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Abstract

Leishmaniasis is a neglected tropical disease (NTD) caused by the Leishmania parasite and this
devastating vector-borne disease affects millions of people worldwide. There are up to 1 million
new infections reportedly occurring on a yearly basis, in more than three clinical manifestation
forms. The currently available treatments are limited to a handful of drugs that show significant
toxicity, are delivered through invasive administration methods, are expensive and are threatened
by emergence of parasitic resistance. Hence it is necessary to develop new, affordable and

effective antileishmanial drugs.

5-Nitrofurans (NFs) are redox-active anti-infective drugs used to treat various infectious diseases.
Research has shown that drugs containing nitro groups like NFs exhibit a wide spectrum of anti-
infective activity against various diseases such as bacterial, mycobacterial, parasites and cancer.
These drugs are very active owing to the presence of the nitro group that produces free radical
species. These free radicals react with the pathogen cell wall enzymes and become lethal to the

microorganisms.

Nifuroxazide (NFX) is one of the clinical nitrofurans (cNFs) in use as a treatment for gastro-
intestinal infections. NFX contains the nitro moiety as well as a second hydrazone moiety that
increases the activity of the drug. Studies have shown that NFX also possesses a variety of anti-
infective activity including antiparasitic activity. However, the absorption of the drug from the
intestinal tract is limited and the use of the drug may lead to various toxic effects associated with
the generation of free radicals. These shortcomings may be overcome through hybridization, thus
the possibility of NFX to act as a parent drug for the development of a new antiparasitic drug is

promising.

This study evaluated nifuroxazide-based sulfonyl and benzyl analogues for their antileishmanial
activity. The analogues contained three biologically active pharmacophores i.e., nitrofuran,
hydrazone and sulfonyl or benzyl moiety and were synthesised in a single-step reaction. These
analogues were screened for their toxicity on Vero cells and their antileishmanial activity against

the promastigote forms of Leishmania donovani (1S and 9515) and L. major IR-173.

The activities of the synthesised analogues ranged from excellent, ICso = 0.08 pM to moderate,
ICs0 = 9.74 uM. The tert-butyl substituted derivatives 1h, 2d were found to be the most potent of

both series, possessing nanomolar activity against all three strains of Leishmania. The cytotoxicity
Xiii



of the analogues ranged from moderately toxic to non-toxic. Overall, eight sulfonyl (1d, 1e, 1f, 1g,
1h, 1j, 1k and 1lI) and six benzyl (2b, 2c, 2d, 2e, 2f and 2g) analogues showed promise as anti-
promastigote hit/lead compounds due to their high selectivity and activity as well as their low
cytotoxicity and may serve as possible building blocks for future antileishmanial drug
development.

Keywords: Leishmania, promastigote, nitrofuran, nifuroxazide, sulfonyl, benzyl.
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CHAPTER 1

Introduction and Problem Statement

1.1 Introduction

Leishmaniasis is a widespread parasitic disease caused by the genus Leishmania (L.) (Hailu et
al., 2016). This disease is classified as a neglected tropical disease (Sangenito et al., 2019), due
to limited financing for its management in poor and developing countries (Oliveira et al., 2021).
As a result of this neglected status, at least 700 000 to 1 million new leishmaniasis cases are
reported yearly worldwide (WHO, 2021a) with the majority occurring in the poverty-stricken
developing countries. The transmission of this parasite occurs via the bite of an infected female
sandfly (Phlebotomus and Lutzomyia) (Torres-Guerrero et al., 2017), which carries the
promastigote form of the parasites in its gut (Giraud et al., 2019). After inoculation through the
skin, the parasite undergoes phagocytosis by the host macrophages, causing it to transform into
the non-flagellated amastigote form (Alemayehu & Alemayehu, 2017). This amastigote form
multiplies inside the macrophage until it lyses, releasing the parasite and causing the
multiplication process to be repeated (Alemayehu & Alemayehu, 2017; Liévin-Le Moal & Loiseau,
2016). These stages can be observed in Figure 1.1.

Sandfly Stages Human Stages
Sandfly takes a blood meal "
o Un_egs pronmastigate Stags ,a Promastigotes are

phagocytized by

macrophages
or other types
af monanuclear
phagocytic cells
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—_— R
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/iy
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into amastigotes

A
:2':1"9"& /
o <
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D g : o of various tissues and infect
B e h —— H other calls a
e Ingestion of B
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9 Sa ndﬂy-rak.es 5 blood meal
{ingests macrophages infected
with amastigotes)
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&: Diagnostic Stage

Figure 1.1: The life cycle of the Leishmania parasite (CDC, 2020a)



There are more than fifty species of Leishmania (divided into Old and New World species), twenty
of which are pathogenic towards humans (Akhoundi et al., 2016). Leishmania donovani, L. major
and L. braziliensis are the highest priority species (CDC, 2020a; de Oliveira Guerra et al., 2011)
that contribute to the five clinical forms of leishmaniasis, namely visceral (VL) also known as kala-
azar, post-kala-azar dermal (PKDL), cutaneous (CL), diffuse cutaneous (DCL), and
mucocutaneous (MCL) leishmaniasis (Ehab Kotb et al., 2014). The clinical form depends on the

position of the parasite in the host’s tissue (Akhoundi et al., 2017).

Visceral leishmaniasis affects internal organ tissue and is the deadliest form of the disease, if left
untreated (Braga, 2019), and is caused by L. donovani and L. infantum (Ready, 2014). Tens of
thousands of VL cases have been reported in the last year (WHO, 2021a). VL presents with a
variety of symptoms including severe symptoms like hepatosplenomegaly and bone marrow
suppression (Ready, 2014; WHO, 2021b). Existing treatments for VL are limited to a handful of
existing drugs namely amphotericin B, miltefosine, paromomycin and pentavalent antimonials
(Freitas-Junior et al., 2012). However, these treatments do not only come with efficacy but are

costly and are associated with several adverse effects (No, 2016; Rauf et al., 2016).

PKDL, which is also caused by L. donovani (Mukhopadhyay et al., 2014), is a sequela of VL
(WHO, 2021a). This form is present in dermal tissue and can be identified by the unique clinical
presentation in patients that have recovered from VL (Zijlstra, 2016). It mainly occurs in the Indian
subcontinent and East Africa (WHO, 2021a). The current treatment consists of sodium
stibogluconate (SSG) or miltefosine (Mondal et al., 2019).

CL is the most common form of leishmaniasis (CDC, 2020b), and it is caused by a variety of Old
(L. major and L. infantum) and New World (L. amazonensis and L. mexicana) species (de Vries
et al., 2015). CL manifests as ulcerating skin condition (Pagheh et al., 2014). Treatment for CL
consists of local and systemic treatments. Local treatments consist of wound care, paromomycin-
containing ointments, intralesional antimonials combined with cryotherapy and thermotherapy
while the systemic treatment consists of pentavalent antimony, liposomal amphotericin B,

pentamidine, fluconazole and ketoconazole and miltefosine (Showler & Boggild, 2015).

DCL is a rare form of leishmaniasis that results in uncontrolled parasite growth in cutaneous
lesions on the skin (Christensen et al., 2019) and is mainly caused by L. amazonensis (Soares et
al., 2020). DCL manifests itself as non-ulcerating nodular lesions (Hashiguchi et al., 2016). At

present, there is no effective treatment for DCL (Franca-Costa et al., 2014).
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MCL is one of the least common manifestations of Leishmania infection (CDC, 2020b) and it is
mainly caused by L. braziliensis (de Oliveira Guerra et al., 2011). MCL is a disfiguring form of
leishmaniasis found in the nasopharyngeal mucosa (Braga, 2019). The treatment used for MCL
consists of pentavalent antimony-containing compounds, such as N-metil-glucamine antimoniate,
amphotericin B, pentamidine, miltefosine, ketoconazole and fluconazole (Amato et al., 2008; Blum
et al., 2014).

There are, however, significant limitations to the above-mentioned treatments. All are toxic and
must be administrated intravenously, with the exception of miltefosine that is administered orally
(de Souza et al., 2020). Amphotericin B has been shown to have acute toxicity, which includes
fever, hypertension or hypotension, hypoxia, nausea, vomiting, rigors, and chronic nephrotoxicity
(Hamill, 2013; Laniado-Laborin & Cabrales-Vargas, 2009). Due to these factors and high costs,
its use is limited (Lanza et al., 2019). Miltefosine has been reported to show embryo- and
fetotoxicity, as well as teratogenic effects (Tiwari et al., 2017) and should, be used with care in
women of child-bearing age (Dorlo et al., 2012). Pentavalent antimonials have shown
cardiotoxicity (Cardona-Arias et al., 2017) and hepatotoxicity (Kato et al., 2014). Pentamidine has
shown hypo- and hyperglycaemia as its main adverse effects (Hafiz & Kyriakopoulos, 2020).
Further details on the current antileishmanial drugs in clinical use and their adverse effects will be
provided in the subsequent Chapter 2.

Apart from the known toxicities, Leishmania spp. have developed resistance to the currently
available drugs (Natera et al., 2007; Ponte-Sucre et al., 2013). Therefore, it is important to develop
new, more cost-effective, safe and efficacious drugs for the effective treatment of leishmaniasis
(Kato et al., 2014).

Nifuroxazide (NFX) (Figure 1.2) is a phenol-containing 5-nitrofuran derivative that was first
synthesised in 1944 (B. Fernandes et al., 2015; Dodd et al., 1944). It has been used as an
antibacterial drug since 1966 (Ernest, 1966) and as an antiprotozoal treatment since the 1970s
(Cedillo-Rivera & Mufioz, 1992). NFX has also been shown to have anticancer effects (Bailly,
2019).



Figure 1.2: Structure of Nifuroxazide (NFX)

NFX’s antibacterial and antiprotozoal activities are derived from the reduction of the nitro group,
the main pharmacophore (blue in Figure 1.2), by parasitic reductase enzymes (Krasavin et al.,
2019). The reduction of the nitro group produces toxic radical anions that form reactive oxygen
species (ROS) and reactive nitrogen species (RNS) (Pal & Bandyopadhyay, 2011; Zhou et al.,
2012). These species are responsible for both the antipathogenic effects and toxicity associated
with NFX, due to oxidative stress causing protein carbonylation, membrane lipid peroxidation,
DNA breakage, enzyme inactivation and inflammatory reactions, ultimately resulting in cell death
(Liu et al., 2017; Patel et al., 2018).

In addition to the main mechanism of action, NFX also depletes the free thiol in parasites, which
is an important part in the parasite’s defence against ROS (Comini et al., 2007; Pal &
Bandyopadhyay, 2011). Furthermore, NFX also contains a second pharmacophore, the
hydrazone moiety (red in Figure 1.2), that contains intrinsic biological and pharmacological activity
(Ryan, 2017). Its inclusion in NFX promotes chemical stability (Zuma et al., 2019) and results in
a compound with unigue characteristics (Fernandes et al., 2018; Verma et al., 2014).

Currently, a variety of 5-nitrofuran drugs, including NFX, are in clinical use as antibacterial and
antiparasitic treatments (Figure 1.3), including Human African Trypanosomiasis (Zuma et al.,
2019) that is closely related to Leishmania spp. as both belong to the Trypanosomatid family,
order Kinetoplastida (de Morais et al., 2015). Studies have shown that there is very little risk of
pathogenic resistance developing against 5-nitrofuran treatments (Le et al., 2019; Zuma et al.,
2019), but the possibility for cross-resistance with other nitro-based treatments does exist (Bruhn
et al., 2016; Sokolova et al., 2010). Thus, by exploring the use of NFX as a scaffold, novel
antileishmanial compounds may be synthesised with reduced risks of resistance development

and improved treatment efficacy, cost, and safety.
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Figure 1.3: 5-Nitrofuran drugs currently in clinical use

The anti-infective efficacy of nifuroxazide (NFX) may be enhanced by substituting its hydroxy
group with an additional functional moiety to introduce a third pharmacophore in its structure, with
the nitrofuran and hydrazone acting as the first two pharmacophores (Kannigadu et al., 2021;
Sapkota et al., 2011; Yousefi et al., 2013). This may be achieved through the attachment of
sulfonyl and benzyl groups to the already existing structure of NFX through the oxygen atom.

Previous research has indicated that sulfonyl and benzyl groups have good antiprotozoal activities
and enhance the biological effectiveness of compounds (Sapkota et al., 2011; Yousefi et al.,
2013) by activating enzymes in the host body that prevent tissue damage, thus decreasing
adverse effects (Bolcskei et al., 2017; Chang et al., 2001). The sulfonyl substitution causes
cysteine protease inhibition (Banerjee & Abagyan, 2019), which can result in an interruption in

the life cycle of both protozoan and helminth parasites (Lehmann et al., 2014).

The current research study is based on the further investigation of benzyl analogues of NFX, 1
and 2 (Figure 1.4) from a previous study done by our research group (Kannigadu et al., 2021).
Intermediates 1 and 2 possessed nanomolar activity up to 10-fold higher than the parent

compound NFX against L. donovani strains 1S and 9515 promastigotes, and L. major
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promastigotes thus making it a potential early lead for further investigation into the search of drugs
for the treatment of VL (Kannigadu et al., 2021).
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L. major IR173 ICgq: 0.25 uM L. major IR173 ICgq: 0.25 pM
Cytotoxicity: > 100 uM Cytotoxicity: > 100 uM

Figure 1.4: Benzyl analogues 1 and 2 of NFX (Kannigadu et al., 2021)

That study also indicated that O-benzyl alkylation of NFX resulted in enhanced activity while the
free NH group is essential for activity, which is demonstrated by the loss of activity observed with
O, N- dialkylated NFX derivatives (Kannigadu et al., 2021). Hence, in the current study, O-benzyl
and -sulfonyl mono-substituted NFX derivatives were synthesized.

Thus, NFX derivatives might provide a suitable alternative antileishmanial drug with less toxicity
and adverse effects. Accordingly, during this study, a series of novel NFX derivatives containing
sulfonyl or benzyl moieties as depicted in Figure 1.5, were synthesised and assessed for

antileishmanial activity.

Figure 1.5: Proposed novel NFX derivatives where R is sulfonyl or benzyl substituent.
1.2 Aims and objectives

The aim of this study was to investigate novel nifuroxazide derivatives (Figure 1.5) as potential in

vitro effective antileishmanial agents.



The study’s objectives are as follows:

To synthesise a series of novel sulfonyl and benzyl nifuroxazide derivatives and
characterize them using nuclear magnetic resonance (NMR), high resolution mass

spectrometry (HRMS), melting point and infrared (IR) spectroscopy.

Determination of in vitro antileishmanial activity against various Leishmania parasite
strains and cytotoxicity assessment of the synthesised compounds using the Vero cell
line.



Bibliography

Akhoundi, M., Kuhls, K., Cannet, A., Votypka, J., Marty, P., Delaunay, P. & Sereno, D. 2016. A
historical overview of the classification, evolution, and dispersion of Leishmania parasites and
sandflies. PLoS neglected tropical diseases, 10(3):e0004349.
https://doi.org/10.1371/journal.pntd.0004349

Akhoundi, M., Downing, T., Votypka, J., Kuhls, K., Luke$, J., Cannet, A, ... Sereno, D. 2017.
Leishmania infections: Molecular targets and diagnosis. Molecular Aspects of Medicine, 57:1-29.
https://doi.org/10.1016/].mam.2016.11.012

Alemayehu, B. & Alemayehu, M. 2017. Leishmaniasis: a review on parasite, vector and reservoir
host. Health Science Journal, 11(4):1. DOI: 10.21767/1791-809X.1000519

Amato, V.S., Tuon, F.F., Bacha, H.A., Neto, V.A. & Nicodemo, A.C. 2008. Mucosal leishmaniasis:
Current  scenario and prospects for treatment. Acta  Tropica, 105(1):1-9.
https://doi.org/10.1016/j.actatropica.2007.08.003

B. Fernandes, M., Goncalves, J.E., C. Tavares, L. & Storpirtis, S. 2015. Caco-2 cells permeability
evaluation of nifuroxazide derivatives with potential activity against methicillin-resistant
Staphylococcus aureus (MRSA). Drug Development and Industrial Pharmacy, 41(7):1066-1072.
DOI: 10.3109/03639045.2014.925919

Bailly, C. 2019. Toward a repositioning of the antibacterial drug nifuroxazide for cancer treatment.
Drug Discovery Today, 24(9):1930-1936. https://doi.org/10.1016/].drudis.2019.06.017

Banerjee, A. & Abagyan, R. 2019. Identification and design of vinyl sulfone inhibitors against
Cryptopain-1 — a cysteine protease from cryptosporidiosis-causing Cryptosporidium parvum.
bioRxiv:332965. DOI: 10.1101/332965

Blum, J., Buffet, P., Visser, L., Harms, G., Bailey, M.S., Caumes, E., ... Lockwood, D.N.J. 2014.
LeishMan Recommendations for Treatment of Cutaneous and Mucosal Leishmaniasis in
Travelers, 2014. Journal of Travel Medicine, 21(2):116-129. DOI: 10.1111/jtm.12089


https://doi.org/10.1016/j.actatropica.2007.08.003
https://doi.org/10.1016/j.drudis.2019.06.017

Bolcskei, H., Német-Hanzelik, A., Greiner, I., Dubrovay, Z., Hada, V. & Keglevich, G. 2017. The
Synthesis of (lodobenzyl)oxybenzaldehydes, Useful Intermediates for Biologically Active Targets.
Letters in Drug Design & Discovery, 14(2):233-239.

Braga, S.S. 2019. Multi-target drugs active against leishmaniasis: A paradigm of drug
repurposing. European Journal of Medicinal Chemistry, 183:111660.
https://doi.org/10.1016/j.ejmech.2019.111660

Bruhn, D.F., Wyllie, S., Rodriguez-Cortés, A., Carrillo, A.K., Rakesh, Guy, R.K., ... Lee, R.E. 2016.
Pentacyclic nitrofurans that rapidly kill nifurtimox-resistant trypanosomes. Journal of Antimicrobial
Chemotherapy, 71(4):956-963. DOI: 10.1093/jac/dkv417

Cardona-Arias, J.A., Lopez-Carvajal, L., Tamayo Plata, M.P. & Vélez, I.D. 2017. Cost-
effectiveness analysis of thermotherapy versus pentavalent antimonials for the treatment of
cutaneous  leishmaniasis.  Journal of  Evidence-Based Medicine, 10(2):81-90.
https://doi.org/10.1111/jebm.12245

CDC. 2020a. Parasites: Leishmaniasis 2020. [WEB]:
https://www.cdc.gov/parasites/leishmaniasis/biology.html. [Date accessed: 24 May 2021].

CDC. 2020b. Parasites: Leishmaniasis 2020. [WEBI:

https://www.cdc.gov/parasites/leishmaniasis/disease.html [Date accessed: 18 May 2021].

Cedillo-Rivera, R. & Muiioz, O. 1992. In-vitro susceptibility of Giardia lamblia to albendazole,
mebendazole and other chemotherapeutic agents. Journal of Medical Microbiology, 37(3):221-
224. https://doi.org/10.1099/00222615-37-3-221

Chang, C.-Y., Kuo, S.-C,, Lin, Y.-L., Wang, J.-P. & Huang, L.-J. 2001. Benzyloxybenzaldehyde
Analogues as Novel Adenylyl Cyclase Activators. Bioorganic & Medicinal Chemistry Letters,
11(15):1971-1974. https://doi.org/10.1016/S0960-894X(01)00353-5

Christensen, S.M., Belew, A.T., EI-Sayed, N.M., Tafuri, W.L., Silveira, F.T. & Mosser, D.M. 2019.
Host and parasite responses in human diffuse cutaneous leishmaniasis caused by L.
amazonensis. PLOS Neglected Tropical Diseases, 13(3):e0007152. DOI:
10.1371/journal.pntd.0007152


https://doi.org/10.1016/j.ejmech.2019.111660
https://doi.org/10.1111/jebm.12245
https://www.cdc.gov/parasites/leishmaniasis/biology.html
https://www.cdc.gov/parasites/leishmaniasis/disease.html
https://doi.org/10.1099/00222615-37-3-221
https://doi.org/10.1016/S0960-894X(01)00353-5

Comini, Marcelo A., Krauth-Siegel, R.L. & Flohé, L. 2007. Depletion of the thioredoxin homologue
tryparedoxin impairs antioxidative defence in African trypanosomes. Biochemical Journal,
402(1):43-49. DOI: 10.1042/BJ20061341

de Morais, C.G.V., Castro Lima, A.K., Terra, R., dos Santos, R.F., Da-Silva, S.A.G. & Dutra,
P.M.L. 2015. The Dialogue of the Host-Parasite Relationship: Leishmania spp. and Trypanosoma
cruzi Infection. BioMed Research International, 2015:324915. DOI; 10.1155/2015/324915

de Oliveira Guerra, J.A., Prestes, S.R., Silveira, H., Camara, L.I.d.A.R., Gama, P., Moura, A., ...
de Lima Ferreira, L.C. 2011. Mucosal leishmaniasis caused by Leishmania (Viannia) braziliensis
and Leishmania (Viannia) guyanensis in the Brazilian Amazon. PLoS Negl Trop Dis, 5(3):e980.
https://doi.org/10.1371/journal.pntd.0000980

de Souza, M.L., Gonzaga da Costa, L.A., Silva, E.d.O., de Sousa, A.L.M.D., dos Santos, W.M. &
Rolim Neto, P.J. 2020. Recent strategies for the development of oral medicines for the treatment
of visceral leishmaniasis. Drug Development Research, 81(7):803-814.
https://doi.org/10.1002/ddr.21684

de Vries, H.J.C., Reedijk, S.H. & Schallig, H.D.F.H. 2015. Cutaneous Leishmaniasis: Recent
Developments in Diagnosis and Management. American Journal of Clinical Dermatology,
16(2):99-109. DOI: 10.1007/s40257-015-0114-z

Dodd, M.C., Stillman, W.B., Roys, M. & Crosby, C. 1944. The in vitro bacteriostatic action of some
simple furan derivatives. Journal of Pharmacology and Experimental Therapeutics, 82(1):11.

Dorlo, T.P.C., Balasegaram, M., Beijnen, J.H. & de Vries, P.J. 2012. Miltefosine: a review of its
pharmacology and therapeutic efficacy in the treatment of leishmaniasis. Journal of Antimicrobial
Chemotherapy, 67(11):2576-2597. DOI: 10.1093/jac/dks275

Ehab Kotb, E., Antonio Sampedro, M., Javier, R.-G., Yannick, H.-M., Ahamd, A., Jose Mari
Navarro, M. & Jose Gutierrez, F. 2014. Diagnosis of leishmaniasis. The Journal of Infection in
Developing Countries, 8(08), DOI: 10.3855/jidc.4310

Ernest, C.M.C. 1966. Antibacterial nitrofurfurylidene derivatives and methods of using same.

Google Patents.

10


https://doi.org/10.1002/ddr.21684

Fernandes, C.S.M., Teixeira, G.D.G., Iranzo, O. & Roque, A.C.A. 2018. Chapter 5 - Engineered
Protein Variants for Bioconjugation. In: Sarmento, B. & das Neves, J., eds. Biomedical
Applications of Functionalized Nanomaterials: Elsevier. pp. 105-138.
https://doi.org/10.1016/B978-0-323-50878-0.00005-7.

Franca-Costa, J., Van Weyenbergh, J., Boaventura, V.S., Luz, N.F., Malta-Santos, H., Oliveira,
M.C.S., ... Borges, V.M. 2014. Arginase |, Polyamine, and Prostaglandin E2 Pathways Suppress
the Inflammatory Response and Contribute to Diffuse Cutaneous Leishmaniasis. The Journal of
Infectious Diseases, 211(3):426-435. DOI: 10.1093/infdis/jiu455

Freitas-Junior, L.H., Chatelain, E., Kim, H.A. & Siqueira-Neto, J.L. 2012. Visceral leishmaniasis
treatment: What do we have, what do we need and how to deliver it? International Journal for
Parasitology: Drugs and Drug Resistance, 2:11-19. https://doi.org/10.1016/}.ijpddr.2012.01.003

Giraud, E., Martin, O., Yakob, L. & Rogers, M. 2019. Quantifying Leishmania Metacyclic
Promastigotes from Individual Sandfly Bites Reveals the Efficiency of Vector Transmission.
Communications Biology, 2(1):84. DOI: 10.1038/s42003-019-0323-8

Hafiz, S. & Kyriakopoulos, C. 2020. Pentamidine. StatPearls Publishing, Treasure Island (FL).

Hailu, A., Dagne, D.A. & Boelaert, M. 2016. Leishmaniasis. In. Neglected Tropical Diseases-Sub-
Saharan Africa: Springer. pp. 87-112. DOI: 10.1007/978-3-319-25471-5 5.

Hamill, R.J. 2013. Amphotericin B Formulations: A Comparative Review of Efficacy and Toxicity.
Drugs, 73(9):919-934. DOI: 10.1007/s40265-013-0069-4

Hashiguchi, Y., Gomez, E.L., Kato, H., Martini, L.R., Velez, L.N. & Uezato, H. 2016. Diffuse and
disseminated cutaneous leishmaniasis: clinical cases experienced in Ecuador and a brief review.
Tropical Medicine and Health, 44(1):2. DOI: 10.1186/s41182-016-0002-0

Kannigadu, C., Aucamp, J. & N'Da, D.D. 2021. Synthesis and in vitro antileishmanial efficacy of
benzyl analogues of nifuroxazide. Drug Development Research, 82(2):287-295.
https://doi.org/10.1002/ddr.21755

Kato, K.C., Morais-Teixeira, E., Reis, P.G., Silva-Barcellos, N.M., Salaln, P., Campos, P.P., ...
Frézard, F. 2014. Hepatotoxicity of Pentavalent Antimonial Drug: Possible Role of Residual Sb(lll)

11


https://doi.org/10.1016/j.ijpddr.2012.01.003
https://doi.org/10.1002/ddr.21755

and Protective Effect of Ascorbic Acid. Antimicrobial Agents and Chemotherapy, 58(1):481. DOI:
10.1128/AAC.01499-13

Krasavin, M., Lukin, A., Vedekhina, T., Manicheva, O., Dogonadze, M., Vinogradova, T., ...
Sokolovich, E. 2019. Attachment of a 5-nitrofuroyl moiety to spirocyclic piperidines produces non-
toxic nitrofurans that are efficacious invitro against multidrug-resistant Mycobacterium
tuberculosis. European Journal of Medicinal Chemistry, 166:125-135.
https://doi.org/10.1016/j.ejmech.2019.01.050

Laniado-Laborin, R. & Cabrales-Vargas, M.N. 2009. Amphotericin B: side effects and toxicity.
Revista Iberoamericana de Micologia, 26(4):223-227. https://doi.org/10.1016/j.riam.2009.06.003

Lanza, J.S., Pomel, S., Loiseau, P.M. & Frézard, F. 2019. Recent advances in amphotericin B
delivery strategies for the treatment of leishmaniases. Expert Opinion on Drug Delivery,
16(10):1063-1079. DOI: 10.1080/17425247.2019.1659243

Le, V.V.H., Davies, I.G., Moon, C.D., Wheeler, D., Biggs, P.J. & Rakonjac, J. 2019. Novel 5-
Nitrofuran-Activating Reductase in Escherichia coli. Antimicrobial agents and chemotherapy,
63(11):e00868-00819. DOI: 10.1128/AAC.00868-19

Lehmann, C., Heitmann, A., Mishra, S., Burda, P.-C., Singer, M., Prado, M., ... Heussler, V. 2014.
A Cysteine Protease Inhibitor of Plasmodium berghei Is Essential for Exo-erythrocytic
Development. PLOS Pathogens, 10(8):e1004336. DOI: 10.1371/journal.ppat.1004336

Liévin-Le Moal, V. & Loiseau, P.M. 2016. Leishmania hijacking of the macrophage intracellular
compartments. The FEBS Journal, 283(4):598-607. https://doi.org/10.1111/febs.13601

Liu, Y., Liu, X., Liu, Y., Liu, G., Ding, L. & Lu, X. 2017. Construction of a highly sensitive non-
enzymatic sensor for superoxide anion radical detection from living cells. Biosensors and
Bioelectronics, 90:39-45. https://doi.org/10.1016/].bi0s.2016.11.015

Mondal, D., Kumar, A., Sharma, A., Ahmed, M.M., Hasnain, M.G., Alim, A., ... Haque, R. 2019.
Relationship between treatment regimens for visceral leishmaniasis and development of post-
kala-azar dermal leishmaniasis and visceral leishmaniasis relapse: A cohort study from
Bangladesh. PLOS Neglected Tropical Diseases, 13(8):e0007653. DOl:
10.1371/journal.pntd.0007653

12


https://doi.org/10.1016/j.ejmech.2019.01.050
https://doi.org/10.1016/j.riam.2009.06.003
https://doi.org/10.1111/febs.13601
https://doi.org/10.1016/j.bios.2016.11.015

Mukhopadhyay, D., Dalton, J.E., Kaye, P.M. & Chatterjee, M. 2014. Post kala-azar dermal
leishmaniasis: an  unresolved mystery. Trends in Parasitology, 30(2):65-74.
https://doi.org/10.1016/j.pt.2013.12.004

Natera, S., Machuca, C., Padron-Nieves, M., Romero, A., Diaz, E. & Ponte-Sucre, A. 2007.
Leishmania spp.: proficiency of drug-resistant parasites. International Journal of Antimicrobial
Agents, 29(6):637-642. https://doi.org/10.1016/j.ijantimicag.2007.01.004

No, J.H. 2016. Visceral leishmaniasis: Revisiting current treatments and approaches for future
discoveries. Acta Tropica, 155:113-123. https://doi.org/10.1016/].actatropica.2015.12.016

Oliveira, S.S., Ferreira, C.S., Branquinha, M.H., Santos, A.L., Chaud, M.V., Jain, S., ... Severino,
P. 2021. Overcoming multi-resistant leishmania treatment by nanoencapsulation of potent
antimicrobials. Journal of Chemical Technology & Biotechnology, 96(8):2123-2140.
https://doi.org/10.1002/jcth.6633

Pagheh, A., Fakhar, M., Mesgarian, F., Gholami, S. & Ahmadpour, E. 2014. An improved
microculture method for diagnosis of cutaneous leishmaniasis. Journal of parasitic diseases,
38(4):347-351. DOI: 10.1007/s12639-013-0316-3

Pal, C. & Bandyopadhyay, U. 2011. Redox-Active Antiparasitic Drugs. Antioxidants & Redox
Signaling, 17(4):555-582. DOI: 10.1089/ars.2011.4436

Patel, R., Rinker, L., Peng, J. & Chilian, W.M. 2018. Reactive oxygen species: The good and the
bad. Reactive Oxygen Species (ROS) in Living Cells, 7,
http://dx.doi.org/10.5772/intechopen.71547

Ponte-Sucre, A., Diaz, E. & Padron-Nieves, M. 2013. Drug resistance in Leishmania parasites.
459. Springer.

Rauf, M.K., Shaheen, U., Asghar, F., Badshah, A., Nadhman, A., Azam, S., ... Yasinzai, M. 2016.
Antileishmanial, DNA Interaction, and Docking Studies of Some Ferrocene-Based Heteroleptic
Pentavalent Antimonials. Archiv der Pharmazie, 349(1):50-62.
https://doi.org/10.1002/ardp.201500312

Ready, P.D. 2014. Epidemiology of visceral leishmaniasis. Clinical epidemiology, 6:147-154. DOI:

10.2147/CLEP.S44267
13


https://doi.org/10.1016/j.pt.2013.12.004
https://doi.org/10.1016/j.ijantimicag.2007.01.004
https://doi.org/10.1016/j.actatropica.2015.12.016
https://doi.org/10.1002/jctb.6633
http://dx.doi.org/10.5772/intechopen.71547
https://doi.org/10.1002/ardp.201500312

Ryan, A. 2017. Azoreductases in drug metabolism. British Journal of Pharmacology,
174(14):2161-2173. https://doi.org/10.1111/bph.13571

Sangenito, L.S., da Silva Santos, V., d’Avila-Levy, C.M., Branquinha, M.H., Dos Santos, A.S. &
de Oliveira, S.S. 2019. Leishmaniasis and Chagas disease-neglected tropical diseases:
Treatment updates. Curr Top Med Chem, 19(3):174-177. DOI:
10.2174/156802661903190328155136

Sapkota, K., Roh, E., Lee, E., Ha, E.-M., Yang, J.-H., Lee, E.-S., ... Na, Y. 2011. Synthesis and
anti-melanogenic activity of hydroxyphenyl benzyl ether analogues. Bioorganic & Medicinal
Chemistry, 19(7):2168-2175. https://doi.org/10.1016/[.bmc.2011.02.044

Showler, A.J. & Boggild, A.K. 2015. Cutaneous Leishmaniasis in Travellers: a Focus on
Epidemiology and Treatment in 2015. Current Infectious Disease Reports, 17(7):37. DOI:
10.1007/s11908-015-0489-2

Soares, G.H.C., da Silva, A.B.S., de Sousa Ferreira, L.S., Ithamar, J.S., de Alencar Medeiros, G.,
Pereira, S.R.F., ... Silva, C.d.M.P.E. 2020. Case Report: Coinfection by Leishmania amazonensis
and HIV in a Brazilian Diffuse Cutaneous Leishmaniasis Patient. Am J Trop Med Hyg [Internet],
103(3):1076-1080. DOI: 10.4269/ajtmh.20-0131

Sokolova, A.Y., Wyllie, S., Patterson, S., Oza, S.L., Read, K.D. & Fairlamb, A.H. 2010. Cross-
resistance to nitro drugs and implications for treatment of human African trypanosomiasis.
Antimicrobial agents and chemotherapy, 54(7):2893-2900. DOI: 10.1128/AAC.00332-10

Tiwari, B., Pahuja, R., Kumar, P., Rath, S.K., Gupta, K.C. & Goyal, N. 2017. Nanotized Curcumin
and Miltefosine, a Potential Combination for Treatment of Experimental Visceral Leishmaniasis.
Antimicrobial Agents and Chemotherapy, 61(3):e01169-01116. DOI: 10.1128/AAC.01169-16

Torres-Guerrero, E., Quintanilla-Cedillo, M.R., Ruiz-Esmenjaud, J. & Arenas, R. 2017.
Leishmaniasis: a review. F1000Research, 6:750-750. DOI: 10.12688/f1000research.11120.1

Verma, G., Marella, A., Shaquiquzzaman, M., Akhtar, M., Ali, M.R. & Alam, M.M. 2014. A review
exploring biological activities of hydrazones. Journal of pharmacy & bioallied sciences, 6(2):69-
80. DOI: 10.4103/0975-7406.129170

14


https://doi.org/10.1111/bph.13571
https://doi.org/10.1016/j.bmc.2011.02.044

WHO. 2021a. Newsroom: Leishmaniasis [WEB]. https://www.who.int/news-room/fact-

sheets/detail/leishmaniasis Date of access: 7 April 2021.

WHO. 2021b. News-room: Q-A-detail Leishmaniasis [WEB]. https://www.who.int/news-room/qg-a-

detail/leishmaniasis Date of access: 8 April.

Yousefi, H., Yahyazadeh, A., Rufchahi, E.O.M. & Rassa, M. 2013. Synthesis, spectral properties,
biological activity and application of new 4-(benzyloxy)phenol derived azo dyes for polyester fiber
dyeing. Journal of Molecular Liquids, 180:51-58. hitps://doi.org/10.1016/j.mollig.2012.12.030

Zhou, L., Ishizaki, H., Spitzer, M., Taylor, Kerrie L., Temperley, Nicholas D., Johnson, Stephen L.,
... Patton, E.E. 2012. ALDH2 Mediates 5-Nitrofuran Activity in Multiple Species. Chemistry &
Biology, 19(7):883-892. https://doi.org/10.1016/j.chembiol.2012.05.017

Zijlstra, E.E. 2016. The immunology of post-kala-azar dermal leishmaniasis (PKDL). Parasites &
Vectors, 9(1):464. DOI: 10.1186/s13071-016-1721-0

Zuma, N.H., Aucamp, J. & N'Da, D.D. 2019. An update on derivatisation and repurposing of
clinical nitrofuran drugs. European Journal of Pharmaceutical Sciences, 140:105092.
https://doi.org/10.1016/j.ejps.2019.105092

15


https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://www.who.int/news-room/q-a-detail/leishmaniasis
https://www.who.int/news-room/q-a-detail/leishmaniasis
https://doi.org/10.1016/j.molliq.2012.12.030
https://doi.org/10.1016/j.chembiol.2012.05.017
https://doi.org/10.1016/j.ejps.2019.105092

CHAPTER 2
Literature review

2.1Introduction

Parasites have plagued humanity for many centuries (Steverding, 2017) causing chronic and
debilitating diseases that are, to date, commonly confined to resource-poor populations (Hotez et
al., 2020). Consequently, there are up to twelve significant parasitic diseases that have become
neglected over the years due to their limited global impact and their lower death rates in
comparison to more serious global diseases (Hotez et al., 2020). An example of this is
leishmaniasis which is caused by infection with species (spp.) of the protozoan parasite
Leishmania (L) (Sangenito et al., 2019).

Leishmaniasis is a disfiguring parasitic neglected tropical disease (Sangenito et al., 2019) that is
found mostly in the tropical and sub-tropical parts of the world (Maia et al., 2015; Nweze et al.,
2021). This vector-borne disease spreads through the bite of an infected female sandfly
(Phlebotomus and Lutzomyia species) (Torres-Guerrero et al., 2017) in both humans and a wide
variety of mammalian reservoir hosts, including marsupials, hyraxes, humans, canine and rodent
spp. (Steverding, 2017). The Leishmania parasite has a two-stage life cycle (Figure 2.1). The first
stage is the motile promastigote form of the parasite, which serves as the infective stage in the
gut of the sandfly. The second stage is the tissue stage in the host's body after infection, where
the promastigote form transforms into the non-motile amastigote form within the host’s

macrophages (CDC, 2020a; Damianou et al., 2020).
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Figure 2.1: The life cycle of the Leishmania spp. parasite (Prasanna et al., 2021)
2.2 Epidemiology

Leishmaniasis is a widespread disease that affects the poorest communities around the world
that lack nutrition, resources, proper housing and have weakened immune systems (WHO,
2021a). It currently affects 90 countries worldwide (CDC, 2020b), including South America (Brazil,
Colombia, Peru), Indian subcontinent (Bangladesh, India, Nepal), Central Asia (China), Middle
East (Afghanistan, Iraq, Iran, Syria), Eastern Africa (Ethiopia, Eritrea, Kenya, Somalia, South
Sudan, Sudan) and the Mediterranean basin (Algeria, Tunisia, Libya) (Figure 2.2) (Rijal et al.,
2019; WHO, 2021a) . It is estimated that between 700 000 to 1 million new infections occur
worldwide on a yearly basis and this disease is the third main cause of zoonotic infections
(Pisarski, 2019; WHO, 2021a).
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Figure 2.2: Global spread of Leishmania spp. (Akhoundi et al., 2017)

Migration and urbanization pose an increased risk for the spread of the disease to endemic and
non-endemic areas (Stamm, 2016; WHO, 2002). The development of drug resistance to currently
available treatments also contributes to the proliferation of the parasite (Ponte-Sucre et al., 2017).
Furthermore, environmental changes play an important part in the life cycle and distribution of the
disease. For example, temperature significantly affects the incubation time of the parasite (Bates,
2018), with warmer environments leading to a faster development and colder climates leading to
a slower development (Torres-Guerrero et al., 2017). Moreover, changes in the climate causes
areas that were previously not affected to become endemic (Tidman et al., 2021). Famine
resulting in malnutrition and poor hygienic conditions caused by droughts and floods can also
exacerbate the spread of the disease (WHO, 2021a). All of these factors show that leishmaniasis

is still a very prevalent and neglected disease (Thakur et al., 2018).

There are currently twenty Leishmania spp. that cause clinical manifestations in humans
(Sasidharan & Saudagar, 2021). These species can be divided into two main groups, hamely Old
and New World Leishmania (Figure 2.3) (Kevric et al., 2015; Vojtkova et al., 2020). Old World
species are found in Africa, the Mediterranean basin and Middle East, whereas New World
species are found throughout Central and South America and Mexico (Akhoundi et al., 2016).
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Figure 2.3: Division of leishmania spp. affecting humans (de Almeida et al., 2021)

There are five clinical forms of leishmaniasis, namely: cutaneous (CL; most common form), diffuse
cutaneous (DCL; rare form), mucocutaneous (MCL; least common form), visceral leishmaniasis,
also known as kala-azar (VL; deadliest form), and post-kala-azar dermal leishmaniasis (sequel
form of visceral leishmaniasis) (Akhoundi et al., 2017; WHO, 2021b). The following section

describes the symptoms and diagnoses of these clinical forms.
2.3 Diagnosis and clinical manifestations

Leishmania infection can be diagnosed based on its clinical symptoms and identified by using
laboratory tests such as parasitological, and serological testing. These tests can be used
individually or as a combination of diagnostic aids (WHO, 2021a). Parasitological diagnosis relies
on the identification of leishmaniasis by firstly conducting a microscopic examination of tissue for
the presence of parasites (Thakur et al., 2020). Thereafter, a polymerase chain reaction (PCR)

test can be performed to detect the presence of parasitic DNA in samples (Mugasa et al., 2010).
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Serological tests, on the other hand, use an enzyme-linked immunosorbent assay (ELISA),
indirect immunofluorescence assay, and/or direct agglutination assay to obtain quantitative
antibody results, which shows a higher antibody count in infected people. Alternatively,
immunochromatographic test (ICT) and Western blot (WB) assays can be used to provide more
detailed information on antibody responses to the various Leishmania antigens (Ehab Kotb et al.,
2014; Lévéque et al., 2020).

The characteristics of leishmaniasis are unique to the clinical form in which it manifests and this
can, accordingly, be used to identify the type of leishmaniasis (Figure 2.4) and, to a degree, the
Leishmania species involved (CDC, 2020c). As mentioned, the clinical forms of leishmaniasis

consists of VL, post-kala-azar dermal leishmaniasis, CL, MCL and DCL (Inceboz, 2019).
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Visceral

leishmaniasis

Post-kala-azar

dermal leishmaniasis

Cutaneous

leishmaniasis

Diffuse cutaneous

leishmaniasis

Mucocutaneous

leishmaniasis

Signs and symptoms

Irregular fever,
anaemia, leukopenia,
hepatomegaly,
splenomegaly, bone
marrow suppression
(WHO, 2021b)

Sequel of visceral
leishmaniasis,
Nodular,
maculopapular, and
macular rashes (WHO,
2021a; Zijlstra, 2019)

Ulcerated or crusted
nodules and plaques
on the skin (de Vries et
al., 2015)

Non-ulcerating nodular
lesions (Christensen et
al., 2019)

Partial or complete
destruction of the soft
and hard tissues of the
palate, nose and

pharynx (Braga, 2019)

Distribution

90% of new cases
occur in Brazil, East
Africa, Iraq, Nepal and
India (WHO, 2021a)

Occurs in 5 — 10% of
visceral patients in
East Africa and Indian
subcontinent (WHO,
2021a)

95% of new cases
occur in the Americas,
Central Asia,
Mediterranean basin
and Middle East
(WHO, 2021a)

A very rare form of
leishmaniasis (Mariz et
al., 2019)

90% of new cases
reported occur in
Bolivia, Brazil, Ethiopia
and Peru (WHO,
2021a)

Causative species

L. donovani and L.
infantum (Ready,
2014)

L. donovani and L.
infantum
(Mukhopadhyay et al.,
2014)

L. major and L. tropica
(de Vries et al., 2015)

L. aethiopica, L.
amazonensis, L. major
and L. mexicana
(Develoux et al., 1996)

L. braziliensis, L.
panamensis, L.
amazonensis and L.
guyanensis (Kato et
al., 2019)

Figure 2.4: Clinical forms of Leishmaniasis
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2.4 Disease control

The control of Leishmania infections consists of four main components, namely vector control,
personal prevention, reservoir host control and disease treatment (WHO, 2021a). Vector control
is done by spraying and using insecticides and insect repellents to either kill the vector or prevent

a bite from the sandfly on a large scale.

This is, however, a time consuming and costly method of disease control (Reithinger et al., 2007).
Personal prevention methods entail the use of bed nets, wearing thick long-sleeved clothes and
trousers and the use of insect repellent and insecticide spray (CDC, 2020d). Reservoir host
control can be done using pesticide-impregnated collars or the culling of animal reservoir hosts

to reduce the spread of the parasite (Boelaert et al., 2018).

Vector control measures, together with prophylaxis and reservoir host control, are mainly used on
the preventative side of disease control. Disease treatment with a variety of antileishmanial drugs
forms part of the management side of disease control and remains the best way to control the
disease in endemic and nonendemic areas (Alvar et al., 2006).

2.5 Current treatments

2.5.1 Physical therapy

Physical therapy refers to localised non-pharmacological treatments for leishmaniasis and
consists of carbon dioxide (CO) laser, thermo-, cryo- and electrotherapy (Roatt et al., 2020). CO;
laser treatments and thermotherapy both utilise thermolysis to treat leishmaniasis. Leishmania is
temperature-sensitive, and temperatures above 39°C have been shown to negatively affect the
parasite’s ability to multiply (Wolf Nassif et al., 2017). CO, laser treatment uses a carbon dioxide
laser to incapacitate Leishmania parasites (Chakravarty & Sundar, 2019), whereas
thermotherapy uses radio-frequency waves to increase the temperature of the infected area
(Goncalves & Costa, 2018). Both these forms of thermolysis actions are used to treat Old and
New World CL and have been shown to be highly effective with minimal side effects and reduced
treatment time (Chakravarty & Sundar, 2019).

Conversely, cryotherapy utilises liquid nitrogen (-195°C) to kill parasites through the formation of

intracellular ice crystals, causing the disruption of the infected cells’ functions and leading to

localised ischemic necrosis. However, there are secondary effects associated with this treatment
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including oedema, erythema and hyper- or hypopigmentation (Roatt et al., 2020). This modality
is mainly used to treat Old World CL (Parvizi et al., 2017). Alternatively, the use of electrotherapy
to treat L. major CL has shown to be very effective with a 92.5% improvement after treatment.
Electrotherapy uses localised direct electrical stimulation with an intensity between five and fifteen
milliamperes and voltage below forty volts to kill the parasite (Hejazi et al., 2004; Masmoudi et al.,
2013).

2.5.2 Chemotherapy

Despite the options of physical therapy, treatment of leishmaniasis still predominantly relies on
chemotherapy. The current therapeutics for leishmaniasis consists of pentavalent antimonials,
amphotericin B, azoles, paromomycin, pentamidine and miltefosine, which can be used as a
single or combination therapy (Sundar et al., 2019). These drugs are limited in their use due to
them being toxic, expensive and requiring intravenous administrations. Another problem
associated with the use of these drugs, is the development of parasitic resistance against them;
hence, the extreme importance for the discovery of new antileishmanial drugs (Balafia-Fouce et
al., 2019).

2.5.2.1 Pentavalent antimonials

Pentavalent antimonials are a first-line antileishmanial monotherapy drug treatment used to treat
VL, CL and MCL. The drugs that fall into the pentavalent antimonials class are sodium
stibogluconate and meglumine antimoniate (Figure 2.5). The emergence of drug resistance has
resulted in these drugs being used in combinational therapy and being demoted to second-line
treatment (Frézard et al., 2009; Uliana et al., 2018). Pentavalent antimonials are seen as prodrugs
that have to be metabolised within the human and parasite via thiol-dependent reductase (Frézard
et al., 2009) into trivalent antimonials, which are considered the more effective forms (Carter et
al., 2006). Although both forms of antimonials have antileishmanial effects, their mechanism of
action is not well understood (Mushtaq et al., 2017). One of the proposed mechanisms is the
destruction of parasitic DNA through degradation, which suggests that apoptosis, adenosine

diphosphate phosphorylation and oxidation of fatty acid play a role (Kumar et al., 2018).
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It is recommended that pentavalent antimonials form part of a combination therapy with

amphotericin B (section 2.6.2.2) due to resistance development, as well as the severe adverse

effects associated with them (Figure 2.11) (Husein-EIAhmed et al., 2020; Kevric et al., 2015).

These factors, together with the parenteral administration route, limit the use of pentavalent
antimonials as treatment (Uliana et al., 2018).

Antileishmanial drugs

(1) Pentavalent

antimonials

(2) Amphotericin B

(3) Azoles

Adverse effects

Anorexia, arthralgia,
cardiotoxicity, hepatotoxicity,
headache, myalgia, nausea,
nephrotoxicity, pancreatitis,

renal failure and vomiting (Kip
et al., 2018)

Chills, hypokalaemia, high
fever, myocarditis,
nephrotoxicity, rigor and
thrombocytopenia (Kip et al.,
2018)

Anaemia, anaphylaxis,
diarrhoea, fever, headache,
hepatitis, hypokalaemia
hypotension, nausea, oedema,
pruritus, seizure,
thrombocytopenia and vomiting
(El-Garhy, 2015)
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Antileishmanial drugs (continued)

(4) Paromomycin (5) Pentamidine (6) Miltefosine

Adverse effects

Hepatotoxicity, injection-site Diabetes mellitus, Diarrhoea, nephrotoxicity,
pain, nephrotoxicity, ototoxicity hypoglycaemia, hypotension, hepatotoxicity, teratogenicity and
and renal dysfunction (Kip et myocarditis, renal toxicity, vomiting (Kip et al., 2018)
al., 2018) shock and tachycardia (Kip et
al., 2018)

Figure 2.6: Adverse effects caused by antileishmanial compounds

2.5.2.2 Amphotericin B

Amphotericin B (Figure 2.7) is considered to be an effective antileishmanial drug and is used as
a first-line treatment for VL and can be administered alone or in combination with pentavalent
antimonials (Chavez-Fumagalli et al., 2015; Lanza et al., 2019). Amphotericin B works by binding
to the ergosterol in the cell membrane of the parasite, causing pores to form and ions to leak out
of the cell, which then leads to metabolic shock and the death of the parasite (Shirzadi, 2019;
Stone et al., 2016). However, the use of this drug is limited due to its toxicity (Figure 2.11), hence,
the development of a lipid form that is less toxic (Rivnay et al., 2019). Amphotericin B and its
derivatives are administered by parenteral route, and together with their toxic effects, remain as

areas for improvement (Hnik et al., 2020).
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2.5.2.3 Azoles

Azoles are a class of five-membered heterocyclic compounds containing a nitrogen atom and at
least one other non-carbon atom. Form this class of compounds, fluconazole, ketoconazole and
itraconazole (Figure 2.8) have shown moderate antileishmanial effects and have been used as
first-line treatment for CL, MCL and DCL (Aburabie et al., 2020; Galvéao et al., 2017). Azoles act
by inhibiting the biosynthesis of ergosterol through the inhibition of the lanosterol 14-a-
demethylase enzyme, leading to the formation of abnormalities in the cells of the parasite and
causing death (Braga, 2019). With the oral fluconazole, ketoconazole and itraconazole
formulation, the administration of the drug is very easy compared to the parenteral administered
antileishmanial drugs (Eiras et al., 2015). However, there are various adverse effects associated

with the use of azoles (Figure 2.6), which limits their therapeutic use (Benitez & Carver, 2019).
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2.5.2.4 Paromomycin

Paromomycin (Figure 2.9) is part of the aminoglycoside antibiotic class, is used as second-line
treatment to treat VL (parenteral formulation) and CL (topically/parenteral formulation) (Matos et
al., 2020). The mechanism of paromomycin remains under debate with a possibility being its
binding to chain-elongating ribosomes to cause mistranslation of protein, resulting in protein
synthesis blockade (Brugués et al., 2015). Paromomycin is a low-cost treatment and with little
parasitic resistance, making it an excellent candidate for combination therapy with various other
antileishmanial drugs (Reguera et al., 2019). However, this drug has unwanted effects (Figure
2.6) which limits its clinical use (Lindoso et al., 2012).
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2.5.2.5 Pentamidine

A pentamidine (Figure 2.10) is an aromatic diamidine that shows sufficient antiparasitic activity
and is used as first-line treatment for VL and CL (Barioni et al., 2015; Gadelha et al., 2018). This
drug works by causing mitochondrial membrane fragmentation through DNA synthesis
interference, which leads to the parasite’s death (Machado et al., 2019). Pentamidine is a low-
cost antileishmanial treatment which is mainly administered intravenously but can also be given
intramuscularly (Kip et al., 2018; Piccica et al., 2021). However, the use of pentamidine is limited
due to the toxic effects of the drug (Figure 2.6) as well as the impractical routes of administration
(WHO, 2010).

NH NH

H2N)K©\ /©)LNH2
O/\/\/\O

(8)
Figure 2.10: Structure of pentamidine (8)

2.5.2.6 Miltefosine

Miltefosine (Figure 2.11), also known as hexadecylphosphocholine, is a first-line antileishmanial
drug that is used to treat both VL and CL (Barioni et al., 2015; CDC, 2020c). It acts by inhibiting
protein kinase B (also known as Akt protein) which results in interruption of the intracellular
signalling pathway necessary for cell survival (Dorlo et al.,, 2012). The major advantages of

miltefosine are that it is an orally administered drug and has mild adverse effects (Figure 2.6)
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(Vakil et al., 2015). Besides, this drug has a high percentage of efficacy (>90%) in treating both
VL and CL (Iranpour et al., 2019). There are, however, adverse effects associated with miltefosine
therapy, with the most dangerous being teratogenicity (Sundar et al., 2012). Together with other
disadvantages such as high cost of treatment and a long half-life of seven days, the use of the
drug is also limited (Dorlo Thomas et al., 2008; Sunyoto et al., 2018).
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Figure 2.11: Structure of Miltefosine (9)
2.6 Drug resistance

The emergence of drug resistance in Leishmania parasites is a cause for concern, due to the
limited number of antileishmanial drugs approved for treatments and the slow drug development
pace that prevents timely and sufficient solutions against the emergence of drug resistance
(Balafia-Fouce et al., 2019). The formation of drug resistance has been linked to the upregulation
of two classes of the ATP-dependent binding cassette (ABC) transporter (Pérez-Victoria et al.,
2001; Van den Kerkhof et al., 2020). The mutation is exacerbated by the overuse of the existing
drugs, as well as poor patient compliance (Deep et al., 2017; Sundar & Agarwal, 2016). Currently,
pentavalent antimonials and pentamidine have been reported to show prevalent resistance,
whereas amphotericin B, azoles, paromomycin and miltefosine have no significant resistance to
date (Capela et al.,, 2019). However, potential development of resistance similar to that of
pentavalent antimonials is feared for miltefosine and amphotericin B (Chakravarty & Sundar,
2010; Torres-Guerrero et al., 2017). Thus, there is an urgent need for the development of new,
effective and affordable antileishmanial drugs (Zulfigar et al., 2017).

2.7 Combination therapy

Recent reports have indicated antileishmanial treatments by monotherapy as is the case with
pentavalent antimonials, to experience failures due to the development of parasitic drug
resistance (Capela et al., 2019; Torres-Guerrero et al., 2017). This has led to the emergence of
combination therapy (Sundar et al., 2014). Combination therapy is used to delay or prevent the

development of drug resistance, as well as lessen the toxic effects of the drugs used. This is
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achieved by using drugs with different pharmacological effects that have a synergistic relationship
to enhance the individual drugs effects, shorten the treatment time and prevent the survival of any
Leishmania parasites that are partially resistant to one of the drugs used (Sundar et al., 2019).

The available combination therapies for VL consist of amphotericin B with miltefosine,
paromomycin with miltefosine, and pentavalent antimonials with paromomycin (Hendrickx et al.,
2017; van Griensven et al., 2010). These treatments have shown a decrease in toxicity, dosage
regimen and cost, while showing high efficacy in treating leishmaniasis in East Africa, Yemen and
the Indian subcontinent (Uliana et al., 2018). Currently, there is limited data on combination
treatment for CL, although clinical trials have shown the combination of pentavalent antimonial
with pentoxifylline as potential treatment for CL and severe MCL with success (Machado et al.,
2007; Sadeghian & Nilforoushzadeh, 2006). Thus, it is clear that the current combination

therapies are an important component in the fight against the spread of leishmaniasis.

However, combination therapies do not eliminate the toxicity of the chosen drugs, thus adverse
effects associated with toxicity may still appear. Alongside the toxicity, combination therapy does
not address the issue of the impractical intravenous route of drug administration which is invasive
and painful (Hnik et al., 2020; WHO, 2010). Additionally, the emergence of multidrug-resistant
strains of Leishmania further hinder the use of current combination therapies (Messaritakis et al.,
2013). Thus, the need for a new clinical antileishmanial drug is present (Zulfigar et al., 2017).

2.8 Novel antileishmanial drug development

The development of novel antileishmanial drugs for clinical use is a tedious and time-consuming
endeavour that does not guarantee success. The development of drug-resistant Leishmania
parasites against current therapies motivates the need for new clinically viable antileishmanial
agents (Hendrickx et al., 2019). A variety of antileishmanial scaffolds have been tested in the
search for novel drugs, including 5-nitrofuran (Trefzger et al., 2020), chroman (Ortiz et al., 2020),
thiazolidinone (Schadich et al., 2020), and quinazolinone (Prinsloo et al., 2021). The 5-nitrofuran
scaffold, in particular, has shown promise in the development of new antileishmanial drugs and
warrants further experimentation and modification, hence its derivatives are the focus of the

subsequent sections.
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2.8.1 The 5-nitrofuran scaffold

The 5-nitrofurans (NF, Figure 2.12) are a class of redox-active anti-infective drugs that are used
for the treatment of various infectious diseases (Pires et al., 2001). The defining structural
component is a furan ring linked to a nitro group. Research has indicated that nitro-containing
drugs such as the 5-nitrofurans have a broad spectrum of activity against a variety of diseases
caused by microbial infections such as bacterial (Gram-positive and -negative) (Kamal et al.,
2015), mycobacterial (tuberculosis) (Elsaman et al., 2019) parasitic (leishmaniasis, malaria and
trypanosomiasis) (Zuma et al., 2019), and cancer (Bailly, 2019). These drugs are very active
owing to the nitro group that produces free radical species, ROS and RNS which react with
pathogen cell wall enzymes and become lethal to these microorganisms (Zuma et al., 2019). This
makes the nitro moiety a suitable primary building block in the discovery and development of new
drugs for the targeting of infectious pathogens (Kannigadu & N'Da, 2020).
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Figure 2.12: Basic structure of 5-nitrofuran (10), and early 5-nitrofuran derivative (11-14)

The emergence of parasitic resistance to the currently available antileishmanial drugs (Figure 2.6)

has made the need for new drugs imperative (Zulfigar et al., 2017).

31



An increasingly common strategy for the development of new drugs is by fast-tracking (Jain &
Sharma, 2017). This strategy entails the use of existing drugs or drugs’ scaffold, refining and re-
purposing them to form analogues with new applications. The advantage of this process is that
the development time is shortened due to the existing drug having passed several checkpoints
including pharmacokinetic and safety profiles (Kannigadu et al., 2021). 5-Nitrofuran is such an
existing scaffold that has led to the development of new clinical nitrofurans (cNFs) (Figure
2.13)(Le et al., 2019; Ponte-Sucre et al., 2017).

0O H
Sf/: O,N_ O ~ N
(e 2 N~
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Nifurtimox (15) Nifuroxazide (16)

Figure 2.13: New clinical 5-Nitrofuran drugs (15-16)

Research on the anti-infective activities of the cNFs are also well documented (Hu et al., 2007;
Kannigadu & N'Da, 2020). cNFs have two important pharmacophores. The first is the redox active
nitro group (blue in Figure 2.14) whilst the second is the hydrazone linker (red in Figure 2.14). As
discussed above, the nitro group promotes activity through ROS and RNS (Zuma et al., 2019)
whilst the hydrazone pharmacophore improves the stability of the nitrofuran ring through
zwitterionic properties (Trukhacheva et al., 2005)

In order for the nitro group to form the reactive species discussed, the compound must undergo
at least one of two activation mechanisms, hydrazone azoreduction and nitroreduction (Le &
Rakonjac, 2021; Ryan et al., 2011).
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Figure 2.14: 5-Nitrofuran drugs currently in clinical use (17-21)

Hydrazone azoreduction is caused by a group of NADH/NADPH-dependent flavoenzymes that
are present in many gut flora, including human gut flora (Ryan et al., 2011). The flavoenzymes
responsible for azoreduction in the human gut are known as NADH/NADPH quinone
oxidoreductases (Cui et al., 1995). The process of azoreduction (Scheme 2.1) (Zuma et al., 2019)
is preceded by the tautomerisation of the hydrazone pharmacophore to an azo tautomer, followed
by the two-electron reduction mechanism facilitated by NADH/NADPH as primary electron
donors. This is achieved through the cleavage of the hydrazone bond, resulting in an
active semicarbazide metabolite (A) due to hydrazone cleavage or a urea by-product through
mathanamine cleavage (B) (Holland, 2017; Ryan, 2017). A secondary effect resulting from
azoreduction is the reduction of the nitro moiety that results in the formation of toxic

hydroxylamine, thus activating 5-nitrofuran compounds (Ryan et al., 2011).
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Scheme 2.1: Hydrazone azoreduction-induced activation of nitrofurans (adapted from Zuma et
al. (2019))

Nitroreduction on the other hand, can occur in two forms (I and Il) catalysed by two types of
reductase enzymes i.e., type | (oxygen insensitive) and type Il (oxygen sensitive) reductases (Bot
et al., 2013). Type | reductase (Scheme 2.2) (Chen et al., 2007) consists of flavin mononucleotide
(FMN) enzymes that are NADH/NADPH-dependent and mainly found in prokaryotes and
protozoan parasites. They induce a two-electron reduction of the nitro-group, forming a reactive
and toxic hydroxylamine (Peterson et al., 1979; Wilkinson et al., 2008). Type Il (Scheme 2.3)
(Wang et al., 2008) contains NADH/HADPH-dependent FMN of flavin adenine dinucleotide (FAD)
enzymes and reacts in oxygen-rich environments, which result in a one-electron reduction of the
nitro-group through redox cycling to form ROS (Mason & Holtzman, 1975; Ryan, 2017). Both type
| and Il reduction reactions are mediated by a variety of enzymes including ferredoxin-NADP*
reductase, NADPH-cytochrome P450 reductase and NADH-ubiquinone reductase (Roldan et al.,
2008).
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Scheme 2.3: Type Il nitroreductase activation of 5-nitrofurans (adapted from Wang et al.
(2008))

2.8.2 Nifuroxazide

Nifuroxazide (NFX, Figure 2.15), is a cNF, a 5-nitrofuran derivative that is currently used as an

oral antibiotic for the treatment of diarrhoea and colitis (Luo et al., 2019). This drug shows notable

activity against both gram-positive and negative bacteria without affecting the normal intestinal

flora (Luo et al., 2019; Zuma et al., 2019). NFX can either be bacteriocidal (high dosage) or

bacteriostatic (low dosage), depending on the dose (Trukhacheva et al., 2005). Studies have also
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shown that NFX has antiparasitic effects against numerous invasive species, including
Leishmania, as well as possible anticancer effects (Kaiser et al., 2015; Zhao et al., 2020).
Although the exact mechanism of action of NFX remains unclear, the accepted theory is through
the occurrence of ROS and RNS as previously discussed in section 2.8.1 (Bailly, 2019) and the
generation of oxidative stress. However, the bioactivation of the compound occurs via aldehyde
dehydrogenase (ALDH) (Karlowicz-Bodalska et al., 2019).

)

(22)
Figure 2.15: Structure of nifuroxazide (22)

The absorption of NFX in the intestinal tract is limited with a bioavailability of 50% that results in
NFX acting primarily in the intestinal lumen (Kalia & Raines, 2008; Santiago et al., 1985). The
limited absorption and bioavailability are due to NFX being metabolised in the intestinal track (B.
Fernandes et al., 2015; Labaune et al., 1986). The use of NFX may also result in toxic effects
associated with the formation of the ROS and RNS, and include protein carbonylation, DNA
breakage, enzyme inactivation and inflammatory reactions (Liu et al., 2017; Patel et al., 2018).
These shortcomings may be overcome through structural modification and pharmacophore
hybridisation that may improve the activity, bioavailability and toxicity of the compound (Agarwal
et al.,, 2017; Zhang et al., 2019). Taking the anti-infective effects and shortcomings of NFX into
consideration, the viability of the compound to act as a parent drug for the development of a new

antiparasitic drug is promising (Petri e Silva et al., 2016).

2.8.3 Pharmacophore hybridisation

The addition of another pharmacophore to an existing drug or scaffold is an important strategy in
the development of new effective drugs (Claudio et al., 2007). This addition of a second or third
pharmacophore can increase the efficacy, stability, bioavailability and decrease the toxicity and
adverse effects of a compound (Nepali et al., 2014), and the effect of the hybridisation depends
on the characteristics of the pharmacophore added (Zhang et al., 2019). The chemical addition

of sulfonyl and benzylated moieties have shown to enhance biological activity, chemical and
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enzymatic stabilities of an existing structure/compound thus warranting further hybridisation
studies (Shakhatreh et al., 2016; Zhao et al., 2019).

2.8.4 Sulfonyl derivatives

Sulfonyl derivatives form an important part of drug development due to the various
pharmacological properties that they possess, including anti-Alzheimer (Mutahir et al., 2016),
antibacterial (Kumar Verma et al., 2020), anticancer (Rakesh et al., 2018), antidiabetic (Sharma
& Soman, 2015), antifungal (Lal et al.,, 2013), anti-inflammatory (Ahmad et al., 2021),
antileishmanial (Dar et al., 2015), antimalaria (Nicoleti et al., 2016), antioxidant (Badgujar et al.,
2018), antitubercular (Quintana et al., 2017) and antiviral (Dash et al., 2020). The functional
groups that form part of the sulfonyl derivatives are mainly sulfonyl chlorides, sulfonic
esters, sulfonamides and sulfones (Figure 2.16) (Hofman et al., 2018). The addition of a sulfonyl

group to a drug-scaffold forms an electron withdrawing compound with increased stability

against hydrolysis and resistance to the reduction of its sulphur (Zhao et al., 2019).

Q 2 R Q Q
R-5-R R-5-N_~ R-$-Cl R-$-O-R
0 0
(23) (24) (25) (26)

R, R', R" = alkyl, heterocycle etc.

Figure 2.16: Sulfonyl functional groups: sulfones (23), sulfonamides (24), sulfonyl chlorides (25)

and sulfonate ester (26)

2.8.5 Benzyl derivatives

The addition of a benzyl moiety (Blue in Figure 2.17) to compounds have been used to enhance
biological activity and chemical stability (Gaunt et al., 1998). Benzyl substituted drugs have shown
to have antibacterial and antifungal properties as well as enhanced other biological activities, and
this effect has attributed to tissue damage through enzyme activation associated with the benzyl
moiety (Chang et al., 2001; Shakhatreh et al., 2016). Through the addition of a benzyl moiety to
NFX, the formation of hydrazone will enhance due to the electrophilic carbonyl group that may

enhance the activation resulting in increased biological activity of NFX (Fernandes et al., 2018).
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Figure 2.17: Benzyl moiety (27)
2.9 Rationale for current study

In the current, study 2 series of NFX-based analogues were synthesised containing an additional
sulfonyl or benzyl moiety, respectively. The new analogues contained three pharmacophores i.e.,
5-nitrofuran, hydrazone and either sulfonyl or benzyl pharmacophore. As discussed, (section
2.8.1), cNFs are redox-active drugs with various biological and pharmacological properties and
contains a secondary hydrazone pharmacophore for additional stability and redox activity. The
addition of the third sulfonyl or benzyl pharmacophore is based on previous studies that indicated
that O-benzyl alkylation of NFX resulted in enhanced activity (Kannigadu et al., 2021). Thus, by
mono-substituting NFX with a O-benzyl or -sulfonyl substituent it may provide an antileishmanial
drug with less toxicity, adverse effects and higher activity.
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Highlights
Novel O-substituted nifuroxazide derivatives were synthesised
Their antileishmanial activity was evaluated in vitro against L. promastigotes
Overall good activity found against Leishmania donovani and L. major promastigotes
Derivatives showed moderate-to-no cytotoxicity towards Vero cells

Derivative 2d was the most active, with 1Cso values ranging between 0.08 — 0.24 uM
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L. donovani 1S ICg: 4.53 uM; Sl = 22
L. donovani 9515 IC5q: 4.48 uM; SI = 22
L. major IR173 ICgq: 38.48 uM; Sl = 3
Cytotoxicity, Vero ICsp: > 100 uM
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Abstract

Leishmaniasis is a parasitic disease affecting millions of people worldwide and it is endemic to 98
countries. It is considered a neglected tropical disease and can be fatal if left untreated. Between
650 000 and 1.1 million new infections are annually reported worldwide by the WHO. The current
treatments for leishmaniasis are unsatisfactory due to the development of parasitic resistance
and toxicity, and this highlights the need for the development of new antileishmanial drugs. In the
process of searching for new treatments, a series of twenty nifuroxazide analogues were
synthesised in moderate to excellent yields (25-81%) and investigated for its antileishmanial
potential. It was found that analogue 2d, which contains a 4 -(tert-butyl) benzyl moiety was the
most potent of the series, possessing nanomolar activities up to 427-fold higher than the parent
drug nifuroxazide against all three tested Leishmania strains. This analogue is considered an anti-
promastigote hit compound and future investigation will focus on the anti-amastigote activity
determination required to assess its potential to act as new antileishmanial agent.

Keywords: Leishmania, nitrofuran, nifuroxazide, sulfonyl, benzyl
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1. Introduction

Leishmaniasis is an infection caused by protozoan parasites belonging to the genus Leishmania
(L.) and is transmitted by the bite of an infected female Phlebotomus sandfly> 2. There are
approximately twenty species of Leishmania that can affect humans, with L. donovani and L.
major being the most prevalent of the species®. In addition to this, leishmaniasis has three main
clinical forms of manifestation; visceral leishmaniasis (VL), cutaneous leishmaniasis (CL), and
mucocutaneous leishmaniasis (MCL), with CL being the most common form and VL being the

most dangerous form?.

This disease is still one of the world's most neglected tropical diseases (NTD) due to limited
financing for its management. Leishmaniasis is found in 98 countries worldwide, mostly affecting
developing countries in the tropical and sub-tropical regions of Africa, Asia, the Americas and the
Mediterranean basin®. In 2021, the WHO estimated that 50 000 to 90 000 new cases of VL and
600 000 to 1 million new cases of CL occur worldwide annually, however, only 25% to 45% cases
were reported to WHO?.

To date, there is no effective vaccine available for the prevention of leishmaniasis®, and the
currently available treatments rely solely on chemotherapy. The pentavalent antimonials (sodium
stibogluconate and meglumine antimoniate) are first line drugs that have been used clinically for

decades, and are the drugs of choice for treating all forms of leishmaniasis’.

The development of antimonial resistance poses a major concern for the effective treatment of
leishmaniasis’. In severe cases where the patient is unresponsive to the antimonials, second line
drugs such as amphotericin B, paromomycin, pentamidine and miltefosine can be used either
individually or in combination to treat leishmaniasis® °. However, all of these drugs are toxic,
require long term treatment and, with the exception of miltefosine, have poor bioavailability thus

requiring intravenous (IV) and intramuscular (IM) administration routes?.

Furthermore, the currently available therapies have become inadequate for the treatment of
leishmaniasis due to their overuse, resulting in the development of pathogenic resistance that is
aggravating the public health risk!'. Thus, urgent attention is required for the development of new
agents due to the lack of alternative chemotherapeutic approach for the treatment of
leishmaniasis. Over recent years, a great number of synthetic compounds have been evaluated
for their antileishmanial potential'?4,
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In particular, the use of nitroaromatic scaffolds such as the 5-nitrofuran, 5-nitrothiophene, 5-
nitroimidazoles and the clinical nitrofurans drugs (cNFs) (Figure 1) in the development of
treatments for infectious diseases has been well established over the years’” '°. These drugs
(cNFs) and scaffolds have also shown potential as anticancer agents'® 7.

The diverse biological activities of nitrofurans (NFs) result from the mechanisms of action of their
two pharmacophores. The first pharmacophore is the nitrofuran (red, in Figure 1) and the second
is the hydrazone moiety (blue, in Figure 1). The nitro group on the nitrofuran is able to form
reactive oxygen species (ROS) and reactive nitrogen species (RNS) once activated by parasitic
nitroreductase enzymes, hence causing oxidative stress which ultimately results in pathogen cell
death'®. The hydrazone moiety improves the stability of the compound, and has intrinsic biological
activities®®, such as antibacterial®®, antiparasitic?!, antifungal??, antiviral?® and anti-inflammatory
activities?*. The hydrazone moiety is activated by hydrazone azoreductase enzymes, resulting in
the formation of either an active semicarbazide metabolite or an urea by-product!’. The resulting
multi-active nature of the cNFs contributes to the reduced development of pathogenic resistance,

thus making them good candidates for drug repurposing for the treatment of infectious diseases.

2 O .- S\, N . \%O 2N

5-Nitrofuran 5-Nitrothiophene 5-Nitroimidazole Nitrofuranzone
Furazolidone

/\(O \(\S//O OH
N H
o) X, N 0 o)
(e} (0]
Nitrofurantoin Nifurtimox Nifuroxazide

Figure 1: Nitroaromatic scaffolds and current cNFs

Nifuroxazide (NFX) is used as oral antibiotic for the treatment of various gastric infections®. NFX
shows notable antibacterial activity without affecting the normal intestinal flora” 2°, It is dose
dependent and can either be bacteriocidal at high dosages or bacteriostatic at low dosage?®®. NFX

also contains antiparasitic effects, which include antileishmanial effects?” 28, NFX’'s mechanism of
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action is unclear, but the widely accepted theory is the formation of ROS and RNS that generate

oxidative stress resulting in cell death?8,

However, NFX shows limited gastrointestinal absorption as result of limited intestinal
metabolism?® % hence it primarily acts in the intestinal lumen3! %2, The use of NFX may cause
toxic effects including DNA breakage, inflammatory reactions, and enzyme inactivation® ** due
to the formation of ROS and RNS. By making use of structural modification and hybridisation,
these shortcomings may be overcome, and the efficacy of the drug may be improved®: 3¢, Taking
the shortcomings and wide-spread anti-infective of NFX into consideration, the possibility of NFX

to act as a building block for the development of a new antiparasitic drugs is promising®’.

Furthermore, the addition of a benzyloxy or sulfonyl group to existing drugs/scaffolds have been
shown to increase the efficacy, stability, bioavailability and decrease the toxicity and adverse
effects of the drugs®® . Studies have indicated benzyloxy drugs have antibacterial and antifungal
properties and that the benzyloxy group can enhance the biological activity of compounds by
preventing tissue damage through enzyme activation*® 41, Benzyloxy groups are also electrophilic
groups that enhances the formation of the hydrazone when in contact with a strong nucleophilic
group like hydrazine®. Alternatively, the addition of a sulfonyl group to a drug-scaffold promotes
chemical stability forming an electron withdrawing compound with increased stability

against hydrolysis and resistance to the reduction of its sulphur®.

Based on this evidence, O-benzylated and O-sulfonated analogues of nitrofuran antibiotic
nifuroxazide (NFX) were synthesized and their antileishmanial activities were examined in vitro.

We herein report the synthesis and the biological activities of these analogues.
2. Results and discussion

2.1 Chemistry

Previously, O- and N- alkylated analogues of NFX were investigated for their antileishmanial
activity**. The study, determined that O-benzylated derivatives performed better than O, N-di-
benzylated analogues as they were found to possess nanomolar activity up to 10-fold higher than
the parent compound NFX against L. donovani and L. major promastigotes, thus making them
potential early hits for further investigation into the search of drugs for the treatment of VL. It
was also noticed that the NH group is essential for activity as all di-substituted NFX compounds

lost activity**.
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Based on these previous findings, O-benzyl and -sulfonyl analogues of nifuroxazide (NFX) (1a-
1k; 2a-2h) were synthesized in a one-step process as depicted in Schemes 1 and 2, respectively,
starting from commercially available NFX. NFX was deprotonated in situ by reacting it in a basic
medium provided by either triethylamine or potassium carbonate, followed by the Sn2 nucleophilic
substitution with various substituted benzyl bromides or sulfonyl chlorides to afford the benzyl or
sulfonyl NFX analogues la-1l and 2a-2h in moderate to good yields (25 - 81%) after

recrystallization with ethyl acetate: n-hexane (1:4, v/v).

It is noteworthy to indicate that compounds 2a and 2e had previously been reported*, but were
not assessed for antileishmanial activity against host intracellular amastigotes hence their

inclusion in this study.
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Scheme 1: One-step synthesis of O-sulfonyl NFX analogues (1a-1l)
Reagents and conditions: i) Sulfonyl chloride (1 equiv), TEA (2 equiv), DMF (10 ml), 80-90 °C, 12
h.
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Scheme 2: One-step synthesis of O-benzyl NFX analogues (2a-2h)
Reagents and conditions: i) Benzyl bromide (1 equiv), K.CO3 (0.5 equiv), DMF (10 mL), 12 h, rt.

The structures of all the synthesized compounds were confirmed using routine molecular analysis
techniques, such as NMR (*H and **C), HRMS and IR. A successful SN, reaction was confirmed
by the disappearance of the OH peak of the starting material nifuroxazide at ca ¢5.35 ppm and
the appearance of aromatic peaks in the region 6-8 ppm. A characteristic singlet was observed in
the *H NMR spectrum around ca 6 12.08 ppm for all analogues in series 1a-1l and 2a-2h and this

indicated the presence of the acidic proton H-1 of the hydrazone moiety.

All analogues also possessed a singlet ca ¢ 8.39 ppm and this signal was assigned to the
hydrazone bond of the vinylic proton H-3. The aromatic protons H-6 and H-7 of the furan ring
gave a pair of doublets (d) with a J value of 3.9 Hz at 6 7.68 and ¢ 6.87 ppm, respectively. The
deshielding of H-6 was due to the electronic effect of the nitro group that withdraws electron
density away from H-6, while the unsaturated hydrazone bond pushes electron density towards
H-7.

NFX phenyl ring showed two aromatic resonances that appeared as two pairs of coupled doublets
at 7.83 and 67.13 ppm (J = 8.9 Hz) respectively. These signals were attributed to the aromatic
protons H-3' and H-4'. The H and *C NMR of the O-benzyl and -sulfonyl substituents varied

depending on the type of group attached. However, in both series, where aromatic substituents
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were attached, it was usual to observe two pairs of coupled doublets in the §7.16 — 6.89 ppm

region J value found in the 8-9 Hz range.

The 2e and 2g derivative presented with an aromatic resonance consisting of a doublet of
doublets (dd) in & 7.53-7.24 ppm the region with Ju = 8.6 and 3Jur = 5.6 Hz assigned to
resonance of proton 8' with the latter doublet as a result of the coupling with the adjacent fluorine

atom. In summary, all the protons of each analogue were accounted for.

In the 3C NMR, the carbonyl carbon (C-1') was observed at §161.37 whereas the four aromatic
carbons of the furan ring appeared as singlets at 6152.03 (C-4), 151.91 (C-5), 115.12 (C-7),
114.66 (C-6). The vinylic carbon (C-3) was seen as a singlet at 6136.53. The phenyl ring aromatic
carbons of NFX appeared at §161.07 (C-5"), 127.96 (C-3'), 124.96 (C-2",114.68 (C-4") whilst the
O-benzylated or O-sulfonated phenyl ring carbons appeared as singlets at 6 136.53 (C-7'),128.46
(C-9"), 127.76 (C-8'), 124.96 (C-10").

For the derivatives 2e and 2g, the carbon C-10' resonated as a doublet at 6161.82 ppm resulting
from the coupling with adjacent fluorine with *Jc.r = 244.0 Hz. The carbon C-9 expressed a weaker
coupling with the fluorine (2 bonds away) showing a doublet at §115.29 ppm with 2Jc.r = 21.4 Hz
and C-8' demonstrated an even weaker coupling the fluorine (3 bonds further) evidenced by the
doublet at § 130.08 ppm with 3Jc.r =8.3 Hz. A quartet was observed at 6 123.12 ppm with
ers = 273.2 Hz for compound 1j and this was attributed to the trifluoro coupling occurring at C-
10. A doublet was also seen for C-9' at 5 134.47 ppm with 2Jces = 32.6 Hz and a quartet for C-8'
at §127.14 ppm with 3Jcrs = 3.9 Hz. IR analysis further confirmed the success of the Sy2 reaction
(1a-l; 2a-h) by the disappearance of the broad OH peak 3200-3600 cm™ and the appearance of
characteristic absorption of S=0 (1410-1380 cm™ and 1204-1177 cm™) and C-O (1225-1200 cm-
1and 1075-1020 cm™).

2.2 Predicted physicochemical and pharmacokinetic properties

Oral administration is the preferred form of drug delivery by virtue of it being the least invasive
route’®. In order to achieve effective drug delivery via oral administration, a compound’s
physicochemical properties must adhere to Lipinski’s rule of five*®. Hence, the physicochemical
properties of all synthesised analogues were predicted using SwissADME web tool. All data was

summarized in Table 1 and used to determine the drug-likeness of the synthesised compounds.
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Table 1: ADME and physicochemical data of synthesized NFX derivatives and reference NF
drugs as predicted by SwissADME web tool, http://www.swissadme.ch.

RA c S Leadlike-
Compd Gy Pt b Esore aie HBD HBAILRIECS oo " iness
NFX 275.22 0.90 5 -2.95 -4.27 2 6 0 High Yes Yes
la 353.31 1.08 7 -3.17 -4.82 1 8 0 Low No Yes
1b 367.33 132 8 -341 521 1 8 0 Low No Yes
1c 379.34 1.74 8 -3.59 -5.40 1 8 0 Low No Yes
1d 421.40 2.53 8 -4.56 -6.98 1 8 0 Low No Yes
le 429.40 2.49 8 -4.83 -6.75 1 8 0 Low No Yes
1f 457.46  3.18 10 -545 -7.76 1 8 0 Low No Yes
19 457.46  3.15 8 -543 -751 1 8 0 Low No Yes
1h 47148 3.51 9 -5.80 -8.10 1 8 0 Low No Yes
1i 465.44  3.27 8 -5.65 -7.67 1 8 0 Low No Yes
1j 483.37  3.47 9 -5.38  -7.29 1 11 1 Low No Yes
1k 460.37 1.81 9 -459 -7.15 1 10 1 Low No Yes
1l 450.81 2.33 8 -4.66 -6.52 1 9 0 Low No Yes
2a 365.34 283 8 -452 -5.93 1 6 0 High No Yes
2b 379.37 2.90 8 -4.82 -6.31 1 6 0 High No Yes
2c 407.42 3.62 9 -5.37 -7.09 1 6 0 High No Yes
2d 421.45 3.88 9 -5.79 -7.66 1 6 0 High No Yes
2e 383.33 3.02 8 -4.68 -6.04 1 7 0 High No Yes
2f 44424  3.36 8 -5.43 -6.65 1 6 0 High No Yes
29 462.23  3.67 8 -5.54 -6.68 1 7 0 High No Yes
2h 410.34 2.13 9 -4.53 -6.65 1 8 0 Low No Yes
FzD 225.16 0.32 3 -1.24  -1.62 0 6 0 High No Yes
NFzZ 198.14 -0.59 4 -1.21 -2.45 2 5 0 High No Yes
NFT 238.16 -0.50 3 -1.04 -1.60 1 6 0 High No Yes

2 Calculated log P (consensus log Pow). ® Number of rotatable bonds. ¢ Predicted aqueous solubility, where log S is the logarithm of
the amount of compound (in moles) that can dissolve in a litre of water. ¢ ESOL = estimated aqueous solubility, derived from using a
topological method*’. € Derived from using a topological method“® with log S scale: insoluble < -10 < poorly soluble < -6 < moderately
soluble < -4 < soluble < -2 very soluble < 0 highly soluble. "Number of hydrogen bond donors. 9 Number of hydrogen bond acceptors.
h Calculated from Teague et al. (1999) , 250 < MW < 350; XLOGP < 3.5; Number of rotatable bonds < 7 — good oral bioavailability.
Determined by using Lipinski’s rule of five: MW < 500 g/mol; LogP < 5; HBD < 5; HBA < 10; no more than one violation allowed“®. All
values in this table were calculated using SwissADME web tool, http://www.swissadme.ch®. Abbreviations: NFX: nifuroxazide; FZD:
furazolidone; NFZ: nitrofurazone; NFT: nitrofurantoin.

All synthesised analogues except compounds 1j and 1k complied with Lipinski's rules and
showed predicted physicochemical properties well within the target ranges as set out by Lipinski
et al.*®. Compounds 1j and 1k violated one of Lipinski’'s rules. All benzyl analogues, with the

exception of 2h, showed a high GI absorption while all sulfonyl analogues showed low GI
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absorption. All synthesised analogues were predicted to be drug-like in nature, but none was
predicted to be a lead compound.

2.3 Pharmacology

The synthesised NFX analogues were assessed for their in vitro antileishmanial properties
against the promastigote form of three strains of Leishmania, namely L. donovani strains 1S and
9515 and L. major strain IR-173. These strains and species of Leishmania were chosen to
determine the specificity of the synthesised analogues against L. major, which causes CL and, L.
donovani which causes the deadly and debilitating VL5 %2, Amphotericin B (AMB) was used as
reference antileishmanial drug while cNFs, NFX, furazolidone, nitrofurazone and nitrofurantoin
were tested as reference drugs for comparison against the synthesised analogues. Cytotoxicity
profiles of the compounds were established using Vero cells with emetine (EM) as a positive

control. All of the results are reported in Table 2.

The cytotoxicity data indicated that the majority of the sulfonyl analogues (1d-1k) were non-toxic
to Vero cells (ICso> 100 uM), while 1a, 1b and 1c showing moderate toxicity to mammalian cells
(10 uM < ICs0 < 50 pM). In contrast, all of the benzyl analogues (2a-2h), (except 2a and 2d which
showed moderate toxicity), were weak to non-toxic to Vero cells (50 yM < ICso > 100 uM). All of the
synthesised analogues, with the exception of 2h, were active against the promastigotes of all
three strains of Leishmania, with ICso values comparable or better than the parent NFX and
reference cNFs. The most active analogues of the series, 1f, 1h, 1j, 2c and 2d, demonstrated
improved anti-promastigote activity of up to 56-fold against L. donovani and 427-fold against L.

major in comparison to NFX.
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Table 2: Biological results of synthesised NFX analogues and reference nitrofuran antibiotics

Cytotoxicity

L. donovani strain

1S

L. donovani strain

9515

L. major strain

IR-173

Compound Vero® ICsp
(M) ICoo (UM)® Sl ICoo (UM)®  SI? ICo (UM)® Sl
NFX >100 453+019 22 448+010 22 3848+272 3
1a 31.86 + 3.81 5.55+0.17 215+008 15 9.74+0.36
1b 26.99 + 6.12 3.28+0.02 1514018 18 5.56 + 0.20
1c 23.92+0.36 2.98+0.01 1884002 13 5.21+0.16
1d >100 433+046 23 023+001 435 457+003 22
le >100 7.06+0.05 14 0.38+0.09 263 0.83+0.04 120
1f >100 030005 333 064004 156 0.82+007 122
1g >100 049+001 204 1384019 72 021+006 476
1h >100 080+012 125 060+001 167 032+002 313
1 >100 262+005 38 1864013 54 280+006 36
4 >100 0.84+015 119 060+0.09 145 0.26+0.05 385
1k >100 098+012 102 113+011 88 051+002 196
1 84.10 + 4.53 502+054 17 >10 >10
2a 46.97 +3.93 320+038 15 192+006 24 287+001 16
2b 92.03 + 8.55 096+002 96 127+013 72 0.72+002 128
2¢ 62.37 +1.29 012001 520 025+001 249 014001 446
2d 33.85+2.28 0.08+0.00 423 024+001 141 0.09+0.00 376
2e 96.32 +5.21 1634013 59 0.90+003 107 062005 155
of 80.97 + 6.08 028+000 289 105+003 77 035+003 231
2g >100 041+002 244 1.98+0.09 51 028+004 357
2h 78.74+9.94 N.D. N.D. N.D. N.D. 3714006 21
AMB 57.77 + 3.22 0.02+0.00 2889 0.02+0.003 2889 0.03+0.006 1926
FZD >100 032+000 313 028+004 357 034+003 294
NFZ >100 654+093 15 1854014 54 1854006 54
NFT >100 3395+182 3 2755+0.00 4 86.04+235 1
EM 0.08 +0.01 N.D. N.D. N.D. N.D. N.D. N.D.

2Represented as the mean + SD from the triplicate biological experiments.
b African green monkey kidney epithelial cells.

¢ Selectivity index: Sl; = ICsq Vero/ICs L. donovani 1S.
4 Selectivity index: Sl, = ICs, Vero/ICs, L. donovani 9515.
€ Selectivity index: Sl = ICso Vero/ICsy L. major IR-173.
Abbreviations: AMB: Amphotericin B; NFX: nifuroxazide; FZD: furazolidone; NFZ: nitrofurazone; NFT: nitrofurantoin; EM: emetine;

N.D.: not determined.

The majority of the sulfonyl analogues showed high selectivity (SI>10) towards all three strains of

Leishmania tested with the exception of 1a, 1b and 1c, which indicates that their anti-promastigote

activity was intrinsic. Half of the sulfonyls showed nanomolar activity against at least two strains

with the best performing analogues, 1f, 1h and 1j showing nanomolar antileishmanial activity

against all three strains. Based on the criteria set out in Katsuno et al (2015), with a hit compound

being considered a compound with antipromastigote ICso of below 10 uM and Sl above 10 or a

compound with antipromastigote 1Cso of below 1 pM and Sl between 10 and 100. Compared to a
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lead compound that is considered a compound with antipromastigote ICso below 1 pM and SI
above 100%. All of the sulfonyl analogues were identified as hit compounds against the strains
tested. The analogues 1d, 1le, 1f, 1g, 1h, 1j, 1k and 1l all show promise as possible lead
compounds with 1Cso values below 1 uM and SI values above 100%,

With the exception of 2h, SI>10 was shown by all of the benzyl analogues towards all three strains
of Leishmania tested, which was indicative of the intrinsic anti-promastigote activity of these
compounds. The benzyl analogues were more potent against all three strains, and this may be
attributed to the benzyl group’s electrophilic nature that causes the formation of hydrazone
resulting in the activation of the nitro-group and formation of more ROS and RNS*> %4, Many of
the benzyl analogues showed nanomolar activity against the Leishmania strains tested with the

best performers being 2c and 2d.

Based on the criteria set out in Katsuno et al (2015) as seen above, all of the benzyl analogues
with the exception of 2h were hit compounds against all three strains tested. Six analogues
namely 2b, 2c, 2d, 2e, 2f and 2g shows characteristics of possible lead compounds. Both series
showed similar cell viability effects, with only three sulfonyl (1a, 1b and 1c¢) and two benzyl (2a
and 2d) analogues showing moderate toxicity to Vero cells.

When considering the electronic effect, the substituents (R) were be divided into three categories
namely electron withdrawing groups (EWGS), neutral group (H), and electron donating groups
(EDGS).

In the sulfonyl series, the R were: methyl (Me), ethyl (Et), cyclopropyl (cPr), thiophene (Th), 4-
methyl phenyl (4-Me Phe), 4-npropyl phenyl (4-nPr Phe), 4-tert-butyl Phenyl (4-tBu Phe), 2,4,6-
trimethyl phenyl (TMP), naphtyl (Naph), 4-trifluoromethyl phenyl (4-CFsz Phe) and nitro (NO3).

The increasing order of EWGs was CF3:< NO, and Me<Et<cPr< Th <4-Me Phe <4-nPr Phe<4-tBu
Phe<TMP<Naph for EDGs. The weaker EWG bearing analogue 1j was the most active against
all three parasite strains as compared to 1k carrying the stronger EWG. Among EDG bearing
analogues, the SAR profiles were disparate. However, of notice, analogues 1a, 1b and 1c which
bore the least EDGs in the increasing strength order Me, Et and cPr were distinctively the least

active compounds in the same order regardless of the strain considered.

The benzyl series presented with R on the benzylic phenyl ring, 4-Me, 4-isopropyl (4-iPr), 4-tBu,
4-F, 4-Br, 2-F 4-Br and 4-NO.. The increasing EDG strength order was, Me<i-Pr<t-Bu and
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Br<F<2-F 4-Br< NO, for EWGs. The neutral analogue 2a bearing unsubstituted benzyl moiety
and the stronger EWG bearing derivative 2g were distinctively the least active compounds in this
sub-series. Moreover, an increase in activity was observed also with an increase in EDG strength
irrespective of the strain considered. A similar pattern was noticed among the remainder of EWG
analogues against L. major parasites. However, an increase in EWG strength caused a decrease
in activity against L. donovani 9515 while no discernible SAR pattern could be observed against
L. donovani 1S among EWG bearing analogues. Hence, a correlation could be found between

structure and activity against 1S and L. major parasites.

Furthermore, bioisosteres are substituents or groups with comparable/similar chemical or physical
properties that produce similar biological features®®. Chief benefits of bioisosterism include the
rational modification of a lead compound into a safer and more clinically effective agent through
attenuation of toxicity, modification of activity, and/or alteration of pharmacokinetics®®. The ability
of bioisosteres to elicit similar biological activities has been attributed to common physicochemical
properties, such as electronegativity, steric size, and lipophilicity®®. The substitution of hydrogen
by fluorine is one of the most commonly employed monovalent isosteric replacements. Hydrogen
and fluorine atoms have similar steric parameters with their van der Waal's radii being 1.2 and
1.35 A, respectively®”. Analogue 2a and its bioisostere 2e had comparable lipophilicity with Log
Pow values of 2.83 and 3.02, respectively. However, the bioisoteric substitution of H with F
resulted in an enhancement of biological activity as analogue 2e was found to be 2- to 5-fold more
active, and safer (Sl 59-155) than 2a across all parasites. Hence, bioisoterism was beneficial in

this research.
3. Conclusion

A series of nineteen novel NFX analogues were synthesised by an SN, reaction with moderate to
good yields starting from the parent. The majority of the synthesised analogues were found to be
weakly to non-toxic. The benzyl analogues showed more potent activity against the three
Leishmania strains. The electronic effect analysis indicated a direct correlation between anti-
promastigote activities and the strength of EWGs in the sulfonyl series. A direct correlation could
also be identified between anti-promastigote activities and the strength of EDGs in the benzyl
series. Furthermore, the tert-butyl analogues in both sulfonyl and benzyl sub-series were very
potent against all three tested strains. Eight sulfonyl (1d, 1e, 1f, 1g, 1h, 1j, 1k and 1l) and six

benzyl (2b, 2c, 2d, 2e, 2f and 2g) analogues showed promise as anti-promastigote lead
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compounds. However, the amastigote form of Leishmania is the clinically relevant form, invading
the host macrophages, multiplying and infecting cells, causing dissemination of the infection to
secondary sites. Thus, future work regarding the potential activity of these compounds against
the amastigote form of the parasite will be investigated to possibly identify new potential
antileishmanial hits/leads.

4. Experimental section

4.1 General procedures

All chemicals were purchased from Sigma-Aldrich (Johannesburg, South Africa) and solvents
from Associated Chemical Enterprises, ACE (South Africa). All chemicals and reagents were of
analytical grade and no further purification was needed. The H and **C nuclear magnetic
resonance (NMR) spectra was recorded on a Bruker Avance™ IIl 600 spectrometer at a frequency
of 600 and 151 MHz, respectively, in deuterated dimethyl sulfoxide (DMSO-dgs). The chemical
shifts were reported in parts per million (ppm) with the residual protons of the solvent used as
reference. The abbreviations of the splitting patterns were as follows: singlet (s), doublet (d),
doublet of doublet (dd), doublet of doublets of doublets (ddd), doublet of triplets (dt), triplet (t),
triplet of doublets (td), triplet of triplets (tt), quartet of doublets (gd), and multiplet (m). High
resolution mass spectrometry (HRMS) was recorded on a Bruker MicroTOF Q Il mass
spectrometer. It was equipped with an atmospheric pressure chemical ionisation (APCI) source
set at 200 °C or 180 °C and analysed using a Bruker Compass Data Analysis 4.0 software. A full
scan that ranged from 50 - 1500 m/z at a capillary voltage of 4500 V, an end plate offset voltage
of -500 V, with the nebuliser set at 1.6 and 0.4 Bar, respectively, and a collision cell RF voltage
of 100 V. Infrared (FTIR) spectra were recorded on a Bruker Alpha-P FTIR instrument. A BUCHI
melting point B-545 instrument was used to determine melting points (mp) and were uncorrected.
Thin layer chromatography (TLC) was performed on silica gel plates (®°Fzs4) that was acquired
from Merck (South Africa).

4.2 Syntheses

4.2.1 Synthesis of O-sulfonated nifuroxazide derivatives (1a-1l)

Nifuroxazide (NFX, 1.81 mmol, 0.5 g, 1 equiv) was dissolved in anhydrous dimethylformamide

(DMF) (10 mL). Triethylamine (TEA, 10.76 mmol 1.5 mL, 6 equiv) was added dropwise to the

reaction followed by substituted sulfonyl chloride (1 equiv). The reaction was then heated to
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between 80-90 °C for 12 h and monitored by thin layer chromatography (TLC). Upon completion,
DMF was removed in vacuo, the residue suspended in water (40 mL) and extracted with ethyl
acetate (3 x 40 mL). The organic phase was then dried over anhydrous magnesium sulphate,
filtered and concentrated in vacuo to result in a solid crude compound. The targeted compound
was then recrystallised with ethyl acetate:n-hexane (1:4, v/v) to afford the desired compounds.

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl methanesulfonate (1a)
Yellow powder; yield: 54%; mp: 184-187 °C (EtOAc); IR vmax (cm™): 3137 (N-H), 1677 (C=0), 1565
(C=N), 1479 (S=0); *H NMR (600 MHz, DMSO) §12.37 (s, 1H, H-1), 8.30 (s, 1H, H-3), 7.97 (d, J
= 8.3 Hz, 2H, H-3'), 7.68 (d, J = 3.8 Hz, 1H, H-6), 7.47 (d, J = 8.3 Hz, 2H, H-4'), 7.20 (d, J = 3.8
Hz, 1H, H-7), 3.37 (s, 3H, H-6"). 3C NMR (151 MHz, DMSO) §162.41 (C-1'), 151.96 (C-5'), 151.60
(C-4), 151.60 (C-5), 135.85 (C-3), 131.75 (C-2), 129.94 (C-3'), 122.43 (C-4"), 115.54 (C-7),
114.60 (C-6), 37.74 (C-6'). HRMS-APCI (pos) m/z 354.0378 [M + HJ* (calcd for CisH12NsO7S*,
354.0396).

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl ethanesulfonate (1b)
Yellow powder; yield: 30%; mp: 192-195 °C (EtOAC); IR vmax (cm'Y): 3346 (N-H), 1665 (C=0), 1564
(C=N), 1476 (S=0); *H NMR (600 MHz, DMSO) §12.30 (s, 1H, H-1), 8.40 (s, 1H, H-3), 8.02 (d, J
= 8.0 Hz, 2H, H-3), 7.80 (d, J = 3.7 Hz, 1H, H-6), 7.51 (d, J = 8.0 Hz, 2H, H-4"), 7.29 (*d, J = 3.7
Hz, 1H, H-7), 3.60 (d, J = 7.3 Hz, 2H, H-6'), 1.40 (s, 3H, H-7"). 3C NMR (151 MHz, DMSO) &
162.40 (C-1'), 151.96 (C-5'), 151.60 (C-5), 151.47 (C-4), 135.85 (C-3), 131.64 (C-2'), 129.94 (C-
3", 122.32 (C-4"), 115.55 (C-7), 114.61 (C-6), 45.01 (C-6'), 8.07 (C-7'). HRMS-APCI (pos) m/z
368.0529 [M + H]* (calcd for C14H14N3O7S*, 368.0552).

*Coalesced doublet

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl cyclopropanesulfonate
(1c)

Yellow powder; yield: 81%; mp: 174-177 °C (EtOAC); IR vmax(cm™): 3209 (N-H), 1655 (C=0), 1562
(C=N), 1476 (S=0); *H NMR (600 MHz, DMSO) & 12.31 (s, 1H, H-1), 8.40 (s, 1H, H-3), 8.03 (d,
J =8.3 Hz, 2H, H-3"), 7.80 (d, J = 3.8 Hz, 1H, H-6), 7.54 (d, J = 8.3 Hz, 2H, H-4"), 7.30 (*d, J = 3.8
Hz, 1H, H-7), 3.14 (tt, J = 7.9, 4.7 Hz, 1H, H-6"), 1.21 (qd, J = 5.6, 1.0 Hz, 2H, H-7'a/8'a), 1.05 (qd,
J=5.6, 1.0 Hz, 2H, H-7'b/8'b). *C NMR (151 MHz, DMSO) §162.43 (C-1'), 151.98 (C-5'), 151.61
(C-5), 135.87 (C-3), 131.73 (C-2), 129.88 (C-3'), 122.59 (C-4"), 115.55 (C-7), 114.62 (C-6), 27.65
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(C-6", 6.08 (C-7"), 6.08 (C-8"). HRMS-APCI (pos) m/z 380.0559 [M + H]* (calcd for C1sH14N307S*,
380.0552).
*Coalesced doublet

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl thiophene-2-sulfonate
(1d)

Yellow powder; yield: 52%; mp: 198-201 °C (EtOAc); IR vmax (cm™): 3095 (N-H), 1664 (C=0), 1560
(C=N), 1476 (S=0); 'H NMR (600 MHz, DMSO) & 12.29 (s, 1H, H-1), 8.37 (s, 1H, H-3), 8.14 (dd,
J=5.0, 1.3 Hz, 1H, H-7"), 7.95 (d, J = 8.0 Hz, 2H, H-3'), 7.85 (d, J = 3.8 Hz, 1H, H-6), 7.80 (dd, J
=5.0, 1.3 Hz, 1H, H-9), 7.27 (dd, J = 5.0, 3.9 Hz, 1H, H-8), 7.28 (d, J = 8.0 Hz, 2H, H-4), 7.26
(*d, J = 3.8 Hz, 1H, H-7).3C NMR (151 MHz, DMSO) § 162.27 (C-1'), 151.95 (C-5'), 151.55 (C-
5), 137.57 (C-4), 136.78 (C-3), 135.89 (C-2'), 129.90 (C-8"), 129.90 (C-9'), 128.62 (C-3'), 122.21
(C-7"), 11555 (C-7), 114.59 (C-6). HRMS-APCI (pos) m/z 422.0107 [M + HJ* (calcd for
C16H12N307S,*, 422.0117).

*Coalesced doublet

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl 4-methylbenzene
sulfonate (1e)

Yellow powder; yield: 25%; mp: 204-207 °C (EtOAC); IR vmax (cm™): 3147 (N-H), 1662 (C=0), 1567
(C=N), 1469 (S=0); *H NMR (600 MHz, DMSO) §12.26 (s, 1H, H-1), 8.37 (s, 1H, H-3), 7.91 (d, J
= 7.9 Hz, 2H, H-3"), 7.80 (d, J = 3.9 Hz, 1H, H-6), 7.78 (d, J = 8.2 Hz, 2H, H-7"), 7.49 (d, J = 8.2
Hz, 2H, H-8'), 7.29 (*d, J = 3.9 Hz, 1H, H-7), 7.22 (d, J = 7.9 Hz, 2H, H-4"), 2.43 (s, 3H, H-10").13C
NMR (151 MHz, DMSO) §162.26 (C-1'), 151.92 (C-5'), 151.54 (C-5), 146.05 (C-4), 135.81 (C-3),
131.82 (C-2'), 131.16 (C-9), 130.32 (C-8"), 129.83 (C-3'), 128.23 (C-7"), 122.24 (C-4'), 115.51 (C-
7), 114.57 (C-6), 21.17 (C-10"). HRMS-APCI (pos) m/z 430.0687 [M + H]* (calcd for C1oH16N307S*,
430.0687).

*Coalesced doublet

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl4-propylbenzene

sulfonate (1f)

Yellow powder; yield: 56%; mp: 172-175 °C (EtOAC); IR vmax(cm™): 3102 (N-H), 1666 (C=0), 1562

(C=N), 1478 (S=0); 'H NMR (600 MHz, DMSO) § 12.27 (s, 1H, H-1), 8.37 (s, 1H, H-3), 7.92 (d,

J=8.1Hz, 2H, H-3), 7.81 (d, J = 3.9 Hz, 1H, H-6), 7.79 (d, J = 8.4 Hz, 2H, H-7"), 7.50 (d, J = 8.4

Hz, 2H, H-8'), 7.28 (*d, J = 3.9 Hz, 1H, H-7), 7.22 (d, J = 8.1 Hz, 2H, H-4"), 2.69 (t, J = 7.5 Hz, 2H,
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H-10"), 1.61 (ddd, J = 22.0, 15.0, 7.5 Hz, 2H, H-11'), 0.88 (t, J = 7.5 Hz, 3H, H-12). *C NMR (151
MHz, DMSO) §162.29 (C-1'), 151.94 (C-5'), 151.56 (C-5), 150.36 (C-4), 135.84 (C-3), 131.81 (C-
3, 131.44 (C-9'), 129.83 (C-2'), 129.75 (C-8'), 128.28 (C-7'), 122.25 (C-4'), 115.53 (C-7), 114.58
(C-6), 36.93 (C-10'), 23.50 (C-11'), 13.43 (C-12'). HRMS-APCI (pos) m/z 458.1012 [M + H]* (calcd
for Ca1H20Ns07S*, 458.1022).

*Coalesced doublet

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl  2,4,6-trimethylbenzene
sulfonate (19)

Brown powder; yield: 40%; mp: 213-216 °C (EtOAC); IR vmax(cm™): 3232 (N-H), 1655 (C=0), 1558
(C=N), 1476 (S=0); *H NMR (600 MHz, DMSO) §12.26 (s, 1H, H-1), 8.36 (s, 1H, H-3), 7.91 (d, J
= 8.0 Hz, 2H, H-3"), 7.80 (d, J = 3.9 Hz, 1H, H-6), 7.29 (*d, J = 3.9 Hz, 1H, H-7), 7.19 (d, J = 8.0
Hz, 2H, H-4"), 7.17 (s, 2H, H-8"), 2.51 (s, 6H, H-11'/12"), 2.31 (s, 3H, H-10"). *C NMR (151 MHz,
DMSO) 6 162.28 (C-1"), 151.94 (C-5"), 151.57 (C-5), 144.51 (C-4), 139.77 (C-9"), 135.83 (C-3),
131.94 (C-8", 131.70 (C-3"), 129.85 (C-7'), 129.38 (C-2), 121.99 (C-4"), 115.52 (C-7), 114.58 (C-
6), 22.12 (C-11'/12", 20.59 (C-10'). HRMS-APCI (pos) m/z 458.0998 [M + H]* (calcd for
C21H20N307S*, 458.1022).

*Coalesced doublet

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl 4-(tert-butyl)benzene
sulfonate (1h)

Light yellow powder; yield: 42%; mp: 192-195 °C (EtOAC); IR vmax (cm™): 3216 (N-H), 1660 (C=0),
1561 (C=N), 1476 (S=0); 'H NMR (600 MHz, DMSO) §12.27 (s, 1H, H-1), 8.37 (s, 1H, H-3), 7.93
(d, J = 8.0 Hz, 2H, H-3'), 7.84 (d, J = 8.5 Hz, 2H, H-7"), 7.80 (d, J = 3.8 Hz, 1H, H-6), 7.72 (d, J =
8.5 Hz, 2H, H-8), 7.29 (*d, J = 3.8 Hz, 1H, H-7), 7.25 (d, J = 8.0 Hz, 2H, H-4"), 1.32 (s, 9H, H-
11'/12'/13").13C NMR (151 MHz, DMSO) §162.30 (C-1'), 158.51 (C-9'), 151.95 (C-5"), 151.57 (C-
5), 135.85 (C-3), 131.81 (C-2"), 131.44 (C-6"), 129.87 (C-3), 128.11 (C-8"), 126.78 (C-7"), 122.20
(C-4'), 115.54 (C-7), 114.58 (C-6), 35.17 (C-10"), 30.62 (C-11Y/12'/13"). HRMS-APCI (pos) m/z
472.1156 [M + HJ* (Calculated for C22H22N30,S*, 472.1178).

*Coalesced doublet
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl naphthalene-2-sulfonate
(1i)

Yellow powder; yield: 31%; mp: 223-226 °C (EtOAC); IR vmax(cm™): 3245 (N-H), 1662 (C=0), 1560
(C=N), 1477 (S=0); *H NMR (600 MHz, DMSO) § 12.22 (s, 1H, H-1), 8.62 (s, 1H, H-3), 8.33 (s,
1H, H-15"), 8.25 (t, J = 8.2 Hz, 2H, H-10/13"), 8.14 (d, J = 8.2 Hz, 1H, H-7"), 7.93 (dd, J = 8.2, 1.9
Hz, 1H, H-8), 7.88 (d, J = 8.2 Hz, 2H, H-3'), 7.82-7.77 (m, 3H, H-6/11/12"), 7.25 (d, J = 8.2 Hz,
2H, H-4'), 7.24 (d, J = 3.9 Hz, 1H, H-7). *C NMR (151 MHz, DMSO) §162.27 (C-1), 151.93 (C-
5", 151.54 (C-4'), 151.49 (C-5), 143.80 (C-6'), 135.82 (C-3), 135.15 (C-9'), 131.46 (C-14'), 130.37
(C-10", 130.16 (C-11", 130.13 (C-127), 129.89 (C-8'), 129.69 (C-3/13"), 128.17 (C-15'), 128.03
(C-2"), 122.43 (C-7"), 115.52 (C-4'), 115.14 (C-6), 114.57 (C-7). HRMS-APCI (pos) m/z 466.0698
[M + H]* (calcd for C22H16N3O7S*, 466.0709).

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl 4-(trifluoromethyl
)benzenesulfonate (1j)

Light yellow powder; yield: 39%; mp: 191-194 °C (EtOAc); IR vmax (cm™): 3258 (N-H), 1666 (C=0),
1565 (C=N), 1480 (S=0); 'H NMR (600 MHz, DMSO) §12.27 (s, 1H, H-1), 8.37 (s, 1H, H-3), 8.14
(d, J = 8.3 Hz, 2H, H-8"), 8.09 (d, J = 8.5 Hz, 2H, H-3'), 7.95 (d, J = 8.3 Hz, 2H, H-7), 7.79 (d, J =
3.9 Hz, 1H, H-6), 7.29 (d, J = 8.5 Hz, 2H, H-4'), 7.24 (d, J = 3.9 Hz, 1H, H-7). 1*C NMR (151 MHz,
DMSO) & 162.23 (C-1), 152.06 (C-5'), 151.96 (C-4), 151.54 (C-5), 138.02 (C-6"), 135.91 (C-3),
134.47 (d, J = 32.6 Hz, C-9'), 130.03 (C-7"), 129.38 (C-3'), 127.14 (g, J = 3.9 Hz, C-8"), 123.12 (q,
J = 273.2 Hz, CFs), 122.34 (C-2"), 115.59 (C-4"), 115.14 (C-6), 114.58 (C-7). HRMS-APCI (pos)
m/z 484.0421 [M + H] (calcd for C19H13F3N3O7S*, 484.0426).

(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl 4-nitrobenzenesulfonate
(1k)

Yellow powder; yield: 25%; mp: 159-162 °C (EtOAC); IR vmax(cm™): 3249 (N-H), 1672 (C=0), 1539
(NOy), 1472 (S=0); *H NMR (600 MHz, DMSO) §12.28 (s, 1H, H-1), 8.47 (d, J = 8.8 Hz, 2H, H-
8", 8.37 (s, 1H, H-3), 8.19 (d, J = 8.8 Hz, 2H, H-7"), 7.94 (d, J = 8.2 Hz, 2H, H-3), 7.79 (d, J = 3.9
Hz, 1H, H-6), 7.24 (d, J = 3.9 Hz, 1H, H-7), 6.88 (d, J = 8.2 Hz, 2H, H-4). *C NMR (151 MHz,
DMSO0) §162.21 (C-1'), 152.05 (C-5'), 151.53 (C-9"), 151.17 (C-5), 139.24 (C-6'), 135.94 (C-3),
130.08 (C-8'), 125.13 (C-7'), 123.18 (C-2'), 122.39 (C-3"), 115.14 (C-4"), 114.73 (C-6), 114.58 (C-
7). HRMS-APCI (pos) m/z 461.0393 [M + H]* (calcd for C1sH13N40eS*, 461.0403).
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(E)-4-{2-[(5-nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl pyridine-3-sulfonate (1I)
Brown powder; yield: 27.6%; mp: 198-201 °C (EtOAC); IR vmax (cm-1): 3066 (N-H), 1664 (C=0),
1569 (C=N), 1476 (S=0); *H NMR (600 MHz, DMSO) §12.28 (s, 1H, H-1), 9.03 (s, 1H, H-3), 9.00
(dd, J = 4.8, 1.4 Hz, 1H, H-7'), 8.37 (s, H-10"), 8.35 (dt, J = 8.0, 4.0, 1.4 Hz, 1H, H-9"), 7.94 (d, J
= 8.0 Hz, 2H, H-3'), 7.80 (d, J = 3.9 Hz, 1H, H-6), 7.74 (ddd, J = 8.2, 4.9, 0.6 Hz, 1H. H-8'), 7.31
(d, 3 = 8.0 Hz, 2H, H-4'), 7.29 (d, J = 3.9 Hz, 1H, H-7). 13C NMR (151 MHz, DMSO) §162.70 (C-
1), 152.53 (C-5'), 152.43 (C-9'), 152.29 (C-4), 152.02 (C-5), 151.63 (C-10"), 138.50 (C-6), 134.84
(C-3), 130.51 (C-10", 129.86 (C-3'), 127.64 (C-7"), 127.62 (C-2'), 122.81 (C-8"), 116.06 (C-4"),
115.62 (C-6), 115.05 (C-7). HRMS-APCI (pos) m/z 417.0488 [M + H]* (Calcd for C17H13N407S+,
417.0460).

4.2.2 Synthesis of O-benzylated nifuroxazide derivatives (2a-2h)

Nifuroxazide (NFX, 1.81 mmol, 0.5 g, 1 equiv) was dissolved in 10 mL of DMF. Thereafter,
anhydrous potassium carbonate (K.COs, 0.91 mmol, 0.19 g, 0.5 equiv) was added to the flask,
followed by the addition of substituted benzyl bromide (1 equiv). The reaction was left to stir at
room temperature for 12h and monitored by TLC. Upon completion, DMF was removed in vacuo
and water (10 mL) added to initiate precipitation. The precipitate was filtered and recrystallised
with ethyl acetate:hexane (1:4, v/v) to yield the desired product.

(E)-4-(benzyloxy)-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2a)*

Light yellow powder; yield: 58%; mp: 227-229 °C (EtOAC) ; IR vmax (cm™): 3281 (N-H), 1663 (C=0),
1556 (C=N), 1347 (C-O); 'H NMR (600 MHz, DMSO) §12.08 (s, 1H, H-1), 8.39 (s, 1H, H-3), 7.91
(d, J = 8.8 Hz, 2H, H-3"), 7.81 (d, J = 3.9 Hz, 1H, H-6), 7.47 (d, J = 7.5 Hz, 2H, H-8'), 7.41 (t, J =
7.5 Hz, 2H, H-9), 7.35 (t, J = 7.5 Hz, 1H, H-10, 7.16 (d, J = 8.8 Hz, 2H, H-4"), 6.88 (d, J = 3.9
Hz, 1H, H-7), 5.21 (s, 2H, H-6"). 3C NMR (151 MHz, DMSO) §161.37 (C-1'), 161.07 (C-5'), 152.03
(C-4), 151.91 (C-5), 136.53 (C-3/7'), 128.46 (C-9'), 127.96 (C-3'), 127.76 (C-8'), 124.96 (C-2'/10"),
115.12 (C-7), 114.66 (C-6), 114.68 (C-4'), 69.44 (C-6'). HRMS-APCI (pos) m/z 366.1092 [M + H]*
(calcd for C19H16N3Os*, 366.1090).

(E)-4-[(4-methylbenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2b)

Yellow powder; yield: 54%; mp: 226-229 °C (EtOAC); IR vmax(cm™): 3247 (N-H), 1666 (C=0), 1580
(C=N), 1347 (C-0O); *H NMR (600 MHz, DMSO) §12.06 (s, 1H, H-1), 8.39 (s, 1H, H-3), 7.90 (d, J
= 8.0 Hz, 2H, H-3"), 7.79 (d, J = 3.9 Hz, 1H, H-6), 7.35 (d, J = 8.0 Hz, 2H, H-4"), 7.25 (d, J = 7.8
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Hz, 2H, H-9"), 7.20 (d, J = 7.8 Hz, 2H, H-8"), 7.14 (d, J = 3.9 Hz, 1H, H-7), 5.15 (s, 2H, H-6"), 2.31
(s, 3H, H-11").*C NMR (151 MHz, DMSO) 6 161.43 (C-1'), 161.12 (C-5"), 152.06 (C-4), 151.95
(C-5), 137.26 (C-3), 133.49 (C-3'), 129.02 (C-9"), 127.88 (C-8'), 124.90 (C-10"), 115.14 (C-7),
114.99 (C-6), 114.70 (C-4"), 69.37 (C-6"), 20.76 (C-11"). HRMS-APCI (pos) m/z 380.1234 [M + H]*
(calcd for C20H1sN3OsS*, 380.1246).

(E)-4-[(4-isopropylbenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2c)
Yellow powder; yield: 50%; mp: 213-216 °C (EtOAc); IR vmax (cm™): 3243 (N-H), 1656 (C=0), 1556
(C=N), 1308 (C-O); *H NMR (600 MHz, DMSO) 6§ 12.04 (s, 1H, H-1), 8.39 (s, 1H, H-3), 7.91 (d,
J=8.8 Hz, 2H, H-3"), 7.79 (d, J = 3.9 Hz, 1H, H-6), 7.38 (d, J = 8.8 Hz, 2H, H-9"), 7.27 (d, J = 8.8
Hz, 2H, H-4"), 7.25 (d, J = 3.9 Hz, 1H, H-7), 7.15 (d, J = 8.8 Hz, 2H, H-8"), 5.16 (s, 2H, H-6"), 2.98
(ddd, J = 20.7, 13.9, 6.8, 1H, H-11"), 1.21 (s, 3H, H-12") 1.20 (s, 3H, H-13"). 3C NMR (151 MHz,
DMSO) 6 161.46 (C-1"), 161.17 (C-5"), 152.07 (C-4), 151.96 (C-5), 148.26 (C-10"), 133.90 (C-3),
127.98 (C-3"), 126.37 (C-8"), 124.90 (C-9", 115.15 (C-4"), 114.80 (C-7), 114.63 (C-6), 69.37 (C-
6", 33.18 (C-11"), 23.84 (C-12"), 23.84 (C-13"). HRMS-APCI (pos) m/z 408.1568 [M + H]* (calcd
for C22H22N30s*, 408.1559).

(E)-4-[(4-{tert-buty)benzyl]oxy}-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2d)
Yellow powder; yield: 54%; mp: 197-200 °C (EtOAc); IR vmax (cm™): 3280 (N-H), 1655 (C=0), 1558
(C=N), 1308 (C-0); *H NMR (600 MHz, DMSO) §12.02 (s, 1H, H-1), 8.38 (s, 1H, H-3), 7.91 (d, J
= 8.7 Hz, 2H, H-3), 7.79 (d, J = 3.8 Hz, 1H, H-6), 7.42 (d, J = 8.7 Hz, 2H, H-9'), 7.39 (d, J = 8.7
Hz, 2H, H-4'), 7.25 (d, J = 3.8 Hz, 1H, H-7), 7.15 (d, J = 8.7 Hz, 2H, H-8'), 5.16 (s, 2H, H-6'), 1.28
(s, 9H, H-127/13"14"). 13C NMR (151 MHz, DMSO) &§ 161.46 (C-1'), 161.20 (C-5'), 152.08 (C-4),
151.97 (C-5), 150.49 (C-10"), 133.53 (C-3), 132.87 (C-7'), 127.70 (C-3'), 125.21 (C-8'), 124.91 (C-
9", 123.10 (C-2'), 115.16 (C-4'), 114.70 (C-6), 114.63 (C-7), 69.27 (C-6'), 34.29 (C-11'), 31.10 (C-
12'/13'/14"). HRMS-APCI (pos) m/z 422.1716 [M + HJ* (calcd for C23H2aN30s", 422.1716).

(E)-4-[(4-fluorobenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2e)*

Yellow powder; yield: 38%; mp: 198-201 °C (EtOAC); IR vmax(cm™): 3209 (N-H), 1662 (C=0), 1557
(C=N), 1347 (C-0); *H NMR (600 MHz, DMSO) §12.02 (s, 1H, H-1), 8.38 (s, 1H, H-3), 7.92 (d, J
= 8.8 Hz, 2H, H-3"), 7.79 (d, J = 3.9 Hz, 1H, H-6), 7.53 (dd, Ju+ = 8.6, 3Jur = 5.6 Hz, 2H, H-8),
7.24 (*d, J = 8.6 Hz, 2H, H-9), 7.16 (d, J = 8.8 Hz, 2H, H-4"), 6.87 (d, J = 3.9 Hz, 1H, H-7), 5.19
(s, 2H, H-6). *C NMR (151 MHz, DMSO) & 161.82 (d, “Jcr = 244.0 Hz, C-10"), 161.27 (C-1),
161.04 (C-5'), 152.07 (C-4), 151.94 (C-5), 132.78 (C-3), 130.12 (C-7'), 130.08 (d, 3Jc.r = 8.3 Hz
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C-8'), 125.05 (C-2'), 115.29 (d, 2Jc.r= 21.4 Hz, C-9'), 115.23 (C-4'), 114.73 (C-6, C-7), 68.73 (C-
6"). HRMS-APCI (pos) m/z 384.0993 [M + H]* (calcd for C19H1sFN3Os*, 384.0996).
*Coalesced doublet

(E)-4-[(4-bromobenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2f)

Yellow powder; yield: 48%; mp: 215-218 °C (EtOAC); IR vmax(cm™): 3276 (N-H), 1657 (C=0), 1558
(C=N), 1316 (C-O); 'H NMR (600 MHz, DMSO) & 12.10 (s, 1H, H-1), 8.39 (s, 1H, H-3), 7.91 (d,
J=8.0 Hz, 2H, H-3), 7.79 (d, J = 3.7 Hz, 1H, H-6), 7.60 (d, J = 8.3 Hz, 2H, H-9"), 7.43 (d, J = 8.3
Hz, 2H, H-8"), 7.25 (d, J = 8.0 Hz, 1H, H-4"), 7.15 (d, J = 3.7 Hz, 1H, H-7), 5.20 (s, 2H, H-6'). 3C
NMR (151 MHz, DMSO) §161.18 (C-1'), 161.12 (C-9'), 152.06 (C-4), 151.93 (C-5), 136.05 (C-3),
134.89 (C-7"), 131.41 (C-9), 129.88 (C-8), 125.12 (C-3), 123.16 (C-10), 121.10 (C-2), 115.14
(C-7), 115.02 (C-6), 114.70 (C-4'), 68.63 (C-6'). HRMS-APCI (pos) m/z 444.0171 [M + H]* (calcd
for C19H1sBrNsOs*, 444.0195).

(E)-4-[(4-bromo-2-fluorobenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2g)
Yellow powder; yield: 61%; mp: 224-227 °C (EtOAC); IR vmax (cm™): 3278 (N-H), 1657 (C=0), 1579
(C=N), 1318 (C-0); *H NMR (600 MHz, DMSO) §12.07 (s, 1H, H-1), 8.39 (s, 1H, H-3), 7.93 (d, J
= 8.8 Hz, 2H, H-3"), 7.81 (d, J = 3.8 Hz, 1H, H-6), 7.63 (dd, Ju.n= 9.6 Hz, “J4r= 1.8 Hz, 1H, H-
11'), 7.55 (*d, J= 8.1 Hz, 1H, H-9"), 7.48 (dd, Jux = 8.2, 3Ju.r= 1.8 Hz, 1H, H-12'), 7.25 (d, J = 3.8
Hz, 1H, H-7), 7.18 (d, J = 8.8 Hz, 2H, H-4"), 5.22 (s, 2H, H-6'). 3C NMR (151 MHz, DMSO) &
162.71 (d, WJcr = 245.4 Hz, C-8'), 161.11 (C-1'), 161.01 (C-5'), 159.45 (C-4), 151.95 (C-5), 132.18
(d, 3Jcr= 4.7 Hz, C-12'), 129.91 (C-3), 127.70 (d, “Jcr = 3.5 Hz, C-11'),125.36 (C-3'), 123.06 (C-
10'), 118.93 (d, 2Jcr = 24.6 Hz, C-9'),119.01 (C-6), 118.85 (C-7), 114.61 (C-4'), 63.37 (C-6"). ).
HRMS-APCI (pos) m/z 462.0078 [M + HJ" (calcd for C19H14BrFNsOs*, 462.0101).

*Coalesced doublet

(E)-4-[(4-nitrobenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2h)

Yellow powder; yield: 49%; mp: 205-208 °C (EtOAC); IR vmax(cm™): 3280 (N-H), 1665 (C=0), 1559
(C=N), 1353 (C-0); 'H NMR (600 MHz, DMSO) §12.06 (s, 1H, H-1), 8.39 (s, 1H, H-3), 8.27 (d, J
= 8.7 Hz, 2H, H-9'), 7.93 (d, J = 8.7 Hz, 2H, H-3'), 7.79 (d, J = 3.9 Hz, 1H, H-6), 7.74 (d, J = 8.7
Hz, 2H, H-8'), 7.24 (d, J = 3.9 Hz, 1H, H-7), 6.88 (d, J = 8.7 Hz, 2H, H-4'), 5.39 (s, 2H, H-6"). 3C
NMR (151 MHz, DMSO) & 161.14 (C-1'), 160.95 (C-5'), 152.07 (C-4), 151.91 (C-5), 147.10 (C-
10'), 144.47 (C-7'), 129.87 (C-3), 128.33 (C-3'), 125.39 (C-2"), 123.65 (C-8'), 123.15 (C-9'), 115.15
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(C-4'), 114.82 (C-7), 114.73 (C-6), 68.23 (C-6'). HRMS-APCI (pos) m/z 411.0929 [M + H]* (calcd
for C19H15N4O7*, 4110941)

5. Biological screening

5.1 Cytotoxicity assay

The cytotoxicity of the synthesised NFX derivatives was evaluated using the resazurin assay. The
assay involves the irreversible enzymatic reduction of oxidised blue resazurin dye to pink, highly
fluorescent resorufin by viable cells®®. This non-toxic reagent serves as an effective tool for

assessing cell proliferation and drug toxicity.

Vero cells were cultured using Hyclone Dulbecco’s modified Eagle’s medium with high glucose
(Separations). The medium was supplemented with 10% fetal bovine serum (FBS) (Thermofisher
Scientific, South Africa) and 1% L-glutamine, penicillin-streptomycin and non-essential amino
acids (Lonza). The cells were maintained in a humidified atmosphere at 37 °C and 5% CO.. For
the resazurin assay, 96 well plates were prepared using 100 uL of a 60 000 cells/mL suspension
and incubated for 24 hours. After the incubation period, the cells were treated with 100 pL of
emetine dihydrochloride solution (Sigma Aldrich) diluted with growth medium to the necessary
concentrations (positive control), 80 uL of growth medium and 20 pL of solvent (negative control),
or 80 uL of growth medium and 20 yL of experimental compound solutions. Blanks contained

growth medium without cells. The treated plates were incubated for 48 hours.

The resazurin assay was initiated by adding 50 uL of sterile-filtered resazurin sodium salt (Sigma
Aldrich) solution (0.01% in phosphate-buffered saline (PBS) and incubating the plates for 2 hours.
The Thermofisher Scientific GO Multiscan plate reader was used to measure absorbance at 570
and 600 nm. Skanlt 4.0 Research Edition software was used to analyse data for each biological
replicate. Background absorbance (600 nm) was subtracted from absorbance values (570 nm),
the mean absorbance calculated, and the percentage cell viability was determined by the

following equation:
Cell viability % = (A Abs sample — A Abs blank) / (A Abs neg control — A Abs blank) X 100

The ICso and Z-score were determined for each compound’s biological replicate using GraphPad
Prism 5. For the final ICso of each compound, the mean ICs, of the biological replicates were

calculated with standard deviation (SD).
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5.2 Antileishmanial assay

The anti-promastigote activity of the synthesised NFX derivatives were evaluated using the
resazurin assay and three Leishmania strains. A modified method of Kulshrestha et al. (2013)
and Siqueira-Neto et al. (2010) was used.

The promastigote form of L. donovani (strains 1S (MHOM/SD/62/1S) and 9515
(MHOM/IN/95/9515)) and L. major (strain IR-173 (MHOM/IR/-173)) were cultured in M199 with
Hank’s salts and 0.68 mM L-glutamine (Sigma Aldrich) supplemented with 4.2 mM sodium
bicarbonate, 25 mM Hepes, 0.0005% hemin, 0.0001% biotin, 0.1 mM adenine (Sigma Aldrich),
10% FBS and 50 U/mL Penicillin/Streptomycin solution and the pH adjusted to 7.3 — 7.4. The
promastigotes were maintained at 26 °C. For the resazurin assay, logarithmic phase
promastigotes (1.25 x 10° cells/mL, final volume 100 uL/well) were seeded in 96 well plates (Nunc,
Thermofisher Scientific) in the presence of either 10 uM of compound for activity screening or
seven two-fold dilution concentrations of compounds for ICsy determination, with a starting
concentration of 10 uM. Amphothericin B (10 uM) was chosen as the standard drug and growth
medium without parasites served as the blank. The plates were incubated for 48 hours at 26 °C

in humidified atmosphere.

After incubation, 50 pL of resazurin solution (0.01% in PBS) was added to each well and the
plates were further incubated at 26 °C in the dark for 24 hours. The Thermofisher Scientific GO
Multiscan plate reader was used to measure absorbance at 570 nm and 600 nm. Data analysis
was performed for each biological replicate using Skanlt 4.0 Research Edition software.
Background absorbance of resazurin (600 nm) was subtracted from the absorbance values of

resorufin (570 nm).

For the single-point activity screening, the following equation was used to determine growth

inhibition percentage:

Growth inhibition % = 100 — [(A Abs sample — A Abs blank) / (A Abs neg control — A Abs blank)
X 100]

Compounds that showed growth inhibition of >70% qualify for further ICso evaluation®. To

calculate the ICso, cell viability was determined using the following equation:

Cell viability % = (A Abs sample — A Abs blank) / (A Abs neg control — A Abs blank) X 100
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The ICso and Z-score were determined for each compound’s three biological replicates using the
cell viability % values and GraphPad Prism 5. The mean ICsp, with standard deviation, of the
biological replicates served as the final ICso of each compound.
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CHAPTER 4

Summary and Conclusion

Leishmaniasis is a parasitic disease caused by infection with Leishmania parasites and is spread
through the bite of infected Phlebotomus sandflies (Hailu et al., 2016; WHO, 2021a). This
neglected tropical disease (NTD) is endemic to tropical and sub-tropical regions of more than 90
countries (CDC, 2020; Sangenito et al., 2019) and can manifest in five clinical forms consisting
of: the most common cutaneous leishmaniasis (CL), the least common mucocutaneous
leishmaniasis (MCL), the rare diffuse cutaneous leishmaniasis (DCL), the deadly visceral
leishmaniasis (VL) (kala-azar) and post-kala-azar dermal leishmaniasis (PKDL) (Ehab Kotb et al.,
2014). The WHO estimates that approximately 700 000 to 1 million new cases of leishmaniasis
occurs worldwide on an annual basis and it was also found that this disease accounts for the third
highest zoonotic infections worldwide (Pisarski, 2019; WHO, 2021a).

Leishmania has two developmental forms, promastigote found in the vector (the female sandfly)
and amastigote located in the human host. The latter is responsible for the clinical symptoms of
the infection hence is the most relevant in the discovery of new antileishmanial drugs.

Leishmaniasis can be treated with a limited amount of chemotherapy drugs namely, pentavalent
antimonials, amphotericin B, paromomycin, pentamidine and miltefosine (Roatt et al., 2020;
Sundar et al., 2019). However, there are several limitations regarding the use of these drugs such
as toxicity, high cost, and invasive parenteral administration with the exception of miltefosine that
is delivered orally. Furthermore, the overuse of these drugs has led to the emergence of parasite
resistance (Freitas-Junior et al., 2012). Hence, there is an need for the development of new,

affordable and effective antileishmanial agents (Zulfigar et al., 2017).

The use of clinical nitrofurans (cNFs) such as nifuroxazide (NFX), nitrofurantoin (NFT) and
furazolidone (FZD), to treat numerous infectious diseases has been well established over the
years (Pires et al.,, 2001; Zuma et al., 2019). These nitrofurans have shown activity against
bacterial, mycobacterial and parasitic infections (Elsaman et al., 2019; Kamal et al., 2015; Zuma
et al., 2019). Their activities have been attributed to the generation of free radical species (reactive
oxygen species ROS and reactive nitrogen species RNS) that are produced by the nitro group,
which reacts with the pathogen cell wall enzymes and become lethal to these microorganisms

(Pal & Bandyopadhyay, 2011). However, this group is also a source of toxicity (Gallardo-Garrido
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et al., 2020). In addition to the reactive nitro group, molecules of cNFs also contain a hydrazone
moiety with nitro activating effects (Trukhacheva et al., 2005).

NFX is currently used as an antibiotic for the treatment of diarrhoea and colitis (Luo et al., 2019).
This drug shows noteworthy activity against both gram-positive and negative bacteria without
affecting the normal intestinal flora (Luo et al., 2019; Zuma et al., 2019). Studies have shown that
NFX has antiparasitic effects against a variety of invasive species, including Leishmania, (Kaiser
et al., 2015; Zhao et al., 2020) and its biological action occurs through the generation of ROS and

RNS (Bailly, 2019) which induces oxidative stress a and ultimately causes parasite death.

However, the intestinal absorption of NFX is limited with a bioavailability of 50% (Kalia & Raines,
2008; Santiago et al., 1985). The limited absorption is due to the metabolism of NFX in the
intestinal track (B. Fernandes et al., 2015; Labaune et al., 1986). Other shortcomings of NFX
include toxic effects such as protein carbonylation, DNA breakage, enzyme inactivation and
inflammatory reactions (Liu et al., 2017; Patel et al., 2018). Through structural modification and
pharmacophore hybridisation, these shortcomings may be reduced upon (Agarwal et al., 2017,
Zhang et al., 2019). Taking the anti-infective effects and shortcomings of NFX into consideration,
the viability of the compound to act as a parent drug for the development of a new antiparasitic
drug is promising (Petri e Silva et al., 2016).

Research indicates that the incorporation of sulfonyl or benzyl groups into the molecular
structures of compounds results in derivatives that have unique and strong interaction modes with
target proteins, and these groups are able to introduce chemical stability, diverse reactivity paths
and the possible enhancement of biological activities (Shakhatreh et al., 2016; Zhao et al., 2019).
Thus, the main objective of this study was to investigate the in vitro antileishmanial activity and

safety of synthesized NFX-based sulfonyl and benzylated analogues.

The analogues were synthesised in a single-step type-2 nucleophilic substitution reaction by
reacting NFX with various substituted benzyl bromides or sulfonyl chlorides in anhydrous
dimethylformamide (DMF) basified with the addition of Triethylamine (TEA) or anhydrous
potassium carbonate (K»CO3). They were isolated in moderate to good yields (25-81%) after
recrystallisation with ethyl acetate:n-hexane (1:4, v/v). The molecular structures of all the

analogues were confirmed using NMR, HRMS and IR characterization techniques.
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These analogues were thereafter evaluated for in vitro cytotoxicity on Vero cells and screened for
in vitro antileishmanial activity against promastigotes of three Leishmania strains namely L.
donovani (strains 1S and 9515) which causes the deadly and debilitating VL, and L. major (strain
IR-173), which causes CL (Ready, 2014; Remadi et al., 2016).

The most active analogues in the sulfonyl series were 1f, 1h and 1k, showing no cytotoxicity (100
UM > 1Csp), selectivity index of above 100 and sub-micromolar antileishmanial activity against all
three strains with 1Cso values ranging between 0.26 uM and 0.84 uM. In the benzyl series, the
best performers were analogues 2c and 2d, showing moderate to low cytotoxicity (ICso = 30-65
HUM), selectivity index of above 100 and sub-micromolar antileishmanial activity against all three
strains with ICsp values found in the 0.09 - 0.25 uM range. Based on the criteria set out by Katsuno
et al. (Katsuno et al., 2015), it was established that analogues 1d, le, 1f, 1g, 1h, 1j, 1k, 1I, 2b,
2c, 2d, 2e, 2f and 2g all showed promise as possible anti-promastigote hit/lead compounds due

to their high selective activity and low cytotoxicity.

Furthermore, in both series, the tert-butyl substituents (1h, 2d) performed extremely well with sub-
micromolar antileishmanial activity and high selectivity indexes against all three strains of
Leishmania. This may be attributed to the strength of electron donating nature of the group which
allows it to undergo activation of the nitro group via nitroreduction by either a single or double

electron transfer.

In summary, the NFX-based analogues obtained in a simple one-step synthetic route in moderate
to good yields from the commercial parent drug and showed good to excellent antileishmanial
activity with minimal mammalian cytotoxicity. Both the sulfonyl and benzylated analogues proved
to be potent with both series resulting in anti-promastigote hits. Further testing is required; thus,
the current synthesised analogues will be screened against the amastigote form of Leishmania to

confirm their potential as possible antileishmanial hit compounds.
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl methanesulfonate (1a)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl ethanesulfonate (1b)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl

(1c)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl
(1d)

thiophene-2-sulfonate

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl 4-methylbenzene

sulfonate (1e)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl4-propylbenzene
sulfonate (1f)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl

sulfonate (19g)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrof
sulfonate (1h)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl

(1i)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl 4-(trifluoromethyl
)benzenesulfonate (1j)

'H NMR in DMSO
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(E)-4-{2-[(5-Nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl 4-nitrobenzenesulfonate

(1k)

'H NMR in DMSO
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(E)-4-{2-[(5-nitrofuran-2-yl)methylene]hydrazinecarbonyl}phenyl pyridine-3-sulfonate (1l)

'H NMR in DMSO
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(E)-4-(benzyloxy)-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2a)

'H NMR in DMSO
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(E)-4-[(4-methylbenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2b)

'H NMR in DMSO
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(E)-4-[(4-isopropylbenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2c)

'H NMR in DMSO
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(E)-4-[(4-{tert-butyl)benzyl]oxy}-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2d)

'H NMR in DMSO
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(E)-4-[(4-fluorobenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2e)

'H NMR in DMSO
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(E)-4-[(4-bromobenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2f)

'H NMR in DMSO
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(E)-4-[(4-bromo-2-fluorobenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2g)

'H NMR in DMSO
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(E)-4-[(4-nitrobenzyl)oxy]-N'-[(5-Nitrofuran-2-yl)methylene]benzohydrazide (2h)

'H NMR in DMSO
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North-Weat University Health Research Ethics
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Tek  018239-1206

Emal:  Ethics-HRECADDIYITWU. 3¢ Z3 (for human
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16 August 2021

RESEARCH ETHICS COMMITTEE LETTER OF DECISION: NO RISK

Based on the review by the North-West University Health Research Ethics Committee (NWU-HREC) on
16/08/2021, the NWU-HREC hereby clears your study as a no risk study. This implies that the NWU-HREC
grants its permission that, provided the general conditions specified below are met, the study may be initiated,
using the ethics number below.

Study title: Synthesis and in vitro antileishmanial efficacy of novel O-substituted derivatives of
Nif idh

Principal Investigator/Study Supervisor/Researcher: Prof DD N'Da

Student: GD Badenhorst - 27129039

e ——— (N[wlu[-JoJof2]e]2]-]2[4][-]A[1]

Application Type: Single study Risk- No Risk
Commencement date: 16/08/2021

General conditions:
The following general ferms and conditions will appiy:
* The commencement date indicates the first date that the study may be started.
¢ In the interact of ethical responsibility, the NWU-HREC reserves the right to:
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study;
- to ack further questions, seek additional information, require further modification or monitor the
conduct of your research;
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- any unethical pnnciples or practicas of the study are revealed or suspected;
- it becomes spparent that any relevant information was withheld from the NWU-HREC or that
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Special conditions of the research approval due to the COVID-19 pandemic:

Please note: Due to the nature of the study i.e. (laboratory work involving the in wvifro testing of the
antileishmanial activity of a synthesized compound), this study will be able to proceed during the current alert
level, following receipt of the approval letter. No additional COVID-12 restrictions have been placed on the
study except that the researcher must ensure that before proceeding with the study that all research team
members have reviewed the North-West University COVID-19 Occupational Health and Safety Standard
Operating Procedure.

The NWU-HREC would like to remain at your service and wishes you well with your study. Please do not
hesitate to contact the NWU-HREC for any further enquiries or requests for assistance.

Yours sincerely,
Digitally signed
by Prof Petra
Bester
Date: 2021.08.17
13:47:12 +02°00'

NWU-HREC Chairperson

Digitally signad by
’ Gordon Wayne Towers
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Head of the Faculty of Health Sciences Ethics Office for Research, Training and Support
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GUIDE FOR AUTHORS

Your Paper Your Way

We now differentiate between the requirements for new and revised submissions. You may choose to
submit your manuscript as a single Word or PDF file to be used in the refereeing process. Only when
your paper is at the revision stage, will you be requested to put your paper in to 2 'correct format'
for acceptance and provide the items required for the publication of your article.

To find out more, please visit the Preparation section below.

INTRODUCTION

Bicorganic & Medicinal Chemistry seeks to publish research results of outstanding significance and
timeliness and review articles in the fields of medicinal chemistry, chemical biology, bicorganic
chemistry, bicinorganic chemistry, and related disciplines.

Articles should describe original research of high quality and timeliness.

Reviews of topical importance and current relevance are specially commissioned in appropriate fields.
Authors wishing to submit a non-solicited review article are requested to first contact the Editor-in-
Chief, Professor A.Russell bmc-eoc@elsevier.com.

Perspectives briefly review (in 1-4 printed pages) specific subjects that already have or are likely to
have major impact in areas related to chemical biology and drug discovery. Authors of perspectives
are those who have made the original contribution or have extended the original research to
new breakthroughs. Perspectives are generally specially commissioned by the editors; however,
suggestions for topics and authors are welcomed. Individuals interested in contributing should contact
the Editor-in-Chief, Professor A. Russell bmc-eo@elsevier.com.

Symposia-in-Print comprise collections of original research papers (including experimental sections)
covering specific topics. Topics for forthcoming symposia are announced in the journal from time to
time. A guest editor will invite authors active in the field to submit papers, which are then reviewed
and processad for publication by the guest editor under the usual refereeing system. Opportunity is
also provided for other active investigators to submit contributions.

Submission checklist
You can use this list to carry out a final check of your submission before you send it to the journal for
review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:
¢ E-mail address
e Full postal address

All necessary files have been uploaded:

Manuscript:

¢ Include keywords

« All figures (include relevant captions)

e All tables (including titles, description, footnotes)

¢ Ensure all figure and table citations in the text match the files provided
e Indicate clearly if color should be used for any figures in print
Graphical Abstracts / Highlights files (where applicable)

Supplemental files (where applicable)

Further considerations

e Manuscript has been "spell checked’ and 'grammar checked'

¢ All references mentioned in the Reference List are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including the
Internet)

¢ A competing interests statement is provided, even if the authors have no competing interests to
declare
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« Journal policies detailed in this guide have been reviewed
« Referse suggestions and contact details provided, based on journal requirements

For further information, visit our Support Center.

BEFORE YOU BEGIN
Ethics in publishing
Please see our information on Ethics in publishing.

Declaration of competing interest

All authors must disclose any financial and personal relationships with other people or organizations
that could inappropriately influence (bias) their work. Examples of potential conflicts of interestinclude
employment, consultancies, stock ownership, honoraria, paid expert testimony, patent applications/
registrations, and grants or other funding. Authors should complete the declaration of competing
interest statement using this template and upload to the submission system at the Attach/Upload Files
step. Note: Please do not convert the .docx template to another file type. Author signatures
are not required. If there are no interests to declare, please choose the first option in the template.
More information.

Submission declaration and verification

Submission of an article implies that the work described has not been published previously (except in
the form of an abstract, a published lecture or academic thesis, see "Multiple, redundant or concurrent
publication’ for more information), that it is not under consideration for publication elsewhere, that
its publication is approved by all authors and tacitly or explicitly by the responsible authorities where
the work was carried out, and that, if accepted, it will not be published elsewhere in the same form, in
English or in any other language, including electronically without the written consent of the copyright-
holder. To verify originality, your article may be checked by the originality detection service Crossref
Similarity Check.

Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing policy.
Sharing your preprints e.g. on a preprint server will not count as prior publication (see 'Multiple,
redundant or concurrent publication' for more information).

Use of inclusive language

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to differences,
and promotes equal opportunities. Content should make no assumptions about the beliefs or
commitments of any reader; contain nothing which might imply that one individual is superior to
another on the grounds of age, gender, race, ethnicity, culture, sexual orientation, disability or health
condition; and use inclusive language throughout. Authors should ensure that writing is free from bias,
stereotypes, slang, reference to dominant culture and/or cultural assumptions. We advise to seek
gender neutrality by using plural nouns ("clinicians, patients/clients") as default/wherever possible
to avoid using "he, she,” or "he/she.”" We recommend avoiding the use of descriptors that refer
to personal attributes such as age, gender, race, ethnicity, culture, sexual orientation, disability or
health condition unless they are relevant and valid. When coding terminology is used, we recommend
to avoid offensive or exclusionary terms such as "master”, "slave”, "blacklist” and “whitelist”, We
suggest using alternatives that are more appropriate and (self-) explanatory such as "primary”,
"secondary”, "blocklist™ and "allowlist”". These guidelines are meant as a point of reference to help
identify appropriate language but are by no means exhaustive or definitive.

Changes to authorship

Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made only
before the manuscript has been accepted and only if approved by the journal Editor. To request such
a change, the Editor must receive the following from the corresponding author: (3) the reason
for the change in author list and (b) written confirmation (e-mail, letter) from all authors that they
agree with the addition, removal or rearrangement. In the case of addition or removal of authors,
this includes confirmation from the author being added or removed.
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Only in exceptional circumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication
of the manuscript will be suspended. If the manuscript has already been published in an online issue,
any requests approved by the Editor will result in a corrigendum.

Article transfer service

This journal is part of our Article Transfer Service. This means that if the Editor feels your article is
more suitable in one of our other participating journals, then you may be asked to consider transferring
the article to one of those. If you agree, your article will be transferred automatically on your behalf
with no need to reformat. Please note that your article will be reviewed again by the new journal.
Mare information.

Copyright

Upon acceptance of an article, authors will be asked to complete a Journal Publishing Agreement’ {see
more information on this). An e-mail will be sent to the corresponding author confirming receipt of
the manuscript together with a "Journal Publishing Agreement' form or a link to the online version
of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circulation within their institutions. Permission of the Publisher is required for resale or distribution
outside the institution and for all other derivative works, including compilations and translations. If
excerpts from other copyrighted works are included, the author{s) must obtain written permission
from the copyright owners and credit the source(s) in the article. Elsevier has preprinted forms for
use by authors in these cases.

For gold open access articles: Upon acceptance of an article, authors will be asked to complete a
'License Agreement’' (more information). Permitted third party reuse of gold open access articles is
determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work. More
information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

Role of the funding source

You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in
the collection, analysis and interpretation of data; in the writing of the report; and in the decision to

submit the article for publication. If the funding source(s) had no such involvement then this should
be stated.

Open access
Please visit our Open Access page for more information.

Elsevier Resaearcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career
researchers throughout their research journey. The “Learn” environment at Researcher Academy
offers several interactive modules, webinars, downloadable guides and resources to guide you through
the process of writing for research and going through peer review. Feel free to use these free resources
to improve your submission and navigate the publication process with esase,

Language (usage and aditing services)

Please write your text in good English (American or British usage is accepted, but not a mixture of
these). Authors who feel their English language manuscript may require aditing to eliminate possible

grammatical or spelling errors and to conform to correct scientific English may wish to use the English
Language Editing service available from Elsevier's Author Services.
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Submission

Our online submission system guides you stepwise through the process of entering your article
details and uploading your files. The system converts your article files to a single PDF file used in
the peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset your article for
final publication. All correspondence, including notification of the Editor's decision and requests for
revision, is sent by e-mail.

All manuscripts will be centrally handled by the journal editorial office, which will forward manuscripts
to one of the editors:

- Professor Angela Russell, Department of Chemistry, University of Oxford, Oxford, UK

- Professor Katsunori Tanaka, Department of Chemical Science and Engineering, Tokyc Institute
of Technology. Tokyo, Japan and Biofunctional Synthetic Chemistry Laboratory, RIKEN Cluster for
Pioneering Research, Saitama, Japan

- Professor Xiaoguang Lei, College of Chemistry and Molecular Engineering, Peking University, Beijing.
China

- Dr. Raphael Rodriguez, Curie Institute, Paris, France

Submit your article
Please submit your article via https://www.editorialmanager.com/bmchem/default.aspx

Compound characterization checklist

Characterization of new compounds: All new compounds should be fully characterized with
relevant spectroscopic data. Microanalyses should be included whenever possible. Under appropriate
circumstances, mass spectra may serve in lieu of microanalysis, if accompanied by suitable NMR
criteria for sample homogeneity.

CHARACTERIZATION OF ALL NEW COMPOUNDS HAS TO BE SPECIFIED (GIVEN) IN A COMPOUND
CHARACTERIZATION CHECKLIST.

PREPARATION

X-ray crystallographic data: All crystallographic data must be deposited with the appropriate
database and an accession number must be given in the manuscript in order for final acceptance
of a manuscript. Small-molecule crystal structures are to be deposited with the Cambridge
Crystallographic Data Centre (http://www.ccdc.cam.ac.uk) and macromolecular structures with the
Protein Data Bank (http://www.rcsb.org). Full details on deposition procedures are available directly
from these data bases.

Queries
For questions about the editorial process (including the status of manuscripts under review) or for
technical support on submissions, please visit our Support Center.

NEW SUBMISSIONS

Submission to this journal proceeds totally online and you will be guided stepwise through the creation
and uploading of your files. The system automatically converts your files to a single PDF file, which
is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as a single file
to be used in the refereeing process. This can be a PDF file or a Word document, in any format or lay-
out that can be used by referees to evaluate your manuscript. It should contain high enough quality
figures for refereeing. If you prefer to do so, you may still provide all or some of the source files at
the initial submission. Please note that individual figure files larger than 10 MB must be uploaded
separately.

References

There are no strict requirements on reference formatting at submission. References can be in any
style or format as long as the style is consistent. Where applicable, author{s) name(s), journal title/
book title, chapter title/article title, year of publication, volume number/book chapter and the article
number or pagination must be present. Use of DOI is highly encouraged. The reference style used by
the journal will be applied to the accepted article by Elsevier at the proof stage. Note that missing
data will be highlighted at proof stage for the author to correct.
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Formatting requirements

There are no strict formatting requirements but all manuscripts must contain the essential elements
neaded to convey your manuscript, for example Abstract, Keywords, Introduction, Materials and
Methods, Results, Conclusions, Artwork and Tables with Captions.

If your article includes any Videos and/or other Supplementary material, this should be included in
your initial submission for peer review purposes.

Divide the article into clearly defined sections.

Figures and tables embeaddad in text

Please ensure the figures and the tables included in the single file are placed next to the relevant text
in the manuscript, rather than at the bottom or the top of the file. The corresponding caption should
be placed directly below the figure or table.

Peer review

This journal operates a single anonymized review process. All contributions will be initially assessed by
the editor for suitability for the journal. Papers deemed suitable are then typically sent to a minimum of
two independent expert reviewers to assess the scientific quality of the paper. The Editor is responsible
for the final decision regarding acceptance or rejection of articles. The Editor's decision is final. Editors
are not involved in decisions about papers which they have written themselves or have been written
by family members or colleagues or which relate to products or services in which the editor has an
interest. Any such submission is subject to all of the journal's usual procedures, with peer review
handled independently of the relevant editor and their research groups. More information on types
of peer review.

REVISED SUBMISSIONS

Figures, schemes and tables

Please note that all figures, schemes and tables should be embedded in the relevant positions within
the manuscript file for ease of reference by the Editor and reviewers. Figures, schemes and tables
may also be supplied as separate source files, but must always be included within the manuscript
file as well.

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with an
editable file of the entire article. Keep the layout of the text as simple as possible. Most formatting
codes will be removed and replaced on processing the article. The electronic text should be prepared
in a way very similar to that of conventional manuscripts (see also the Guide to Publishing with
Elsevier). See also the section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-chack’ and ‘grammar-check’
functions of your word processor.

Article structure

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be numbered
1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may be
given a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed literature
survey or a summary of the results.

Material and methods

Provide sufficient details to allow the work to be reproduced by an independent researcher. Methods
that are already published should be summarized, and indicated by a reference. If quoting directly
from a previously published method, use quotation marks and also cite the source. Any modifications
to existing methods should also be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt with in the
Introduction and lay the foundation for further work. In contrast, a Calculation section represents a
practical development from a theorstical basis.

Results
Results should be clear and concise.
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Discussion
This should explore the significance of the results of the work, not repeat them. A combinad Results
and Discussion section is often appropriate. Avoid extensive citations and discussion of published
literature,

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may stand
alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in
appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix,
Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc.

Vitae

When submitting a review article, authors should include biographical information for each author
as well as a black-and-white photograph. Each biography should be one paragraph (approximately
150-200 words) and should include date and place of birth, universities attended, degrees obtained,
principal professional posts held, present title, a line or two about the major research interests, and
anything else professionally relevant that is of special interest.

Essential title page information

e Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

« Author names and affiliations. Please clearly indicate the given name(s) and family name(s)
of each author and check that all names are accurately spelled. You can add your name between
parentheses in your own script behind the English transliteration. Present the authors' affiliation
addresses (where the actual work was done) below the names. Indicate all affiliations with a lower-
case superscript letter immediately after the author's name and in front of the appropriate address.
Provide the full postal address of sach affiliation, including the country name and, if available, the
e-mail address of each author.

e Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. This responsibility includes answering any future queries about
Methodology and Materials. Ensure that the e-mail address is given and that contact details
are kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article was
done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as
a footnote to that author's name. The address at which the author actually did the work must be
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes.

Highlights

Highlights are optional yet highly encouraged for this journal, as they increase the discoverability of
your article via search engines. They consist of a short collection of bullet points that capture the
novel results of your research as well as new methods that were used during the study (if any). Please
have a look at the examples here: example Highlights.

Highlights should be submitted in a separate editable file in the online submission system. Please
use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85 characters, including
spaces, per bullet point).

Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from
the article, so it must be able to stand alone. For this reason, References should be avoided, but if
essential, then cite the author({s) and year(s). Also, non-standard or uncommeon abbreviations should
be avoided, but if essential they must be defined at their first mention in the abstract itself.

Graphical abstract

A graphical abstract is mandatory for this journal. It should summarize the contents of the article in
a concise, pictorial form designed to capture the attention of a wide readership online. Authors must
provide images that clearly represent the work described in the article. Graphical abstracts should be
submitted as a separate file in the online submission system. Image size: please provide an image
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with a minimum of 531 x 1328 pixels (h x w) or proportionally more. The image should be readable
at a size of 5 X 13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF
or MS Office files. You can view Example Graphical Abstracts on our information site.

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of theirimages
also in accordance with all technical requirements.

Abbraviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those
individuals who provided help during the research (e.g., providing language help, writing assistance
or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx, yyyy];
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes
of Peace [grant number aaaal.

It is not necessary to include detailed descriptions on the program or type of grants and awards. When
funding is from a block grant or other resources available to a university, college, or other research
institution, submit the name of the institute or organization that provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

Footnotes

Footnotes should be used sparingly. Numbear them consecutively throughout the article. Many word
processors build footnotes into the text, and this feature may be used. Should this not be the case,
indicate the position of footnotes in the text and present the footnotes themselves separately at the
end of the article.

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

e Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

« Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

¢ Indicate per figure if it is a single, 1.5 or 2-column fitting image.

e For Word submissions only, you may still provide figures and their captions, and tables within a
single file at the revision stage.

¢ Please note that individual figure files larger than 10 MB must be provided in separate source files.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as' or
convert the images to one of the following formats (note the resolution requirements for line drawings,
halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics’.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.

TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi
is required.

Please do not:

* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution is too low.
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e Supply files that are too low in resolution.
¢ Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or
MS Office files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear
in color online (e.g., ScienceDirect and other sites) regardless of whether or not these illustrations
are reproduced in color in the printed version. For color reproduction in print, you will receive
information regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or online only. Further information on the preparation of
electronic artwork.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the figure
itself) and a description of the illustration. Keep text in the illustrations themselves to 2 minimum but
explain all symbols and abbreviations used.

Tables

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results
described elsewhere in the article. Please avoid using vertical rules and shading in table cells.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either 'Unpublished results’ or
'‘Personal communication’. Citation of a reference as 'in press’ implies that the item has been accepted
for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a
different heading if desired, or can be included in the reference list,

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing them
in your text and including a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available), yearn
and global persistent identifier. Add [dataset] immediately before the reference so we can properly
identify it as a data reference. The [dataset] identifier will not appear in your published article.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations in
the text) to other articles in the same Special Issue.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in any
style or format as long as the style is consistent. Where applicable, author{s) name(s), journal title/
book title, chapter title/article title, year of publication, volume number/book chapter and the article
number or pagination must be present. Use of DOI is highly encouraged. The reference style used by
the journal will be applied to the accepted article by Elsevier at the proof stage. Note that missing data
will be highlighted at proof stage for the author to correct. If you do wish to format the references
yourself they should be arranged according to the following examples:
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Reference style

Text: Indicate references by (consecutive)} superscript arabic numerals in the order in which they
appear in the text. The numerals are to be used outside periods and commas, inside colons and
semicolons. For further detail and examples you are referred to the AMA Manual of Style, A Guide for
Authors and Editors, Tenth Edition, ISBN 0-578-0-19-517633-9.

List: Number the references in the list in the order in which they appear in the text.

Examples:

Reference to a journal publication:

1. Van der Geer J, Hanraads JAJ, Lupton RA. The art of writing a scientific article. 7 Sci Commun.
2010;163:51-595. https://doi.org/10.1016/§.5¢c.2010.00372.

Reference to a journal publication with an article number:

2. Van der Geer ], Hanraads JAJ, Lupton RA. The art of writing a scientific article. Heliyon.
2018;19:e00205. https://doi.org/10.1016/j.heliyon.2018.200205.

Reference to a book:

3. Strunk W Jr;, White EB. The Elements of Style. 4th ed. New York, NY: Longman; 2000.

Reference to a chapter in an edited book:

4, Mettam GR, Adams LB. How to prepare an electronic version of your article. In: Jones BS, Smith
RZ, eds. Introduction to the Electronic Age. New York, NY: E-Publishing Inc; 2009:281-304.
Reference to a website:

5. Cancer Research UK. Cancer statistics reports for the UK. htip://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/; 2003 Accessed 13 March 2003.

Reference to a dataset:

[dataset] 6. Oguro M, Imzhiro S, Saito S, Nakashizuka T. Mortality data for Japanese oak wilt
disease and surrounding forest compositions, Mendeley Data, v1; 2015, https://doi.org/10.17632/
xwj98nb39r.1.

Reference to software:

7. Coon E, Berndt M, Jan A, Svyatsky D, Atchley A, Kikinzon E, Harp D, Manzini G, Shelef E, Lipnikov K,
Garimella R, Xu C, Moulton D, Karra S, Painter S, Jafarov E, Molins S. Advanced Terrestrial Simulator
(ATS) v0.88 (Version 0.88). Zenodo; 2020, March 25. https://doi.org/10.5281/zenodo.3727205.

Journal abbreviations source

Journal names should be abbreviated according to the List of Title Word Abbreviations.

Data visualization

Include interactive data visualizations in your publication and let your readers interact and engage

more closely with your research. Follow the instructions here to find out about available data
visualization options and how to include them with your article,

Supplementary material

Supplementary material such as applications, images and sound clips, can be published with your
article to enhance it. Submitted supplementary items are published exactly as they are received (Excel
or PowerPoint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
supplementary material during any stage of the process, please make sure to provide an updated file.
Do not annotate any corrections on a previous version. Please switch off the Track Changes' option
in Microsoft Office files as these will appear in the published version.

Note that supplementary material is published online exactly as supplied (i.e. it is not typeset). The
typesetter is unable to implement corrections to supplementary material. Should any corrections be
necessary, authors should supply a revised supplementary material file.

Research data

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research data
refers to the results of observations or experimentation that validate research findings. To facilitate
reproducibility and data reuse, this journal also encourages you to share your software, code, models,
algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a statement
about the availability of your data when submitting your manuscript. If you are sharing data in one of
these ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to
the "References" section for more information about data citation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.
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Data linking

If you have made your research data available in a data repository, you can link your article directly to
the dataset. Elsevier collaborates with 2 number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link
your dataset to your article by providing the relevant information in the submission system. For more
information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your published
article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 734053;
PDB: 1XFN).

Mendelsy Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw and
processed data, video, code, software, algorithms, protocols, and methods) associated with your
manuscript in a free-to-use, open access repository. During the submission process, after uploading
your manuscript, you will have the opportunity to upload your relevant datasets directly to Mendaley
Data. The datasets will be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.

Data in Brief

You have the option of converting any or all parts of your supplementary or additional raw data into
a data article published in Data in Brief. A data article is a new kind of article that ensures that your
data are actively reviewed, curated, formatted, indexed, given a DOI and made publicly available
to all upon publication (watch this video describing the benefits of publishing your data in Data in
Brief). You are encouraged to submit your data article for Datz in Brief as an additional item directly
alongside the revised version of your manuscript. If your research article is accepted, your data article
will automatically be transferred over to Data in Brief where it will be editorially reviewed, published
open access and linked to your research article on ScienceDirect. Please note an open access fee is
payable for publication in Data in Brief. Full details can be found on the Data in Brief website. Please
use this template to write your Data in Brisf data article.

MethodsX

You have the option of converting relevant protocols and methods into one or multiple MethodsX
articles, a new kind of article that describes the details of customized research methods. Many
researchers spend a significant amount of time on developing methods to fit their specific needs or
setting, but often without getting credit for this part of their work. MethodsX, an open access journal,
now publishes this information in order to make it searchable, peer reviewed, citable and reproducible.
Authors are encouraged to submit their MethodsX article as an additional item directly alongside the
revised version of their manuscript. If your research article is accepted, your methods article will
automatically be transferred over to MethodsX where it will be editorially reviewed. Please note an
open access fee is payable for publication in MethodsX. Full details can be found on the MethodsX
website, Please use this template to prepare your MethodsX article.

Data statement

To foster transparency, we encourage you to state the availability of your data in your submission.
This may be a requirement of your funding body or institution. If your data is unavailable to access
or unsuitable to post, you will have the opportunity to indicate why during the submission process,
for example by stating that the research data is confidential. The statement will appear with your
published article on ScienceDirect. For more information, visit the Data Statement page.

AFTER ACCEPTANCE
Online proof correction
To ensure a fast publication process of the article, we kindly ask authors to provide us with their proof

corrections within two days. Corresponding authors will receive an e-mail with a link to our online
proofing system, allowing annotation and correction of proofs online. The environment is similar to

AUTHOR INFORMATION PACK 31 Oct 2021 www.elsevier.com/locate/bmc 13

161



MS Word: in addition to editing text, you can also comment on figures/tables and answer questions
from the Copy Editor. Web-based proofing provides a faster and less error-prone process by allowing
you to directly type your corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions
for proofing will be given in the e-mail we send to authors, including alternative methods to the online
version and PDF.

We will do everything possible to get your article published quickly and accurately. Please use this
proof only for checking the typesetting, editing, completeness and correctness of the text, tables and
figures. Significant changes to the article as accepted for publication will only be considered at this
stage with permission from the Editor. It is important to ensure that all corrections are sent back
te us in one communication. Please check carefully before replying, as inclusion of any subsequent
corrections cannot be guaranteed. Proofreading is solely your responsibility.

Offprints

The corresponding author will, at no cost, receive a customized Share Link providing 50 days free
access to the final published version of the article on ScienceDirect, The Share Link can be used for
sharing the article via any communication channel, including email and social media. For an extra
charge, paper offprints can be ordered via the offprint order form which is sent once the article is
accepted for publication. Both corresponding and co-authors may order offprints at any time via
Elsevier's Author Services, Corresponding authors who have published their article gold open access
do not receive a Share Link as their final published version of the article is available open access on
ScienceDirect and can be shared through the article DOI link.

AUTHOR INQUIRIES

Visit the Elsevier Support Center to find the answers you need. Here you will find everything from
Frequently Asked Questions to ways to get in touch.

You can also check the status of your submitted article or find out when your accepted article will
be published.

© Copyright 2018 Elsevier | https://www.elsevier.com
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