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Abstract

Clioquinol and nitroxoline, two drugs with numerous pharmacological properties fallen into disuse for many decades. The
first was considered dangerous due to contraindications and the second mainly because was taken as ineffective, despite its
known antibacterial activity. In the last decades, the advances in pharmaceutical chemistry, molecular biology, toxicology
and genetics allowed to better understand the cellular action of these compounds, some toxicological issues and/or activity
scopes. Thus, a new opportunity for these drugs to be considered as potential antimicrobial agents has arisen. This review
contemplates the trajectory of clioquinol and nitroxoline from their emergence to the present day, emphasizing the new
studies that indicate the possibility of reintroduction for specific cases.
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Introduction

Microbial resistance has been a steadfast approach in the last
2 decades. The indiscriminate prescription of antimicrobials
provided selective pressure to the environment enough to
favor the emergence of resistant strains of fungi and bac-
teria (Mancuso et al. 2021). Thus, classic antimicrobials
(micafungin, fluconazole, amphotericin B, doxycycline,
sulfamethoxazole, and azithromycin) to which mankind
has safely resorted to fighting infections have proven to be
partially or completely ineffective, depending on the patho-
gen to be eliminated. Add to this fact the aggravating fac-
tor that, although they are substances approved by the Food
and Drug Administration (FDA), such antimicrobials have
always brought, in their use, adverse reactions (Lombardi
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and Ouanounou 2020). This context may have worsened in
the last 2 years with the pandemic of Severe Acute Res-
piratory Syndrome Coronavirus 2 (SARS-CoV2) infection.
The scenario of collapsing health systems worldwide has
aggravated the overuse of antimicrobials and combinations
of antimicrobials, although these substances demanded
clinical trials against the virus causing COVID-19. Several
countries adopted this practice to provide a quick way out of
the collapse of their health services, generated by the high
demand for hospitalizations due to Severe Acute Respiratory
Syndrome (SARS). However, such actions corroborated the
worsening of nosocomial infections, since they increased the
selective pressure on microorganisms in hospital environ-
ments (Segala et al. 2021).

Given this scenario, it is time to explore new molecules
with antimicrobial activity, which offer safety in their use,
not only in efficacy against pathogens but also in low adverse
reactions to patients (Joaquim et al. 2021). In some cases,
researchers have worked in different ways with drugs that
were forgotten for decades by the pharmaceutical industry,
such as clioquinol and nitroxoline (Fig. 1): the first, feared in
the past due to a severe adverse reaction, even leaving clini-
cal practice, since the mechanisms behind the compound's
toxicity were unknown (Konagaya 2015). The second drug
was underestimated concerning its antimicrobial activity due
to incipient pharmacodynamic and pharmacokinetic knowl-
edge at its discovery (Wijma et al. 2018). These compounds
are underutilized, however, advances in chemistry, molecular
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Fig. 1 Chemical structures of clioquinol (1) and nitroxoline (2)

biology, and genetics have allowed for better elucidation of
the factors underlying the occurrence of drug-related unde-
sirable effects, as well as the definition of a correct therapeu-
tic window in which the drug exhibited satisfactory activity
with reduced toxicity to the body (Kuru 2021).

Despite its versatile pharmacological properties (antipara-
sitic, antibacterial, antifungal, anti-inflammatory, attenuat-
ing neurodegenerative diseases, antineoplastic), for many
decades, clioquinol raised fears about its clinical use due to
a common serious adverse reaction resulting from its use
mainly in Japan: the Subacute Myelo-Optic Neuropathy
(SMON), discovered in Japan around the year 1958. Patients
treated with clioquinol complained of nonspecific symptoms
such as body aches, numbness, diarrhea, and abdominal pain,
which soon culminated in paralysis of several body regions
and blindness. However, all had three notorious symptoms
in common: a green spot on the tongue, green urine, and
green feces. After Japanese researchers reproduced SMON
in dogs, which allowed the evaluation of brain damage and
the identification of clioquinol in urine, the severe toxicity of
clioquinol was widely reported in the scientific community,
and the substance fell into disuse (Kuru 2021).

However, with the emergence of molecular biology and
the advances in analytical methodologies in chemistry, this
background took a turn in the mid-nineties by the Australian
researcher Ashley Bush. Ashley discovered that the amyloid
plaques formed in the brains of Alzheimer's disease patients
could be caused by the accumulation and deposition of
heavy metals in the brain, especially copper and zinc. Know-
ing the property of clioquinol as a chelator of metals, the
group decided to employ the substance in a murine model of
Alzheimer's disease, the result being the reduction of amy-
loid plaques in the brains of mice. In 1997, in Melbourne,
the researcher began clinical trials with clioquinol against
the disease, improving the cognitive ability of patients with
Alzheimer's after 36 weeks of treatment. Since the dosage
of clioquinol used in the trials was low and controlled, there
were no adverse effects associated with the use of the drug.
Finally, the fear regarding the therapeutic employment of
clioquinol was beginning to dim in academia even though,
due to the background, researchers understood the impor-
tance of the highly controlled use of the compound; thus,
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Fig.2 Interaction of clioquinol with the polymorphed receptors
ABCC4 and ABCCI11 of the neuronal cell, which results in the accu-
mulation of cAMP in the neuron and the consequent neuronal death
by degeneration

more clinical trials emerged around the world employing
clioquinol against Alzheimer's disease (Perez et al. 2019).
The advent of molecular biology, medicinal chemistry,
and genetics favored studies that sought to unravel the fac-
tors and mechanisms behind Subacute Myelo-Optic Neu-
ropathy. Thus, these studies suggested that the symptoms of
SMON were more severe and could occur more frequently
in: (a) patients who already had natural zinc deficiency; (b)
anemic patients and patients with an increased tendency to
anemia; (c) patients with natural vitamin B12 deficiency,
considering the chelating property of clioquinol (You et al.
2020). Another theory behind the development of SMON
would be polymorphisms in the neuronal receptors ABCC4
and ABCC14 (Fig. 2) that would occur mainly in the Jap-
anese population, causing the deposition of cAMP in the
neuronal cell and the consequent neuron death by apop-
tosis (Perez et al. 2019). Once there are genetic factors or
particular conditions of the organism preponderant to an
unwanted action for a specific drug, it is possible that this
type of occurrence is not a common adverse reaction to the
drug but is a contraindication. In some instances, contrain-
dications can be identified and monitored through careful
clinical evaluation of patients, just as the performance of
blood tests that provide a drug profile in the patient's body
(Shankar et al. 2021). Thus, by ascertaining the genetic
disposition or deficiency of certain nutrients for the events
associated with clioquinol, it would be possible to consider
employment in the treatment of Alzheimer's, Parkinson's,
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and Huntington's diseases after approval in clinical phases,
as well as reintroduction as an antimicrobial, preserving
patients susceptible to adverse effects (You et al. 2018; Pippi
et al. 2019b; Mustazza et al. 2020; Tavares et al. 2020; Olal-
eye et al. 2021).

Nitroxoline is less controversial and less explored for its
potential antimicrobial activities. The drug is known for its
bacteriostatic activity against Escherichia coli, an impor-
tant etiological agent causing urinary tract infections in
hospitalized patients (Sobke et al. 2018). Nitroxoline was
first employed in 1962 for the treatment and prophylaxis of
acute and recurrent urinary tract infections caused by E. coli
in both adult and pediatric patients. However, the incipient
knowledge of pharmacology and pharmacotechnics back in
the day made it challenging to define an adequate thera-
peutic window for the effective antibacterial action of the
substance and understand its spectrum of action, causing
the compound to be mistakenly used against resistant micro-
organisms. The corroboration between these factors led to
the rapid abandonment of nitroxoline as an antimicrobial.
However, the substance remained clinically active in Eastern
Europe, in limited cities in Germany, where the resistance
rate among E.coli strains remained low (Wijma et al. 2018).
The decades that followed were of prescription abuse of anti-
biotics, especially of bactericides, promoting a great selec-
tive pressure in the environment, favoring the emergence
of multidrug-resistant strains of bacteria, currently known
by the term "ESKAPE": (a) E = Enterococcus faecium; (b)
S =Staphylococcus aureus, Stenotrophomonas maltophilia;
(c) K (or C)=Klebsiella pneumoniae, Clostridioides diffi-
cile; (d) A =Acinetobacter baumannii; (e) P= Pseudomonas
aeruginosa; (f) E=Enterobacteriaceae—currently, primary
targets of pharmaceutical companies in the search for new
antibiotics, as well as in the search for new molecular targets
(Giacomini et al. 2021). With antibiotic options increasingly
scarce in the face of a new generation of resistant bacte-
ria, it is possible to revisit and even reposition classes of
compounds that were forgotten. After all, with the evolution
of microorganisms comes the human evolution in terms of
knowledge about how drugs interact with living organisms
and how such compounds can be structurally improved to
optimize their affinity and selectivity with the molecular tar-
gets on which they should act. Against this backdrop, work
such as that of Cherdtrakulkiat et al. (2019), in which nitrox-
oline is tested for its antibacterial activity against bacteria
of the dreaded genus Enterobacteriaceae; and the trial of
Fuchs et al. (2019) that employed nitroxoline against Neisse-
ria gonorrhoeae, have emerged. Some see the antimicrobial
potential of nitroxoline even further, such as Laurie et al.
(2018), who revealed the substance as a potent amebicide by
testing it against the pathogen Balamuthia mandrillaris; and
Zhang et al. (2020), who determined the antiviral activity of
nitroxoline against Japanese encephalitis virus (JEV). In the

era of the search for new antibiotics, nitroxoline, a molecule
belonging to a promising class of compounds, is expected to
reveal its full antimicrobial potential as in-depth studies are
performed to elucidate its scope of action and the cellular
actions and molecular factors involved.

Against all the background mentioned, this review brings
the main novelties for repositioning and expanding the scope
of the drugs clioquinol and nitroxoline in terms of their anti-
microbial activity, as evidenced by studies published in the
literature over the last ten years, and advantages and limita-
tions concerning each study listed.

Methods
Data sources

The literature review was based on a search of the PubMed,
Embase, and Web of Science databases for papers deal-
ing with in vitro, in vivo, ex vivo trials, case reports, ret-
rospective studies, and observational studies reporting the
antimicrobial efficacy of clioquinol and nitroxoline, dated
between the years 2012 and 2021, employing the search fil-
ters described below.

Search filters
Pubmed

(Clioquinol[mh] OR Clioquinol[tw] OR 5-Chloro-7-iodo-
8-quinolinol[tw] OR 5 Chloro 7 iodo 8 quinolinol[tw]
OR Iodochloroxyquinoline[tw] OR Chloroiodoquine[tw]
OR Iodochlorhydroxyquin[tw] OR nitroxolin*[tw] OR
hydroxyquinoline moiety[tw]) AND (2012:2021[dp]) NOT
(Neoplasms[mh] OR Alzheimer Disease[mh]).

Embase

‘clioquinol'/exp OR 'nitroxoline'/exp OR (Clioquinol OR
'5-Chloro-7-iodo-8-quinolinol' OR '5 Chloro 7 iodo 8 qui-
nolinol' OR Iodochloroxyquinoline OR Chloroiodoquine
OR Iodochlorhydroxyquin OR nitroxolin* OR 'hydrox-
yquinoline moiety'):ti,ab,kw NOT 'neoplasm'/exp OR
'Alzheimer disease'/exp OR (Neoplasm* OR cancer* OR
Alzheimer):ti,ab kw.

Web of science

TS =(Clioquinol OR "5-Chloro-7-iodo-8-quinolinol" OR "5
Chloro 7 iodo 8 quinolinol" OR Iodochloroxyquinoline OR
Chloroiodoquine OR Iodochlorhydroxyquin OR nitroxolin*
OR "hydroxyquinoline moiety") NOT TS =(Neoplasm* OR
cancer®* OR Alzheimer) AND PY =(2012-2020).
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Inclusion criteria

The works included in the scoping review contemplated:

1. Papers dealing with in vitro antimicrobial activity for
clioquinol or nitroxoline;

2. Retrospective analyses and observational studies deal-
ing with the employment of the drugs, such as antimicrobi-
als, in clinical practice;

3. Studies of antimicrobial action mechanism or microbial
resistance mechanism for both drugs.

Exclusion criteria

The works excluded from the scoping review contemplated:

1. Reviews, book chapters;

2. Articles dealing primarily with derivatives of clioqui-
nol or nitroxoline, not the substances themselves;

3. Articles dealing with antineoplastic, antiparkinsonian
or anti-Alzheimer activity of the substances.

Selection of articles

The searches in PubMed, Embase, and Web of Science data-
bases returned 255 articles. After applying the exclusion cri-
teria and meeting the inclusion criteria, 44 articles remained
and were included in the scoping review, according to the
flowchart in Fig. 3.

Results and discussion
Clioquinol
Antifungal activity

Among the versatile activities of clioquinol, the most
reported in the literature is the antifungal activity, consist-
ing of 14 articles from the previously mentioned databases.
Such references encompass works against determined spe-
cies of fungi, such as that of Alvarez and Sanhueza (2016)
and Laskaris et al. (2016), and works that tested the activity
of clioquinol against a wide variety of fungi, such as that of
Leonardelli et al. (2019) and Pippi et al. (2019a).

Fig. 3 Flowchart illustrating the R
selection of articles, inclusion - Records identified via database search
and exclusion criteria for the -.9_, (PubMed, Embase, Web of Science)
papers S
= =
=z (n=255)
o
=
= v -
2 r——— | of Reviews (n=3), book chapters (n=2),
ecords after removal o
Susiieat studies on derivatives of the substances
%] >
£ upfleates 545 (n= 38), antiparkinsonian activity (n= 19),
§ {n=249) antialzheimer activity (n= 58) and
3 antineoplastic activity (n= 76) were
excluded
~—
— A4
Full texts of articles accessed Articles without in vitro antimicrobial
Zz by eligibility »| activity, not being observational studies,
5 (n=53) retrospective analyses, mechanism-of-
é” action studies, or microbial resistance
mechanism were excluded
(n=9)
)
Studies included in the
§ scoping review
2 (n=44)
T
£
N—
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Employing polymerase chain reaction (PCR) and broth
microdilution, Alvarez and Sanhueza (2016) found optimal
activity for clioquinol against Scedosporium dehoogii, an
opportunistic soil-dwelling fungus, with variable MICs
between 0.5 and 1 ug/mL. Employing similar techniques,
Chaves et al. (2020) found MICs between 0.5 and 2 pg/mL
for clioquinol against Fusarium species, which also denotes
excellent activity against the fungus. In addition, the research
team also found excellent antibiofilm activity for clioquinol
(MAC =5-10 pg/mL) against isolated Fusarium species.
Also considering in vitro microdilution assays, Laskaris
et al. (2016) combined broth microdilution with biolumi-
nescence, finding optimal activity for clioquinol against
Aspergillus fumigatus (MIC =6 mg/L). Yousfi et al. (2020)
studied the effect of clioquinol on a wide variety of fungal
species (Table 1), which included Aspergillus calidoustus,
Aspergillus flavus, and Aspergillus niger, obtaining a growth
inhibition rate of 73%, 71%, and 75%, for each fungus,
respectively. The growth inhibition range was 71-85% for
the other fungal species. The Leonardelli et al. (2019) group,
studying distinct species of Mucorales (Table 1), obtained
intense antifungal activity (MIC =4-8 pug/mL) for clioquinol
against the fungal species addressed.

Studying different Candida species, Pippi et al. (2018)
obtained excellent antifungal activity for clioquinol (PMICs,
of 0.031-0.5 pg/mL) against the contemplated species of the
fungus (Table 1). Regarding biofilm eradication, clioquinol
proved to be most successful in eradicating biofilms caused
by C. glabrata (100%), followed by C. tropicalis (99.95%)
and C. albicans (97.92%). In subsequent work, the research
group also revealed clioquinol as an antifungal capable of
inhibiting pseudohyphae formation (in yeasts), and inhib-
iting hyphal growth in filamentous fungi (by altering cell
permeability) (Pippi et al. 2019a). Clioquinol also protected
Drosophila flies from C. albicans infection, making the sur-
vival curve of exposed animals equal to that of the unin-
fected control group (Pippi et al. 2019b). Still considering
Candida species, Yan et al. (2018), combining PCR with
MALDI TOF-MS, studied the effect of clioquinol on the
Candida albicans cell cycle. The authors concluded that
the substance exerts a fungistatic effect, inhibiting fungal
cell growth in the G2/M phase of its cell cycle. The You
et al. (2020) group addressed the little-explored heavy metal
chelating ability of clioquinol and the influence of this prop-
erty on the antifungal activity of the substance against the
C. albicans cell wall as well as against biofilms formed by
the fungus. In the study, clioquinol lysed the cell membrane
of C. albicans at the concentration of 32 ug/mL and at the
concentration of 5 pM, clioquinol chelated heavy metal ions
(Table 1), inhibiting from the fungal cell, a condition revers-
ible with the exogenous addition of the chelated ions.

Working with Nannizzia gypsea, Microsporum canis, and
Trichophyton species, Costa et al. (2020) obtained intense

antifungal activity for clioquinol (MIC =0.5-2 pg/mL) and
intense fungicidal activity, evidenced by a 99.9% reduction
in colony-forming units (CFUs). The group also achieved
90% cell viability for clioquinol against human leukocytes,
indicating low toxicity to the organism. In a subsequent
paper, the authors evaluated combinations of clioquinol
with terbinafine and ciclopirox against ex vivo models of
Trichophyton rubrum and Microsporum canis infection in
pig hooves and dog fur. In the study, clioquinol associated
with both terbinafine and ciclopirox was effective in remov-
ing 100% of the colony-forming units (CFUs) formed on
pig hooves and being able to prevent biofilm formation on
dog fur effectively. As for the ability to cause irritation,
via the HET-CAM (chicken egg embryonic chorioallan-
toic membrane) method, the researchers obtained an irri-
tation index for the antifungal combinations employed in
the range of 2.83-3.41. These results classify such associa-
tions as non-irritating added to the fact that histopathology
studies carried out on pigs' ears revealed no microscopic
lesions resulting from the application of the antifungal com-
binations mentioned (Costa et al. 2021). Still dealing with
Trichophyton species, Dunmade et al. (2012) brought up a
case report of fungal rhinosinusitis by 7. mentagrophytes in
Nigerian patient of Yoruba ethnicity. In that case, clioquinol
was associated with flumethasone, administered intra-antral
after informed consent was obtained (weekly for six weeks),
being able to completely eradicate the symptoms of the dis-
ease presented by the patient. It demonstrates the efficacy of
the substance used in clinical practice, facing a confirmed
case of infection in which the researchers could observe the
evolution of the clinical picture and possible adverse effects
resulting from treatment.

Antibacterial activity

Searches in the Pubmed, Embase and Web of Science data-
bases returned 6 articles for the antibacterial activity of
clioquinol, thus being the second most reported activity in
the literature for the substance. In contrast to the studies
on clioquinol as an antifungal agent, the researchers have
studied the antibacterial activity of the substance in trials
focused on one or a few species of bacteria, usually explor-
ing mechanisms of bacterial resistance to clioquinol, such as
the work of Blanco et al. (2018). These authors approached
the effect of clioquinol on the expression of the smeVWX
gene (encoding efflux pumps and resistance mechanisms)
of Stenotrophomonas maltophilia (Table 2). The research-
ers concluded that the mechanism of bacterial resistance
induction by clioquinol is selective. The compound is a
potent inducer of resistance in the studied S. maltophilia
strain PBT02. The methodology used by the authors was
the Biolog Phenotype Microarrays technology. Similarly,
the trial by Majumdar et al. (2013) studied the rarA gene
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in Klebsiella pneumoniae, encoding numerous resistance
mechanisms to multiple antimicrobial compounds. The
experiment suggested that the rarA gene confers resistance
to clioquinol to carrier bacteria by increasing nitric oxide
synthase expression since NO acts as an endogenous attenu-
ator of the pharmacological action of clioquinol.

Considering in vitro assays, Chan et al. (2020) evaluated
the efficacy of the association of clioquinol with thiostrep-
ton, relying on the heavy metal chelating capacity of the first
compound to optimize the antibacterial activity of the sec-
ond compound. According to the researchers, clioquinol, at
a concentration of 1 ug/ml, together with thiostrepton, effec-
tively inhibited the growth of A. baumannii. In this same
line of study, there is Magallon et al. (2019) also emphasize
the ability of clioquinol as well as pyrithione to complex
with ions such as Zn*? and Cu*? as part of its antibacterial
activity, reducing the levels of resistance in strains of Aci-
netobacter baumannii.

In retrospective analyses, Salah and Faergemann (2015)
conducted a study with medical records of patients diag-
nosed with atopic dermatitis and impetigo at the Department
of Dermatology, Sahlgrenska University Hospital. In these
studies, clioquinol was used directly in clinical practice to
treat these pathologies (in association with betamethasone
in Betnovat® topical formulation). According to the authors,
the synergistic effect of the anti-inflammatory compound
and the antimicrobial compound guarantees the Betnovat®
association's success in treating atopic dermatitis and impe-
tigo. Finally, there is a single-blind randomized controlled
trial by Loock (2012). The study has included patients over
6 years of age, presenting with otorrhea symptoms, diag-
nosed with Chronic Otitis Media at the Otology Clinic of
Tygerberg Hospital in South Africa. In this study, Quadri-
derm® (betamethasone, gentamicin, tolfanate and clioqui-
nol) was considered a second-line treatment for patients with
chronic otitis media. However, it proved to be the most effec-
tive of the treatment options tested, providing relief from
symptoms in the first application to the external auditory
canal.

Antiparasitic activity

The antiparasitic activity of clioquinol returned a total of six
articles from the searches in the previously cited databases,
being, therefore, as reported as the antibacterial activity of
the drug.

Among the studies dealing with the antiparasitic activity
of clioquinol, the one by Jong et al. (2014) stands out, which
brings the use of the substance against Dientamoeba fragilis
(Table 3), a protozoan estimated to be responsible for most
cases of chronic or recurrent abdominal pain in schoolchil-
dren in the U.S. and Europe (Jong et al. 2014). In contrast,
there are the studies by Souza et al. (2019) and Tavares et al.

(2018), add fundamental data about the antiparasitic activ-
ity of clioquinol against different species of Leishmania, a
known etiological agent of a neglected tropical disease of
extreme impact in Latin America, either by the severity of
the symptoms caused in affected patients, as well as by the
number of vertebrate reservoirs that the etiological agent has
(Moya-Salazar et al. 2021).

The study by Jong et al. (2014) consisted of a retro-
spective analysis, reviewing medical records of patients
admitted to two different hospitals in the Netherlands; one
group, consisting of patients admitted to the Hospital Jeroen
Bosch, was diagnosed with chronic abdominal pain; another
group is a control group consisting of patients admitted to
the Psychiatric Hospital of Herlaarhof. Clioquinol improved
symptoms in 62.5% of the treated patients that presented
chronic abdominal pain caused by D. fragilis, and for 75%
of these patients, no D. fragilis was detected after clioqui-
nol treatment. Although these results are intriguing, the
employment of clioquinol in the face of parasitosis should
still be considered with caution, given the adverse effects
already known for the substance (HUNSEL; NIEUWKOOP;
STRICKER, 2017). Another retrospective study was the
Schierenberg et al. (2019) group, which analyzed medi-
cal records of patients admitted to various health services
with the diagnosis of gastroenteritis. 8.8% of the cases of
gastroenteritis were treated with antimicrobials and clioqui-
nol was used in 5% of the treatments. Although clioquinol is
no longer available for systemic use, it is still used in some
countries, such as the Netherlands, as a manipulated drug in
the treatment of amoebiasis and Dientamoeba fragilis infec-
tions following strict recommendations to prevent the depo-
sition of clioquinol in patients' bodies (Hunsel et al. 2017).

Souza et al. (2019) ascertained the antiparasitic activity of
clioquinol against Leishmania amazonensis and Leishmania
infantum, finding excellent in vitro antileishmanial activities
(ECsp) (Table 3) against promastigote forms of L. amazon-
ensis (7.90 +£0.65 pM) and L. infantum (4.45+0.98 pM),
as well as against axenic amastigote forms of the parasites
(2.27 +£0.44 pM, for L. amazonensis; 3.65+0.25 pM, for L.
infantum). The researchers also determined a high selectivity
index for both promastigote (77.63) and axenic amastigote
(270.16) forms of L. amazonensis, as well as for promas-
tigote (137.81) and axenic amastigote (168.0) forms of L.
infantum. In a similar approach, Tavares et al. (2018) also
found strong in vitro antileishmanial activities (ECs,) against
promastigote forms of L. amazonensis (2.55+0.25 pg/mL)
and L. infantum (1.44 +£0.35 pg/mL), as well as against
axenic amastigote forms of the parasites (1.88 +0.13 pg/
mL, for L. amazonensis; 0.98 +0.17 pg/mL, for L. infan-
tum). The group further found high selectivity for clioquinol
for both promastigote (99.9) and axenic amastigote (135.6)
forms of L. amazonensis, as well as for promastigote (177.1)
and axenic amastigote (260.1) forms of L. infantum. Unlike
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the previous study, in this work, the authors have deter-
mined the percentage of infection of murine macrophages
by promastigotes pretreated with clioquinol, which ranged
from 16.5% +3.5% for L. amazonensis, 19.8% +1.9% for
L. infantum. In a subsequent study, Tavares et al. (2020)
sought to determine the optimization of the antiparasitic
activity of clioquinol by including the substance in a Plu-
ronic F127 micellar system. In this study, the group showed
higher production of IL-12 and IFN-y in animals infected
with L. infantum, which were treated with clioquinol, than
control animals (which received saline solution) and animals
that received the empty mycelia. Clioquinol had the high-
est antileishmanial activity, superior to all other treatments
administered. With clioquinol incorporated into the micellar
system Pluronic F127, the amount of nitrite produced by the
animals given this form of treatment was greater relative to
the nitrite production by the animals given the other forms
of treatment.

Antiviral activity

In a SARS-CoV-2 pandemic scenario, since the year 2020,
the race for substances capable of containing the advance
of the virus has become more intense, Olaleye et al. (2021)
have dared to venture into a little-explored property for clio-
quinol: the antiviral one. The authors tested clioquinol and
other analogs against SARS-CoV-2 infection in Vero E6
cells from African green monkeys (Table 4) by combining
luminescence with high-performance screening (HTS). The
researchers found potent antiviral activity for clioquinol, evi-
denced by ICs, of 12.62 uM, in high-throughput cell screen-
ing against SARS-CoV-2. The substance effectively inhib-
ited the exopeptidase activity of the human ACE2 receptor
protein, evidenced by an ICs, value of 5.36 uM. The group
also observed the effect of clioquinol and analogous com-
pounds on the interaction of the human ACE2 receptor pro-
tein with the SARS-CoV-2 viral receptor protein Spike using
amodified ELISA assay. Not a definitive cure, nor a "miracle
cure", but indeed an excellent substance to be investigated in
in vivo models for the treatment of SARS-CoV-2 infections
(Olaleye et al. 2021).

Antiprionic activity?

Prion diseases include a group of fatal neurodegenerative
diseases affecting humans and animals. These ills are caused
by infectious protein particles resistant to inactivation by
many procedures that modify nucleic acids, particles known
as "prions" (Mustazza et al. 2020). The group Mustazza
et al. (2020) brought to light a series of data concerning
small molecules with antipryonic activity, compounds capa-
ble of increasing the survival rate of animal models infected

Table 4 Main findings pertinent to antiviral activity studies of clioquinol

Antiviral clioquinol

Findings

Methodology

Species

References

a) Clioquinol exhibited potent antiviral activity, evidenced by ICs;, of

Olaleye et al. (2021) SARS-CoV-2 a) The efficacy of clioquinol and analogs against SARS-CoV-2 infection in

12.62 pM, in the high-performance cell screen against SARS-CoV-2
b) In the luminescent cell viability assay, clioquinol showed CCs,> 30 uM

Vero E6 cells from African green monkeys was assessed by combining

luminescence with high-throughput screening (HTS)
b) The cytotoxic effect of clioquinol and its derivatives on Vero E6 cells

and minimal cell viability of 61.83%, denoting low cytotoxicity
¢) Clioquinol was also shown to effectively inhibit the exopeptidase activity

was evaluated using Cell Tilter-Glo Luminescent Viability Assay
¢) The effect of clioquinol and derivatives on the exopeptidase activity of

536 uM

of the human ACE?2 receptor protein, evidenced by the ICs,

ACE2 protein was determined using an adapted fluorometric assay
d) The effect of clioquinol and analogous compounds on the interaction of

the human ACE2 receptor protein with the SARS-CoV-2 viral receptor

protein Spike was observed using a modified ELISA assay

@ Springer
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with prions. In one of these works, clioquinol, allied to its
Cu/Zn chelating capacity, extended the survival time of ani-
mals infected with prions by 60% (Mustazza et al. 2020, p.
5453, apud Ponti et al. 2004, p. 307). This result is because
prion proteins play an essential role in copper metabolism,
which is also related to superoxide dismutase activity. Clio-
quinol showed good potential antipryonic activity in this
study. The authors hope that this study will stimulate more
in vitro trials with new molecules with antipryonic activity.
The perspective is that more studies for antipryonic activity
of the substance and its derivatives will emerge in the future
as knowledge about molecular targets (more precisely, genes
encoding potential prion proteins) grows (Mustazza et al.
2020).

Toxicological data for clioquinol

From the mid 1958s through the 1970s, Subacute Myelo-
optic Neuropathy (SMON) afflicted many Japanese patients.
This disease began with abdominal pain and diarrhoea and
ended with degeneration of the peripheral nerves, leading to
severe impairment of the patients' vision, communication,
and gait. Pesticide poisoning, metabolic disorders, vitamin
deficiencies, bacterial and viral infections, many were the
hypotheses that puzzled doctors. However, researchers have
found that only patients taking clioquinol developed the dis-
ease. Later, they have the ability of clioquinol to chelate
heavy metals such as Fe(IIl) as one of the possible causes
behind the onset of SMON (Perez et al. 2019). The patho-
physiology of SMON is not entirely elucidated (even after
4 decades of discontinuing clioquinol in Japan). However,
clinicians observed that SMON symptoms were more severe
and occurred more frequently in patients with natural zinc
deficiency or natural vitamin B12 deficiency. Suppose there
are physiological and genetic conditions for predisposition
to the unwanted effects of clioquinol. In that case, patients
could use clioquinol with great caution by monitoring serum
metal ion levels and concomitant administration with anti-
oxidants, as long as there is an indication from the health
surveillance agencies in this sense (Leuci et al. 2020).

The study by Kawamura et al. (2014) sought to unravel
the molecular mechanism behind the neurotoxicity of clio-
quinol. For this, the researchers have employed the human
cell line SH-SYSY (neuroblastoma). The most important
findings obtained by the authors were: (a) The induction
of apoptotic cell death, as well as the intracellular increase
of reactive oxygen species (ROS) promoted by clioquinol;
(b) Inhibition of superoxide-dismutase-1 (SOD1) enzymatic
activity. However, in a feedback mechanism, exogenous
SODI1 was shown to reduce ROS production and optimize
the viability of clioquinol-treated cells (Kawamura et al.
2014). In a similar approach, Kuru (2021) emphasized
the similarities between SMON and copper deficiency

@ Springer

myelopathy, pointing out that copper is the primary cofac-
tor of the enzyme superoxide-dismutase-1 (SOD1) and that
clioquinol, by chelating Cu, would promote intracellular Zn
deposition in neuronal cells. Added to this factor, the author
raises the possibility of polymorphism of the enzyme NADH
quinone oxidoreductase (NQO1) among the Japanese popu-
lation, which, although not fully elucidated, would explain
why SMON occurred virtually only in Japan (Kuru 2021).
Fukui et al. (2015) observed that at 1 uM concentration,
clioquinol reduced acetylated histone levels and a histone
deacetylase inhibitor was able to prevent the neuronal cell
damage caused by clioquinol (Fukui et al. 2015).

In a retrospective analysis of data from the Dutch Poison
Information Center (DPCI), Van Velzen and De Vries (2017)
revealed that the center received 51 cases between 2011 and
2015 dealing with intoxication related to oral exposure to
clioquinol. However, the researchers ascertained that 50
of these patients had become intoxicated with the sub-
stance due to medication administration errors. The major-
ity of these patients (n=25) belonged to the age group of
0—4 years, followed by patients aged 5—12 years (n=17) and
adults (n=8). Regarding the origin of medication errors, the
researchers have found that caregivers of the patient caused
32 cases, the patients themselves caused 7 cases, physicians
caused 6 cases, pharmacists caused 4 cases, and a physician
or a pharmacist may have caused 1 case. The study postu-
lated that the errors caused by the patients or caretakers were
due to the administration of overdoses, in some cases about
ten times higher than the recommended dosage.

Of the 51 patients seen by the DPCI, 7 patients showed
neurotoxicity (dizziness, dysarthria). In contrast, the errors
caused by physicians or pharmacists originated from errors
in the prescribed dose or in reading the label. Finally, the
paper concludes that many of the cases of intoxication with
clioquinol stem from overdoses and that to prevent serious
adverse effects, such as neurotoxicity, the health profession-
als need to make a thoughtful work in instructing patients
and caregivers about the correct way to take the drug, as
well as an effective role of pharmacists to avoid prescription
errors (Van Velzen and De Vries 2017).

Nitroxoline
Antifungal activity

Candida auris is an emerging species that is rapidly spread-
ing worldwide, causing many nosocomial infections and
bringing a laborious dilemma to physicians regarding resist-
ance to multiple antifungal drugs. Within this context, Fuchs
et al. (2021) performed susceptibility testing of 35 fungal
isolates of C. auris to nitroxoline and 4 other antifungals
(fluconazole, voriconazole, amphotericin B, and anidu-
lafungin) employed for comparison (Table 5). In the study,
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the authors found MICs for nitroxoline in the range of 0.125
to 1 mg/L, which denotes the excellent antifungal activity of
nitroxoline against the C. auris strains employed resistance
to several antifungal drugs.

Another study to address the antifungal activity of nitrox-
oline was that of Cherdtrakulkiat et al. (2016), in which the
MIC of nitroxoline was determined against Saccharomy-
ces cerevisiae and Candida albicans, obtaining a value of
42.07 uM for both fungal species (an indication of moderate
antifungal activity). A comparison of the results obtained by
Fuchs et al. (2021) with those displayed by Cherdtrakulkiat
et al. (2016) allows us to infer that the antifungal activity of
nitroxoline is species-dependent. In addition, the fact that
nitroxoline is an FDA (Food and Drugs Administration)
approved drug will facilitate future clinical trials using the
substance for the management of urinary tract infection or
colonization not only by C. auris, but by other fungal species
(Fuchs et al. 2021).

Antibacterial activity

Unlike clioquinol, the activity best reported in the litera-
ture for nitroxoline was antibacterial activity, consisting
of 14 articles from Pubmed, Embase, and Web of Science
databases. However, similar to what occurred for the anti-
fungal activity of clioquinol, the articles dealing with the
antibacterial activity of nitroxoline are divided into articles

focused on one or a few microorganisms, such as the one by
Ancuta et al. (2016), the one by Fuchs et al. (2019) and that
of Kresken and Korber-Irrgang (2014), as well as articles
investigating the spectrum of action of the drug against sev-
eral microorganisms, such as that of Cherdtrakulkiat et al.
(2016) and Kudera et al. (2020).

Using the broth microdilution method, Abouelhassan
et al. (2017) measured the minimum inhibitory concentra-
tions (MICs) against different bacterial species (Table 6)
and, using the Calgary device, subsequently measured the
minimum concentration for biofilm eradication (MBEC).
The authors found a broad-spectrum antibacterial activity for
nitroxoline, with MICs of 4.69-6.25 uM for A. baumannii,
12.5 uM for E.coli, 9.38-25 uM for S. aureus, 18.8 uM for
S. epidermidis. As for biofilm eradication, nitroxoline was
more active against A. baumannii (MBEC =46.9-62.5 uM)
biofilms and E. coli (MBEC =62.5 pM) than for biofilms
formed by the other bacterial species. In a similar study,
Cherdtrakulkiat et al. (2016) obtained MICs of 42.07 pM
for S. aureus and S. epidermidis, 21.03 pM for Escherichia
coli, and 84.14 pM for Pseudomonas aeruginosa as well
as Klebsiella pneumoniae. In a similar approach, Cherdtra-
kulkiat et al. (2019) investigated the effect of metal ions on
the antimicrobial activity of nitroxoline. The authors con-
cluded that Cu?* and Fe* caused reduced activity, while
Ca’*, Mg**, and Mn?" exerted no effect on the antibacterial
activity of the compound. In addition, the group found an

Table 5 Main findings pertinent to the antifungal activity studies of nitroxoline

Antifungal nitroxoline

References Species

Methodology

Findings

Fuchs et al. (2021) Candida auris

Cherdtrakulkiat et al. (2016) Candida albicans
Saccharomyces cerevisiae

a) The susceptibility of 35 clinical iso-
lates of C. auris to nitroxoline, flucona-
zole, voriconazole, amphotericin B, and
anidulafungin was determined via the
microdilution method recommended by
EUCAST

b) Similarly, the susceptibility of C. auris
isolates to nitroxoline and four other
antifungals were determined via the
disk-diffusion method

a) The antimicrobial activity of nitroxo-
line and eight derivatives of 8-hydrox-
yquinoline was determined against the
previously mentioned microorganisms
using the agar dilution method

b) The 1,1-diphenyl-2-picrylhydrazyl
(DPPH) assay was performed to
determine the antioxidant activity of
nitroxoline and other compounds tested

¢) A cytotoxicity assay was carried
out for nitroxoline and other studied
substances using the MTT reduction
method (3—4,5-dimethyl-thiazol-2-yl-
2,5-diphenyltetrazolium bromide)

(a) Cepa-dependent antifungal activity for
nitroxoline

b) Nitroxoline showed good antifungal
activity against different isolates of C.
auris MIC=0.125-1 mg/L)

a) Nitroxoline also showed good anti-
fungal activity, evidenced by the MIC
value of 42.07 uM for C. albicans and S.
cerevisiae
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MICs, value of 42.07 uM for nitroxoline against a multi-
drug-resistant strain of E.coli. In a paper that determined
MIC:s of nitroxoline against carbapenemase-producing bac-
teria, Fuchs and Hamprecht (2019) obtained MIC values
between 2 and 8 mg/L for E. coli, between 2 and 32 mg/L
for K. pneumoniae, and between 8 and 16 mg/L for P. mira-
bilis. For the other bacterial species employed in the study
(Table 6), the MIC ranged between 1 and 32 mg/L.. Wagen-
lehner et al. (2014) conducted a comparative study involv-
ing volunteers who received nitroxoline or trimethoprim in
order to have their urinary inhibitory titers (UITs) and their
urinary bactericidal titers (UBT) determined (Table 6). In
the study, nitroxoline showed MIC values of 2—4 mg/L for E.
coli, 4 mg/L for K. pneumoniae, and 8 mg/L for P. mirabilis
and S. saprophyticus. Kresken and Korber-Irrgang (2014)
determined the in vitro activity of nitroxoline against 499
E.coli isolates from urine samples from different German
laboratories. In the study, nitroxoline showed a constant
activity profile among the isolated E. coli strains, evidenced
by MIC;, =2 mg/L and MIC,, = 4 mg/L.

Kudera et al. (2020) evaluated the MICs of nitroxo-
line against representative strains of 17 bacterial spe-
cies (Table 6) via the broth microdilution method. The
authors obtained vital bacterial growth inhibitory activities
(MICs =2-4 pg/mL) against B. cereus, Clostridium spp.,
E. coli, and S. flexneri. Principe et al. (2020) determined
the MIC for nitroxoline against the bacterial species men-
tioned in Table 6 using the broth microdilution method. In
addition, the researchers tested the substance against Gal-
leria mellonella larvae to assess the compound's toxicity
in the animal model. As a result, the group obtained MIC
values of 1-4 mg/L for all bacterial species, except for K.
pneumoniae, against which the disk-diffusion test showed
inactivity. Inoculated in G. mellonella larvae at 128 mg/L,
nitroxoline did not increase hemocyte density compared to
the larval control. Furthermore, nitroxoline showed intrin-
sic antibacterial activity in vivo, increasing larval survival
time (except when infected with K. pneumoniae) beyond
120 h. Sobke et al. (2018) performed nitroxoline suscepti-
bility testing against representative strains of the bacterial
species mentioned in Table 6, combining the VITEK®2
system methodology with double disc-diffusion. Among
strains of the bacteria studied, nitroxoline presented MICs
in 0.25-32 mg/L for E. coli, 1-32 mg/L for K. pneumoniae,
1-16 mg/L for S. aureus, and 2—-64 mg/L for E. faecalis.
In a case report, Hof and Juretschke (2019) tested by disc
diffusion the susceptibility of Klebsiella pneumoniae and
Proteus mirabilis, isolated from a 68-year-old patient who
had contracted urinary tract infection by multidrug-resistant
bacteria. In the paper, the antibiogram showed that nitroxo-
line was the only active substance against both pathogens.
Valentine-King et al. (2019) determined the MIC for nitroxo-
line and other test compounds against the bacterial species

listed in Table 6, employing the broth microdilution method
and the agar dilution method. Nitroxoline exhibited greater
effectiveness against Ureaplasma spp. species, against which
it presented MIC5;=3.13 M and MICgy;,=6.25 uM. Consid-
ering Mycoplasma species, nitroxoline presented MIC val-
ues of 12.5-50 uM. In addition, nitroxoline demonstrated a
bactericidal effect against U. parvum, while it demonstrated
a bacteriostatic effect for U. urealyticum (Valentine-King
et al., 2019).

Ancuta et al. (2016) worked with Staphylococcus aureus
employing nitroxoline-impregnated ceramic discs against the
microorganism (disc diffusion method). Thus, the nitroxo-
line-impregnated discs caused a halo of inhibition > 30 mm,
which remained 24 h after the discs were removed from the
Petri dish containing S. aureus, demonstrating intense anti-
microbial activity.

In a trial with Neisseria gonorrhoeae, Fuchs et al. (2019)
collected clinical isolates between 2015 and 2018 from two
German medical centers, Cologne and Bonn. Among these
isolates, the researchers have selected those with high peni-
cillin resistance. As a result, the authors obtained high anti-
microbial activity for nitroxoline against N. gonorrhoeae, of
which the MIC values =0.125-4 mg/L evidences.

Li et al. (2019), working with Bartonella henselae
obtained excellent antibacterial activity for nitroxoline
against the pathogen, with MIC in the range of 0.31-0.63 ug/
mL. In a cell viability assay, after exposure to nitroxoline,
only 6% viable B. henselae cells remained, confirmed by the
authors using PCR.

Antiparasitic activity

Working with Balamuthia mandrillaris, a free-living patho-
gen that occasionally causes fatal infection in the central
nervous system, Laurie et al. (2018) performed a scan of
clinically approved compounds (a total of 2177, among
these, nitroxoline) against trophozoites of the parasite
(Table 7). In the study, nitroxoline showed inhibitory con-
centration IC5,=4.77 uM against suspensions of B. man-
drillaris trophozoites, denoting good anti-amebic activity.
Furthermore, samples of brain tissue, previously collected
from a patient (with the proper authorization and supervision
of the institutional ethical regulations), were infected and
nitroxoline prevented destruction of the brain tissue caused
by B. mandrillaris.

Granulomatous amebic encephalitis (GEA), caused by
Balamuthia mandrillaris, is a rare fatal pathology that does
not have an established treatment. It is common for patients
to receive extremely aggressive experimental treatments,
hence the importance, highlighted by the authors, of the
search for new anti-amebic compounds with high efficacy
and low side effects (Laurie et al. 2018).
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Table 7 Main findings pertinent to the antiparasitic activity studies of nitroxoline

(5

Findings

Methodology

Species

Antiparasitic nitroxoline

References

Springer

4.77 uM against

a) Nitroxoline showed inhibitory concentration ICs,

Laurie et al. (2018) Balamuthia mandrillaris a) Clinically approved compounds (a total of 2,177, among them

suspensions of B. mandrillaris trophozoites, thus having good anti-

amebic activity
b) In the ex vivo model, nitroxoline prevented destruction of the brain

nitroxoline) were scanned against B. mandrillaris trophozoites
b) The percentage inhibition of such compounds against B. mandrilla-

ris was calculated by CellTilter-Glo R luminescence assay
¢) A secondary scan was performed to find hit compounds whose

tissue caused by B. mandrillaris

dose-response was determined against B. mandrillaris trophozoites,
human fibroblast HFF-1, and human neuroglioma H4 cells, also by

CellTilter-Glo R luminescence
d) A dose-response assay was performed, with 90 compounds (includ-

ing nitroxoline) against suspensions of B. mandrillaris trophozoites

and human cells of HFF-1 (fibroblast), H4 (glial), U87 (glial), HEK-

293 T (kidney), and Hep-G2 (liver) lineages, in 96-well plates
e) Recrudescence assays of B. mandrillaris were carried out using

the minimum amoebicidal concentration of trophozoites method,

specially adapted for this study
f) Brain tissue was infected with B. mandrillaris to investigate the

efficacy of nitroxoline in an infection model

Antiviral activity

Within the little-explored antiviral activity, Zhang et al.
(2020) worked with the Japanese encephalitis virus (JEV);
the researchers have encoded an eGFP reporter gene contain-
ing a sequence encoding a fluorescent protein. As a result,
the authors found potent antiviral activity for nitroxoline
(Table 8), against Japanese encephalitis virus (JEV), denoted
by EC5;,=2.482 pM.

Japanese encephalitis virus (JEV) is a mosquito-borne
virus that belongs to the genus Flavivirus, the same as other
important human pathogens such as yellow fever virus, West
Nile virus and Dengue virus. The disease has no clinically
approved treatment, and the vaccine is the only form of pre-
vention, hence the importance, highlighted by the authors,
of identifying compounds approved by the FDA, which have
activity against the virus (Zhang et al. 2020).

Clioquinol and nitroxoline: a comparison.

Although antifungal activity is the most reported in the liter-
ature for clioquinol, as is the antibacterial activity for nitrox-
oline, care must be taken not to confuse popular action with
preponderant action, or to claim that one drug is more active
as an antifungal while another, as an antibacterial. After all,
Olaleye et al. (2021) and Tavares et al. (2020) found such
good antiviral and antiparasitic activity for clioquinol, just as
Costa et al. (2021) and Pippi et al. (2018) reported excellent
antifungal activity for the drug. For now, antiviral activity
is not as explored for clioquinol as the antifungal activity.
Similarly, for nitroxoline, Zhang et al. (2020) and Laurie
et al. (2018) proved that the drug has as good antiviral and
antiparasitic action as Cherdtrakulkiat et al. (2016) and
Kudera et al. (2020) proved its known antibacterial activity.
Dealing with the antiviral activity of nitroxoline, the result
found by Zhang et al. (2020) (EC5,=2.482 pM) against
Japanese encephalitis virus (JEV) was promising as the
result found by Olaleye et al. (2021) for antiviral activity of
clioquinol (IC5,=12.62 uM) against SARS-CoV-2. Fuchs
et al. (2021) found excellent antifungal activity for nitroxo-
line against Candida auris isolates, with MICs (Minimum
Inhibitory Concentrations) between 0.125 and 1 mg/L, a
crucial step in the, so far, new possible use for the substance.

Conclusions

The present review brought to light the broad-spectrum
antimicrobial activity for clioquinol and nitroxoline and the
broadening of the scope of both drugs as antiparasitic and
antiviral, in addition to their antibiofilm action. By organ-
izing the information from each reference in the form of
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Table 8 Main findings pertinent to the antiviral activity studies of nitroxoline

NITROXOLINE ANTIVIRAL

Findings

Methodology

Species

References

(a) Nitroxoline exhibited high antiviral activity against Japanese
encephalitis virus (JEV), denoted by EC5,=2.482 pM

a) The researchers built a Japanese encephalitis virus (JEV)

Zhang et al. (2020) Japanese Encephalitis Virus (JEV)

encoding an eGFP reporter gene containing a fluorescent

protein-coding sequence

b) The stability of the eGFP-JEV produced was tested against

C6/36 Aedes albopictus cells

c¢) Assays evaluating antiviral activity were performed in eGFP-

JEV gene-infected Huh7 cells with the test compound NITD008

and other substances (including nitroxoline).

tables, the work constitutes a concise guide to orient future
studies of researchers in the respective academic area, assist-
ing in the decision about which substance and with which
species of microorganism to work. In addition to these fac-
tors, the comparison between the findings of the tabulated
studies allows the conclusion that both drugs have vast latent
antimicrobial potential. However, to properly understand and
exploit this potential, more work is needed to explore the
less addressed activities for clioquinol and nitroxoline. A
more detailed study is also needed on the mechanism of
action of the drugs, which still lacks proper elucidation,
despite both drugs being old.

As a perspective for clioquinol and nitroxoline, there is
the future return of these drugs to clinical practice, within a
cautious and controlled use, respecting the recommendations
proposed by the health agencies in force in each country.
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