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Abstract: Human mycoses cover a diverse field of fungal diseases from skin disorders to systemic
invasive infections and pose an increasing global health problem based on ineffective treatment
options, the hampered development of new efficient drugs, and the emergence of resistant fungal
strains. Niclosamide is currently applied for the treatment of worm infections. Its mechanisms of
action, which include the suppression of mitochondrial oxidative phosphorylation (also known as
mitochondrial uncoupling), among others, has led to a repurposing of this promising anthelmintic
drug for the therapy of further human diseases such as cancer, diabetes, and microbial infections.
Given the urgent need to develop new drugs against fungal infections, the considerable antifungal
properties of niclosamide are highlighted in this review. Its chemical and pharmacological properties
relevant for drug development are also briefly mentioned, and the described mitochondria-targeting
mechanisms of action add to the current arsenal of approved antifungal drugs. In addition, the
activities of further salicylanilide-based niclosamide analogs against fungal pathogens, including
agents applied in veterinary medicine for many years, are described and discussed for their feasibility
as new antifungals for humans. Preliminary structure-activity relationships are determined and
discussed. Various salicylanilide derivatives with antifungal activities showed increased oral bioavail-
abilities when compared with niclosamide. The simple synthesis of salicylanilide-based drugs also
vouchsafes a broad and cost-effective availability for poorer patient groups. Pertinent literature is
covered until 2024.
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1. Introduction

Fungal infections pose a “silent” but constantly increasing global health problem,
with more than 150 million severe cases and approximately 1.7 million deaths annually.
Incidences of various mycoses are rising in line with a growing elderly and immunocom-
promised population in developed countries [1,2]. In addition, a considerable number
of patients suffering from endemic mycoses who dearly need potent and cost-effective
antifungal drugs are living in tropical and sub-tropical regions under poor health care
conditions [2,3]. The emergence of drug-resistant clinical strains such as the yeasts Candida
glabrata and Candida auris and the improper management of fungal neglected tropical dis-
eases (NTDs) such as eumycetoma (also known as Madura foot) with a current treatment
efficacy of only 40% are likewise alarming [4-6]. The exposure of vast population groups to
new perilous fungal pathogens is promoted by continuing climate change and the economic
exploitation of natural environments [7,8].

Currently approved antifungals belong to a confined group of molecular classes,
which include 1,3-f glucan synthase inhibitory echinocandins and ergosterol-interfering
azoles or polyenes [9]. Only a few derivatives from these drug classes are currently under
development and/or in clinical trials, while drug candidates with other fungal targets such
as HDAC (histone deacetylase, MGCD290) and DHODH (dihydroorotate dehydrogenase,
olorofim) are promising but scarce, too [10,11]. Thus, new antifungal drug candidates are
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required to meet the growing health risk by mycoses. The repurposing of drugs applied for
the therapy of other human diseases can be a treasure trove for the identification of new
antifungals [12].

In 2022, the German pharma company Bayer celebrated the 125th anniversary of the
synthesis of pure acetylsalicylic acid by Felix Hofmann (1897), which was a milestone for
the development of aspirin [13]. Further studies by Bayer on biologically active salicylic
acid derivatives led to the discovery of niclosamide in 1953 (Figure 1), which was brought
to market as a molluscicidal agent (Bayluscide/Clonitralid) against Schistosoma-hosting
snails in 1959 and was introduced in Germany under the name Yomesan against tapeworm
infections (e.g., taeniasis) in humans in 1962 [14]. Niclosamide has become an important
anthelmintic drug and is currently listed as essential medicine by the World Health Organi-
zation (WHO). In the USA, the drug was approved in 1982, but Bayer withdrew it in 1996
because of economic reasons such as low profit and considerable production/availability
issues in the US market [15]. Thus, it is currently not available as a human drug in the USA.
In the 1950s, other salicylanilide-based bromsalans (e.g., tribromsalan) were developed as
antibacterial and antifungal disinfectants, which also turned out to be molluscicidal [16,17].
The salicylanilides closantel, resorantel, oxyclozanide, clioxanide, and rafoxanide are
proven anthelmintic drugs, which are applied in veterinary medicine, e.g., for the therapy
of worm infections in cattle and sheep [18,19].
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Figure 1. Synthesis of niclosamide. Chlorination of salicylic acid leads to 5-chlorosalicylic acid.
Amide synthesis with 2-chloro-4-nitroaniline using activating reagents (e.g., SOCl,, PCl3, or DCC)
generates the drug niclosamide.

In addition to its pronounced anthelmintic properties, niclosamide also showed, inter
alia, considerable activities against cancer, bacteria, viruses, diabetes, Parkinson’s disease,
and rheumatoid arthritis [20,21]. The inhibition of mitochondrial oxidative phosphorylation
was described as a mechanism of action of niclosamide (mainly attributed to the weakly
acidic salicyl OH group functioning as a protonophor), which has been complemented by
the suppression of Wnt, Notch, and STAT3 signaling over the recent years; thus, niclosamide
is a pleiotropic drug with activities against a plethora of human diseases [15,21].

In line with the growing number of studies on the antibiotic activities of niclosamide,
its antifungal potential has also garnered more interest. This review summarizes and
discusses the activities of niclosamide and several notable salicylanilide analogs against
various pathogenic fungi following a short summary of important chemical and pharmaco-
logical issues of this drug, which should be considered for the development of niclosamide-
based antifungals.

2. Methodology

PubMed, SciFinder, and Google were used for a literature search using the keywords
“niclosamide”, “salicylanilides”, “oxyclozanide”, “rafoxanide”, “closantel”, “bromsalans”,
and “antifungals”. In addition, PubChem was applied for additional literature search
using the IUPAC names of antifungal salicylanilides as keywords. A literature survey was
carried out between March and May 2024. Pertinent literature published until May 2024

was covered.
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3. Niclosamide: Chemistry, Pharmacology, and Antifungal Activity
3.1. Chemistry

A detailed understanding of the chemical constitution and properties of a drug can-
didate is necessary for its clinical development. Niclosamide, 5-chloro-N-(2-chloro-4-
nitrophenyl)-2-hydroxybenzamide, is a substituted salicylanilide derivative with sub-
stituents at both aromatic rings of the molecule. The anilide ring bears a para-nitro and an
ortho-chloro group. The benzoyl ring is substituted with a 2-hydroxy group characteristic
of a salicyl moiety and a 5-chloro group (Figure 1). Niclosamide is lipophilic (LogP = 3.91),
and its phenolic OH group is weakly acidic (pK, = 6.89) [15]. It appears as a high-melting
(melting point between 224 °C and 229 °C), colorless to pale yellow solid of low solubility
in water (5-8 mg/L at 20 °C), which is associated with its poor bioavailability. Its solu-
bility increases with rising pH in alkaline media, while its hydrates have shown reduced
solubility when compared with anhydrous niclosamide [15]. The niclosamide salt with
ethanolamine is distinctly more soluble in water (180-280 mg/L at 20 °C), and a piperazine
salt of niclosamide has also been developed to improve aqueous solubility [22,23]. Of note,
intramolecular H-bonding in salicylanilides can lead to two different conformations, the
“open-ring” conformation (H-bond between OH and amide-NH) and the “closed-ring”
conformation (H-bond between OH and amide-CO), depending on the ring substituents,
which can have distinct effects on its biological activities [24].

Salicylic acid was initially obtained from the natural analgesic glucoside salicin (iso-
lated from willow trees, Salix sp.) upon oxidation of the aglycone component salicylic
alcohol. Technically, it is prepared by the reaction of sodium phenolate with CO, under
pressure (Kolbe-Schmitt synthesis) [25]. Controlled chlorination of salicylic acid leads to
5-chlorosalicylic acid (Figure 1) [26]. Niclosamide is finally synthesized from the reaction
of 5-chlorosalicylic acid with 2-chloro-4-nitroaniline via activation of the benzoyl group to
form the target amide (Figure 1). The activation of 5-chlorosalicylic acid is usually achieved
by the formation of an acyl chloride with thionyl chloride or PCl3, or an O-acyl isourea in-
termediate by treatment with carbodiimides such as DCC (N,N ! -dicyclohexylcarbodiimide,
Figure 1) [27-30]. Thus, the synthesis of niclosamide is simple and straightforward, which
is of importance in the development of a cost-effective drug against infectious diseases that
mainly affect poor populations.

3.2. Pharmacology

Niclosamide is a safe drug when orally administered, but injection (intraperitoneally
and intravenously) of the drug can lead to adverse effects (hypopnea, sedation, and con-
vulsions) [15]. Medicins Sans Frontiéres recommends a single oral dose of 2 g niclosamide
for taeniasis therapy in adults and children above six years [31]. The compound has two
pharmacologically problematic functional groups at the aromatic rings, a phenolic hydroxy
group associated with drug metabolism such as glucuronidation (glucuronidation is a
prerequisite for renal excretion), and a nitro group responsible for off-target toxicities such
as genotoxicity (Figure 2). Hydrolysis of the amide bond of niclosamide is rarely occurring
and considered as negligible for its pharmacology. The mutagenicity of niclosamide is
higher than the mutagenic potency of its possible hydrolysis product 2-chloro-4-nitroaniline
(in contrast, 5-chlorosalicylic acid itself is not mutagenic) [32]. Reduction of the nitro group
by nitroreductases leads to the formation of mutagenic aminoniclosamide (Figure 2) [33].
The half-life of niclosamide is short (6.0 h), and the bioavailability is low (10%) because of
its low aqueous solubility [34]. In liver microsomes, the glucuronidation of the hydroxy
group to form the more soluble niclosamide-2-O-glucuronide is catalyzed by the UDP-
glucuronosyl transferase UGT1A1, and CYP1A2-mediated hydroxylation of the activated
5-chlorosalicyl ring yields 3-hydroxyniclosamide (Figure 2) [35]. Intestinal glucuronidation
is assumed to be more important for niclosamide metabolism, while hepatic glucurinidation
is negligible [36]. The inhibition of glucuronidation in the liver and colon can be bene-
ficial to increase niclosamide bioavailability; however, targeting P450 enzyme-mediated
metabolism appears to be less promising [37]. CYP1A1l and Cnr nitroreductase were shown
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to be responsible for the bioactivation of niclosamide in Salmonella species [33]. Strategies
to mask the hydroxy group by acylation and to remove the nitro group were applied to
overcome these pharmacological drawbacks and were able to conserve the biological activi-
ties of niclosamide [38,39]. A water-soluble phosphate ester prodrug of niclosamide was
also described [40]. In addition, suitable formulations of niclosamide including nano-based
delivery systems were studied in order to improve its pharmacokinetics, which might be
applied for the therapy of systemic mycoses as well [41,42]. The formulation as inhalation
powder appears to be suitable for the specific targeting of infections of the respiratory
tract [43]. Several topical formulations of niclosamide were also described and can be possi-
ble strategies to treat fungal skin infections [44—46]. Moreover, the grafting of niclosamide
onto polymers such as hydrophilic polyurethane was described as a suitable strategy to
obtain antifungal polymers [47]. However, these formulations require thorough clinical
evaluation since they can also change adverse pharmacological properties of niclosamide,
such as toxicities and other side effects [15].
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Figure 2. The metabolism of niclosamide can include hydroxylation catalyzed by the cytochrome P450
enzyme CYP1A2 to form 3-hydroxyniclosamide, the reduction of the nitro group by nitroreductases
to form aminoniclosamide, and glucuronidation catalyzed by the UDP-glucuronosyl transferase
UGT1A1 to form 2-O-glucuronide.

3.3. Antifungal Activity
3.3.1. Activity against Pathogenic Ascomycetes

The Ascomycota phylum is the largest fungal phylum, which harbors several pathogenic
fungi [48]. Ascomycetes of the Candida genus are pathogenic yeasts and the most common
causative agents of human mycoses [49]. Candida albicans is a wide-spread opportunistic
Candida fungus, while the recently emerged multidrug-resistant Candida auris poses a new
and considerable clinical problem requiring enhanced research efforts in terms of studies
on biology, resistance mechanisms, and therapy [50]. Targeting the virulence of Candida
species without affecting yeast growth is a promising strategy to tackle drug-resistant
fungal infections without side effects. The phenotype screening of a compound library
(the yeast bioactive small-molecule library, activity pre-selection in Saccharomyces cerevisiae)
for C. albicans filamentation inhibition led to the identification of niclosamide as a strong
filamentation inhibitor (complete inhibition at 50 uM) without growth inhibitory effects on
the fungi. Niclosamide-mediated antifilamentation was also observed in azole-resistant
C. albicans strains with overexpressed Cdr1 (Candida drug resistance protein 1) and MDR1
(multidrug-resistance protein 1) drug efflux pumps. In addition, niclosamide inhibited C.
albicans biofilm production by 15% at a dose of 5 uM and reduced C. albicans invasion of
human HT-29 colon cells as a host cell model by 20% at a dose of 40 M. Mechanistically, a
pronounced retrograde (RTG) response, which is a cell-protective mitochondria-to-nucleus
signaling to compensate mitochondrial failure, was determined as a consequence of the
niclosamide-mediated collapse of the mitochondrial membrane potential in treated fungi.
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The mitochondrial protein Mgel was identified as a possible drug target, which is an
ADP-nucleotide release factor for the mitochondrial Ssc1 heat shock protein 70 required
for protein import via the Tim23-Tim17 mitochondrial protein import complex (Figure 3).
It was also shown that niclosamide-mediated antifilamentation activity must be based on
effects downstream of the filamentation-regulating Ras/cAMP, MAPK, and Ume6/Hgcl
pathways [51]. Another study identified the mitochondrial inner membrane protein NDU1
(NADH ubiquinone oxidoreductase complex 1) as a niclosamide target in blocking biofilm
formation by NDU1-overexpressing C. albicans at a niclosamide dose of 10 uM (Figure 3).
For in vivo studies of the anti-biofilm activity of niclosamide in a C. albicans-infected mouse
model, Eudragit EPO nanoparticles with encapsulated niclosamide (NCL-EPO-NPs) were
prepared, which conserved the anti-biofilm activity of niclosamide and increased the
intracellular formation of reactive oxygen species (ROS, 32% increase at 4 ug/mL), accom-
panied by suppression of mitochondrial oxygen consumption (more than 90% suppression
at 2 ug/mlL, Figure 3). Moreover, NCL-EPO-NP (1 pug/mL) also destroyed established
biofilms of fluconazole-resistant C. albicans and C. auris strains in vitro and inhibited the
growth of C. auris. NCL-EPO-NP formulated as a gel with P407 (20%) and Poloxamer 188
(1%) was directly applicated on mucosal organs of mice, which prevented oropharyngeal
candidiasis (200 ug per dose, intraorally, twice per day for four days) and vulvovaginal
candidiasis (dose of 20 ug) by C. albicans, including fluconazole-resistant strains [52]. The
putative niclosamide target NDU1 was found to be essential for Candida growth, virulence,
and biofilm production on surfaces and media lacking glucose and plays a crucial role in
Complex I of the electron transport chain in C. albicans mitochondria [53].
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Figure 3. Targeting of fungal mitochondria as a crucial mechanism of niclosamide antifungal activity.
Niclosamide inhibits oxidative phosphorylation and ATP synthesis. Together with the formation
of toxic ROS molecules, this ultimately leads to growth arrest and fungal cell death in an efficient
way. Targeting of Mgel and the mitochondrial protein import complex was discussed as further
mitochondrial mechanisms of action for niclosamide. A more specific mechanism is the inhibition of
NDUT1, which was accompanied by the suppression of biofilm formation.
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The dermatophyte Trichophyton tonsurans causes symptomatic and asymptomatic scalp
infections and is endemic in Latin America and Africa, while it displays a rising incidence
in North America with a prevalence in young Afro-American children of US cities [54,55].
Griseofulvin is applied as an antimycotic drug for the therapy of T. tonsurans infection, but
it has shown only limited effects, which requires the development of new and more potent
antifungal drugs [56]. Niclosamide was identified as a hit compound in a high-throughput
screening of six compound collections for the growth inhibition of T. tonsurans and showed
high activity against this fungus with a minimum inhibitory concentration (MIC) below
1 uM [57].

Chromoblastomycosis, mycetoma, and sporotrichosis are systemic fungal infections
that mainly affect poor populations of (sub-)tropical regions. They were classified as NTDs
by the WHO to promote and accelerate the development of drugs against these highly
neglected mycoses [5]. Sporotrichosis is caused by dimorphic Sporothrix species and affects
humans and felines, whereby the appearance of cases refractory to azole therapy as well as
in vitro resistance formation raise concerns on the clinical efficacy of currently applied an-
timycotics in the future [58]. In particular, S. brasiliensis is hyper-endemic in South America
and can spread to North America and Europe, necessitating the development of accurate
antifungal therapies [59]. A screening of the Medicines for Malaria Venture (MMV) COVID
Box for drugs with activity against a panel of 14 pathogenic fungi revealed the fungicidal
activity of niclosamide (1 uM) against Sporothrix brasiliensis. In addition, niclosamide (1 pM)
was found to be fungicidal against dimorphic Paracoccidioides brasiliensis and Histoplasma
capsulatum, the causative agents of paracoccidioidomycosis and histoplasmosis [60]. A
closer examination of niclosamide for the treatment of various Sporothrix species (S. brasilien-
sis, S. globosa, and S. schenckii, which are responsible for most sporotrichosis cases) exhibited
strong antifungal activity (MIC = 0.625-2.5 uM) against 17 applied S. brasiliensis strains
(only one further S. brasiliensis strain exhibited an MIC = 10 uM). Only four strains of the
other Sporothrix species were resistant to niclosamide (MIC > 20 pM in three of four S.
schenckii and one of four S. globosa strains), and a high genetic variability of S. schenckii was
suggested as a possible mechanism of resistance. Antifungal activity was found in mycelial
and yeast-like forms alike. In addition, fungicidal activity was observed in 89% of the
tested Sporothrix strains. The broad-spectrum activity of niclosamide against S. brasiliensis
strains endemic in Brazil and to non-wildtype strains is promising, while the resistance of
most S. schenckii strains to niclosamide warrants more studies on the possible resistance
mechanisms of this fungus [61].

Mycetoma (also known as Madura foot) is a chronic subcutaneous mycosis, which
is subdivided into actinomycetoma caused by filamentous bacteria (mainly occurring in
Mexico) and mycosis eumycetoma (prevalent in Sudan and other countries in Africa and
West/South Asia). Madurella mycetomatis is the most common causative agent of eumyce-
toma [62]. Actinomycetoma is curable in most cases (curing rate > 90%) by therapy with
antibiotics. However, the treatment of eumycetoma with antifungals such as itraconazole
and terbinafine is strongly limited, with low curing rates between 8 and 50%, and it requires
amputation at advanced stages of the disease [63]. Fosravuconazole is currently in clinical
trials as a new therapy for eumycetoma, but the naphthoquinone naphthazarin has also
recently revealed promising in vitro activities against M. mycetomatis [64,65]. A screen-
ing of a small panel of sixteen antiparasitic redox-active drugs showed high activities of
niclosamide and its ethanolamine salt against two M. mycetomatis isolates (SO1 isolate from
a Somalian patient and CBS131320 isolate of a Sudanese patient, MIC = 0.79-1.6 pug/mL).
Of note, all nitroimidazole/nitrofuran- and artemisinin-based drugs tested in this study
were only moderately active or inactive against M. mycetomatis, which indicates the out-
standing role of niclosamide in targeting this pathogenic fungus. Although itraconazole
was slightly more active (ICsp = 0.13-0.25 uM) than niclosamide, the different mechanism
of action of niclosamide can add to the currently applied antifungals against eumycetoma
infections [66]. The activities of niclosamide against human pathogenic ascomycetes are
summarized in Table 1.
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3.3.2. Activity against Pathogenic Basidiomycetes

The Basidiomycota phylum forms the Dikarya subkingdom of higher fungi together
with the Ascomycota phylum [67]. The human pathogenic yeast Cryptococcus neoformans
is a basidiomycete that causes severe systemic cryptococcosis, especially in immunocom-
promised AIDS patients [68]. In particular, the therapy of cryptococcal meningitis with
current antifungals (fluconazole and amphotericin B) is inefficient, with high mortality
rates between 10 and 70% [69,70]. A screening of the LOPAC library (Library of Pharma-
cologically Active Compounds, Sigma-Aldrich) identified niclosamide as highly active
against the C. neoformans H99 wildtype strain (IC59 = 0.17 uM) under nutrient starvation
conditions mimicking host environments, and it was slightly more active than the reference
drug amphotericin B (ICsy = 0.32 uM) against the H99 strain. Niclosamide was also active
against nine C. neoformans clinical isolates (ICsg = 0.17-0.59 uM) and distinctly more active
than amphotericin B against the isolates Bt27a (IC5y = 0.52 uM for niclosamide, 3.2 uM for
amphotericin B) and NIH7 (ICsj = 0.48 uM for niclosamide, 2.4 pM for amphotericin B) [71].
Niclosamide showed growth inhibitory and fungicidal activities against the C. neoformans
JEC21 isolate, with an MIC below 0.78 pg/mL and minimal fungicidal activity (MFC) of
1.56 pg/mL, while it was only growth inhibitory against the H99 strain without fungicidal
effects (MIC = 1.56 ug/mL, MFC > 100 ng/mL). No growth inhibition (MIC > 100 pg/mL)
was observed in C. albicans SC5314 or the pathogenic mold Aspergillus fumigatus AF293.
Spore germination of C. neoformans, which is a crucial differentiation process of dormant
spores to develop pathogenic activity and growth, was inhibited by niclosamide (ger-
mination reduction to 7.8%) at a concentration 5-fold higher than the determined MIC
value [72]. Spore germination is strongly dependent on functional mitochondrial oxidative
phosphorylation, and the inhibition of oxidative phosphorylation was earlier described
as a suitable mechanism to suppress fungal spore germination [73,74]. Fungal spores are
more resistant to stress and, thus, the strong inhibition of C. neoformans spore germination
adds well to the antifungal portfolio of niclosamide. The activities of niclosamide against
human pathogenic basidiomycetes are summarized in Table 1.

Table 1. Antifungal activities of niclosamide.

Phylum Fungus Activity/Mechanism Reference
. . . . Inhibition of filamentation, biofilm formation, and invasion of
Candida albicans (including ey .
. . host cells (no growth inhibition); retrograde response; possible [51]
azole-resistant strains) . . ..
targets Mgel and mitochondrial protein import complex
Candida albicans (including Blocking of biofilm formation via NDU1 inhibition, increased
azole-resistant strains), ROS formation, suppressed mitochondrial oxygen [52]
Candida auris consumption, and protection of mice from infection
Ascomycetes Trichophyton tonsurans Strong growth inhibition (MIC < 1 uM) [57]
. g Broad-spectrum growth inhibition (MIC = 0.625-2.5 uM,
Sporothrix brasiliensis wildtype and non-wildtype strains); fungicidal [60,61]
Paracoccidioides brasiliensis Fungicidal (1 uM) [60]
Histoplasma capsulatum Fungicidal (1 pM) [60]
. Growth inhibition of SO1 and CBS131320 isolates
Madurella mycetomatis (MIC = 0.79-1.6 pg/mL) [66]
Growth inhibition of H99 wildtype strain (IC5p = 0.17 pM) and
Cryptococcus neoformans nine clinical isolates (IC59 = 0.17-0.52 uM) under [71]
nutrient-starvation conditions
Basidiomycetes
Growth inhibitory and fungicidal effects on the JEC21 isolate
Cryptococcus neoformans (MIC < 0.78 pg/mL, MFC = 1.56 pg/mL); inhibition of [72]

spore germination




Int. J. Mol. Sci. 2024, 25,5977

8 of 21

4. Antifungal Activity of Other Salicylanilides
4.1. Oxyclozanide

The anthelmintic drug oxyclozanide, 2,3,5-trichloro-N-(3,5-dichloro-2-hydroxyphenyl)-
6-hydroxybenzamide (Figure 4), has been orally applied for the treatment of adult liver
flukes (fascioliasis) in cattle and sheep since the 1960s [75]. Meanwhile, oxyclozanide has
also shown pronounced antifungal activities. Oxyclozanide (1 pM) was fungicidal against
dimorphic Paracoccidoides brasiliensis and Histoplasma capsulatum analogously to niclosamide;
however, it was inactive against S. brasiliensis, unlike niclosamide [60]. Oxyclozanide was
also much less active than niclosamide against M. mycetomatis [76]. Nevertheless, oxy-
clozanide (20 uM) was found to inhibit C. albicans growth, and it also strongly suppressed
filamentation (Table 2) [51]. The promising activity of oxyclozanide against C. albicans was
studied more thoroughly thereafter. Oxyclozanide was active against azole-sensitive C.
albicans SC5314 and 5833 isolates (MIC = 13 and 16 pg/mL, respectively) and less active
against azole-sensitive S1 and 5457 isolates (MIC = 25 and 34 pg/mL, respectively), while
niclosamide again showed no growth inhibitory activity at concentrations of up to 100 uM.
Of great importance is the performance of oxyclozanide in drug-resistant C. albicans strains.
It was active (MIC = 13 pg/mL) against azole-resistant HDQ-RP2 (aneuploidy Chr 5) and
6692 (overexpression of MDR1) isolates, as well as against echinocandin-resistant DPL-1007
(F641S-mutant (3-1,3-glucan synthase Fks1lp) and DPL-1010 (F645F-mutant Fks1p) isolates.
Reduced activity was observed in the azole-resistant isolates 5674 (MIC = 25 ug/mL, over-
expression of Cdrl and Cdr2 transporters), S2 (MIC = 34 ug/mL, gain-of-function mutant
Upc2 transcription factor and overexpression of Ergl1 lanosterol 14-x-demethylase), and
G5 (MIC = 34 ug/mL, overexpression of MDR1 and gain-of-function mutant Mrrl tran-
scription factor). In addition, oxyclozanide was less active against echinocandin-resistant
DLP1008 (MIC = 31 ug/mL, F645P mutant Fkslp) and DLP-1009 (MIC = 25 nug/mL,
F645Y-mutant Fkslp) strains. Given the established mechanism of mitochondrial oxidative
phosphorylation inhibition, oxyclozanide was also tested for activity against C. albicans
SC5314 on glucose-free medium containing non-fermentable glycerol or ethanol carbon
sources, which require oxidation by the fungus via mitochondrial oxidative phospho-
rylation. Oxyclozanide was distinctly more active against the SC5314 strain grown on
glycerol or ethanol (MIC = 5 and 3 ug/mL, respectively) than against this strain grown
on glucose medium (MIC = 16 ug/mL). In addition, oxyclozanide (4 pM) disrupted the
mitochondrial membrane potential in C. albicans cells, indicating a strong inhibitory activity
against the fungal mitochondrial respiratory chain (Table 2) [77]. The described antifungal
activities and MIC values of oxyclozanide are within the doses applied in sheep, which
warrants further studies to develop this drug for an application as fungicide in humans [78].
Oxyclozanide displayed long half-lives in cattle (64.40 h) and sheep (21.74 h) [79]. The
toxicity of oxyclozanide to rats was investigated to provide a guideline for niclosamide
therapy in clinical studies with humans. Oxyclozanide revealed acute toxicity only at high
oral doses (lethal dose/LDs5g = 3707 mg/kg/day) and had no effects on blood parameters.
High doses of oxyclozanide led to pathological changes of the heart, liver, and kidney [80].
Thus, oxyclozanide can be a suitable and safe drug for the therapy of infectious diseases in
humans at low doses.
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Figure 4. Salicylanilide-based veterinary drugs repurposed for antifungal activity.

4.2. Further Salicylanilide Drugs with Antifungal Activity
4.2.1. 3,5-Diiodosalicylanilides

Further anthelmintic 3,5-diiodosalicylanilides applied in veterinary medicine were
studied for antifungal activities. Closantel, N-[5-chloro-4-[(4-chlorophenyl)-cyanomethyl]-
2-methylphenyl]-2-hydroxy-3,5-diiodobenzamide (Figure 4), is an inhibitor of oxidative
phosphorylation applied for the therapy of Fasciola and Haemonchus infections in domesti-
cated animals [18]. It was suggested that inefficient worm infection therapy by closantel
treatment is associated with its high activity against nematophageous fungi, which are
natural enemies of nematodes. Closantel showed strong effects on Arthrobotrys ligospora
(MIC = 0.31 pg/mL), Duddingtonia flagrans (MIC = 0.04 pg/mL), and Paecilomyces lilac-
inus (MIC = 0.31 pg/mL) nematophageous fungi [81]. In terms of human pathogenic
fungi, closantel was identified as a hit in the screening of compound libraries for the
growth inhibition of dermatophytic T. tonsurans, showing high activity against this fungus
(MIC < 1 uM, Table 2) [57]. In sheep and cattle, oral closantel showed a long elimination
half-life (2-3 weeks) and bioavailability of approx. 50%. Monoiodoclosantel metabolites
were found in liver and feces [82]. Intravenous administration in sheep revealed an elim-
ination half-life of 17 days [83]. However, considerable adverse effects of closantel were
reported, such as toxicity in sheep and goats [18]. Retinal toxicity was described in humans
upon ingestion of closantel pills (approx. 1500 mg), and the drug is currently contraindi-
cated for human usage because of its severe side effects [84]. Notably, a high dose of
niclosamide (oral consumption of 4 x 1250 mg) was also reported to induce retinopathy in
humans [85].

Analogously to closantel, rafoxanide, N-[3-chloro-4-(4-chlorophenoxy)phenyl]-2-
hydroxy-3,5-diiodobenzamide (Figure 4), is an anthelmintic derivative widely applied
for the therapy of Fasciola and Haemonchus infections in cattle and sheep. It has a long
plasma elimination half-life (7.2 days) and showed toxic effects in sheep and goats [18,83].
The treatment of lambs with oral rafoxanide was safe at doses of up to 37.5 mg/kg [86].
In cattle, the injection of rafoxanide was safe at 3 mg/kg, while eight of twelve calves
treated with high doses of rafoxanide (45-60 mg/kg) developed toxicities (e.g., tremors
and spasms, blindness with mydriasis and death) [87]. The drug was repurposed as an
antimicrobial agent for the treatment of animal and human isolates of C. albicans and A.
fumigatus with high rates of multidrug resistance, in particular, fluconazole resistance
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associated with upregulated Ergl1 (C. albicans) and Cyp51A (A. fumigatus) resistance fac-
tors. Rafoxanide inhibited the growth of all 10 A. fumigatus isolates (MIC = 2-8 ug/mL)
and 13 out of 15 C. albicans isolates (MIC = 2-8 pug/mL, Table 2). In addition, rafoxanide
sensitized several fungal isolates to fluconazole treatment (and vice versa), which was
correlated with the suppression of Ergll and Cyp51A by sub-lethal doses of rafoxanide
in the treated fungi (Table 2). In albino mice infected with azole-resistant C. albicans or
A. fumigatus, the combination of sub-MIC doses of rafoxanide and fluconazole displayed
higher protection/survival rates (70% in C. albicans, 60% in A. fumigatus, Table 2) than
fluconazole monotherapy (<45% in C. albicans, <25% in A. fumigatus) [88]. Thus, rafoxanide
has the potential to overcome fungal drug resistance at low doses, which warrants further
investigations on its potential as an antifungal for humans.

In contrast, the acetylated analog clioxanide, 2-(acetyloxy)-N-(4-chlorophenyl)-3,5-
diiodobenzamide, was inactive in terms of C. albicans growth and lowly active regarding
filamentation inhibition (Figure 4) [51]. This might be based on the protection of the phe-
nolic hydroxy substituent with an acetyl group and the inactivation of this protonophoric
substituent. Nevertheless, such O-acyl-modified salicylanilides can function as prodrugs
and can increase oral bioavailability and plasma concentration, as in the case of the octanoyl-
modified niclosamide DK-520 [38].

Table 2. Antifungal activities of veterinary salicylanilide drugs.

Compound Fungus Activity/Mechanism Reference
Oxyclozanide Candida albicans Inhibition of growth and filamentation [51]
Active in glucose-free medium with non-fermentable carbon
Candida albicans sources (ethanol, glycerol); disruption of mitochondrial [77]
membrane potential
Madurella mycetomatis Low activity [76]
Closantel Trichophyton tonsurans Active MIC < 1 uM) [57]
Aspergillus fumigatus (resistant Active (MIC = 2-8 pug/mL); suppression of Cyp51A;
Rafoxanide strains with upregulated sensitization to fluconazole; in vivo activity (sub-MIC doses) in [88]
Cyp51A) albino mice in combination with fluconazole (survival rate 60%)
Candida albicans (resistant Active (MIC = 2-8 pug/mL); suppression of Ergl1; sensitization
strains with upregulated to fluconazole; in vivo activity (sub-MIC doses) in albino mice [88]
Ergll) in combination with fluconazole (survival rate 70%)
Asperillus nieer. Candida Growth inhibition; dibromsalan more active than tribromsalan
Bromsalans PETSITUS THICT, against C. albicans and P. ovale; Miranol CS formulation [16]
albicans, Pityrosporum ovale . ..
enhanced antifungal activity
Tribromsalan C. albicans Growth inhibition (20 uM); low inhibition of 51]

C. albicans filamentation

4.2.2. Bromsalans

The bromsalans dibromsalan, 5-bromo-N-(4-bromophenyl)-2-hydroxybenzamide, and
tribromsalan, 3,5-dibromo-N-(4-bromophenyl)-2-hydroxybenzamide, are applied as disin-
fectants (known as temasepts) with known antibacterial and antifungal activity (Figure 4).
Dibromsalan (temasept I) and tribromsalan (temasept IV) showed similar activities against
C. albicans, while dibromsalan was more active against Pityrosporum ovale and Aspergillus
niger (Table 2). The activity of dibromsalan and tribromsalan against A. niger, C. albicans,
and P. ovale was significantly enhanced upon formulation with the cationic vehicle Miranol
CS (Table 2) [16]. Tribromsalan inhibited C. albicans growth at a concentration of 20 uM but
showed only low inhibition of C. albicans filamentation (Table 2) [51].

The absorbance of tribromsalan in rats after oral administration was approx. 65%, in
contrast to only 11% of dibromsalan (comparable to 10% oral bioavailability of niclosamide).
The excretion of glucuronides and sulfates of dibromsalan was described, while hydroxy-
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lated tribromsalan metabolites (4’-hydroxy-3,5-dibromosalicylanilide and probably also
5-hydroxy-3,4’-dibromosalicylanilide) were excreted as glucuronides and sulfates [89]. The
considerable oral absorbance of tribromsalan is promising and warrants further antifungal
studies with animals.

4.3. Experimental Salicylanilide Compounds

Experimental salicylanilides currently not in use in human and veterinary medicine
were also studied for their antifungal potential. Salicylanilide and trichlorosalicylanilide
(TCSA) were found to inhibit C. albicans filamentation (Figure 5). While salicylanilide also
inhibited fungal growth analogously to oxyclozanide, TCSA solely affected C. albicans
filamentation analogously to niclosamide both in sensitive and in azole-resistant strains
(Table 3) [51]. Salicylanilide was well tolerated by mice with LDs( values > 500 mg/kg (in-
traperitoneally) and 2400 mg/kg (orally) [90,91]. Analogously to niclosamide, salicylanilide
is excreted as glucuronide (in rats) [92]. Lacking the mutagenic nitro group, salicylanilide
can become a valuable alternative for niclosamide in advanced antifungal studies.

cl
0 0
Q cl
cl N N CF,
N cl H H
H OH oH
OH

Trichlorosalicylanilide (TCSA) Salicylanilide MMV665807

Y 0)\© O)\©\cys
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phenylcarbamoyl)phenyl 2- 5-Chloro-2-(4-trifluoromethylphenylcarbamoyl)-
acetamido-3-phenylpropanoate phenyl-4-(trifluoromethyl)benzoate (R = CF;)

Figure 5. Structures of experimental salicylanilides with antifungal activities.

The antimalarial 3-trifluoromethylsalicylanilide MMV665807 of the MMV malaria box
exhibited considerable activities against the M. mycetomatis SO1 and CBS131320 isolates
(MIC = 1.6 ng/mL for both isolates, Table 3, Figure 5). Thus, it showed roughly the same
activity as niclosamide against the CBS131320 isolate and was slightly less active against
the SO1 isolate [66].

Various esters of salicylanilides have revealed antifungal activities, and a selection of
promising esters is provided below (Table 3, Figure 5) [93]. The N-acetylphenylalanine-
modified compound (S)-4-bromo-2-(4-(trifluoromethyl)phenylcarbamoyl)phenyl 2-acetamido-
3-phenylpropanoate was active against dermatophytic Trichophyton mentagrophytes
(MIC = 3.9-7.8 uM), a fungus which contributes to the development onychomycosis (Table 3).
It also exhibited considerable anti-tubercular activities (MIC = 0.25-2.0 pM), including
multidrug-resistant strains as well as high selectivities for the microbes (selectivity
index = 24.1-194.8), indicating a reduced general toxicity of this compound [94]. In ad-
dition, 5-chloro-2-(3,4-dichlorophenylcarbamoyl)phenyl benzoate has shown distinct ac-
tivity against Trichosporon asahii (MIC = 3.9 uM), the causative agent of trichosporono-
sis, and moderate activity against Candida krusei (MIC = 15.6 uM) and T. mentagrophytes
(MIC = 31.3 uM), while it was inactive against C. albicans (Table 3). A change in the medium
to slightly acidic conditions (approx. pH 5) led to marginally reduced activities for this
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benzoate compound [95]. In addition, benzoates from 4-trifluoromethylbenzoic acid were
studied. As expected, the compounds 2-(4-bromophenylcarbamoyl)-5-chlorophenyl-4-
(trifluoromethyl)benzoate (ClogP = 6.74) and 5-chloro-2-(4-(trifluoromethyl)phenylcarbamoyl)
phenyl-4-(trifluoromethyl)benzoate (ClogP = 6.59) revealed greater lipophilicity (based
on the benzoyl groups) than their salicylanilide precursors. But they also showed higher
activity against T. mentagrophytes (MIC = 0.49 uM) than their phenolic parent compounds
(Table 3). However, some compounds of this series of 4-trifluoromethylbenzoates were
insoluble and could not be tested for antifungal activity, in contrast to the corresponding
salicylanilides [96]. Further examples of promising antifungal O-acyl salicylanilides include
pyrazine-2-carboxylates and carbamates with distinct activities against T. mentagrophytes
and molds [97,98].

Table 3. Antifungal activities of experimental salicylanilide drugs.

Compound Fungus Activity/Mechanism Reference
Salicylanilide Candida albicans Inh1b1t.10n of grqwth and [51]
filamentation
TCSA Candida albicans (including Inhibition of filamentation; no [51]
azole-resistant strains) growth inhibition
. Active (MIC = 1.6 ug/mL, SO1 and
MMV665907 Madurella mycetomatis CBS131320) [66]
(S)-4-Bromo-2-(4-
(trifluoromethyl)phenylcarbamoyl)phenyl Trichophyton mentagrophytes Active (MIC = 3.9-7.8 uM) [94]
2-acetamido-3-phenylpropanoate
5-Chloro-2-(3,4- . ) Active (MIC = 3.9 uM); medium

. Trichosporon asahii acidification (pH 5); reduced [95]

dichlorophenylcarbamoyl)phenyl benzoate .

activity
. R Moderate activity (MIC = 15.6 uM,
C“”dlize’;r ;SE;OTZC?:S”W ton C. krusei; MIC = 31.3 uM, T. [95]
3ToPIY mentagrophytes)
2-(4-Bromophenylcarbamoyl)-5-
chlorophenyl-4-(trifluoromethyl)benzoate

5-Chloro-2-(4- Trichophyton mentagrophytes Active (MIC = 0.49 uM) [96]

(trifluoromethyl)phenylcarbamoyl)phenyl-
4-(trifluoromethyl)benzoate

4.4. Structure—Activity Relationships

The current knowledge of antifungal salicylanilides allows the determination of pre-
liminary structure—activity relationships (Figure 6). Preferentially, the salicyl moiety has
weakly electron-withdrawing halogen substituents (Cl, Br, and I) at the para- and meta-
positions, in particular, at position 5. Compounds with strong electron-withdrawing nitro
substituents were largely absent in antifungal studies probably because of their distinctly
lower antimicrobial activities published before, whereas weaker electron-withdrawing
halogens (Cl and Br) were also beneficial for anti-tubercular activity [99,100]. 3,5-Dibromo-
and diiodosalicylanilides often possessed increased oral absorbance and prolonged elimi-
nation times when compared with 5-monohalo analogs. However, it is difficult to evaluate
the beneficial effects of substituents since salicylanilide lacking any substituent in addition
to the 2-hydroxy group also possessed considerable activity against C. albicans. Together
with the low activity of the O-acetyl derivative clioxanide, this highlights the importance
of the salicyl hydroxy group for activity against C. albicans. For the treatment of other
pathogenic fungi, esterification of the 2-hydroxy with various substituted benzoyl and aroyl
derivatives as well as N-acetyl amino acids was tolerated or even improved antifungal
activity when compared with their salicylanilide precursors.
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Figure 6. Structure-activity relationships of antifungal salicylanilides.

The anilide ring substituents of active salicylanilides are diverse in nature, number,
and position. Electron-withdrawing meta- and para-substituents (NO,, Cl, Br, and CF3) are
favorable for antifungal activity. This is in line with the structure-activity relationships
of anti-tubercular salicylanilides [99,100]. Fluorine substituents were less tolerated in
tests with Candida albicans [51]. Although the absence of the para-nitro group retained
the inhibition of oxidative phosphorylation, a more recent study disclosed a distinctly
reduced activity of the niclosamide analog lacking the para-nitro substituent [39,101]. Bulky
para-substituents were also tolerated in active salicylanilides such as rafoxanide. In addition
to niclosamide, ortho-substituents are found in active salicylanilides such as oxyclozanide.

5. Discussion of Current Challenges and Opportunities
5.1. Antifungal Activity and Mechanisms

The promising effects of niclosamide on various cancers and infectious diseases have
shed a new light on this simple salicylanilide-based drug and enhanced the efforts to
develop it as a salient drug for the treatment of systemic human diseases such as mycoses.
The described antifungal properties of niclosamide and related salicylanilides are sound and
versatile. Fungicidal activity as well as the inhibition of fungal growth, filamentation, and
spore germination were observed in addition to the well-established niclosamide-mediated
interference with oxidative phosphorylation and mitochondria damage. Niclosamide
shares its activity as a protonophor with other salicylanilides (due to the slightly acidic
OH group) and inhibits oxidative phosphorylation and ATP synthesis. Together with
the formation of toxic ROS molecules, this ultimately leads to growth arrest and fungal
cell death in an efficient way [52]. Further mitochondrial targets include Mgel and the
mitochondrial protein import complex, as well as the NDU1 protein associated with biofilm
formation [51,52].

The antifungal properties of salicylanilides can also be based on further mechanisms,
such as interference with vital signaling pathways as determined for niclosamide in can-
cer cells [23]. A very promising downstream effect of the salicylanilide rafoxanide is the
suppression of eminent fungal drug targets such as Ergl1 and Cyp51A, which is especially
auspicious in terms of combination therapies with already approved antifungals [88]. The
in vivo synergy effects of the uncoupling agent rafoxanide with the azole drug fluconazole
are remarkable since mitochondrial perturbation and the uncoupling of oxidative phospho-
rylation were reported to be responsible for the upregulation of efflux pump expression
associated with resistance to azoles and other antifungals [88,102-104]. This can have an
impact on the development of the promising Gwt1 inhibitor manogepix, which turned out
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to be less active against fungi upon the upregulation of efflux pumps too [105]. Moreover,
there is evidence that the activity of MDR-associated efflux pumps depends on the pH
value of the cellular environment, which might be a possible target for protonophors such
as salicylanilides [106]. Growing knowledge of the antifungal immune response can also
be applied for an improved therapy of human mycoses [107]. Of note, niclosamide has
shown eminent immunomodulating activities and successfully passed a clinical pilot study
for the treatment of rheumatoid arthritis, leading to improved quality of life [108].

The antifungal activity of salicylanilides affects a broad spectrum of pathogenic fungi
of the Ascomycota and Basidiomycota phylae, including multidrug-resistant strains and
clinical isolates. Oxyclozanide was active against azole-resistant and echinocandin-resistant
C. albicans isolates, for example, in [77]. A detailed understanding of the pharmacokinetic
drawbacks of niclosamide can contribute to the development of niclosamide as a new
potent antimycotic drug. Chemical modifications and sophisticated formulation systems
can solve these problems. It is noteworthy that salicylanilide analogs without the genotoxic
nitro group also exhibited antifungal activities. A chemical fine-tuning of the salicylanilide
structure can improve antifungal activity, selectivity for the pathogen, and pharmacological
properties. For instance, the substitution pattern of salicylanilides was decisive for C. albi-
cans growth and filamentation inhibition, while the modification of the phenolic hydroxyl
group by benzoylation has led to considerable activity against T. mentagrophytes [51,95,96].
Such acylated salicylanilides have the potential to prevent glucuronidation and associated
renal elimination. The niclosamide scaffold was meanwhile also successfully replaced
by Schiff base and acyl hydrazone bridged antifungals bearing halogenated salicyl moi-
eties [109,110]. The structurally even simpler 2-chloro-N-phenylacetamide has likewise
revealed promising activities against Aspergillus and Candida species, including drug-
resistant strains, while it exhibited promising DHFR (dihydrofolate reductase) inhibitory
and ergosterol-targeting mechanisms of action [111-114]. How far these promising modi-
fied compounds will have an impact on the development of new antifungals remains to be
shown. The breach of drug resistance and the sensitization of fungi to currently applied
antimycotics are definitely criteria for antifungal drug candidates with the potential to
reach advanced stages of clinical development.

5.2. Salicylanilide Resistance and Possible Combination Partners

While niclosamide and some salicylanilide derivatives were especially active against
drug-resistant fungal strains, it cannot be ruled out that a prolonged therapy of mycoses can
develop niclosamide resistance. Acquired niclosamide resistance in bacteria was associated
with nitroreduction by enhanced nitroreductase activity. This finding provides a strategy
to circumvent resistance by other drugs that are activated via nitroreductase [115]. In pa-
tients suffering from niclosamide-resistant beef tapeworms (Taenia saginata), treatment with
the nitro-thiazole drug nitazoxanide was able to overcome niclosamide resistance [116].
Notably, nitroreductases also play a vital role in fungi [117]. ROS formation and oxidative
stress by the naphthoquinone menadione were increased by fungal nitroreductase in As-
pergillus nidulans [118]. However, it remains to be elucidated how far fungal nitroreductases
contribute to niclosamide activity and resistance, in particular since salicylanilides lacking
the nitro group also showed pronounced antifungal activities. Intrinsic resistance in fungi
might be attributed to the overexpression of transporters (Cdrl and Cdr2) and Ergl1 lanos-
terol 14-u-demethylase, the mutation of transcription factors (Mrrl), and certain Fksp1
mutants, as observed from a study with oxyclozanide using resistant C. albicans isolates [77].
Drugs tackling these factors can be suitable combination partners for salicylanilides. In
addition, the high genetic variability of niclosamide-resistant S. schenckii was suggested as
a possible resistance factor, in contrast to S. brasiliensis strains that are highly sensitive to
niclosamide treatment [61]. In leukemia cells, a CRISPR/Cas9 library screen in the presence
or absence of niclosamide identified DHODH and the heat-shock protein HspA9 (also
known as mitochondrial Hsp70 and mortalin) to be overexpressed in surviving cells, and
inhibitors of these targets are expected to generate synergy effects with niclosamide [119].
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Olorofim is a reversible DHODH inhibitor with high bioavailability (82%) and a long
half-life (30 h) that has reached advanced clinical trials for invasive fungal (mold) infec-
tions [120,121]. Since it is the first member of a new class of antifungals, olorofim adds well
to the current arsenal of antifungal drugs. As a potent DHODH inhibitor, it might be a
suitable combination partner for niclosamide and its analogs in future antifungal studies.
Experiments with cancers showed enhanced activities of antimetabolites such as cytarabine
(ara-C) and gemcitabine in cells treated with niclosamide [122,123]. Flucytosine is an ap-
proved antifungal antimetabolite, and, therefore, it might be considered for the combination
with niclosamide in antifungal assays as well [124]. Several HspA9/mortalin inhibitors
(e.g., mortaparibs and cationic rhodacyanines) with anticancer activities were described
that might be tested for antifungal activity in combination with niclosamide [125]. Of
note, Hsp90 inhibitors are currently under investigation as possible antifungal agents [126].
These drug combinations are also expected to be promising treatment options for infections
with azole-resistant fungi.

5.3. Adverse Effects, Drug—Drug Interactions, and Drug Availability

Severe visual disorders and retinopathies were described in humans who have con-
sumed higher (toxic) doses of salicylanilide drugs such as niclosamide or closantel [84,85].
These visual adverse effects can be reversible and were treated successfully with corticos-
teroids [127]. However, the risk to induce retinopathy by a new antifungal drug should be
minimal and needs to be considered for the development of niclosamide and salicylanilide
antimycotics in the future. Acute toxicities at high doses may also include negative effects
on vital organs such as the heart, liver, and kidneys [80]. Since low doses of niclosamide
and the salicylanilides oxyclozanide and rafoxanide already exhibit pronounced antifungal
activity in vitro and/or in vivo, the application of non-toxic but antifungal doses in humans
appears to be possible. The influence of niclosamide on the efficacy and toxicity of other
drugs should also be taken into account. The described inhibition of CYP1A2 and CYP2C8
by niclosamide can have distinct effects on other drugs applied for the therapy of viral
infections (e.g., CYP1A2-mediated metabolism of clopidogrel, clozapine, and theophylline
and CYP2C8-mediated metabolism of ibuprofen, loperamide, morphine, pioglitazone,
remdesivir, repaglinide, and rosiglitazone) [36]. Niclosamide was also shown to inhibit
two organic anion transporters (OAT1 and OAT3) and the organic cation transporter 2
(OCT2), leading to a reduced renal elimination of the drugs furosemide and metformin
in treated rats [128]. These drug—drug interactions might be potentiated in combination
with other antifungals such as azoles, which can also target renal transport protein systems
including OATs, OCTs, and P-gp [129]. Such interactions are not necessarily negative for the
patient. The antidiabetic drug metformin, for example, also showed antifungal properties
and even enforced the activity of azoles and amphotericin B against C. glabrata [130]. In
addition, synergy effects were described for the combination of niclosamide with met-
formin in colorectal cancer [131]. Thus, a detailed understanding of the antifungal and
pharmacological properties of salicylanilides can pave the way for improved therapies of
mycoses in the future.

Despite the described toxicities at high doses and possible drug—drug interactions
that can be managed by dose reduction as part of efficient combination therapies, the
advantages of niclosamide and its salicylanilide analogs as antifungal drugs are consider-
able. Salicylanilides possess new mechanisms of action that are not covered by currently
available antimycotic compound classes. Hence, they have the potential to prevent or
overcome resistance to currently applied drugs. Since niclosamide was shown to possess
distinct antiviral activities against SARS-CoV-2 and HIV, and fungal co-infections occur
in several viral infections (e.g., cryptococcocal meningitis in HIV patients and candidiasis,
aspergillosis, and mucormycosis in COVID-19 patients), antifungal salicylanilides can kill
two birds with one stone and tackle both life-threatening infections in patients [132-135].
The pharmacological properties of niclosamide are well elaborated and provide useful hints
at a proper administration of the drug for patients suffering from various mycoses. Several
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clinical studies of niclosamide (or its formulations) have been started for the therapy of
various cancers, COVID-19 infection, diabetic nephropathy, rheumatoid arthritis, ulcerative
colitis, and familial adenomatous polyposis [36]. The data generated from these trials can
contribute to the accurate design of future clinical trials with salicylanilide drugs for the
therapy of human mycoses. Availability of the drug is also achieved at relatively low costs.
For instance, suitable niclosamide drugs for the therapy of COVID-19 and other respira-
tory diseases including fungal infections can be easily made by the extraction of Yomesan
pills [136]. In addition to Bayer, there are more suppliers of generic niclosamide drugs
from Asia (HAB Pharmaceuticals and Research Ltd. in India and Hanzhong Tianyuan
Pharmaceuticals in China), and together with a simple preparation, its availability for a
global and poor group of patients suffering from mycoses can be vouchsafed easily [136].
Moreover, small-molecule salicylanilides are usually very stable and can be stored and
transported without problems, which is of importance for the management of mycoses,
in particular, of fungal NTDs, in countries with under-developed health care systems and
challenging climatic conditions.

6. Conclusions

Salicylanilides such as niclosamide have shown promising antifungal activities and can
become new salient antifungal drugs for various problematic fungal infections. Their mech-
anisms of action add well to the currently available antimycotics and have the potential
to prevent and overcome drug resistance. Drawbacks such as low solubility and bioavail-
ability, severe toxicities, and adverse effects can be managed by chemical fine-tuning of
the salicylanilide molecule, by sophisticated formulations, and by suitable combinations
with other antifungals. The simple preparation of salicylanilides and the broad availability
of niclosamide and other salicylanilide-based veterinary drugs are further hallmarks of
this valuable compound class. More preclinical studies on their antifungal mechanisms
and drug-like properties are necessary to enter clinical trials. But given the current clinical
knowledge of niclosamide for the therapy of other human diseases, the development of a
new antimycotic salicylanilide drug seems to be possible and desirable.
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