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Introduction

Pathogenic fungi have an increasing impact on human health but
their study, control or prevention is often a low priority in many
health systems. It has been estimated that nearly 1 billion people
have skin, nail and hair fungal infections, with mucosal candidia-
sis affecting tens of millions.* Life-threatening fungal diseases af-
fect more than 150 million people, with immunocompromised
and immunosuppressed populations being more at risk,® not-
ably those with AIDS or patients suffering from respiratory condi-
tions such as tuberculosis, chronic obstructive pulmonary disease
and asthma.?* There have been comprehensive reviews investi-
gating the incidence of serious fungal diseases per countries,
socio-economic background and co-morbidity.>® Perhaps not
surprisingly, aspergillosis is predominant as a serious fungal in-
fection with an estimated 6.5 million people suffering from inva-
sive fungal aspergillosis and chronic pulmonary aspergillosis
annually.® The burden of fungal diseases, incidence and impact
has been reviewed by Bongomin et al.> Although, candidiasis
and aspergillosis are prominent infections,>’ dermatomycoses,
despite their incidence (1 billions infected)® are less studied,
with Tinea infections being the most reported.®? Among the
emerging concerns, dermatomycoses caused by Trichophyton in-
dotineae are particularly noteworthy. Initially identified in
India,® this pathogen has now spread globally.!’ Infections
caused by T. indotineae tend to be more severe and inflamma-
tory compared to those caused by Trichophyton rubrum.*? A sig-
nificant challenge in managing T. indotineae infections is the
widespread clinical resistance to terbinafine, whereas resistance
to azoles has been reported less frequently.'® Terbinafine resist-
ance is primarily attributed to mutations in the squalene epoxi-
dase gene, although additional mutations are linked to a
decreased in susceptibility to azoles.’**®

Recognizing the importance of fungal infections, the World
Health Organization now list 10 antifungals (Amphotericin B, clo-
trimazole, fluconazole, flucytosine, griseofulvin, itraconazole, ny-
statin, voriconazole, micafungin and miconazole) in its List of
Essential Medicines.'” The choice of antifungals depends on the
causative agent and the severity of the infection. For non-severe
fungal infections of skin and mucous membranes, amorolfine, al-
lylamines, azoles, ciclopiroxolamine and tolnaftate, amphoteri-
cin B and nystatin, and miconazole are used. The use of
fluconazole, itraconazole and terbinafine is associated with se-
vere fungal infections of skin and mucous membranes.*® Other
actives are also use, for the treatment of superficial tinea infec-
tions, although evidence of their efficacy is lacking.® Sahoo
and Mahajan’ reviewed available treatments for cutaneous
dermatomycoses. Reported efficacy of an antifungal treatment
depends on what is being measured and end points; e.g. MIC,
MICyp, MICso or mycological cure. As such efficacy for a given
antifungal can vary between studies. In addition, some dermato-
mycoses (for examples, Tinea capitis, Tinea affecting the nails
and Tinea involving more than one body region simultaneously)
are empirically treated with systemic antifungals rather than top-
ical ones.? Yet, for many conditions initial antifungal treatment is
often acquired over-the-counter (OTC) and this may be without
previous consultation with a physician. OTC application of anti-
fungals is normally indicated for non-invasive, local, benign or
self-limiting conditions and result in application for limited peri-
ods of time, usually 2-6 weeks, although for some infections
such as athlete’s foot and onychomycosis, treatment can be
longer (2-6 months).

Azoles are a major group of antifungals used both for topical
and systemic severe fungal infections.?® Their low cost compared
to other antifungals and their effectiveness make azoles the anti-
fungal drugs of choice worldwide.’’ A 2010 survey among
Spanish dentists (840 respondents) reported the use of micona-
zole oral gel (59.3%), followed by nystatin (57.7%) for the topical
treatment of oral candidiasis. For most dentists, the first-line
treatment was topical antifungals. Experienced dentists, particu-
larly stomatologists, and male rather than female dentists, pre-
ferred systemic antifungals (percentage of prescriptions:
itraconazole: 14.4%; ketoconazole: 14.3%; fluconazole: 13.1%).
Of note, 44.5% of dentists administered chlorhexidine for candi-
dalinfections of the oral mucosa.?? A recent national point preva-
lence survey in residents of Australian aged-care facilities
showed that tinea was one of the most common infections
(38.3%) for which the topical antifungals clotrimazole (85.3%)
and miconazole (9.1%) were prescribed.”?

The mechanism of action of azoles has been well described in
the literature. Azole antifungal action is driven by the inhibition of
C14-demethylation of lanosterol, a precursor of ergosterol, result-
ing in the accumulation of toxic methylated sterol intermediates,
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which subsequently inhibit fungal growth.?*?® The target site of
azoles is the Cy,0-demethylase enzyme, encoded by the ERG11
gene.”? Additional effects of azoles on fungal cells have been ob-
served. Thevissen et al.?® reported that miconazole induces
changes in the actin cytoskeleton, followed by the production
of reactive oxygen species (ROS) in yeasts. The accumulation of
ROS contributes to miconazole’s fungicidal effect,?’~?° but this
effect has not been observed with other azoles.?® Fluconazole
has been reported to decrease the adherence of Candida albicans
to buccal epithelial cells by interfering with candidal receptors.*°

One of the main concerns about antifungals is the develop-
ment of fungal resistance.?’ resistance has been widely reported
in yeasts, predominantly Candida spp.,>* and in Aspergillus spp.,>*
but also in superficial mycoses such as Trichophyton spp.'*??
However, the impact of inappropriate antifungal test interpret-
ation, the use of non-standardized susceptibility methods, and
the lack of consensus on resistance definitions have questioned
the significance of resistance in pathogenic yeasts and its clinical
implications.**

This review aims to investigate the impact of antifungals,
mainly miconazole and ketoconazole, on emerging resistance
in fungi associated with topical infections. Miconazole was ap-
proved by the US Food and Drug Administration for topical
treatment in 1974.%° Ketoconazole was approved for systemic
use in 1981.2% In 2022, the estimated number of prescriptions
for ketoconazole in the USA was 2955996 (https://clincalc.
com/DrugStats/Drugs/Ketoconazole). Given the global burden
of skin, hair, nail fungal infections and oral candidiasis, investi-
gating evidence of the impact of the widespread use of topical
antifungals on emerging fungal resistance, if any, seems
justified.
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Mechanisms of resistance to azoles

The mechanisms of fungal resistance to antifungals have been
well documented, with some mechanisms being specific to the
type of compounds.?” Overall, antimicrobials exert selective pres-
sure on their microbial targets, resulting in the selection of the
least susceptible microorganisms and/or the expression of me-
chanisms that enable survival at the antimicrobial concentration
they are exposed to. The use of antifungals in clinical, industrial
and agricultural settings has likely contributed to the evolution
of resistance in pathogenic fungi.”® Among azoles, fungal resist-
ance to fluconazole has been widely reported,®”*® although re-
sistance has been described for all antifungals currently
available for the treatment of human infections.®’—°

Mechanisms of fungal resistance to azoles

There are several mechanisms of fungal resistance to azoles
(Figure 1). A number of these involve modifications to the ergos-
terol synthetic pathway.*® Ergosterols play an essential role in
maintaining membrane integrity and fluidity, and in facilitating
the activity of membrane-bound enzymes.®

In Candida spp., mutations in the ERG11 gene, which encodes
for lanosterol C;,a-demethylase, prevent azole binding and re-
sult in decreased efficacy.“® Mutation of the ERG3 gene prevents
the formation of toxic 14a-methyl-3,6-diol, the by-product of the
inhibition of the C;4,-demethylation of lanosterol, thus negating
the impact of azole treatment and inhibiting fungal growth.*
Up-regulation of the ERG11 gene also results in an increased
intracellular concentration of lanosterol C; ,a-demethylase, redu-
cing the efficacy of a set concentration of azole.*® Additionally,
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Figure 1. Mechanisms of fungal resistance to azoles. Several of these mechanisms can be expressed simultaneously, reducing the effective concen-
tration of azoles, increasing in vitro MIC, and leading to clinical resistance. The main mechanisms are related to ergosterol biosynthesis and/or efflux,
although stress responses can involve a broader metabolic response. Many studies have observed that efflux expression can result in a greater reduc-
tion in azole susceptibility compared to modifications in ergosterol synthesis (see text).
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preventing the binding of azoles to lanosterol-4,4-
dimethylcholesta-8,14,24-trienol through steric hindrance or by
decreasing hydrogen bond interactions may result in decreased
azole efficacy.*!

In Aspergillus spp., alteration of the C;,a-demethylase en-
zyme encoded by the cyp51A and cyp51B genes through muta-
tions in these genes can lead to decreased susceptibility to
azoles or cross-resistance between azoles such as itraconazole
and posaconazole. Mutation in the promoter region of cyp51A
can also lead to an increase in the Cy,0-demethylase en-
zyme.>*% Mutational changes might depend on the antifungal
concentration to which the fungus is exposed, which impacts
the degree of stress imparted on the cell.*?

In yeasts, one well-described mechanism of resistance is the
expression of efflux pumps. In Candida spp., the expression of ef-
flux pumps is requlated by the CDR1, CDR2 and MDR1 genes,
which encode ABC transporters.®3° Overexpression of ABC trans-
porters is associated with decreased azole efficacy“® and may be
more effective than ERG11 mutations. In Candida glabrata, the
up-regulation of CgCDR1 and CgCDR2 (encoding efflux pumps)
has been shown to reduce fluconazole efficacy, even in the pres-
ence of modifications to ERG11.“* Mutations in transcription fac-
tors that positively regulate CDR1 expression can also lead to its
overexpression, which correlates with fluconazole resistance in
Candida auris.** Mutations in requlatory genes for efflux pumps,
which confer decreased azole susceptibility, have also been de-
scribed in other Candida species.>®3° Overall, increased expres-
sion of efflux genes, due to altered regulation, leads to reduced
susceptibility to azoles.*

In moulds, multidrug-resistant efflux pumps have been de-
scribed in Aspergillus  species*>™’ and  Penicillium spp.*®
Overexpression of the cyp51A gene, encoding Cy40-demethylase
in A. fumigatus, has been observed in azole-resistant isolates.”
Conversely, the loss of an ABC transporter has resulted in increased
susceptibility to itraconazole, posaconazole and voriconazole in
clinical A. fumigatus susceptible isolates, but also a 4-fold reduc-
tion in itraconazole MIC in a clinical resistant isolate.*® In T. indoti-
neae, up-regulation of ABC transporters or mutation in ERG11/
CYP51 gene was associated with azole resistance.*®°

Genomic plasticity is another source of resistance to azoles.*®
In diploid C. albicans, which are azole-resistant, duplication of
chromosomes has been associated with increased expression
of genes encoding Ergl1land Tacl, a transcriptional regulator of
efflux pumps.®? Similarly, azole resistance has been associated
with extensive copy number variations, which result in the amp-
lification of large genomic regions containing azole resistance
genes.>? This same mechanism of azole resistance has been ob-
served in C. glabrata and Cryptococcus neoformans.>® Epigenetic
regulation, particularly post-translational modification of key en-
zymes such as Hsp90 in C. albicans, impacts susceptibility to flu-
conazole, itraconazole and voriconazole.®® Other examples of
epigenetic regulation contributing to decreased yeast suscepti-
bility to azoles have been reported with post-modification of his-
tones, such as RPH1 and H3K4 in C. glabrata.”*>?

Stress responses are also involved in resistance to azoles. In
fungi, the molecular chaperone Hsp90 is associated with toler-
ance and resistance.®? Fu et al.”* observed that depletion of
Hsp90 in C. neoformans increased susceptibility to fluconazole.
Resistance in C. albicans to azoles can be mediated by mutations

in ERG3, which block the formation of toxic metabolites following
azole exposure.>® ERG3 mutations and the subsequent de-
creased susceptibility to fluconazole are impacted by stress re-
sponses.”>>’  Similarly, the complete signalling cascade
following stress response in C. albicans has highlighted the poten-
tial role of Hrr25 (a casein kinase 1 family protein) in fluconazole
tolerance.”® Finally, tolerance to miconazole can be impacted by
several metabolic processes, including tryptophan biosynthesis,
membrane trafficking (including endocytosis), regulation of the
actin cytoskeleton, and regulation of gene expression.?® The al-
teration of these processes is likely part of general stress toler-
ance mechanisms, which are induced following miconazole
exposure.?® Stress responses are common microbial mechan-
isms activated following exposure to detrimental factors,
whether physical (e.g. heat) or chemical (e.g. antimicrobials),
and are not unique to miconazole.

Parameters impacting fungal resistance

Several factors can contribute to the development of clinical
resistance to antifungals, including: (i) clinical factors, (ii) host im-
mune system, (iii) socio-economic conditions, (iv) prior exposure
to antifungals and stress factors, (v) biofilm formation, (vi) inter-
pretation and type of antifungal tests and (vii) non-clinical use of
antifungals (Figure 2).

Clinical Factors that contribute to antifungal resistance in-
clude: (i) incorrect or complex diagnosis leading to treatment fail-
ure of pre-emptive strategies or prevalence of the immune
reconstitution inflammatory syndrome which can overshadow
the treatment effectiveness to control fungal growth; (i) im-
munosuppression; (iii) high fungal burden impinging the efficacy
of antifungals at initiation of treatment; (iv) high virulence char-
acteristics of fungal pathogen; (v) toxicity of treatment, drug-
drug interactions and serum drug level; (vi) site of infection;
(vii) sub-optimal length of treatment and patient compliance;
(viii) underlying disease; (ix) fungal biofilm formation.*?

Patients’ immune status is a significant factor in the develop-
ment of antifungal resistance. Oral Candida infections, and sub-
sequent antifungal use, which can promote antifungal
resistance, are more common in immunocompromised indivi-
duals.>®®° In particular, fluconazole resistance is more promin-
ent among IV drug users compared to heterosexuals,
homosexuals or blood transfusion recipients.? It has also been
observed that non-C. albicans isolates are more frequently en-
countered in patients who have recently received antifungal
treatment.®! Additionally, non-C. albicans strains are more com-
monly isolated in immunocompromised patients.®%%3

The use of antifungals (including fungicides) is essential in
agricultural and some industrial processes. Antifungals are also
heavily used in veterinary medicine and can be found in con-
sumer products.®* The selective pressure exerted by antifungals
is global and is not exclusively associated with their use to treat
human infections. Azole-resistant fungi have been isolated
from the environment.®* Hence, the One Health approach needs
to be considered.*® With this in mind, it may be difficult to attri-
bute emerging fungal resistance to antifungals solely to their use
in human medicine. Indeed, mutations and overexpression of
Cl4a-demethylase in Aspergillus spp. are also found in the envir-
onment where azoles are used in agriculture and have been
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Figure 2. Factors impacting fungal resistance. The use of antifungals to treat infections is not the sole factor contributing to the emergence of resist-
ance. Clinical factors, characteristics of the pathogenic fungus, and the host immune response are all closely intertwined. The type of in vitro antifungal
test used, along with its interpretation, as well as its relevance to clinical observations, plays a significant role in how ‘resistance’ is defined and per-
ceived. Additionally, antifungals are widely used for purposes beyond infection treatment, which also contributes to the development of resistance.

reported in patients with no prior exposure to antifungals. As
such, environmental isolates of Aspergillus spp. may become a
reservoir for antifungal resistance.*®

Resistance refers to a fungal pathogen with a MIC to a given
antifungal that exceeds the susceptibility breakpoint for that or-
ganism. Intrinsic resistance denotes the innate ability of a fungus
to survive antifungal exposure, whereas acquired resistance refers
to a previously susceptible strain becoming resistant to the anti-
fungal, usually following mutations that alter gene expression.
Clinical resistance refers to the failure of an antifungal agent to
eradicate the pathogen in a patient. The CLSI has published proto-
cols for measuring the MIC of yeasts®>®® and filamentous fungi®’
to antifungals. Other guidelines on antifungal testing have been
published by EUCAST.®%69 Unfortunately, MIC values and break-
points do not always inform the response to antifungal therapy.”®
MIC determination for moulds does not necessarily reflect the ef-
fect of an antifungal on hyphal structures. Nevertheless, the clin-
ical challenge posed by emerging fungal resistance should be
guided by in vitro susceptibility testing,*®’! although predicting
fungal resistance from laboratory testing is not straightforward.**

Prior exposure to antifungals, including azoles, has been asso-
ciated with decreased efficacy of antifungal treatments.”?”’*
Some studies have highlighted that the use of certain azoles,
such as itraconazole and fluconazole, has been a major
driver of azole resistance.”>’® The impact of fluconazole use on
decreasing fluconazole susceptibility has been well documented
over the years®"’* with a strong correlation between the
use of fluconazole and increased fluconazole resistance in
C. albicans.®™”” Other studies, however, have reported little

difference in the susceptibility of fungal isolates that had been
previously exposed to antifungals compared to those that had
not,’? or minimal changes in the susceptibility of clinical isolates
of Candida spp. over the years, with the exception of C. glabrata,”®
or no increase in fluconazole resistance in Candida spp. isolates
despite increased clinical use of the azole.”® Fluconazole therapy
has also been associated with the selection of non-C. albicans
isolates,®! though this may not be universal.®°

This review further investigates the available evidence on the
impact of miconazole and ketoconazole on emerging fungal re-
sistance. As mentioned earlier, these imidazoles were approved
for use in 1972 and 1981, respectively, and have been in use
ever since. Ketoconazole has remained heavily used in the USA,
according to recent prescription estimates (https:/clincalc.com/
DrugStats/Drugs/Ketoconazole), and miconazole is on the WHO
list of essential medicines.*’

Impact of miconazole or ketoconazole on
fungal resistance

To document the potential impact of these antifungals on fungal
resistance, the peer-reviewed literature database searched was
Web of Science, which was cross-checked with Scopus,
PubMed, and Google Scholar. Initially, a total of 470 scientific ar-
ticles were analysed (159 concerning miconazole and 311 con-
cerning ketoconazole). Additional articles were added following
cross-referencing and analysis of the initially selected literature.
After duplicate outputs were removed and the exclusion/

4 of 19


https://clincalc.com/DrugStats/Drugs/Ketoconazole
https://clincalc.com/DrugStats/Drugs/Ketoconazole

Research letter

JAC

inclusion criteria applied, only 67 articles were retained for an in-
depth analysis (29 concerning miconazole and 38 concerning
ketoconazole). The literature was analysed up to 30 September
2024.

This section concerns fungi of interest associated with skin or
oral infections in humans, including both yeasts and moulds.
Based on an initial scoping, papers reporting fungal systemic in-
fections and their treatments were not considered. Papers in
which miconazole or ketoconazole were not mentioned were
also excluded. Fungal infections in animals were not included.
Only peer-reviewed scientific articles written in English were con-
sidered. Peer-reviewed review articles, conference abstracts, and
editorials were excluded.

Evidence of the impact of miconazole on emerging
antifungal resistance

Overall, 29 papers on miconazole were analysed in more depth.
Nineteen papers focused on in vitro antifungal MIC determination
of various clinical fungal isolates. Only one paper described the
efficacy of a miconazole product in vivo. Nine papers investigated
emerging fungal resistance in vitro, including four papers on fun-
gal biofilms.

Table 1. Candida spp investigated for their susceptibility to miconazole

Eighteen studies investigated the in vitro efficacy of micona-
zole against a range of clinical Candida spp. isolates, with C. albi-
cans being the principal microorganism, 6171774788190 Thrae
studies investigated other yeasts, including Malassezia spp.;’°
Pichia kudriavzevii,®* Rhodotorula rubra,®® and only two studies
concerned moulds: T. rubrum®' and Neoscytalidium dimidia-
tum.?? Most of the studies (16/18) focused on oral Candida iso-
lates. Only two studies concerned skin isolates (Table 1).8%8’

When miconazole susceptibility was determined, the MIC for
C. albicans oral isolates varied from 0.016 to 16 mg/L. Only two
studies provided MICs, or MICso/MICq (Table 1).”%72 When con-
sidering the evolution of miconazole resistance,’® reported no in-
crease in MIC between Candida spp. isolated from patients with
oral candidiasis between 2006-2007 and 2012-2013, with the
exception of C. glabrata (increased in MIC90 from 4 to 16 mg/L,
although not statistically significant). In this study, resistance
to miconazole was arbitrarily defined as >4 mg/L (Table 1). One
study reported that C. albicans isolated from patients living
with HIV and presenting clinical symptoms had a higher MIC
than isolates from healthy patients5® It has also been observed
that there is a shift in Candida species in immunocompromised
patients, with non-albicans species being more frequently iso-
lated.®*®* However, MIC determination of non-albicans species

Number of
isolates or MIC
Fungal isolates (%) Origin (ma/L) MICsg MICqq Reference
C. albicans 37 Dental plaques 0.016-2 — - Aslani et al.®!
664 Skin isolates — — — Bilal et al.®?
88 Oral candidiasis — — — Chavanet et al.®?
75 Carries and chronic periodontitis 0.03-4 — — De-la-Torre et al.
466 Oral (HIV) 0.007-2.00 — — Blignaut et al.®®
250 Oral candidiasis 0.016-4 — — Hamza et al.”*
116 Oral candidiasis >4 (3)%(6)° <0.03 0.06 Kamikawa et al.”®
521 Oral — 0.03 0.5 Kuriyama et al.”?
177 Oral candidiasis (diabetic patients) — — — Manfredi et al.8°
100 Oral candidiasis (HIV) 0.06-40.125-16¢ — — Melo et al.>®
43 Clinical specimens <0.031-0.5 — — Taghipour et al.®’
70 Oral periodontitis 0.03-16 — — Waltimo et al.®°
500 Oral candidiasis <0.015->16 0.12 — Yu et al.”?
29 Skin (psoriasis) 0.03-1¢ — - de Aquiar Cordeiro et al.*°
C. glabrata 18 Skin isolates — — — Bilal et al.®?
9 Oral (HIV) 0.06-0.25 — — Blignaut et al.®?
6 Oral candidiasis — — — Chavanet et al.!
5 Carries and chronic periodontitis 0.03 — — De-la-Torre et al 8
20 Oral candidiasis 0.063-0.5 — — Hamza et al.”*
36 Oral candidiasis >4 (2)° (11)° 0.125%P >16 91>  Kamikawa et al.”®
59 Oral — 0.06 0.25 Kuriyama et al.”?
5 Oral candidiasis (HIV) 0.5-44 — — Melo et al.>®
21 Clinical specimens <0.031-0.5 — — Taghipour et al.®’
29 Oral candidiasis 0.03-2 — — Yuetal”?
C. tropicalis 3 Skin isolates — — — Bilal et al.®?
9 Oral (HIV) 0.015-0.5 — - Blignaut et al.®?

Continued
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Table 1. Continued

Number of
isolates or MIC
Fungal isolates (%) Origin (mg/L) MICsq MICqo Reference
5 Oral candidiasis — — — Chavanet et al.*
4 Carries and chronic periodontitis 0.03-1 — — De-la-Torre et al.®*
8 Oral candidiasis 0.125-4 — — Hamza et al.”*
3 Oral candidiasis >4 (1)° 0.06°/<0.03>  0.06*°®  Kamikawa et al.”®
8 Oral candidiasis (HIV) 0.5¢/2-8¢ — — Melo et al.>®
12 Clinical specimens <0.031-0.5 — — Taghipour et al.?’
16 Oral candidiasis <0.015-16 — — Yuetal.”?
C. parapsilosis 1 Skin isolates — — - Blignaut et al.®3
9 Oral (HIV) 0.12-0.4 — — Blignaut et al.®?
1 Oral candidiasis — — — Chavanet et al.®?
18 Carries and chronic periodontitis 0.03-0.35 — — Lomeli-Martinez et al.®
2 Oral candidiasis <0.03 <0.03 <0.03 Kamikawa et al.”®
12 Oral — 0.25 0.5 Kuriyama et al.”?
8 Oral candidiasis (HIV) 0.5-8¢ — — Melo et al.*®
6 Clinical specimens <0.031 — - Taghipour et al.®’
4 Oral candidiasis 1-2 — — Yuetal.”
C. krusei 8 Skin isolates — — — Bilal et al.®?
38 Oral (HIV) 0.03-8 — — Blignaut et al.®®
3 Oral candidiasis — — — Chavanet et al.!
2 Carries and chronic periodontitis 0.5 — — De-la-Torre et al.8*
10 Oral candidiasis 1-2 — - Hamza et al.”*
1 Oral candidiasis >4 (1)° 0.5° 0.5° Kamikawa et al.”®
7 Oral — 0.5 8 Kuriyama et al.”?
13 Oral candidiasis (HIV) 2¢/4-16¢ — — Melo et al.*
3 Clinical specimens <0.031 — — Taghipour et al.®’
C. rugosa 2 Oral (HIV) 0.06 — — Blignaut et al.®3
2 Clinical specimens <0.031 — — Taghipour et al.®’
C. famata 2 Clinical specimens <0.031 — — Taghipour et al.®’
C. kefyr 1 Oral (HIV) 0.015 — — Blignaut et al.®
2 Oral candidiasis — — — Chavanet et al.!
3 Oral candidiasis 0.016 — — Hamza et al.”*
3 Oral candidiasis (HIV) 0.06-4¢ — — Melo et al.*®
1 Clinical specimens <0.031 — — Taghipour et al.®’
C. lusitaniae 8 Oral (HIV) 0.03-0.12 — — Blignaut et al.®?
9 Oral candidiasis (HIV) 0.25-4¢ — — Melo et al.”®
1 Clinical specimens <0.031 — — Taghipour et al.®’
C. guilliermondii 2 Oral (HIV) 1-16 — — Blignaut et al.®®
6 Carries and chronic periodontitis 0.03-1 — — De-la-Torre et al.8
3 Oral candidiasis (HIV) 1¢/0.25-8¢ — — Melo et al.>®
1 Clinical specimens <0.031 — — Taghipour et al.?’
C. dubliniensis 10 Oral (HIV) 0.015-0.06 — — Blignaut et al.®?
11 Carries and chronic periodontitis 0.03 — — De-la-Torre et al.®*
C. lipolytica 5 Carries and chronic periodontitis 0.03 — — De-la-Torre et al.8
C. intermedia 2 Oral candidiasis (HIV) 134 — — Melo et al.>®
C. norvegensis 1 Oral candidiasis (HIV) 1/44 — — Melo et al.>®

—: No data provided.

“Number of isolates from 2006 to 2007 with a high miconazole MIC.
PNumber of isolates from 2021 to 2013 with a high miconazole MIC.
“Combined data from healthy patients.

dCombine data from patients with HIV.

€In healthy patients, miconazole MIC range: 0.03-0.5 mg/L.
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(although not necessarily from immunocompromised or im-
munosuppressed patients) did not reveal a change in miconazole
susceptibility (Table 1). Non-Candida yeasts have also been stud-
ied for their susceptibility to miconazole.?® de Aquiar Cordeiro
et al.’° reported that miconazole susceptibility for Malassezia
spp. isolated from patients with psoriasis (MIC range
0.5->16 mg/L) was not different from those isolated from
healthy patients (MIC range 0.25->16 mg/L).

The interest in providing MIC and notably MICso/MICqq data is
to understand changes in antifungal susceptibility of clinical iso-
lates. Several studies highlighted that miconazole susceptibility/
resistance status could not be provided in the absence of appro-
priate breakpoints for Candida spp. or other fungi.’*8%:8%91.92
Other studies provided miconazole resistance information in clin-
ical isolates, although the determination of how resistance was
calculated is not explicit,®82:8689 or actual MIC data is not pro-
vided.®828>86 Many studies used arbitrary breakpoint values
to determine miconazole resistance against Candida spp.
These breakpoints were based on the published litera-
ture,>6171°73.7887 the yse of other antifungal breakpoints,®* or
on the interpretation of the zone of inhibition (following the
CLSI M&4-A2 disk diffusion test).”"#® Whilst many studies claim
the isolation of Candida spp. resistant to miconazole, Kuriyama
et al.”? reported that all 618 C. albicans dental isolates were sus-
ceptible to miconazole. Likewise, Taghipour et al.®” reported that
all clinical Candida isolates tested were susceptible to micona-
zole, as their MIC<5 mg/L (arbitrary breakpoint). Tantivitayakul
et al.®® reported that all Candida isolates from healthy patients
(100) and patients suffering from oral candidiasis (100) were sus-
ceptible to miconazole.

Studies of mould susceptibility to miconazole are scarce. An
increase in azole MIC above the MICqq (miconazole MIC50:
0.25 mg/L; MIC90: 0.5 mg/L) was observed for T. rubrum from pa-
tients suffering from onychomycosis who had received prior anti-
fungal treatment, although the type of prior treatment was not
specified®” reported a miconazole MIC ranging from 0.031 to
1 mg/L for N. dimidiatum.

Only one manuscript reported results from an in vivo study.
Takahashi et al.?® described that a miconazole-nitrate soap
used in elderly patients wearing diapers was effective in inhibiting
the conversion of pseudohyphae/blastoconidia. There are no re-
ports of the use of mono topical miconazole therapy against T.
indotineae. Therapy combining topical and systemic treatments
have achieved complete resolution of the clinical condition, al-
though the benefit of such combined therapy is still questioned.”
Topical miconazole and ciclopirox olamine has been used suc-
cessfully against a terbinafine resistant isolate in a young patient,
although lesions reappear when the treatment was stopped.’”
Studies reporting on the impact of miconazole on the selection
of azole-resistant T. indotineae could not be found.

The remaining miconazole studies concerned emerging mico-
nazole resistance in vitro (Table 2). Four studies investigated the
impact of fungal biofilms on the efficacy of miconazole.?®™%°
Gebremedhin et al.”® and Kean et al.?” used sedimentation bio-
films to explore the miconazole concentration needed to de-
crease biofilm metabolic activity by 50%; miconazole
concentration ranged from 50 to >96 mg/L depending on the
Candida species, with C. parapsilosis being the least susceptible.”®
In a mixed C. albicans/Staphylococcus aureus biofilm, 40 mg/L of

miconazole was necessary to achieve a 50% reduction in meta-
bolic activity.’’ Lamfon et al.?®°® used a constant-depth fer-
menter to study the impact of biofilm on miconazole efficacy.
In the first study, C. albicans biofilms needed 256 mg/L to be in-
hibited, a>1000-fold increase in MIC from planktonic C. albi-
cans.’® The second study investigated complex multispecies
biofilms and recorded that C. albicans in a complex biofilm
grew in the presence of 256 mg/L miconazole. Interestingly, to
reflect product usage, when a miconazole gel solution (48 mg/
L) was pulsed into the biofilm for 168 h, a 2 log;, reduction in
Candida spp. was recorded initially, but after 120 h, growth re-
sumed.’® These studies indicate that Candida spp. in biofilms
are more resilient than their planktonic counterparts to micona-
zole and raise questions about the efficacy of current oral mico-
nazole treatments when complex biofilms are present.

Other studies looked at the impact of miconazole on emerging
azole resistance. Rautemaa et al.°° investigated factors behind
fluconazole resistance in Candida spp. They studied the suscepti-
bility of 162 clinical Candida spp. isolates to fluconazole (mean
MIC=19.5 mg/L) and antifungal usage over 30 years. Notably,
two patients from whom fluconazole-resistant C. albicans were
isolated had only ketoconazole and miconazole as prior treat-
ments. However, the main conclusion regarding emerging flu-
conazole resistance was that it correlated more strongly with
the amount of fluconazole used rather than the duration of its
use. In a follow-up study, 43 C. albicans isolates (18 fluconazole
dose-dependent isolates: 16<MIC<32 and 25 fluconazole-
susceptible: MIC<8) were investigated, and antifungal usage
prior to isolating the strains was obtained from patients’ re-
cords.*®* Significantly longer azole usage was associated with
theisolation of fluconazole-resistant strains, particularly for keto-
conazole (P=0.0241) and miconazole (P=0.0012). Conversely,
Blanco and van Rossem'®? observed no increase in miconazole
resistance (arbitrary breakpoint MIC of 2 mg/L) in Candida spp.
following single or repeated treatment courses of 0.25% micona-
zole-nitrate ointment. In this study, 158/200 patients completed
the initial treatment phase that investigated miconazole suscep-
tibility in isolates from patients together with clinical outcomes.
Hamza et al.”* reported a decreased susceptibility to miconazole
in C. albicans isolates from patients who had previously received
azole treatment (likely fluconazole, based on the narrative).
Additionally, the authors observed that prior azole treatment cor-
related with recurrent oropharyngeal candidiasis. Isham and
Ghannoum™®* reported that miconazole MIC increased between
Candida isolates that were susceptible (0.12 mg/L) and resistant
(0.5 mg/L) to fluconazole. The effect of repeated exposure to mi-
conazole in Candida spp. was investigated in vitro by Ghannoum
et al.'°* After 15 passages in different concentrations of micona-
zole ranging from 0.5 to 4 times the MIC, 2/6 strains showed a 4-
to 5-fold increase in MIC, although the adjusted MIC remained
low at 0.5 mg/L.

Overall, these studies, with the exception of Rautemaa
et al.'°?, showed that Candida spp. exposure to miconazole, in vi-
tro or in situ, was not associated with a decrease in Candida spp.
susceptibility to miconazole. Rautemaa et al.*°* raised the possi-
bility of miconazole treatment being associated with fluconazole
resistance in situ, based on the correlation between
fluconazole-resistant isolates and prior antifungal treatment in
23 patients (43 isolates) suffering from autoimmune
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Table 2. Candida spp. biofilm resistance to miconazole

Biofilms
Concentration (mg/L)
resulting in 50% reduction of
Isolates MIC (mg/L) Method Assay biofilm metabolic activity References
C. albicans MYA-27329 48 h sedimentation biofilm  CLSI microdilution MYA-27329: 96 Gebremedhin
1 on acrylic disks method (M27-A3) et al.®
Isolate® 0.5 and biofilm Isolate®: 50 Gebremedhin
metabolic assay et al.?®
C. glabrata MYA-275¢: MYA-275% 50 Gebremedhin
0.25 et al.%
Isolate®: 0.5 Isolate®: 50 Gebremedhin
et al.?®
C. tropicalis Isolate®; Isolate® 50 Gebremedhin
0.016 et al.%®
C. parapsilosis Isolate®: 2 Isolate®: >96
Dual species Candida and — 24 h sedimentation biofilm 24 h treatment with 40 Kean et al.%’
Staphylococcus aureus miconazole range
320 to 0.63 mg/L
Isolates MIC (mg/L) Method Biofilm susceptibility References
C. albicans 0.25 Constant depth film MIC >256 mg/L 24 htreatment with 256 mg/L  Gebremedhin

fermenter biofilms on
acrylic disks

Complex biofilms from —
patient isolates include

Constant depth film
fermenter biofilms on

et al.®®

miconazole of 2 and 6 h

biofilm: 99.2% and 99.9%

reduction in viability
Microcosm denture plaque

treated by pulsing in

(>1024 increase in
MIC)
Candida spp grew in Lamfon et al.%®
256 mg/L

bacteria and C. albicans,

C. kefyr, C. tropicalis and C.

famata

acrylic disks in
mucin-containing
artificial saliva

miconazole

miconazole gel solution
(48 mg/L) for 168 h: 2 logo
reduction in Candida spp.

until after 120 h then
growth resumed

%Standard strain.
BClinical isolate.

polyendocrinopathy candidiasis ectodermal dystrophy syn-
drome. However, their previous study’® is not mentioned, des-
pite the conclusion being pertinent: the use of low
concentrations of fluconazole in multiple courses annually was
identified as the major risk factor for persistent colonization

with fluconazole-resistant C. albicans.

Evidence of the impact of ketoconazole on emerging
antifungal resistance

Thirty-eight papers on ketoconazole were retained. The majority
of studies®?/6:82:83:86.105-117inyestigated Candida spp., with C. al-
bicans being the most isolated fungus (Table 3). Oral isolates
(124) from Chinese patients suffering from neck and throat can-
cer presented a large yeast diversity, with species such as
Kodamaea ohmeri, Hanseniaspora opuntiae, Pichia terricola,
Trichosporon asahii and Pichia norvegensis, in addition to
Candida spp. These non-Candida spp. were found not to be resist-
ant to ketoconazole, although ketoconazole breakpoints were

arbitrary in this study.*'® A much larger study investigated 589
yeasts from oral swabs from patients living with HIV and healthy
patients; 554 Candida spp. and 35 non-Candida yeasts, including
Saccharomyces cerevisiage (Ketoconazole MIC range: 0.03-
0.25 mg/L; MIC50: 0.12 mg/L; MIC90: 0.25 mg/L), Rhodotorula
spp. (Ketoconazole MIC range: 0.25-1 mg/L; MIC50: 0.25 mg/L),
Geotrichum spp. (Ketoconazole MIC range: 0.5-1 mg/L; MIC50:
1 mg/L), Hansenula anomala (Ketoconazole MIC range: 0.06-
0.25mg/L;  MIC50:  0.12mg/L), Cryptococcus luteolus
(Ketoconazole 4 mg/L), and Cryptococcus albidus (Ketoconazole
MIC: 0.06 mg/L).2? The ketoconazole MIC range of C. albicans iso-
lates from the oral cavity of patients with HIV from different years
and reported in various studies is remarkably conserved (0.007-
0.5 mg/L). Higher ketoconazole MICs were obtained in isolates
from patients with cancer or diabetes, or from predominantly
blood cultures (Table 3).”®!°>197 There has been concern that
in immunocompromised and immunosuppressed patients, anti-
fungal treatments—particularly fluconazole—shift the species
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Table 3. Candida spp investigated for their susceptibility to ketoconazole

MIC
Fungal isolates  Number of isolates Origin (mg/L) MICso MICqo Reference
C. albicans 664 Skin isolates - — — Bilal et al.2?
88 Oral candidiasis — — — Chavanet et al.?
100 Oral (diabetic patients) <0.02->16°  0.06->16°  0.5->16°  Bremenkamp et al.'®®
49 Oral (Cancer patients) 0.015->16 — — Davies et al.'®’
466 Oral (HIV) 0.007-0.5 0.07 0.03 Blignaut et al.®*
177 Oral candidiasis (diabetic patients) — — — Manfredi et al.®
137 Oral (HIV) — — — Magaldi et al.11°
85 Oral (HIV) 0.03-0.25 0.03 0.06 Milan et al.***
29 Skin (psoriasis) 0.03-0.25° — — de Aguiar Cordeiro et al.®
49 Oral (HIV) — — — Khan et al.'*?
90 Oral (HIV) 0.03-0.5 — — Chunchanur et al.'**
170 Various specimens — — — Wu et al.*®
66 Oral (cancer) — — — Wu et al.**®
32 Various specimens <0.008->16 — <0.008  Santhanam et al.”®
C. glabrata 18 Skin isolates — — — Bilal et al.8?
9 Oral (HIV) 0.25-0.5 0.25 — Blignaut et al.??
6 Oral candidiasis — — — Chavanet et al.!
5 Oral (diabetic patients) <0.02-2  <0.02-0.5° 0.25-2®  Bremenkamp et al.1°°
20 Oral (HIV) — — — Magaldi et al.1'®
10 Oral (H1V) 0.125-1 0.25 0.5 Chunchanur et al.***
68 Various specimens — — — Wu et al.*®
17 Various specimens <0.008-4 — 1 Santhanam et al.”®
C. tropicalis 3 Skin isolates — — — Bilal et al.22
9 Oral (HIV) 0.007-0.03 0.03 — Blignaut et al.®*
5 Oral candidiasis — — — Chavanet et al.!
5 Oral (diabetic patients) 0.02-2° 0.02-2° 0.5-2° Bremenkamp et al.1%®
26 Oral (HIV) — — — Magaldi et al.''®
4 Oral (HIV) — — — Khan et al.'*3
39 Various specimens — — — Wu et al.1?®
28 Oral (cancer) — — — Wu et al.}1®
15 Various specimens <0.008-8 — 1 Santhanam et al.”®
C. parapsilosis 1 Skin isolates - — — Bilal et al.8?
9 Oral (HIV) 0.015-0.25 0.03 — Blignaut et al.®
1 Oral candidiasis — — — Chavanet et al.®!
3 Oral (diabetic patients) <0.02-4° < 0.02-4° <0.02-4%  Bremenkamp et al.'°®
1 Oral (Cancer patients) 0.13 — — Davies et al.**’
10 Oral (HIV) — — — Magaldi et al.**°
6 Oral (HIV) — — — Khan et al.'*3
3 Various specimens - — — Wu et al.*®
6 Oral (cancer) — — — Wu et al.'*®
13 Various specimens 0.015-0.5 — 0.25 Santhanam et al.”®
C. krusei 8 Skin isolates — — — Bilal et al 82
38 Oral (HIV) 0.12-2 1 1 Blignaut et al.®*
3 Oral candidiasis — — — Chavanet et al.?
2 Oral (diabetic patients) 0.25-0.5 0.25 0.5 Bremenkamp et al.’®®
2 Oral (Cancer patients) 0.25 — — Davies et al.*®’
2 Oral (HIV) — — — Magaldi et al.*1°
7 Oral (HIV) 0.03-2 1 1 Milan et al.***
4 Oral (HIV) — — — Khan et al.**?
10 Various specimens - — — Wu et al.'*®
8 Oral (cancer) — — — Wu et al.''®
C. rugosa 2 Oral (HIV) 0.03 — — Blignaut et al.®?

Continued
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Table 3. Continued

MIC
Fungal isolates ~ Number of isolates Origin (mg/L) MICso MICqo Reference
C. kefyr 1 Oral (HIV) 0.03 — — Blignaut et al.®
2 Oral candidiasis — — — Chavanet et al.®?
1 Oral (diabetic patients) 0.02 0.02 0.02 Bremenkamp et al.’®®
C. lusitaniae 8 Oral (HIV) 0.03-0.06 0.03 — Blignaut et al.?
C. guilliermondii 2 Oral (HIV) 0.06-0.25 0.06 — Blignaut et al.?
13 Oral (HIV) — — — Khan et al.113
C. dubliniensis 10 Oral (H1V) 0.015-0.06 0.015 0.06 Blignaut et al.®
36 Oral (HIV and non-HIV, vaginal) <0.03->16 <0.03 4 Quindos et al.1*?
22 Oral (HIV) 0.06-16 Chunchanur et al.***
4 Oral (HIV) — — — Khan et al.113
22 Oral (HIV) 0.03-0.5 — — Chunchanur et al.***
4 Various specimens — — — Wu et al.'*®
2 Oral (diabetic patients) <0.02-0.25° <0.02-0.25° <0.02-0.2° Bremenkamp et al.*°®
C. intermedia 2 Various specimens — — — Wu et al.1*®
C. stellatoidea 20 Oral (diabetic patients) <0.02-0.16° <0.02-0.25° 0.25-16°  Bremenkamp et al.1°°
C. metapsilosis 1 Various specimens - — — Wu et al.*®
2 Oral (cancer) — — — Wu et al.11®

—: No data provided.

°All Candida grouped together from diabetic group 1, diabetic group 2, control 1 and control 2.

PMIC range in healthy patients: 0.03-0.06 mg/L.

distribution to non-albicans isolates, which are less susceptible to
azoles.

In this review, when efficacy data were collated, non-C. albi-
cans isolates did not generally display increased MICs to ketocon-
azole compared to C. albicans, based on MIC range data obtained
from several studies (Table 3).7683105107.111,112,114 ya\waver, oral
isolates of C. dubliniensis from patients with HIV and from pa-
tients with cancer presented the highest ketoconazole MIC
(>16 mg/L).**>11* This highlights the limitation of MIC measure-
ments in relation to clinical findings. For example, Milan et al.***
reported that 18/21 isolates identified as azole-susceptible dose-
dependent (SDD)/resistant belonged to non-albicans species.

While some studies have based ketoconazole breakpoints
on CLSI (NCCLS) standards or antifungal protocols (ATB
Fungus system, bioMérieux),61:82105108.110 gthars have relied
on published literature (Table 4).”6111114116 yat |atest 2017
edition of the CLSI M27, CLSI M38 standards or EUCAST do
not provide breakpoints for ketoconazole.'*® %% For yeast,
the CLSI M27 refers to the CLSI document M59 titled
‘Epidemiological Cut-off values for Antifungal Susceptibility
Testing’. That document does not provide data on epidemio-
logical cut-off values for ketoconazole and Candida spp. or
moulds.*?? Furthermore, the CLSI M38 standard states ‘data
are not available to confirm a correlation between MIC and
treatment outcome with ketoconazole’.®’

Two studies did not provide either MIC or breakpoint informa-
tion,®¢113 although Manfredi et al.®® used a qualitative test rather
than an established CLSI (NCCLS) standard (Table 4). Resistance
breakpoints, when provided, varied greatly between studies.
Perhaps not surprisingly, when the resistance breakpoint was
lower, the percentage of ketoconazole-resistant isolates was

higher (Table 4), with the exception of Bremenkamp et al.'®®,
who reported very high (47.1%) ketoconazole resistance in iso-
lates from diabetic type 1 patients (but not in diabetic type 2 pa-
tients; only 6.2% resistance).

One study reported that prior fluconazole treatment resulted
in a higher number of Candida spp. isolates resistant to ketocon-
azole (4.9% versus 11.9% resistance), although the number of
isolates was small and the standard used to calculate break-
points was not defined.!'° Clinical resistance in two C. albicans
isolates from patients who received extensive azole therapy
correlated with high MICs to fluconazole (>100 mg/L) and keto-
conazole (>50 mg/L).'*” Of note, co-infection may also impact
the relevance of in vitro MIC data.'®® This is particularly relevant,
as the isolation of several yeast species from a patient is com-
mon (Table 3). A cross-resistance correlation between azoles
was provided in one study, which analysed 102 Candida spp.
MICs to azoles.'™ The authors reported great agreement be-
tween itraconazole and ketoconazole MICs (kappa coefficient:
0.85), a moderate agreement between fluconazole and itracon-
azole MICs (kappa coefficient: 0.49), and between fluconazole
and ketoconazole MICs (kappa coefficient: 0.50), indicating
cross-resistance potential when these azoles are used
sequentially.**!

Metzger and Hofmann'?? reported a high number of
fluconazole-resistant C. albicans isolates that were also resistant
to itraconazole and ketoconazole. Wu et al.*® also reported on
azole cross-resistance in non-C. albicans species, with 14.3% of
isolates resistant to two or more antifungals, notably C. glabrata
and C. krusei, which displayed the highest frequency of antifungal
resistance. In their study, there was no indication of prior azole
usage in patients at least 3 months before sampling, and they

2
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Table 4. Pathogenic yeasts reported resistance to ketoconazole

Breakpoint used Literature reference for Resistance to ketoconazole
Yeasts MIC (mg/L) breakpoint calculation (% of isolates) Reference
Candida spp. S: <8 R:>16¢ CLSI M27-A2 2002 47.2% (diabetic type 1patient group 1; 63 isolates)  Bremenkamp
versus 2.8% (control; 76 isolates) et al.?®
6.2% (diabetic patient type 2 group 1; 76 isolates)
versus 3% (control; 66 isolates)
Not provided CLSI M60 or epidemiological 87.75% susceptible, 9.9% intermediate, 2.45% Bilal et al.&2
cut-off values guidelines resistant (490 isolates over 10 years)
S:<1;1:2-8;R>16 PHLS tentative interpretative 7% resistant; 19% intermediate (82 isolates) Davies et al.*%’
guidelines
Not provided ATB Fungus system 100% susceptible (106 isolates) Chavanet et al.!
S: <0.125; R: >1; Literature 13% (106 isolates) Milan et al.**?
SDD: 0.25-0.5
Not provided Not provided 13.5% isolates from patients with HIV versus 7.5%  Khan et al.!3
isolated from control
C. albicans Not provided CLSI M&44-A2 28% (50 isolates) Tamai et al.1%®
Not provided Not provided 15% (229 isolates) Manfredi et al.®®
S: <1;1: 1-4;R>4  Literature 10%?° Chunchanur
etal''*

Not provided NCCLS®
Non-albicans Not provided Not provided
C. glabrata Not provided NCCLS®
C. dublieniensis R:>1 Not provided

S:<1; I: 1-4;R>4  Literature

Candida spp. and Not provided Literature
other yeasts
R>0.125 Literature

4.9% (2 isolates with no prior treatment).; 11.9%  Magaldi et al.*'®

(8 isolates with prior fluconazole treatment) and

10.5% SDD
23% (229 isolates) Manfredi et al.8
70% (7 isolates); 10% SDD Magaldi et al.'*®
24.1% Quindos et al.'*?
18.2% (22 isolates) Chunchanur
et al.''*
9.7% (124 isolates) Wu et al.}*®
20.9% (82 isolates) Santhanam
etal’®

PHLS, Public Health England; SDD, susceptibility dose dependent (see text).

9S: susceptible; I: intermediate; R: resistant.
®Data not provided.
‘Exact stand not mentioned.

theorised that resistance could have originated from the use of
antifungals in agriculture, the increased use of antifungals in hos-
pitals, or antifungal-resistant yeasts from other parts of China.***
In patients with HIV, several factors affected the presence of
azole-resistant Candida spp., including prior use of azoles (flucon-
azole and itraconazole), co-infections, and a low number of circu-
lating CD4+ T-cells.'®°

Non-Candida spp. have also been investigated. Two publica-
tions reported on Malassezia spp., which are commonly asso-
ciated with skin infections.?>*?3 Skin isolates from patients with
Pityriasis versicolor and healthy patients included M. furfur, M.
sympodialis and M. globosa, all of which were susceptible to keto-
conazole, although there were antifungal susceptibility (MIC) dif-
ferences between species.'?® In another study, higher MIC values
for ketoconazole were observed in Malassezia strains obtained
from psoriasis patients (MIC range: 0.06-2 mg/L) compared to
healthy patients (MIC range: 0.03-1 mg/L).*°

Seven studies concerned moulds, with Trichophyton spp. being
the most studied (Table 5).%%92124"128 Gupta and Kohli*?“ reported
that the ketoconazole MIC of T. rubrum did not correlate with clin-
ical resistance or susceptibility. Additionally, ketoconazole MICs
were not necessarily affected by prior treatments with itracon-
azole or terbinafine. This, however, was not the finding of de
Assis Santos et al.”*, who reported an increase in T. rubrum MIC be-
yond the MICqq (from 0.5 to >0.91 mg/L) in isolates from patients
who had received prior treatment (not disclosed in the paper), in-
dicative of potential treatment failure. A concentration of 0.91 mg/
L has been deemed achievable in the cutaneous layer after taking
200 mg orally of ketoconazole.**® Shaw et al.*” and Kong et al.**®
reported good susceptibility of T. mentagrophytes complex iso-
lates to ketoconazole (Table 5), but elevated MIC for terbinafine
in isolates associated with mutations in the squalene epoxidase
gene.’?”1?® Maurya et al.'** indicated that the MICq for 75 derm-
atophyte isolates was generally higher against fluconazole and
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Table 5. Moulds investigated for their susceptibility to ketoconazole

Number of MIC
Fungal isolates isolates Susceptibility/resistance to ketoconazole (mg/L) MICso  MICqg References
Trichophyton spp.
T. rubrum 18 MIC not reflective of clinical outcome 006-32 006 —  GuptaandKohli*?*
40 MIC >0.91 mg/L associated with prior treatment — 0.25 0.5 de Assis Santos
etal”!
32 Concentration in the range to eliminate T. 05-2 — — Korting et al.1%¢
rubrum
13 Allisolates susceptible (Breakpoint value used R 0.03-0.125 0.06  0.06 Maurya et al.'?®
>1mg/L)?
T. mentagrophytes 16 Concentration in the range to eliminate T. 05-2 — — Korting et al.1?®
mentagrophytes
31 Allisolates susceptible (Breakpoint value used R~ 0.03-0.25  0.06  0.125 Maurya et al.}?®
>1mg/L)
498 Concentration in the range to eliminate T. 0.0078-2 0125 0.5 Shaw et al.*?’
35 mentagrophytes 0.016-2  0.25 1 Kong et al.'?®
T. interdigitale 36 Concentration in the range to eliminate T. 0.125-2  0.25 1 Kong et al.'?®
interdigitale
T. indotineae 64 Concentration in the range to eliminate T. 0.063-4 0.5 1 Kong et al.1?®
indotineae
T. tonsurans 12 Allisolates susceptible (Breakpoint value used R~ 0.03-0.06  0.03  0.06 Maurya et al.'?®
T. verrucosum 9 >1mg/L)a 0.06-0.5 0.125 0.5 Maurya et al.'*®
T. violaceum 1 0.25 0.25 0.25 Maurya et al.'*®
Others
Neoscytalidium 29 Ketoconazole inactive 16 — — James et al.%?
dimidiatum
Microsporum gypseum 5 Allisolates susceptible (Breakpoint value used R 0.03-0.125 0.06  0.125 Maurya et al.?®
Epidermophyton A >1mg/L)a 0.03-0.25 0.06 0.125  Maurya et al.'*®
floccosum

—: No data provided.
%Use of arbitrary breakpoints to define susceptibility/resistance.

terbinafine than ketoconazole (Table 5). Despite the high MICqg re-
ported in some publications, clinical treatment with ketoconazole
(200 to 400 mg daily) was effective against griseofulvin-clinically
resistant T. rubrum, resulting in complete mycologic cure in 6 pa-
tients, although onychomycosis persisted in some patients, and
in 4/6 patients, T. rubrum infection recurred despite achieving early
clearing of skin and nails.*?°

Itraconazole appears to be the most commonly prescribed
azole for treating T. indotineae infections.”* Systemic ketocon-
azole (200 mg twice daily for 6 weeks), used without a topical
agent, led to some improvement in a patient but did not result
in complete healing.”* Several successful combination therapies
have however been reported. For example, a patient infected
with a terbinafine-resistant T. indotineae strain was successfully
treated with oralitraconazole (200 mg/day for 1 week) combined
with topical ketoconazole for 2 weeks.’*° In another case, the
combination of topical ketoconazole with oral terbinafine
(250 mg/day) for 4 months resulted in complete healing.’*
However, topical ketoconazole alone, applied for 3 months, failed
to control the infection in a different patient.’** Similarly, oral
ketoconazole (1200 mg/day in divided doses every 12 h) was in-
effective against a terbinafine-resistant T. indotineae isolate.'*?

These two studies*"*32 did not assess the phenotypic suscepti-
bility of the T. indotineae isolates to ketoconazole following the
treatment period.

The remaining 10 papers retained provide information on me-
chanisms of fungal resistance to ketoconazole.'** 1“2 Efflux is a
primary mechanism of resistance to antifungals (Figure 1) and
has been implicated in ketoconazole resistance and cross-
resistance between fluconazole and ketoconazole.!3>140-142
Importantly, ketoconazole has been reported to increase efflux
pump expression levels in Candida spp.,*3>'*3® and also in moulds
(T. rubrum).'*3 Ketoconazole acts as a stressor, resulting in a posi-
tive transcriptional response that leads to an up-regulation of ef-
flux.*® Increased copy numbers of efflux genes (tandem
repeats) (e.g. ERG11) have also been reported in clinically isolated
ketoconazole-resistant strains.**%137

Impact of miconazole and ketoconazole in
cross-resistance to antifungals
One of the key questions this review aimed to answer was the im-

pact of miconazole or ketoconazole on fungal resistance and
cross-resistance to other azoles. There is no doubt that fungi
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Table 6. Reported multiple resistance to azoles based on ketoconazole and miconazole literature

Isolates

Multiple resistance®

Prior antifungal use

Susceptibility of isolates

Reference

C. glabrata, C krusei

Candida spp.

Malassezia spp.

Candida spp.

Candida spp.

Candida spp.

C. dubliniensis

Candida spp.
C. albicans

Trichophyton spp.

C. albicans

C. glabrata and C.

parapsilosis.
C. parapsilosis.
C. dubliniensis
Candida spp.

C. dubliniensis
Candida spp.

C. albicans
Candida spp.

Candida spp.

Fluconazole, ketoconazole,
itraconazole
Fluconazole, 5-fluorocytosine

Fluconazole, itraconazole,
amphotericin B

Fluconazole and itraconazole or
ketoconazole
Fluconazole, itraconazole

Fluconazole, itraconazole,
ketoconazole

Fluconazole, econazole,
voriconazole, fluorocytosine
Fluconazole, itraconazole
Fluconazole and itraconazole or
ketoconazole or miconazole
Fluconazole, itraconazole

Fluconazole, itraconazole,
ketoconazole
Fluconazole, itraconazole

Miconazole and itraconazole

Fluconazole and itraconazole, or
ketoconazole

Fluconazole, ketoconazole,
posaconazole, itraconazole

Fluconazole, ketoconazole

Fluconazole, itraconazole,

Fluconazole, miconazole,
clortimazole

Fluconazole, itraconazole,
ketoconazole, fluorocytosine

Fluconazole, itraconazole,
ketoconazole, fluorocytosine

Extensive period of azole (not
defined) treatment
Fluconazole

Fluconazole, clotrimazole,
nystatin, miconazole and
ketoconazole

Not significant—same results
with patients with prior
exposure and patients with
no prior exposure

Fluconazole

No prior treatment 6 months
before sampling

Fluconazole, terbinafine (not
explicit in the text)

Isolates susceptible to
miconazole or ketoconazole

Isolates susceptible to
ketoconazole and
posaconazole

All non-albicans susceptible to
miconazole

Isolates susceptible to
ketoconazole

Cartledge et al.?%®
Chavanet et al.%?

Chebil et al.1?3

Davies et al.1%’

Hamza et al.”*

Kuriyama et al.”?

Lomeli-Martinez
et al.®’
Magaldi et a
Manfredi et al.8¢

lllO

Maurya et al.?*

Fluconazole — Metzger and
Hofmann'??
— One isolate intermediate to Espinel-Ingroff
miconazole and 2 et al.®®
susceptible
— 1 isolate Miranda-Cadena
etal.”
— — Quindos et al.'1?

[.76

Heavy use of itraconazole — Santhanam et a

Chunchanur et al.2**
Tumbarello et al.1%°

Prior treatment with —

fluconazole
— — Waltimo et al.?°
No prior treatment 3 months - Wu et al.1?®
before sampling
No prior treatment 3 months — Wu et al.1?®

before sampling

%Classified as resistant or susceptible dose dependent.

have the ability to adapt to the stress imparted by antifungal
treatment. In addition, some mechanisms of fungal resistance
can lead to cross-resistance (Figure 1). Prior azole treatments, es-  tion,
pecially fluconazole, have been associated with emerging azole
resistance, particularly in Candida spp.
erature on miconazole and ketoconazole retained for this review,
several studies observed cross-resistance between azoles

(Table 6).

61,75,117,143-147 In the l|t‘

Whilst some publications mentioned that no azole agent had
been used during the 3-6 month period prior to sample collec-
86,116 several studies noted that fluconazole had been used
(Table 6).6174109.110,122.125 A reported above, one study re-
ported increased MIC to miconazole in C. albicans isolated from
patients who had received prior azole treatment (fluconazole is
inferred but not explicitly mentioned).”* High MIC correlations
between itraconazole and ketoconazole or fluconazole and
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ketoconazole,'** or miconazole and fluconazole,**3 have also

been reported.

Conclusion

The literature on the development of fungal resistance to mico-
nazole and ketoconazole is limited, with most studies focusing
on the MIC determination of patient isolates alongside other
azoles (Tables 1 and 3). Notably, miconazole and ketoconazole
were not the primary azoles investigated, with a greater em-
phasis placed on fluconazole and itraconazole, as well as other
antifungals such as amphotericin B, nystatin, and fluorocytosine.
Despite their long history of clinical use, very few studies have in-
vestigated the mechanisms of fungal resistance to these two imi-
dazoles. Moreover, none of the studies on ketoconazole
examined the impact of biofilms on antifungal efficacy, and
none of the miconazole studies explored resistance mechanisms.

This review set out to explore miconazole and ketoconazole
when used clinically as topical or oral antifungals. However,
only a few papers specifically mentioned the type of antifungal
product used, with most publications focusing on in vitro antifun-
gal testing (Tables 1 and 3).

As noted in previous reviews, the correlation between in vitro
MIC values and clinical resistance remains problematic.?*7°
Clinical resistance refers to the failure of an antifungal agent to
eradicate the pathogen in a patient, and laboratory MIC values
and breakpoints do not always reflect the response to treatment
in clinical practice. The measure of MIC itself is not always a reli-
able indicator of treatment efficacy, and the use of MICqq is pre-
ferred by some authors, particularly for Candida spp. and yeast
infections. For moulds, MIC determination may not correlate
with antifungal efficacy, even if initial clearing is observed. The
lack of reliable breakpoints for miconazole and ketoconazole in
some fungi has led to the use of arbitrary values, potentially ex-
plaining the wvariability in the reported percentage of
ketoconazole-resistant isolates across studies (Table 4).

The impact of miconazole and fluconazole on emerging fun-
gal resistance remains unclear based on the current literature.
One key factor influencing resistance development is the clinical
use of sub-optimal azole concentrations.'“®%® Interestingly, re-
peated exposure of Candida spp. to miconazole (0.5-4xMIC) in
vitro resulted in an increased MIC in some strains, though the
MIC remained at 0.5 mg/L in others,'°* indicating a disconnect
between in vitro findings and clinical outcomes.

The use of fluconazole has been linked to the selection of
non-C. albicans species.®1%%1%9 Recurring fungal infections after
multiple antifungal treatments have been observed,”*'°° some-
times associated with a shift to non-C. albicans species,'%®4°
though this is not always the case.”* In this review, when compil-
ing information on miconazole and ketoconazole, the MIC ranges
were similar between C. albicans and non-C. albicans species
(Tables 2 and 3).

Miconazole?” and ketoconazole remain important clinical
agents for the treatment of fungal infections (https:/clincalc.
com/DrugStats/Drugs/Ketoconazole). Based on the limited avail-
able literature, there is no evidence to suggest that these imida-
zoles, which have been in clinical use for many years, have led to
the emergence of clinically resistant fungi. However, more bene-
fit/risk analyses are needed, as factors beyond the clinical use of

antifungals (Figure 2) may have a greater impact on the develop-
ment of resistance.
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