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38.1 OVERVIEW OF ANTIFUNGAL
THERAPY
In 1939 the war against fungal diseases began in earnest with the discovery of griseofulvin, a metabolite of
Penicillium griseofulvum [1]. It was the first truly effective
antifungal agent and remains the sole licensed orally active
drug for childhood dermatophyte infections. Griseofulvin
inhibits fungal mitosis and, while it has good activity
against dermatophyte fungi, it has no other clinically useful antifungal activity. The shared eukaryotic origin of fungal and human cells had presented a problem for rational
drug development since the common metabolic pathways
and cellular organelles increase the risk of dose-limiting
toxicity (see Figure 38.1). Previous attempts at therapy,
using potassium iodide and the sulphonamides, therefore
had limited efficacy.
A decade later, the first of the polyene drugs, nystatin,
was discovered, followed in 1955 by amphotericin.
Amphotericin B is synthesized by an aerobic actinomycete,
Streptomyces nodosus. The drug was discovered during a
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survey of soil samples carried out by a pharmaceutical company looking for antibiotic-producing Streptomyces strains.
The strain producing amphotericin B was first recovered
from the Orinoco River valley in Venezuela. These drugs
established the modern era in antifungal therapy and remain
widely used today. In addition to the polyenes, two other
drug classes dominate systemic antifungal therapy: the
triazoles and the echinocandins. Other drugs, such as flucytosine and terbinafine have a role in specific diseases or
superficial infections, respectively. A general overview of
the spectrum of activity of the currently used antifungal
drugs is shown in Table 38.1.

38.1.1 Polyenes
The polyene antifungals that are in current clinical use are
nystatin, natamycin, and amphotericin B. They are fungicidal, and their mode of action is disruption of the fungal
cell membrane by binding to ergosterol, the main sterol in
the membrane. This results in pore formation and leakage of
cellular cations and anions, leading to fungal cell death [2].
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FIGURE 38.1 Cellular targets of antifungal drugs.

TABLE 38.1 Overview of In Vitro Spectrum of Antifungal Agents
Amphotericin
B
Aspergillus

Flucytosine

Fluconazole

Itraconazole

(except
C. krusei;
may be
reduced for
C. glabrata)

(may be
limited for
C. krusei and
C. glabrata)

Voriconazole

Posaconazole

Echinocandins

(except A.
terreus)

Candida

Cryptococcus
Endemic/
dimorphic
fungi

Limited
activity

Fusarium

Some activity

Scedosporium

Not
S. prolificans

Mucoraceous
molds

Some activity

Limited
activity

Limited for S.
prolificans

Limited
for S.
prolificans

Source: Data Compiled from Sabetelli et al. [16], Wagner et al. [34], and Drew [38].

Although the presence of ergosterol in the fungal cell
membrane confers some selectivity to the action of polyenes, there are notable toxicities associated with their
systemic use. Nystatin and natamycin are currently only

used topically and, although initial studies with a liposomal formulation of nystatin (Nyotran) demonstrated
good efficacy, they were halted due to infusion-related
toxicity. Amphotericin B is used systemically, but as it is
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Yeasts
Unicellular organisms, which usually reproduce by
budding
Microscopic appearance (x 400 magnification)
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Dimorphic fungi
Exist as either yeast or mold forms and the
change in form is usually related to temperature
Microscopic and cultural appearance depends on
temperature: usually mold at 27ºC and yeast or
yeast-like at 37ºC

Culture appearance

Examples
Candida
Cryptococcus
Malassezia
Trichosporon

Molds
Multicellular organisms, with hyphae, and they
often produce specific spore-producing structures
Microscopic appearance (x 400 magnification)

Culture appearance

Examples
Histoplasma
Coccidioides
Blastomyces
Paracoccidioides

Examples
Aspergillus
Fusarium
Scedosporium
Mucoraceous molds
Dermatophytes

FIGURE 38.2 Different fungal morphologies with culture and microscopic appearance.

not absorbed orally, it must be administered intravenously
(IV). It has a broad spectrum of activity against yeasts and
molds (see Figure 38.2) and has been widely used over
several decades to treat a range of diseases, including invasive aspergillosis, cryptococcosis, candidosis, the endemic
mycoses, and leishmaniasis [2].
In vivo amphotericin B is largely protein bound, with
high concentrations in the liver and spleen, and lower concentrations in the lung and kidney. It is eliminated via the
urine (21%) and bile (43%), but there is little metabolic
breakdown and most of the drug is excreted unchanged
over a period of several weeks. The half-life is initially
10–24 hours but after prolonged use may be as long as
15 days [3].
Toxicity associated with amphotericin B includes
infusion-related nausea, vomiting, and rigors; chronic
toxicity is primarily renal [4]. This toxicity may lead to
discontinuation of therapy; in response, lipid formulations
were developed and are characterized by reduced toxicity
[5]. There are two such formulations currently available
in the United Kingdom: Ambisome, which uses liposomes
to package the amphotericin, and Abelcet, which uses
amphotericin in lipid complexes. These lipid preparations
of amphotericin B are also only very slowly eliminated,
with only 9% excreted at the end of 7 days [6]. Despite
the significantly increased cost, the improved tolerability
associated with lipid formulations of amphotericin B has

led to a major shift away from the use of amphotericin B
deoxycholate except in some resource-poor settings [7].
Drug interactions associated with amphotericin B generally reflect its nephrotoxicity, being most pronounced
when concomitant medications undergo renal excretion.
Amphotericin B enhances renal toxicity of ciclosporin,
aminoglycosides, and some cytotoxic agents such as cisplatin, and it requires vigilant monitoring of renal function
if coadministered [2]. Lipid formulations of amphotericin
B require no dose adjustment for renal insufficiency and
generally none for hepatic insufficiency, although specific
recommendations vary with different lipid forms.

38.1.2 Triazoles
The first description of antifungal properties in azole compounds was in 1944 when researchers studying biotin
deficiency in animals noted that benzimidazole, which is
structurally similar to biotin, had activity against yeasts [8].
This finding was not followed up at the time, but later groups
routinely screened other azoles for antifungal activity. Early
agents to be developed in the group, including clotrimazole,
ketoconazole, and miconazole, are generally now confined
to topical use because of unfavorable safety profiles.
Further refinements and chemical modification of
these compounds resulted in the triazole group, which is
characterized by a five-member azole ring. Triazoles such as
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fluconazole, itraconazole, voriconazole, and posaconazole are
widely used for prophylaxis and treatment of invasive fungal
disease (IFD) [9]. The azoles share a common mode of action:
inhibition of the fungal cytochrome P450 enzyme (CYP450)
lanosterol 14-α-demethylase, which facilitates conversion of
lanosterol to ergosterol, a component of the fungal, but not
the human, cell membrane. Disruption of ergosterol biosynthesis causes damage to the fungal cell membrane, accumulation of methylsterols, and either cell lysis leading to fungal
cell death or inhibition of fungal cell growth, depending on
the azole and fungal species [9].
All classes of azoles are substrates and inhibitors of
CYP450 enzymes, but the extent to which they are metabolized by or inhibit the various CYP isoforms varies between
drugs [10–12]. Individual triazoles exhibit different properties, spectra of activity, and therapeutic indications, and
these are discussed next. Their pharmacokinetic properties
are summarized in Table 38.2.

38.1.2.1

Fluconazole

The first triazole antifungal to be marketed appeared in
1990. This was fluconazole, a fluorinated bistriazole (i.e.,
with two triazole rings). Available in capsule and oral solution, and as an intravenous preparation, it has activity against
Cryptococcus, most Candida species (except C. krusei and

sometimes reduced activity against C. glabrata), and some
dimorphic fungi. It is generally considered to be fungistatic.
Because of its hydrophilic properties, it has excellent oral
bioavailability (85–90%) and its absorption is unaffected
by gastric pH [9,13]. As fluconazole is largely excreted via
the kidneys, dose adjustment is required in patients with
reduced creatinine clearance, and it should be used with
caution in patients with hepatic insufficiency, although the
data are limited. Fluconazole has a favorable safety profile
and minimal toxicity, although hepatotoxicity and prolongation of the QT interval in ECG have been noted [3].
Fluconazole is a substrate of CYP3A4 and inhibits CYP
2C9, 2C19, and, to a lesser extent, CYP3A4, an effect that
may only occur at doses >200 mg/d [10]. It is also a substrate of P-glycoprotein (P-gp), but not an inhibitor [14].
Drug interactions mediated via the CYP450 enzymes are
numerous and include those with alfentanil, ciclosporin A,
and midazolam mediated via interactions with CYP3A4;
those with amitriptyline, fluvastatin, and phenytoin are
mediated via inhibition of CYP2C9 [15].

38.1.2.2

Itraconazole

Itraconazole is a lipophilic triazole, available as capsules,
oral solution, and, in some countries, a concentrate for parenteral administration. It has a broad spectrum of activity,

TABLE 38.2 Pharmacokinetic Properties of Triazole Antifungals
Fluconazole

Itraconazole
(Solution)

Voriconazole

Posaconazole

Oral bioavailability (%)

>90 (no food effect)

∼50 (fasting)

96 (Fasting)

8–48 (with food)

Protein binding (%)

12

>99

58

98–99

Tissue distribution (%)
(as a percentage of
serum concentration if
known)

Eye: 28–75; CSF:
50–90; bronchial
secretions and saliva:
90–100

High: lung, spleen, kidney, liver; moderate:
bronchial secretions;
very low: eye, CSF,
saliva

High: lung, spleen,
kidney, liver; moderate: brain, eye, CSF:
22–100

Moderate: bronchial
secretions/sputum; low:
CSF

Metabolism

<20% metabolized;
minor hepatic
(CYP3A4)

Extensive hepatic
(CYP3A4); many
metabolites (including
microbiologically
active hydroxyitraconazole)

Oxidative hepatic
(mainly CYP2C19; less
CYP3A4 and CYP2C9);
inactive metabolites

Minimal metabolism;
oxidation,
glucuronidation
(CYP3A4)

Half-life (hour)

25–30

24

6

25

Adult dosing regimen

Varies depending on
indication

Varies depending on
indication

Maintenance dose of
200 mg twice daily (for
patients > 40 kg)

400 mg twice daily or
200 mg 4 times daily

Route of elimination

80% unchanged in
urine

3% as metabolites
(3–18% unchanged) in
urine; 54% as metabolites in feces

80% as metabolites in
urine; 20% as metabolites in feces

14% as metabolites in
urine; 66% unchanged
in feces

Source: Data from Several Sources. See [3,13,32,94–96,125].
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including Candida, Aspergillus, dimorphic fungi, and some
melanized fungi, but not Fusarium, Scedosporium, or the
mucoraceous molds [16]. Its activity may be either fungistatic or fungicidal depending on the fungal species [17].
Oral bioavailability of itraconazole varies with formulation.
Absorption of the capsules is dependent on gastric pH, with
increased absorption at acidic pH, while the solution is best
absorbed during fasting [9]. Itraconazole has nonlinear pharmacokinetics and because of variable absorption, drug concentrations show significant variability in individuals [18].
In patients with renal insufficiency, use of the IV formulation is not recommended if creatinine clearance is less
than 30 ml/min, as the cyclodextrin vehicle is cleared by
glomerular filtration. In hepatic insufficiency, there is an
increase in the elimination half-life and dose modification
may be required [18].
Adverse events associated with itraconazole use include
nausea and vomiting (particularly for the oral solution),
hepatotoxicity, rash, and headache [18]. There is some evidence that the occurrence of these toxicities correlates with
the itraconazole concentration in serum.
Itraconazole is a substrate and potent inhibitor of CYP
3A4, with many metabolites also showing potent CYP3A4
inhibitory activity [19]. It is also an inhibitor of CYP 2C9
and P-gp [15]. These interactions form the basis for many
drug interactions seen with itraconazole. Interactions mediated via CYP3A4 include those with fluticasone, lovastatin,
phenytoin, rifampin, terfenadine, triazolam, and vincristine;
those mediated via P-gp include vincristine, cimetidine, and
digoxin [15].

38.1.2.3

Voriconazole

Voriconazole is a second-generation triazole based chemically on fluconazole but with a much broader spectrum
of activity. It is active against Candida (including most
of the fluconazole-resistant species), Cryptococcus, and
many species of Aspergillus; it has some activity against
Fusarium [16]. Voriconazole activity may be either fungicidal or fungistatic depending on the fungal species [17]. It
is the treatment of choice for invasive aspergillosis and is
used to treat infections due to Scedosporium or Fusarium.
Formulations of voriconazole include tablets, an oral suspension and an IV solution.
The suspension has good oral bioavailability, especially
during fasting, but this is reduced in the presence of high-fat
meals [20]. The pharmacokinetics of voriconazole are
nonlinear in adults, meaning that relatively small changes in
dosing can result in unpredictable changes in drug exposure—
being either much larger or smaller than expected.
Voriconazole is extensively metabolized by the CYP
450 enzymes—mainly CYP2C19 but also CYP2C9 and
CYP3A4 [21]. It is eliminated as inactive metabolites predominantly via urine (80%), with about 20% excreted in the
feces [22].
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The vehicle used for IV voriconazole (sulphobutylether
beta cyclodextrin sodium, or SBECD) is cleared by the kidneys and hence can accumulate in mild–moderate renal dysfunction; in these patients, the oral formulation is preferable.
In mild–moderate hepatic insufficiency, the standard loading dose should be used and then half the maintenance dose,
but there are no data for use in severe hepatic insufficiency.
Toxicity associated with voriconazole includes visual
disturbances, rash, and hepatotoxicity. Visual disturbances
often decrease with continued use and may manifest as
photophobia, color changes, blurred vision, or flashes of
light; they seem to correlate with high drug concentrations
[23]. Cutaneous adverse events are often associated with
sun exposure and usually resolve after discontinuation of
the drug, although an increased risk of squamous cell carcinoma has been reported with voriconazole use in solidorgan transplant recipients [24]. Hepatotoxicity includes
elevated bilirubin, alkaline phosphatase, and transaminases,
and correlates with drug concentrations [25].
Voriconazole is both a substrate and an inhibitor for
CYP2C19, 2C9, and 3A4, and is also an inhibitor of 2B6
[26]. These properties underpin its multiple interactions
with drugs such as sirolimus, alfentanil, cyclosporine,
diclofenac, methadone, efavirenz, and midazolam [15].

38.1.2.4 Posaconazole
Posaconazole is the latest triazole to come to market. It was
developed from itraconazole and is available only as an oral
suspension, although a new tablet formulation is currently
under development [27]. Posaconazole has the broadest
spectrum of activity in vitro of all the azoles, with good
activity against Candida, Cryptococcus, Aspergillus, many
dimorphic or melanized fungi, and several of the mucoraceous molds [16]. It is fungicidal against Aspergillus,
Cryptococcus, and Candida [28]. Oral bioavailability is
very dependent on gastric pH, with absorption maximized
in the presence of fatty foods [29]. As with itraconazole,
absorption is improved by concomitant administration
of acidic drinks, but it is saturated at a dose of 800 mg/d
and improved by dividing the dose. Drug concentrations
achieved in serum vary between patient groups and are
known to be reduced in the presence of mucositis and diarrhea, or with the use of proton pump inhibitors (PPIs) or H2
antagonists [30].
Most of the metabolism of posaconazole is by glucuronidation, with only a limited amount via oxidative CYP450mediated transformation [31]. Posaconazole has a long
half-life and is mainly eliminated unchanged in the feces
(66%), with some excreted via the urine, mainly as metabolites (14%) [32]. It can be used in renal insufficiency with
no dose modification, and limited data suggest that it should
be used with caution in hepatic insufficiency. Toxicity associated with posaconazole use is generally mild, with headache, gastrointestinal upset and rash reported, although
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at the moment there are no data to suggest that these are
related to the drug’s concentration. Although posaconazole
is minimally metabolized by the CYP450 system, it is an
inhibitor of CYP3A4 and P-gp, resulting in some drug
interactions, notably with rifabutin, phenytoin, efavirenz,
and fosamprenavir [15].

38.1.3

Echinocandins

The echinocandin antifungals, the first new class of antifungals for 15 years, are synthetically modified lipopeptides
with three currently licensed: caspofungin, micafungin,
and anidulafungin. The lead compound for anidulafungin
was discovered in 1974, and all three drugs are derived
from fermentation products of fungi [33]. Echinocandins
are noncompetitive inhibitors of β-1-3-glucan synthase, an
enzyme critical to the synthesis of β-1-3-glucan, which is
a major component of the fungal cell wall. The absence
of β-1-3-glucan from the cell wall causes loss of rigidity
and integrity with resultant lysis. Echinocandins target
the FKS1 gene, which encodes a component of the β-1-3glucan synthase. Since mammalian cells do not possess

a cell wall or β-1-3-glucan synthase, the action of echinocandins is specific to fungi, probably explaining their
excellent safety profile. Parenteral administration is obligatory, as their large lipophilic molecular structures have
very low oral bioavailability (<10%) [34]. The three echinocandins all have a similar spectrum of activity, a reflection of their mode of action, and they are active against
Candida and Aspergillus, but not against Cryptococcus
and mucoraceous molds which have less β-1-3-glucan in
their cell walls [33,34]. The echinocandins are fungicidal
for Candida and fungistatic for Aspergillus [34]. The pharmacokinetic properties of the echinocandins are summarized in Table 38.3.
Use of the echinocandins is generally well tolerated,
although histamine release, some liver toxicity, and headache have all been reported. Caspofungin use is relatively
commonly associated with fever and local irritation at the
site of administration, while rashes can occur infrequently
with all three drugs [35].
The echinocandins are poor substrates for the CYP450
enzymes, are not substrates for P-glycoprotein, and have few
drug interactions. Caspofungin is an inhibitor of CYP3A4

TABLE 38.3 Pharmacokinetic Properties of the Echinocandins
Caspofungin

Anidulafungin

Micafungin

Route of administration

Intravenous only

Intravenous only

Intravenous only

Protein binding (%)

96

>99

99.8

Metabolism

Hydrolysis and N-acetylation

>90% degradation in blood;
no hepatic metabolism

>90% degradation; hepatic
metabolism; limited role for
CYP450

Tissue distribution

High: kidney, liver; moderate:
lung, spleen; low: brain, eye

High: lung, liver

High: lung, kidney, liver; low:
eye

Moderate: spleen, kidney
Low: brain, eye, CSF

Half-life for β phase (hour)

11

36–52

11–17

Adult dosing regimen

70 mg loading, then 50 mg if
<80 kg or 70 mg if >80 kg

200 mg loading dose, then
100 mg/day

100 mg/day (if >40 kg) or 2 mg/
kg/day if <40 kg for invasive
candidosis

Route of elimination

41% urine, 35% feces—mostly as metabolites in both

Urine <10%, >90% feces—
mainly as metabolites in both

<1% urine; ∼70% feces

Dose adjustment in renal
insufficiency

None

None

None

Dose adjustment in hepatic
insufficiency

Mild: none

Mild–severe: none

Mild–moderate: none

Moderate: 70 mg loading dose
then 35 mg daily
Severe: use with caution

Source: Data from Bellman [3], Johnson and Mohr [33], and Wagner et al. [34].

Severe: not recommended
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[36]. While ciclosporin A and tacrolimus do interact with
it, there is no requirement for dose adjustment although
liver function and tacrolimus levels respectively should be
closely monitored.
Coadministration of powerful hepatic enzyme inducers (e.g., rifampicin, efavirenz, phenytoin, carbamazepine)
require an increase in the daily dose of caspofungin to
70 mg/d [35]. The mechanism of this is unknown, but it is
perhaps surprising given that caspofungin is not metabolized
by the CYP enzymes. It may be a nonspecific effect or could
perhaps be due to induction of the N-acetyltransferases that
are involved to some extent in caspofungin metabolism.
Micafungin administration with sirolimus or nifedipine
may increase exposure to those drugs and so dosage adjustments may be required if toxicity occurs. Anidulafungin has
as yet no known clinically relevant drug interactions [33].

38.1.4

Flucytosine

Flucytosine is a fluorinated pyrimidine that was originally
developed as an agent to treat leukemia. It has two modes
of action: inhibition of protein synthesis and inhibition of
DNA synthesis. The drug penetrates the fungal cell wall via
cytosine permease and, once in the cell, is deaminated to
form 5-fluorouracil. This is incorporated into fungal RNA
instead of uracil and hence disrupts protein synthesis. DNA
synthesis inhibition occurs via conversion of 5-fluorouracil
to 5-fluorodeoxyuridylic acid, a noncompetitive inhibitor
of thymidylate synthase [37]. Flucytosine has fungistatic
activity against Candida and Cryptococcus, and its main
current indication is for the treatment of cryptococcal meningitis, in combination with amphotericin B, with which it
shows synergy, [38] or the azoles [37]. Flucytosine is available in oral and IV preparations, although the oral preparation is not available in all countries.
Flucytosine has good oral bioavailability, penetrates
well into body fluids because of its low protein binding,
and achieves good concentrations in cerebrospinal fluid,
bone, spleen, liver, heart, and lung. It is mainly eliminated
via the kidneys, with almost all of the dose eliminated by
glomerular filtration, mainly as unchanged drug. The halflife in patients with normal renal function is 3–4 hours, but
can be up to 85 hours in patients with severe renal failure.
Renal insufficiency necessitates dose alterations, as does
renal replacement therapy, which removes a significant proportion of the drug [37,38]; however, there are no recommendations for use in hepatic insufficiency.
Use of flucytosine is associated with gastrointestinal,
hepatic, and hematological toxicities. These side effects
may reflect the conversion of flucytosine to 5-fluorouracil
[39] and correlate with the levels of flucytosine in serum,
with levels above 100 mg/L associated with leukopenia and
thrombocytopenia. Hematological toxicity is more common
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in patients with advanced HIV infection [38]. Therapeutic
drug monitoring is required to ensure appropriate dosing
and to prevent toxicity.
A particular problem when flucytosine is used as a single
agent is the rapid development of resistance [40], so combined
use with amphotericin B (or its lipid formulations) is now
recommended. Flucytosine has limited drug interactions,
but is contraindicated with antiviral nucleoside drugs such
as ganciclovir. It may interact with phenytoin and cytarabine, although the evidence for the latter is sparse [38].

38.1.5 Terbinafine
Terbinafine is a member of the allylamine group of antifungals. It inhibits ergosterol biosynthesis by inhibiting
squalene epoxidase, a catalyst of the conversion of squalene to squalene epoxide. This resulting accumulation of
squalene within the fungal cell and depletion of ergosterol in the fungal cell membrane causes cell death [41].
Terbinafine is highly selective for fungal squalene epoxidase and has no effect on human sterol synthesis [42]. It has
in vitro activity against a wide range of organisms, including dermatophytes, several melanized molds, Aspergillus,
Cryptococcus, and several dimorphic fungi, although it is
mainly used to treat dermatophytosis [43]. It is available as
oral and topical preparations.
Terbinafine has good oral bioavailability (70–80%),
and absorption is not affected by food. All allylamines
are highly lipophilic and hence terbinafine achieves high
concentrations in the stratum corneum, sebum, and nail. It
is extensively metabolized in the liver, and 15 metabolites
have been identified which are subsequently excreted in
urine (80%) and feces (20%) [44]. At least 7 CYP enzymes
are involved in terbinafine metabolism, of which 1A2,
2C9, and 3A4 are the most important [45]. Elimination
takes place slowly, with an initial half-life of 22 hours and
another at 90 hours, probably reflecting slow release from
adipose tissue [44]. Use of terbinafine is not recommended
in patients with active or chronic liver disease or with
creatinine clearance <50 ml/min. It has been associated with
gastrointestinal effects, skin eruptions, alteration or loss of
taste, and hepatobiliary disturbances [46].
Initially, it was thought that terbinafine did not have any
inhibitory effect on the CYP enzymes [47], but it is now
known to be a potent competitive inhibitor of CYP2D6,
although it has been suggested that one of its metabolites, rather than the parent drug, causes this [48]. Because
CYP2D6 constitutes only 1.5% of the total liver CYP, there
are minimal interactions via this route, except with venlafaxine [49] and amitriptyline [50]. Cimetidine decreases
clearance of terbinafine, while fluconazole coadministration causes increased exposure to terbinafine via inhibition
of CYP2C9 and 3A4.
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38.2 PUBLIC HEALTH IMPACT
OF FUNGAL DISEASES
The public health impact of fungal diseases is significant.
The impact of superficial versus systemic disease is important for different reasons. Superficial fungal infections are
extremely common: various studies estimated that 20–40%
of adults in developed countries have some form of fungal foot disease [51], there is an increasing incidence of
tinea capitis in children [52], and superficial candidosis
is the most commonly seen manifestation of candidiosis
[53]. From a public health viewpoint, superficial infections
are important because those caused by dermatophytes are
infectious and are readily transmitted via communal facilities, such as sports centers or within the family home. While
skin infections are not associated with any significant morbidity, the breaches in skin integrity they cause may become
a portal of entry for other organisms that may cause more
serious infections such as cellulitis. Dermatophytosis may
result in alopecia or permanent scarring from scalp infections and difficulty walking in elderly patients with grossly
thickened or clawed toenails due to fungal nail infection.
Additionally, because of the sheer numbers of patients
affected, the potential cost of medical consultations, diagnosis, and treatment for fungal foot disease alone is huge.
Figures from the Prescription Cost Analysis for England for
2012 show that prescription costs for terbinafine and griseofulvin, the main drugs used to treat dermatophytosis, totaled
£3.8 and £1.2 million, respectively, highlighting the significant cost of treatment alone (www.hscic.gov.uk/catalogue/
PUB10610).
For IFD, the public health impact is also significant,
despite the small numbers of people affected. Patients in
whom systemic diseases are likely to develop are those who
are immunocompromised, either because of underlying
disease (e.g., leukemia, AIDS) or because of treatments for
their disease (e.g., cytotoxic agents, immunosuppressives,
organ or haematopoietic stem cell transplantation (HSCT)).
Multiple studies in many countries have shown that the incidence of IFD is increasing, partly because more patients are
surviving their underlying diseases and partly because more
aggressive treatments are being used, resulting in many profoundly immunosuppressed, at-risk individuals [54].
Systemic diseases are relatively infrequent when compared to the prevalence in the community of superficial
fungal infections. However, the cost associated with each
episode of IFD is disproportionately high. This is because
IFDs are associated with increased length of hospital
stay and prolonged courses of antifungal drugs. A recent
American study estimated that a patient with a systemic
fungal infection stays in the hospital an extra 7 days and
costs an extra $29,000 compared to a patient with the same
underlying disease but no fungal infection [55]. Overall, this
represents an additional cost of $1.89 billion, demonstrating
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that the cost associated with IFD has a significant public
health impact.
The recent emergence of Aspergillus fumigatus with
resistance to the azoles has been documented. Although
there is a low level of resistance in many countries throughout Europe, the levels in Holland and the United Kingdom
are higher. In Holland, the widespread use of azole-based
compounds in agriculture has been implicated as the cause
[56], but in the United Kingdom most of the resistance has
occurred in patients treated with azoles, usually for months
or years, for chronic aspergillosis [57]. The development
of resistance to an important class of drugs, which often
confers cross-resistance between members of the class, is of
concern and may impact our ability to treat these infections
in the future.

38.3 THE NEED FOR
PHARMACOGENOMICS AND
STRATIFIED MEDICINE
Treatment of fungal disease has been increasingly successful over the last 10–20 years, partly due to the advent of
better antifungal drugs with broader spectra and less toxicity; and partly due to improvements in diagnosis of IFD,
enabling earlier interventions. However, the morbidity and
mortality associated with some fungal diseases is still very
high.
Various risk factors predispose to IFD, including malignancy (particularly hematological malignancy), the use of
steroids or antimicrobial agents, surgery, burns, uncontrolled diabetes, AIDS, chemotherapy, immunosuppressive
agents, and neutropenia. The risk of IFD can be crudely
predicted based on the level of patient immunocompromise.
Therefore, patients who have undergone allogeneic HSCT
have a greater risk of fungal disease than do patients receiving autologous transplants, which partly relates to their
degree of immune suppression [58]. However, even within
groups known to be particularly “at risk,” susceptibility to
fungal disease varies.
Approaches to prevention and diagnosis of fungal disease vary among institutions. Some use antifungal prophylaxis in high-risk patients in an attempt to avoid the disease.
The triazole antifungals have been widely used in this setting, with fluconazole, itraconazole, and posaconazole all
having a licence for this indication in the United Kingdom.
Despite not having a licence for prophylaxis, voriconazole
has also been used. The disadvantages associated with this
approach include the cost of the drugs, the potential for
drug interactions and toxicity, and the inability to achieve
appropriate therapeutic levels in all patients. This can then
require the use of therapeutic drug monitoring to ensure
drug concentrations high enough but not toxic, which incurs
a further cost [59]. Another disadvantage is that evidence
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suggests that the use of mold-active prophylaxis reduces the
sensitivity of the Aspergillus galactomannan (GM) ELISA,
which is widely used in the diagnosis of invasive aspergillosis [60]. This may then lead to the use of empiric antifungal
therapy because of a lack of confidence in the results of the
diagnostic test.
Another approach is the routine screening of patients
with PCR and GM ELISA—a so called “enhanced diagnostic” approach. This relies on the high negative predictive value of the tests and, unless other features of fungal
disease occur, it enables the patient to remain on prophylaxis rather than receive empiric antifungal therapy. One
study showed no difference in morbidity or mortality when
empiric therapy was withheld and a reduction in antifungal expenditure of £124,000 using the enhanced diagnostic
approach [61].
Diagnosis of superficial fungal disease is relatively
simple, with direct microscopy and culture of skin, hair, or
nail samples allowing the recovery of the causative agent in
most patients. The situation is more challenging in patients
with suspected IFDs. Patients are likely to have serious
underlying disease, and the development of new signs and/
or symptoms, which are often nonspecific, may be difficult
to pinpoint. Direct microscopy and culture may be useful
if tissue is available, but is often slow and insensitive; the
inability to take biopsies and deep tissue samples in patients
with coagulopathies further limits the usefulness of this
modality. Detection of antibodies to fungi is rarely helpful
in patients who are immunocompromised.
The use of fungal antigen detection kits has become
increasingly common, and several are available, including
cryptococcal antigen, Aspergillus GM, Candida mannan,
and the more general β-D-glucan detection kits. While the
sensitivity and specificity of the cryptococcal antigen kit is
very high, the corresponding figures for the GM kit vary
with patient group. It is highest in the HSCT recipient and
lower in solid organ transplant recipients. Other tests such
as PCR have been useful for some diseases and in certain
laboratories, but the lack of standardization and variable
performance means that they are still not used routinely in
many centers [62].
Whatever approach is used, it is recognized that the successful outcome of an IFD relies on the early institution of
appropriate antifungal therapy and that successful outcomes
correlate with early initiation of therapy [63].
Although there are now many efficacious antifungal
drugs available, the prevention, diagnosis, and treatment
of IFD still presents a major challenge. To date we still do
not understand the subtle differences between patients that
impact their risk of infection or their response to antifungal drugs. Developments in pharmacogenomics that better
enable us to predict how antifungal drugs will behave in
a given patient will help us move toward more tailored or
personalized management in this area.
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38.4 GENETIC VARIABILITY ASSOCIATED
WITH ANTIFUNGAL DRUGS
The effect of genetic variability on antifungal drugs may
occur at any point during their absorption, distribution,
metabolism, or elimination from the body. In addition to
genetic variability, there are many other factors that may
impact the efficacy of antifungal drugs, including drug
interactions and various physiological factors [59,64,65].

38.4.1 Absorption
Antifungal drugs are administered either orally or
intravenously, and absorption is affected by many factors
but is most variable for drugs that are taken orally. With
IV dosing, absorption is assumed to be complete and
the total dose reaches the systemic circulation. When
the drug is given orally, it must dissolve in the stomach
(the extent of which may be affected by gastric pH and
the presence and type of food) and may then be subjected
to first-pass metabolism in the intestines and liver or
transporter-mediated efflux back into the intestinal lumen.
These processes are affected by the amount and activity of
the drug transporters and metabolizing enzymes at those
sites (see Figure 38.3). Biliary excretion at this initial stage
may also reduce the net amount of absorption. Because
most of the drug is absorbed from the intestines rather than
the stomach, any factor that speeds gastric emptying is
likely to enhance drug absorption.
Gastric pH is particularly important for the absorption
of itraconazole and posaconazole, while it has little effect
on the absorption of flucytosine, fluconazole, voriconazole,
and terbinafine. Itraconazole and posaconazole are weak
bases and hence do not dissolve well in an alkaline environment [66,67]. Gastric pH can vary by up to 10-fold between
individuals [68], and men tend to have lower gastric pH
than women [69]. Age is now no longer thought to affect
pH. Specific patient groups also have alterations in gastric
pH due to their disease: those with AIDS have increased
gastric pH [70], while critically ill patients show reduced
gastric pH [71].
The widespread practice of using PPIs or H2 antagonists
to reduce the risk of gastric ulcers in hospitalized patients
[72] will also have a significant impact on gastric pH.
Indeed, it has been shown for posaconazole that concomitant PPIs or H2 antagonists cause a significant reduction in
drug exposure in patients [30]; although this is not due to
genetic variability, it is an important determinant of drug
absorption. For itraconazole capsules (but not oral solution), factors that enhance gastric acidity improve absorption, such as administration with food; whereas factors
that decrease gastric acidity (use of PPIs or fasting) reduce
absorption [9]. Therefore, patients receiving itraconazole
capsules may be affected by variations in gastric pH that
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FIGURE 38.3 Major uptake and efflux transporters at different body sites in humans.

result in serum concentrations of itraconazole that are insufficient to prevent or treat their disease.
The main efflux drug transporters in the intestines
are P-gp, breast cancer resistance protein (BCRP), and
multidrug resistance protein 2 (MRP2) [73]. These transporters are found at the luminal side of enterocytes and
are important in limiting the uptake of drugs that are
substrates for them. They are all members of the ATPbinding cassette transporters and use ATP to allow them
to pump substrates against the concentration gradient. It
was recently shown that there is a large amount of interindividual variation in the quantity of each transporter in
the intestines and liver [74] and this might contribute to
the variability in drug absorption between different individuals. BCRP and P-gp are present in smaller amounts in
the liver than in the gut, while MRP2 is present in smaller
amounts in the gut.
All of these efflux transporters have genetic polymorphisms which result in clinically significant changes
in substrate binding. P-gp has multiple genetic variants,

caused by single-nucleotide polymorphisms (SNPs) that
vary with ethnicity and cause clinically relevant differences in, for example, clearance of ciclosporin [75]. SNPs
in BCRP and MRP2 also occur and can affect the extent of
substrate binding [73].
Several of the orally administered antifungals are
either substrates or inhibitors of these transporters (see
Table 38.4). Itraconazole, fluconazole, and posaconazole
are all P-gp substrates, with itraconazole having the strongest interaction with it; itraconazole and posaconazole are
also P-gp inhibitors. Voriconazole binds to CaMdr1P, the
yeast homolog of human P-gp, suggesting theoretically that
it may be a substrate in humans as well, but as yet there
are no data to support this contention [76]. Itraconazole
is an inhibitor of BCRP. Based on the chemical similarity
between itraconazole and posaconazole and the presence of
a long side chain in posaconazole (which enhances inhibitory capacity), it is likely that it too is an inhibitor of BCRP
[77]. There are little data on the interaction of terbinafine
with these transporters, but it is unlikely to be an inhibitor of
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P-gp because of the lack of effect when it is coadministered
with digoxin, a P-gp-dependent substrate [10].
The presence of SNPs in any of the efflux transporters
potentially affects the absorption of orally administered
antifungals if they cause altered binding due to those polymorphisms. The only drug for which data are available is
posaconazole, where the effect of SNP’s in P-gp have been
studied [78]. Homozygous expression of the T allele results
in significantly less expression of P-gp than does expression
of heterozygous or wild-type alleles. Volunteers (28 black
and 28 Caucasian) were dosed with 400 mg of posaconazole
twice daily after food for 8 days, after which concentrations
of posaconazole and expression of SNPs in P-gp were investigated. Overall, 41 SNPs were found in the alleles, with
13 individuals being homozygous for the T allele and 43
being either heterozygous or wild-type. There was no difference in drug exposure for either group, and hence it seems
that polymorphisms in P-gp have no effect on posaconazole
absorption. However, as this study was performed in healthy
volunteers, its applicability to patients is uncertain.
There are currently no other data for the other antifungals, but similar studies are of interest particularly for itraconazole, which is a potent substrate and inhibitor of P-gp.

38.4.2

Distribution

Once the drug has been absorbed after oral administration,
it must reach the bloodstream. Drugs that are administered
intravenously overcome the issues related to absorption, but
they too must move from the bloodstream to the interstitial and intracellular fluid and ultimately to the site or sites
of the fungal disease. Blood flow to the various organs is
one of the main determinants of tissue delivery, with the
well-perfused organs (e.g., liver, kidney, brain) receiving
the highest concentrations initially, with the skin, muscles,
and fat receiving the drug possibly several hours later. The
extent to which the drug partitions between blood and tissue is determined by how much the drug is bound by serum
proteins, as only an unbound drug can move across cell
membranes. The main proteins that bind drugs in serum are
albumin—the major carrier for acidic drugs—and α1 acid
glycoprotein (AAG), which binds basic drugs. Lipoproteins
also act as carriers for some drugs.
The concentrations that are achieved for different antifungals at different body sites vary considerably (see Tables
38.2 and 38.3). Some antifungals are highly protein bound
(e.g., itraconazole, posaconazole), while others have much
lower protein binding (e.g., fluconazole, flucytosine).
Itraconazole and posaconazole are mainly bound to albumin, although itraconazole does also bind, to a lesser extent,
to AAG. Although much less protein bound, fluconazole
preferentially binds to AAG [79]. Amphotericin B is bound
by lipoproteins, albumin, and AAG [80,81], while terbinafine is strongly bound to serum proteins and the binding is

even across the lipoproteins and albumin [44]. All echinocandins are extensively protein bound, mainly to albumin,
but the extent of binding of caspofungin varies between
healthy volunteers and patients [34].
Many serum proteins are now known to have genetic
variants, with human serum albumin having 67 genetic
variants [82] and AAG having 2 [83]. These variants have
altered substrate binding and because of the extensive
protein binding of many antifungals, this may affect their
distribution. If protein binding of the antifungal were
reduced, this could allow greater concentrations to move
into the cells more quickly; conversely, if the binding were
increased, this could reduce the rate at which the drug dissociates and moves into the tissues. At the moment, however,
this is entirely speculative and there are no data about how
antifungals are affected by serum protein genetic variants.
Drugs are taken into cells by either passive diffusion or
active transport. As well as the extent of its protein binding,
a drug’s ability to cross the cell membrane and hence enter
the cell is determined by factors such as its size, degree of
ionization, and lipid solubility of its ionized and nonionized
forms. Passive diffusion into the cell usually occurs because
the drug is soluble in the lipid bilayer and its movement
occurs down a concentration gradient. Hydrophilic drugs
penetrate cell membranes via the aqueous channels. In contrast, active transport requires the expenditure of energy and
usually moves a drug against the concentration gradient, is
saturable, and may be subject to competitive inhibition.
Uptake transporters include those that transport anionic
drugs (organic anionic transporters, or OATs) and organic
anionic transporting polypeptides (OATPs), as well as those
that transport cationic drugs (organic cationic transporters,
or OCTs) and peptide transporters (PEPTs). As with efflux
transporters, genetic polymorphism occurs for the uptake
transporters resulting in alterations in substrate binding
[84].
The distribution of drugs around the body and entry into
specific tissues is determined partly by the uptake transporters. Antifungal drugs must be taken up into tissues to
reach the site of the fungal disease, and in sufficient concentrations to allow them to either inhibit or kill the fungi.
If the concentration achieved locally is not sufficient,
then although the fungus may appear to be susceptible to
the agent in vitro, the drug will not be efficacious in vivo,
resulting in clinical failure.
Amphotericin B achieves high concentrations in the
liver and spleen, and moderate concentrations in the lung
and kidney. The data on the involvement of drug transporters in the uptake of this drug into tissues are very limited.
Amphotericin B potentiates the effects of various cytotoxic drugs. This may be due either to increased cellular
permeability or to P-gp inhibition [85]. P-gp is involved
in the efflux of drugs from many types of cancer cells,
which causes resistance to cytotoxic agents; however, if
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amphotericin B inhibits P-gp, this may enhance both the
level and the effects of cytotoxic agents in cancer cells. In
contrast, it was shown that the coadministration of amphotericin B and ciclosporin in rats caused an induction of
multidrug resistance gene 1 (MDR1) expression and higher
levels of P-gp, suggesting that amphotericin B may induce
P-gp rather than inhibit it [86]. Studies in vitro showed that
amphotericin B has no activity as a P-gp inhibitor. For this
reason, the extent to which amphotericin B interacts with
P-gp is still not clear, and hence its role in the distribution
of this drug is also unknown. There are no other data on
which drug transporters amphotericin B interacts with, so
few conclusions can be drawn about the likely effect of drug
transporter polymorphisms on amphotericin B distribution.
Fluconazole has low protein binding and is hydrophilic;
hence, it achieves good tissue penetration with high concentrations in cerebrospinal fluid (CSF), saliva, bronchial
secretions, and brain [3]. It is not an inhibitor of OATP1B1
or OATP1B3, which are both involved in uptake into the
liver. Fluconazole is probably taken up into cells and tissues by passive diffusion and so is unlikely to be affected by
genetic variability in uptake transporters.
Itraconazole is found in the highest concentrations in
the liver, spleen, kidney, and lung, and in very low concentrations in the eye and CSF. It is known to be a potent
substrate and inhibitor of P-gp, which is likely to affect
its tissue distribution. Absorption of itraconazole can be
variable, and it may be that as a substrate of P-gp, some
of the drug is pumped back into the lumen of the intestine
by P-gp and hence reduces absorption. Similarly, P-gp acts
within the brain to limit drug uptake into brain tissue. In a
mouse model, itraconazole was shown to be effluxed from
the brain by P-gp; in knockout mice that lacked P-gp, this
efflux mechanism was removed, allowing accumulation of
itraconazole within the brain [87]. Similarly, an inhibitor of
P-gp allowed improved concentrations of itraconazole in a
mouse model by overcoming the efflux due to P-gp [88]. The
low concentrations of itraconazole seen in the brain and CSF
suggest that this may be a possible mechanism responsible
in humans, too. In the presence of genetic variants of P-gp,
this has the potential to alter both the uptake of itraconazole
from the intestine and its access into the brain. Itraconazole
is also a substrate or inhibitor of several other drug transporters, including BCRP and MRP3, but at physiological
concentrations it does not inhibit the bile salt extract pump
(BSEP) or the hepatic uptake transporter Na+ taurocholatecotransporting peptide (NTCP) [89]. Polymorphisms in
BCRP or MDR3 could therefore also impact itraconazole
distribution. Based on its interaction with atorvastatin [90]
and fexofenadine [91], it has also been suggested that itraconazole may be an inhibitor of OATP1B1, which is important in uptake into the liver, although in vitro data do not
support this idea [92,93]. Therefore, because of extensive
interactions with drug transporters, there are multiple points
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at which genetic variability could impact the distribution of
itraconazole in the body.
Voriconazole is found at high concentrations in the lung,
spleen, liver, and kidney, with moderate concentrations in
the brain, eye, and CSF [94,95]. The data on voriconazole’s
interaction with drug transporters are currently very limited.
Voriconazole does not inhibit P-gp or BCRP, and there is
only circumstantial evidence that it may be a substrate for
P-gp. Its penetration into brain and CSF tends to suggest
that it is not a substrate of P-gp or it would be subject to
efflux from the brain and CSF, as is seen for itraconazole.
As more information emerges about interactions between
voriconazole and drug transporters, it may be possible to
determine whether there is potential for genetic variants to
impact its distribution; at the moment, however, there is no
obvious point where this might occur.
Little is known about the tissue distribution of posaconazole except that it does not achieve high concentrations in CSF, although it achieves concentrations above
the MIC for most fungi in various compartments of the
lung [96]. Posaconazole is a substrate for P-gp and hence
P-gp-mediated efflux may explain some of the absorption
problems seen with this antifungal and its low CSF concentration. Based on its structural similarity to itraconazole, it is
probably an inhibitor of BCRP; if so, its inhibition of BCRP
in the intestine might enhance its own uptake. Potentially,
polymorphisms in either P-gp or BCRP might affect the
distribution of posaconazole; at the moment, however, the
evidence for this is limited.
Caspofungin is a large molecule and highly protein
bound; nevertheless, it achieves high concentrations in the
kidney and liver, moderate concentrations in the lung and
spleen, but only low concentrations in the brain and eye.
Its profile in plasma is determined by its rate of distribution into tissues rather than by its metabolism or elimination [97]. Uptake into the liver is a two-step process. The
first part is a rapid reversible absorption to the cell surface,
followed by a second slower phase with transport across
the cell membrane [97,98]. OATP1B1 mediates uptake into
hepatocytes, with no uptake by OATP1B3. Caspofungin has
a relatively low affinity for OATP1B1 and is also a modest inhibitor of this transporter [98]. It also inhibits NTCP,
OCT1, and OAT1 at 100 µM, although at physiological
concentrations of 1–10 µM, this inhibition may not occur.
Caspofungin has no inhibitory activity against P-gp [98].
The importance of OATP1 in the transport of caspofungin into the liver is illustrated by the interaction with
rifampin, which inhibits OATP1 and causes a decrease in
the trough levels of caspofungin by 14–31% after multiple
rifampin doses [99]. The most important drug transporter
for caspofungin is OATP1B1, and so it is only OATP1B1’s
genetic variants that may affect caspofungin distribution.
Multiple genetic polymorphisms have been described for
OATP1B1, including some that occur with relatively high
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frequency in several ethnic groups and cause reduced transporter activity. Therefore, if any of these polymorphisms
occur in patients who are receiving caspofungin, they may
potentially affect the drug’s uptake into the liver and hence
its distribution.
Micafungin accumulates to high concentrations in the
liver, lung, and kidney, and its uptake into the liver is well
characterized and involves both passive and active transport.
The hepatic uptake transporter NTCP is most important in
micafungin uptake, with OATP playing a minimal role. This
finding is unusual, as it was previously thought that NTCP
was a specific transporter solely for bile salts. P-gp has no
involvement in transport of micafungin [100]. NTCP shows
genetic variability across different ethnic groups, resulting in reduced activity [101]; thus, individuals expressing
variants in this transporter may have altered ability to take
micafungin into the liver.
In clinical studies, anidulafungin reached high concentrations in the lung and liver, moderate concentrations in
the spleen and kidney, and low concentrations in the brain,
CSF, and eye. At concentrations achieved at steady-state
(1–3 µM), anidulafungin is not a substrate or inhibitor for
OATP-B or OATP-C, although at higher concentrations
(10 µM) it causes inhibition of OATP1B3 [102]. The potential for anidulafungin distribution to be affected by genetic
polymorphisms therefore appears to be very limited.
Flucytosine has very low protein binding and is very
hydrophilic. Because of these two factors, it can achieve
good tissue concentrations in CSF, saliva, bronchial
secretions, and brain [3]. There are currently no data on the
interaction of flucytosine with any of the drug transporters,
but because it appears to be taken up by passive diffusion
into cells it is unlikely to be affected by genetic uptake
transporter variability.
Terbinafine is primarily used for the treatment of
superficial fungal infections and so its distribution in other
tissues of the body has been little studied. The drug is
lipophilic and achieves good concentrations in skin, hair,
and nail. It is unlikely to be a P-gp inhibitor because of its
lack of interaction with digoxin [10]. However, there are no
other data on its interaction with drug transporters. Given
this lack of information, it is not currently possible to determine whether polymorphisms in drug transporters may
affect terbinafine distribution.

38.4.3

Metabolism

Many drugs are lipophilic, which allows them to transit biological membranes but hinders their removal from the body.
These compounds must be metabolized to more hydrophilic
molecules for excretion. Drug metabolism reactions are
classified either as phase I or phase II. Phase I reactions
include oxidation, reduction, and hydrolysis and generally
result in inactive drugs. Phase II reactions conjugate the

result of phase I reactions with a second molecule and result
in metabolites with improved water solubility. Phase I reactions are carried out by superfamilies of related enzymes,
including CYP450 enzymes and flavin monooxygenases
(FMO).
CYP450 enzymes metabolize a wide range of endogenous and exogenous substrates, including sterols, fatty
acids, vitamins, and a multitude of drugs. Substrate specificity for each enzyme is often very broad—for example,
CYP3A4 is responsible for metabolizing about 50% of
clinically used drugs, including many immunosuppressives, statins, benzodiazepines, and other drugs. This lack
of reaction specificity means that if coadministered drugs
are metabolized by the same enzyme, there is substantial
potential for drug interaction [103].
The expression of different CYP enzymes varies
between tissues. The main CYPs expressed within the
intestine are CYP3A, accounting for approximately 80%
of total protein, and 2C9, which contributes ∼14% [104].
In the liver, CYP3A4 contributes 29% of the total protein
content; CYP2C (2C8, 2C9, 2C18, and 2C19), 18%; CYP
1A2, 13%; and other CYPs, smaller amounts [105]. CYP3A
expression levels vary throughout the length of the intestines, with the highest levels in the duodenum and middle
jejunum, declining in the distal jejunum and ileum [106]. As
well as this variability in CYP enzyme distribution, enzyme
activity can vary significantly between individuals, with
up to 20-fold variability in the activity of CYP3A4 [107].
Because of this, the extent of metabolic activity on drugs
can be markedly different between individuals and hence
the concentrations achieved in the tissues, even though the
individuals received the same initial dose.
Compounding this variability in expression and lack
of enzyme specificity is the widespread occurrence of
genetic variants within the different CYP alleles. Many
of the alleles have SNPs that result in reduced, lack of, or
occasionally increased metabolic activity. CYP3A4/5 currently has over 40 described allelic variants, 2C9 has more
than 60, and 2C19 has more than 30 [108]. The prevalence of these alleles varies with ethnicity, as discussed in
Chapter 16. For 2C9, about 80% of the Caucasian population express the wild-type allele (2C9*1A) and about 20%
express the allele’s genetic variants [109]. CYP2C19 has
several variants that result in a “poor metabolizer” phenotype, where individuals are not able to clear CYP2C19
substrates as well as those who have wild-type alleles and
are either heterozygous or homozygous for the wild-type
2C19*1A allele. The incidence of 2C19 poor metabolizers
is about 2–5% in Caucasians; in Asian populations this may
be 15–20% [110]. The prevalence of polymorphic variants
of 3A4 alleles is very low (about 1% in Caucasians), but
it has been suggested that some of the activity ascribed to
3A4 is actually due to 3A5, which has a polymorphic allele
frequency of 90% in Caucasians [111].
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The other main group of enzymes involved in phase I
metabolism are the FMOs. These are involved in the oxygenation of compounds to make them more polar and hence
easier to excrete. There are five isoforms of the enzyme,
which vary in tissue distribution and activity, and have
genetic variants with altered substrate activity [112].
Phase II reactions are carried out by various enzymes,
including the glutathione-S-transferases (GSTs), UDPglucuronosyltransferases (UGTs), and N-acetyltransferases
(NAT). These reactions result in the conjugation of a substrate and usually ablate its activity. As with the phase I
enzymes, genetic variants have been described that result in
changes in the enzymes’ metabolic activity [113].
Some data exist on the effect of genetic polymorphisms
on the metabolism of various antifungals. The magnitude
of the effect mainly depends on the way in which the drug
is metabolized. For drugs that either are not metabolized at
all or undergo metabolism independent of the phase I and
II enzymes, the potential for genetic variants affecting them
is minimal. This includes anidulafungin, amphotericin B,
flucytosine, and fluconazole.
Anidulafungin is unusual among antifungal drugs in
that it undergoes a slow nonenzymatic degradation mainly
in the tissues, with no involvement of either the phase I or
phase II enzymes. Initially, an inactive metabolite is formed
that is thought to undergo further degradation by plasma
peptidases [114]. Therefore, there are no points at which
genetic variants in phase I or II enzymes can impact this
process. Unlike anidulafungin, flucytosine and amphotericin undergo virtually no metabolism and are almost entirely
excreted unchanged [6], although very small quantities
of metabolites have been described for flucytosine [115].
Because of this lack of metabolism, there is no way in
which genetic polymorphisms can affect this process.
However, evidence from drug interactions suggests
that amphotericin B may have various effects on CYP450
enzymes. In animals, amphotericin B caused reduced concentrations of hepatic CYP enzymes, and in patients with HIV
a reduction in CYP enzymes was also reported [116]. The
mechanism is unclear and may have been hepatocyte damage rather than a specific effect on CYP. In contrast, amphotericin B was found to induce CYP3A2 and consequently
first-pass metabolism of ciclosporin, which may contribute
to decreased levels when amphotericin B and ciclosporin are
coadministered [86]. Nothing is known about its ability to
interact with the genetic variants of these CYP enzymes.
Fluconazole is highly water soluble and so circumvents
most of the hepatic metabolism needed by the other azoles.
It is mainly excreted unchanged in urine, although about
10% is metabolized [117]. Fluconazole is a weak substrate
for CYP3A4 [10] and a substrate [118] and inhibitor [119]
of UGT2B7, both of which have been shown to have genetic
variants with altered enzymic activity. However, as only
10% of fluconazole is metabolized, genetic polymorphisms
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in CYP3A4 or UGT2B7 are unlikely to affect this process
significantly.
Caspofungin is not metabolized by phase I enzymes, but
is broken down by peptide hydrolysis and N-acetylation.
In the plasma, unchanged caspofungin is found mainly in
the first 24 hours, but later M0, a linear peptide, is the main
metabolite. In urine, in the initial 24-hours, the parent drug
is mainly found, but later the hydrolytic metabolites M1 and
M2 are the predominant form [120]. N-acetylation is carried
out by NATs and numerous genetic polymorphisms affect
their activity [113]. However, there is currently no data on
which NAT is involved with caspofungin metabolism, and
hence whether genetic variability has any impact on it.
Micafungin is metabolized to an M1 metabolite by arylsulfatase, which is then further metabolized by catecholO-methyltransferase (COMT) to the M2 metabolite [121].
Micafungin’s side chain is also metabolized by CYP3A to
produce a third metabolite, but this is only a minor metabolic pathway [122]. COMT is present in cells either as
a soluble form in the cytoplasm or as a membrane-bound
form in the rough endoplasmic reticulum. The soluble form
is mainly expressed in peripheral tissues. Both arylsulfatase
and COMT are polymorphic, which affects their enzymic
activity [113]. Because both of the enzymes involved in
micafungin metabolism have genetic variants with differing
metabolic activity, the potential exists for this to affect an
individual’s ability to metabolize micafungin; as yet there
are no data as to whether this occurs.
Several antifungal drugs must undergo extensive
metabolism before they can be excreted from the body; for
them, the potential for genetic variants of the phase I and II
enzymes to impact clearance is highest.
Terbinafine is metabolized to five main metabolites by
four main metabolic pathways: N-demethylation, deamination, alkyl side chain oxidation, and dihydrodiol formation [45]. The CYP enzymes responsible for each of the
metabolic pathways have been defined: N-demethylation
is mediated by 2C9, 2C8, and 1A2; deamination, by 3A4;
alkyl side chain oxidation, by 1A2, 2C8, 2C9, and 2C19;
and dihydrodiol formation by 2C9 and 1A2. Overall, 2C9,
1A2, and 3A4 are the most important isoforms involved in
metabolism. All of the CYP isoforms involved are genetically variable [108] and so polymorphisms could affect the
metabolism of terbinafine. However, because metabolic
activity is spread over a range of isoforms, the potential
impact of each polymorphism is limited. As for most other
antifungal drugs, there are currently no data on how terbinafine metabolism is affected by CYP polymorphisms.
Of the newer triazoles, posaconazole has the most limited interaction with the CYP enzymes, as it is not metabolized by this route. Indeed, posaconazole does not undergo
extensive metabolism, being mainly excreted unchanged,
and there are no active metabolites found in plasma [9,32].
The predominant metabolite that is formed is a posaconazole
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glucuronide produced by UGT1A4 [123]. UGT1A4 is polymorphic, and some of the resultant enzymes have reduced
catalytic activity [124]. This, then, is the only point at which
genetic polymorphisms might affect posaconazole metabolism, but because most of the drug is excreted unchanged,
their potential impact is limited.
Itraconazole is largely metabolized in the liver, with
only 3–18% of the parent drug excreted in the feces.
The main metabolic pathways include oxidation and
N-dealkylation [125], resulting in at least 30 metabolites, of
which hydroxy-itraconazole is microbiologically active and
present in higher concentrations than the parent drug [19].
Metabolism is mainly carried out by CYP3A4, for which
itraconazole is both a substrate and a potent inhibitor [19].
Initial metabolism results in production of hydroxy-itraconazole, which remains attached to the CYP3A4 enzyme
complex which further catalyzes the conversion to ketoitraconazole and then N-desalkyl-itraconazole. In addition
to itraconazole being a potent CYP3A4 inhibitor, its metabolites have a higher inhibitory capacity than the parent drug,
which may explain why such potent CYP3A4 inhibition is
seen with itraconazole [126]. Because CYP3A4 is the most
abundant isoform in the human intestines, it is estimated
that first-pass metabolism may remove up to 50% of the
itraconazole dose before it reaches the systemic circulation
[18]. Although there are no data in humans, up to 76% of
the oral dose and 21% of the IV dose in rats was metabolized by this mechanism, resulting in much lower drug
exposure than predicted [127]. This suggests that first-pass
metabolism may have significant impact on drug exposure
in patients.
Multiple SNPs have been described in CYP3A4, but
most of them are low frequency and usually heterozygous
with a wild-type allele. However, CYP3A5 is highly polymorphic and, if it is involved in itraconazole metabolism,
there is significant potential for genetic variants to cause
an impact, both on first-pass and later metabolism; this
might go some way to explaining the very variable levels of
drug exposure seen in patients. At the moment, there are no
data on how these polymorphisms might affect the onward
metabolism of hydroxy-itraconazole—the first metabolite
formed in the pathway. Because it too is metabolized by
CYP3A4, it may be that it has similar potential to be as
affected as the parent drug.
In addition, itraconazole is known to be a substrate for
UGT1A4, another polymorphic enzyme [118]. The exact
role that this enzyme plays in human itraconazole metabolism is not clear, but it too is polymorphic and so is another
point at which itraconazole metabolism may be influenced
by genetic variability. Although to date there have been no
studies examining this area, the data indicating that polymorphisms may be important for itraconazole suggests
that such studies may reveal more about itraconazole’s
pharmacokinetics.
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The last of the antifungal drugs to consider is voriconazole, for which there is the most evidence that genetic variability plays a clinically significant role in its metabolism.
Voriconazole is extensively metabolized, with over 75–80%
excreted via the urine and 20–25% via the feces [22] as
multiple metabolites. The main circulating metabolite is
voriconazole N-oxide, which is produced by CYP2C19 and
CYP3A4, with 2C19 being high-affinity but low-capacity
and 3A4 being a low-affinity but high-capacity. CYP2C9 also
plays a minor role in voriconazole metabolism [21]. Another
metabolite, 4-hydroxyvoriconazole is produced by CYP3A4,
and it has been suggested that the abundance of CYP3A4 over
CYP2C19 in the liver means that this metabolic pathway is
also significant [128]. In addition to CYP-mediated metabolism of voriconazole, which makes up 75% of the metabolic
pathway, 25% of voriconazole metabolism is mediated by the
FMO enzymes [129]. Although FMOs contribute to the production of voriconazole N-oxide, they are less important than
CYP2C19. Voriconazole has recently been found to inhibit
UGT2B [130], although the significance of this is unclear.
Patients receiving voriconazole have been shown to have
significant variability in their pharmacokinetics, with trough
plasma concentrations in one study of 122 patients ranging
from <100–9700 mg/L despite the same dosing regimen
[131]. CYP2C19 is the most important enzyme involved in
voriconazole metabolism and, as discussed previously, its
variants give rise to poor metabolizers, heterozygous wildtype metabolizers, and homozygous extensive metabolizers
[110]. Voriconazole drug exposure in patients who are poor
metabolizers is up to 5 times higher than in those who are
homozygous extensive metabolizers [132]. Conversely, the
rapid metabolizer phenotype leads to concentrations of voriconazole that are much lower than those seen in extensive or
poor metabolizers [133]. Indeed, the variability in drug levels due to polymorphisms in CYP2C19 have been estimated
to account for 49% of drug clearance variability. Thus, these
polymorphisms are very important in voriconazole pharmacokinetics [134]. However, when multiple CYP genetic polymorphisms coexist, this does not lead to an additive effect on
metabolism [135]. In addition to drug exposure variability
caused by genetic variants of CYP2C19, there is also variability caused by FMO genetic variants [112], but the extent
to which this impacts voriconazole metabolism is unknown.
Because it is known that CYP2C19 variability is important in voriconazole exposure, voriconazole was one of the
first drugs for which pharmacogenomic data were included
in the manufacturer’s FDA submission. It has also been
suggested that genome analysis should be performed in the
future for all patients receiving voriconazole, in addition to
therapeutic drug monitoring to optimize exposure [136].
For voriconazole, more than for any other drug, understanding how genetic polymorphisms affect its metabolism
have been pivotal in explaining the pharmacokinetic variability observed in patients who are treated with it.
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38.4.4

Elimination

Elimination of drugs from the body is via the liver or kidneys. In the liver drugs are eliminated with bile via the
feces, while in the kidneys they are eliminated via urine.
Efflux transporters in the liver and kidneys are therefore
critical to removal of drugs from the body. Transporters that
are responsible for transit of substances across the canalicular membrane and into the bile include P-gp, MRP2,
BCRP, BSEP, MDR3, and multidrug and toxin extrusion
type transporter 1 (MATE1) [137]. In the kidneys, excretion into urine is mediated via various transporters, including OCTN1, OCTN2, MATE1, MATE2, P-gp, BCRP,
MRP2, and MRP4 [138]. Transporters that are responsible
for effluxing drugs into the intestinal lumen include P-gp,
BCRP, and MRP2 [73], and these may mediate antifungal
drug efflux directly into the feces.
Amphotericin B is predominantly eliminated via the
bile, with 43% excreted unchanged, while 21% is excreted
via the kidneys. Several drug transporters are important in
transporting drugs across the canalicular membrane and into
the bile, which suggests that amphotericin B must be a substrate of at least one of them. Limited evidence suggests that
amphotericin B may be transported via P-gp [139], and this
might represent a route for its elimination via both the liver
and kidneys. P-gp polymorphisms could potentially impact
elimination if indeed amphotericin B is a substrate of P-gp.
Fluconazole and flucytosine are largely excreted
unchanged in the urine. Because of their hydrophilic nature
and limited protein binding, they may diffuse into the urine
passively. However, at the moment there are no data on
whether drug transporters contribute to this process, and
hence whether genetic variants influence the elimination of
either drug.
Elimination of itraconazole is mainly via the feces as
metabolites, with some excreted as either metabolites or
unchanged in urine. Itraconazole is a substrate of P-gp and
CYP3A4, and up to 50% of it may potentially be excreted
directly into bile or feces via first-pass metabolism without
absorption. Similarly, itraconazole that has been absorbed
is likely to be eliminated via P-gp efflux into the intestines.
The route of excretion of itraconazole’s main metabolite,
hydroxy-itraconazole, is not well established and so there
are no data as to whether it is eliminated via drug transporters or via passive diffusion. P-gp represents one point at
which itraconazole elimination may be affected by genetic
polymorphisms.
Voriconazole is mainly excreted as metabolites, with
80% in the urine and about 20% in the feces. It is not a substrate for BCRP, and there is only limited evidence that it is
a substrate for P-gp [76,140]. Also, it is currently unknown
whether any of voriconazole’s metabolites are substrates for
drug transporters, but at the moment there is little to suggest
that genetic variants impact its elimination.
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Posaconazole is predominantly eliminated unchanged
in the feces, with some metabolites in the urine. It is a
substrate of P-gp, and the presence of large amounts of
unchanged drug in the feces suggests that it may undergo
some direct efflux from the systemic circulation into the
intestines because of P-gp [32]. This may be partly why its
absorption is limited. Thus, excretion of posaconazole may
be affected by polymorphisms in P-gp, resulting in more or
less being left in the circulation depending on the particular
effect of the polymorphism.
Caspofungin and anidulafungin are eliminated mainly as
metabolites: caspofungin equally in the urine and feces and
anidulafungin mainly via the feces. Most of the metabolites
for both drugs are peptides, so they are likely to be eliminated by transporters that excrete peptides from the body.
It is unknown which transporters eliminate the metabolites
from these drugs, and hence whether they have polymorphisms that may affect this process.
Micafungin is eliminated mostly in the bile via the
feces. The rate-limiting step in its hepatic elimination is
biliary excretion rather than hepatic uptake, and the main
drug transporter involved in transport across the canalicular hepatocyte membrane is BSEP, with BCRP having little
importance. MRP3 is responsible for transport of micafungin across sinusoidal hepatocyte membranes [100]. Both of
these transporters have genetic polymorphisms, and hence
there is the potential that the elimination of micafungin is
affected by them.
Terbinafine is metabolized to five main metabolites
which differ in their excretory route. In plasma, the main
metabolite is carboxybutylterbinafine, which, along with
the parent drug and three other metabolites, accounts for
80% of the total dose [141]. In urine the major metabolite
is demethylcarboxybutylterbinafine, which with the parent
drug and three other metabolites accounts for only 14% of
the total dose over a 48-hour period. There are currently no
data on the interaction of terbinafine with drug transporters,
and hence no indication as to whether polymorphisms may
affect its elimination.

38.5 CURRENT SUCCESSES IN
STRATIFIED MEDICINE
The risk of developing IFD is determined by many factors,
including the degree and duration of immunocompromise,
the presence of other infections, and underlying disease.
As detailed previously, there are various ways of managing patients, including prophylaxis, the enhanced diagnostic
approach, and empiric antifungal therapy. Therefore, it has
long been understood that not all patients are equally likely
to develop infections and so there is a need to quantify each
patient’s risk. In one study, this concept of risk stratification was formalized in neutropenic patients by dividing
them into four categories: low-risk, intermediate low-risk,
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intermediate high-risk, and high-risk [142]. Patients who
had lymphoma, autologous HSCT, or childhood acute lymphoblastic leukemia were considered low-risk; those who
had been neutropenic for more than 5 weeks, had graft versus host disease, received steroids at doses >2 mg/kg for
more than two weeks, and various others were considered
high-risk. Using these, the researchers found that the evidence supported prophylaxis in high-risk groups but not in
the intermediate or low-risk groups. This risk stratification
was evaluated and found to be valid as a way to define highrisk patients in the clinical setting [143].
Stratification has also been helpful in the interpretation
of biomarkers. The Aspergillus GM ELISA is used as part
of the diagnostic pathway for invasive aspergillosis, but has
also been found to have prognostic value. The amount of
GM in each sample is expressed as a ratio, with GM indices
>0.5 considered positive. The GM index and its rate of decay
are also predictive of mortality. If the GM index in the first
week increases by 1 unit, the risk of mortality at 6 weeks
increases by 25%, whereas each unit of fall decreases the
risk of mortality at 6 weeks by 22% [144]. This ability to
predict mortality based on the GM index provides another
possibility for stratifying patients and in this way appropriately targeting management.
Another developing area in stratified medicine is our
understanding of differences in immune recognition mechanisms between individuals that affects their predisposition to fungal disease, particularly invasive aspergillosis.
Immune recognition of fungi involves multiple aspects of
the immune system. Innate immunity, particularly phagocytic cells, is important in the uptake and clearance of fungi,
using a range of ligand–receptor interactions. Triggering of
the cytokine release that coordinates the interplay between
innate and adaptive immune responses is also important
in driving the host response toward either a Th1 proinflammatory and usually protective response, or toward a
Th2 anti-inflammatory and often unfavorable response.
Polymorphisms within many of the genes coding for the
receptors and cytokines have been described and found to
correlate with changes in IFD risk. For example, one study
found that the presence of two specific haplotypes for TLR4
increased the risk of invasive aspergillosis in HSCT recipients [145]. Our understanding of this area is expanding
rapidly, and with it our ability to define which patients are
likely to develop IFD and so tailor their care to minimize
the risk of disease.

38.6

FUTURE PERSPECTIVES

Successful treatment of IFDs relies on patients receiving an
antifungal that achieves sufficient drug exposure at the site of
infection; therefore, improving the absorption and distribution of drugs is of paramount importance. As we understand

more about the pharmacokinetics of antifungals, it is becoming clear that many interact with genetically polymorphic
enzymes and/or transporters, which means that there is significant potential for these polymorphisms to affect a drug’s
journey through the body. For some drugs, such as voriconazole, polymorphisms in the CYP2C19 enzyme cause most
of the variability in drug exposure between patients. For
other drugs, there is less evidence for this, but this is probably a result of the lack of relevant studies. A priority now
should be to systematically examine the pharmacogenomic
data that do exist for all antifungal drugs and conduct clinical studies, including appropriately chosen populations with
relevant polymorphisms, to determine how much these polymorphisms impact clinical patient outcomes. Understanding
this is pivotal to our ability to tailor the management of each
patient and provide truly personalized medicine.
Once such studies have been conducted, the use of nextgeneration sequencing [146] will allow screening for polymorphisms as part of a patient’s diagnostic workup. For
some patients who undergo intensive diagnostic investigations before procedures—for example, tissue typing before
HSCT or solid organ transplantation—the addition of
screening for specific polymorphisms involved in a patient’s
susceptibility to either IFD or drug pharmacokinetics is an
obvious additional step. The ability to use the right drug at
the right dose, limiting toxicity but achieving efficacy—all
informed by an understanding of a patient’s genetic profile—is becoming a more achievable goal. Ultimately this
will not only provide personalized medicine for the patient,
but also save resources in an era in which financial constraints increasingly influence patient care.

REFERENCES
[1] Oxford AE, Raistrick H, Simonart P. Studies in the biochemistry
of micro-organisms: Griseofulvin, C(17)H(17)O(6)Cl, a metabolic product of Penicillium griseo-fulvum Dierckx. Biochem J
1939;33(2):240–8.
[2] Gallis HA, Drew RH, Pickard WW. Amphotericin B: 30 years of
clinical experience. Rev Infect Dis 1990;12(2):308–29.
[3] Bellmann R. Clinical pharmacokinetics of systemically administered antimycotics. Curr Clin Pharmacol 2007;2(1):37–58.
[4] Laniado-Laborin R, Cabrales-Vargas MN. Amphotericin B: side
effects and toxicity. Rev Iberoam Micol 2009;26(4):223–7.
[5] Herbrecht R, Natarajan-Ame S, Nivoix Y, Letscher-Bru V. The
lipid formulations of amphotericin B. Expert Opin Pharmacother
2003;4(8):1277–87.
[6] Bekersky I, Fielding RM, Dressler DE, Lee JW, Buell DN, Walsh
TJ. Pharmacokinetics, excretion, and mass balance of liposomal
amphotericin B (AmBisome) and amphotericin B deoxycholate in
humans. Antimicrob Agents Chemother 2002;46(3):828–33.
[7] Ostrosky-Zeichner L, Marr KA, Rex JH, Cohen SH. Amphotericin
B: time for a new “gold standard”. Clin Infect Dis 2003;37:415–25.
[8] Woolley DW. Some biological effects produced by benzimidazole
and their reversal by purines. J Biol Chem 1944;152:225–32.

Chapter | 38 Pharmacogenomics of Antifungal Agents

[9] Dodds Ashley ES. Pharmacology of azole antifungal agents. In:
Antifungal therapy. Informa Healthcare; 2010. pp. 199–218.
[10] Venkatakrishnan K, von Moltke LL, Greenblatt DJ. Effects of the
antifungal agents on oxidative drug metabolism: clinical relevance.
Clin Pharmacokinet 2000;38(2):111–80.
[11] Sakaeda T, Iwaki K, Kakumoto M, Nishikawa M, Niwa T, Jin JS.
Effect of micafungin on cytochrome P450 3A4 and multidrug resistance protein 1 activities, and its comparison with azole antifungal
drugs. J Pharm Pharmacol 2005;57(6):759–64.
[12] Niwa T, Shiraga T, Takagi A. Effect of antifungal drugs on cytochrome P450 (CYP) 2C9, CYP2C19, and CYP3A4 activities in
human liver microsomes. Biol Pharm Bull 2005;28(9):1805–8.
[13] Brammer KW, Farrow PR, Faulkner JK. Pharmacokinetics and
tissue penetration of fluconazole in humans. Rev Infect Dis
1990;12(Suppl.):318–27.
[14] Wang EJ, Lew K, Casciano CN, Clement RP, Johnson WW. Interaction of common azole antifungals with P glycoprotein. Antimicrob
Agents Chemother 2002;46(1):160–5.
[15] Bruggemann RJM, Alffenaar JWC, Blijlevens NMA, Billaud EM,
Kosterink JGW, Verweij PE. Clinical relevance of the pharmacokinetic interactions of azole antifungal drugs with other coadministered agents. Clin Infect Dis 2009;48(10):1441–58.
[16] Sabatelli F, Patel R, Mann PA, Mendrick CA, Norris CC, Hare R.
In vitro activities of posaconazole, fluconazole, itraconazole, voriconazole, and amphotericin B against a large collection of clinically important molds and yeasts. Antimicrob Agents Chemother
2006;50(6):2009–15.
[17] Espinel-Ingroff A. In vitro fungicidal activities of voriconazole,
itraconazole, and amphotericin B against opportunistic moniliaceous and dematiaceous fungi. J Clin Microbiol 2001;39(3):954–8.
[18] Lestner J, Hope WW. Itraconazole: an update on pharmacology and
clinical use for treatment of invasive and allergic fungal infections.
Expert Opin Drug Metab Toxicol 2013;9(7):911–26.
[19] Templeton IE, Thummel KE, Kharasch ED, Kunze KL, Hoffer C,
Nelson WL. Contribution of itraconazole metabolites to inhibition
of CYP3A4 in vivo. Clin Pharmacol Ther 2008;83(1):77–85.
[20] Purkins L, Wood N, Greenhalgh K, Allen MJ, Oliver SD. Voriconazole, a novel wide-spectrum triazole: oral pharmacokinetics and
safety. Br J Clin Pharmacol 2003;56(Suppl. 1):10–16.
[21] Hyland R, Jones BC, Smith DA. Identification of the cytochrome
P450 enzymes involved in the N-oxidation of voriconazole. Drug
Metab Dispos 2003;31(5):540–7.
[22] Roffey SJ, Cole S, Comby P, Gibson D, Jezequel SG, Nedderman
AN. The disposition of voriconazole in mouse, rat, rabbit, guinea
pig, dog, and human. Drug Metab Dispos 2003;31(6):731–41.
[23] Pasqualotto AC, Xavier MO, Andreolla HF, Linden R. Voriconazole
therapeutic drug monitoring: focus on safety. Expert Opin Drug Saf
2010;9(1):125–37.
[24] Vadnerkar A, Nguyen MH, Mitsani D, Crespo M, Pilewski J, Toyoda Y.
Voriconazole exposure and geographic location are independent risk
factors for squamous cell carcinoma of the skin among lung transplant recipients. J Heart Lung Transplant 2010;29(11):1240–4.
[25] Tan K, Brayshaw N, Tomaszewski K, Troke P, Wood N. Investigation of the potential relationships between plasma voriconazole
concentrations and visual adverse events or liver function test
abnormalities. J Clin Pharmacol 2006;46(2):235–43.
[26] Jeong S, Nguyen PD, Desta Z. Comprehensive in vitro analysis of
voriconazole inhibition of eight cytochrome P450 (CYP) enzymes:

897

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]
[39]

[40]

[41]
[42]

[43]
[44]

major effect on CYPs 2B6, 2C9, 2C19, and 3A. Antimicrob Agents
Chemother 2009;53(2):541–51.
Krishna G, Ma L, Martinho M, O’Mara E. A single dose phase I
study to evaluate the pharmacokinetics of posaconazole new tablet
and capsule formulations relative to oral suspension. Antimicrob
Agents Chemother 2012;56(8):4196–201.
Soczo G, Kardos G, McNicholas PM, Balogh E, Gergely L, Varga I.
Correlation of posaconazole minimum fungicidal concentration and
time kill test against nine Candida species. J Antimicrob Chemother
2007;60(5):1004–9.
Krishna G, Moton A, Ma L, Medlock MM, McLeod J. Pharmacokinetics and absorption of posaconazole oral suspension under
various gastric conditions in healthy volunteers. Antimicrob Agents
Chemother 2009;53(3):958–66.
Dolton MJ, Ray JE, Chen SC, Ng K, Pont L, McLachlan AJ.
Multicenter study of posaconazole therapeutic drug monitoring:
exposure-response relationship and factors affecting concentration.
Antimicrob Agents Chemother 2012;56(11):5503–10.
Wexler D, Courtney R, Richards W, Banfield C, Lim J,
Laughlin M. Effect of posaconazole on cytochrome P450 enzymes:
a randomized, open-label, two-way crossover study. Eur J Pharm
Sci 2004;21(5):645–53.
Krieter P, Flannery B, Musick T, Gohdes M, Martinho M,
Courtney R. Disposition of posaconazole following single-dose oral
administration in healthy subjects. Antimicrob Agents Chemother
2004;48(9):3543–51.
Johnson MD, Mohr J. Echinocandins for prevention and treatment of invasive fungal infections. In: Antifungal therapy. Informa
Healthcare; 2010. pp. 219–42.
Wagner C, Graninger W, Presterl E, Joukhadar C. The echinocandins: comparison of their pharmacokinetics, pharmacodynamics
and clinical applications. Pharmacology 2006;78(4):161–77.
Denning DW. Echinocandin antifungal drugs. Lancet 2003;363:
1142–51.
Colburn DE, Giles FJ, Oladovich D, Smith JA. In vitro evaluation of cytochrome P450-mediated drug interactions between
cytarabine, idarubicin, itraconazole and caspofungin. Hematology
2004;9(3):217–21.
Vermes A, Guchelaar HJ, Dankert J. Flucytosine: a review of its
pharmacology, clinical indications, pharmacokinetics, toxicity and
drug interactions. J Antimicrob Chemother 2000;46:171–9.
Drew RH. Flucytosine. In: Antifungal therapy. Informa Healthcare;
2010. pp. 184–98.
Vermes A, Guchelaar HJ, van Kuilenberg ABP, Dankert J. 5-fluorocytosine-related bone-marrow depression and conversion to fluorouracil: a pilot study. Fundam Clin Pharmacol 2002;16(1):39–47.
Whelan WL. The genetic basis of resistance to 5-fluorocytosine in
Candida species and Cryptococcus neoformans. Crit Rev Microbiol
1987;15(1):45–56.
Jain S, Sehgal VN. Terbinafine, a unique oral antifungal: current
perceptions. Int J Dermatol 2000;39(6):412–23.
Schuster I, Ryder NS. Allylamines – mode and selectivity of action
compared to azole antifungals and biological fate in mammalian
organisms. J Dermatol Treat 1990;1(Suppl. 2):7–9.
Ryder NS, Leitner I. In vitro activity of terbinafine (Lamisil): an
update. J Dermatol Treat 1998;9(Suppl. 1):S23–8.
Jensen JC. Clinical pharmacokinetics of terbinafine (Lamisil). Clin
Exp Dermatol 1989;14(2):110–3.

898

[45] Vickers AE, Sinclair JR, Zollinger M, Heitz F, Glanzel U, Johanson
L. Multiple cytochrome P-450s involved in the metabolism of terbinafine suggest a limited potential for drug-drug interactions. Drug
Metab Dispos 1999;27(9):1029–38.
[46] Suhonen R, Neuvonen PJ. The tolerability profile of terbinafine.
Rev Contemp Pharmacother 1997;8:373–86.
[47] Ahonen J, Olkkola KT, Neuvonen PJ. Effect of itraconazole and
terbinafine on the pharmacokinetics and pharmacodynamics of midazolam in healthy volunteers. Br J Clin Pharmacol 1995;40(3):270–2.
[48] Abdel-Rahman SM, Marcucci K, Boge T, Gotschall RR, Kearns GL,
Leeder JS. Potent inhibition of cytochrome P-450 2D6-mediated
dextromethorphan O-demethylation by terbinafine. Drug Metab
Dispos 1999;27(7):770–5.
[49] Hynninen VV, Olkkola KT, Bertilsson L, Kurkinen K, Neuvonen
PJ, Laine K. Effect of terbinafine and voriconazole on the pharmacokinetics of the antidepressant venlafaxine. Clin Pharmacol Ther
2008;83(2):342–8.
[50] Castberg I, Helle J, Aamo TO. Prolonged pharmacokinetic drug
interaction between terbinafine and amitriptyline. Ther Drug Monit
2005;27(5):680–2.
[51] Burzykowski T, Molenberghs G, Abeck D, Haneke E, Hay RJ,
Katsambas A. High prevalence of foot diseases in Europe; results
of the Achilles Project. Mycoses 2003;46:496–505.
[52] Fuller LC, Child FJ, Midgley G, Higgins EM. Diagnosis and management of scalp ringworm. BMJ 2003;326(7388):539–41.
[53] Lopez-Martinez R. Candidosis, a new challenge. Clin Dermatol
2010;28(2):178–84.
[54] Richardson MD, Lass-Florl C. Changing epidemiology of systemic
fungal infections. Clin Microbiol Infect 2008;14(Supp. 4):5–24.
[55] Menzin J, Meyers JL, Friedman M, Perfect JR, Langston AA,
Danna RP. Mortality, length of hospitalization, and costs associated
with invasive fungal infections in high-risk patients. Am J Health
Syst Pharm 2009;66(19):1711–7.
[56] Verweij PE, Snelders E, Kema GH, Mellado E, Melchers WJ. Azole
resistance in Aspergillus fumigatus: a side-effect of environmental
fungicide use? Lancet Infect Dis 2009;9(12):789–95.
[57] Howard SJ, Webster I, Moore CB, Gardiner RE, Park S, Perlin DS.
Multi-azole resistance in Aspergillus fumigatus. Int J Antimicrob
Agents 2006;28(5):450–3.
[58] Pfaller MA, Diekema DJ. Epidemiology of invasive mycoses in
North America. Crit Rev Microbiol 2010;36(1):1–53.
[59] Ashbee HR, Gilleece MH. Has the era of individualised medicine
arrived for antifungals? A review of antifungal pharmacogenomics.
Bone Marrow Transplant 2011;25(47):881–94.
[60] Marr KA, Laverdiere M, Gugel A, Leisenring W. Antifungal therapy decreases sensitivity of the Aspergillus galactomannan enzyme
immunoassay. Clin Infect Dis 2005;40(12):1762–9.
[61] Barnes RA, White PL, Bygrave C, Evans N, Healy B, Kell J. Clinical impact of enhanced diagnosis of invasive fungal disease in highrisk haematology and stem cell transplant patients. J Clin Pathol
2009;62(1):64–9.
[62] Cuenca-Estrella M, Bernal-Martinez L, Buitrago MJ, Castelli MV,
Gomez-Lopez A, Zaragoza O. Update on the epidemiology and
diagnosis of invasive fungal infection. Int J Antimicrob Agents
2008;32(Suppl. 2):S143–7.
[63] Garey KW, Rege M, Pai MP, Mingo DE, Suda KJ, Turpin RS. Time
to initiation of fluconazole therapy impacts mortality in patients
with candidemia: a multi-institutional study. Clin Infect Dis
2006;43(1):25–31.

PART | VII Application in Therapeutics

[64] Meletiadis J, Chanock S, Walsh TJ. Human pharmacogenomic variations and their implications for antifungal efficacy. Clin Microbiol
Rev 2006;19(4):763–87.
[65] Johnson MD. Pharmacogenomics of systemic antifungal agents.
Curr Fungal Infect Rep 2009;3:111–6.
[66] Prentice AG, Glasmacher A. Making sense of itraconazole pharmacokinetics. J Antimicrob Chemother 2005;56(Suppl. 1):i17–22.
[67] Courtney R, Radwanski E, Lim J, Laughlin M. Pharmacokinetics of
posaconazole coadministered with antacid in fasting or nonfasting
healthy men. Antimicrob Agents Chemother 2004;48(3):804–8.
[68] Williams MP, Sercombe J, Hamilton MI, Pounder RE. A placebocontrolled trial to assess the effects of 8 days of dosing with rabeprazole versus omeprazole on 24-h intragastric acidity and plasma
gastrin concentrations in young healthy male subjects. Aliment
Pharmacol Ther 1998;12(11):1079–89.
[69] Feldman M, Barnett C. Fasting gastric pH and its relationship to
true hypochlorhydria in humans. Dig Dis Sci 1991;36(7):866–9.
[70] Welage LS, Carver PL, Revankar S, Pierson C, Kauffman CA.
Alterations in gastric acidity in patients infected with human immunodeficiency virus. Clin Infect Dis 1995;21(6):1431–8.
[71] Brett S. Science review: the use of proton pump inhibitors for gastric acid suppression in critical illness. Crit Care 2005;9(1):45–50.
[72] Grube RR, May DB. Stress ulcer prophylaxis in hospitalized
patients not in intensive care units. Am J Health Syst Pharm
2007;64(13):1396–400.
[73] Estudante M, Morais JG, Soveral G, Benet LZ. Intestinal drug transporters: an overview. Adv Drug Deliv Rev 2013;65(10):1340–56.
[74] Tucker TG, Milne AM, Fournel-Gigleux S, Fenner KS, Coughtrie
MW. Absolute immunoquantification of the expression of ABC
transporters P-glycoprotein, breast cancer resistance protein and
multidrug resistance-associated protein 2 in human liver and duodenum. Biochem Pharmacol 2012;83(2):279–85.
[75] Schwab M, Eichelbaum M, Fromm MF. Genetic polymorphisms of
the human MDR1 drug transporter. Annu Rev Pharmacol Toxicol
2003;43:285–307.
[76] Wakiec R, Prasad R, Morschhauser J, Barchiesi F, Borowski E,
Milewski S. Voriconazole and multidrug resistance in Candida albicans. Mycoses 2007;50(2):109–15.
[77] Gupta A, Unadkat JD, Mao Q. Interactions of azole antifungal
agents with the human breast cancer resistance protein (BCRP). J
Pharm Sci 2007;96(12):3226–35.
[78] Courtney R, Sansone-Parsons A, Devlin D, Soni P, Laughlin M,
Simon J. P-glycoprotein (P-gp) expression and genotype: exploratory analysis of posaconazole (POS) in healthy volunteers. ICAAC
Abstract A-40; 2004.
[79] Arredondo G, Calvo R, Marcos F, Martinez-Jorda R, Suarez E. Protein binding of itraconazole and fluconazole in patients with cancer.
Int J Clin Pharmacol Ther 1995;33(8):449–52.
[80] Brajtburg J, Elberg S, Bolard J, Kobayashi GS, Levy RA, Ostlund
Jr RE. Interaction of plasma proteins and lipoproteins with amphotericin B. J Infect Dis 1984;149(6):986–97.
[81] Bekersky I, Fielding RM, Dressler DE, Lee JW, Buell DN, Walsh TJ.
Plasma protein binding of amphotericin B and pharmacokinetics of
bound versus unbound amphotericin B after administration of intravenous liposomal amphotericin B (AmBisome) and amphotericin B
deoxycholate. Antimicrob Agents Chemother 2002;46(3):834–40.
[82] Kragh-Hansen U, Minchiotti L, Galliano M, Peters Jr T. Human
serum albumin isoforms: genetic and molecular aspects and functional consequences. Biochim Biophys Acta 2013;1830(8):5405–17.

Chapter | 38 Pharmacogenomics of Antifungal Agents

[83] Nishi K, Ueno M, Murakami Y, Fukunaga N, Akuta T, Kadowaki
D. A site-directed mutagenesis study of drug-binding selectivity in
genetic variants of human alpha(1)-acid glycoprotein. J Pharm Sci
2009;98(11):4316–26.
[84] Ho RH, Kim RB. Transporters and drug therapy: implications for drug
disposition and disease. Clin Pharmacol Ther 2005;78(3):260–77.
[85] Valeriote F, Medoff G, Dieckman J. Potentiation of anticancer
agent cytotoxicity against sensitive and resistant AKR leukemia by
amphotericin B1. Cancer Res 1979;39(6 Pt 1):2041–5.
[86] Ishizaki J, Ito S, Jin M, Shimada T, Ishigaki T, Harasawa Y. Mechanism of decrease of oral bioavailability of cyclosporin A during
immunotherapy upon coadministration of amphotericin B. Biopharm Drug Dispos 2008;29(4):195–203.
[87] Miyama T, Takanaga H, Matsuo H, Yamano K, Yamamoto K, Iga T.
P-glycoprotein-mediated transport of itraconazole across the bloodbrain barrier. Antimicrob Agents Chemother 1998;42(7):1738–44.
[88] Imbert F, Jardin M, Fernandez C, Gantier JC, Dromer F, Baron G.
Effect of efflux inhibition on brain uptake of itraconazole in mice
infected with Cryptococcus neoformans. Drug Metab Dispos
2003;31(3):319–25.
[89] Yoshikado T, Takada T, Yamamoto T, Yamaji H, Ito K, Santa T.
Itraconazole-induced cholestasis: involvement of the inhibition of
bile canalicular phospholipid translocator MDR3/ABCB4. Mol
Pharmacol 2011;79(2):241–50.
[90] Lennernas H. Clinical pharmacokinetics of atorvastatin. Clin Pharmacokinet 2003;42(13):1141–60.
[91] Uno T, Shimizu M, Sugawara K, Tateishi T. Lack of dose-dependent
effects of itraconazole on the pharmacokinetic interaction with
fexofenadine. Drug Metab Dispos 2006;34(11):1875–9.
[92] Hirano M, Maeda K, Shitara Y, Sugiyama Y. Drug-drug interaction
between pitavastatin and various drugs via OATP1B1. Drug Metab
Dispos 2006;34(7):1229–36.
[93] Yamaguchi H, Takeuchi T, Okada M, Kobayashi M, Unno M,
Abe T. Screening of antibiotics that interact with organic aniontransporting polypeptides 1B1 and 1B3 using fluorescent probes.
Biol Pharm Bull 2011;34(3):389–95.
[94] Lutsar I, Roffey S, Troke P. Voriconazole concentrations in the cerebrospinal fluid and brain tissue of guinea pigs and immunocompromised patients. Clin Infect Dis 2003;37(5):728–32.
[95] Weiler S, Fiegl D, MacFarland R, Stienecke E, Bellmann-Weiler R,
Dunzendorfer S. Human tissue distribution of voriconazole. Antimicrob Agents Chemother 2011;55(2):925–8.
[96] Li Y, Theuretzbacher U, Clancy CJ, Nguyen MH, Derendorf H.
Pharmacokinetic/pharmacodynamic profile of posaconazole. Clin
Pharmacokinet 2010;49(6):379–96.
[97] Stone JA, Xu X, Winchell GA, Deutsch PJ, Pearson PG, Migoya
EM. Disposition of caspofungin: role of distribution in determining pharmacokinetics in plasma. Antimicrob Agents Chemother
2004;48(3):815–23.
[98] Sandhu P, Lee W, Xu X, Leake BF, Yamazaki M, Stone JA. Hepatic
uptake of the novel antifungal agent caspofungin. Drug Metab Dispos 2005;33(5):676–82.
[99] Stone JA, Migoya EM, Hickey L, Winchell GA, Deutsch PJ, Ghosh K.
Potential for interactions between caspofungin and nelfinavir or
rifampin. Antimicrob Agents Chemother 2004;48(11):4306–14.
[100] Yanni SB, Augustijns PF, Benjamin Jr DK, Brouwer KL, Thakker
DR, Annaert PP. In vitro investigation of the hepatobiliary disposition mechanisms of the antifungal agent micafungin in humans and
rats. Drug Metab Dispos 2010;38(10):1848–56.

899

[101] Ho RH, Leake BF, Roberts RL, Lee W, Kim RB. Ethnicitydependent polymorphism in Na+-taurocholate cotransporting
polypeptide (SLC10A1) reveals a domain critical for bile acid
substrate recognition. J Biol Chem 2004;279(8):7213–22.
[102] Inskeep PB, Walsky RL, Feng B, Campbell S. Lack of anidulafungin interactions with CYP enzymes and transporters in in vivo and
in vitro systems. In: Proceedings of the 18th European congress of
clinical microbiology and infectious disease, Abst P1049; 2008.
[103] Badyal DK, Dadhich AP. Cytochrome P450 and drug interactions.
Indian J Pharmacol 2001;33:248–59.
[104] Paine MF, Hart HL, Ludington SS, Haining RL, Rettie AE, Zeldin
DC. The human intestinal cytochrome P450 “pie”. Drug Metab Dispos 2006;34(5):880–6.
[105] Shimada T, Yamazaki H, Mimura M, Inui Y, Guengerich FP. Interindividual variations in human liver cytochrome P-450 enzymes
involved in the oxidation of drugs, carcinogens and toxic chemicals:
studies with liver microsomes of 30 Japanese and 30 Caucasians. J
Pharmacol Exp Ther 1994;270(1):414–23.
[106] Paine MF, Khalighi M, Fisher JM, Shen DD, Kunze KL, Marsh
CL. Characterization of interintestinal and intraintestinal variations
in human CYP3A-dependent metabolism. J Pharmacol Exp Ther
1997;283(3):1552–62.
[107] Hsieh KP, Lin YY, Cheng CL, Lai ML, Lin MS, Siest JP.
Novel mutations of CYP3A4 in Chinese. Drug Metab Dispos
2001;29(3):268–73.
[108] <www.cypalleles ki se/> [last accessed 20.08.13].
[109] Stubbins MJ, Harries LW, Smith G, Tarbit MH, Wolf CR. Genetic
analysis of the human cytochrome P450 CYP2C9 locus. Pharmacogenetics 1996;6(5):429–39.
[110] Desta Z, Zhao X, Shin JG, Flockhart DA. Clinical significance of
the cytochrome P450 2C19 genetic polymorphism. Clin Pharmacokinet 2002;41(12):913–58.
[111] Lamba JK, Lin YS, Schuetz EG, Thummel KE. Genetic contribution to variable human CYP3A-mediated metabolism. Adv Drug
Deliv Rev 2002;54(10):1271–94.
[112] Cashman JR, Zhang J. Human flavin-containing monooxygenases.
Annu Rev Pharmacol Toxicol 2006;46:65–100.
[113] Jancova P, Anzenbacher P, Anzenbacherova E. Phase II drug metabolizing enzymes. Biomed Pap 2010;154(2):103–16. [Palacký University, Faculty of Medicine and Dentistry, Olomouc, Czech Republic].
[114] Damle BD, Dowell JA, Walsky RL, Weber GL, Stogniew M,
Inskeep PB. In vitro and in vivo studies to characterize the clearance
mechanism and potential cytochrome P450 interactions of anidulafungin. Antimicrob Agents Chemother 2009;53(3):1149–56.
[115] Polak A, Eschenhof E, Fernex M, Scholer HJ. Metabolic studies
with 5-fluorocytosine-6-14C in mouse, rat, rabbit, dog and man.
Chemotherapy 1976;22(3–4):137–53.
[116] Brockmeyer NH, Gambichler T, Bader A, Kreuter A, Kurowski M,
Sander P. Impact of amphotericin B on the cytochrome P450 system
in HIV-infected patients. Eur J Med Res 2004;9(2):51–4.
[117] Humphrey MJ, Jevons S, Tarbit MH. Pharmacokinetic evaluation of UK-49,858, a metabolically stable triazole antifungal
drug, in animals and humans. Antimicrob Agents Chemother
1985;28(5):648–53.
[118] Bourcier K, Hyland R, Kempshall S, Jones R, Maximilien J,
Irvine N. Investigation into UDP-glucuronosyltransferase (UGT)
enzyme kinetics of imidazole- and triazole-containing antifungal
drugs in human liver microsomes and recombinant UGT enzymes.
Drug Metab Dispos 2010;38(6):923–9.

900

[119] Uchaipichat V, Winner LK, Mackenzie PI, Elliot DJ, Williams JA,
Miners JO. Quantitative prediction of in vivo inhibitory interactions involving glucuronidated drugs from in vitro data: the effect
of fluconazole on zidovudine glucuronidation. Br J Clin Pharmacol
2006;61(4):427–39.
[120] Balani SK, Xu X, Arison BH, Silva MV, Gries A, DeLuna FA.
Metabolites of caspofungin acetate, a potent antifungal agent,
in human plasma and urine. Drug Metab Dispos 2000;28(11):
1274–8.
[121] Hebert MF, Smith HE, Marbury TC, Swan SK, Smith WB,
Townsend RW. Pharmacokinetics of micafungin in healthy volunteers, volunteers with moderate liver disease, and volunteers with
renal dysfunction. J Clin Pharmacol 2005;45(10):1145–52.
[122] Kofla G, Ruhnke M. Pharmacology and metabolism of anidulafungin, caspofungin and micafungin in the treatment of invasive candidosis: review of the literature. Eur J Med Res 2011;16(4):159–66.
[123] Ghosal A, Hapangama N, Yuan Y, Achanfuo-Yeboah J, Iannucci R,
Chowdhury S. Identification of human UDP-glucuronosyltransferase enzyme(s) responsible for the glucuronidation of posaconazole
(Noxafil). Drug Metab Dispos 2004;32(2):267–71.
[124] Mori A, Maruo Y, Iwai M, Sato H, Takeuchi Y. UDP-glucuronosyltransferase 1A4 polymorphisms in a Japanese population
and kinetics of clozapine glucuronidation. Drug Metab Dispos
2005;33(5):672–5.
[125] Heykants J, van Peer A, Van de Velde V, Van Rooy P, Meuldermans W,
Lavrijsen K. The clinical pharmacokinetics of itraconazole: an
overview. Mycoses 1989;32(Supp. 1):67–87.
[126] Isoherranen N, Kunze KL, Allen KE, Nelson WL, Thummel KE.
Role of itraconazole metabolites in CYP3A4 inhibition. Drug
Metab Dispos 2004;32(10):1121–31.
[127] Yoo SD, Kang E, Jun H, Shin BS, Lee KC, Lee KH. Absorption,
first-pass metabolism, and disposition of itraconazole in rats. Chem
Pharm Bull (Tokyo) 2000;48(6):798–801.
[128] Murayama N, Imai N, Nakane T, Shimizu M, Yamazaki H. Roles
of CYP3A4 and CYP2C19 in methyl hydroxylated and N-oxidized
metabolite formation from voriconazole, a new anti-fungal agent, in
human liver microsomes. Biochem Pharmacol 2007;73(12):2020–6.
[129] Yanni SB, Annaert PP, Augustijns P, Bridges A, Gao Y, Benjamin Jr
DK. Role of flavin-containing monooxygenase in oxidative metabolism of voriconazole by human liver microsomes. Drug Metab Dispos 2008;36(6):1119–25.
[130] Frechen S, Junge L, Saari TI, Suleiman AA, Rokitta D, Neuvonen
PJ. A semiphysiological population pharmacokinetic model for
dynamic inhibition of liver and gut wall cytochrome P450 3A by
voriconazole. Clin Pharmacokinet 2013;52(10):763–81.
[131] Denning DW, Ribaud P, Milpied N, Caillot D, Herbrecht R, Thiel E.
Efficacy and safety of voriconazole in the treatment of acute invasive aspergillosis. Clin Infect Dis 2002;34(5):563–71.

PART | VII Application in Therapeutics

[132] Ikeda Y, Umemura K, Kondo K, Sekiguchi K, Miyoshi S,
Nakashima M. Pharmacokinetics of voriconazole and cytochrome
P450 2C19 genetic status. Clin Pharmacol Ther 2004;75(6):587–8.
[133] Wang G, Lei HP, Li Z, Tan ZR, Guo D, Fan L. The CYP2C19
ultra-rapid metabolizer genotype influences the pharmacokinetics
of voriconazole in healthy male volunteers. Eur J Clin Pharmacol
2009;65(3):281–5.
[134] Weiss J, Ten Hoevel MM, Burhenne J, Walter-Sack I, Hoffmann
MM, Rengelshausen J. CYP2C19 genotype is a major factor contributing to the highly variable pharmacokinetics of voriconazole. J
Clin Pharmacol 2009;49(2):196–204.
[135] Geist MJ, Egerer G, Burhenne J, Mikus G. Safety of voriconazole
in a patient with CYP2C9*2/CYP2C9*2 genotype. Antimicrob
Agents Chemother 2006;50(9):3227–8.
[136] Mikus G, Scholz IM, Weiss J. Pharmacogenomics of the triazole antifungal agent voriconazole. Pharmacogenomics 2011;12(6):861–72.
[137] Degorter MK, Kim RB. Hepatic drug transporters, old and new:
pharmacogenomics, drug response, and clinical relevance. Hepatology 2009;50(4):1014–6.
[138] Morrissey KM, Stocker SL, Wittwer MB, Xu L, Giacomini KM.
Renal transporters in drug development. Annu Rev Pharmacol Toxicol 2013;53:503–29.
[139] Risovic V, Sachs-Barrable K, Boyd M, Wasan KM. Potential mechanisms by which Peceol increases the gastrointestinal absorption of
amphotericin B. Drug Dev Ind Pharm 2004;30(7):767–74.
[140] Nivoix Y, Leveque D, Herbrecht R, Koffel JC, Beretz L, UbeaudSequier G. The enzymatic basis of drug-drug interactions with systemic triazole antifungals. Clin Pharmacokinet 2008;47(12):779–92.
[141] Humbert H, Cabiac MD, Denouel J, Kirkesseli S. Pharmacokinetics
of terbinafine and of its five main metabolites in plasma and urine,
following a single oral dose in healthy subjects. Biopharm Drug
Dispos 1995;16(8):685–94.
[142] Prentice HG, Kibbler CC, Prentice AG. Towards a targeted, riskbased, antifungal strategy in neutropenic patients. Br J Haematol
2000;110(2):273–84.
[143] McLintock LA, Jordanides NE, Allan EK, Copland M, Stewart K,
Parker A. The use of a risk group stratification in the management of
invasive fungal infection: a prospective evaluation. Br J Haematol
2004;124(3):403–4.
[144] Koo S, Bryar JM, Baden LR, Marty FM. Prognostic features of
galactomannan antigenemia in galactomannan-positive invasive
aspergillosis. J Clin Microbiol 2010;48(4):1255–60.
[145] Ok M, Einsele H, Loeffler J. Genetic susceptibility to Aspergillus
fumigatus infections. Int J Med Microbiol 2011;301(5):445–52.
[146] Miller FA, Hayeems RZ, Bytautas JP, Bedard PL, Ernst S, Hirte H.
Testing personalized medicine: patient and physician expectations
of next-generation genomic sequencing in late-stage cancer care.
Eur J Hum Genet 2014;22(3):391–5.

