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Chapter 2
Mechanisms of Drug Interactions I:
Absorption, Metabolism, and Excretion

David M. Burger, Lindsey H.M. te Brake, and Rob E. Aarnoutse

2.1 Introduction

It is difficult to assess the overall clinical importance of many drug interactions.
Often, drug interaction reports are based on anecdotal or case reports, and the
involved interaction mechanisms are not always clearly defined. In addition, deter-
mining clinical significance requires an assessment of the severity of potential harm.
This makes an unequivocal determination of “clinically significant” difficult.

Drug interactions can be pharmacokinetic or pharmacodynamic in nature.
Pharmacokinetic interactions result from alterations in a drug’s absorption, distribu-
tion, metabolism, and/or excretion characteristics. Pharmacodynamic interactions
are a result of the influence of combined treatment at a site of biological activity, and
yield altered pharmacologic actions at standard plasma concentrations. Although
drug interactions occur through a variety of mechanisms, the effects are the same:
the potentiation or antagonism of the effects of drugs.

The mechanisms by which changes in absorption, distribution, metabolism, and
excretion occur have been understood for decades. However, more recently devel-
oped technology has allowed for a more thorough understanding of drug-
metabolizing isoforms and influences thereon. Much information has been published
regarding drug interactions involving the cytochrome P450 (CYP,s5,) enzyme sys-
tem [1-3]. This will be an important focus of this chapter, since the majority of
currently available anti-infectives are metabolized by, or influence the activity of,
the CYP,5, system. This chapter provides a detailed review of the mechanisms by
which clinically significant pharmacokinetic drug interactions occur. Drug
transporter-based interactions will be mentioned where appropriate, but for a more
detailed description, the reader is referred to Chap. 3.
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2.2 Drug Interactions Affecting Absorption

Mechanisms of absorption include passive diffusion, convective transport, active
transport, facilitated transport, ion-pair transport, and endocytosis. Certain drug
combinations can affect the rate or extent of absorption of anti-infectives by inter-
fering with one or more of these mechanisms. Generally, a change in the extent of a
medication’s absorption of greater than 20% may be considered clinically signifi-
cant in case of drugs with a relatively narrow therapeutic index. The most common
mechanisms of drug interactions affecting absorption are shown in Table 2.1.

2.2.1 Changesin pH

The rate of drug absorption by passive diffusion is limited by the solubility, or dis-
solution, of a compound in gastric fluid. Basic drugs are more soluble in acidic flu-
ids and acidic drugs are more soluble in basic fluids. Therefore, compounds that
create an environment with a specific pH may decrease (or increase) the solubility
of compounds with pH-dependent absorption. However, drug solubility does not
completely ensure absorption, since only un-ionized molecules are absorbed.
Although acidic drugs are soluble in basic fluids, basic environments can also
decrease the proportion of solubilized acidic molecules that are in an un-ionized
state. Therefore, weak acids (pK, = 3-8) may have limited absorption in an alkaline
environment and weak bases (pK, = 5-11) have limited absorption in an acidic
environment.

Antacids, histamine receptor antagonists, and proton-pump inhibitors all raise
gastric pH to varying degrees. Antacids transiently (0.5-2 h) raise gastric pH by
1-2 units [4], H,-antagonists dose-dependently maintain gastric pH > 5 for many
hours, and proton-pump inhibitors dose-dependently raise gastric pH > 5 for up to

Table 2.1 Potential
mechanisms of drug
interactions involving
absorption and distribution

Absorption

Altered gastric pH
Chelation of compounds

Adsorption of compounds

Altered gastric emptying

Altered intestinal motility
Altered intestinal blood flow
Altered active and passive intestinal transport

Altered intestinal cytochrome P450 isozyme activity

Altered intestinal P-glycoprotein activity

Distribution

Altered protein binding
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19 h [5]. The concomitant administration of these compounds leads to significant
alterations in the extent of absorption of basic compounds [6].

These interactions can also be clinically significant. For example, when patients
in the Hepatitis C Virus (HCV) Target study used a proton-pump inhibitor while
starting HCV treatment with a ledipasvir-containing regimen, lower rates of sus-
tained virological response were observed [7]. Ledipasvir is an NS5A-inhibitor of
HCYV replication that has poor solubility at pH >3.0. Similar effects have been seen
for the HIV protease inhibitors indinavir and atazanavir [8] and the non-nucleoside
reverse transcriptase inhibitor rilpivirine [9]. When combined, plasma concentra-
tions of the antiretroviral agents may become subtherapeutic, and virological fail-
ure may occur [10]. Other examples of anti-infective agents known to require an
acidic environment for dissolution are ketoconazole [11], itraconazole [12-15],
posaconazole [16, 17], and dapsone [18, 19]. Because of large interindividual
variability in the extent of altered gastric pH, significant interactions may not occur
in all patients.

It must be noted here that pH-dependent effects may vary between different
formulations of some of the abovementioned anti-infectives. For instance, posacon-
azole absorption is negatively influenced when the oral suspension is taken with
acid-reducing agents, but this does not occur with posaconazole tablet formulation
[20]. Likewise, itraconazole dissolution is affected by omeprazole when taken as
capsules but not as oral solution which contains itraconazole already dissolved in
cyclodextrins [21].

2.2.2 Chelation and Adsorption

Drugs may form insoluble complexes by chelation in the gastrointestinal tract.
Chelation involves the formation of a ring structure between a metal ion (e.g., alu-
minum, magnesium, iron, and to a lesser degree calcium ions) and an organic mol-
ecule (e.g., anti-infective medication), which results in an insoluble compound that
is unable to permeate the intestinal mucosa due to the lack of drug dissolution. High
concentrations of cations are present in food supplements, including many multivi-
tamin preparations, but also in some antacids. The latter can be confusing as both a
pH effect and a chelation effect may occur after simultaneous intake with an organic
molecule.

A number of examples of the influence on anti-infective exposure by this mecha-
nism exist in the literature including the quinolone antibiotics in combination with
magnesium and aluminum-containing antacids, sucralfate, ferrous sulfate, or cer-
tain buffers. These di- and trivalent cations complex with the 4-oxo and 3-carboxyl
groups of the quinolones, resulting in clinically significant decreases in the quino-
lone area under the concentration—time curve (AUC) by 30-50% [22-24]. A second
well-documented, clinically significant example of this type of interaction involves
the complexation of tetracycline and iron. By this mechanism, tetracycline antibiotic
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AUC:s are decreased by up to 80% [25]. More recently, the absorption of members
of the group of HIV-integrase inhibitors also appears to be harmed by concomitant
intake of divalent cations, as has been demonstrated for raltegravir [26], elvitegravir
[27], and dolutegravir [28].

Cations present in enteral feeding formulations do not appear to interfere signifi-
cantly with the absorption of these compounds [29, 30].

Adsorption is the process of ion binding or hydrogen binding and may occur
between anti-infectives such as penicillin G, cephalexin, sulfamethoxazole, or tetra-
cycline and adsorbents such as cholestyramine. Since this process can significantly
decrease antibiotic exposure, the concomitant administration of adsorbents and
antibiotics should be avoided.

2.2.3 Changes in Gastric Emptying and Intestinal Motility

The presence or absence of food can affect the absorption of anti-infectives by a
variety of mechanisms. High-fat meals can significantly increase the extent of
absorption of fat soluble compounds such as griseofulvin, cefpodoxime, cefurox-
ime axetil, saquinavir, and rilpivirine. Prolonged stomach retention can cause exces-
sive degradation of acid-labile compounds such as penicillin and erythromycin.
Since the primary location of drug absorption is the small intestine, changes in
gastric emptying and gastrointestinal motility may have significant effects on drug
exposure. Rapid gastrointestinal transit effected by prokinetic agents such as cis-
apride, metoclopramide, and domperidone may decrease the extent of absorption of
poorly soluble drugs or drugs that are absorbed in a limited area of the intestine [31].
However, clinically significant effects on anti-infectives have not been documented.

2.2.4 Effects of Intestinal Blood Flow

Intestinal blood flow can be modulated by vasoactive agents and theoretically can
affect the absorption of lipophilic compounds. However, there is no evidence to date
that this results in clinically significant drug interactions.

2.2.5 Changes in Presystemic Clearance

The drug-metabolizing cytochromes P450 (CYP) 3A4 and 5 are expressed at high
concentrations in the intestine and contribute to drug inactivation. P-glycoprotein is
expressed at the lumenal surface of the intestinal epithelium and serves to extrude
unchanged drug from the enterocyte into the lumen. Both CYP3A4/5 and



2 Mechanisms of Drug Interactions I: Absorption, Metabolism, and Excretion 19

P-glycoprotein share a significant overlap in substrate specificity [32, 33], although
there is no correlation between affinities [34]. Determining the relative contribu-
tions of intestinal CYP3A4/5 and P-glycoprotein activity to drug bioavailability and
interactions is an active area of investigation. Potential drug interactions involving
these mechanisms are discussed in detail below.

2.2.6 Cytochrome P450 Isozymes

Gastrointestinal cytochrome P450 isozymes, responsible for Phase I oxidative
metabolism (for a more detailed discussion of CYP isoforms, see Sect. 2.4.1 Phase
I Drug Metabolism), are most highly concentrated in the proximal two-thirds of the
small intestine [35]. Two intestinal CYP isoforms, CYP3A4 and CYP3A5
(CYP3AA4/5), account for approximately 70% of total intestinal P450 protein and
are a major determinant of the systemic bioavailability of orally administered drugs
[36-39].

For example, the benzodiazepine midazolam is a specific CYP3A4/5 substrate
with no affinity for P-glycoprotein. An investigation of oral and intravenous mid-
azolam plasma clearance in 20 healthy young volunteers [40] revealed an incom-
plete correlation between the two measures (r = 0.70). The large variability in
midazolam oral clearance not accounted for by hepatic metabolism most likely rep-
resents the contribution of intestinal CYP3A4/5. Therefore, it appears that at least
30-40% of the clearance of many CYP3A metabolized compounds may be signifi-
cantly influenced by CYP3A4/5 located in enterocytes. Since the activity of intesti-
nal CYP3A4/5 can also be influenced by a variety of environmental factors, the
potential for drug interactions to occur during drug absorption is great.

A good example of the significant effects of drug interactions occurring at the
intestinal isozyme level involve the inhibition of CYP3A4/5 with grapefruit juice
[41, 42]. Generally, this interaction results in a minimum threefold increase in the
extent of absorption and toxicity of the concomitantly administered agent, but can
also result in decreased efficacy of prodrugs needing CYP3A for conversion to
active moieties. The concern of this interaction is strictly limited to orally adminis-
tered agents, since the active components of grapefruit juice are either inactivated in
the gut or are present in such minute quantities in the portal circulation that no effect
on hepatic metabolism occurs. Clinical data available for anti-infective—grapefruit
juice interactions include the protease inhibitor saquinavir [43], the antifungal agent
itraconazole [44], and the macrolide clarithromycin [45], and there are also indica-
tions for effects on anthelmintics and antimalarials [42]. Whereas saquinavir AUC
increases twofold with a single 400-mL dose of commercially available grapefruit
juice, itraconazole and clarithromycin AUCs do not change significantly. The
absence of an effect of grapefruit juice on the oral clearance of these latter two com-
pounds suggests that their first-pass metabolism does not rely significantly on intes-
tinal CYP3A4/5.
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Anti-infectives can also inhibit intestinal CYP isozyme activity themselves. For
example, the protease inhibitor ritonavir is a potent inhibitor of CYP3A4 activity
[46, 47]. This characteristic can be clinically useful, as demonstrated by the
increased bioavailability of several HIV protease inhibitors including saquinavir,
lopinavir, atazanavir, and darunavir when given in combination with low-dose rito-
navir [48]. This application is called “pharmaco-enhancement” or “boosting” and
has now also been introduced in HCV therapy by the development of the HCV
protease inhibitor paritaprevir that needs low-dose ritonavir to boost its plasma
exposure and activity [49, 50].

Whereas the discovery of (low-dose) ritonavir as a pharmaco-enhancer can be
seen as the direct consequence of the observed high drug interaction potential of this
agent at its therapeutic dose, it is not a surprise that pharmaceutical companies have
searched for non-therapeutic agents with similar pharmaco-enhancement profiles
as ritonavir. Cobicistat is an agent chemically related to ritonavir but without its
anti-HIV activity; its affinity for CYP3A is similar to ritonavir [51, 52].

Other CYP isozymes present in enterocytes may also influence drug absorption.
Environmental factors may influence their activity as well, and drug—environment
interactions may result in significantly altered absorption. However, further research
is needed to better characterize these influences before specific interactions can be
predicted.

2.2.7 Changes in Active and Passive Transport:
P-Glycoprotein

A rapidly expanding field of research is that of intestinal transcellular transport.
Over the past 20 years, multiple intestinal transporters located on the brush-border
and basolateral membrane of the enterocyte have been identified [53-55]. The
potential for competitive inhibition of these transporters with quinolone antibiotics,
antiretroviral agents, and directly acting antivirals for HCV infection among others
has been documented in many studies [56, 57]. This contributes an additional mech-
anism by which anti-infective drug interactions may occur.

The Caco-2 cell model is a human colonic cell line sharing similarities with
enterocytes and is widely used as a model for oral absorption [58—60]. Investigations
using this cell line have demonstrated that certain compounds can modulate the
tight junctions of the intestinal epithelia and alter paracellular drug absorption.
There is still incomplete understanding of the structure and function of tight junc-
tions, which has limited the development of such modulating compounds to enhance
paracellular absorption [61, 62].

Of the intestinal transporters, P-glycoprotein is probably the most relevant. This
transporter is the product of the multidrug resistance 1 (MDR1) gene found in a
variety of human tissues including the gastrointestinal epithelium [63, 64]. This
efflux pump is expressed at the lumenal surface of the intestinal epithelium and
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opposes the absorption of unchanged drug by transporting lipophilic compounds
out of enterocytes back into the gastrointestinal lumen. P-glycoprotein has demon-
strated up to tenfold variability in activity between subjects [65] and has a signifi-
cant role in oral drug absorption. Decreased bioavailability occurs because intact
drug molecules are pumped back into the gastrointestinal tract lumen and exposed
multiple times to enterocyte metabolism.

P-glycoprotein has broad substrate specificity, and inhibiting or inducing the
activity of this protein can lead to significant alterations in drug exposure.
P-glycoprotein genotype has also been associated with basal expression and induc-
tion of CYP3A4 [66]. However, because many drugs have affinities for both
P-glycoprotein and CYP3A4/5, it is difficult to determine by what specific mecha-
nism drug interactions occur. For some compounds, inhibition of both P-glycoprotein
function and CYP3A4/5 activity may be required to produce clinically significant
interactions.

Many anti-infectives have binding affinity for P-glycoprotein. These include
erythromycin, clarithromycin [67], ketoconazole, sparfloxacin [68], almost all
HIV-1 protease inhibitors [69], tenofovir disoproxil fumarate [70], posaconazole
[71], and sofosbuvir [72]. Since drugs that have affinity for P-glycoprotein are not
necessarily removed from the enterocyte by this efflux pump, anti-infectives may
participate in, but are not necessarily influenced by, drug interactions involving
P-glycoprotein. This concept is illustrated by an in vitro investigation of ketocon-
azole and erythromycin [73]. Both drugs demonstrate significant affinity for
P-glycoprotein. However, in combination with verapamil (a classic P-glycoprotein
inhibitor), significantly decreased P-glycoprotein-mediated efflux occurred only
with erythromycin. Therefore, although ketoconazole exhibits binding affinity for
P-glycoprotein, it can be concluded that P-glycoprotein does not contribute signifi-
cantly to the process of first-pass effect of ketoconazole.

2.3 Drug Interactions Affecting Distribution

2.3.1 Protein Binding and Displacement

Drug interactions affecting distribution are in general those that alter protein bind-
ing (Table 2.1). Initially, the importance of drug displacement interactions has been
overestimated, with the extrapolation of data from in vitro investigations without
consideration for subsequent physiologic phenomena. The lack of well-designed
studies has prevented precise quantification of the influence of protein binding on
(anti-infective) therapeutic efficacy in vivo. The main reason for the general lack of
clinical relevance of protein displacement effects is that redistribution and excretion
of drugs generally occurs quickly after displacement, and hence the effects of any
transient rise in unbound concentration of the object drug are rarely clinically
important [74].



22 D.M. Burger et al.

Albumin constitutes the main protein fraction (~5%) in blood plasma. As albumin
contains both basic and acidic groups, it can bind basic as well as acidic drugs.
Acidic drugs (e.g., penicillins, sulfonamides, doxycycline, and clindamycin) are
strongly bound to albumin at a small number of binding sites, and basic drugs (e.g.,
erythromycin) are weakly bound to albumin at a larger number of sites [75, 76].
Basic drugs such as most HIV protease inhibitors [77] may also preferentially bind
to a-1-acid glycoprotein.

Depending on relative plasma concentrations and protein-binding affinities, one
drug may displace another with temporary clinically significant results. This interac-
tion is much more likely to occur with drugs that are at least 80-90% bound to plasma
proteins, with small changes in protein binding leading to large relative changes in free
drug concentration. Drugs that are poorly bound to plasma proteins may also be
displaced, but the relative increase in free drug concentration is generally of less con-
sequence. When a protein displacement interaction occurs, the increased free drug
in plasma quickly distributes throughout the body and will localize in tissues if the
volume of distribution is large. An increase in unbound drug concentrations at metabo-
lism and elimination sites will also lead to increased rates of elimination.

Generally, interactions between basic drugs and albumin are not clinically sig-
nificant. In subjects with normal concentrations of albumin and anti-infective con-
centrations of less than 100 pg/mL, the degree of protein binding will be relatively
constant. At higher anti-infective concentrations, available binding sites may theo-
retically become saturated, and the extent of binding subsequently decreased.
Clinically significant displacement interactions for a-1-acid glycoprotein have not
been described.

Before it is concluded that protein displacement interactions are never clinically
relevant, one should keep this mechanism in mind in case unexpected acute toxicity
occurs when (novel) drugs with high protein binding are combined. One such example
is the recent occurrence of severe symptomatic bradycardia when sofosbuvir-containing
HCYV therapy was initiated in patients concomitantly taking amiodarone. Although the
mechanism of this interaction has not yet been fully discovered, protein-binding
displacement of amiodarone by anti-HCV agents is one of the hypotheses [78].

In summary, drug interactions involving albumin binding displacement may
potentially be clinically significant if the compound is greater than 80% protein
bound, has a high hepatic extraction ratio, a narrow therapeutic index, and a small
volume of distribution. Although temporary increase in drug concentrations may be
clinically significant with such drugs as warfarin and phenytoin, mean steady-state
free drug concentrations will remain unaltered [79-82].

2.4 Drug Interactions Affecting Drug Metabolism

The principal site of drug metabolism is the liver. Metabolism generally converts
lipophilic compounds into ionized metabolites for renal elimination. Drug-
metabolizing activity can be classified according to nonsynthetic (Phase I) and
synthetic (Phase II) reactions. Phase I reactions include oxidation, reduction, and
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hydrolysis and occur in the membrane of hepatocyte endoplasmic reticula. Phase II
reactions result in conjugation (i.e., glucuronidation, sulfation) and occur in the
cytosol of the hepatocyte.

2.4.1 Phase I Drug Metabolism

The majority of oxidative reactions are catalyzed by a superfamily of mixed-function
mono-oxygenases called the cytochrome P450 enzyme system. Although cyto-
chrome P450 (CYP) isozymes are located in numerous tissues throughout the body,
the liver is the largest source of CYP protein. Many significant pharmacokinetic drug
interactions involve the hepatic cytochrome P450 isozymes (Table 2.2).

Nomenclature for this superfamily is based on amino acid sequence homology
and groups enzymes and genes into families and subfamilies [58, 83]. To designate
the cytochrome P450 enzymes, the “CYP” prefix is used. All isozymes having at
least 40% amino acid sequence homology are members of an enzyme family, as
designated by an Arabic number (e.g., CYP3). All isozymes that have at least 55%
amino acid sequence homology are members of an enzyme subfamily, as designated
by a capital letter (e.g., CYP3A). An Arabic number is used to represent an indi-
vidual enzyme (e.g., CYP3A4). Italicized nomenclature represents the gene coding
for a specific enzyme (e.g., CYP3A4).

To date, at least 14 human families, 22 human subfamilies, and 36 human CYP
enzymes have been identified [1, 84]. However, the CYP1, 2, and 3 families account
for 70% of the total hepatic P450 content [85, 86]. Approximately 95% of all thera-
peutic drug oxidation can be accounted for by the activities of CYP1A2, CYP2C8/9,
CYP2C19, CYP2D6, CYP2EI, and CYP3A4/5. Drug interactions involving these
isozymes result from enzyme inhibition or induction, although genetic polymor-
phisms can attenuate these interactions.

2.4.1.1 Genetic Polymorphisms
Polymorphisms are generated by nonrandom genetic mutations that occur in at least

1% of a population and give rise to distinct subgroups within that population that
differ in their ability to metabolize xenobiotics [87, 88]. Clinically significant

Table 2.2 Potential Phase I (nonsynthetic)
mechanisms of drug

interactions involving
metabolism

Genetic polymorphisms

Inhibition of activity

Suppression of activity

Induction of activity
Phase II (synthetic)
Genetic polymorphisms

Inhibition of activity
Induction of activity
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polymorphisms in CYP enzymes have been documented for CYP2B6, CYP2D6,
CYP2C9, and CYP2C19 [87, 89, 90]. Extensive or rapid metabolizers (generally
the largest proportion of a population) have heterozygous or homozygous dominant
alleles, poor metabolizers possess variant homozygous autosomal recessive alleles,
and ultraextensive metabolizers exhibit gene amplification of autosomal dominant
alleles.

Poor-metabolizer phenotypes can be at high risk for toxicity from drugs that
require CYP inactivation and at high risk for therapeutic inefficacy from prodrugs
that need CYP activation.

Two recent examples of the importance of genetic polymorphisms in evaluating
the outcome of drug—drug interactions with anti-infectives are related to efavirenz
(CYP2B6) and voriconazole (CYP2C19, CYP3A). The non-nucleoside reverse
transcriptase inhibitor efavirenz is primarily metabolized by CYP2B6, but many
patients possess a 516G > T variant in this enzyme (defined as CYP2B6*6 haplo-
type) that has almost no enzyme activity [91]. The prevalence of this polymorphism
varies among ethnic groups: African Americans and sub-Saharan Africans, 45%;
Hispanics and Caucasians, 21-27%; and Japanese and Asians, 18% [91]. Not only
do these patients have a higher risk of discontinuation of efavirenz because of
adverse effects (associated with higher efavirenz plasma concentrations), but they
are also less prone to a drug—drug interaction with the enzyme inducer rifampin
[92]. This has led to unexpected clinical observations of patients on efavirenz treated
with rifampin that need a lower dose of efavirenz; there was no drug interaction, but
the genetic polymorphism in CYP2B6 determined the therapeutic dose of efavirenz
in such an individual [93].

The antifungal agent voriconazole is extensively metabolized by CYP2C19 and
to a lesser extent by CYP2C9 and CYP3A. The antiretroviral combination atazana-
vir/ritonavir is an inhibitor of CYP3A but also an in vivo inducer of CYP2C19 and
CYP2C9. It has been demonstrated [94] that when atazanavir/ritonavir is added to
voriconazole in CYP2C19 extensive metabolizers, a moderate (10—-40%) reduction
in voriconazole exposure can be seen; this is explained by CYP2C9/19 induction by
ritonavir. However, when atazanavir/ritonavir is added to voriconazole in CYP2C19
poor metabolizers, the net effect is 4.4—7.7-fold increase in voriconazole exposure.
Here, atazanavir-/ritonavir-mediated CYP3A inhibition becomes dominant in the
absence of CYP2C19 activity. Ideally, drug—drug interactions with (anti-infective)
agents that are metabolized by polymorphic CYP enzymes should be studied in
both extensive and poor metabolizers.

2.4.1.2 Mechanisms of Inhibition

Enzyme inhibition can result in sudden catastrophic drug interactions. Several
mechanisms of inhibition exist, and many drugs can interact by multiple mecha-
nisms [85, 86].

Reversible inhibition is the most common mechanism. Reversible inhibition
occurs when compounds quickly form weak bonds with CYP isozymes without
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permanently disabling them [95]. This can occur both competitively (competition
for the same binding site between inhibitor and substrate) and noncompetitively
(inhibitor binds at a site on the enzyme distinct from the substrate). The magnitude
of this type of inhibition depends both on the affinity of substrate and inhibitor for
the enzyme, and on the concentration of the inhibitor at the enzyme site. Affinity is
represented by an inhibitor constant (K;), which is the concentration of inhibitor
required to decrease the maximal rate of the reaction to half of the uninhibited value
[96, 97]. For example, potent reversible CYP3A inhibitors generally have K; values
below 1 pM (e.g., ketoconazole, itraconazole, ritonavir, and cobicistat), although
drugs with K; values in the low micromolar range can also demonstrate competitive
inhibition (e.g., erythromycin). Compounds with K;’s greater than 100 uM for the
CYP3A subfamily tend not to produce clinically significant inhibition [98, 99].

CYP inhibition can also occur as a result of a slowly reversible reaction. When
an inhibitor binds to a CYP isozyme and undergoes oxidation to a nitrosoalkane
species, it can form a slowly reversible complex with the reduced heme in the
CYP isozyme. This interaction has been documented between the macrolide anti-
biotics and CYP3A [100] and explains why clinically significant interactions (i.e.,
erythromycin and terfenadine) can occur with compounds that have modest K;
values.

A second, distinct type of enzyme inhibition is called mechanism-based inhibi-
tion (or suicide inhibition). This type of interaction is usually irreversible and gen-
erally occurs with the CYP-mediated formation of a reactive metabolite [95, 101].
This metabolite can covalently and irreversibly bind to the catalytic site residue and
permanently inactivate the enzyme for subsequent reactions. The extent of the clini-
cal importance of this reaction depends on the total amount of CYP isozyme pres-
ent, the total amount of inhibitor to which the isozyme is exposed, and the rate of
new isozyme synthesis. Examples of anti-infectives that display mechanism-based
enzyme inhibition include isoniazid, ritonavir, and also macrolide antibiotics (which
thus combine different mechanisms of enzyme inhibition).

2.4.1.3 Mechanisms of Suppression of Inflammation-Induced Enzyme
Inhibition

As early as the 1960s, inflammation and infection were demonstrated to decrease
Phase I metabolism of drugs and toxins in animals, thereby modulating pharmaco-
logic and toxicologic effects. One of the earliest reports of infection altering human
drug-metabolizing enzyme activity occurred a decade later, with quinidine concen-
trations consistently elevated in subjects experimentally infected with plasmodium
falciparum malaria [102]. Since that time, numerous reports have described altera-
tions in drug metabolism with viral and bacterial infections [103—105], in addition
to complex events such as surgery and bone marrow transplantation.

The effects of inflammation and infection on CYP activity are ascribed to stimu-
lation of the cellular immune response [104]. Although many different mediators
may be involved, there has been particular focus on the major proinflammatory
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cytokines interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a. Generally,
IL-1, IL-6, and TNFa demonstrate a suppressive effect on CYP isozymes by
decreasing mRNA up to 80%. However correlations between mRNA, enzyme
protein content, and enzyme activity are incomplete both within and between inves-
tigations [104].

A number of clinical investigations have also documented decreased drug-
metabolizing enzyme activity during the administration of therapeutic interferons
and interleukins. These studies demonstrate variable and conflicting results with
respect to the magnitude of drug—cytokine interactions. With the increasing use of
cytokines as therapeutic agents for a variety of disease states, further investigation
is required to elucidate the mechanisms of drug—cytokine interactions in order to
optimize anti-infective therapeutic regimens.

2.4.1.4 Mechanisms of Induction

An increase in cytochrome P450 activity through induction is less of an immediate
concern than inhibition, since induction occurs gradually rather than rapidly and
generally leads to compromised therapeutic goals rather than profound toxicity.
Since the time course of enzyme induction is determined by the half-life of the sub-
strate as well as the rate of isozyme turnover [99], it is often difficult to predict this
time course specifically [106, 107]. Clinically significant induction results from
a > 50-fold increase in the number of enzyme molecules. This generally occurs
through an increase in P450 synthesis by either receptor-mediated transcriptional
activation or mRNA stabilization. However, protein stabilization leading to
decreased rates of P450 degradation has also been observed. It should be noted that
enzyme induction also persists for days to weeks after stopping the inducing drug.

Induction of the CYP1 family by cigarette smoke, charcoal-broiled foods, indoles
(found in broccoli, cauliflower, cabbage, Brussels sprouts, kale, watercress), and
omeprazole occurs primarily by substrate binding to the aryl hydrocarbon receptor
(AhR/dioxin receptor). This complex subsequently binds with a receptor nuclear
translocator, enters the hepatocyte nucleus, and binds with regulatory DNA
sequences to enhance gene transcription and stabilize mRNA.

The CYP2 and CYP3 families are induced by a variety of structurally diverse
compounds. Activation of CYP2C genes is regulated by constitutive androstane
receptor (CAR) and pregnane X receptor (PXR) in addition to multiple co-activators
[98, 108—110]. Both PXR and CAR can regulate CYP2B6 and CYP3A expression;
however, induction by efavirenz and nevirapine of these enzymes is mediated by
specifically activating CAR [111]. PXR is activated by a range of drugs known to
induce CYP3A4/5 expression (e.g., rifampicin, clotrimazole) [98]. PXR is expressed
most abundantly in the liver, but is also present in the small intestine and colon.
Transcriptional factors not directly activated by xenobiotics have also been shown
to be critical for enzyme induction.

CYP3A can also be induced by posttranscriptional message stabilization and protein
stabilization with the following anti-infectives: macrolides, imidazole antifungal
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agents, and rifampicin. A proposed mechanism for posttranscriptional protein
stabilization is proteasome inhibition by NF kappaB activation [112], and message
stabilization may involve a similar phosphorylation process.

2.4.2 Phase Il Drug Metabolism

The term “Phase II” metabolism was developed originally to represent synthetic
reactions occurring after “Phase I”” processes. It is now known that many xenobiot-
ics do not require Phase I metabolism before undergoing conjugation reactions
[113]. The group of Phase II isozymes consists of UDP-glucuronosyltransferases,
sulfotransferases, acetyltransferases, glutathione S-transferase, and methyltransfer-
ases. Many of these families of enzymes are still growing in complexity, and drug
interactions involving these isozymes continue to be under investigation
[114-118].

2.4.2.1 Genetic Polymorphisms

Many of the Phase II enzymes exhibit polymorphism [119, 120]. Although these
polymorphisms have been implicated in selected anti-infective-associated adverse
drug reactions (e.g., dapsone, isoniazid, sulfonamides [121]), influences of these
polymorphisms on anti-infective drug interactions have not been documented.

2.4.2.2 Inhibition

Phase II drug-metabolizing enzymes do not currently appear to play as prominent a
role in clinical drug interactions with anti-infectives as the cytochrome P450 enzyme
system. This may be due to the large capacity of the conjugation system, in which
only profound disturbances result in clinically significant alterations in drug
pharmacokinetics.

UDP-glucuronosyltransferase represents the most common conjugation reaction
in drug metabolism. Many drugs have been characterized as competitive inhibitors
of UDP-glucuronosyltransferases [122], but the roles of these interactions in practi-
cal drug metabolism issues are currently only partly explored.

The HIV protease inhibitor atazanavir is a strong inhibitor of UGT1A1 [117];
the pharmacokinetic booster ritonavir is a moderate inducer of UGT1A1. When
atazanavir is combined with ritonavir, the net inhibition effect is smaller than
when atazanavir is given unboosted [117]. The HIV integrase inhibitors raltegra-
vir and dolutegravir are UGT1A1 substrates, and their metabolism is thus inhib-
ited by atazanavir [123, 124]. A well-known characteristic of UGT1A1 inhibitors
is that hyperbilirubinemia occurs as bilirubin is an endogenous substrate of
UGTIAL.
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2.4.2.3 Induction

Far less is known about the potential for induction of Phase II enzymes than the
cytochrome P450 enzyme system. The UDP-glucuronosyltransferases can be
induced, but the clinical significance of this is not fully understood. However, the
increased clearance of zidovudine that has been documented with the coadministra-
tion of rifampicin suggests that induction of these enzymes may be clinically sig-
nificant [125]. Glutathione S-transferase is also known to be inducible, although
these activities rarely exceed two- to threefold times baseline and are not involved
in anti-infective metabolism [126]. Another example involves the induction of the
sulfotransferase enzyme. Exposure to moxifloxacin is decreased by circa 30% upon
coadministration of rifampicin [127, 128]. As moxifloxacin does not undergo Phase
I metabolism, this interaction is probably due to induction of sulfation (and possibly
glucuronidation) of moxifloxacin by rifampicin [128].

2.5 Drug Interactions Affecting Excretion

Renal elimination of drugs involves glomerular filtration, tubular secretion, and tubular
reabsorption. Five mechanisms of drug—drug interactions can occur at the site of renal
elimination. The most common mechanisms are discussed below (Table 2.3).

2.5.1 Glomerular Filtration

Rates of glomerular filtration can be affected by changes in renal blood flow, cardiac
output, and extent of protein binding. With highly protein-bound drugs (e.g., >80%),
a significant increase in the unbound fraction can lead to an increase in glomerular
filtration and subsequent increased drug elimination [129, 130]. Conversely, if satu-
ration of tubular secretion transporters occurs, and renal elimination is at a maximal,
elimination rates may decrease significantly with increased free drug.

2.5.2 Tubular Secretion

The most common renal drug interactions occur at the transport site of tubular
secretion. Many organic anionic and cationic drugs and metabolites compete
with each other for secretion, as they share the same proximal tubular active

Table 2j3 Potential Glomerular filtration
mechanisms of drug
interactions involving
excretion

Tubular secretion

Tubular reabsorption
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transport system [54, 131]. A classic example of this interaction, used long ago
intentionally for therapeutic benefit, is the combination of probenecid and peni-
cillin to decrease the secretion of penicillin and increase its serum concentrations
[132]. Examples of other anti-infectives that may exhibit interactions by this
mechanism include the sulfonamides, penicillins, and zidovudine. Also a range
of antiretrovirals are subjected to tubular secretion and/or interact with the renal
transport system [130].

P-glycoprotein has been identified in the apical membrane of the proximal tubule
and can transport a large variety of drugs into the lumen [54]. A number of experi-
mental drug interaction investigations have implicated the inhibition of renal
p-glycoprotein to result in an increase in plasma drug concentrations. Quinolones
[133], macrolides [134], and azole antifungals [135] demonstrate affinity for renal
p-glycoprotein and can potentially be subjected to or cause significant drug
interactions.

Besides p-glycoprotein many other renal transporters have been identified in the
last 20 years [54]. For more detailed description, see Chap. 3.

2.5.3 Tubular Reabsorption

Reabsorption of drugs from the tubular lumen involves both passive diffusion and
active transport processes. Only nonionized compounds are passively reabsorbed
from the renal tubule, and thus manipulating urinary pH can alter the reabsorption
of weak organic acids and bases. Renal clearance of weak organic bases (pK,=7-10)
is increased with urine acidification (i.e., by salicylates and ascorbic acid) and
decreased with urine alkalinization (i.e., by antacids, calcium carbonate, thiazide
diuretics, and sodium bicarbonate). Likewise, renal elimination of weak organic
acids (pK, = 3-7; nitrofurantoin, sulfonamides, aminoglycosides, and vancomycin)
is increased with urine alkalinization and decreased with urine acidification.
Generally, these interactions are not clinically significant, since few drugs can have
altered urinary excretion to a large enough extent to affect plasma half-life. The role
of active transport reabsorption in anti-infective drug interactions remains largely
unknown.

2.6 Pharmacodynamic Drug Interactions

Drug interactions are not limited to mechanisms of absorption, distribution, metabo-
lism, and elimination, but can also result from pharmacodynamic interactions.
Pharmacodynamic interactions may occur at the intended site of biological activity,
i.e., on the same receptors or physiological systems, and they occur irrespective of
drug concentrations in the blood or plasma. This type of interaction is fairly com-
mon, but is not always recognized or denoted as an interaction. For example, many
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antibiotics and antiviral drugs are applied in combination for their additive or syner-
gistic effect to achieve improved efficacy or prevent the emergence of resistance.

Pharmacodynamic interactions may also have detrimental effects. Examples of
such interactions include the potential for seizures with quinolones when combined
with NSAIDs or other medications that lower seizure thresholds and the increased
risk of serotonin syndrome after coadministration of linezolid with other medica-
tions with serotonergic activity such as antidepressants and opioids [136]. Another
example is QT-interval prolongation by combination of anti-infectives and other
agents including macrolides, quinolones, antimalarials, and azole antifungals [137].
A third example is the overlapping adverse effect profiles of antiretroviral and anti-
TB drugs. Understanding drug mechanisms and side-effect profiles of the antimi-
crobial agent and concomitant therapy can prevent these complications.

2.7 Significance of Drug Interactions

Many drug interactions are primarily assessed in vitro (see Sect. 2.8 Preclinical
Methods for Predicting Drug Interactions). However, absolute in vitro/in vivo cor-
relations are infrequent. Even when assessed in a clinical trial, not all statistically
significant drug interactions are of clinical significance. For example, interactions
that involve drugs with wide therapeutic indices that demonstrate even more than
20% changes in exposure when combined with a second agent will most likely be
of little, if any, clinical significance.

The greatest risk of documented clinically significant pharmacokinetic drug
interactions involving anti-infective-induced altered protein binding, drug-
metabolizing enzyme inhibition, and altered renal elimination include combinations
of anti-infectives with anticoagulants, antidepressants, and cardiovascular agents.
The most clinically significant anti-infective drug interactions involving enzyme
induction are subtherapeutic concentrations resulting from the combination of
rifampicin with various co-medications including anticoagulants, immunosuppres-
sants, antiretrovirals, and oral contraceptives [125, 138, 139].

Conversely, the reduction of AUC and/or C,,,,, of anti-infectives by other drugs or
environmental influences can result in a much greater chance of failure of therapy
and possibly an increase in the development of resistance. This now also includes
the novel class of direct-acting antivirals against HCV where resistance may develop
associated with low plasma concentrations of these agents [140, 141].

Again, not all pharmacokinetic drug interactions involving anti-infectives are
detrimental, however. Ketoconazole has been used for a number of years to inhibit
the metabolism of oral cyclosporine by approximately 80%, thereby reducing the
cost of therapy as well as the rates of rejection and infection. As mentioned previ-
ously, the administration of ritonavir or cobicistat to enhance the oral absorption
of antiretrovirals is a well-known component of potent antiretroviral combination
regimens [142].
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Beneficial and detrimental pharmacodynamic antimicrobial drug interactions
also exist. The use of lower concentrations of two synergistic antibacterials to
reduce the toxicity of each while having the same pharmacologic effect has been
advocated, although the clinical data supporting superior efficacy is weak.
Synergistic combinations of antimicrobials may produce better results in the treat-
ment of Pseudomonas aeruginosa and Enterococcus species. Clinical data are
largely lacking for detrimental effects of potentially antagonistic combinations of
antimicrobials (e.g., a bacteriostatic drug combined with a bactericidal agent).
However, these combinations are best avoided unless clinically warranted for the
treatment of multiple pathogens.

2.8 Preclinical Methods for Predicting Drug Interactions

Although understanding and anticipating pharmacokinetic drug interactions are
important components of rational therapeutics, there is a limit to the number and
scope of clinical studies that can reasonably be performed. The development of
human in vitro models allows information to be obtained without the expense and
potential risks involved in conducting human trials. However, scaling of in vitro
data to the clinical situation is not always accurate, and the results of these methods
may not be definitive. A primary focus of preclinical screening methods for assessing
drug—drug interactions is the identification of isozymes responsible for the metabo-
lism of these compounds and the relative contribution of an inhibited pathway to a
compound’s overall elimination.

To account for variability in individual enzyme expression, positive controls for
inhibition and induction should always be used (e.g., troleandomycin or ketocon-
azole for CYP3A inhibition, quinidine for CYP2D6 inhibition, and rifampicin for
CYP3A induction). Modern technology has allowed in vitro screening techniques
to become widely available, and much of these data are currently included in pack-
age inserts.

In addition, there is now guidance from FDA on how to select in vitro and in vivo
systems for evaluating drug—drug interactions [143]. The following briefly summa-
rizes the strengths and weaknesses of currently available in vitro human methodolo-
gies for assessing cytochrome P450 drug interactions and predicting their clinical
significance (Table 2.4).

2.8.1 Purified P450 Isozymes

In an attempt to identify specific isozymes responsible for the metabolism of com-
pounds, investigators have tried to isolate human cytochrome P450 enzymes and
purify them from hepatic tissue. However, only small amounts of protein can be
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Table 2.4 Preclinical methods for predicting drug interactions

Advantages Disadvantages
Purified P450 Isozyme substrate identification Limited protein yield
isozymes Isozyme inhibitor identification Certain subfamilies undifferentiated
Isozyme specificity Quality of purification affects result
Recombinant P450 | Isozyme substrate identification Artificial system
isozymes Isozyme inhibitor identification Results require confirmation

Isozyme specificity

Human microsomes

Isozyme substrate identification
Isozyme inhibitor identification
Relative isozyme metabolic
contribution

Individual variability overcome by
pooling

Relatively low cost

Genetic/phenotypic variability
Lack cellular machinery for
induction/suppression

Immortalized cell
lines

Ability to identify induction
Method/system validation

P450 activity loss
Important cellular processes may be
lost

Liver slices

Relatively simple preparation
Maintains hepatocyte
ultrastructure

Ability to identify metabolites
inhibitors

Short-lived system
Genetic/phenotypic variability
Tissue-media distribution
equilibrium not always achieved

Hepatocyte cultures

Phase I and II activity
Physiologic processes maintained
Better clinical extrapolation

Genetic/phenotypic variability
Requires fresh hepatic tissue
Culture methods can be complex

Ability to identify inhibition,
induction and suppression

isolated at any one time, and specific isozymes from certain subfamilies often cannot
be separated (e.g., CYP2C9 vs CYP2C19 vs CYP2C10). To ensure correct interpre-
tation of the results obtained from this method, it is most critical to examine the
isozyme purification methods and quality control procedures. This method has now
been superceded by the use of recombinant human cytochrome P450 isozymes.

2.8.2 Recombinant Human P450 Isozymes

Complementary DNA expression has been used to produce recombinant human
cytochrome P450 isozymes in yeast, insects, bacteria, and mammalian cells, to be
used in in vitro interaction experiments [115, 144]. An advantage of these systems
is the ability to identify specific isozymes of a subfamily that are responsible for the
metabolism of a compound and to confirm interaction of a compound with sus-
pected isozyme-selective inhibitors. However, this remains an artificial system, and
discrepancies can exist between results obtained by complementary DNA methods
and other in vitro systems.
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2.8.3 Microsomes

Microsomes isolated from human hepatocytes have become the “gold standard” of
in vitro experimentation for drug interactions [145—-147]. Microsomes are isolated
membranes of hepatocyte endoplasmic reticula and contain the cytochromes
P450 in proportion to their in vivo representation. Given the large interindividual
variability in CYP expression, using microsomes from a single individual may pro-
duce distorted results. To circumvent this, pooling microsomes from multiple
sources in order to obtain an average representation of activity is advocated. Human
microsomes are widely available at relatively low cost, but they can only be used to
determine direct inhibition of metabolism. Investigations of drug—drug interactions
involving induction or suppression of CYP isozymes require intact cellular machinery
[110, 148].

2.8.4 Immortalized Cell Lines

An ideal in vitro model for studying drug—drug interactions involving inhibition,
suppression, and induction would be a validated, immortalized, readily available
cell line, the results from which could be extrapolated directly to the clinical envi-
ronment. However, no such model currently exists. All available immortalized
human cell lines do not maintain a full complement of cytochrome P450 enzyme
activities, nor do they maintain other potentially important physiologic processes,
including membrane transporters. One commonly used immortalized cell line is
derived from a human hepatoma (HepG2 cells). This model has been investigated
for CYP1A1 induction, but does not significantly express other cytochrome P450s
[149, 150].

2.8.5 Liver Slices

Human liver slices have been used with moderate success in determining the hepatic
metabolism of certain compounds. Liver slices are relatively easy to prepare, and
they maintain the hepatic ultrastructure [151-154]. However, up to half of constitu-
tive (baseline) cytochrome P450 activity is lost within the first 24 h after isolation,
and all constitutive cytochrome P450 activity is lost by 96 h. This makes investiga-
tions of induction and suppression of drug-metabolizing enzyme activity difficult.
In addition, a distribution equilibrium is not achieved between all hepatocytes
within the slice and the incubation media, resulting in decreased rates of metabo-
lism compared to a hepatocyte monolayer culture system.
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2.8.6 Human Hepatocyte Cultures

Primary human hepatocyte culture systems are ideal for studying drug interactions,
as they maintain both Phase I and Phase II activity and form and maintain physio-
logic processes such as biliary canaliculi and transporters [153, 155]. Determining
drug interactions in this system often allows for the closest prediction of potential
drug interactions. Although this system does not mimic the pharmacokinetic alter-
ations in drug concentrations seen clinically, it does allow quantitation of “best”
and “worst” scenarios that may be extrapolated to the clinical setting. Inhibition,
suppression, and induction interactions can all be performed with this model.
Although maintaining constitutive levels of cytochrome P450 activity has been
challenging, currently available enriched media and improved culture conditions
allow for maintenance of control activity for at least 72-96 h after isolation.
Challenges encountered with this system are primarily in obtaining fresh hepatic
tissue for digestion and the specialized technique of perfusion for isolation of the
hepatocytes. In addition, with the wide variability in enzyme activity seen clini-
cally, investigations in a limited number of hepatocyte preparations will not be able
to definitively reflect the occurrence of drug interactions in an entire population,
but only suggest the potential for interactions to occur. These limitations (avail-
ability and reproducibility) can be partially overcome with cryopreserved human
hepatocytes.

2.9 In Vitro/In Vivo Scaling of Drug Interactions

Extrapolating in vitro results to an in vivo situation is often complicated. The pro-
cess of using in vitro models to predict drug interactions in vivo, preferably in
humans, is still under development, and extensive validation of this approach is
needed. In vitro models predictive of drug interactions are essential for rapid, cost-
effective screening of pharmaceutical compounds and are important for reducing
risks to patient safety. Currently these models are constructed from a combination
of laboratory and theoretical components [150, 156—158]. In addition, preclinical
screening of promising compounds frequently include the study of nonhuman mam-
malian species, although interspecies differences in expression and regulation of
transporters and enzymes are well documented [159-161]. These differences limit
the translation of preclinical animal data to the human situation.

Ideally, in a valid model, the clinical decrease in clearance caused by coadminis-
tration of an inhibitor would be specifically predicted by the decrease in reaction
velocity (e.g., formation rate of a metabolite) for the same compound in vitro when
the inhibitor is present in the same concentration. However, presently available
models contain a number of weaknesses and assumptions that make scaling of
in vitro data to the clinical situation complicated and not always accurate. Poor
predictions occur with compounds that have flow-dependent hepatic clearance, with
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mechanism-based inhibition, and with compounds that concurrently induce and
inhibit enzyme activity. In addition, inhibitor and substrate plasma concentrations
are not always proportional to the inhibitor and substrate concentrations to which
the enzyme is exposed in vitro. For example, supratherapeutic, as opposed to clini-
cally relevant, concentrations of inhibitors and substrates may be utilized.
Furthermore, experimental conditions such as enzyme protein concentration and
buffers can critically affect specific results and confound in vitro/in vivo correla-
tions [158]. For example, in vitro and cell culture models can demonstrate extensive
partitioning of lipophilic compounds into cells, with uptake not restricted by plasma
protein binding.

In order to establish the feasibility of in vitro to in vivo scaling, most currently
reported predictions of inhibitory drug interactions are retrospective. Presently
available methods allow a general assessment of what may occur (i.e., an unlikely
interaction versus a probable interaction). However, to be most useful, in vitro
data should not only indicate the possibility of an interaction but also predict its
magnitude and clinical importance. Until such a time, the clinical study remains
the ultimate means by which a drug interaction and its importance can be
assessed.

2.10 Overview of Clinical Methods for Predicting Drug
Interactions

The primary cause of clinically significant drug interactions is the involvement of
drug-metabolizing enzymes. An overview of relevant substrates, inhibitors, and
inducers of CYP450 enzymes is given in Table 2.5. Because great variability exists
in drug-metabolizing enzyme activity among subjects, and drug interactions may
not achieve clinical significance in all patients, interactions may be better clinically
predicted by the knowledge of individual patient isozyme activities. However, there
is currently a need for the development of reliable, accurate, and noninvasive meth-
ods to monitor drug-metabolizing enzyme expression in humans in order to guide
drug dosage, reduce toxicity, and predict potential drug interactions.

Genotyping involves identification of mutant genes causing poor or ultra-
extensive metabolizer activity. Genotyping has been demonstrated to predict the
clinical outcome of drug interactions involving both Phase I and Phase II metabo-
lism. However, drug-metabolizing enzyme activity can be exquisitely sensitive to
other non-genetic factors, i.e., environmental and physiologic influences. Therefore,
genotyping allows for the determination of an individual’s genetic predisposition
to a specific enzyme activity, but may not reflect true phenotype at any one point
in time.

Phenotyping for drug-metabolizing enzymes or transporters is defined as
measuring its actual in vivo activity in an individual [162]. This is performed by
administration of a selective substrate (“probe”) for this enzyme and subsequent



D.M. Burger et al.

jmnuyadern
jueyrdordy QULITABIIF
urpAwoIypLe)) QuLIARnHg qruojeIos unedIaNg
IIARUGTON QuyruIqId], uroryoWopu] p1zeruosy| qruajeIos
Iaeurnbeg qunexoreq [oomuaydureroy) proouaqoid JSEYN[OIUOIA]
IIARUOITY [oueyg ounaxon[g ojozeidosue] QuoIepoIuy widoyjowy, edojory], | ourwexoan|j
9[0ZBU0D01DY] weIynsiq uordordng JrozeidowQ 9[ozeuoon| [1Z01qUyuIdn) qurprdorory, | uroexogoidr)
stonqryuy
QuLIABNH
QuoIepoIuy
[JeUapIlS
[AuBjuo,q
UIeISLAWIS
[rurederop
wozen[iq Juizeylowold
QUIPBURLIA], qunexoIed
opudesi) aunaxon[g QuLIARnHg ueIeso]
S1031qIyuL ueydioylowonxeqg uLeLIeM-3 ULIBJIBM-S
aseajoig | aurAydoayy,| ourzewoidio[y) aprureydsoydooAD QULITABIIF aprureydsoydo[oh)
SNUWI[OIOR], [oueyig durwreloydury [213opido[) uoxoideN QPIWASIO], quopeyy | aurjAydoayy],
auriodso[oA) | uaydourue)aoy [0101doyoIN urojKuayq uojoxdnqy [oXEIIOR] ZUQITARJH qurdezor)
WR[OZBPIIA Queyjorey uQJIXOwe], grozexdowQ aprueingog, opurSedoy uordoidng QuRye)
$2IDLISqNG
SIvve | 1Y 94z | 610¢ | 6J7 | 80 | 9de vl

36

SIQONPUI PUB ‘SIOJQIYUI ‘SJNSANS ()Gid QWOIYI0IAd J0[R]N  §'T B



37

2 Mechanisms of Drug Interactions I: Absorption, Metabolism, and Excretion

dse-o[qey/sipp/ureyduro/npa ndnraurorpaw//:dny 93s 1s1] dAIsuayaIdwos arow € 10,

JIOM

s.uyof 1§
urojAuayq 020BqO,
quidozewreqie) JBIIN
QULITARIIH po[H3IRYD
qurdeniaoN quostupai{ | surdozewreqre) urojKuayq S9[qeIaToA
ZUIIARSH p1zeruosy QUOSBYJWEBXA(] ourdezewreqre) [811qIeq029S [B1qIeqoudyd | SNOIdJIONID)
urdureyry [oueyig urdureyry unordureyry urdureyry utdurejry urdureyry ur[[IJeN
sa2ompuy



http://medicine.iupui.edu/clinpharm/ddis/table.asp

38 D.M. Burger et al.

determination of appropriate pharmacokinetic parameters. The metric used may be
systemic clearance of a drug eliminated exclusively by the respective enzyme,
partial clearance for a metabolic pathway, or absorption rate in the case of a trans-
porter. Other parameters such as single-point concentrations or ratios of metabolite
over parent concentrations in plasma, saliva, and/or urine are also often used [162,
163]. Specific methods have been developed to phenotype CYP1A2, CYP2CY,
CYP2C19, CYP2D6, CYP2EL, CYP3A, and N-acetyltransferase activities [162].
Multiple substrates can be studied in a combination using a “cocktail approach,”
which involves the administration of more than one probe drug simultaneously
[162, 164].

Phenotyping offers the primary advantage of quantitating enzyme activity and
accounts for combined genetic, environmental, and endogenous influences on drug-
metabolizing or drug-transporting enzyme activity. However, a number of currently
available phenotyping methods are invasive (requiring pharmacokinetic sampling
of blood) and impractical (requiring multiple samples), and analytical methods are
not readily available. With a simplification of phenotyping methods, and an increase
in the availability of analytical procedures [163], it may be possible to use these
methods to determine correlations between enzyme activity and the risk of signifi-
cant drug interactions in individual patients.

More details can be found in Chap. 23.

The practice of therapeutic drug monitoring (TDM), i.e., the measurement of
drug concentrations and subsequent individualization of doses, is also a means to
detect and monitor drug interactions in clinical practice. Currently, TDM is avail-
able for a range of antibiotics, among others for HIV drugs [165], anti-TB agents
[166], antifungals [167], aminoglycosides [168], and vancomycin [169].

2.11 Conclusions and Future Directions

It is difficult to assess the true incidence and clinical significance of drug interac-
tions. Understanding the mechanisms underlying drug interactions is important for
the prediction and avoidance of drug toxicity when initiating combination therapy.
Although multiple in vitro methods are currently in use to assess drug interactions,
not all have allowed the prediction of clinically significant events. As drug interac-
tions most commonly result from influences on drug-metabolizing enzymes, future
research defining the origins of enzyme activity variability and characterizing indi-
vidual patient activity will certainly improve our ability to predict these interactions
and improve drug therapy.
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