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INTRODUCTION TABLE 1. Phases of development of pharmaceutical products®

From 10 to 12 years and $125 million may be required to
take a successful drug from discovery to its use to treat and
protect patients. In recent years the pharmaceutical industry
has directed serious attention toward the discovery and
development of antifungal agents. The purpose of this re-
view is to present an overview of the azole antifungal drugs
that have been developed and are in use, as well as the azole
agents that are under development and evaluation for use in
the chemotherapy of both systemic and superficial fungal
diseases.

BRIEF OVERVIEW OF ANTIFUNGAL
CHEMOTHERAPY AND DRUG DEVELOPMENT

Fungi were recognized as pathogens prior to bacteria, and
antifungal chemotherapy was successfully attempted before
antibacterial chemotherapy. However, the development of
effective antifungal agents has been disappointingly slow.
Thrush, an oral manifestation of Candida albicans infection,
was recorded in 1665 as a fatal disease (63). In 1835, Bassi de
Lodi determined that the causative agent of muscardine, i.e.,
silkworm disease, was a fungus that multiplied within and on
the insect. Bassi is considered to be the founder of the
concept of parasitic infection with his research on the
pathogenesis of the etiologic agent of silkworm disease,
Beauvaria bassiana (3). Thus, the first organism scientifi-
cally established to cause disease was a fungus. The treat-
ment of sporotrichosis with potassium iodide in 1903 is
believed to be among the first reports of antifungal chemo-
therapy (312). In spite of this early beginning, the discovery
of the first major antifungal drug, nystatin, was not until 1949
(39). Azole antifungal drugs, the subject of this review, were
not introduced for clinical use until 1969. In comparison to
antibacterial agents, the field of antifungal chemotherapy has
not progressed rapidly.

Until recently, infections caused by fungi were not con-
sidered to be a major problem. Fungal diseases are not
reportable; thus, documentation of their incidence and
trends in this field is difficult (42). However, with the
increase in the number of patients compromised by human
immunodeficiency virus, cancer chemotherapy, organ trans-
plants, and long-term antimicrobial therapy, the incidence of
opportunistic fungal infections is increasing. One analysis of
data from 1970 to 1976 revealed increases of 158 and 78% in
aspergillosis and cryptococcosis, respectively (87). A more
recent study revealed that the incidences of certain oppor-
tunistic or hospital-acquired fungal infections or both almost
doubled from 1976 to the period of 1980 to 1982 (234). The
human immunodeficiency virus (acquired immunodeficiency
syndrome) patient population also has greatly added to the
incidence of opportunistic fungal infections (51, 282).

Fungi are eucaryotic and thus are biochemically similar to
the human host. This similarity makes the development of a
drug that is effective against the invading fungus, but safe for
the host, an arduous and lengthy study in basic and clinical
research. The objective of basic research in the field of
antimicrobial chemotherapy is to rationally design, synthe-

Compound status Stage of development

Basic research Discovery of compound, including
interaction of chemistry, biochemistry,
microbiology, pharmacology, and
enzymology

Pharmacology All stages of preclinical investigations,
including in vitro and in vivo (animal
models) assays, safety assessment in
animal models, pharmacology, and
formulation studies

Clinical trials
Phase I Clinical pharmacology: first tolerance and
pharmacokinetics tests in normal,
healthy volunteers

Phase II Efficacy and safety tests in a limited
number of patients with the target
disease

Phase III Controlled clinical trials to determine
efficacy and safety in large numbers of
patients with the target disease; data
are used for registration of the
compound with government agency for
marketing approval

Launched (marketed) = Marketing started in one or more
countries

Phase IV studies Surveillance after approval of drug; based
on government request

Phase V studies Studies to seek additional marketing
claims, new formulations, and
combinations

“ These terms are used in the text to describe the stage of development of
each antifungal azole. From discovery to launch may take 10 to 12 years and
$125 million.

size, and/or isolate novel chemical entities that can be used
to treat diseases effectively and safely; for antifungal agents,
directing research to a specific fungal target is one logical
approach. This multidisciplinary task involves chemistry,
biochemistry, molecular biology, pharmacology, immunol-
ogy, microbiology, endocrinology, and enzymology, as well
as other scientific disciplines. Once a product candidate is
identified, research is conducted on the safety, bioavailabil-
ity, formulation, and drug delivery system for the potential
drug. Following the successful completion of these basic and
developmental research steps, clinical research ensues
(Table 1). The drug progresses through rigorous tests in
humans to determine efficacy and safety. Beginning with
phase I, i.e., clinical pharmacology, initial tolerance tests are
conducted on small numbers of normal, healthy adults. If the
product is determined to be safe, it then progresses to tests
on larger numbers of patients with the target disease (phases
IT and III) to determine efficacy and continued safety. After
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regulatory approval (the Food and Drug Administration in
the United States or an international equivalent), surveillance
of the drug continues based on government request (phase
IV). The phase V stage in clinical research involves further
marketing claims and new formulations and combinations.

HISTORY OF ANTIFUNGAL AZOLES

The first report of antifungal activity of an azole com-
pound, benzimidazole, was in 1944 by Woolley (343), who
was studying biotin deficiency in animals and microbes. He
noted the structural similarity of biotin and purines to
benzimidazole, but the biological effects of benzimidazole
were not reversed by biotin, whereas they were reversed by
the purines adenine and guanine. Since mycotic diseases
were of minimal interest in 1944, Woolley’s initial discovery
was largely ignored, although his data were confirmed in
1949 (M. C. Goldsworthy and S. J. Gertler, Chem. Abstr.
43:6351, 1949). Thirty years later, Vanden Bossche observed
that phenethylimidazole, another azole moiety with anti-
fungal activity, inhibited the uptake of purines in yeast form
Candida spp. by interference at the cell membrane (324).

In 1952, Jerchel et al. (151) revived Woolley’s work and
reported that certain substituted benzimidazole compounds
had significant antifungal activity. This publication encour-
aged other investigators to screen this group of chemicals in
search of a clinically useful antifungal agent. The break-
through came in 1958 to 1959 when chlormidazole, a chlo-
robenzyl imidazole, was developed and studied in clinical
trials (132, 261). Chlormidazole was sold as a 5% topical
cream, the first azole derivative developed and marketed as
an antifungal drug.

With the introduction of chlormidazole, interest in the
antifungal activity of azole compounds began to increase.
For example, after the introduction of thiabendazole, a
thiazolyl-benzimidazole, in 1961 by Merck Sharp & Dohme
for use as a broad-spectrum antihelminthic drug, Robinson
et al. (241) tested the compound for antifungal activity in
vitro. It was effective against many dermatophytes and
Aspergillus species, but since its activity against yeast-like
fungi was minimal, the compound was not developed as an
antifungal agent. Similarly, mebendazole, a benzoyl-benzi-
midazole developed by Janssen Pharmaceutica (Beerse,
Belgium) in 1973 as a broad-spectrum antihelminthic agent,
was shown to have antifungal activity (40). Despite the fact
that the antifungal activity of these two compounds was not
pursued, the data supported the concept that two azole
compounds had potential as antifungal drugs for human use.

In the late 1960s, three compounds from two different
laboratories were introduced in the literature; these drugs
firmly established azoles as antifungal agents. Clotrimazole,
developed by Bayer AG (Wuppertal, Federal Republic of
Germany), and miconazole and econazole, developed by
Janssen Pharmaceutica, were introduced within months of
each other. This era of azole antifungal compounds was so
new and competitive that the less descriptive report of
clotrimazole antifungal activity (221) was published 3 years
prior to the more detailed description of the chemical syn-
thesis (41). These three imidazoles continue to be used today
for treatment of fungal infections, demonstrating the success
of these early discoveries. Unfortunately, their use also
reveals the slow evolution of the azole class of antifungal
drugs during the past two decades.

Although progress with this group of antifungal agents has
been slow, several clinically useful compounds have been
developed, and many, which appear promising, are pres-
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ently under development and clinical evaluation. A few
imidazole compounds (ketoconazole, in particular) represent
major advances in antifungal chemotherapy. New triazole
derivatives, e.g., fluconazole and itraconazole, appear to be
less toxic and more active than ketoconazole (92). These and
several other antifungal azole derivatives are discussed in
this review.

ANTIFUNGAL IMIDAZOLES AVAILABLE FOR
CLINICAL USE

The imidazoles represent one of the two major classes of
antifungal azole derivatives. Many of these drugs are limited
in their clinical use by their spectrum of activity, potency,
solubility, or side effects, but the imidazole group has
contributed significantly to the therapy of both superficial
and systemic mycotic infections. Chemical structures, mar-
keted name(s), formulations, route of administration, and
clinical uses are listed in Table 2.

Clotrimazole

Clotrimazole was among the first of the imidazole anti-
fungal drugs developed. It was synthesized in 1969 by
chemists at Bayer AG, although the synthesis was not
reported until 1972 (41). Clotrimazole has well-established in
vitro activity against isolates of dermatophytes, pathogenic
yeasts, and filamentous and dimorphic fungi, as well as some
gram-positive bacteria. The drug is useful in the treatment of
dermatophytic infections, superficial fungal infections, i.e.,
tinea versicolor, and various Candida infections, including
oral thrush and vaginal candidiasis. Since its effectiveness
has been proven, clotrimazole has been used as a control
drug in many clinical trials of the newer azole derivatives.

The in vitro activity of clotrimazole against most systemic
pathogens is comparable to that of amphotericin B (262).
Clotrimazole is more active than griseofulvin and nystatin
against dermatophytes as well. Its broad spectrum and
potent activity have been confirmed in many studies (26, 43,
220, 264, 345). Very short contact time is required for
clotrimazole to effect its antifungal activity (246), and as with
the other imidazoles, the suggested mode of action appears
to be disturbance of the fungal cell membrane. In one study,
clotrimazole inhibited the uptake and intracellular pooling of
leucine, lysine, and other amino acids in the absence of
glucose (348).

Although several in vivo studies showed the drug to be
active orally (263), problems with toxicity and other side
effects have limited thé use of clotrimazole to topical appli-
cations. Pharmacokinetic studies in humans demonstrated a
progressive decline over several days in the serum concen-
trations of clotrimazole after oral administration; these data
supported the hypothesis of liver enzyme induction by the
drug (43, 141). Unacceptable side effects include high inci-
dences of gastrointestinal disturbances following oral admin-
istration of clotrimazole (43, 47, 339) and alterations in
hepatic and adrenal functions (300).

Clotrimazole has been shown to be safe and effective for
topical treatment of both cutaneous and vaginal candidiasis,
as well as dermatophytic and other cutaneous fungal infec-
tions. In an early study, Clayton and Connor (52) demon-
strated that clotrimazole was as effective as nystatin in the
therapy of superficial candidiasis. Moreover, several cases
of vaginal candidiasis refractory to therapy with other agents
reportedly responded to treatment with pessaries of clotri-
mazole (46). The advantages of this drug, with particular
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TABLE 2. Generic and trade (marketing) names, chemical structures, formulations, and indications of antifungal imidazoles

and Terconazole, a triazole derivative, currently available for clinical use

Generic name  Trade name(s)

Chemical structure

Formulations

Indications

Clotrimazole Canesten
Mycelex
Mycelex-G
Lotrimin
Gyne-Lotrimin

Miconazole Monistat
Monistat-Derm
Monistat I.V.

Econazole  Spectazole

Pevaryl

Ketoconazole Nizoral

Fungarol
Fungarest

Orifungal

Bifonazole = Mycospor

Mycosporan

Butoconazole Femstat

Croconazole Pilzcin

Cl
ol
N
N

m *HNO,

g O:
o~ y‘ﬁlw@(}_m
N,

[

OO
a

Cl

e

C

*HNO,
0—@ CH,CH,CHCH,

cones

(_"? el

1% cream and solution

100-, 200-, and 500-mg
vaginal tablets

10-mg oral troches

2% cream and lotion

200-mg vaginal supposi-
tories

10-mg/ml sterile solution

for i.v. use

1% topical and vaginal
creams

1% soln, spray, and

powder

200-mg tablets for oral use
2% cream and solution

1% cream and solution

2% vaginal cream
100-mg vaginal ovules

1% cream and gel

Superficial fungal infections, in-
cluding dermatomycoses, tinea
versicolor, and cutaneous and
vaginal candidiasis

Systemic fungal infections, in-
cluding coccidioidomycosis,
candidiasis, cryptococcosis,
paracoccidioidomycosis, pseu-
dallescheriosis, and chronic
mucocutaneous candidiasis

Superficial fungal infections, in-
cluding dermatomycoses, tinea
versicolor, and cutaneous and
vaginal candidiasis

Superficial fungal infections, in-
cluding dermatomycoses, tinea
versicolor, and cutané¢ous and
vaginal candidiasis

Systemic fungal infections, in-
cluding blastomycosis, certain
forms of coccidioidomycosis
and histoplasmosis, chronic
mucocutaneous candidiasis,
chromoblastomycosis, para-
coccidioidomycosis, and pseu-
dallescheriosis; NOT recom-
mended for fungal meningitis

Superficial fungal infections, in-
cluding dermatomycoses and
tinea versicolor

Superficial fungal infections, in-
cluding dermatomycoses, tinea
versicolor, and cutaneous can-
didiasis

Vaginal candidiasis

Superficial fungal infections, in-
cluding dermatomycoses, tinea
versicolor, and cutaneous can-
didiasis

Continued on next page
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TABLE 2—Continued

Generic name Trade name(s) Chemical structure

Formulations Indications

Fenticonazole Lomexin

CH,

CI—< :>—cucuz—n
it =y
o ! *HNO;

2% topical and vaginal
creams

Superficial fungal infections, in-
cluding dermatomycoses, tinea
versicolor, and cutaneous and
vaginal candidiasis

Isoconazole Travogen “ ° 2% topical and vaginal  Superficial fungal infections, in-
Gyne-Travogen ci CH—OCH, creams cluding dermatomycoses, tinea
Sy versicolor, and cutaneous and
i cf vaginal candidiasis
a
N
Oxiconazole Oceral U 1% cream, spray, and Superficial fungal infections, in-
Myfungar N o powder cluding dermatomycoses, tinea
Gyno-Myfungar CH, versicolor, and cutaneous and
Okinazole c <l: OCH,—OCI vaginal candidiasis
Derimine W “HNO,
[}
Sulconazole Exelderm a checrn’ 1% cream Superficial fungal infections, in-
Sulcosyn é—cm \—p cluding dermatomycoses, tinea
c versicolor, and cutaneous can-
O didiasis
Cl
T. Ct . . . . .
ioconazole Trosyd ¢ 1% cream, lotion, spray, Superficial fungal infections, in-
Gyne-Trosyd m—@—cu—ocu, s and powder cluding dermatomycoses, tinea
ICH2 _ verglcolor, apq cutaneous and
1 vaginal candidiasis
3
Terconazole Terazol ll__)|N o 0.8% vaginal cream Vaginal candidiasis
(triazole)  Gyne-Terazol e 40- and 80-mg vaginal
Fungistat ég\ o ovules
o o CHy
I—Lcu,—o N/_\N—(I:H—CH,

emphasis on reduced dosage and shorter-term therapy, have
been reviewed by Plempel (218).

Clotrimazole also is effective in the treatment of oral
candidiasis. In one drug-versus-placebo study (159), all 10 of
10 patients reported improvement of symptoms and regres-
sion of oral candidal lesions following administration of oral
troches of clotrimazole five times a day; only one of ten
patients in the placebo-treated group reported improve-
ments. Another study (350) by other investigators revealed
similar data; 2 weeks of therapy were recommended for
optimal mycological cures.

Miconazole

In vitro activity and mode of action. Miconazole is a
phenethyl imidazole derivative that was synthesized by
Janssen Pharmaceutica in 1969 (107). It was one of the first
azole derivatives synthesized and developed for antifungal
therapy and the first azole derivative of sufficiently low
toxicity to permit intravenous (i.v.) administration for the

therapy of systemic fungal infections. Miconazole has well-
established activity against isolates of dermatophytes,
pathogenic yeasts, dimorphic fungi, and filamentous fungi,
including Aspergillus species and mycetoma-causing fungi,
as well as some gram-positive bacteria (55, 107, 147, 202,
255, 268, 323, 345). Miconazole’s primary utility is in the
treatment of dermatophytic infections, tinea versicolor, and
cutaneous, vaginal, and systemic candidiasis. This azole
derivative has proven to be an effective topical antifungal
agent for more than a decade. However, miconazole admin-
istered i.v. has only limited use against certain cases of
pseudallescheriosis (181). It also has been used rarely as a
second-line agent for refractory cryptococcal meningitis
(23). This imidazole has been used as the control in many
clinical trials of the newer azole derivatives (see following
sections for specific references).

Mode of action studies suggest that miconazole may cause
direct membrane damage and inhibit ergosterol synthesis, as
well as adversely affect other physiologic parameters of
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exposed fungi; some studies have shown miconazole to be
fungicidal. In one study, miconazole was shown to inhibit
the uptake and intracellular pooling of amino acids; the
investigators suggested that this may be responsible for the
antifungal activity of the drug (348). Pye and Marriott (231)
demonstrated that miconazole inhibited sterol C-14 demeth-
ylation in Candida species, which led to inhibition of ergos-
terol synthesis in the fungal cell membrane and death of the
fungus. Morita and Nozawa (195) subsequently confirmed
this observation in both C. albicans and Trichophyton men-
tagrophytes. Scott et al. (259) demonstrated a reduction in
ergosterol levels in T. mentagrophytes following exposure to
miconazole as well. In contrast, Taylor et al. (299) have
presented data indicating that inhibition of C-14 demethyl-
ation is not a fungicidal event. They have proposed that
direct membrane damage to the fungus may be the key
antifungal activity of miconazole and other imidazole drugs.

Miconazole is fungicidal against Candida parapsilosis (16)
and C. albicans (20); however, its fungicidal activity appears
to be highly pH dependent (19). In other studies, adenosine
S’-triphosphate (ATP) levels in cells of C. albicans were
suppressed (203), enzyme-catalyzed release of spheroplasts
from young yeast cells of C. albicans was inhibited (13), and
hyphal development in T. mentagrophytes (258) and C.
albicans was prevented (205).

Experimental in vivo activity. The effectiveness of micon-
azole has been demonstrated in several experimental animal
models. Van Cutsem and Thienpont (323) demonstrated the
efficacy of miconazole given orally or topically against
cutaneous infections with T. mentagrophytes, Microsporum
canis, and C. albicans in guinea pigs. In another study, all
mice given miconazole intramuscularly and subcutaneously
4 days after infection with 50 or 100% lethal doses of
Coccidioides immitis were protected, whereas 60 to 100% of
the untreated mice succumbed (178). Cultural assays of lung
tissue confirmed that the drug limited proliferation of the
fungus at that site. In this animal model, side effects of
miconazole administration (i.v., intramuscular, or subcuta-
neous) included hematomas, fibrotic lesions, bleeding, and
ulcerations. Miconazole at concentrations of 1.0 and 2.0%
was shown to be effective in the topical treatment of exper-
imental dermatophytosis and at 2.0% in the treatment of
vaginal candidiasis (318). When administered i.v. to rabbits
with experimentally induced Candida Kkeratitis, the drug
proved effective in reducing inflammation and producing
mycological cures (148). Miconazole was not effective, how-
ever, in an experimental model of aspergillosis (2). A poten-
tially serious side effect of miconazole noted in male rats was
the induction of hepatic drug-metabolizing enzymes (171).
Assuming that this occurs in humans as well, it would be a
contraindication for long-term i.v. therapy.

Clinical studies. Clinically, miconazole can be adminis-
tered either topically or i.v. In humans, i.v. doses of the drug
have been shown to reach serum or plasma concentrations in
excess of the minimum inhibitory concentrations (MICs) for
a wide variety of fungal organisms (28, 79, 245, 286, 291), but
serum levels decrease significantly within hours (28). A
cause for concern in the i.v. administration of this drug is
that it must be solubilized in polyethoxylated castor oil (10%
Cremophor EL [Janssen Pharmaceutica)) for administration.
The vehicle, therefore, may be the primary cause of many of
the undesirable side effects of i.v. therapy (126). Foremost
among side effects are persistent phlebitis, pruritis, nausea,
fever, and chills. Despite these problems, miconazole has
been used successfully to treat systemic candidiasis in
compromised patients (153, 155, 190, 248), disseminated
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coccidioidomycosis (136, 284-286), cryptococcal meningitis
(114), and severe cutaneous fungal infections (333) in hu-
mans. Relapse rates and clinical failures remain unaccept-
able when miconazole is used to treat coccidioidomycosis,
however (284, 285).

Miconazole is effective in the treatment of superficial
fungal infections including dermatophytoses, cutaneous can-
didiasis, and candidal vaginal infections (4, 31, 119, 240).
Miconazole cream, lotion, and vaginal pessary formulations
are widely prescribed for treating these non-life-threatening
infections. In one recent study (61), it was shown that
miconazole was only minimally absorbed systemically fol-
lowing the insertion of a 1,200-mg vaginal pessary. For
example, the mean peak serum concentration of miconazole
in 11 healthy adult females was 10.4 pl/liter, and the mean
elimination half-life was 56.8 h. These data, as well as those
of Odds and MacDonald (206), demonstrated that micona-
zole remains in the vagina for extended periods of time
following administration and suggest that miconazole may be
useful in a single-dose formulation for treating vaginal can-
didiasis, a procedure that would improve patient compli-
ance.

Econazole

Econazole is an antifungal imidazole derivative having a
structure identical to that of miconazole with the absence of
one chlorine atom on one benzene ring. It was synthesized
by Janssen Pharmaceutica in 1969 (107) and has been devel-
oped for topical therapy of dermatophytoses, superficial
mycoses, €.g., tinea versicolor, and cutaneous candidiasis.
Since econazole appears to be bound strongly by serum
proteins, it is unsuitable for systemic therapy. The in vitro
antifungal activity of econazole is comparable to that of
miconazole; broad-spectrum activity against dermatophytes,
Candida species, other pathogenic yeasts, filamentous fungi,
and some gram-positive bacteria (26, 202, 255, 303).

The mode of action of econazole is not clearly defined.
Ultrastructurally, the cell wall of C. albicans appeared to be
distorted after treatment with the drug (13), and the plasma-
lemma and mitochondria appeared to be altered in the
dermatophyte M. canis (188). The mitochondria, in fact,
appeared to be the first organelles damaged by econazole. To
the contrary, Preusser and Rostek (230) found no mitochon-
drial damage in their ultrastructural studies of the effect of
econazole on Trichophyton rubrum and C. albicans. Bio-
chemically, inhibition of enzyme-catalyzed release of
spheroplasts of young cells of C. albicans has been shown
(13), as well as suppression of ATP concentrations in the
fungus (202). Others have demonstrated complete release of
[**Claminoisobutyric acid from cells of C. albicans, suggest-
ing direct membrane damage to the yeast (103).

In animal models, econazole was effective in the treatment
of experimental cutaneous candidiasis and dermatophytoses
in guinea pigs (303), vaginal candidiasis in the rat (303), and
selected ocular fungal diseases in the rabbit (210). The drug
was less effective in the treatment of aspergillosis (255) and
coccidioidomycosis in the mouse (176). In the latter disease,
for example, despite the fact that survival time was pro-
longed, cultures of organs remained positive. Econazole has
not been approved for use in human ocular fungal diseases.

Clinically, econazole has been shown in a number of open
studies to be an effective agent for treating superficial
mycoses (106, 183, 340). Since econazole, one of the first
antifungal azole derivatives discovered, has been used clin-
ically for more than a decade, several comparative studies of
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the drug versus clotrimazole and some of the newer azole
derivatives have been done. It was proven to be comparable
or superior to clotrimazole in clinical studies of vaginal
candidiasis (22, 119), intertriginous candidiasis (59), and a
variety of dermatophytic infections (88). In the therapy of
dermatophytic infections, econazole appears comparable to
the newer azole derivatives tioconazole (118), oxiconazole
(104), and sulconazole (167).

Ketoconazole

Ketoconazole is an orally active, antifungal imidazole
derivative synthesized and developed by Janssen Pharma-
ceutica in 1977 (127, 302). It is considered to be the ‘‘gold
standard’’ among the azole derivative antifungal drugs. It
has proven to be the most successful and most widely used
antifungal azole derivative to date. Ketoconazole is indi-
cated as a drug of choice for blastomycosis, disseminated
histoplasmosis in stable nonimmunocompromised patients,
chronic cavitary histoplasmosis, paracoccidioidomycosis,
and chronic mucocutaneous candidiasis. It may be used in
some cases of chromoblastomycosis and subcutaneous pseu-
dallescheriosis and in certain subgroups of coccidioidomy-
cosis (97), including soft-tissue and cutaneous lesions, drain-
ing sinus tracts, and possibly osteomyelitis and synovitis
(T. J. Walsh, Methods Find. Exp. Clin. Pharmacol., in
press). Ketoconazole is not recommended in the treatment
of fungal meningitis as the drug penetrates the blood brain
barrier poorly.

Ketoconazole is the most extensively studied antifungal
azole derivative. Much of the published information regard-
ing ketoconazole up to 1984 has been summarized in several
reviews (89, 125, 145, 162). It is an impractical task to review
all of the published reports relating to ketoconazole; thus,
only selected papers in each area of interest will be discussed
in this overview.

In vitro activity. The in vitro activity of ketoconazole was
first reported by Dixon et al. (73) in 1978. These investigators
studied 175 isolates of pathogenic yeasts and filamentous
fungi and observed that ketoconazole was comparable to
miconazole in all cases and was more active than miconazole
against isolates of Coccidioides immitis. It was, however,
less active against isolates of Sporothrix schenckii. Other in
vitro studies also have confirmed the broad-spectrum activ-
ity of ketoconazole against pathogenic yeasts and derma-
tophytes (207, 269, 315) and dematiaceous fungi (55). A
recent study by Shadomy et al. (269) demonstrated that
emergence of ketoconazole-resistant clinical isolates of sys-
temic and pathogenic fungi was not apparent but that in vitro
data did not necessarily correlate with the clinical outcome
of treatment, a common problem among tests with the
antifungal azole derivatives.

The relative inhibition factor (RIF), an in vitro measure of
antifungal activity, of ketoconazole was tested by Odds et al.
(208). The RIF approaches 100% for a drug that either does
not or only poorly inhibits the growth of a test fungus; the
RIF approaches 0% for a drug that effectively inhibits fungal
growth. The RIF values for 26 isolates of Candida species, 6
isolates of dermatophytes, and 8 isolates of Aspergillus
species were 54, 18, and 55%, respectively. Activity was
greatest at neutral pH. Thus, ketoconazole had substantial
activity against all fungi tested in this assay; the data support
ketoconazole as a broad-spectrum antifungal agent.

As with many of the antifungal azole derivatives, in vitro
activity of ketoconazole is affected by several factors, in-
cluding pH, culture medium, presence of serum, tempera-
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ture and time of incubation, and growth phase of the fungus.
Odds (201) and Hoeprich and Merry (139) have specifically
addressed many of these issues. Historically, in vitro/in vivo
correlation of data with ketoconazole has been poor.

Ketoconazole also has been reported to suppress the
chemiluminescence response of murine immune cells (1) and
the lymphocyte blastogenesis of human cells (5, 330) in vitro
at therapeutic concentrations. The clinical significance of
these in vitro studies remains unknown.

Experimental in vivo activity. Ketoconazole has been
tested in experimental animal models of dermatophytic as
well as systemic (e.g., candidiasis, cryptococcosis, blasto-
mycosis, aspergillosis, coccidioidomycosis, histoplasmosis,
and phaeohyphomycosis) infections, usually with favorable
results. Heel et al. (125) have reviewed this area extensively;
thus, only a few of the more recent papers will be discussed
in this article.

In a study of the efficacy of orally administered ketocon-
azole in experimental systemic candidiasis in guinea pigs,
the drug was effective in clearing the yeast from internal
organs with resolution of tissue lesions (317). It demon-
strated efficacy in the treatment of experimental paracoccid-
ioidomycosis in mice as well (310), especially when therapy
was begun early in the infection and continued for extensive
periods of time. Polak and Dixon (226) demonstrated appar-
ent fungicidal activity of ketoconazole against experimental
murine histoplasmosis, using a quantitative spleen culture
technique. Ketoconazole was comparable to fluconazole and
superior to amphotericin B in this study. However, in
another study by the same investigators, ketoconazole was
the least active of five drugs tested in the treatment of
experimental phaecohyphomycosis caused by three different
genera of the dematiaceous fungi (72).

In a comprehensive study by Polak et al. (227), the
outcome of combination therapy of ketoconazole and am-
photericin B was variable. For example, in the treatment of
experimental candidiasis produced by several strains of
Candida, sp. synergistic activity was noted with some
strains and antagonistic activity was noted with others.
Effects that were primarily additive were noted in crypto-
coccosis, while antagonistic effects were observed in models
of aspergillosis. Combination therapy of ketoconazole and
another antifungal drug, 5-fluorocytosine, was not advanta-
geous for the treatment of candidiasis, cryptococcosis, or
aspergillosis. Schaffner and Frick (254) noted antagonism
between ketoconazole and amphotericin B in an experimen-
tal model of aspergillosis. Ketoconazole alone is not effec-
tive therapy for aspergillosis.

Pharmacokinetics. Peak plasma concentrations of keto-
conazole administered orally to normal human volunteers
(200-mg tablet, suspension, or solution) have been reported
to be 4.2, 5.0, and 6.2 pg/ml at 1.7, 1.2, and 1.0 h,
respectively, after administration of the tablet, suspension,
and solution, respectively. Mean elimination half-life ranged
from 7.5 to 7.9 h (143). In another study in human volunteers
and in mongrel dogs, ketoconazole solution was more
readily absorbed and gave higher peak plasma concentra-
tions than a tablet formulation (14). Thus, bioavailability of
the solution was greater than that of the tablet. In general,
the absorption of orally administered ketoconazole varies
greatly from patient to patient, as shown by Shadomy et al.
(267), who studied ketoconazole plasma concentrations by
bioassay and high-pressure liquid chromatography tech-
niques in patients undergoing therapy for systemic mycoses.
Of interest was the observation that ketoconazole serum
levels and therapeutic responses did not correlate.
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Serum levels of ketoconazole are markedly decreased by
concurrent administration of antacids or H-2 receptor-
blocking agents due to elevated gastric pH, which impairs
absorption of ketoconazole (62). Serum levels of ketocona-
zole also are decreased by concomitant administration of
rifampin, apparently due to accelerated hepatic metabolism
(35). Adverse interaction of ketoconazole and cyclosporin is
well described, leading to elevated toxic levels of cyclospo-
rin (70, 85, 271, 276).

Clinical studies. Ketoconazole has undergone clinical stud-
ies for a number of years. Many of the earlier studies have
been summarized by Heel et al. (125). Some of the more
recent clinical studies will be reviewed here. Ketoconazole
is effective in the treatment of a wide variety of infections
caused by Candida species. In a study of vaginal candidiasis,
ketoconazole administered orally for 5 days produced 97%
cures, with 10% relapses (260). In another study, 5 days of
oral ketoconazole was as effective as 14 days of topical
nystatin in treating vaginal candidiasis (294). A recent study
of 13 cases of chronic mucocutaneous candidiasis demon-
strated that ketoconazole was effective in producing clinical
improvements or clinical and mycological cures with few
side effects (192). Sobel (277) demonstrated that oral keto-
conazole was effective in the prophylactic treatment of
recurrent vaginal candidiasis, but he cautioned that the
incidence of hepatic injury by the drug must be considered in
treating patients with this syndrome. A study by Slotman
and Buchard (274) demonstrated that oral ketoconazole was
effective in the prevention of Candida sepsis in critically ill
surgical patients; patients with hepatic dysfunction were
excluded from the study. A randomized, double-blind study
by Hansen et al. (120) tested the efficacy of using ketocon-
azole prophylactically in cancer patients. Ketoconazole was
most effective in preventing oral candidiasis, but cases of
vaginal and esophageal candidiasis occurred during the trial.
The authors concluded that the routine prophylactic use of
ketoconazole in this patient group was not justified.

A multicenter, randomized trial to test the efficacy of
low-dose (400 mg/day) and high-dose (800 mg/day) oral
ketoconazole in the treatment of blastomycosis and histo-
plasmosis was done by the National Institute of Allergy and
Infectious Diseases Mycoses Study Group (198). The follow-
ing recommendations resulted from this study: (i) oral keto-
conazole may be used in the initial therapy of immunocom-
petent patients with chronic cavitary histoplasmosis and in
patients with localized or disseminated histoplasmosis; (ii)
ketoconazole is effective in the treatment of non-life-threat-
ening, nonmeningeal forms of blastomycosis in immunocom-
petent patients; and (iii) low-dose (400 mg/day) therapy is
safer and more effective than the high-dose (800 mg/day)
therapy.

The importance of immunocompetency in the patient
treated with ketoconazole should be stressed, because the
drug is largely fungistatic and requires an immunocompetent
host to effect mycological cure. An example of the ineffec-
tiveness of ketoconazole in the immunocompromised host
was provided by Greene et al. (117), who treated such a
patient with oral ketoconazole at 400 mg/day; the fungal
disease progressed systemically and required amphotericin
B for resolution. In diabetic patients, a physiologically
compromised group, cure rates with ketoconazole were not
as high as those seen with nondiabetic patients (10). Prophy-
lactic administration of ketoconazole to neutropenic immu-
nosuppressed patients, however, was more efficaceous than
nystatin in reducing colonization with Candida spp. and
preventing opportunistic fungal disease (272). Ketoconazole
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treatment was associated with increased rates of Torulopsis
glabrata colonization, however. Another comparative study
of prophylactic use of ketoconazole and amphotericin B in
neutropenic cancer patients demonstrated that, in general,
the two drugs were comparable. Ketoconazole was not
recommended for use in institutions in which a high fre-
quency of Aspergillus species and Candida tropicalis cases
occur, however (82). In general, clinical trials of ketocona-
zole used prophylactically to protect immunocompromised
patients have demonstrated that 400 to 600 mg of drug per
day provides adequate protection. Problems, however, in-
clude a tendency to select for Aspergillus species and
Torulopsis glabrata, a reduction in drug absorption by the
patient, and the question of whether prophylactic therapy
with ketoconazole promotes colonization by certain other
fungi (48).

Ketoconazole has been evaluated for efficacy in the treat-
ment of superficial fungal infections as well. In a double-
blind, placebo-versus-drug study, ketoconazole 2.0% cream
was shown to be effective in the treatment of tinea versicolor
(116). In another study, oral ketoconazole was shown to be
inferior to griseofulvin in the treatment of tinea capitis (99).
Ketoconazole was effective, but was significantly slower
than griseofulvin in producing cures. Cullen and Cullen (58)
reported that orally administered ketoconazole (200 mg/day)
was more effective than griseofulvin (1 g/day) in the treat-
ment of toenail dermatophyte onychomycosis. In a review
by Cacciaglia et al. (44), it was noted that rates of cure for
toenail and fingernail fungal infections treated with oral
ketoconazole ranged from 13 to 95%. In spite of these
clinical studies, however, it is important to note that orally
administered ketoconazole is not recommended for the
treatment of superficial fungal infections; 2.0% topical cream
is recommended.

Toxicity and adverse reactions. Major adverse reactions to
ketoconazole include nausea and vomiting (71); each is a
serious dose-limiting side effect. More serious adverse reac-
tions to ketoconazole have been reported. Ketoconazole has
clearly been demonstrated to cause hepatotoxicity and the
inhibition of adrenal steroid synthesis. Symptomatic hepato-
toxicity during therapy with ketoconazole occurs at an
incidence of 1:10,000 to 1:15,000 (150, 179). Although the
toxicity is usually reversible following discontinuance of
therapy, recovery may take several months (179). Transient
minor elevations of liver enzymes in serum have been
reported to occur in 5 to 10% of patients receiving the drug
(179). Fatal cases of ketoconazole-associated hepatotoxicity
have been reported (75, 179). Though low in incidence, this
potentially fatal side effect of ketoconazole therapy must be
considered before deciding upon therapy for certain types of
fungal infection.

Ketoconazole also blocks adrenal steroid synthesis by
inhibiting cytochrome P-450-dependent enzymes (164, 180,
229, 233) and has been suggested to be a universal inhibitor
of cytochrome P-450 isozymes (134). One recent report
documented a chronic adrenal insufficiency in a patient
undergoing low-dose (400 mg/day) ketoconazole treatment
for-blastomycosis (27). The syntheses of testosterone (250)
and cholesterol (165) are directly affected by ketoconazole.
Gynecomastia has been reported to occur in 3 to 8% of
patients receiving ketoconazole, although this is reversible
when the drug is discontinued (65). Interestingly, the endo-
crine effects of ketoconazole have suggested a new use for
the drug: the treatment of prostatic cancer (6, 305). Excellent
reviews on hepatotoxicity (166) and endocrine effects of
ketoconazole have been published recently (84, 280, 281).
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The reader is referred to these articles for a more compre-
hensive review of the adverse reactions associated with
ketoconazole.

Bifonazole

Bifonazole is a halogen-free imidazole antifungal agent
synthesized and developed by Bayer AG (24, 222). Clinical
trials in the United States and England have been conducted
(R. Sochynsky and J. Hardcastle [ed.], Pharma Projects, p.
m 107, May 1987, V&O Publications, Ltd., Richmond,
Surrey, U.K.). Bifonazole has a broad spectrum of anti-
fungal activity in vitro, including many pathogenic yeasts,
dimorphic pathogens, dermatophytes, the agent of tinea
versicolor, and several pathogenic filamentous fungi (222,
223, 345, 347). The drug is very lipophilic and has poor water
solubility. These factors must be taken into consideration
when in vitro susceptibility testing is done (222).

The RIF of bifonazole was tested by Odds et al. (208). RIF
values for 26 isolates of Candida species, 6 isolates of
dermatophytes, and 8 isolates of Aspergillus species were
77, 23, and 71%, respectively. Thus, bifonazole had rela-
tively poor activity against Candida and Aspergillus species,
but strong activity against dermatophytes under these con-
ditions.

Other in vitro studies have shown that bifonazole inhibits
the normal growth of hyphal tips of T. mentagrophytes and
induces degenerative changes in hyphal structure at subin-
hibitory concentrations (212, 347). Using light and scanning
electron microscopy, Barug et al. (12) demonstrated that the
morphology of C. albicans was markedly altered following
exposure to low concentrations of bifonazole. Yeast cells
formed chains and clusters of interconnected cells rather
than individual buds; yeast-to-hypha conversion was ad-
versly affected also by exposure to bifonazole at subinhib-
itory concentrations. The authors concluded that these al-
terations could be a reflection of inhibition of fungal sterol
biosynthesis. Hector and Braun (124) studied the effect of
bifonazole on chitin synthesis in cells of C. albicans. They
determined that its effect was stimulatory at low concentra-
tions, but they were unable to elucidate the mechanisms or
significance of the interaction in relation to antifungal activ-
ity.

Bifonazole has been shown to be effective in the treatment
of experimental dermatophytic and Candida infections (222,
223, 265). In guinea pigs, topical application of bifonazole at
concentrations of 0.05 and 1.0% produced a high percentage
of mycological cures in experimentally induced trichophy-
tosis (223). The efficacy of the drug was attributed to its long
retention time in skin and therapeutically achievable (topi-
cally) fungicidal effect against dermatophytes. Once-daily
application was efficaceous for the treatment of these infec-
tions. In a model of systemic candidiasis in mice, bifonazole
was only moderately effective; the data were based on oral
administration of the drug, and the results were dose depen-
dent (222).

Pharmacokinetic studies in animals and humans have
shown bifonazole to be tolerated well as a topical antifungal
agent (238, 239, 256, 283, 337). Absorption following topical
application in experimental animals (238, 239, 337) and in
humans has been minimal (238). Percutaneous absorption in
humans was <1.0% when the drug was applied to unbroken
skin and 4.0% when it was applied to inflamed skin (238).
Studies on the penetration of and retention time in skin
following topical application of bifonazole have shown the
drug to be compatible with once-daily application (225, 238),
with a half-life in humans ranging from 19 to 32 h (238).
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Clinical trials also have demonstrated the efficacy of
bifonazole as a topical antifungal agent. Many of the clinical
studies reported have been summarized in a recent review
article (90) and in the proceedings of an antifungal telesym-
posium (92). Bifonazole appears to be comparable or supe-
rior to other antifungal azole derivatives in the treatment of
tinea versicolor (90, 193, 275), dermatophytic infections (90,
108, 275), and cutaneous candidiasis (90). Advantages seem
to be its once-daily application with few side effects.

Butoconazole

Butoconazole is an antifungal imidazole developed for the
treatment of vaginal candidiasis by Syntex Research Labo-
ratories (Palo Alto, Calif.) (91). The synthesis and initial
antifungal properties of this compound were first reported in
1978 (335). Butoconazole has a broad spectrum of antifungal
activity, including clinically important yeasts and derma-
tophytes (335). RIF values for 26 isolates of Candida spe-
cies, 6 isolates of dermatophytes, and 8 isolates of Asper-
gillus species were 59, 16, and 87%, respectively (208). In
this assay, butoconazole was comparable to ketoconazole,
with the exception that ketoconazole was superior against
the Aspergillus species, i.e., RIF value of 55% for ketocon-
azole versus 87% for butoconazole. Thus, in a sensitive
assay, butoconazole was comparable to ketoconazole in
relative antifungal activity against Candida species and
dermatophytes.

Beggs (16, 18) has studied the mode of action of butocon-
azole. It was found to have intermediate activity against
resting cells of C. parapsilosis (16), but to be fungicidal
against logarithmic phase cells of C. albicans (18). Butocon-
azole was superior to ketoconazole against C. parapsilosis
(16). Pye and Marriott (231) determined that a butoconazole
concentration of 60 nM reduced synthesis of C-4,14-des-
methyl sterols (ergosterol) by 50% in cells of C. albicans.
The concentrations of ketoconazole, clotrimazole, and mi-
conazole required to produce the same effect were 50, 120,
and 200 nM, respectively. Thus, butoconazole was compa-
rable to ketoconazole and superior to clotrimazole and
miconazole in this study.

Few experimental in vivo studies have been done. One
evaluation study that compared the efficacy of butoconazole
with that of miconazole in the treatment of experimental
vaginal candidiasis in mice demonstrated that butoconazole
was superior to miconazole (335). Butoconazole also was
shown to be superior to miconazole in the treatment of
experimental vaginal candidiasis in mice caused by a mixture
of 10 isolates of C. albicans (187, 335).

Butoconazole has been tested in clinical trials primarily
for its efficacy in the treatment of vaginal candidiasis. In a
multicenter, parallel, double-blind study of 274 nonpregnant
patients, butoconazole nitrate cream (2.0%) administered
once a day was more effective than clotrimazole vaginal
tablets administered twice a day in producing and maintain-
ing mycological cures (74). By using radiolabeled butocona-
zole, it was determined that the drug had a slow rate of
systemic absorption, with maximum plasma levels of 19 to
44 ng/ml occurring 24 h after intravaginal administration.
Total radioactivity was excreted in the urine and feces in the
form of unidentified breakdown products of butoconazole.
Butoconazole itself was not detected in the specimens (74).
Another study of similar design, but involving 107 non-
pregnant patients with confirmed vaginal candidiasis treated
once a day with butoconazole vaginal inserts (50 and 100 mg)
or twice a day with clotrimazole 200-mg vaginal tablets, each
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for 3 days, confirmed the efficacy of butoconazole over
clotrimazole in producing mycological cures (39). The first
cultural evaluation was at 8 days. When patients were
recultured at 30 days posttreatment, the cure rate for buto-
conazole remained higher than that of clotrimazole, but the
data were not statistically significant.

In other clinical trials, butoconazole was compared to
miconazole, and the former was more efficaceous. For
example, in a multicenter, parallel, double-blind trial of 130
nonpregnant patients with culture-proven vaginal candidia-
sis, 1.0 or 2.0% butoconazole cream was more effective than
2.0% miconazole cream in producing mycological and clini-
cal cures, as well as in reducing vaginal discharges (149).
Thirty days after the completion of therapy, the cure rates
were 80, 80, and 68% for butoconazole 2.0%, butoconazole
1.0%, and miconazole 2.0%, respectively. Minor side ef-
fects, including itching, burning, cream leakage, and head-
ache, were reported for each of the drugs tested. Butocona-
zole 2.0% cream administered for 3 days was compared to
miconazole 2.0% cream administered for 7 days in a single-
blind study of 68 nonpregnant patients (32). The mycological
cures in the two groups were found to be comparable. The
results were perceived as indicating an advantage of buto-
conazole because of the shorter dosing schedule, a condition
that improves patient compliance. These data have been
confirmed by additional clinical studies (37, 328), with the
exception of one study in which miconazole administered for
7 days was more effective than butoconazole 2.0% cream
administered for either 3 or 6 days (338).

Croconazole

Croconazole (710674-S; cloconazole) is an imidazole de-
rivative with antifungal activity developed by Shionogi Re-
search Laboratories (Osaka, Japan) (209). It is indicated in
the topical treatment of dermatomycoses and candidiasis
(Sochynsky and Hardcastle [ed.], Pharma Projects, p. m
1163, May 1987).

Croconazole has broad-spectrum antifungal activity in
vitro. The range of MICs against isolates of T. menta-
grophytes, T. rubrum, M. canis, Microsporum gypseum, and
Epidermophyton floccosum were 0.16 to 1.25 pg/ml. Five
isolates of Aspergillus species and two isolates of Penicil-
lium species were susceptible, with MICs of 0.63 to 5.0
pg/ml. However, this compound was less active (MICs, 10
to 80 pg/ml) against yeastlike fungi, including isolates of C.
albicans, Candida species, Torulopsis glabrata, and Cryp-
tococcus neoformans (209).

Croconazole was compared in vitro with clotrimazole,
econazole, and miconazole against a large panel of derma-
tophytes. The geomeétric mean MICs of croconazole were
comparable to those of clotrimazole and econazole when
tested against isolates of T. mentagrophytes and quantita-
tively superior to all three imidazoles when tested against
isolates of T. rubrum. When tested against isolates of C.
albicans, croconazole was superior to clotrimazole, but less
active than miconazole and econazole (209).

Studies designed to assay the fungistatic or fungicidal
effects of croconazolé, econazole, miconazole, and clotrima-
zole against an isolate of C. albicans determined that crocon-
azole was fungicidal at 80 pg/ml. Miconazole and econazole
were fungicidal at 40 and 80 wg/ml, respectively; clotrima-
zole was not fungicidal in this assay. In a similar assay with
T. rubrum, croconazole and econazole were fungicidal at 40
ng/ml; miconazole and clotrimazole were not fungicidal at
the same concentration (209).
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A gel formulation of croconazole was more effective than
clotrimazole tincture in the treatment of Trichophyton aste-
riodes-induced dermatomycosis in guinea pigs. In the same
experimental model, but with a different treatment regimen,
croconazole 1.0% cream was comparable to clotrimazole
1.0% cream (209). Croconazole had no marked effects on
pharmacologic parameters following oral administration in
experimental animals (349) and did not produce any notable
contact sensitivity, phototoxicity, or photoallergy following
topical application in guinea pigs (293).

Although the drug has been marketed, no reports on the
efficacy of the compound in clinical trials have been pub-
lished to date.

Fenticonazole

Fenticonazole is an antifungal imidazole derivative devel-
oped by Recordati SpA (Milan, Italy). It is indicated for the
treatment of superficial mycoses and vaginal candidiasis.
The compound is in phase III clinical trials in the United
Kingdom and the Federal Republic of West Germany;
France discontinued development after phase III clinical
trials (Sochynsky and Hardcastle [ed.], Pharma Projects, p.
m 1007-m 1008, May 1987). Fenticonazole has broad-spec-
trum in vitro antifungal activity, but it is most active against
dermatophytes (56, 332). Its activity decreases significantly
at alkaline pH and in the presence of serum. At acidic pH,
activity was demonstrated against Cryptococcus neofor-
mans and C. albicans.

Studies of its mode of action and efficacy in experimental
animal models have been limited. A scanning electron mi-
croscopic study of the effect of fenticonazole on cells of C.
albicans revealed the induction of cytoskeletal changes and
alterations in plasma membrane architecture with increasing
concentrations of the drug (57). Moreover, at concentrations
approaching the MIC, the drug inhibited the formation of
pseudohyphae of C. albicans; filamentation was completely
inhibited at the MIC and higher (60). In experimental models
of dermatomycoses and candidiasis in guinea pigs, fenticon-
azole was comparable to miconazole and clotrimazole (331).
Formulations of 1 to 3% produced complete healing of
infected skin without relapses.

Several clinical trials have been published. Fenticonazole
was shown to be more effective than miconazole, econazole,
and clotrimazole in phase III clinical trials (Sochynsky and
Hardcastle [ed.], Pharma Projects, p. m1007-m1008, May
1987). In one report of a double-blind, clinical study of 54
patients with vaginal candidiasis, topical application of fen-
ticonazole 2.0% cream for 7 days produced a 95% rate of
cure with no significant side effects (36). The clinical cures
were comparable to those obtained with clotrimazole, al-
though four of the fenticonazole-treated patients relapsed
within 4 to 6 weeks as compared to none of the clotrimazole-
treated patients. In a double-blind trial with 30 patients with
vaginal candidiasis, fenticonazole 100 mg as ovules was
compared with miconazole 100 mg as ovules; both com-
pounds were administered twice daily (101). All patients
from both groups were cured, but the onset of action of
fenticonazole was more rapid than that of miconazole; 13 of
15 patients treated with fenticonazole were cured in weeks 1
and 2 compared to 4 of 15 patients treated with miconazole.

In several trials, fenticonazole was more effective than
econazole or clotrimazole. When 52 patients with culture-
proven dermatomycoses were treated with fenticonazole
2.0% cream or econazole 1.0% cream, fenticonazole pro-
duced more cures (163). Likewise, fenticonazole 2.0% cream



VoL. 1, 1988

produced more cures in 21 patients with dermatophytoses
when compared with clotrimazole 1.0% cream (86). Fenti-
conazole was significantly more effective than clotrimazole
in producing cures in week 3 of treatment. In contrast to the
above, in another randomized, double-blind, parallel, multi-
center clinical trial of 60 patients with dermatomycoses or
tinea versicolor, fenticonazole 2.0% cream was comparable
to miconazole 2.0% cream in producing mycological cures.
No or minimal side effects followed twice-daily applications
for up to 4 weeks (9). A once-a-day dosage formulation is in
phase II and III clinical trials (Sochynsky and Hardcastle
[ed.], Pharma Projects, p. m 1007-m 1008, May 1987).

Isoconazole

Isoconazole is structurally related to miconazole and
econazole and was synthesized by Janssen Pharmaceutica.
The compound has been marketed in several countries, but
not in the United States. It has broad-spectrum activity in
vitro against dermatophytes, pathogenic yeasts, pathogenic
filamentous fungi, gram-positive bacteria, and trichomonads
(157). The mode of action appears to include rapid reduction
in ATP concentrations caused by damage to the fungal cell
membrane (203). An ultrastructural study of the effect of
various imidazoles on the cell wall of C. albicans showed
that isoconazole interacted with the cell wall and caused
convolutions and wrinkles. Isoconazole also inhibited the
enzyme-catalyzed release of spheroplasts from young yeast
cells (13). An in vitro study with mouse Leydig cells dem-
onstrated a direct reversible inhibition of testosterone bio-
synthesis by isoconazole (257); thus, like ketoconazole,
isoconazole is capable of altering steroid synthesis.

This compound appears to be active only when adminis-
tered topically. Oral or parenteral administration in experi-
mental animal models of fungal and bacterial infections has
yielded negative data. In one such study, oral treatment of
mice with gastrointestinal candidiasis failed to protect the
animals from progressive disease (158). Only a small reduc-
tion in the number of animals excreting the yeast in the feces
was observed. A recent study has demonstrated that appli-
cation of the free base of isoconazole in combination with a
volatile/nonvolatile vehicle, e.g., ethanol/propylene glycol,
can increase drug bioavailability in the skin by a factor of 10
(297). This observation may lead to newer formulations of
isoconazole and broaden its use for topical (e.g., spray)
treatment of yeast and dermatophytic infections.

Isoconazole has been developed and marketed primarily
as a once-a-day, topical anti-Candida agent for the treatment
of vaginal candidiasis. In clinical studies, very little of the
drug entered the blood after a single vaginal application of a
600-mg dose; the same dose did not adversely affect intesti-
nal flora by inducing a proliferation of yeastlike species
following prolonged administration (140). Studies evaluating
isoconazole have demonstrated that 80 to 90% of patients
with vaginal candidiasis who were treated once a day with
the drug remained clinically and mycologically cured (336).
Following insertion of two 300-mg tablets, concentrations of
isoconazole in the vagina remained above minimum inhibi-
tory and minimum fungicidal levels for at least 72 h (298).
Another open, randomized, comparative study of isocona-
zole and orally administered ketoconazole in the treatment
of vaginal candidiasis showed that there were no statistically
significant differences in the rates of cure between the two
drugs. Fewer side effects were reported with the isocona-
zole-treated group than with the ketoconazole-treated group
(83).
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Oxiconazole

Oxiconazole (Ro-13-8996) is an antifungal imidazole
jointly developed by F. Hoffmann-LaRoche and Siegfried
AG, both of Basel, Switzerland (191). It is marketed for the
treatment of dermatomycoses and vaginal candidiasis
(Sochynsky and Hardcastle [ed.], Pharma Projects, p. a 299,
May 1986).

Oxiconazole has broad-spectrum antifungal activity in
vitro, although its degree of activity varies over a wide
range. Fungicidal activity was found against isolates of
Aspergillus fumigatus, Cryptococcus neoformans, C. albi-
cans, and T. mentagrophytes (224). It appears to be less
active than miconazole against C. albicans and less active
than ketoconazole against C. parapsilosis (102). Oxicona-
zole was the most active drug against both Mucor and
Rhizopus species. Subinhibitory concentrations inhibited
synthesis of deoxyribonucleic acid (224) and suppressed
intracellular concentrations of ATP (203). Synthesis of ribo-
nucleic acid, protein, and carbohydrate were decreased only
slightly (224). Oxiconazole RIF values for isolates of Can-
dida species, Aspergillus species, and dermatophytes were
67, 72, and 20%, respectively (208), suggesting good activity
against the dermatophytes and only moderate activity
against the other fungi tested. Polak-Wyss et al. (228)
demonstrated that oxiconazole-treated cells of C. albicans
had reduced concentrations of ergosterol, but increased
concentrations of other sterols, indicating an inhibition of
C-14 demethylation. This observation was made by Hiratani
and Yamaguchi as well (135). Beggs (18) demonstrated that
oxiconazole was a fungistatic agent against both early sta-
tionary phase and early logarithmic phase cells of C. albi-
cans. In a second study, the same investigator noted that it
was lethal to resting cells of C. parapsilosis, although the
lethal activity was intermediate when compared with that of
other imidazole antifungal drugs; oxiconazole was more
active than ketoconazole in this assay (16).

In experimental studies, oxiconazole was more potent
than other imidazole drugs in the treatment of trichophytosis
in the guinea pig and vaginal candidiasis in the rat (224). Oral
activity against experimental systemic infections was vari-
able. Oxiconazole was effective in treating experimental
histoplasmosis, but had poor activity against systemic can-
didiasis and no activity against cryptococcosis and aspergil-
losis in mouse models (224). Based on the irregular re-
sponses obtained in experimental animal models following
oral administration, oxiconazole was developed as a topical
antifungal agent.

In a guinea pig model, oxiconazole had a retention time in
the dermis sufficient for once-daily application (228). When
three drugs were evaluated =48 h after application, oxicon-
azole was the most active, followed by an experimental
compound (Ro 14-4767/002) and bifonazole. Radiolabeled
drug applied to human cadaver skin penetrated into the
deeper layers of epidermis and into hair follicles (288).
Fungistatic concentrations of the drug were found in the
upper corium and in deeper hair follicles as well. Others
have shown that oxiconazole penetrated into the horny layer
of skin and nail layers in sufficient amounts to inhibit fungal
growth; dissolutions in tinctures gave better nail penetration
than in ointments (287). Thus, the deep skin penetration and
long retention time of oxiconazole make this imidazole a
useful topical antifungal agent.

In clinical studies, oxiconazole was compared with econ-
azole in a double-blind evaluation of 120 patients with
dermatomycoses (104). From both clinical and mycological
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perspectives, oxiconazole was shown to be comparable to
econazole (90 versus 91.4% cures, respectively) in the ther-
apy of the superficial fungal infections. In a study involving
vaginal candidiasis in 51 patients, efficacy of single-dose
oxiconazole (600-mg vaginal tablet) versus a 3-day course of
econazole (150-mg ovule daily) was evaluated. Identical cure
rates of 92% were obtained with both drugs (109). The only
reported side effect was vaginal burning following applica-
tion of either drug in a few of the patients. In a comparative
study of 144 patients with dermatomycoses and tinea versi-
color, oxiconazole applied once daily was compared with
oxiconazole applied twice daily. The data demonstrated no
significant differences in the efficacy of the therapies; thus,
once-daily applications of oxiconazole may be a suitable
therapeutic regimen (334).

Sulconazole

Sulconazole is an imidazole derivative developed by Syn-
tex Research as a topical antifungal agent for the treatment
of dermatomycoses, pityriasis versicolor, and cutaneous
candidiasis.

In vitro activity. Sulconazole has broad-spectrum anti-
fungal activity. It is active against dermatophytes and yeast-
like fungi, including C. albicans, as well as gram-positive
bacteria (351). Its mode of action is not well defined, but in
one study it inhibited macromolecular synthesis in the order
ribonucleic acid > deoxyribonucleic acid > protein > man-
nan (344). RIF values for Candida species, Aspergillus
species, and dermatophytes were 69, 71, and 12%, respec-
tively (208). These values suggest that sulconazole is very
active against dermatophytes, but only moderately active
against Candida and Aspergillus species. Against resting
cells of C. parapsilosis sulconazole exerted direct physico-
chemical damage to the fungus at a concentration of 3.8 X
105 M (16). In addition, against early logarithmic phase
cells of C. albicans, sulconazole was fungicidal at a concen-
tration of 2 X 10~° M (18). These data support the premise
that sulconazole is capable of producing direct fungal cell
membrane damage.

Experimental in vivo activity. In a model of experimental
trichophytosis in guinea pigs, sulconazole was comparable
to miconazole at a variety of dosage schedules and cream
formulations (352). In other experimental guinea pig derma-
tophyte and mouse vaginal candidiasis models, sulconazole
was comparable to miconazole (L. Tanenbaum, C. Ander-
son, M. Chaplin, R. Jones, T. Matthews, and K. Walker,
Program Abstr. 19th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. no. 148, 1979). Sulconazole also pene-
trated full thickness skin 4 to 8 times more effectively than
miconazole (Tanenbaum et al., 19th ICAAC). Using radio-
labeled sulconazole 1.0% cream on rats with intact or
damaged skin, Fujihara et al. (96) demonstrated that some
drug was absorbed. Radioactivity in tissues and organs of
rats with damaged skin was three to five times higher than
that in rats with normal skin. Radioactivity in both groups
was high in the skin area on which the drug had been applied,
moderate in adrenals, liver, kidneys, and lung, and very low
in the spleen, brain, blood, and muscle. Absorption of
radioactivity from intact skin and damaged skin was 6 and
14%, respectively.

Clinical studies. Clinical trials of sulconazole have been
limited to superficial fungal infections, i.e., tinea versicolor,
and dermatophytoses. In one such study, which was multi-
center, double-blind, randomized, and parallel, 181 patients
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with tinea versicolor were treated with either 1.0% sulcona-
zole or 2.0% miconazole (295) applied twice daily for 3
weeks. Mycological cures were obtained in 93 and 87% of
the patients treated with sulconazole and miconazole, re-
spectively. Complete healing of lesions was observed in 89
and 82% of the patients, respectively. No serious side effects
were recorded with either compound. In another compara-
tive study, this time in 96 patients with either tinea pedis or
tinea cruris/corporis, the same azoles were compared in the
same dosage schedule (296). The compounds were adminis-
tered twice a day for 3 weeks. Sulconazole was comparable
to miconazole in producing mycological cures and in the rate
of relapse, but it was superior to miconazole in producing
fewer side effects. An additional clinical study comparing
sulconazole with miconazole in the treatment of derma-
tophytoses showed that sulconazole was significantly supe-
rior to miconazole in providing a more rapid onset of clinical
improvement, particularly in cases of tinea pedis (105).
Statistically significant differences favoring sulconazole
were observed for erythema, scaling, and overall clinical
improvement.

Sulconazole has been compared to econazole in the treat-
ment of dermatophytoses as well. In a double-blind, parallel
study of 34 patients, the 1.0% creams of both agents were
applied twice daily for 4 weeks (167). Sulconazole was
comparable to econazole in producing mycological cures.
More importantly, however, none of the patients (0 of 18)
treated with sulconazole had relapsed 6 weeks after the
completion of therapy, whereas 3 of the 16 patients that had
been successfully treated with econazole had relapsed. This
low relapse rate for sulconazole had been observed in an
earlier comparative study with clotrimazole, a study in
which sulconazole was shown to be statistically significantly
more effective than clotrimazole in the treatment of derma-
tophytoses (168). In another study, simultaneous use of
sulconazole 1.0% cream on infected skin and sulconazole
powder around the adjacent body and clothing completely
cleared inflammation in 14 patients with dermatophytic
infections (232). The results were comparable to those
obtained with econazole 1.0% cream and econazole powder.
Thus, several clinical trials have demonstrated that sulcona-
zole is an effective agent for the therapy of dermatophytic
and other superficial fungal infections.

Tioconazole

Tioconazole is a 1-substituted imidazole derivative syn-
thesized and developed by Pfizer U.K. (Sandwich,
England). Tioconazole has broad-spectrum in vitro inhibi-
tory activity against a variety of pathogenic yeasts, derma-
tophytes, and Aspergillus species (152), as well as activity
against some chlamydia, trichomonads, and gram-positive
bacteria (53). It is indicated for the topical therapy of
superficial dermatophytic and yeast infections of the skin
and for vaginal candidiasis. In the United States, tioconazole
has been approved for over the counter use in the treatment
of skin and nail infections due to dermatophytes and yeasts,
including those infections complicated by gram-positive or-
ganisms (Sochynsky and Hardcastle (ed.), Pharma Projects,
p. a 301, May 1986).

In vitro activity and mode of action. In in vitro studies,
tioconazole was fourfold more active than miconazole
against Candida species and was more potent than micona-
zole against isolates of Cryptococcus neoformans, Torulop-
sis glabrata, and several species of dermatophytes; tiocona-
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zole was comparable to miconazole against Aspergillus
species (145). In vitro studies by Odds and co-workers (201,
202) and Lefler and Stevens (174) also demonstrated the
broad-spectrum activity of tioconazole in comparison to
other azole derivative antifungal drugs.

The mode of action of tioconazole is unclear, but it
lowered ATP concentrations in cells of C. albicans (7,203)
and inhibited sterol C-14 demethylation in Candida species
(231). Both of these parameters suggest direct membrane
damage to the yeast cells by the drug. In one study,
tioconazole was shown to have an intermediate effect on the
suppression of new hyphal growth of C. albicans; it was
comparable to ketoconazole in this assay (205). A number of
other studies have shown tioconazole to have potent fungi-
cidal activity, however. Beggs (17) demonstrated that tiocon-
azole at a concentration of 3.8 X 10~° M caused a rapid 2- to
3-log reduction in viable yeast cells of late-lag, logarithmic-
phase, or stationary-phase C. albicans and C. parapsilosis.
This fungicidal activity appeared to be pH dependent and did
not occur under moderate acidic conditions (19). Thus,
tioconazole demonstrated a growth phase-independent fun-
gicidal action, an activity quite desirable in clinical situa-
tions.

Experimental in vivo activity. Tioconazole has proven
effective in the treatment of experimental animal infections.
Tioconazole was more effective than miconazole in the
treatment of systemic C. albicans infection in mice following
oral, i.v., or subcutaneous administration of the drugs (152).
In a murine model of vaginal candidiasis, tioconazole 2.0%
cream was slightly more effective than miconazole 2.0%
cream in producing mycological cures (185). Tioconazole 1.0
and 2.0% creams were comparable to miconazole 2.0%
cream in the treatment of experimental dermatomycoses in
guinea pigs (185). In general, pharmacologic studies in
animals have shown tioconazole to be well tolerated with
minimal systemic exposure following topical application
(185). One exception is a report by Latrille et al. (169), who
reported that tioconazole administered orally to pregnant
rats at 100 mg/kg per day affected parturition and was
associated with modification of progesterone and 178-
estradiol serum levels; the data have questionable relevance
to humans, however.

Pharmacokinetics. Pharmacokinetic studies in humans
have shown tioconazole to be only minimally absorbed
following either cutaneous (121) or vaginal (8, 121, 142)
application. For example, the mean plasma concentration of
tioconazole 8 h following insertion of a 300-mg ovule in the
vagina was 21.2 ng/ml; no drug was detected 24 h after
insertion. The mean vaginal concentration of tioconazole
was 21.4 mg/liter 24 h after insertion, and drug remained
detectable in seven and two of nine patients after 48 and 72
h, respectively. These data support once-a-day administra-
tion of this drug.

Clinical studies. In a number of open and comparative
clinical trials, tioconazole was effective for the treatment of
dermatophytic infections and cutaneous and vaginal candi-
diasis. A recent comprehensive review of these clinical trials
was published by Clissold and Heel (53); thus, only a few of
the evaluations will be discussed in this report. Kashin et al.
(154) studied more than 200 patients with dermatophytic
infections and noted that tioconazole 1.0% cream adminis-
tered once daily was just as effective in producing mycolog-
ical cures (85 to 95%) as drug administered twice daily. In
another study involving more than 1,000 patients with a
variety of superficial fungal infections, tioconazole was
compared with miconazole, clotrimazole, and econazole and
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all were found to be of equal efficacy in reducing symptoms
and producing mycological cures (211). Hay et al. (123)
demonstrated that a special 28% tioconazole formulation,
suitable for application to nails, caused clinical improvement
in 11 patients, some improvement in 5 patients, and no
improvement in 5 patients, all of whom had nail infections
caused by a variety of fungal species. None of the patients
had responded to therapy with ketoconazole or griseofulvin.
Further clinical trials are needed to determine the role of
tioconazole in the treatment of nail infections.

Tioconazole is effective in reducing symptoms and pro-
ducing mycological cures of vaginal candidiasis. Non-re-
lapse cure rates of 85% were reported in a study following 3-,
6-, or 14-day administration of tioconazole (100-mg pessary
or 5 g of 2.0% cream); cure rates of 96% were reported
following single-dose treatment with tioconazole (300-mg
pessary or 6.0% ointment) (131). In several other studies
tioconazole has been comparable or superior to econazole,
clotrimazole, and miconazole for treatment of vaginal can-
didiasis (53). In one such study, tioconazole administered
topically once or twice was superior to ketoconazole admin-
istered orally once daily for 5 days in producing mycological
cures in both short-term (75 versus 30% for tioconazole and
ketoconazole, respectively) and long-term (90 versus 70%
for tioconazole and ketoconazole, respectively) follow-up
evaluations (244).

ANTIFUNGAL IMIDAZOLES UNDER DEVELOPMENT

Newer antifungal imidazole derivatives are being devel-
oped by several companies. Most of these compounds are in
very early development and little information is available.
Although this chemical group is well represented with nu-
merous clinically useful drugs, the search for more effective,
safer, and preferably orally active azole derivatives contin-
ues. The need for improved antifungal chemotherapy re-
mains; the imidazoles presently under development may
eventually meet that need. Chemical structures, proposed
routes of administration, and proposed clinical uses of these
compounds are listed in Table 3.

Aliconazole

Aliconazole is an antifungal imidazole derivative being
developed by Knoll Pharmaceuticals (Whippany, N.J.). The
compound is in phase III clinical trials for the determination
of efficacy in the topical treatment of cutaneous fungal
infections (Sochynsky and Hardcastle [ed.], Pharma Proj-
ects, p. m 640, May 1987).

Omoconazole

Omoconazole (CM 8282) is an antifungal imidazole deriv-
ative that is being developed as a topical antifungal agent by
Siegfried AG (301). This compound is in phase II clinical
trials to evaluate its effectiveness for treating dermatological
fungal infections (Sochynsky and Hardcastle [ed.], Pharma
Projects, p. m 1171, May 1987).

In vitro, this drug is comparable in activity to clotrima-
zole, econazole, isoconazole, ketoconazole, miconazole,
and tioconazole against a panel of 55 recent clinical isolates
of yeasts (196). Omoconazole was the second most active
drug; tioconazole was the most active and ketoconazole was
the least active in this agar dilution assay. Further studies
are in progress.
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TABLE 3. Generic name, developer, chemical structure, proposed route(s) of administration, and proposed clinical uses
of imidazole and triazole antifungal derivatives currently under development

Generic name

(developer) Chemical structure

Proposed route(s)

s N Proposed clinical uses
of administration PO

Imidazoles N

Aliconazole (Knoll)
cl
Jon “W‘;’i

N
Omoconazole [ )
(Siegfried AG)
Cl
Triazoles N ™ N
Flllxjc'(;?‘a;zole (Pfizer g/ =/"—°”=—°‘°“=F—"\=?

Itraconazole (Janssen) |"
N ) ol

cu,

I—Lcuz_ : u : \-_N-cl:n—cn2 CHy

Vibunazole (Bayer M emy
AG) cx—@— 0-CH-C— c/— CHy
I N,
H—C—H

.
([
Alteconazole (Knoll)
R
C
J
ICI 195,739 (Imperial N— o __N

Chemical Industries N
dustries) N/ \CHZ—C—CH/ \N/ CH=CH

CHF# CF7CH,0

Topical Superficial fungal infections, including
dermatomycoses, tinea versicolor,
and cutaneous and vaginal candidiasis

Topical Superficial fungal infections, including
dermatomycoses, tinea versicolor,
and cutaneous and vaginal candidiasis

Oral Superficial and systemic fungal infec-

Topical tions, including tinea versicolor, der-
matomycoses, cutaneous, vaginal,
and systemic candidiasis; special indi-
cation for fungal meningitis

Oral Superficial and systemic fungal infec-

Topical (?) tions, including tinea versicolor, der-
matomycoses, cutaneous, vaginal,
and systemic candidiasis and
systemic aspergillosis, sporotrichosis,
and chromomycosis

Oral Superficial and systemic fungal infec-

Topical tions, including tinea versicolor, der-
matomycoses, cutaneous, vaginal,
and systemic candidiasis and
systemic aspergillosis

Oral Superficial and systemic mycoses

Topical

Oral Superficial and systemic mycoses

Topical

ANTIFUNGAL TRIAZOLES AVAILABLE FOR
CLINICAL USE AND UNDER DEVELOPMENT

Antifungal triazole derivatives presently under develop-
ment represent a much needed advance in the field of
antifungal chemotherapy. They are the second major chem-
ical group of antifungal azole derivatives. In general, the
triazole group appears to have a broader spectrum of anti-
fungal activity and reduced toxicity when compared with the
imidazole antifungal drugs. To date, terconazole is the only
triazole marketed for clinical use against fungal infections,

and its uses are limited. The two leading triazole candidates
under development are fluconazole and itraconazole. Both
of these compounds are active orally and appear to have
broader spectra of activity and less toxicity than ketocona-
zole. Other triazoles reviewed in this section are in earlier
phases of development; therefore, it is difficult to estimate
their potential value as antifungal drugs at this time. Chem-
ical structures, proposed routes of administration, and pro-
posed clinical uses of these compounds are listed in Table 3;
terconazole, a marketed compound, is listed in Table 2.
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Terconazole

Terconazole is a novel triazole ketal that was synthesized
by Janssen Pharmaceutica (129). This compound represents
the first triazole antifungal drug marketed for human use.
Terconazole is undergoing phase II clinical trials in the
United States. Terconazole is available as a 0.8% vaginal
cream and pessaries and is indicated for the treatment of
vaginal candidiasis (Sochynsky and Hardcastle [ed.],
Pharma Projects, p. m 596, May 1987).

In vitro activity. Terconazole has broad-spectrum anti-
fungal activity in vitro. In one study, 89% of dermatophytes,
100% of Cryptococcus neoformans isolates, and 60% of
Candida species were completely or significantly inhibited
by terconazole at a concentration of 10 pg/ml; in vitro
activity was dependent on the medium used for the assays,
however. Terconazole prevented the transformation of C.
albicans cells into the pseudohyphal phase in vitro (322).
Tolman et al. (304) demonstrated that terconazole had a
broad range of in vitro antifungal activity, but that the
potency varied against isolates of C. albicans and Candida
species. These investigators also noted that the anticandidal
potency of terconazole was enhanced when the drug was
added to yeast cells undergoing mycelial formation. In an
assay to test for the suppression of intracellular ATP syn-
thesis, terconazole had no effect. Other tested triazoles also
had no effect in this assay (202).

Experimental in vivo activity. Terconazole is effective in
the treatment of a variety of dermatomycoses and candidia-
sis in experimental animal models (129, 322). In a guinea pig
model, treatment with 0.5% terconazole yielded 100% cures
against infection caused by T. mentagrophytes, and treat-
ment with 1.0% terconazole yielded complete cures against
infection caused by M. canis. In an experimental model of
rat vaginal candidiasis, terconazole administered twice daily
for 3 days as 1.0 and 0.5% creams produced cure rates of 97
and 76%, respectively. In these studies, terconazole also
was effective in the treatment of experimental skin candidi-
asis (322).

Terconazole has been shown to have moderate activity
following oral administration in experimental vaginal and
skin candidiasis and in experimental dermatomycoses (322).
Terconazole administered orally at 10 mg/kg cured 50% of
rats with experimental vaginal candidiasis; oral administra-
tion at 40 mg/kg cured 67% of animals with experimental M.
canis infection. Ketoconazole was superior to terconazole in
each of these experiments.

Clinical studies. Although clinical studies with terconazole
are limited, summary reports of several phase II clinical
trials have been published in a special supplement of the
journal Gyndikolische Rundschau (vol. 25, Suppl. 1) in 1985.
These studies demonstrated the efficacy and tolerability of
terconazole in the treatment of vaginal candidiasis. One
double-blind study demonstrated that 0.4% terconazole
cream was comparable to 1.0% clotrimazole cream in the
topical treatment of vaginal candidiasis in a group of 39
pregnant and 40 nonpregnant patients (242). The compound
was well tolerated and no serious side effects were reported.
The relapse rates of the terconazole- and clotrimazole-
treated groups were 10.3 and 17.9%, respectively. A study of
similar design also demonstrated the comparable activity of
terconazole cream and clotrimazole cream in the treatment
of vaginal candidiasis (67). In a study of 60 patients with
vaginal candidiasis, terconazole (80 mg) vaginal tablets were
compared with clotrimazole (200 mg) tablets each adminis-
tered once daily for 3 days or a terconazole (240 mg) tablet
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administered once followed by 2 days of placebo tablets
(160). At 1 week after treatment, all groups had >90% cure
rates. However, by 3 weeks after treatment, patients in
whom terconazole had been administered once daily for 3
days had significantly greater cure rates (94%) than those
receiving either the terconazole single-dose (55%) or clotri-
mazole three-dose (65%) therapy.

Thus, terconazole represents the triazole group of azole
derivatives that is active topically against vaginal candidiasis
and dermatomycoses. Although its activity is limited, this
drug represents the first of a chemical class of compounds
that have great promise for improved antifungal therapy.

Fluconazole

Fluconazole (UK-49,858) is an orally active triazole anti-
fungal agent under development by Pfizer U.K. This com-
pound has a high degree of systemic bioavailability and is
being developed for once-daily oral, i.v., and topical use
against systemic and superficial fungal infections (130).
Phase III clinical trials in the United States are in progress,
with favorable results reported to date on the treatment of
several systemic fungal infections, including the successful
treatment of cryptococcal meningitis in compromised pa-
tients. Fluconazole also has been reported to be active in the
treatment of vaginal and cutaneous candidiasis as well as
superficial fungal infections (Sochynsky and Hardcastle
[ed.], Pharma Projects, p. m 917, May 1987).

In vitro activity. In general, the measurement of in vitro
antifungal activity of azole derivatives is difficult in that such
studies with these chemical compounds often produce irreg-
ular and diverse data that are difficult to interpret. Tests with
fluconazole do not appear to produce clinically useful in
vitro data under many experimental conditions; in vitro
susceptibility data seldom predict in vivo efficacy. However,
a few reports of in vitro activity of fluconazole have ap-
peared in the literature. Rogers and Galgiani (243) reported
that, at physiologic pH, fluconazole was 16-fold less active
than ketoconazole against 35 isolates of C. albicans as
assayed with a synthetic broth dilution susceptibility test.
Marriott and Richardson (186) also noted that fluconazole
was less active than ketoconazole and amphotericin B
against yeasts and filamentous fungi when tested in both
liquid and solid medium assays. These investigators ob-
served that fluconazole was more active at pH 7 to 7.5 than
at lower pH values when an agar dilution assay was used.
Fluconazole activity was not affected by pH, however, in
liquid medium assays with C. albicans. The reasons for
these observations are unclear, but may reflect sequestration
of the drug in the agar matrix. Fluconazole was active
against Candida species and Cryptococcus neoformans, less
active against dermatophytes, and inactive against Asper-
gillus species (186). Viability studies of three isolates of
Candida species exposed to fluconazole demonstrated that
the drug was fungistatic and not fungicidal whether tested
against the yeast in stationary or early logarithmic phase
(144). The fungistatic data of fluconazole were comparable to
that of ketoconazole, vibunazole, and ICI 153,066.

Odds et al. (204) examined the in vitro antifungal activity
of fluconazole by using four different test systems: relative
inhibition factors, agar dilution susceptibility assay, effect of
drug on hyphal formation of C. albicans, and effect of drug
on ATP content of C. albicans spheroplasts. Fluconazole
was poorly active in each of the assays, and it was less active
than ketoconazole and other azole derivatives tested. In
other studies, fluconazole was relatively inactive in vitro
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against organisms causing phaeohyphomycoses (72) and
against Histoplasma capsulatum (226). The generally poor in
vitro activity of fluconazole, however, did not correlate with
its high in vivo activity in experimental animal models of
several mycoses (see below).

Experimental in vivo activity. Although fluconazole would
not appear to be a useful antifungal agent if evaluated on the
basis of in vitro data alone, in vivo activity of the drug
appears to be quite good. Fluconazole, administered orally,
is active in the treatment of a variety of systemic and
superficial fungal infections, including fungal meningitis
(110, 307). In one study of the efficacy of fluconazole in the
treatment of experimental cryptococcal meningitis, the tria-
zole was comparable to ketoconazole and amphotericin B in
controlling cryptococcosis in mice following intransal and
i.v. infection (213). Moreover, fluconazole was superior to
ketoconazole and comparable to amphotericin B in control-
ling intracerebrally administered yeast cells of Cryptococcus
neoformans in the same model. In a study by Troke et al.
(309) fluconazole was 5- to 20-fold more active than keto-
conazole in the treatment of experimental intracranial and
pulmonary cryptococcosis in mice, but fluconazole was less
active than amphotericin B in this study. Perfect et al. (216)
compared fluconazole and itraconazole in a rabbit model of
cryptococcal meningitis. Both compounds were effective in
controlling the disease. In a study of experimental cocci-
dioidal meningitis, Graybill et al. (115) treated mice that had
been challenged intracerebrally with endospores of Cocci-
dioides immitis with fluconazole, ketoconazole, or ampho-
tericin B. Each drug prolonged survival of the mice and
reduced the colony-forming units of fungus in brain. Mice
treated orally with high-dose fluconazole, however, had a
longer mean survival time than mice treated with ketocona-
zole; again, amphotericin B was the most effective drug.

Fluconazole also is effective in the treatment of experi-
mental histoplasmosis and blastomycosis. Using a quantita-
tive spleen culture technique, Polak and Dixon (226) dem-
onstrated that fluconazole was fungicidal for cells of H.
capsulatum in an experimental mouse model of systemic
disease. In a study of experimental histoplasmosis in AKR
and C57BL/6 mice, fluconazole had lower toxicity than
amphotericin B with therapeutic indices of 4.3 (AKR) and
7.1 (C57BL/6) versus 2.0 for amphotericin B (161). Orally
administered fluconazole was comparable in activity to
amphotericin B administered intraperitoneally in the two
mouse strains used in this study. In another study, daily
doses (subcutaneous) of 25 and 50 mg of fluconazole per kg
for 21 days in mice with experimental pulmonary blastomy-
cosis produced 30 and 100% survival, respectively (182).
Amphotericin B at 1 mg/kg per day produced 100% survival.
Fluconazole failed to clear the fungus from the lungs, while
amphotericin B eradicated the fungus from 66% of the
survivors.

Fluconazole is active in the treatment of experimental
candidiasis as well. In normal and immunosuppressed mice,
fluconazole administered for 10 days was found to be signif-
icantly more active than ketoconazole against systemic
infections with C. albicans (308). In normal mice, flucona-
zole administered for 30 days prolonged survival of infected
mice for >90 days, and up to 60% of the animals had no
detectable C. albicans cells in their kidneys. In immunosup-
pressed mice with intestinal candidiasis, feces were culture
negative in >90% of the mice 3 days after treatment as
compared to 62 and 23% of animals treated with amphoter-
icin B and ketoconazole, respectively. In another study, rats
infected with C. albicans had prolonged survival times
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following treatment with fluconazole, although the in vitro
data were not suggestive of protection (243). Fluconazole
was 20-fold more active in vivo than ketoconazole. Of
importance in this study was the observation that cross-
resistance between ketoconazole and fluconazole existed in
vitro and in vivo with isolates of C. albicans. Richardson et
al. (236) demonstrated that fluconazole was more effective
than ketoconazole in the treatment of experimental systemic
and vaginal candidiasis in mice. More recently, fluconazole
was shown to penetrate into rabbit eye tissue more readily
than ketoconazole or itraconazole (253). Fluconazole was
effective in reducing the numbers of C. albicans in experi-
mental hematogenous endophthalmitis when therapy was
initiated within 24 h of infection; only ketoconazole was
effective when the initiation of therapy was delayed for 7
days.

Data on the efficacy of fluconazole in the treatment of
experimental aspergillosis are contradictory. In a report by
Troke et al. (309), fluconazole was 5- to 20-fold more active
than ketoconazole in the treatment of experimental asper-
gillosis in mice. Effective dose 50% endpoints ranged from 5
to 50 mg/kg against isolates of A. fumigatus and Aspergillus
Aavus; amphotericin B remained the most active compound
in these tests (307, 309). To the contrary, Graybill (110)
reported that fluconazole (up to 50 mg/kg) did not protect
mice with experimental aspergillosis. Further data are re-
quired to clarify the role of fluconazole in the treatment of
aspergillosis.

Although the studies are not numerous, fluconazole also
has been shown to be active in the treatment of experimental
tinea versicolor (307) and dermatomycoses (236, 307). In the
dermatomycoses models, fluconazole was shown to be S to
10 times more active than ketoconazole (307).

Pharmacokinetics. In rabbits, fluconazole crossed the
blood-brain barrier easily at 1 order of magnitude greater
than that observed with other azole derivatives, i.e., keto-
conazole, vibunazole, and itraconazole (215, 216). Flucona-
zole is distinctive for its excellent cerebrospinal fluid pene-
tration. A recent pharmacokinetic study demonstrated an
excellent cerebrospinal fluid to serum penetration after a
single 6-mg/kg i.v. dose (C. A. Arndt, T. J. Walsh, C. L.
McCully, F. M. Balis, P. A. Pizzo, and D. G. Poplack, J.
Infect. Dis., in press). Scientists at Pfizer U.K. have devel-
oped a sensitive gas chromatographic technique for the
detection of fluconazole in plasma and urine samples (34,
342). Using this technique, they determined that after oral
and i.v. administration of fluconazole to mice, rats, dogs,
and humans, bioavailability was almost complete in each
species (34, 146). Peak plasma concentrations of fluconazole
normalized to a 1-mg/kg oral dose were 0.7, 0.6, 1.1, and 1.4
wg/ml in mice, rats, dogs, and humans, respectively, with
volume of distribution of 1.1 liters/kg in mice and 0.7 liter/kg
in humans. Radiolabeled [**C]fluconazole administered i.v.
to mice was shown to distribute evenly in all body tissues,
including the central nervous system and gastrointestinal
tract. Plasma protein binding ranged from 11 to 12%, and
elimination half-lives were 4.8, 4.0, 14, and 22 h in mice,
rats, dogs, and humans, respectively. Renal clearance was
the major route of elimination, with 70% of unchanged drug
excreted in the urine of all species.

Thus, fluconazole has a pharmacokinetic profile unlike
any other antifungal azole derivative. Its low molecular
weight, low affinity for plasma binding, and water solubility
make it readily absorbable following oral or i.v. administra-
tion, and there is no evidence for first-pass metabolism. In
human studies, the bioavailability of fluconazole is linear
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with oral dose, another parameter that sets this drug apart
from the other antifungal azole derivatives. The long half-life
of fluconazole (up to 25 h in humans) also makes this drug a
prime candidate for once-daily therapy of susceptible fungal
infections (34).

Clinical studies. Fluconazole is undergoing phase II and III
clinical trials in several countries. Many of these data are
being evaluated and analyzed at present. The clinical trial
data reviewed here all were published recently in the pro-
ceedings of an antifungal telesymposium (92).

Fluconazole was evaluated in a two-center, noncompara-
tive, open study of 43 patients with superficial mycotic
infections, e.g., dermatomycoses, candidiasis, or tinea ver-
sicolor (197). Fluconazole was administered orally at S0 mg
once daily for a varied number of days. All patients were
clinically cured or substantially improved by the end of
therapy, which ranged from 9 to 42 days; relapse of the
treated infection(s) was uncommon. Fluconazole was most
effective in the treatment of intertrigenous candidiasis, with
100% cure rates in 14 patients and a mean therapy duration
of 9 days.

The remaining clinical studies of fluconazole reported to
date all concern the treatment of infections due to Candida
species. Brammer and Lees (33) have made an interim
analysis of a multicenter study designed to evaluate the
efficacy of oral fluconazole (150-mg single dose) as compared
with intravaginally administered clotrimazole (200 mg daily
for 3 consecutive days) tablets in the treatment of vaginal
candidiasis. Both drugs performed well in week 1 of the
study, producing mycological cures in >80% of the patients.
At the 5- to 7-week follow-up examinations, however, flu-
conazole had produced 73% clinical and mycological cures
as compared with 64% for the clotrimazole-treated group.
Although there is not a striking difference between the two
groups, the single-dose oral therapy of fluconazole is more
desirable than the 3-day intravaginal course of clotrimazole
therapy.

Two studies on the efficacy of fluconazole in the treatment
of oropharyngeal candidiasis in compromised patients have
been reported (78, 189). In one noncomparative study,
fluconazole (50 mg) was administered orally once daily to a
group of 63 patients with oropharyngeal candidiasis, 55 of
whom tested positive for the human immunodeficiency virus
antibody (78). Daily therapy ranged from 5 to 20 days and
was followed by alternate-day maintenance therapy. The
symptoms resolved in 37 of the treated patients within 1
week. Eradication or significant reduction in oral yeasts was
observed in all treated patients during the study. No adverse
reactions or minor side effects were noted. The penetration
of fluconazole into the cerebrospinal fluid will likely allow its
use in chronic, suppressive therapy of cryptococcal menin-
goencephalitis in human immunodeficiency virus patients. A
recent report of a successfully treated case (76) documents
this possible therapeutic use. In a noncomparative study, the
efficacy of fluconazole in the treatment of oropharyngeal
candidiasis in cancer patients was evaluated (189). Clinical
resolution of oral candidiasis was obtained in 28 (90%) of the
patients; however, negative cultures were obtained in only
16 (53%). These data are similar to those obtained in other
studies with ketoconazole at a dose of 600 mg daily. Neu-
tropenic patients were not able to eradicate the fungus
following fluconazole therapy. Thus, fluconazole was effective
at 50 mg/day in controlling oral candidiasis in cancer patients,
but higher daily doses must be evaluated to determine whether
eradication of the infecting fungus can be accomplished.

In general, fluconazole is effective for treating superficial
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fungal infections, including vaginal candidiasis, and for con-
trolling oral candidiasis in compromised patients. Higher
doses of fluconazole need to be evaluated in multicenter,
comparative clinical trials to make more relevant decisions
regarding the potential use of fluconazole in the clinic.

Toxicity and adverse reactions. In the experimental and
clinical studies reported to date, fluconazole appears to be a
well-tolerated, relatively nontoxic compound. In spite of the
compound’s solubility in water and ready penetration of
even an uninflamed blood-brain barrier, fluconazole has not
been reported to cause unusual or undesirable central ner-
vous system side effects or other significant side effects.
Tachibana et al. (292) summarized the known toxicological
properties of fluconazole. It was less toxic than ketocona-
zole in several assays, including liver enzyme induction,
inhibition of steroid biosynthesis, induction of fetal malfor-
mations, and teratological effects. It was not mutagenic. The
authors concluded that the lesser toxicity of fluconazole in
the animal models studied, in combination with its potent
antifungal activity, suggests that fluconazole may have a
higher margin of safety than ketoconazole.

Shaw et al. (270) summarized the effect of fluconazole on
cytochrome P-450-mediated sterol synthesis and metabo-
lism. Fluconazole had activity comparable to that of keto-
conazole in the inhibition of fungal C-14 demethylase, i.e.,
inhibition of ergosterol synthesis. Fluconazole was signifi-
cantly less potent than ketoconazole, however, in the inhi-
bition of the mammalian enzyme, i.e., as assayed in rat liver.
Studies in humans demonstrated that fluconazole, adminis-
tered chronically at a therapeutic dose level, did not affect
plasma testosterone concentrations or the pharmacokinetics
of coadministered antipyrine or oral contraceptives. In ad-
dition, fluconazole was a more specific inhibitor of the fungal
cytochrome P-450 versus mammalian cytochrome P-450-
mediated reactions, including those involved in steroid bio-
synthesis (cholesterol, testosterone, estrogen) and drug me-
tabolism, than other antifungal azole derivatives studied,
including ketoconazole. From these data, the authors con-
cluded that the drug would have a superior therapeutic ratio
in comparison with other antifungal azole derivatives.

Itraconazole

Itraconazole (R 51,211) is an orally active triazole anti-
fungal agent under development by Janssen Pharmaceutica
(128). This agent is in phase III clinical trials in the United
States for the treatment of gynecological and dermatophytic
fungal infections. Phase III clinical trials for the treatment of
a variety of fungal infections are in progress in Belgium,
Canada, and The Netherlands. Itraconazole is being devel-
oped as an alternative to ketoconazole therapy (111). In
comparison to ketoconazole, its potential advantages in-
clude less toxicity, better pharmacokinetics, and broader
spectrum of antifungal activity, particularly activity in asper-
gillosis and sporotrichosis. Experimental and clinical data on
itraconazole have been summarized recently in the proceed-
ings of an antifungal telesymposium (92).

In vitro activity. Itraconazole was compared with ketocon-
azole, vibunazole, and a morpholine antifungal (Ro 14-
4767/002) for in vitro antifungal activity, using an agar
dilution assay. Itraconazole was found to be the most active
agent against isolates of H. capsulatum, A. fumigatus, A.
flavus, Blastomyces dermatitidis, and Cryptococcus neofor-
mans (80). Van Cutsem et al. (320) summarized the in vitro
activity of itraconazole against 2,813 strains of fungi. They
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demonstrated that itraconazole had potent, broad-spectrum
antifungal activity. RIF values for itraconazole against iso-
lates of Candida species, Aspergillus species, and derma-
tophytes all were superior to those of ketoconazole, indicat-
ing that itraconazole may be a more active compound (208).
In one study, itraconazole was 100 times more potent than
ketoconazole in inhibiting the growth of A. fumigatus and
Aspergillus niger (184). Itraconazole totally inhibited the
growth of A. fumigatus within 24 h at a concentration of 5 X
10~8 M; ketoconazole exerted the same activity at 5 X 107°
M. Moreover, itraconazole induced irreversible structural
damage to a variety of fungi; the antifungal activity was
dependent upon the species tested, the time of incubation,
and morphogenetic form of the fungus tested (30). Irrevers-
ible structural damage due to itraconazole was achieved at
concentrations comparable to that required for ketoconazole
(C. albicans and C. neoformans), at concentrations 10- to
100-fold lower (Pityrosporum ovale, T. rubrum, Paracocci-
dioides brasiliensis), or at concentrations 100-fold lower (A.
fumigatus). Itraconazole also has been shown to be syner-
gistic in vitro with 5-fluorocytosine against isolates of A.
fumigatus and A. flavus (156).

Experimental in vivo activity. Itraconazole is a potent
agent for the oral and parenteral treatment of a wide variety
of experimental systemic and superficial fungal infections.
Van Cutsem et al. (319, 320) summarized several ‘‘in house’’
studies of the efficacy of itraconazole in animal models of
fungal infections. Overall, it was more active than ketocon-
azole in treating most of the experimental infections. At
doses four to eight times lower than ketoconazole, itracona-
zole had similar activity in the treatment of experimental
dermatophytoses and both superficial and systemic candidi-
asis. Disseminated dermatophytoses were treated more ef-
fectively with itraconazole than with ketoconazole. Itracon-
azole administered orally or parenterally was equally
effective in treating experimental systemic candidiasis. Top-
ically administered itraconazole was more effective than
griseofulvin in the treatment of experimental dermatophy-
toses and cutaneous candidiasis. Of prime significance were
the observations that orally administered itraconazole was
effective in the treatment of experimental aspergillosis,
meningeal cryptococcosis, generalized cryptococcosis, his-
toplasmosis, and sporotrichosis. The drug’s activity against
aspergillosis, sporotrichosis, and meningeal cryptococcosis
is noteworthy, as successful treatment of these diseases
would represent an expanded panel of activity in comparison
to ketoconazole.

Van Cutsem et al. (321) first reported the activity of
itraconazole against experimental aspergillosis. Oral admin-
istration of itraconazole to mice with experimental acute,
systemic aspergillosis prolonged the survival of the animals
and cleared the fungus from the organs of 6 of 30 of the mice.
Graybill and Ahrens (111) confirmed the observations of Van
Cutsem et al. (321) in a mouse model. These investigators
noted, however, that amphotericin B was more effective
than itraconazole in prolonging survival in infected/treated
mice. They also noted that itraconazole was effective in
prolonging survival only after infection was initiated by the
i.v. route; the drug was not effective in treating the mice
following intranasal infection with A. fumigatus. Finally,
itraconazole was effective in reducing colony-forming units
of the fungus in the kidneys of mice with experimental renal
aspergillosis (2).

Itraconazole is effective in the treatment of experimental
vaginal candidiasis in rats (279) and systemic candidiasis in
guinea pigs (316) and rats (353). In vaginal candidiasis,
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itraconazole was superior to ketoconazole at all doses rang-
ing from 1.0 to 7.5 mg/kg. Moreover, a single 25-mg/kg dose
was as effective as five daily 5-mg/kg doses, suggesting that
this drug may be useful for once-daily, short-term therapy.
In studies in guinea pigs and rats, systemic candidiasis was
suppressed by itraconazole administered once daily orally at
a concentration of 2.5 mg/kg or less.

Pharmacokinetics. Summaries of the pharmacokinetic
studies of itraconazole in animals and humans recently have
been published by Heykants et al. (133) and Van Cauteren et
al. (314). Itraconazole is an extremely weak base, lipophilic,
and soluble only in a few solvent systems. Following oral
dosing, it was characterized by good absorption, extensive
tissue distribution with tissue concentrations several times
higher than in plasma, a relatively long elimination half-life
(up to 24 h in humans), and biotransformation to several
antifungally inactive metabolites (133, 341). Penetration
across the blood-brain barrier was minimal (215). In compar-
ison to ketoconazole, itraconazole was 20 times higher in
volume of distribution and it had a 35-fold-longer elimination
half-life, whereas its clearance via urine and feces was twice
lower. Itraconazole is not excreted as unchanged drug in the
urine, and metabolites that are not antifungally active have
been found in the urine and bile. These data suggest that the
parent compound is the active component (133).

Itraconazole binds strongly to plasma proteins, i.e.,
99.8%, mainly to albumin. Studies have shown that, even
though plasma concentrations of itraconazole are low (<1.0
ng/ml), tissue concentrations of the drug are severalfold
higher and bioavailability is good. Preliminary studies sug-
gested that no dose adjustments of itraconazole are required
in patients with renal or hepatic insufficiency (133). The long
half-life and pronounced steady state of this drug suggest
that once-daily administration will be sufficient therapy for
most fungal infections. The poor penetration of the drug to
the brain suggests that itraconazole will not be effective for
the treatment of fungal meningitis.

Clinical studies. Itraconazole is an effective agent in the
treatment of superficial and systemic fungal infections. Sev-
eral of the clinical trials that have been completed were
reported in a special issue of Reviews of Infectious Diseases
(January-February 1987, vol. 9, Suppl. 1). The reader is
referred to this special issue for more complete information.
Only a brief overview will be presented here.

Cauwenbergh and De Doncker (49, 50) have estimated
that more than 5,000 patients have been treated or are
presently undergoing therapy with itraconazole. Overall,
itraconazole has proven to be most effective against cases
of paracoccidioidomycosis (95% effective), blastomyco-
sis (91%), sporotrichosis (86%), noninvasive aspergillosis
(83%), and histoplasmosis (81%). Mean durations of therapy
ranged from 1 to 22 months at daily concentrations of 50 to
400 mg of drug. Itraconazole was least active against inva-
sive aspergillosis (62%), meningeal cryptococcosis (50%),
and aspergilloma (44%).

In specific studies, Negroni et al. (199) reported clinical
cures or improvements in all of 25 patients with paracoccid-
ioidomycosis who had been treated orally with itraconazole
at 50 mg/day for 6 months. Twelve of 17 patients with
histoplasmosis who had received 100 mg of itraconazole
once daily were clinically cured. Four patients improved and
one did not respond. Restrepo et al. (235) reported that
itraconazole administered orally at 100 mg/day for 6 months
was as effective as ketoconazole in producing clinical im-
provements and cures among the 16 patients treated. No
adverse reactions were noted. Borelli (29) reported that
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itraconazole was effective in the treatment of patients with
paracoccidioidomycosis, sporotrichosis, and chromomyco-
sis caused by Cladosporium carrionii. Improvement in my-
cetoma caused by Madurella grisea also was obtained.
Similarly, encouraging data on the activity of itraconazole in
the treatment of aspergillosis, blastomycosis, candidiasis
(systemic and mucocutaneous), chromomycosis, coccidioi-
domycosis, and sporotrichosis have been reported by sev-
eral investigators (77, 100, 170, 217). In one study of partic-
ular interest, itraconazole was found to be more active than
ketoconazole in the antifungal prophylaxis of patients with
severe granulocytopenia (306). Itraconazole was particularly
active in preventing infections due to Aspergillus species.

Itraconazole also is active in the treatment of superficial
fungal infections, including dermatomycoses (66, 122, 200,
214, 252) tinea versicolor (68, 81, 214, 252), cutaneous and
oral candidiasis (122, 252), and vaginal candidiasis (45, 251,
252). In general, itraconazole was well tolerated, although
reports of minor side effects such as nausea, headache,
diarrhea, and fatigue were reported in a small percentage of
the patients. In cases of dermatomycoses, 2 weeks of
therapy produced substantial clinical improvement or cures
in large percentages of the patients; 4 weeks of therapy
improved clinical responses further. Daily oral doses of 50
mg of itraconazole were not adequate for the treatment of
superficial mycoses in one study (252). Daily doses of 100 mg
of itraconazole appeared to be a more effective therapeutic
regimen.

Itraconazole is effective in the treatment of tinea versico-
lor (81, 194) and in causing ultrastructural changes in Ma-
lassezia furfur (98), the etiologic agent of tinea versicolor. In
one study, cure rates of 95 and 75% were obtained in patient
groups that had received oral itraconazole for 5 consecutive
days at doses of 200 and 100 mg, respectively (81). Another
study also demonstrated the efficacy of itraconazole admin-
istered once or twice daily at 100 mg per dose in producing
clinical cures in patients with tinea versicolor (194). Skin
samples were culture negative by day 18 of the study.

In the treatment of vaginal candidiasis, itraconazole pro-
duced clinical cures, but the percent cures (55 to 75%) were
less than those reported for topical antifungal agents (80 to
90%) (251). Further studies will be required to determine the
optimal dose and length of therapy in the oral treatment of
vaginal candidiasis.

Most of these studies were open and noncomparative (in
relation to other drugs) in design. Comparative studies will
have to be done to evaluate properly the clinical efficacy of
using an orally administered drug for the treatment of
superficial (cutaneous, oral, or vaginal) fungal infections.

Toxicity and adverse reactions. Summaries of the toxicity
and adverse reactions of itraconazole recently have been
reviewed by De Coster et al. (64), Van Cauteren et al. (314),
and Vanden Bossche et al. (326, 327). Subchronic toxicity
studies in experimental animals demonstrated that the po-
tential target organs for toxicity are the gastrointestinal tract,
the mononuclear phagocytizing system, and the adrenals,
although the activity observed was less than that seen with
ketoconazole (313, 314). Repeated oral dosing in animals at
10 mg/kg did not produce any significant toxic effects; dosing
at higher levels produced dose-dependent toxic effects.
Itraconazole was not mutagenic. Embryotoxicity and tera-
togenicity studies in rats demonstrated that itraconazole at
10 mg/kg was not toxic. However, at 40 and 160 mg/kg
dose-dependent maternal toxicity was observed; this was
associated with embryotoxic and teratogenic effects as well.
In rabbits, no dose effects at concentrations up to 80 mg/kg
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were observed (313, 314). Thus, itraconazole appears to be a
relatively well-tolerated drug in laboratory animals at con-
centrations that are therapeutically useful. Evidence for
toxicity at concentrations severalfold above therapeutic con-
centrations has been observed.

The effects of itraconazole on the pituitary-testicular-
adrenal axis have been studied extensively (64, 326, 327).
Daily administration of itraconazole at 100 mg for 1 month in
human volunteers revealed that basal or luteinizing hor-
mone-releasing hormone-stimulated plasma prolactin, folli-
cle-stimulating hormone, and luteinizing hormone concen-
trations were not affected. Also unaffected in both human
and animal studies were basal or adrenocorticotropin-stim-
ulated glucocorticoid production or mineralocorticoids.
These investigators also noted no changes in plasma andro-
gens in animal models, human volunteers, and human pa-
tients (64). Thus, unlike ketoconazole, itraconazole does not
appear to be associated with changes in pituitary-testicular-
adrenal function. '

Vanden Bossche et al. (326, 327) determined that itracon-
azole is a highly selective inhibitor of cytochrome P-450-
dependent ergosterol biosynthesis. These authors hypothe-
sized that itraconazole has a high affinity for the apoprotein
of fungal cytochrome P-450 involved in the C-14 demethyl-
ation of lanosterol. The affinity is sufficiently greater than
that of ketoconazole; thus, itraconazole has the distinct
advantage of not significantly affecting mammalian steroid
biosynthesis. Thus, itraconazole is far more selective for
fungal enzymes than for mammalian enzymes. This charac-
teristic in combination with the improved potency and
broader spectrum of antifungal activity make itraconazole an
antifungal compound with an improved margin of safety and
efficacy in comparison to ketoconazole.

Vibunazole

Vibunazole (BAY-n-7133) is an antifungal triazole deriva-
tive with oral and topical activity that is under development
by Bayer AG (M. Plempel, Pharma Rep. no. 9492, Bayer AG
Institute for Chemotherapy, Wuppertal, Federal Republic of
Germany, 1980). Vibunazole is presently undergoing phase
III clinical trials in the Federal Republic of Germany and
phase I clinical trials in Belgium and The Netherlands
(Sochynsky and Hardcastle [ed.], Pharma Projects, p. m
302, May 1986).

In vitro activity. Vibunazole has broad-spectrum anti-
fungal activity in vitro. Recent studies have demonstrated
that the spectrum of vibunazole was comparable to those of
ketoconazole and miconazole (93-95). Vibunazole demon-
strated activity against Fusarium species, but lacked clini-
cally significant activity against isolates of Aspergillus spe-
cies, S. schenckii, and Scopulariopsis species (94, 95).
Yamaguchi et al. (346) also noted broad-spectrum activity
with MICs against most pathogenic yeasts and fungi ranging
from 0.04 to 10 pg/ml in an agar dilution assay; these
investigators also noted that vibunazole had poor or no
activity against Aspergillus species, Zygomycetes species,
and S. schenckii. In another in vitro study, vibunazole was
found to be the least active of four antifungal drugs tested
against a panel of pathogenic yeasts and filamentous fungi,
including dermatophytes (266). In vitro activity of vibuna-
zole, as with many of the antifungal azole derivatives, is
affected by media constituents and pH (139, 346). RIF values
for isolates of Candida species, Aspergillus species, and
dermatophytes were 59, 56, and 24%, respectively (208),
suggesting that this compound has potential activity in vivo.
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Vibunazole appears to be fungistatic (20, 137). Using a
two-step cultivation technique, Rumler et al. (247) demon-
strated that vibunazole, as well as several other antifungal
agents, required less than 1 h of contact time with fungal
cells to inhibit growth. Thus, the concentration of vibuna-
zole in the infected area may be more significant clinically
than the plasma levels of the compound.

Pharmacokinetics. Studies in a variety of experimental
animals have shown that vibunazole is absorbed following
oral administration (237). Mice administered vibunazole
orally at a concentration of 25 mg/kg had peak plasma levels
of 14 to 16 mg/liter, with a first-dose half-life of 4.7 h.
However, plasma half-life decreased to 1.2 h after the fifth
dose, suggesting enzyme induction by the drug. Enzyme
induction following multiple dosing was demonstrated in
beagle dogs, but not rhesus monkeys. In dogs, absolute
bioavailability of vibunazole was 70%. Vibunazole, as well
as ketoconazole, penetrates the blood-brain barrier poorly in
experimental rabbits; inflamed meninges did not enhance the
penetration of vibunazole into the cerebrospinal fluid (215).
Thus, vibunazole may not be an effective drug for the
treatment of fungal meningitis.

In humans, plasma concentrations of vibunazole following
oral administration of a 400-mg tablet denoted a one-com-
partment, open model with first-order absorption (329). The
mean peak plasma concentration was 2.76 pg/ml, with an
elimination half-life of 2 h 22 min.

Experimental in vivo activity. In a number of experimental
animal models of fungal infections, vibunazole was an effec-
tive therapeutic agent. Of particular interest are two reports
that vibunazole was effective in the treatment of experimen-
tal aspergillosis (2, 113). In one study of systemic aspergil-
losis following i.v. or intranasal inoculation, vibunazole
prolonged the survival of infected, treated mice and reduced
the number of colony-forming units of A. fumigatus from
lungs; ketoconazole was not efficacious in this model (113).
In a model of experimental renal aspergillosis, vibunazole
was effective in reducing colony-forming units in affected
kidneys; itraconazole and amphotericin B also were effec-
tive, while ketoconazole, miconazole, and 5-fluorocytosine
were ineffective (2).

The efficacy of vibunazole against other experimental
systemic fungal infections also has been tested. In an exper-
imental model of coccidioidomycosis in mice, vibunazole
was as active as ketoconazole in controlling colony-forming
units in cultured organs following 30 days of i.v. administra-
tion (138). Both drugs were fungistatic in this model. How-
ever, Levine (177) noted that vibunazole was not as effective
as ketoconazole in the treatment of experimental acute,
disseminated, or chronic coccidioidomycosis in mice. In an
experimental model of murine blastomycosis, vibunazole
was less effective than ketoconazole, amphotericin B, ICI
153,066, and N-p-ornithylamphotericin methyl ester in the
treatment of the pulmonary/systemic infection (173). In an
experimental mouse model of cryptococcosis, vibunazole
was effective, but less active than ketoconazole and ICI
153,066 in prolonging survival and reducing colony-forming
units of evaluated tissues (112). In an experimental model of
systemic paracoccidioidomycosis, vibunazole was less ac-
tive than ketoconazole and other antifungal drugs in control-
ling this acute, disseminated infection (172). Plempel (219)
determined that vibunazole was as effective or more effec-
tive than ketoconazole in the oral treatment of experimental
systemic infections of A. fumigatus, C. albicans, and Cryp-
tococcus neoformans. However, Lefler and Stevens (175)
observed that vibunazole administered orally twice daily for
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1 month was not effective in the treatment of experimental
systemic candidiasis in mice. The authors suggested that the
pharmacokinetics of this dose regimen may not have been
suitable for effective therapy. In an experimental rat model
of vaginal candidiasis, vibunazole was shown to have the
least efficacy in comparison to ketoconazole and another
experimental imidazole, BAY-1-9139 (278). However, Plem-
pel (219) observed good activity with vibunazole in the
parenteral treatment of experimental systemic candidiasis in
the mouse and in the topical treatment of experimental
trichophytosis in guinea pigs.

The experimental data on vibunazole are varied, some
studies showing good activity and others demonstrating poor
activity against a variety of systemic and superficial fungal
infections. The most significant data come from studies that
demonstrate the potency of vibunazole against experimental
aspergillosis following oral administration. This fungal infec-
tion is refractory to most currently available antifungal
drugs. Reports on the clinical trials are pending. Until those
data are made available, the future of vibunazole remains
uncertain.

Alteconazole

Alteconazole (LU-40797) is a triazole that is under devel-
opment by Knoll Pharmaceuticals as both an orally and
topically active antifungal drug. The compound is presently
in the pharmacology phase of development. MICs were
reported to be 2.0, <0.125, and 1.0 ng/ml against Microspo-
rum ferruginium, C. albicans, and Mucor pusilis, respec-
tively. In mice, alteconazole administered orally for 4 days
at 100 mg/kg produced greater antifungal activity than the
reference compounds assayed; the fungal infection and
reference compounds were not listed. In a rat model of
experimental vaginal candidiasis, alteconazole was active
following both oral and topical administration. If develop-
ment continues, alteconazole may be indicated in the treat-
ment of superficial mycoses, dermatomycoses, and systemic
mycoses (Sochynsky and Hardcastle [ed.], Pharma Projects,
p. m641, May 1987).

ICI 195,739

ICI 195,739 (Imperial Chemical Industries, Alderly Park,
England) is a recently discovered, novel 3'-tetrafluoro-
propoxy styryl-substituted bis-triazole tertiary alcohol that
has potent antifungal activity in experimental animal models
following oral administration (R. A. Fromtling, Drugs Fu-
ture, in press).

Pharmacokinetics and mode of action. In a pharmacoki-
netic study in BALB/cBYJ male mice, a single dose of ICI
195,739 at 50 mg administered orally produced peak serum
concentrations of 17.5 pg/ml at 12 h postdosing, with a
half-life of 48 h. Daily dosing produced a steady state by day
21, with peak serum concentrations of 21 pg/ml at 8 h
postdosing, a trough of 19.5 pg/ml, and a serum half-life
greatly in excess of 48 h (R. M. Tucker, E. Brummer, L.
Hanson, and D. Stevens, Program Abstr. 27th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. no. 779, 1987).

ICI 195,739 reduces ergosterol biosynthesis by inhibiting
sterol C-14 demethylation, resulting in the accumulation of
methylated sterols (K. Barrett-Bee, J. Lees, J. Campbell, P.
Pinder, and L. Newboult, First Int. Conf. Drug Res. Immu-
nol. Infect. Dis. Antifungal Drugs: Synthesis, Preclin. Clin.
Eval., abstr. no. 17, 1987; K. Barrett-Bee, J. Lees, J.
Campbell, P. Pinder, and L. Newboult, Proc. N.Y. Acad.
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Sci., in press). This is similar to other antifungal azole
derivatives; however, the inhibition of ergosterol synthesis
by ICI 195,739 occurs at drug concentrations that are much
less than those that induce a reduction in cholesterol biosyn-
thesis, suggesting that this compound will not adversely
affect mammalian enzyme systems. Inhibition is of type II
binding and is noncompetitive in regard to substrate. ICI
195,739 penetrates whole cells of C. albicans much more
effectively than either ketoconazole or fluconazole. Due to
this apparent absence of a permeability barrier to the com-
pound, ketoconazole-resistant fungi (when resistance is due
to reduced uptake of drug by the fungus) are more suscep-
tible to ICI 195,739. ICI 195,739 also is a poor inhibitor of
human placental aromatase and other human steroid biosyn-
thetic enzymes; thus, this compound may have an improved
safety profile in regard to alterations in human steroid
synthesis pathways (Barrett-Bee et al., in press).

Experimental in vivo activity. ICI 195,739 is active against
experimental B. dermatitidis infection in mice (Tucker et al.,
27th ICAAC). Among five isolates of B. dermatitidis, the in
vitro MICs were =<0.125 and 0.25 pg/ml for three and two
isolates, respectively. The in vitro minimum fungicidal con-
centrations were <0.125, 0.25, and 0.5 pg/ml for two, one,
and two isolates, respectively (Tucker et al., 27th ICAAC).
Three days after an intranasal inoculation of B. dermatitidis
yeast cells, ICI 195,739 was administered orally once daily
for 21 days at doses of 2, 10, 50, and 100 mg/kg per day.
Ketoconazole was administered orally twice daily in doses
up to 100 mg/kg per day. Sixty days after infection, all
infected mice were alive in the groups treated with ICI
195,739 at doses of 10, 50, and 100 mg/kg per day; the fungus
had been eliminated from all mice in the 50- and 100-mg/kg
per day groups and in 9 of 10 mice in the 10-mg/kg per day
group. Thus, ICI 195,739 is fungicidal against B. dermatitidis
both in vitro and in vivo; the drug was =50 times more active
in vivo than ketoconazole (Tucker et al., 27th ICAAC). This
is the first azole derivative to have produced biocure in this
model.

ICI 195,739 is more potent than ketoconazole, itracona-
zole, and fluconazole in the treatment of experimental intes-
tinal candidiasis in infant mice. Daily oral doses of ICI
195,739 at 0.5 mg/kg eliminated C. albicans from the gut of
infant mice at the same rate as ketoconazole, itraconazole,
and fluconazole at doses of 250, S, and 2.5 mg/kg, respec-
tively (J. F. Ryley, S. McGregor, and R. G. Wilson, First
Int. Conf. Drug Res. Immunol. Infect. Dis. Antifungal
Drugs: Synthesis, Preclin. Clin. Eval., abstr. no. 22, 1987;
J. F. Ryley, S. McGregor, and R. G. Wilson, Proc. N.Y.
Acad. Sci., in press; J. F. Ryley, S. McGregor, and R. G.
Wilson, Program Abstr. 27th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. no. 978, 1987).

ICI 195,739, dosed once daily for 5 days at 1.0 mg/kg cured
vaginal candidiasis in mouse and rat models. Minimum dose
levels for other drugs were as follows: ketoconazole, 25
mg/kg in mice and 10 mg/kg in rats; itraconazole, 25 mg/kg in
mice and 1.0 mg/kg in rats; fluconazole, 2.5 mg/kg in mice
and 1.0 mg/kg in rats (Ryley et al., 27th ICAAC). The data
suggest that ICI 195,739 may be suitable for single-dose
therapy in the treatment of vaginal candidiasis. ICI 195,739
was more active than ketoconazole, fluconazole, and am-
photericin B in prolonging life in a mouse model of systemic
candidiasis. Daily oral dosing ranged from 3 to 90 days.
Relapses of infection occurred, however, when ICI 195,739
dosing was discontinued after 30 days, but not after 90 days
(Ryley et al., in press; Ryley et al., 27th ICAAC), suggesting
that this compound may be fungistatic under certain exper-
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imental conditions. ICI 195,739 also prolonged survival of
mice experimentally infected with isolates of Cryptococcus
neoformans and A. fumigatus (Ryley et al., in press; Ryley
et al., 27th ICAAC). Following daily oral dosing for 21 days,
ICI 195,739 was more active than fluconazole and ampho-
tericin B in prolonging survival of mice infected with Cryp-
tococcus neoformans; ICI 195,739 at 25 and 50 mg/kg was
more active than fluconazole at 100 mg/kg; ICI 195,739 at 50
mg/kg was more active than amphotericin B at 6 mg/kg. In
experimental aspergillosis, ICI 195,739 at 10, 25, and 50
mg/kg was more active than ketoconazole at 100 mg/kg and
amphotericin B at 6 mg/kg in prolonging survival of mice
treated daily for 21 days. ICI 195,739 at S0 mg/kg was margin-
ally more active than fluconazole at 100 mg/kg in this model.

ICI 195,739 is more effective than ketoconazole, itracona-
zole, fluconazole, griseofulvin, and terbinafine in controlling
dermatophytic infections caused by Trichophyton quinckea-
num in mice and T. mentagrophytes in guinea pigs. Mini-
mum treatment doses (milligrams per kilogram, six doses) of
ICI 195,739 against T. quinckeanum infection were 5 to 25
times lower than those of ketoconazole, itraconazole, and
fluconazole (Ryley et al., 27th ICAAC). Against T. menta-
grophytes infections, ICI 195,739 at 5 mg/kg satisfactorily
controlled the infection; comparable control was obtained
with ketoconazole at 100 mg/kg, fluconazole at 25 mg/kg, and
griseofulvin or terbinafine at 10 to 25 mg/kg. A topical
formulation containing 0.3% ICI 195,739 was comparable to
proprietary formulations containing 1 to 2% of active anti-
fungal compound in the treatment of dermatophytic infec-
tions.

In addition to antifungal activity, ICI 195,739 also has
potent activity against experimental Trypanosoma cruzi in-
fection in mice (Ryley et al., 27th ICAAC). Daily oral doses
of 10 and 100 mg of ICI 195,739 per kg administered on days
10 to 45 after infection prevented mortality and yielded cures
in 18 of 19 and in 18 of 18 mice, respectively. In mice, ICI
195,739 is slightly active against Plasmodium berghei infec-
tion but inactive against infections caused by Trypanosoma
rhodesiense, Trypanosoma congolense, or Trypanosoma
vivax. No data are available on the activity of ICI 195,739
against bacteria.

In conclusion, ICI 195,739 is a new triazole antifungal
compound with broad-spectrum activity and potency. In
experimental models of superficial and systemic fungal in-
fections it is superior to antifungal azole derivatives pres-
ently available on the market or under development. The
relative potency of this compound in experimental animal
studies suggests that a daily dose of 10 to S0 mg/day in
humans may prove to be efficaceous in the treatment of a
wide variety of fungal infections (Ryley et al., in press).

PROPOSED MODES OF ACTION OF ANTIFUNGAL
AZOLE DERIVATIVES

The elucidation of the mode(s) and site(s) of action of
antifungal azole derivatives has been and continues to be an
active and rapidly progressing area of investigation. At
present, the specific ways in which the antifungal imidazoles
and triazoles affect fungal cells have not been characterized.
There is a growing body of evidence that the primary mode
of action of these antifungal drugs is the inhibition of
ergosterol biosynthesis in the cytoplasmic membrane of
fungi, resulting in the accumulation of lanosterol or other
sterol intermediates (25, 290, 325). Vanden Bossche and
co-workers (325-327) and other investigators (186, 270) have
demonstrated with a number of antifungal azole derivatives
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that these compounds affect cytochrome P-450 involved in
the 14a-demethylation of lanosterol. Fluconazole and itra-
conazole are more selective for the fungal cytochrome P-450
isozymes than is ketoconazole; thus, mammalian physiology
is less seriously disturbed by the newer triazoles as com-
pared to the imidazole ketoconazole. Inhibition of ergosterol
biosynthesis leads to disorganization of the fungal plasma
membrane. Several studies have demonstrated that plasma
membrane physiology and function are adversely affected by
relatively low concentrations of azole derivatives that lead to
changes in permeability and transport function (325). Mem-
brane damage subsequently leads to metabolic imbalances
that result in the inhibition of fungal cell growth or eventual
death of the cell or both. This primary antifungal activity of
inhibition of cell membrane biosynthesis tends to be a
fungistatic rather than a fungicidal action. In general, anti-
fungal azole derivatives require some host immune response
to complete the elimination of the invading fungus. This
fungistatic activity is one reason why most azole derivatives
require long terms of therapy for treatment of the more
severe systemic infections and do not work well in immuno-
compromised patients.

Less well understood are the secondary effects of the
antifungal azole derivatives. Varied test conditions by dif-
ferent groups of investigators have produced confusing data
concerning the fungistatic versus fungicidal activity in this
class of antifungal drugs (173, 289, 290). Sud and Feingold
(289, 290) demonstrated that both miconazole and clotrima-
zole exerted direct physicochemical cell membrane damage
on yeast cells that was a lethal event; interestingly, ketocon-
azole did not demonstrate lethal activity in this assay.
Studies by Cope (54) and Beggs (15) both demonstrated
direct damage to fungal cell membranes as measured by the
release of potassium ions from cells of C. albicans and C.
parapsilosis exposed to high concentrations of miconazole.
Bifonazole also has been reported to exert direct cell mem-
brane damage to cells of C. albicans and Torulopsis glabrata
11).

Antifungal azole derivatives also may affect fungal respi-
ration. Sud and Feingold (290) discovered that the fungistatic
potentials of miconazole and clotrimazole were abrogated in
reduced oxygen tensions. Miconazole also has been shown
to adversely affect cytochrome and peroxidase activity in
cells of C. albicans and Saccharomyces cerevisiae (69).
Ketoconazole blocks the transport of electrons in the respi-
ratory chain of C. albicans (273, 311).

The data published to date suggest that there are at least
two distinct mechanisms of azole derivative antifungal ac-
tion (21). The first mechanism is physicochemical: this is
dependent on the growth phase of the fungus, requires high
concentrations of drug, is a fungicidal event, and is not
common to all azole derivatives. The second mechanism is
metabolic: this activity occurs at lower concentrations of
drug, is a fungistatic event, and is generally common to all
azole derivatives. Clinically, most antifungal azole deriva-
tives are fungistatic drugs; reports of fungicidal activity are
largely from in vitro studies that do not correlate well with
clinical reality.

In conclusion, much remains to be learned about the
mode(s) and site(s) of action of the antifungal azole deriva-
tives. Serious questions presently are under investigation by
a number of research groups. One subject that requires
additional investigation is the emergence of azole-resistant
fungal isolates (249). The mechanisms that lead to this
resistance must be elucidated. Definitive answers should be
forthcoming.
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CONCLUSION

This overview puts into perspective many of the antifungal
azole derivatives that have been marketed for clinical use
and those that presently are under development and evalu-
ation. There is no question that new, safer, and more
effective antifungal drugs are needed to satisfy the increasing
needs of patients afflicted with fungal infections. Ketocona-
zole has been the standard for a number of years among the
azole derivatives, but the triazoles fluconazole and itracona-
zole may be superior antifungal compounds in that they are
more potent and less toxic and have a broader spectrum of
activity. These two compounds may represent the next
major step forward in the development of more potent
antifungal drugs. A moderate selection of topically active
antifungal azole derivatives also is available for use, and new
ones are presently being developed and evaluated.

In essence, we cannot continue to rely on antifungal drugs
developed years or decades ago; we must continue to search
for newer, safer, more effective chemotherapeutic agents.
Some of the compounds described in this overview may
contribute to the slow, but steady evolution of improved
antifungal drugs.
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