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Abstract: Pharmacokinetic enhancers (boosters) are compounds used in combination with a primary
therapeutic agent (drug) and are not used for their direct effects on the disease but because they
enhance or restore the activity of the primary agent. Hence, in certain cases, they represent an
indispensable escort for enzyme-labile drugs. Pharmacokinetic enhancers can exert their activity
on different ways. In the most common case, they inhibit enzymes such as human cytochrome
P450 enzymes in the liver or other organs and, thereby, block or reduce undesired metabolism and
inactivation of the primary drug. In this review, an overview will be given on the therapeutically
most important classes of pharmacokinetic enhancers like β-lactamase inhibitors, inhibitors of CYP
(cytochrome P450) enzymes in HIV therapy and hepatitis C, boosters for fluoropyrimidine-type
anticancer agents, compounds utilized for enabling therapy of Parkinson’s disease with levodopa,
and others. Inhibitors of efflux pumps in both pathogenic bacteria and tumor cells will be
addresses shortly.

Keywords: pharmacokinetic enhancer; booster; enzyme; inhibitor; β-lactamase; DOPA decarboxylase;
antibiotic; resistance; efflux pump; protease; antimetabolite

1. Introduction

Pharmacokinetic enhancers, which are also named boosters or boosting agents, are compounds
used in combination with a primary therapeutic agent (drug) not for their direct effects on the disease
itself but because they enhance or restore the activity, increase the levels, and/or prolong the half-life
of the primary agent. Hence, in certain cases, they represent an indispensable escort for drugs that
preserve or restore their therapeutic potential. Pharmacokinetic enhancers can exert their activity
in different ways. In the most common case, they inhibit enzymes such as human cytochrome P450
enzymes in the liver or other organs and, thereby, block or at least reduce undesired metabolism
and inactivation of the primary drug. As a result, the required therapeutic dosage of the primary
therapeutic agent can typically be lowered significantly, which ends up with reduced side effects and
better tolerability of the therapy. The pharmacokinetic enhancers themselves should be well tolerated.
Nevertheless, new drug-drug interactions can arise especially with enhancers influencing the hepatic
clearance of other drugs in multimorbid patients as well.

Pharmacokinetic enhancers in current use can be categorized mainly into three groups, which are
outlined below.

• inhibitors of hepatic drug-metabolizing enzymes such as CYP3A4
• inhibitors of drug-specific metabolizing enzymes
• inhibitors of bacterial β-lactamases as escort for β-lactam antibiotics
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Comparable effects can further be achieved by using compounds affecting transport processes,
e.g., during absorption from the intestine or during renal elimination, as well as efflux pumps in both
tumor cells or pathogenic bacteria. However, these phenomena are beyond the closer scope of this
review article and will be only mentioned in this paper.

This review mainly deals with the targets and molecular modes of action of pharmacokinetic
enhancers in current use. The details of clinical aspects of the compounds and their combinations with
drugs are beyond the scope of this review.

2. Antimicrobial Chemotherapy

2.1. Enhancers Targeting Bacterial Enzymes: β-Lactamase Inhibitors

2.1.1. Background

The β-lactam antibiotics are among the most important classes of antibacterial agents. However,
resistance to β-lactam antibiotics in pathogenic bacteria is an emerging problem. The number of
resistant strains has increased dramatically over the last few decades. Consequently, the identification
of new antibiotics from known classes and even preferably new targets for antibiotics is an urgent
need. However, the development of antibiotics with innovative molecular modes of action for fighting
resistant pathogens is time-consuming, expensive, and risky. An alternative approach is to prolong the
lifespan of marketed antibiotics by combining them with pharmacokinetic enhancers. In the field of
antibiotics, these enhancers are also called “antibiotic adjuvants”, “resistance breakers”, or “antibiotic
potentiators”. Typically, these enhancers have little or no intrinsic antibiotic activity and their only
mission when co-administered with the antibiotic is to protect the antibiotic from degradation by the
resistant bacteria by blocking the specific inactivation mechanism of the bacterium [1].

Inactivation of β-lactam antibiotics (penicillins, cephalosporins, and others) by bacterial enzymes
named β-lactamases is the most prominent bacterial resistance mechanism that can be met with
pharmacokinetic enhancers. Presently, the ability of certain bacteria to produce β-lactamases is the
dominant cause of antibiotic resistance in Gram-negative bacteria. These enzymes hydrolyze the
labile β-lactam ring of the β-lactam antibiotics in an acylation-deacylation-based process (Figure 1).
Four major classes of β-lactamases (A, B, C, and D) are known. The classes A, C, and D are so-called
serine-β-lactamases. In contrast, class B enzymes are zinc-containing metallo-β-lactamases [1,2].

The β-lactam antibiotics principally interfere with bacterial target proteins (penicillin-binding
proteins, PBP, e.g., transpeptidases involved the biosynthesis of the cell wall component murein)
by forming a stable O-acyl–enzyme complex upon reaction with a serine residue in the active site
(Figure 1A,C). In a similar manner, hydrolysis of the β-lactam ring by bacterial serine-β-lactamases
occurs via nucleophilic attack of the hydroxyl group of a serine hydroxyl group in the active site of
the enzyme at the β-lactam carbonyl group of the antibiotic giving, under ring opening, an O-acyl
derivative of the serine side chain. In a consecutive step, this ester is rapidly hydrolyzed to give
an inactive hydrolyzed antibiotic under regeneration of the active site of the β-lactamase enzyme
(Figure 1B).

Pharmacokinetic enhancers (β-lactamase inhibitors) suppress hydrolytic inactivation of β-lactam
antibiotics. They are able to inactivate the bacterial β-lactamase enzyme, which is the most convenient
approach for prolonging the lifespan of marketed β-lactam antibiotics. Consequently, β-lactamase
inhibitors are the most widely clinically used adjuvants to overcome resistance caused by β-lactamases.
The carbapenem-hydrolyzing class D β-lactamases represent the most rapidly growing and diverse
group of β-lactamases with over 500 reported enzymes. These are found in the most clinically
challenging resistant species, e.g., Acinetobacter baumannii, Pseudomonas aeruginosa, and Proteus mirabilis.
They are able to hydrolyze penicillin but also other β-lactam-type antibiotics like cephalosporins and
aztreonam [1].
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Figure 1. (A): Formation of a stable O-acyl-enzyme complex by reaction of the β-lactam antibiotic with
the bacterial target enzyme (in red) is the molecular basis of the antibacterial activity. (B): Hydrolysis
of the β-lactam antibiotic by bacterial β-lactamases leads to a loss of antibiotic activity. (C): Active site
view from a crystal structure of a penicillin-binding protein (PBP) from Thermosynechococcus elongates
acylated by benzylpenicillin (in blue) (PDB ID: 2J8Y).

2.1.2. Irreversibly Binding β-Lactam-Type β-Lactamase Inhibitors

The first generation of β-lactamase inhibitors in clinical use are clavulanic acid, sulbactam, and
tazobactam (Figure 2). These inhibitors contain a β-lactam moiety as well and they represent mechanism-
based covalent inhibitors. They form a stable acyl–enzyme complex with crucial serine residues in the
active sites of the β-lactamases.

Figure 2. Structures of the β-lactam-type β-lactamase inhibitors clavulanic acid, sulbactam,
and tazobactam.

In the first step, which is mechanistically closely related to the crucial step of the mode of action
of the β-lactam antibiotics (Figure 1A), the β-lactamase inhibitors react under the opening of the
four-membered ring with the active site serine (Ser70 here) of the β-lactamase to give an O-acyl
derivative. The respective intermediates undergo further transformations (e.g., decarboxylation in the
clavulanic acid adduct, see Figure 3A. Tazobactam reacts in a closely related manner, see Figure 3B).
The common second central step is a reaction of an intermediate enamino ester with a second serine
residue (Ser130 here). In the end, a total of three carbon atoms of the inhibitor is bound covalently
to the enzyme and interconnects two serine residues in the active site under the destruction of the
catalytic activity of the β-lactamase, as demonstrated in Figure 3C [3,4].
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Figure 3. (A): Inactivation of a β-lactamase enzyme (relevant serine residues are marked in red and
blue) by clavulanic acid. The C3 unit from clavulanic acid, which is bonded covalently to the enzyme,
is highlighted with balls in magenta. (B) Inactivation of a β-lactamase enzyme by tazobactam. (C) Active
site view from a crystal structure of the intermediate covalent adduct formed between a β-lactamase
(in red) from Mycobacterium tuberculosis and clavulanic acid (binding fragment highlighted in blue) (PDB
ID: 3CG5).

Typical combinations on the market are clavulanic acid/amoxicillin (co-amoxiclav) for oral
application and tazobactam/piperacillin and sulbactam/ampicillin for parenteral therapy.

However, both components of the sulbactam/ampicillin couple are not well absorbed upon
oral application. A noteworthy improvement was achieved with sultamicillin (Figure 4). In this
drug, both ampicillin and sulbactam are connected covalently in the form of a mixed di-ester of
formaldehyde hydrate. This compound is a “mutual pro-drug”, which is readily absorbed when
administered orally. The pro-drug is rapidly hydrolyzed by esterases to provide high equimolar levels
(bioavailability > 80%) of its two constituents (plus formaldehyde). The pharmacokinetic parameters of
both resulting active components are similar and, fortunately, the inevitable equimolar concentrations
of both components are therapeutically useful [5].

Figure 4. In the “mutual prodrug” sultamicillin, the β-lactamase-labile antibiotic ampicillin (blue)
and the β-lactamase inhibitor sulbactam (green) are connected with an esterase-labile di-ester moiety.
Enzymatic ester hydrolysis releases both active compounds as well as one equivalent formaldehyde.

However, these first generation β-lactam-derived inhibitors are clinically ineffective against class
C and D-type β-lactamases. Fortunately, several innovative types of inhibitors have been developed
recently to overcome this limitation, as pointed out below.
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2.1.3. Reversibly Binding β-Lactamase Inhibitors

• Avibactam and Related Diazabicyclooctanes (DBOs)

The acyl–enzyme complexes from reactive β-lactams (antibiotics as well as β-lactam-type
β-lactamase inhibitors, see Sections 2.1.1 and 2.1.2) with the active site serines of PBPs and β-lactamases
are generally considered to be irreversible. In contrast, appropriately functionalized γ-lactam analogues
of the abovementioned β-lactam-type inhibitors can react reversibly with the nucleophilic serine
residue [2]. Work from the 1980s, already revealed that bicyclic compounds containing five-membered
lactam moieties can exhibit antibacterial activity comparable to β-lactam antibiotics especially if the
electron density on the nitrogen of the γ-lactam ring was reduced by appropriate substituents.

Avibactam, which is a 1,6-diazabicyclo[3.2.1]octane (DBO)-based bicyclic γ-lactam marketed
in combination with the third generation cephalosporin ceftazidime [2,6] in 2015 for the treatment
of complicated urinary tract and intra-abdominal infections, represents the first member of non-β-
lactam-type inhibitors of serine β-lactamases. It is a potent inhibitor of class A, class C, and some class
D serine β-lactamases. Furthermore, it is closely related DBOs such as relebactam and zidebactam
(Figure 5), which are presently used in clinical trials [1].

These DBOs are able to acylate nucleophilic serine residues in a manner analogous to β-lactams.
As the abovementioned β-lactam-type inhibitors, avibactam does not exhibit clinically relevant
antibacterial activity. Interestingly, some related DBO derivatives (e.g., NXL-105, Figure 5) also
display antibacterial activity.

Avibactam reacts with the nucleophilic serine in the active site of the β-lactamase to form, once
again, under ring opening, which is a relatively stable carbamoyl–enzyme complex. In contrast to
the β-lactam-based serine-β-lactamase inhibitors (clavulanic acid, sulbactam, tazobactam), there
is no evidence for subsequent fragmentation reactions of the O-acyl–enzyme products. Rather,
this O-acylation reaction is generally reversible. However, as revealed by a crystal structure, the
ring-opened adduct is stabilized by interactions with a series of amino acids, which are relevant in
catalysis. The primary amide of avibactam is positioned to interact via a network of hydrogen bonds
with a water molecule (which is engaged in subsequent hydrolysis reactions in the case of complexes
built with β-lactam-derived β-lactamase inhibitors). The organosulfate residue undergoes interactions
similar to those of the carboxylate group of β-lactam substrates. This network of interactions can
explain the observed long-lived nature of the avibactam complex (t1/2 > 7 days, compared with 5 h for
the tazobactam-derived complex) [2].

Combinations of avibactam with other β-lactam antibiotics (e.g., ceftaroline, aztreonam) are in
development. Hereby, the aztreonam–avibactam combination is of special interest since aztreonam is
the only β-lactam antibiotic non-susceptible to inactivation by the class B metallo-β-lactamases [1].

Figure 5. (Left): Structures of the 1,6-diazabicyclo [3.2.1] octane-type β-lactamase inhibitors avibactam,
relebactam, zidebactam, and NXL-105. (Right) Reversible binding of avibactam (in blue) to the Ser69
(in red) residue of a β-lactamase from Klebsiella pneumoniae (from PDB ID: 4ZBE).
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• Vaborbactam, a Novel Non-Acylating Serine β-Lactamase Inhibitor

Both the action of β-lactam antibiotics on PBP and the action of a serine β-lactamases on β-lactam
antibiotics involve, from a mechanistic point of view, an identical first reaction step, which is the
nucleophilic attack of an “active” (what means in situ deprotonated) serine residue in the active
site of the enzyme at the β-lactam carbonyl group of the β-lactam antibiotic under formation of
a tetrahedral known as a negatively charged transition state. Further fractionation leads to cleavage of
the β-lactam ring (see Figures 1, 3 and 5). The β- lactam-type and γ-lactam-type serine β-lactamase
inhibitors described above exert their protective activity by undergoing O-acylation of active site serine
hydroxyl groups of the β-lactamases, which results in an irreversible inhibition of these enzymes.
In a novel chemotype of non-acylating β-lactamase inhibitors (“transition state analogues”), attack of
the active site serine is prevented not by acylation of the hydroxyl group but by reversible reaction
with an organoboronate group (boronic acid or derivative thereof). The Lewis-acidic boronate group
of the inhibitor undergoes reversible coupling with the serine alkoxide of the β-lactamase to give
a tetrahederal, negatively charged boronate adduct (Figure 6). By improving the affinity of the lead
structures with the incorporation of side chains similar to those found in launched penicillin (e.g., the
(thiophen-2-yl)acetamido group), the first inhibitor vaborbactam (RPX7009), which is a potent inhibitor
of clinically relevant class A and C β-lactamases like carbapenemases, was obtained. This compound
was launched in the U.S. in 2017 in fixed combination with the carbapenem antibiotic meropenem for
the treatment of complicated urinary tract infections [7]). Presently, some additional boronate-based
β-lactamase inhibitors are undergoing clinical trials [1_BMCL].

Figure 6. (Left): Formation of a tetrahedral, negatively charged intermediate as the first step of the
reaction of the β-lactamase inhibitor sulbactam with a serine residue in the active site of a β-lactamase.
(Right): In an analogous manner, boronic acid derivatives like vaborbactam can reversibly form
negatively charged adducts with a serine residue in the active site of β-lactamases.

2.2. Enhancers Targeting Host Enzymes: Cilastatin

The carbapenem-type β-lactam antibiotic imipenem (Figure 7) has a broad spectrum of activity
against aerobic and anaerobic Gram-positive and Gram-negative pathogenic bacteria. It is a derivative
of the natural product thienamycin produced by Streptomyces cattleya, which was not qualified for
further development due to limited chemical stability [8]. Imipenem is of very high clinical relevance
due to its outstanding activity against Pseudomonas aeruginosa and Enterococci. Like other carbapenems,
it is highly resistant to β-lactamases produced by many multiple drug-resistant Gram-negative bacteria
and exhibits no cross-resistance with other β-lactam antibiotics like penicillin and cephalosporins.

Unfortunately, imipenem is rapidly degraded by the renal enzyme dehydropeptidase-I, which is
a zinc metalloenzyme located in the microvilli of kidney proximal tubular cells in man and, therefore,
this antibiotic is not suitable for monotherapy. Comparable sensitivity to dehydropeptidase-I was
found for lead structure thienamycin, but, in contrast, the carbapenem antibiotic meropenem (see above;
launched in fixed combination with the novel boronic acid-derived β-lactamase inhibitor vaborbactam)
is stable against hydrolysis by this renal enzyme. Dehydropeptidase-I acts as an unprecedented
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mammalian (!) β-lactamase upon imipenem by performing a hydrolytic cleavage of the β-lactam
moiety. This is very remarkable considering the stability of this antibiotic toward classical bacterial
β-lactamases. Conversely, the typical penicillin and cephalosporins, part of which show significant
sensitivity to bacterial β-lactamases, show little or no detectable susceptibility to β-lactam hydrolysis
by human dehydropeptidase-I [8].

In general, the enzyme dehydropeptidase-I exhibits versatile substrate specificity by hydrolyzing
dipeptides and dehydropeptides (what means N-acylated α, β-unsaturated α-amino acids) as well as
β-lactam antibiotics having the unique double bond geometry such as imipenem [9].

Efficient therapy with imipenem is not possible without protection from degradation by
dehydropeptidase-I. A systematic search for inhibitors of this degrading enzyme on the basis of the
structural similarities between the scissile bonds in imipenem and dehydropeptides led to cilastatin.
This compound also bears a dehydropeptide moiety (Figure 7) and represents a very potent reversible,
competitive inhibitor of renal dehydropeptidase-I [10,11]. Cilastatin itself does not exhibit any
antibacterial activity, but it matches in its pharmacokinetic properties well for co-administration
with imipenem. It is, therefore, combined intravenously with imipenem in order to protect the
antibiotic from dehydropeptidase-I and prolong its antibacterial effect. This combination provides
clinically relevant concentrations of imipenem in the urine for 8 to 10 h [8].

Figure 7. Structures of the antibiotic imipenem and the dehydropeptidase-I inhibitor cilastatin. Both
compounds contain a dehydropeptide structural motif (highlighted in blue) responsible for affinity for
the enzyme dehydropeptidase-I.

2.3. Fruitful Drug-Drug Interactions in Helicobacter pylori Eradication

Infection of gastric mucosa by the bacterium Helicobacter pylori is a causative agent of chronic
gastritis but also is an essential co-factor in the etiology of gastroduodenal ulcer and gastric carcinoma.
Eradication of this bacterium using triple or quadruple therapies with a proton pump inhibitor in
combination with two or three antibiotics is the treatment of choice and eradication rates of 80% to
90% can be achieved. A proton pump inhibitor is included in this regimen for two main reasons: first,
at an elevated gastric pH, the portion of H. pylori cells, which are in the proliferative phase is enhanced.
This results in improved susceptibility for an antibiotic attack. Second, the half-life of acid-sensitive
antibiotics (penicillins, macrolides) is enhanced at a higher gastric pH [12].

Clarithromycin (Figure 8), which is a macrolide antibiotic commonly used in these regimens,
is a potent inhibitor of CYP3A4 and CYP2C19 but also a substrate of these liver enzymes [13–15].
On the other hand, the proton pump inhibitors omeprazole, lansoprazole, and pantoprazole (Figure 8)
are substrates of both CYP3A4 and CYP2C19 [16] and omeprazole and its metabolites are also
inhibitors of both of these CYP enzymes [17]. Therefore, at least in principle, clarithromycin and
the prazoles have the potential for mutually influencing their pharmacokinetics. Combination of
clarithromycin with these prazoles did not result in enhanced clarithromycin levels [12], but significant
inhibition of the metabolism of both omeprazole [15,18] and lansoprazole [13] were recorded while
pantoprazole levels remained almost unchanged [18]. Amoxicillin levels were not influenced in
a lansoprazole-clarithromycin-amoxicillin triple therapy [12]. In conclusion, these data suggest that
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clarithromycin acts as a pharmacokinetic enhancer for omeprazole and lansoprazole. However, the
clinical relevance of this effect appears to be of a limited extent.

Figure 8. Structures of the macrolide antibiotic clarithromycin and the proton pump inhibitors omeprazole,
lansoprazole, and pantoprazole.

2.4. Enhancers for Antibiotics Beyond Enzyme Inhibition: Probenecid and Efflux Pump Inhibitors

Albeit beyond the closer scope of this review article, some additional principles of enhancing the
therapeutic effects of antibiotics will be mentioned below.

2.4.1. Probenecid

In the 1940s, the effect of simple benzamides on renal elimination of ionizable drugs like penicillin
was observed [19] and due to the limited amounts of penicillin available during World War II,
probenecid (Figure 9) was developed with the goal of reducing the renal excretion of penicillin.
Co-administration of probenecid was intended in order to reduce the consumption of the very precious
antibiotic. Unfortunately, the development was not finished before the end of the war [20]. Probenecid
was used as adjunct therapy with penicillin. Probenecid is still used for its uricosuric properties in
the treatment of gout, but its clinical relevance is poor. The compound was found to inhibit the active
transport of both anionic and cationic drug molecules at various sites in the body [21].

Subsequent studies revealed that probenecid was effective in enhancing the retention of other
antibiotics as well. It decreases the renal secretion of numerous quinolones such as ciprofloxacin,
gatifloxacin, levofloxacin, norfloxacin, fleroxacin, and enoxacin while moxifloxacin and sparfloxacin
are not affected by probenecid co-administration [22].

Figure 9. Structures of probenecid, verapamil, and bedaquiline.

2.4.2. Inhibitors of Bacterial Efflux Pumps (“Antibiotic Escort Molecules”, “Antibiotic Adjuvants”)

Intrinsic resistance in Gram-negative bacteria is largely attributed to the activity of multidrug
resistance (MDR) efflux pumps, but these pumps also play a significant role in acquired clinical
resistance to antibiotics. This indicated a significant potential for developing small molecule inhibitors
against bacterial efflux pumps [23]. Efflux pump inhibitors were expected to render resistant bacteria
increasingly more sensitive to a given antibiotic or even reverse the multidrug resistant phenotype [24].
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A large number of efflux pump inhibitors with in vitro activity for efflux pumps like NorA in
Staphylococcus aureus, MexAB-OprM in Pseudomonas aeruginosa, and AcrAB-TolC in Enterobacteriaceae,
Mycobacterium tuberculosis, and others have been discovered including natural products, antibiotics,
and synthetic molecules. However, these efforts did not result in a clinically useful compound yet for
various reasons including in vivo toxicity and side effects [24,25].

2.4.3. Pharmacokinetic Enhancement in Antitubercular Therapy (?): Bedaquiline Plus Verapamil

Bedaquiline (Figure 9) is the first new antitubercular drug approved by the FDA in 40 years and
is an effective treatment option for multidrug-resistant Mycobacterium tuberculosis infection. However,
this occurs at a very early stage after approval efflux-mediated bedaquiline resistance, which has been
identified in treatment failures. This resistance is due to an efflux of the drug (and a variety of other
anti-tubercular drugs) from the mycobacterial cell. This decreases the intracellular drug concentrations
below the required levels. It was observed that the addition of efflux pump inhibitors partially restored
drug susceptibility in vitro and in vivo [26,27]. The well-known efflux pump inhibitor verapamil
(Figure 9) showed beneficial effects in vivo when co-administered with bedaquiline, but subsequent
investigations demonstrated that this effect is likely due to enhanced systemic exposure to bedaquiline
via the effects on mammalian transporters (resulting in increased oral bioavailability) rather than
inhibition of bacterial efflux pumps. Therefore, it was claimed recently that there may be no advantage
to administering verapamil versus simply increasing the dose of bedaquiline [28].

3. HIV Therapy: Inhibition of CYP3A4 for Boosting Antiretroviral Drugs

3.1. HIV Proteases

Maximal and durable suppression of the viral load is the predominant goal of HIV therapy. By this
means, novel antiretroviral therapy (ART) regimens were developed, which have transformed HIV-1
infection from a fatal to a kind of chronic disease. The success of ART is directly related to adequate
and permanent drug exposure and patient-friendly dosage schedules [29,30].

Numerous classes of antiretroviral drugs for ART like entry inhibitors, reverse transcriptase
inhibitors, integrase inhibitors, and protease inhibitors (PIs) have been developed over the decades.
Among them, protease inhibitors are of outstanding importance [31].

HIV proteases are aspartyl proteases, which catalyze the proteolytic cleavage of viral polypeptide
precursors into mature enzymes and structural proteins. This process is essential for the conversion
of HIV particles into their mature infectious form. Inhibitors of HIV proteases were developed by
a structure-based design created utilizing the knowledge of these enzymes’ molecular modes of action,
which ends up with peptidomimetic drugs suitable for oral application. However, PIs were historically
associated with poor oral bioavailability and a high pill burden [31].

The poor oral bioavailability of PIs is mainly due to their susceptibility to oxidation by CYP3A4
enzymes in both human small intestinal enterocytes and hepatocytes while biotransformation in the
gut wall substantially contributes to the overall first-pass metabolism. Consequently, pharmacokinetic
enhancement of protease inhibitors can be achieved by intentional inhibition of CYP3A4 leading to
higher drug exposure, lower pill burden, and, therefore, simplified dosing schedules. Since virtually
all PIs are CYP3A4 substrates, co-administration of a boosting agent to increase drug concentrations is
commonly employed. Furthermore, the high content of P-glycoprotein efflux transporters on the apical
surface of enterocytes shuttles the protease inhibitors out of the gut wall back into the intestinal lumen
and, hence, decreases oral bioavailability further. This supports the theory that this efflux transporter
may act in concert with CYP3A4 to limit oral drug bioavailability [29,32].

3.2. Ritonavir and Cobicistat

Ritonavir (Figure 10) was initially developed as an HIV inhibitor, but its use at the originally
approved dose (600 mg twice daily) was limited by dose-related side effects like diarrhea and nausea.
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In the course of its initial application in combination with other antiretroviral drugs, it was observed
that ritonavir inhibits CYP enzymes especially CYP3A4 as well as P-glycoprotein efflux transporters
and, thus, acts as a pharmacokinetic enhancer (booster) for some of the co-administered drugs [33].
Nowadays, ritonavir is being used almost exclusively at well-tolerated doses of 100 to 200 mg/day
as a booster for other HIV protease inhibitors (e.g., lopinavir, atazanavir, darunavir; Figure 10) for
maintaining therapeutic serum levels of these drugs. Ritonavir is marketed both as a single entity
(Norvir®) for combination with other antiretroviral drugs and as a fixed dose combination with
lopinavir (Kaletra®). Boosting the protease inhibitors with ritonavir allows for less-frequent dosing
(once or twice daily) and a lower pill burden and results in a reduced impact of food on bioavailability,
reduced variability of systemic drug exposure, and improved treatment efficacy [34].

Later, the application of ritonavir has been extended to boosting the therapeutic effect of the
integrase inhibitor elvitegravir (Figure 10). In contrast to other integrase inhibitors like raltegravir
and dolutegravir, which possess minimal CYP involvement, elvitegravir is metabolized primarily by
CYP3A4. Pharmacokinetic boosting of elvitegravir with ritonavir leads to systemic exposures that
permit daily dosing. Alternatively, elvitegravir is co-formulated with cobicistat (see below) [35].

An additional application of ritonavir as a booster for a protease inhibitor in hepatitis C therapy
is discussed below (Section 4).

Figure 10. Structures of the pharmacokinetic enhancers ritonavir and cobicistat (differences in structure
highlighted in red) as well as antiretroviral drugs boosted by these compounds: the HIV protease
inhibitors lopinavir, atazanavir, darunavir, and the integrase inhibitor elvitegravir.

In 2012, a second pharmacokinetic enhancer from this chemotype was launched. Cobicistat
(Tybost®) (Figure 10), which is a compound structurally closely related to ritonavir, does, in contrast to
ritonavir, no longer exhibit intrinsic inhibitory activity on HIV protease and acts exclusively as a booster
due to the inhibition of CYP3A4 and blocking P-glycoprotein efflux transporters [33,34]. Cobicistat is
further marketed as fixed dose combinations with protease inhibitors (atazanavir, darunavir) and the
integrase inhibitor elvitegravir. Cobicistat (150 mg once daily) exhibits a boosting effect comparable
with that of ritonavir (100 mg once daily).

Cobicistat was developed with the aim of reducing the incidence of undesired side effects believed to
be caused by ritonavir like alterations in lipid metabolism, gastrointestinal disturbances, and pronounced
drug-drug interactions [33]. Cobicistat has improved physiochemical properties (e.g., water solubility)
compared with ritonavir and is a potent inhibitor of CYP3A, but it is only a weak inhibitor of CYP2D6
and was claimed to have almost no effect on other CYP enzymes. In contrast, ritonavir inhibits, beyond
CYP3A4, a number of additional CYP enzymes (2C19, 2C8, 2C9, 2D6, and 2E1). In addition, in contrast to
ritonavir, which is also an inducer of CYP1A2 and CYP2C9, cobicistat does not demonstrate any inducing
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effects on CYP450 enzymes [34,36]. On the basis of these data, it was claimed that switching patients from
ritonavir to cobicistat regimens may be problematic particularly with co-medications that have a very
narrow therapeutic index [34]. So drug-drug interactions may be different for both pharmacokinetic
enhancers and need to be evaluated for each drug individually. However, a recent in vitro investigation
of the inhibition of diverse CYP enzymes by both compounds revealed that both ritonavir and cobicistat
are highly potent inhibitors of CYP3A, but both compounds were weaker inhibitors of other investigated
human CYP enzymes (2B6, 2C9, 2C19, 2D6) with IC50 values at least two orders of magnitude higher.
There was no evidence of a meaningful difference in selectivity between ritonavir and cobicistat [37].

Like ritonavir, cobicistat further enhances the intestinal absorption of HIV protease inhibitors by
the inhibition of the intestinal efflux transporter P-glycoprotein [38].

In clinical studies, the pharmacokinetic effects of cobicistat and ritonavir on the properties of
atazanavir, darunavir, and elvitegravir were almost identical, but, in contrast, cobicistat was found to
be an inadequate booster for the protease inhibitor tipranavir [34].

3.3. Development of New Boosters—A Long and Rocky Road

The uncontested therapeutic value and the economic success of pharmacokinetic enhancers for
antiretroviral drugs led to immense efforts in the pharmaceutical industry and academia in order to
develop new, improved boosters in addition to ritonavir and cobicistat. Several promising compounds
like Sequoia’s SPI-452 and Tibotec’s TMC-558445 (Phase I study completed in 2010) were claimed, but
none of them have been marketed yet. The reported developments appear to be cancelled or are on
hold [39] (Figure 11).

Figure 11. Structures of novel pharmacokinetic enhancers for HIV protease inhibitors in the development.

Note: Concert Pharmaceuticals and GSK developed a novel HIV protease inhibitor named CTP-518
in which certain key hydrogen atoms of the established PI atazanavir are replaced with deuterium
atoms [40]. Deuterium (2H) forms a stronger chemical bond to carbon atoms than hydrogen (1H)
and deuterium modification at selected positions of the drug was expected to substantially enhance
the metabolic stability. It was demonstrated in pre-clinical studies that sophisticated deuterium
modification of atazanavir fully retains its antiviral potency, but can markedly reduce hepatic
metabolism, which results in increased half-life and plasma levels. It has been claimed that CTP-518
could potentially avoid the need for co-administration of a booster such as ritonavir. However, the
development appears to have been discontinued in 2013.

4. Ritonavir in Hepatitis C Therapy

About 130 million to 150 million people worldwide are infected with the hepatitis C virus (HCV)
with approximately 500,000 dying each year as a result of HCV complications. Previous standard
treatments utilizing interferons and ribavirin had very poor response rates and poorly tolerable side
effects. In the past decade, the development of direct-acting antivirals (DAAs) has revolutionized
therapy of chronic hepatitis C. Novel DAA combinations with high efficacy, tolerable side effects, and
short treatment courses are currently available. The DAAs target specific nonstructural (NS) proteins
encoded by the single-stranded HCV RNA virus. The novel DAAs include NS3/4A protease inhibitors,
NS5A inhibitors, and NS5B polymerase inhibitors (Figure 12) [36]. For the treatment of HCV genotypes
1 and four combinations of two or three DAAs targeting different proteins are applied. Typically, these
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combinations are supplemented by ribavirin and/or pegylated interferon with both exhibiting rather
nonspecific antiviral activities. Due to better tolerability, interferon-free therapy regimens are strongly
preferred [36,41–43].

Figure 12. The HCV polyprotein is a single protein (around 3000 amino acids), which undergoes
cleavage catalyzed by host endopeptidases (for structural proteins) and autoproteolytically (indicated
by blue arrows) by its own non-structural protein NS3/4A with protease activity. This results in the
formation of structural proteins (core and envelope proteins) and non-structural proteins (p7, NS2,
NS3, NS4A, NS4B, NS5A, and NS5B). Direct-acting antiviral drugs interact with diverse non-structural
proteins (indicated by red bars) [44].

Inhibitors of the NS3/4A protease are indispensable components of the modern DAA therapy
regimens. One recently launched fixed combination (Viekirax® Technivie®) contains the NS5A inhibitor
ombitasvir and the NS3/4A inhibitor paritaprevir. For the treatment of HCV1 genotype-1 patients,
this is combined with the NS5B polymerase inhibitor dasabuvir (Figure 13) and ribavirin [45] for
genotype 4 with only ribavirin [42].

Paritaprevir (Figure 13) is a potent competitive macrocyclic inhibitor of the serine protease NS3
and its co-factor NS4A in HCV genotypes 1 and 4. Like other second-generation NS3/4A inhibitors
(e.g., simeprevir [46]), it is a substrate of CYP3A4 and, thus, needs bolstering. The inclusion of
ritonavir into the fixed combination guarantees sufficiently high and long-lasting plasma levels of
paritaprevir that allows a therapy regimen of one tablet per day. However, and as discussed above
(Section 3.2), ritonavir also increases the potential for drug–drug interactions for this combination
regimen. Consequently, medications that are extensively metabolized by CYP3A4 are contraindicated
during therapy, as are potent CYP3A4 inducers that would dramatically decrease plasma levels of
paritaprevir. Ritonavir does not have own activity on HCV proteases (in contrast to HIV proteases,
as described above). The other components of the combination regimen are not influenced by the
ritonavir booster process: dasabuvir is metabolized by CYP2C8 and only to a lesser extent by CYP3A.
Ombitasvir is predominantly metabolized by hydrolysis [36].
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Figure 13. Structures of novel direct-acting antiviral drugs paritaprevir (NS3/4A protease inhibitor),
ombitasvir (inhibitor of the non-structural protein NS5A involved in viral replication, assembly, and
release of HCV particles), and dasabuvir (inhibitor of the RNA polymerase NS5B).

5. Probenecid Reloaded for Antiviral Therapy

5.1. Reduction of the Nephrotoxicity of Cidofovir

Cidofovir (Figure 14) is an injectable antiviral nucleotide analogon used exclusively as treatment
for cytomegalovirus retinitis in AIDS-infected patients. This drug suppresses cytomegalovirus
(CMV) replication by selective inhibition of viral DNA synthesis. It is an antimetabolite and, after
phosphorylation by intracellular kinases to give cidofovir diphosphate, it inhibits the viral DNA
polymerases. Incorporation of cidofovir into the growing viral DNA chain results in reduced viral
DNA synthesis. After infusion, cidofovir is almost completely eliminated as the unchanged drug into
the urine. The renal clearance of cidofovir is higher than creatinine clearance, which indicates that
renal tubular secretion significantly contributes to its elimination. Therefore, the drug is taken up
from the blood into the proximal tubular cells by means of “organic anion transporters” located on
the basolateral side of the tubular cells while the following secretion into the tubular lumen is much
slower. This rather slow efflux of cidofovir into the urine in comparison to fast uptake from the blood
results in an accumulation of the drug in the proximal tubular cells and is most likely the reason for
the observed dose-limiting nephrotoxicity of the drug [47].

This nephrotoxicity can be eliminated by co-administration of probenecid (see also Section 2.4.1,
Figure 9), which is an inhibitor of the organic anion transporter. This reduces the rate of tubular uptake
of cidofovir from blood into the tubular cells and so protects the kidneys by balancing uptake into
the tubular cells and subsequent efflux into the urine through the brush boarder membrane. In the
same course, probenecid also reduces the overall renal clearance of the drug and, thus, increases serum
cidofovir concentrations significantly [48,49].

The recommended standard-dose probenecid regimen is 2 g at 3 h before cidofovir infusion and
then 1 g at 2 and 8 h after cidofovir (total 4 g). As an additional prophylaxis, intravenous pre-hydration
with 1 liter of 0.9% saline is performed [50].

Figure 14. Structures of the antiviral drugs cidofovir und oseltamivir.

Note: Probenecid is a banned drug for athletes for a related reason. Since it blocks entry of certain
drugs into the urine, it can be used as a masking agent for other banned performance-enhancing drugs
including steroids.
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5.2. Probenecid Plus Oseltamivir

Oseltamivir (Tamiflu®) was approved in 2002 for the treatment of uncomplicated influenza within
48 h of the onset of symptoms and was regarded as a very promising drug for fighting long awaited
influenza pandemics at that time. There were concerns whether the amounts of oseltamivir stockpiled
by governments around the world would be sufficient in case of a worldwide H1N1 pandemic [51].
Since (like penicillin and other acidic antibiotics, see Section 2.4.1 and cidofovir, see above) oseltamivir
is actively secreted by the kidneys. Probenecid was investigated as a co-medication for saving precious
oseltamivir. In fact, this co-administration was able to enhance the patient’s total exposure to the drug
by a factor of 2.5 [52]. Meanwhile, experts are significantly less enthusiastic about the therapeutic
value of oseltamivir and, in 2017, the World Health Organization (WHO) downgraded oseltamivir in
its list of essential medicines from a “core” drug to one that is “complementary.”

6. Tumor Therapy

6.1. Pharmacokinetic Enhancers For Fluoropyrimidine Antimetabolites

6.1.1. Metabolism of 5-Fluorouracil (5-FU) and Tegafur

5-Fluorouracil (5-FU, Figure 15) is one of the world’s most widely used anticancer agents. It is
widely used as the first or the second line therapy for a variety of cancers including colorectal and
gastric cancer but also breast, head and neck, and ovarian cancers. 5-FU is administered via continuous
i.v. infusion, which is both cumbersome and expensive. The less expensive and less stressful oral
administration of 5-FU is not applicable due to incomplete and erratic bioavailability. The reason for
this is due to the level of dihydropyrimidine dehydrogenase (DPD), which is the rate-limiting enzyme
in 5-FU catabolism, varies among individuals and even within individuals during the course of a day.
Furthermore, variable levels of intestinal DPD create erratic absorption of orally administered 5-FU
and render efficacy and toxicity highly unpredictable [53,54].

Tegafur, which is a 5-FU pro-drug, is suitable for oral application but still shares the issues of
5-FU since its active metabolite is the parent 5-FU. The conversion of tegafur into 5-FU is performed
mainly by hepatic oxidation at C-5’ catalyzed by CYP2A6 while the tetrahydrofuranyl residue is finally
released as γ-hydroxybutyrolactone (which may account for the observed neurotoxicity of tegafur).

Figure 15. Structures of 5-fluorouracil (5-FU) and its pro-drug tegafur.

Free 5-FU is converted into three main active metabolites: the main activation is orotate
phosphoribosyltransferase (OPRT)-mediated transformation into fluorouridine monophosphate
(FUMP) utilizing phosphoribosyl pyrophosphate (PRPP) as the cofactor and two further
phosphorylation steps give, via fluorouridine diphosphate (FUDP), fluorouridine triphosphate
(FUTP), which is an antimetabolite that leads to RNA damage. The intermediate FUDP can also
be converted into fluorodeoxyuridine diphosphate (FdUDP) by the enzyme ribonucleotide reductase
(RR). Subsequent phosphorylation of FdUDP gives fluorodeoxyuridine triphosphate (FdUTP), which
is an anti-metabolite that leads to DNA damages. Alternatively, FdUDP is dephosphorylated to the
active compound fluorodeoxyuridine monophosphate (FdUMP). FdUMP can also be produced directly
from 5-FU by the action of the enzymes thymidine phosphorylase (TP) and thymidine kinase (TK).
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FdUMP is a mechanism-based inhibitor (for details of the irreversible binding, see Reference [55]) of
the enzyme thymidylate synthase (TS) since it forms a stable ternary complex with TS and its methyl
donor methylene tetrahydrofolate (see note below). Since this enzymatic reaction is the sole de novo
source of thymidylate for the cancer cells, DNA synthesis is effectively blocked [56] (Figure 16).

Figure 16. Bioactivation of tegafur to give 5-FU and subsequent metabolism of 5-FU (black arrows).
The structures of the main toxic metabolites are shown in the box. Relevant enzymes are highlighted
in blue. The biological effects of the toxic metabolites FUTP and FdUTP are indicated by red arrows.
The effects of pharmacokinetic enhancers gimeracil and oteracil (both in Teysuno®) and of the active 5-FU
metabolite FdUMP on enzymes are indicated by red bars. Abbreviations: 5-FU 5-fluorouracil, CH2THF
methylene tetrahydrofolate, DHFU dihydrofluorouracil, DPD dihydropyrimidine dehydrogenase,
FBAL fluoro-β-alanine, FdUDP fluorodeoxyuridine diphosphate, FdUMP fluorodeoxyuridine
monophosphate, FdUTP fluorodeoxyuridine triphosphate, FUMP fluorouridine monophosphate, FUDP
fluorouridine diphosphate, FUDR fluorodeoxyuridine, FUTP fluorouridine triphosphate, OPRT orotate
phosphoribosyltransferase, PRPP phosphoribosyl pyrophosphate, TK thymidine kinase, and TP
thymidine phosphorylase [56].

5-FU is degraded mainly in the liver and in the blood stream by the enzyme dihydropyrimidine
dehydrogenase (DPD) to give dihydrofluorouracil (DHFU) as the first metabolite. Hydrolytic
decomposition of the reduced pyrimidine ring gives fluoro-β-alanine (FBAL), which is excreted
(Figure 16).

The very low and, moreover, strongly fluctuating bioavailability of 5-FU after oral application
is due to the strong expression of dihydropyrimidine dehydrogenase (DPD) in gastrointestinal cells,
which results in unpredictable absorption of an intact drug [57].

Note: Since methylene tetrahydrofolate is an indispensable component for the formation
of the ternary complex of the 5-FU metabolite FdUMP with thymidylate synthase (Figure 16),
the cytotoxic effect of 5-FU can be enhanced by co-administration of the folate precursor leucovorin
(=formyltetrahydrofolate). However, this does not represent pharmacokinetic enhancement in the
strict sense [58].

6.1.2. Inhibitors of Dihydropyrimidine Dehydrogenase (DPD)

As mentioned above, oral application of 5-FU as a monotherapy is precluded due to unpredictable
bioavailability. However, even after IV application of 5-FU or oral application of its pro-drug tegafur,
which circumvents the problems of undesired metabolic inactivation of 5-FU by DPD in gastric
cells during the absorption step, fluctuating levels of 5-FU are observed due to inter-individual and
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intra-individual differences in DPD expression. This variability makes effective dosing of both drugs
(5-FU, tegafur) difficult. Furthermore, a number of side effects of 5-FU/tegafur therapy are associated
with metabolites like FBAL (Figure 16) arising from metabolism by DPD. For all of these reasons,
inhibitors of dihydropyrimidine dehydrogenase (DPD) are valuable pharmacokinetic enhancers for
both parenteral 5-FU and oral tegafur therapy [59].

First, success was achieved with a combination of tegafur and uracil (Figure 17) in a 1:4 molar
ratio (UFT®). The physiologically and pharmacologically inert substance uracil is a natural substrate
of DPD and, at sufficiently high levels, it competes in the saturable hepatic catabolism with the active
tegafur metabolite 5-FU for reduction by DPD, which ends up with enhanced levels of 5-FU [60].

Figure 17. (A) Reduction of 5-FU to dihydrofluorouracil (DHFU) catalyzed by the enzyme
dihydropyrimidine dehydrogenase (DPD), which is followed by hydrolysis to give fluoro-β-alanine
(FBAL). (B) Structures of the competitive DPD inhibitors uracil, gimeracil, and CNDP.

In the novel combination, Teysuno® tegafur is combined with the DPD inhibitor gimeracil (5-
chloro-2,4-dihydroxypyridine, CDHP, Figure 17) as well as the orotate phosphoribosyltransferase
inhibitor oteracil (see Section 6.1.3). Gimeracil is a significantly stronger inhibitor of DPD as uracil
(factor about 180) [60]. An even stronger competitive inhibitor (2000 fold compared to uracil) is
3-cyano-2,6-dihydroxypyridine (CNDP) [61].

In contrast, eniluracil (5-ethynyluracil, Figure 18) is a covalent inhibitor of DPD. This compound
irreversibly inhibits DPD and the enzyme is completely inactivated within 1 h of eniluracil
administration. The compound leads to almost 100% oral bioavailability of 5-FU, which facilitates
uniform absorption and predictable toxicity. Eniluracil itself is neither toxic nor active as a single agent
and it improves the antitumor efficacy and therapeutic index of 5-FU significantly [53]. Eniluracil is
a so-called mechanism-based inactivator of dihydropyrimidine dehydrogenase (DPD) since it requires
catalytic activation by its target enzyme in an initial step. This makes the compound extremely
specific for the target enzyme and brings advantages over reversible inhibitors, which must be present
permanently and in relatively high concentrations to exert sustained DPD inhibition. After irreversible
inhibition by eniluracil, further 5-FU degradation will only take place with newly synthesized DPD
enzyme [54].

Bio-activation of eniluracil is initialized by reduction by DPD (in analogy to the reduction of 5-FU
by this enzyme) whereby the initially formed reduction product most likely undergoes isomerization
to an allenic intermediate. This compound contains an α,β-unsaturated lactam moiety, which can
undergo a nucleophilic addition of an appropriate functional group in the enzyme in the sense of
a Michael addition resulting in covalent binding. The reactive functional group in DPD was identified
as a thiol group of a cysteine in the active site (Figure 18) [62].
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Figure 18. Covalent binding of eniluracil to DPD after reductive bioactivation by the target enzyme
DPD itself [62].

Emitefur (=BOF-A2) (Figure 19) is an investigational orally available antimetabolite composed of
the 1-ethoxymethyl derivative of 5-FU and the reversible DPD inhibitor CNDP (see Figure 17). Both
components are coupled via a di-ester linkage using an isophthalic acid unit (compare the mutual
prodrug sultamicillin, Section 2.1.2, Figure 4). After oral application and absorption, the molecule is
cleaved by esterases to give equimolar amounts of 5-FU and CNDP. Emitefur was considered to be
a promising drug for treating advanced gastric cancer [61].

Figure 19. Emitefur (BOF-A2) is a mutual pro-drug in which a 5-FU (marked in red) derivative is
covalently coupled (using an inert isophthalic acid unit) with a CNDP (marked in blue) derivative.

6.1.3. Inhibition of Orotate Phosphoribosyltransferase

Tegafur when administered orally alone or in combination with the DPD inhibitor gimeracil
(see above) exhibits gastrointestinal toxicity, which leads to diarrhea and other side effects. These side
effects are mainly assigned to the high expression of the enzyme orotate phosphoribosyltransferase
(OPRT, Figure 20) even in normal gastrointestinal mucosal cells. This enzyme is involved in pyrimidine
biosynthesis and physiologically catalyzes the formation of orotidine-5’-monophosphate from orotate
and phosphoribosyl diphosphate (FRPP). Oteracil (oxonic acid, 5-azaorotic acid) is an inhibitor of
orotate phosphoribosyl transferase. It accumulates specifically in normal gut cells where it inhibits the
(here undesired) conversion of 5-FU to 5-fluorouridine monophosphate (FUMP), which is a precursor
of cytotoxic metabolites of 5-FU like fluorodeoxyuridine monophosphate (FdUMP) [63] with the result
of suppressing the toxic effects of 5-FU in the mucosal cells. Since oteracil acid does not accumulate in
gastric cells and other tumor cells, it has a selective protective effect against gastrointestinal toxicity,
but it does not affect anti-tumor activity. Oteracil acid does not affect the pharmacokinetics of 5-FU [60].
The anticancer activity of 5-FU is maintained since the inhibitory effect of FdUMP on thymidylate
synthase and DNA biosynthesis in tumor cells is unaffected and because inhibition of OPRT by oteracil
in gastric cancer cells is incomplete since OPRT is overexpressed in the tumor cells (Figure 16) [57].
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Figure 20. Function of the enzyme orotate phosphoribosyltransferase (OPRT) and its inhibition by
oteracil (in red).

6.2. Inhibition of Thymidine Phosphorylase: Tipiracil As a Pharmacokinetic Enhancer for Trifluridine

As mentioned above, fluoropyrimidine-based therapies have outstanding relevance in the
therapy of colorectal cancers. However, emerging resistance of tumor cells towards fluoropyrimidine
treatment is a severe problem. The combination of trifluridine and tipiracil (as a 1:0.5 molar ratio in
TAS-102, which is marketed as Lonsurf®, Figure 21) has shown clinical activity in patients resistant
to 5-flurorouracil (5-FU) and offers a therapeutic alternative for pre-treated patients with metastatic
colorectal cancer [64,65].
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Figure 21. (Left) Structures of the antimetabolite trifluridine and its sites of bioactivation (green) and
degradation (red). (Right) The thymidine phosphorylase inhibitor tipiracil.

Trifluridine, which is a trifluoromethylated analogue of thymidine, is an anticancer compound
that was developed as an alternative to 5-FU already in 1964 and inhibits tumor cell growth by
affecting DNA synthesis. Upon administration, the molecule undergoes bioactivation in tumor cells
by phosphorylation of the enzyme thymidine kinase. The resulting trifluridine monophosphate
then inhibits the enzyme thymidylate synthase (TS, compare the action of 5-FU and tegafur
shown in Figure 16) and prevents the methylation of deoxyuridine monophosphate (dUMP) into
deoxythymidine monophosphate, which is a key step in DNA biosynthesis. Trifluridine like 5-FU
is a mechanism-based inhibitor that causes irreversible inhibition of thymidylate synthase (TS).
The inhibition is initiated by a nucleophilic attack of an active site nucleophilic group (such as thiol) at
the C-6 position. Subsequent fluoride elimination converts the trifluoromethyl group into a highly
reactive intermediate, which further reacts with another nucleophilic amino residue of the enzyme
to lead to a stable adduct linking the inhibitor irreversibly to the enzyme (for details, see ref. [55]).
Additionally, trifluridine monophosphate is further phosphorylated to the triphosphate, which acts as
an antimetabolite and causes cell death via direct incorporation into DNA [65].

However, trifluridine has very poor oral bioavailability due to fast breakdown by action of the
enzyme thymidine phosphorylase in a first-pass metabolism while trifluridine is converted under
removal of the ribose unit into inactive 5-trifluoromethyl-pyrimidinedione. The enzyme thymidine
phosphorylase catalyzes the reversible phosphorolysis of a number of natural and synthetic pyrimidine
nucleosides (Figure 22), according to the following equation [66]:

Pyrimidine(deoxy)ribose + phosphate→ pyrimidine base + (deoxy)ribose-1-phosphate.
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Figure 22. Inactivation of trifluridine catalyzed by the enzyme thymidine phosphorylase.

Therapeutic levels of orally administered trifluridine are achieved upon co-administration with
the pharmacokinetic enhancer tipiracil (Figure 21). Tipiracil is an effective inhibitor of the enzyme
thymidine phosphorylase and boosts trifluridine so that trifluridine levels are achieved that are high
enough for therapy of colorectal cancers [64].

6.3. Efflux Pump Inhibitors In Cancer Therapy

One of the major challenges in cancer chemotherapy is the development of multi-drug resistance
to the anticancer drugs. One major factor for emerging resistance is the efflux of the anticancer
drugs by P-glycoprotein (P-gp) pumps. This phenomenon has affected not only long-established
chemotherapeutics like anthracyclines, Vinca alkaloids, and cisplatin but also newer drugs such as
docetaxel and protein kinase inhibitors [67]. Like in the field of “antibiotic adjuvants” (see Section 2.4.2),
considerable effort has been undertaken to develop inhibitors of efflux pumps of tumor cells aimed
at restoring the original antitumor activity of drugs by co-administration. Promising in vitro results
were obtained with a number of compounds such as verapamil (see Section 2.4.3 and Figure 9) and
ciclosporin analogs and other natural products [68,69], but these and numerous synthetic inhibitors of
the second and third generations (elacridar, tariquidar, zosuquidar, Figure 23) failed in clinical trials.
Recently, the bisbenzylisoquinoline alkaloid tetrandrine (CBT-01®, Figure 23) in combination with
paclitaxel has advanced clinical trials [70].

Figure 23. Structures of inhibitors of selected P-glycoprotein efflux pumps: elacridar, zosuquidar, and
the alkaloid tetrandrine.

7. Pharmacokinetic Enhancers for Levodopa

7.1. Parkinson’s Disease and Levodopa

Parkinson’s disease (PD) is a neurodegenerative disease characterized by a progressive loss of
dopamine-producing neurons in the substantia nigra and striatum. The shortage of dopaminergic
input results in the typical motor symptoms (rigidity, akinesia, and tremors). Direct supplementation
of dopamine is ineffective since this compound is not able to pass the blood-brain barrier. One of the
most important treatments for PD patients is oral administration of the amino acid levodopa (L-DOPA,
L-3,4-dihydroxyphenylalanine; Figure 24), which represents a biochemical precursor of dopamine.
In contrast to dopamine, levodopa is taken up into the brain by utilizing active transport systems.
Subsequent decarboxylation by means of the enzyme DOPA decarboxylase (DDC, synonym: aromatic
L-amino acid decarboxylase, AADC) leads to dopamine in the brain [71,72]. Significant amounts of
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orally applied levodopa can, however, be lost by undesired metabolism before transport into the brain.
The enzyme DOPA decarboxylase, which is essential for bioactivation in brain, is also significantly
expressed in peripheral tissues. During intestinal absorption and peripheral circulation, about 70% of
levodopa is lost by enzymatic decarboxylation and, consequently, significant levodopa in the brain
cannot be achieved by levodopa monotherapy. By co-administration of a DOPA decarboxylase inhibitor
(see Section 7.2), this premature decarboxylation in the periphery can be suppressed significantly
and uptake of therapeutically relevant amounts of levodopa is achieved. However, even under
co-administration of a peripheral DOPA decarboxylase inhibitor, less than 10% of the orally administered
levodopa reaches the brain. Furthermore, under suppression of peripheral decarboxylation of levodopa,
a second metabolic pathway becomes dominating. O-methylation of one phenolic group catalyzed by the
enzyme catechol-O-methyltransferase (COMT) gives 3-O-methyldopa (3-OMD) as the main metabolite
(Figure 24). 3-OMD is pharmacologically inactive, but it further reduces the bioavailability of levodopa
by competing with it for active transport across the blood-brain barrier. Co-administration of a second
pharmacokinetic enhancer, which is a COMT inhibitor, ends up in a suppression of both enzymatic
reactions, which lead to peripheral loss of dopamine, and a therapeutic effect on Parkinson’s disease
can be achieved with a minimum dosage of levodopa. Furthermore, side effects that are caused by
peripheral levodopa metabolites (mainly dopamine) can be minimized this way [73].

Figure 24. Transport and metabolism of levodopa. (Left): In the periphery, levodopa can undergo
metabolism by both DOPA decarboxylase (DDC, AADC) or catechol-O-methyltransferase (COMT).
Only unchanged levodopa is taken up into the brain. There it is decarboxylated by DDC to give the
active compound dopamine. Dopamine is metabolized in the brain by monoamine oxidase B (MAO-B)
as well as COMT and DDC (not shown in the graphic). (Right) (A): Application of levodopa without
a pharmacokinetic enhancer results in extremely low uptake into the brain. The major part is lost
by peripheral decarboxylation to give dopamine. (B): Co-administration of a DOPA decarboxylase
inhibitor (inhibition indicated by a red bar) leads to significant enhancement of dopamine uptake
into the brain, but by the action of peripheral COMT, 3-O-methyldopa (3-OMD) becomes the main
peripheral metabolite. (C): Combination of levodopa with both a DOPA decarboxylase inhibitor and
a COMT inhibitor (2 red bars) leads to a maximum uptake of levodopa into the brain.

7.2. DOPA Decarboxylase Inhibitors: Carbidopa and Benserazide

The enzyme DOPA decarboxylase contains a pyridoxal phosphate co-factor in its active site. This
co-factor is bound to the enzyme by formation of an imine with the primary amino group in the



Sci. Pharm. 2018, 86, 43 21 of 28

side-chain of Lys303. Decarboxylation of levodopa starts with an imine exchange reaction and the
levodopa bound to the co-factor is decarboxylated in the following. In the final step, Lys303 forms
an imine with the co-factor again and releases dopamine from the enzyme (Figure 25).

Figure 25. (Top): Molecular mechanism of the decarboxylation of levodopa by DOPA decarboxylase
(relevant lysine residue highlighted in blue) aided by the co-factor pyridoxal phosphate. (Bottom):
Structures of the DOPA decarboxylase inhibitors carbidopa, benserazide, and its active metabolite.
The essential hydrazine moieties in the active inhibitors are highlighted in red.

DOPA decarboxylase inhibitors were designed for inhibiting exclusively the decarboxylation of
levodopa in the periphery. Consequently, these inhibitors typically have physico-chemical properties
that guarantee that they do not pass the blood-brain barrier. Presently, only carbidopa and benserazide
are used in therapy. Carbidopa is a hydrazine analogue of levodopa and, like levodopa, it has an
(S)-configuration. In benserazide, 2,3,4-trihydroxybenzylhydrazine is connected to racemic serine via
an amide bond and in vivo amide hydrolysis gives the free benzylhydrazine metabolite (Figure 25).
In both active compounds, the free hydrazine group is essential for inhibiting the target enzyme since
hydrazines form very stable condensation products (hydrazones) with aromatic aldehydes. The active
hydrazines react with the enzyme-bound pyridoxal phosphate to give the corresponding hydrazones
(Figure 26, left). These hydrazines are rather stable and are fixed in the active site of the enzyme by
a network of polar interactions (Figure 26, right), which results in an enduring inhibition of the enzyme.
This is demonstrated by crystal structure analyses [74]. However, because the active hydrazines can
also react with free pyridoxal phosphate and other pyridoxal phosphate-containing enzymes, these
inhibitors are not absolutely selective for DOPA decarboxylase, which results in a number of adverse
side effects [72].

Figure 26. (Left): Carbidopa forms a hydrazine (highlighted in red) with the pyridoxal phosphate in
the active site of DOPA decarboxylase. (Right): This hydrazine (carbidopa fragment highlighted in
blue, pyridoxal fragment in green) is bound in the active site via numerous polar interactions.
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7.3. COMT Inhibitors

7.3.1. Catechol-O-Methyltransferase (COMT)

As pointed out above, COMT inhibitors block the unwanted O-methylation of levodopa
to 3-O-methyldopa (3-OMD) (Figure 24) in peripheral tissues, which complements the effect of
DOPA decarboxylase inhibitors and prolongs the pharmacological effect of levodopa as well as
diminishes its therapeutic dose [75]. The combination of levodopa/DOPA decarboxylase inhibitors
with a COMT inhibitor is frequently named “adjunctive therapy” in literature. This therapy is typically
applied in patients with end-of-dose motor fluctuations whose symptoms cannot be stabilized with
a levodopa/DOPA decarboxylase inhibitor combination alone.

COMT is a magnesium-dependent intracellular enzyme that transfers a methyl group from the
methyl donor S-adenosylmethionine (SAM) regioselectively to the 3-hydroxy group of levodopa and
related substrates bearing an ortho-dihydroxybenzene (catechol) motif (Figure 27, left).

Figure 27. (Left): Regioselective O-methylation of levodopa catalyzed by COMT, the methyl group
(in red) is provided by S-adenosylmethionine (SAM). (Right): Clinically relevant COMT inhibitors:
nitecapone, entacapone, tolcapone, nebicapone, and opicapone. All of them share the nitrocatechol
pharmacophore (highlighted in red).

All of the clinically relevant second-generation COMT inhibitors for oral application (nitecapone,
entacapone, tolcapone, nebicapone, and opicapone, Figure 27, right) are synthetic catechol derivatives,
but subtle differences exist in the molecular modes of COMT inhibition.

7.3.2. COMT Inhibitors

Polyhydroxylated arenes were long known for their inhibitory activity on COMT, but the
breakthrough was achieved by finding that the inhibitory activity of catechols can be significantly
improved by the introduction of a strongly electron-withdrawing group (nitro > cyano or carbonyl
groups) at the ortho-position to one of the hydroxyl groups. All of the relevant COMT inhibitors shown
in Figure 27 bear this structural motif. Compared to older inhibitors, these compounds bind more
tightly to the active site of the enzyme (for this reason they are named “tight-binding inhibitors”) but
conversely do not undergo extensive O-methylation by COMT. The additional electron-withdrawing
group renders the adjacent hydroxyl group significantly more acidic and, most likely, the delocalization
of the negative charge of the resulting phenolate anion. This, thereby, decreases the reactivity toward
O-methylation [75].

The styryl derivatives nitecapone and entacapone [76] are rather polar compounds with poor
penetration of the blood-brain barrier and so they are active exclusively in the periphery. Tolcapone [73]
shares with nitecapone and entacapone the same nitrocatechol pharmacophore, but it displays a different
pharmacokinetic profile. Due to its lipophilic 4-methylbenzoyl side chain, it can cross the blood-brain
barrier and was demonstrated to be an equipotent inhibitor of both brain and peripheral COMT. Due to
liver toxicity concerns, the application of tolcapone is restricted in many countries. Nebicapone, albeit
having strong structural similarity to tolcapone, displays weaker brain COMT inhibition.
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Opicapone is the first peripheral COMT inhibitor of the third generation and was launched in
2016 [77,78]. Instead of the vinyl and acyl residues of the older inhibitors, this chemotype contains
a heterocyclic ring (here an 1,2,4-oxadiazole) in meta-position to the nitro group of the nitrocatechol
pharmacophore. Replacement of the phenyl substituent (see tolcapone and nebicapone) by a polar
pyridine-N-oxide resulted in very high binding affinity, which includes a slow complex dissociation
rate constant and a long duration of action on exclusively peripheral COMT in vivo.

Note: A further therapeutic option for the treatment of Parkinson’s disease are monoamine oxidase
B (MAO-B) inhibitors such as selegiline, rasagiline, and safinamide [79]. These drugs reduce oxidative
metabolism of physiological dopamine in the brain (see Figure 24). However, these drugs cannot
be classified as pharmacokinetic enhancers in the strict sense since they were not designed to have
an impact on the pharmacokinetics of a co-administered drug.

8. Dextromethorphan Plus Quinidine

Pseudobulbar affect (also known as pathological laughing and crying, affective lability, and
expressive emotional incontinence) is characterized by uncontrollable, inappropriate laughing and/or
crying. It occurs in patients with neurological disorders such as amyotrophic lateral sclerosis, multiple
sclerosis, or traumatic brain injury. No causative therapy is available at the moment.

A drug combination of dextromethorphan and quinidine has been approved in the USA as
Nuedexta® for treatment. The active agent in this combination is dextromethorphan, which is a well-
established antitussive drug that can cross the blood-brain barrier. This compound is, among other
molecular effects, a sigma-1 receptor agonist and an uncompetitive NMDA receptor antagonist, but
the precise mechanism of action in patients with a pseudobulbar affect is still unknown [80].

Dextromethorphan underlies extensive oxidative hepatic first-pass metabolism by CYP2D6, which
catalyzes O-demethylation to give the main metabolite dextrorphan. An alternative, less relevant
pathway is catalyzed by CYP3A4 and gives 3-methoxymorphinan under oxidative N-demethylation
(Figure 28) [81]. Quinidine, which is the other component in the combination, was historically used
as a class I antiarrhythmic drug. Here, it acts as a metabolic enhancer since it is a potent and specific
inhibitor of hepatic CYP2D6 [82]. A dose of 2 × 30 mg/day is sufficient for the complete inhibition
of the first-pass metabolism and reaches therapeutic dextromethorphan concentrations. This dose
is significantly lower than the 600 to 1600 mg/day dose of quinidine routinely used to treat cardiac
arrhythmia [81].

Figure 28. (Left): The active component dextromethorphan is mainly metabolized by CYP2D6 (highlighted
in red). (Right): Structure of the CYP2D6 inhibitor quinidine, which is a pharmacokinetic enhancer
for dextromethorphan.
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9. Summary

Pharmacokinetic enhancement (boosting) is a concept where alterations in metabolic rates of
a drug (or its precursor) through inhibitory effects of another, co-administered compound (“booster”)
lead to increases in available concentrations of the active agent and prolongation of its half-life [33].

This purposefully induced interaction of two xenobiotics can, when carefully managed, provide
the following benefits in therapy:

• it allows for the administration of lower doses of the active agent while maintaining therapeutic
levels at the relevant compartment

• it can eliminate variability in systemic exposure
• it can enable overcoming resistance problems in anti-infective and cancer therapy
• it reduces the extent of toxic side effects since lower daily doses of the primary therapeutic agent

(drug) are administered
• it reduces the therapy costs since lower amounts of drugs are needed
• it can reduce the pill burden or dosing frequency and improves the medication adherence

of patients

Meanwhile, pharmacokinetic enhancers have been developed and launched for a large number
of drugs for various therapeutic indications. This progress has been fostered by new insights from
fundamental and applied research such as genome analysis, protein crystallography, and molecular
modeling. Since the knowledge about biochemical and physiological processes and the options for
their targeted modulation is ever increasing, further progress in the development of pharmacokinetic
enhancers to the advantage of patients is to be expected.
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