therapeutic failure. The combination of
two or more PIs has favorable effects on the plasma levels of the substance available for
action, increasing the PI potency by increasing Cmin [112]. At the same time, combined
therapies increase tolerability by maintaining the plasma concentration in the effective area,
without fluctuations exceeding the Cmax value, which leads to the occurrence of toxicity
phenomena associated with medication. To these, the patient’s compliance with the dosage
(by reducing the number of daily administrations) must be added. Food restrictions are
also reduced. The first inhibitor used to enhance the effect of PIs was RTV, in a low dose of
100-200 mg [71], acting at the intestinal and hepatic level. Despite the immediate advantage
over PI pharmacokinetics, RTV also has disadvantages. Having its own antiviral activity,
the first problem that arises is that of the resistance that can be installed. To this is added the
poor solubility of the substance, which limits co-formulation with other ARV agents [113].

RTV also has tolerability problems in a large number of patients. Other disadvantages
of RTV are that it inhibits/induces other enzymes that metabolize drugs, resulting in a
significant number of drug-drug interactions [113]. Based on these data, other boosting
agents were formulated. This is how COBI, a structural analogue of RTV, appeared without
antiviral activity and with improved physicochemical properties [53,114].

COBI's CYP 3A4 inhibitory potency is similar to that of RTV [115]. A total of 150 mg
(unique dose) of COBI daily provides bioequivalent exposures compared to 100 mg daily
of RTV as follows: Atazanavir, 300 mg once daily [116]; DRV, 800 mg once daily [117]; and
Elvitegravir, integrase inhibitor, 150 mg once daily [118].

COBI is marketed as a single agent or in fixed combinations, in association with
atazanavir, DRV, or elvitegarvir. The two boosters, COBI 150 mg/day and RTV 100 mg/day;,
may be interchangeable with similar therapeutic results. However, clinicians prefer the
administration of 150 mg COBI as a boosting agent for CYP 3A4 metabolites rather than
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RTV due to its higher specificity and the fact that it has no enzyme induction effect. Hence,
the profile of interaction with other drugs is different.

7. Pharmacokinetic Enhancers: Cobicistat (COBI) or Ritonavir (RTV)

Although both COBI and RTV have similar boosting profiles for CYP3A4 and can be
used with the same therapeutic efficacy, COBI is preferred due to its greater specificity and
the absence of inducing properties. In addition, the two substances interact differently with
other biochemical /medicinal substances metabolized by the following enzymes: CYP1A2,
CYP2B6, CYP2C8, and CYP2C9. In this context, one of the biggest challenges for clinicians
is to adjust doses in patients with multi-drug therapy:

RTV, marketed as Norvir; it is included in Kaletra—lopinavir/RTV;

COBI, commercially called Ybost; it comes in many combinations: atazanavir/COBI
(Evotaz), elvitegravir/COBI/emtricitabine/tenofovir (Genvoya), DRV /COBI (Re-
solve), elvitegravir/covetousness/emtricitabine/tenofovir disoproxil (Stribild), DRV /
COBI/emtricitabine (Symtuza).

7.1. Ritonavir

Ritonavir (RTV), C3yH4gNgO5S,, is an ARV drug in the class of systemic Pls used
in combination with other drugs for the treatment of HIV/AIDS. It was approved for
commercialization on 1 March 1996, becoming the seventh ARV and the second PI entering
the U.S. market. This class of ARVs has played an extremely important role in reducing
the number of deaths caused by HIV/AIDS. The introduction of HAART at that time in
the United States led to a decrease in the annual death rate from 50,000 to 18,000 [119].
RTV is an L-valine, L-valinamide derivative in which the alpha-amino group has been
acylated by a ((2-isopropyl-1,3-thiazol-4-yl) methyl) methyl carbamoyl group and in which
a hydrogen amino-carboxamide was replaced with (2R, 4S, 55) -4-hydroxy-1,6-diphenyl-
5—((1,3-thiazol-5-ylmethoxy) carbonyl) amino- hexane-2-yl. The molecular weight is
720.95 (g/mole), it has a poor solubility, and a terminal half-life of 3-5 h. Plasma protein
binding is done in a proportion of over 98%, passing into the cerebrospinal fluid (CSF)-to-
plasma ratio being 0.7% [12].

The chemical structure of RTV is shown in Figure 2.
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Figure 2. Chemical structure of ritonavir (RTV).

7.1.1. Mechanism of Action

RTV is a pseudo-C2-symmetric small molecule inhibitor [120]. It has a high affinity
for several cytochrome P450 isoenzymes (CYP) and may inhibit oxidation in different
degree of magnitude (CYP3A4 > CYP2D6) as well as inhibiting CYP2C19, CYP2CS8, and
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CYP2C9 [121,122]. Additionally, it manifests enzymatic induction properties on CYP1A2,
CYP2C19, CYP2C8, CYP2C9, CYP2B6, and UGT1A4 [123]. Co-administration of RTV and
medicinal products may increase the plasma concentrations of these medicinal products,
leading to an increase or prolongation of the therapeutic effects and the frequency of
adverse reactions [124,125].

RTV inhibits the P-glycoprotein (P-gp) and the cellular transport mechanism via
this efflux pump. Inhibition of P-gp may contribute to the stimulation of drug effects by
interrupting the active transport of PI in the cells of the intestinal tract, liver, and kidneys.
The inhibitory effect of RTV (with/without other PIs) on P-gp activity may decrease over
time. RTV may induce glucuronidation and oxidation by CYP1A2, CYP2C8, CYP2C9, and
CYP2C19. Thereby, RTV may increase the biotransformation of drugs metabolized through
these pathways and may decrease systemic exposure to these drugs whose therapeutic
effect may decrease or may be shorter. The effect of enzyme modulation may be dose
dependent [121].

7.1.2. Pharmaceutical Form and Therapeutic Indications

RTV is available as an oral solution (for children) and as a film-coated tablet containing
100 mg of the active substance. It is used in combination with other ARVs to treat HIV-1
infected patients, adults and children over two years of age. As a pharmacokinetic enhancer,
in combination with DRV 600 mg, RTV 100 mg is administered twice daily to patients
previously treated with ARV. For those not previously treated with ARV, DRV 800 mg and
RTV 100 mg are given once a day [126].

7.1.3. Pharmacodynamic Properties

(a) RTV as a pharmacokinetic enhancer. The pharmacokinetic potentiating effect of
RTV is based on its potent inhibition action on CYP3A-mediated metabolism. The degree of
enhancement is related to the metabolic pathway of the co-administered PI, and to the impact
of that PI on RTV metabolism. Maximum metabolism inhibition of the co-administered P1 is
generally achieved with RTV doses between 100-200 mg, twice daily [72].

(b) RTV as an ARV. It is an orally active peptidomimetic inhibitor of HIV-1 and HIV-2
aspartyl proteases. Inhibition of the HIV protease renders the enzyme unable to process the
gag-pol polyprotein precursor, leading to the production of HIV particles with immature
morphology that are unable to initiate new cycles of infection. RTV has selective affinity for
HIV protease and has low inhibitory activity on human aspartyl proteases. RTV binding
to HIV protease is shown in the docking patterns in 2D (Figure 3) and 3D (Figure 4) [127].
The molecular docking was done using the crystal structure of wild type HIV-1 protease,
expression system Escherichia coli BL21 (DE3). Expression systems are genetic constructs
(a gene encoded by deoxyribonucleic acid (DNA)) that are designed to produce a protein,
or a ribonucleic acid (RNA), either inside or outside a cell, being used in research and in
the commercial production of enzymes or therapeutics.

From the analysis of the 2D diagram, it is revealed that RTV binds to the following
amino acids of the wild type HIV-1 protease: GLY27, ALA28, VAL32, ASP29, ALAS82,
ALA28, PRO81, ARGS, and ILE47. ASP25 forms hydrogen (H) bonds to the oxygen in the
HIV protein side chain, ALA28 and PRO81 form m—-alkyl bonds via chains A and B. The
amino acids ALA28 and ILE50, in the HIV-1 chain A and B establish n-alkyl and alkyl
bonds with RTV. ILE47 and ALA28 form a m—alkyl bond with the 1,3-thiazole group of the
ligand, ASP30 through C-H, and ALA82 through both the C-H and the m—alkyl bonds.
ARGS bonds via m—cationic with the protein.
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Figure 3. 2D diagram representing the links between ligand and protein. (Discovery Studio Client version 19. 1.0. 18287;
Biovia Discovery Studio Visualizer, Dassault Systémes Corporate, Waltham, MA, USA; accessed on 28 December 2020).
Legend: glycine (GLY27, GLY48, GLY49); alanine (ALA28, ALAS82); arginine (ARGS); aspartic acid (ASP25, ASP29); proline
(PRO81); valine (VAL32); isoleucine (ILE47, ILE50, ILE84); A and B are the chains.

Figure 4. 3D structure of Ritonavir-HIV-1 protease complex (UCSF Chimera version 1.14 (build 42091),
accessed at 28 December 2020, San Francisco, California, USA). Legend: Blue — chain A, Red - chain B.

In RTV docking with the B-chain of HIV-1, the main link is 7—alkyl. PRO81 is formed
by the pyrolidine protein bond through the benzene ring. The amino acid ASN25 in the A
chain as well as in the B chain (through the C-H and m—alkyl) bonds and interacts at the
same oxygen atom in the ligand structure.

ILE84 forms a 7—alkyl bond with benzene and C-alkyl in the ligand side chain. VAL32
binds by alkyl, and GLY27 and ASP25 by the H bond. ASP29 and GLY49 to O, in the side
chain, form the C—H bond, and ASP29 also forms the H bond. Table 1 summarizes the
ligand-receptor interactions, HIV-RTV protease, at the A and B chains of the protease, the
distance between them and the types of connections that occur.
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Table 1. Ligand-receptor interactions at the A and B chains (Discovery Studio Visualizer).

Amino Acids Ligand-Protoein Types of Amino Acids Ligand-Protgin Types of
of Chain A Distance (A) Connections of Chain B Distance (A) Connections
ALA28 4.43 ALAS82 4.38
PRO81 4.39 PROS81 5.47 TT-alkyl
m-alkyl
ILE47 4.90 ILE84 5.37
4.35 4.24
ALAS2
4.98 ALA28 4.24 Alkyl
4.26 Alkyl 3.81
ILE50 4.43 VAL32 497
GLY48 3.68 c-H 5.39
ASP30 2.58 GLY27 3.05
ASP25 2.64 H bond ASP25 2.71 Hbond
2.79 2.75
ARGS8 3.13 m-cation GLY48 3.33
3.39 C-H
ASP29 2.96
2.80 H bond
GLY49 3.29 C-H

Legend: GLY—glycine; ALA—alanine; VAL—valine, ASP—aspartic acid; PRO—proline; ARG—arginine,
ILE—isoleucine.

7.1.4. Pharmacokinetic Properties

Absorption. According to the summary of product characteristics (SPC), a study of
HIV-infected volunteers evaluated the pharmacokinetics of RTV multiple-dose regimens
during fasting. RTV accumulation was observed to be slightly lower than that calculated
on a single dose basis due to an increase in apparent dose-dependent clearance. Over
time, the plasma concentration of RTV before the next dose decreases, possibly due to
enzyme induction, but appears to stabilize after two weeks of treatment. The time to peak
plasma concentration (Tmax) remained constant—approximately 4 h as the dose increased.
Renal clearance was on average less than 0.1 L/h and relatively constant over the entire
dosing range. It has been observed that foods slightly decrease the bioavailability of RTV
film-coated tablets, especially foods with moderate and high lipid content [113].

Distribution. The apparent volume of distribution (VB/F) of RTV is approximately
20-40 L after a single 600 mg dose. In humans, RTV has been shown to be 98-99% bound
to plasma proteins and is consistent at concentrations between 1.0-100 pg/mL. RTV binds
with comparable affinities to both alpha-1 acid glycoprotein (GAA) and human plasma
albumin (APU). Studies in rats have shown that the highest concentrations of RTV are
achieved in the liver, adrenal glands, pancreas, kidneys, and thyroid. The tissue/plasma
ratio was approximately 1 in the lymph nodes in rats, indicating that RTV is distributed in
the lymph tissue. It slightly penetrates into the brain [125].

Drug metabolism. RTV is extensively metabolized by hepatic cytochrome P450, mainly
by CYP 3A4 isoenzymes and, to a lesser extent, by CYP 2D6 isoforms. Animal and in vitro
studies with human liver microsomes have shown that RTV is oxidatively metabolized. In
humans, four metabolites of RTV have been identified. The major metabolite is isopropyl-
thiazole (M-2), with antiviral properties similar to the parent compound. However, the
AUC of metabolite M-2 was approximately 3% of that of RTV [128].

Clearance. RTV is eliminated primarily by the hepatobiliary route. Approximately
86% of the radiolabeled molecules were found in feces, some of which is thought to be
unabsorbed RTV. In studies, the renal route has not been shown to be a major route of
elimination of ritonavir [113].
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7.1.5. Pharmaco-Toxicology

The RTV target organs are the liver, retina, thyroid gland, and kidneys. Hepatic
changes involved hepatocellular, biliary, and phagocytic structures and were accompanied
by increases in liver enzymes. Human clinical trials did not reveal RTV-induced ocular
changes. All thyroid changes were reversible upon discontinuation of RTV. Clinical inves-
tigations did not show significant impairment of the thyroid function tests or significant
renal impairment in humans. There were observed various side effects: common (at low
doses): diarrhea and increased lipid levels; and rare: changes in heart rate, severe allergies
(hypersensitivity reactions) and eczema (Steven-Johnson syndrome) [14,72,129].

7.2. Cobicistat

Cobicistat (C40Hs3N7055,) is a structural analogue of RTV, in which the valine frag-
ment was replaced with a 2-morpholinethyl group and the hydroxyl group was removed.
These changes cancel out the anti-HIV activity per se of COBI, retaining only the highly
inhibitory and selective effects on the CYP 3A protein isoenzyme family [120]. This
way, the substance is able to increase the plasma concentration of other ARVs, when
co-administered, without the risk of genetic mutations in HIV, resistant to COBI. It was
synthesized by structure-activity relationship studies from RTV and deoxy-RTV. COBI is
used in therapy for its ability to inhibit liver enzymes that metabolize other anti-HIV drugs,
especially prosthetic and integrase inhibitors.

As a monocarboxylic acid amide obtained by the formal condensation of the car-
boxy group of (25)-2-(((2-isopropyl-1,3-thiazol-4-yl) methyl) (methyl) carbamoyl- amino)-
4-(morpholin-4-yl) butanoic acid with the amino group of 1,3-thiazol-5-ylmethyl ((2R,
5R)-5-amino-1,6-diphenylhexane-2-yl) carbamate, COBI has a molecular weight of 776
(g/mole), good solubility, and terminal half-life of 34 h. Plasma protein binding is 97-98%
and CSF to plasma ratio is 1.1% [130].

It acts as a pharmacokinetic enhancer in the treatment of HIV-1 by inhibiting the
CYP P450 enzymes responsible for the metabolism of other drugs. It works as a CYP450
inhibitor. It belongs to the class of 1,3-thiazoles, but also to the class of morpholines, urea,
is a carbamate ester and an amide of monocarboxylic acid. The chemical structure of the
substance is shown in Figure 5.
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Figure 5. Chemical structure of cobicistat.

7.2.1. Mechanism of Action and Therapeutic Effects

Selective inhibitor of cytochrome P450 (subfamily CYP3A enzymes) with RTV-like
potency, and COBI inhibits the mechanism of action of these enzymes. Inhibition of CYP3A-
mediated metabolism enhances systemic exposure to drugs that are substrates for CYP3A
(atazanavir or DRV), which have limited bioavailability after oral administration and a
reduced half-life due to CYP3A-mediated metabolism. The inhibitory effect of COBI is also
manifested on other enzymes: CYP 3A4, CYP2D6, P-gp, OATP1, MATE], and BCRP [122].
COBI does not show an enzyme-inducing role [123].
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7.2.2. Pharmaceutical Form and Therapeutic Indications

Provided in the form of a film-coated tablet, COBI assures 150 mg active substance
concentration. It is indicated as a pharmacokinetic enhancer for atazanavir 300 mg once
daily, or DRV 800 mg once daily, as one of the components of ART combination in HIV-1
infected adults. It is recommended to be co-administered orally, both food and the drug.
The tablet should not be chewed or crushed. COBI is formulated in fixed doses with
atazanavir, DRV, and tenofovir/emtricitabine/elvitegravir [131].

7.2.3. Pharmacokinetic Properties

Absorption. After oral administration of COBI with food to HIV-1 infected subjects,
peak, plasma concentrations were reached 4 h post-dose. Mean steady-state Cmax, AUC,
and Cper-dose values (mean value =+ SD) after administration of multiple doses of COBI
to HIV-1 infected subjects (n = 68) were 1.2 + 0.3 ug/mL, 10.9 £ 0.8 pg h/mL, and
0.07 £ 0.07 ng/mL, respectively [132].

Distribution. COBI is 97-98% bound to human plasma proteins, and the ratio of mean
plasma and blood drug concentrations was 2 [133].

Drug metabolism. It is metabolized by oxidation mediated (major pathway) by
CYP3A and (minor pathway) by CYP2D6 and is not subject to glucuronidation. After
oral administration, 99% of the circulating radioactivity detected in plasma was due to
unmodified COBI. Concentrates of metabolites are low in urine and feces and do not
contribute to the CYP3A inhibitory activity of COBI [133].

Clearance. After oral administration, 86% and 8.2% of the dose were found in feces
and urine, respectively. The median elimination half-life of COBI after administration of
Tybost (trade name) is approximately 3—4 h [53,134].

Pharmacotoxicology. Conventional studies on repeated dose toxicity, genotoxicity,
and toxicity to reproduction and development have shown no risk to humans.

Side effects. As common side effects can be highlighted the following: high blood
sugar, increased appetite, insomnia, drowsiness, nightmares, headache, dizziness, altered
taste, nausea, diarrhea, abdominal pain, bloating, flatulence, dry mouth, jaundice, eczema
and itch; rare side effects include kidney stones [135,136].

7.3. Similarities and Differences Between RTV and COBI

Table 2 presents the similar and different actions of the two drugs (COBI and
RTV) [53,116,120,137-146].

Table 2. Actions of ritonavir (RTV) and cobicistat (COBI).

COBI RTV

Similar Actions

Potency on CYP 3A4 [137].

At therapeutic conc., inhibitory effect on the hepatic organic anions’ transporters of OATP polypeptides and MATEL1 [116].
Inhibitory effect on the intestinal transporters P-gp and BCRP, thus increasing the absorption of co-administered substances [138].
Determine a slight increase in SCR and an associated decrease in glomerular filtration rate (reported in patients with RTV or COBI

regimen included), mainly due to the inhibition of CR secretion, by inhibition of MATE1, and not due to impaired

liver function [116,120,139,140].

Activate more or less PXR (which regulates the expression of various enzymes that metabolize drug substances) [142].
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Table 2. Cont.

COBI RTV

Different Actions

More selective, at clinically relevant conc. [139].
No inhibitory effects on CYP 2C8 and slightly inhibits
CYP 2D6 [138].

Increases SCR conc. (higher SCR levels than in patients with Activates PXR and induces CYP1A2, CYP2B6, CYP2C9,
RTV-containing regimens) [116,120,139,140]. CYP2C19, and glucuronidation enzymes [143-145].
Active transporter in tubular cells, with OCT2; higher SCR Higher potency for CYP 3A inhibition [136,137,146].
levels mentioned above are explained by the fact that COBI Fine tuning of individualized ARV regimens in patients with
preferentially accumulates in tubular cells and reaches conc. polytherapy [146].
capable of inhibiting MATE1 [53,141]. Detrimental effects on serum lipids [146].
Limited effect on PXR, being unlikely to have an enzymatic Higher risk of DDIs with non-CYP 3A substrates (considering
induction effect on drug metabolism [143-145] party drugs as well) [146].
Less pill burden (available at single tablet regimen) [146]. Recommended in HIV-infected pregnant women [146].

Neutral effects on serum lipids [146].
Higher risk of DDIs in association with antithrombotic [146].
Contraindicated in HIV-infected pregnant women [146].

Legend: ARV—antiretroviral; BCRP—breast cancer resistance protein; COBI—cobicistat; conc—Concentration; CR—creatinine; CYP—
cytochrome; DDI—drug-drug interaction; MATE—multidrug and toxin extrusion (a transporter involved in the tubular secretion of
creatinine); OATP—organic anion transport protein; OCT2—organic cation transporter; P-gp—P-glycoprotein; PXR—pregnane X receptor
(regulates the expression of various enzymes that metabolize drug substances); RTV—ritonavir; SCR—serum creatinine.

8. Protease Inhibitor—Darunavir

DRYV is the latest formulated PI [6] providing a high genetic barrier to the onset of
viral resistance as well as effective antiviral activity on HIV-1 strains already resistant to
other PIs [11]. 3-((4-Amino-benzenesulfonyl)-isobutyl-amino)-1-benzyl-2-hydroxypropyl)-
carbamic acid hexa-hydrofuro-(2,3-b) furan-3-yl ester is a synthetic nonpeptide PI, from
the class of systemic antivirals, developed in 1988. The molecular weight is 547.7 (g/mole),
solubility of 0.15 mg/mL, and 95% plasma protein binding. The chemical structure of the
substance is shown in Figure 6.

NH,

Figure 6. Chemical structure of darunavir.

The compound was licensed for marketing in the United States of America in 2006
and in 2007 in Europe. Since 2016, DRV is a treatment option for children over three years
of age, adolescents, and naive adults, infected with HIV-1, but also for critical patients [147].
Since its first administration, numerous studies have demonstrated the effectiveness of
DRV against HIV-1, and this ARV drug has become an important component of HAART. It
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has a high affinity for HIV-1 protease, binds strongly to it by forming a stable complex due
to flexible conformation, and skeletal interactions [122].

Low doses of RTV or COBI are used to increase DRV plasma level. It can also be
used in prophylaxis. The administration is done once or twice a day, only according to
a schedule established by the specialist. This regimen may include 800 mg of DRV and
150 mg of COBI, 800 mg of DRV and 100 mg of RTV (once daily). When given twice a day,
600 mg of DRV in combination with 150 mg COBI or 100 mg RTV should be taken [54].

8.1. Pharmaceutical Form

DRYV is marketed as a 100 mg/mL oral suspension or as 75, 150, 300, or 600 mg film-
coated tablets. In fixed doses, it is formulated with COBI (800 mg DRV /150 mg COBI). As
with other ARVs, DRV does not cure HIV/AIDS [122].

8.2. Mechanism of Action

DRV is an inhibitor of dimerization and catalytic activity of HIV-1 protease, thus in-
hibiting proteolytic activity and subsequent replication of HIV-1. It also selectively inhibits
the cleavage of Gag-Pol-encoded HIV polyproteins in virus-infected cells, preventing the
formation of infectious mature viral particles [148].

In therapy, a low dose of RTV or COBI, in combination or not with other ARV
medicines, should be used to treat patients infected with HIV-1, adult, adolescent, and
pediatric patients over three years old and with body weight >10-15 kg [148,149], who:

e have not been previously treated with ART; and

e have been previously treated with ART, have no DRV resistance mutations (DRV-
RAMs) and have HIV-1 plasma RNA <100,000 copies/mL and CD4 + cell
count >100 cells x 10°/L. In deciding to start DRV treatment in these patients previ-
ously treated with ART, the administration should be guided by genotypic testing [150].

After initiating treatment with DRV, patients are advised not to change the dose,
dosage form, or discontinue treatment without talking to their healthcare professionals. The
drug interaction profile of DRV depends on the use of RTV or COBI as a pharmacokinetic
enhancer. Therefore, DRV may have different contraindications and recommendations for
concomitant use depending on the use of RTV or COBI for potentiation [151].

8.3. Pharmacodynamic Properties. Therapeutic Efficacy and Safety

The efficacy and safety of DRV alone or in combination with potentiating drugs
have been demonstrated in numerous studies [54,152-156]. The results showed that DRV
significantly improved virological and immunological outcomes compared to other PIs and
was generally well tolerated, with low cytotoxicity. The drug was developed to have a high
genetic barrier against the development of resistance and has activity against wild-type
HIV-1 and a wide range of viruses resistant to other PIs. DRV has a high affinity for HIV-1,
with a binding constant of 4.5 x 10-12 mol/L, in vitro, binding tightly and predominantly
to the substrate coating [149] with rigid and flexible molecular docking that allows it
to form a very stable complex with the enzyme. This binding is shown in 2D form in
Figure 7, and in 3D form in Figure 8 [157]. The molecular docking was done similar to
RTV. Following the analysis of the 2D diagram (Figure 7), it is revealed that DRV binds to
the following amino acids: glycine (GLY49), alanine (ALA28), aspartic acid (ASP29 and
ASP30), valine (VALS2), asparagyne (ASN25), isoleucine (ILE47 and ILE50), and proline
(PROB81). The common amino acid ASP30 forms H bonds at the level of the B protein chain.
The amino acids ALA28 and ILE47, present at the level of both chains, make alkyl/m-alkyl
bonds; VALS82 binds through alkyl and m-sigma. In chain A, ALA28 binds through an alkyl
bond, ASP29 and ASP30 through the H bond, and ILE50 through a 3-ol hexadrofuro-furan
via m—alkyl bond to the DRV structure. Regarding the B chain, the 4-aminophenyl group,
within the protein, establishes H and 7m—alkyl bonds, with the ASP30 and ILE47 amino
acids of the receptor structure. PRO81 forms (via the pyrrolidine protein) a bond through
the benzene ring. GLY49 and GLY27 form C-H bonds with the ligand.
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Figure 7. 2D diagram representing crystal structure of wild type HIV-1 protease in complex with darunavir (Discovery
Studio Client v19. 1.0. 18287). Legend: glycine (GLY27, GLY49); alanine (ALA28); aspartic acid (ASP25, ASP29, ASP30);
isoleucine (ILE47, ILE50); proline (PRO81); valine (VALS82); A and B are the chains.

Figure 8. 3D structure of DRV-HIV-1 proteases complex (UCSF Chimera version 1.14 (build 42091)).
Legend: Blue — chain A, Red- chain B.

Table 3 schematically shows the ligand—receptor interactions, HIV-DRV protease from
the A and B chains of the viral protease, the distances between them and the types of bonds
that are formed.

If the affinity for wild-type strains is increased, species that have developed resistance
to PIs are less sensitive to DRV, and ARV activity is compromised [158].

8.4. Drug Resistance

The major complication of ART is the evolution of drug-resistant viral strain variants.
This resistance occurs due to rapid viral replication. Most PIs select viral species with one or
more specific mutations in the coding region that confer resistance. DRV appears to have a
high genetic barrier against developing viral resistance in the case of wild-type virus as well
as a large group of clinical isolates resistant to other PIs [159]. Following in vitro studies, it
was found that resistance to DRV occurs after more than three years of treatment, and the
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development of these strains can be suppressed at a drug concentration >400 nmol/mL [149].
Thus, DRV is a viable option for the treatment of both naive and PI treated HIV patients. In
addition, the combination of DRV and potentiating drugs significantly reduces the risk of
viral resistance, thus contributing to improved efficacy [160,161]. The efficacy and safety of
DRV administered alone or in combination therapy have been demonstrated in numerous
studies [162-165]. The results showed that DRV significantly improved the virological and
immunological response compared to other Pls and was also well tolerated.

Table 3. Ligand-receptor interactions at the A and B chain (Discovery Studio Visualizer).

Amino Acids Ligand-Protein Types of Amino Acids Ligand-Protein Types of
of Chain A Distance (A) Connections of Chain B Distance (A) Connections
ASP30 3.32 GLY49 3.01 C-H
ASP25 292 H bond GLY27 3.31
ASP29 2.89 ILE47 5.08 el
3.20 PRO81 499 4
GLY27 3.33 Hbond ALA28 411
3.67 C-H VALS2 344 T-sigma
ILE50 5.04 m-alkyl ASP30 3.31 H bound
ALA28 4.60
VALS2 5.38 Aliyl
ILE47 5.07

Legend: GLY—glycine; ALA—alanine; ASP—aspartic acid; ILE—isoleucine; PRO—proline, VAL—valine.

Although structurally, DRV is similar to amprenavir, DRV has two intertwined tetrahy-
drofuran rings. This difference is important in the antiviral activity of DRV, because the
bistetrafuran fragment reverses stereochemistry at the point that binds it to the rest of the
molecule and allows additional interactions of DRV with ASP 29, a key amino acid of the
HIV protease [161].

8.5. Pharmacokinetic Properties

Pharmacokinetic studies in which DRV was administered alone showed a bioavail-
ability of 37%. In combination with RTV, a potent CYP3A inhibitor, the plasma con-
centration increased, the bioavailability reaching 82%. This demonstrates that DRV is
sensitive to a presystemic metabolism or to an efflux effect or even to both. Potentiation
drugs reduce these effects. According to CPR, DRV is primarily metabolized by CYP3A.
RTV and COBI inhibit CYP3A, thereby significantly increasing plasma DRV concentra-
tions [153,160,161,166-170].

8.5.1. Absorption

DRV is rapidly absorbed after oral administration. The maximum plasma concen-
tration in the presence of a low dose of RTV is generally reached within 2.5-4 h [148,149].
The absolute oral bioavailability of a single 600 mg dose of DRV alone was approximately
37% and increased to approximately 82% in the presence of 100 mg RTV twice daily [166].
The effect of overall pharmacokinetic potentiation by RTV was an approximately 14-fold
increase in systemic DRV exposure when a single 600 mg dose of DRV was administered
orally in combination with RTV 100 mg twice daily. When administered without food,
the relative bioavailability of DRV in the presence of a low dose of RTV was 30% lower
compared to co-administration with food. Therefore, DRV tablets should be administered
with RTV and food. The type of food does not affect ARV exposure [160,161].

P-glycoprotein from intestinal epithelial cells may decrease oral absorption of PIs by
mediating drug efflux. Low levels of intestinal absorption, together with CYP 450 activity,
are major factors in the low bioavailability of DRV. The combination of a boosting drug
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inhibits both the action of CYP 450 and the efflux transport systems in the intestinal mucosa,
thus improving the bioavailability of DRV [148,149].

8.5.2. Distribution

DRV is strongly bound to plasma proteins in a proportion of approximately 95%, binding
in particular to plasma «1-acid glycoprotein [153,167]. It can also be detected in cervical-vaginal
fluid [171], sperm [163,172], and cerebrospinal fluid [13,173,174]. Following intravenous
administration, the volume of distribution of DRV alone was 88.1 + 59.01 (mean + DS) and
increased to 131 £ 49.9 1 (mean + DS) in the presence of 100 mg RTV twice daily.

8.5.3. Drug Metabolism

In vitro experiments with human liver microsomes (HLM) indicated that DRV mainly
undergoes oxidative metabolism. DRV is extensively metabolized by the hepatic system
CYP 450 and almost exclusively by the CYP3A4 isoenzyme. In humans, at least three
oxidative metabolites of DRV were identified, with 10-fold lower activity on the wild-type
HIV than the parent substance [149,161].

A study conducted in 2009 [175] demonstrated that RTV, used as a pharmacoki-
netic enhancer, significantly alters DRV metabolism. In this study, un-boosted DRV was
metabolized by carbamate hydrolysis, aliphatic isobutyl hydroxylation, aniline-aromatic
hydroxylation and, to a lesser extent, by benzyl-aromatic hydroxylation and glucuronida-
tion. Boosting DRV with RTV resulted in a strong inhibition of carbamate hydrolysis,
aliphatic isobutyl hydroxylation, and aromatic benzyl hydroxylation. The booster did not
influence the aromatic hydroxylation of benzyl in any way but increased the elimination of
glucuronide metabolites. However, the percentage of DRV available for action between
RTV-boosted and un-boosted patients was significantly different (48.8%) compared to only
8%, as a result of inhibition of DRV metabolism.

8.5.4. Clearance

After a dose of 400/100 mg, DRV with RTV, approximately 79.5 and 13.9% of the
administered dose is found in the feces and urine, respectively. Unchanged DRV was
approximately 41.2 and 7.7% of the administered dose in feces and urine, respectively. The
terminal clearance half-life of DRV was approximately 15 h when combined with RTV. The
intravenous clearance of DRV alone (150 mg) and in the presence of a low dose of RTV was
32.8 and 5.9 L/h, respectively [148,149].

8.6. Pharmaco-Toxicology

DRV is generally well tolerated in humans. The most common side effect is rash 7%
of cases. This is followed by diarrhea (2.3%), headache (3.8%), abdominal pain (2.3%),
constipation (2.3%), and vomiting (1.5%). DRV can also cause allergic reactions, and people
allergic to RTV can also have a reaction to DRV [150,176]. High blood sugar levels, diabetes
or worsening diabetes symptoms, muscle aches, tenderness or weakness, and increased
bleeding in people with hemophilia have been reported in patients taking PIs such as
DRV. Changes in body fat have been observed in some patients taking HIV medications
including loss of fat from the legs, arms, and face, increased fat in the abdomen and other
internal organs, and enlargement of the breasts and fat on the back of the neck [177,178].

As common side effects of DRV are as follows: diarrhea, vomiting, nausea, indigestion,
eczema, itching, abdominal pain, bloating, flatulence, headache, fever, peripheral neu-
ropathy, lipodystrophy, insomnia, weakness, fatigue, diabetes, increased creatinine levels,
cholesterol, and liver enzymes. Rare side effects (like abnormal liver function, changes in
heart rate) may also occur. It must not be used in patients with severe hepatic impairment
and should be used with caution in cases of moderate hepatic impairment. Table 4 shows
the effects that may occur when co-administering DRV with COBI or RTV [179].
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Table 4. Adverse effects to boosting Darunavir (DRV) with RTV or COBIL.

Adverse Effect/Ref. DRV/COBI DRV/RTV

V diarrhea 14.4%
¢ nausea, vomiting, abdominal pain, increased pancreatic amylase, increased pancreatic
lipase, abdominal distension, dyspepsia, flatulence, increased serum amylase
Y pancreatitis, gastritis, gastroesophageal reflux, stomatitis, dry mouth, abdominal
discomfort, constipation, increased lipase, belching
" stomatitis, hematemesis, cheilitis, dry lips, loaded tongue
f increase in liver enzymes

Vincrease: cholesterol 10-25%, LDL 9.12-14.4%, TG 3.9-10.4%,
alkaline phosphatase 1-3.9%
¢ asthenia, fatigue
Others V fatigue " fever, chest pain, peripheral edema, redness, general malaise, pain,
[122,160,172,180-186] " asthenia weight loss or gain, HDL decrease, increase in serum alkaline phosphatase,
increase in lactate dehydrogenase.
T chills, xerosis
f hypertension, facial edema, decreased bicarbonate

V diarrhea 28%, nausea 23%
Gastrointestinal ¢ vomiting, abdominal pain, abdominal distension, dyspepsia,
[122,150,160,172,173,180-185] flatulence, increased pancreatic enzymes
Y acute pancreatitis

¢ macular, maculopapular, papular, erythematous, pruritic rash, pruritus,
lipodystrophy—lipo-hypertrophy, lipodystrophy, lipoatrophy

. . v i , li h, urticaria, nigh , allergi itis, ,
Dermatological—rashes generally mild and moderate, appear angioedema, generalized rash, urticaria, night sweats, allergic dermatitis, eczema

in the first 4 weeks of treatment. are remitted to contintous ¥ maculopapular rash, papular, erythematous, pruritic, erythema, alopecia, hyperhidrosis, Steven-Johnson syndrome, acne, dry skin, nail
a dministr,ation generalized rash, allergic dermatitis—16% pigmentation, herpes simplex infection, severe skin reactions accompanied or not by
¢ angioedema, pruritus, urticaria fever and/or increased transaminases

[122,150,160,180,183,185] " drug eruptions with eosinophilia, systemic symptoms, erythema multiforme,

dermatitis, seborrheic dermatitis, skin lesions, xeroderma
f folliculitis, lipoatrophy, toxic skin rash, drug dermatitis, skin inflammation

Metabolic: high glucose levels, grade 2 (up to 15.4%), grade 3 V elevated glucose levels up to 15.4%
(to 1.7%), grade 4 (<1%), were reported to co-administer ¢ hyperlipidemia, anorexia, diabetes, hypercholesterolemia, hyper triglyceridemia
DRV/RTV " gout, decreased or increased appetite, polydipsia, hyperglycemia, insulin resistance
[122,160,180-186] f hypoglycemia, hyperuricemia, hypocalcemia, hyponatremia,
obesity, hypoalbuminemia

¢ anorexia, diabetes, hypercholesterolemia,
hypertriglyceridemia, hyperlipidemia

¢ headache, diabetic neuropathy, dizziness
" lethargy, hypoesthesia, paresthesia, dysgeusia, attention and memory disorders,
¥ headache drowsiness and vertigo
' convulsions, syncope, agitation, sleep disturbances
f transient ischemic attack, progressive multifocal leukoencephalopathy

Nervous system
[122,180,183,185]

¢ increase in alanyl amino-transferase (ALT) and aspartate aminotransferase (AST)
Liver v - " hepatitis, acute hepatitis, cytolytic hepatitis, hepatic steatosis, hepatotoxicity,
[122,150,173,180,181,183-185] increase in liver enzymes increased transaminases, serum bilirubin and gamma-glutamyl transferase
f increase in liver enzymes




Biomedicines 2021, 9, 313

25 of 35

Table 4. Cont.

Adverse Effect/Ref. DRV/COBI DRV/RTV
¢ insomnia.
Psychiatric ¢ abnormal dreams " depression, disorientation, sleep disturbances, abnormal dreams, nightmares, anxiety,
[122,180,183,185] decreased libido, irritability

' confusion, unchanged mood, restlessness

Cardio-vascular
[122,180,183,185]

Y myocardial infarction, angina pectoris, QT prolongation, ECG prolongation,
tachycardia, hypertension
" acute myocardial infarction, sinus bradycardia, palpitations

Blood
[122,180,181,183,185]

" thrombocytopenia, neutropenia, anemia, leukopeni.

" acute renal failure, renal failure, nephrolithiasis, increased blood creatinine

Kidneys ¢ increase in blood creatinine " decreased renal creatinine clearance

[122,180,183,185] ¢ ;

renal failure

Y myalgia, osteonecrosis, muscle spasms, muscle weakness, arthralgia, extremity pain,

Musculoskeletal c loi osteoporosis, increased creatine phosphokinase in the blood
[122,180,183,185] myalgia " musculoskeletal stiffness, arthritis, joint stiffness

f osteopenia

" .
Respiratory dyspnea, cough, epistaxis, sore throat

[122,173,180,183,185]

I rhinorrhea

f nasopharyngitis, hiccups, pneumontia, upper respiratory tract infections

Hypersensitivity
reaction
[122,180,181,183,185]

¢ drug hypersensitivity

Y drug hypersensitivity

Genitourinary Y proteinuria, bilirubinuria, dysuria, nocturia, pollakiuria, erectile dysfunction
[122,180,183,185] f polyuria
Immunological Y inflammatory syndrome of immune reconstitution Y inflammatory syndrome of immune reconstitution
[122,180,183,185]
Endocrine

[122,180,181,183,185]

Y hypothyroidism, increased levels of thyroid hormone in the blood, gynecomastia

Eye
[122,180,183,185]

Y conjunctival hyperemia, dry eye sensation
" visual disturbances

Legend: V very common, >10%; ¢ common, 1-10%; * unusual, 0.1-1%; " rare, <0.1%; f frequency unknown.
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8.7. Drug—Drug Interactions (DDI)

Drug-drug interactions are a permanent concern for clinicians treating HIV-infected
patients. In addition to HAART, which requires combinations of multiple ARV drugs, pa-
tients should frequently take other medications to prevent or treat opportunistic infections,
associated diseases, and to manage ARV side effects. Many of these drug interactions can
lead to dose adjustments or even contraindications to their use [187]. However, there are
also interactions sought in practice such as that with enzyme inhibitors, used to boost the
effects of PIs. CYP 3A4 is the key to metabolism for both DRV and RTV, so their plasma con-
centrations can be increased by co-administration of enzymatic inhibitors of this isomorph
and decreased with CYP 3A4 inducers [188]. Figure 9 compares the pharmacokinetics of
co-administration of 800 mg DRV with 150 mg COBI or 100 mg RTV.

AUC24 (ng-h/mL)
81,100 (31.0)

Cmax (ng/mL)

+150 mg of COBI 7740 (21.8)

DRV pharmacokinetic parameters

(n=31)

geometric mean (CV%)

C24 (ng/mL)

1330 (66.8)

Geometric mean ratio (%) — mean (90% CI)
C0 (ng/ml) AUC24 (ng-h/mL) 102 (97.4-106)
Zenn) Cmax (ng/mL) 103 (100-106)
C24 (ng/mL) 69.4 (59.0- 81.7)
AUC24 (ng-h/mL) C0 (ng/mL) 89.4 (80.4-99.4)
80,000 (34.0)

Cmax (ng/mL)

+100 mg of RTV

geometric mean (CV%) C24 (ng/mL)

7460 (20.3)

1870 (83.3)

C0 (ng/mL)
2480 (34.3)

Figure 9. Comparison of pharmacokinetics of 800 mg DRV when co-administered with 150 mg COBI or 100 mg of RTV.
Legend: AUC—area under the curve (area under the plot of plasma concentration of a drug vs. time, after dosage);
C0—initial concentration; C24—concentration at 24 h; Cmax—maximum concentration; CV—coefficient of variation.

9. Conclusions and Future Directions

The emergence of PIs was an important step in the treatment of HIV-infected patients.
Their use, together with two nucleoside analogues, has radically changed, in a positive
way, the life prognosis of patients. If the initially developed PIs had many side effects
and thus imposed limitations in administration, recent generations are well tolerated,
significantly improving the quality of life of the patients. Today, PIs have a convenient
dosage, are administered in a single dose, daily, with high potency and a favorable safety
profile. Co-administration of a pharmacokinetic enhancer has greatly contributed to this
effective and safe therapeutic profile of PIs. To this, it is added the increased barrier to
the occurrence of viral resistance of Pls and the specific immune benefit of this class. All
these features make PIs key agents in the fight against HIV. Dual therapeutic regimens
were initially designed to be administered to patients in whom monotherapy had failed.
However, the practice has proved unquestionable qualities; in addition to the much higher
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potency, there has been better patient compliance due to the decrease in the pill burden
and the reduction in the number and intensity of side effects.

DRYV is part of the new generation of PIs, bringing a great advantage in the treatment of
HIV/AIDS because it has superior efficacy on wild-type HIV but also on already resistant
strains. DRV co-administered with a booster—RTV or COBI—has a higher pharmacokinetic
profile due to booster inhibition of metabolic pathways. Boosted DRV is well tolerated by
patients, with fewer side effects than other regimens. Therefore, DRV co-administered with
RTV or COBI is a viable treatment option for both naive and experienced patients.

COBI and RTV are considered equivalent pharmacokinetic stimulants with similar
inhibitory effects on CYP3A4, CYP2D6, P-gp, and other transporters. Similar exposures
to elvitegravir, atazanavir, and DRV are made when combined with either substance.
However, in the presence of inducers, etravirine, rifamycin, or anticonvulsants, COBI may
not be as effective as RTV in inhibiting CYP3A4. However, COBI is a more specific inhibitor
of CYP3A than RTV and has no inducing properties. Thus, it is anticipated that drugs
metabolized primarily by CYP1A2, CYP2B6, CYP2C8, CYP2C9, and CYP2C19 or subject
to glucuronidation reactions will be affected differently by RTV and COBI. Additionally,
data on drug-drug pharmacokinetic interactions for COBI are often extrapolated from
RTV. However, separate studies are needed in the case of COBI. Although they have
similar profiles, problems can also occur when changing a treatment regimen that contains
RTV with another that includes COBI. Clinicians need to know the differences in the
pharmacokinetic profile of the two boosters, especially when evaluating and managing
potential drug interactions, with most HIV+ patients having multiple comorbidities and
co-medications. In these situations, monitoring the therapy, by various means, is absolutely
necessary in order to be able to act promptly by adjusting the doses or by modifying the
therapeutic regimens.

Author Contributions: All authors have equally contributed to this paper and agreed on the final
version of this manuscript. Conceptualization, R.-C.M. and S.B.; Investigation, R.-C.M., T.B., N.N. and
S.B.; Resources, T.B.; Data curation, R.-C.M., T.B., N.N. and S.B.; Writing—original draft preparation,
R.-C.M. and S.B.; Writing—review and editing, T.B. and S.B.; Visualization, N.N.; Supervision, T.B.
and S.B.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: Molecular graphics and analyses performed with UCSF Chimera, developed by
the Resource for Biocomputing, Visualization, and Informatics at the University of California, San
Francisco, with support from NIH P41-GM103311.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Al-Dakkak, I; Patel, S.; McCann, E.; Gadkari, A.; Prajapati, G.; Maiese, E.M. The impact of specific HIV treatment-related
adverse events on adherence to antiretroviral therapy: A systematic review and meta-analysis. AIDS Care 2012, 25, 400-414.

[CrossRef] [PubMed]

2. Antiretroviral Therapy Cohort Collaboration. Life expectancy of individuals on combination antiretroviral therapy in high-income
countries: A collaborative analysis of 14 cohort studies. Lancet 2008, 372, 293-299. [CrossRef]

3. LeDouce, V; Janossy, A.; Hallay, H.; Ali, S.; Riclet, R.; Rohr, O.; Schwartz, C. Achieving a cure for HIV infection: Do we have
reasons to be optimistic? J. Antimicrob. Chemother. 2012, 67, 1063-1074. [CrossRef]

4. Mothi, S.; Swamy, V.; Sarvode, S.; Karpagam, S.; Mamatha, M.L. Paediatric HIV-trends & challenges. Indian, |. Med Res. 2011,

134,912-919. [CrossRef]

5. Drechsler, H.; Powderly, W.G. Switching Effective Antiretroviral Therapy: A Review. Clin. Infect. Dis. 2002, 35, 1219-1230. [CrossRef]

S

Arts, E.J.; Hazuda, D.J. HIV-1 Antiretroviral Drug Therapy. Cold Spring Harb. Perspect. Med. 2012, 2, a007161. [CrossRef]

7. Wynn, G.H.; Zapor, M.].; Smith, B.H.; Wortmann, G.; Oesterheld, J.R.; Armstrong, S.C.; Cozza, K.L. Antiretrovirals, Part 1:
Overview, History, and Focus on Protease Inhibitors. Psychosomatics 2004, 45, 262-270. [CrossRef]


http://doi.org/10.1080/09540121.2012.712667
http://www.ncbi.nlm.nih.gov/pubmed/22908886
http://doi.org/10.1016/S0140-6736(08)61113-7
http://doi.org/10.1093/jac/dkr599
http://doi.org/10.4103/0971-5916.92636
http://doi.org/10.1086/343050
http://doi.org/10.1101/cshperspect.a007161
http://doi.org/10.1176/appi.psy.45.3.262

Biomedicines 2021, 9, 313 28 of 35

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
27.
28.

29.

30.

31.

32.

Kohl, N.E.; Emini, E.A.; Schleif, W.A.; Davis, L.J.; Heimbach, J.C.; Dixon, R.A.; Scolnick, E.M.; Sigal, 1.S. Active human
immunodeficiency virus protease is required for viral infectivity. Proc. Natl. Acad. Sci. USA 1988, 85, 4686—4690. [CrossRef]
Wang, Y.; Lv, Z.; Chu, Y. HIV protease inhibitors: A review of molecular selectivity and toxicity. HIV/AIDS Res. Palliat. Care 2015,
7,95-104. [CrossRef]

Acosta, E.P,; Kakuda, T.N.; Brundage, R.C.; Anderson, P.L.; Fletcher, C.V. Pharmacodynamics of Human Immunodeficiency Virus
Type 1 Protease Inhibitors. Clin. Infect. Dis. 2000, 30, S151-5159. [CrossRef]

Arribas, ].R. Drugs in traditional drug classes (nucleoside reverse transcriptase inhibitor /nonnucleoside reverse transcriptase
inhibitor/ protease inhibitors) with activity against drug-resistant virus (tipranavir, darunavir, etravirine). Curr. Opin. HIV AIDS
2009, 4, 507-512. [CrossRef] [PubMed]

National Center for Biotechnology Information. PubChem Compound Summary for CID 392622, Ritonavir. Available online:
https:/ /pubchem.ncbi.nlm.nih.gov/compound/Ritonavir (accessed on 17 January 2021).

Arasteh, K.; Yeni, P; Pozniak, A.; Grinsztejn, B.; Jayaweera, D.; Roberts, A.; Hoy, J.; De Meyer, S.; Vangeneugden, T.; Tomaka, F.
Efficacy and safety of darunavir/ritonavir in treatment-experienced HIV type-1 patients in the POWER 1, 2 and 3 trials at week
96. Antivir. Ther. 2009, 14, 859. [CrossRef]

Protease Inhibitors (HIV). In LiverTox: Clinical and Research Information on Drug-Induced Liver Injury; National Institute of Diabetes
and Digestive and Kidney Diseases: Bethesda, MD, USA, 2012.

Brogan, A.; Mauskopf, J.; Talbird, S.E.; Smets, E. US Cost Effectiveness of Darunavir/Ritonavir 600/100mg bid in Treatment-
Experienced, HIV-Infected Adults with Evidence of Protease Inhibitor Resistance Included in the TITAN Trial. Pharmacoeconomics
2010, 28, 129-146. [CrossRef] [PubMed]

Kotler, D.P. HIV and Antiretroviral Therapy: Lipid Abnormalities and Associated Cardiovascular Risk in HIV-Infected Patients.
JAIDS ]. Acquir. Immune Defic. Syndr. 2008, 49, S79-S85. [CrossRef]

Bungau, S.; Behl, T.; Tit, D.M.; Banica, F; Bratu, O.G.; Diaconu, C.C.; Nistor-Cseppento, C.D.; Bustea, C.; Aron, R.A.C.; Vesa, C.M.
Interactions between leptin and insulin resistance in patients with prediabetes, with and without NAFLD. Exp. Ther. Med. 2020,
20, 1. [CrossRef]

Vesa, C.M.; Popa, L.; Popa, AR.; Rus, M.; Zaha, A.A.; Bungau, S.; Tit, D.M.; Aron, R.A.C.; Zaha, D.C. Current Data Regarding the
Relationship between Type 2 Diabetes Mellitus and Cardiovascular Risk Factors. Diagnostics 2020, 10, 314. [CrossRef]

Riddler, S.A.; Haubrich, R.; DiRienzo, A.G.; Peeples, L.; Powderly, W.G.; Klingman, K.L.; Garren, KW.; George, T.; Rooney, ].F.;
Brizz, B.; et al. Class-Sparing Regimens for Initial Treatment of HIV-1 Infection. N. Engl. ]. Med. 2008, 358, 2095-2106. [CrossRef]
Bozzette, S.A.; Ake, C.F; Tam, HK,; Chang, S.W.; Louis, T.A. Cardiovascular and Cerebrovascular Events in Patients Treated for
Human Immunodeficiency Virus Infection. N. Engl. ]. Med. 2003, 348, 702-710. [CrossRef] [PubMed]

Hruz, PW. HIV protease inhibitors and insulin resistance: Lessons from in-vitro, rodent and healthy human volunteer models.
Curr. Opin. HIV AIDS 2008, 3, 660—-665. [CrossRef]

Soontornniyomkij, V.; Umlauf, A.; Chung, S.A.; Cochran, M.L.; Soontornniyomkij, B.; Gouaux, B.; Toperoff, W.; Moore, D.J.; Masliah, E.;
Ellis, RJ.; et al. HIV protease inhibitor exposure predicts cerebral small vessel disease. AIDS 2014, 28, 1297-1306. [CrossRef]
Cameron, D.W.; Da Silva, B.A.; Arribas, ].R.; Myers, R.A.; Bellos, N.C.; Gilmore, N.; King, M.S.; Bernstein, B.M.; Brun, 5.C.;
Hanna, G.J. A 96-Week Comparison of Lopinavir-Ritonavir Combination Therapy Followed by Lopinavir-Ritonavir Monotherapy
versus Efavirenz Combination Therapy. J. Infect. Dis. 2008, 198, 234-240. [CrossRef]

Kolta, S.; Flandre, P; Van, PN.; Cohen-Codar, I.; Valantin, M.-A.; Pintado, C.; Morlat, P; Boué, F.; Rode, R.; Norton, M.; et al. Fat
tissue distribution changes in HIV-infected patients treated with lopinavir/ritonavir. Results of the MONARK trial. Curr. HIV Res.
2011, 9, 31-39. [CrossRef]

Kuritzkes, D.R. Drug resistance in HIV-1. Curr. Opin. Virol. 2011, 1, 582-589. [CrossRef]

Doyon, L.; Croteau, G.; Thibeault, D.; Poulin, F,; Pilote, L.; Lamarre, D. Second locus involved in human immunodeficiency virus
type 1 resistance to protease inhibitors. J. Virol. 1996, 70, 3763-3769. [CrossRef]

Mammano, F; Petit, C.; Clavel, F. Resistance-Associated Loss of Viral Fitness in Human Immunodeficiency Virus Type 1: Phenotypic
Analysis of Protease andgag Coevolution in Protease Inhibitor-Treated Patients. . Virol. 1998, 72, 7632-7637. [CrossRef]

Winters, M.A.; Merigan, T.C. Insertions in the Human Immunodeficiency Virus Type 1 Protease and Reverse Transcriptase Genes:
Clinical Impact and Molecular Mechanisms. Antimicrob. Agents Chemother. 2005, 49, 2575-2582. [CrossRef]

Kozigek, M.; Sagkova, K.G.; Rezdtova, P; Brynda, J.; Van Maarseveen, N.M.; De Jong, D.; Boucher, C.A.; Kagan, RM.; Nijhuis, M.;
Konvalinka, ]. Ninety-Nine Is Not Enough: Molecular Characterization of Inhibitor-Resistant Human Immunodeficiency Virus
Type 1 Protease Mutants with Insertions in the Flap Region. J. Virol. 2008, 82, 5869-5878. [CrossRef] [PubMed]

Kozal, M.J.; Shah, N.; Shen, N.; Yang, R.; Fucini, R.; Merigan, T.C.; Richman, D.D.; Morris, D.; Hubbell, E.; Chee, M.; et al.
Extensive polymorphisms observed in HIV-1 clade B protease gene using high-density oligonucleotide arrays. Nat. Med. 1996,
2,753-759. [CrossRef] [PubMed]

De Conto, V.; Braz, A.S.; Perahia, D.; Scott, L.P. Recovery of the wild type atomic flexibility in the HIV-1 protease double mutants.
J. Mol. Graph. Model. 2015, 59, 107-116. [CrossRef]

Goémez, PM.S.; Amano, M.; Yashchuk, S.; Mizuno, A.; Das, D.; Ghosh, AK.; Mitsuya, H. GRL-04810 and GRL-05010,
Difluoride-Containing Nonpeptidic HIV-1 Protease Inhibitors (PIs) That Inhibit the Replication of Multi-PI-Resistant HIV-1In
Vitroand Possess Favorable Lipophilicity That May Allow Blood-Brain Barrier Penetration. Antimicrob. Agents Chemother. 2013,
57,6110-6121. [CrossRef]


http://doi.org/10.1073/pnas.85.13.4686
http://doi.org/10.2147/HIV.S79956
http://doi.org/10.1086/313852
http://doi.org/10.1097/COH.0b013e328331b911
http://www.ncbi.nlm.nih.gov/pubmed/20048718
https://pubchem.ncbi.nlm.nih.gov/compound/Ritonavir
http://doi.org/10.3851/IMP1301
http://doi.org/10.2165/11587490-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21182348
http://doi.org/10.1097/QAI.0b013e318186519c
http://doi.org/10.3892/etm.2020.9327
http://doi.org/10.3390/diagnostics10050314
http://doi.org/10.1056/NEJMoa074609
http://doi.org/10.1056/NEJMoa022048
http://www.ncbi.nlm.nih.gov/pubmed/12594314
http://doi.org/10.1097/COH.0b013e3283139134
http://doi.org/10.1097/QAD.0000000000000262
http://doi.org/10.1086/589622
http://doi.org/10.2174/157016211794582687
http://doi.org/10.1016/j.coviro.2011.10.020
http://doi.org/10.1128/JVI.70.6.3763-3769.1996
http://doi.org/10.1128/JVI.72.9.7632-7637.1998
http://doi.org/10.1128/AAC.49.7.2575-2582.2005
http://doi.org/10.1128/JVI.02325-07
http://www.ncbi.nlm.nih.gov/pubmed/18400858
http://doi.org/10.1038/nm0796-753
http://www.ncbi.nlm.nih.gov/pubmed/8673920
http://doi.org/10.1016/j.jmgm.2015.04.006
http://doi.org/10.1128/AAC.01420-13

Biomedicines 2021, 9, 313 29 of 35

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

Kaul, M.; Garden, G.A.; Lipton, S.A. Pathways to neuronal injury and apoptosis in HIV-associated dementia. Nat. Cell Biol. 2001,
410, 988-994. [CrossRef]

Ghosh, A K.; Yashchuk, S.; Mizuno, A.; Chakraborty, N.; Agniswamy, J.; Wang, Y.-F.; Aoki, M.; Gémez, PM.S.; Amano, M.; Weber,
LT,; et al. Design of Gem-difluoro-bis-Tetrahydrofuran as P2-Ligand for HIV-1 Protease Inhibitors to Improve Brain Penetration:
Synthesis, X-ray Studies, and Biological Evaluation. ChemMedChem 2014, 10, 107-115. [CrossRef]

Weber, L.T.; Kneller, D.W.; Wong-Sam, A. Highly resistant HIV-1 proteases and strategies for their inhibition. Futur. Med. Chem.
2015, 7, 1023-1038. [CrossRef]

Wu, T.D.; Schiffer, C.A.; Gonzales, M.].; Taylor, ]J.; Kantor, R.; Chou, S.; Israelski, D.; Zolopa, A.R.; Fessel, W.].; Shafer, RW.
Mutation Patterns and Structural Correlates in Human Immunodeficiency Virus Type 1 Protease following Different Protease
Inhibitor Treatments. J. Virol. 2003, 77, 4836—4847. [CrossRef]

Henes, M.; Lockbaum, G.J.; Kosovrasti, K.; Leidner, F.; Nachum, G.S.; Nalivaika, E.A.; Lee, S.-K.; Spielvogel, E.; Zhou, S.;
Swanstrom, R.; et al. Picomolar to Micromolar: Elucidating the Role of Distal Mutations in HIV-1 Protease in Conferring Drug
Resistance. ACS Chem. Biol. 2019, 14, 2441-2452. [CrossRef]

Lloyd, S.B.; Kent, S.J.; Winnall, W.R. The High Cost of Fidelity. AIDS Res. Hum. Retrovir. 2014, 30, 8-16. [CrossRef]

Paterson, D.L.; Swindells, S.; Mohr, J.; Brester, M.; Vergis, E.N.; Squier, C.; Wagener, M.M.; Singh, N. Adherence to Protease
Inhibitor Therapy and Outcomes in Patients with HIV Infection. Ann. Intern. Med. 2000, 133, 21-30. [CrossRef]

Nolan, D.; Reiss, P; Mallal, S. Adverse effects of antiretroviral therapy for HIV infection: A review of selected topics. Expert Opin.
Drug Saf. 2005, 4, 201-218. [CrossRef]

Tramuto, F.; Bonura, F.; Mancuso, S.; Romano, N.; Vitale, F. Detection of a New 3-Base Pair Insertion Mutation in the Protease
Gene of Human Immunodeficiency Virus Type 1 during Highly Active Antiretroviral Therapy (HAART). AIDS Res. Hum. Retrovir.
2005, 21, 420-423. [CrossRef] [PubMed]

Pereira-Vaz, J.; Duque, V.; Trindade, L.; Saraiva-Da-Cunha, J.; Meligo-Silvestre, A. Detection of the protease codon 35 amino acid
insertion in sequences from treatment-naive HIV-1 subtype C infected individuals in the Central Region of Portugal. J. Clin. Virol.
2009, 46, 169-172. [CrossRef]

Goldfarb, N.E.; Ohanessian, M.; Biswas, S.; McGee, ].T.D.; Mahon, B.P,; Ostrov, D.A.; Garcia, J.; Tang, Y.; McKenna, R.;
Roitberg, A.; et al. Defective Hydrophobic Sliding Mechanism and Active Site Expansion in HIV-1 Protease Drug Resistant
Variant Gly48Thr/Leu89Met: Mechanisms for the Loss of Saquinavir Binding Potency. Biochemistry 2015, 54, 422-433. [CrossRef]
Weber, I.T.; Agniswamy, J. HIV-1 Protease: Structural Perspectives on Drug Resistance. Viruses 2009, 1, 1110-1136.
[CrossRef] [PubMed]

Kozisek, M.; Henke, S.; Sagkova, K.G.; Jacobs, G.B.; Schuch, A.; Buchholz, B.; Miiller, V.; Kradusslich, H.-G.; Rezacova, P;
Konvalinka, J.; et al. Mutations in HIV-1gagandpolCompensate for the Loss of Viral Fitness Caused by a Highly Mutated Protease.
Antimicrob. Agents Chemother. 2012, 56, 4320-4330. [CrossRef]

Ohtaka, H.; Schon, A.A.; Freire, E. Multidrug Resistance to HIV-1 Protease Inhibition Requires Cooperative Coupling between
Distal Mutations. Biochemistry 2003, 42, 13659-13666. [CrossRef] [PubMed]

Louis, ].M.; Zhang, Y.; Sayer, ] M.; Wang, Y.-F.; Harrison, R.W.; Weber, L.T. The L76V Drug Resistance Mutation Decreases the
Dimer Stability and Rate of Autoprocessing of HIV-1 Protease by Reducing Internal Hydrophobic Contacts. Biochemistry 2011,
50, 4786-4795. [CrossRef]

Ragland, D.A.; Nalivaika, E.A.; Nalam, M.N.L.; Prachanronarong, K.L.; Cao, H.; Bandaranayake, R.M.; Cai, Y.; Kurt-Yilmaz, N.;
Schiffer, C.A. Drug Resistance Conferred by Mutations Outside the Active Site through Alterations in the Dynamic and Structural
Ensemble of HIV-1 Protease. J. Am. Chem. Soc. 2014, 136, 11956-11963. [CrossRef]

Chang, Y.-C.E,; Yu, X,; Zhang, Y.; Tie, Y.; Wang, Y.-F,; Yashchuk, S.; Ghosh, A.K,; Harrison, R.W.; Weber, I.T. Potent Antiviral HIV-1
Protease Inhibitor GRL-02031 Adapts to the Structures of Drug Resistant Mutants with Its P1’-Pyrrolidinone Ring. . Med. Chem.
2012, 55, 3387-3397. [CrossRef]

Kim, R.; Baxter, ].D. Protease Inhibitor Resistance Update: Where Are We Now? AIDS Patient Care STDs 2008,
22,267-277. [CrossRef]

Wensing, A.M.; van Maarseveen, N.M.; Nijhuis, M. Fifteen years of HIV Protease Inhibitors: Raising the barrier to resistance.
Antivir. Res. 2010, 85, 59-74. [CrossRef]

Gerber, ].G. Using Pharmacokinetics to Optimize Antiretroviral Drug-Drug Interactions in the Treatment of Human Immunodefi-
ciency Virus Infection. Clin. Infect. Dis. 2000, 30, S123-S129. [CrossRef]

Xu, L.; Liu, H.; Murray, B.P; Callebaut, C.; Lee, M.S.; Hong, A.; Strickley, R.G.; Tsai, L.K.; Stray, KM.; Wang, Y.; et al. Cobicistat
(GS-9350): A Potent and Selective Inhibitor of Human CYP3A as a Novel Pharmacoenhancer. ACS Med. Chem. Lett. 2010,
1,209-213. [CrossRef]

Deeks, E.D. Darunavir: A Review of Its Use in the Management of HIV-1 Infection. Drugs 2013, 74, 99-125. [CrossRef]
McDonald, C.K.; Martorell, C.; Ramgopal, M.; Laplante, E; Fisher, M.; Post, FA.; Liu, Y.; Curley, J.; Abram, M.E.; Custodio, J.; et al.
Cobicistat-Boosted Protease Inhibitors in HIV-Infected Patients with Mild to Moderate Renal Impairment. HIV Clin. Trials 2014,
15,269-273. [CrossRef]

Hughes, PJ.; Cretton-Scott, E.; Teague, A.; Wensel, T.M. Protease inhibitors for patients with HIV-1 infection: A comparative
overview. Pharm. Ther. 2011, 36, 332-345.


http://doi.org/10.1038/35073667
http://doi.org/10.1002/cmdc.201402358
http://doi.org/10.4155/fmc.15.44
http://doi.org/10.1128/JVI.77.8.4836-4847.2003
http://doi.org/10.1021/acschembio.9b00370
http://doi.org/10.1089/aid.2013.0153
http://doi.org/10.7326/0003-4819-133-1-200007040-00004
http://doi.org/10.1517/14740338.4.2.201
http://doi.org/10.1089/aid.2005.21.420
http://www.ncbi.nlm.nih.gov/pubmed/15929706
http://doi.org/10.1016/j.jcv.2009.06.019
http://doi.org/10.1021/bi501088e
http://doi.org/10.3390/v1031110
http://www.ncbi.nlm.nih.gov/pubmed/21994585
http://doi.org/10.1128/AAC.00465-12
http://doi.org/10.1021/bi0350405
http://www.ncbi.nlm.nih.gov/pubmed/14622012
http://doi.org/10.1021/bi200033z
http://doi.org/10.1021/ja504096m
http://doi.org/10.1021/jm300072d
http://doi.org/10.1089/apc.2007.0099
http://doi.org/10.1016/j.antiviral.2009.10.003
http://doi.org/10.1086/313857
http://doi.org/10.1021/ml1000257
http://doi.org/10.1007/s40265-013-0159-3
http://doi.org/10.1310/hct1506-269

Biomedicines 2021, 9, 313 30 of 35

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Shen, L.; Peterson, S.; Sedaghat, A.R.; McMahon, M.A.; Callender, M.; Zhang, H.; Zhou, Y,; Pitt, E.; Anderson, K.S.; Acosta, E.P; et al.
Dose-response curve slope sets class-specific limits on inhibitory potential of anti-HIV drugs. Nat. Med. 2008, 14, 762-766. [CrossRef]
Le Moing, V.; Thiébaut, R.; Chéne, G.; Leport, C.; Cailleton, V.; Michelet, C.; Fleury, H.; Herson, S.; Raffi, F,; for the APROCO Study
Group. Predictors of Long-Term Increase in CD4+Cell Counts in Human Immunodeficiency Virus-Infected Patients Receiving a
Protease Inhibitor—-Containing Antiretroviral Regimen. J. Infect. Dis. 2002, 185, 471-480. [CrossRef]

Ledergerber, B. Predictors of trend in CD4-positive T-cell count and mortality among HIV-1-infected individuals with virological
failure to all three antiretroviral-drug classes. Lancet 2004, 364, 51-62. [CrossRef]

Van Leeuwen, R.; Katlama, C.; Murphy, R.L.; Squires, K.; Gatell, ].; Horban, A.; Clotet, B.; Staszewski, S.; Van Eeden, A.; Clumeck,
N.; et al. A randomized trial to study first-line combination therapy with or without a protease inhibitor in HIV-1-infected
patients. AIDS 2003, 17, 987-999. [CrossRef]

Ghani, A.C.; Henley, WE.; Donnelly, C.A.; Mayer, S.; Anderson, RM. Comparison of the effectiveness of non-nucleoside
reverse transcriptase inhibitor-containing and protease inhibitor-containing regimens using observational databases. AIDS 2001,
15,1133-1142. [CrossRef]

Podzamczer, D.; Ferrer, E.; Consiglio, E.; Gatell, ].M.; Perez, P,; Perez, J.L.; Luna, E.; Gonzélez, A.; Pedrol, E.; Lozano, L.; et al. A
randomized clinical trial comparing nelfinavir or nevirapine associated to zidovudine /lamivudine in HIV-infected naive patients
(the Combine Study). Antivir. Ther. 2002, 7, 81-90.

Benito, ].M.; Lopez, M.; Martin, ].C.; Lozano, S.; Martinez, P.; Gonzalez-Lahoz, J.; Soriano, V. Differences in Cellular Activation
and Apoptosis in HIV-Infected Patients Receiving Protease Inhibitors or Nonnucleoside Reverse Transcriptase Inhibitors. AIDS
Res. Hum. Retrovir. 2002, 18, 1379-1388. [CrossRef]

Phenix, B.N.; Lum, ].J.; Nie, Z.; Sanchez-Dardon, J.; Badley, A.D. Antiapoptotic mechanism of HIV protease inhibitors: Preventing
mitochondrial transmembrane potential loss. Blood 2001, 98, 1078-1085. [CrossRef]

Chavan, S.; Kodoth, S.; Pahwa, R.; Pahwa, S. The HIV protease inhibitor Indinavir inhibits cell-cycle progression in vitro in
lymphocytes of HIV-infected and uninfected individuals. Blood 2001, 98, 383-389. [CrossRef]

Martinez-Picado, ].; Savara, A.V.; Shi, L.; Sutton, L.; D’Aquila, R.T. Fitness of Human Immunodeficiency Virus Type 1 Protease
Inhibitor-Selected Single Mutants. Virology 2000, 275, 318-322. [CrossRef] [PubMed]

Stoddart, C.A.; Liegler, T.J.; Mammano, F,; Linquist-Stepps, V.D.; Hayden, M.S.; Deeks, S.G.; Grant, R.M.; Clavel, F.; McCune, ] M.
Impaired replication of protease inhibitor-resistant HIV-1 in human thymus. Nat. Med. 2001, 7, 712-718. [CrossRef]

Best, B.M.; Letendre, S.L.; Brigid, E.; Clifford, D.B.; Collier, A.C.; Gelman, B.B.; McArthur, ].C.; McCutchan, J.A.; Simpson, D.M.;
Ellis, R.; et al. Low atazanavir concentrations in cerebrospinal fluid. AIDS 2009, 23, 83-87. [CrossRef]

Fernandez-Montero, ].V.; Barreiro, P.; Soriano, V. HIV protease inhibitors: Recent clinical trials and recommendations on use.
Expert Opin. Pharmacother. 2009, 10, 1615-1629. [CrossRef]

Zanger, UM.; Schwab, M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene expression, enzyme activities, and
impact of genetic variation. Pharmacol. Ther. 2013, 138, 103-141. [CrossRef]

King, J.R.; Wynn, H.; Brundage, R.; Acosta, E.P.; Acosta, A.P.E.P. Pharmacokinetic Enhancement of Protease Inhibitor Therapy.
Clin. Pharmacokinet. 2004, 43, 291-310. [CrossRef]

Zeldin, R.K. Pharmacological and therapeutic properties of ritonavir-boosted protease inhibitor therapy in HIV-infected patients.
J. Antimicrob. Chemother. 2003, 53, 4-9. [CrossRef]

Gagnon, M.; Holmes, D. “So far it’s been choosing which side effects I want or I can deal with”: A grounded theory of HIV
treatment side effects among people living with HIV. Aporia 2016, 8, 19—40. [CrossRef]

Njuguna, C.; Stewart, A.; Mouton, J.P.; Blockman, M.; Maartens, G.; Swart, A.; Chisholm, B.; Jones, J.; Dheda, M.; Igumbor,
E.U,; et al. Adverse Drug Reactions Reported to a National HIV & Tuberculosis Health Care Worker Hotline in South Africa:
Description and Prospective Follow-Up of Reports. Drug Saf. 2016, 39, 159-169. [CrossRef]

Permpalung, N.; Ungprasert, P.; Summachiwakij, S.; Leeaphorn, N.; Knight, E.L. Protease inhibitors and avascular necrosis: A
systematic review and meta-analysis. Int. |. Antimicrob. Agents 2014, 44, 93-95. [CrossRef]

Bruno, R.; Sacchi, P.; Maiocchi, L.; Patruno, S.; Filice, G. Hepatotoxicity and antiretroviral therapy with protease inhibitors: A
review. Dig. Liver Dis. 2006, 38, 363-373. [CrossRef] [PubMed]

Pezzani, M.D.; Resnati, C.; Di Cristo, V,; Riva, A.; Gervasoni, C. Abacavir-induced liver toxicity. Braz. J. Infect. Dis. 2016,
20, 502-504. [CrossRef] [PubMed]

Quatremere, G.; Guiguet, M.; Girardi, P; Liaud, M.-N.; Mey, C.; Benkhoucha, C.; Barbier, E; Cattaneo, G.; Simon, A.; Castro, D.R.
How are women living with HIV in France coping with their perceived side effects of antiretroviral therapy? Results from the
EVE study. PLoS ONE 2017, 12, e0173338. [CrossRef]

Filardi, P.P,; Paolillo, S.; Marciano, C.; Iorio, A.; Losco, T.; Marsico, E; Scala, O.; Ruggiero, D.; Ferraro, S.; Chiariello, M.
Cardiovascular effects of antiretroviral drugs: Clinical review. Cardiovasc. Hematol. Disord. Targets 2008, 8, 238-244. [CrossRef]
Bittar, R.; Aslangul, E.; Giral, P; Assoumou, L.; Valantin, M.-A.; Kalmykova, O.; Federspiel, M.-C.; Cherfils, C.; Costagliola, D.;
Bonnefont-Rousselot, D. Lack of effects of statins on high-density lipoprotein subfractions in HIV-1-infected patients receiving
protease inhibitors. Comptes Rendus Biol. 2017, 340, 109-113. [CrossRef]

Chwiki, S.; Campos, M.M.; McLaughlin, M.E.; Kleiner, D.E.; Kovacs, J.A.; Morse, C.G.; Abu-Asab, M.S. Adverse effects of
antiretroviral therapy on liver hepatocytes and endothelium in HIV patients: An ultrastructural perspective. Ultrastruct. Pathol.
2017, 41, 186—195. [CrossRef] [PubMed]


http://doi.org/10.1038/nm1777
http://doi.org/10.1086/338929
http://doi.org/10.1016/S0140-6736(04)16589-6
http://doi.org/10.1097/00002030-200305020-00007
http://doi.org/10.1097/00002030-200106150-00008
http://doi.org/10.1089/088922202320935456
http://doi.org/10.1182/blood.V98.4.1078
http://doi.org/10.1182/blood.V98.2.383
http://doi.org/10.1006/viro.2000.0527
http://www.ncbi.nlm.nih.gov/pubmed/10998332
http://doi.org/10.1038/89090
http://doi.org/10.1097/QAD.0b013e328317a702
http://doi.org/10.1517/14656560902980202
http://doi.org/10.1016/j.pharmthera.2012.12.007
http://doi.org/10.2165/00003088-200443050-00003
http://doi.org/10.1093/jac/dkh029
http://doi.org/10.18192/aporia.v8i1.2798
http://doi.org/10.1007/s40264-015-0359-8
http://doi.org/10.1016/j.ijantimicag.2014.02.011
http://doi.org/10.1016/j.dld.2006.01.020
http://www.ncbi.nlm.nih.gov/pubmed/16631422
http://doi.org/10.1016/j.bjid.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27054757
http://doi.org/10.1371/journal.pone.0173338
http://doi.org/10.2174/187152908786786232
http://doi.org/10.1016/j.crvi.2016.11.004
http://doi.org/10.1080/01913123.2017.1282066
http://www.ncbi.nlm.nih.gov/pubmed/28277148

Biomedicines 2021, 9, 313 31 of 35

82.

83.

84.

85.

86.

87.

88.
89.
90.
91.
92.
93.
94.

95.
96.

97.

98.
99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

Weldegebreal, E; Mitiku, H.; Teklemariam, Z. Magnitude of adverse drug reaction and associated factors among HIV-infected adults
on antiretroviral therapy in Hiwot Fana specialized university hospital, eastern Ethiopia. Pan Afr. Med. ]. 2016, 24, 255. [CrossRef]
Jesson, J.; Dahourou, D.L.; Renaud, F.; Penazzato, M.; Leroy, V. Adverse events associated with abacavir use in HIV-infected
children and adolescents: A systematic review and meta-analysis. Lancet HIV 2016, 3, e64—e75. [CrossRef]

Levitt, N.S.; Peer, N.; Steyn, K.; Lombard, C.; Maartens, G.; Lambert, E.V,; Dave, J.A. Increased risk of dysglycaemia in South
Africans with HIV; especially those on protease inhibitors. Diabetes Res. Clin. Pr. 2016, 119, 41-47. [CrossRef]

Echeverria, P.; Bonjoch, A.; Puig, J.; Molto, J.; Paredes, R.; Sirera, G.; Ornelas, A.; Pérez-Alvarez, N; Clotet, B.; Negredo, E.
Randomised Study to Assess the Efficacy and Safety of Once-Daily Etravirine-Based Regimen as a Switching Strategy in HIV-
Infected Patients Receiving a Protease Inhibitor-Containing Regimen. Etraswitch Study. PLoS ONE 2014, 9, e84676. [CrossRef]
Hamada, Y; Nishijima, T.; Komatsu, H.; Teruya, K.; Gatanaga, H.; Kikuchi, Y.; Oka, S. Is Ritonavir-Boosted Atazanavir a Risk for
Cholelithiasis Compared to Other Protease Inhibitors? PLoS ONE 2013, 8, e69845. [CrossRef]

Introcaso, C.E.; Hines, ].M.; Kovarik, C.L. Cutaneous toxicities of antiretroviral therapy for HIV: Part, I. Lipodystrophy
syndrome, nucleoside reverse transcriptase in-hibitors, and protease inhibitors. J. Am. Acad. Dermatol. 2010, 63, 549-561.
[CrossRef] [PubMed]

Oliveira, N.M.; Ferreira, EA.Y.; Yonamine, R.Y.; Chehter, E.Z. Antiretroviral drugs and acute pancreatitis in HIV/ AIDS patients:
Is there any association? A literature review. Einstein 2014, 12, 112-119. [CrossRef]

Camacho, R.; Tedfilo, E. Antiretroviral therapy in treatment-naive patients with HIV infection. Curr. Opin. HIV AIDS 2011,
6,53-S11. [CrossRef] [PubMed]

Reust, C.E. Common adverse effects of antiretroviral therapy for HIV disease. Am. Fam. Physician 2011, 83, 1443-1451.
Sinha-Hikim, A.P.; Mahata, S.K. Editorial: Obesity, Smoking, and Fatty Liver Disease. Front. Endocrinol. 2018, 9, 1. [CrossRef]
Koster, J.C.; Remedi, M.S.; Qiu, H.; Nichols, C.G.; Hruz, PW. HIV protease inhibitors acutely impair glucose-stimulated insulin
release. Diabetes 2003, 52, 1695-1700. [CrossRef]

Vesa, C.M.; Behl, T.; Nemeth, S.; Bratu, O.G.; Diaconu, C.C.; Moleriu, R.D.; Negrut, N.; Zaha, D.C.; Bustea, C.; Radu, EI; et al.
Prediction of NAFLD occurrence in prediabetes patients. Exp. Ther. Med. 2020, 20, 1. [CrossRef]

Manchanda, T.; Schiedel, D.; Fischer, D.A.; Dekaban, G.; Rieder, M.]. Adverse drug reactions to protease inhibitors. Can. J. Clin.
Pharmacol. ]. Can. Pharmacol. Clin. 2002, 9, 137-146.

Bansal, D.; Bhatti, H.S.; Sehgal, R. Role of cholesterol in parasitic infections. Lipids Heal. Dis. 2005, 4, 10. [CrossRef]

Friis-Moller, N.; Reiss, P.A.; Sabin, C.; Weber, R.; Monforte, A.D.; El-Sadr, W.; Thiebaut, R.; De Wit, S.; Kirk, O.; Fontas, E.E.; et al.
Class of Antiretroviral Drugs and the Risk of Myocardial Infarction. N. Engl. J. Med. 2007, 356, 1723-1735. [CrossRef]

Kaplan, R.C.; Kingsley, L.A ; Sharrett, A.R.; Li, X.; Lazar, J.; Tien, P.C.; Mack, W.J.; Cohen, M.H.; Jacobson, L.; Gange, S.J. Ten-Year
Predicted Coronary Heart Disease Risk in HIV-Infected Men and Women. Clin. Infect. Dis. 2007, 45, 1074-1081. [CrossRef]
Koethe, J.R. Adipose Tissue in HIV Infection. Compr. Physiol. 2017, 7, 1339-1357. [CrossRef] [PubMed]

Hardy, H.; Esch, L.D.; Morse, G.D. Glucose Disorders Associated with HIV and its Drug Therapy. Ann. Pharmacother. 2001,
35, 343-351. [CrossRef] [PubMed]

Friis-Moller, N.; Weber, R.; Reiss, P; Thiébaut, R.; Kirk, O.; Monforte, A.D.; Pradier, C.; Morfeldt, L.; Mateu, S.; Law, M.; et al.
Cardiovascular disease risk factors in HIV patients—Association with antiretroviral therapy. Results from the DAD study. AIDS
2003, 17, 1179-1193. [CrossRef] [PubMed]

Hui, D.Y. Effects of HIV protease inhibitor therapy on lipid metabolism. Prog. Lipid Res. 2003, 42, 81-92. [CrossRef]

Monforte, A.D.; Lepri, A.C.; Rezza, G.; Pezzotti, P.; Antinori, A.; Phillips, A.N.; Angarano, G.; Colangeli, V.; De Luca, A;
Ippolito, G.; et al. Insights into the reasons for discontinuation of the first highly active antiretroviral therapy (HAART) regimen
in a cohort of antiretroviral naive patients. AIDS 2000, 14, 499-507. [CrossRef]

Duran, S.; Spire, B.; Raffi, F.; Walter, V.; Bouhour, D.; Journot, V.; Cailleton, V.; Leport, C.; Moatti, ].-P. APROCO Cohort Study
Group Self-Reported Symptoms After Initiation of a Protease Inhibitor in HIV-Infected Patients and Their Impact on Adherence
to HAART. HIV Clin. Trials 2001, 2, 38-45. [CrossRef]

Schrooten, W.; Colebunders, R.; Youle, M.; Molenberghs, G.; Dedes, N.; Koitz, G.; Finazzi, R.; De Mey, 1.; Florence, E.;
Dreezen, C. Sexual dysfunction associated with protease inhibitor containing highly active antiretroviral treatment. AIDS 2001,
15,1019-1023. [CrossRef]

Lallemand, F; Salhi, Y.; Linard, F.,; Giami, A.; Rozenbaum, W. Sexual Dysfunction in 156 Ambulatory HIV-Infected Men Receiving
Highly Active Antiretroviral Therapy Combinations With and Without Protease Inhibitors. JAIDS ]. Acquir. Immune Defic. Syndr.
2002, 30, 187-190. [CrossRef]

Lana, R.; Nufiez, M.; Mendoza, J.L.; Soriano, V. Frecuencia y factores predictivos de hepatotoxicidad en pacientes que reciben
terapia antirretroviral. Med. Clin. 2001, 117, 607-610. [CrossRef]

Kato, Y.; Fujii, T.; Mizoguchi, N.; Takata, N.; Ueda, K.; Feldman, M.D.; Kayser, S.R. Potential Interaction Between Ritonavir and
Carbamazepine. Pharmacother. J. Hum. Pharmacol. Drug Ther. 2000, 20, 851-854. [CrossRef]

Hare, C.B.; Vu, M.P; Grunfeld, C.; Lampiris, H.-W. Simvastatin-Nelfinavir Interaction Implicated in Rhabdomyolysis and Death.
Clin. Infect. Dis. 2002, 35, e111-e112. [CrossRef]

Hamzeh, EM.A ; Benson, C.; Gerber, ].G.; Currier, ].S.; McCrea, J.; Deutsch, PJ.; Ruan, P.; Wu, H,; Lee, ].; Flexner, C. Steady-state
pharmacokinetic interaction of modified-dose indinavir and rifabutin. Clin. Pharmacol. Ther. 2003, 73, 159-169. [CrossRef]


http://doi.org/10.11604/pamj.2016.24.255.8356
http://doi.org/10.1016/S2352-3018(15)00225-8
http://doi.org/10.1016/j.diabres.2016.03.012
http://doi.org/10.1371/journal.pone.0084676
http://doi.org/10.1371/journal.pone.0069845
http://doi.org/10.1016/j.jaad.2010.01.061
http://www.ncbi.nlm.nih.gov/pubmed/20846563
http://doi.org/10.1590/S1679-45082014RW2561
http://doi.org/10.1097/01.COH.0000410239.88517.00
http://www.ncbi.nlm.nih.gov/pubmed/22156777
http://doi.org/10.3389/fendo.2018.00001
http://doi.org/10.2337/diabetes.52.7.1695
http://doi.org/10.3892/etm.2020.9320
http://doi.org/10.1186/1476-511X-4-10
http://doi.org/10.1056/nejmoa062744
http://doi.org/10.1086/521935
http://doi.org/10.1002/cphy.c160028
http://www.ncbi.nlm.nih.gov/pubmed/28915327
http://doi.org/10.1345/aph.10044
http://www.ncbi.nlm.nih.gov/pubmed/11261533
http://doi.org/10.1097/00002030-200305230-00010
http://www.ncbi.nlm.nih.gov/pubmed/12819520
http://doi.org/10.1016/S0163-7827(02)00046-2
http://doi.org/10.1097/00002030-200003310-00005
http://doi.org/10.1310/R8M7-EQ0M-CNPW-39FC
http://doi.org/10.1097/00002030-200105250-00010
http://doi.org/10.1097/00042560-200206010-00007
http://doi.org/10.1016/S0025-7753(01)72194-X
http://doi.org/10.1592/phco.20.9.851.35206
http://doi.org/10.1086/344179
http://doi.org/10.1067/mcp.2003.3

Biomedicines 2021, 9, 313 32 of 35

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Armstrong, S.C.; Cozza, K.L. Consultation-Liaison Psychiatry Drug-Drug Interactions Update. ]. Psychosom. Res. 2000,
41, 155-156. [CrossRef]

Perloff, M.D.; Von Moltke, L.L.; Marchand, ].E.; Greenblatt, D.]. Ritonavir induces P-glycoprotein expression, multidrug resistance-
associated protein (MRP1) expression, and drug transporter-mediated activity in a human intestinal cell line. J. Pharm. Sci. 2001,
90, 1829-1837. [CrossRef]

Durant, J.; Clevenbergh, P.; Garraffo, R.; Halfon, P; Icard, S.; Del Giudice, P.; Montagne, N.; Schapiro, ].M.; Dellamonica, P.
Importance of protease inhibitor plasma levels in HIV-infected patients treated with genotypic-guided therapy: Pharmacological
data from the Viradapt Study. AIDS 2000, 14, 1333-1339. [CrossRef]

Hsu, A.; Granneman, G.R,; Bertz, R.J. Ritonavir. Clinical pharmacokinetics and interactions with other anti-HIV agents. Clin.
Pharmacokinet. 1998, 35, 275-291. [CrossRef]

Xu, L.; Liu, H;; Hong, A.; Vivian, R.; Murray, B.P.; Callebaut, C.; Choi, Y.-C.; Lee, M.S.; Chau, J.; Tsai, L.K.; et al. Structure-activity
relationships of diamine inhibitors of cytochrome P450 (CYP) 3A as novel pharmacoenhancers. Part II: P2/P3 region and
discovery of cobicistat (GS-9350). Bioorg. Med. Chem. Lett. 2014, 24, 995-999. [CrossRef]

Mathias, A.A.; German, P.; Murray, B.P.; Wei, L.; Jain, A.; West, S.; Warren, D.; Hui, J.; Kearney, B.P. Pharmacokinetics and
Pharmacodynamics of GS-9350: A Novel Pharmacokinetic Enhancer Without Anti-HIV Activity. Clin. Pharmacol. Ther. 2010,
87,322-329. [CrossRef]

Elion, R.; Cohen, C.; Gathe, J.; Shalit, P; Hawkins, T.; Liu, H.C.; Mathias, A.A.; Chuck, S.L.; Kearney, B.P.; Warren, D.R. Phase
2 study of cobicistat versus ritonavir each with once-daily atazanavir and fixed-dose emtricitabine/tenofovir df in the initial
treatment of HIV infection. AIDS 2011, 25, 1881-1886. [CrossRef]

Kakuda, T.N.; Opsomer, M.; Timmers, M.; Iterbeke, K.; Van De Casteele, T.; Hillewaert, V.; Petrovic, R.; Hoetelmans, R M.W.
Pharmacokinetics of darunavir in fixed-dose combination with cobicistat compared with coadministration of darunavir and
ritonavir as single agents in healthy volunteers. . Clin. Pharmacol. 2014, 54, 949-957. [CrossRef]

German, P.; Warren, D.; West, S.; Hui, J.; Kearney, B.P. Pharmacokinetics and Bioavailability of an Integrase and Novel
Pharmacoenhancer-Containing Single-Tablet Fixed-Dose Combination Regimen for the Treatment of HIV. JAIDS ]. Acquir.
Immune Defic. Syndr. 2010, 55, 323-329. [CrossRef]

Roberts, N.A.; Martin, J.A.; Kinchington, D.; Broadhurst, A.V.; Craig, ].C.; Duncan, L.B.; Galpin, S.A.; Handa, B.K; Kay, J.;
Krohn, A; et al. Rational design of peptide-based HIV proteinase inhibitors. Science 1990, 248, 358-361. [CrossRef]

Renjifo, B.; van Wyk, J.; Salem, A.H.; Bow, D.; Ng, ].; Norton, M. Pharmacokinetic enhancement in HIV antiretroviral therapy: A
comparison of ritonavir and cobicistat. AIDS Rev. 2015, 17, 37-46.

Marzolini, C.; Gibbons, S.; Khoo, S.; Back, D. Cobicistat versus ritonavir boosting and differences in the drug—drug interaction
profiles with co-medications. J. Antimicrob. Chemother. 2016, 71, 1755-1758. [CrossRef]

Rezolsta 800 mg/150 mg Film-Coated Tablets Darunavir/Cobicistat. Available online: https://www.ema.europa.eu/en/
documents/product-information/rezolsta-epar-product-information_en.pdf (accessed on 17 January 2021).

Nathan, B.; Bayley, J.; Waters, L.; Post, F.A. Cobicistat: A Novel Pharmacoenhancer for Co-Formulation with HIV Protease and
Integrase Inhibitors. Infect. Dis. Ther. 2013, 2, 111-122. [CrossRef]

Markowitz, M.; Saag, M.; Powderly, W.G.; Hurley, AM.; Hsu, A,; Valdes, ] M.; Henry, D.; Sattler, F.; La Marca, A;
Leonard, ].M.; et al. A Preliminary Study of Ritonavir, an Inhibitor of HIV-1 Protease, to Treat HIV-1 Infection. N. Engl. |. Med.
1995, 333, 1534-1540. [CrossRef]

Danner, S.A.; Carr, A.; Leonard, ].M.; Lehman, L.M.; Gudiol, F.; Gonzdles, J.; Raventos, A.; Rubio, R.; Bouza, E.; Pintado, V.; et al.
A Short-Term Study of the Safety, Pharmacokinetics, and Efficacy of Ritonavir, an Inhibitor of HIV-1 Protease. N. Engl. ]. Med.
1995, 333, 1528-1534. [CrossRef]

Norvir. Available online: https:/ /www.accessdata.fda.gov/drugsatfda_docs/label /2017 /209512lbl.pdf (accessed on 17 January 2021).
Foisy, M.M.; Yakiwchuk, E.M.A.; Hughes, C. Induction Effects of Ritonavir: Implications for Drug Interactions. Ann. Pharmacother.
2008, 42, 1048-1059. [CrossRef]

Kumar, G.N.; Rodrigues, A.D.; Buko, A.M.; Denissen, J.F. Cytochrome P450-mediated metabolism of the HIV-1 protease in-hibitor
ritonavir (ABT-538) in human liver microsomes. J. Pharmacol. Exp. Ther. 1996, 277, 423-431.

Tu, Y.; Poblete, R.J.; Freilich, B.D.A.; Zarbin, M.; Bhagat, N. Retinal toxicity with Ritonavir. Int. ]. Ophthalmol. 2016,
9, 640-642. [CrossRef]

National Center for Biotechnology Information. PubChem Compound Summary for CID 25151504, Cobicistat. Available online:
https:/ /pubchem.ncbi.nlm.nih.gov/compound/Cobicistat (accessed on 17 January 2021).

Cossu, M.V,; Astuti, N.; Capetti, A.; Rizzardini, G. Impact and differential clinical utility of cobicistat-boosted darunavir in
HIV/AIDS. Virus Adapt. Treat. 2015, 7, 47. [CrossRef]

Tybost. Available online: https:/ /www.ema.europa.eu/en/documents/product-information/tybost-epar-product-information_
en.pdf (accessed on 17 January 2021).

Sherman, E.M.; Worley, M.V.; Unger, N.R.; Gauthier, T.P.; Schafer, ].J. Cobicistat: Review of a Pharmacokinetic Enhancer for HIV
Infection. Clin. Ther. 2015, 37, 1876-1893. [CrossRef] [PubMed]

Mathias, A.; Murray, B.P,; Iwata, Q.; Zhou, Y.; Warren, D.; Kearney, B.P. Metabolism and Excretion in Humans of the Pharma-
coenhancer GS-9350. In Proceedings of the International Workshop on Clinical Pharmacology of HIV Therapy, Sorrento, Italy,
7-9 April 2010.


http://doi.org/10.1176/appi.psy.41.2.155
http://doi.org/10.1002/jps.1133
http://doi.org/10.1097/00002030-200007070-00005
http://doi.org/10.2165/00003088-199835040-00002
http://doi.org/10.1016/j.bmcl.2013.12.057
http://doi.org/10.1038/clpt.2009.228
http://doi.org/10.1097/QAD.0b013e32834b4d48
http://doi.org/10.1002/jcph.290
http://doi.org/10.1097/QAI.0b013e3181eb376b
http://doi.org/10.1126/science.2183354
http://doi.org/10.1093/jac/dkw032
https://www.ema.europa.eu/en/documents/product-information/rezolsta-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/rezolsta-epar-product-information_en.pdf
http://doi.org/10.1007/s40121-013-0013-7
http://doi.org/10.1056/NEJM199512073332204
http://doi.org/10.1056/NEJM199512073332303
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/209512lbl.pdf
http://doi.org/10.1345/aph.1K615
http://doi.org/10.18240/ijo.2016.04.29
https://pubchem.ncbi.nlm.nih.gov/compound/Cobicistat
http://doi.org/10.2147/VAAT.S83680
https://www.ema.europa.eu/en/documents/product-information/tybost-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/tybost-epar-product-information_en.pdf
http://doi.org/10.1016/j.clinthera.2015.07.022
http://www.ncbi.nlm.nih.gov/pubmed/26319088

Biomedicines 2021, 9, 313 33 of 35

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.
151.

152.

153.

154.

155.

156.

157.

De Clercq, E. The Nucleoside Reverse Transcriptase Inhibitors, Nonnucleoside Reverse Transcriptase Inhibitors, and Protease
Inhibitors in the Treatment of HIV Infections (AIDS). Adv. Pharmacol. 2013, 67, 317-358. [CrossRef]

Von Hentig, N. Clinical use of cobicistat as a pharmacoenhancer of human immunodeficiency virus therapy. HIV/AIDS Res.
Palliat. Care 2015, 8, 1-16. [CrossRef]

Lepist, E.-I; Phan, TK,; Roy, A.; Tong, L.; MacLennan, K.; Murray, B.; Ray, A.S. Cobicistat Boosts the Intestinal Absorption of Transport
Substrates, Including HIV Protease Inhibitors and GS-7340, in vitro. Antimicrob. Agents Chemother. 2012, 56, 5409-5413. [CrossRef]
German, P; Liu, H.C.; Szwarcberg, ].; Hepner, M.; Andrews, |.; Kearney, B.P.; Mathias, A. Effect of Cobicistat on Glomerular Filtration
Rate in Subjects With Normal and Impaired Renal Function. JAIDS J. Acquir. Immune Defic. Syndr. 2012, 61, 32—40. [CrossRef]
Lepist, E.-I.; Zhang, X.; Hao, J.; Huang, ]J.; Kosaka, A.H.; Birkus, G.; Murray, B.P.; Bannister, R.; Cihlar, T.; Huang, Y.; et al.
Contribution of the organic anion transporter OAT2 to the renal active tubular secretion of creatinine and mechanism for serum
creatinine elevations caused by cobicistat. Kidney Int. 2014, 86, 350-357. [CrossRef]

Gallant, J.E.; Koenig, E.; Andrade-Villanueva, J.E; Chetchotisakd, P.; DeJesus, E.; Antunes, E; Arastéh, K.; Rizzardini, G.;
Fehr, J.; Liu, H.C,; et al. Brief report: Cobicistat compared with Ritonavir as a pharmacoenhancer for Atazanavir in combi-
nation with Emtricita-bine/Tenofovir Disoproxil Fumarate: Week 144 results. JAIDS |. Acquir. Immune Defic. Syndr. 2015,
69, 338-340. [CrossRef]

Tolson, A.H.; Wang, H. Regulation of drug-metabolizing enzymes by xenobiotic receptors: PXR and CAR. Adv. Drug Deliv. Rev.
2010, 62, 1238-1249. [CrossRef]

Yeh, R.F; Gaver, VE.; Patterson, K.B.; Rezk, N.L.; Baxter-Meheux, F.; Blake, M.].; Eron, ]J.J.; Klein, C.E.; Rublein, J.C.;
Kashuba, A.D. Lopinavir/Ritonavir Induces the Hepatic Activity of Cytochrome P450 Enzymes CYP2C9, CYP2C19, and CYP1A2
But Inhibits the Hepatic and Intestinal Activity of CYP3A as Measured by a Phenotyping Drug Cocktail in Healthy Volunteers.
JAIDS ]. Acquir. Immune Defic. Syndr. 2006, 42, 52—-60. [CrossRef]

Kirby, B.J.; Collier, A.C.; Kharasch, E.D.; Dixit, V.; Desai, P.; Whittington, D.; Thummel, K.E.; Unadkat, ].D. Complex Drug
Interactions of HIV Protease Inhibitors 2: In Vivo Induction and In Vitro to In Vivo Correlation of Induction of Cytochrome P450
1A2, 2B6, and 2C9 by Ritonavir or Nelfinavir. Drug Metab. Dispos. 2011, 39, 2329-2337. [CrossRef]

Park, J.; Vousden, M.; Brittain, C.; McConn, D.].; Iavarone, L.; Ascher, J.; Sutherland, S.M.; Muir, K.T. Dose-Related Reduction in
Bupropion Plasma Concentrations by Ritonavir. J. Clin. Pharmacol. 2010, 50, 1180-1187. [CrossRef]

Van Der Lee, M.].; Dawood, L.; Ter Hofstede, H.].; De Graaff-Teulen, M.].; Kolmer, EEW.V.E,; Caliskan-Yassen, N.; Koopmans, P.P;
Burger, D.M. Lopinavir/ritonavir reduces lamotrigine plasma concentrations in healthy subjects. Clin. Pharmacol. Ther. 2006,
80, 159-168. [CrossRef]

Cattaneo, D.; Cossu, M.V,; Rizzardini, G. Pharmacokinetic drug evaluation of ritonavir (versus cobicistat) as adjunctive therapy
in the treatment of HIV. Expert Opin. Drug Metab. Toxicol. 2019, 15, 927-935. [CrossRef]

McKeage, K.; Perry, C.M.; Keam, S.J. Darunavir: A review of its use in the management of HIV infection in adults. Drugs 2009,
69, 477-503. [CrossRef]

Koh, Y.; Matsumi, S.; Das, D.; Amano, M.; Davis, D.A.; Li, J.; Leschenko, S.; Baldridge, A.; Shioda, T.; Yarchoan, R; et al. Potent
Inhibition of HIV-1 Replication by Novel Non-peptidyl Small Molecule Inhibitors of Protease Dimerization. J. Biol. Chem. 2007,
282,28709-28720. [CrossRef]

King, N.M.; Prabu-Jeyabalan, M.; Nalivaika, E.A.; Wigerinck, P.; De Béthune, M.-P; Schiffer, C.A. Structural and Thermodynamic
Basis for the Binding of TMC114, a Next-Generation Human Immunodeficiency Virus Type 1 Protease Inhibitor. . Virol. 2004,
78,12012-12021. [CrossRef]

Fenton, C.; Perry, C.M. Darunavir: In the treatment of HIV-1 infection. Drugs 2007, 67, 2791-2801. [CrossRef]

Gazzard, B.G.; Anderson, J.; Babiker, A.; Boffito, M.; Brook, G.; Brough, G.; Churchill, D.; Cromarty, B.; Das, S.; Fisher, M.; et al.
British HIV Association Guidelines for the treatment of HIV-1-infected adults with antiretroviral therapy 2008. HIV Med. 2008,
9, 563-608. [CrossRef]

Martinez, E.; Gonzalez-Cordén, A.; Podzamczer, D.; Domingo, P.; Negredo, E.; Gutierrez, F,; Portilla, J.; Ribera, E.; Murillas, J.;
Arribas, J.; et al. Metabolic effects of atazanavir/ritonavir vs darunavir/ritonavir in combination with tenofovir/emtricitabine in
antiretroviral-naive patients (ATADAR Study). J. Int. AIDS Soc. 2012, 15, 18202. [CrossRef]

Kakuda, T.N.; Brochot, A.; Tomaka, FL.; Vangeneugden, T.; Van De Casteele, T.; Hoetelmans, R M.W. Pharmacokinetics and
pharmacodynamics of boosted once-daily darunavir. J. Antimicrob. Chemother. 2014, 69, 2591-2605. [CrossRef]

Violari, A.; Bologna, R.; Kumarasamy, N.; Pilotto, J.H.; Hendrickx, A.; Kakuda, T.N.; Lathouwers, E.; Opsomer, M.;
Van de Casteele, T.; Tomaka, FL. Safety and Efficacy of Darunavir/Ritonavir in Treatment-experienced Pediatric Patients. Pediatr.
Infect. Dis. J. 2015, 34, €132-€137. [CrossRef]

Violari, A.; Bologna, R.; Kimutai, R.; Kumarasamy, N.; Pilotto, ].H.; Hendrickx, A.; Kauwenberghs, G.; Lathouwers, E.; Van de
Casteele, T.; Spinosa-Guzman, S. ARIEL: 24-week safety and efficacy of darunavir/ritonavir in treatment-experienced pediatric
patients aged 3 to < 6 years. In Proceedings of the Conference on Retroviruses and Opportunistic Infections, Boston, MA, USA,
3-6 March 2014; p. 713.

Beasley, N.; Thompson, A. Clinical Review. Pradaxa (Dabigatran). Available online: https://www.accessdata.fda.gov/
drugsatfda_docs/nda/2010/0225120rig1s000medr.pdf (accessed on 17 January 2021).

Nivesanond, K.; Peeters, A.; Lamoen, D.; Van Alsenoy, C. Conformational Analysis of TMC114, a Novel HIV-1 Protease Inhibitor.
J. Chem. Inf. Model. 2007, 48, 99-108. [CrossRef]


http://doi.org/10.1016/b978-0-12-405880-4.00009-3
http://doi.org/10.2147/HIV.S70836
http://doi.org/10.1128/AAC.01089-12
http://doi.org/10.1097/QAI.0b013e3182645648
http://doi.org/10.1038/ki.2014.66
http://doi.org/10.1097/QAI.0000000000000598
http://doi.org/10.1016/j.addr.2010.08.006
http://doi.org/10.1097/01.qai.0000219774.20174.64
http://doi.org/10.1124/dmd.111.038646
http://doi.org/10.1177/0091270009359524
http://doi.org/10.1016/j.clpt.2006.04.014
http://doi.org/10.1080/17425255.2019.1685495
http://doi.org/10.2165/00003495-200969040-00007
http://doi.org/10.1074/jbc.M703938200
http://doi.org/10.1128/JVI.78.21.12012-12021.2004
http://doi.org/10.2165/00003495-200767180-00010
http://doi.org/10.1111/j.1468-1293.2008.00636.x
http://doi.org/10.7448/IAS.15.6.18202
http://doi.org/10.1093/jac/dku193
http://doi.org/10.1097/INF.0000000000000644
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022512orig1s000medr.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2010/022512orig1s000medr.pdf
http://doi.org/10.1021/ci7001318

Biomedicines 2021, 9, 313 34 of 35

158.

159.

160.

161.
162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Dierynck, I.; De Wit, M.; Gustin, E.; Keuleers, I.; Vandersmissen, ].; Hallenberger, S.; Hertogs, K. Binding Kinetics of Darunavir to
Human Immunodeficiency Virus Type 1 Protease Explain the Potent Antiviral Activity and High Genetic Barrier. J. Virol. 2007,
81, 13845-13851. [CrossRef]

Mitsuya, Y.; Liu, T.F; Rhee, S.; Fessel, W.].; Shafer, R.W. Prevalence of Darunavir Resistance—Associated Mutations: Patterns of
Occurrence and Association with Past Treatment. J. Infect. Dis. 2007, 196, 1177-1179. [CrossRef]

Sekar, V,; Kestens, D.; De Pauw, M.; De Paepe, E.; Vangeneugden, T.; Lefebvre, E.; Hoetelmans, R.M.W.; Spinosa-Guzman, S. The
Effect of Different Meal Types on the Pharmacokinetics of Darunavir (TMC114)/Ritonavir in HIV-Negative Healthy Volunteers.
J. Clin. Pharmacol. 2007, 47, 479-484. [CrossRef]

Back, D.; Sekar, V.; Hoetelmans, R.M.W. Darunavir: Pharmacokinetics and drug interactions. Antivir. Ther. 2008, 13, 1-13.
Curran, A.; Gutirerrez, M.; Deig, E.; Mateo, G.; Lopez, RM.; Imaz, A.; Crespo, M.; Ocafia, I.; Domingo, P; Ribera, E. Efficacy,
safety and pharmacokinetics of 900/100 mg of darunavir/ritonavir once daily in treatment-experienced patients. J. Antimicrob.
Chemother. 2010, 65, 2195-2203. [CrossRef]

Haubrich, R.; Berger, D.; Chiliade, P.; Colson, A.; Conant, M.; Gallant, J.; Wilkin, T.; Nadler, J.; Pierone, G.; Saag, M.; et al. Week 24
efficacy and safety of TMC114/ritonavir in treatment-experienced HIV patients. AIDS 2007, 21, F11-F18. [CrossRef] [PubMed]
Arribas, J.; Clumeck, N.; Nelson, M.; Hill, A.; Delft, Y.; Moecklinghoff, C. The MONET trial: Week 144 analysis of the efficacy of
darunavir/ritonavir (DRV /r) monotherapy versus DRV /r plus two nucleoside reverse transcriptase inhibitors, for patients with
viral load <50 HIV-1 RNA copies/mL at baseline. HIV Med. 2012, 13, 398—405. [CrossRef]

De Meyer, S.; Azijn, H.; Surleraux, D.; Jochmans, D.; Tahri, A.; Pauwels, R.; Wigerinck, P.; De Béthune, M.-P. TMC114, a Novel
Human Immunodeficiency Virus Type 1 Protease Inhibitor Active against Protease Inhibitor-Resistant Viruses, Including a Broad
Range of Clinical Isolates. Antimicrob. Agents Chemother. 2005, 49, 2314-2321. [CrossRef]

TMC114-TiDP29-C169: Bioavailability and Pharmacokinetics Trial Comparing Darunavir Pediatric Suspension Formulation
to Current Darunavir Tablet. Available online: https://clinicaltrials.gov/ct2/show/NCT00752310#moreinfo (accessed on
17 January 2021).

Molina, ].-M.; Hill, A. Darunavir (TMC114): A new HIV-1 protease inhibitor. Expert Opin. Pharmacother. 2007, 8, 1951-1964. [CrossRef]
Sekar, V.J.; Lefebvre, E.; De Paepe, E.; De Marez, T.; De Pauw, M.; Parys, W.; Hoetelmans, R.M.W. Pharmacokinetic Interaction
between Darunavir Boosted with Ritonavir and Omeprazole or Ranitidine in Human Immunodeficiency Virus-Negative Healthy
Volunteers. Antimicrob. Agents Chemother. 2007, 51, 958-961. [CrossRef]

Sekar, V.].; Lefebvre, E.; De Pauw, M.; Vangeneugden, T.; Hoetelmans, R.M. Pharmacokinetics of darunavir/ritonavir and
ketoconazole following co-administration in HIV-healthy volunteers. Br. J. Clin. Pharmacol. 2008, 66, 215-221. [CrossRef]

Sekar, VJ.; Paepe, E.D.; Pauw, M.D.; Vangeneugden, T.; Lefebvre, E.; Hoetelmans, R M.W.; Spinosa-Guzman, S. Darunavir/Ritonavir
Pharmacokinetics Following Coadministration With Clarithromycin in Healthy Volunteers. J. Clin. Pharmacol. 2008, 48, 60-65. [CrossRef]
Sekar, V.J.; De Pauw, M.; Marién, K.; Peeters, M.; Lefebvre, E.; Hoetelmans, R.M.W. Pharmacokinetic interaction between
TMC114/r and efavirenz in healthy volunteers. Antivir. Ther. 2007, 12, 509-514.

Katlama, C.; Esposito, R.; Gatell, ].M.; Goffard, J.-C.; Grinsztejn, B.; Pozniak, A.; Rockstroh, J.; Stoehr, A_; Vetter, N.; Yeni, P.; et al.
Efficacy and safety of TMC114/ritonavir in treatment-experienced HIV patients: 24-week results of POWER 1. AIDS 2007,
21, 395-402. [CrossRef]

Clotet, B.; Bellos, N.; Molina, J.-M.; Cooper, D.; Goffard, J.-C.; Lazzarin, A.; Wohrmann, A.; Katlama, C.; Wilkin, T.; Haubrich, R.;
et al. Efficacy and safety of darunavir-ritonavir at week 48 in treatment-experienced patients with HIV-1 infection in POWER 1
and 2: A pooled subgroup analysis of data from two randomised trials. Lancet 2007, 369, 1169-1178. [CrossRef]

Katlama, C.; Bellos, N.; Grinsztejn, B.; Lazzarin, A.; Pozniak, A.; De Meyer, S.; Van De Casteele, T.; Spinosa-Guzman, S.
POWER 1 and 2: Combined final 144-week efficacy and safety results for darunavir/ritonavir (DRV/r) 600/100 mg BID in
treatment-experienced HIV patients. J. Int. AIDS Soc. 2008, 11, 21. [CrossRef]

Vermeir, M.; Lachau-Durand, S.; Mannens, G.; Cuyckens, F.; Van Hoof, B.; Raoof, A. Absorption, Metabolism, and Excretion of
Darunavir, a New Protease Inhibitor, Administered Alone and with Low-Dose Ritonavir in Healthy Subjects. Drug Metab. Dispos.
2009, 37, 809-820. [CrossRef]

Darunavir Side Effects. Available online: https://www.drugs.com/sfx/darunavir-side-effects.html#moreResources (accessed on
27 January 2021).

Sharma, P; Garg, S. Pure drug and polymer based nanotechnologies for the improved solubility, stability, bioavailability and
targeting of anti-HIV drugs. Adv. Drug Deliv. Rev. 2010, 62, 491-502. [CrossRef]

Ofotokun, I; Na, L.H.; Landovitz, R.J.; Ribaudo, H.J.; Mccomsey, G.A.; Godfrey, C.; Aweeka, E; Cohn, SE.; Sagar, M.;
Kuritzkes, D.R.; et al. Comparison of the metabolic effects of ritonavir-boosted darunavir or atazanavir versus raltegravir,
and the impact of ritonavir plasma exposure: ACTG 5257. Clin. Infect. Dis. 2015, 60, 1842-1851. [CrossRef]

Corréa, ].C.R.; D’Arcy, D.M.; Serra, CH.D.R.; Salgado, H.R.N. Darunavir: A Critical Review of Its Properties, Use and Drug
Interactions. Pharmacology 2012, 90, 102-109. [CrossRef]

Antiretrovirals: HIV and AIDS Drugs. Available online: https:/ /www.webmd.com/hiv-aids/aids-hiv-medication (accessed on
27 January 2021).

Busse, K.H.S.; Penzak, S.R. Darunavir: A second-generation protease inhibitor. Am. ]. Health Pharm. 2007, 64, 1593-1602.
[CrossRef] [PubMed]


http://doi.org/10.1128/JVI.01184-07
http://doi.org/10.1086/521624
http://doi.org/10.1177/0091270006298603
http://doi.org/10.1093/jac/dkq295
http://doi.org/10.1097/QAD.0b013e3280b07b47
http://www.ncbi.nlm.nih.gov/pubmed/17413685
http://doi.org/10.1111/j.1468-1293.2012.00989.x
http://doi.org/10.1128/AAC.49.6.2314-2321.2005
https://clinicaltrials.gov/ct2/show/NCT00752310#moreinfo
http://doi.org/10.1517/14656566.8.12.1951
http://doi.org/10.1128/AAC.01203-06
http://doi.org/10.1111/j.1365-2125.2008.03191.x
http://doi.org/10.1177/0091270007309706
http://doi.org/10.1097/QAD.0b013e328013d9d7
http://doi.org/10.1016/S0140-6736(07)60497-8
http://doi.org/10.1186/1758-2652-11-S1-P21
http://doi.org/10.1124/dmd.108.024109
https://www.drugs.com/sfx/darunavir-side-effects.html#moreResources
http://doi.org/10.1016/j.addr.2009.11.019
http://doi.org/10.1093/cid/civ193
http://doi.org/10.1159/000339862
https://www.webmd.com/hiv-aids/aids-hiv-medication
http://doi.org/10.2146/ajhp060668
http://www.ncbi.nlm.nih.gov/pubmed/17646561

Biomedicines 2021, 9, 313 35 of 35

182.

183.
184.

185.
186.
187.
188.

Holodniy, M. Darunavir in the treatment of HIV-1 infection: A viewpoint by Mark Holodniy. Drugs 2007, 67, 2802-2803.
[CrossRef] [PubMed]

McCoy, C. Darunavir: A Nonpeptidic Antiretroviral Protease Inhibitor. Clin. Ther. 2007, 29, 1559-1576. [CrossRef]

Taiwo, B.O.; Hicks, C.B. Darunavir: An overview of an HIV protease inhibitor developed to overcome drug resistance. AIDS Read.
2007, 17, 151-156. [PubMed]

Warnke, D.; Barreto, J.; Temesgen, Z. Antiretroviral Drugs. J. Clin. Pharmacol. 2007, 47, 1570-1579. [CrossRef] [PubMed]
Rittweger, M.; Arastéh, K. Clinical Pharmacokinetics of Darunavir. Clin. Pharmacokinet. 2007, 46, 739-756. [CrossRef] [PubMed]
Drug Interactions with Darunavir (TMC-114). Available online: https://i-base.info/htb /2892 (accessed on 27 January 2021).
Mathias, A.; Liu, H.C.; Warren, D.; Sekar, V.; Kearney, B.P. Relative Bioavailability and Pharmacokinetics of Darunavir when
boosted with the Pharmacoenhancer GS-9350 versus Ritonavir. In Proceedings of the International Workshop on Clinical
Pharmacology of HIV Therapy, Sorrento, Italy, 7-9 April 2010.


http://doi.org/10.2165/00003495-200767180-00012
http://www.ncbi.nlm.nih.gov/pubmed/18062725
http://doi.org/10.1016/j.clinthera.2007.08.016
http://www.ncbi.nlm.nih.gov/pubmed/17396332
http://doi.org/10.1177/0091270007308034
http://www.ncbi.nlm.nih.gov/pubmed/18048575
http://doi.org/10.2165/00003088-200746090-00002
http://www.ncbi.nlm.nih.gov/pubmed/17713972
https://i-base.info/htb/2892

	Introduction 
	Antiretroviral (ARV) Medication 
	Human Immunodeficiency Virus (HIV) Protease 
	Protease Inhibitors (PIs) 

	Antiretroviral Therapy Resistance 
	Pharmacokinetics of Antiretrovirals (ARVs) 
	Pharmacokinetics of Protease Inhibitors 
	Intrinsic Antiviral Activity 
	Residual Activity 
	Increased CD4 Levels 
	The Unique Features of PIs Are as Follows: 
	Entering Sanctuaries 
	Genetic Barrier Against Resistance 

	Efficiency of PIs, Compliance, and Survival 
	PI Side Effects 
	Insulin Resistance 
	Associated Metabolic Disorders 
	Lipodystrophy 
	Sexual Dysfunction 
	Hepatic Toxicity 


	Drug–Drug Interactions 
	Enzymatic Inhibition 
	Enzymatic Induction 

	Protease Inhibitors Enhancement 
	Pharmacokinetic Enhancers: Cobicistat (COBI) or Ritonavir (RTV) 
	Ritonavir 
	Mechanism of Action 
	Pharmaceutical Form and Therapeutic Indications 
	Pharmacodynamic Properties 
	Pharmacokinetic Properties 
	Pharmaco-Toxicology 

	Cobicistat 
	Mechanism of Action and Therapeutic Effects 
	Pharmaceutical Form and Therapeutic Indications 
	Pharmacokinetic Properties 

	Similarities and Differences Between RTV and COBI 

	Protease Inhibitor—Darunavir 
	Pharmaceutical Form 
	Mechanism of Action 
	Pharmacodynamic Properties. Therapeutic Efficacy and Safety 
	Drug Resistance 
	Pharmacokinetic Properties 
	Absorption 
	Distribution 
	Drug Metabolism 
	Clearance 

	Pharmaco-Toxicology 
	Drug–Drug Interactions (DDI) 

	Conclusions and Future Directions 
	References

