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  O início: responsabilidade global em saúde - com foco em doenças tropicais



 

 

O que são "doenças raras e negligenciadas"? E por que alguém deveria se preocupar com elas, se são "raras", ou insuficientemente problemáticas para justificar apenas "negligência" por parte da comunidade médica?

Há dois sentidos para a expressão "raras e negligenciadas". Um se refere a doenças que ocorrem com pouca frequência em todas as populações do mundo; o outro às doenças que não ocorrem com frequência na Europa, nos Estados Unidos e em outros países com sistemas de saúde pública altamente desenvolvidos.

O primeiro caso pode causar grande sofrimento a um pequeno número de pacientes, mas esse pequeno número é visto pelos sistemas de saúde simplesmente como muito limitado em danos para justificar o custo de desenvolver medicamentos, vacinas ou outras medidas de prevenção. Pode-se não gostar desse raciocínio, mas é possível entender o argumento econômico.

O segundo grupo é paradoxal. A ocorrência das doenças pode ser em grande escala, o número de indivíduos afetados muito grande, e com enormes custos econômicos para os países ou regiões envolvidas. Ao mesmo tempo, pode não haver incentivos econômicos evidentes para curto prazo-em uma estrutura de cuidados de saúde mundial altamente capitalista-para concentrar seus recursos para esses tipos de doenças, ao invés das doenças mais comuns, crônicas ou não infecciosas de sociedades prósperas.

Há muitos exemplos de doenças desse segundo grupo - que não são raras, mas são negligenciadas. Elas estão frequentemente concentradas, especialmente as infecciosas - nas regiões tropicais: malária e cólera são exemplos óbvios, mas existem outras que são menos populares: uma série de doenças causadas por parasitas (doença do sono, doença de Chagas, esquistossomose, leishmaniose, filariose, oncocercose) e por microrganismos ou vírus (lepra, dengue, vários tipos de encefalite e febres hemorrágicas, chicangunya e tuberculose).1 As doenças genéticas, por exemplo, a doença de células falciformes e talassemia também são importantes.

O foco deste número especial são algumas das doenças negligenciadas, comuns em regiões emergentes no tocante à saúde. Pode-se argumentar, no entanto, que enquanto o termo "negligenciada" pode ainda ser aplicado a pelo menos algumas delas, o termo "raro" realmente deveria ser descartado, uma vez que uma doença rara e regional hoje, pode se tornar uma epidemia global e um grande problema para a área da saúde em um ano.

Há cem anos, ou talvez 50, em países ricos, havia doenças tão isoladas geograficamente e tão incomuns – pelos motivos que fossem - que não representavam nenhuma ameaça perceptível àqueles países. E uma vez que aqueles países eram os únicos com sistemas de pesquisa médica suficientemente bem desenvolvidos para promover um contra-ataque eficaz – quer medicamentos, vacinas ou medidas de saúde pública – a qualquer nova ameaça, aquelas doenças puderam seguir seu curso, independente do sofrimento que causaram, sem muita atenção dos países e organizações tecnologicamente mais avançados.

A globalização mudou a história, e o vírus da imunodeficiência humana / a síndrome da imunodeficiência adquirida (HIV/AIDS) foi o prenúncio de uma nova ordem. Uma vez que o vírus da imunodeficiência adquirida se espalhou rapidamente, o sistema global de saúde foi pego despreparado e esse impacto deixou claro que, na era de viagens aéreas de longa distância a baixo custo, cidades densamente povoadas, com mudanças nos padrões de comportamento social e outros fatores, não há mais qualquer garantia de que uma doença "negligenciada e rara" possa ser mantida isolada; e nunca houve garantia de que uma resposta a uma nova doença pudesse ser desenvolvida rapidamente.

Apesar de os avanços na compreensão da síndrome da imunodeficiência adquirida e no tratamento de seus sintomas serem grandes triunfos da medicina moderna, ainda não existe uma vacina eficaz ou cura para ela, e a co-evolução da síndrome da imunodeficiência humana e tuberculose em uma sindrome de doenças intimamente associadas, com o potencial de desenvolvimento de cepas do Mycobacterium tuberculosis altamente resistentes aos antibióticos, ilustra o quão difícil é lidar com uma nova doença. A síndrome respiratória aguda, a síndrome respiratória do Oriente Médio e as novas cepas de influenza reforçam a mesma mensagem, embora não tivessem (ou ainda não tenham tido) o impacto do vírus da imunodeficiência humana.

A evolução do vírus Ebola, de uma doença incomum, esporádica e restrita, para uma doença com possibilidade de propagação mundial e de enorme impacto econômico, é o exemplo atual demonstrando que não pode mais haver doenças que permanecerão globalmente incomuns com segurança, apenas com base na sua origem geográfica restrita e distante. Viajantes e vetores infectados espalham-se hoje muito rapidamente para que uma nova doença possa ser contida, sem premeditação, planejamento, sorte, formação, preparação, conhecimento e gastos.

Em um mundo no qual a mobilidade de pessoas aumentou num nível global, a probabilidade de que um surto local se torne uma doença mundialmente importante, países como o Brasil têm uma oportunidade e responsabilidade únicas. O Brasil é um país com grandes (e crescentes) recursos humanos e financeiros e com um interesse em doenças tropicais a nível nacional. É um líder regional em muitos campos da tecnologia e o único país do BRICI (Brasil, Rússia, Índia, China e Indonésia) com a motivação e a capacidade potencial para se concentrar em doenças tropicais. Também tem muito a perder em caso de uma epidemia ou endemia, que drena seus recursos ou que desencoraja o desenvolvimento econômico e o turismo. Mas ainda não aceitou a idéia de que possa ter, tanto uma responsabilidade global em saúde - com foco em doenças tropicais - quanto uma oportunidade de tornar-se - ao longo do tempo - um líder mundial nessa área importante.

Assim, o Brasil tem tanto a capacidade quanto a motivação (ambas em princípio) para se tornar- num espaço de 50 anos - um líder mundial na área de doenças tropicais infecciosas negligenciadas (ou emergentes; "negligenciadas" e, pelo menos, "potencialmente emergentes" podem ser descrições da mesma coisa).

Esse ponto representa um começo. Fazer mais exigirá um compromisso financeiro e técnico continuado, com recrutamento de jovens cientistas talentosos para carreiras relevantes em doenças infecciosas, química medicinal, bioquímica e saúde pública; o estímulo ao desenvolvimento farmacêutico em áreas relevantes e o desenvolvimento de parcerias com empresas farmacêuticas globais.

Os artigos desta edição fornecem um bom levantamento de importantes e representativas áreas e abordagens sobre o assunto. Seis tratam de novos compostos ativos ou candidatos a fármacos de baixa massa molecular e três, de métodos de análise/diagnóstico ou doença genética. Cinco revisões cobrem aspectos do tratamento da dengue, da doença de Chagas, da leishmaniose e da lepra, e uma trata do controle de insetos vetores.


  George M. Whitesides

    Universidade de Harvard - EUA
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What are "Neglected and Rare Diseases"? And why should one care about them, if they are "rare," or insufficiently problematic to warrant only "neglect" by the medical community?

There are two separate meanings for the phrase "rare and neglected." One refers to diseases that occur infrequently in all populations globally; a second to diseases that occur infrequently in Europe, the United States and other countries with highly developed systems of healthcare.

The former may cause great distress to small numbers of patients, but that small number is seen by health-care systems as simply being too limited in harm done to justify the cost of developing effective drugs, vaccines, or other countermeasures. One may dislike the reasoning, but one can understand the economic argument.

The second group is paradoxical. The occurrence of the diseases can be very broad, the number of individual affected very large, and the economic cost to the countries or regions involved enormous. At the same time, there may be no obvious shortterm economic incentive-in a largely capitalist, global health-care structure-to focus resources on them, rather than on the more familiar, chronic, noninfectious diseases of affluent societies.

There were many examples of diseases in this second group of diseases-diseases that are not rare, but are neglected; they are often concentrated in diseases-and especially infectious diseases-of tropical regions: malaria and cholera are obvious examples but there are others that are less familiar, and include a number of diseases caused by parasites (sleeping sickness, Chagas' disease, schistosomiasis, leishmaniasis, filaraisis, onchocerciasis), and by microbes or viruses (leprosy, Dengue, various types of encephalitis and hemorrhagic fevers, chicangunya, tuberculosis).1 Genetic diseases (for example, sickle cell disease and thalassemia) are also important.

This special issue is focused on a few of the neglected diseases that are common in medically developing regions. One can argue, however, that while the term "neglected" may still apply to at least some of them, the term "rare" really should be discarded, because a disease that is uncommon and regional today, can be global and a major health concern across many medical systems in a year.

One hundred years ago-or even 50-there were diseases that were so isolated geographically, and so uncommon-for whatever reasons-in affluent countries that they posed no perceptible threat to those countries. And since those countries were the only ones that had systems of research medicine that were sufficiently well developed that they could mount an effective response-whether drugs, vaccine or public health measures-to a newly threatening disease, these diseases were left to cause the suffering that they did, without much attention from the technologically most competent countries and organizations.

Globalization has changed the story, and human immunodeficiency virus / acquired immunodeficiency syndrome (HIV/AIDS) was the harbinger of the new order. Once AIDS began to spread rapidly, it caught the global healthcare system unprepared, and its impact made it clear that in the age of low-cost, long-distance air travel, dense populations in cities, changing patterns of social behavior, and other factors, there can no longer be any assurance that a "rare, neglected" disease can be kept localized, and there has never been an assurance that a response to a new disease can be developed rapidly.

Although the progress in understanding AIDS, and in treating its symptoms, has ultimately been one of the great triumphs of modern medicine, there is still no effective vaccine or cure for it, and the co-evolution of HIV and strains of Mycobacterium tuberculosis into a closely associated disease syndrome, with its potential for developing highly antibiotic-resistant strains of Mycobacterium tuberculosis, illustrates how difficult it is to deal with a new disease. Severe acute respiratory syndrome , Middle East respiratory syndrome, and new strains of influenza have all reinforced the same message, although they did not have (or have not yet had) the impact of AIDS.

The development of Ebola from an uncommon, sporadic, containable disease to one with the possibility of global spread and enormous economic impact is the current example demonstrating that there can no longer be diseases that will safely remain globally uncommon, just on the basis of localized and distant geographical origin. Infected travelers and vectors spread too rapidly for a new disease to be contained without forethought, planning, luck, training, preparation, knowledge, and expense.

In a world in which the mobility of individuals globally has greatly increased the probability that a local outbreak of disease will become a major global disease, countries such as Brazil have both a unique opportunity and a unique responsibility. Brazil is a country with great (and growing) financial and human resources, and with a national-level interest in tropical disease. It is a regional leader in many fields of technology, and the only one of the BRICI countries (Brazil, Russia, India, China and Indonesia) with both the motivation and potential capability to focus on tropical diseases. It also has an enormous amount to lose in the event of epidemic or endemic disease that drains its resources, or that discourages economic development and tourism. It has not accepted the idea that it may have both a global responsibility in healthcare-with a focus on tropical disease-and an opportunity to become-over time-a global leader in this important area.

So, Brazil has both the capability and the motivation (both in principle) to become-over 50 years-a world's leader in the area of neglected (or emerging; "neglected" and at least "potentially emerging" may be descriptions of the same thing) infectious tropical disease.

This issue represents a start. To do more will require a sustained financial and technical commitment; recruiting talented young scientists to relevant careers in infectious disease, medicinal chemistry, biochemistry and public health; the stimulation of pharmaceutical development in relevant areas; and the development of partnerships with global pharmaceutical companies.

The articles in this issue provide a good survey of representative, important areas and approaches. Six deal with new, low molecular weight drug leads, and three with analytical/diagnostic methods or genetic disease. Five reviews cover aspects of treatment of Dengue, Chagas' disease, leishmaniasis, and leprosy, and one the control of insect vectors.


  George M. Whitesides

    Harvard University - USA
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    A dengue é uma doença negligenciada responsável pelo óbito de 22.000 pacientes por ano em áreas onde a doença é endêmica. Embora grandes esforços tenham sido investidos em pesquisas na busca de tratamentos para a dengue, não há ainda nenhuma vacina ou antiviral disponível no mercado para tratamento desta patologia. Entre as estratégias que vêm sendo utilizadas para a busca e desenvolvimento de antivirais contra a dengue, a inibição de enzimas é aquela que tem se mostrado a mais promissora. O presente artigo de revisão descreve os recentes avanços no que tange à utilização de enzimas do vírus da dengue como alvos para o desenho de antivirais.

  

   

  
    Dengue is a neglected disease, one that is responsible for 22,000 deaths each year in areas where it is endemic. Despite the tremendous efforts invested in research for dengue treatments, no vaccine or antiviral has reached the market, and disease treatment is limited to supportive care. Among strategies that have been used in the search for and development of an antiviral against dengue, the inhibition of viral enzymes has been proven to be the most successful approach. This review covers the major progresses that have been published concerning compounds that inhibit viral enzymes.

    Keywords: dengue, antivirus, NS3 (non-structural 3), NS5 (non-structural 5), viral enzymes

  

   

   

  1. Introduction

  Dengue fever and dengue hemorrhagic fever are the most rapidly spreading mosquito-borne diseases in the world today, with an observed 30-fold increase of reported cases over the last 50 years.1 The World Health Organization estimates that, globally, 2.5 billion people are at risk, and annually, 50-100 million people become infected, of which approximately 0.5 million require hospitalization2 and 22,000 deaths occur each year in areas where it is endemic.3

  The disease has four viral serotypes (DENV-1, DENV-2, DENV-3, and DENV-4), and its spectrum ranges from asymptomatic infection to dengue fever, dengue hemorrhagic fever (DHF), and dengue shock syndrome (DSS), and may lead the patient to death.4 All four serotypes of dengue virus are transmitted to humans by the Aedes aegypti and Aedes albopictus mosquitoes.5

  The cost of dengue in the Western Hemisphere alone is estimated to be $ 2.1 billion per year.6 Despite the tremendous efforts invested in anti-dengue virus (anti-DENV) research, no clinically approved vaccine or antiviral chemotherapeutics are available for humans, and disease treatment is limited to supportive care.7-9

  One key concern surrounding the utility of antiviral therapy for dengue is the rapid decline in viremia during the natural course of infection.10-12 The optimal dengue drugs encompass a good safety profile, resolve symptoms rapidly and reduce risks of severity, and achieve comparable inhibition of all four DENV serotypes.13

  The antiviral agents for dengue can inhibit (i) viral entry; (ii) the viral protein NS4B; (iii) the viral capsid; (iv) the viral protease; (v) the viral helicase; (vi) the viral methyltransferase; (vii) the viral polymerase; and (viii) the host target. Inhibition of viral enzymes has been proven to be the most successful of antiviral approaches.8,13,14 Considering this fact, the aim of this review is to summarize major progress towards drugs that inhibit viral enzymes.

   

  2. Viral Structure

  The dengue virus particle is about 50 nm in diameter. The 10,723-nucleotide RNA genome encodes an uninterrupted open reading frame (ORF), directing the synthesis of a polyprotein precursor in the order NH2-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH, where C is the capsid protein, M is the membrane-associated protein, E is the envelope protein, and NS1 through NS5 are nonstructural proteins.15

  The capsid protein (C) has about 12 and 14 kDa, and has several residues of basic amino acids such as lysine and arginine, which allow these to interact with the viral genome for construction of the nucleocapsid. The prM protein is a glycoprotein presenting 18.1-19.1 kDa which cleavages the N-terminal region, originating the M protein. The cleavage process is associated with the virus maturation, and prM and M are intracellular and extra cellular proteins, respectively. The M protein with 8.2-8.5 kDa is one of the two proteins that form the viral envelope, and it is involved in the penetration of the virus of the host cell.16

  The glycoprotein E functions on the virus and in the host cells causing cell tropism, a membrane fusion cell, resulting in the neutralization of antibodies and hemaglutination.17 This glycoprotein has three distinct domains bound by S–S (sulfur-sulfur) connection: I, II, and III domains have 495 amino acids and a molecular weight of 56-57 kDa.18,19

  The prM protein forms an intracellular heterodimer, that stabilizes the E protein.16 PrM is cleaved during the exocytose in virion liberation. Such a process originates the M protein,19 possessing a new conformation, which is necessary for the right disposition of E. This fact suggests a chaperone-like function of the M protein.16

  The NS1 protein has approximately 45 kDa and exists in multiple forms (monomer, dimer, and hexamer) in different compartments of insect cells and dengue virus-infected mammals. The NS1 protein is found in a membrane-associated or soluble form that is secreted by the infected cells, and therefore can be found in cell culture mediums or serums from infected patients.20,21 The functions of the NS1 dengue virus infections have not been clearly elucidated.21

  NS2A is a 22-kDa hydrophobic protein that was previously shown to be important for viral replication and pathogenesis. NS2A participates in viral RNA synthesis,22 viral assembly,23 virus-induced membrane formation,23 contributes to the production of NS1,24 and inhibits interferon α/β response.25

  The NS2B is a co-factor for the NS3 protein. NS3 is a multi-functional enzyme, acting as a protease for polyprotein processing, an RNA (ribonucleic acid) triphosphatase for capping nascent viral RNA, and a helicase for unwinding the double-stranded replicative form of RNA.26 NS3 and NS5 (vide infra) are sufficiently conserved within the four serotypes.

  The flavivirus proteases, including NS2B-NS3 protease, are essential for viral replication and infectivity. Chambers and collaborators show that yellow fever virus genetically modified to contain only inactive NS2B-NS3 protease is unable to infect target cells.27 Similarly, Rothan and collaborators show that the treatment of cells with a peptide that inhibits NS2B-NS3 protease decreases dengue virus infection by 80%.28

  The NS4A protein has been implicated in substantial re-arrangements of internal membranes, permitting facile virus RNA synthesis and assembly; however, the mechanism by which this occurs is unknown.29,30 NS4B consisting of 248 amino acids has been shown to be part of the viral replication complex and is also implicated in dengue virus pathogenicity.24,31 NS4B, as one of the dengue virus proteins with RNA interference (RNAi) suppression activity, is independent of the interferon inhibition functions of NS4B.32

  NS5 is the largest (104 kDa) and the most conserved protein in DENV. It is also a bifunctional enzyme with a methyltransferase domain (MTase; residues 1-296) at its N-terminal end and a RNA-dependent RNA polymerase (RdRp; residues 320-900)33 at its C-terminal end.34 Specifically, residues 320-368 are strictly conserved among the flaviviruses. These residues are also implicated to interact with NS3.35,36

   

  3. NS2B/NS3 Protease and NS3 Helicase

  The bipartite NS3 protease-NS3 helicase is an enzyme that is central to flavivirus replication and polyprotein processing. Dissecting the structural and functional properties of this protein in its full-length state is therefore key to improving our understanding of the flavivirus life cycle and informing the design of effective antiviral drugs. It remains unclear why NS3 harbors several catalytic activities within one polypeptide chain. However, the conservation of this arrangement across the Flaviviridae genus suggests some functional relevance.37

  NS3 protease is a trypsin-like serine protease shown to harbor a classic serine protease catalytic triad comprised of residues histidine 51 (His51), aspartic acid 75 (Asp75), and serine 135 (Ser135).38 The N-terminal one-third of the dengue virus NS3 protease (NS3pro) is required for protease activity, and the C-terminal two-thirds are associated with the enzymatic functions of a nucleoside triphosphatase and RNA helicase.39 Falgout and collaborators demonstrated that the activating NS2B cofactor is a prerequisite for catalytic activity of the NS3 protease.40 The two-component NS2B-NS3pro protease represents a more structurally relevant target than NS3pro alone for functional studies and drug discovery research. However, the mechanism by which NS2B contributes to high activation of NS3pro remains poorly understood. Elucidation of the prerequisite role of NS2B will pave the way for discovering and designing new drugs against dengue diseases.41

  The viral protease is responsible for cleavage at a number of sites, including NS2A-NS2B, NS2B-NS3, NS3-NS4A, and NS4B-NS5; it also cleaves just upstream of the signal sequences at the C-prM and NS4A-NS4B junctions, within NS2A, and within NS3 itself.42

  The fact that NS2B-NS3pro recognizes only sites that contain two cationic residues, whereas trypsin recognizes sites containing a single cationic residue, has necessitated the development of new classes of inhibitors for targeting the active site.43 The structural boundaries originally annotated within the polyprotein suggested that the NS3 domain encoded the functional protease. Later studies showed that expression of NS3 alone did not lead to production of an active protease; however, including a portion of NS2B with NS3 led to full proteolytic activity.44

  Viral proteases are proven antiviral targets, as evidenced by the clinical availability of ten human immunodeficiency virus 1 (HIV-1) protease inhibitors45 and the hepatitis C virus (HCV) protease inhibitors.44 Thus, it is plausible that a protease inhibitor for dengue virus would be efficacious in the clinic. However, experience with HIV-1 and HCV indicates that there are certain drawbacks associated with protease inhibitors, and these are important considerations in developing dengue virus protease inhibitors.13

  The helicase domain of NS3 (NS3Hel, residues 180-618) has seven structural motifs reminiscent of superfamily 2 helicases.46 It has three subdomains with significant sequence identity and structural similarity to other flavivirus helicases.47,48 Subdomains I and II are also structurally similar to the corresponding domains in the hepatitis C virus, suggesting a common functional mechanism.49

  The combined activities of a polynucleotide-stimulated helicase and nucleoside triphosphatase (NTPase) in the C-terminal domain are required for melting secondary structures prior to initiation of RNA synthesis and for the unwinding of RNA duplexes, either to separate double stranded RNA (dsRNA) intermediates formed during viral RNA synthesis or as a translocase that can remove proteins bound to viral RNA.50 Mutational analysis has shown that the adenosine triphosphatase (ATPase), helicase and NTPase activities of DENV NS3 share a common active site.51 Dengue viruses with impaired helicase activities lose the ability to replicate, demonstrating the importance of the NS3 helicase domain in the viral life cycle52 and that inhibitors or modulators for these enzymes are potentially of interest as therapeutic agents.53

  In the HCV NS3 protein, such interdependence of different domains for their respective activities has been extensively characterized, and a strong interdependence in the enzymatic activities of the protease and helicase domains of HCV NS3 protein has been demonstrated. Previous studies have suggested a significant regulatory role of the protease domain on flavivirus NS3 helicase activity,48-53 but, recently, a study showed that the NS3 protease domain had no significant effect on the ATPase and helicase activities of DENV NS3.54

  The important role of NS3 for the replication of the dengue virus makes this protein an interesting site for viral inhibiting.

   

  4. NS5 Methyltransferase and NS5 Polymerase

  The NS5 is about 900 amino acids long and comprises a methyltransferase domain at its N terminus and an RNA-dependent RNA polymerase domain at its C-terminal end. Both enzymatic activities form attractive targets for antiviral development.55-58

  The domain RNA-dependent RNA polymerase (RdRp) is responsible for the replication of the positive-strand RNA genome in an asymmetric and semi-conservative process in which the antigenome is only present in a double-stranded RNA replication intermediate.59 In DENV infections, the NS5 protein is primarily localized within the nucleus. However, not all flavivirus RdRps localize to the nucleus. The rationalization for a viral RdRp localizing to the nucleus when its actual enzymatic functions in the virus life cycle are required in the cytoplasm is currently unknown but is actively being investigated.60 However, these observations do suggest that, apart from its enzymatic functions, NS5 may also engage in virus-host interactions and actively interact with the host environment.61

  Viral MTases are involved in the mRNA capping process, transferring a methyl group from the cofactor S-adenosyl-L-methionine (AdoMet) to the N7 atom of the cap guanine and onto the 2'OH group of the ribose moiety of the first RNA nucleotide. In the genus Flavivirus, both (guanine-N7)-methyltransferase (N7MTase) and (nucleoside-2'-O-)-methyltransferase (2'OMTase) activities have been associated with the N-terminal domain of the viral NS5 protein.33,62,63

  The linkage between the two NS5 domains does not seem to be relevant to the functions of these two domains, since the RdRp activity is not altered by the presence of the glucosyltransferases (GTase) and MTase domain, and the GTase and MTase activities are not affected by the RdRp domain.64,65

  The interdependence of the NS3 and NS5 activities, suggested by the sequence of reactions during genome replication and capping, was shown by experiments in which NS5 stimulates NS3's NTPase and RNA 5'triphosphatase (5'-RTPase) activities,66-68 and where NS3 stimulates NS5's GTase activity.64

  The enzymes codified by NS5 show they have important functions in the replication of the virus, playing a key role and suggesting NS5 as a potential antiviral target.

   

  5. Dengue Inhibitors

  The best characterized DENV nonstructural proteins are NS3 and NS5, which are multifunctional proteins presenting several enzymatic activities. These proteins are the most conserved ones in all four dengue virus serotypes. Therefore, NS3 and NS5 are considered attractive targets for the search and development of dengue antiviral chemotherapeutics.36 It is important to mention that inhibition of virus enzymes is one of the most successful approaches for drug antiviral discovery.13 In this section, several compounds that have been described in the literature as promising dengue antiviral drugs will be presented.

   

  6. Compounds Inhibiting Protease

  Several peptides have been screened as inhibitors of DENV NS3 protease. Nitsche and co-authors described the activity of several di and tripeptides.69 The dipeptides displayed different lysine (Lys) and arginine (Ar) sequences. At 50 µmol L-1, the most active dipeptides corresponded to compounds 1 and 2 (Figure 1) inhibiting, respectively, 63.8 ± 4.3% (inhibitory constant, Ki = 29.0 ± 5.5 µmol L-1) and 68.6 ± 5.6% (Ki = 15.4 ± 1.8 µmol L-1) of enzymatic activity. Based on previous literature reports that the sequence norleucine (Nle), lysine, arginine, arginine (Nle-Lys-Arg-Arg) is a promising lead for the development of a small peptide that inhibits DENV NS3-NS2B protease,70,71 a series of tripeptides was also prepared and screened. It was found that the enzymatic inhibitory activity of the compounds was in the range of 56.7 to 88.5%, with tripetides 3 (88.5 ± 2.8%; Ki = 4.9 ± 0.3 µmol L-1), 4 (83.4 ± 2.2%; Ki = 6.4 ± 0.4 µmol L-1), 5 (85.6 ± 2.9%; Ki = 6.5 ± 0.6 µmol L-1), 6 (84.6 ± 2.9%; Ki = 10.5 ± 0.8 µmol L-1), and 7 (82.9 ± 6.3%; Ki = 11.9 ± 0.9 µmol L-1) as the most active.
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  Conotoxins are a mixture of peptide neurotoxins produced by cone snails to paralyze prey and be used for defense. Crude venom extracts from five different Conus species were tested for serotype 2 DENV protease inhibitory activity,72 being that the extract from Conus marmoreus was the only effective kind. High performance liquid chromatography (HPLC) fractioning of C. marmoreus extract afforded, among others, conotoxin MrIA,73 which was found to significantly inhibit serotype 2 NS2B-NS3 protease activity (inhibitory constant, Ki = 2.2 µmol L-1). The activity of this conotoxin was attributed to a disulfide bond-mediated loop. Inspired by this structural motif, several cyclic peptides containing a disulfide bond were synthesized. Peptide 8 was the most effective, presenting Ki = 2.2 ± 0.2 µmol L-1.

  Studies conducted with tetrapeptides identified compound 9 to possess a boronic acid functionality as the tetrapetide with the highest affinity (Ki = 43 nmol L-1).74,75

  The various peptides investigated so far exhibit inhibitory activities in biochemical protease assays. However, this is not the case in cell-based viral infection assays. This fact is attributed to their poor permeability and stability. One important fact is that cyclization of the peptides results in improved stability and cell permeability.72

  Screening of small-molecular-weight compounds is another important approach that has been utilized in the search for dengue antiviral drugs. Figure 2 depicts the structure of some lead compounds that have been identified in these screening campaigns.
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  In screening of DENV protease inhibitors a problem found is the occurrence of false positives. A selective high-throughput bioassay, based on tryptophan fluorescence, was described to overcome this problem.76 This methodology identified phtalazine as DENV protease inhibitor. In addition, the assays were capable to discriminate between specific and non-specific analogues concerning DENV protease activitiy.76 It was demonstrated that specific analogues quenched DENV protease fluorescence and showed variation in IC0 (inhibitory concentration) values. In contrast, nonspecifically binding compounds did not quench its fluorescence and showed similar IC50 values with steep dose-response curves.

  A screening of approximately 12,000 small-molecular-weight compounds resulted in the selection of guanidine derivatives, such as 11 (Figure 2), as competitive inhibitors of pan-dengue and West Nile virus NS3 protease inhibitors with IC50 values in the 1-70 µmol L-1 range. The compounds displayed low cytotoxicity. Although from in vitro assays the derivatives showed protease activity, antiviral activity against DENV-2 on Vero cells was not detectable.77

  A docking investigation screening of a small set of compounds that dock into the P1 pocket and the catalytic site of the DENV-2 NS3 protease domain apo-structure led to the discovery of the compounds ADRP0006 (12) and ARDP0009 (13).78 The 50% effective concentration (EC50), 50% cytotoxic concentration (CC50), and selective index (SI) were determined for both compounds (compound 12: EC50 = 4.2 ± 1.9 µmol L-1, CC50 = 69 ± 4 µmol L-1, SI = 16.6; compound 13: EC50 = 35.8 ± 8 µmol L-1, CC50 > 300 µmol L-1, SI > 8.1). In addition to inhibiting protease activity in vitro, both compounds were also capable of inhibiting viral replication in cell culture experiments.78

  Twenty three analogues of compounds 12 were purchased for testing against DENV-2 NS2B-NS3 protease. Due to solubility problems, only ten analogues were selected for a preliminary protease screening. Among these compounds, four displayed protease inhibitory activities comparable to ADRP 0006 (12), while other four analogues (structures 14-17, Figure 2) presented superior activity (∼2 to ∼60-fold higher).79

  Steuer and co-workers investigated the biological effects of α-ketoamides and α-ketoamides derivatives on DENV virus protease.80 All the compounds evaluated presented moderate activities in the in vitro DENV protease assays. However, compound 18, which presented the highest inhibitory activity (39.1%), displayed a remarkably inhibited DENV replication in a cell-culture assay in a dose-dependent manner, achieving a more than 1000-fold reduction of virus titers at non-cytotoxic concentrations.80

  Tomlinson and Watowich conducted a high-throughput screening of a library of 2,000 compounds aiming to find new leads for dengue antiviral development.81 In this study, they described ivermectin (19), selamactin (20), methylbenzethonium chloride (21), tyrothricin (22) and alexidine hydrochloride (23) (Figure 3) as a lead for DENV-2 NS3-NS2B protease inhibitors. The lowest determined Ki value was 12 ± 1.2 µmol L-1, associated with compound 23. It is also important to mention that compounds 18-23 were also effective on the related NS3 protease of West Nile virus.81
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  The exploitation of aminobenzamide, quinoline, and benzotiazole scaffolds has led to the discovery of compounds that can be explored in dengue antiviral discovery (Figure 4).
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  Compound 24, an amidobenzamide,82 is active against dengue and West Nile virus proteases, presenting Ki values, respectively, equal to 8.77 and 5.55 µmol L-1.

  The quinoline derivative 25 described by Deng and co-workers is effective in inhibiting DENV NS2B-NS3 protease activity (IC50 = 9.45 ± 0.78 µmol L-1) as well as virus replication (IC50 = 24.7 µmol L-1).83 The selective index (SI) determined for this compound was superior to 4.1.

  Investigations by Lai and colleagues disclosed benzoathiazole derivatives 26 and 27 as DENV protease inhibitors.84,85 Chemical 26 presents an IC50 value equal to 0.91 ± 0.05 µmol L-1, and a Ki value of 2.36 ± 0.13 µmol L-1. Dengue and West Nile virus NS2B/NS3 proteases are inhibited by compound 27 (IC50 values were found to be 3.75 ± 0.06 and 4.22 ± 0.07 µmol L-1, respectively). Kinetics studies support a competitive mode of inhibition by this compound.

  As one last example of DENV, NS3 protease inhibitor corresponds to the ammonium species BP2109 (28) (Figure 4).86 It is capable of inhibiting DENV protease activity, presenting an IC50 of 15.43 ± 2.12 µmol L-1. BP12109 (28) has moderate cytotoxicity and reduces the reporter expression of the DENV-2 replicon with an EC50 of 0.17 ± 0.01 µmol L-1.

   

  7. Compounds Inhibiting Helicase

  The in silico study was conducted with a selected region of the ssRNA (single stranded RNA) site in the crystal structure of the NS3 helicase domain of the Kunjin virus, an Australian variant of the West Nile Virus, and identified ivermectin (19) (Figure 3), as a DENV helicase inhibitor (IC 50 of 500±70 nmol L-1). Kinetic studies proved that the mechanism of inhibition is uncompetitive. Moreover, it was demonstrated that ivermectin (19) is capable of inhibiting in vitro dengue, West Nile Virus, and yellow fewer virus replication.87

  Recently, a high-throughput screening of a 200,000 compounds library identified the benzoxazole ST-610 (29) (Figure 5) as a dengue helicase inhibitor.87 The compound inhibited all four dengue serotypes in cell culture. In addition, ST-610 is non-cytotoxic and non-mutagenic. Finally, this benzoxazole showed marginal effects in the DENV AG-129 mouse model, with < 10-fold viremia reduction.88
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  8. NS5 Methyltransferase and NS5 Polymerase Inhibitors

  A series of small-molecular weight compounds possessing the general structure 30 (Figure 6) are compounds that could block dengue virus methyltransferase.89,90 The investigators tested twelve compounds for its inhibitory activity against DENV-3 methyl transferase (for both N7 and 2'-O methyl transferase activities). Among the evaluated compounds, the chlorinated derivative 31 was the most active, presenting Ki  = 0.82 ± 0.06 for N7-methylation and Ki = 0.17 ± 0.02 for 2'-O methylation.
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  Figure 6 depicts the structures of DENV RdRp inhibitors. They can be divided into two major categories, namely nucleoside and non-nucleoside inhibitors.

  Compounds 32 and 33 are nucleoside inhibitors. NITD-008 (32) corresponds to an adenosine analogue and presents high potency against DENV replication. In vivo experiments with DENV-infected mice showed that peak viremia was suppressed and completely prevented death in a lethal mouse model. Moreover, no adverse effects were noticed when rats were orally treated with this nucleoside. However, severe side-effects were observed in both rats and dogs after 2 weeks of application. As a consequence, further development of compound 32 was ended.91,92

  Balapiravir (33) is another example of nucleoside originally developed by Hoffmann-La Roche for treatment of hepatitis C virus. However, this clinical development was finished because of side effects on patients.93 This nucleoside was reconsidered for a phase II trial for DENV. The nucleoside presented low efficiency at different doses applied to two groups of adult dengue patients. The reasons for this failure remain unclear.12

  The non-nucleoside 34 (Figure 6) was identified after a high-throughput screening of about 1.8 million compounds. This N-sulphonylanthranilic acid derivative inhibits DENV-4 RdRp activity in a dose-responsive manner, with IC50 of 113 µmol L-1. Using a replicon assay, it was noticed that compound 34 also inhibits DENV-2 replication (EC50 of 100 µmol L-1). It was also demonstrated that this compound binds selectively, though weakly, to DENV RdRp. The related compound 35 also inhibited DENV-2 RdRp activity more efficiently with an IC50 of 7.2 µmol L-1.94,95

   

  9. Conclusions

  Two general strategies can be pursued for any antiviral therapy. The first is to inhibit viral targets. The second is to inhibit host targets. Inhibition of targets in the host continues to be risky since it is not yet known what all the mechanisms of infection and disease development in the host are, particularly in cases of dengue hemorrhagic fever. Another point is that the action of the drug should be well known to minimize side effects.

  In this case, inhibition of viral targets is a good way. The best characterized DENV proteins are nonstructural proteins NS3 and NS5, which are multifunctional proteins presenting several enzymatic activities. These proteins are the most conserved ones in all four dengue virus serotypes. It is a good point to create an efficient drug that acts in all four serotypes.

  Even with forthcoming advances, a drug for clinical trials has not yet been obtained. A greater understanding of the viral replicative cycle in the host and the variations that occur in different serotypes will be necessary for the choice and improvement of a suitable drug.

  Although challenging, recent research has generated optimistic results and has encouraged researchers to develop an effective therapy against the dengue virus in the near future.
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    Dapsona é uma sulfona sintética que é utilizada como um antibiótico em seres humanos e animais para prevenir e tratar doenças, incluindo hanseníase, tuberculose, malária, e pneumonia por Pneumocystis carinii e encefalites por Toxoplasma gondii em pacientes com síndrome da imunodeficiência adquirida (AIDS), bem como em doenças anti-inflamatórias como dermatite herpetiforme. No entanto, este fármaco também está associado com vários efeitos adversos, incluindo a hemólise relacionada com a dose, metemoglobinemia, psicose, neuropatia periférica, agranulocitose, anemia aplástica, síndrome de hipersensibilidade, síndrome de sulfona, e outros. Destes efeitos, a metemoglobinemia é o mais comum efeito adverso da dapsona, que leva a anemia funcional e hipóxia celular com sintomas de cianose, dores de cabeça, fadiga, taquicardia, fraqueza e tonturas. Assim, esta revisão sumariza informações relevantes sobre a estrutura, mecanismo de ação, indicação clínica, e reações adversas de dapsona.

  

   

  
    Dapsone is a synthetic sulfone that is used as an antibiotic in humans and animals to prevent and treat diseases including leprosy, tuberculosis, malaria, and Pneumocystis carinii pneumonia and Toxoplasma gondii encephalitis in acquired immune deficiency syndrome (AIDS) patients as well as in anti-inflammatory conditions, such as dermatitis herpetiformis. However, this drug is also associated with several adverse effects, including dose-related hemolysis, methemoglobinemia, psychosis, peripheral neuropathy, agranulocytosis, aplastic anemia, hypersensitivity syndrome, sulfone syndrome, and others. Of these effects, methemoglobinemia is the most common side effect of dapsone, which leads to functional anemia and cellular hypoxia with symptoms of cyanosis, headache, fatigue, tachycardia, weakness, and dizziness. Thus, this review summarizes relevant information on the structure, mechanism of action, clinical indication, and adverse reactions of dapsone.

    Keywords: dapsone, methemoglobinemia, 4,4'-diamino-diphenylsulfone, dapsone hydroxylamine

  

   

   

  1. Introduction

  Dapsone was synthesized a century ago (1908) and has been used for treatment of several pathologies, including infectious processes such as leprosy, malaria, and Pneumocystis carinii pneumonia and Toxoplasma gondii encephalitis in acquired immune deficiency syndrome (AIDS) patients as well as in anti-inflammatory conditions, dermatitis herpetiformis and linear immunoglobulin A (IgA) disease.1 However, this drug may lead to adverse effects such as dose-related hemolysis and methemoglobinemia.2 Therefore, this review summarizes relevant information on the structure, mechanism of action, clinical indication, and adverse reactions of dapsone.

   

  2. Molecular Structure and Mechanisms of Antimicrobial Action

  Dapsone (4,4'-diamino-diphenylsulfone, DDS) is an aromatic amine that belongs to the family of sulfones, which also includes diadiphenyl sulfone, sulfonyl dianiline, and disulfone.3 Sulfone is a very weak Lewis base with no readily dissociable hydrogen ion (H+), which has the structure of the simplest of the sulfones: a sulfonyl group (a sulfur atom bound to two oxygen atoms by double bonds) linked to two carbon atoms, as illustrated in Figure 1. Dapsone is a white, odorless crystalline powder that darkens upon exposure to light but remains chemically unaltered. It is poorly water-soluble but easily soluble in alcohol.4 In addition, dapsone shows chemical similarity to the sulfonamides, where the presence of the sulfonyl group is essential for their pharmacological activity but also may be responsible for its toxicity.5,6

  
    

    [image: Figure 1. Antimicrobial]

  

  Eric Fromm and J. Whitmann were the first to describe the synthesis of sulfones, including dapsone, from p-nitrosothiophenol in 1908;7 however, the synthesis of dapsone from p-chloronitrobenzene was described in 1945.8 Therapeutic properties of this drug remained unknown until 1943, where the first in vivo studies showing the antimicrobial effect of dapsone in streptococcal infections were reported by Buttle et al..9 That same year, Faget et al.10 reported that a dapsone derivative, promin, can be useful for the treatment of leprosy. Therefore, in 1948, this drug was used as standard treatment for leprosy.11 In 1976, during a workshop on leprosy chemotherapy, the World Health Organization (WHO) recommended the use of dapsone, rifampicin, and clofazimine as a leprosy multidrug therapy,12,13 and, currently, dapsone has been employed as a broad-spectrum antimicrobial agent.

  The use of dapsone as an antibiotic is due to its structural analogy of sulfa drugs, including sulfonamides and sulfones, to the substrate p-aminobenzoic acid (pABA). These drugs act as competitive antagonists of the enzyme 6-hydroxymethyl-7,8-dihydropteroate synthase (DHPS) that is responsible for the conversion of pABA to folate, a purine precursor, thereby interfering in the production of DNA necessary for cell division.14-21 In this regard, DHPS catalyzes the formation of a C–N bond, joining pABA with 6-hydroxymethyl-7,8-dihydropterin-pyrophosphate (H2PtPP) to form pyrophosphate and 6-hydroxymethyl-7,8-dihydropteroate. It is essential to produce reduced folate cofactors by a de novo biosynthetic pathway present in prokaryotes and in some eukaryotes, such as protozoa, yeast, and plants, but it is absent in mammals.17,22-25 Ho et al.26 reported that DDS was found to be approximately nine times more effective as a competitive inhibitor of DHPS than sulfonamides. These authors also suggested that this remarkable inhibitory activity of DDS can be attributed to its symmetry, which generates a single molecule with two identical planes quite similar to pABA, and this arrangement may facilitate the binding of DDS to the active site of DHPS. In addition, Bell and Roblin27 have reported that a structural similarity between the sulfonyl group present in sulfones and sulfonamides and the carbon dioxide (CO2) of pABA may be important to the antibacterial activity of these drugs. Thus, they suggested that high potency of DDS depended upon the negativity of the sulfone (SO2) group and of steric factors that remain to be explained.

  Structure-activity relationships and in vivo studies have shown that dapsone is a symmetrical molecule and that the SO2 group is essential for the pharmacological activity of this drug but is also responsible for its observed hemotoxicity.28 Our group has shown through geometric properties of the structure of dapsone that the symmetry of the SO2 moiety is essential for the electron distribution between the two para-related aniline moieties. Molecular symmetry is the most significant aspect for the nucleophilicity of dapsone, and the symmetric conformational isomer has lower energy than the asymmetric conformational isomer, showing the amine influence of conformation with participation of the SO2 moiety by resonance effect on both aniline rings. Moreover, the SO2 moiety may stabilize the radical formed during oxidation through conjugation (resonance effect), and the aniline ring is the nucleophilic moiety with possible biological properties through redox mechanisms, mainly electron transfer or oxidation for formation of the dapsone hydroxylamine (DDS-NHOH) metabolite.29,30

   

  3. Clinical Experience and Recommended Use

  Dapsone is an effective drug that is used as an antibiotic in humans and animals to prevent and treat diseases.31 Moreover, DDS is a synthetic sulfone with bactericidal and bacteriostatic activity against Mycobacterium leprae and M. ulcerans, in high concentrations (> 8 mg mL-1), is also effective against M. tuberculosis including the multi-drug resistant (MDR) strains M. intracellulare, M. kansasii, M. fortuitum, and the Mycobacterium aviumcomplex (MAC).31-36 In combination with pyrimethamine, dapsone has been used for malaria prophylaxis in chloroquine-resistant Plasmodium falciparum and P. vivax strains, displaying activity against all multiplying stages in the plasmodium life cycle.37,38 Combinations, such as chlorproguanil-dapsone and artesunate-dapsone-proguanil, can be used in treatment and prophylaxis of malaria caused by P. falciparum and antimalarial action of schizonticides.39-41 Furthermore, dapsone also may be used as a systemic adjuvant when it is combined with oral corticosteroids in the treatment of pemphigus vulgaris42 or in combination with pyrimethamine, in the treatment and prevention of opportunistic infections in AIDS patients, such as Pneumocystis carinii pneumonia and Toxoplasma gondii encephalitis, or for the treatment of Kaposi's sarcoma.43-51

  Besides use of dapsone as an antimicrobial agent, this drug may also be used as an anti-inflammatory agent. Since this activity is unrelated to its antibacterial action, it may, therefore, be used in non-infectious inflammatory diseases such as dermatitis herpetiformis, IgA dermatitis, rheumatoid arthritis, acne conglobata, chronic urticaria, vasculitis, leukocyte bullous systemic lupus erythematosus, and spider bite and urticarial vasculitis syndromes.4,20,49,52-56 Accordingly, dapsone alone or with concurrent systemic corticosteroids can also be used as efficacy therapy in other dermatologic conditions, such as mucous membrane pemphigoid, pemphigus vulgaris, bullous pemphigoid,57 pyoderma gangrenosum (PG),58-60 subcorneal pustular dermatosis (SPD)60-62 and Behcet's disease.63,64

  In these forms of dermatitis, the anti-inflammatory activity of dapsone is associated with polymorphonuclear leukocytes (PMNs) during the inflammatory process, such as cellular migration and apoptosis.56,65 In general, in vitro studies showed that dapsone stimulates neutrophil motility, and clinical studies reported that DDS mediated stimulation of PMN migration.60,66 In this regard, the therapeutic response of dapsone in PG resulted from inhibition of neutrophil chemotaxis and reduction of oxygen intermediates, thereby suppressing the inflammation,58,59 while for SPD and Behcet's disease, dapsone can inhibit the neutrophil cytotoxicity and neutrophil chemotaxis and alter the glycosaminoglycans, diluting inflammatory mediators.60,61,63,64 Moreover, the inhibition of neutrophil chemotaxis induced by dapsone can be explained due to the drug's interference with the activation or function of the G-protein that initiates the signal transduction cascade common to chemotactic stimuli.67

  In urticaria, dapsone may inhibit the neutrophils' functions due to its antimicrobial and anti-inflammatory effects by a mechanism that involves the down-regulation of leukotriene B4 and interference with the expression of the cluster of differentiation 11B (CD11B) molecule.68,69 Other studies indicate that dapsone may inhibit mitogen-stimulated transformation of lymphocytes, the alternate pathway of complementary activation, by decreasing levels of complement 3 (C3) protein and C3 pro-activator and interfering with the myeloperoxidase-peroxidase-halide-mediated cytotoxic system within neutrophils.70 In addition, in vitro studies showed that dapsone may prevent myeloperoxidase- and eosinophil peroxidase-mediated tissue injury at sites where the peroxidase enzymes are secreted and diluted into the neutral pH environment of the tissue interstitial space. Dapsone may inhibit tissue proteases because it is known to oxidize glutathione (GSH); this is important because reduced GSH is required for most proteolytic enzymes to function.71,72

   

  4. Pharmacokinetic Properties

  Dapsone is administered orally, and about 80-85% is absorbed slowly from the gastrointestinal tract and uniformly distributed to all tissues. However, it tends to accumulate mainly in the skin, especially in the muscles, liver, and kidneys. Traces of this sulfone can be found up to three weeks after end of the treatment. This drug can cross both blood-brain and placental barriers and can be found in breast milk. Dapsone and its metabolic derivatives can be conjugated with glucuronic acid in the liver and excreted mainly by kidneys and approximately 10% as bile.4,56,65,73-76 In addition, about 70% of dapsone is bonded to plasma proteins with plasma concentrations ranging from 0.4-1.2 mg L-1 24 hours after ingestion of 100 mg of the drug, and the maximum plasma concentration is reached within 4-8 hours.75,77-80 Blood levels stabilize approximately 7-10 days after initiation of therapy.81 Dapsone shows a large half-life ranging from 24-36 hours and can be found in the organism after 35 days following the end of treatment.4

  After absorption, DDS is transported through the portal circulation and is metabolized in the liver by two distinct routes: Nitrogen (N)-acetylation and N-hydroxylation (Figure 2). Dapsone acetylation is polymorphic and occurs via action of the liver cytosolic enzyme N-acetyltransferase (NAT), which is present in hepatic cells and in red blood cells.4,12 N-acetylation is the major route of biotransformation of drugs containing arylamine or anilines (Ar-NH2).82 The aromatic amine is catalyzed by NAT enzymes present in two forms in humans (NAT1 and NAT2). These enzymes detoxify by converting the aromatic amines into amides, which are less toxic metabolites, producing the N-hydroxy metabolites, including monoacetyl dapsone (MADDS), formed by acetylation of the amine group (NH2), and diacetyl-diaminosulfone (DADS), formed by di-acetylation. Both processes are reversible, yielding unmodified dapsone.83

  
    

    [image: Figure 2. Possible metabolic]

  

  The N-hydroxylation that occurs during the oxidative clearance of dapsone and its acetylated derivative is mainly mediated by hepatic cytochrome P450 (CYP)84-86 and glucuronidation, conjugation of glucuronic acid and uridine diphosphate (UDP) through the action of the enzyme UDP-glucuronosyltransferase (UGT).3,28 N-hydroxylated metabolites include dapsone hydroxylamine (DDS-NHOH) and monoacetyl dapsone hydroxylamine (MADDS-NHOH). These result from a process that occurs mainly by action of a cytochrome P450 isoform, such as CYP3A4, CYP2E1, CYP2C9, and CYP2C19.20,29,86,87 Recently, Schalcher et al.86 showed by molecular modeling the interaction mechanism and possible binding of DDS with the active site of enzyme CYP2C19. However, other CYP isoforms are involved in the metabolism of DDS, such as CYP2E and CYP3A.84,88-90

  After oral administration, a constant MADDS/DDS is established, which tends to increase the rates of acetylation. In this regard, Coleman and Tingle91 reported that MADDS is not primarily responsible for the toxicity of DDS, unless the other amino group is N-hydroxylated. Dapsone and its metabolites are conjugated in the liver and excreted in the form of mono-N-glucuronide and mono-N-sulfamate and, in lower concentrations, excreted in saliva and breast milk.3,92 Its elimination rate after a single dose is 50% during the first 24 hours.79,80

   

  5. Adverse Effects

  Adverse reactions related to the use of dapsone range from digestive problems such as nausea, vomiting, and stomatitis.93 The occurrences of toxic hepatitis, cholestatic jaundice, cutaneous photosensitivity reactions, psychosis, and a syndrome that became known as the "sulfone syndrome" (fever, malaise, jaundice, exfoliative dermatitis or morbilliform rash, hepatic dysfunction, lymphadenopathy, methemoglobinemia, hemolytic anemia and lymphocytosis with atypical lymphocytes) are unusual.54,93 The occurrence of liver disease associated with DDS is about 5% when administered alone, but the incidence of liver damage by DDS increased to 40% when the drugs were co-administered with other drugs such as trimethoprim for AIDS patients.94 The most frequent adverse reactions caused by dapsone is methemoglobinemia production and hemolysis (Figure 3),3,95-97 showing inclusions resulting from the changes in hemoglobin called Heinz bodies.96-100 The recommended dose of dapsone is 50-100 mg per day (the dose should not exceed 300 mg per day), but the most serious side effects are observed when the dose is > 100 mg per day101 and agranulocytosis occurs.102 Dapsone taken orally in higher doses can generally cause nausea, vomiting, and epigastric pain.103

  
    

    [image: Figure 3. Hematological]

  

  Agranulocytosis is not a dose-dependent side effect of dapsone, with an unknown mechanism of development initiating after 4-12 weeks of treatment. It gradually progresses with symptoms of fever, swelling of the lymph nodes, inflammation and ulcers of the oral cavity, pharynx, and esophagus, increased susceptibility to sepsis, and death throughout the disease.100,104 Another adverse effect of DDS therapy is called dapsone hypersensitivity syndrome (DHS), caused by an idiosyncratic reaction105,106 related to metabolized products of DDS, as DDS-NHOH, which produces a great number of effects such as fever, rash, and internal organ involvement.107,108

  The most frequent and well-reported adverse effects of dapsone were dose-limiting hemotoxic effects, such as hemolytic anemia and methemoglobinemia, which are associated with long-term administration of the drug at standard doses (100 mg per day), resulting in methemoglobinemia in about 15% of patients.109,110 The hemotoxic effects of DDS increase in a dose-dependent manner, especially in infants and elderly patients.44,46,111-113 After DDS therapy is initiated at the > 300-mg per day dose, the patient should present symptoms of hemolytic anemia as a dose-dependent side effect that usually occurs in 3-4 weeks; the mechanism is unknown but is associated with a reduction in the lifespan of red blood cells101 The most common side effect of DDS treatment is methemoglobinemia, which occurs when the concentration of methemoglobin (MetHb) in erythrocytes is more than 1%, leading to functional anemia and cellular hypoxia with symptoms of cyanosis at levels around 15% and headache, fatigue, tachycardia, weakness, and dizziness experienced in 30-40% of patients. Concentrations of approximately 60% may cause hypoxia leading to acidosis, paralysis, arrhythmias, coma, and convulsions, ultimately leading to death when concentrations reach 70-80% levels, due to the incapability of abnormal hemoglobin to carry oxygen or CO2.114,115 N-hydroxy metabolites, DDS-NHOH and MADDS-NHOH, have been investigated as the predominant hemolytic metabolites responsible for hemotoxic reactions, mainly methemoglobinemia.20,89,90,116,117 In addition, dapsone is contraindicated in patients with low glucose-6-phosphate dehydrogenase (G6PD) levels, whereas gradually increasing the dose of dapsone (25-150 mg per day for three days) in patients with normal G6PD levels may lead to a degree of hemolytic anemia and associated symptoms.118

   

  6. Methemoglobinemia

  Methemoglobinemia is a clinical syndrome caused by increased blood concentration of MetHb.119 It occurs naturally without any tissue damage due to regulation by the enzyme nicotinamide adenine dinucleotide phosphate (NADPH)-dependent methemoglobin reductase; however, it can occur in congenital chronic form owing to changes in the synthesis or metabolism of hemoglobin, as acquired from disease in which there is an increase in the rate of oxidation of hemoglobin to methemoglobin120-125 or induced by agents with oxidizing action, such as DDS, sulfonamides, local anesthetics, methylene blue at high doses,20,30 primaquine, chloroquine, bupivacaine, nitroglycerin, lidocaine, and nitroprusside, among others.126-128 The changes to the MetHb molecule include the original ferrous (Fe2+) atom being oxidized to a ferric (Fe3+) atom, leading to an allosteric change in the heme portion of the oxidized hemoglobin molecule, decreasing its oxygen-binding capacity.120,121,123,124

  According to Kinoshita et al.,129 the reduction of MetHb occurs by two main mechanisms: the NADPH-dependent pathway system, represented by NADPH-dependent methemoglobin reductase, and NADH-cytochrome b5 reductase (also known as NADH-dependent methemoglobin reductase). The NADPH-methemoglobin reductase is capable of reducing MetHb formed under normal conditions, since under conditions of high oxidation MetHb reduction is responsible for NADH-cytochrome b5 reductase.130 The supply of NADH required for the reduction of MetHb is from the anaerobic glycolysis of the Embdem-Meyerhof pathway from the glucose oxidation reaction that generates ATP and NADH, while for the other pathway the substrate is NADPH via the pentose-phosphate pathway from the activation of G6PD.

  The most important pathway to reduce erythrocytes is that of NADH-cytochrome b5 reductase, influenced by the availability of NADH and cytochrome b5, a heme-protein present in the cytoplasm of cells with a primary role in the reduction of MetHb.131 In the case of MetHb formation, 40% up-regulation induced by oxidizing agents and some toxic compounds via NADH-cytochrome b5 reductase is compromised, thus patients with clinical manifestations, such as cyanosis and apnea, may be treated with methylene blue intravenously at 1-2 mg kg-1 body weight during a 5-minute period.22,125,132 This is due to the methylene blue being a cofactor for the enzyme NADPH-methemoglobin reductase, thus the treatment results in the oxidation of the methylene blue by accepting an electron from NADPH in the presence of NADPH-methemoglobin reductase to leucomethylene blue, which acts as an artificial electron acceptor to MetHb, resulting in MetHb's conversion back to hemoglobin.123,125,133,134 However, this pathway is dependent on NADPH, and in patients with G6PD deficiency, methylene blue is ineffective and may still induce hemolysis135 as well as symptoms including dyspnea, chest pain, and persistent cyanosis.136

  The methemoglobinemia occurs from the inability of MetHb to bind oxygen, causing a state of functional anemia, and increasing the binding affinity of the non-reduced ferrous heme for oxygen. This increase and spread of this process causes significant shortfalls in the supply of oxygen to the tissues, causing other important clinical manifestations, such as dyspnea, nausea, and tachycardia, when levels of MetHb reach up to 30%.133 Lethargy, stupor, and unconsciousness result from levels of approximately 50-70% of MetHb that can cause cardiac arrhythmias, circulatory failure, and central nervous system depression. Levels greater than 70% usually lead to death.54 Furthermore, it is possible to observe that in the process of MetHb formation, oxidative attack within the erythrocyte may occur, causing denaturation of the hemoglobin and precipitation of polypeptides that form insoluble aggregates, so-called Heinz bodies.137

  Heinz bodies are characterized by the formation of hemichromes. These are the first products of denaturation and progressive globin dissociation, and in subsequent processes they take up another position in the molecule due to the change in the structure by denaturation of the α and β chains, forming irreversible hemichromes that may also precipitate with hemin and globin (free heme group).137 The potential to induce methemoglobinemia in erythrocytes is related to the oxidation-reduction cycle with oxyhemoglobin and oxygen molecules and reactive oxygen species (ROS)-producing MetHb,138 resulting in subsequent processes involving other cellular biomolecules, including proteins of the cytoskeleton and membrane lipids (lipid peroxidation). The combination of these factors is responsible for the hemolysis observed in this pathology.139

  Methemoglobinemia and anemia are the most common adverse reactions during treatment with DDS and its hydroxylated metabolite DDS-NHOH,106,138,140-146 and occur even at therapeutic doses (dapsone 100 mg per day).147-149 Hansen et al.150 showed that the patients had symptomatic methemoglobinemia during treatment with MetHb levels of 35 and 37%. In children presenting cases of acute intoxication with MetHb rates between 23.5-49.7%, clinical manifestations, such as cyanosis, tachycardia, vomiting, dyspnea, and agitation, were observed.151

  Electronic properties, such as highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), ionization potential, molecular electrostatic potential (MEP), and spin densities were correlated to the redox properties of DDS and its derivatives on MetHb and shown that MetHb properties are linked to the aniline moiety at the para-position, and the lowest ionization potential is related with the increase of methemoglobinemia.30

  The major clinical problem associated with the use of DDS is a decreased lifetime of human erythrocytes. This effect may be the cause of anemia, thus causing increased morbidity and mortality152,153 associated with the formation of hydroxylamine metabolites with toxic effects on the red blood cells, producing high levels of MetHb.154 The hydroxylated metabolites of DDS (DDS-NHOH and MADDS-NHOH) have similar toxic effects on human erythrocytes,155-158 although Rasbridge and Scott159 claim that MADDS-NHOH was significantly more potent compared to DDS-NHOH when incubated with normal erythrocytes and G6PD deficiency.

  Research assessing the damage of DDS and its metabolite confirm the significant increase in MetHb formation with both increased ROS by a redox cycle of DDS-NHOH production and by reduction in the activity of enzymes involved in antioxidant defense58,138,144,158 with dose-dependent effects.138

  The probable mechanism of this process is that hemoglobin suffers oxidation of these compounds, leading to the formation of MetHb and a compound derived from DDS called nitrosobenzene, reduced by the NADH-methemoglobin reductase enzyme and back to GSH by DDS spreading the oxidation of Hb until GSH levels are depleted.20 The G6PD from the oxidation provides electrons for NADH-methemoglobin reductase converting the Fe3+-hemoglobin to Fe2+-hemoglobin, reducing MetHb.160

  The development of hemolytic anemia induced by DDS-NHOH was correlated with inhibition of G6PD in vitro in human erythrocytes. In the study, DDS-NHOH was able to decrease the half-life of G6PD-deficient erythrocytes by inducing twice the anemic process when compared with normal erythrocytes exposed to this metabolite.83,161 Therefore, G6PD-deficient cells show increased susceptibility to oxidative damage since they are unable to reduce NADP+ to NADPH. The G6PD catalyzes the oxidation reaction of G6P to 6-phosphogluconolactone in a reaction that specifically uses NADP+ as coenzyme, which, after reduction, is converted into NADPH.

  The NADPH cofactor is highly reductive; therefore, it is extremely important that erythrocytes maintain the reduced form of the GSH molecule, since it is necessary to the supply of glutathione reductase activity, which converts oxidized GSH (GSSG) into reduced GSH.162 As erythrocytes lack mitochondria or organelles, the only source of NADPH is the catalytic action of G6PD through the pentose-phosphate pathway, which favors the antioxidant defense capacity of erythrocytes by the action of GSH, which is able to detoxify peroxide as well as keep the cysteine residues of hemoglobin and other proteins of red blood cells in the reduced state.163,164

  Other mechanisms may be related to formation of anemia by use of DDS as those discussed by Coleman and Jacobus,20 in which oxidative denaturation in the erythrocyte membrane acts by accelerating the processes of cell hemolysis as well as the induction of progressive changes in the erythrocytes. The latter occurs first via cytosolic domains of membrane proteins of erythrocytes through tyrosine phosphorylation of band 3 that is responsible for anionic exchange after the formation of MetHb,165-167 including the regulation of glycolysis and changes in morphology and other parameters in erythrocytes.168-172

  New therapeutic alternatives are studied in order to minimize the effects of oxidative stress caused by administration of dapsone. According to Lima et al.,173 elements with known antioxidant potential, such as vitamins A, C, and E, zinc, magnesium, and selenium, have produced good results regarding the decrease of methemoglobinemia; studies with cimetidine,91 isosorbide,174 N-acetylcysteine, and arginine have shown that the search for new antidotes is valid and promising.

   

  7. Conclusions

  In conclusion, dapsone alone or combination therapies are effective to prevent and treat diseases, including leprosy, malaria and numerous dermatologic diseases. However, dapsone on high dosage can lead hemolytic toxicities, including methemoglobinemia and hemolytic anemia. Studies of structure-activity relationships have shown that dapsone is a symmetrical molecule and that the sulfone group is essential for the pharmacological activity of this drug but is also responsible for the observed hemotoxicity. In this review, it was shown that the process of MetHb formation can be associated mainly with DDS-NHOH to exert oxidative stress on human erythrocytes and it can result in the detoxification of the hydroxylamine by reduction to the amine.

   

  Acknowledgement

  We are grateful to the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), FAPESPA, Federal University of Pará for granting financial support for this work. M. C. Monteiro was recipient of fellowships from CNPq.

   

  
    [image: Marta Chagas Monteiro]

  

  Marta Chagas Monteiro received her PhD in Basic and Applied Immunology from the Faculty of Medicine of Ribeirão Preto in the University of São Paulo (USP). She is a Professor at the Faculty of Pharmacy, Federal University of Pará (UFPA, Brazil). Her research interests are development of drugs, drug toxicity and oxidative stress associated with neglected diseases, such as leishmaniasis, tuberculosis and leprosy, and neurodegenerative disease. Currently, she investigates the structure-activity relationships of several drugs, action mechanisms and toxicity of dapsone in leprosy patients in use of multidrug therapy. She has authored over 40 publications and two patents, four book chapters, and is a member of the editorial board of at least 8 journals, including World Journal of Translational Medicine, African Journal of Applied Microbiology Research, Wudpecker Journal of Pharmacy and Pharmacology, The Open Epidemiology Journal; and scientific journals referee for over 30 journals.

  
    [image: Fábio Rodrigues]

  

  Fábio Rodrigues de Oliveira is MSc in Pharmaceutical Sciences at Federal University of Pará (UFPA, Brazil), working with natural products, oxidative stress and neglected diseases. Currently, he is a Professor at the Faculty of Pharmacy, Federal University of Pará (UFPA, Brazil) and worked in development of drug, drug toxicity and oxidative stress associated with neglected diseases, such as leishmaniasis, tuberculosis and leprosy, and neurodegenerative disease.

  
    [image: Mariely Cristine Pessoa]

  

  Mariely Cristine Pessoa is MSc in Pharmaceutical Sciences at Federal University of Pará (UFPA, Brazil), working with natural products, dapsone, oxidative stress and neglected diseases.

  
    [image: Rosyana de Fatima Vieira de Albuquerque]

  

  Rosyana de Fatima Vieira de Albuquerque is MSc in Pharmaceutical Sciences at Federal University of Pará (UFPA, Brazil), has experience in arbovirology and hemorrhagic fevers, neglected diseases, as leprosy, oxidative stress and organic synthesis.

  
    [image: Taysa Ribeiro Schalcher]

  

  Taysa Ribeiro Schalcher is MSc in Pharmaceutical Sciences at Federal University of Pará (UFPA, Brazil) and is specialist in hospital pharmacy, working with dapsone, oxidative stress and neglected diseases, hospital pharmacy, and public health.

   

  References

  1. Subramaniam, A.; Corallo, C.; Nagappan, R.; Anaesth. Intensive Care 2010, 38, 1070.

  2. Jopling, W. H.; Lepr. Rev. 1983, 54, 261.

  3. Carrazza, M. Z. N.; Carrazza, F. R.; Oga, S.; Rev. Saude Publica 2000, 34, 396.

  4. Ford, P. G.; Curr. Probl. Dermatol. 2000, 12, 242.

  5. Lang Jr., P. G.; J. Am. Acad. Dermatol. 1979, 1, 479.

  6. Mahmud, R.; Tingle, M. D.; Maggs, J. L.; Cronin, M. T.; Dearden, J. C.; Park, B. K.; Toxicology 1997, 14, 1.

  7. Fromm, E.; Wittmann, J.; Ber. Dtsch. Chem. Ges. 1908, 41, 2264.

  8. Windholz, M.; The Merck Index, 9th ed.; Merck and Co.: Rahway, NJ, 1976.

  9. Buttle, G. A. H.; Stephenson, D.; Smith, S.; Dewing, T.; Foster, G. E.; Lancet 1937, 1, 1331.

  10. Faget, G. H.; Pogge, R. C.; Johansen, F. A.; Dinan, J. F.; Prejean, V. M.; Eccles, C. G.; Public Health Rep. 1943, 58, 1729.

  11. Barr, J.; Pharm. Hist. 2011, 53, 123.

  12. Gelber, R. H.; Int. J. Lepr. Other Mycobact. Dis. 1976, 44, 369.

  13. World Health Organization (WHO); Chemotherapy of Leprosy for Control Programmes, Technical Report Series 675; WHO: Geneva, 1982.

  14. Woods, D. D.; Br. J. Exp. Pathol. 1940, 21, 74.

  15. Brown, G. M.; J. Biol. Chem. 1962, 237, 536.

  16. Rogers, E. F.; Clark, R. L.; Becker, H. J.; Pessolano, A. A.; Leanza, W. J.; McManus, E. C.; Andriuli, F. J.; Cuckler, A. C.; Proc. Soc. Exp. Biol. Med. 1964, 117, 488.

  17. Shiota, T.; Disraely, M. N.; Mccann, M. P.; J. Biol. Chem. 1964, 239, 2259.

  18. Bock, L.; Miller, G. H.; Schaper, K. J.; Seydel, J. K.; J. Med. Chem. 1974, 17, 23.

  19. Wolverton, S. E.; J. Am. Acad. Dermatol. 1992, 26, 661.

  20. Coleman, M. D.; Jacobus, D. P.; Biochem. Pharmacol. 1993, 45, 1027.

  21. Farhi, D.; Bégon, E.; Wolkenstein, P.; Chosidow, O.; EMC - Dermatología 2005, 39, 1.

  22. Richey, D. P.; Brown, G. M.; J. Biol. Chem. 1969, 25, 1582.

  23. Baca, A. M.; Sirawaraporn, R.; Turley, S.; Sirawaraporn, W.; Hol, W. G.; J. Mol. Biol. 2000, 302, 1193.

  24. Bermingham, A.; Derrick, J. P.; BioEssays 2002, 24, 637.

  25. Hawser, S.; Lociuro, S.; Islam, K.; Biochem. Pharmacol. 2006, 30, 941.

  26. Ho, R. I.; Corman, L.; Mores, S. A.; Schneider, H.; Antimicrob. Agents Chemother. 1975, 7, 758.

  27. Bell, P. H.; Roblin, R. O.; J. Am. Chem. Soc. 1942, 64, 2905.

  28. Tingle, M. D.; Mahmud, R.; Maggs, J. L.; Pirmohamed, M.; Park, B. K.; J. Pharmacol. Exp. Ther. 1997, 283, 817.

  29. Mendes, A. P. S.; Schalcher, T. R.; Barros, T. G.; Almeida, E. D.; Maia, C. S. F.; Barros, C. A. L.; Monteiro, M. C.; Borges, R. S.; J. Comput. Theor. Nanosci. 2011, 8, 1.

  30. Borges, R. S.; Vale, J. K. L.; Schalcher, T. R.; Almeida, E. D.; Maia, C. S. F.; Monteiro, M. C.; Orestes, E.; da Silva, A. B. F.; J. Comput. Theor. Nanosci. 2013, 10, 1.

  31. Hughes, W. T.; Clin. Infect. Dis. 1998, 27, 191.

  32. Dhople, A. M.; J. Antimicrob. Chemother. 2001, 47, 93.

  33. Gonzalez, A. H.; Berlin, O. G.; Bruckner, D. A.; J. Antimicrob. Chemother. 1989, 24, 19.

  34. Rastogi, N.; Goh, K. S.; Labrousse, V.; Eur. J. Clin. Microbiol. Infect. Dis. 1993, 12, 954.

  35. Abate, G.; Miorner, H.; Ahmed, O.; Hoffner, S. E.; Int. J. Tuberc. Lung Dis. 1998, 2, 580.

  36. Shen, G. H.; Wu, B. D.; Hu, S. T.; Lin, C. F.; Wu, K. M.; Chen, J. H.; Int. J. Antimicrob. Agents 2010, 35, 400.

  37. Bruce-Chwatt, L. J.; Br. Med. J. 1982, 285, 674.

  38. Chiodini, P. L.; J. Antimicrob. Chemother. 1987, 20, 297.

  39. Nzila, A. M.; Nduati, E.; Mberu, E. K.; Sibley, C. H.; Monks, S. H.; Winstanley, P. A.; Watkins, W. M.; J. Infect. Dis. 2000, 181, 2023.

  40. Krudsood, S.; Imwong, M.; Wilairatana, P.; Pukrittayakamee, S.; Nonprasert, A.; Snounou, G.; White, N. J.; Looareesuwan, S.; Trans. R. Soc. Trop. Med. Hyg. 2005, 99, 142.

  41. Leslie, T.; Mayan, M. I.; Hasan, M. A.; Safi, M. H.; Klinkenberg, E.; Whitty, C. J.; Rowland, M.; JAMA, J. Am. Med. Assoc. 2007, 297, 2201.

  42. Bernabe, D. G.; Moraes, N. P.; Correia, C. M.; Furuse, C. F.; Crivelini, M. M.; Rev. Odontol. UNESP 2005, 34, 49.

  43. Poulsen, A.; Hultberg, B.; Thomsen, K.; Wantzin, G. L.; Lancet 1984, 10, 10.

  44. Lee, B.; Medina, I.; Benowitz, N.; Jacob, P.; Wofsy, C.; Mills, J.; Ann. Intern. Med. 1989, 110, 606.

  45. Girard, P. M.; Landman, R.; Gaudebout, C.; Olivares, R.; Saimot, A. G.; Jelazko, P.; Gaudebout, C.; Certain, A.; Boué, F.; Bouvet, E.; N. Engl. J. Med. 1993, 328, 1514.

  46. Torres, R.; Barr, M.; Thorn, M.; Gregory, G.; Kiely, S.; Chanin, E.; Carlo, C.; Martin, M.; Thorton, J.; Am. J. Med. 1993, 95, 573.

  47. Podzamczer, D.; Salazar, A.; Jiménez, J.; Consiglio, E.; Santín, M.; Casanova, A.; Rufí, G.; Gudiol, F.; Ann. Intern. Med. 1995, 122, 755.

  48. El-Sadr, W. M.; Murphy, R. L.; Yurik, T. M.; Luskin-Hawk, R.; Cheung, T. W.; Balfour Jr., H. H.; Eng, R.; Hooton, T. M.; Kerkering, T. M.; Schutz, M.; van der Horst, C.; Hafner, R.; N. Engl. J. Med. 1998, 339, 1889.

  49. Zhu, Y. I.; Stiller, M. J.; J. Am. Acad. Dermatol. 2001, 45, 420.

  50. Yan, J.; Huang, B.; Liu, G.; Wu, B.; Huang, S.; Zheng, H.; Shen, J.; Lun, Z. R.; Wang, Y.; Lu, F.; Acta Trop. 2013, 127, 236.

  51. Veggi, L. M.; Pretto, L.; Ochoa, E. J.; Catania, V. A.; Luquita, M. G.; Taborda, D. R.; Sánchez Pozzi, E. J.; Ikushiro, S.; Coleman, M. D.; Roma, M. G.; Mottino, A. D.; Life Sci. 2008, 83, 155.

  52. Grindulis, K. A.; MacConkey, B.; J. Rheumatol. 1984, 11, 776.

  53. Thuong-Nguyen, V.; Kadunce, D. P.; Hendrix, J. D; Gammon, W. R.; Zone, J. J.; J. Invest. Dermatol. 1993, 100, 349.

  54. Coleman, M. D.; Gen. Pharmacol. 1995, 26, 1461.

  55. Chang, D. J.; Lamothe, M.; Stevens, R. M.; Sigal, L. H.; Semin. Arthritis Rheum. 1996, 25, 390.

  56. Paniker, U.; Levine, N.; Dermatol. Clin. 2001, 19, 79.

  57. Wojnarowska, F.; Kirtschig, G.; Highet, A. S.; Venning, V. A.; Khumalo, N. P.; Br. J. Dermatol. 2002, 147, 214.

  58. Chow, R. K.; Ho, V. C.; J. Am. Acad. Dermatol. 1996, 34, 1047.

  59. Wollina, U.; Orphanet J. Rare Dis. 2007, 2, 19.

  60. Gordon, R. A.; Mays, R.; Sambrano, B.; Mayo, T.; Lapolla, W.; Dermatol. Ther. 2012, 25, 38.

  61. Reed, J.; Wilkinson, J.; Clin. Dermatol. 2000, 18, 301.

  62. Cheng, S.; Edmonds, E.; Ben-Gashir, M.; Yu, R. C.; Clin. Exp. Dermatol. 2008, 33, 229.

  63. Sharquie, K. E.; Najim, R. A.; Abu-Raghif, A. R.; J. Dermatol. 2002, 29, 267.

  64. Alpsoy, E.; Clin. Exp. Rheumatol. 2005, 23, 532.

  65. Wolf, R.; Tüzün, B.; Tüzün, Y.; Clin. Dermatol. 2000, 18, 37.

  66. Anderson, R.; Gatner, M. S.; van Rensburg, C. E.; Grabow, G.; Imkamp, F. M.; Kok, S. K.; van Rensburg, A. J.; Antimicrob. Agents Chemother. 1981, 19, 495.

  67. Debol, S.; Herron, M.; Nelson, R.; J. Leukocyte Biol. 1997, 62, 827.

  68. Boehm, I.; Bauer, R.; Bieber, T.; Allergy 1999, 54, 765.

  69. Wozel, G.; Blasum, C.; Winter, C.; Gerlach, B.; Inflammation Res. 1997, 46, 420.

  70. Sengupta, U.; Ghei, S. K.; Venkatesan, K.; Bharadwaj, V. P.; Int. J. Lepr. Other Mycobact. Dis. 1979, 47, 167.

  71. Bozeman, P. M.; Learn, D. B.; Thomas, E. L.; Biochem. Pharmacol. 1992, 44, 553.

  72. Mier, P.; Van den Hurk, J.; Br. J. Dermatol. 1975, 93, 471.

  73. Peters, J. H.; Gordon, G. R.; Karat, A. B.; Am. J. Trop. Med. Hyg. 1975, 24, 641.

  74. Edstein, M. D.; Veenendaal, J. R.; Newman, K.; Hyslop, R.; Br. J. Clin. Pharmacol. 1986, 22, 733.

  75. Pieters, F. A.; Zuidema, J.; Br. J. Clin. Pharmacol. 1986, 22, 491.

  76. Gatti, G.; Hossein, J.; Malena, M.; Cruciani, M.; Bassetti, M.; J. Antimicrob. Chemother. 1997, 40, 113.

  77. Ellard, G. A.; Br. J. Pharmacol. Chemother. 1966, 26, 212.

  78. Shepard, C. C.; Int. J. Lepr. Other Mycobact. Dis. 1976, 44, 135.

  79. Ahmad, R. A.; Rogers, H. J.; Br. J. Clin. Pharmacol. 1980, 10, 519.

  80. Ahmad, R. A.; Rogers, H. J.; Br. J. Clin. Pharmac. 1981, 11, 101.

  81. Lammktausta, K.; Kangas, L.; Lammintausta, R.; Int. J. Clin. Pharmacol. Biopharm. 1979, 17, 159.

  82. Hanna, P. E.; Adv. Pharmacol. 1994, 27, 401.

  83. Jollow, D. J.; Bradshaw, T. P.; McMillan, D. C.; Drug Metab. Rev. 1995, 27, 107.

  84. Gill, H. J.; Tingle, M. D.; Park, B. K.; Br. J. Clin. Pharmacol. 1995, 40, 531.

  85. Wright, J. D.; Helsby, N. A.; Ward, S. A.; Br. J. Clin. Pharmacol. 1995, 39, 441.

  86. Schalcher, T. R.; Borges, R. S.; Coleman, M. D.; Batista Júnior, J.; Salgado, C. G.; Vieira, J. L. F.; Romão, P. R. T.; Oliveira, F. R.; Monteiro, M. C.; PLoS One 2014, 9, e85712.

  87. Coleman, M. D.; Holden, L. J.; Environ. Toxicol. Pharmacol. 2004, 17, 55.

  88. Watkins, P. B.; Pharmacogenetics 1994, 4, 171.

  89. Vage, C.; Svensson, C. K.; Drug Metab. Dispos. 1994, 22, 572.

  90. Mitra, A. K.; Thummel, K. E.; Kalhorn, T. F.; Kharasch, E. D.; Unadkat, J. D.; Slattery, J. T.; Clin. Pharmacol. Ther. 1995, 58, 556.

  91. Coleman, M. D.; Tingle, M. D.; Drug Dev. Res. 1992, 25, 1.

  92. Grebogi, I. H.; Tibola, A. P. O. V.; Barison, A.; Grandizoli, C. W. P. S.; Ferraz, H. G.; Rodrigues, L. N. C.; J. Inclusion Phenom. Macrocyclic Chem. 2012, 73, 467.

  93. Sánchez-Saldaña, L.; Dermatología Peruana 2008, 18, 229.

  94. Zimmerman, H. J. In Drug Hepatotoxicity, An Issue of Clinics in Liver Disease, 2nd ed.; Zimmerman, H. J.; Pyrsopoulos, N., eds.; Lippincott Williams & Wilkins: Philadelphia, 1999, p. 428.

  95. Ronald, F. R. In Cecil Textbook of Medicine, 17th ed.; Ronald, F. R.; Wyngaarden, J. B.; Smith Jr., L. H., eds.; Saunders: Philadelphia, 1985, ch. 13.

  96. Rimiolli, L. F.; Godoy, M. F.; Rev. Bras. Hematol. Hemoter. 2001, 26, 93.

  97. Webster, S. H.; Blood 1949, 4, 479.

  98. Wilson, J. R.; Harris, J. W.; Ohio State Med. J. 1977, 73, 557.

  99. Trillo Jr., R. A; Aukburg, S.; Anesthesiology 1992, 77, 594.

  100. Coleman, M. D.; Toxicology 2001, 162, 53.

  101. Zuidema, J.; Hilbers-Modderman, E. S.; Merkus, F. W.; Clin. Pharmacokinet. 1986, 11, 299.

  102. Duhra, P.; Charles-Holmes, R.; Br. J. Dermatol. 1991, 125, 172.

  103. Supuran, C. T.; Casini, A.; Mastrolorenzo, A.; Scozzafava, A.; Mini-Rev. Med. Chem. 2004, 4, 625.

  104. Kobe, Y.; Setoguchi, D.; Kitamura, N.; Journal of Medical Case Reports 2011, 5, 107.

  105. Orion, E.; Matz, H.; Wolf, R.; Clin. Dermatol. 2005, 23, 182.

  106. Sener, O.; Doganci, L.; Safali, M.; Besirbellioglu, B.; Bulucu, F.; Pahsa, A.; J. Invest. Allergol. Clin. Immunol. 2006, 16, 268.

  107. Prussick, R.; Shear, N. H.; J. Am. Acad. Dermatol. 1996, 35, 346.

  108. http://www.intechopen.com/books/anemia/hemolysis-and-anemia-induced-by-dapsone-hydroxylamine accessed in July 2014.

  109. Coleman, M. D.; Rhodes, L. E.; Scott, A. K.; Verbov, J. L.; Friedmann, P. S.; Breckenridge, A. M.; Park, B. K.; Br. J. Clin. Pharmacol. 1992, 34, 244.

  110. Singh, S.; Sethi, N.; Pandith, S.; Ramesh, G. S.; J. Anaesthesiol., Clin. Pharmacol. 2014, 30, 86.

  111. Cream, J. J.; Scott, G. L.; Br. J. Dermatol. 1970, 82, 333.

  112. Medina, I.; Mills, J.; Leoung, G.; Hopewell, P.; Lee, B.; Modin, G.; Benowitz, N.; Wofsy, C.; N. Engl. J. Med. 1990, 323, 776.

  113. Beumont, M. G.; Graziani, A.; Ubel, P. A.; MacGregor, R. R.; Am. J. Med. 1996, 100, 611.

  114. Curry, S.; Ann. Emerg. Med. 1982, 11, 214.

  115. Zosel, A.; Rychter, K.; Leikin, J. B.; Am. J. Ther. 2007, 14, 585.

  116. Cucinell, S. A.; Israeli, Z. H.; Dayton, P. G.; Am. J. Trop. Med. Hyg. 1972, 21, 322.

  117. Halmekoski, J.; Mattila, M. J.; Mustakallio, K. K.; Med. Biol. 1978, 56, 216.

  118. Rogers 3rd, R. S.; Mehregan, D. A.; Semin. Dermatol. 1988, 7, 201.

  119. Udeh, C.; Bittikofer, J.; Sum-Ping, S. T.; J. Clin. Anesth. 2001, 13, 128.

  120. Falkenhahn, M.; Kannan, S.; O'Kane, M.; Br. J. Anaesth. 2001, 86, 278.

  121. Rehman, H. U.; West J. Med. 2001, 175, 193.

  122. Bayard, M.; Farrow, J.; Tudiver, F.; J. Am. Board Fam. Pract. 2004, 17, 227.

  123. Birchem, S. K.; J. Am. Osteopath. Assoc. 2005, 105, 381.

  124. Percy, M. J.; Lappin, T. R.; Br. J. Haematol. 2008, 141, 298.

  125. Turner, M. D.; Karlis, V.; Glickman, R. S.; Anesth. Prog. 2007, 54, 115.

  126. Greer, F. R.; Shannon, M.; Pediatrics 2005, 116, 784.

  127. Yang, J. J.; Lin, N.; Lv, R.; Sun, J.; Zhao, F.; Zhang, J.; Xu, J. G.; Acta Anaesthesiol. Scand. 2005, 49, 586.

  128. Nascimento, T. S.; Pereira, R. O. L.; de Mello, H. L. D.; Costa, J.; Rev. Bras. Anestesiol. 2008, 58, 651.

  129. Kinoshita, A.; Nakayama, Y.; Kitayama, T.; Tomita, M.; FEBS J. 2007, 174, 1449.

  130. Wright, R. O.; Lewander, W. J.; Woolf, A. D.; Ann. Emerg. Med. 1999, 34, 646.

  131. Jaffé, E. R.; Prog. Clin. Biol. Res. 1981, 51, 133.

  132. Gibson, Q.; Blood 2002, 100, 3445.

  133. Khan, N. A.; Kruse, J. A.; Am. J. Med. Sci. 1999, 318, 415.

  134. Ashurst, J. V.; Wasson, M. N.; Hauger, W.; Fritz, W. T.; J. Am. Osteopath. Assoc. 2010, 110, 16.

  135. Ward, K. E.; McCarthy, M. W.; Ann. Pharmacother. 1998, 32, 549.

  136. Sills, M. R.; Zinkham, W. H.; Arch. Pediatr. Adolesc. Med. 1994, 148, 306.

  137. Winterbourn, C. C.; Semin. Hematol. 1990, 27, 41.

  138. Reilly, T. P.; Bellevue 3rd, F. H.; Woster, P. M.; Svensson, C. K.; Biochem. Pharmacol. 1998, 55, 803.

  139. Kanias, T.; Acker, J. P.; FEBS J. 2010, 277, 343.

  140. Hjelm, M.; de Verdier, C. H.; Biochem. Pharmacol. 1965, 14, 1119.

  141. Glader, B.; Conrad, M.; J. Lab. Clin. Med. 1973, 81, 267.

  142. Fletcher, K. A.; Barton, P. F.; Kelly, J. A.; Biochem. Pharmacol. 1988, 37, 2683.

  143. Tingle, M. D.; Coleman, M. D.; Park, B. K.; Br. J. Clin. Pharmacol. 1990, 30, 829.

  144. Ciccoli, L.; Ferrali, M.; Rossi, V.; Signorini, C.; Alessandrini, C.; Comporti, M.; Toxicol. Lett. 1999, 29, 57.

  145. Goulart, I. M. B.; Penna, G. O.; Cunha, G.; Rev. Soc. Bras. Med. Trop. 2002, 35, 365.

  146. Ash-Bernal, R.; Wise, R.; Wright, S. M.; Medicine 2004, 83, 265.

  147. Queiroz, R. H. C.; Junior Melchior, E.; De Souza, A. M.; Gouveia, E.; Barbosa, J. C.; de Carvalho, D.; Pharm. Acta Helv. 1997, 72, 209.

  148. Dalpino, D.; Diltor, L. A. M.; Opromolla, V. A.; Hansen Int. 1998, 23, 146.

  149. Halim, N. K.; Ogbeide, E.; East Afr. Med. J. 2002, 79, 100.

  150. Hansen, D. G.; Challoner, K. R.; Smith, D. E.; J. Emerg. Med. 1994, 12, 347.

  151. Bucaretchi, F.; Miglioli, L.; Baracat, E. C. E.; Madureira, P. R.; De Capitani, E. M.; Vieira, R. J.; J. Pediatr. (Rio J.) 2000, 76, 290.

  152. Gonazales, M. A.; Menendez, C.; Font, F.; Kahigwa, E.; Kimario, J.; Mshnda, H.; Bull. W. H. O. 2000, 78, 97.

  153. Wertheim, M. S.; Males, J. J.; Cook, S. D.; Tole, M. D.; Br. J. Ophthalmol. 2006, 90, 516.

  154. Evelo, C. T.; Spooren, A. A.; Bisschops, R. A.; Baars, L. G.; Neis, J. M.; Blood Cells, Mol., Dis. 1998, 24, 280.

  155. Israili, Z. H.; Cucinell, S. A.; Vaught, J.; Davis, E.; Lesser, J. M.; Dayton, P. G.; J. Pharmacol. Exp. Ther. 1973, 187, 138.

  156. Coleman, M. D.; Coleman, N. A.; Drug Saf. 1996, 14, 394.

  157. Bradshaw, T. P.; Mcmillan, D. C.; Crouch, R. K.; Jollow, D. J.; Free Radicals Biol. Med. 1997, 22, 1183.

  158. Vage, C.; Saab, N.; Woster, P. M.; Svensson, C. K.; Toxicol. Appl. Pharmacol. 1994, 129, 309.

  159. Rasbridge, M. R.; Scott, G. L.; Br. J. Haematol. 1973, 24, 169.

  160. Hall, A. H.; Kurig, K. W.; Rumack, B. H.; J. Med. Toxicol. 1986, 1, 253.

  161. Grossman, S. J.; Jollow, D. J.; J. Pharmacol. Exp. Ther. 1988, 244, 118.

  162. Mehta, A.; Mason, P. J.; Vulliamy, T. J.; Baillière's Clin. Haematol. 2000, 13, 21.

  163. Ursini, M. V.; Parrella, A.; Rosa, G.; Salzano, S.; Martini, G.; Biochem. J. 1997, 323, 801.

  164. Salvemini, F.; Franzé, A.; Iervolino, A.; Filosa, S.; Salzano, S.; Ursini, M. V.; J. Biol. Chem. 1999, 274, 2750.

  165. Baggio, B.; Bordin, L.; Clari, G.; Gambero, G.; Moret, V.; Biochim. Biophys. Acta 1993, 1148, 157.

  166. Baggio, B.; Bordin, L.; Gambaro, G.; Piccoli, A.; Marzaro, G.; Clari, G.; Miner. Electrolyte Metab. 1993b, 19, 17.

  167. Bordin, L.; Fiore, C.; Donà, G.; Andrisani, A.; Ambrosini, G.; Faggian, D.; Plebani, M.; Clari, G.; Armanini, D.; Fertil. Steril. 2010, 94, 1616.

  168. Low, P. S.; Rathinavelu, P.; Harrison, M. L.; J. Biol. Chem. 1993, 268, 14627.

  169. Bordin, L.; Clari, G.; Moro, I.; Dalla Vecchia, F.; Moret, V.; Biochem. Biophys. Res. Commun. 1995, 213, 249.

  170. Musch, M. W.; Hubert, E. M.; Goldstein, L.; J. Biol. Chem. 1999, 274, 7923.

  171. Bordin, L.; Fiore, C.; Bragadin, M.; Brunati, A. M.; Clari, G.; Acta Biochim. Biophys. Sin. 2009, 41, 846.

  172. Pantaleo, A.; Ferru, E.; Giribaldi, G.; Mannu, F.; Carta, F.; Matte, A.; de Franceschi, L.; Turrini, F.; Biochem. J. 2009, 418, 359.

  173. Lima, E. S.; Roland, I. A.; Maroja, M. F.; Marcon, J. L.; Rev. Inst. Med. Trop. São Paulo 2007, 49, 211.

  174. Inal, M. E.; Egüz, A. M.; Cell Biochem. Funct. 2004, 22, 129.

   

   

  Submitted: April 7, 2014

  Published online: July 22, 2014

   

   

  
    *e-mail: martachagas2@yahoo.com.br

  





  DOI: 10.5935/0103-5053.20140180

  REVIEW

  
    Silva Júnior EN, Jardim GAM, Menna-Barreto RFS, Castro SL. Anti-Trypanosoma cruzi compounds: our contribution for the evaluation and insights on the mode of action of naphthoquinones and derivatives. J. Braz. Chem. Soc. 2014;25(10):1780-98

  

  
    Anti-Trypanosoma cruzi compounds: our contribution for the evaluation and insights on the mode of action of naphthoquinones and derivatives

  

   

   

  Eufrânio N. da Silva JúniorI; Guilherme A. M. JardimI; Rubem F. S. Menna-BarretoII; Solange L. de CastroII,*

  ILaboratório de Química Sintética e Heterocíclica, Departamento de Química, Instituto de Ciências Exatas, Universidade Federal de Minas Gerais (UFMG), 31270-901 Belo Horizonte-MG, Brazil

  IILaboratório de Biologia Celular, Instituto Oswaldo Cruz, Fiocruz,
    Av. Brasil, 4365, Manguinhos, 21045-900 Rio de Janeiro-RJ, Brazil

   

  
    A doença de Chagas causada pelo Trypanosoma cruzi afeta cerca de oito milhões de pessoas em países em desenvolvimento, sendo classificada como uma doença tropical negligenciada pela Organização Mundial da Saúde. A quimioterapia disponível para esta doença é baseada em dois nitro-heterocíclicos, nifurtimox e benznidazol, ambos com graves efeitos colaterais e eficácia variável, e assim novos medicamentos visando um tratamento mais eficiente são necessários com urgência. Nos últimos 20 anos, temos desenvolvido em colaboração com grupos focados em química medicinal, um programa de quimioterapia experimental da doença de Chagas, investigando a eficácia, seletividade, toxicidade, alvos celulares e mecanismos de ação de diferentes classes de compostos sobre T. cruzi. Neste artigo, apresentamos uma visão geral desses estudos, enfocando protótipos naftoquinoidais e derivados, examinando a sua síntese, a atividade e mecanismo de ação, o que foi realizado e o que precisa ser abordado, avaliando e discutindo possíveis melhorias. Esta mini-revisão discute nosso esforço continuado visando a caracterização biológica e a síntese de compostos naftoquinoidais, auxiliando no desenvolvimento de um novo arsenal de drogas candidatas com eficácia contra o T. cruzi.

  

   

  
    Chagas disease is caused by the parasite Trypanosoma cruzi and affects approximately eight million individuals in the developing world; it is also classified as a neglected tropical disease by the World Health Organization. The available therapy for this disease is based on two nitroheterocycles, nifurtimox and benznidazole, both of which exhibit severe side effects and variable efficacy; therefore, new drugs and better treatment schedules are urgently needed. For the past 20 years, we have been collaborating with groups focused on medicinal chemistry to produce experimental therapies for Chagas disease by investigating the efficacy, selectivity, toxicity, cellular targets and mechanisms of action of different classes of compounds against T. cruzi. In this report, we present an overview of these studies, focusing on naphthoquinonoid prototypes and discuss their synthesis, activity and mechanisms of action. Furthermore, we summarise the research that has been performed to date and suggest future research directions while assessing and discussing potential improvements. This mini-review discusses our continued efforts toward the biological characterisation and synthesis of naphthoquinoidal compounds, aiming to contribute to the development of a new arsenal of candidate drugs that exhibit effective anti-T. cruzi activity
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  1. Introduction

  Chagas disease (CD) is caused by the intracellular obligatory parasite Trypanosoma cruzi and was first described more than one hundred years ago, in 1909, by Carlos Chagas.1 This disease has high morbidity and mortality rates, affects approximately eight million individuals in the developing world and displays a limited response to therapy; it has also been classified as a neglected tropical disease by the World Health Organization (WHO).2,3 Chagas disease can be transmitted through the faeces of sucking Triatominae insects, blood transfusions, organ transplantation, oral contamination, through laboratory accidents and congenital routes. T. cruzi is a hemoflagellate protozoan (family Trypanosomatidae, order Kinetoplastida)4 that exhibits a complex life cycle involving distinct morphological stages during its passage through vertebrate and invertebrate hosts. Briefly, after ingestion of bloodstream trypomastigotes by insect vectors, the parasites are converted to epimastigote forms, which proliferate and subsequently differentiate into metacyclic forms within the posterior intestine of the triatomine. These infective parasite forms are released in the faeces of the triatomine and can invade new vertebrate cells. The parasites then undergo another round of differentiation into intracellular amastigote forms, which proliferate and subsequently transform back into trypomastigotes, the form that disseminates the infection.

  Although vector and transfusion transmissions have sharply declined over the past 20 years due to the Southern Cone countries policy, several challenges still need to be overcome including those related to sustainable disease control through the adoption of public policies in the endemic areas.5,6 In addition, despite effective efforts to control vector and blood transmission, Chagas disease still presents many challenges including the following: (i) its peculiar epidemiology is characterised by a variety of risk factors (many potential vectors and reservoirs, different forms of transmission and diverse parasite isolates present in domiciliar, peridomiciliar and sylvatic environments); and importantly, (ii) the lack of prophylactic therapies and effective therapeutic treatments.7,8 Current major concerns include disease transmission by the ingestion of contaminated food or liquids and the disease's emergence in nonendemic areas such as North America and Europe, a phenomenon which is likely due to the immigration of infected individuals.9,10 This disease is also recognised as an opportunistic infection in HIV-infected individuals.11 Outbreaks of acute Chagas disease associated with the ingestion of contaminated food and drink have been reported in South America,12,13 and are associated with a high mortality rate mainly due to myocarditis.

  Chagas disease is characterised by two clinical phases. The acute phase appears shortly after infection, and in some cases the individual may not even realise he/she is infected. Symptoms range from flu-like symptoms to intense myocarditis (in approximately 10% of infected people). If left untreated, symptomatic chronic disease develops in about one third of the individuals after a long latent period (10-30 years) that is known as the indeterminate form. The main clinical manifestations of Chagas disease include digestive and/or cardiac alterations, although disorders of the central and peripheral nervous system may also occur.14,15 In the chronic digestive form of the disease, the clinical manifestations are caused by dysperistalsis of the oesophagus and colon, which are due to the destruction of the myenteric plexus and leads to mega syndromes.16 The chronic cardiac form of the disease is the most significant clinical manifestation, and consequences include dilated cardiomyopathy, congestive heart failure, arrhythmias, cardioembolism and stroke.17 The pathogenesis of Chagas disease is the result of a sustained inflammatory process due to an anti-parasitic and/or anti-self-immune response, which is associated with low-grade persistent parasite presence.18-22 Growing evidence shows that parasite persistence within the target organs associated with an unregulated host immune response are involved in disease progression and clinical outcomes.19,23 Control of T. cruzi infection depends on both the innate and acquired immune responses which are triggered during early infection and are critical for host survival. These responses involve macrophages, natural killer cells, T and B lymphocytes and the production of pro-inflammatory cytokines.24

  The available therapy for Chagas disease is based on two nitroheterocyclic agents that were developed over five decades ago (Figure 1).
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  Nifurtimox (Nif, 3-methyl-4-(5'-nitrofurfurylideneamine)tetrahydro-4H-1,4-tiazine-1,1-dioxide) is a nitrofuran that was developed by Bayer in 1967 and marketed as Lampit®. It acts by reducing the nitro group to generate nitro-anions that subsequently react with molecular oxygen to produce toxic superoxide and peroxide radicals. Today, Nif is produced by Bayer HealthCare at the Corporacion Bonima in El Salvador. Benznidazole (Bz, N-benzyl-2-nitroimidazole acetamide) is a nitroimidazole that was developed by Roche in 1972 and was formerly marketed as Rochagan® or Radanil®; it is currently produced by the Laboratório Farmacêutico do Estado de Pernambuco, Brazil (www.pe.gov.br/orgaos/lafepe-laboratorio-farmaceutico-de-pernambuco/). This drug appears to act differently, as it produces metabolites that react with macromolecules such as DNA, RNA, proteins, and possibly lipids. In both cases, the antiparasitic activity of the drug is intimately linked with their inherent toxicity. Both drugs are effective against acute infections, but they show poor activity during the late chronic phase.16 Due to their severe side effects and limited efficacy against different parasitic isolates,25 these drugs are hardly the best treatment options to offer patients. One of the major drawbacks of Nif is its high incidence of side effects, which is observed in up to 40% of patients and includes nausea, vomiting, abdominal pain, weight loss and severe anorexia. Furthermore, adverse neurological effects such as restlessness, paresthesia, twitching, insomnia and seizures have also been observed.21 In comparison to Nif, Bz has the advantage of a lower incidence of side effects; however, its side effects include hypersensitivity (dermatitis, generalised oedema, ganglionic infarction and joint and muscle pains), bone marrow depletion and peripheral polyneuropathy.26 Because of the challenges regarding the efficacy vs. the toxicity of both nitro-heterocyclic compounds, the current recommendations for using either drug to treat Chagas disease suggest that all acute cases, including reactivations due to immunosuppression, recent chronic cases (including children up to 12 years of age), and indeterminate or benign chronic forms should be treated. In addition, cases should be treated at the discretion of the attending physician. In contrast, the contra-indications for specific treatment are pregnancy, liver and kidney failure, neurological diseases unrelated to CD, advanced CD with grade III or IV cardiopathy (Pan American Health Organization, PAHO)/(WHO), or other pathologies that may be worsened by treatment.26 Between 12 and 18% of patients who undergo treatment have to suspend their therapy prematurely because of side effects.27 Overall, the 2010 Latin American Guidelines for Chagas cardiomyopathy indicate that unrestricted treatment for patients with chronic Chagas disease should not be regarded as standard therapy.28

  Several new compounds are currently under preclinical development, and different approaches have been used to identify new drug leads including in vitro parasite phenotype screens and target-based drug discovery.29 Although many attempts have been made to treat the disease since its identification in 1912, only allopurinol and some antifungals have been used in clinical trials since the introduction of Nif and Bz.25,30 In 2009, the Drugs for Neglected Diseases initiative (DNDi) and its partners launched the Chagas disease Clinical Research Platform (http://www.dndi.org/strenghtening-capacity/chagas-platform/publications.html), which aims to promote technical discussions, develop a critical mass of expertise, strengthen institutional research capacities, and link investigators through a collaborative network. As a result, three phase II clinical trials began in 2011 to investigate the potential uses of posaconazole (a structural analogue of itraconazole) (SCH 56592; Schering-Plough Research Institute, SPRI) and of a prodrug of ravuconazole (E1224; Eisai) (Figure 2).
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  Both drugs are triazole derivatives that inhibit fungal and protozoan cytochrome P-450-dependent enzyme CYP51 (C14α-lanosterol demethylase) (TcCYP51).31-33 Two clinical studies were performed with posaconazole: STOP-CHAGAS (in Argentina, Colombia, Mexico and Venezuela, funded by Merck) with results expected by 2014 and CHAGASAZOL (in Spain at University Hospital Vall d'Hebron Research Institute in Barcelona), which was completed in March 2013 (results were posted at 
    http://clinicaltrials.gov/show/NCT01162967, accessed in July, 2014). Another study investigated the use of E1224 (DNDi/Eisai Pharmaceuticals) and was developed in Bolivia. It involved a total of 231 patients, and the drug exhibited a good safety profile and was effective at clearing the parasite; however, it had little to no sustained efficacy one year after treatment. The key disadvantages of novel azole derivatives (i.e., posaconazole) are their complexity and manufacturing costs.31

  Among the drugs identified in preclinical studies, several of them have yielded valuable results. For example, CYP51 inhibitors such as tipifarnib (an anti-cancer drug that inhibits the human protein farnesyltransferase)32 and the fenarimol series show promise.33 In addition, fexinidazole (a substituted 5-nitroimidazole that was rediscovered by the DNDi and is currently in phase II/III 
    clinical study for the treatment of human African trypanosomiasis),34 diamidine analogues35 and a series of oxaboroles (prototype AN4169) are promising new drugs for the treatment of T. cruzi infections.36 Other drug targets under investigation include cysteine proteases because T. cruzi contains a cathepsin L-like enzyme (cruzipain) that is responsible for the majority of the proteolytic activity that occurs in all developmental forms. The vinyl sulfone K777 is an irreversible cruzipain inhibitor that has shown efficacy in chronic rodent models and is also under preclinical development.29 Some of the most promising targets identified in T. cruzi include protein prenylation, hypoxanthine-guanine phosphoribosyltransferase, cysteine proteases,29,37 and topoisomerases.38 The utility of 14-demethylase inhibitors,39,40 squalene synthase inhibitors,41 farnesyl pyrophosphate synthase inhibitors,42 farnesyl transferase inhibitors,43,44 dihydrofolate reductase inhibitors45 and natural products such as canthinones, quinolines, lignans, and naphthoquinones are also being explored.46-48 New and established pharmacophores based on synthetic and natural product chemistry have been identified through improved screening technologies and have generated hits from libraries provided largely by the pharmaceutical industry and other entities.

  Another approach aimed at the treatment of Chagas disease is the achievement of greater efficacy through the use of combinations of existing drugs that display different mechanisms of action. Combination therapy has been proven to be more effective than monotherapies for several infectious diseases and also minimises the risk of drug resistance. Several studies in animal models have examined the use of combinations of Bz and CYP51 inhibitors,49-52 the arylimidamide DB766,53 and allopurinol,54,55 and the results were encouraging. Coura26 proposed the use of combinations of [Nif + Bz], [Nif or Bz + allopurinol] and [Nif or Bz + ketoconazole, fluconazole or itraconazole] in specified treatment schemes that were adapted according to the side effects observed.

  Based on current knowledge of parasite and host biological characteristics, a desired drug candidate for Chagas disease would include the following attributes: (i) high activity against the evolving forms of the parasite present in the mammalian hosts and different reservoirs of the parasite, (ii) efficacy against both acute and chronic infections, (iii) oral administration of only a few doses, (iv) low toxicity and an improved safety profile (including children and women of reproductive age), (v) low cost and high stability suitable for a long shelf life in tropical temperatures, and (vi) high levels of tissue accumulation and long terminal half-lives.55

  Over the past 20 years, our group has been working on experimental chemotherapy for Chagas disease in collaboration with research groups focused on medicinal chemistry. We have been investigating the efficacy, selectivity, toxicity, cellular targets and mechanisms of action of different classes of compounds on T. cruzi. In this report, we present an overview of these studies, focusing on the development of novel naphthoquinonoid prototypes for the clinical treatment of Chagas disease. We also describe their synthesis, activity and mechanisms of action. Furthermore, we summarise the current state of research in the field and suggest future directions while assessing and discussing potential improvements. This mini-review discusses our continued efforts toward the biological characterisation and synthesis of naphthoquinoidal compounds, aiming to contribute in the development of a new arsenal of candidate drugs that exhibit effective anti-T. cruzi activity.

   

  2. Quinoidal Compounds and Derivatives

  Quinoidal compounds can be found in various plant families or as synthetic substances.56-59 The structural components of these compounds are the focus of many studies attempting to determine their activity against several parasites such as Leishmania,60 T. cruzi61 and Plasmodium falciparum.62 Quinones participate in multiple biological oxidative processes due to their structural properties and their capacity to generate reactive oxygen species.63,64

  The first report published in collaboration with Antonio V. Pinto's group from the Federal University of Rio de Janeiro in 1994 described a series of natural and synthetic drugs that exhibited activity against T. cruzi.65 In this work, we evaluated 45 compounds for activity against bloodstream forms of T. cruzi. From there, a fruitful partnership began, and several molecules were synthesised and screened for activity against this parasite.

  Following this initial study, we dedicated our efforts to the identification of new quinoidal molecules. Lapachol (1) is an important natural naphthoquinone; we used it and its derivatives to explore the chemical reactivity of the drug class, and several heterocycles were obtained with good yields (Schemes 1-3). Their effects on the bloodstream forms of T. cruzi were evaluated, and the results are shown in Table 1. Some compounds that exhibited initial activity were identified as potential candidates for further studies due to comparable activity with crystal violet, a substance indicated for the sterilisation of chagasic blood.66 Unless otherwise stated, all of the screening assays presented in this review were performed using bloodstream trypomastigotes of the Y strain obtained from infected albino mice at the peak of parasitaemia. These trypomastigotes were isolated by differential centrifugation and resuspended (107 cells mL-1) in Dulbecco's modified Eagle medium containing 10% mouse blood. This parasite suspension (100 µL) was added to the same volume of each previously prepared compound at twice the desired final concentrations in 96-well microplates and was incubated for 24 h at 4 ºC. For experiments using epimastigotes (Y strain), the parasites were maintained axenically at 28 ºC with weekly transfers of liver infusion tryptose (LIT) medium and harvested during the exponential phase of growth (5-day-old culture forms). The assays were performed in 24-well microplates and were incubated up to 4 days at 28 ºC in LIT medium. Cell counts were performed in a Neubauer chamber, and trypanocidal activity was expressed as an IC50 value corresponding to the concentration that lyses 50% of the parasites.
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  Meanwhile, we reported the synthesis and evaluation of naphthoxazoles containing both electron donating and withdrawing groups (Figure 3).67,68 Heterocycles, as for instance, indole and 1,3-benzodioxole, as substituent groups were also evaluated. The compounds were easily obtained from the reaction of β-lapachone or nor-β-lapachone and aromatic aldehydes in the presence of an ammonium salt. In general, these structures exhibited efficient anti-T. cruzi activity and represented an excellent starting point for the synthesis of new prototypes.
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  Another class of structures prepared from the same reaction were the naphthoimidazole derivatives 27-39 (Figure 4). The trypanocidal activities of the naphthoxazoles 19-26 and naphthoimidazoles 27-39 are displayed in Table 2. From these substances, compounds 18 (IC50 = 37.0 ± 0.7 µM), 27 (IC50 = 15.4 ± 0.2 µM) and 39 (IC50 = 15.5 ± 2.9 µM) were selected for further studies of the trypanocidal mechanism of action.69
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  The naphthoimidazoles 18, 27 and 39 were also effective against the proliferative forms of T. cruzi (intracellular amastigotes and epimastigotes), and the main ultrastructural targets identified were the mitochondrion and nuclear DNA.70 Electron microscopy analyses revealed mitochondrial swelling, abnormal chromatin condensation, endoplasmic reticulum profiles surrounding organelles and autophagosome-like structures in treated parasites. We also observed reservosome disorganisation and trans-Golgi network cisternae disruption specifically in the epimastigote forms.70,71 Interestingly, the pre-incubation of the parasites with the cysteine protease inhibitor E64 or calpain inhibitor I partially attenuated the trypanocidal effect of the naphthoimidazoles suggesting that the deactivation of cysteine proteases is involved in their mode of action.70 Because the reservosome is a target in epimastigotes and is rich in cysteine proteases, disruption of this organelle could release proteases into the cytosol and initiate a proteolytic pathway, ultimately leading to parasite death. Alterations of mitochondrion, chromatin, and reservosomes and the detection of an autophagy process encouraged further studies regarding death pathways. The investigation of the apoptotic features demonstrated discrete phosphatidylserine exposure and strong DNA fragmentation by both electrophoresis and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) techniques.70-72 Naphthoimidazoles are planar in structure and could possibly interact with the parasite's DNA to induce fragmentation, which is a decisive event during trypanocidal activity. In contrast, the morphological evidence of autophagy induction after treatment with compounds 18, 27 and 39 stimulated a more detailed evaluation of this pathway. Strong labelling of monodansylcadaverine (an autophagosome probe) together with ATG (autophagic-related genes) overexpression and total abolition of the compounds' effects by the well-known autophagic inhibitors wortmannin or 3-methyladenine in both treated epimastigotes and trypomastigotes supported the hypothesis that autophagy was involved in the naphthoimidazoles' mode of action.72 However, further proteomic analysis is needed to identify T. cruzi molecules involved in the mechanism of action of compounds 18, 27 and 39. In 2010, the first assessment of the proteomic profile of naphthoimidazole-treated epimastigotes was performed. Multiple biochemical pathways were involved in their trypanocidal activity including redox metabolism, energy production, ergosterol biosynthesis, cytoskeleton assembly, protein metabolism and chaperone modulation. An imbalance among these fundamental pathways could lead to the loss of homeostasis and culminate in T. cruzi death.73 Among the proteins modulated by the treatment, 26 proteins were downregulated, and only three proteins were overexpressed. Surprisingly, most of the modulated proteins were exclusive to each particular compound, indicating that differences in their modes of action existed (Figure 5).
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  Mitochondrial proteins were the most commonly modulated proteins, thus confirming the previous biochemical and ultrastructural evidence that described this organelle as the primary target of these compounds.70,71,73 Tubulin was downregulated in parasites treated with compounds 18, 27 and 39. In trypanosomatids, different tubulin isoforms are present because each one is linked to the kinetics of microtubule assembly. Enzyme-linked immunosorbent assay (ELISA) data showed that the tyrosinated tubulin pool decreased after treatment. This protein isoform was associated with labile microtubules, suggesting that these compounds interfered with intracellular vesicle traffic and/or 
    mitotic spindle formation. This hypothesis was also supported by the absence of ultra-structural damage in subpellicular and flagellar microtubules and the blockage of mitosis in treated epimastigotes.70,71,73 Due to the results obtained about the activity and mechanism of action of 18, 27 and 39 higher amounts of the compounds were synthesised and experiments are underway in our laboratory aiming the evaluation of nitroimidazoles in the treatment of experimentally T. cruzi-infected mice.74

  To synthesise new heterocycles, Pinto and co-workers67 developed a methodology to produce pyran derivatives of β-lapachone (3) through a reaction using active methylene reagents under basic conditions. The resulting cyclopentenones and chromenes were evaluated for anti-T. cruzi activity in addition to the other heterocyclic compounds shown in Figure 6. The results of the trypanocidal activity studies are shown in Table 3. Unfortunately, this class of compounds did not exhibit trypanocidal activity comparable to that of the naphthoimidazole derivatives, with the exception of compound 45. Thus, these substances have not been the subject of subsequent studies.
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  In the same manner, we continued the search for trypanocidal heterocyclic compounds and obtained a phenazine derivative 50 (Figure 7) from β-lapachone (3), which was subsequently well characterised by crystallographic methods. This compound was almost twice as active as Bz, with an IC50 (24 h) of 61.3 ± 9.6 µM.75 Despite its promising activity level, the yield for obtaining compound 50 from lapachone (3) was low (25% yield), which discouraged further studies. However, phenazines obtained from lapachones generally exhibited low levels of cytotoxicity,76 and this phenazine represents an important prototype for the design of novel trypanocidal drugs.
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  Over the last few years, our group has focused on synthesising and measuring the trypanocidal activity of nor-β-lapachones substituted with heterocyclic rings. In general, a molecular hybridisation strategy was used to design the new compounds,77 and the subject of our study was the combination of a quinoidal moiety with a 1,2,3-triazole group. The first synthetic route we developed followed the principles of medicinal chemistry and produced lapachone-based 1,2,3-triazoles with global yields higher than 50%. Using the Hooker oxidation method,78 nor-lapachol (4) was prepared and used to obtain the key intermediate 3-azido nor-β-lapachone (51). Compound 51 was used to prepare the respective 1,2,3-triazole derivatives 52-61 by employing a 1,3-dipolar reaction catalysed by Cu(I), a type of reaction also known as "click chemistry" (Scheme 4).79 The results of the trypanocidal activity studies are shown in Table 4.80,81
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  Overall, all compounds exhibited good trypanocidal activity, and several compounds were even more active than Bz. It was recently suggested in the Perspectives Section of the Journal of Medicinal Chemistry82 that a triazolic naphthofuranquinone compound (56) represents an important trypanocidal prototype. Compound 56 was the most active with an IC50 (24 h) value of 17.3 ± 2.0 µM, and this substance was chosen for further studies of its mechanism of action.83 This compound was also effective against the epimastigote and intracellular amastigote forms of T. cruzi, with IC50 (24 h) values below 25 μM. Scanning electron microscopy analyses revealed bizarre multiflagellar parasites in the treated group that also exhibited abnormal morphology during parasite division. Cell cycle evaluations revealed a reduction in the number of parasites with duplicated genetic material, suggesting that the compound blocked cytokinesis. Transmission electron microscopy analyses of epimastigotes revealed the formation of well-developed endoplasmic reticulum profiles surrounding the reservosomes; these results suggest that there is close contact between both membranes. The appearance of cytosolic concentric membrane structures was another morphological feature, suggesting that autophagy is a partial mode of action for compound 56. Fluorescence microscopy analyses reinforced these data and indicated that a high percentage of MDC-labelled epimastigotes was present after treatment. Morphological damage in Golgi cisternae and blebbing of the flagellar membrane were also frequent alterations induced by this triazolic quinone. Interestingly, ultra-structural and flow cytometry studies showed that the mitochondrion was not affected by the treatment, suggesting that this organelle is not a target of compound 56. The mechanism of action of this triazolic naphthofuranquinone differs from that of the other naphthoquinones studied because it involves autophagy (especially of the reservosomes) and cytokinesis impairment (Figure 8).83
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  Compound 56 was considered an important prototype for anti-T. cruzi activity, but its high level of cytotoxicity in mammalian cells was an impediment for further studies. We believed that it was necessary to structurally modify this compound to obtain a substance with a higher selectivity index (SI) that corresponds to the ratio LC50 (concentration that leads to damage of 50% of the mammalian cells)/IC50. Another possibility would be to develop the compound within a controlled delivery system, which has been the focus of several studies aimed at solving drug toxicity issues. This important strategy can be used to optimise the therapeutic efficacy of the drug and reduce toxic side effects.84 In Scheme 5, the naphthoquinoidal compounds designed to couple ortho-quinone to para-quinoidal structures are displayed. Our strategy was based on the combination of ortho- and para-quinoidal moieties that are able to generate high concentrations of reactive oxygen species, a property that is generally associated with the activity of this class of compounds. Based on the structural skeleton of compound 56, compounds 62-64 were designed to preserve the main group, the quinoidal pharmacophore. Our approach proved to be effective, and compounds 62, 63, and 64 exhibited IC50 (24 h) values of 80.8, 6.8 and 8.2 µM, respectively (Table 5).85 We were pleasantly surprised when heart muscle cell toxicity analyses produced LC50 (24 h) values of 63.1 and 281.6 µM for compounds 63 and 64, respectively, which corresponded to SI of 9.3 and 34.3.85
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  Aiming the establishment of a panel of minimum standardised procedures to advance leading compounds to clinical trials, the workshop Experimental Models in Drug Screening and Development for Chagas Disease was held in Rio de Janeiro (Brazil) organised by the Fiocruz Program for Research and Technological Development on Chagas Disease (PIDC) and DNDi. During the meeting, the minimum steps, requirements and decision gates for the determination of the efficacy of lead compounds were evaluated by interdisciplinary experts and an in vitro and in vivo flowchart was designed to serve as a general and standardised protocol for drug screening.86 Based on this flowchart and due to the high SI value attained, compound 64 will be assayed further for its effectiveness in T. cruzi-infected mice.

  To obtain additional trypanocidal molecules with low toxicity in mammalian cells, new triazolic α- and nor-α-lapachones were synthesised and assayed for anti-T. cruzi activity based on a strategy we recently described involving C-ring modification.87

  α-Lapachone-based 1,2,3-triazoles were synthesised as previously described (Scheme 6).88 4-Bromo-α-lapachone was prepared from α-lapachone (2) by obtaining a key intermediate, 4-azido-α-lapachone (65). Using the click chemistry method,89 several 1,2,3-triazoles 66-68 were synthesised. Unfortunately, this class of compounds  was not active against trypomastigotes of T. cruzi and revealed IC50 (24 h) values greater than 500 µM for all derivatives.
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  Using the same methodology with one minor difference (in this case, the initial compound used was nor-α-lapachone (69)), we prepared compounds 71-74 with high yields (Scheme 7). These substances were evaluated under the same conditions for anti-T. cruzi activity and were also found to be inactive.85
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  To structurally modify β-lapachone (3), C-ring modification87 was used to synthesise compounds that were more active and selective towards T. cruzi. Thus, we described the insertion of 1,2,3-triazoles into compound 3. The preparation of these derivatives was easily accomplished using the 3,4-dibromo-β-lapachone (75) obtained from compound 3. After two steps, the key intermediate 77 was isolated and used to prepare β-lapachone-based 1,2,3-triazoles with moderate yields (Scheme 8).90 These  triazoles were evaluated against the trypomastigote form of T. cruzi, and all of the substances were more effective than crystal violet. When compared to Bz, compound 77 was 4 times more active than the standard drug and compound 81 exhibited similar activity 
    (Table 6).90
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  1,4-Naphthoquinone coupled to 1,2,3-triazole N-phthalimides (82-91) were recently prepared from brominated, chlorinated or unsubstituted quinones (Scheme 9).85 Compounds 82-91 were inactive against T. cruzi and more studies regarding the mechanism of insertion of the 1,2,3-triazole ring into 1,4-naphthoquinone are necessary.

  
    

    [image: Scheme 9. 1,4-Naphthoquinone]

  

  Meanwhile, 1,4-naphthoquinones with a direct insertion of a heterocyclic ring 1,2,3-triazole into the quinoidal structure were prepared, as shown in Scheme 10. Synthesis of the naphthoquinones coupled to 1,2,3-triazoles was initially reported by Nascimento et al. (Scheme 10).91 In assays with trypomastigote forms of T. cruzi, the most active substances displayed IC50 values in the range of 10.9 to 80.2 µM (Table 7).85 Compounds 93 and 98 exhibited IC50 values of 10.9 and 17.7 µM, respectively, and are thus very promising structures. Further studies regarding their mechanism of action, cytotoxicity levels and in vivo activity are therefore necessary. It is important to note that the para-naphthoquinone 1,2,3-triazoles are easily obtained in only two steps from the starting material 1,4-naphthoquinone and both reactions have good to excellent yields.
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  Using the methodology described by the Pinto group,92 we prepared substituted nor-β-lapachones arylamino from nor-lapachol (4) at high yields (Figure 9), and these compounds were evaluated for anti-T. cruzi activity (Table 8).93,94 The trypanocidal activity of compounds 103, 108, 110, and 112-114 was higher than that of Bz, a drug commonly used to combat T. cruzi infections. Compound 112, which contained the bromine atoms, was the most active compound and exhibited an IC50 value of 24.9 µM. These structures represent an important starting point for the attainment of new trypanocidal compounds.
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  In a previous work,92 Silva et al. described the synthesis of derivatives obtained from C-allyl lawsone, as shown in Scheme 11. These compounds exhibited activity against T. cruzi in both the bloodstream trypomastigote and epimastigote forms (Tables 9 and 10). The effects of compounds 117-119 on epimastigote proliferation were monitored for up to 4 days.
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  Compounds 117-119 derived from C-allyl lawsone were effective against the three forms of the parasite, and the intracellular amastigote was the most susceptible form.95 Transmission electron microscopy examination of treated epimastigotes and bloodstream trypomastigotes revealed a drastic mitochondrial swelling with a washed-out matrix profile. Potent dose-dependent collapse of the mitochondrial membrane potential revealed by rhodamine 123 staining together with an inhibition of mitochondrial complex I-III activities and a reduction in succinate-induced oxygen consumption strongly corroborated the central role of the mitochondrion in these compounds' mechanisms of action. Moreover, an increase in the production of hydrogen peroxide by this organelle in treated epimastigotes was also observed. However, some differences in the mode of action of naphthofuranquinones were apparent in epimastigotes and trypomastigotes. In the insect form, the trypanocidal effects of the compounds were a consequence of the parasite redox balance modulation, whereas in the bloodstream form, mitochondrial dysfunction affected energy transduction reactions, which compromised the protozoa's bioenergy efficiency. Naphthoquinones interfere with electron flow at the inner mitochondrial membrane by diverting electrons away from ubiquinone. The oxidation of semiquinones back to quinones leads to the generation of reactive oxygen species that compromise the activity of complex I-III and oxygen consumption capability, which culminates in parasite death.95

  In another set of experiments, the trypanocidal activity of sixteen 1,4-naphthoquinones was assessed on both T. cruzi trypomastigotes and epimastigotes (Figure 10 and Table 11).96 In the case of the naphthoquinones 120-134, different assay conditions were used to analyse the effects on trypomastigotes. While all of the previous experiments were performed in the presence of 5% mouse blood and at 4 ºC (Bz IC50 = 103.6 ± 0.6 µM) as previously mentioned, the present compounds were assayed at 37 ºC in absence of blood (Bz IC50= 26.0 ± 4.0 µM).
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  Four compounds were selected from this series for mode of action studies: the prototype naphthoquinone 120 and three juglone derivatives (126, 127 and 130).96 These four compounds were effective against parasite proliferative forms (epimastigotes and intracellular amastigotes) and reduced the infection of peritoneal macrophages and heart muscle cells. Ultra-structural studies of treated epimastigotes suggested that the mitochondrion are a primary target, due to the apparent swelling of the organelle and the appearance of membranous structures in its matrix (Figure 11). Mitochondrial membrane potential was evaluated by tetramethylrhodamine ethyl ester (TMRE) labelling, and all four quinones induced a depolarisation of this organelle, which reduced the intensity of TMRE fluorescence by up to 50%. Since an uncoupled mitochondrion generates reactive oxygen species (ROS), ROS production can be examined by DHE labelling; only compound 126 led to a discrete increase in the percentage of DHE+ epimastigotes. Mechanistically, it was reasonable to postulate that the collapse of the mitochondrial potential was mediated by ROS generation in the treated parasites. The absence of oxidative stress induced by compounds 120, 127 and 130 could be attributable to the involvement of more than one mode of action in the trypanocidal activity of these compounds, leaving ROS generation suppressed by the detoxification system of the parasite. The intense redox activity of compound 126 could be attributed to the acetyl group present in its structure that facilitates quinone reduction. Furthermore, other morphological alterations were described, such as atypical cytosolic membranous structures and the appearance of endoplasmic reticulum surrounding reservosomes, which is indicative of autophagy. In addition, intense cytosolic vacuolisation, the formation of blebs in the flagellar membrane and the loss of cytosolic electron-density were also observed. The ultra-structural autophagic evidence suggests that the endoplasmic reticulum participates in the observed pre-autophagosomal formation.96
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  3. Conclusions

  This review describes our efforts to develop an effective trypanocidal drug. Synthesis procedures and biological data regarding anti-T. cruzi activity were described and studies of the mechanism of action of these compounds were detailed to provide an overview of the progress made by our research group in collaboration with several researchers around the world. Among the quinones and derivatives investigated, naphthoimidazoles derived from β-lapachone presented promising biological activity together with low toxicity to the host cells, opening interesting perspectives for their investigation in vivo. On the other hand, naphthoquinones presenting different moieties in their structures showed distinct modes of action. It is well-known that quinones induce ROS production also in T. cruzi. Our previous data pointed to ROS generation as part of the naphtoquinones' mechanism of action and the central role of the parasite mitochondrion, depending on the moiety linked to the quinoidal ring. In this scenario, as an example, a triazolic naphthoquinone led to discrete increase in ROS levels and did not compromise the mitochondrial functionality as well. The naphthofuranquinone and juglone derivatives strongly affected this organelle physiology interfering with the oxygen uptake and mitochondrial membrane potential. High amounts of ROS were produced by the mitochondrion of treated parasites culminating in T. cruzi death. Notwithstanding, many questions still remain unanswered about the molecular mechanisms involved in the trypanocidal effect of these compounds and their selectivity for different cellular structures in the protozoa, we hope that this review contributes to the development of new candidates for Chagas disease.
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    A expressão "doenças tropicais negligenciadas" (NTDs) representa uma série de doenças que afetam a população de países de baixa renda, sendo insetos vetores os responsáveis pela transmissão de grande parte dessas doenças. Ferramentas de controle são necessárias para impedir o contato entre humanos e insetos vetores destas doenças. Este controle é comumente realizado pelo uso intensivo de inseticidas, porém, resistência a estes xenobióticos ocorre nos casos mais relevantes de espécies de vetores de doenças. Portanto, metodologias alternativas para o controle de vetores são urgentemente necessárias para evitar a transmissão da maioria das NTDs. Nesta revisão, uma série de compostos químicos que podem auxiliar no desenvolvimento de ferramentas de controle desses vetores, as quais se baseiam na manipulação do comportamento dos insetos associado à estas moléculas, são descritas. Tais relações incluem os odores de hospedeiros usados por artrópodes na busca de fontes de sangue, assim como feromônios utilizados por estes em diversos contextos como, por exemplo, na reprodução. Adicionalmente, são apresentados caminhos recentemente explorados na busca de compostos capazes de modificar comportamentos através de metodologias de alto rendimento. Especificamente, são mostrados exemplos de como estas metodologias mediam a busca por novos repelentes e atrativos.

  

   

  
    The expression "neglected tropical diseases" (NTDs) represents a series of illnesses that affect the population of low-income countries, being vector insects responsible for the transmission of a large part of these diseases. Control tools are needed to impede contacts between humans and insects vectoring some of them. This control is currently attained by intensive insecticide use but resistance to such xenobiotics exists in the most relevant disease vector species. Therefore, alternative vector control methodologies are urgently needed to avoid most NTD transmission. The present review describes a series of molecules that could assist on developing vector control tools, which could be based on manipulating insect behaviors associated with them. Such relations include host odors used by arthropods to search for blood sources, as well as pheromones used by them to communicate in diverse contexts, e.g., reproduction. Additionally, avenues recently explored in the search of behavior modifying compounds by means of high throughput methodologies are discussed. Specifically, examples of how such methodologies mediate the search for new repellents and attractants are described.

    Keywords: vector insects, pheromones, kairomones, repellents

  

   

   

  1. Neglected Tropical Diseases and Control Tools

  The expression "neglected tropical diseases" (NTDs) refers to a cluster of maladies endemic to low-income countries.1-3 The extent of this cluster varies depending on which source analyzes the subject, but there is consensus on the fact that it represents a serious public health burden of high impact almost comparable to most ominous human diseases, such as HIV and tuberculosis.2,4-6 Many of these illnesses are transmitted by vector organisms, mostly blood-feeding arthropods. Even though several of these diseases can be prevented or treated, it is clear that most vector-borne neglected maladies cannot be currently controlled by means other than extensive use of insecticides to eliminate their vector insects.7 Diseases like dengue fever, leishmaniasis, Chagas disease, lymphatic filariasis, African sleeping sickness and onchocerciasis are considered NTDs and represent the main vector-borne maladies affecting humans around the globe together with malaria.

  The virus causing dengue fever, for example, is transmitted by the mosquito Aedes aegypti (Figure 1a). Brazil officially reported more than 200,000 cases to the Pan-American Health Organization in 2013.8 The estimated annual cost with dengue fever in that country amounts to approximately US$ 132 million, including activities of vector control; surveillance; information, education and communication; direct and indirect medical costs.9 From this global cost, the average investment in control represents 25%, while surveillance requires 4%.9 The yearly global cost due to dengue fever infections is estimated in 390 million (including symptomatic and asymptomatic cases).10

  
    

    [image: Figure 1. Examples of vectors]

  

  One century after the discovery of Chagas disease, a curative agent is still not available. It is one of the leading causes of mortality/morbidity in Latin America, with approximately 8 million people infected worldwide, more than 25 million people at risk of infection, and approximately 15,000 deaths each year.11 This debilitating zoonosis is caused by infection with the flagellate protozoan Trypanosoma cruzi. The primary vectors in South America are Triatoma infestans (Figure 1b) and Rhodnius prolixus, however, species such as Panstrongylus megistus and Triatoma brasiliensis, play an important role in transmission in some regions of Brazil.12

  Another example of neglected disease caused by a protozoan parasite and transmitted by a vector insect is leishmaniasis, which is caused by parasites of the genus Leishmania. Its transmission to humans happens via the bite of phlebotomine sandflies, e.g., Lutzomyia longipalpis (Figure 1c) and 70-90% of reported cases come from a list of 12 countries that includes Brazil, Colombia and Peru.13

  Currently, the intense use of insecticides needed for controlling some of these and other diseases represents an enormous chronic expenditure for the public agencies that combat their transmission, both in terms of cost of active principles and logistics necessary to apply them.7,14 Nevertheless, in most of the cited cases these xenobiotics currently represent our best tools to avoid disease spread.15

   

  2. The Use of Insecticides: Future Limitations

  Historic records show that the use of insecticides has allowed effective disease control in many cases.15 This sustained use and its eventual failures have promoted the appearance of insecticide resistance in many of the vector species transmitting NTDs.16,17 Resistance to insecticides is widespread for important disease vectors such as mosquitoes,18,19 triatomines20-22 and ticks.23 Populations of other vector arthropods, e.g., sandflies, which have been subjected to intensive selective pressure by insecticide use, will probably develop similar tolerance to current xenobiotics in the future. These processes have promoted increasing control limitations in broad areas, as traditional measures are not as effective anymore.16,24-27 Due to this, the search for new tools that could act as control alternatives has been an active trend in the field of insect vector biology in the last decade. Diverse strategies have been followed in order to generate innovative alternatives for vector insect control or even detection, but the impact on these objectives is yet to come.28-33 Paradoxically, the development of similar tools has progressed faster for agricultural pests, probably due to its commercial potential for powerful business branches such as the production of food, biofuels and other plant based commodities such as cotton and tobacco.34-37 What follows is a series of topics in which we summarize current knowledge on diverse aspects of the chemistry, biology and chemical ecology of vector arthropods, which could lead to the development of tools to assist their control. In connection to this, we suggest several perspectives that could be pursued in the field in order to offer alternatives for control agencies.

   

  3. Host Kairomones and their Potential for Vector Detection/Capture

  Host emitted odors have been described as attractants for hematophagous arthropods since long ago.38-49 This is true for diverse hematophagous arthropod orders and evidence gathered so far indicates that CO2 is an almost universal cue used by these arthropods to detect and find their hosts.50 The detection of other substances emitted by hosts is also frequently exploited in order to find emission sources. Examples of female mosquitoes orienting to host odors are diverse42,51-55 and highlight how much these insects rely on a widespread use of chemical signals to recognize their sources of blood.

  L-Lactic acid was identified as the major constituent of acetone extracts from human skin and showed to be attractive to female Ae. aegypti when used jointly with CO2.42 Later, by employing ammonia in combination with CO2 and L-lactic acid, a strong synergistic effect between those compounds was observed using Y-tube olfactometry.44 A blend of short carboxylic acids (e.g., propionic, butyric, isovaleric, hexanoic) combined with L-lactic acid was shown to be more attractive to Ae. aegypti females than L-lactic acid alone.45

  The effect of kairomones in host location by the malaria transmitting mosquito Anopheles gambiae was tested by using traps in controlled cages. A synergistic effect was found when ammonia, lactic acid and fatty acids were presented as a blend into trap devices. However, the tripartite synergistic effect observed for An. gambiae differed from Ae. aegypti, since lactic acid alone attracted Ae. aegypti but not An. gambiae.51 An. gambiae females preferred human odor over clean air in a Y-tube and avoided cow odor over clean air,54 a feature that might reinforce the effectiveness of their orientation to human hosts. Analysis of skin rubbings from various vertebrates indicated that human skin levels of L-lactic acid are the highest found between studied hosts, suggesting that the lower levels of L-lactic acid found on other animals contribute to their lower attractiveness to An. gambiae.55

  The genus Culex comprises the vectors of pathogens that cause diverse human diseases, including St. Louis encephalitis, Japanese encephalitis, Venezuelan equine encephalitis, Western equine encephalitis, lymphatic filariasis and West Nile Virus.56 Culex quinquefasciatus are strongly attracted by rabbit chow-baited traps and the bioactive compounds responsible for this were studied. By using solid phase micro-extraction (SPME), gas chromatography-electroantennographic detection (GC-EAD) and gas chromatography-mass spectrometry (GC-MS) techniques three compounds were identified as trimethylamine, nonanal and 3-methylindole.56 These compounds were tested in the field and were shown to be attractive in binary and ternary combinations.56

  Odorants from humans from diverse ethnic backgrounds were collected by SPME and the major components identified were 6-methyl-5-hepten-2-one, nonanal, decanal, and geranyl acetone.57 Volatiles emitted by birds, the principal hosts of Cx. quinquefasciatus, were also analysed and nonanal was shown to be their main component.57 Electroantennography recordings with female Cx. quinquefasciatus antennae tested against volatiles from chicken, pigeons and humans showed a consistent response to nonanal.57 Behavioral experiments showed strong attraction of Cx. quinquefasciatus to traps baited with nonanal alone or in combination with CO2.57

  Triatomine bugs, another group of relevant vector arthropods that transmit Chagas disease to humans, have also been shown to exploit an array of chemical substances emitted by their hosts.58-65 For Rhodnius prolixus, CO2 and human odor proved to be attractive, as well as the odor of a hamster, while on the other hand, L-lactic acid alone did not seem to play an important role in orientation.58 A mixture of lactic, propionic, butyric and valeric acid showed a synergistic effect with CO2 (300 ppm above the ambient level) on the attraction of Triatoma infestans, evoking a behavioral response comparable in intensity to that induced by a live mouse.59 By using electrophysiological single sensillum recordings coupled to gas chromatography, nonanal (from sheep wool and chicken feathers) and isobutyric acid (from rabbit odor) were identified as chemostimulants to receptor neurons from Triatoma infestans. Behavioral bioassays showed that nonanal causes the activation of the bugs, while isobutyric acid induces their attraction.62 1-Octen-3-ol, which was first isolated from cattle odors and is also present in human sweat, was shown to be attractive to Triatoma infestans, even in the absence of CO2.64

  A similar perspective can be presented for the relevant vectors of leishmaniasis, the sandflies.66-71 Male and female Lu. longipalpis sandflies showed attraction to human skin extracts67,69,70 and also to CO2 emitted at human-equivalent rates.70 Single sensillum recordings coupled to gas chromatography showed that sixteen compounds from the odor-producing glands of the fox Vulpes vulpes stimulate the olfactory organs of sandflies. Lu. longipalpis were as attracted to fox extracts as to a synthetic mixture containing all the synthetic compounds (4-methyl-2-pentanone, 2-hexanone, 4-hydroxy-4-methyl-2-pentanone, 3-hydroxy-2-butanone, 4-methylheptanone, 2-butanol, 3-methylbutan-1-ol, 3-methyl-3-buten-1-ol, 1-pentanol, propanoic acid, 2-methyl-propanoic acid, butanoic acid, 3-methyl butanoic acid, pentanoic acid, benzaldehyde and hexanal).68

  Simulids are a group of small flies that can transmit serious diseases, as onchocerciasis, to humans and seem to rely on host odors in order to find a bloodmeal.72-75 Biting midges, another group of tiny flies that can affect the production of cattle and represent a nuisance to humans, also use host odors in their orientation.76-79 Relevant vector flies such as African tripanosomiasis-transmitting tse-tse flies also orient to their hosts by means of olfactory cues.80,81

  This array of examples highlights the potential of chemical substances emitted by hosts and, their associated skin microorganisms, as attractants to manipulate vector behavior, as summarized in Table 1. The search for appropriate formulations of behaviorally active blends is a field that needs attention to allow the development of efficient baits. Particularly, long and sustained emission of a stable blend formulation seems critical for proper bait function under field conditions.
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  4. Pheromones and their Potential for Vector Detection/Capture

  Pheromones, the chemical signals used by animals to communicate with their conspecifics, represent a powerful alternative for the development of behavior-modifying tools. Pheromones have been described for triatomine bugs, flebotomine sandflies, mosquitoes, ticks and other vector arthropods. The appealing potential of pheromones relies in their specificity, powerful behavioral effect and low tendency of target species for developing resistance, if used in control tools. A diverse range of functions can be described for arthropod pheromones and these include the recognition of sexual partners, the promotion of species-specific aggregations, the marking of oviposition sites and shelters, and the rapid communication of the presence of menaces.

  Few culicids have been shown to use pheromones to communicate and the most relevant case to date is the discovery of the oviposition pheromone of Culex quinquefasciatus.82 The natural Cx. quinquefasciatus pheromone was extracted from the apical droplets found over mosquito eggs and the respective chemical structure was identified by mass spectrometry and microderivatizations as erythro-6-acetoxy-5-hexadecanolide (MOP).82 Enantioselective syntheses for both enantiomers were developed83,84 and the absotute configuration of the natural pheromone was determined as (–)-(5R,6S)-6-acetoxy-5-hexadecanolide ((5R,6S)-MOP) (1) (Figure 2).85 From the four possible stereoisomers of 6-acetoxy-5-hexadecanolide, only the natural (5R,6S)-MOP promotes oviposition by female Cx. quinquefasciatus to oviposition.86 Nowadays, this pheromone is commercially available for trapping systems.87

  
    

    [image: Figure 2. (5R,6S)-6-Acetoxy]

  

  Whether mosquitoes use chemical signals for sexual communication is not clear to date, but evidence seems to suggest that this is also the case.88 Vector sandflies have been shown to exploit chemical substances for communication purposes and the two main types of pheromones described to date involve sexual71,89,90 and oviposition66 signals.91-94

  Lutzomya longipalpis is a complex of sibling species and its sexual communication is mediated by blends of terpenes that show large variations in respective composition when populations from different localities are compared.89 The sex pheromone of Lu. longipalpis was first extracted from glands of males of a Brazilian population (Lapinha-MG) and identified as the homoterpene 9-methylgermacrene-B.95 The absolute configuration of 9-methylgermacrene-B was studied by its respective enantioselective synthesis and analysis through chiral GC, identifying the natural pheromone as (S)-9-methylgermacrene-B (2) (Figure 3).96
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  Subsequently, another Brazilian Lu. longipalpis population (Jacobina-MG) was studied and a mixture of α-himachalene (3) (Figure 3) and 3-methyl-α-himachalene (major component) was identified as its sex pheromone by mass spectrometry and microderivatization techniques.97,98 The stereochemistry of 3-methyl-α-himachalene was identified as (1S,3S,7R)-3-methyl-α-himachalene (4) (Figure 3) by behavioral, chromatographic and electrophysiological tests, suggesting that the pheromone has a dual function of promoting male aggregations, as well as attracting females.99,100

  Additional South American populations of this species were studied and showed at least four sex pheromone chemotypes, including one that produces the diterpene cembrene (5) (Figure 3).89,101

  Lu. longipalpis produces dodecanoic acid (6) (Figure 4) as an oviposition pheromone, which is secreted onto eggs by accessory glands. This pheromone was shown to be attractive mainly when combined with volatile kairomones found in rabbit feces, e.g., hexanal and 2-methyl-2-butanol.92
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  In recent years, a body of evidence has indicated that triatomine bugs use chemical substances emitted by females in order to promote male orientation to females, mating and male aggregations around mating pairs.102-107 The metasternal glands (MGs) of these insects are involved in their production at least in T. infestans, T. brasiliensis, Triatoma dimidiata and R. prolixus, the main vector species transmitting Chagas disease to humans. The volatile contents of the MGs of these species were extracted by SPME. As a consequence, thirteen compounds were identified in the MGs of T. brasiliensis by means of GC-MS and chiral GC-flame ionization detection (FID): 2-butanone, 3-pentanone, (S)-2-butanol, 2-methyl-1-propanol, 3-pentanol, (R)-2-pentanol, (±)-3-hexanol, (S)-3-methyl-2-hexanol, (R)-4-methyl-1-hexanol, 1-heptanol, 6-methyl-1-heptanol, (R)-4-methyl-1-heptanol and (R)-1-phenylethanol.102 Electrophysiological experiments showed that 3-pentanone (7), (R)-4-methyl-1-heptanol (8), (S)-2-methyl-1-butanol (9) and (R)-1-phenylethanol (10) are active on male antennae (Figure 5).102
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  Additionally, twelve compounds produced by the metasternal glands of male and female R. prolixus were identified by SPME and GC-MS: 2-butanone (11), 2-pentanone (12), (S)-2-butanol (13), 2-methyl-3-buten-2-ol (14), 3-methyl-2-butanol (15), 3-pentanol (16), (S)-2-pentanol (17), (E)-2-methyl-3-penten-2-ol (18), (S)-4-methyl-2-pentanol (19), (S)-3-hexanol (20), 2-methyl-1-butanol (21) and (±)-4-methyl-3-penten-2-ol (22) (Figure 6).103 Behavioral tests suggest that these secretions are involved in the sexual communication of R. prolixus.103-106
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  Besides, several triatomine vectors present an aggregation inducing system based on two chemical signals, a volatile one emitted by their feces108-110 and a contact factor deposited on the substrate.108,111,112 The chemical identities of these pheromones have been reported recently in T. infestans. Octadecanoic acid (23) and hexacosanoic acid (24) were identified as a contact pheromone (Figure 7).112 Acetic acid (25), 3-methylbutanoic acid (26), hexanoic acid (27) acetamide (28) and 2,3-butanediol (29) were found in the feces of T. infestans, P. megistus and T. brasiliensis (Figure 8) and would allow the potential development of species-specific baits to detect these relevant disease vectors.12
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  The use of pheromones for developing control tools such as chemical baits and detection devices has been broadly exploited for agricultural pests.35 This includes their application to diverse methods such as pest detection devices based on their attractivity, the development of trapping systems for attract-and-kill methods and sexual confusion to interrupt mating.34,36,113-115 Nevertheless, similar approaches are seldom found in relation to disease vector species. Controlling illnesses like dengue fever, Chagas disease and leishmaniasis, among others, relies heavily on monitoring and killing the vector insects transmitting them. This is a critical point that needs to be addressed if knowledge is to be transferred for controlling vector arthropods. Actually, the mere fact that few mosquito pheromones have been characterized indicates the urgent need of intense input into this area to allow a better understanding of reproduction systems (and others) that represent a key target for interfering with the biology of these species, which are otherwise resilient when confronted with traditional insect control methods.

   

  5. Next Generation Sequencing Techniques and Functional Characterization of Molecular Targets to Interfere in Insect Olfaction

  The last two decades represent a historical turning point in terms of multidisciplinarity in chemical and biological research. One of the key events driving this phenomenon was the advent of sequencing techniques and, specially, the so-called next generation sequencing techniques (NGS). This allowed accessing the sequence identity of significant genes and even promoting the mass identification of genes actively expressed in target tissues. Likely, insect science benefited from this and the genes and genomes of model insects, e.g., Drosophila,116 have been exhaustively studied through these methodologies. Among diverse outcomes that deserve mentioning, the discovery of several families of sensory receptors was made possible, representing a breakthrough in our understanding of the molecular basis of insect sensory perception. The bases of olfactory, as well as gustatory, detection started to be uncovered at the late 90s when the insect olfactory and gustatory receptor families were discovered.117-119 The identity of other insect sensory receptors, like thermoreceptors (TRPs),120,121 water and contact chemoreceptors (ppks)122,123 and opsins (visual pigments),124 has also been clarified and their roles are under intense functional evaluation. As receptor proteins are exposed in the membrane of sensory neurons normally housed in insect sensilla, the detection of stimuli depends on their efficiency to bind specific ligands or to react when confronted to specific patterns of energy, e.g., thermal. These functions are considered fundamental for the proper detection of relevant resources and therefore, become natural targets for interfering with the life of pest insects. The development of specific blocking agents or antagonist molecules that impede key sensory detection would allow affecting the recognition of hosts or sexual partners, interfering with fundamental activities such as feeding and reproduction. Recent advances125,126 suggest that this approach to the development of a new generation of xenobiotics is feasible127 and deserves attention due to its alternative and specific way of action. Interestingly, the first evidence of the effectiveness of blocking olfactory receptors to interfere with the detection of food sources came from the discovery of a set of substances capable of blocking the CO2 receptors of An. gambiae, Ae. aegypti and C. quinquefasciatus, the three main mosquitoes vectoring human diseases.125,126 It is therefore clear that this new perspective should be explored to determine whether other functions such as the detection of pheromones emitted by sexual partners could also be impeded to interfere with the normal development of insect vectors.

   

  6. New Repellents Based on Olfactory Receptor Characterization

  Chemical substances considered as repellents have the common feature of avoiding contacts between their users, normally humans, and organisms that could otherwise feed upon them. These can be used to impregnate skin or clothes or, even to fumigate in open areas by means of candles and other emission devices. Technically accepted repellents are very few and vary in their protective power, both in terms of effectiveness to avoid vector-host contacts and duration of protection.128

  The first synthetic repellent of massive commercial use was N, N-diethyl-3-methylbenzamide (DEET).128 Its discovery by the US Department of Agriculture for use by the military dates from 1946 and was first marketed in 1956 and is still considered the most effective substance available to the public, even though it has a certain degree of toxicity and its safe permanent use depends on proper application.129-131 Nevertheless, it is still considered an adequate personal protection method against dengue and other vector-borne diseases.128 Aspects related to its mode of action have been a matter of study over the years and it has been claimed that DEET could mask lactic acid detection and it could also do this for other attractive compounds.132-135 Besides, receptor proteins that react specifically to DEET molecules have been reported and indicated to mediate its repellent effects.136-140 The recent use of cheminformatic pipelines to predict receptor-odorant interactions and subsequent molecular modeling strategies to uncover shared structural features allowed screening in silico for new candidate ligands from libraries including thousands of potential volatiles (i.e., a high throughput search). This approach allowed identifying new compounds potentially tuned to chemosensory receptors that have potential application in avoiding vector-human contacts.126,127,141 This seems to be a promising area in which molecules could be selected or designed in order to find new effective ligands with high affinity to receptors expressed in neurons known to mediate repellency-related behaviors.

   

  7. Final Remarks

  As shown in this revision of our current knowledge on the potential of chemical manipulation of insect behavior vectoring human diseases, there is an arsenal available that needs further evaluation for the purpose of developing control tools. The relevance of this collection of compounds relies in the fact that most of them represent critical signals that have key roles in controlling adaptive vector behaviors. As such, the substances listed, and others still to be uncovered, represent more sustainable alternatives in terms of resistance development probabilities, as insects rely on their use for properly triggering behaviors that are critical for their biology. Apart from chemical approaches, strategies involving genetically modified organisms (GMO) have also been studied. Vector transgenesis and paratransgenesis are new control methods intended to diminish the capacity of vectors to transmit pathogens. Transgenesis is the direct manipulation of a vector to render it incompetent for pathogen transmission.142 Likewise, paratransgenesis induces genetic alterations on vector symbionts or comensals so that they produce toxic compounds that impede pathogen development, and therefore, transmission.143 Diverse practical limitations exist in terms of their current application, e.g., governmental agencies, as well as public opinion, are concerned with potential side effects of GMO release. These difficulties must be addressed before any of these promising techniques can allow decreasing vector-borne pathogen transmission.144 Future years should allow translational research to transform these propositions into tangible realities that help controlling NTDs.
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    Leishmaniose e doença de Chagas, causadas pelos parasitas kinetoplastideos Leishmania spp e Trypanosoma cruzi, respectivamente, estão entre as doenças parasitárias mais importantes, afetando milhões de pessoas e consideradas dentro do grupo mais relevante de doenças tropicais negligenciadas. A principal alternativa para controlar essas parasitoses é a quimioterapia. No entanto, os atuais tratamentos quimioterápicos estão longe de serem satisfatórios. Esta revisão delineia o entendimento atual de diferentes fármacos contra leishmaniose e doença de Chagas e seus mecanismos de ação. As abordagens recentes na área de terapias anti-Leishmania e tripanocida também são enumerados, assim como a busca por novas drogas.

  

   

  
    Leishmaniasis and Chagas disease, caused by the kinetoplastid parasites Leishmania spp and Trypanosoma cruzi, respectively, are among the most important parasitic diseases, affecting millions of people and considered to be within the most relevant group of neglected tropical diseases. Chemotherapy is the main alternative to control such parasites, nevertheless, current treatments are far from satisfactory. This review outlines the current understanding on different drugs against leishmaniasis and Chagas disease and their mechanism of action. Recent approaches in the area of anti-leishmanial and trypanocidal therapies are also enumerated, as well as the search for new drugs.

    Keywords: Visceral leishmaniasis, American tegumentary leishmaniasis, Chagas disease, Leishmania, Trypanosoma cruzi, chemotherapy

  

   

   

  1. Leishmaniasis

  Visceral leishmaniasis (VL), or kala-azar, is considered one of the oldest diseases of humanity, according to the World Health Organization (WHO).1 It has long been confused with other diseases, such as malaria. It was described for the first time only in 1822 and in 1903 its etiologic agent was identified.2 Charles Donovan found the parasite in the spleen of a Hindu child with irregular fever, but confused it for another protozoan, Trypanosoma brucei . After some false descriptions, Ronald Ross created the genus Leishmania and named the causative agent of visceral leishmaniasis, Leishmania donovani, in honor of William Boog Leishman and Charles Donovan.3

  The possible role of dogs in the epidemiology of leishmaniasis was suggested by Nicolle and Comte in 1908, in Tunisia, after the detection of VL in animals.4 The first human case described in Brazil was a patient originally infected in the Brazilian state of Mato Grosso and that migrated to Assunción in Paraguay.5 Penna6 in 1934 described the parasite in liver of patients with yellow fever coming from the north and northeast of Brazil and one of the first observations of canine Leishmania infection was made by Chagas et al., 7 when he demonstrated the existence of the disease in man, dogs and Lutzomia longipalpis, classifying the parasite as Leishmania chagasi .

  Leishmaniasis is found in the tropical and subtropical regions and areas close to the Mediterranean. It is estimated that 350 million people are considered at risk of becoming infected with leishmaniasis and approximately 2 million new cases are notified every year.1 The transmission of Leishmania spp is through the bite of female sand flies from the Phlebotomus genus in the Old World (Europe, Asia, Africa) and Lutzomyia genus in the New World (Americas).1 VL is mainly the result of infection by Leishmania donovani and Leishmania infantum (known as Leishmania chagasi in South America); sometimes, in few cases, Leishmania tropica in the Middle East and Leishmania amazonensis in South America can result in VL.8 Currently, VL is estimated to cause 12 million cases worldwide, with 200,000 to 400,000 new cases notified each year.9 Epidemiological studies have shown that more than 90% of VL are concentrated in only six countries: Bangladesh, Brazil, India, Sudan, South Sudan and Ethiopia, however, the prevalence of the disease is increasing in the Mediterranean region, Spain and France. Thus, VL is endemic in nine countries of the European Union (EU).10-13 Also, VL cases are reported in all continents, with exception of Antarctica.1,9

  VL is a fatal form of leishmaniasis, due to the involvement of several organs, such as liver, spleen and bone marrow,14,15 with mortality rates ranging from 70 to 95%, before the present chemotherapy was made available. Such mortality rates are among the highest reported for infectious diseases and show the severity of the parasite infection.

  VL pathogenesis is initiated by the invasion of the mononuclear phagocyte system of some organs by Leishmania . In several cases it is accompanied by significant pathological alterations. Clinical manifestations are splenomegaly, hepatomegaly, as well as bone marrow involvement, and they result from the hypertrophy and hyperplasia of the macrophage system. Some organs with a high content of macrophage cells, such as the spleen, can affect lymphoid follicles and the circulation in the capillaries, causing severe congestion resulting in areas of ischemia. In the liver, considerable hypertrophy of Kupffer cells, crowding around the sinusoids or portal space, significantly affects this organ. Anemia is the result of the gradual replacement of the hematopoietic tissue by infected bone marrow macrophages.16,17 The clinical symptoms of VL infection are fever, weight loss, splenomegaly, hepatomegaly, anemia, leukopenia and thrombocytopenia. Such symptoms can be easily mistaken for other diseases if the clinician is not aware of the possibility of a Leishmania infection.18

  Immunosuppression is a potential outcome of VL infection resulting in a reduction of the patient responsiveness and resistance to antigens from other infections. In chronic cases fibrosis of the spleen tissue is observed, which gradually leads to a complete change in the organ architecture accompanied by portal hypertension and ascites, among other events that lead to a gradual, and often fatal, organ failure. Co-infection of VL and human immunodeficiency virus (HIV) is considered of great importance to public health due to its mortality rates and geographical incidence.19,20

  Dermal leishmaniasis post-kala-azar is a potential secondary manifestation of L. donovani infection, especially in individuals who did not receive leishmaniasis treatment, resulting in skin lesions in the form of small nodules, erythematous macules, containing Leishmania cells in large amounts.21

  Besides the described VL, usually fatal if untreated, several different clinical forms of leishmaniasis are described. The most common forms are cutaneous leishmaniasis, which cause skin sores leading to disfiguring lesions.22,23 In South America, cutaneous leishmaniasis (CL), diffuse cutaneous leishmaniasis (DCL) and mucocutaneous leishmaniasis (MCL) are together termed the American tegumentary leishmaniasis (ATL).24

  ATL can be characterized by chronic skin ulcers. When they develop strictly to the site of the bite of the insect vector they are characterized as CL and can take several months to heal. MCL may be present as skin lesions similar to those of CL that heal spontaneously and reappear mainly in the mucosa of the nose and mouth. MCL is usually accompanied by secondary infections and destruction of the tissue. DCL, a rare form of leishmaniasis, causes infiltrative and non-ulcerating lesions in anergic individuals who do not respond to parasite antigens.24-27

  The pathogenesis of ATL is associated with host immune responses mediated by T cell and virulence of the infecting Leishmania species. The interaction between the different species of Leishmania and the immune response mechanisms result in a wide spectrum of clinical, histopathological and immunopathological manifestations in humans.28 In Brazil, ATL is caused by species of both Leishmania subgenera (L. amazonensis) and Viannia subgenera (L. braziliensis, L. guyanensis) and, exceptionally, L. shawi, L. naiffi, L. lainsoni and L. lindenbergi, 29,30 posing an additional difficulty in ATL treatment due to the different drug response of each species to chemotherapy.

  1.1. Current VL and ATL chemotherapy

  Despite the long history of the discovery of human infection with Leishmania (VL and ATL), the main form of treatment for these diseases is still chemotherapy (Table 1). There is no effective vaccine available. Especially in the case of CL, the treatment is important to accelerate cure, to reduce scars and to prevent parasite dissemination to mucosal sites, or relapse.51 Some characteristics of Leishmania parasites may affect treatment efficacy, such as different drug sensitivities of the several species that infect humans and the influence of immune suppression associated with leishmaniasis.52-55
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  Available antileishmanial drugs still depend on high doses of pentavalent antimonials, such as glucantime, meglumine antimoniate, pentostam and sodium stibogluconate (Figure 1) that result in severe side effects and require long-time treatment.56-58 After administration, pentavelent antimonials are rapidly absorbed and are converted into trivalent antimonite inside the macrophage, which is the active form of the drug.31,32 The reduction of pentavalent to trivalent antimony takes place either in the macrophages or in the parasite.33 A specific parasite enzyme involved in this reduction process was identified as thiol-dependent reductase (TDR1) and is capable of catalyzing the conversion of the pentavalent form of antimony to the trivalent one using glutathione as the reducing agent.34-36 Myalgia, nausea, liver and cardiac disorders, abdominal pain, headache, and asthenia are side effects often associated with such drugs.37 Antimonials are also contraindicated in pregnancy and for patients with kidney, liver and heart diseases,38 reducing the effective use of the drugs.
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  A disadvantage of antimony is its rapid excretion by the kidneys, which makes a long-term administration of the drug necessary to achieve satisfactory therapeutic levels.39 The efficacy of treatment currently available is also compromised when there is immunosuppression, in particular due to co-infection with HIV, leading to exacerbation of the disease or emergence of latent infection.59 The antimonials have reduced activity in the absence of immune response mediated by T cells.60

  Meglumine antimoniate (Figure 1) mechanism of action remains poorly known.40,41 It is believed that the mechanism of action of antimonials is based on the interference of amastigote bioenergetic process. Metabolic compounds of the drug inhibit different parasite proteins, particularly enzymes involved in glycolysis and fatty acid oxidation, resulting in a reduction in the production of adenosine triphosphate (ATP) and guanosine triphosphate (GTP),42 and reports have raised the possibility that antimony could trigger apoptosis.47 In addition to antimonials, other drugs have been used as alternatives in the treatment of leishmaniasis, among which amphotericin B and pentamidine stand out.

  Pentamidine (Figure 1) is an aromatic diamine, which can be used in the treatment of visceral and mucocutaneous leishmaniasis resistant to antimonials or in individuals intolerant to antimony treatment. It is a molecule of great interest in the treatment of antimony refractory visceral and mucocutaneous leishmaniasis.61-63 In Brazil it has been used mainly to treat infections caused by L. (V.) guyanensis, which generally respond poorly to antimony treatment. The use of pentamidine in both VL and ATL treatment is limited by toxicity. The side effects are severe and prolonged, such as hypoglycemia, arrhythmia, renal failure, pancreatitis, and diabetes mellitus.64 Its mechanism of action is not well defined. It is possible that pentamidine inhibits synthesis of polyamines, putrescine and spermidine.65-68 This drug may also act binding to kinetoplast DNA.69,70 Studies have shown that the mitochondria is an important target of the drug, which may act inhibiting mitochondrial type I DNA topoisomerase,71-73 as well as affecting membrane potential.74,75

  Amphotericin B (Figure 1) is a macrolide antibiotic derived from a strain of Streptomyces nodosus, belongs to the group of second generation leishmanicidal drugs and is extensively used in case of failures in the treatment with antimony compounds.76 Despite its high toxicity and the requirement of parenteral administration, amphotericin B has been proposed as a therapeutic agent of choice for MCL and VL.50,77,78 In the last decades, several new lipid formulations of amphotericin B have been developed to reduce toxicity. These formulations include liposomal amphotericin B (Ambisome), amphotericin B colloidal dispersion (Amphocil) and amphotericin B lipid complex (abelcet).79-81

  Its mechanism of action is related to its binding to the fungal membrane steroid, acting on the cell membrane ergosterol. As the membrane of Leishmania also contains ergosterol, a lipid not present in the human host, the drug alters their permeability, with loss of small cations, particularly K+, causing cell death.82 But their use is limited by adverse effects, such as anaphylaxis, thrombocytopenia, generalized pain, convulsions, fever, phlebitis, anemia, anorexia, and decreased renal tubular function.83

  Miltefosine (Figure 1), an alkylphosphocholine (commercial names Impavido and Miltex), was approved for the treatment of human VL infections in 1996.84 Described in the 1980s as an anti cancer agent, it was later found to have antileishmanial activity and introduced for treatment of VL in the late 2002 as the first oral drug for treatment of human leishmaniasis.15,85 Miltefosine is a protein kinase B (Akt) inhibitor, a serine/threonine-specific protein kinase that plays an important role in several cellular mechanisms, such as glucose metabolism, cell proliferation and migration, regulating cellular survival.49 However, the long half-life (100 to 200 h) of miltefosine in humans and low therapeutic effect suggested that resistance could rapidly develop. Furthermore, miltefosine high cost, teratogenic and severe gastrointestinal side effects, such as vomiting and nausea, observed in 60% of the patients treated, reduce its efficacy.49,50 Currently, among the drugs used in the treatment of VL infections, the first line of drugs are still pentavalent antimonials.

  1.2. New tested drugs and promising targets for VL and ATL

  In recent years, clinical trials of novel drugs and therapies for VL and ATL are being developed. Over the past decade, the focus has been the search for a more effective topical formulation for the treatment of CL and oral formulations to treat VL. Paramomycin (Figure 2) is an aminoglycosidic antibiotic that belongs to the neomycin family. There is evidence that the antimycotic azoles, ketoconazole, itraconazole and fluconazole (Figure 2) show activity against Leishmania . Clinical trials employing azoles against CL, MCL and VL have been carried out and their effectiveness were shown to be varied.86-89 An immunomodulatory drug, imiquimod (Figure 2) is currently being administered with antimony in CL treatment to increase leishmanicidal activity.90-94
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  The rational chemotherapeutic approaches are focused on the metabolic differences between parasite and mammals. Some Leishmania enzymes are accepted as valid drug targets; among them are those involved with the parasite glycolytic pathway, the metabolism by trypanothione reductase, some cysteine proteases and dihydrofolate reductase.95-99

  The biosynthesis of polyamines is a metabolic pathway that has been successfully exploited for the development of antiparasitic drugs.100 The first enzyme in the pathway, ornithine decarboxylase (ODC) catalyzes the conversion of ornithine to putrescine. As it is a key enzyme in the pathway, its inhibition may provide a tool for anti-parasitic therapy.101,102 Leishmania and other trypanosomatides require the reduction of folates and pterines for proliferation, suggesting that the inhibition of these pathways may be an effective target for chemotherapy. The enzymes involved in the use of folate, such as dihydrofolate reductase (DHFR) and thymidylate synthase (TS), are important targets.103,104 A promising molecular target is trypanothione reductase, which is involved in the defense against oxidative damage in the parasite. The system of trypanothione in trypanosomatids is the only thiol redox system which protects the parasite, representing a promising source of metabolites and enzymes that have potential as molecular targets for anti-parasitic drugs.105,106 Finally, the structural differences between human and parasite topoisomerase enzymes set these molecular targets of interest for chemotherapeutic intervention, particularly topoisomerase II. This enzyme is required for kinetoplast replication and studies have shown that topoisomerase inhibitors have in vitro activity against Leishmania parasites.107,108

   

  2. Chagas Disease Biological Aspects

  Chagas disease, also known as American trypanosomiasis or New World trypanosomiasis, is caused by the flagellate protozoan Trypanosoma cruzi . T. cruzi gains access to the human bloodstream through injured skin or mucous membranes with infected feces of triatomine bugs (Hemiptera: Reduviidae), also known as kissing bugs. Other forms of infection have been reported and are of epidemiological relevance, such as blood transfusion, congenital infection, organ donation or contaminated food.109-112 The disease was discovered by the Brazilian physician Carlos Chagas in 1909 when working in Lassance, in the state of Minas Gerais, to control the malaria outbreak that was hampering the construction of the Rio de Janeiro to central and northern Brazil railroad. Despite this seminal work113 and a continuous investigation of the parasite life cycle and physiology, only two compounds are in use for Chagas disease patient treatment.

  The parasite has a complex life cycle that involves the invertebrate host, the triatomine bug, and the mammalian host, passing through several developmental stages as the T. cruzi cell migrates in the insect vector and the mammalian blood stream and intracellular digestive vacuole.

  Chagas disease infections in humans are characterized by three distinct and well-documented clinical phases. In the acute phase114,115 that lasts 4 to 8 weeks, most patients have mild, self-limited symptoms such as fever and edema at the infection point (chagoma), depending on the parasite load. At this stage T. cruzi cells can be easily detected in the bloodstream and parasitemia gradually decreases as the infection progresses. The fatality rate at this stage, due to complications of the clinical condition, is estimated to be in the range of 0.25 to 0.50%.115 The acute phase is succeeded by an indeterminate phase, generally asymptomatic and comprising a period of 10 to 20 years.115,116 Approximately 30% of the infected patients develop the chronic form of the disease, which may result into three different clinical manifestations: the cardiac, gastrointestinal forms or both simultaneously, the cardiodigestive form of Chagas disease. Of the patients that enter the chronic form, 60% die within 7 months to 2 years of the initial symptoms.

  Due to its clinical cycle, the socioeconomic characteristics of the affected population, presence of infected insect vectors and absence of an appropriate chemotherapy protocol, Chagas disease is considered a major public health problem in many countries. It affects about 7-8 million people in a vast and populated region of the American continent that comprises the southern United States down to Patagonia, representing an endemic area of 21 countries, claiming approximately 14,000 deaths per year with another 100 million people at risk of contamination.117,118 Beyond the human live toll, it is estimated that a social and economic cost of 700,000 disability-adjusted life years (DALYs) per year are attributed to T. cruzi infection.119,120 Human infection of T. cruzi in South America (Chile) can be traced back 9,000 years, to the Chinchorro settlers, indicating a long period of adaptation to the human host, having a longer evolutionary history of adaptation to the mammalian parasitic lifestyle. This adaptation has lead to a robust human cycle that explains, in part, the present difficulty in developing a suitable chemotherapy.

  2.1. Chagas disease chemotherapy: challenges, progress and limitations

  The long history of Chagas disease chemotherapy had its beginning shortly after the description of the disease in 1909 with the employment of arsenical compounds (atoxyl), rosanilin dye (fuchsin), antimonials and mercury chloride (Figure 3), all of them without effective results.121 The discovery in the 1950s and 1960s of the nitrofuran-containing drugs led to several attempts for T. cruzi infection treatment, with controversial results and questionable clinical significance.122,123 Part of the failure in identifying a suitable drug was due to the lack of an appropriate methodology in the execution of clinical trials, preferential selection of acute instead of chronic cases and systematic use of symptom remission instead of parasitological diagnosis, to assess the success of the cure.124
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  In subsequent works (Pan American Health Organization (PAHO)/WHO 1998)125 it was proposed that an ideal drug for the treatment of Chagas disease should fulfill several requirements: (i) The drug should show parasitological cure for both the acute and the chronic phase; (ii) it has to be effective in short treatment periods, preferentially in a single or few doses and without the need for hospitalization; (iii) be of low cost; (iv) result in no collateral or teratogenic side effects; and (v) the drug should not induce the selection of resistant strains of T. cruzi . This list of requirements has not been met by any compound tested so far. In the 1960s and 1970s two drugs were developed, that are still today the only options for Chagas disease treatment: nifurtimox (Lampit®, Bayer), 3-methyl-4-(5'-nitrofurfurylideneamino)tetrahydro-4H-1,4-thiazine-1,1-dioxide (Figure 3), and benznidazole (Rochagan®, Roche), N -benzyl-2-nitroimidazole acetamide (Figure 3).126 Some characteristics of these drugs are summarized in Table 2. The action of these drugs is directly affected by certain conditions, such as the duration of treatment, age and geographic distribution of patients, among others. Moreover, in adult patients in the chronic phase of infection, the best results were obtained in southern Brazil, Argentina and Chile, probably due to the type of T. cruzi strain predominanting in the region.121
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  These compounds have shown low biochemical specificity in its action mode, contributing to the cytotoxic effects observed during treatment. The most common effects observed for nifurtimox are anorexia, weight loss, drowsiness, nausea, vomiting and intestinal cramps.127 The most common side effects of benznidazole can be separated into three classes: (i) hypersensitivity, such as dermatitis, with a rash that appears usually between the 7th and 10th days of treatment, periorbital or generalized edema, fever, lymphadenopathy, muscle and joint pain; (ii) bone marrow depression that includes neutropenia, agranulocytosis and thrombocytopenia; and (iii) peripheral neuropathy, represented by paresthesia and polyneuritis.127

  Drug discovery and development encompass a diverse number of strategies and a combination of traditional and modern methods that integrate specialties, such as biology and biochemistry, medicine and epidemiology, chemistry and pharmacology, among several others. The crucial step is, without doubt, the identification and validation of molecular targets in the parasite that are suitable for drug screening and design. The process is time-consuming and requires significant financial investment, usually available in large pharmaceutical companies. Coupled with a reduced financial return, it results in low commitment of the large pharmaceutical industries to parasitic diseases worldwide. This scenario renders Chagas disease the rank of an extremely neglected disease.136

  2.2. New tested drugs for Chagas disease

  Benznidazol has been a commercially available drug in Brazil for several years, and more recently in Argentina, Chile and Uruguay. After the introduction of nifurtimox and benznidazol (Figure 3), few compounds were assayed in chagasic patients.

  Allopurinol (Zyloprim), 4-hydroxypyrazolo-(3,4-d) -pyrimidine HPP (Figure 4), is a hypoxanthine analog and an alternative substrate to hypoxanthine-guanine phosphoribosyltransferase (HGPRT), of the purine salvage pathway, leading to the formation of non-physiological nucleotides and interfering with RNA and protein synthesis. Allopurinol has been tested with some promising results, but requires reevaluation of its efficacy in double blind randomized longitudinal studies.131-133 This drug has shown activity against Leishmania and, subsequently, against T. cruzi .137-139 In some cases it has shown low efficacy as a single therapy drug but in combination with other compounds it is a viable alternative.43,140
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  T. cruzi displays similarities to fungi in its sterol biosynthesis pathway indicating this pathway as a potential drug target. Ketoconazole (cis-(dl) -1-acetyl-4-[4-[[(2-2,4-dichlorophenyl)-2-(1H-imidazol-1-methyl)-1,3-ioxalan-4-yl]methoxy]-phenyl] piperazine) (Figure 2) shows in vitro activity against T. cruzi epimastigotes, with accumulation of metabolites of the sterol metabolism. Ketoconazole tested in acute phase experimental animals resulted in parasitological cure but was shown to be ineffective in the chronic phase.127

  Fluconazole (α-(2,4-difluorophenyl)- α-(1H-1,2,4,-triazol-1-ylmethyl)-1H-1,2,4-triazol-1-ethanol, and itraconazole (cis -4[4-4-4[[2-(2-4-dichlorophenyl)-2-(1H-1,2,4,triazol-1-methyl)-1,3-dioxolan-4-yl]-1-piperazinyl]phenyl]-2,4-dihydro-2-(1-methyl-propyl)-3H-1,2,4-triazol-3-one) (Figure 2), have been assayed in T. cruzi infected experimental animals, and their mechanism of action involves the interference on ergosterol synthesis leading to the development of the D(+) isomer of fluconazole that was shown to be promising.127,135

  2.3. Trypanosoma cruzi promising targets

  Developments in T. cruzi biochemistry and genomics allowed the identification of potentially novel chemotherapy targets.141-143 The increasing understanding of kinetoplastid biochemical pathways has allowed the development of new drugs and the identification of potential new targets. Among the various metabolic pathways that are being currently studied,144,145 some of relevance are the purine salvage pathway, polyamine and thiol metabolism, folate biosynthesis, DNA replication, glycolytic pathway and fatty acid biosynthetic pathways and sterol biosynthesis.

  Sterol biosynthesis

  Sterols are essential components of cell membranes. It has been shown that trypanosomatids incorporate cholesterol from complex culture medium containing either brain, heart or liver extracts and bovine serum or from the blood of infected animals. Ergosterol is the main sterol of T. cruzi produced by the sterol biosynthesis pathway, which thus makes this pathway such an attractive target for drug development.146

  Among representative inhibitors of ergosterol biosynthesis are the triazole posaconazole that inhibited epimastigote proliferation more efficiently than ketoconazole and the D(+) isomer of fluconazole.147 However, generation of resistant T. cruzi cells to azoles, such as fluconazole, ketoconazole, itraconazole (Figure 2) and miconazole (Figure 4), points to difficulties in the use of such compounds as chemotherapeutic agents.148

  Purine salvage pathway

  Purine salvage pathway in trypanosomatids is attractive since these organisms are unable to synthesize purines de novo . Purine nucleotides are important as precursors of nucleic acids, and function as second messengers and modulators of enzyme activities. Therefore, trypanosomatids either are dependent of the host supply of purines or have to salvage purines.149 Enzymes from the purine salvage pathway have been detected in T. cruzi and Leishmania species, including adenine phosphoribosyl transferase (APRT), hypoxanthine-guanine-xanthine phosphoribosyl transferase (HGXPRT), adenosine kinase (AK) and nucleoside hydrolase (NH).150,151

  Several inhibitors of the salvage pathway enzymes were evaluated for antiparasitic activity, however, some authors considered parasitic growth inhibition induced by these inhibitors to be disappointing151 because the parasites can circumvent this inhibition through alternative metabolic pathways. In this way, some research groups have investigated subversive substrates as potential drugs.152 Although not directly intervening in the purine salvage pathway, the subversive substrates are metabolized by salvage enzymes being activated by a toxic product, e.g., allopurinol (Figure 4).139,151,153

  Thiol and polyamine metabolism

  Enzymes involved in trypanothione metabolism are found exclusively in Kinetoplastida protozoa and do not have an equivalent in the mammalian host. They participate in protection of the organism against oxidative stress and redox homeostasis. In this pathway, trypanothione reductase, that catalyzes the reduction of trypanothione from its disulfide oxidized form, has been investigated as a target enzyme for generation of potential inhibitors against leishmaniasis and Chagas disease.152,154,155

  The enzymes ornithine decarboxylase (ODC) or S -adenosylmethionine decarboxylase (AdoMetDC), involved in spermidine synthesis, have become attractive targets for the development of new chemotherapies against trypanosomiasis and leishmaniasis as well.156

  Glycolytic pathway

  The bloodstream form of T. cruzi relies on glycolysis for its ATP. The enzymes for the glycolytic pathway are, in its majority, compartmentalized in specialized organelles, the glycosomes.157 Due to the evolutionary distance between T. cruzi and humans, the parasite glycolytic enzymes have distinct properties from their mammalian homologues that can be exploited in the design of parasite-specific drugs. Inhibitors to phosphofructokinase (PFK) and pyruvate kinase (PyK) have shown potential as antitrypanosomal and antileishmanial drugs.158 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) inhibitors have been studied but in vivo effects have not been observed.159,160 Several classes of selective inhibitors have been designed as potential trypanocidal compounds.161,162 One class comprises substrate analogues.163 A second class mimics the transition state and high-energy intermediates of the enzymatic reaction.164,165

  A fascinating feature of these parasites that gives them the order name of Kinetoplastidae, is the presence of a concatenated mitochondrial DNA comprised of thousands of smaller DNA plasmid-like molecules called the minicircles and larger DNA circles, similar to the conventional mitochondrial DNA, called the maxicircles.166 This network of concatenated circles of DNA is replicated at each division cycle of the parasite, and requires the action of enzymes DNA topoisomerase I (EC 5.99.1.2) and II (EC 5.99.1.3). These enzymes have attracted great attention to the development of kinetoplast DNA replication inhibitors as chemotherapeutic agents.167 Several commercially available drugs have shown a varied degree of inhibition to kinetoplastid topoisomerases. Anthracyclines, camptothecins, acridines and fluoroquinolones are well-known inhibitors, which showed promising results against blood trypomastigotes of T. cruzi .168

   

  3. Conclusions

  At present, chemotherapy is the only viable route for treatment of protozoa infectious disease caused by kinetoplastid parasites (Leishmania, Trypanosoma) , although exciting advances have been made toward the development of vaccines. However, the available therapies are far from satisfactory. Recent advances on genomics, with the mapping of several protozoa parasite genomes, transcriptomes and proteomes, together with a significant advance in standardization of target validation methods, lead compound testing protocols and awareness of parasite diversity are leading to a more complete definition of strategies for drug discovery. Advances in the area of parasite protein structural biology and the biochemical assessment of enzyme kinetic parameters, in silico techniques for compound docking and screening have created new tools that may lead to a future drug discovery. The in silico drug design approaches provide pivotal information to synthesize compounds that exhibit selectivity for specific targets. The interaction between compound and protein can be optimized by computer-based molecular docking. These approaches select compounds that are able to eliminate the parasite, but do not consider parasite in the host context. Thus, methodologies of phenotypic analysis, like high-content screening (HCS), should be used to integrate information about the parasite, the target and the host cells. It is important to combine several approaches to overcome some of the challenges of anti-trypanosomatids drug discovery.

  In an effort to integrate information and create new opportunities for drug discovery and development, a special program within the WHO, the Tropical Disease Research (TDR), has developed a database (TDR targets database, https://www.tdrtargets.org). This database aims to facilitate the identification and prioritization of drugs and drug targets in neglected disease pathogens.

  Nevertheless, all these advances are dependent on a coordinated effort between different laboratories in academic institutions, pharmaceutical industry and governmental agencies with a clear agenda of objectives, management of results, definition of protocols and interpretation of results to treat the "neglected" diseases of the "neglected" populations.
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  As lactonas sesquiterpênicas (LS), guaianolídeo (11,13-deidrocompressanolídeo) e partenolídeo (4α,5β epóxi-germacra-1-(10),11-(13)-dien-12,6a-olideo), encontradas em Tanacetum parthenium (L.) Schultz Bip, mostraram significativa atividade in vitro contra Leishmania amazonensis. Desta forma, um novo método para a determinação simultânea das LS foi desenvolvido e validado. Para a separação, empregou-se cromatografia líquida de alta eficiência acoplada a arranjo de diodos (HPLC Alliance e2695-2998 PDA, l 210 nm), com gradiente linear de fase (A) água acidificada H3PO4 0,1% (pH 2,8) e fase (B) acetonitrila, em diferentes proporções, na vazão de 1,2 mL min-1 com coluna XBridge C8 (4,6 × 100 mm, 3,5 μm, 35 ºC). O método mostrou resolução (> 1,5), seletividade, linearidade (coeficiente de correlação > 0,99), precisão (desvio padrão relativo de 2,2%) e exatidão (recuperação > 98%); apresentando 52,55 µg mg-1 de guaianolídeo e 566,05 µg mg-1 de partenolídeo na fração diclorometânica do extrato hidroalcoólico de Tanacetum parthenium. O método apresenta potencial uso no controle da qualidade e desenvolvimento de novos fitofármacos, uma promissora alternativa no tratamento da leishmaniose.



 


  The sesquiterpene lactones (SL), guaianolide (11,13-dehydrocompressanolide) and parthenolide (4α,5β-epoxy-germacra-1-(10),11-(13)-dien-12,6α-olide), found in Tanacetum parthenium (L.) Schultz Bip, showed in vitro significant activity against Leishmania amazonensis. In this way, a new method for the simultaneous determination of SL was developed and validated. For separation, it was employed high performance liquid chromatography coupled to photodiode array detector (HPLC Alliance e2695-2998PDA, l 210 nm) with linear gradient of phase (A) acidified water 0.1% H3PO4 (pH 2.8) and phase (B) acetonitrile, in different proportions, at a flow rate of 1.2 mL min-1 with XBridge C8 column (4.6 × 100 mm, 3.5 µm, 35 ºC). The method showed resolution (> 1.5); selectivity, linearity (coefficient of correlation > 0.99), precision (relative standard deviation of 2.2%) and accuracy (recovery > 98%); presenting 52.55 µg mg-1 of guaianolide and 566.05 µg mg-1 of parthenolide in the dichloromethane fraction of the hydroalcoholic extract of Tanacetum parthenium. The method presents potential use in quality control and development of new phytochemicals, a promising alternative in the treatment of leishmaniasis.

  Keywords: leishmaniasis, neglected disease, sesquiterpene lactones, guaianolide, parthenolide



 

 

Introduction

Leishmaniasis is an infectious disease that affects mainly the world's poorest regions.1 Its conventional therapy is normally inefficacious, risky and expensive.1-3 Medicinal plants have a great potential of being novel selective agents for treating important neglected tropical diseases. Alkaloids, terpenes, quinones, flavonoids and especially sesquiterpene lactones present in superior plants such as Tanacetum parthenium have shown selective activity against Leishmania sp., the major etiologic agent of leishmaniasis.1,4

The sesquiterpene lactones 11,13-dehydrocompressanolide a type of guaianolide and the parthenolide (4α,5β-epoxy-germacra-1-(10),11-(13)-dien-12,6α-olide), were found in major proportion in the dichloromethane fraction (DF) of the hydroalcoholic extract produced from the commercial powder of aerial parts of the T. parthenium (L.) Schultz Bip. This DF exhibited in vitro significant activity against promastigote and amastigote forms of Leishmania amazonensis.1,5

Medicinal plants contain active complex constituents which require efficient methods for their separation, identification and quantification.6 The quality control is essential for ensuring safety, effectiveness and quality,7 consequently, the standardization of phytomedicine and or phytochemical is a prerequisite for quality assurance and to ensure the consistency of therapeutic effects and safety of the user.8 The selection of chemical markers initially made by phytochemical studies of the secondary metabolites with pharmacological activity is crucial for the quality control of herbal medicines, including the authentication of genuine species, harvesting high-quality raw materials, evaluation of post-harvest handling, and is essential for planning and monitoring actions of processing technology, as well as assessment stability studies of intermediate and final products. 8 Ideal chemical markers should be therapeutic components of herbal medicines.9

Some analytical methods have been reported in the literature regarding the separation and determination of the lactone parthenolide (4α,5β-epoxy-germacra-1-(10),11-(13)-dien-12,6α-olide) in T. parthenium.10-13 In our previous paper, the guaianolide was isolated for the first time from T. parthenium.1 No method has been described to simultaneously quantify these two markers.

The aim of the present study was to develop a novel method based on high-performance liquid chromatography coupled with photodiode array detection (HPLC-PDA) to simultaneously quantify bioactive SL 11,13-dehydrocompressanolide and parthenolide (4α,5β-epoxy-germacra-1-(10),11-(13)-dien-12,6α-olide), in the dichloromethane fraction (DF) of the hydroalcoholic extract from the commercial dried powder of aerial parts of the T. parthenium. This method could be used to quantify the chemical markers and to the quality control of this plant, thus contributing to the development of antileishmanial phytomedicines.

Experimental

Material and chemicals

Acetonitrile, methanol (both HPLC grade), dichloromethane and formic acid (analytical grade) were purchased from JT Baker (Xalostoc, Mexico). Phosphoric acid (H3PO4) (p.a. plus, > 85%) was obtained from Sigma-Aldrich (St. Louis, MO, USA). All solutions were prepared with ultrapure water from a Milli-Q® system (Millipore, Billerica, MA, USA).

Commercial powder (1000 g) of the T. parthenium aerial parts (lot 396253) was purchased from the Herbarium Botanical Laboratory (Colombo, Paraná, Brazil). This material is used for the production of the phytomedicine Tanaceto®.

Equipment and analytical instrumentation

The method was developed using an integrated complex consisted of an UHPLC-PAD, Acquity UPLC H-Class system equipped with an Acquity PDA detector, column manager, solvent selector valves and operated by Empower 3 chromatography data software (all from Waters, Milford, MA, USA) and Fusion QbD-based LC method development software (S-Matrix, Eureka, CA, USA). The purpose of the initial development was to separate complex matrices like DF by the larger number of peaks within resolution better than 1.5. So, the most suitable separation conditions were achieved after testing 4 columns of different selectivity with experimental design. Then, mass spectra were used to confirm identity and purity of the two bioactive markers of interest for leishmaniasis in the obtained chromatograms of DF using ultrahigh performance liquid chromatographic system attached to high-resolution mass spectrometry (UHPLC-MS/MS). This was performed using a quadrupole orthogonal time-of-flight tandem mass spectrometer system (Acquity H-Class UPLC, Xevo G2 QTof, Waters) with MassLynx 4.1 software (Waters) applied for data acquisition and processing. After, an Acquity UPLC column calculator (Waters) was used to obtain equivalent chromatographic conditions for HPLC. These determinations were made in the application laboratory of Waters.

To carry out the validation procedure, the method was transferred to an Alliance e2695 HPLC system connected with a photodiode array detector (2998 PDA) and Empower 2 chromatography data software (all Waters), taken in the laboratories of the Universidade Estadual de Londrina. The initial development of chromatographic method was done in UHPLC-PDA due to its resources. Validation was done only for HPLC-PDA, considering the method greater applicability since the number of HPLC equipments in use is much higher than that of UHPLC.

Sample and marker preparations

Sample was prepared according to the following procedure. The T. parthenium commercial powder (1000 g) was macerated in 4.0 L flask (maintained ¼ free) under dynamic stirring in shaker with hydroalcoholic solution (ethanol: distilled water 90:10 v/v) at proportion of drug:solvent (1:2 v/v) at room temperature. Every 5 days, the extract was filtered on qualitative paper, being the filtrates collected after 15 days, evaporated in rotavap (R-114, Büchi, Flawil, Switzerland) at 175 mbar pressure at 35-40 ºC to eliminate organic solvent, and after then water was removed by lyophilization (Christ®, Alpha 1-2, Osterode, Germany). The produced dry hydroalcoholic extract (85.83 g) was homogenized with 115.7 g of silica gel 60 (70-230 mesh, Merck, Darmstadt, Germany) in porcelain grade, and the adsorbent packed in a preparative glass column (3.0 × 35.0 cm) attached to a Kitasato flask and connected to a vacuum pump. So, the hydroalcoholic extract was fractionated being eluted from the column with 500 mL of increasing polarity solvents (hexane, dichloromethane, dichloromethane ethyl acetate (1:1, v/v), ethyl acetate and methanol). Each of the 5 resulting fractions was collected, the extract evaporated in rotavap to complete dryness and stored at -20 ºC. All fractions were analyzed by thin-layer chromatography (TLC) using silica gel chromatoplates (Kieselgel 60 F254, 20 × 20 cm, 2 mm thickness, Merck) eluted with the mobile phase hexane:ethyl acetate (3:2, v/v). Compounds were detected by spraying vanillin-sulfuric acid (2% solution), followed by heating in an oven at 100 ºC for 3 min. The obtained dichloromethane fraction (9.63 g of DF) was that provided better chromatographic profile regarding abundance of sesquiterpene lactones and less interfering compounds by TLC, thereby the selected fraction to this study. The dichloromethane fraction of the hydroalcoholic extract obtained from commercial powder of aerial parts of T. parthenium (L.) Schultz Bip is called during this article as DF.

The purified and isolated compounds, used as standard to quantify the markers, were prepared as follows. The guaianolide 11,13-dehydrocompressanolide and the parthenolide (4α,5β-epoxy-germacra-1-(10),11-(13)-dien-
12,6α-olide) were isolated from DF according to Silva et al.1 and Tiuman et al.5 The identification was performed using methods of nuclear magnetic resonance (NMR) of one-dimensional 1H and 13C, as well as, the bi-dimensional 1H-1H homonuclear (COSY), one-bond (HSQC) and long-range (HMBC) 1H-13C NMR correlation experiments and distortionless enhancement by polarization transfer (DEPT) and mass spectra. The spectral data of the guaianolide 11,13-dehydrocompressanolide are shown in Supplementary Information (SI) section (Figures S1-S7 and Tables S1 and S2). The procedures to obtain DF and the two isolated markers were done in the laboratories of the Universidade Estadual de Maringá.

In order to facilitate, in this article, the two markers the 11,13-dehydrocompressanolide a type of guaianolide and the parthenolide (4α,5β-epoxy-germacra-1-(10),11-(13)-dien-
12,6α-olide) is referred only as guaianolide and parthenolide.

The sample and markers were solubilized in water:methanol (1:1, v/v) and filtered through 0.2 µm GHP membranes (Pall Co., Port Washington, NY, USA) for UHPLC analysis and 0.45 µm PVDF membranes (Vertical Chromatography, Nonthaburi, Thailand) for HPLC analysis.

Chromatographic conditions

The UHPLC-PDA analysis for the method development was performed using a UPLC BEH C8 column (2.1 × 50 mm, 1.7 µm, Waters) under the following conditions: run time of 12.4 min, pH 2.8 of the aqueous eluent acidified with 0.1% H3PO4, flow rate of 0.5 mL min-1, injection volume of 4.0 µL and oven temperature at 35 ºC. The maximum absorption for the markers analyzed in the present study was found to occur at 210 nm, as can be seen from their UV spectra (Figures 1 and 2). Thus, this wavelength was taken for further analysis. The separation was carried out in the linear gradient elution mode using the mobile phase composed of the aqueous eluent acidified with 0.1% H3PO4 (v/v) (A) (pH 2.8) and acetonitrile (B): 5-46.2% B (0-7.5 min), 46.2-95% B (7.6-9.5 min) and 95-5% B (9.6-12.4 min).

The validation process was carried out in the HPLC-PDA system containing an XBridge C8 column (4.6 × 100 mm, 3.5 µm, Waters). The chromatographic conditions for this transfer were as follows: runtime of 50 min, flow rate of 1.2 mL min-1, injection volume of 40.0 µL, oven temperature at 35 ºC and detection wavelength at 210 nm. Like in the previous case, the separation was carried out using linear gradient elution with the same mobile phase composed of the aqueous eluent acidified with 0.1% H3PO4 (v/v) (A) (pH 2.8) and acetonitrile (B): 5-46.2% B (0-30.4 min), 46.2-95% B (30.5-38.7 min) and 95-5% B (38.8-50 min).

Mass spectra conditions

The UHPLC-MS/MS chromatographic analysis for confirming identity and purity of marker peaks were performed using a UPLC BEH C8 column (2.1 × 50 mm, 1.7 µm, Waters) under the following conditions: runtime of 12.4 min, flow rate of 0.5 mL min-1, injection volume of 4.0 µL, and oven temperature at 35 ºC. The mobile phase was composed of the aqueous eluent acidified with 0.1% formic acid (v/v) and acetonitrile: 5-46.2% B (0-7.5 min), 46.2-95% B (7.6-9.5 min) and 95-5% B (9.6-12.4 min).

Mass spectra were recorded in the positive MSE. MSE is a mode of data acquisition that permits the seamless collection of a comprehensive catalog of information for both precursor and parents ions in a single analysis and injection.14 This is achieved by rapidly alternating between two functions, i.e., the first, acquired at low energy, provides exact mass precursor ion spectra; the second, at elevated energy, provides high energy exact mass of the parents ions. In addition to providing increased confidence in identification, fragmentation can help to differentiate between isobaric compounds.

Data were acquired using the following parameters: capillary voltage ± 3.5 kV, cone voltage at 50 V, desolvation temperature at 500 ºC; and desolvation gas flow rate of 900 L h-1. Argon, used as collision gas, was introduced into the collision cell at 0.4 mL min-1. To get fragmentation, a collision energy ramp ranging from 20 to 40 V was applied to the cell.

Analytical method validation

The validation of the analytical method was performed in the HPLC-PDA system according to the criteria proposed by International Conference on Harmonization (ICH)15 and Brazilian Health Surveillance Agency (ANVISA RE 899/03).16 The following parameters were evaluated: working range, linearity, detection and quantification limits, precision (repeatability and intermediate precision), accuracy (recovery), selectivity and robustness. Statistical data analyses were performed at the 5% significance level using Statistica 8.0 software.

The method linearity for both markers was tested through regression analysis based on three calibration curves constructed using 6.25-100.0 µg mL-1 solutions for the guaianolide and 125.0-1,000.0 µg mL-1 solutions for the parthenolide. The range for the calibration curves was defined based on in vitro1,5 and in vivo (data not yet published) antileishmaniasis activities.

The limits of detection and quantification were calculated based on the standard deviation and slope of the regression curves.

The precision was evaluated in two steps: repeatability and intermediate precision. The repeatability was assessed by the same analyst on the same day using six determinations at 100% of the test concentration (25.0 and 250.0 µg mL-1 for guaianolide and parthenolide, respectively); whereas the intermediate precision was estimated by different analysts on different days.

The accuracy was determined from recovery tests by spiking the sample with solutions of the isolated compounds having low, medium and high concentration levels (25, 50 and 75% (v/v) of the 500.0 µg mL-1 test concentration).

The selectivity was checked by injecting the sample diluent into the chromatographic system and observing the absence of analytical response at the same retention time for both markers. Besides, the purity of the guaianolide and parthenolide was observed from the spectral profile characteristics of the entire chromatographic peak and from mass spectrometry data.

Some changes in experimental conditions were made to evaluate the method robustness. The effects of varying the flow rate (1.18 and 1.22 mL min-1), oven temperature (30 and 40 ºC), pH (2.6 and 3.0) of the mobile phase (A) and distinct acetonitrile brand of the mobile phase (B) (JT Baker, Xalostoc, Mexico and Thermo Fisher Scientific, Waltham, MA, USA) were estimated.

Tanacetum parthenium analysis

The HPLC-PDA quantification of SL was performed for 500.0 µg mL-1 DF. The amounts of guaianolide and parthenolide were determined using respective regression curves.

The identification of SL was confirmed by the same retention time for the isolated compounds and the extract, proportional increase in peak areas after spiking the isolated standard at different concentrations, and similarity between the UV spectra profiles, molar mass and molecular fragments in mass spectra.

 

Results and Discussion

The developed UHPLC-PDA method was successfully transferred in a conventional HPLC-PDA system and validated since the same performance was achieved with both systems. The established conditions to be maintained were: number of peaks (greater than 63 peaks), number of peaks with resolution > 1 (> 63), number of peaks with resolution > 1.5 (> 42), number of peaks with resolution > 2 (> 28) and asymmetry of peak < 2 (> 63).

Examining the trends in the analytical columns according to researches performed by Majors,17 UHPLC systems and small particles (< 2-4 μm) are the current trends due to faster separation with reduced time and solvent use. However, columns packed with larger particles still remain the most utilized in many developed and validated HPLC methods.17 Therefore, the HPLC system was chosen to validate the method aiming at the feasibility of its use for the quality control and also research and development, considering the currently existing and installed number of equipment in industrial and academic laboratories.

So, the method validation was carried out simultaneously for both bioactive compounds for the purified and isolated (Figure 1) and for DF (Figure 2). The retention time was found to be 20.4 min for guaianolide and 22.9 min for parthenolide.
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As seen from well resolved and integrated peaks of the sample chromatogram generated by the HPLC-PDA system (Figure 2), the chosen conditions allowed the simultaneous determination of both markers. Moreover, the separation provides future perspectives for further studies focused on the identification of other compounds using the UHPLC-MS/MS technique.

The method validation parameters obtained are presented in Table 1.
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The regression curves for both markers allowed to appropriately determine coefficients for the lactones guaianolide and parthenolide (coefficient of correlation (r2) of 0.999 and 0.998, respectively). The regression F-values (10066.73 for guaianolide and 3098.32 for parthenolide) were higher than the critical F-values (4.38 and 4.49, respectively); in this way, the model followed linear regression in the working range. The lack-of-fit F-values of the model (1.035 for guaianolide and 0.708 for parthenolide) were lower than the critical F-value (2.96 and 3.20, respectively), confirming the adjustment of the data to this model.

The precision of the present analytical procedure, expressed by the closeness of agreement (scattering degree) between a series of measurements obtained from multiple sampling of the same homogeneous sample under the prescribed conditions,15 was demonstrated considering low relative standard deviations (RSD) for the lactones guaianolide and parthenolide (RSD of 2.17 and 2.21%, respectively). The intermediate precision showed RSD of 2.27 and 4.20% for guaianolide and parthenolide, respectively, both within the specifications (RSD < 5%).15,16

The accuracy, expressed by the closeness of agreement between the value which is accepted either as a conventional true value or an accepted reference value and the determined value,15 was verified by the recovery rates of: 98.56, 98.34, 99.55% for the guaianolide (means of 98.82 ± 0.64) and 98.93, 99.80, 100.14% for the parthenolide (means of 99.63 ± 0.62), for low, medium and high concentration levels, respectively, being within the range established for complex matrices (80-120%)17 and even for simple matrices (98-102%).16 The developed method was robust, since even after small changes in the analytical parameters, no significant differences (p > 0.05) were observed between the peak areas.

The selectivity was assessed during the chromatographic run with the methanol:water (1:1, v/v) diluent injected. No interfering signal was observed at the same retention time for the lactones guaianolide and parthenolide. The identity of the markers was confirmed by the same retention time, overlaying the chromatograms of the isolated compounds used as standards and the sample obtained by the Empower 2 and 3 chromatographic softwares. The purity was also confirmed by comparing the similarity of the UV spectra (Figures 1 and 2) profile for SL in their peaks and by calculating compatible recovery rates.

To ensure the peak purity and identity, the mass spectra analysis was also performed for the isolated compounds and the sample of DF (Figure 3). Other peaks were also identified (to be described in our next paper). The accuracy for the mass spectra of the protonated ions was achieved. Since SL are isomers (C15H22O3), the masses obtained (m/z 249.1491) were close to the theoretical value in both cases (error of 0.4 and 1.6 ppm for guaianolide and parthenolide, respectively), but presented different fragmentation patterns.
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The amounts of the lactones in the DF samples were evaluated in triplicate, and they were found to be 52.55 µg mg-1 (RSD of 2.06%) for guaianolide and 566.05 µg mg-1 (RSD of 0.16%) for parthenolide. Moreover, low quantification limits (5.75 µg mL-1 for guaianolide and 111.90 µg mL-1 for parthenolide) were achieved, thus indicating the effectiveness of the method for quantifying low dosages of these markers.

 

Conclusions

The developed chromatographic method herein proved to be efficient and robust, as confirmed by its validated analytical parameters by HPLC-PDA system and by the identity and purity using mass spectra obtained by UHPLC-MS/MS. Besides, it allows reliable simultaneous quantification of the lactones markers guaianolide and parthenolide, selected by phytochemical isolation, structural elucidation and identification of the secondary metabolites with proven pharmacological activity without toxicity, present in the dichloromethane fraction (DF) of the hydroalcoholic extract obtained from commercial powder of aerial parts of T. parthenium (L.) Schultz Bip. Considering these aspects, the present method can be an important tool for assessment quality of plant raw material. The method also represents a promising alternative with great potential for developing and monitoring the technological conversion of medicinal plant into phytomedicine and or phytochemical. Stability studies to preserve chemical composition and pharmacological activity might also benefit from this method, thus ensuring the consistency of therapeutic action and safe use, effective treatment of neglected leishmaniasis.
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    Ácidos galoilquínicos, substâncias que têm apresentado atividade leishmanicida, foram isolados do extrato de acetato de etila da planta Byrsonima coccolobifolia. Estes compostos fenólicos juntamente com o ácido gálico demonstraram ser uma nova classe de inibidores não-competitivos potentes em arginase (ARG) de Leishmania amazonensis (Ki variando de 0,10 a 0,68 µmol L-1). O ácido quínico não apresentou atividade inibitória significativa em ARG demonstrando que a unidade galoila tem características importantes que permitem a interação enzima-inibidor. A atividade inibitória significativa do ácido gálico frente à ARG pode ser uma indicação para o entendimento da resposta imune previamente observada em Leishmania donovani, uma vez que a atividade enzimática da arginase está associada à diminuição dos níveis de NO no processo de infecção por Leishmania.

  

   

  
    Leishmanicidal galloylquinic acids were isolated from the ethyl acetate extract of Byrsonima coccolobifolia. These phenols and gallic acid showed to be a new class of potent noncompetitive inhibitors of arginase ARG (Ki ranging from 0.10 to 0.68 µmol L-1) from Leishmania amazonensis. Quinic acid did not exhibit significant inhibition ofARG, indicating that galloyl moiety has important features that allows the enzyme-inhibitor interactions. The significant inhibitory activity of gallic acid on ARG can be a clue to understand the immune response previously observed on L. donovani, since ARG activity is associated with the decrease of the levels of NO in Leishmania infection.
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  Introduction

  Leishmaniasis is a deadly infectious tropical disease caused by the protozoan of the genus Leishmania, which affects more than 12 million people of broad geographical distribution.1,2 The challenges for healthcare of leishmaniasis found on available drugs such as, high toxicity, undesirable side effects, high cost and parasite resistance, reveal an urgent problem and the need for new efficient drugs.3-5 

  Exploring for novel therapeutic opportunities, new biochemical targets have been investigated, in particular arginase (ARG) from Leishmania amazonensis have been considered an attractive target in the search for new leishmanicidal agents. The biochemical pathway that this enzyme is involved is essential for the protozoa development in their life cycle.6-8 In addition, the crystal structure of ARG from Leishmania mexicana was solved,9 making this protease more interesting to investigate for new antileishmanial compounds.

  Arginase is a metalloenzyme with binuclear manganese center, which catalyzes the last step in the urea cycle in mammals, allowing hydrolyzes of L-arginine to L-ornithine and urea.10 In infected macrophages the substrate L-arginine is used by ARG and by nitric oxide synthase (NOS) in two different metabolic pathways. The reaction catalyzed by ARG is carried out in the polyamines (PAs) metabolism, essential to preserve parasite viability, and the NOS pathway generate nitric oxide (NO) molecules, which production increases oxidative stress.11,12 The balance between NOS and mammalian arginase is competitively regulated by TH1 and TH2 cytokines as protective response. Leishmania protozoa explore the immune response of TH2 increasing ARG expression in host cells and consequently PAs for growth and establishment of infection.8,13,14 

  Nω-hydroxy-L-arginine and 2(S)-amino-6-boronohexanoic acid are synthetic aminoacid derivatives, which inhibit in a competitive mode ARG from L . mexicana with Ki values of 85 and 1.3 µmol L-1 respectively. However, in an in vivo study these synthetic compounds could not contain the infection completely.7,15 Flavonoids isolated from plants have been reported as inhibitors of ARG from L . amazonensis. The presence of hydroxy groups in their structures showed to be important features for inhibitory activity.16-19 

  Quinic acid is a hydrated form of shikimic acid and together with galloylquinic acids (tannic acids) and gallic acid are derivatives from shikimate pathway, available and widespread in plant sources.20,21 Tannins have been associated with many biological activities and to health beneficial effects.22-24 Additionally, tannic acids have presented antileishmanial activity (EC50 = 2-38 µmol L-1), and their leishmanicidal potency have been associated to the number of galloyl groups substituents in the shikimic acid moiety.25 Gallic acid singly reduces Leishmania donovani amastigotes (EC50 = 4.4 µg mL-1) in murine macrophages by activating leishmanicidal macrophage functions.26 Also, tannins identified from fractions of cajazeira (Spondias mombin L.) showed leishmanicidal effect in vitro on amastigotes of Leishmania chagasi, with IC50 in the range of 0.61 to 17.07 µg mL-1.27 However, so far, no study has been reported on this class of secondary metabolites exploring their inhibitory activity on ARG from L . amazonensis.

  Based on the usage of natural products as invaluable tools in the search for new drugs5,28 and in the antiprotozoal activities previously found in Byrsonima species,29,30 we performed a phytochemical study of fractions of Byrsonima coccolobifolia Kunth. (Malpighiaceae) extract that significantly inhibited ARG enzyme. Gallic acid (2) and galloylquinic acids (3-6) were isolated from ethyl acetate extract from leaves and stems of B. coccolobifolia, which were identified by 1D and 2D NMR spectra, and through comparison with data previously reported.31-35 Galloylquinic acids (3-6) and gallic acid (2) were potent inhibitors of ARG with high affinity. Quinic acid (1)36 isolated from Myrcia lingua (O. Berg) Mattos (Myrtaceae) was also tested on ARG to compare inhibitory activity with those galloylquinic acid derivatives, but the inhibition of ARG found for this compound was not significant.

   

  Experimental

  General experimental procedures

  The measurement of urea in the enzymatic assays was performed on a Beckman Coulter DU 800 spectrophotometer at 600 nm. The 1D and 2D nuclear magnetic resonance (NMR) data were acquired on a Bruker DRX-400 NMR spectrometer (1H: 400 MHz; 13C: 100 MHz) using D2O and MeOH-d4 as solvents. Silica gel 60 (Merck, 230-700 mesh) and Sephadex LH-20 (Amersham Pharmacia Biotech AB) together with thin-layer chromatography (TLC) on pre-coated aluminum silica 60 F254 (Merck) were used to isolate the compounds. Compounds were visualized in TLC UV254/366 and by the usage of the stain sulfuric vanillin solution. The solvents ethanol (EtOH), methanol (MeOH), hexane, acetone, ethyl acetate (EtOAc) from Vetec were used to prepare the extracts and for chromatographic procedures.
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  Plant material

  B. coccolobifolia leaves and stems were collected in the cerrado at Federal University of São Carlos (UFSCar), São Carlos - SP, Brazil. The plant material was identified by Dr Maria Inês Salgueiro Lima, and deposited at the Herbarium of the Botany Laboratory (HUFSCar) in UFSCar (voucher No. 8367).

  Extraction and isolation

  The crude extracts from the leaves (10.0 g) and stems (30.5 g) of B. coccolobifolia were liquid-liquid partitioned leading to the EtOAc extracts (2.0 g of leaves and 10.0 g of stems), and both showed inhibitory activity against ARG. The procedure of extraction and some of initial chromatography steps were described previously by us.19 The subfraction F14IV (128.0 mg) from the EtOAc extract from leaves (BcFA), after two chromatography columns using sephadex LH-20 (F14IV: 53.0 × 4.0 and 37.0 × 1.4 cm; MeOH isocratic) afforded 3,5-di-Ogalloylquinic acid (5) (2.0 mg). Further purification of the resulting fraction 8 by silica flash (0.8 × 14.0 cm; 6:4 acetone/hexane isocratic) provided gallic acid (2) (2.0 mg).

  The EtOAc extract from stems (BcCA) was chromatographed on a silica gel column (60-200 mesh, 12.0 × 5.0 cm; 1:10 acetone/hexane isocratic) yielding four fractions. Fraction 4 (4.0 g) obtained from BcCA was then fractionated several times by sephadex LH-20 columns (50.0 × 4.5 cm; 7.0 × 5.0 cm; 1.3 × 36.0 cm; and 1.5 × 52 cm; MeOH isocratic) to give the compounds 5-O-galloylquinic acid (3) (1.5 mg), 5-O-(3-methylgalloyl)-quinic acid (4) (1.5 mg) and 3,4,5-tri-O-galloylquinic acid (6) (3.0 mg). The structures of the known compounds were determined by analysis of 1H and 13C NMR, DEPT-135, HSQC, and HMBC spectra, and confirmed by comparison with the literature data.31-35 

  Chemicals

  Quercitrin hydrate > 78% (Sigma Q3001) was purchased from Sigma-Aldrich and the natural quinic acid (1)36 was previously isolated from Myrcia lingua (O. Berg) Mattos (Myrtaceae) in our laboratory. The Enzymatic Urea Kit was obtained from Biotécnica (Varginha, MG, Brasil).

  Arginase assay

  The recombinant arginase of L . amazonensis was expressed and purified as described previously.19,36,37 The kinetics measurements of ARG were performed as reported before,10,19,39 resulting a Km value of 22.6 ± 1.7 mmol L-1 (R2 = 0.996). Compounds were serially diluted, using at least 10 concentrations for IC50 determinations (quinic acid (1) was diluted from 5000 to 1.22 µmol L-1 and compounds (2-6), the concentrations were between 250 and 0.024 µmol L-1). Mix I was prepared using 50 µL of CHES buffer solution at pH 9.6, 8 µL of arginase solution and 292 µL of water. A volume of 5 µL sample of each concentration of inhibitor was added to 35 µL of mix I, and the reaction mixture was incubated for 10 min at 37 ºC. Then 10 µL of L-arginine solution was added to the reaction giving 50 mmol L-1 substrate and 50 mmol L-1 of CHES buffer at pH 9.6 in a final assay volume, which was incubated again for 10 min at 37 ºC. The urea was measured spectrophotometrically at 600 nm by an enzymatic colorimetric assay,40 using a commercially available kit (Biotécnica, Brazil). A volume of 10 µL of the enzymatic reaction was added to 500 µL of reagent 1 previously prepared (50 mmol L-1 phosphate buffer, pH 6.7, 60 mmol L-1 salicylate, 3.2 mmol L-1 sodium nitroprusside, and 30000 IU urease) and incubated at 37ºC for 10 min. After incubation, 500 µL of reagent 2 (140 mmol L-1 NaOCl and 150 mmol L-1 NaOH) was added and incubated at 37 ºC for 10 min. The enzymatic assay was performed in duplicate and a negative control and a positive control (quercitrin)16 were used. Type of inhibition of active compounds was evaluated using the same procedure, but increasing substrate concentrations in the range of 6.25-72.0 mmol L-1. Kis (affinity constant of enzyme-inhibitor) and Kii (affinity constant of inhibitor with enzyme-substrate complex) for compounds (2-6) were found by double-reciprocal (Lineweaver-Burk) plots, using slopes and ordinate intercepts plotted versus the respective inhibitor concentrations in the abscissa. The constants are resulting from the straight lines (linear regression), which the abscissa intercepts leads to -Kii and -Kis. The equations used are Sl = Km/V + [I] Km/KisV, slope (Sl) and Or = 1/V + [I]/KiiV,  isintercept (Or), derived from Lineweaver-Burk equation, following bellow.41-43 In addition, Dixon plots of 1/velocity versus inhibitor concentration data was also used to find values (1/V = [1 – (Kis)]/V, [I] = −Kis). All data analyses were carried out with the SigmaPlot 12.0 and GraFit5 software.
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  Results and Discussion

  The quinic acid esters (3-6) and gallic acid (2), isolated from the active EtOAc fraction of B. coccolobifolia strongly inhibited ARG (Table 1). However, quinic acid (1) did not show expressive inhibition on ARG. Furthermore, high activity was demonstrated by compounds with large number of phenolic hydroxy groups. Comparing the IC50 values for compounds (2-6) the potency of gallic acid (2) is more significant, but increasing the galloyl groups in the quinic acid moiety (3-6) did not show a considerable change in the IC50 values, as observed previously for leishmanicidal potency in tannic acids.25

  
    

    [image: Table 1. Values for secondary]

  

  Kinetics studies of compounds (2-6) showed that these inhibitors shared a common behavior acting as noncompetitive inhibitors. For compounds 2, 5 and 6 the noncompetitive inhibition is also frequently known as mixed type, while inhibitors 3 and 4 are designated as pure noncompetitive inhibitors. Recently, gallic acid (Ki = 7.2 ± 1.4 µmol L-1) and epigallocatechin-3-gallate (EGCG) (Ki = 4.0 ± 0.5 µmol L-1) showed potent ARG inhibitory activity with a noncompetitive and mixed type, respectively.44 

  Analysis of Lineweaver-Burk plot (Figure 2A) for gallic acid (2) showed the intersecting lines converging to the left of the y-axis and above the abscissa (Kii > Kis), which means the inhibitor 2 binds with higher affinity to the free enzyme than to the enzyme-substrate complex. Additionally, when quinic acid is substituted in the position 5 by a galloyl (compound 3) or a methoxy galloyl moieties (compound 4), this behavior changes a little, each inhibitor (3 and 4) now binds with the same affinity to both, free enzyme and enzyme-substrate complex (Kii = Kis). This can also be seen by the double reciprocal plots (Figures 2B and 2C), which the nest of lines converge nearly at the x-axis. On the other hand, for the substituted quinic acid with two or more galloyl moieties (compound 5 and 6), the bind affinity is higher to the enzyme-substrate complex than to the free enzyme (Kii < Kis), and the line intercept is now located below the abscissa in both plots (Figures 2D and 2E). The calculated values of affinity constants (Table 1) support the findings.
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  Gallic acid and derivatives have been reported as responsible for benefic effects and a number of chemopreventive properties provided by green tea and wine consumption.45,46 Also, other therapeutic effects have been described, such as anti-cancer, antimicrobial and antiviral activity.47-50 Additionally, some gallotannins and tannic acids have showed inhibitory potential on enzymes like α-glucosidase, fatty acid synthase (FAS) and HIV-1 protease.24,51,52 This is contradictory with previous screening for enzyme inhibitors that showed that tannins and lauryl gallate nonspecifically inhibited enzymes through the formation of aggregates, acting as promiscuous protein binders.53-55 The aggregate-based promiscuous inhibition could be related to the large reactive functional groups of these compounds.55 

  We have identified the inhibition mechanism of the quinic acid esters (3-6) and gallic acid (2) as noncompetitive and mixed inhibitors, suggesting that the inhibitory activity of ARG would not be related to the formation of aggregates. In addition, some of these phenols have already been reported as leishmanicidal compounds. Previous study showed that gallic acid increases the expression of nitric oxide synthase (iNOS) and cytokine genes in Leishmania major parasitised RAW 264.7 cells, as properties to combat the infection.56 This phenol demonstrated in in vitro study on L. donovani, a nonspecific immune response recognized by release of tumour necrosis factor (TNF) and elevated nitric oxide (NO) concentration.26 

  Leishmania stimulate the PAs production for their development and decrease the level of NO prompted by NOS.7,8,57 Thus, ARG inhibition could turn on the production of NO, instead of PAs preventing the infection.

   

  Conclusions

  Gallic acid and derivatives isolated from B. coccolobifolia showed to be novel noncompetitive and mixed inhibitors of ARG from L . amazonensis, with Ki values in the low µmol L-1 range. In conclusion, our results suggest that the ability of galloyl moiety in induce immunological response demonstrated earlier may be also a result of the inhibition of ARG activity. In this view, the galloylquinic acids should be considered as promising hits in the investigation of leishmanicidal compounds.
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  Supplementary data (1H, 13C NMR and Dixon plots of acids) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Dando continuidade às pesquisas de bioprospecção dos programas SisBiota CNPq/FAPESP e Biota-FAPESP, o presente artigo descreve os resultados de atividade leishmanicida e determinação da composição química das frações ativas de Brosimum glaziovii (Moraceae), por meio da cromatografia gasosa. Os extratos e frações das folhas e galhos foram testados in vitro em cepas de Leishmania amazonensis. As frações hexânicas das folhas e galhos apresentaram atividades potente e moderada, respectivamente (IC50 = 3,6 e 39,1 µg mL-1). Por meio das análises de cromatografia gasosa foi possível identificar os esteróis: campesterol, β-sitosterol e estigmasterol e os triterpenos: α-amirina, β-amirina, acetato de β-amirina, e lupenona, além de outros constituintes apolares principalmente ácidos graxos e seus derivados. Este é o primeiro trabalho descrito sobre a atividade leishmanicida e composição química desta espécie.

  

   

  
    As part of our ongoing SisBiota CNPq/FAPESP and Biota-FAPESP bioprospecting programs, this paper deals with the leishmanicidal properties of Brosimum glaziovii (Moraceae), and used gas chromatography analysis to determine the chemical composition of these fractions. The extracts and fractions from the leaves and branches of B. glaziovii were screened against Leishmania amazonensis. The hexane fractions from the leaves and branches displayed the highest leishmanicidal activities, with IC50 = 3.6 and 39.1 µg mL-1. Using gas chromatography analysis it was possible to identify the sterols campesterol, stigmasterol, and β-sitosterol, as well as the triterpenes α-amyrin, β-amyrin, β-amyrin acetate, and lupenone, and other nonpolar components, mainly fatty acids and their derivatives. This is the first report on the leishmanicidal activity and the chemical composition of B. glaziovii.
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  Introduction

  Neglected tropical diseases (NTDs) are a pathologically diverse group of infections caused by a variety of pathogens, such as viruses, bacteria, protozoa, and helminthes. According to the World Health Organization (WHO), 17 neglected tropical diseases exist. They are endemic in 149 countries and affect more than 1 billion people worldwide.1 The tropical and subtropical regions of the globe concentrate the main countries with the lowest human development index (HDI) and the highest NTDs burden.2

  Brazil ranks as the 70th country in terms of HDI; nine of the 10 major NTDs occur in this country. Leishmaniasis, tuberculosis, dengue, and leprosy exist in almost all the Brazilian regions. Most cases arise in poor regions, being the northern and northeastern Brazilian regions the most affected.2

  Leishmaniasis threatens approximately 350 million people around the world. It is believed that as many as 12 million people are currently infected with this pathogen. Roughly 1-2 million new cases appear every year.3 The human immunodeficiency virus (HIV) pandemic has contributed to raising the number of leishmaniasis cases in endemic areas.4 In Brazil, more than 26,000 cases of cutaneous leishmaniasis (CL) emerged between 1988 and 2009;5 more than 70,000 cases of visceral leishmaniasis (VL) arose between 1980 and 2008, with 3,800 deaths.6

  Currently, leishmaniasis treatment relies on chemotherapy, which poses limitations such as toxicity, difficult administration route, and lack of efficacy in endemic areas. Despite the efforts devoted to finding new drugs that can fight against Leishmania spp., leishmaniasis treatment still depends on the use of pentavalent antimonials (sodium stibogluconate and meglumine antimoniate), first developed over 60 years ago. Unfortunately, the emergence of resistant strains has limited the usefulness of these antimonials. Amphotericin B (and its liposomal formulation, Ambisome), pentamidine isethionate, miltefosine, and paromomycin constitute alternative medications, but their toxicity and high prices have limited their use.7

  Brazilian biodiversity is among the richest in the world. Indeed, Brazil is home to many plant species with unknown potential. These plants could find appplication in the search for natural products to treat health problems, like NTDs.

  Plants belonging to the family Moraceae - Cecropia pachystachya Mart.,8 Ficus mucusa,9 and Pourouma guianensis,10 among others, possess antiprotozoal activities. In particular, Brosimum glaziovii (Moraceae) is endemic in Brazil, but habitat loss threatens this species. The absence of reports on the chemical composition and biological potential of this plant has motivated the phytochemical and biological investigation that is the subject of this article.

  To our knowledge, only three species of the same genus as B. glaziovii have been phytochemically examined: B. gaudichaudii, whose roots contain coumarins, chalcones, cinnamic and dihydrocinnamic acid derivatives, triterpenes, and sterols;11-13 B. acutifolium, which possesses flavonoids and lignoids;14-18 and B. rubescens Taubert, whose heartwood accumulates coumarins.19

  As part of the SisBiota CNPq/FAPESP and Biota-FAPESP biodiscovery programs, which aim to search for new hits and lead compounds from the Brazilian flora, this study evaluated the leishmanicidal activity of Brozimum glaziovii (Moraceae) and used high-resolution gas chromatography (HRGC) and gas chromatography-mass spectrometry (GC-MS) to analyze the chemical composition of the bioactive extracts. HRGC constitutes a promising tool to identify the chemical profile of complex nonpolar extracts and fractions. It is an alternative methodology to aid the construction of the inventory and the characterization of the biodiversity of São Paulo state, which should be useful when exploring mechanisms for its conservation and sustainable use.

   

  Experimental

  Plant material

  The leaves and branches of Brosimum glaziovii were collected from the Botanic Garden of São Paulo (São Paulo, Brazil) in October 2006 and identified by Dr Inês Cordeiro (IBt-SMA). A voucher specimen (col. S. Romaniuc Neto 1298) was deposited at the State Herbarium "Maria Eneida P. Kaufman" of the Institute of Botany (São Paulo, Brazil).

  Preparation of the extracts

  Air-dried and powdered leaves (0.85 kg) and branches (2.5 kg) were exhaustively extracted by maceration with ethanol at room temperature. After filtration, the solvent was evaporated at low temperature (< 40 ºC) and under reduced pressure, to yield the crude extract from the leaves (35.3 g) and branches (57.3 g). Part of the crude extract from the leaves (10 g) and branches (17 g) was dispersed in water/methanol 4:1 (600 mL) and successively partitioned with hexane (200 mL, 3×), ethyl acetate (200 mL, 3×), and n-butanol (200 mL, 3×), to afford four fractions from the leaves, namely the hexane (1.5 g), ethyl acetate (1.2 g), n-butanol (0.5 g), and the lyophilized aqueous methanol (0.7 g) fractions, as well as four fractions from the branches - the hexane (2.5 g), ethyl acetate (6.1 g), n-butanol (2.1 g), and the lyophilized aqueous methanol (2.2 g) fractions. Samples of the ethanol extracts and of the hexane, ethyl acetate, n-butanol, and the lyophilized aqueous methanol fractions were further assayed for their leishmanicidal action. The hexane fractions were analyzed by gas chromatography coupled to a flame ionization detector (GC-FID) and gas chromatography-mass spectrometry (GC-MS).

  Sample cleanup for HRGC analysis (GC-FID)

  Samples of the hexane fraction from the leaves and branches (10.0 mg) were dissolved in chloroform (3.0 mL) and percolated through a chromatographic column consisting of celite/norit (1:1, 100.0 mg) + silica gel (200.0 mg); the fractions were eluted with chloroform (10.0 mL). After evaporation to dryness at room temperature, the eluate was dissolved in hexane/ethyl acetate (7:3) and analyzed by HRGC, in triplicate.

  GC-FID conditions

  The hexane fractions were analyzed by HRGC on a Varian model CP-3800 gas chromatograph equipped with split injector [initial splitless; 0.75 min (1:50); 2.00 min (1:20)] at 260 ºC. The flame ionization detector was set at 310 and 290 ºC for the SPB-5 and SPB-50 columns, respectively. The injected volume was 2.0 µL. SPB-50 (cross-linked 50% phenylmethylsiloxane, 30 m × 0.25 mm × 0.25 µm) and SPB-5 (cross-linked 5% phenylmethylsiloxan 30 m × 0.25 mm × 0.25 µm) capillary columns were employed. In the case of SPB-50, the column temperature was 280 ºC (isotherm). For SPB-5, a column temperature program was used - the initial temperature was 250 ºC, maintained for 12 min, followed by a temperature rise to 280 ºC at 6 ºC min-1. Then, the temperature was kept at 280 ºC for additional 30 min. Nitrogen was employed as the carrier gas at an average linear velocity of 1 mL min-1. The triterpenes and sterols were identified by comparison of the relative retention (RR) of the samples with the RR of authentic standards. Cholesterol was used as internal standard.

  Authentic triterpene and sterol standards

  The triterpenes and sterols used as standards were previously isolated from Lauraceae and Rubiaceae species, including Alibertia macrophylla, A . sessilis, Licaria rodriguesii, L. subbulata, and Aniba parviflora. The molecular structures of these compounds were identified by the 1H and 13C nuclear magnetic resonance (NMR) and the MS techniques.20,21

  GC-MS conditions

  Coupled gas chromatography-mass spectrometry (GC-MS) analysis was performed on an Agilent Technologies 7890A gas chromatograph coupled to a 5975C mass selective detector (Agilent Technologies) under the following instrumental conditions: DB-5 capillary column (cross-linked 5% diphenyl/95% dimethyl polysiloxane, 30 m × 0.25 mm × 0.25 µm, Agilent Technologies Inc., USA). Helium was used as the carrier gas at a flow rate of 1.00 mL min-1. The injection volume was 1 µL; the split ratio was 20:1. The oven temperature was increased to 50 ºC and held at this temperature for 2 min. Then, the temperature was raised to 250 ºC at a rate of 8 ºC min-1, to 300 ºC at a rate of 3 ºC min-1, and to 310 ºC at a rate of 3 ºC min-1. The total run time was 47 min. The mass spectra were obtained by electron ionization (EI) at 70 eV. All registered peaks were identified by comparison of the mass spectra with those available in the NIST library.

  Parasite cultures

  Promastigotes of the Leishmania amazonensis MPRO/ BR/1972/M1841-LV-79 strain were maintained at 28 ºC in liver-infusion tryptose medium (LIT) supplemented with 10% heat-inactivated fetal calf serum (FCS). LIT medium was prepared by mixing 10 mg mL-1 hemin (bovine, type I) (1 mL) with a solution containing NaCl (4.0 g), KCl (0.4 g), Na2PO4 (8.0 g), glucose (2.0 g), liver infusion broth (5.0 g), and tryptose (5.0 g) at pH 7.0 (900 mL).

  Evaluation of the leishmanicidal activity

  An antileishmanial assay using promastigote forms of the Leishmania amazonensis MPRO/BR/1972/M1841-LV-79 strain was performed by employing the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrasodium bromide (MTT) colorimetric method described by Santos et al.22 At the end of the exponential growth phase (4-dayold culture forms), the cultured promastigotes were seeded in 96-well microplates at 8 × 106 parasites mL-1. The B. glaziovii extracts and fractions were dissolved in dimethyl sulfoxide (DMSO; the highest concentration was 1.4%, which was not hazardous to the parasites, as assessed previously), added to the parasite suspension to final concentrations between 1.6 and 100 µg mL-1, and incubated at 28 ºC for 72 h. The assays were carried out in triplicate. The reference drug was pentamidine isethionate purchased from Sigma-Aldrich (St Louis, MO, USA). To this end, a 16.7 mg mL-1 stock solution of the reference drug was prepared in sterile deionized water and added to the parasite suspension, to obtain final pentamidine isethionate concentrations between 1.6 and 100 µg mL-1. Leishmanicidal effects were assessed by the MTT method with modifications.22 The 50% mean inhibitory concentration (IC50) of the tested compounds and the positive control were determined by calculating the percentage of cytotoxicity.

  Evaluation of the cytotoxicity on J774 macrophages

  To evaluate the cytotoxicity of the B. glaziovii extracts and fractions on J774 macrophage lineages, the latter cells were grown in 25 cm2 culture flasks containing 5 mL of Roswell Park Memorial Institute (RPMI) medium supplemented with 10% bovine fetal serum, kept in an incubator at 37 ºC and 5% CO2 atmosphere, and transferred to a new medium on a weekly basis. After removal of the medium, the cell monolayer was removed from the flask with a scraper and transferred to a 15 mL conical tube containing 1 mL of RPMI medium (RPMI 1640 medium consisting of Gibco® powder, distilled water, sodium bicarbonate, Hepes buffer, bovine fetal serum, and antibiotics); the concentration of the cells was set to 1 × 105 cells mL-1. Cell viability was evaluated by addition of the vital dye trypan blue (0.02%). The cell suspension (200 µL) was distributed in TPP 96-well plates and incubated at 37 ºC and 5% CO2 for 24 h. The supernatant was removed from the plate; then, 97 µL of RPMI and 3 µL of the extracts and fractions that had activity < 100 µg mL-1 were diluted with sterile water and added in decreasing concentrations (250 to 1.5 µg mL-1), in triplicate. Next, the cells were incubated at 37 ºC and 5% CO2 for 24 h. Pentamidine was used as the reference drug. After incubation, 10 µL of MTT/phenazine methosulfate (PMS) solution was added, and the cells were incubated at 37 ºC and 5% CO2 for 75 min. Then, 100 µL of sodium dodecyl sulfate (SDS) was added, which was followed by incubation at room temperature for 30 min. The absorbance at 540 nm was measured in a microplate reader (Elisa reader, Readwell Touch/Robonik). The results were expressed in LC50 (lethal concentration that killed 50% of the cells).

  The selectivity index (SI), an important characteristic to define hit compounds, was calculated by dividing the values obtained for the cytotoxic activity against macrophages J774 by the results achieved during leishmanicidal actions (SI = LC50 / IC50) for the most active extracts and fractions.

   

  Results and Discussion

  To expand the current knowledge about the plants of the Moraceae family, in this work we evaluated the antileishmanial potential of extracts and fractions from the leaves and branches of B. glaziovii (Moraceae) and investigated the chemical profile of the active fractions by high-resolution gas chromatography (HRGC) and gas chromatography-mass spectrometry (GC-MS). Antileishmanial assays of the extracts and fractions from the leaves and branches of B. glaziovii against the promastigote form of L. amazonensis helped us to achieve our goals. Table 1 summarizes the main results.
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  Among all the tested fractions and extracts, the nonpolar hexane fraction from the leaves of B. glaziovii displayed the highest activity against L. amazonensis, with IC50 of 3.6 ± 0.34 µg mL-1. This result was close to that obtained with the positive control pentamidine (IC50 = 4.0 ± 0.26 µg mL-1), the drug of choice to treat cutaneous leishmaniasis in South America.23 The activity of the hexane fraction from the leaves of B. glaziovii was higher than that of the corresponding ethanol extract (IC50 = 82.9 ± 0.48 µg mL-1). This evidenced that fractionation potentiated the activity by concentrating the most active compound(s) in the hexane fraction. The ethyl acetate fraction from the leaves of B. glaziovii had lower biological activity than the hexane fraction (51.8 ± 2.26 µg mL-1). Nevertheless, these data indicated that B. glaziovii contains antileishmanial compounds with different polarities.

  As for the leishmanicidal action of the branches of B. glaziovii, fractionation also potentiated the activity, as verified by comparison of the activities of the hexane and ethyl acetate fractions (IC50 = 39.1 ± 1.15 and 48.7 ± 1.87 µg mL-1, respectively) with that of the crude ethanol extract (IC50 > 100 µg mL-1), considered inactive. Hence, the branches of B. glaziovii also presented leishmanicidal activity, albeit almost 10-fold lower than the leaves.

  Regarding cytotoxicity evaluation, we calculated the selectivity index (SI), a relevant characteristic to define hit compounds, for the ethanol extracts and the hexane and ethyl acetate fractions from the leaves and branches of B. glaziovii. To this end, we divided the cytotoxic activity of the extract or fraction against J774 macrophages (LC50) by its leishmanicidal activity (SI = LC50/ IC50).  We employed macrophages to determine SI, because they are the main host cells for Leishmania (Table 1). Using the LC50 value of 129.3 µg mL-1 found for J774 macrophages treated with the hexane fraction from the leaves of B. glaziovii (which was the most active fraction), we calculated an SI of 35.9 for L. amazonensis, which is almost twenty times higher than that of the control drug pentamidine (SI = 1.9, Table 1). Therefore, this fraction possesses good selectivity for L. amazonensis promastigote forms rather than macrophages. The SI values determined for the other active extracts and fractions (ethanol extract and ethyl acetate fraction from the leaves and the hexane and ethyl acetate fractions from the branches) indicated that they were less selective than the hexane fraction from the leaves, but they still were twice more selective for the parasite than the control drug pentamidine (SI = 1.9). Hence, these extracts and fractions are also attractive for further chemical characterization.

  The biological activities of nonpolar extracts have often been attributed to complex mixtures of triterpenoid and/or steroid compounds.24,25

  Gas chromatography coupled with mass spectrometry (GC-MS) is the most powerful technique to characterize nonpolar compounds in a mixture, so it constitutes an alternative to the preliminary screening of complex plant extracts. However, this hyphenated analytical technique is still inaccessible to many research groups. On the other hand, GC-FID analysis is rapid, simple, relatively cheap, and more readily available, so it is potentially applicable as a preliminary procedure.21

  Aiming to identify the steroids and triterpenes present in the most active fractions from the leaves and branches of B. glaziovii, we used high-resolution gas chromatography (HRGC), a fast method that does not require prederivatization. The GC-FID method we employed in this study involved two different columns: SPB-5 and SPB-50. The low polarity, inertness toward organic compounds, and high temperature limit of these columns make them ideal for analysis of underivatized semi-volatile plant extracts.

  By using the SPB-5 and SPB-50 columns to analyze the hexane fraction from the leaves of B. glaziovii, it was possible to obtain chromatograms with well-resolved peaks, which enabled proper identification of some components by RR values and comparison of these values with those of authentic samples (Figures 1A, 1B, 1C, and 1D). The RR values were calculated by dividing the retention time (tR) of the compound by the retention time of the standard for both columns. Co-injection with authentic standards additionally confirmed the presence of each triterpene or sterol and avoided misclassifications due to overlapping of the retention zones.
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  The HRGC results (Table 2) attested to the major occurrence of the sterols campesterol (1), and β-sitosterol (2) and of the triterpenes β-amyrin (3), α-amyrin (4) and β-amyrin acetate (5) in the hexane fractions from the leaves and branches of B. glaziovii; besides these the sterol stigmasterol (6), and the pentacyclic triterpene lupenone (7) were also present in the hexane fraction from the branches of B. glaziovii.
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  To prove the identity of the substances identified by GC-FID (by comparison with the authentic compounds) and to obtain the full profile of the hexane fractions from the leaves and branches of B. glaziovii, we also performed the GC-MS analysis for the hexane fractions (Supplementary Information). We identified the substances on the basis of the NIST library and by comparison with literature data. Only the compounds with 90% of similarities with the database or higher than that were taken into account for our analysis. The GC-MS analysis of the hexane fractions of leaves and branches are given in the Table 3. Besides the confirmation of the triterpenes and sterols previously identified by HRGC, the GC-MS allowed us to detect a further series of compounds constituted mainly of long chain fatty acids and its derivatives.
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  The hexane fraction of leaves mainly contains palmitic acid (n-hexadecanoic acid) and its derivative (hexadecanoic acid, ethyl esther); stearic acid derivatives [(12-octadecadienoic acid (Z,Z)-; 9,12,15-octadecatrienoic acid, (Z,Z,Z)-] and octadecanoic acid, ethyl ester); linoleic acid, ethyl ester and the diterpene alcohol-phytol. For the hexane fraction of branches the most abundant fatty acids were the palmitic acid derivative (hexadecanoic acid, ethyl esther); the stearic acid derivatives [(octadecanoic acid, ethyl ester and 9,12,15-octadecatrienoic acid, (Z,Z,Z)-] and linoleic acid, ethyl ester. Some fatty acids, like palmitic acid,27 among others28 have been shown to have antiprotozoal activity.

  These results demonstrated that, despite the similarities between the hexane fractions from the leaves and branches of B. glaziovii, these fractions exhibited different chemical profiles and antileishmanial activity. Taken together, these findings corroborated that plant tissues produce compounds in different ways, which can be relevant when considering the chemical interface between plants and the surrounding environment.29

  The preliminary phytochemical screening by HRGC proved to be a useful tool to identify secondary metabolites, in this case, the triterpenes and sterols presented in complex extracts and fractions of B. glaziovii, in special the bioactive hexane fraction, which the chemical profile was successfully mapped (Figure 2).
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  Further bio-guided studies regarding the isolation and antileishmanial evaluation of the pure compounds are necessary to identify the bioactive compounds or a possible synergism between the molecules present in the active fractions of B. glaziovii.

   

  Conclusions

  Neglected tropical diseases are a recognized public health concern affecting mostly the impoverished regions of the world. In the American continent, Brazil is the country that is most impacted by leishmaniasis. This country also relies on wide biodiversity, which constitutes a superb source of chemical diversity. By using rational screening, it is possible to identify hits and leads that will be essential for further research into the development of potential drugs. The chemical and pharmacological potential of many plants remains unexplored. HRGC proved to be a rapid, simple, and relatively cheap preliminary screening tool to    characterize plant mixtures in a reliable way. This technique  enabled the identification of some triterpenes and sterols  present in the bioactive extracts from Brosimum glaziovii,  traced as campesterol (1), β-sitosterol (2), β-amyrin (3),  α-amyrin (4), β-amyrin acetate (5), stigmasterol (6) and  lupenone (7). Although the identified metabolites have  been known for some time, this is the first time that their  presence has been detected in the species B. glaziovii. The  GC-MS analysis allowed the confirmation of the substances identified by HRGC and the identification of the major constituents of the bioactive fractions, including some long chain fatty acids and their derivatives.

  This study demonstrated the strong leishmanicidal activity of the hexane fraction from the leaves of B. glaziovii (IC50 = 3.6 µg mL-1) against the L. amazonensis strain as well as its low cytotoxicity (IC50 = 129.3 µg mL-1) against macrophage J774 as compared with the control drug pentamidine (which has well-known strong activity, IC50 = 4.0 µg mL-1, but high toxicity, IC50 = 7.5 µg mL-1).

  Also, the composition of the active fraction showed that B. glaziovii is a potential source of leishmanicidal compounds for further pharmacological and toxicological studies.
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    Complexos de CoIII derivados da 2-acetilpiridina N(4)-R tiossemicarbazona (Hatc-R, R = alquil ou aril) foram caracterizados por análise elementar, espectroscopia na região do infravermelho, UV-Visível e 1H RMN, voltametria cíclica (VC), medidas de condutividade e difração de raios X em monocristal. Os resultados obtidos são consistentes com a oxidação do centro de CoII para CoIII após a coordenação N,N,S-tridentada e monoaniônica dos ligantes tiossemicarbazonas, resultando em complexos octaédricos iônicos do tipo [Co(atc-R)2]Cl. Os estudos de eletroquímica mostram dois processos reversíveis, referentes aos pares redox CoIII/CoII e CoII/CoI, que são afetados pelo efeito indutivo dos grupos substituintes na posição N4 dos ligantes. Dois complexos de CoIII se mostraram satisfatoriamente ativos, com valores de concentração inibitória mínima abaixo de 10 µmol L-1 e um deles apresentou muito baixa citotoxicidade contra células VERO e J774A.1 (IC50), conferindo-lhe altos índices de seletividade (SI > 10).

  

   

  
    CoIII complexes derived from 2-acetylpyridine N(4)-R thiosemicarbazone (Hatc-R, R = alkyl, aryl) have been characterized by elemental analysis, FTIR, UV-Visible and 1H NMR spectroscopies, cyclic voltammetry (CV), conductimetry measurements and single crystal X-ray diffractometry. The results obtained are consistent with the oxidation of the CoII center to CoIII upon coordination of the monoanionic N,N,S-tridentate thiosemicarbazone ligands, resulting in octahedral ionic complexes of the type [Co(atc-R)2]Cl. Electrochemistry studies show two reversible processes referring to the redox couples CoIII/CoII and CoII/CoI which can be modified by the inductive effects of the substituents groups at the N4 position of the ligands. Two CoIII complexes showed satisfactory activity with minimal inhibitory concentration value under 10 µmol L-1 and one presented quite low cytotoxicity against VERO and J774A.1 cells (IC50), resulting in high selectivity index (SI > 10).

    Keywords: cobalt(III), thiosemicarbazones, anti-mycobacterium tuberculosis activity

  

   

   

  Introduction

  Tuberculosis (TB) still causes the death of millions of people every year, more than any other disease around the world, as described by the World Health Organization (WHO).1 The pathogenicity of Mycobacterium tuberculosis (MTB), the human pathogen responsible for TB, is based on the development of methods to survive inside host cells, comprising the capacity to take possession of macrophages.2 Despite a 95% efficacious 6-month treatment, the TB problem is still expanding world-wide.3 It's estimated that one-third of the world's population is infected with dormant forms of MTB, 10% of which will develop the disease among their lives.4 The actual research on TB has been focused on the increased number of multidrug and extensively drug-resistant TB (MDR- and XDR-TB),5 especially in HIV-positive patients, giving rise to very high mortality.6 The number of promising anti-TB drugs following pre-clinical tests has increased and although they involve diverse possible mechanisms, no one targets dormant bacteria, which means that the latent infections cannot be eliminated by the moment.7 Therefore, it is mandatory to develop new anti-MTB agents that can solve the current therapy problems and inhibit the growth of pathogenic microorganisms in their latent forms.

  Biologically active transition metal complexes constitute an increasing research area.8-11 Metals like Mn, Fe, Co, Ni, Cu and Zn, even in a very low concentration in human body, are responsible for a series essential of biological functions10 being studied in the bioinorganic chemistry field.12-14 Cobalt is an essential element for life being the main component of Vitamin B12, which is an essential micronutrient that is required for human health and, more importantly, is required in large quantities by cells that are replicating DNA prior to cell division.15 Moreover, a lot of new cobalt compounds have been demonstrated to possess particular biological activities, such as antitumor and antibacterial.16-20

  The interest on the thiosemicarbazones (TSCs) and their metal complexes is due to their versatile chemistry21 and pharmacological activities,22-26 which also include anti-TB properties.11 Frequently, the biological activity presented by the free thiosemicarbazone ligands is enhanced upon complexation.27 In an effort to select lead candidates for treatment of TB, in the last few years we have studied and reported complexes derived from thiosemicarbazones which presented a high anti-MTB activity.11 Precisely, VIV and VV,8 NiII14 and  MnII complexes28 derived from 2-acetylpyridine thiosemicarbazones have shown excellent activity against MTB. In this context, we focused our interest in a continuation of the previous studies with some of the first transition metal row by developing now new CoIII compounds, cationic instead of neutral complexes as the NiII and MnII compounds studied before.14,28 Hence, believing in the high potential of such compounds as anti-MTB agents and the biochemical features of cobalt, here we describe the preparation of CoIII complexes derived from 2-acetylpyridine-thiosemicarbazones, their full characterization as well as the study of their anti-MTB activity and cytotoxicity.

   

  Experimental

  Materials

  2-Acetylpyridine, thiosemicarbazide, 4-methyl-3-thiosemicarbazide, 4-ethyl-3-thiosemicarbazide, 4-phenyl-3-thiosemicarbazide and analytical reagents grade chemicals and solvents were obtained commercially and used without further purification. 4-Cyclohexyl-3-thiosemicarbazide was prepared as previously described.27 The ligands Hatc, Hatc-Me, Hatc-Et, Hatc-Ch and Hatc-Ph were prepared by refluxing equimolar ethanolic solutions containing the desired thiosemicarbazide (10 mmol) and 2-acetylpyridine (10 mmol) for 1 h, as reported elsewhere.29,30

  Instruments

  FTIR spectra were measured as KBr pellets on a Shimadzu IR Prestige-21 spectrophotometer between 400 and 4000 cm-1. Elemental analyses were determined using a Leco Instrument, model Truspec CHNS-O. The conductivities of the complexes were measured in 1 × 10-3 mol L-1 MeOH or H2O solutions using an Orion Star Series conductometer. UV-visible (UV-Vis) spectra were measured with a Shimadzu UV-1800 spectrophotometer in MeOH solutions. The electrochemical experiments were carried out at room temperature in acetonitrile containing 0.1 mol L-1 tetrabutylammonium perchlorate (PTBA) (Fluka Purum) as supporting electrolyte, using an electrochemical analyzer µAutolab III. Cyclic voltammetry experiments were performed with a glassy carbon (CG) working stationary electrode, a platinum auxiliary electrode and an aqueous Ag/AgCl reference, carried out with a rate sweep of 100 mV s-1 or 200 mV s-1. The 1H NMR spectra were acquired using equipment Agilent 400/54 Premium Shielded 9.4 T, working at 399.8 MHz for 1H. The NMR spectra were internally referenced to TMS.

  Crystal structure determination

  Brown crystals of [Co(atc)2]Cl·H2O (1·H2O) were grown by slow evaporation of the ethanol mother solution of 1. Crystals of [Co(atc-Ph)2]·MeOH (5·MeOH) were obtained by recrystallization of 5 in MeOH/CH2Cl2 1:2 at room temperature. The data collections were performed using Mo-Kα radiation (λ = 71.073 pm) on a BRUKER APEX II Duo diffractometer. Standard procedures were applied for data reduction and absorption correction. The structures were solved with SHELXS97 using direct methods,31 and all non-hydrogen atoms were refined with anisotropic displacement parameters with SHELXL97.32 The hydrogen atoms were calculated at idealized positions using the riding model option of SHELXL97.32 Table 1 presents more detailed information about the structures determination.

  
    

    [image: Table 1. Crystal data and structure]

  

  Determination of MICs

  The anti-MTB activity of the compounds was determined as MIC (minimal inhibitory concentration) values by the REMA (Resazurin Microtiter Assay) method according to Palomino et al.33

  In vitro cytotoxicity assays (IC50, half maximal inhibitory concentration) were performed first on VERO epithelial cells (ATCC CCL81). Following this approach, the most selective compound (higher SI) was additionally tested on the J774A.1 (ATCC TIB-67) murine macrophage cell line. Both studies were recorded as reported before in a previously work.28

  Selectivity index

  The selectivity index (SI) was calculated by dividing IC50 for VERO cells by the MIC for the pathogen; if SI > 10, the compound is considered suitable for further investigations.28

  Preparations

  The CoIII complexes were synthesized by adding 0.25 mmol CoCl2·6H2O to solutions of 0.5 mmol of the desired ligands in EtOH (15 mL). The resulting solutions were stirred for 2 h under reflux. The solutions were kept under slow evaporation at room temperature until brown precipitates were formed. After 3 days the solids were filtered off, washed with hexane and dried under vacuum.

  [Co(atc)2]Cl·H2O (1·H2O)

  Yield 0.085 g (68%). Analysis: Calc. for C16H20ClCoN8OS2: C, 38.52; H, 4.04; N, 22.46%. Found: C, 39.58; H, 4.19; N, 22.87%. IR (KBr) ν/cm-1 3259, 3101, 1620, 1598, 1035, 773; UV-Vis in 3.2 × 10-5 mol L-1 MeOH solution [λ / nm (ε / L mol-1 cm-1)]: 424 (4801), 365 (7289), 309 (14267), 233 (31028); Molar conductivity (Λm in H2O): 106.80 µS cm-1; 1H NMR (DMSO, 399.8 MHz): δ 2.80 (s, 6H, 2CH3C=N), 7.45 (t, 2H, J 8.0 Hz, Py-H), 7.86-7.90 (m, 6H, 2Py-H and 2NH2), 8.02 (d, 2H, J 8.0 Hz, Py-H), 8.07 (t, 2H, J 8.0 Hz, Py-H).

  [Co(atc-Me)2]Cl (2)

  Yield 0.085g (67%). Analysis: Calc. for C18H22ClCoN8S2: C, 42.48; H, 4.36; N, 22.02%. Found: C, 42.68; H, 4.55; N, 21.61%. IR (KBr) ν/cm-1 3190, 1598, 1560, 1076, 773; UV-Vis in 1.96 × 10-5 mol L-1 MeOH solution [λ / nm (ε / L mol-1 cm-1)]: 415 (10178), 367 (18214), 314 (24897), 260 (40102); Molar conductivity (Λm in H2O): 160.00 µS cm-1; 1H NMR (DMSO, 399.8 MHz): δ 2.85 (s, 9H, 2CH3C=N and 1CH3NH), 2.97 (s, 3H, CH3NH), 7.45-8.09 (m, 8H, Py-H), 8.16 (s, 1H, NHCH3), 8.80 (s, 1H, NHCH3).

  [Co(atc-Et)2]Cl·H2O(3·H2O)

  Yield 0.086 g (61%). Analysis: Calc. for C20H28ClCoN8OS2: C, 43.28; H, 5.09; N, 20.19%. Found: C, 43.83; H, 5.17; N, 20.22%. IR (KBr) ν/cm-1 3197, 1598, 1556, 1078, 773; UV-Vis in 2.98 × 10-5 mol L-1 MeOH solution [λ / nm (ε / L mol-1 cm-1)]: 413 (10302), 369 (18993), 315 (25241); Molar conductivity (Λm in H2O): 100 µS cm-1; 1H NMR (DMSO, 399.8 MHz): δ 1.00-1.20 (m, 6H, -CH2CH3), 2.84 (s, 6H, CH3C=N), 3.20-3.43 (m, 4H, -CH2CH3), 7.45-8.08 (m, 8H, Py-H), 8.16 (s, 1H, NHCH2CH3), 8.86 (s, 1H, NHCH2CH3).

  [Co(atc-Ch)2]Cl (4)

  Yield 0.086g (53%). Analysis: Calc. for C28H38ClCoN8S2: C, 52.13; H, 5.94; N, 17.37%. Found: C, 51.71; H, 6.70; N, 16.81%. IR (KBr) ν/cm-1 3201, 1598, 1556, 1072, 775; UV-Vis in 2.48 × 10-5 mol L-1 MeOH solution [λ / nm (ε / L mol-1 cm-1)]: 428 (10967), 372 (21129), 316 (25564); Molar conductivity (Λm in MeOH): 100 µS cm-1; 1H NMR (DMSO, 399.8 MHz): δ 1.06-1.95 (m, 20H, Ch-H), 2.83 (s, 6H, CH3C=N), 3.84 (s, 2H, CH-Ch), 7.44-8.05 (m, 8H, Py-H), 8.86 (s, 2H, NH-Ch).

  [Co(atc-Ph)2]Cl (5)

  Yield 0.126g (80%). Analysis: Calc. for C26H29ClCoN8S2: C, 53.12; H, 4.14; N, 17.70%. Found: C, 52.80; H, 4.73; N, 17.25%. IR (KBr) ν/cm-1 3174, 1598, 1552 , 1074 , 752; UV-Vis in 2.21 × 10-5 mol L-1 MeOH solution [λ / nm (ε / L mol-1 cm-1)]: 385 (20588), 315 (18190), 253 (37239); Molar conductivity (Λm in MeOH): 88 µS cm-1; 1H NMR (DMSO, 399.8 MHz): d 2.99 (s, 6H, CH3C=N), 7.08 (t, 2H, J 6.0 Hz, Ph-H), 7.38 (t, 4H, J 8.0 Hz, Ph-H), 7.51 (t, 2H, J 6.0 Hz, Py-H), 7.69 (d, 4H, J 8.0 Hz, Ph-H), 8.02 (d, 2H, J 4.0 Hz, Py-H), 8.12-8.18 (m, 4H, Py-H), 10.37 (s, 2H, NH-Ph).

   

  Results and Discussion

  Synthesis of the complexes

  Reactions of CoCl2·6H2O with two equivalents of Hatc-R in EtOH under reflux for 2 h results in microcrystalline precipitates of the cobalt complexes 1-5 in good yields (Scheme 1). Elemental analyses are consistent with the formation of cationic complexes [Co(atc-R)2]+, in accordance with the observed molar conductivity values. All the compounds except [Co(atc-Ph)2]Cl are water soluble. They are very soluble in methanol and dimethyl sulfoxide and sparingly soluble in dichloromethane and chloroform, demonstrating a high hydrophilic character.
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  Infrared, UV-Vis and 1H NMR spectroscopies

  The IR spectra of the TSC ligands are characterized by strong broad ν(NH) absorptions in the range 3365-3153 cm-1. One of them, around 3300 cm-1, is absent in the spectra of the CoIII cationic complexes, according to the monodeprotonation of these ligands.

  The ν(C=N) stretching band found around 1580 cm-1 for the free Hatc-R is observed in the 1552-1620 cm-1 range for the complexes. The ν(N-N) band at higher frequencies in the IR spectra of the complexes, between 1035 and 1078 cm-1, comparing to those observed for the ligands, in the 989-995 cm-1 range, confirms coordination through the azomethine nitrogen atom.13,34

  The ν(C=S) bands appear in two regions (1118-1074 cm-1 and 800-846 cm-1) for the free thiosemicarbazones,35 while for the complexes the C=S only one band is observed (752-775 cm-1), indicating coordination through the sulfur atom and being consistent with the deprotonation and consequent formation of a C-S single bond in the thiosemicarbazone ligands.11 The IR absorption bands assigned for the free ligands and their cobalt complexes are consistent with the tridentate coordination of the thiosemicarbazone derivatives in a N,N,S-tridentate mode, through the sulfur atom, the azomethine nitrogen and the pyridine nitrogen atoms, forming octahedral complexes.

  The electronic spectra of the ligands show a band in the 312-402 nm range, assignable to a combination of internal n→π* and π→π*electronic transitions related to the pyridine ring.30,36-39 The spectra of the CoIII complexes show the pyridine ring transitions, with the n→π* occurring at higher energies, below 300 nm, confirming the complexes formation.40 Additional bands in the 360-400 nm range are assignable as combinations of d→d transitions with S→CoIII and Py→CoIII charge transfer transitions.40 Therefore, it was not possible to see the CoIII 1T1g ← 1A1g and 1T2g ← 1A1g allowed transitions usually observed in the visible region.41

  The 1H chemical shift values of the free ligands were previously reported.8,30,35 The CoIII complexes show similar 1H NMR behavior, with the hydrogen signals being found as expected. The NH2 hydrogens of complex 1 are found at 7.90 ppm as a broad singlet, while the spectra of the complexes 4 and 5 showed the NH signals at 8.86 and 10.37 ppm, respectively. For the complexes 2 and 3, however, two different signals relative to NH hydrogen atoms were observed, at 8.81 and 8.16 ppm for 2 and at 8.86 and 8.17 ppm for 3. This is in accord with the non-equivalence also observed for the methyl and ethyl groups, suggesting that rotation around the C-NHR (R = -CH3, -CH2CH3) bond is not totally restricted.42 In fact, the methyl groups attached to the NH fragments are also observed at different chemical shifts for 2, one at 2.97 ppm and another one around 2.85 ppm, overlapped with the signal for the methyl group of the CH3-C=N moiety. The integration for this broad peak (9 H) is consistent with this overlapping. In the case of the complex 3, however, this observation is difficult to confirm with certainty due to the overlapping of CH2 peak by residual water, while the methyl group appears as a broad multiplet. For the complexes 1-5, the methyl group (CH3-C=N) is observed in the 2.80-2.99 ppm region. The aromatic protons are observed between 7.08 and 8.18 ppm for all the complexes.

  Crystal structures

  ORTEP drawings of complexes 1·H2O and 5·MeOH with numbering scheme are represented in Figure 1. Crystal data and structure refinement for both compounds are depicted in Table 1. The cobalt complexes are monocationic, presenting a chloride as counter ion. The thiosemicarbazone ligands are coordinated to the CoIII center in N,N,S-tridentate mode and monoanionic form through the pyridine nitrogen atoms N(1A) and N(1B), azomethine atoms N(2A) and N(2B) and sulfur atoms S(1A) and S(1B).
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  The CoIII complexes are clearly characterized by the smaller bond lengths compared to MnII [Mn(atc-Et)2] compound previously reported.28 This fact is assigned to the change of the oxidation state +II to +III, resulting in a larger attraction of the electrons from donor atoms of the ligand. This fact is easily observed comparing the distances of Co(1)-N(1) and Mn-N(1) 1.952(3) e 2.2806(15) Å, respectively. The distance Co(1)-S(1A) = 2.2035(6) Å is also shorter compared to Mn-S(1A) = 2.5216(5) Å distance. Furthermore, the bond distances C(8A)-S(1A), 1.745(3) and 1.745(2) Å for complexes 1·H2O and 5·MeOH, respectively, are consistent with a single bond character. On the other hand, the bond distance N(3A)-C(8A), 1.321(4) Å in 1·H2O and 1.314(3) Å in 5·MeOH, shows a double bond character, in accordance with the deprotonation of the TSCs ligands.

  The coordination geometry around the metal center is a distorted octahedron with the tridentate thiosemicarbazone ligands perpendicular to each other with N(1A)-Co(1)-N(2B) being close to 90º in both complexes. A quite smaller distortion of the octahedral angles is observed for the CoIII complexes when compared with similar MnII compounds.28 This fact can be observed through the bond angle N(2B)-M(1)-N(2A) that is around 159º in [Mn(atc-Et)2] and 178º in the CoIII complexes studied here. The bond lengths are similar to those found for other similar CoIII complexes.43 Selected data of interatomic distances and main angles can be found in Table 2.
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  The crystal structure of 5·MeOH is stabilized by intermolecular hydrogen bonds, as shown in Figure 2. The nitrogen atom N(4A) is H-bonded through H(4a) to the oxygen atom O(1c) from a methanol molecule, while the nitrogen atom N(4b) is H bonded with a chloride ion Cl(1), which also interacts with a solvate molecule. The interactions build a zigzag alignment of the species parallel to the c axis.
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  The crystal of 1·H2O is built up by intermolecular hydrogen bonds in diverse directions (see Supplementary Information), which involve the NH2 groups, water solvate molecules and chloride ions.

  Electrochemical studies

  All complexes presented a similar CV behavior, showed exemplarily for 3 in Figure 3. One irreversible process and two well-defined quasi-reversible (ipa/ipc ≈1) waves are detected. The irreversible peak around 1.2 V is assigned as an oxidation process involving the TSC ligand, as previously reported for a similar compound.44 The two cathode processes correspond to the CoIII/CoII and CoII/CoI couples, while the two anodic processes correspond to the CoI/CoII and CoII/CoIII couples. The complexes presented here have an electrochemical behavior similar to that observed for other CoIII complexes already reported.44

  
    

    [image: Figure 3. Cyclic voltammogram]

  

  Through the results depicted in Table 3, it is possible to observe the inductive effects of the R group bonded to the N(4) atom of the thiosemicarbazone ligand on the redox potential values. The electron donating group (R = Ch) tends to provide the more negative potential (E1/2 = -1.10 V) while the electron withdrawing group (R = Ph) shifted the process to a less negative potential (E1/2 = -0.70 V), according to the order: -cyclohexyl < -ethyl < -hydrogen < -methyl < -phenyl relative to CoIII/CoII couple. In this context, the process relative to the CoII/CoI couple presents the same trend, demonstrating the same behavior to the first couple. In relation to the second redox pair CoII/CoI the lower half-wave potential is equal to -1.57 V (complex 4) and the higher potential is E1/2 = -1.46 V (complex 5). Finally it is evidenced that phenyl stabilizes better the oxidation state +II, while the cyclohexyl group, with electron donating effect, reaches the oxidation state +III easier than the other groups.
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  We previously reported a similar trend with MnII complexes relative to oxidation of MnII/MnIII and MnIII/MnIV 28 with four of those ligands. However the influence of the groups bonded to N(4) atom observed for MnII complexes is different for each redox pair. By comparing the values found for manganese complexes, it is possible to conclude that cobalt compounds oxidize much more easily than the manganese ones, since cobalt complexes are stabilized in oxidation state +III.

  Biological activity

  The biological activity of the compounds was verified by determining the values of MIC against strains of Mycobacterium tuberculosis H37Rv ATCC 27294. Synthetic compounds with MIC < 12.5 µg mL-1 are considered of interest to be further evaluated in cytotoxicity tests, which were primarily evaluated using normal epithelial cells (VERO). Complex 5, with SI > 10 (SI = IC50/MIC) for VERO cells, was further analyzed against macrophages cells J774A.1 (immunologic system cells).

  The biological results (anti-MTB activity and cytotoxicity against VERO cells) are shown in Table 4. Two cobalt complexes present MIC < 12.50 µg mL-1, 4 and 5, with values of 2.41 µmol L-1 and 9.87 µmol L-1, respectively. Complex 4 presented a similar activity as the free Hatc-Ch ligand (MIC = 2.82 µmol L-1)27 while complex 5 was more active than the free Hatc-Ph ligand (MIC = 57.75 µmol L-1),27 in this case improving the activity by complexation. In the other cases the complexation to the CoIII didn't lead to improvement on the activities in relation to the free ligands. The cobalt salt CoCl2·6H2O was not effectively active (MIC > 105 µmol L-1) showing that the activity of the complexes cannot be merely associated to the presence of the metal ion. Complex 5 presented quite low cytotoxicity against VERO cells and therefore was also investigated on macrophages cell line J774A.1 (IC50 = 988.79 µmol L-1) resulting in high selectivity (SI = 100).
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  NiII and MnII structurally related compounds studied before14,28 showed to be more active in vitro than the CoIII analogs studied here. This fact can be explained by the increased polarity of the ionic CoIII compounds compared with the neutral NiII and MnII complexes, which can influence the permeability through the lipid layer of bacterial membrane resulting in a lower cellular inflow of the active species.45 Otherwise, the cationic cobalt complexes are very selective and also more water soluble than the neutral nickel or manganese species, which could enhance their absorption in vivo, compensating the eventual lower cellular permeation.

  The high SI found for complex 5 shows its potential for clinical use, with a wide difference between the concentrations regarding the activity on the pathogen and the cytotoxicity on normal epithelial VERO cells, respectively. Furthermore, at the concentration the complex is active on the pathogen it remains innocuous front the macrophage cells (J774A.1), which represent the first immune response to the infection.

   

  Conclusions

  A series of CoIII compounds with thiosemicarbazones ligands, changing the N(4) substituent group by H, methyl, ethyl, cyclohexyl and phenyl could be synthesized in satisfactory yields and fully characterized. The coordination of Hatc-Ph to the CoIII was able to enhance the anti-M. tuberculosis activity when compared with the free ligand. Moreover the results confirm that structural changes in peripheral group of the ligands can affect significantly the activity against M. tuberculosis as well as the cytotoxicity. Complex 5 showed potential biological results, not being the most active on the pathogen, but acting more selectively and thus showing higher potentiality as anti-M. tuberculosis agent.
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  Neste trabalho, um sistema de cromatografia líquida de alta eficiência (HPLC) foi usado para desenvolver e validar um eficiente método para determinar quantitativamente aminoácidos envolvidos na desordem rara conhecida como cetonúria de aminoácidos de cadeia ramificada ou doença do xarope de bordo. As condições analíticas foram desenvolvidas para obter os perfis dos aminoácidos de L-valina, L-isoleucina e L-leucina, sabidamente alterados no plasma sanguíneo dos pacientes. Empregou-se HPLC provido de um detector com arranjo de diodo. Os analitos não possuem grupos cromóforos e, por isso, foram pré-derivatizados com o-ftalaldeído (OPA) para tornar possível sua detecção. A validação foi conduzida de acordo com as normas da Agência Nacional de Vigilância Sanitária (ANVISA) (RDC No. 27, de 17 de maio de 2012) e secção de validação de bioanalítica da United States Food and Drug Administration (U.S. FDA). Os resultados foram satisfatórios, apresentando alta sensibilidade, boa linearidade, precisão e exatidão, limite de detecção e quantificação, todos parâmetros estabelecidos para métodos bioanalíticos, demonstrando a aplicabilidade e baixo custo do método comparado com outras técnicas como espectrometria de massas. Para os três aminoácidos, L-valina, L-isoleucina e L-leucina, os limites de detecção encontrados foram: 1,61, 1,84 e 1,88 mmol L-1 e limites de quantificação 4,37, 6,13 e 6,27 mmol L-1, respectivamente.



 


  A system of high performance liquid chromatography (HPLC) was used for the development and validation of efficient method for quantitative determination of three aminoacids involved in the inherited metabolic disease Branched-Chain Ketoaciduria (BCK), also called maple syrup urine disease. The analytical conditions were selected in order to obtain baseline separation profiles of the amino acids known to be altered in blood plasma of BCK patients, namely L-valine, L-isoleucine, and L-leucine. Most accurate data were obtained using HPLC/diode detector. As the analytes do not have chromophore groups, they were pre-derivatized with o-phthaldialdehyde (OPA), yielding an unsaturated adduct, making thus possible the detection of amino acids. The validation was conducted according to National Health Surveillance Agency (ANVISA) and Guidance for Industry (Bioanalytical Method Validation) United States Food and Drug Administration (U.S. FDA). The results were satisfactory, with high sensitivity, good linearity, precision and accuracy, limit of detection and quantification, all within the established parameters for bioanalytical methods, showing its applicability and low cost compared to other existing techniques such as sequential mass spectrometry. For the three amino acids, L-valine, L-isoleucine and L-leucine, the detection limits (LOD) found were: 1.61, 1.84 and 1.88 mmol L-1 and the quantification limits (LOQ) 4.37, 6.13 and 6.27 mmol L-1, respectively.

  Keywords: high performance liquid chromatography, maple syrup urine disease, isoleucinose, rare diseases, metabolism, inborn error, branched chain aminoacids, α-ketoacids



 

 

Introduction

Hereditary metabolic diseases (HMD) or inborn errors of metabolism (IEM) are biochemical disorders genetically determined, involving processes of synthesis, storage or transport of molecules in the organism. In general, the main metabolic diseases associated with aminoacid metabolism are attributed to failure of a specific enzyme leading to accumulation or deficiency of intermediates in the corresponding metabolic pathway.1 In Brazil, the newborn screening public health program contemplates only a few inborn diseases such as phenylketonuria, congenital hypothyroidism, cystic fibrosis and hemoglobinophaties.2 Other IEM are usually detected too late, when symptoms have been settled and damaged brain is often irreversible.3 HMD are usually autosomal recessive, and it affects the population of about 1:5,000 live births.4 HMD is considered individually rare and most often leads to a late diagnosis with serious and irreparable consequences to the central nervous system. Importantly, early intervention in patients with IEM results in favorable clinical outcomes.5

Biochemical characteristics and laboratorial diagnosis of Branched-Chain Ketoaciduria (BCK) or maple syrup urine disease (MSUD) is considered a rare metabolic disorder with an incidence of approximately 1:200,000 births. BCK is characterized by a deficiency in the multienzymecomplex of the ketoacids dehydrogenases (BCKAD) responsible for the metabolism of branched chain amino acids (BCAAs) L-leucine, L-isoleucine and L-valine. The consequence is the accumulation of BCAAs and its corresponding α-keto acids (A-α-CCR) in body fluids responsible for their toxicity to the central nervous system (CNS) and the sweet odor that coins the name of the disease - maple syrup urine disease.6

Classic BCK, the most common and severe form, manifests between the fourth and seventh day of life with characteristic symptoms such as lethargy and poor milking followed by weight loss and neurological symptoms. Other symptoms include unwillingness to eat, convulsions, hiccups, hypothermia and coma, and ultimately death if the newborn is not treated.2 Early diagnosis is essential for prognosis, since rapid treatment may prevent neurological deterioration, characterized by reduced density of white matter hypomyelination/demyelination, atrophy and cerebral edema.

Twelve hours after birth, untreated neonates with classic BCK have a maple syrup urine odor and by 12-24 hours, elevated plasma concentrations of the BCAAs. Healthy individuals have reduced plasma concentrations of BCAAs during fasting, since the rate of oxidation of amino acids is higher than the rate of entry of protein in plasma. L-leucine (68-183 mmol L-1), L-isoleucine (31-105 mmol L-1), and L-valine (83-300 mmol L-1) are the reference values for plasma samples in children under 24 months. Because patients with untreated BCK are not able to oxidize BCAAs, they have increased plasma levels of these aminoacids.7 Laboratory diagnostic tests reveal, in addition to increased blood, plasma or urine level of BCAAs and A-α-CCR, the presence of allo-isoleucine, a non-protein amino acid synthesized in vivo from isoleucine. Usually, children under 24 months have undetectable plasma levels of allo-isoleucine. Plasma concentrations of allo-isoleucine greater than 5 mmol L-1, alo-isoleucine/isoleucine ratio greater than 0.6, and leucine/alanine ratio above 0.5 (reference values 0.1-0.5) are specific and sensitive markers of BCK. Another important feature is that the increased circulating BCAAs cause a decrease of other neutral amino acids such as tryptophan, tyrosine, methionine, and phenylalanine.8 The BCK treatment intends to normalize the blood levels of BCAAs by limiting the intake of the three essential aminoacids and provide adequate nutrition in order to maintain children growth and development.7 Current treatment consists of restricting the dietary intake of BCAAs to the absolute minimum amount that is needed for growth.

Analytical methods for screening and diagnosis of BCK

Qualitative tests are important to provide clues regarding the type of IEM, although not conclusive for diagnostic. Qualitative urinary test with 2,4-dinitrophenylhydrazine (DNPH) can inform the presence of α-ketoacids in MSUD, but shows elevated L-leucine only at concentrations above 700 mmol L-1.9 Aminoacid separation techniques applied to biological fluids constitute important tools for diagnosing diseases caused by errors in metabolism. Liquid chromatography has been widely and succesfully used in this context because of its high precision, reproducibility and low cost in comparison with other methods. Chromatographic techniques coupled to tandem mass spectrometry (LC-MS/MS) although displaying high resolution, sensitivity and specificity have the disadvantage of high cost, frequently unaffordable for implementation in the public health service.10-12 On the other hand, high performance liquid chromatography with diode array detection (HPLC-DAD) offers a viable alternative for amino acid analysis due to its lower-cost, good reprodutibility, sensitivity and resolution.13 Here in we develop and validate a lower cost and high reliability HPLC-DAD analytical methodfor BCCAs determination in blood spot samples collected from normal and BKA patients.

 

Experimental

Chemicals, stock solutions, standards and patient samples

Standards of the aminoacids L-valine, L-isoleucine and L-leucine (Sigma Aldrich, EUA) were used. Ortho-phthaldehyde (OPA), 2-mercaptoethanol and Brij 35 were purchased from (Sigma Aldrich, EUA). The derivatization reagent used was prepared from 5 mg of OPA, 125 µL of methanol (Sigma Aldrich, USA), 1 mL of borate buffer 0.4 mol L-1 (pH 9.5), 10 µL of 2-mercaptoethanol and 1 µg (10 µL) Brij 35 obtained from a stock solution containing 0.1 mg mL-1. 2-mercaptoethanol was used to prevent OPA-aminoacid adduct to undergo hydrolysis. Brij 35 increases the detector response.

The eluents were prepared with methanol and tetrahydrofuran (HPLC grade) and 10 mmol L-1 sodium acetate buffer (pH 5.0). All chemicals used were from Sigma Aldrich, EUA. Ten mmol L-1 aminoacid solutions were prepareded in ultrapure water and stored at 4 ºC for not more than four months. Water was purified in a Millipore Simplicity equipment and the card used to collect blood was from Schleicher & Schuell 903 (S&S 903) (Germany).

Blood samples of healthy individual were collected with a tube containing EDTA as anticoagulant (VACUETTE™ Brasil). The samples were centrifuged at 1000 rpm for 3 min, and the supernatant (plasma) was removed, diluted 10 times in saline (0.9% NaCl) and filtered through a 0.22 µm Millipore membrane. The samples were kept frozen at -4 ºC until use.

Blood collection card

Blood collection papers contain four circles (diameter, 3.2 mm) to which blood drops were placed side by side until the entire circular areas were filled. Blood samples were reserved for drying at room temperature. After drying, the circles were cut out and the extraction was made with an adapted methodology14 using water, 1 mmol L-1 acetic acid and acetonitrile. To optimize the amino acid extraction efficiency, eluent combinations were tested by increasing 10% the concentration of water in acetonitrile, starting from 29% to 89% water and maintaining the acetic acid concentration of 1%.

i. 29% H2O; 1% acetic acid; 70% ACN

  ii. 49% H2O; 1% acetic acid; 50% ACN

  iii. 59% H2O; 1% acetic acid; 40% ACN

  iv. 69% H2O; 1% acetic acid; 30% ACN

  v. 79% H2O; 1% acetic acid; 20% ACN

  vi. 89% H2O; 1% acetic acid; 10% ACN

The extraction of samples was performed by sonication for 20 min, which was followed by OPA derivatization before chromatographic analyses. This procedure was also employed for analyzing blood samples collected from three BCK patients aged five (two children), and seven years (one child).

Chromatographic analyses

The HPLC system used comprises: PDA detector, Pump 600, automatic injector Autosampler all Accela (Thermo Scientific, USA), and a Phenosphere 5 microns C18, 80 Å column (Phenomenex, USA) Eluents A was 10 mmol L-1 sodium acetate buffer (pH 5.0) in methanol and tetrahydrofuran at a ratio of 180:19:1and eluent B was 100% methanol. A gradient flux of 1 mL min-1 and an injection volume of 25 µL were used (Table 1). During a total time of 21 min of analysis, the separation column was maintained at 15 ºC and absorption at 230 nm used to monitor the analyses.
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Method validation

The analytical method validation was conducted according to National Health Surveillance Agency (ANVISA) (RDC No. 27, of May 17, 2012) and the Guidance for Industry (Bioanalytical Method Validation)-FDA. The parameters evaluated were: specificity, linearity, detection limit, quantification limit, accuracy and precision.15 The study was approved by the institutional (UNIFESP) ethics committee, according to the protocol number 1545/10.

Specificity

The method specificity was assessed by analysis of plasma samples diluted ten-fold by the addition of standards L-Leu, L-Ile and L-Val, and by checking interferences and retention time of the analytes.

Linearity

Calibration curves were constructed from five dilutions of each biomolecule from the same stock solutions, using the method of chi-square minimization (weighted least squares) and the blank. For the choice of concentrations the maximum limit of detection of aminoacid was observed, therefore the higher concentrations tested were lower than the maximum detection limit of the apparatus.

Detection and quantification limits

Detection limits were determined by the formula provided by the ANVISA resolution,15 which is based on the ratio of three times the baseline noise of the blank calibration curve of each biomolecule. The quantification limits were also determined using the formula given by ANVISA using the calibration curve obtained for each biomolecule.

Precision

The precision was determined by testing intra-precision analyses (repeatability) at concentrations of 10, 90 and 180 µmol L-1 and inter-precision analyses using 90 mmol L-1 for the three analytes. Precision was expressed as coefficient of variation (CV%), accepted values being below 15%.

Accuracy

The accuracy was calculated as the percentage of recovery of the amount of L-Leu, L-Ile, and L-Val added to the plasma sample. Fifteen determinations were carried out, which include the linear range of the procedure, i.e., three concentrations (low, medium and high) with five replicates each of 2, 30 and 180 µmol L-1. Accuracy was expressed as the ratio between the average concentration determined experimentally and the corresponding theoretical concentration as percentage.

Standard stability

The aminoacid standard stabilities were studied within two monthsstorage at 4 ºC, and evaluated by the variation of the peak chromatographic areas during validation. The stability of short duration (24 h) was also evaluated.

 

Results and Discussion

Chromatographic separation of the isomers L-Ile and L-Leu was afforded by the polarity differences caused by the different positions of methyl groups (Figure 1). Figure 1 shows the isomer spatial representations, L-Leu having a larger volume than L-Ile, which can be evidenced by the total binding energies of the molecules. L-Leu has total energy = 151.149 and L-Ile 148.793 kJ mol-1 (calculated by Avogadro 4.7.2 software). This factor is responsible for the differences in L-Ile and L-Leu contact surface and contributes to the more effective L-Leu retention time in mobile phase and reversed phase chromatographic column.
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The retention times obtained for the aminoacid standards in the chromatographic conditions described were 12.73 ± 0.01, 15.86 ± 0.02 and 16.73 ± 0.02 min for L-Val, L-Ile and L-Leu, respectively (Figure 2).
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Specificity

The aminoacids standard solution were injected independently onto the column in order to compare with blood plasma spiked with the same amino acids and the results were compared and showed no interference patterns in the respective retention times and peak resolution. Since OPA reacts only with primary amine groups, other compounds found in blood such as bilirrubin and lipids do not affect the HPLC traces.16

Linearity

The regression coefficient (r²) of the calibration curve was greater than 0.99 for all three metabolites. The aminoacid concentrations used were 2.0, 10.0, 30.0, 90.0 and 180 mmol L-1, and the analyses were performed in quintuplicates. The straight line equation (y = bx + a) was determined through the study of linear regression: L-Val (1.43E8x - 687950.91), L-Leu (1.23E8x - 181002.98), and L-Ile (1.52E8x - 149073.31).

Sensitivity and accuracy

The detection limits (LOD) found for L-Val, L-Ile, and L-Leu, were 1.61, 1.84 and 1.88 mmol L-1 and the quantification limits (LOQ) 4.37, 6.13 and 6.27 mmol L-1, respectively. A HPLC method with UV detection validated by other authors16 found resulted in 0.43-1.91 mmol L-1 LOD for all BCAAs. Student's t test was used to check deviations from linearity of the calibration curve of the amino acids analyzed. As the tabulated T value found is less than the calculated T (Table 2), there is a correlation between the data and the calibration curve, with a confidence level of 95%. Therefore, we conclude that this methodology can detect and quantify amino acids levels much above that it is found in blood healthy individuals (Table 2).
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The accuracy values for the 3 metabolites are listed in Table 3. All data obtained revealed intra-assay and inter-assay precision values (CV%) falling below 15%.
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Accuracy

Three aminoacid concentrations (2.0, 30 and 180 mmol L-1) were analyzed in quintuplicate and the average recovery ranged from 91 to 108%. Another HPLC method with UV detection tested found similar results: 92-103%.17 Recently, other authors17 who used a HPLC method employing a 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate as the derivatizing reagent recovered from 96 to 105% amino acid.

Stability

No notable stability variations were observed for the three amino acids for either two months of storage at -4 ºC or during a short term stability test at room temperature.

Analyses of BCK patient samples

Untreated BCK carriers, because are not able to oxidize BCAAs, have increased plasma levels of L-Leu, 500-5000 (RV reference value: 68-183); L-Ile 200-1300 (RV 31-105); and L-Val: 500-1800 (RV: 83-300) (µmol L-1).7,18 Increased values were also found in blood spot samples of healthy individuals and BCK samples by Rashed et al.19 and in the present experiments (Table 4). The levels of L-Leu and L-Ile found here are reportedly compatible with the characteristic diagnostic values. Although patients A and B presented low levels of L-Leu, the sum of the two isomers shows compatible values with those of BCK patients. This fact can be attributed to variations in the individual patient's metabolism or can result from undergoing treatment when the blood samples were withdrawn. Accordingly Rashed et al.,19 found similar results for BCK individuals using an electrospray MS/MS method.
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Identification and quantification of aminoacids in biological fluids have long been used for studying metabolic disorders. The photodiode array detector coupled to HPLC allows fast, cheap and accurate analysis of amino acids because spans a wide range of the UV-Visible spectrum in a single chromatographic analysis. It makes possible a multivariate analysis with greater accuracy and reduced false positive results. The Brazilian Newborn Screening Public Health program contemplates just a few diseases, thus reflecting the lack of methods and technologies available in Brazilian public hospitals. In this context, the aim of the present study was the development and validation of a HPLC-DAD methodology for simultaneous quantification of the aminoacids that are characteristically altered in BCK: L-Leu, L-Ile, and L-Val. The method developed by this work uses sampling of blood drops, a single extraction phase, OPA derivatization and direct injection onto the HPLC system, which is quite applicable in laboratory scale.

The method is also suitable for routine clinical practice due to its high extraction efficiency, good reproducibility, and simultaneous quantification of three amino acids using a small volume of blood. This analysis is suitable for diagnostic and clinical monitoring of patients on therapeutic treatment. The linearity and the quantification limits obtained are satisfactory to detect individuals with BCK and distinguish them from healthy ones. The methodology performance was ratified through the linearity, accuracy and precision found in the present studies. Aminoacid standards were stable during the interval of time in which they were stocked. Similar blood sample collection and method validation have been employed for other metabolites that characterize several IEM.

The great advantage of this method is that it allows samples to be collected and transported by mail, important for populations that live in areas that do not have access to this type of diagnostic. The Brazilian Newborn Screening Public Health program contemplates just a few diseases, thus reflecting the lack of methods and technologies available in Brazilian public hospitals. In addition, it costs much less and may prevent the treatment of BCK carriers in the adulthood.

 

Conclusion

The development of the method described here proved to be consistent with the initial aims, both regarding the accuracy of results, facility of sample preparation, and interpretation of data. It was specifically designed to quantify BCCAs in BCK but can harness experimental conditions to detect other inherited aminoacid pathologies. The results validation of the bioanalytical method was satisfactory and baseline simultaneous separation of aminoacids. This was confirmed by the sensitivity, linear correlation, recovery, quantification and detection limits way below the levels obtained from healthy donors in the biological matrix. This method can be adopted by continental countries like Brazil, since samples can be mailed to a specialized center and the analyses carried out at a relatively low cost (under $ 10.00/patient), therefore much cheaper than methods using mass spectrometry.20
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    A técnica de Termofluor constitui uma importante ferramenta na identificação de moléculas protótipos a fármacos. No presente trabalho, foi desenvolvido um método alternativo para a técnica de Termofluor, chamado ThermoFMN, que explora o grupo prostético flavina mononucleotídeo (FMN) como sonda fluorescente. A validação do método foi feita através do monitoramento da fluorescência do FMN para diferentes alvos macromoleculares na presença de uma biblioteca aleatória de ligantes. Além disso, fármacos com eficácia comprovada tiveram seus perfis de inibição seletiva avaliado. Além de demonstrar que o rendimento quântico do FMN fornece intensidade adequada para detecção, nossos resultados revelam que o método de ThermoFMN utiliza-se de baixas concentrações de proteína e é compatível com uma vasta quantidade de tampões e aditivos químicos. A metodologia apresentada nesse trabalho propõe uma estratégia alternativa na busca por ligantes para proteínas dependentes de FMN, como uma importante ferramenta no desenvolvimento de novas terapias contra doenças negligenciadas.

  

   

  
    Thermofluor has become a well-known and widely practiced methodology for screening of ligands that enhance stability and solubility of proteins, and also a powerful tool for hit identification in early drug discovery. In the present work, we developed an alternative Thermoflour method, named ThermoFMN, which explores the endogenous prosthetic group flavin mononucleotide (FMN) of flavoproteins as the fluorescent probe. Validation of ThermoFMN method was achieved by monitoring fluorescence signal of FMN of several drug targets in the presence of an unbiased library of ligands. In addition, drugs with known efficacy had their selective inhibition profile evaluated. Besides demonstrating that FMN signal provides sufficient fluorescence intensity for detection, our results revealed that ThermoFMN assay requires low concentration of protein samples and is compatible with a wide range of chemical reagents. The methodology presented here proposes an alternative strategy in the search for ligands of FMN-binding drug targets, therefore an important tool for the development of new therapies against neglected diseases.

    Keywords: FMN, Thermofluor, drug targets, ThermoFMN, drug discovery, dihydroorotate dehydrogenase

  

   

   

  Introduction

  The term neglected diseases refers to a group of tropical infections which used to be endemic to specific low-income populations in developing regions of Africa, Asia and the Americas. However, the latest statistical data available indicate that this reality has changed and many of those diseases have spread to new areas of the world, striking regions once thought safe, increasing the number of infected people and giving rise to greater genetic diversity in terms of their related pathogens.1 This new demographic distribution together with inadequate public health infrastructure and lack of investment from both public and private health sectors constitute large barriers to be overcame when searching for effective strategies to treat, control and eradicate this group of poverty-promoting chronic infectious diseases.2

  Innovation in drug research has been traditionally considered as a responsibility of pharmaceutical companies, with little or none direct contribution from the Academia. The high cost and the problem-driven multidisciplinary approach involved in the pipeline of drug discovery have hampered a major role of the Academia in the process of drug development, and run contrary to the free-thinking basic research, thought and developed in the academic environment.

  However, when it comes to neglected diseases, the research developed at the university, especially for those located in endemic countries like Brazil, is expected to contribute to change these devastating public health scenario.

  For example, drug discovery for neglected diseases is carried out using both target-based and phenotypic approaches.3 Target-based drug discovery has been largely used in the pharmaceutical industry, but careful selection of targets is still required.4 Unfortunately, there are still very few fully validated drug targets in the vast field of neglected diseases, i.e., where there is a registered drug for which the elucidated mode of action depends on the inhibition/activation of the proposed target. Thus, academic concentrated efforts are still necessary for the identification, characterization and validation of new drug targets.

  In addition, target-based drug discovery involves screening libraries of compounds, in silico and in vitro, and further optimization of lead compounds in order to achieve better potency, selectivity and pharmacological properties. As such, the development and/or improvement of techniques for target-based ligand screening are of extreme importance.

  As an example, the fluorescence-based thermal stability assay (Thermofluor), originally developed by Pantoliano and coworkers in 2001, has nowadays become a well-known and widely practiced methodology for screening of ligands.5 Thermofluor monitors ligand effects on temperature-dependent protein unfolding. Besides vastly used for ligand screening in modern drug discovery, by screening factors such as pH, buffer type, ionic strength and random solubilizing agents, Thermofluor also plays an important role in the identification of ideal chemical environment to enhance stability and solubility of proteins, allowing better conditions for sample manipulation, characterization and storage.6,7

  The probes commonly used in the Thermofluor assay give rise to a fluorescence signal when binding to exposed hydrophobic areas of unfolded proteins. Probes such as Nile red, 1,8-ANS, bis-ANS exploit hydrophobic and electrostatic interactions with proteins and display characteristic excitation and emission spectra.8 In particular, the most popular dye for thermal shift assays is SYPRO Orange with an excitation at 492 nm and fluorescence emission at 610 nm, after binding to protein hydrophobic patches.

  A major limitation for the use of this methodology, due to the use of hydrophobic fluorophores, is their incompatibility with detergents, very needed to avoid both ligand and protein aggregation. Thus, alternative strategies have been developed to allow the use of Thermofluor techniques. For example, the screening of optimal buffers and detergents for purified membrane proteins can be performed by using the thiol-specific fluorochrome N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide (CPM). This screen uses the chemical reactivity of the native cysteines embedded in the protein interior as a sensor for the overall integrity of the folded state.9 In addition, alternative dye-free methods have also been proposed to allow the use of thermoflour methodology. For example, Warne et al. reported the development of microscale assay to measure the thermal stability of a membrane protein depending on 3H labeled ligand binding.10 Also, Forneris et al. demonstrated that flavin adenine dinucleotide (FAD) can be used as a probe to monitor protein unfolding.11

  In the present work, we present an alternative dye-free method for Thermofluor (differential scanning fluorimetry), named ThermoFMN, which explores the endogenous prosthetic group FMN of flavoenzymes as a fluorescent probe. Flavoenzymes are involved in a wide range of biological processes including energy production, biodegradation, chromatin remodeling, DNA repair, apoptosis, protein folding, detoxification, neural development and biosynthesis and thus represent an important group of potential drug targets.12

  The efficacy of our method was validated by testing a wide range of ligands against potential macromolecular targets for drug development including Leishmania major dihydroorotate dehydrogenase (LmDHODH), Trypanosoma cruzi dihydroorotate dehydrogenase (TcDHODH), all targets for the development of trypanosomatid-related diseases,13 and human dihydroorotate dehydrogenase (HsDHODH), which besides used in cross-validation assays, also constitutes a validated target for the treatment of proliferative, autoimmune and inflammatory diseases.14

  Our results show that FMN quantum yield observed within the range of temperature tested and under a broad spectrum of chemical compounds provides sufficient fluorescence intensity to determine the melting temperatures of FMN-binding proteins. ThermoFMN assay proved to be a useful tool for screening of selective ligands that enhance stability and solubility of protein targets, as well as for hit identification in early drug discovery.

  Our findings represent a contribution for ligand screening in general and also bring important contribution for our research dedicated to the development of new therapeutics to fight neglected diseases.

   

  Experimental

  Chemicals and materials

  All buffers and salts used were HPLC grade and were acquired from J. T. Baker and Sigma. Solubility & Stability Screen was acquired from Hampton Research (HR2-072).

  Protein Production

  Leishmania major DHODH and Trypanosoma cruzi DHODH have been expressed and purified as previously described.15,16 For the cross-validation experiments, human DHODH (HsDHODH) was subcloned into pET-28a expression vector (Novagen). A pet22-b construct encoding HsDHODH was kindly provided by Prof Jon Clardy from Harvard Medical School and used as a template. HsDHODH was digested with NdeI/XhoI restriction enzymes and the digestion product was purified using the QIAquick Gel Extraction Kit (Qiagen). The purified 1104 bp fragment was ligated into the pET-28a(+) vector, previously linearized with the same restriction enzymes to form a pET-28a(+)-HsDHODH construct. This construction produces human DHODH as an N-terminal and C-terminal six-histidine fusion protein. The ligated mixture was first transformed into E. coli DH5α for plasmid propagation. Plasmid DNA was extracted using Wizard Plus SV Minipreps (Promega). Sequence of the cloned gene was confirmed by DNA sequencing. The expression plasmid was then transformed into E. coli BL21(DE3) for protein production. Thus, a single colony of E. coli BL21(DE3) cells harboring the pET-28a(+)-HsDHODH plasmid was inoculated into 20 mL Luria-Bertani broth (LB) supplemented with 30 µg mL–1 kanamycin at 37 ºC overnight with shaking (250 rpm).

  The overnight culture was then diluted to 1:100 with LB containing 30 µg mL-1 kanamycin and grew at 37 ºC till OD600 reached 0.5-0.6. The cells were induced by the addition of 0.5 mmol L-1 isopropyl β-D-thiogalactopyranoside (IPTG) for 6 h at 25 ºC with shaking (250 rpm). Finally, the cells were harvested by centrifugation at 7,000 g for 10 min at 4 ºC. A cell pellet from 2 L of culture was lysed in 15 mL of lysis buffer (50 mmol L-1 sodium phosphate, pH 8, 300 mmol L-1 NaCl, 10 mmol L-1 imidazole, 1% Triton X-100 and 1 mmol L-1 phenylmethylsulfonylfluoride (PMSF)). The cells were further disrupted by sonication at 15 × 30 s bursts (with 30 s intervals between each burst) on ice. After 30 min of stirring at 4 ºC, the insoluble debris were separated by centrifugation at 16,100 g for 30 min at 4 ºC. The clear supernatant containing HsDHODH was loaded on a 1 mL column Ni-NTA agarose affinity resin (Qiagen) equilibrated with 50 mmol L-1 sodium phosphate, pH 8, buffer containing 300 mmol L-1 NaCl, 10 mmol L-1 imidazole and 0.1% Triton X-100. The column was then washed with a step gradient of imidazole from 10 to 50 mmol L-1 in equilibration buffer (50 mmol L-1 sodium phosphate, pH 8, 300 mmol L-1 NaCl plus imidazole). The washes consisted of 50 column volumes of equilibration buffer in 10 mmol L-1 imidazole, followed by 50 column volumes in 25 mmol L-1 imidazole, and 50 column volumes in 50 mmol L-1 imidazole. The target protein was eluted with 30 column volumes of the equilibration buffer containing 250 mmol L-1 imidazole. The yield of pure HsDHODH was typically 3.5 mg L-1 of culture.

  Protein extinction coefficient

  The concentration of the enzyme targets was estimated based on their molar extinction coefficient. Initially, 500 µL of pure protein samples were scanned within the visible region of the spectrum and the maximum absorbance found around 450 nm recorded (Absmaxenz). The scanned samples were then heated to 80 ºC for 5 min followed by centrifugation at 16,100 g for 10 min. The yellow supernatant containing free FMN was separated from the insoluble fraction, scanned, and the maximum absorbance at 450 nm recorded. The enzyme extinction coefficient was determined considering equimolar concentrations of free and enzyme-bound FMN (equation 1). The FMN extinction coefficient of εFMN = 12,500 Gmol-1 L cm-1 was used as reference:

  
    [image: Equation]

  

  ThermoFMN assay

  Protein melting temperature (Tm) determination was performed by monitoring protein unfolding using FMN as the fluorescent probe. ThermoFMN monitors the fluorescent signal of FMN upon its releasing from the protein target as a function of temperature. ThermoFMN assay was performed on Agilent Mx3005P QPCR System equipped with a FAM SYBr green I filter with excitation and emission wavelengths of 492 nm and 516 nm, respectively.

  For the thermal stability assay each condition tested required an aliquot of 10 µL from 10 µmol L-1 stock of purified protein mixed with 10 µL of different screening solutions in 96-well plates sealed with optical quality sealing tape (Microseal® 'B' seal from BIO-RAD). Plates were centrifuged for 2 min at 200 g immediately before the assay to remove possible air bubbles. For the thermal denaturation the plates were heated from 25 to 95 ºC with stepwise increments of 1 ºC and a 1 min hold step for every point, followed by the fluorescence reading.

  Considering that the experimental volume is fixed, two parameters may influence the signal strength: the FMN concentration and the mechanism of interaction between protein and FMN. Thus, in order to optimize the fluorescence signal-to-noise ratio, an initial assay was performed by monitoring the fluorescence signal at different concentrations of free FMN (25 µmol L-1, 12.5 µmol L-1, 6.25 µmol L-1, 3.125 µmol L-1, 1.5625 µmol L-1, 0.78125 µmol L-1, 0.290625 µmol L-1 and 0.195325 µmol L-1). The reference experiment for determining the size of the noise was performed by monitoring the fluorescence signal of water-containing wells. A signal-to-noise ratio of two was obtained using 5 µmol L-1 FMN final concentration (Figure S1). This concentration was then used as reference for TcDHODH, LmDHODH and HsDHODH protein samples, for the remaining of this work.

  Thus, previously to ThermoFMN experiment, TcDHODH, LmDHODH and HsDHODH were dialyzed against 50 mmol L-1 HEPES pH 7.2, 150 mmol L-1 NaCl and concentrated to 10 µmol L-1 based on the molar extinction coefficient. The commercially available Solubility & Stability Screen (Hampton Research) was used for evaluating the effects of different buffer and chemical additives on both quantum yield and protein melting temperatures during ThermoFMN assay. The control experiment was prepared by adding the protein buffer instead of the additive compound. In addition, the effects of known DHODH inhibitors (A77 1726, brequinar) on protein unfolding were tested at 40 µmol L-1 final concentration. The control experiment was prepared by adding DMSO instead of the ligand.

  The fluorescence data were processed according to the procedure described by Niesen et al..17

   

  Results and Discussion

  In the present work we developed the ThermoFMN assay, a methodology dedicated to evaluate ligand effects on thermostability of FMN-binding proteins. By monitoring the environment-sensitive fluorescence intensity of the cofactor flavin mononucleotide (FMN) as a function of temperature, ThermoFMN enables the identification of ligands that by interacting with the protein molecules lead to changes in protein thermostability.

  Since the fluorescence of FMN cofactor is quenched by the protein environment when the protein is properly folded, the increase in FMN signal in response to temperature elevation can be directly correlated to protein unfolding and consequent cofactor release. The melting curve, i.e., fluorescence intensity versus temperature, usually displays a sigmoid-like shape and changes in slope and melting temperature (Tm), temperature where the protein is 50% unfolded, are used to provide valuable information regarding the influence of chemical environment on structural order and conformational flexibility of FMN-binding proteins.

  The proposed methodology was evaluated by using the enzyme dihydroorotate dehydrogenase (DHODH) as model. DHODH is a FMN-dependent enzyme that catalyzes the oxidation of S-dihydroorotate to orotate in the fourth and only redox step in de novo biosynthesis of pyrimidine nucleotides.18 Inhibition of dihydroorotate dehydrogenase has been considered an attractive therapeutic approach to cancer, autoimmune and parasitic diseases.13,19,20 DHODH monomer shows a typical α/β barrel fold of with a central barrel composed of eight parallel β strands surrounded by eight α-helices. On the basis of sequence similarity, subcellular location as well as their preferences for oxidizing substrates, the DHODHs are divided in two major classes, named class 1 and class 2.21 Class 1 and class 2 are structurally and mechanistically distinct, features that allow the design of class-selective inhibitors.

  In the present work, human DHODH and the homologous enzymes from the protozoa parasites Leishmania major and Trypanosoma cruzi were screened against a random set of chemical factors including pH, buffer type and chemical additives. LmDHODH and TcDHODH are cytosolic enzymes, dimeric members of class 1 DHODHs and have been extensively exploited as potential drug targets against Leishmaniasis and Chagas diseases, infections found among the most neglected diseases.13,16,18,19,22,23 Different to the parasitic enzymes, the human DHODH homologue, used for cross-validation assays, is a membrane-anchored mitochondrial enzyme, monomeric and member of class 2 DHODHs. In addition to the α/β barrel, HsDHODH presents a N-terminal extension of approximately 40 residues that folds into two α-helices connected by a short loop and plays a role in membrane anchoring.24,25

  Previously to the ThermoFMN assay, the value of the fluorescence signal-to-noise ratio for sensitivity of FMN detection was estimated using free FMN as reference (Figure S1). A signal-to-noise ratio of two could be found for concentrations around 5 µmol L-1.

  In fact, protein concentration of 5 µmol L-1 was successfully used in our assay. However, it is important to emphasize that under a controlled experimental set up, as in our case, where the incident radiant power and path length of the cell remains unchanged; the fluorescence signal still depends on the quantum efficiency of the FMN itself as well as on its chemical environment and solvent accessibility. Therefore, protein concentration should be considered an important parameter to be optimized during ThermoFMN assay.

  The characteristic molar extinction coefficients (ε) for each protein sample were determined and protein concentration was then estimated monitoring the absorbance of protein-bound FMN as described by equation 1. As a result of different chemical environments, the height and the position of the maximum absorption peak was found to differ among DHODHs: εLmDHODH = 11,722 mol-1 L cm-1 at 458 nm for LmDHODH, εTcDHODH = 12,333 mol-1 L  cm-1 at 460 nm for TcDHODH and εHsDHODH = 14,259 mol-1 L cm-1 at 453 nm for HsDHODH (Figure 1).
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  Although DHODHs were, in principle, used only as models for the development of our assay, the results obtained with ThermoFMN have provided valuable information on the characterization and screening of selective ligands for our protein targets. The single sigmoid-like curves obtained for DHODHs indicate a single melting transition state and the a sigmoidal fit allowed the determination of the characteristic melting temperatures of 49.5 ºC for HsDHODH, 54.9  ºC for LmDHODH and 64.2 ºC for TcDHODH (Figure 2).
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  Structural comparison among DHODHs reveals that FMN is found non-covalently bound to the protein molecule and the short-range chemical environment of the flavin moiety is highly conserved. In fact, the prosthetic FMN group is located on the top of the barrel and stabilized by a set of conserved hydrogen bonds that involves the residues Ala20, Lys44 (replaced by Gly in HsDHODH), Ser45, Asn128, Lys165, Val194 (replaced by Ile in TcDHODH and Thr in LmDHODH), Asn195, Gly223, Gly251, Gly272 and Thr274 (Figure 3 and Figure S2). In addition, LmDHODH and TcDHODH are profoundly similar, sharing 75% of sequence identity (Figure S2) with a very similar tendency for amino acid composition and displaying on average a rmsd of 0.61 Å when superposing the Ca atoms (PDB code 3GYE and PDB code 3C3N).16,22 Our analysis, together with the fact that the characteristic melting curves for LmDHODH, TcDHODH and HsDHODH display large differences in terms of absolute fluorescence, melting temperature and slope (Figure 2) indicate that differences in long-range chemical environment significantly govern the fluorescence profile of a FMN binding protein.
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  Unfortunately, even after very careful inspection of chemical and stereo properties of LmDHODH and TcDHODH tertiary structures, we could not provide structural basis to explain the ten degrees difference in Tm found when comparing LmDHODH and TcDHODH melting curves. Site-direct mutagenesis experiments are currently under way and will be extensively used to map the network of chemical interactions that contribute to enhance protein thermostability.

  Stability and solubility screen were evaluated for HsDHODH, LmDHODH and TcDHODH. DHODH denaturation curves were analyzed and fitted to a sigmoid to determine the protein melting temperature for each assay. ThermoFMN proved to be compatible with the vast majority of the 96 conditions tested, including the presence of detergents, salts, chaotropic agents, known to help stabilizing and/or to reduce protein aggregation. Nevertheless, special attention should be given to acidic compounds, high concentration of reducing agents and bromide salts that showed to quench the fluorescence signal of FMN and should then be avoided.

  Analysis of ThermoFMN data in terms of melting temperature and the protein-unfolding transient slope reveals that same set of seventeen compounds were found to be the best stabilizing agents for all three DHODHs tested (Figure 4): sodium phosphate monobasic monohydrate, sodium sulfate decahydrate, sodium chloride, DL-maleic acid pH 7.0, sucrose, D-sorbitol, xylitol, betaine monohydrate, methyl-α-D-glucopyranoside, D-(+)-trehalose dehydrate, sodium malonate, tacsimate, succinic acid, triethylamine N-oxide dehydrate, choline acetate and glycerol. Not surprisingly, the great majority of compounds identified fit into one of two general categories: salts and organic osmolytes, natural molecules well known for protecting cells against adverse conditions.26
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  In general, organic osmolytes can uniformly affect all proteins by interacting with the peptide backbone.27 The ability of osmolytes to protect protein folding is due to their solvophobic effect on the peptide backbone; i.e., by disfavoring contact with the backbone, shielding it from the solvent.28

  Salts have long been known to alter protein solubility.29 However, the beneficial effects of salts depend on protein-specific surface charge distribution, type and concentration of the salts. At low concentrations, salts can stabilize proteins through nonspecific electrostatic interactions, dependent only on the ionic strength of the medium. At high concentrations, however, salts can exert different effects on proteins by shielding the protein with multi-ions charges. Those charges can help protein molecules interact, aggregate, and even precipitate.

  In addition to shielding effects, we should not rule out the possibility that shift in melting temperatures are due to direct ligand binding to protein pockets, as already observed in the crystal structures of DHODHs in complex with glycerol,14,16,22 sulfate,16 and succinate molecules.30 In particular, the significant improvement of thermal stability observed for malonate, malate and succinate molecules deserves special attention due to their relative similarity with fumarate, the natural substrate for class 1A DHODHs. Kinetic and structural studies of the DHODH protein targets in presence of these substrate analogues are currently under way. Our results will contribute not only to elucidate the mechanism of action of DHODHs, but also in the identification of new chemical entities that bind to DHODH and can be used to the development of drug prototypes.

  As a prove of concept, the antiproliferative agents brequinar and teriflunomide (A771726),14,31,32 both known selective inhibitors of class 2 DHODHs, had their inhibition profile evaluated by ThermoFMN assay (Figure 5). Brequinar was shown to be one of the strongest inhibitor of human DHODH with Ki values in the 5-8 nmol L-1 range, however failed in clinical trials as anticancer and immunosuppressant agent.33 A771726, the active metabolite of leflunomide (Arava), also a potent inhibitor of DHODH with an Ki value of 19 nmol L-1 is currently used in medicine to treat autoimmune diseases such as rheumatoid arthritis or multiple sclerosis and have been investigated in treatments of cancer, virus, and parasite infections.33
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  Our results showed that activity in the nano molar range of brequinar and A77 1726 against HsDHODH reflected on its increased thermostability. In fact, a large positive shift in the melting temperature of ΔTm of 7.5 ºC and 19 ºC for A77 1726 and brequinar, respectively, could be observed for HsDHODH (Figure 5). On the contrary, as expected, no change in either slope or melting temperature could be observed for LmDHODH and TcDHODH, data that correlate with the reported kinetic values. In addition, the correlation between binding constants and protein thermostability has been previously reported.34-37 For example, the correlation between ligand binding constant (Kd) and the Tm has been stablished,34,35 where Kd has been calculated using Thermofluor assays by varying the ligand concentration and using the constant of protein unfolding and protein concentration.36,37 Additionally, the Kd determination of tightly bound ligands (< 10 nM), which is poorly achieved by isothermal titration calorimetry (ITC), have already been precisely resolved by thermal shift assays.36 The characterization of enzyme inhibition mechanisms has also been accomplished by comparing the thermal shift of proteins in the presence of substrate with varying concentrations of inhibitors of interest.38 Furthermore, insights on ligand potency and selectivity can also be obtained.35 This arises since protein stabilization can occur through ligand binding at a site not linked to enzyme activity.

  Altogether, those results support the idea that this reference methodology is not only effective on identifying ligands but can also provide insights on their potency and selectivity, features that are crucial for cross-validation assays.

   

  Conclusion

  FMN-containing and FAD-containing enzymes correspond to the large group of flavoproteins found in archaea, bacteria, and eukaryotes and involved in the regulation of many fundamental cellular processes.39 Thus, enzymes that utilize the redox-active isoalloxazine ring system (FMN and FAD) as coenzymes constitute an important group of proteins to be characterized and explored as drug targets; knowledge that could result in new strategies to tackle chronic diseases.

  In this study we described the development of ThermoFMN assay, an alternative dye-free methodology for the conventional Thermofluor technique.5 ThermoFMN exploits the presence of FMN flavin group as the fluorescence probe that can be used for monitoring effects of ligand binding on unfolding temperature of FMN-binding proteins. The thermal information gained by investigation of the protein stability under different buffer compositions can be effectively used to guide purification, biophysical characterization and identification of ligands to be used as prototypes for drug development.

  ThermoFMN assay supports the use of a single filter pair optimized for excitation and emission of SYBR Green I (with excitation maxima at 492 and emission spectra at 516 nm, respectively), and display excellent sensitivity with minimum amounts of protein samples.

  ThermoFMN assay was evaluated against the enzymes dihydroorotate dehydrogenase from Leishmania major, Trypanosoma cruzi and Homo sapiens. The characteristic melting curves for LmDHODH, TcDHODH and HsDHODH showed to be highly reproducible and the monitoring of melting temperatures (∆Tm) against a random set of buffers and additives demonstrated a large compatibility with the majority of the chemical compounds tested.

  In addition, our assays against the antiproliferative agents, brequinar and teriflunomide,14 known DHODH inhibitors, demonstrated that ThermoFMN assay can also be used to determine ligand selectivity, very useful for cross-validation assays.

  In summary, the low cost, fast, simplicity, low sample-consuming and the general applicability of ThermoFMN, make this technique attractive for identification of positive hits of FMN-binding proteins and constitute a new tool to be extensively used in the process of development of new therapies against neglected diseases.
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    Os únicos fármacos aprovados para o tratamento da doença de Chagas, nifurtimox e benznidazol, apresentam efeitos colaterais e eficácia limitada na fase crônica da doença, destacando a necessidade de novos fármacos. Entre os diferentes alvos moleculares de fármacos identificados no parasita, uma trans-sialidase de Trypanosoma cruzi (TcTS) tem sido considerada essencial para o reconhecimento e invasão nas células do hospedeiro. Desta forma, o trabalho descreve a síntese eficiente e a avaliação biológica (inibição de TcTS e atividade antitripanossoma) de alguns triazol-arilsulfonamidas contendo galactose pela reação de 1,3-dipolar de cicloadição azida-alcino Cu(I) (CuAAC) em micro-ondas, usando como precursores os derivados de azido benzenossulfonamidas e alcino derivado de galactose. A maioria dos compostos testados contra TcTS mostrou inibição moderada a fraca (40%-15%), com exceção de um dos compostos (81%). Quanto ao ensaio de atividade antitripanossoma, alguns compostos [(IC50 70,9 µM) e (IC50 44,0 µM)] apresentaram atividades mais significativas, embora não tenham sido tão ativos como benznidazol (IC50 1,4 µM). Adicionalmente, a avaliação da citotoxicidade mostrou que todos os compostos não foram citotóxicos. Neste trabalho preliminar, alguns compostos foram considerados protótipos para posterior otimização.

  

   

  
    The only drugs approved for the treatment of Chagas disease, nifurtimox and benznidazole, present toxic side effects and limited efficacy in the chronic stage of the disease, which highlight the need for new drugs. Amongst the different molecular drug targets discovered in the parasite, Trypanosoma cruzi trans-sialidase (TcTS) has been considered crucial in the recognition and invasion of host cells. Hence, we report the efficient synthesis and biological evaluation (TcTS inhibition and antitrypanosomal activities) of some galactose-containing triazol-arylsulfonamides via microwave-assisted Cu(I) 1,3-dipolar azide-alkyne cycloaddition (CuAAC) based on azide benzenesulfonamides and a galactose-derived alkyne as precursors. Most of the compounds tested against TcTS showed moderate to weak inhibition (40%-15%), except one of the compounds (81%). Regarding the antitrypanosomal assay, some compounds [(IC50 70.9 µM) and (IC50 44.0 µM)] exhibited the most significant activities, although not as active as benznidazole (IC50 1.4 µM). Nevertheless, the cytotoxicity assessment showed that all compounds were not cytotoxic. In this preliminary work, we considered some compounds as lead scaffolds for further optimization.

    Keywords: Chagas disease, Trypanosoma cruzi, trans-sialidase, benzenesulfonamides, click chemistry

  

   

   

  Introduction

  The last decade witnessed enormous advances in our understanding of Trypanosoma cruzi (T. cruzi) genome, the etiological agent of Chagas disease, which comprises 22,570 protein-coding genes, including the recent superfamily encoding mucins of the parasite surface, crucial to help the parasite to evade the immune system. This sequencing showed that over 50% of the genome is composed of repetitive sequences, including genes for surface superfamily of molecules, such as trans-sialidase, proteases and surface gp63 proteins associated with mucin (MASP's).1 From the exploration of outstanding possibilities offered by genomic and proteomic resources, a series of molecular targets were identified to seek for high-affinity ligands, which may open up a new generation of selectivity drug candidates.2-7 In this regard, transsialidase enzyme, found in flagellar trypomastigotes vesicles-containing glycoproteins, plays an essential role in parasite cellular invasion, growth, differentiation and survival processes.8-11 Furthermore, T. cruzi trans-sialidase (TcTS) affects parasite entry in cardiac cells, leading to the development of host cell inflammatory response and infection process, besides being extremely important in modulating the immune response against infection in the chronic phase of Chagas disease.12

  The molecular mechanism of TcTS relies on the transference of sialic acids from host cells to terminal β-galactose molecules present on parasite surface glycoproteins, introducing them into parasite surface mucins.13-17 Only after the sialylation process, T. cruzi can invade and infect macrophages host cells. In general, it is established that parasite and host cell interactions are mediated by several molecules comprising calcium, glycoprotein Gp83, PKC, cruzipain, mucins and Gp85/ trans-sialidase primarily by the action of Gp82 component which triggers Ca2+ mobilization from cell stores, and contribute for the invasion step.12,18,19 Thus, besides the relative relevance of TcTS for the parasite entry, sialylated mucins greatly contribute for parasite to escape from host immunological defense mechanisms hence acquisition of sialic acids leads mucins to interact with the inhibitory sialic acid-binding protein Siglec-E (sialic acid binding Ig like lectin-E), which disables immune cells activation.20,21 Furthermore, trans-sialidase also plays a role after parasite invasion and subsequent fusion of parasitophorus vacuole with lysosomes, since it promotes pore membrane formation by desialylation of lysosome membrane glycoproteins, from which the parasite escapes to the cytoplasm and differentiates into replicative amastigote forms.22-24 Therefore, the role played by trans-sialidase in the pathogenesis of Chagas disease makes it a valuable and selective target to be explored in the search for new therapeutics. In fact, potential TcTS inhibitors acting by complementary interaction at both donor (β-galactose) and acceptor (sialic acid) sub-sites are of great concern.25-27

  Currently, the treatment of the Chagas disease is based on two drugs, nifurtimox (1) and benznidazole (2), which are effective during the acute phase of the disease albeit several drawbacks related to side effects and resistance development are described.6,28,29 Despite the significant reduction of parasite load and changes in the immune response during the course of benznidazole-combined therapy, for instance with allopurinol,30 clomipramine,31 amiodarone,32 and posaconazole,5 this promising discovery strategy based on the exploitation of new clinical activity observed for an old drug hitherto did not reach the market.33 According to the World Health Organization (WHO), Program for Tropical Disease Research (TDR) and BIO Ventures for Global Health, the major issues concerning the research and drug development in neglected disease, in which Chagas disease is a case in point, encompass implementation of new public policies and alternative strategies to translate basic research into new drug candidate.34

  In this scenario, the major aim in designing antitrypanosomal drugs is to find a drug which will be effective in the chronic stage of the disease and remain active despite resistant variants, since an estimated 10,000 deaths still occur annually and 7 to 8 million people are infected worldwide.35 Among the numerous potent antitrypanosomal agents, sulfonamide derivatives have shown high in vitro activities against T. cruzi and transsialidase (Figure 1).
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  Thus, based on molecular hybridization strategy,36 a series of N-quinolin-8-yl-arylsulfonamides,37 arylsulfonyl-2-methyl-1,2,3,4-tetrahydroquinolines38 and N-(biphenyl-4-yl-sulfonyl)-nicotinamides39 were described as potential antitrypanosomal agents, as respectively illustrated by compounds 3 (IC50 31.75 µM, Selectivity Index-SI 2.1), 4 (IC50 11.44 µM, SI 21.7) and 5 (lytic concentration-LC50 50.61 µM, SI not available). Regarding trans-sialidase, chalcone-derived sulfonamides, such as 6, proved to be very active, with IC50 ranging from 0.6 to 7.3 µM, which did not inhibit the human sialidase Neu2 at concentrations up to 200 µM.40 Alternatively, from a library of 1819 molecules, a potent N-thiadiazol-arylsulfonamide 7 transsialidase inhibitor (IC50 280 µM) was successfully identified by virtual screening and docking simulations, being the arylsulfonamide core highlighted as sialic acid mimics that is able to interact in the TcTS donor sub-site.27

  In the course of our work on novel hybrid molecules against T. cruzi, comprising β-galactosyl unit to interact in the TcTS acceptor sub-site,41,42 and the importance of the above mentioned arylsulfonamides, we envisaged that combining both active core linked by a triazole bridge in a single molecule to give galactosyl-triazolobenzenesulfonamides might provide TcTS inhibitors and antitrypanosomal lead derivatives. Examples of syntheses of glycosylmimetics based on TcTS substrates, assembled by a triazole linker, have been previously described by our group.43,44 In this sense, we have decided to assemble these two important motifs (galactose and sulfonamide) for TcTS inhibition and antitrypanosomal activities via 1,2,3-triazole ring. Additionally, variations on heterocycle-linked sulphonamide core by the bioisosteric replacement of isoxazole, pyrimidine and pyridine rings or an acyl group may represent a convenient strategy to construct chemical diversity and regulate acidity.

  Hence, we describe the synthesis of a series of water-soluble galactose-containing triazol-arylsulfonamides via microwave-assisted Cu(I) 1,3-dipolar azidealkyne cycloaddition (CuAAC) as efficient, practical and selective click chemistry strategy to provide 1,4-disubstituted 1,2,3-triazole hybrid molecules using azide benzenesulfonamides and galactose-derived alkyne as precursors. To pursue our goal, these compounds were evaluated as TcTS inhibitors and also as antitrypanosomal agents against T. cruzi (trypomastigote form). In addition, cytotoxicity was tested against a mammalian cell line.

   

  Results and Discussion

  Synthesis

  The synthesis of target products 8-14 (Scheme 1) started from 2'-propynyl-2,3,4,6-tetra-O-acetyl-β-Dgalactopyranoside (15), which was obtained in 90% from the TMSOTf-catalysed glycosylation reaction using propargyl alcohol and 2,3,4,6-tetra-O-acetyl-β-Dgalactopyranosyl trichloroacetimidate.45
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  Taking advantage of the commercial available arylsulfonamides 16-22, named sulfanilamide (16), sulfacetamide (17), sulfamethoxazole (18), sulfamerazine With the azide benzenesulfonamides intermediates 30-36 in hands, the coupling of their azide functions with the O-propynyl galactoside 15 was carried out using the highly efficient CuAAC coupling in a sealed tube under microwave-assisted conditions, which shortened the required reaction time for up 1 h, instead of 16 h under conventional heating.51 In general, the reactions were conducted in DMF at 70-80 ºC (150 W) for 10-60 min in the presence of copper sulfate and sodium ascorbate for in situ generation of Cu(I) catalyst. Under these conditions, a small chemical diversity of protected galactosyl-triazolobenzenesulfonamides 37-43 were obtained with complete regioselectivity since the 1,4-disubstituted triazoles were the unique isomer observed by 1H NMR, with a single triazole hydrogen approximately at 8.0 ppm. Despite the previously reported synthesis of non-substituted derivative 37 in higher yield,52 our novel series containing N-acetamide and -heterocycles groups was conveniently prepared in 50-63% yield.

  Finally, removal of the sugar acetate protecting groups with catalytic NaOMe in MeOH, followed by treatment with DOWEX® 50WX8 resin, afforded the target products 8-14 in nearly quantitative yield.

  Biological evaluations

  Inhibition of T. cruzi trans-sialidase (TcTS)

  The in vitro inhibitory properties of compounds 8-14 against a recombinant T. cruzi trans-sialidase were assessed by a sensitive and practical continuous fluorimetric method that measures the residual hydrolase activity of TcTS on the donor substrate 2'-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MuNANA) by cleaving the glycosidic bond that releases the fluorophore, methylumbelliferone (MU).53 Thus, an initial screening was performed using 1.0 mM concentration of products 8-14 in the presence of MuNANA (0.1 mM). For comparison purposes, the activities of 2-deoxy-2,3-dehydro-N-acetyl-neuraminic acid (DANA) and pyridoxal phosphate were concomitantly measured in the same concentrations of the target compounds due to their respective weak and moderate activities on TcTS.54

  According to Figure 2, compounds 8-14 showed a variable influence on TcTS enzyme inhibition, being compound 14 the most active of the series with an inhibition percentage of 81%, higher than pyridoxal phosphate (73%). On the other hand, the inhibition profile of compounds 9-13 was just moderate (40%), and compound 8 was weak (15%). Based on the greatest efficacy of 14 against TcTS, bearing a pyridine heterocycle at the benzenesulfonamide core, we pursued the enzymatic activity at lower concentrations (1.0, 0.75, 0.5 and 0.25 mM), however, the inhibition dropped significantly, giving an IC50 of 0.61 mM. In fact, the inhibition of this enzyme presents a great challenge, since there are few examples of strong TcTS inhibitors that act at nM range.27
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  Despite the lack of evidences that correlate TcTS and in vitro trypomastigote survival, we also investigated the potential antitrypanosomal properties of compounds 8-14 as TcTS-independent experiments.

  Antitrypanosomal and cytotoxicity evaluations

  In vitro growth-inhibitory properties of all compounds (8-14) against T. cruzi trypomastigotes bloodstream-form were achieved by a colorimetric reaction using chlorophenol red-β-D-galactoside (CPRG) as substrate for modified β-galactosidase Tulahuen strain of T. cruzi.2,55 From these experiments, the IC50 for all derivatives were calculated considering the concentrations of compounds able to promote 50% parasite lysis, so-called antitrypanosomal activity, using benznidazole (Bz) as reference. From the IC50 data (Table 1 and Figure 3), it was evident that benzenesulfonamide substituents affect the activity in a reasonable extension, although they were not as active as benznidazole (IC50 1.4 µM).
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  Accordingly, compounds 13 (IC50 44.0 µM) and 10 (IC50 70.9 µM), having the 2,4-dimethoxypyrimidine and 5-methylisoxazole groups, respectively, exhibited the most significant antitrypanosomal activity, while derivatives 11 (6-methylpyrimidine), 12 (4,6-dimethylpyrimidine) and 14 (pyridine), besides the non-substituted benzenesulfonamide 8, showed the lowest potencies of the series with IC50 ranging from 155.3 to 204.9 µM. Comparing to the previous set of compounds, intermediate activities were attained for compound 9 (acetamide) with IC50 119.5 µM.

  It is noteworthy that pyridine derivative 14 that positively inhibit TcTS, failed to inhibit parasite growth as anticipated, suggesting that the antitrypanosomal activities observed for products 10 and 13 may occur by a different mechanism of action. On the other hand, the moderate TcTS activity showed by 14 could be insufficient to cause parasite death.

  In addition, compounds 8-14 were examined for their ability to affect mammalian cells, such as cultured mouse spleen cells (Figure 4).56 As a general observation, all galactosyl-triazolo-benzenesulfonamides were not cytotoxic to cells in concentrations similar to those used in the evaluation of the antitrypanosomal activities (500 to 3.9 µM). Given the lack of cytotoxicity, the corresponding LD50 values and, consequently, the selectivity index could not be calculated at the tested conditions.
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  Conclusions

  In summary, our studies demonstrated that commercial available benzenesulfonamides can be converted to the corresponding azide derivatives using different solvents under microwave-assisted reaction. The coupling of the azide benzenesulfonamides, comprising the free sulfonamide function or substituted by acetamide or different heterocycles, with galactose-derived alkyne was successfully achieved via CuAAC reaction for the formation of a small set of regioselective 1,4-disubstituted galactosyl-triazolo-benzenesulfonamides in moderate to good yields.

  Bioassays with products 8-14 revealed TcTS inhibition only for the galactosyl-triazolo-benzenesulfonamide 14, containing a sulfonamide-linked pyridine ring. Despite the weak activity in terms of IC50, its inhibition was superior to pyridoxal phosphate used as reference. On the other hand, the evaluation of products 8-14 against T. cruzi trypomastigote showed products 10 and 13, bearing respectively the 2,4-dimethoxypyrimidine and 5-methylisoxazole groups, as the most actives of the series, while the remaining products were two to four fold less active than 13. Bearing in mind the role played by TcTS in parasite cell surface glycosylation and the difficulties to associate TcTS inhibition with parasite viability in vitro assays, we found, indeed, a lack of correlation between the results obtained in enzyme and T. cruzi trypomastigote in vitro assays, suggesting that antitrypanosomal activities found for products 10 and 13 is not related to TcTS inhibition and may involve alternative mechanisms. Thus, based on the low cytotoxicity displayed by the series, compounds 10 and 13 can be considered as lead scaffolds for further optimization.

   

  Experimental

  General

  All chemicals were purchased as reagent grade and used without further purification. Solvents were dried according to standard methods.57 MuNANA (2'-(4-methylumbelliferyl)-α-D-N-acetyl-neuraminic acid sodium salt), used as a donor substrate for silylation reactions, was acquired from Toronto Research Chemicals Inc.. The trans-sialidase used in this study was a His-tagged 70 kDa recombinant material truncated to remove C-terminal repeats but retaining the catalytic N-terminal domain of the enzyme.58 Reactions were monitored by thin layer chromatography (TLC) on 0.25 nm precoated silica gel plates (Whatman, AL SIL G/UV, aluminium backing) with the indicated eluents. Compounds were visualized under UV light (254 nm) and/or dipping in ethanol-sulfuric acid (95:5, v/v), followed by heating the plate for a few minutes. Column chromatography was performed on Silica Gel 60 (Fluorochem, 35-70 mesh) or on a high performance flash chromatography (Biotage Horizon) system using 12 or 25 mm flash cartridges with the indicated eluents. The microwave-assisted reactions were performed in sealed tubes on a CEM Discover® Microwave System. HPLC purifications were performed on a Shimadzu HPLC system using a Shim-PaK CLC-ODS (M) semi-preparative reverse phase column (250_10.0 mm). Nuclear magnetic resonance spectra were recorded on Bruker Advance DRX 300 (300 MHz), DPX 400 (400 MHz) or DPX 500 (500 MHz) spectrometers. Chemical shifts (d) are given in parts per million downfield from tetramethylsilane. Assignments were made with the aid of HMQC and COSY experiments. Accurate mass electrospray ionization mass spectra (ESI-HRMS) were obtained using positive ionization mode on a Bruker Daltonics UltrOTOF-Q-ESITOF mass spectrometer.

  Synthesis of azide benzenesulfonamides 30-36

  General procedure

  Sodium azide (78 mg, 1.20 mmol, 3 equiv.) was introduced in a microwave flask equipped with a stirring bar and solubilized with water (150 µL). To this solution, the remaining reagents were added in the following order: solvent reaction (1 mL), 4-aminobenzenesulfonamide (16-22) (0.4 mmol, 1 equiv.) and tert-butyl nitrite (t-BuONO). The mixture was stirred and heated under microwave radiation at 150 W. The reaction was followed by TLC and after completion, the reaction mixture was partitioned between hexane and EtOAc. The aqueous phase was extracted with EtOAc (3 times), and the organic phase was dried over Na2SO4, filtered and concentrated. The product was obtained after flash chromatography on a Biotage Horizon, using 12 mm flash cartridge, flow 8 mL min-1; hexane/EtOAc; gradient 0-40% and 40%-40% (v/v).

  4-azidobenzenesulfonamide (30)

  Following the general procedure, using 4-aminobenzenesulfonamide (16) (68.8 mg), tert-butyl alcohol as solvent, t-BuONO (285 µL, 2.4 mmol, 6 equiv.), reaction time 35 min at 60 ºC. Yield: 86% (0.344 mmol). IR (KBr) νmax/cm-1 3247, 3338, 2100 (azide peak); 1H NMR (300 MHz, CD3OD) δ 7.89 (d, 2H, Jortho 8.9 Hz, Ar-H and CHCSO2NHR), 7.21 (d, 2H, Jortho 8.9 Hz, Ar-H and CHCN3).

  N-[(4-azidophenyl)sulfonyl]acetamide (31)

  Following the general procedure, using N-[(4-aminophenyl)sulfonyl]acetamide (17) (85.6 mg) acetonitrile as solvent, t-BuONO (190 µL, 1.60 mmol, 4 equiv.), reaction time 35 min at 40 ºC. Yield: 83% (0.332 mmol). IR (KBr) νmax/cm-1 2100 (azide peak); 1H NMR (300 MHz, CD3OD) δ 8.01 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCSO2NHR), 7.24 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCN3), 1.97 (s, 3H, CH3).

  4-azido-N-(5-methylisoxazol-3-yl)benzenesulfonamide (32)

  Following the general procedure, using 4-amino-N-(5-methylisoxazol-3-yl)benzenesulfonamide (18) (101.3 mg), dioxane as solvent, t-BuONO (190 µL, 1.60 mmol, 4 equiv.), reaction time 20 min at 50 ºC. Yield: 82% (0.328 mmol). IR (KBr) νmax/cm-1 3250, 3000, 2750, 2110 (azide peak); 1H NMR (300 MHz, CD3OD) δ 7.91 (d, 2H, Jortho 8.9 Hz, Ar-H and CHCSO2NHR), 7.23 (d, 2H, Jortho 8.9 Hz, Ar-H and CHCN3), 6.14 (s, 1H, isoxazol), 2.33 (s, 3H, CH3).

  4-azido-N-(4-methylpyrimidin-2-yl)benzenesulfonamide (33)

  Following the general procedure using 4-amino-N-(4-methylpyrimidin-2-yl)benzenesulfonamide (19) (105.6 mg), dioxane as solvent, t-BuONO (190 µL, 1.60 mmol, 4 equiv.), reaction time 20 min at 55 ºC. Yield: 74% (0.296 mmol). IR (KBr) νmax/cm-1 3500, 3250, 3000, 2750, 2110 (azide peak); 1H NMR (300 MHz, CD3OD) δ 8.21 (d, 1H, J 5.2 Hz, H-pyrimidine), 8.06 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCSO2NHR), 7.19 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCN3), 6.82 (d, 1H, J 5.2 Hz, H-pyrimidine), 2.34 (s, 3H, CH3).

  4-azido-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (34)

  Following the general procedure, using 4-amino-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (20) (111.3 mg), dioxane as solvent, t-BuONO (190 µL, 1.60 mmol, 4 equiv.), reaction time 20 min at 55 ºC. Yield: 71% (0.284 mmol). IR (KBr) νmax/cm-1 2110 (azide peak); 1H NMR (400 MHz, CD3OD) δ 8.04 (d, 2H, Jortho 8.6 Hz, Ar-H and CHCSO2NHR), 7.16 (d, 2H, Jortho 8.6 Hz, Ar-H and CHCN3), 6.67 (s, 1H, H-pyrimidine), 2.26 (s, 6H, 2× CH3).

  4-azido-N -(2,6-dimethoxypyrimidin-4-yl) benzenesulfonamide (35)

  Following the general procedure, using 4-amino-N-(2,6-dimethoxypyrimidin-4-yl)benzenesulfonamide (21) (124 mg) THF as solvent, t-BuONO (190 µL, 1.60 mmol, 4 equiv.), reaction time 40 min at 30 ºC. Yield: 85% (0.340 mmol). IR (KBr) νmax/cm-1 1570, 2110 (azide peak); 1H NMR (400 MHz, CD3OD) δ 7.92 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCSO2NHR), 7.16 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCN3), 5.95 (s, 1H, H-pyrimidine), 3.79 (s, 3H, OCH3), 3.78 (s, 3H, OCH3).

  4-azido-N-pyridin-2-yl-benzenesulfonamide (36)

  Following the general procedure, using 4-amino-N-pyridin-2-yl-benzenesulfonamide (22) (99.6 mg), THF as solvent, t-BuONO (190 µL, 1.60 mmol, 4 equiv.), reaction time 30 min at 40 ºC. Yield: 51% (0.204 mmol). IR (KBr) νmax/cm-1 1570, 1200, 2110 (azide peak); 1H NMR (400 MHz, CD3OD) δ 7.92 (s, 1H, H-pyridine), 7.89 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCSO2NHR), 7.66 (ddd, 1H,  J 9.0, 7.2, 1.9 Hz, H-pyridine), 7.18 (dd, 1H, J 9.0, 1.0 Hz, H-pyridine), 7.13 (d, 2H, Jortho 9.0 Hz, Ar-H and CHCN3), 6.84 (ddd, 1H, J 7.2, 5.9, 1.0 Hz, H-pyridine).

  2-propynyl 2,3,4,6-tretra-O-acetyl-β-D-galactopyranoside (15)

  2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl trichloroacetimidate (2.15 g, 4.37 mmol) was diluted with anhydrous dichlorometane (DCM) (40 mL), under argon atmosphere, and treated with propargyl alcohol (2.55 mL, 43 mmol). The mixture was cooled to -40 ºC and stirred for 30 min, then treated dropwise with trimethylsilyl trifluoromethanesulfonate (0.16 mL, 0.94 mmol) solution in DCM (1 mL). The mixture was kept stirring for a period of 1 h and the reaction was followed by TLC (hexane/EtOAc 1:1). After completion, the reaction was neutralized with triethylamine (0.1 mL), warmed to room temperature and filtered off. The mixture was concentrated under reduced pressure and purified by gradient flash chromatography (hexane/EtOAc; gradient 0-50%). The product 15 was obtained in 90% yield. 1H NMR (300 MHz, CDCl3) δ 5.40 (dd, 1H, J3,4 3.4 Hz, J4,5 0.78 Hz, H-4), 5.22 (dd, 1H, J1,2 7.8 Hz, J2,3 10.5 Hz, H-2), 5.06 (dd, 1H, J2,3 10.5 Hz, J3,4 3.4 Hz, H-3), 4.74 (d, 1H, J1,2 8.0 Hz, H-1), 4.38 (d, 2H, J 2.4 Hz, OCH2CCH), 4.19 (dd, 1H, J5,6 6.6 Hz, J6',6 11.2 Hz, H-6), 4.13 (dd, 1H, J5,6 6.6 Hz, J6',6 11.2 Hz, H-6'), 3.94 (dt, 1H, J4,5 1.1 Hz, J5,6 6.6 Hz, H-5), 2.46 (t, 1H, J 2.4 Hz, CCH), 2.15-1.99 (s, 12H, 4× CH3CO).

  Synthesis of protected galactosyl-triazolo-benzenesulfonamides (37-43) and final products (8-14)

  General procedure

  4-azido-benzenesulfonamides (30-36) (0.2 mmol, 1 equiv.) were diluted in DMF (0.3 mL) in a microwave sealed flask, equipped with a stirring bar, and treated with the propynyl sugar 15 (85.0 mg, 0.22 mmol, 1.1 equiv.), sodium ascorbate (3.96 mg, 0.02 mmol, 0.1 equiv.) and copper sulfate solution 0.1 mol.L-1 (60 µL). The mixture was stirred and heated under microwave radiation at 150 W varying time and temperature. The reaction was monitored by TLC [hexane/EtOAc 1:9 (v:v)], which showed the formation of only one product. The mixture was concentrated and coevaporated with toluene under reduced pressure to eliminate the solvent (DMF). Then, the product was extracted using EtOAc (3 portions of 5 mL) and washed with water (1 portion of 3 mL) to eliminate the remaining salts. After filtration, the organic phase was dried over Na2SO4, filtered and concentrated. The product was obtained after flash chromatography on a Biotage Horizon [12 mm flash cartridge, flow 8 mL min-1; hexane/EtOAc; gradient 0-50%, 50-100% and 100-100% (v/v)]. The O-protected galactosyl-triazolo-benzesulfonamides 37-43 (0.1 mmol) were dissolved in methanol (2 mL) and treated dropwise with NaOMe (1 mol L-1) at 0 ºC until pH 9. The mixture was stirred until the completion of the reaction, followed by TLC (hexane/EtOAc 1:3). Then, the mixture was neutralized with DOWEX resin (50WX8 H+), filtered and concentrated under reduced pressure. The products 8-14 were obtained in quantitative yield.

  4-{4-[(2',3',4',6'-tetra-O-acetyl-β-D-galactopyranosyl)-oxymethyl]-1-H-1,2,3 triazol-1-yl}benzenesulfonamide (37) and 4-{4-[(β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3 triazol-1-yl}benzenesulfonamide (8)

  Protected product (37): Following the general procedure using 4-azido-benzenesulfonamide (30) (39.6 mg), reaction time 40 min at 70 ºC. Yield: 60% (0.12 mmol). 1H NMR (300 MHz, CDCl3) δ 8.12 (d, 2H, Jortho 8.7 Hz, Ar-H and CHCSO2NHR), 8.09 (s, 1H, CH-triazole), 7.94 (d, 2H, Jortho 8.7 Hz, Ar-H and CHC-triazole), 5.44 (dd, 1H, J4,5 1.0 Hz, J4,3 3.3 Hz, H-4), 5.28 (dd, 1H, J2,1 7.8 Hz, J2,3 10.5 Hz, H-2), 5.10 (d, 1H, Jgem 12.5 Hz, OCH2-triazole), 5.07 (dd, 1H, J3,4 3.4 Hz, J3,2 10.3 Hz, H-3), 4.92 (d, 1H, Jgem 12.5 Hz, OCH2-triazole), 4.72 (d, 1H, J 7.8 Hz, H-1), 4.23 (dd, 1H, J5,6 6.8 Hz, J6,6' 11.2 Hz, H-6), 4.16 (dd, 1H, J5,6' 6.6 Hz, J6',6 11.2 Hz, H-6'), 4.00 (ddd, 1H, J5,4 1.0 Hz, J5,6 6.8 Hz, J6,6' 6.6 Hz, H-5), 2.20-1.98 (s, 12H, 4× CH3CO); 13C NMR (75 MHz, CDCl3) δ 170.5-169.7 (CH3CO), 145.7 (C-triazole), 142.2 (Ar, C-SONH2), 139.6 (Ar, p-CSONH2), 127.9 (Ar, m-CSONH2), 120.8 (CH-triazole), 120.1 (Ar, o-NH2), 100.1 (C-1), 70.4 (C-5), 70.1 (C-2), 68.2 (C-3), 66.4 (C-4), 62.3 (C-6), 60.8 (OCH2), 20.2-19.9 (CH3CO).

  Deprotected product (8): 1H NMR (300 MHz, DMSO) δ 8.89 (s, 1H, H-triazole), 8.05 (d, 2H, J 8.6 Hz, Ar-H), 7.93 (d, 2H, J 8.6 Hz, Ar-H), 7.45 (s, 2H, NH2), 4.85 (d, 1H, Jgem 12.3 Hz, CH2-triazole), 4.65 (d, 1H, J gem 12.3 Hz, CH2-triazole), 4.20 (d, 1H, J1,2 7.0 Hz, H-1), 3.55-3.05 (m, 6H, H-2, H-3, H-4, H-5, H-6, H-6'); 13C NMR (75 MHz, DMSO) δ 145.6 (C-triazole), 143.5 (Ar, CSO2), 139.4 (Ar, p-CSO2), 127.4 (Ar, m-CSO2), 122.9 (CH-triazole), 119.9 (Ar, o-CSO2), 102.8 (C-1), 75.1 (C-5), 70.6 (C-3), 67.8 (C-2), 61.3 (C-6), 60.4 (OCH2); HRMS (ESI-MS) m/z, calcd. for C20H24N6O8S [M + Na]+: 439.1001, found: 439.0892.

  4-{4-[(2',3',4',6'-tetra-O-acetyl-β-D-galactopyranosyl)-oxymethyl]-1-H-1,2,3 triazol-1-yl}-N-[(phenyl)sulfonyl] acetamide (38) and 4-{4-[(β-D-galactopyranosyl)-oxymethyl]-1-H-1,2,3-triazol-1-yl}-N-[(phenyl)sulfonyl] acetamide (9)

  Protected product (38): Following the general procedure, using N-[(4-azidophenyl) sulfonyl]acetamide (31) (48 mg), reaction time 40 min at 80 ºC. Yield: 60% (0.12 mmol). 1H NMR (300 MHz, CDCl3) δ 8.23 (d, 2H, Jortho 8.43 Hz, Ar-H and CHCSO2NHR), 8.07 (s, 1H, H-triazole), 7.94 (d, 2H, Jortho 8.43 Hz, Ar-H and CHC-triazole), 5.43 (dd, 1H, J3,4 3.7 Hz, J4,5 0.6 Hz, H-4), 5.27 (dd, 1H, J1,2 8.1 Hz, J2,3 10.3 Hz, H-2), 5.08 (d, 1H, Jgem 12.5 Hz, OCH2-triazole), 5.06 (dd, 1H, J3,4 3.4 Hz, J2,3 10.3 Hz, H-3), 4.91 (d, 1H, Jgem 12.5 Hz, OCH2-triazole), 4.71 (d, 1H, J1,2 8.1 Hz, H-1), 4.20 (dd, 1H, J5,6 6.6 Hz, J6,6' 11.0 Hz, H-6), 4.14 (dd, 1H, J5,6' 6.6 Hz, J6',6 11.0 Hz, H-6'), 3.98 (ddd, 1H, J4,5 0.6 Hz, J5,6 6.6 Hz, J5,6' 6.6 Hz, H-5), 2.10 (s, 3H, CH3-sulfonamide), 2.05-1.99 (s, 9H, 3x CH3CO); 13C NMR (75 MHz, CDCl3) δ 170.7-169.9 (CH3CO), 168.0 (CO-sulfonamide), 145.7 (C-triazole), 140.6 (Ar, C-SO2), 138.5 (Ar, p-CSO2), 130.6 (Ar, m-CSO2), 120.4 (CH-triazole), 120.3 (Ar, o-CSO2), 100.8 (C-1), 71.0 (C-5), 70.8 (C-3), 68.8 (C-2), 67.4 (C-4), 63.3 (C-6), 61.8 (OCH2), 24.95 (CH3-sulfonamide), 20.9-20.7 (CH3CO).

  Deprotected product (9): 1H NMR (400 MHz, DMSO) δ 8.98 (s, 1H, H-triazole), 8.17 (d, 2H, Jortho 8.7 Hz, Ar-H and CHCSO2NHR), 8.11 (d, 2H, Jortho 8.7 Hz, Ar-H and CHC-triazole), 4.92 (d, 1H, Jgem 12.5 Hz, CH2-triazole), 4.75 (d, 1H, 12.5 Hz, CH2-triazole), 4.27 (d, 1H, J1,2 7.3 Hz, H-1), 3.64 (m, 1H, H-4), 3.56 (m, 2H, H-6 and H-6'), 3.42-3.28 (m, 3H, H-2, H-3, H-5), 1.94 (s, 3H, CH3); 13C NMR (100 MHz, DMSO) δ 169.3 (CO), 145.6 (C-triazole), 139.8 (Ar, CSO2), 138.9 (Ar, p-CSO2), 129.6 (Ar, m-CSO2), 123.0 (CH-triazole), 120.3 (Ar, o-CSO2), 102.9 (C-1), 75.4 (C-5), 73.4 (C-3), 70.5 (C-2), 68.2 (C-4), 61.3 (OCH2-triazole), 60.6 (C-6), 23.4 (CH3); HRMS (ESI-MS) m/z, calcd. for C17H22N4O9S [M - H]-: 457.11075, found: 457.1028.

  4-{4-[(2',3',4',6'-tetra-O-acetyl-β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3 triazol-1-yl}-N-(5-methylisoxazol-3-yl) benzenesulfonamide (39) and 4-{4-[(β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3-triazol-1-yl}-N-(5-methylisoxazol-3-yl) benzenesulfonamide (10)

  Protected product (39): Following the general procedure, using 4-azido-N-(5-methylisoxazol-3-yl) benzenesulfonamide (32) (55.8 mg), reaction time 60 min at 80 ºC. Yield: 50% (0.1 mmol). 1H NMR (400 MHz, CDCl3) δ 8.05 (d, 2H, Jortho 8.9 Hz, Ar-H and CHCSO2NHR), 7.81 (s, 1H, H-triazole), 7.89 (d, 2H, Jortho 8.9 Hz, Ar-H and CHC-triazole), 6.26 (s, 1H, H-isoxazole), 5.44 (dd, 1H, J4,5 0.6 Hz, J3,4 3.3 Hz, H-4), 5.27 (dd, 1H, J1,2 7.8 Hz, J2,3 10.3 Hz, H-2), 5.09 (d, 1H, Jgem 12.8 Hz, OCH2), 5.08 (dd, 1H, J3,4 3.3 Hz J2,3 10.3 Hz), 4.7 (d, 1H, J1,2 7.8 Hz, H-1), 4.01 (dd, 1H, J5,6 6.7 Hz, J6,6' 11.2 Hz, H-6), 4.07 (dd, 1H, J5,6' 6.4 Hz, J6',6 11.2 Hz, H-6'), 3.92 (ddd, 1H, J4,5 0.6 Hz, J5,6 6.7 Hz, J5,6' 6.4 Hz, H-5), 2.32 (s, 3H, CH3-isoxazole), 2.10-1.90 (s, 12H, 4× CH3CO); 13C NMR (100 MHz, CDCl3) δ 171.6 (C-O-isoxazole), 170.4-169.6 (CH3CO), 145.8 (C-N-isoxazole), 145.6 (C-triazole), 140.3 (Ar, C-SO2), 139.9 (Ar, p-CSO2), 129.2 (Ar, m-CSO2), 120.8 (CH-triazole), 120.6 (Ar, o-CSO2), 100.8 (C-1), 94.7 (CH-isoxazole), 71.0 (C-5), 70.8 (C-3), 68.8 (C-2), 67.1 (C-4), 62.9 (OCH2), 61.3 (C-6), 20.8-20.5 (CH3CO), 12.71 (CH3-isoxazole).

  Deprotected product (10): 1H NMR (500 MHz, CD3OD) δ 8.67 (s, 1H, H-triazole), 8.07 (d, 2H, Jortho 9.0 Hz Ar-H and CHCSO2NHR), 8.04 (d, 2H, Jortho 9.0 Hz Ar-H and CHC-triazole), 6.14 (s, 1H, H-isoxazole), 5.01 (d, 1H, Jgem 12.9 Hz, CH2-triazole), 4.88-4.86 (m, 1H, CH2-triazole), 4.36 (d, 1H, J1,2 7.8 Hz, H-1), 3.80 (dd, 1H, J3,4 3.4 Hz, J4,5 0.7 Hz, H-4), 3.77 (dd, 1H, J5,6 6.5 Hz, J6,6' 11.2 Hz, H-6), 3.70 (dd, 1H, J5,6' 6.5 Hz, J6',6' 11.2 Hz, H-6'), 3.56-3.52 (m, 2H, H-2 and H-5), 3.45 (dd, 1H, J2,3 9.6 Hz, J3,4 3.4 Hz, H-3), 2.29 (s, 3H, CH3); 13C NMR (125 MHz, CD3OD) δ 172.3 (C-O-isoxazole), 159.1 (C=N-isoxazole), 147.1 (C-triazole), 140.6 (Ar, CSO2), 140.1 (Ar, p-CSO2), 130.3 (Ar, m-CSO2), 123.8 (CH-triazole), 121.8 (Ar, o-CSO2), 104.5 (C-1), 96.5 (CH-isoxasole), 76.9 (C-5), 74.9 (C-3), 72.5 (C-2), 70.4 (C-4), 63.1 (OCH2-triazole), 62.7 (C-6), 12.3 (CH3-isoxazole); HRMS (ESI-MS) m/z, calcd. for C19H23N5O9S [M - H]-: 520.1014, found: 520.1113.

  4-{4-[(2',3',4',6'-tetra-O-acetyl-β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3 triazol-1-yl}-N-(4-methylpyrimidin-2-yl) benzenesulfonamide (40) and 4-{4-[(β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3-triazol-1-yl}-N-(4-methylpyrimidin-2-yl) benzenesulfonamide (11)

  Protected product (40): Following the general procedure using 4-azido-N-(4-methylpyrimidin-2-yl) benzenesulfonamide (33) (58 mg), reaction time 40 min at 70 ºC. Yield: 60% (0.12 mmol). 1H NMR (400 MHz, CDCl3) δ 8.54 (d, 1H, J 5.3 Hz, H-pyrimidine), 8.32 (d, 2H, Jortho 8.7 Hz, Ar-H and CHCSO2NHR), 8.06 (s, 1H, H-triazole), 7.89 (d, 2H, J 8.7 Hz, Ar-H and CHC-triazole), 6.84 (d, 1H, J 5.3 Hz, H-pyrimidine), 5.41 (dd, 1H, J3,4 3.3 Hz, J4,5 0.7 Hz, H-4), 5.25 (dd, 1H, J1,2 7.9 Hz, J2,3 10.4 Hz, H-2), 5.06 (d, 1H, Jgem 12.8 Hz, CH2-triazole), 5.04 (dd, 1H, J2,3 10.4 Hz, J3,4 3.3 Hz), 4.88 (d, 1H, Jgem, 12.8 Hz, CH2-triazole), 4.69 (d, 1H, J1,2 7.9 Hz, H-1), 4.20 (dd, 1H, J5,6 6.7 Hz, J6,6' 11.1 Hz, H-6), 4.14 (dd, 1H, J5,6' 6.7 Hz, J6',6 11.1 Hz, H-6'), 3.97 (dt, 1H, J4,5 0.7 Hz, J5,6 6.7 Hz, H-5), 2.44, (s, 3H, CH3-pyrimidine), 2.15-1.98 (s, 12H, 4× CH3CO); 13C NMR (100 MHz, CDCl3) δ 170.5-170.0 (CH3CO), 168.3 (C-2'), 156.3 (C-6'), 156.1 (C-4'), 145.7 (C-triazole), 140.0 (Ar, CSO2), 139.9 (Ar, p-CSO2), 130.8 (Ar, m-CSO2), 120.8 (CH-triazole), 119.8 (Ar, o-CSO2), 115.1 (C-5'), 100.8 (C-1), 70.9 (C-5), 70.8 (C-3), 68.8 (C-2), 67.0 (C-4), 62.9 (C-6), 62.3 (OCH2), 23.6 (CH3-pyrimidine), 20.2-19.9 (CH3CO).

  Deprotected product (11): 1H NMR (300 MHz, D2O) δ 8.51 (s, 1H, H-triazole), 8.18 (d, 1H, J 5.9 Hz, H-pyrimidine), 8.16 (d, 2H, Jortho 8.7 Hz, Ar-H and CHCSO2NHR), 7.86 (d, 2H, J 8.7 Hz, Ar-H and CHC-triazole), 6.83 (d, 1H, J 5.6 Hz, H-pyrimidine), 5.11 (d, 1H, Jgem 12.8 Hz, CH2-triazole), 4.99 (d, 1H, Jgem 12.8 Hz, CH2-triazole), 4.57 (d, 1H, J1,2 7.7 Hz, H-1), 3.96 (d, 1H, J3,4 3.3 Hz, H-4), 3.75-3.65 (m, 3H, H-5, H-6, H-6'), 3.57 (dd, 1H, J2,3 10.0 Hz, J3,4 3.3 Hz, H-3), 3.58 (dd, 1H, J1,2 7.8 Hz, J2,3 10.0 Hz, H-2), 2.34 (s, 3H, CH3-pyrimidine); 13C NMR (75 MHz, CD3OD) δ 166.0 (C-2'), 156.3 (C-6'), 156.0 (C-4'), 144.6 (C-triazole), 141.2 (Ar, CSO2), 138.8 (Ar, p-CSO2), 128.8 (Ar, m-CSO2), 123.8 (CH-triazole), 121.0 (Ar, o-CSO2), 111.7 (C-5'), 102.1 (C-1), 75.3 (C-5), 72.2 (C-3), 70.7 (C-2), 68.6 (C-4), 61.8 (C-6), 60.9 (OCH2-triazole); HRMS (ESI-MS) m/z, calcd. for C20H24N6O8S [M + Na]+: 531.1273, found: 531.1270.

  4-{4-[(2',3',4',6'-tetra-O-acetyl-β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3 triazol-1-yl}-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (41) and 4-{4-[(β-dgalactopyranosyl)-oxymethyl]-1-H-1,2,3-triazol-1-yl}-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (12)

  Protected product (41): Following the general procedure using 4-azido-N-(4,6-dimethylpyrimidin-2-yl) benzenesulfonamide (34) (60.8 mg), reaction time 10 min at 70 ºC. Yield: 63% (0.13 mmol). 1H NMR (400 MHz, CDCl3) δ 8.34 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCSO2NHR), 8.07 (s, 1H, H-triazole), 7.90 (d, 2H, Jortho 8.8 Hz, Ar-H and CHC-triazole), 6.67 (s, 1H, H-pyrimidine), 5.42 (dd, 1H, J3,4 3.5 Hz, J4,5 0.7 Hz, H-4), 5.26 (dd, 1H, J1,2 8.1 Hz, J2,3 10.4 Hz, H-2), 5.07 (d, 1H, Jgem 12.6, CH2-triazole), 5.05 (dd, 1H, J3,4 3.5 Hz, J2,3 10.4 Hz, H-3), 4.90 (d, 1H, Jgem 12.6, CH2-triazole), 4.69 (d, 1H, J1,2 8.1 Hz, H-1), 4.22 (dd, 1H, J5,6 6.6 Hz, J6,6' 11.1 Hz, H-6), 4.15 (dd, 1H, J5,6' 6.6 Hz, J6',6 11.1 Hz, H-6'), 3.98 (ddd, 1H, J4,5 0.7 Hz, J5,6 6.6 Hz, J5.6' 6.6 Hz, H-5), 2.38 (s, 6H, 2x CH3-pyrimidine), 2.16-1.99 (s, 12H, 4× CH3CO); 13C NMR (100 MHz, CDCl3) δ 170.5-169.6 (CH3CO), 168.4 (C-2'), 155.9 (C-4' and C-6'), 145.7 (C-triazole), 139.9 (Ar, CSO2), 139.9 (Ar, p-CSO2), 130.9 (Ar, m-CSO2), 120.8 (CH-triazole), 119.7 (Ar, o-CSO2), 115.0 (C-5'), 100.7 (C-1), 70.9 (C-5), 70.8 (C-3), 68.8 (C-2), 67.0 (C-4), 62.9 (C-6), 61.3 (OCH2), 23.5 (CH3-pyrimidine), 20.8-20.6 (CH3CO)

  Deprotected product (12): 1H NMR (300 MHz, D2O) δ 8.55 (s, 1H, H-triazole), 8.20 (d, 2H, Jortho 5.6 Hz, H-pyrimidine), 8.09 (d, 2H, Jortho 8.7 Hz, Ar-H and CHCSO2NHR), 7.88 (d, 2H, Jortho 8.7 Hz, Ar-H and CHC-triazole), 6.85 (d, 1H, Jortho 5.6 Hz, H-pyrimidine), 5.05 (d, 1H, Jgem 12.8 Hz, CH2-triazole), 4.89 (d, 1H, Jgem 12.8 Hz, CH2-triazole), 4.46 (d, 1H, J1,2 7.6 Hz, H-1), 3.85 (dd, 1H, J3,4 3.2 Hz, J4,5 0.9 Hz, H-4), 3.75-3.65 (m, 3H, H-5, H-6, H-6'), 3.57 (dd, 1H, J3,4 3.2 Hz, J2,3 9.9 Hz H-3), 3.48 (dd, 1H, J2,3 9.9 Hz, J1,2 7.8 Hz, H-2), 2.35 (s, 3H, CH3); 13C NMR (75 MHz, D2O) δ 166.7 (C-2'), 156.7 (C-6'), 155.6 (C-4'), 144.6 (C-triazole), 141.2 (Ar, CSO2), 139.9 (Ar, p-CSO2), 128.8 (Ar, m-CSO2), 123.8 (CH-triazole), 119.7 (Ar, o-CSO2), 111.7 (C-5'), 102.1 (C-1), 74.6 (C-5), 72.7 (C-3), 70.7 (C-2), 67.9 (C-4), 61.1 (C-6), 60.3 (OCH2), 21.7 (CH3); HRMS (ESI-MS) m/z, calcd. for C21H26N6O8S [M + Na]+: 545.1331, found: 545.1431.

  4-{4-[(2',3',4',6'-tetra-O-acetyl-β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3-triazol -1-yl}-N -(2,6dimethoxypyrimidin-4-yl)benzenesulfonamide (42) and 4-{4-[(β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3-triazol1-yl}-N-(2,6-dimethoxypyrimidin-4-yl)benzenesulfonamide (13)

  Protected product (42): Following the general procedure using 4-azido-N-(2,6-dimethoxypyrimidin-4-yl)benzenesulfonamide (35) (67.2 mg), reaction time 60 min at 80 ºC. Yield: 61% (0.12 mmol). 1H NMR (400 MHz, CDCl3) δ 8.15 (d, 2H, Jortho 8.85 Hz, Ar-H and CHCSO2NHR), 8.07 (s, 1H, H-triazole), 7.92 (d, 2H, Jortho 8.85 Hz, Ar-H CHC-triazole), 6.25 (s, 1H, H-pyrimidine), 5.41 (dd, 1H, J3,4 3.4 Hz, J4,5 1.0 Hz, H-4), 5.25 (dd, 1H, J1,2 7.8 Hz, J2,3 10.3 Hz, H-2), 5.07 (d, 1H, Jgem 12.8, CH2-triazole), 5.05 (dd, 1H, J3,4 3.4 Hz, J2,3 10.3 Hz, H-3), 4.90 (d, 1H, Jgem 12.8 Hz, CH2-triazole), 4.69 (d, 1H, J1,2 7.8 Hz), 4.21 (dd, 1H, J5,6 6.5 Hz, J6,6' 11.2 Hz, H-6), 4.13 (dd, 1H, J5,6' 6.5 Hz, J6',6 11.2 Hz, H-6'), 3.98 (ddd, 1H, J4,5 1.0 Hz, J5,6 6.5 Hz, J5.6' 6.5 Hz, H-5), 3.92 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 2.16-1.99 (s, 12H, 4× CH3CO); 13C NMR (100 MHz, CDCl3) δ 172.8 (C-6'), 170.7-169.7 (CH3CO), 164.4 (C-2'), 158.4 (C-4'), 145,8 (C-triazole), 140.2 (Ar, CSO2), 139.7 (Ar, p-CSO2), 129.4 (Ar, m-CSO2), 120.7 (CH-triazole), 120.6 (Ar, o-CSO2), 100.7 (C-1), 85.9 (C-5'), 70.9 (C-5), 70.7 (C-3), 68.8 (C-2), 67.0 (C-4), 62.9 (C-6), 61.3 (OCH2), 55.6 (OCH3), 53.9 (OCH3), 20.8-20.6 (CH3CO).

  Deprotected product (13): 1H NMR (300 MHz, CD3OD) δ 8.69 (s, 1H, H-triazole), 8.20 (d, 2H, Jortho 9.0 Hz, Ar-H and CHCSO2NHR), 8.08 (d, 2H, Jortho 9.0 Hz, Ar-H and CHC-triazole), 6.14 (s, 1H, H-pyrimidine), 5.03 (d, 1H, Jgem 12.9 Hz, CH2-triazole), 4.90-4.86 (m, 1H, CH2-triazole), 4.38 (d, 1H, J1,2 7.5 Hz, H-1), 3.84 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 3.82 (dd, 1H, J3,4 3.5 Hz, J4,5 1.0 Hz, H-4), 3.79 (dd, 1H, J5,6 4.2 Hz, J6,6' 11.4 Hz, H-6), 3.74 (dd, 1H, J5,6' 4.2 Hz, J6',6 11.4 Hz, H-6'), 3.61-3.55 (m, 2H, H-2 and H-5), 3.47 (dd, 1H, J2,3 9.7 Hz, J3,4 3.5 Hz, H-3); 13C NMR (75 MHz, CD3OD) δ 171.7 (C-6'), 159.9 (C-2'), 159.9 (C-4'), 145.5 (C-triazole), 139.8 (Ar, CSO2), 139.5 (Ar, p-CSO2), 129.1 (Ar, m-CSO2), 122.9 (CH-triazole), 120.3 (Ar, o-CSO2), 102.8 (C-1), 84.8 (C-5'), 75.3 (C-2), 73.3 (C-3), 70.5 (C-5), 68.2 (C-4), 61.2 (C-6), 60.8 (OCH2), 54.6 (OCH3), 53.9 (OCH3); HRMS (ESI-MS) m/z, calcd. for C21H26N6O10S [M + Na]+: 577.1328, found: 557.1338.

  4-{4-[(2',3',4',6'-tetra-O-acetyl-β-d-galactopyranosyl)-oxymethyl]-1-H-1,2,3 triazol-1-yl}benzenesulfa-orthopyridine (43) and 4-{4-[(β-d-galactopyranosyl)-oxymethyl]1-H-1,2,3 triazol-1-yl}benzenesulfa-ortho-pyridine (14)

  Protected product (43): Following the general procedure using 4-azido-N-pyridin-2-yl-benzenesulfonamide (36) (55 mg), reaction time 30 min at 80 ºC. Yield: 50% (0.1 mmol). 1H NMR (400 MHz, CDCl3) δ 8.32 (dd, 1H, J 6.0 Hz, J 1.3 Hz, H-pyridine), 8.10 (d, 2H, Jortho 8.8 Hz, Ar-H and CHCSO2NHR), 8.04 (s, 1H, H-triazole), 7.80 (d, 2H, Jortho 8.8 Hz, Ar-H and CHC-triazole), 7.69 (ddd, 1H, J 9.0 Hz, J 6.2 Hz, J 1.9 Hz, H-pyridine), 7.44 (d, 1H, 'J 9.0 Hz, H-pyridine), 6.84 (dt, 1H, J 6.2 Hz, J 1.0 Hz, H-pyridine), 5.40 (dd, 1H, J3,4 3.5 Hz, J4,5 0.9 Hz, H-4), 5.23 (dd, 1H, J1,2 7.9 Hz, J2,3 10.3 Hz, H-2), 5.05 (d, 1H, Jgem 12.8 Hz, CH-triazole), 5.03 (dd, 1H, J2,3 10.3 Hz, J3,4 3.5 Hz, H-3), 4.87 (d, 1H, Jgem 12.8 Hz, CH-triazole), 4.69 (d, 1H, J1,2 7.9 Hz, H-1), 4.19 (dd, 1H, J5,6 6.5 Hz, J6,6' 11.3 Hz, H-6), 4.14 (dd, 1H, J5,6' 6.5 Hz, J6',6 11,3 Hz, H-6'), 3.97 (dt, 1H, J4,5 0.9 Hz, J5,6 6.5 Hz, H-5), 2.14-1.97 (s, 12H, 4× CH3CO); 13C NMR (100 MHz, CDCl3) δ 170.5-169.6 (CH3CO), 155.6 (C-2'), 145.6 (C-triazole), 143.3 (C-6'), 142.3 (Ar, CSO2), 139.0 (C-3'), 139.2 (Ar, p-CSO2), 128.7 (Ar, m-CSO2), 120.8 (CH-triazole), 120.5 (Ar, o-CSO2), 115.8 (C-4'), 113.9 (C-5'), 100.7 (C-1), 70.9 (C-5), 70.7 (C-3), 68.8 (C-2), 67.0 (C-4), 62.9 (C-6), 62.3 (OCH2), 20.8-20.6 (CH3CO).

  Deprotected product (14): 1H NMR (300 MHz, CD3OD) δ 8.68 (s, 1H, H-triazole), 8.04 (d, 2H, Jortho 9.0 Hz, Ar-H and CHCSO2NHR), 7.92 (d, 2H, Jortho 9.0 Hz, Ar-H and CHC-triazole), 7.86 (dd, 1H, Jmeta 5.0 Hz, Jortho 7.2 Hz, H-pyridine), 7.66 (ddd, 1H, Jmeta 1.87 Hz, Jortho 7.2 Hz, Jortho 8.7 Hz, H-pyridine), 7.21 (d, 1H, Jortho 8.7 Hz, H-pyridine) , 6.79 (dd, 1H, Jmeta 5.0 Hz, 7.0 Hz, H-pyridine), 5.01 (d, 1H, Jgem 12.8 Hz, CH2-triazole), 4.95 (d, 1H, Jgem 12.8 Hz, CH2-triazole), 4.37 (d, 1H, J1,2 7.6 Hz, H-1), 3.81-3.60 (m, 3H, H-4, H-6, H-6), 3.50-3.35 (m, 3H, H-5, H-3, H-2); 13C NMR (75 MHz, CD3OD) δ 145.9 (C-triazole), 142.4 (Ar, CSO2), 141.2-141.0 (C-5' and C-2'), 139.4 (Ar, p-CSO2), 128.4 (Ar, m-CSO2), 122.1 (CH-triazole), 120.1 (Ar, o-CSO2), 115.1-114.9 (C3' and C-4'), 102.9 (C-1), 74.9 (C-5), 72.9 (C-3), 70.4 (C-2), 68.3 (C-4), 61.1 (C-6), 60.6 (OCH2); HRMS (ESI-MS) m/z, calcd. for C20H23N5O8S [M + Na]+: 516.1267, found: 516.1163.

  Biological assays

  Trans-sialidase inhibition assay

  Trans-sialidase used in this study was a His-tagged 70 kDa recombinant material truncated to remove C-terminal repeats but retaining the catalytic N-terminal domain of the enzyme.58 Inhibition was assessed using the continuous fluorimetric assay described by Douglas and co-workers.53 Briefly, the assay was performed in triplicate in 96-well plates containing phosphate buffer solution at pH 7.4 (25 µL), recombinant enzyme solution (25 µL) and inhibitor solution (25 µL of a 4.0 mM solution). This mixture was incubated for 10 min at 26 ºC followed by addition of MuNANA (Km = 0.68 mM;53 25 µL of a 0.4 mM solution giving an assay concentration of 0.1 mM). The fluorescence of the released product (Mu) was measured after 10 min, with excitation and emission wavelengths of 360 and 460 nm, respectively, and the data were analyzed with GraphPad Prism software version 4.0 (San Diego, CA, USA). Inhibition percentages were calculated by the equation: % I = 100 × [1 - (Vi/V0)], where Vi is the velocity in the presence of inhibitor and V0 is the velocity in absence of inhibitor.

  In vitro antitrypanosomal assay

  To evaluate the antitrypanosomal activity in both trypomastigote form of T. cruzi, LLC-MK2 cell strain (ATCC) were resuspended in RPMI medium without phenol red at 2 × 103 cells well-1 and were cultured in 96-well plates for 24 h.2,55 The cells were infected with 1 × 104 trypomastigotes forms of T. cruzi Tulahuen strain stably expressing the β-galactosidase gene from Escherichia coli (Tulahuen-lacZ), and after 24 h, the synthesized compounds (8-14) and benznidazole were added at concentrations of 500.0, 250.0, 125.0, 62.5, 31.25, 15.6, 7.8 and 3.9 µM. After 4 days of culture, 50 µL of PBS containing 0.5% of Triton X-100 and 100 µM chlorophenol red-β-D-galactoside (CPRG-Sigma) were added. Plates were incubated at 37 ºC for 4 h and absorbance was read at 570 nm.59 Results of parasite viability were measured based on the catalysis of CPRG by β-galactosidase and performed in triplicates.

  In vitro cytotoxicity assay

  The cytotoxicity of compounds 8-14 was evaluated on spleen cells isolated from C57BL/6 mice, spleens were macerated in RPMI 1640 medium (Gibco-BRL Life Technologies, Grand Island, NY) and incubated for 5 min with red blood cell lysis buffer (one part of 0.17 M Tris-HCl and nine parts of 0.16 M ammonium chloride). The isolated cells were centrifuged at 1500 rpm for 10 min and resuspended in RPMI medium containing 5% fetal bovine serum (Life Technologies Inc., Bethesda, MD) and antibiotics (Sigma Chemical Co., St. Louis). The spleen cells were seeded flat-bottom 96-well plates at 6.5 × 106 mL-1 cells well-1 with different concentrations of the synthesized compounds at 37 ºC for 24 h.56 Tween 20 at 0.5% was used as cell death positive control and benznidazole (Roche) was used as a reference drug. After 24 h the cells were incubated with 10 µg mL-1 propidium iodide (Sigma) and acquired using a FACSCantoII (Becton-Dickinson Immunocytometry System Inc., San Jose, CA, USA). Data analysis was performed using FlowJo software (Ashland, Oregon, USA). The experiments were also performed in triplicates.
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    Recentes estudos demonstraram que afidicolina, metabólito secundário do fungo endofítico Nigrospora sphaerica, apresenta alta atividade contra o protozoário Leishmania major. Apesar do promissor potencial leishmanicida, a afidicolina apresenta propriedades físico-químicas e perfil farmacocinético inadequado para terapêutica. Neste sentido, uma revisão da literatura apresenta as limitadas modificações para este terpeno e ainda traz informações sobre as propriedades moleculares dos compostos já descritos e sua correlação com compostos leishmanicidas. Essa revisão forneceu uma análise racional para o desenvolvimento do derivado oxima. Uma série de derivados da afidicolina bem como o análogo oxima foram sintetizados para avaliação preliminar dos requisitos estruturais para atividade leishmanicida da afidicolina e seus derivados semisintéticos. Oito compostos foram sintetizados e testados contra diferentes espécies de Leishmania. A avaliação preliminar demonstrou alta atividade leishmanicida da afidicolina enquanto que o derivado oxima apresenta moderada seletividade contra a espécie L. braziliensis, endêmica em diversos países da América do Sul. Nenhum dos compostos apresentou citotoxicidade contra células de mamíferos.

  

   

  
    Recent studies have shown that aphidicolin, a secondary metabolite of the endophytic fungus Nigrospora sphaerica, has high activity against the protozoan Leishmania major. Despite its promising leishmanicidal potential, aphidicolin presents a therapeutically unsuitable physicochemical and pharmacokinetic profile. In this sense, a review of the literature shows the limited types of modification for this terpene. In addition, it gives an idea about the molecular properties of the compounds produced and which were correlated to leishmanicidal derivatives. This analysis provided us a rationale for the development of an oxime derivative. We synthesized the oxime-aphidicolin and a series of derivatives for a preliminary evaluation of the structural requirements for the leishmanicidal activity of aphidicolin and its semisynthetic derivatives. Eight compounds have been synthesized and tested against different species of the Leishmania protozoa. The preliminary evaluation demonstrated high leishmanicidal activity for aphidicolin, while the oxime derivative shows moderate selectivity for the L. braziliensis species, which is commonly found in several South American countries. None of the compounds showed cytotoxicity against mammalian cells.

    Keywords: diterpenes, aphidicolin, Leishmania spp., semisynthesis, molecular properties

  

   

   

  Introduction

  The World Health Organization (WHO) has identified leishmaniasis as a major neglected disease worldwide and as an increasing public health problem.1 Despite controversial classifications, there are four prevalent clinical forms of leishmaniasis that are particularly diverse: visceral leishmaniasis (VL) is usually fatal when untreated; muco-cutaneous leishmaniasis (MCL) causes mutilation; diffuse cutaneous leishmaniasis (DCL) is long-lasting due to a deficiency in the cellular-mediated immune response; and cutaneous leishmaniasis (CL) is considered a disabling disease.2

  Recently, the WHO developed the concept of disability-adjusted life years (DALYs),3 which tallies the years potentially lost due to premature mortality and the years of productivity lost due to disability. Leishmaniasis causes approximately 50,000 deaths annually and an estimated 2,357,000 DALYs, placing leishmaniasis ninth in a global analysis of infectious diseases.1 In Brazil, CL is a major public health problem, with cases reported in every state and 25,000 new cases of CL reported each year.1 Unlike other world regions in which the most prevalent species of Leishmania is L. major, L. braziliensis is the most common species in the Americas and is the primary cause of CL and MCL in Brazil.

  The first-line drugs for treating cutaneous leishmaniasis are Pentostam® (sodium stibogluconate), Glucantime® (meglumine antimoniate) and Fungizone® (amphotericin B), which have problematic toxicities/side effects, teratogenicity, increasing resistance and efficacy issues.4 Antimonials suffer from failure rates of approximately 60% after the first treatment course.5 In rural endemic areas in Brazil, the use of sodium stibogluconate to treat CL caused by L. braziliensis has been associated with decreasing cure rates,6 and CL caused by L. braziliensis has demonstrated a higher rate of therapeutic failure compared with CL caused by other Leishmania species.7

  However, despite extensive efforts, no new drugs have been released on the market recently, although diversified approaches were used. One of the strategies used in drug discovery programs involves the use of natural products. The investigation of natural products has provided an important source of novel chemical compounds in recent years,8,9 and structure-activity studies of active natural leads provide an alternative approach for developing new safe and selective leishmanicidal compounds against each Leishmania species.

  Among natural products, diterpenes have shown high activity against different Leishmania species; clerodanes have shown activity against L. donovani, abietanes against L. donovani, cassanes against L. amazonesis, labdanes against L. donovani, L. tropica, L. braziliensis, and ribenols against L. donovani.4,10,11 Besides terpene leads, semisynthetic derivatives have been widely screened against leishmaniasis12 toward better activity and pharmacokinetic profile.

  Aphidicolin (1) is a tetracyclic diterpene (C20H34O4), first described by Brundret et al. in 1972, proven to be a potent inhibitor of Herpes simplex type I growth13,14 and to prevent mitotic cell division by interfering with the activity of DNA polymerase-α.15 Considered as a natural lead, 1 was applied in several drug discovery programs that resulted in the discovery of the semisynthetic water soluble aphidicolin glycinate, which achieved clinical trials in the 1980's as a potent antitumoral.16 Later, in vivo studies revealed that 1 undergoes rapid metabolism, resulting in its inactivation and the loss of DNA polymerase-α inhibition.17 The main metabolic process, constituting > 90% of the metabolic profile, produces 3-ketoaphidicolin (7), which exhibits approximately 10% of the activity of aphidicolin in inhibiting DNA polymerase-α (Figure 1).17 Since then, 1 has been used as an important tool for studies of cell-cycle progression and DNA replication.18-20
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  Recently, 1 has been associated with antiparasitic activity. Aphidicolin 1 and semisynthetic derivatives have been screened against Leishmania spp. and 1 and analogues emerged as a leishmanicidal compounds, inhibiting the protozoa at a concentration of 0.19 µM.21 These findings, together with the known pharmacodynamics and pharmacokinetics, make 1 an interesting lead compound for leishmaniasis medicinal chemistry research programs.

  Despite the high leishmanicidal activity of 1 and derivatives, the search for new antiparasitic derivatives is not described in the literature. In fact, the semisynthesis of 1 can be considered underexplored toward lead optimization or SAR (structure-activity relationship) exploration. Therefore, this work analyzes the literature to describe the medicinal chemistry toolbox of 1, trying to congregate the semisynthetic strategies with the physico-chemical properties of known derivatives. These data provided a rationale for the discovery of 3-oxime-aphidicolin (8) as an active leishmanicidal derivative of 1, without the structural pharmacokinetic alerts that make 1 fail during clinical trials (Figure 2). Also, the oxime group keeps the free hydroxyl, which is important to test the hypothesis that it is an important group for bioactivity and biological interactions. Finally, the molecular properties to druglikeness are still in good profile in the oxime.
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  Results and Discussion

  The medicinal chemistry toolbox of aphidicolin

  The review of the literature reflects the scenario of the chemical exploration of a natural lead towards bioactive compounds. Based on the structure of 1, the search for new naturally derived hits involves semisynthetic modification. In these cases, it is possible to observe that the hydroxyls of the terpene are the main target for classic organic synthesis or biocatalysis. The modification of 1 can be divided as following (Figure 3): Type 1 - hydroxyl linear manipulation: take advantage of the hydroxyl reactivity for acylation (or similar reactions), and alkylation toward more lipophilic compounds; Type 2 - heterocyclization (for protection or scaffold modification purposes): in general, it is used as a strategy to protect specific hydroxyls during chemical modification steps, although few examples of bioactive compounds were found; Type 3 - ring cleavage: a strategy to create molecular diversity for both chemical reactivity and medicinal chemistry purposes. Simplified structures can be found; Type 4 - oxidation state modification: primary and secondary hydroxyls are oxidized changing electronic and structural properties; Type 5 - functional group introduction/modification: useful strategy to explore chemical reactivity of functional groups in the structure of 1 for more diversified structure pattern.
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  The literature fishing of chemical modification, via semisynthetic and biocatalytic reactions of 1, reveals a chemically under-exploited natural lead, without any focused study toward the medicinal chemistry of this compound (Table 1 and Table 2). More specifically, Table 1 shows the types of transformation of 1 using conventional organic semisynthesis, which reflects a prevalence of acylation and similar reactions (e.g., tosylation) at the hydroxyls of 1 (24.4% of the occurrence), specially in the hydroxyl group at C-17, which was modified in all acylation reactions listed. Another common reaction involving 1 is oxidation. Several methods have been applied, from mild methods, such as Pfitzner-Moffat, which provides aldehydes at C-17 and C-18 positions, to more drastic methods as Jones oxidation, which gives the ketone at C-3 position in addition to the aldehyde groups. The treatment of 1 - hydroxyl at C-3 and C-18 previously protected - with periodic acid, gives the corresponding ketone at C-16 position. Common protective groups are usually introduced to the structure of 1, and are responsible for 15% of the chemical modification. Azide introduction and carbon-carbon cross coupling reactions, although explored, does not correspond to important modification strategies. Interestingly, simple alkylation and halogenation are not described in the literature, which demonstrated the lack of a comprehensive knowledge of the chemical reactivity of 1. It is important to notice that substitution reactions involve mostly the electrophilic attack in 1, as the cases of protection and acylation reactions. Reactions with 1 which involves a previous deprotonating step are not described in the literature, and we noticed that an intermediated susceptible to base needs to be introduced prior to the base attack.
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  Compared to conventional semisynthesis, biotransformation of 1 is much less studied, and our literature revision found only two works describing the use of microorganisms to make structural modifications of 1. However, it is possible to see similarities between these strategies applied for the chemical transformations of 1. Biocatalyzed by both fungi and bacteria, oxidation and acylation correspond to almost all of the reactions, while epimerization and alkylation seem to be exclusively observed in previously biotransformed derivatives (Table 2). Also, similarly to classical semisynthesis, the preferred positions for biotransformation are C-3 and C-18 (Figure S1), in which the hydroxyl groups are mainly acylated or oxidized. The epimerization at C-3 is an interesting modification that, together with alkylation, occurs exclusively in the biotransformation process.

  An analysis of the reactions of 1 using classical semisynthesis and biotransformations shows differences in the type and positions modified. Although the amount of examples is higher for the classical semisynthesis, it is possible to see an expected tendency for more diversification in this approach compared to biotransformations. Supplementary Information shows the maps of transformation with the correlations between groups introduced for each two positions in the structure of 1. The maps of transformations show the correlation of type and number of modifications for each two positions. These correlations are represented by balls, which indicate the functional groups in each position and the number of examples of this modification (Figures S7 and S8).

  Analyzing the structures derived from classical semisynthesis (Figures S2-S6), it is confirmed the high diversification of groups introduced at C-17 (R_3) and C-18 (R_2), usually keeping the other hydroxyls unmodified. When multiple transformations appear, usually C-3 and C-18 are the most common sites (R_1 and R_2, respectively) reacted. On the other hand, the biotransformation derivatives tend to have C-3 (R_1) and C-18 (R_2) modified, although less diversified when compared to the classical semisynthesis. In both cases, R_4 is not so much explored, as expected for tertiary alcohols, due to steric hindrance. It is important to mention that this position is usually modified by oxidation reactions at C-16, dehydration and insertion of protective groups.

  An interesting point to highlight regarding the chemical transformations of 1 is the limitation of solvents used for conventional semisynthesis. Indeed, methanol and pyridine are the most common solvents used for the reactions of aphidicolin, which could be responsible for the limitation in the synthetic strategies. However, despite the limited panel of reactions, several structural features were explored to evaluate the medicinal chemistry potential of this class of compounds, including manipulating physicochemical properties towards more bioavailable leads.

  The chemical manipulation of 1 is usually correlated to the nucleophile characteristic of its hydroxyls, which leads to changes in the hydrogen bond type/number and other physicochemical properties. As 1 is well established in terms of pharmacokinetics, which is particularly correlated to lipophilicity (logP), size (e.g., expressed as molecular weight - MW), total polar surface area (TPSA) and the flexibility of the structure (number of rotatable bonds - RBC), we can assume that manipulations of the functional groups toward better bioavailable derivatives can be achieved considering both the structural alerts of metabolism and these properties.29,30

  We calculated these mentioned parameters of 1 and all the derivatives (Tables S1 and S2) and analyzed the differences among the strategies used to modify the natural lead. Interestingly, 1 fits the parameters of rules of five (Ro5), although the experimental data showed that after absorption it is rapidly metabolized to 3-oxoaphidicolin 7. Comparing derivatives of 1 obtained from biotransformation and classic semisynthesis it is possible to see that in average they kept the same pattern of the lead compound by fitting the parameters established for good bioavailability, although some major differences can be noticed (Table 3). Table 3 shows that both classic semisynthesis and biotransformation analogues present mean values of XLogP and molecular weight greater than 1, while it is possible to observe reduction on TPSA and hydrogen bond donor. No significant alterations are observed for hydrogen bond acceptor potential (HBA) and rotatable bond. These findings shows that chemical transformations of 1 tend to produce more lipophilic and high MW compounds without markedly changing their flexibility. These characteristics correlate to the types of transformations listed in Tables 1 and 2, where it can be found that the hydroxyls are substituted by electrophiles, reducing the H-bond donor potential of the terpene, which consequently alters the hydrophobicity of the structure, and also due to its size, volume and TPSA. Chemically, the groups introduced are acyl groups (or similar - tosyl) with aromatic rings or small aliphatic chains, which explain the low increment in rotatable bonds and high lipophilicity.
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  A brief comparison between biotransformation and classical semisynthesis shows that both strategies make more lipophilic compounds tend to increase MW and LogP. In addition, both strategies reduce hydrogen bond donor potential (HBD) and TPSA without changing HBA and RBC. Comparison to Lipinski's cutoff showed that all compounds, in average, lies into this druglikeness rule of bioavailable compounds. As the chemical manipulations tend to keep intact the basic structure of 1, it was expected that logP and MW increase, considering that alkylation, oxidation and protection were the main type of modifications in the literature. However, HBD seems to be important for the transformations as it reduces far from the cutoff (HBD < 5) in both strategies. HBD reduction contributes to higher hydrophobicity, which is typical in the modification of 1. On the other hand, alternative properties that also correlate with oral bioavailability are RBC (cutoff < 10) and TPSA (< 140 Å2). For RBC, which correlates to flexibility and escape from flat, the compounds derived from both strategies still lie into the flatland with low values of RBC. Meanwhile, TPSA sums the surface area of polar atoms in the structure and correlates well with human intestinal absorption. It is interesting to notice that classical semisynthesis reduces more the value of TPSA. Although these values respect the limits of Lipinski's rules and other parameters to good oral bioavailability, some recent data showed some properties alerts to toxicity, as TPSA < 75 and logP < 3.31

  Extracting the leishmanicidal derivatives from the literature21 and comparing the molecular properties to 1, it is possible to see in all the compounds an increase in the value of XlogP and MW, following the same pattern as previously observed during semisynthesis analysis. However, the changes vary for each leishmanicidal derivative. The most important feature is that the most active compound showed high values for both TPSA and XLogP when compared to the others, including 1 (0.19 M). This seems to be an interesting profile to be explored in the search of new leishmanicidal derivatives of 1. Also, structurally the most active compounds show free hydroxyl at C-3, an exception is seen for the acetal derivative (Figure 4).
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  Considering the underpopulated chemical space of analogues of 1, we designed a new leishmanicidal derivative guided by the alerts provided by the molecular properties and by the metabolic behavior of 1. Therefore, we developed the oxime derivative 8, maintaining the hydrogen bond donor at C-3 and introducing a functional group less susceptible to human CYP450, without remarkable changes in the main descriptors described herein. Also, we expected that oxime has a higher TPSA changing slightly other molecular properties, which should correlates to a good biological activity.

  Chemistry

  Aphidicolin 1 and 3-deoxy-aphidicolin 2 (Figure 5a) were isolated from cultures of the endophytic fungus Nigrospora sphaerica as previously described.32

   
    [image: Figure 5. (a) Natural]

  

  The 3D structure of 1 is shown in licorice view (Figure 5b). Previous work detailed the X-ray crystallography of an acetonide derivative of 1,2 which was used to confirm the structure of the natural compound.

  We have obtained the direct crystallographic data of 1 for the first time, based on an X-ray single-crystal diffraction experiment. Two molecules were observed in an asymmetric unit (Figure 6a), which was packed in an orthorhombic unit cell containing 8 molecules (4 asymmetric units) with a = 11.7093(1), b = 11.7636(2), c = 25.5233(5) Å. Additional crystallographic data and the data collection details, structural solution and refinement are summarized in the Supplementary Information data (Table S3). The molecule has a hydrophobic ‘body' composed of three 6-carbon and one 5-carbon linked rings and is bound to two methyl and two hydroxymethyl groups (Figure 6b). No solvent molecules or highly disordered atoms were observed in the unit cell. The molecules interact via hydrogen bonding between the hydroxyl groups of the molecules from different asymmetric units, generating planes perpendicular to the c-axis throughout the crystal. All bond distances and angles, fractional coordinates, equivalent isotropic displacement parameters and other relevant information can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif under deposit number CCDC 915899.
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  3-Deoxy-aphidicolin 2 was identified based on the 1H nuclear magnetic resonance (1H NMR) (500 MHz, CDCl3) spectrum that presented two singlets at δ 0.99 and 0.78, which refer to methyl hydrogens, and four signals related to carbinolic hydrogens between δ 3.05-3.47. The absence of a deshielding signal corresponding to H-3 suggests that there is no hydroxyl group at C-3 when comparing with the spectral data of 1. All spectroscopic data of 2 were comparable to those previously described.33

  The modifications of 1 were planned based on the metabolism stability and the H-bonding donor potential on C-3 position. The sites of metabolism on 1 were evaluated by consensus scoring on the basis of the softwares MetaPrint-2D-react34 and SmartCyp,35 which revealed that atoms C-3 (NOR = 0.747), C-17 (NOR = 0.251) and C-18 (NOR = 0.730) are more susceptible to CYP450 oxidation. One potential candidate obtained from this study was the derivative 8, due to the great stability on C-3 position (C-3 NOR = 0.000), and which maintains the hydroxyl group at C-3 atom indispensable for leishmanicidal activity.

  Thus, the analogues 3-10 (Figure S9) were synthesized from 1 using a series of reactions involving protectiondeprotection methodologies, oxidation, oximation and acylation. The modifications were planned in order to investigate the activity of isosteres at C-3 position and also the importance of the free hydroxyl groups of 1 for the leishmanicidal activity (Scheme 1).
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  The protection of the primary hydroxyl groups with tert-butyldimethylsilyl chloride (TBDMSCl) (2.2 eq.) catalysed by dimethylaminopyridine (DMAP) produced the derivatives 3, 4 and 5 with yields ranging from 1 to 77%.

  Diprotection is always preferred over selective monoprotection involving primary hydroxyls of 1, even when stoichiometric quantities of the reactants are used. While the diprotected derivative 3 was obtained in good yields (77%), the monoprotected derivatives 4 and 5 were obtained in low yields (about 1% each). The structure of 3 was suggested based on the 1H NMR and 13C NMR spectra, in comparison with the NMR data of 1. The 1H NMR spectra of 3 exhibited singlet signals at δH 0.90 (s, 9H), 0.89 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H) and 0.05 (s, 6H), which were not observed in the NMR spectra of

  1. In addition, the 13C NMR signals at δC -5.8, -5.4, -5.3, 15.1, 17.6, 17.9, 24.9, 25.6, 25.9 and 26.5 are indicated to refer to the methyl groups in the structure of the tertbutylsilyl protecting group. The electrospray ionization mass spectrometry (ESI-MS) analysis [M + Na]+ 589.4064 confirmed the hypothesis for the structure. The other 1H signals exhibited great similarity to those of 1. The structure of the monoprotected derivative 4 was suggested by 1H NMR (500 MHz, CD3OD) with a singlet at δ 0.89 (9H), which is related to the methyl hydrogens on the protecting group. A singlet was observed at δ 0.05 (6H), which refers to the methyl hydrogens attached to the silicon atom at C-18 position. Compound 5 exhibited a singlet at the δ 0.90 (9H) position in the 1H NMR spectrum, which indicated methyl hydrogens on the protective group. Two singlet signals appeared at δ 0.08 and 0.06, which refer to methyl groups attached to the silicon atom. We proposed that the reaction occurred at the C-18 position since there are two different signals for the methyl groups bonded to the silicon atom and the same methyl group appears as a singlet in the NMR spectra for derivative 4. This may occur due to an intramolecular interaction between the hydroxyl groups at the C-3 and C-18 positions, which may cause a conformational restriction at the protective group at C-18, affecting the chemical environment for the methyl groups. Based on these data, we suggested that derivative 5 is the monoprotected compound at C-18 position.

  The classical Jones oxidation of 3 to produced ketone 6 was carried out in moderate yields. The structure of 6 was suggested by the presence of the C=O stretching mode at 1696 cm-1 in the infrared spectrum and by the signal at δC 218.0 in the 13C NMR spectrum, which typically results from a carbonyl group. The structure of 6 was confirmed by both the absence of a signal at δH 3.61 in the 1H NMR spectrum, which refers to carbinolic hydrogen at the C-3 position, and by the ESI-MS analysis of the adduct at [M + Na]+ 587.3888.

  The deprotection of 6 with tetrabutylammonium fluoride (TBAF) in THF produced ketone 7, as confirmed by the formation of the ion [M + H]+ 337.2373 in the mass spectra. The presence of the carbonyl group at the C-3 position influenced the 1H NMR spectra, deshielding the border methylene hydrogens at the C-18 position, from δ 3.45 in the aphidicolin spectra to δ 3.71, which also confirmed the proposed 3-oxo-aphidicolin structure. The C=O stretch at 1690 cm-1 in the infrared spectra confirmed the structure of the ketone. The treatment of 7 with hydroxylamine chloride and sodium acetate yielded 8 in a 60% yield, which was confirmed by the presence of a δH 8.47 signal in the 1H NMR spectra (C=N-OH) and a δ 162.4 signal in the 13C NMR (C=N-OH). The ESI-MS [M + H]+ 352.2482 was consistent with the proposed structure.

  To obtain additional lipophilic compounds to be tested against the Leishmania species, we planned the acylation of the hydroxyl groups of 1 with acetic anhydride, catalysed by DMAP in pyridine. The steric restriction did not appear to interfere with the course of the reaction; therefore, the tri- and tetra-acetylated compounds could be isolated in modest yields. Compound 9 was identified as a tetraacetylated derivative, as confirmed by the δ 171.2, 170.8, 170.5 and 170.1 signals in the 13C NMR spectrum and the ion peak [M + Na]+ 529.2822 in the mass spectrum. The two-dimensional heteronuclear multiple-bond correlation spectroscopy (HMBC) experiment exhibits that the hydrogen at δ 4.84 (H-3) showed a correlation to the carbons C-1, C-5 and C-21 (δ 170.1). Also, it shows that the hydrogen atoms at δ 3.76 and 4.00 (H-18) are correlated to C-3 (δ 73.2), C19 (δ 17.1) and C22 (δ 171.2). The hydrogens at δ 4.53 and 4.37 (H-17) are assigned to carbons C-12 (δ 39.7), C-15 (δ 26.1), C-16 (δ 84.8) and C-23 (δ 170.8). All these observations confirmed that the hydroxyl groups reacted with acetic anhydride to form the tetra-acetylated derivative 9.

  Compound 10 presented a molecular ion peak at m/z [M + Na]+ 487.2658 in the mass spectrum, which is equivalent with the exact mass of the tri-acetylated derivative. The structure was confirmed by the two-dimensional HMBC experiment, which showed that the hydrogen atom at δ 4.81 (H-3) is correlated to the carboxyl signals at δ 170.1 (C-21), and also with the carbon at δ 26.8 (C-1) and 38.0 (C-5). Also, the hydrogens at δ 3.70 and 4.00 (H-18) showed to be correlated to carbons C-19 (δ 17.0), C-22 (δ 171.2) and C-3 (δ 73.3). The hydrogen at δ 3.95 (H-17) showed correlation to carbons at C-12 (δ 41.3), C-23 (δ 171.2) and C-16 (δ 73.2). These data provide strong evidence for the formation of 10.

  Biological evaluation

  The natural products and their semisynthetic derivatives were screened for in vitro leishmanicidal activity against the promastigote stage of L. major and L. braziliensis (Table 4), which are of epidemiological relevance worldwide. This study is the first report of the in vitro activity of aphidicolin derivatives against L. braziliensis, which is the most common cause of tegumentary leishmaniasis disease in South America. Two compounds, 1 and 8, demonstrated promising activity, with no toxicity to mammalian macrophages. The acetylated derivatives 9 and 10 did not exhibit activity against any of the tested species, which suggests that the free hydroxyl groups are important to the Leishmania target. The protected derivatives 3, 4 and 5, and compound 6 presented no activity, which corroborates previous findings that demonstrate the importance of the free hydroxyl groups at the C-17 and C-18 positions for anti-leishmanicidal activity.9 Slight activity was observed with 3-oxo-aphidicolin 7 against L. braziliensis, but not against any other species, which is in agreement with the literature and supports the theory that, as with the oxidation on C-3, modifying the ring A reduces the leishmanicidal activity.9 According to earlier studies, 3-oxo-aphidicolin 7 is inactive on mammalian cells because it is a product of the bio-inactivation metabolism in rat livers.5 Therefore, this compound could be considered a safe antiprotozoal starting point for further studies, as when modified to the oxime 8, it generated a very active compound. Since compounds 1 and 8 demonstrated higher potential for the inhibition of Leishmania growth, they were selected for cytotoxic activity studies in mammalian cells.
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  The cytotoxicity assays demonstrated that the most active compounds, 1 and 8, had no effect on the growth of normal cells (Figure 7). Because 1 and 8 demonstrated the IC50 values on promastigote cells and exhibited no cytotoxic effects on mammalian cells, they were tested against amastigotes, the stage of the parasite adapted to living in vertebrate host cells.
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  These compounds exhibited potent activity against the amastigotes (Table 5), the evolutionary form responsible for the pathological development. Compound 1 reduced the infection index of the Leishmania amastigotes by 90% at concentrations of 0.1 M, and compound 8 reduced the infection index by approximately 70% at 0.5 M (Figure 8).
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  Preliminary studies of the activity against L. donovani promastigotes were performed with natural leads 1 and 2, demonstrating IC50 values of 0.54 and 1.93 M, respectively. These results will lead to further investigations of mammalian amastigote cells when the resistance of L. donovani responsible for visceral leishmaniasis becomes a worldwide problem.10

  Molecular property analysis of 1, 2, 7 and 8

  In comparison to 1, the bioactive compounds found in this work have similar molecular properties, although bigger variations are seen for TPSA. The natural derivative 3-deoxy-aphidicolin 2 is the only example of reduced MW with leishmanicidal activity. However, low values of TPSA seem to affect the biological activity as discussed previously, although XLogP seems to be important for activity against L. major. Compound 7 has low activity against Leishmania spp. tested in this work although the molecular properties are similar to 8. This could be due to the same structural features that prevent inhibitory activity against DNA polymerase. Interestingly, 8 shows high activity against L. braziliensis which correlates with the increased XLogP and high value of TPSA, as observed for previously described leishmanicidal compounds. Also, the oxime function at C-3 in compound 8 keeps the HBD character of 1 (hydroxyl group), which in addition to other structural features discussed earlier makes it a better lead for further drug discovery studies. The main structural alert for 1 is the oxidation at C-3 that reduces the bioavailability and produces an inactive metabolite. For 8, this type of metabolism reaction is prevented due to functional group modification to the oxime, which also increases the value of TPSA, reducing the toxicology potential, as experimentally tested in this work. Also, TPSA lies within the safety values. Besides, the oxime structure allows further modifications toward more lipophilic compounds, which makes it a good lead against Leishmania braziliensis.

   

  Conclusions

  Lead discovery and chemical optimization have played important roles in the discovery of novel therapeutic agents from nature. Considering that the total synthesis of 1 has been published from different methods and mechanisms, but there are few semisynthetic derivatives described in the last decades, this is the first time that a rational analysis of the medicinal chemistry of 1 was presented. As the review of the literature provided us little information about the medicinal chemistry of 1 in neglected diseases, we congregate the molecular property analyses for druglikeness to develop 8, to prove the hypothesis that structural alerts together with molecular properties cutoffs can generate a rationale for the development of bioactive compounds. The biological results with 8 reaffirm that modifications to the A ring are not well tolerated, although the preliminary evidences indicate that the presence of a hydrogen bond donor appears to be more relevant for the maintenance of the leishmanicidal profile and gave an idea about the influence of logP and TPSA in the leishmanicidal activity. In addition, this is the first work discussing the semisynthesis of 1, which proved to be an efficient strategy and an open opportunity in hit-to-lead programs.

   

  Experimental

  General

  All chemicals and reagents were purchased from Sigma-Aldrich; the solvents were obtained from Vetec and Synth (Brazil). High-resolution mass spectra (HRMS) were obtained using an electrospray ionization time-of-flight mass spectrometer (ESI-TOF). The NMR data were recorded with a Bruker DPX-500 and DRX-300 instrument by using CDCl3 and CD3OD as a solvent and tetramethylsilane (TMS) as an internal standard. Infrared (IR) spectra were measured with a Perkin-Elmer Spectrum RX IFTIR system.

  Thin-layer chromatography was performed on silica gel 60 plates and visualized with a 0.25% solution of vanillin and sulphuric acid in ethanol followed by brief heating on hot plate. Flash chromatography was performed using silica gel 60 (230-400 mesh, Merck). All reagents were obtained from commercial suppliers unless otherwise stated.

  The literature review was made using Scifinder (CAS), using the structure of 1 as starting material in the "Search reaction" option.Also, in Scifinder we applied the following filter for results retrieving: aphidicolin + semisynthesis or aphidicolin + medicinal chemistry. The physicochemical properties for the aphidicolin and set of derivatives were calculated using the program Vortex (Dotmatics, UK).

  Synthesis

  General method for hydroxyl protection of 1 (3-5)

  Compound 1 and TBDMSCl were added to a solution of triethylamine and DMAP in dry pyridine at room temperature. The mixture was stirred for 19 h at room temperature under atmospheric N2 and then poured into a saturated NaHCO3 solution (15 mL). The mixture was extracted with ethyl acetate and the organic layer was dried using anhydrous sodium sulfate. The extract was then evaporated in vacuum, and the residue was purified by classical column chromatography (silica gel, EtOAc/hexane 2:3) to afford compounds 3, 4 and 5 as white solids. All structures were confirmed by NMR and mass spectra as described below.

  Compound 3: 436.5 mg, 77%; m.p. 115-117 ºC; 1H NMR (300 MHz, CDCl3) δ 3.62 (bs, 1H), 3.53 (d, 1H, J 10.0 Hz), 3.43 (d, 1H, J 10.0 Hz), 3.32 (m, 2H), 2.41 (d, 1H, J 12.0 Hz), 2.15 (m, 2H), 2.10 (m, 1H), 2.09 (m, 1H), 1.87 (m, 1H), 1.86 (m, 1H), 1.85 (m, 1H), 1.79 (m, 1H), 1.69 (m, 1H), 1.65 (m, 1H), 1.58 (m, 1H), 1.56 (m, 1H), 1.33 (m, 2H), 1.24 (m, 1H), 0.84 (m, 1H), 0.69 (s, 3H), 0.96 (s, 3H), 0.90 (s, 9H), 0.89 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H), 0.05 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 76.1, 73.8, 71.6, 68.3, 49.1, 41.4, 40.7, 40.1, 39.8, 33.5, 32.8, 31.3, 28.1, 26.9, 26.5, 25.9, 25.6, 24.9, 23.0, 18.3, 17.9 17.6, 15.1, -5.3, -5.4, -5.8; IR (ATR) νmax/cm-1 3496, 2956, 2926, 2856, 1696, 1465, 1257, 1088, 1060, 853, 783, 668; ESI-MS (m/z) calcd. for C32H60NaO4Si2 (M + Na)+: 589.4079; found: 589.4054.

  Compound 4: 4.9 mg, 1.1%; 1H NMR (500 MHz, CDCl3) δ 3.68 (s, 1H), 3.45 (t, 2H, J 10.0 Hz), 3.37 (d, 1H, J 11.0 Hz), 3.32 (d, 1H, J 11.0 Hz), 2.41 (dd, 1H, J 10.1 Hz), 2.08 (m, 1H), 2.00 (m, 3H), 1.86 (m, 2H), 1.65 (m, 3H), 1.59 (m, 3H), 1.47 (m, 2H), 1.25 (s, 6H), 1.12 (s, 1H), 0.98 (s, 3H), 0.89 (s, 9H), 0.69 (s, 3H), 0.05 (s, 6H); ESI-MS (m/z) calcd. for C26H48NaO4Si+ (M + Na)+: 475.3214; found: 475.3220.

  Compound 5: 5.8 mg, 1.3%; 1H NMR (500 MHz, CDCl3) δ 3.62 (br s, 1H), 3.55 (d, 1H, J 11.6 Hz), 3.44 (d, 1H, J 12.0 Hz), 3.35 (d, 1H, J 12.1 Hz), 3.32 (d, 1H, J 10.7 Hz), 2.42 (m, 1H), 2.16 (m, 2H), 2.10 (m, 2H), 2.00 (m, 4H), 1.91 (m, 3H), 1.79 (m, 3H), 1.73 (m, 3H), 1.59 (m, 7H), 0.96 (s, 3H), 0.90 (s, 9H), 0.69 (s, 3H), 0.08 (s, 3H), 0.06 (s, 6H); HRMS-ESI (m/z) calculated for C26H48NaO4Si+ (M + Na)+: 475.3214; found: 475.3213.

  (4S,4aS,6aR,8S,9S,11aR,11bR)-4,9-bis(((tertbutyldimethylsilyl)oxy)methyl)-9-hydroxy-4,11bdimethyldodecahydro-8,11a-methanocyclohepta[a] naphthalen-3(2H)-one (6)

  Pyridinium chlorochromate (PCC) (276 mg, 1.26 mmol) was added to a stirred solution of sodium acetate (86 mg, 1.03 mmol) and 3 (330 mg, 0.61 mmol) in dry dichloromethane. The mixture was stirred at room temperature for 32 h and protected from moisture with an attached CaCl2 dry tube. The mixture was filtered through a Buchner filter and eluted with diethyl ether. The residue was filtered once again through a florisil pad (4 g) and sodium sulfate (1 g) and eluted with diethyl ether. The residue was then purified via classical column chromatography (silica gel, EtOAc/hexane 2:3) to produce compound 6 as a white solid (268.8 mg, 78%). M.p. 115-117 ºC; 1H NMR (300 MHz, CDCl3) δ 3.55 (d, 1H, J 8.5 Hz), 3.40 (d, 1H, J 10.0 Hz), 3.27 (d, 1H, J 9.5 Hz), 3.18 (d, 1H, J 9.0 Hz), 2.64 (m, 1H), 2.21 (m, 2H), 2.07 (m, 2H), 1.99 (d, 1H, J 11.0 Hz), 1.89 (m, 3H), 1.64 (m, 1H), 1.43 (m, 1H), 1.37 (s, 2H), 1.24 (m, 2H), 1.19 (m, 1H), 0.90 (s, 3H), 0.84 (s, 9H), 0.82 (s, 3H), 0.79 (s, 9H), 0.00 (s, 6H), -0.05 (s, 3H), -0.07 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 218.0, 77.6 77.3, 77.1, 74.1, 70.1, 68.4, 53.0, 48.5, 41.6, 40.7, 39.3, 38.6, 37.0, 33.3, 32.2, 31.6, 30.9, 30.7, 30.0, 28.3, 26.7, 26.3, 26.1, 25.9, 25.1, 23.0, 18.7, 18.5, 18.4, 15.0, 14.4, 1.3, -5.0, -5.0, -5.30, -5.35. IR (ATR) νmax/cm-1 3496, 2956, 2926, 2856, 1696, 1465, 1257, 1088, 1060, 853, 783, 668; HRMS-ESI (m/z) calcd. for C32H60NaO4Si2 (M + Na)+: 587.3922; found: 587.3888.

  Synthesis of (4S,4aS,6aR,8S,9S,11aR,11bR)-9-hydroxy4,9-bis(hydroxymethyl)-4,11b-dimethyldodecahydro-8,11amethanocyclohepta[a]naphthalen-3(2H)-one (7)

  Compound 6 (0.45 mmol, 257 mg) in dry THF (20 mL) and tetrabutyl ammonium fluoride (3.30 mmol, 862 mg) were added to a round-bottomed flask. The mixture was stirred for 4 h, poured into water and extracted with ethyl acetate. The organic layer was then dried with anhydrous sodium sulphate and evaporated under vacuum. The residue was purified via classical column chromatography (silica gel, EtOAc) to afford the pure compound 7 as a white solid (143.8 mg, 95%). M.p. 136-138 ºC; 1H NMR (300 MHz, CD3OD) δ 3.71 (d, 1H, J 10.0 Hz), 3.48 (d, 1H, J 10.0 Hz), 3.37 (t, 2H, J 10.0 Hz), 2.70 (m, 1H), 2.35 (m, 2H), 2.22 (m, 1H), 2.17 (s, 2H), 1.98 (m, 2H), 1.74 (m, 5H), 1.71 (m, 4H), 1.57 (m, 2H), 1.41 (m, 3H), 1.32 (m, 2H), 1.24 (m, 1H), 1.17 (s, 3H), 1.00 (s, 3H); 13C NMR (125 MHz, CD3OD) δ 213.7, 73.0, 66.1, 53.5, 52.2, 50.5, 48.9, 48.8, 46.3, 45.6, 44.7, 44.3, 41.0, 38.6, 32.9, 31.5, 29.4, 26.8, 24.4, 22.3; IR (KBr) νmax/cm-1 3393, 2946, 1690, 1037; HRMS-ESI (m/z) calcd. for C10H32O4 (M + H)+: 337.2379; found: 337.2373.

  Synthesis of (4R,4aS,6aR,8S,9S,11aR,11bR, E)-9-hydroxy4,9-bis(hydroxymethyl)-4,11b-dimethyldodecahydro-8,11amethanocyclohepta[a]naphthalen-3(2H)-one oxime (8)

  Compound 7 (62 mg, 0.180 mmol) and hydroxylamine chloride (32 mg, 0.472 mmol) were added to a stirred solution of sodium acetate (36 mg, 0.43 mmol) and triethylamine (2 mL, 14.3 mmol) in pyridine and ethanol (7:3 v/v). The mixture was stirred for 24 hours, in batches at 70 ºC under a N2 atmosphere. The mixture was evaporated under vacuum, and the obtained residue was washed with water and extracted with ethyl acetate. The residue was purified via classical column chromatography (silica gel, EtOAc) to yield compound 8 as a white solid (3.9 mg, 60%). M.p. 210 ºC; 1H NMR (500 MHz, DMSO) δ 8.47 (s, 1H), 5.07 (s, 1H), 4.28 (m, 2H), 3.83 (m, 1H), 3.18 (m, 2H), 3.13 (d, 1H), 2.64 (d, 1H), 2.18 (d, 2H), 2.15 (d, 2H), 2.02 (t, 1H), 1.84 (d, 2H), 1.33 (s, 3H), 1.29 (m, 1H), 1.18 (m, 2H), 0.93 (m, 2H), 0.83 (m, 2H), 0.68 (s, 3H); 13C NMR (125 MHz, DMSO) δ 162.4, 73.4, 69.6, 67.7, 49.0, 48.3, 44.4, 41.1, 32.9, 31.2, 30.5, 28.0, 30.6, 28.0, 26.5, 25.2, 24.6, 20.9, 20.6, 18.3, 14.5; IR (KBr) νmax/cm-1 3420, 2923, 1653, 1090, 1027; HRMS-ESI (m/z) calcd. for C20H33NO4 (M + H)+: 352.2488; found: 352.2482.

  General method for acylation of 1 (9-10)

  Acetic anhydride (2.5 mmol, 0.236 mL) and dimethylaminopyridine (DMAP) (0.02 mmol, 3.0 mg) were added to a solution of 1 (0.5 mmol, 169.0 mg) in dry pyridine (10 mL). The reaction mixture was maintained under a N2 atmosphere for 24 h, and then poured into cool water. The residue was filtered and dried under vacuum, resulting in a mixture of products 9 and 10. The residue was then purified via classical column chromatography to produce a 3.9% yield of compound 9 (silica gel, EtOAc/ hexane 3:7) and 21.5% yield of compound 10 (silica gel, EtOAc/hexane 1:1) as white solids. All structures were confirmed by NMR and mass spectra as discussed below.

  (3 S ,4 S ,4a S ,6a R ,8 S ,9 S ,11a R ,11b R )-4,9-bis(acetoxymethyl)-4,11b-dimethyltetradecahydro-8,11-amethanocyclohepta[a]naphthalene-3,9-diyl diacetate (9): 1H NMR (500 MHz, CD3OD) δ 4.84 (bs, 1H), 4.53 (d, 1H, J 12.0 Hz), 4.37 (d, 1H, J 12.0 Hz), 4.01 (d, 1H, J 10.0 Hz), 3.76 (d, 1H, J 10.0 Hz), 2.80 (bs, 1H), 2.61 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.96 (m, 1H), 1.86 (m, 4H), 1.85 (m, 2H), 1.82 (m, 1H), 1.78 (m, 1H), 1.72 (m, 1H), 1.70 (m, 1H), 1.69 (m, 1H), 1.52 (m, 2H), 1.50 (m, 1H), 1.40 (m, 1H), 1.39 (m, 1H), 1.31 (m, 1H), 1.01 (s, 3H), 0.99 (s, 3H), 0.81 (m, 1H); 13C NMR (125 MHz, CD3OD) δ 171.2, 170.8, 170.5, 170.1, 84.8, 73.2, 70.7, 64.4, 48.4, 39.7, 39.6, 39.4, 38.1, 32.8, 30.7, 26.9, 26.3, 26.1, 24.3, 23.3, 22.2, 21.1, 20.8, 17.1, 14.7; HRMS-ESI (m/z) calcd. for C28H42NaO8 (M + Na)+: 529.2772; found: 529.2822.

  Synthesis of ((3S,4S,4aS,6aR,8S,9S,11aR,11bR)-3-acetoxy-9-hydroxy-4,11b dimethyltetradecahydro-8,11-amethanocyclohepta[a]naphthalene-4,9 diyl)bis(methylene) diacetate (10): 1H NMR (500 MHz, CD3OD) δ 4.81 (bs, 1H), 4.00 (d, 1H, J 10.0 Hz), 3.95 (m, 2H), 3.75 (d, 1H, J 10.0 Hz), 2.09 (m, 5H), 1.97 (m, 8 H), 1.83 (m, 6H), 1.78 (m, 2H), 1.72 (m, 1H), 1.68 (m, 1H), 1.66 (m, 1H), 1.49 (m, 1H), 1.38 (m, 1H), 1.35 (m, 1H), 1.28 (m, 1H), 1.25 (m, 3H), 1.22 (m, 1H), 0.98 (s, 6H), 0.97 (m, 1H); 13C NMR (125 MHz, CD3OD) δ 171.2, 171.2, 170.1, 73.3, 73.2, 70.7, 69.7, 48.7, 41.3, 39.7, 39.4, 39.4, 38.0, 32.3, 31.2, 28.3, 26.8, 26.5, 24.2, 23.3, 22.6, 20.8, 20.7, 20.7, 17.0, 14.8; HRMS-ESI (m/z) calcd. for C26H40NaO7 (M + Na)+: 487.2666; found: 487.2658.

  X-ray diffraction analysis

  The crystal was mounted on the goniometer of a Nonius Kappa CCD diffractometer (95 mm CCD camera on κ-goniostat) with graphite monochromated Mo Kα (λ = 0.71073 Å) radiation. The X-ray diffraction intensities (φ scans and ω scans with κ offsets) were measured with the COLLECT program36 and the reflections were integrated and scaled with the HKL Denzo-Scalepack software package.37 All reflections were used to calculate the final unit cell parameters and no absorption correction was applied. The structure was solved using direct methods implemented in SHELXS-97.38 The models were refined with anisotropic thermal parameters by full-matrix least-squares procedures on F2 using SHELXL-97.38 All the hydrogen atoms were stereochemically placed and refined with the riding model and the conformations of the methyl groups were refined by treating them as rigid bodies which were allowed to rotate around the corresponding C-CH3 bond. The programs Mercury39 and VMD40 were used to prepare the molecular graphics for publication.

  Leishmanicidal assay

  Animals

  We used 6-to-8-week-old BALB/c female mice, which were bred and maintained under standard conditions at the animal house of the School of Medicine of Ribeirão Preto, University of São Paulo, Ribeirão Preto, Brazil. All animals were handled in strict accordance with good animal practice, as defined by the relevant national and local animal welfare bodies of the University of São Paulo.

  Leishmania cultivation

  The Leishmania strain used in this study was L. braziliensis H3227 (MHOM/BR/94/H-3227), which was kindly provided by Prof Aldina Barral (Professor of Immunology, Centro de Pesquisas Gonçalo Moniz, FIOCruz-Bahia, Brazil). L. braziliensis was maintained in vitro in M199 medium and in vivo by serial passage in hamsters (Mesocricetus auratus) at the laboratory of Molecular Parasitology, Department of Molecular and Cellular Biology of Pathogen Bioagents, Faculty of Medicine, University of São Paulo, Brazil.

  Anti-promastigote assay

  The anti-promastigote assay was carried out according to the method of Dutta et al..41 We diluted 0.02-10 µM of the aphidicolin derivatives in Schneider's medium (supplemented with 10% betal bovine serum (FBS) and 2% human urine) in 96-well microplates. A total of 4 × 104 parasites were seeded per well (2 × 105 parasites per mL), and the plates were incubated at 26 ºC for 72 h. Subsequently, 100 µg of 3-(4, 5-dimethylthiazol-2-yl)-2,5diphenyl tetrazolium bromide (MTT) dissolved in 10 µL of phosphate buffered saline (PBS) were added per well, and the plates were incubated at 37 ºC for 4 h. Following incubation, the plates were centrifuged at 3000 × g for 5 min, the supernatant was removed, and precipitated formazan was dissolved in 100 µL of dimethyl sulfoxide (DMSO). The absorbance was measured at 492 nm, and the data for 2 assays performed in triplicate were analyzed by using Graph Pad Prism 4.0 software.

  Determination of cytotoxicity against mammalian cells

  Cytotoxicity was determined by using the MTT assay, as described above. Briefly, BALB/c mice were injected with 5% thioglycolate medium. After 72 h, murine peritoneal cells were harvested in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco Invitrogen Corporation, New York, USA), pH 7.6. A total of 1 × 105 cells were plated on coverslips in 96-well plates and allowed to adhere for 12 h at 37 ºC in an atmosphere of 5% CO2. Macrophages were incubated with 0.032-12.5 µM of the aphidicolin derivatives for 48 h at 37 ºC in 5% CO2. Control cells were incubated in DMSO without drugs. Analysis of the mean of 2 assays performed in triplicate was carried out with Graph Pad Prism 5.0 software.

  Determination of the in vitro infection index

  Peritoneal macrophages from BALB/c mice were obtained as described above. A suspension of 5 × 105 cells in RPMI 1640 medium was distributed on glass coverslips (13 mm diameter) in 24-well plates and incubated for 1 h at room temperature. Non-adherent cells were removed by rinsing the cover slips with RPMI 1640. Adherent cells were incubated in RPMI 1640 (supplemented with 10% FBS [Gibco, Brazil], 100 UI per mL penicillin, and 0.1 mg per mL streptomycin) and infected with 10 L. braziliensis promastigotes per macrophage for 6 h at 37 ºC in 5% CO2. The aphidicolin derivatives to be tested were subsequently added at a concentration of 6 µM. After a 48 h incubation at 37 ºC, the coverslips were washed with PBS, stained by using the Panótico Rápido LB kit (Laborclin, Paraná, Brazil), dried, mounted on glass slides with Tissue-Tek® mounting medium (Sakura Finetek Europe B.V., Alphen aan den Rijn, Holland), and examined microscopically. The number of infected macrophages and the average number of parasites per macrophage were determined for 200 cells. The results were expressed as the infection index, which is the percentage of infected macrophages multiplied by the average number of amastigotes per macrophage. The negative controls were non-treated infected macrophages. The positive controls were infected macrophages treated with Geneticin [10 µg per mL]. Analysis of the mean of 2 assays performed in duplicate was carried out with Graph Pad Prism 5.0 software.

   

  Supplementary Information

  Supplementary information (Figures S1-S37 and Tables S1-S2) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Dando continuidade as pesquisas de identificação de metabólitos secundários com propriedades anti-infecciosas potenciais a partir de espécies de plantas dos biomas brasileiros, dois alcaloides piperidínicos (-)-cassina e (-)-espectalina foram isolados das flores de Senna spectabilis (sin. Cassia spectabilis). As estruturas destes compostos foram elucidadas a partir de dados espectroscópicos e espectrométricos. Adicionalmente, esses alcaloides foram acetilados, resultando nos derivados (-)-3-O-acetilcassina e (-)-3-O-acetilespectalina. Todas as substâncias foram submetidas ao bioensaio empregando culturas de eritrócitos, infectadas com Plasmodium falciparum, um teste específico para avaliação antimalárica. Dentre as substâncias avaliadas, os dois primeiros alcaloides (IC50 1,82 µM e IC50 2,76 µM) foram mais potentes que os derivados (IC50 24,47 µM e IC50 25,14 µM) em comparação com a cloroquina (IC50 0,30 µM), utilizada como padrão. Estes dados mostram que os alcaloides piperidínicos constituem uma classe de produtos naturais que apresenta amplo espectro de atividades biológicas, sendo portanto, importantes modelos para o planejamento de fármacos, incluindo os antimaláricos.

  

   

  
    In our continuing work looking for new anti-infective lead compounds from Brazilian biomes, the two known piperidine alkaloids (-)-cassine and (-)-spectaline were isolated from the flowers of Senna spectabilis (syn. Cassia spectabilis). Their structures were elucidated using a combination of spectroscopic and spectrometric data analysis. Further, these compounds were acetylated yielding the derivatives (-)-3-O-acetylcassine and (-)-3-O-acetylspectaline. All compounds were screened against P. falciparum-infected red blood cells (RBC) in culture, aiming to identify antimalarial prototypes. Among all compounds screened, the first two alkaloids (IC50 1.82 µM and IC50 2.76 µM) were more effective than the derivatives (IC50 24.47 µM and IC50 25.14 µM) in comparison to the standard compound chloroquine (IC50 0.30 µM). These data show that piperidine alkaloids constitute a class of natural products that feature a broad spectrum of biological activities, and are, therefore, important templates for drug design, including antimalarial.

    Keywords: piperidine alkaloids, Senna spectabilis, semisynthetic derivatives, antimalarial activity, Plasmodium falciparum

  

   

   

  Introduction

  Malaria, a life-threatening disease caused by Plasmodium parasites, infects and destroys red blood cells, leading to fever, severe anemia, and cerebral malaria and if untreated may cause death. It is estimated that 3.3 billion of the world's population living in 109 countries are at risk of contracting this serious and often life-threatening disease. In recent statistics, malaria accounts for ca. 250 million clinical cases and nearly 1 million deaths each year, the great majority of which occur in children younger than 5 years of age and in young, pregnant women, which are more frequently attacked because of the lower immunological protection.1 The global malaria map has been shrinking over the past 50 years and this disease, affecting societies, by interfering with educational accomplishments, and causing serious economic problems, remains a devastating disease largely because of widespread drug resistance.2 Without regular monitoring and reporting of antimalarial drug resistance, the disease burden and the economic costs of malaria will rise dramatically.1 Therefore, new drugs and a better understanding of the mechanisms of drug action and resistance are essential for fulfilling the promise of eradicating malaria. Chloroquine is the most widely used antimalarial drug, but the emergence of drug-resistant parasites is rapidly reducing its effectiveness as a single agent. It is now most effective as part of an artemisininbased drug combination. In this case, the parasite evolved a way to pump out chloroquine before the drug could accumulate to levels that would interfere with a process known as heme polymerization (which is needed to prevent the buildup of the toxic by-products of hemoglobin metabolism).3 Chloroquine remains effective only in Central America, where clinical studies in Honduras and Nicaragua have confirmed its 100% efficacy.1 In an analysis based on published studies conducted in 30 countries, the median treatment failure rates were high to extremely high (19.8-100%) in all the countries except Honduras, Malawi and Nicaragua (0-1.3%). In India, monitoring of chloroquine continued until 2008 despite consistently high failure rates.4 Quinine-resistant P. falciparum was first reported in 1910 in Brazil. Today this parasite is resistant in most endemic areas to the widely used blood schizonticide, chloroquine. Many strains are resistant also to antifols (e.g., pyrimethamine, proguanil) and some are also no longer eliminated by quinine. Therefore, it is essential to search for radically new compounds, for drugs that reverse chloroquine resistance and for new strategies to impede the progress of this problem.

  As part of our ongoing research project on Senna and Cassia species prospecting for new bioactive piperidine alkaloids,5-10 a further investigation on the flowers of Senna spectabilis (D.C.) H.S. Irwin and R.C. Barneby (Fabaceae, Caesalpinioideae) was carried out, in the hope of finding new unusual piperidine alkaloids in an EtOH extract of these flowers and to evaluate their action as antimalarial agents. To this end, this extract was subjected to successive liquid-liquid partitioning, which yielded a chloroformic alkaloidal fraction. This fraction was chromatographed using a combination of flash chromatography followed by high-performance liquid chromatography (HPLC) separations and afforded the two piperidine alkaloids ((-)-cassine (1) and (-)-spectaline (2), Figure 1). Further, the acetyl derivatives (-)-3-O-acetylcassine (3) and (-)-3-O-acetylspectaline (4) were prepared from 1 and 2, respectively (Figure 1), in greater amounts since on previous works they were identified as a mixture of two homologous piperidine alkaloids and 4 was isolated in very low yield from S. spectabilis.6,7 These compounds were then assessed for their antimalarial inhibitory activity by means of flow cytometry screening assay.11
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  Experimental

  General experimental procedures

  Optical rotations were measured with a 341 LC polarimeter (PerkinElmer) at 28 ºC. Melting points were recorded on a differential scanning calorimeter (DSC) TA Instruments DSC-Q10 apparatus and are uncorrected. Infrared (IR) spectra were registered on a Nicolet iS10 FT-IR spectrometer coupled with an attenuated total reflectance (ATR) accessory (the samples were pressed against a crystal of Ge). The 1D (1H, 13C, and distortionless enhancement by polarization transfer (DEPT)) and 2D (1H-1H correlation spectroscopy (COSY), heteronuclear multiple quantum coherence (HMQC), and heteronuclear multiple bond correlation (HMBC)) nuclear magnetic resonance (NMR) experiments were accomplished on a Varian INOVA 500 spectrometer (11.7 T) at 500 MHz (1H) and 125 MHz (13C), at 30 ºC, using tetramethylsilane (TMS, δTMS 0.00 ppm) as internal standard or residual solvent resonances of methanol-d4 at δ 3.30 and 49.0 ppm or chloroform-d at δ 7.26 and 77.0 ppm, as reference for 1H and 13C, respectively. High-resolution mass spectra (HRMS) with electrospray ionization (ESI) were measured on an ultrOTOFQ (Bruker Daltonics) apparatus operating in the positive mode. The samples were infused into the ESI source at a flow rate of 5 µL min-1 and methanol/water (4:1) was used as solvent system.

  Column chromatography (CC) was carried out on silica gel (70-230 mesh, Acros) and neutral alumina (70-290 mesh, Sigma). Thin-layer chromatography (TLC) was performed on silica gel F254 plates (0.20 mm, Fluka), and spots were visualized under UV light (254 and 366 nm) and spraying with iodochloroplatinate reagent (Merck) or anisaldehyde-H2SO4, followed by charring for 5 min, prepared as described in the literature.12 Analytical and preparative HPLC separations were accomplished on a Shimadzu CLASS-VP instrument equipped with a binary pump model LC-8A, a UV-Vis detector model SPD-10Avp, an evaporative light scattering detector model ELSD-LT, a fraction collector model FRC-10A, and an automatic sample injector model SIL-10AF and controlled with the aid of an LC workstation CLASS-VP version 6.14 SP2 software. The columns used were a Phenomenex Gemini C18 (250 × 4.60 mm, 5 µm) and a preparative Phenomenex Synergi Hydro C18 80 Å Axia Packed (100 × 21.20 mm, 4 µm) protected with the corresponding guard columns. All solvents utilized in the experimental procedures were HPLC-grade or had been previously distilled. Water was purified immediately prior to use with a Millipore Milli Q plus system.

  Plant material

  Leaves of S. spectabilis were collected by M. Pivatto in Araraquara (São Paulo, Brazil), in July 2010. The plant was identified by Inês Cordeiro from Instituto de Botânica in São Paulo-SP, Brazil. A voucher specimen (SP 384109) has been deposited in the herbarium of this institute.

  Extraction and isolation

  The dried and powdered flowers (950.0 g) were extracted with aqueous 95% ethanol (9 L × 5) for seven days at room temperature. The solvent was removed under reduced pressure in a rotary evaporator to yield a thick syrup (184.0 g). The crude ethanol extract (100.0 g) was reconstituted in MeOH-H2O (4:1, 500 mL), filtered, and successively partitioned with n-hexane (250 mL × 5, 5.5 g), CH2Cl2 (250 mL × 5, 25.8 g), and EtOAc (250 mL × 5, 10.3 g). After removal of solvent, the CH2Cl2 extract (8.0 g) was subjected to CC over neutral alumina, eluting with a gradient of increasing MeOH in CHCl3 (10-100%), to produce twenty fractions (F1-F20, Supplementary Information Figure S1) on the basis of TLC analysis. Fraction F1-4 (1.76 g) was further fractionated via silica gel CC, eluting with CHCl3-MeOH-NH4OH (9:1:0.25), to yield two pure compounds, 1 (F16-17, Rf 0.58, m/z 298, 54.8 mg) and 2 (F3-4, Rf 0.58, m/z 326, 44.9 mg), and a mixture of 1 and 2 (F5-15, Rf 0.58, m/z 298 and 326, 575.9 mg) on the basis of TLC and MS analysis (Figure S2). The mixture containing 1 and 2 was submitted to semipreparative HPLC on RP-C18 and eluted with a gradient of increasing MeOH in 0.1% HOAc aqueous solution (35-100, flow rate 8.0 mL min-1, 25 min), which furnished the pure alkaloids 1 (tR 11.6 min, 120.0 mg) and 2 (tR 15.2 min, 15.0 mg) (Figures S4-S7).

  General procedure for the synthesis of compounds 3 and 4

  To a solution of 1 or 2 in chloroform was bubbled a stream of hydrogen chloride gas generated in a modified Kipp's apparatus (30 min) to prepare (-)-cassine hydrochloride and (-)-spectaline hydrochloride (Figure S61).

  To a solution of the hydrochloride of 1 (20.0 mg, 0.07 mmol) or 2 (20.0 mg, 0.06 mmol) in chloroform (5 mL) was added acetyl chloride (0.25 mL), and the mixture was refluxed for 4 h under nitrogen atmosphere, followed by quenching with saturated NaHCO3 aqueous solution and extracted with CHCl3 (10 mL × 3). The organic layer was dried over anhydrous magnesium sulfate. The dried solution was filtered and the filtrate was concentrated under reduced pressure to afford the desired products 3 (22.0 mg, 97.5% yield) and 4 (21.4 mg, 96.1% yield) as white solids.

  (-)-Cassine (1): white solid; [image: Equation 01] -0.62 (c 8.0, EtOH); m.p. 54.3 ºC (97.0% purity); IR (film) νmax/cm-1 3203, 2918, 2852, 1709, 1541, 1392, 1159, 1024, 957, 721, 650; 1H and 13C NMR data, see Table 1; HRMS m/z 298.2748 [M + H]+ (calcd. for C18H36NO2: 298.2746); TLC Rf 0.64 (9:1:0.25CHCl3-MeOH-NH4OH).13

  
    

    [image: Table 1. NMR Spectroscopic]

  

  (-)-Spectaline (2): white solid; [image: Equation 02] -3.35 (c 1.0, CHCl3); m.p. 67.7 ºC (93.3% purity); IR (film) νmax/cm-1 3089, 2916, 2848, 1707, 1471, 1425, 1356, 1157, 1074, 993, 912, 856, 787, 719, 698, 596; 1H and 13C NMR data, see Table 1; HRMS m/z 326.3056 [M + H]+ (calcd. for C20H40NO2: 326.3054); TLC Rf 0.64 (9:1:0.25 CHCl3-MeOH-NH4OH).6,13

  (-)-3-O-Acetylcassine (3): pale yellow oil; HRMS m/z 340.2852 [M + H]+ (calcd. for C20H38NO3: 340.2852); TLC Rf 0.79 (9:1:0.25 CHCl3-MeOH-NH4OH).7

  (-)-3-O-Acetylspectaline (4): pale yellow oil; HRMS m/z 368.3159 [M + H]+ (calcd. for C22H42NO3: 368.3165); TLC Rf 0.79 (9:1:0.25 CHCl3-MeOH-NH4OH).6,7

  In vitro culture of Plasmodium falciparum (3D7)

  Parasites were cultured and synchronized as described previously.14 In brief, parasites were maintained at 1-10% parasitemia and 2% hematocrit in Roswell Park Memorial Institute (RPMI) 1640 culture medium supplemented with erythrocytes, 10% human serum, 0.16% glucose, 0.2 mM hypoxanthine, 2.1 mM L-glutamine and 22 mg mL-1 gentamycin. Cultures were incubated at 37 ºC, 3% O2, 3% CO2 and 94% N2. Synchronization of parasites in culture to ring stages was carried out by repetitive treatment with 5% (m/v) sorbitol. Parasite growth and parasitemia were monitored by assessing Giemsa-stained blood smears under the microscope.

  Drug treatment

  Drug treatment experiments were conducted in 96-well plates with different concentrations of each drug in triplicate for each concentration. For this assay, 1% parasitemia and 2% hematocrit were set for each well and 200 µL of RPMI with 10% human serum and drug were added. The parasites were exposed to the drug and the 96-well plates were incubated for 48 h.

  Flow cytometry analysis

  Sample analysis was done according to an already published report.11 In brief, after 48 h incubation, the plates were centrifuged at 3000 rpm for 5 min and the RPMI medium was removed. Any traces of drug were washed with phosphate buffered saline (PBS) solution (pH 7.2-7.4). The sample was incubated with 2% formaldehyde in PBS for 24 h to fix the parasite. After fixation, the samples were washed with PBS again. Permeabilization and staining was done with 0.1% Triton-X100 and 5 nM YOYO-1 dye (Molecular Probes).15 This was done by incubating the sample reaction mixture at 37 ºC for 30 min. Parasitemia and proportions of parasites at each concentration of all drugs and control samples (without drug treatment) were determined from dot plots [side scatter (SSC) vs. fluorescence] of 105 cells acquired on a FACS Calibur flow cytometer using CELLQUEST software (Becton & Dickinson). YOYO-1 was excited with a 488 nm argon laser and fluorescence emission was collected at 520-530 nm. Parameters subject to adjustment of the FACS Calibur flow cytometer were forward scatter (FSC) (log scale, E-1), SSC (log scale, 269), FL-1 (log scale, 530), and compensation parameters were FL1 - 0.8% FL2 and FL2 - 23.6% FL1.11

  Statistical analysis

  GraphPad Prism (GraphPad Software) software was used for statistical analysis to calculate IC50 values. At least three independent experiments were performed for each experimental condition (Tables S1-S5).

   

  Results and Discussion

  (-)-Cassine 1 was isolated as an optically active, white solid, with m.p. 54.3 ºC. Its molecular weight was measured by HRMS, and the molecular formula was established as C18H35NO2, which inferred two degrees of unsaturation. The observed protonated molecular ion at m/z 298.2748 [M + H]+ was close to the value calculated for C18H36NO2, 298.2746. The IR absorption bands were assigned to hydroxy (3203 cm-1) and carbonyl (1709 cm-1) functionalities. Examination of the 1H, 13C, and DEPT NMR spectra recorded in chloroform-d (Table 1) showed the presence of a 2,3,6-trisubstituted piperidine ring. It was possible to observe a double quadruplet at δ 2.82 (1H, J2,7 6.5 and J2,3 1.0 Hz, H-2, δC 56.20), a broad singlet at δ 3.59 (1H, H-3, δC 68.04), two methylenes at δ 32.11 (2H, δH 1.91, H-4a and δH 1.51, H-4b), and δ 25.78 (2H, δH 1.50, H-5a and δH 1.40, H-5b), a multiplet at 2.59 (1H, H-4a, δC 57.60), and a methyl group at δ 1.16 (d, J2,7 6.5 Hz, H-7, δC 18.52). Additionally, 13C NMR data evidenced ten methylenes at δ 36.71 (C-1', δH 1.50, H-1'a and δH 1.40, H-1'b), 25.99 (C-2', δH 1.30), 29.72 (C-3', δH 1.26), 29.64 (C-4', δH 1.26), 29.76 (C-5', δH 1.26), 29.60 (C-6', δH 1.26), 29.39 (C-7', δH 1.26), 29.95 (C-8', δH 1.26), 24.09 (C-9', δH 1.56), 44.04 (C-10', δH 2.41, t, J 7.0 Hz), a carbonyl at δ 209.63 (C-11'), and a methyl group at δ 30.07 (C-12, δH 2.13, s), which suggested the presence of a long linear side-chain, typical of the structural feature of piperidine alkaloids, as assembled for 1. Furthermore, the side-chain (C-1'-C-12') attached at C-6 of the piperidine nucleus was also confirmed by an HMBC NMR experiment. Three-bond correlations were observed from H-5 to C-1', H-1' to C-5, and H-6 to C-1'and C-2' (Figure 2), supporting a 2-methyl-3-hydroxy-6-n-alkyl piperidine substitution pattern. The methyl-ketone at the end of the straight side-chain (C-11') and the methyl group at C-2, were also defined by HMBC data analysis, for which the main correlations are represented in Figure 2. The relative configuration of C-2, C-3 and C-6, were established by spectroscopy, particularly from their hydrogen-hydrogen coupling constants and nuclear Overhauser effect spectroscopy (NOESY) 1D correlations observed when H-2 (δ 2.82) was irradiated to show correlations with H-3 (δ 3.59), H-4b (δ 1.51) and H-6 (δ 2.59) (Figure S34). Furthermore, polarimetric analysis ([image: Equation 03] -0.62) confirm the absolute stereochemistry which was established by Rice and Coke.13 The overall data analysis confirms the structure of the piperidine alkaloid 1 as (2R,3R,6S)-2-methyl-6-(11-oxododecyl)piperidin-3-ol, named (-)-cassine.

   
    [image: Figure 2. Key COSY]

  

  (-)-Spectaline 2 was also isolated as an optically active, white solid, with m.p. 67.7 ºC. Its molecular weight was measured by HRMS, and the molecular formula was established as C20H39NO2, which implied two degrees of unsaturation. The observed protonated molecular ion at m/z 326.3056 [M + H]+ was close to the value calculated for C20H40NO2, 326.3054. The IR absorption bands were assigned to hydroxy (3089 cm-1), and carbonyl (1707 cm-1) functional groups. Analysis of the 1D and 2D NMR data collected for 2 (Table 1; Figure 2) confirmed the same substitution pattern for 1, except for two more methylene groups on the straight side-chain at C-6. Therefore, it had the same stereochemistry and structural features of 1 which was (2R,3R,6S)-2-methyl-6-(13-oxotetradecyl)piperidin-3-ol (Figure S57).

  The two natural products and semisynthetic derivatives were assessed for their antimalarial inhibitory activity using flow cytometry test. Among them, 1 (IC50 1.82 µM) and 2 (IC50 2.76 µM) were more effective (IC50 < 5.00 µM) than 3 (IC50 24.47 µM) and 4 (IC50 25.14 µM) in comparison with the standard compound chloroquine (IC50 0.30 µM) (Figures 3-7), which led us to deduce a moderate activity against P. falciparum 3D7 strain for the tested alkaloids (1 and 2). Some evidence on the structural features of these compounds, as the size of the straight side-chain combined with the values found for inhibitory concentration showed that the compounds with shorter side-chain (1 and 3) were more effective against P. falciparum, in comparison with the homologous (2 and 4). Additionally, the acetyl group in the parent structures at 3-O positions (3 and 4) reduced the antimalarial effectivity of the alkaloids. These findings were in agreement with a biological criterion established by Nwaka et al.16 to screening for hit-to-lead compounds as antimalarial agents. According to the author, all compounds with an in vitro IC50 ranging from 1 to 10 µM can be classified as a 'hit'. These findings suggest 1 and 2 as examples of hits, and thus are potential candidates for further investigations aiming natural antimalarial drugs. To reinforce this statement a recent work reported piperidine alkaloids as antimalarial agents.17 Furthermore, the alkaloids described here show a novel structural scaffold when compared to other natural products clinically used, like quinine or artemisinin and their derivatives, oppening a new window for further studies on drug discovery and lead optimization for innovative antimalarial medicines.

   
    [image: Figure 3. IC50 value of (-)-cassine]

  

  
    [image: Figure 4. IC50 value of (-)-spectaline]
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  Conclusions

  Nowadays, malaria remains one of the most widespread infectious diseases causing thousands of deaths around the world and one of the major problems is the growing parasite resistance to current antimalarial drugs. This study reports the antimalarial activity of two piperidine alkaloids (1 and 2) isolated from Senna spectabilis and two semisynthetic derivatives (3 and 4). The natural compound with shorter side chain (1) is more effective against P. falciparum. Addition of acetyl group to the parent structures at 3-O positions (3 and 4) reduced the antimalarial effectivity of alkaloids. According to these data, the alkaloids were chemical hits and potential candidates for further investigations.

   

  Supplementary Information

  Supplementary data (Figures S1-S61, Tables S1-S5), including TLC plates as well as DSC analysis, IR, high-resolution mass, 1H and 13C NMR and selected 2D spectra for compounds 1 to 4, are available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    As lignanas tetraidrofurânicas são metabólitos secundários com reconhecida atividade antiprotozoária. Na literatura, há vários relatos sobre os efeitos anti-parasitários de análogos sintéticos de lignanas contendo pontes de enxofre. Neste trabalho, foi realizada a síntese de análogos tiofênicos de lignanas com o uso de uma estratégia sintética seletiva e de alto desempenho baseada na reação de acoplamento cruzado de Negishi. Os derivados sintéticos foram obtidos de maneira rápida e apresentaram alto grau de pureza e baixa toxicidade para uma linhagem celular de mamífero e atividade leishmanicida com diferentes potências.

  

   

  
    Lignans represent a well-known group of natural products with anti-protozoal activity. In the literature there are many examples of the anti-parasitic activity of synthetic analogues of lignans containing sulphur bridges. In this work, we have obtained thiophene-based analogues by using a selective and high performance synthetic strategy based on the Negishi cross-coupling reaction. The derivatives were quickly obtained and showed great purity, low toxicity toward a mammalian cell line, and leishmanicidal activity with different potencies.

    Keywords: thiophene, leishmanicidal, Negishi reaction, cross-coupling, green chemistry

  

   

   

  Introduction

  Leishmaniasis is a serious disease caused by different protozoan parasites of Leishmania genus and this disease can be represented by a large spectrum of symptoms such as cutaneous lesion and fatal visceral infection.1 Data from World Health Organization (WHO) estimated that leishmaniasis threatens 350 millions of people and it is responsible for about 2 million clinical cases each year in 88 countries.2 The countries with high prevalence of leishmaniasis are subtropical and development countries, for example, India, Sudan, Bangadesh, Nepal and Brazil.2

  The treatment of leishmaniasis is based on pentavalent antimony compounds, which may be represented by sodium stibogluconate (Pentostam®) or meglumine antimoniate (Glucantime®). These antimony compounds are widely prescribed despite their severe side effects in the heart, kidney, pancreas and liver, high cost, difficult administration and increase of parasite resistance.3-5 Other drugs such as amphotericin B, pentamidine and metilfosine are used in leishmaniasis treatment. However, the clinical use of these drugs are limited because of their toxicity, adverse side effects and high cost.4,6

  Currently, there is an important demand for the development of new treatments against leishmaniasis, which have primarily features as inexpensive, potent, safe and easy administration. The drugs of choice for the treatment of leishmaniasis, such as pentavalent antimonials (sodium stibogluconate and meglumine antimonates), miltefosine, and pentamidine are toxic to the host. Some forms of administration (injections) or different formulations developed to reduce toxicity, increase the expense of the treatment and makes the use of the drug less practical in developing nations, where leishmaniasis are endemic and cost is a major factor.7,8

  Therefore, in order to solve these problems, studies aiming the discovery of new drugs against leishmaniasis are necessary and may provide treatments that could be more efficient for population and reduce the economic impact of this disease in endemic countries. Lignans and neolignanas are included in the potential natural products for the treatment of neglected diseases.9,10 From the Brazilian biodiversity, there are some papers that report the anti-protozoal activity of lignans from Virola pavonis and Virola surinamensis.11,12 For example, Barata et al. showed the highest selective activity for lignans analogues with sulphur bridges than those structures isolated from V. pavonis.11

  Recently, some new compounds containing the thiophene ring in their structure have demonstrated high leishmanicidal activity. For instance, Takahashi et al. have isolated thiophene derivatives with leishmanicidal activity from Porophyllum ruderale (Jacq.) Cass. These molecules have exhibited strong activity against promastigote and axenic amatigote forms of L. amazonensis.13 On the other hand, Ram et al. have synthesized some potent thiophenes and thieno[3,2-c]pyran-4-ones displaying 95-100% growth inhibition of promastigotes of L. donovani.14 Similarly, Mohareb et al. have also investigated the anti-leishmanial activity of new aromatic thiophenes.15

  Due to the growing interest on thiophene-based compounds presenting biological activity, the preparation of functionalized derivatives is of great importance. In this context, the construction of carbon-carbon bonds using selective strategies has been a major target on synthetic organic chemistry. Palladium catalysed coupling reactions are among the most important reactions for the functionalization of aromatics and heterocyclic substrates.16 The Nobel Prize in Chemistry 2010 was awarded jointly to Richard F. Heck, Ei-ichi Negishi and Akira Suzuki for their contributions on the development of efficient and versatile palladium-catalyzed coupling reactions.17

  Among the strategies commonly used for doing new C-C bonds, the Negishi cross-coupling reaction has been highlighted, mainly in the preparation of biaryl compounds.18 In addition, this strategy has already been successfully used for the arylation of tiophenes, and different methodologies have been applied to improve this reaction.19 For example, Genov et al. have reported a greener protocol by using a microwave assisted Negishi cross-coupling reaction that led to the rapid enantioselective synthesis of binaphthalene derivatives in reasonable to excellent yields in few minutes.20

  In this work, we have applied the Negishi reaction in the synthesis of thiophene-based analogues of lignans 2-(4-chlorophenyl)-5-phenylthiophene (5a) and 2,5 bis(2- methoxyphenyl)thiophene (5b) and evaluated their leishmanicidal effect against Leishmania amazonensis promastigotes. In addition, we have also evaluated the impact of these compounds on mammalian cell viability.

   

  Experimental

  General procedure for the preparation of (3a-3b)

  To a 30 mL sealed flask equipped with a magnetic stirring bar and under a nitrogen atmosphere was added a solution of thiophene (5 mmol) in THF (10 mL). This solution was cooled to -78 ºC and n-BuLi (5.5 mmol, 1.1 equiv; C = 2.47 mol L-1) was added dropwise. After the addition was complete, the reaction mixture was warmed to 0 ºC and stirred at this temperature for 1 h. Then this solution was cooled to -40 ºC and a solution of ZnCl2 in THF was added (1 mol L-1, 5.5 mmol, 5.5 mL). After 15 min, a solution of Pd2(dba)3 (2 mol%) e P(ofuril)3 (4 mol%) in THF (2.5 mL) and a solution of corresponding aryl halide (7.5 mmol, 1.5 equiv.) were added and irradiated at 100 ºC, in a microwave Antoon Paar Monowave 3000. After 45 min, the reaction mixture was quenched with saturated aqueous NH4Cl (40 mL) and extracted with AcOEt (3 × 50 mL). The solvent was evaporated under vacuum and the crude product was purified by flash chromatography (Hex.).

  2-(2-methoxyphenyl)thiophene (3a):21 From 2-iodoanisole; yield 89%; brown solid; 1H NMR (400 MHz, CDCl3) δ 7.54-7.52 (dd, 1H, J1 7.6, J2 1.6 Hz, C6H4), 7.39-7.38 (dd, 1H, J1 3.6, J2 1.2 Hz, H3), 7.21-7.19 (dd, 1H, J1 5.2, J 2 1.2 Hz, H5), 7.14-7.12 (m, 1H, C6H4), 6.98-6.96 (dd, 1H, J1 5.2, J2 3.6 Hz, H4), 6.90-6.84 (m, 2H, C6H4), 3.79 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 155.4, 139.3, 128.5, 128.2, 126.7, 125.3, 125.2, 123.2, 120.8, 111.5, 55.4; MS (ESI, 70 eV) m/z 190 (M+, 100%), 175 (42%), 157 (18%), 147 (65%), 131 (30%), 121 (10%), 115 (17%), 103 (15%), 77 (15%), 69 (12%), 63 (10%); HRMS (ESI) m/z 191.0522 ([M + H]+ calcd. for C11H10SO: 191.0531).

  2-phenylthiophene (3b):22 From iodobenzene; yield 85%; brown solid; 1H NMR (400 MHz, CDCl3) δ 7.51-7.49 (m, 2H), 7.27-7.23 (m, 2H), 7.19-7.13 (m, 3H), 6.96-6.94 (dd, 1H, J1 4.8, J2 3.6 Hz, H4); 13C NMR (100 MHz, CDCl3) δ 144.3, 134.3, 128.8 (2C), 127.9, 127.3, 125.8 (2C), 124.7, 123.0; MS (ESI, 70 eV) m/z 160 (M+, 100%), 128 (13%), 121 (5%), 115 (40%), 89 (8%), 77 (6%), 63 (7%); HRMS (ESI) m/z 161.0433 ([M + H]+ calcd. for C10H8O: 161.0425).

  General procedure for the preparation of (5a-5b)

  To a 30 mL sealed flask equipped with a magnetic stirring bar and under a nitrogen atmosphere was added a solution of 2-aryl-thiophene (3a or 3b) (2.5 mmol) in THF (5 mL). This solution was cooled to -78 ºC and n-BuLi (2.75 mmol, 1.1 equiv; C = 2.47 mol L-1) was added dropwise. After the addition was complete, the reaction mixture was warmed to 0 ºC and stirred at this temperature for 1 h. Then this solution was cooled to -40 ºC and a solution of ZnCl2 in THF was added (1 mol L-1, 2.75 mmol, 2.75 mL). After 15 min, a solution of Pd2(dba)3 (2 mol%) e P(ofuril)3 (4 mol%) in THF (2.5 mL) and a solution of corresponding aryl halide (3.75 mmol, 1.5 equiv.) were added and irradiated at 100 ºC. After 45 min, the reaction mixture was quenched with saturated aqueous NH4Cl (30 mL) and extracted with AcOEt (3 × 30 mL). The solvent was evaporated under vacuum and the crude product was purified by flash chromatography (Hex/AcOEt).

  2-(4-chlorophenyl)-5-phenylthiophene (5a):23 From 1-chloro-4-iodobenzene; yield 81%; yellow solid; 1H NMR (400 MHz, CDCl3) δ 7.53 (d, 2H, J 7.2 Hz), 7.45 (d, 2H, J 8 Hz), 7.32-7.17 (m, 7H); 13C NMR (100 MHz, CDCl3) δ 144.0, 142.1, 134.0, 133.1, 132.7, 129.0 (2C), 128.9 (2C), 127.6, 126.7 (2C), 125.6 (2C), 124.3, 124.0; MS (ESI, 70 eV) m/z 272 (37%), 270 (M+, 100%), 234 (15%), 202 (11%), 189 (5%), 154 (9%), 135 (8%), 121 (12%), 77 (6%), 63 (5%); HRMS (ESI) m/z 271.0351 ([M + H]+ calcd. for C16H11SCl: 271.0348).

  2,5-bis(2-methoxyphenyl)thiophene (5b):24 From 2-iodoanisole; yield 88%; green solid; 1H NMR (400 MHz, CDCl3) d 7.60-7.57 (dd, 2H, J1 7.6, J2 1.6 Hz, C6H4), 7.40 (s, 2H, H3 and H4), 7.17-7.13 (m, 2H, C6H4), 7.17-7.13 (m, 2H, C6H4), 6.92-6.87 (m, 4H, C6H4), 3.83 (s, 6H, CH3); 13C NMR (100 MHz, CDCl3) d 155.6 (2C), 139.1 (2C), 128.3 (2C), 128.1 (2C), 125.6 (2C), 123.5 (2C), 120.8 (2C), 111.5 (2C), 55.4 (2C); MS (ESI, 70 eV) m/z 296 (M+, 100%), 281 (28%), 266 (13%), 253 (10%), 237 (12%), 205 (15%), 131 (11%), 121 (12%), 77 (4%); HRMS (ESI) m/z 297.0956 ([M + H]+ calcd. for C18H16O2S: 297.0949).

  Leishmanicidal assay

  Promastigote forms of Leishmania amazonensis were cultured in Scheneider's medium (Sigma-Aldrich, USA) supplemented with 20% fetal bovine serum, 1% L-glutamine, 10 UI penicillin and 10 µg mL-1 streptomicin at 24 ºC. The leishmanicidal activity of compounds was evaluated by colorimetric MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) was used as previously described by Mossman.25 Briefly, log phase promastigotes of Leishmania amazonensis were seeded in 96-well tissue culture plates (1.0 × 106 well-1). Then, the parasites were treated with 37, 111, 222, 369 µmol L-1 of compound 5a or 34, 101, 202, 337 µmol L-1 of compound 5b previously diluted in Schneider's medium with dimethyl-sulfoxide (DMSO) for 48 h. Each concentration was performed in triplicate and two independent experiments were executed. The used concentration of DMSO was not higher than 0.1%. DMSO solution and amphotericin B (Amp, 2.2 µmol L-1) were used as negative and positive controls of cell death, respectively. After all treatments, cells were incubated with MTT solution (5 mg mL-1; 10 µL well-1) by 4 h at 24 ºC. The plate was centrifuged at 400 × g for 10 min and the supernatants were then discarded. The formazan crystals produced by viable cells were solubilized with 200 µL of DMSO. The absorbance readout of each well was determined using a spectrophotometer (Spectramax Plus, Molecular Devices) at 570 nm. The leishmanicidal effects of compounds (5a and 5b) was determined by calculation of the 50% inhibitory (IC50) using a logarithm regression analysis.

  Mammalian cell viability assay

  In order to evaluate the in vitro toxic effect of compounds 5a and 5b on mammalian cells, a cell lineage of mouse macrophage (J744A.1 cells) were used. J744A.1 cells (105 cells well-1) were incubated in 96-well plates at 37 ºC and 5% CO2 in complete RPMI 1640 media containing 10% of fetal bovine serum, 1% L-glutamine, 10 UI penicillin, and 10 µg mL-1 streptomycin. After 24 h, the cells were washed with PBS and treated with 37, 111, 222, 369 µmol L-1 of compound 5a or 34, 101, 202, 337 µmol L-1 of compound 5b previously diluted in RPMI-1640 medium with DMSO. The 96-well plates were incubated at CO2 5%, and 37 ºC, for 48 h. The used DMSO concentration was not higher than 0.1%. Macrophages cells viability was determined by the MTT assay, as described above.

  Statistical analysis

  Results are presented as mean ± S.D. of experiments. Differences between groups were evaluated by analyses of variance (one-way ANOVA) followed by Bonferroni's test. Statistical differences were considered to be significant at p < 0.05.

   

  Results and Discussion

  In our synthetic approach to thiophene-based analogues of lignans, we have planned to apply the Negishi crosscoupling reaction for the double arylation of the thiophene ring. Thus, we initiated our study by investigating the preparation of the organozinc reagent (2) and its palladium catalyzed cross-coupling reaction with aryl-iodines.

  Reaction of thiophene (1) with 1.1 equivalents of n-BuLi in THF (-78 to 0 ºC) led to the full lithiation of the starting material within 1 h. The organolithium derivative was then transmetalated with ZnCl2 (1.1 equiv) at -40 ºC to afford the organozinc reagent 2. After that, a palladium-catalyzed reaction (Pd2(dba)3) of 2 with 2-iodoanisole was studied. Best results were obtained when the cross-coupling reaction was performed in a microwave reactor (45 min at 100 ºC) and afforded the desired 2-(4-methoxyphenyl)thiophene (3a) in 89% yield. Similarly, when 2-iodobenzene was used as substrate, the 2-phenylthiophene (3b) was isolated in 85% yield (Scheme 1).

  
    

    [image: Scheme 1. Synthesis]

  

  Aiming to synthesize the 2,5-diarylthiophenes, we have applied the same protocol for the arylation of 3a and 3b. Thus, the 2-arylthiophenes 3a and 3b were smoothly lithiated with n-BuLi in THF. After the transmetallation step with ZnCl2 (1.1 equiv), the corresponding organozinc reagents of type 4 were reacted in the microwave reactor for 45 min at 100 ºC with 1-chloro-4-iodobenzene and 2-iodoanisole in the presence of Pd2(dba)3 and the ligand P(o-furyl)3. After the reaction work up and chromatographic purification, the corresponding 2-(4-chlorophenyl)-5-phenylthiophene (5a) and 2,5 bis(2- methoxyphenyl) thiophene (5b) were isolated in 81% and 88% yields, respectively (Scheme 2).
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  After the synthesis, we evaluated the leishmanicidal activity of two compounds (5a and 5b) on the promastigote forms of Leishmania amazonensis (Figure 1). The results showed that the parasites were distinct susceptible to treatment of both compounds. The treatment of promatigotes with compound 5a promoted a slight decrease in their cell viability compared to the positive control (Amp). Moreover, all concentrations of compound 5a showed similar leishmanicidal effects and its IC50 was 526 µM.
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  The efficiency of the leishmanicidal activity of compound 5b was greater than the activity of compound 5a, however its efficiency was moderate compared to Amp. The leishmanicidal effect of compound 5b on parasites was concentration-dependent, and the optimum effect was observed at ca. 202 µM, which showed similar activity to Amp (2.2 µM). Moreover, the IC50 of compound 5b was around three times smaller (166 µM) than IC50 of compound 5a (526 µM). Therefore, these results indicate that the compound 5b presents better leishmanicidal effects than compound 5a and this could be associated with the structural differences between these two compounds, since their substituent (methoxy) and/or the position of aromatic rings of these groups are different.

  Several drugs used to treat leishmaniasis present significant toxic effects to the patients, such as amphotericin B.19,20 Hence, the next step was to verify the impact of compounds 5a and 5b on the viability of J744A.1 macrophages. Interestingly, both compounds and negative control (non-treated macrophages) showed similar levels of cell death on macrophage (Figure 2). This set of results shows that the compounds 5a and 5b were less effective in causing death of leishmania compared to amphotericin B, but they were not toxic to J744A.1 cell line. The macrophage is a host cell target for leishmania and participates of immune defense against this parasite.26 Thus, it is important for a good leishmanicidal activity to be selectively toxic against the parasite cell, causing no or little damage to host cells, as described for compound 5b (Figure 2).27
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  In the literature, there are other studies showing that thiophene compounds present important activity against Leishmania spp. and other protozoans. For example, Gonzalez et al. have described the synthesis of bis-2,5-[4-guanidinophenyl]thiophenes, dicationic diguanidines related to the anti-protozoans furamidine and pentamidine, and their activity against some parasites.28 In addition, a recent work from Bonano et al.29 showed a screening of a compound library of estrogen receptor modulator analogs based on 2-arylbenzothiophene structure. It was described that optimal anti-leishmanial potency is dependent on the presence of two basic side chains in this skeleton, but the presence of phenols are not required for this activity. Takahashi et al. have demonstrated that two thiophene derivatives isolated from Porophyllum ruderale inhibited the growth of the promastigote and axenic amastigote forms of L. amazonensis.11 Moreover, the same research group have also demonstrated the potential leishmanicidal effect of these compounds against intracellular amastigote forms.30 However, in comparison to our data, the structures of these two thiophene, 5-methyl-2,2':5',2"-terthiophene and 5'-methyl-[5-4(4-acetoxy-1-butynyl)]-2,2' bi-thiophene, are very different from our compounds, mainly due to the presence of two or more rings in the thiophene structure. This fact can be related to the higher leishmanicidal effect from these two thiophenes when compared with our results.

  Other study demonstrated the effect of many classes of diphenyl furans and thiophenes against Leishmania donovani in vitro. Among these synthetic analogues, the 2,5-diphenyl thiophenes with diamidines substituent were those that possess the most leishmanicidal activity from the compounds against L. donovani amastigote forms.20

  In these context, the results of our study may provide some insights as to structure activity relationship of 2,5-diphenyl thiophenes compounds. Our studies and those from Brendle et al.20 suggest that the structure of a 2,5-diphenyl thiophene unit bearing aromatic rings appears to be essential for the leishmanicidal effect of these compounds. However, the presence of substituents on the phenyl rings interfere in the anti-parasite effects. The presence of methoxy group (5b) provide more leishmanicidal effects than the chloro substituent (5b). These data suggest that the presence of a methoxy group in the aromatic ring is important for the increase of the leishmanicidal activity. Also, these modifications did not induce cytotoxicity in the mammal cells. However, the presence of diamidines substituents in the thiophenes increased their leishmanicidal activity, but in some cases increased cytotoxicity in macrophage J774A.1 cell line were observed.20

  It is interesting to note that the thiophenes can be a source of compounds to the development of new drugs against leishmaniasis and other protozoan diseases. This fact has been reported in the patent WO 2009051796,31 where diazaaryl thiophene and selenophene compounds showed significant leishmanicidal effect on amastigote forms of L. donovani and other protozoan such as Trypanossoma brucei and Plasmodium falciparum. Thus, the synthetic routes to obtain 2,5-diaryl thiophenes are important to help the development of new compounds to protozoan diseases. In addition, many authors showed the potential leishmanicidal or antiparasitic effects of several thiophene compounds isolated from plants, which confirm the importance of additional studies with this class of structures against protozoan agents.11,20,28,30

  Other important aspect of our study is that we demonstrated the leishmanicidal effect in Leishmania amazonensis. These parasites are responsible to induce localized cutaneous leishmaniasis (LCL) and diffuse cutaneous leishmaniasis (DCL), while other reported studies demonstrated leishmanicidal effect in Leishmania donovani, that is known to cause visceral leishmaniasis or mucosal leishmaniasis, mainly in immunocompromised patients (HIV-positive patients and other subjects immunosuppressive).20,32 Biological differences between these parasites and the different mechanism of pathogenesis should be considered when comparing our studies and others in the literature.

  Further studies are necessary to investigate the effect of 2,5-diphenyl thiophenes in leishmaniasis, mainly because it is a complex disease and involves modulation of the immune system. In addition, some aspects related to in vivo administration and efficacy of these compounds by different doses, routes and/or formulations should be evaluated, as absorption, leishmanicidal effect, half-life, excretion and possible toxicological effects. Therefore, the investigation of these 2,5-diphenyl thiophenes in an in vivo model of leishmaniasis and evaluation of impact of these drugs in a biological system, mainly in immune system is important to help in the development of new treatments to be used against leishmaniasis.

   

  Conclusion

  In summary, the application of the Negishi crosscoupling reaction in the microwave assisted synthesis of thiophene-based analogues of lignans has allowed the isolation of the desired 2,5-diarylthiophenes in good yields. In addition, the synthesized compounds appeared to induce selective leishmanicidal effect with low (compound 5a) or moderate (compound 5b) potencies compared to Amp. Therefore, this synthetic strategy will be helpful for the development of new drugs against cutaneous leishmaniasis. The scope of this methodology and its applicability toward the fast synthesis of other bioactive thiophenes with improved leishmanicidal activity are currently being investigated in our laboratories.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.

   

  References

  1. David, C. V.; Craft, N.; Dermatol. Ther. 2009, 22, 491.

  2. World Health Organization (WHO); Control of the Leishmaniasis, Technical Report Series; No. 949, Geneva, 2010.

  3. Clem, A.; J. Glob. Infect. Dis. 2010, 2, 124.

  4. Rath, S.; Trivelin, L. A.; Imbrunito, T. R.; Tomazela, D. M.; Jesús, M. N.; Marzal, P. C.; Andrade Junior, H. F.; Tempone, A. G.; Quim. Nova 2003, 26, 550.

  5. Rojas, R.; Valderrama, L.; Valderrama, M.; Varona, M. X.; Ouellette, M.; Saravia, N. G.; J. Infect. Dis. 2006, 193, 1375.

  6. Croft, S. L.; Coombs, G. H.; Trends Parasitol. 2003, 19, 502.

  7. Vendrametto, M. C.; Santos, A. O.; Nakamura, C. V.; Dias Filho, B. P.; Cortez, D. A.; Ueda-Nakamura, T.; Parasitol. Int. 2010, 59, 154.

  8. Brendle, J. J.; Outlaw, A.; Kumar, A.; Boykin, D. W.; Patrick, D. A.; Tidwell, R. R.; Werbovetz, K. A.; Antimicrob. Agents Chemother. 2002, 46, 797.

  9. Schmidt, T. J.; Khalid, S. A.; Romanha, A. J.; Alves, T. M.; Biavatti, M. W.; Brun, R.; da Costa, F. B.; de Castro, S. L.; Ferreira, V. F.; de Lacerda, M. V.; Lago, J. H.; Leon, L. L.; Lopes, N. P.; Amorim, R. C. N.; Niehues, M.; Ogungbe, I. V.; Pohlit, A. M.; Scotti, M. T.; Setzer, W. N.; Soeiro, M. N. C.; Steindel, M.; Tempone, A. G.; Curr. Med. Chem. 2012, 19, 2128.

  10. Schmidt, T. J.; Khalid, S. A.; Romanha, A. J.; Alves, T. M.; Biavatti, M. W.; Brun, R.; da Costa, F. B.; de Castro, S. L.; Ferreira, V. F.; de Lacerda, M. V.; Lago, J. H.; Leon, L. L.; Lopes, N. P.; Amorim, R. C. N.; Niehues, M.; Ogungbe, I. V.; Pohlit, A. M.; Scotti, M. T.; Setzer, W. N.; Soeiro, M. N. C.; Steindel, M.; Tempone, A. G.; Curr. Med. Chem. 2012, 19, 2176.

  11. Barata, L. E. S.; Santos, L. S.; Ferri, P. H.; Paine, A.; Crofts, S. L.; Philipson, J. D.; Phytochemistry 2000, 55, 589.

  12. Lopes, N. P.; Chicaro, P.; Albuquerque, S.; Yoshida, M.; Kato, M. J.; Planta Med. 1998, 64, 667.

  13. Takahashi, H. T.; Novello, C. R.; Nakamura, T. U.; Filho, B. P. D.; Mello, J. C. P.; Nakamura, C. V.; Molecules 2011, 16, 3469.

  14. Ram, V. J.; Goel, A.; Shukla, P. K.; Kapil, A.; Bioorg. Med. Chem. Lett. 1997, 7, 3101.

  15. Mohareb, R. M.; Fahmy, A. A.; Eur. Chem. Bull. 2013, 2, 545.

  16. Magano, J.; Dunetz, J. R.; Chem. Rev. 2011, 111, 2177; Wu, X.-F.; Neumann, H.; Beller, M.; Chem. Rev. 2013, 113, 1; Li, H.; Seechurn, C. C. C. J.; Colacot, T. J.; ACS Catal. 2012, 2, 1147; Amaral, M. F. Z. J.; Deliberto, L. A.; Souza, C. R.; Naal, R. M. Z. G.; Naal, Z.; Clososki, G. C.; Tetrahedron 2014, 70, 3249.

  17. http://www.nobelprize.org/nobel_prizes/chemistry/ laureates/2010/, accessed in February 2014.

  18. King, A. O.; Okukado, N.; Negishi, E.; J. Chem. Soc., Chem. Commun. 1977, 683; Kanomata, N.; Suzuki, J.; Kubota, H.; Nishimura, K.; Enomoto, T.; Tetrahedron Lett. 2009, 50, 2740; Kürti, L.; Czakó, B.; Strategic Applications of Named Reactions in Organic Synthesis, Elsevier Academic Press: California, 2005.

  19. Piller, F. M.; Knochel, P.; Org. Lett. 2009, 11, 445; Kunz, T.; Knochel, P.; Chem. Eur. J. 2011, 17, 866; Bayh, O.; Awad, H.; Mongin, F.; Hoarau, C.; Trécourt, F.; Quéguiner, G.; Marsais, F.; Blanco, F.; Abarca, B.; Ballesteros, R.; Tetrahedron 2005, 61, 4779; Tanaka, S.; Tanaka, D.; Sugie, A.; Mori, A.; Tetrahedron Lett. 2012, 53, 1173; Hornillos, V.; Giannerini, M.; Vila, C.; Fañanás-Mastral, M.; Feringa, B. L.; Org. Lett. 2013, 15, 5114; Sanchis, E. F.; Guirao, F. J. A.; Santos, A. S.; Lázaro, F. F.; J. Org. Chem. 2007, 72, 3589; Zeni, G.; Alves, D.; Braga, A. L.; Stefani, H. A.; Nogueira, C. W.; Tetrahedron Lett. 2004, 45, 4823.

  20. Genov, M.; Almorin, A.; Espinet, P.; Tetrahedron: Asymmetry 2007, 18, 625.

  21. Demir, S. A.; Reis, O.; Emrullahoglu, M.; J. Org. Chem. 2003, 68, 578.

  22. Guchhait, S. K.; Kashyap, M.; Saraf, S.; Synthesis 2010, 7, 1166; Liu, W-D.; Chi, C-C.; Pai, I-F.; Wu, A-T.; Chung, W-S.; J. Org. Chem. 2002, 67, 9267.

  23. Leising, F.; Mignani, G.; J. Heterocyclic Chem. 1994, 31, 1005.

  24. Chandra, R.; Kung, M-P.; Kung, H. F.; Bioorg. Med. Chem. Lett. 2006, 16, 1350.

  25. Mosmann, T.; J. Immunol. Methods 1983, 65, 55.

  26. Murray, H. W.; J. Exp. Med. 1999, 189, 741.

  27. Iniguez, E.; Sánchez, A.; Vasquez, M. A.; Martínez, A.; Olivas, J.; Sattler, A.; Sánchez-Delgado, R. A.; Maldonado, R. A.; J. Biol. Inorg. Chem. 2013, 18, 779.

  28. Gonzalez, J. L.; Stephens, C. E.; Wenzler, T.; Brun, R.; Tanious, F. A.; Wilson, W. D.; Barszcz, T.; Werbovetz, K. A.; Boykin, D. W.; Eur. J. Med. Chem. 2007, 42, 552.

  29. Bonano, V. I.; Yokoyama-Yasunaka, J. K. U.; Miguel, D. C.; Jones, S. A.; Dodge, J. A.; Uliana, S. R. B.; Chem. Biol. Drug Des. 2014, 83, 289.

  30. Takahashi, H.T.; Britta, E.A.; Longhini, R.; Ueda-Nakamura,T.; Palazzo de Mello, J. C.; Nakamura, C. V.; Planta Med. 2013, 79, 330.

  31. Boykin, D. W.; Brun, R.; Ismail, M. A.; Kumar, A.; Stephens, C. E.; Tidwell, R. R.; Werbovetz, K.; Wilson, W. D.; PCT/US2008/011870 2008 (WO2009051796).

  32. Jarvis, J. N.; Lockwood, D. N.; Curr. Opin. Infect. Dis. 2013, 26, 1.

   

   

  Submited on: June 17, 2014

  Published online: August 22, 2014

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: gclososki@fcfrp.usp.br

     

     

    Supplementary Information

    
      [image: Figure S1.]

    

    
      [image: Figure S2.]

    

    
      [image: Figure S3.]

    

    
      [image: Figure S4.]

    

    
      [image: Figure S5.]

    

    
      [image: Figure S6.]

    

    
      [image: Figure S7.]

    

    
      [image: Figure S8.]

    

    
      [image: Figure S9.]

    

    
      [image: Figure S10.]

    

  





  DOI: 10.5935/0103-5053.20140203

  ARTICLE

  
    Scalco FB, Oliveira MLC, Simoni RE, Aquino Neto FR. Inborn errors of metabolism, an important group of orphan neglected diseases: investigation of 8,000 patients in Rio de Janeiro, Brazil. J. Braz. Chem. Soc. 2014;25(10):1914-17

  

  
    Inborn errors of metabolism, an important group of orphan neglected diseases: investigation of 8,000 patients in Rio de Janeiro, Brazil

  

   

   

  Fernanda B. ScalcoI,* Maria Lúcia C. Oliveira,I Ruth E. SimoniI; Francisco R. Aquino NetoII 

  ILaboratório de Erros Inatos do Metabolismo (LABEIM)/Laboratório de Apoio ao Desenvolvimento Tecnológico (LADETEC), Departamento de Bioquímica, Universidade Federal do Rio de Janeiro (UFRJ), 21941-909 Rio de Janeiro-RJ, Brazil

  IIDepartamento de Química Orgânica, Instituto de Química, Universidade Federal do Rio de Janeiro (UFRJ), 21941-909 Rio de Janeiro-RJ, Brazil

   

  
    Doenças raras negligenciadas, como erros inatos do metabolismo (IEM), afetam uma parcela pequena da população, mas necessitam de mais atenção da saúde pública no Brasil. Investigação de 8.000 pacientes em laboratório analítico de referência no Rio de Janeiro revelou 487 IEM (6,1%). O número de casos diagnosticados poderia ser maior se existissem mais laboratórios especializados.

  

   

  
    Orphan neglected diseases, such as inborn errors of metabolism (IEM), affect a small percentage of the population. In Brazil, they need more attention from the public health system. Investigation of 8,000 patients in a reference analytical laboratory in Rio de Janeiro revealed 487 IEM (6.1%). The number of diagnosed cases could be larger if more specialized laboratories were available.

    Keywords: inborn errors of metabolism, chemical analytical techniques, diagnosis, public policy

  

   

   

  Introduction

  Orphan neglected diseases are dysfunctions that affect a small percentage of the population. Many of them are of genetic nature. These rare diseases remain in an individual throughout their whole life and are often very serious or fatal. Developing medication for each of these disorders may represent a challenge due to its scarcity. Inborn errors of metabolism (IEM) belong to this category of diseases. There are more than 500 inherited metabolic diseases, individually rare, caused by genetic mutations. These mutations result in inactive or partially active proteins, which may alter synthesis, transport, degradation or storage of molecules in the organism.1

  Inborn errors of metabolism may be classified into three great groups: group I, which leads to intoxication, group II, involving energetic metabolism, and group III, which comprises complex molecules. These diseases may develop in any phase of life, from prenatal to adult.2

  Regarding group I, aminoacidopathies and organic acidemias are the most diagnosed in the first days and weeks of life in seriously ill children, making up over 100 disorders.3-6 In group II, mitochondrial diseases and beta-oxidation defects, among others, also make up over 100 disorders. Group III comprises peroxisomal diseases, glycosilation defects and lysosomal storage diseases (LSD), among others. LSD is the largest group, comprising 70 disorders.7

  The interest for IEM has been growing exponentially worldwide, principally in the last decades. This is due mainly to the development of molecular biology and a new variety of modern analytical techniques. The new specialized Laboratory for Biochemical Diagnosis of IEM performs extended chemical analyses of biological fluid components (metabolic screening) of clinically selected patients. As such, hundreds of new dysfunctions could be recognized and characterized and new potential biomarkers are discovered continuously.8

  Following initial physical investigation, simple chemical screening tests are carried out in urine to detect pertinent metabolites. Qualitative chromatographic techniques, including thin-layer chromatography (TLC) indicate the next analyses that should be performed. Samples with altered results are forwarded to more sensitive and specific analytical techniques for identification and quantification of accumulated substances: ion exchange chromatography (automatic amino acid analyzer, AAA), high-performance liquid chromatography (HPLC), gas chromatography coupled to mass spectrometry (GC-MS) and tandem mass spectrometry (MS/MS).9-11 Enzymatic assays, to determine the activity of the deficient enzymes in various types of biological material, confirm diagnosis.

  The purpose of this work is to present and disseminate the results of a survey of a number of diagnosed IEM cases in a reference laboratory in Rio de Janeiro, in the last 20 years, exposing it to society and the government, in a hope to stimulate public policies towards IEM.

   

  Experimental

  Material

  Samples of urine and plasma were stored frozen at -20 ºC until assayed. Most urine samples were occasional, and results were expressed as units of metabolites per g of creatinine.

  Reagents and equipments

  Reagents and solvents were purchased from Sigma-Aldrich (St. Louis, USA) and Tedia (São Paulo, Brazil); TLC plates from Merck (Darmstadt, Germany); filter paper from Whatman (Mainstone, England); HPLC (Agilent model 1100); GC-MS (GC: HP5890A Series II; MS: HP5792); Automatic AAA (Biochrom 20); UV-Vis spectrophotometer (Shimadzu UV-1601-PC).

  Methods

  Initially, samples were submitted to physical investigation (pH, specific gravity, appearance). Simple chemical screening tests were performed in urine to detect pertinent metabolites, including Benedict test (reducing substances), nitrosonaphthol (tyrosine and metabolites), p-nitroaniline (methylmalonic and ethylmalonic acids), cyanide-nitroprusside (cystine and homocystine), cetyltrimethylamonium (CTMA) bromide (glycosaminoglycans), dinitrophenylhydrazine (keto acids) and ninhydrin (amino acids).12 Creatinine was determined by the Jaffé method.13 Semi-quantitative analysis of amino acids by circular paper chromatography was performed in urine and plasma.14 Subsequent procedures were: determination of urinary glycosaminoglycans by cellulose thin layer chromatography (TLC); mono-, di- and oligosaccharide by silica gel TLC; organic acids, by GC-MS; amino acids, by automatic AAA;9 oligosaccharides by HPLC15 and cholesterol metabolites by UV-Vis spectrophotometry.16 In several cases, specific enzyme assays confirmed the suggested diagnosis.

   

  Results and Discussion

  The Laboratory of Inborn Errors of Metabolism, named LABEIM, at the Department of Biochemistry, Institute of Chemistry, Federal University of Rio de Janeiro (UFRJ) is one of the pioneer diagnostic laboratories for IEM in Brazil; it has been standardizing and developing methodologies since 1988. Eight thousand (8,000) patients from the state of Rio de Janeiro with a high clinical suspicion of having an IEM, the majority children, were analyzed at LABEIM.

  Biochemical results obtained from the investigation of 15,000 samples (urine and plasma), evaluated together with the clinical presentation, permitted the identification of IEM in 487 cases (6.1%). The results are summarized in Table 1.
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  The group of LSD was found to be the most diagnosed in Rio de Janeiro, with mucopolysaccharidoses (MPS) presenting the largest number (142), followed by type II glycogenosis (25) and gangliosidosis GM1 (12).

  Lysosomal storage diseases (LSD) comprise a group of disorders involving accumulation of macromolecules, such as glycosaminoglycans, glycoproteins, glycogen and lipids, among others. This accumulation originates from the deficiency of lysosomal enzymes, resulting in lysosome rupture, metabolite accumulation in several organs, and in many cases, increased excretion in urine.

  Figure 1 shows the characteristic profile of urinary glycosaminoglycan excretion of MPS type II, besides three normal profiles of patients suspected of having MPS, but without confirmed diagnosis.
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  Mucopolysaccharidosis type II was the most diagnosed MPS (40 cases) in this survey, and in 2013, Giugliani17 also reported that this MPS was found to be the most frequent in Brazil. The profile of MPS type II is characterized by the presence of the glycosaminoglycans dermatan and heparan, besides the usually excreted chondroitin-4- and -6-sulfates (see the profile in Figure 1, represented by the bands from bottom to top, in sequence). The deficient enzyme in MPS type II is iduronate sulfatase, the first enzyme of the degradation pathways of dermatan sulfate and heparan sulfate, resulting therefore in the accumulation of these metabolites.18

  Several diseases involving glycoprotein, glycogen and lipid metabolism are characterized by the excretion of oligosaccharides (OS). Figure 2 shows OS profiles of three of those diseases: gangliosidosis GM1, one of the most diagnosed in this survey (with a well characterized profile of more intense bands at the beginning of the chromatogram, representing high molecular weight OS); alpha-mannosidosis, a glycoproteinosis (with a characteristic profile of numerous OS bands with various molecular weights), considered rare in Latin America, as to the best of our knowledge no published case was found; Pompe disease, a glycogenosis, under enzymatic replacement therapy (ERT), presenting a band of a  glucotetrasaccharide, which is considered a biomarker of this disease.
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  The total frequency (6.1%) found in our survey covering 8,000 patients is comparable with the ones reported in two articles from the largest laboratory in Brazil, which is reference in Latin America (Hospital de Clínicas de Porto Alegre, Rio Grande do Sul). In 1997 the reported frequency of identified IEM in 10,000 patients was 6.5%19 and in 2001, in 18,000 patients, 8.5%.20 In these surveys, the most diagnosed cases were also LSD.19,20

  The slightly lower frequency found in our survey can be largely attributed to the smaller number of patients, and to differences in laboratory structure. The number of samples that reach LABEIM is limited owing mainly to the few medical genetic services and the absence of a coordinated access from all regions of the state to our laboratory. It must be observed that the reference laboratory in Rio Grande do Sul is highly specialized, owns sophisticated equipment and counts on support from several centers in Europe and USA.20 Implementation of some techniques such as isoelectric focusing (glycosylation defects),21,22 nuclear magnetic resonance spectroscopy (creatine defects)23 and molecular biology analysis (several dysfunctions)1 would significantly improve the diagnostic capability of LABEIM.

  The choice of a single Brazilian laboratory for the comparison with our results is due to the fact that it is the only one presenting published data on a significant number of evaluated patients. Few data on IEM frequency were published previously in Brazil and in Latin America, although interesting findings have been presented in specific congresses and conferences. An example is a study in Argentina, with 14,928 patients (data unpublished in article form) presented at the 11th Latin American Congress of Genetics, 1994, by the group of the late Argentinian specialist in IEM, Dr. Nestor Chamoles, which revealed a frequency of 6.25%.20

  At present, IEM are considered a relevant cause of morbidity and mortality among Brazilian children, although malnutrition, infections, and parasitic infestations still remain the principal causes.

  Complete investigation, necessary for a rapid and correct diagnosis of IEM requires sophisticated equipment and high-cost procedures, as well as experienced investigators. In our state, as well as in Brazil, diagnostic centers are still scarce and the ones that exist are unable to diagnose many diseases, due to difficulties such as lack of budget, equipment and adequate infrastructure.24 Fifteen states already have services with some kind of assistance for IEM but biochemical diagnostic laboratories for IEM exist only in six states.25

  A larger number of specialized laboratories, as well as experience exchange among them and health services, would increase the knowledge about these dysfunctions, resulting in a growing interest in diagnosis of IEM. Specialized laboratories and multidisciplinary staff, working in both chemical and health areas, would create an ideal condition for diagnosis and treatment of these patients.

   

  Conclusions

  This study is an important epidemiological work about IEM in the state of Rio de Janeiro. The group of lysosomal storage diseases was found to be the most recurrent and may represent a reality in this state. Results show that the diseases known as IEM, although considered rare and neglected, affect a significant number of individuals. It would be important to obtain real epidemiological data from the whole country, in order to improve the assistance to the Brazilian IEM risk population. As such, it is essential that the public health system consider the necessity of enlarging the number of specialized diagnostic analytical laboratories and clinical genetic services. A greater support for research projects in this area, besides political will of the authorities, is fundamental.
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    Neste artigo, desenvolvemos, validamos e aplicamos um método para separação e quantificação de porfirinas precursoras do grupo heme na urina de portadores de porfirias. Os isômeros coproporfirinogenio I e III (COPRO I e III), uroporfirinogenio I (URO I), heptacarboxilporfirinogenio I (HEPTA I), pentacarboxilporfirinogenio I (PENTA I) e hexacarboxilporfirinogenio (HEXA I) foram determinados em amostras coletadas de 24 pacientes de porfiria aguda intermitente e de porfiria cutânea tarda. Utilizou-se cromatografia líquida de alta eficiência (HPLC) e detector de fluorescência. As concentrações de porfirinas foram determinadas com precisão inter e intra-dias (< 5%) e exatidão dentro da faixa 95-99%. Os limites de detecção e quantificação das porfirinas, expressos em nmol L-1, foram os seguintes: URO I, 0,62 e 2,05; HEPTA I, 0,59 e 1,96; HEXA I, 0,54  e 1,81;  PENTA I, 0,52  e 1,73; COPRO I, 2,03 e 6,77; e COPRO III, 0,43  e 1,44. O método descrito aqui obedece a parâmetros analíticos satisfatórios, com excelente relação custo-benefício, e foi aplicado a amostras de urina de portadores assintomáticos e pacientes de porfirias. Este método foi validado analiticamente e mostrou potencial para diagnóstico de portadores de diferentes tipos de porfirias, imediatamente antes ou durante crises, e até mesmo para monitorar um tratamento farmacológico.

  

   

  
    We describe here the development, validation, quantification and application of a method for determination of heme porphyrin precursors in the urine of porphyric patients. The isomers coproporphyrinogen I and III (COPRO I and III), uroporphyrinogen I (URO I), heptacarboxylporphyrinogen I (HEPTA I), pentacarboxylporphyrinogen (PENTA I), and hexacarboxylporphyrinogen I (HEXA I) were analyzed. These six urinary heme precursors were determined in urine samples collected from 24 patients by high-performance liquid chromatography (HPLC) equipped with a fluorescence detector. The inter- and intra-day precision (coefficient of variation < 5%) and accuracy (95-99%) were evaluated. The limits of detection and of quantification of the porphyrins, expressed in nmol L-1, were as follows: URO I, 0.62 and 2.05; HEPTA I, 0.59 and 1.96; HEXA I, 0.54  and 1.81;  PENTA I, 0.52  and 1.73; COPRO I, 2.03 and 6.77; and COPRO III, 0.43  and 1.44. The method described here satisfactorily results in an acceptable cost-benefit ratio, precision and speed for determining the concentrations of heme precursors in the urine of latent or symptomatic acute intermittent porphyria individuals or porphyria cutanea tarda carriers. Since it was analytically validated, this method may be used for accurate and reliable diagnostic reports to follow-up the onset of acute crisis in porphyria carriers to adopt preventive pharmacological treatment.

    Keywords: porphyrins, heme biosynthesis, acute intermittent porphyria, porphyria cutanea tarda, porphyria diagnosis, HPLC analysis of porphyrinogens

  

   

   

  Introduction

  Porphyrias are a group of genetic and acquired rare disorders caused by enzymatic deficiencies in the heme biosynthetic pathway attributed to abnormally low enzymatic activities or inhibition by xenobiotics leading to the accumulation or deficit of heme precursors (Table 1).1,2 Acute porphyria occurs in all ethnic groups. In most European countries the estimated prevalence is 1-2 per 100,000 inhabitants, with acute intermittent porphyria (AIP) being the most common type of disorder. However, there is a much higher prevalence in the psychiatric population (210 per 100,000 in the United States),3 which has been attributed to misdiagnoses due to neuropsychiatric symptoms of porphyria, such as insomnia, abdominal pain, palpitations, and pain in the extremities, back, chest, neck or head.4 Other neuropsychiatric symptoms of porphyria also include seizures, agitation, hallucinations and other psychiatric symptoms, such as psychosis similar to schizophrenia.5,6 Late diagnosis can cause serious neurological and mental damage, and may lead to mortality, especially in the differential diagnosis of psychiatric patients.7,8
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  Like many hereditary diseases, porphyrias have an uneven distribution. For example, porphyria cutaneous tarda has a prevalence of 1:10,000,9 which varies between countries; the prevalence is 1:25,000 in North America, 1:5,000 in Czechoslovakia, and 2-5 cases per million per year in the UK. There is no reported data for Brazilian AIP prevalence. Although porphyria cutanea tarda (PCT) is probably the most common of all porphyrias, its prevalence has not been well estimated, and no reliable data have been published so far. It is estimated that the prevalence of PCT in Spain is approximately 1:1,000 inhabitants. In the case of AIP, for example, the ratio is 1:20,000 inhabitants, while in northern Sweden it is 1:10,000. Porphyria variegata (PV) is particularly common among Afrikaners (white South Africans, especially Dutch descendants), with an incidence of 1:250. In South Africa, the prevalence of PV is 1:400. However, it is difficult to estimate the incidence of porphyria because many individuals remain asymptomatic throughout life.10 For early diagnosis and identification of the type of porphyria, samples of urine, blood and stool should be carefully examined by a laboratory with expertise in diagnosis of porphyria.

  Heme occupies a critical position in the aerobic metabolic map. It is the prosthetic group of oxygen carrier proteins (hemoglobin, myoglobin), cytochromes in electron transport chains, and peroxidases, such as catalase and tryptophan-2,3-dioxygenase. In AIP, failure in 5-aminolevulinic acid dehydratase (ALA-D) biosynthesis results in intracellular accumulation of the first and second heme precursors,11 namely, ALA and porphobilinogen (PBG), whereas in lead poisoning both ALA-D and ferrochelatase are inhibited by Pb2+ ion, ultimately preventing iron incorporation into the heme molecule, and release of the intermediates into the blood.12,13 Accumulation of specific heme precursors in some tissues and organs1-12 triggers so-called "acute hepatic", "hepatic cutaneous" and "erythropoietic cutaneous" clinical manifestations,14 which are accompanied by altered urinary and fecal excretion of heme intermediates.15

  Heme biosynthesis is initiated in the mitochondria from the reaction of glycine with succinyl-CoA to form ALA, which migrates into the cytosol where PBG is formed under the action of ALA-D.16,17 Porphyrin derivatives are formed by the condensation of the pyrrole rings of four molecules of PBG, yielding uroporphyrins (URO), which contain eight carboxyl groups, and are successively decarboxylated to the less polar intermediates14 heptacarboxyl porphyrins (HEPTA), hexacarboxyl porphyrins (HEXA), pentacarboxyl porphyrins (PENTA), and coproporphyrins (COPRO), that contain four carboxyl groups. Porphyrin derivatives originating from PBG can be formed in two ways, spontaneously or enzymatically, and are denominated URO I, HEPTA I, HEXA I, PENTA I or COPRO I or URO III, HEPTA III, HEXA III, PENTA III or COPRO III. Porphyrins produced enzymatically in the cytosol are ultimately converted into protoporphyrinogen IX (PROTO IX) and protoporphyrin IX (PP IX), which migrate to the mitochondrial matrix where they coordinate with an iron ion in a reaction catalyzed by ferrochelatase to produce the heme molecule.

  Porphyrias can be genetically transmitted by autosomal dominant inheritance, with the exception of congenital erythropoietic porphyria (autosomal recessive),18 or can be chemically acquired by exposure of individuals to xenobiotics, such as lead, a condition referred to as lead poisoning, plumbism or saturnism.14 The excretion patterns of heme intermediates enable the classification of a case of porphyria and the establishment of the most suitable strategies for drug therapy and patient monitoring19 (Table 1). Many spectrofluorometric techniques are available to detect porphyrin excretion in urinary fractions; however, gradient reversed-phase high-performance liquid chromatography (RP-HPLC) using C18 columns with fluorescence detection is an accessible methodology for most laboratories and is sensitive enough to detect at least five fractions.20 Here, we used a modified HPLC methodology to identify COPRO I and COPRO III isomers, which may also be applied to the diagnosis of other diseases that are based on alterations of normal heme.21

  Recently, Balwani and Desnic published a comprehensive review on the diagnosis and treatment of the eight genetically distinguished porphyrias.1 Moreover, Danton and Lim discussed the reported methods for analyzing the heme biosynthetic metabolites and their oxidation products by HPLC/mass spectrometry (MS), which may eventually result in the characterization of the type of porphyria carried by a patient.22 Alternatively, several hypotheses for biochemically correlating the data on heme intermediates present in urine and blood with the clinical porphyric data have been discussed in the literature. Among them, a free radical- and oxidative stress-based hypothesis based on the accumulation of pro-oxidant ALA in tissue has been reinforced by biochemical data obtained from in vitro and in vivo studies with cell cultures and animal and human organs that are ALA-rich endogenously or due to experimental interventions.14,23

  Laboratory diagnosis is achieved by the quantification of these metabolites present in the heme biosynthetic pathway and subsequent measurement of the enzyme activities related to the metabolites. The current accepted values for random urinary porphyrins in healthy individuals are as follows: URO: < 30 nmol L-1; HEPTA: < 7 nmol L-1; HEXA: < 2 nmol L-1; PENTA: < 5 nmol L-1 and total COPRO (I + III) < 110 nmol L-1.24

  We propose here a rapid, cheap and sensitive HPLC method to identify urinary porphyrin metabolites in patients in public hospital networks that include the distinction between COPRO I and III. Previous reports stress the importance of determining COPRO I and III isomer levels as biomarkers of arsenic poisoning,25 as exposed groups have been found to exhibit significantly higher COPRO I and III levels compared with those in the control group. Alterations in porphyrin concentrations are determined in urine samples from clinically identified porphyric patients compared to samples obtained from healthy individuals, thereby demonstrating the reliability of this method to identify the class of porphyria.

   

  Experimental

  HPLC method

  Urinary porphyrins were analyzed using a Shimadzu HPLC chromatograph (Kyoto, Japan) composed of the following parts: 1 RF 20A fluorescence fetector; 1 DGU-20A5 degasser; 2 LC-20 AT liquid chromatography pumps; 1 SIL-20 HT auto sampler; 1 CTO-20A column oven, and 1 CBM-20A communications bus module, programmed for excitation at 400 nm and emission at 620 nm, and one integrator (CR7A PLUS). The column used was a reversed phase C18 HPLC column Phenomemex® (Torrance, CA, USA), model LiChrospher, 125 × 4.00 mm, attached to a pre-column, 4.0 cm × 4.0 mm, both 5 mm RP-18, 100 Å, 5-µm particles, with a flow of 1 mL min-1 and a 100 µL sample injection size.

  A standard commercial lyophilized porphyrin kit was purchased from Sigma-Aldrich (St. Louis, MO, USA), which contains URO I dihydrochloride, synthetic COPRO I dihydrochloride, and COPRO III tetramethyl ester. In addition, a CMK-1A porphyrin acid chromatographic marker kit containing URO I dihydrochloride, HEPTA I heptamethyl ester, HEXA I hexamethyl ester, PENTA I pentamethyl ester, and COPRO I tetramethyl ester was acquired from Frontier Scientific (Logan, UT, USA). Standard solutions of porphyrins suspended in HCl from Merck KGaA (Darmstadt, Germany) were prepared at concentrations of 6.0 and/or 3.0 nmol L-1. For the porphyrin analysis, 100 µL porphyrin aliquots were injected into the chromatograph at a flow rate of 1.0 mL min-1 with a total analysis time of approximately 43 min. Phase A was prepared using 1.0 mol L-1 ammonium acetate buffers (Synth, São Paulo, Brazil) with pH values of 4.0, 4.3, 4.6, 4.9, 5.2, 5.4, 5.7 and 6.0, adjusted with 99% glacial acetic acid (Sigma-Aldrich) containing 10% acetonitrile. Phase B was prepared from 90% HPLC grade methanol and 10% acetonitrile (Merck KGaA). Elution was performed using the gradient program, starting with 100% phase A and 0% phase B, followed by 10 min with 35% phase A at the selected pH and 65% phase B. Twenty minutes after separation of a given sample, the column was cleaned and stabilized. These sets of chromatographic variables allowed the separation of the porphyrin fractions due to clear-cut polarity differences based on the distinct number of porphyrin carboxyl groups. The choice of composition and separation program for the HPLC analysis of urinary porphyrins to attain optimization was guided by varying phase A. This study also intended to promote the separation of COPRO isomers I and III, of enzymatic and non-enzymatic origins, respectively, and 10% acetonitrile was added in both phases to improve the resolution of analyte separation. The retention time, the area of the metabolite peaks and the number of theoretical plates were evaluated for phase A at different pH values.

  Bioanalytical validation and statistical analysis

  The analytical validation of the method described here complies with the procedures and parameters recommended by the US Food Drug Administration (FDA).26 The following analytical parameters were evaluated here: specificity, linearity, precision, sensitivity, limit of detection, limit of quantification and accuracy. The calibration curves were determined using spiked urine samples containing six known concentrations of each analyte: 5, 50, 100, 500, 1,000 and 5,000 nmol L-1 for URO, HEPTA, HEXA, PENTA, and COPRO I; and 7, 70, 700, 1,700, 3,500, and 7,000 nmol L-1 for COPRO III.

  The evaluation of the accuracy of the method was used to estimate the analyte recovery parameter, which can be defined as the ability of the method to approach the true analyte concentration in the real sample. Therefore, analyses were performed using three samples, with three different concentrations of each analyte and five replicates of each trial.

  The precision of the method was evaluated for each analyte at three different concentrations performed on the same day (intra-analysis precision) and by analysis of the same solutions on five different days (inter-analysis precision).

  The sensitivity of the method was assessed by calculating the limits of detection and of quantification. The limit of quantification (LOQ) is defined as the smallest quantity in the sample that can be assayed under experimental conditions with a defined accuracy, with a coefficient of variation (CV) lower than 15%.

  Patients studied

  The study was approved by the institutional (Unifesp) ethics committee, according to the protocol number 1964/10. Questionnaires were answered by 40 patients with a suspected or confirmed diagnosis of porphyria, referred by the Brazilian Porphyria Association (Associação Brasileira de Porfiria, ABRAPO). A kit for collecting random urine samples was mailed to the patients in a foam box, which contained two sterile, light-protected bottles containing 5 g L-1 sodium bicarbonate (Synth). The terms of consent and the collection guidelines were included in the kit. Twenty four urine samples were obtained from patients between ages 17 and 70 years.

  Storage and preparation of urine samples

  Patient urine samples were collected in the morning, protected from light, kept on ice and delivered to the laboratory on the same day. Upon receipt, the samples were aliquoted and kept frozen at -80 ºC until use. Then, 2 mL of each urine sample were thawed and acidified with 70 µL of HCl (Merck KGaA) to obtain a pH of ca. 2.0. After homogenization, the samples were filtered through a 0.22 mm membrane (Millipore Corporation, Billerica, MA, USA) and sonicated (Elma, Ultrasonic Digital S, Manchester, UK) for 20 min. All determinations were performed in parallel with authentic porphyrin samples.

   

  Results and Discussion

  The study of the pH effect of eluent A on the separation efficiency by fluorescence detection is summarized in Table 2. Standard samples of 100 nmol L-1 URO, HEPTA, HEXA, PENTA or COPRO I and 700 nmol L-1 COPRO III were injected into the HPLC equipment. The data presented in Table 2 and Figure 1 indicate that although the pH value of 4.0 provides the largest numbers of theoretical plates, separation of COPRO I and III is not attained. However, by increasing the pH of the chromatographic phase, a good resolution of the chromatographic peaks of COPRO I and III and considerable amounts of theoretical plates were obtained. The best resolution was achieved with ammonium acetate buffer at pH 5.7 as eluent A (Table 2 and Figure 1). Partial separation of COPRO I and III was reached using these conditions and is consistent with the chromatograms obtained from both standard porphyrin solutions and a urine sample obtained from a porphyric patient (Figure 2).
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  The gradient started from 0% of eluent B, which made possible to separate the fractions based on their differences in polarity and helped eliminate polar interferences present in the samples. The HPLC separation parameters were also evaluated by spiking acidified urine samples with URO, HEPTA, HEXA, PENTA, COPRO I, and COPRO III standards.

  Student t-test was used to verify the linearity of deviations from the calibration curves obtained with the analytes. The experimental porphyrin concentration values (T) found by HPLC (n = 6) coincided with the calculated, nominal values with a confidence level of 95%. Calibration curves were constructed and analyzed statistically using a Student t-test for URO, HEPTA, HEXA, PENTA, COPRO I and III at concentrations of 5, 50, 100, 500, 1,000 and 5,000 nmol L-1 for URO, HEPTA, HEXA and COPRO I, and 7, 70, 700, 1,700, 3,500 and 7,000 nmol L-1 for COPRO III. The equations found were y = 3.29403x + 3625.6; y = 3.07211x + 220841; y = 3.36552x + 118242; y = 3.33461x + 150771; y = 3.71105x + 281962; y = 1.00796x + 837120, respectively. The respective linear correlation coefficients (r2) were all above 0.99, thus confirming the linearity of the method. The evaluation of the accuracy of the method is displayed in Table 3 and demonstrates satisfactory recovery values for all analytes at all concentrations tested. The recovery percentages range from 85 to 115%, which is required by the FDA.
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  The precision of the method evaluated based on the intra- and inter-assay analysis for URO, HEPTA, HEXA, PENTA, COPRO I and III determinations are in accordance with the FDA recommendations,26 all of which exhibited CV below 15%. During the chromatographic analysis of the patients, a mixture containing six diluted metabolites in urine samples from donors was injected to confirm that the retention times and chromatographic resolution were reproduced, which was indeed observed in all analyses.

  The sensitivity of the method was assessed by calculating the limits of detection and quantification expressed in nmol L-1 as follows, respectively: URO, 0.62 and 2.05; HEPTA, 0.59 and 1.96; HEXA, 0.54  and 1.81;  PENTA, 0.52 and 1.73; COPRO I, 2.03 and 6.77; and COPRO III, 0.43  and 1.44. Although chromatograms demonstrate that there is partial resolution of COPRO I and III, validation data meet the FDA guidelines and can be used to analyze patient urine samples. These data document the usefulness of the method for detecting and quantifying porphyrin metabolites with high sensitivity. Similar results were obtained by other authors using different HPLC methodologies.27,28 The validated method was then used to analyze random urine samples from 24 patients whose observed porphyrin concentrations are displayed in Table 4.
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  Healthy individuals displayed a typical urinary porphyrin excretion pattern, with 2-8 times more COPRO III than COPRO I (Table 4). To the best of our knowledge, no reference values for the COPRO porphyrins have been reported. The urinary porphyrin data suggest that patients with an AIP diagnosis (Table 4) exhibit augmented total COPRO urinary levels, even when they are not in crisis. Some of these patients belong to the same family and were clinically confirmed or suspected to be AIP carriers on the basis of symptoms, such as intense abdominal pain, but only patient No. 2 (chromatogram depicted in Figure 2) was clearly under acute crisis. This finding is important because minor changes in metabolic urinary porphyrin patterns might indicate the onset of crisis, allowing preventive medication to avoid further patient suffering.

  Patient 14 exhibited symptoms characteristic of both PCT and AIP. As reported in the literature,18,29 PCT patients exhibit skin blemishes when exposed to sunlight, which is characteristic of PCT, and abdominal pain, which is typical of AIP. Changes were detected in HEPTA, HEXA, PENTA, COPRO I and III.

  Patient 15 displayed alterations in HEPTA, HEXA, PENTA, COPRO I and III urinary concentrations and skin lesions, which suggest PCT disorder. Accordingly, his anamnesis registered psychological disturbances that are characteristic of AIP. Moreover, the patient genetic report revealed small changes in some of the enzymes in the heme biosynthetic pathway, such as alterations in activity of the heme biosynthetic enzyme URO III synthase, a deficiency in which massive porphyrin accumulation in blood cells results and is responsible for hemolytic anemia and skin photosensitivity.30,31

  A reliable diagnosis of PCT via HPLC urinary analysis seems to be more complex because all porphyrin - URO, HEPTA, HEXA, PENTA, or total COPRO - levels do not appear to follow a reproducible pattern, but are altered. These findings also demand further clarification, as minor changes in metabolic urinary porphyrin patterns might denounce the onset of crisis and recommend preventive treatment.

  Of the 24 patients referred by ABRAPO who had their samples analyzed in our study, 83.3% exhibited significant changes in one or more metabolites of the heme biosynthetic pathway, suggesting that the biomedical characterization of this rare health condition might actually be methodologically simple. Moreover, we may also consider the exposure of individuals to chemicals, such as polychlorinated biphenyls, hexachlorobenzene, pentachlorophenol, dioxins and heavy metals (arsenic, lead and mercury), which have a well-known risk of inducing porphyria and should obviously be avoided.32,33 In addition, these factors can cause porphyria in individuals with no documented genetic predisposition as an acquired toxin-induced condition. Public policies adopted in developed countries to educate and monitor people who are at risk of lead poisoning have dramatically lowered instances of neurotoxicity in children, adolescent behavioral problems, and societal economic losses.34 HPLC fluorescence detection proved to be an efficient and inexpensive (about US$ 20.00 per analysis) tool for the quantitative analysis of the six metabolites studied here. Of the examined patients, only one was in AIP crisis, while the remaining twenty-three patients were asymptomatic.

  Finally, we emphasize the potential importance of the separation of the two isomers COPRO I and III achieved here because it may help clarify the type of porphyria. In this regard, the COPRO I:COPRO I / (I + III) ratio is important in the diagnosis of Dubin-Johnson syndrome.35,36 This syndrome is attributed to the mutation of the ABCC2 gene, which is associated with a high excretion rate of COPRO I. This gene encodes the multidrug resistance-associated protein 2 (MRP2), which is involved in the secretion of numerous drugs and endogenous substrates.37,38 Reference values are available in the literature only as the sum of these two isomers, given that current analyses are not able to separate COPRO I and III, although the distinct enzymatic route that produces COPRO III has already been identified.

  Porphyria is classified as a rare disease, and its definition is therefore dependent upon the time period and geographic area being considered.39 However, patients with rare diseases face the challenges of a lack of scientific knowledge and competent medical professionals that can provide an accurate diagnosis, which prevents the family and patient from identifying the disease, triggering the patient's symptoms in order to prescribe him an appropriate treatment.

  In Brazil, ABRAPO was founded on 07/21/2006 to provide support to patients and their families, as well as raise awareness of porphyria patients so that they are better known, diagnosed and treated. According to the Paraná State Decree 15,781 of 02/21/2008, ABRAPO was declared of public interest. The activities and webpage (www.porfiria.org.br) of this association make it possible to exchange information, guidelines for access to diagnosis, treatment, and integration between physicians and patients from different regions of Brazil. Support, information and guidance are provided via the Internet, telephone and e-mails. In 2011, the average number of monthly e-mails sent to patient's families was 180. These e-mails contained information regarding major medical issues on hematin treatment, the list of banned drugs, and clinical tests for diagnosis, as well as general orientation. For dissemination, information and guidance, study groups, lectures, and patient meetings were also conducted, as well as participation in national and international conferences and other events. Until 12/31/2011, ABRAPO had 292 registered patients, and in May 2012, it went up to 310, which still does not represent the real number of carrier families known by the association. According to the monthly average consultation, ABRAPO hears approximately 06 patients per day with requests for information.

  ABRAPO includes information for physicians, which has been translated into Portuguese by the American Porphyria Foundation, a result of the Global Porphyria Alliance site. The porphyria guidelines from the Brazilian Medical Association are nearing completion. Based on Google Analytics reports from 2011, the ABRAPO site received 21,413 visits, including 20,402 from Brazil (São Paulo, Rio de Janeiro, Curitiba, Belo Horizonte, Brasília, Salvador, Fortaleza, Campinas, Porto Alegre, and Recife were the 10 cities with the highest number of visits) and 1011 from other countries, with 436 from Portugal. Of these, 16,945 (79.13%) were new visitors and 4,468 (20.87%) were accessing the site again.

  These data demonstrate the importance of information on rare maladies, which may have access to specialized professionals, specific medications, contact with other patients and various clarifications. It is difficult to diagnose and treat porphyria. Although not officially, laboratories and hospitals with specialties in porphyria can be found in the Brazilian Universal Health System (public and free system). Hematin is the only drug used to regulate the metabolism of heme during attacks of acute porphyria. This drug is not produced in Brazil, and the request for registration with the National Health Surveillance Agency has not been answered. Its high cost prevents access by patients unless it is required by judicial order. This further complicates the arrival of the drug in a timely manner for the patient. However, in a meeting of the Ministry of Health in Brasília, on April 26, 2011, with various supporting institutions, a working group was formed regarding people with rare diseases in the Brazilian Universal Health System.

   

  Conclusions

  The HPLC/fluorescence detection method reported here facilitates the accurate, sensitive and inexpensive separation of six heme precursors as compared to mass spectrometry, for example. This method can be an important tool in public hospitals in continental countries, such as Brazil, to screen for patients and relatives with and without porphyria symptoms. We emphasize that all patients sent samples via regular mail. The diagnosis of AIP carriers is particularly important for anticipating the manifestation of acute crises, which can be fatal, and also to therapeutically monitor patients with chronic porphyria. Moreover, it may help the diagnosis of other diseases that are based on alterations in normal heme production or differential excretion of these isomers, which reportedly occurs, for example, in Dubin-Johnson syndrome and arsenic poisoning.28
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‘Table 1. Crystal data and structure refinement for [Co(atc);]C1-H,0 (1-H,0) and [Co(atc-Ph),|CI-McOH (5-McOH)

1HO SMeOH

Empirical formula 1,CICoN,0S, CH,CICoN,0S,

Formula weight 498.90 665.11

Temperature / K 296(2) 203(2)

Wavelength /A 071073 071073

Crystal system Monoclinic Monoclinic

Space group P2/n P2

Unit cell dimensions a=1007744)/A a=991672) /A a=90°
b=174487(7)/ A b=234163(5)/A 21.17(10)°
©=11.6658(4)/ A c=1527843)/A y=90°

Volume / A* 2050.97(14) 3035.55(11)

z 4 4

Density (calculated) / (mg ) 1616 1455

Absorption coefficient / mm 1197 0829

F(000) 1024 1376

Crystal size / mm* 0.19x0.17 x 0.06 0971 x0.386 x 037

Theta range for data collection 210102535 17410 25.05°

Index ranges ~12<h<ll, ETETEIN
~20<k<20, 27<ks,
~l4<i<14 -16<1<18

Reflections collected 12508 18887

Independent reflections [R(int) = 0.0364] [RGin) = 0.0181]

Completeness to theta = 25.14°/ % 993 9.2

Absorption correction Semi-empirical from equivalents Semi-empirical from cquivalents

Max. and min. transmission 07452 and 0.6388 07452 and 0.6775

Refinement method
Data/ restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(D)]

R indices (all data)

Largest diff. peak and hole / (e A=)

Full-matrix least-squares on F*
3725131270

1037

R, =0.0402, wR, = 0.0981

R, =0.0642, R, = 0.1112
1.043 and 0275

Full-matrix least-squares on F2
5327/0/382

1068

R,= 00316, wR, = 0.0864

R, = 0.0367, wR, =0.0895
0290 and -0.220
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Figure $3. “C NMR spectrum (75.5 MHz, CDCL,) of the guaianolide.
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‘Table 4. Anti-MTB activity (MIC), eytotoxicity (ICyy), and selectivity index (SI) of the complexes

MiC 1C, (VERO cells)
Compound sk
pgmL /pmol L1 Jpg mlt Jmol L

[Colate),JCLH,0 (1H,0) >25 >50 43430 87205 —
[Colate-Me),IC1 2) >25 >49 483.50 950,69 —
[Colate-E0),ICI (3) >25 >46 95.90 17889 —
[Cofate-Ch),ICI (4) 156 241 11.80 1831 75
[Colate-Ph),ICI (5) 625 087 10530 16659 17
CoCL6HO0 >25 >105 368.40 34092 —
Isoniazid 003 021 — — —

“The selectivity index (S) was calculated by the ratio IC,,¥***/MIC. MIC values for the ligands: Hatc
(37.4 pmol L-); Hatc-Et = 3.13 pg mL (14.08 pmol L); Hate-Ch = 0.78 g mL" (2.82 pmol L

=313 ugmL" (161.1 pmol L-); Hatc-Me =7.8 pg mL"
; Hate-Ph = 15.6 g mL (57.75 pmol L)
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Figure $4. COSY spectrum (CDCL,, 300 MHz) of the guaianolide.
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Table 3. Cyclic voltammetry for the redox couples Co™/Co" and Co"/Co for all four complexes, measured in acete

le with 0.1 M PTBA as the electrolyte

Complex Egle! Eqle™ En/V Eo'e' E. NV
1 0386 076 080 —154 -152
2 080 073 -077 -154 -1.50
3 0386 075 080 -1.60 -154
4 ERE -1.02 -1.10 -1.60 -157
5 -073 065 070 -1.52 -146
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Figure S2. IR spectrum (KBr) of complex 2.
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Figure S1. IR spectrum (KBr) of complex 1.
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Figure S7. DEPT spectrum (CDCL, 75.5 MHz) of the guaianolide.
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Table 2. Selected bond lengths (A) and angles (°) refined from X-ray
for 1H,0 and 5:McOH

THO SMcOH,
Bond Lengths
Co(1)-N(1A) 19523) 1.9579(18)
Co(1)-NQA) 18932 1.8861(18)
Co(1)-N(IB) 1.9593) 1.9659(18)
Co(1)-N@2B) 18932 1.8826(18)
Co(1)-S(14) 22185(10) 22035(6)
Col(1)-S(1B) 22151(10) 22125(6)
SUA-CEA) 174503) 17452)
S(IB)-C(8B) 17370) 174102
NGA)-C(8A) 13214) 13140)
Bond Angles
NQA)-Co()-N(1A) 82.82(11) 82.73(7)
N@B)-Co(1)-N(IB) 82.44(11) 82.557)
N@B)-Co(1)-N(14) 95.85(11) 99.09(8)
N(B)-Co(1)-NQ2A) 17854(12) 177.907)
NQA)-Co(1)-N(1B) 98.15(11) 98.54(7)
N(LA)-Co(1)-N(1B) 90.23(11) 9041(7)
NB)-Co(1)-S(1A) 05.43(9) 91.96(6)
C(8A)-S(1A)-Co(1) 94.58(12) 94.47(7)

N(1A)-Co(1)-S(14) 168.72(8) 168.94(6)
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Table S1. 'H NMR data (CDCl,, 300 MHz) for the guaianolide compared to the same compound isolated from the cyclization of parthenolide from
Magnolia grandifiora L. (Magnoliaceae)'

Proton Literature (6,) Tsolated compound guaianolide (5,)
Hel 3.02(ddd, 121,87, 8.7) 3,01 (ddd,11.7, 9.0 and 9.0Hz)
Ha 176-1.86 176-1.86 (m)
H2pB 176-1.86 176-1.86 (m)
H3a 176-1.86 176-1.86 (m)

H3p 1.89 (m) 1.86-1.89 (m)

H4 - -

HS 237(dd. 119, 11.9) 237(dd.J 120 and 11.9)
H6 405 (dd, 11.4,113) 406(dd, J 114 and 11.3)
HT 276 (ddddd. 11.3,8.6,32.32.3) 2,69 (m, J 2.80)
HeSa 138 (m) 1.34-1.40 (m)

H8p 2.25(dddd, 132,73,3.2,3.7) 2.23-230 (m)
H9a 193 1.90-1.98 (m)
HoB 2.68(ddd.13,38.3.8) 2,66 (ddd, 129,3.6.3.6)
H-10 - B

Hell - -

He12 - -

H-l3a 623(d,3.6) 6238(d,J3.6)
H-13p 552(d,3.0) 553(d,J33)
H-lda 5.00 (br;s) 5012 (brs)
H-14p 497 (br,5) 4976 (br )

HAS 1316 13219

on N 2337()

8, chemical shift (ppm); J: coupling constant (Hz).
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Figure 1. An ORTEP view of [Cofate),]CIH.0 (1-H,0) (left) and [Co(atc-Ph),JCMeOH (5:MeOH) (right). Chloride and solvate molecules were omitted
for clarity.
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Figure S5. HMQC correlation spectrum (CDCL, 300 MHz) of the
guaianolide.
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Figure 3. Cyclic voltammogram of [Co(ate-Et),]* (scan rate 100 mV s°)
full amplitude and narrow amplitudes
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Figure S6. HMBC correlation spectrum (CDCL, 300 MHz) of the
‘guaianolide.
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Figure 2. Crystalline and molecular structure of [Co(ate-Ph).]
CIMeOH [N(da)-H(da)--O(Ic) = 158.3°, N(db)-H(4)--CI(1) = 177.9°,
O(1)-H(1)--CI(1) = 159.2°]. Symmetry operation used to generate O(1c),
H(lc) and Cl(lc): x, -y — 112, 2 172,
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Table S2. *C NMR data (CDCI,, 75.5 MHz) of the guaianolide compared to the same compound isolated from the cyclization of parthenolide from
Magnolia grandifiora L. (Magnoliaceae)'

Carbon Literature (8,,), DEPT Literature (6,,) ;’“';'f:n‘:ﬁcge’f"l’)"E"; “;’::,':;l‘i’d’:"(‘;‘:;"
c1 CH 44.0d CH 415
c2 CH, 262t CH, 2637
c3 CH, 4021 CH, 40.38
Cc4 C 797s c 79.90
(o) CH 557d CH 55.90
C-6 CH 84.1d CH 8432
c7 CH 473d CH 4157
C-8 CH, 314t CH, 31.65
co CH, 303t CH, 305
c-10 C 14805 c 14825
c11 C 1387 s c 13892
c12 C 169.7s c 170.11
c13 CH, 1208t CH, 121.03
C-14 CH, 1126t CH, 11290
15 CH, 2399 CH, 241

4, chemical shift (ppm); J: coupling constant (Hz).
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Figure 1. Compounds analysed against recombinant ARG from L. amazonensis.
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Figure 6. Compounds from metasternal glands probably involved in
the sexual communication of the triatomine bug R. prolixus: 2-butanone
(11), 2-pentanone (12), (S)-2-butanol (13), 2-methyl-3-buten-2-ol (14),
3-methyl-2-butanol (15), 3-pentanol (16), (S)-2-pentanol (17), (E)-2-
‘methyl 3-penten-2-ol (18), (5)4-methyl-2-pentanol (19). (5)-3-hexanol
(20), 2-methyl- 1-butanol (21) and (:£)-4-methyl-3-penten-2-ol (22).
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Figure 7. Contact pheromone identified for 7. infestans, octadecanoic
acid (23) and hexacosanoic acid (24).
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Figure 8. Pheromones found in the feces of T. infestans, P. megistus and
. brasiliensis: acetic acid (23), 3-methylbutanoic acid (26), hexanoic
acid (27), acetamide (28) and 2,3-butanediol (29).
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Figure 1. Chemical structures of glucantime (meglumine antimoniate) (1), meglumin (2), sodium stibogluconate (commercialized as Pentostam) (3),
amphotericin B (4), pentamidine (3) and miltefosine (6).
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Figure 2. Chemical structures of paromomycin (1), ketoconazole (2), itraconazole (3), fluconazole (4) and imiquimod (5).
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Table 1. Summary of antileishmanial drugs
Drugs Mechanism of action Outcome Disadvantage Reference
Pentavalent antimony Rapid absorption and inside the ~ TDRI* is capable of catalyzing ~ Side effects: myalgia, liverand  31-30
(Parenterally, daily, forat  macrophage are converted into the conversion of the cardiac disorders, abdominal
least three weeks trivalent antimonite, whichis  pentavalent form of antimony o pain, headache, asthenia. Its
(20 mg kg day” for the active form of the drug trivalent one using glutathione  rapid excretion by the kidneys,
2030 days) as the reducing agent which makes long-term
administration of the drug
necessary
Meglumine antimoniate Interference on amastigole  Precaution for use in the elderly: High level of toxicity 4043
(Glucantime®) bioenergetic process. Inhibits  acute pancreatits, acute renal
(15 mg kg day” for parasite proteins, as enzymes failure, leukopenia
20 days) involved in glycolysis and fatty
acid oxidation, reduction in the
production of ATP- and GTP
Sodium stibogluconate Inhibits type | DNA Low concentrations induce. May cause diabetes mellitus, 42,4446
(Pentostam®) topoisomerase increases in ROS* formation, proteinuria, hypotension,
(0 mgkg' day iv2 alter the state of phagocyte ‘myalgia, headache
for 10 or 20 days) activation; affects the production
of superoxide, indicating that
the activity of NADPH oxidase
is enhanced
Amphotericin Bfliposomal  Macrocyclic, polyene antifungal Change in membranc Hyperpyrexia, severe malaise, 47,48
amphotericin B agent, itis thought toact by permeability, causing metabolic  hypotension, thrombophlcbitis,
(10mg kg day”) binding to ergosterol, the disturbance, leakage of azotemia, renal tubular damage.
principal sterol in fungal cell small molecules and, as a hypokalemia, anemia and
‘membranes and Leishmania consequence, cell death hepatitis
cells
Miliefosine Involves interaction with lipids  Protein kinase B (Akt) inhibitor, Low therapeutic effect 49,50
(One 50 mg capsule twice  (phospholipids and sterols), a serine/threonine-specific suggested resistance, high
daily with food including membrane lipids, protein kinase that plays an cost, teratogenic and severe
(breakfast and dinner)) inhibition of cytochrome important role in several cellular  gastrointestinal side effects,
C oxidase (mitochondrial ‘mechanisms, such as glucose such as vomiting and nausea
function), and apoptosis metabolism, cell proliferation

and migration, regulating
cellular survival

“TDRI: thiol dependent reductase; ATP: adenosine triphosphate; GTP: guanosine triphosphate;

intravenously: ROS: reactive oxygen species.
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Figure 3. Chemical structures of atoxyl (1), fuchsin (2), nifurtimox (3) and benznidazole (4).
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Table 2. Drug discovery summary for the treatment of Chagas disease

Drug Mechanism of action Outcome Disadvantage Reference
Arsenical Depends on the T cruci strain - No effects 121-123
Rosanilin dye
Antimonials
Mercury chloride
Nifurtimox Induces oxidative stress in the Anorexia, weight loss, Toxic side effects 124,127,
(3-Methyl-4-(5™- parasite, activates reduction by a  drowsiness, nausea, vomiting 128
nitrofurfurylidencamino) cukaryotic type I nitroreductase, and intestinal cramps
tetrahydro-4H-1 4-thiazine-  inhibits parasite dehydrogenase
1.1-dioxide) activity and affects mitochondrial
15 mg kg day for 120 days, ‘membrane potential
acute phase; 10 mg kg day” for
30 or 120 days, chronic phase)
Benznidazole Induces the formation of free  Hypersensitivity, dermatitis,  Effective at parasite eradication 127, 129,
N-Benzyl-2-nitroimidazole radicals and electrophilic ‘gencralized edema, in the acute phase of infection 130
acetamide metabolites within the parasi fever, lymphadenopathy, but not in the prevalent chronic
(5-10 mg kg day for 30 or induces lesions in ‘muscle and joint pain, stage of the discase
60 days) the mitochondrial DNA neutropenia, agranulocytosis,
thrombocytopenia, peripheral
neuropathy

Allopurinol Alternative substrate to HGPRT,*  Headache, nausea, weight loss, Ineffective during the 131134
(4-Hydroxypyrazolo- of the purine salvage pathway,  dark urine, jaundice, muscle acute phase
(3.4-d)-pyrimidine HPP) leading to the formation of non-  weakness, vomiting, diarthea
(8-10 mg kg for 60 days) physiological nucleotides and

interfering with RNA synthesis
Fluconazole Inhibits the cytochrome P450 No significant side effects - 127,134,
(a2 4-difluorophenyl)-c-  enzyme, important for ergosterol 135
(1H-1.2.4 -triazol- 1-ylmethyl)-  in the cytoplasmic membranc,
1H-1.24-triazol-I-cthanol) increased permeability

(5-6 mg kg day for 60 days)

“HGPRT: hypoxanthine-guanine phosphoribosyltransferase.
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Figure 4. Chemical structures of allopurinol (1) and miconazole (2).
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Figure 1. HPLC-PDA chromatogram of purified and isolated sesquiterpene lactone used as standard markers, obtained from fractions of the hydroalcoholic
extract of commercial powder of acrial parts of 7. parthenium (L) Schultz Bip at 210 nm. Peaks: (1) guaianolide (25.0 pg mL") and (2) parthenolide

(250.0 g mL).
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Figure 3. Mass spectra recorded in the positive MS* mode for guaianolide and parthenolide (500.0 pg mL") of the dichloromethane fraction of the
hydroalcoholic extract obtained of commercial powder of aerial parts of T. parthenium (L.) Schultz Bip.
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Figure 2. Chromatogram for sample of the dichloromethane fraction of the hydroalcoholic extract obtained of commercial powder of aerial parts of
. parthenium (L.) Schultz Bip (500.0 g L") diluted in water: methanol (1:1, v/v) and detected by HPLC-PDA at 210 nm. Peaks: (1) guaianolide and
(2) parthenolide.
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Table 1. Validation parameters of the developed HPLC method for simultancous determination of sesquiterpene lactones in the dichloromethane fraction
of the hydroalcoholic extract obtained from commercial powder of aerial parts of T. parthenium (L) Schultz Bip

Guaianolide Parthenalide .
Parameter (11,13-dehydrocompressanolide) “"‘”“’“"'g‘l'z't:;';;;:o)" 1-(13)-dien-
Working range / (ug mL) 6251000 125.0-1000.0
Number of standards 7 6
Linear equation 3= 10422.05 x + 8907.60 = 182026 x + 276365.9
Linearity (cocfficient of correlation () 09048
F cal. regression 309831 (Frit, = 4.49)
Feal. residue 1.035 (F crit. = 2.96) 0.708 (F rit. = 3.20)
Limit of detection / (ug mL") 172 3357
Limit of quantification / (g mL") 575 111.90
Precision - repeatability / % 217 221
Intermediate precision / % 227 420

Average accuracy / % 98.82+ 064 99.63 =062
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Figure $29. Mass spectra obtained for B-amyrin acetate (t,
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Figure S44. Mass spectrum (ESI-MS) of compound 10.
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Figure S28. Mass spectra obtained for o-amyrin (t,
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Figure $43. Mass Spectrum (ESI-MS) of compound 10.
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Figure S31. Full mass chromatogram obtained for the hexane fraction of branches of B. glaziovii using GC-MS.
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Figure $46. 'H NMR (300 MHz, CDCL,) spectrum of compound 40.
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Figure S19. 125 MHz DEPT 90 NMR spectrum of 1 in chloroform-d.
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Figure $45. HPLC chromatogram of compound 10. Flow 0.9 mL min"; mobile phase 40% MeOH. 60% H,0, TFA 0.1%; temp. 24.5 °C.
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Figure S18. 125 MHz DEPT 135 NMR spectrum (expansion & 20-65) of 1 in chloroform-d.
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Table 7. Effects of naphthoquinone-based 1.2,3-triazoles 93-100 on
T cruzi

Compound 1C, /M
93 109=18
94 45851
95 49225175
9% 2005799
97 113157
98 177231
99 802254
100 676577
Benznidazole 103606
Crystal violet 5360230

“Mean = standard deviation from three experiments performed in triplicate.
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Figure $40. °C NMR (75 MHz, CD,0D) spectrum of compound 10.
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Figure 9. Nor-B-lapachone arylamino substituted compounds 101-116.5%
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Figure S12. 500 MHz 'H NMR spectrum (expansion & 1.8-2.4) of 1 in chloroform-d.
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Figure S42. Bi-dimensional (COSY) spectrum of compound 10.
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.oure S15. COSY spectrum (expansion & 1.2-3.6) of 1 in chloroform-d.
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Scheme 10. Naphthoguinone-based 1,2,3-triazoles 93-100.7
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Figure $26. Mass spectra obtained for B-amyrin (t, = 41.937 min).
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Figure $41. °C NMR DEPT (75 MHz, CD,0D) spectrum of compound 10.





OPS/images/a17img25.png
Narn Biatin Caelon (56,3 F18) 3/008

"
_ Lt
vl
4
:
.
1
E
‘
I T A R S R

1 (pom)

Figure S14. COSY spectrum of 1 in chloroform-d.
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Table 9. Effects of the naphthoquinones 117-119 on T. cruzi

Compounds 1C, /M
u7 641238
18 308256
119 1580
Benznidazole 103606

‘Mean = standard deviation from three experiments performed in triplicate.
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Table 10. Effects of the naphthoquinones 117-119 on epimastigote forms
of T: cruzi (in uM)

Compounds _IC,, Iday 1C, 2day 1C, 3day IC, 4day

u7 132222 124=14 117215 12720
s 249+18 218224 195x24 183249
119 79+13 37203  30£07 2603

“Mean = standard deviation from three independent experiments.
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Figure S25. Mass spectra obtained for B-sitosterol (t, = 40.253 min).

Scan 5224 (41.337 min): EHFB 110414 D\datams 4744
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Table 8. Activity of nor-B-lapachone arylamino substituted compounds

101-116 on T. cruzi

Compounds 1C,, /M
101 33282233
102 1408 % 119
103 86346

104 >4000

105 38442525
106 952.5 =711
107 85732964
108 882267

109 2517921698
110 55646

1 17561 £91.8
12 249274

13 438574

114 5062132
s 5262805
116 156229.1
Benznidazole 1036£06

*“Mean = standard deviation from three experiments performed in triplicate.
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Scheme 11. Synthetic route for the attainment of methylated and iodinated naphthoguinones 117-119.%





OPS/images/a06img33.png
Figure 11. Transmission electron microscopy analysis of a 7. cruzi
epimastigote treated with compound 130. The treatment induced the
appearance of membranous siructures inside the mitochondrion (black
thick arrows). N: nucleus; G: Golgi; FP: flagellar pocket; F: flagellum;
K:

inetoplast. Bar: 0.5 pum.
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Figure $22. Mass spectra obtained for cyclodocosane, ethyl- (t, = 34.601 min).
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Figure S37. °C NMR (75 MHz, CDCL,) spectrum of compound 39.
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Figure S21. Mass spectra obtained for 1.2-benzenedicarboxylic acid, mono(2-cthylhexyl) ester (t; = 20.248 min).
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TFigure $36. 'H NMR (300 MHz, CDCL,) spectrum of compound 39.





OPS/images/a17img20.png
-—649.90)
5
—1708.65
=
2
8
|
g
3
5
E
—2852.25
—2917.82 5
£
—3203.23
T E T E T E T E T E T E R
B B B B kB kR R I
soueasues 9,






OPS/images/a06img31.png
\_/

§

/

\

OMe O
127

Br
OH O
131

Me

\ /

121

\ /

124

Br

/

\

OH O
128

O\
Y Br
OAc O
132

Figure 10. Naphthoguinones 120-134 and lawsone (7).%

OH

\ /

OH

\ /

125

Br

/

\

OAc O
129

Br
OMe O
133

OAc

/

122

\ 7/

OAc O
126

Br

\ /

OMe O
130

Me






OPS/images/a11img29.png
Abund:
e Scan 5015 (33937 mink EHFB 110414 D\datams
207.0°

5000
45001 551
4000
3500
3000
2500
2000 2831

%61

1450 4003

1500
1771 2l S
1000

500 3402

[ 430.3

miz-> 05 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 340 400 420

Figure S24. Mass spectra obtained for campesterol (t, = 39.807 min).
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Figure $39. 'H NMR (300 MHz, CD,0D ) spectrum of compound 10.
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Table 11. Effects of the naphthoguinones 120-134 on T. cruzi at 37 °C

Compound 1C,o/uM
120 0792002
121 6042035
122 6302258
123 1372003
124 2172029
125 6512048
126 0162001
127 1022029
128 2152022
129 2432050
130 1252026
131 2522037
132 085008
133 1412015
134 138026
7 563.18+83.28
Benznidazole 260240

“Mean = standard deviation from three experiments performed in trplicate.
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Figure $23. Mass spectra obtained for vitamin E (t, = 38.269 min).
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Figure $38. °C NMR (75 MHz, CDCL,) spectrum of compound 39.
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Figure S11. 500 MHz 'H NMR spectrum of 1 in chloroform-d.
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Figure $55. HPLC chromatogram of compound 11. Flow 0.9 mL min"; mobile phase 40% MeOH, 60% H,0, TFA 0.1%; temp. 24.5 °C.
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Figure $39. Mass spectra obtained for ethyl 9-hexadecenoate (t, = 22.827 min).
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Figure S54. Mass spectrum (ESI-MS) of compound 11.
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Figure S42. Mass spectra obtained for phytol (t, = 24.482 min).
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Figure S57. *C NMR (100 MHz, CDCI,) spectrum of compound 41.
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Figure $56. 'H NMR (400 MHz, CDCI,) spectrum of compound 41.
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Figure S51. "C NMR DEPT (75 MHz, D,0) spectrum of compound 11.
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Figure $30. "C NMR (75 MHz, D,0) spectrum of compound 11.
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Figure S38. Mass spectra obtained for n-hexadecanoic acid (t, = 22.688 min).
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Figure 53. Bi-dimensional (HMQC) spectrum of compound 11.
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Figure $37. Mass spectra obtained for hexadecanoic acid, methyl ester (t,
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Figure S52. Bi-dimensional (COSY) spectrum of compound 11.
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Figure 2. (SR,65)-6-Acetoxy-5-hexadecanolide (1), the oviposition
pheromone of Cx. quinquefasciatus.
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Figure 3. Compounds related to the sexual communication and
aggregation behavior of Lu. longipalpis: (5)-9-methylgermacrene-B (2),
c-himachalene (3), (15,35,7R)-3-methyl-a-himachalene (4), and
cembrene (3).
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Figure 1. Examples of vectors of neglected tropical discases: (a) Aedes
acgypti, the main vector of dengue virus; (b) Triatoma infestans, an
important vector of the flagellate protozoan Trypanosoma cruci, etiological
agent of Chagas disease; and (¢) Lutzomyia longipalpis. a phlebotome
sandfly that can be parasitized by Leishmania flagellates, etiological
agents of leishmaniasis.
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Lactic acid ‘Human skin Ae. acgypti, An. gambiae, R. prolixus, T infestans 42,43,48,49,51, 55, 64, 65
Acctone ‘Human skin An. gambiae, R. prolixus, G. pallidipes, G. morsitans, C. impunciatus 52,65.77,78,80
co, ‘Human breathing Ae. acgypti, An. gambiae, An. stephansi, R. prolixus, T. infestans, 43,48, 52,55, 64,65.77,78
Lu. intermedia, Lu. whitmani, G. palpalis, C. impunctatus

NH, ‘Human skin Ae. acgypti, An. gambiae, T. infestans 48,49,51,61
Sweat/skin extract Human Ae. aegypti, An. gambiae, R. prolixus, Lu. longipalpis, Lu. intermedia, 43, 53-55, 58, 60, 65,

Lu whitmani, G. palpalis 61.70,73
Vertebrate odor Mouse, cow, fox  Ae. aegypti, An. quadriannulatus, R. prolixus, T. infestans, Lu. longipalpis 38, 54, 58, 60, 63, 68
Fatty acids ‘Human skin Ac. acgypti, T. infestans 49,50
Carboxylic acids Limburger cheese An. gambiae 51
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Urine Rabbit, cow, buffalo R. prolixus, T. infestans, C. impunctatus 60,78
Butyric acid ‘Human skin R prolixus 65
Nonanal Sheep, chicken T. infestans, Cx. quinquefasciatus 56,62
Isobutyric acid Rabbit T infestans 62
Trimethylamine Rabbit Cx. quinguefasciatus 56
3-Methylindole Rabbit Cx. quinguefasciatus 56
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Figure $33. Expansion of the mass chromatogram (31-47 min) obtained for the hexane fraction of branches of B. glaziovii using GC-MS.





OPS/images/a15img54.png
Zo z 20 W0 W 10 0 w0 B0 M 30 @0 th W0 % s W @
1 Gom)

Figure $48. °C NMR DEPT (75 MHz, CDCI,) spectrum of compound 40.






OPS/images/a17img32.png
B S

FL (oom)

re S21. HMQC spectrum (expansion 8 18-38) of 1 in chloroform-d.





OPS/images/a11img37.png
Abundance
TIC: EHGB 110414 D\data.ms

5500000
5000000
4500000
4000000
3500000
3000000
2500000
2000000
1500000
1000000

500000 " 2

Time—> 2100 2200 2300 2400 2500 2600 2700 2800 29.00 30.00
Figure $32. Expansion of the mass chromatogram (20-31 min) obtained for the hexane fraction of branches of B. glaziovii using GC-MS.
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Figure $47. “C NMR (75 MHz, CDCL,) spectrum of compound 40.
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Figure 4. Dodecanoic acid (6), the oviposition pheromone of
Lu. longipalpis.
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Figure S35. Mass spectra obtained for dibutyl phthalate (t, = 21.407 min).
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Figure 5. EAD active compounds from the metasternal gland of female
T brasiliensis: 3-pentanone (7), (R)-4-methyl-1-heptanol (8). 2-methyl-
1-propanol (9) and (R)-1-phenylethanol (10).
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Figure $49. 'H NMR (300 MHz, D,0) spectrum of compound 11.
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Figure S60. "C NMR (75 MHz, CD,0D) spectrum of compound 12.
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Figure S51. Mass spectra obtained for cyclopropancoctanal, 2-octyl- (t
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Figure $66. 'H NMR (400 MHz, CDCL,) spectrum of compound 42.
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Figure $30. Mass spectra obtained for nonadecanoic
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Figure S63. HPLC chromatogram of compound 12. Flow 0.9 mL min"'; mobile phase 40% McOH, 60% H,0, TFA 0.1%; temp. 24.5 °C.
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Figure §53. Mass spectra obtained for nonadecanoic acid, ethyl ester (t, = 26.547 min).
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Figure S68. °C NMR DEPT (100 MHz, CDCI,) spectrum of compound 42.
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Figure $67. °C NMR (100 MHz, CDCI,) spectrum of compound 42.
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Figure S47. Mass spectra obtained for ethyl oleate (t,
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Figure S62. Bi-dimensional (COSY) spectrum of compound 12.
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Figure S46. Mass spectra obtained for 9,12,15-octadecatrienoic acid, ethyl ester, (ZZZ)- (t,
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Figure S61. *C NMR DEPT (75 MHz, CD.0OD) spectrum of compound 12.
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Figure $49. Mass spectra obtained for octadecanoic acid, ethyl ester (1, = 25448 min).
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Figure S64. Mass spectrum (ESI-MS) of compound 12.
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Figure S48. Mass spectra obtained for phenol, 4.4'-(1-methylethylidene)bis- (t, = 25.295 min).
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gure 3. Naphthoxazoles 19-26 obtained from B-lapachone (3) and nor-B-lapachone (5).57#
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Figure 4. Naphthoimidazoles 27-39 obtained from f-lapachone (3).5%
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igure S44. Mass spectra obtained for 9,12, 15-octadecatrienoic acid, (ZZZ)- (t, = 24.804 min).
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Figure $39. 'H NMR (300 MHz, CD,0D) spectrum of compound 12.
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Figure S43. Mass spectra obtained for 9,12-octadecadienoic acid (Z,Z)- (t,
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Figure 5. Similarities and differences among the mechanisms of action of each naphthoimidazole in 7. cruzi epimastigotes. Most of the modulated proteins
are mitochondrial proteins, indicating that this organelle is the main target of compounds 18, 27 and 39. These three compounds regulate the trypanothione
pathway, cytoskeleton assembly, protein metabolism/synthesis and chaperone diversity. These alterations compromise different biological processes and
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Figure S45. Mass spectra obtained for linoleic acid, cthyl ester (t, = 25.075 min).
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Figure $36. Mass spectra obtained for cthyl tetracosanoate (t, = 32.939 min).
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Figure $62. Mass spectra obtained for B-amyrin (t, = 41.967 min).
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Figure S38. Mass spectra obtained for campesterol (t, = 30.799 min).
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Table 4. Effects of nor-B-lapachone-based 1,2,3-triazoles on T. cruzi

Compound 1C, /M
51 502238
52 1519580
53 2567387
54 578256
55 34812442
56 173220
57 208219
58 101557
59 30640
60 218231
61 35022111
Crystal violet 5360230
Benznidazole 103606

*Mean = standard deviation from three experiments performed in trplicate.





OPS/images/a11img62.png
Abundance
691 Scan 4112 (33135 min): EHGB 110414.D\data.ms
17000
16000
15000
14000
13000
12000
11000
10000
9000
8000
7000
6000
5000 s
4000
3000 1851 207.0
2000

1000 1752 4 ‘L 2811 34} 1 39‘6.4

mfz—> ”iu 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Figure S57. Mass spectra obtained for squalene (t, = 33.105 min).





OPS/images/a11img65.png
Abundance

85000
80000
75000
70000
65000
60000
55000
50000
45000
40000
35000
30000
25000
20000
15000
10000

5000

miz-> 0

Figure S60. Mass spectra obtained for B-sitosterol (t,

Scan 5223 (41.330 min): EHGB 110414 Dydata.ms

551 1071

1451

2132 3293

2552
3814

} 2893

50 100 250 300 350

400

4144

477.0
450





OPS/images/a11img64.png
Abundance

110000
100000
90000
80000
70000
60000
50000
40000
30000
20000
10000

ol

mjz=>

Figure

Scan 5077 (40.261 min): EHGB 110414 Dydatams

551

50 100 150 200 250 300 3EIIII 400 déﬂ 500

Mass spectra obtained for stigmasterol (t, = 40.261 min).

543.1
T
550





OPS/images/a06img18.png
Table 5. Effects of compounds 62-64 on T. cruzi

Compound 1Co/ M
62 80865
63 6807
64 82207
Benznidazole 103.6:£06
Crystal violet 5360230

“Mean + standard deviation from at least three experiments.
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Table 6. Activity of B-lapachone-based 1,2,3-triazoles 78-81 on T. cruzi

Compound 1C,,. 24 b/ pM*
76 24832201
7 234238
78 31302264
7 4306316
80 2198272
81 106.1+19.0
Benznidazole 103606
Crystal violet 5360230

“Mean + standard deviation from at least three experiments.
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Figure $69. 'H NMR (300 MHz, CD,0D) spectrum of compound 13.
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Figure 4. Percentage of cell death caused by compounds 8-14 and benznidazole (Bz) evaluated against cultured mouse spleen cells for 24 h. Medium and
Tween were used as negative and positive controls, respectively. The data are representative of three independent experiments, performed in duplicate.
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Figure $20. Infrared spectrum (KBr) - compound 6.
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Figure $9. "H NMR spectrum of 5-0-(3-methylgalloy)-quinic acid (4) acquired at 400 MHz in MeOH-
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Figure S1. 'H NMR (300 MHz, CD,0D) spectrum of compound 30.
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Figure S21. 'H NMR spectrum (500 MHz, CD,0D) - compound 7.
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Figure 2. TeTS inhibition promoted by galactosyl-triazolo-
benzencsulfonamides (8-14) using a continuous fluorimetric method. The
results are based on three independent experiments, performed in triplicate.
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Figure $16. HRMS-ESI - compound 5.
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Figure S7. HSQC of 5-0-galloylquinic acid (3) acquired at 400 MHz in McOH- d,.
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Figure 3. Percentage of antitrypanosomal activities of compounds 8-14 and reference compound benznidazole (Bz) against Tulahuen-modified strain of
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“Table 1. Antitrypanosomal activities showed by compounds 8-14 and
benznidazole (Bz) expressed as ICy, using T. cruzi trypomastigotes
(Tulahuen strains)

Compound R 1C./ M

8 H 1553 32,00
9 acetamide 11955282
10 S-methylisoxazole 709+8.90
1 6-methylpyrimidine 1890544
12 46-dimethylpyrimidine  204.9£6.50
13 24-dimethoxypyrimidine 440 = 1.03

14 pyridine 17975275

Benznidazole (Bz) - 142056
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Figure S1. Fluorescence intensity versus FMN concentration. Data was fit to the equation y = kgl,ebx,where the intensity of emitted light, y, is described
by the relationship where @ is the quantum efficiency. I, is the incident radiant power, ¢ is the molar absorptivity. b is the path length of the cell, and x
is the FMN molar concentration.’ The level of background noise of was estimated in 4960 a.u. close to the measured fluorescence signal of empty wells
(red). Two times signal-to-noise ratio is found for concentrations around 5 umol L.
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Figure 2. Comparative HPLC/fluorescence traces obiained for a standard
‘mixture of porphyrins (dashed lin) and the urine of a porphyric patient
(solid line). Eluent A: 1.0 mol L ammonium acetate buffer containing
10% acetonitile at pH 5.7. Eluent B: methanolzacetonitrile (9:1, v/v).
Patient 2 was clinically diagnosed as an acute intermittent porphyria
carrier. Porphyrin concentration was 500 nmol L.
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Figure 2. Lineweaver-Burk plots of gallic acid 2 (A), 5-O-galloylquinic acid 3 (B), 5-0-(3-methylgalloyl)-quinic acid 4 (C), 3,5-di-O-galloylquinic acid
5(D). 3.4.5-tri-O-galloylquinic acid 6 (E).
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Figure S12. HRMS-ESI - compound 3.





OPS/images/a20img03.png
14000
12000 10
g 10000 s

H

2 oo —

5 w0 —w g
% o —s
i 54
£ 2 -
) —s7
Ul Hepa  Hea  Pena  Coprol Coprolil 60

Urinary porphyrins

Figure 1. Theoretical plates for six urinary porphyrins upon the variation
of pHs values. Porphyrin concentration was 500 nmol L.
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Figure S3. HSQC of quinic acid (1) acquired at 400 MHz in D,0.
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Figure 1. Potent antitrypanosomal sulfonamide derivatives described in the literature.
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‘Table 4. Urinary porphyrin concentrations found

urine samples collected from 24 patients diagnosed as porphyria carriers

Porphyrins / URO HEPTA HEXA PENTA  COPROI ~ COPRONI COPROI+III COPROVII  Supposed
(nmol L) ratio diagnosis
RV 300 70 20 50 NE NE 1100 NE Healthy
Pl 14 s 11 12 163 454 617 036

PI0 41 33 20 29 174 547 7.1 032

Pl 54 26 14 18 85 594 619 014

P2l 17 05 04 08 101 685 786 015

Pl6 29 39 28 36 29 927 1156 025 AIP
P2 %0 834 638 2079 47 31559 32506 003

PI3 146 168 148 146 347 1315 1662 026

P2 54 07 04 14 214 1242 1456 017

P2 54 15 06 24 314 164.1 195.5 0.19

P4 56 32 06 19 303 2047 325 0.10

Ps 36 25 03 21 132 1609 1741 008

P6 78 50 30 39 28 3223 3511 009

P12 210 35 11 15 203 922 125 022

P19 74 06 11 14 459 2004 2553 022

P17 54 45 16 42 184 1630 18144 ol

P7 27 106 109 130 157 556 713 028 PCT
P8 55 55 47 60 22 73 1005 030

Po 04 54 27 43 50.1 1362 1863 037

P3 44 79 18 139 431 6164 6590.5 007

P2 81 s 33 35 174 834 1008 021

Pl4 110 74 56 63 419 146.1 1880 029

P8 170 21 165 14 23 546 789 045

PIs 164 209 37 69 452 137 1589 040

P20 171 63 12 243 264 3471 3135 008

RV: reference values (healthy);

: patient; NE: not established.
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Figure S2. Structure-based sequence alignment of selecied DHODHs proteins: LmDHODH (PDB ID 3GYE), TeDHODH (PDB ID 3C3N), and HsDHODH
(PDBID 1D3G). Residue numbering is based on LmDHODH and HsDHODH. Residues that are fully conserved are highlighted in dark gray box. Residues
ighly,little or non-conserved are colored in white, light gray and black, respectively. Secondary structures of LmDHODH (top) and HsDHODH (bottom)
are also labeled. Residues that directly bind orotate, FMN, and both, are indicated by cyan filled circules, lime green triangles, and red stars, respectively.
“The structural alienment was performed using COOT and sraphically displaved usine ESPript %*
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Figure S14. HRMS-ESI — compound 4.
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Table 3. Recovery and accuracy of the HPLC method developed
to determine URO, HEPTA, HEXA, PENTA, COPRO I and 111
concentrations in urine

Concentration/ Recovery / Intra-assay / Inter-assay /

Analvie " (amol L) % V%) (V%)
URO 100 108.2 24 13
500 105.1 76 26
1,000 109.6 32 27
HEPTA 100 939 5.1 23
500 112 6.2 13
1,000 925 14.1 1.0
HEXA 100 90.9 6.4 32
500 104.5 149 22
1,000 104.8 1.9 0.9
PENTA 100 91.0 124 23
500 1145 115 0.6
1,000 103.1 13 0.7
COPRO T 100 100.7 58 1.0
500 109.4 13 21
1,000 89.5 18 28
COPRO 1T 700 1124 104 1.8
1,700 99.2 125 5.1
3.500 99.8 38 1.6

CV: coefficient of variation.
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Figure $8. HMBC of 5-O-galloylquinic acid (3) acquired at 400 MHz in MeOH- d,.
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Table 1. Leishmanicidal and cytotoxic activities of the extracts and fractions from B. glaziovii in pg mL"

i Antiprotozoal activity (IC. Cytotoxicity (LC. o
Extracts and fractions o amzmm:’ Macraphase m:) Selectivity index (S
Leaves
Ethanol 8202048 266.50 495 321
Hexane 362034 12025+ 1.06 35.90
Ethyl acetate 5182226 20075742 387
n-Butanol >100 - -
Aqueous methanol > 100 - -
Branches
Ethanol >100 - -
Hexane 3002115 12725+ 1.06 325
Ethyl acetate 72187 20050 £2.12 412
n-Butanol >100 - -
Aqueous methanol >100 - -
Pentamidine* 42026 752035 187

“Positive control.
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Figure S11. H NMR (300 MHz, CD,0D) spectrum of compound 3
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Figure S31. HMBC spectrum (500 MHz, CD,0D) — compound 9.





OPS/images/a15img16.png
Sulfametazina

110

108

R 95
g ‘
2w |
g
Eow
5
&
0
7

4500 4000 3500 3000 2500 2000 1800 1000 500

Wavenumber / cm™
Figure $10. IR (KBr) of compound 34.
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Figure $30. °C NMR spectrum (125 MHz, CDCL,) — compound 9.
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Table 2. Chemical composition of the hexane fractions from the leaves
and branches of B. glaziovii as assessed by HRGC analysis (SPB-S and
SPB-50 columns)

Standard compounds Leaves Branches RR*  RR®
a-Amyrin + + 1381 2015
B-Amyrin + + 1318 1799
Lupeol - - 138 1859
Taraxerol - - 1285 1750
a-Amyrin acetate - - 1572 2246
B-Amyrin acetate + + 148 1927
Lupeol acetate - - 1582 2265
Baverenyl acetate - - - 2.53%
Taraxerol acetate. - - 1464 1928
Friedelanoyl acetate - - 1823 2049
Friedelin - - 1580 2776
Lupenone - + 1341 2011
a-Amyrenone - - 1341 1940
B-Amyrenone - - 129 1727
Germanicone - - 1264 1658
Campesterol + + L3 1231
Stigmasterol - + 75 1302
B-Sitosterol + + 1263 1482

*SPB-5 column; *SPB-50 column. RR: relative retention related to the
internal standard (cholesterol); (+): presence of the compound; (-):
absence of the compound.
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Figure $33. 'H NMR spectrum (500 MHz, CDCL,) — compound 10.
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Figure 1. Gas chromatogram (HRGC) of B. glaziovii. (A) Leaves; SPB-5 column [IS: internal standard (cholesterol) (t, = 18.60 min); (1) campesterol
(t,=20.95 min); (2) B-sitosterol (t, = 23.35 min); (3) B-amyrin (t, = 24.32 min), (4) c-amyrin (t, = 25.51 min), and (5) B-amyrin acetate (t, =27.53 min)].
(B) Leaves; SPB-50 column [IS: internal standard (cholesterol) (t, = 13.06 min); (1) campesterol (t, = 16.19 min); (2) B-sitosterol (t, = 19.09 min);
(3) B-amyrin (t, = 23.26 min), () B-amyrin acetate (t; = 25.22 min), and (4) @-amyrin (t, = 26.22 min)). (C) Branches; SPB-5 column [IS: internal
standard (cholesterol) (t, = 18.53 min); (1) campesterol (t, =209 min); (6) stigmasterol (t, = 21.75 min); (2) B-sitosterol (t, = 23.35 min); (3) B-amyrin
(t,=24.33 min); (7) lupenone (t, = 24.92 min); (4) c-amyrin (t, = 25.56 mim), and (3) B-amyrin acetate (t, = 27.50 min)]. (D) Branches; SPB-50 column
[IS: internal standard (cholesterol) (t, = 13.05 min): (1) campesterol (t, = 16.15 min); (6) stigmasterol (t, = 17.13 min); (2) B-sitosterol (t, = 19.06 min);
(3) B-amyrin (t, =23.20 min); (5) B-amyrin acetate (t, = 25.23 min), and (4) c-amyrin (t, = 26.26 mim), and (7) lupenone (t, = 26.26 min)].
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Figure S12. FT-IR (KBr) of compound 35.
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Figure $32. HRMS-ESI - compound 9.
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Figure $29. 'H NMR spectrum (500 MHz. CDCL) — compound 9.
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Figure $16. "H NMR spectrum of 3,4.5-tri-O-galloylquinic acid (6) acquired at 400 MHz in McOH-d,.
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Figure S8. FLIR (KBr) of compound 33.





OPS/images/a16img45.png
vadength  wm
6

Figure S28. Infrared spectrum (KBr) — compound 8.

%T 3 k] ] 7 8 10 n 1213 14 15 16 17181920 22 A
:60
E >
Y
RUR
A\
4000 3500 3000 2500 2000 1000 o 0 00 500

Read RS- LSO

0z

04

soueqiosay

06

or

08






OPS/images/a10img19.png
o0
F1o0
cee Fio

B 120
F1mo
i 140
F1s0
Fiso
Fi7o
F1s0

PRM (F1)

LU LS LT O N S B N UL S S N
PPM(F2) 6B 6.4 60 56 52 48 44 40 36 32 28 24 20 16 12 08 04

Figure S15. HMBC of 3,5-di-0O-galloylquinic acid (5) acquired at 400 MHz in MeOH- d,.
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Figure $27. HRMS-ESI - compound 8.
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Figure $17. HSQC of 3.4.5-tri-0-galloylquinic acid (6) acquired at 400 MHz in McOH-d,.
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Figure 89. 'H NMR (300 MHz, CD,0D) spectrum of compound 34.
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Figure $12. 'H NMR spectrum of 3,5-di-0-galloylquinic acid (5) acquired at 400 MHz in McOH-d,.
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Figure S4. FL-IR (KBr) of compound 31.
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Figure S11. HMBC of 5-0-(3-methylgalloyl)-quinic acid (4) acquired at 400 MHz in McOH- d,
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Figure S3. 'H NMR (300 MHz, CD,0D) spectrum of compound 31.
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Figure $23. HRMS-ESI — compound 7.
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Figure S6. FT-IR (KBr) of compound 32.
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OPS/images/a10img17.png
o

©

ssasc s
20005 av.
G er.

0

%

®

[}

n

=

T

W5 0 858

5

Chemica Sh gpm)

1510

k)

amtEn

™o

1%

SRIET

"

5

ez oni—

s 150

1%

R R

igure S13. "C NMR spectrum of 3,5-di-0-galloylquinic acid (5) acquired at 100 MHz in MeOH- d,
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Figure S5. 'H NMR (300 MHz, CD,0D) spectrum of compound 32.
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Figure $25. 'H NMR spectrum (500 MHz, CD,0D) — compound 8.
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Figure S6. Mass spectra obtained for n-hexadecanoic acid (t, = 22.702 min).
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Figure S21. *C NMR DEPT (75 MHz, DMSO) spectrum of compound 8.
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Figure S24. Mass spectrum (ESI-MS) of compound 8.
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‘Table 1. NMR Spectroscopic data for 1 and 2 (6 in ppm)*

Fition 1 (chloroform-d) 2 (methanol-d,)
¢ (mult) 5y (mult.,J [ Hz) 8¢ (mult) 8, (mult.,J / Hz)

2 56.20 (CH) 282dq (6.5: 1.0) 5635 (CH) 2.78dq (7.0; 1.5)

3 68.04 (CH) 350 brs 6797 (CH) 3.59brs

4a 32.11(CH) 191m 3257 (CH) 190m

4 15im 1.63m

Sa 2578 (CH) 150m 2601 (CH) 152m

Sb 140m 139m

6 57.60 (CH) 259m 57.79 (CH) 258m

7 18.52 (CHy) 1164 (65) 1816 (CH,) 112d(7.0)

a 3671 (CHy) 150m 3734 (CH) 149 m

b 140m 135m

2 25.99 (CH,) 130m 26.79 (CH,) 136m

3 20.72°(CH,) 126brs 30,51 (CH,) 129brs

4 20,64 (CH,) 126brs 30,61 (CH,) 129brs

5 20.76+ (CH,) 126brs 30.70° (CH,) 129brs

6 20.60° (CH,) 126brs 30,67 (CH,) 129brs

7 20.30° (CH,) 126brs 30,67 (CH,) 129brs

8 20.05° (CH,) 126brs 30.58° (CH,) 129brs

9 2400 (CH) 156m 30.24¢ (CH,) 129brs

10 44,04 (CH,) 2411(7.0) 30.86° (CH,) 129brs

1w 209.63(C) - 2480 (CH) 155m

bl 3007 (CH) 2135 4432 (CH,) 2461(7.0)

13 - - 21221(0) -

1@ - - 29.76 (CH) 2125

*Recorded at 500 and 125 MHz for 'H and "C NMR, respectively: “multiplicity of signals i given as follows: s, singlet; br, broad: d, doublet; € trpl
double quadruplet; m, multiplet; ‘the assignments were based on calculated 6, (ChemDraw Ultra 10.0) and may be interchanged in the column.

; da,
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Figure S4. Expansion of the mass chromatogram (28-47 min) obtained for the hexane fraction of leaves of B. glaziovii using GC-MS.
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Figure S19. 'H NMR (300 MHz, DMSO) spectrum of compound 8.
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Figure $3. Expansion of the mass chromatogram (19-31 min) obtained for the hexane fraction of leaves of B. glaziovii using GC-MS.
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Figure S18. °C NMR DEPT (75 MHz, CDC,) spectrum of compound 37.
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Figure S5. Mass spectra obtained for 2-pentadecanone, 6,10, 14-trimethyl- (t, = 21.165 min).
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Figure 2. Structures of the triterpenes (3-5 and 7) and the sterols (1-2 and

6) present in B. glaziovii.
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Figure S15. 'H NMR (300 MHz, CDCL,) spectrum of compound 15.
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Figure $35. HMBC spectrum (500 MHz, CD,0D) — compound 10.
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Table 3. Compounds identified in the hexane fractions from the leaves and branches of B. glaziovii using gas chromatography coupled with electron

fonization mass spectrometry (GC-MS)

Compounds Molecular formula Molecular weight  Leaves  Branches
Phenol, 4,4'-(1-methylethylidene)bis-; 95% 95° C.H,0, 28 X X
n-Hexadecanoic acid; 99%; 99° C,H,0, 256 X X
Tetradecanoic acid, ethyl ester; 90" C,H,0, 256 - X
Cyclohexcne, 4-(4-cthyleyclohexyl)-1-pentyl-; 95° CH,, 262 - X
2-Pentadecanone, 6,10, 14-trimethyl-; 91+ CHLO 268 X -
Pentadecanoic acid, cthyl ester; 99° C,H,0, 270 - X
Hexadecanoic acid, methyl ester; 98° C,H,0, 270 - X
Dibutyl phthalate; 90 CH,0, 278 - X
9,12,15-Octadecatrienoic acid, (ZZ.Z)-; 99", 96° C,H 278 X X
1,2-Benzenedicarboxylic acid, mono(2-cthylhexyl) ester: CH,0, 278 X X
9,12-Octadecadienoic acid (Z.2)-; 99%; 99" C,H,0, 280 X X
12-Methyl-E.E-2,13-octadecadien-1-ol; 93* C,H,0 X -
Cyclopropancoctanal, 2-octyl-; 97" C,H,0 280 - X
2-Methyl-ZZ-3,13-octadecadienol; 91* CHO X -
Ethyl 0-hexadecenoate; 95°; 99° C,H,0, 282 X X
Hexadecanoic acid, ethyl ester; 99%; 98° C,H,0, 284 X X
Phytol; 91+ 05" CHO0 296 X X
Heptadecanoic acid, cthyl ester; 98+ 99* CH,0, 208 X X
9,12,15-Octadecatrienoic acid, ethyl ester, (ZZZ)-; 99°; 99° CH,0, 306 X X
Linoleic acid, ethyl ester: 99%; 99* C,H,0, 308 X X
Ethyl oleate; 98° C,H,0, 310 - X
Octadecanoic acid, cthyl ester; 99+ 99* CH,0, 312 X X
4,8.12,16-Tetramethylheptadecan-d-olide; 93+ C,H,0, 34 X -
Nonadecanoic acid, ethyl ester; 93%; 96" C,H,0, 326 X X
Nonadecanoic acid, ethyl ester; 95° C,H,0, 326 - X
Cyclodocosane, ethyl-; 96* CH, 336 X X
4,4,6a,6b,80,11,12,14b-Octamethyl-1.4.42.5.6.60.6b,7.8,8.9.10,11,12,12a,14, CHLO 04 X -
14a,14b-octadecahydro-2H-picen-3-one; 99

Fern-T-en-3p-ol; 90 CHO 426 X -
Vitamin E; 99° C,H,0, 430 X -
Ethyl tetracosanoate; 05° C,H,0, 396 - X
Squalene; 99° CyHy 410 - X
Lanosterol; 93 CHO0 426 - X

“Percentage of similarity of the compounds of leaves with NIST library: *percentage of similarity of the compounds of branches with NIST library.
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FTIR (KBr) spectrum of compound 36.
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Figure S34. "C NMR spectrum (125 MHz, CDCL,)- compound 10.
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Figure S2. Full mass chromatogram obtained for the hexane fraction of leaves of B. glaziovii using GC-MS.
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Figure S17. “C NMR(75 MHz, CDCL,) spectrum of compound 37.
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Figure 1. Piperidine alkaloids (1 and 2) isolated from S. spectabilis and (3 and 4) semisynthetic derivatives.
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Figure S1. Mass chromatogram obtained for the hexane fraction of leaves (a) and branches (b) of Brosimum glaziovii using GC-MS.
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Figure S16.’H NMR (300 MHz, CDCL,) spectrum of compound 37.
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Figure S18. Mass spectra obtained for octadecanoic acid, ethyl ester (t, = 25.448 min).
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Figure $33. Bi-dimensional (HMQC) spectrum of compound 9.
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Figure S6. Analytical HPLC chromatogram on RP-Cy of 1 (F ) cluted with a gradient of increasing MeOH in 0.1% HOAc aqueous solution (35-100.
flow rate 8.0 mL min-", 25 min) and light scattering detector.
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Figure S5. Preparative HPLC chromatogram on RP-C,, of a mixture of 1 and 2 (F, ,,) eluted with a gradient of increasing MeOH in 0.1% HOAc aqueous
solution (35-100, flow rate 8.0 mL min-', 25 min) and 284 nm UV detector.
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Figure $20. Mass spectra obtained for 4,8,12,16-tetramethylheptadecan-4-olide (t, = 27.147 min).
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Figure $35. HPLC chromatogram of compound 9. Flow 0.9 mL min-'; mobile phase 40% MeOH, 60% H,0, TFA 0.1%; temp. 24.5 °C.





OPS/images/a17img19.png
00

014

024

Heat Flow (Wig)

034

044

Purty: 97,0%

40

50

60
Temperature (°C)

70

80

90
Universal Va2 TA|






OPS/images/a11img24.png
Abundance

Scan 3206 (26.561 min): EHFB 110414.D\datams

7000
6000
5000
4000
3000
2000

1000

60 80 100 120 140 160 180 200

iz

Figure $19. Mass spectra obtained for nonadecanoic acid. ethyl ester (t, = 26.561 min).
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Figure $34. Mass spectrum (ESI-MS) of compound 9.
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Figure S7. Analytical HPLC chromatogram on RP-C,, of 2 (F, ) eluted with a gradient of increasing MeOH in 0.1% HOAc aqueous solution (35-100,
flow rate 8.0 mL min-', 25 min) and light scattering detector.
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Figure S2. (a) TLC (Si0,) of fractions from CC of F, , developed with CHCL,-MeOH-NH,OH (9:1:0.25) and revealed with iodochloroplatinate reagent.
(b) ESI-MS of F. .. F. .. and F., ...
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Figure S16. Mass spectra obtained for 2-methyl-Z.Z-3,13-octadecadienol (t, = 25.221 min).
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Figure S4. Analytical HPLC chromatogram on RP-C,, of a mixture of 1and 2 (F, ,) eluted with a gradient of increasing McOH in 0.1% HOAc aqueous
solution (35-100, flow rate 8.0 mL min-', 25 min) and light scattering detector.
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Figure S15. Mass spectra obtained for 9,12, 15-octadecatrienoic acid, ethyl ester, (ZZZ)- (t; = 25.148 min).
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Figure S14. Mass spectra obtained for linoleic acid, ethyl ester (t, = 25.075 min).
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Figure $29. 'H NMR (300 MHz, DMSO) spectrum of compound 9.
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Figure $26. 'H NMR (300 MHz, CDCI,) spectrum of compound 38.
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Figure 6.1C,, value of (-)-3-O-acetylspectaline (4) against P falciparum
was calculated to be 25.14 uM.
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Figure S25. HPLC chromatogram of compound 8. Flow 0.9 mL min"; mobile phase 40% MeOH, 60% H,0, TFA 0.1%; temp 24.5 °C.
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Figure 5. C,, value of (-)-3-O-acetylcassine (3) against P falciparum
was calculated to be 24.47 uM.
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Figure $28. °C NMR DEPT (75 MHz. CDCL,) spectrum of compound 38.
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Figure S1. Thin-layer chromatography (TLC, Si0,) of fractions from column chromatography (CC) of alkaloidal CH,CI, extract developed with CHC-
MeOH-NH,OH (9:1:0.25) and revealed with iodochloroplatinate reagent.
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Figure $27. “C NMR (75 MHz, CDCL,) spectrum of compound 38.
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Figure $74. HPLC chromatogram of compound 13. Flow 0.9 mL min"; mobile phase 40% MeOH, 60% H,0, TFA 0.1%; temp. 24.5 °C.
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Figure S73. Mass spectrum (ESI-MS) of compound 13.
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Figure $76. °C NMR (100 MHz, CDCL,) spectrum of compound 43.
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Figure S75. 'H NMR (400 MHz, CDCL) spectrum of compound 43.
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Figure $70. "C NMR (75 MHz, CD,0D) spectrum of compound 13.
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Figure S42. 500 MHz 'H NMR spectrum (expansion & 2.4-3.6) of 2 in methanol-d,.
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Figure $72. Bi-dimensional spectrum (HMQC) of compound 13.
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Figure S71. "C NMR DEPT(75 MHz. CD,0D) spectrum of compound 13.
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Figure S44. COSY spectrum (expansion 8 0.0-3.6) of 2 in methanol-d,.
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Figure $78. 'H NMR (300 MHz, CD,0D) spectrum of compound
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Figure S77. °C NMR (100 MHz, CDCL,) spectrum of compound 43.
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Figure $30. HMOC spectrum (expansion & 24-38) of 2 in methanol-d,.





OPS/images/a15img85.png
1 o)






OPS/images/a16img06.png
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‘Table $2. Data to plot graph of the antimalarial activity of (-)-spectaline (2) (IC,, 2.76 uM)

Mean survival / %
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Experiment | Experiment 2 Experiment 3
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Table S1. Data to plot graph of the antimalarial activity of (-)-cassine (1) (IC, 1.82 uM)
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Figure 1. Structures of peptides 1-9.
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Figure $84. HPLC chromatogram of compound 14. Flow 0.9 mL min"; mobile phase 40% MeOH. 60% H,0, TFA 0.1%; temp. 24.5 °C.
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Figure 3. Structures of ivermectin (19), selamectin (20), benzothonium chloride (21), tyrothricin (22), and alexidine hydrochloride (23).
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Figure 2. Rationale for the development of 3-oxime-aphidicolin.
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Figure S81. Bi-dimensional spectrum (COSY) of compound 14.
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Figure S54. HMBC spectrum of 2 in methanol-d,.
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Figure S80. *C NMR DEPT (75 MHz, CD,0D) spectrum of compound 14.
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Figure S83. Mass spectrum (ESI-MS) of compound 14.





OPS/images/a17img67.png
1
X
- c——
2.2
2.4
s
25

YR P P P PP N P
F1 (opm)

re S36. HMBC spectrum (expan:

6 204-224) of 2 in methanol-d,.





OPS/images/a01img01.png





OPS/images/a15img88.png
oe

JJ}ULA;U} 19| P SR

88 2882888

F I N S S S S S A S
Figure $82. Bi-dimensional spectrum (HMQC) of compound 14.
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Figure S55. HMBC spectrum (expansion & 15-75) of 2 in methanol-d,.
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Table 2. Biotransformation reactions involving aphidicolin

No.of

Position

Reactiontype 00 Total / % Cabonliing  Microorganism Classification References
Acetylation 3 30 C-3,C-17,C-18  Scopulariopsis constantini  Fungi/Sordariomycetes 7

Tolypocladium inflatlum Ascineycetious fungus 2
Alkylation 1 10 C3,C18  Tolypocladium inflatlum Ascineycetious fungus 2
Oxidation 4 40 C3,C18  Trichothecium roseum Fungi/Ascomycetes 7

Streptomyces griséus Bacteria/Actinomycetes 7

Chaetomium funiculum Fungi/Sordariomycetes 7
Hydroxylation 1 10 c6 Streptomyces punipalus Bacteria/Actinomycetes 7
Epimerization 1 10 c3 Chaetomium funiculum Fungi/Sordariomycetes 7
Total 10
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Table 1. Occurrence rates of reactions within the data set

Reaction type No. of reactions Total /% Subtype c:r:.‘.i/:lng References
Acylation and related processes 3 2420 Acetylation: 5 cacimcis 13,10,2225
Crotonation: 1 c1 19
Tosylation: § c1 2,26
Succinic: 1 c1 2%
Others: $ €3,C17,C-16,C-18 13,23
Oxidations 21 210 Pitzner-Moffatt: 6 cir.cis 19,23,26
Corey-Schmidt: 4 ca 19,23,26
Jones: 6 ca.cl6,c17 13,19,24,26
Catalytic: cacn 2%
Periodic ac cl6 13,2426
Baeyer-Villiger: 1 c16.c17 13
Reductions 6 630 Catalytic: 3 cis,c2 24,26
Hydrides: 1 ca 13,26
Wolff-Kishner: 2 cl6 13
Protections is 1570 Acetonide: 8 €3,C16,C-17,C-18 13,1926
TBDMSCI: 3 cir.cis 19,23,26
MOM: 1 cl6 19
MEM: 2 c3.cl6,C18 19
Ethylenodioxy: 1 c16.c17 13
Deprotections s 520 - - 13,19,23,26
C-C bond formation 6 630 Grignard: 3 cl6,c3 19,23,26
Organolithium: 3 cir 3]
Functional group 2 210 Alcohol o azide c1 b3}
interconversion Alcohol to tioether cis 13
Dehydration 4 420 - c3.c15,c16 13,19
Reductive elimination s 520 - cir.cis 13,1926
Ring cleavage 4 420 - D.A 13,2
Heterocyclization 4 420 Epoxidation: 4 C-3,C-16,C-17,C-18 13,23
Total os 100

TBDMSCI: fert-butyldimethylsilyl chloride; MOM: methoxy methyl ether; MEM: 2-methoxychtoxy methyl cther.
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Figure S2.°C NMR spectrum (100 MHz, CDCL,) of 2-(2-methoxyphenyl)thiophene (3a).
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Figure 1. L-leucine (a) and L-isoleucine (b) spatial representations.
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‘Table S3. Main crystal data and refinement results for aphidicolin 1

Empirical formula CH,0,
Formula weight 33847
Temperature / K 203(2)
‘Wavelength / A 071073
Crystal system Orthorhombic
Space group P22.2,

Unit cell dimensions

alA 11.7093(1)

b/A 11.7636(2)

c/A 25.5233(5)

Volume / A® 3515.67(10)

Z, caleulated density / Mg m* 8,1279

Absorption coefficient / mm* 0087

F(000) 1488

Crystal size / mm 050 x03x0.1

Crystal color/shape Colorless/rough

6-range for data collection / degree. 2931027.40

Limiting indices ~I5<h<15,-14<k<15,-32<1<33
Reflections collected/unique 7833/7833 [R(int) = 0.0000]
Completeness / % 98.5 (10 6=27.40°)

Absorption correction None

Refinement method Full-matrix least-squares on F2
Weights, w [0*(F) + (0.0518PY + 6.2056P]' P= (F2+ 2F3) /3
Data/restraints/parameters 7833/0/445

Goodness-of-fit on F* 1086

Final R indices [ > 20(D)] R,=0.0728, wR, = 0.1695

Rindices (all data) R, =0.0022, wR, =0.1809
Largest diff. peak and hole 0292and 0287 A°
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Figure S4. °C NMR spectrum (100 MHz. CDCL,) of 2-phenylthiophene (3b).
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lable 52. Apmdicolin denvatives via semisynthesis and molecular properties

Name XLogP AlogP  HBD AHBD HBA AHBA MW  AMW TPSA ATPSA RBC _ ARBC
Aphidicolin L2 - 4 - 4 — 33848 80.9 - 2 -
Ref 7 compound 42 457 345 0 4 3 -1 36053 2205 31 499 0 2
Ref 7 compound 41 581 469 0 4 4 0 41861 $0.13 369 44 0 2
Ref 7 compound 36 561 449 0 4 2 2 3453 605 185 624 0 2
Ref 7 compound 35 46 348 0 4 3 -1 3465 802 355 454 0 2
Ref 7 compound 34 909 797 0 4 0 4 27045 —68.03 0 809 0 2
Ref 7 compound 32 609 497 0 4 1 3 38050 4211 424 385 3 1
Ref 7 compound 29 373 261 1 3 5 1 3785 4002 728 81 3 1
Ref 7 compound 26 218 106 2 2 4 0 32244 1604 668 141 1 -1
Ref 7 compound 21 32 21 1 3 4 0 32042 1806 714 95 5 3
Ref 7 compound 20 581 469 0 4 4 0 41861 8003 369 44 0 2
Ref 7 compound 19 L2 0 4 0 4 0 33848 0 80.9 0 2 0
Ref 7 compound 18 225 113 2 2 3 -1 30644 3204 515 234 1 -1
Ref 7 compound 17 L2 0 4 0 4 0 33848 0 809 0 2 0
Ref 7 compound 15 946 834 0 4 0 4 M4T 6601 0 809 0 2
Ref 7 compound 14 465 353 0 4 1 3 2444 6404 171 638 0 2
Ref 7 compound 12 343 231 1 3 2 2 29044 4304 373 436 1 -1
Ref 7 compound 9 EXS) 2 2 2 2 2 29246 4602 405 404 1 -1
Ref 7 compound 8 416 304 0 4 5 1 39051 5203 697 112 5 3
Ref 7 compound 6 237 125 2 2 5 1 3785 4002 838 29 4 2
Ref 6 compound 17 326 214 2 2 2 2 30447 3401 405 404 1 -1
Ref 6 compound 15 464 352 1 3 5 1 43461 9613 511 238 0 2
Ref 6 compound 14 46 348 0 4 3 -1 3465 802 355 454 0 2
Ref 6 compound 13 42 3l 3 -1 3 1 44467 10619 86 5.1 5 3
Ref 6 compound 11 341 229 0 4 3 ~1 31845 2003 355 454 0 2
Ref 6 compound 8 336 224 0 4 2 2 28842 5006 263 546 0 2
Ref § compound 17 462 35 0 4 4 0 39056 5208 369 44 0 2
Ref § compound 16 222 L1 2 2 3 -1 32047 1801 497 312 1 -1
Ref § compound 14 460 357 1 3 3 -1 36255 2407 387 422 0 2
Ref § compound 11 195 083 3 -1 3 ~1 30846 302 607 202 1 -1
Ref 8 compound 10 195 083 3 -1 3 ~1 30846 3002 607 202 1 -1
Ref § compound § 234 12 3 -1 3 -1 3248 16 607 202 1 -1
Ref § compound 4 357 245 2 2 2 2 30648 32 405 404 0 2
Ref § compound 2 006  -L18 5 1 5 1 35448 16 1011 202 2 0
Ref 9 compound 22 234 12 3 -1 3 -1 3248 16 607 202 1 -1
Ref 9 compound 21 337 225 2 2 2 2 29246 4602 405 404 1 -1
Ref 9 compound 20 112 0 4 0 4 0 33848 0 80.9 0 2 0
Ref 9 compound 18 346 234 2 2 4 0 37855 4007 589 22 1 -1
Ref 9 compound 15 46 348 0 4 3 -1 3465 802 355 454 0 2
Ref 9 compound 14 346 234 2 2 4 0 37855 4007 589 22 1 -1
Ref 9 compound 13 277 165 1 3 4 0 3064 3208 714 95 4 2
Ref 9 compound 12 165 053 3 -1 5 1 36649 2801 87 6.1 3 1
Ref 9 compound 10 266 154 2 2 3 -1 32047 1801 515 234 1 -1
Ref 9 compound 9 234 122 3 -1 3 -1 3248 16 607 202 1 -1
Ref 9 compound § 176 064 2 2 4 0 33445 403 746 63 2 0
Ref 9 compound 7 144 032 3 -1 4 0 33647 201 718 31 2 0
Ref 9 compound 3 127 015 3 -1 5 1 35045 1197 948 139 2 0
Ref 9 compound 1 3.05 193 3 -1 6 2 49267 15419 1124 315 5 3
Ref 10 compound 25 195 083 3 -1 3 -1 32047 1801 607 202 2 0
Ref 10 compound 23 L2 0 4 0 4 0 33848 0 809 0 2 0
Ref 10 compound 22 234 122 3 -1 3 -1 3248 16 607 202 1 -1
Ref 10 compound 19 17 058 3 -1 5 1 36448 26 0948 139 3 1
Ref 10 compound 17 172 0.6 3 -1 5 1 36448 26 048 139 3 1
Ref 10 compound 16 176 0.64 2 2 4 0 33445 403 746 63 2 0
Ref 10 compound 15 144 032 3 -1 4 0 33647 201 718 31 2 0
Ref 10 compound 4 397 285 1 3 7 3 46450 12611 99.1 182 8 6
Ref 10 compound 2 207 095 3 -1 5 1 38052 4204 87 6.1 4 2
Ref 7 compound 44 581 4.69 0 4 4 0 41861 8013 369 44 0 2
Ref 7 compound 43 457 345 0 4 3 -1 36053 2205 3l 499 0 2
Ref 7 compound 33 432 32 0 4 1 3 2242 6606 1701 638 0 2
Ref 7 compound 30 46 348 1 3 4 0 36452 2604 558 251 3 1
Ref 7 compound 27 453 341 0 -4 4 0 3625 2402 448 361 0 2
Ref 7 compound 24 402 29 0 -4 6 2 44850 1001 71 98 5 3
Ref 7 compound 16 326 214 2 2 2 2 30447 3401 405 404 1 -1
Ref 7 compound 11 438 326 0 -4 3 -1 33248 6 $34 315 3 1
Ref 7 compound 10 407 295 1 3 3 -1 33449 399 465 344 3 1
Ref 7 compound 7 142 03 3 -1 4 0 33647 200 778 31 2 0
Ref 6 compound 20 3.05 1.93 3 -1 6 2 49267 15419 1124 315 5 3
Ref 6 compound 10 465 353 0 -4 1 3 2444 6404 171 638 0 2
Ref 6 compound 5 342 23 0 -4 4 0 3625 2402 369 44 0 2
Ref 6 compound 4 6.02 49 0 -4 2 -2 35856 2008 185 624 0 2
Ref § compound 18 176 0.64 4 0 6 2 43199 9351 13 31 5 3
Ref § compound 15 4.62 35 0 -4 4 0 30056 5208 369 44 0 2
Ref § compound 13 234 12 3 -1 3 -1 32248 -16 607 202 1 -1
Ref § compound 12 38 268 2 2 3 -1 33449 399 515 234 2 0
Ref § compound 9 227 LIS 2 2 3 -1 32047 1801 53 279 1 -1
Ref § compound 7 43 318 1 3 7 3 53260 19421 1153 344 7 5
Ref § compound 6 222 L1 2 2 3 -1 32047 1801 53 279 1 -1
Ref § compound 5 427 315 2 2 5 1 476617 13819 022 13 4 2
Ref § compound 3 352 24 2 2 2 2 30648 32 405 404 1 -1
Ref § compound 6 312 2 2 2 2 2 20246 4602 405 404 1 -1
Ref 9 compound 23 581 469 0 4 4 0 41861 8013 369 44 0 2
Ref 9 compound 19 288 176 2 2 4 0 35049 1201 668 141 2 0
Ref 9 compound 17 378 266 1 3 4 0 37653 3805 558 251 1 -1
Ref 9 compound 16 54 428 1 3 6 2 53273 19425 904 95 4 2
Ref 9 compound 11 197 085 2 2 5 1 36448 26 838 29 3 1
Ref 9 compound 6 225 L13 2 2 3 -1 30644 3204 515 234 1 -1
Ref 9 compound 5 125 013 3 -1 5 1 35045 1197 048 139 2 0
Ref 9 compound 4 157 045 2 2 5 1 34843 905 017 108 2 0
Ref 9 compound 2 498 386 2 2 H 4 64685 30837 144 63.1 8 6
Ref 10 compound 24 2 0.8 3 -1 3 -1 32047 1801 607 202 2 0
Ref 10 compound 21 234 12 3 -1 3 -1 32248 <16 607 202 1 -1
Ref 10 compound 20 229 117 3 -1 3 -1 32248 <16 607 202 2 0
Ref 10 compound 18 202 09 2 2 5 1 36246 2398 017 108 3 1
Ref 10 compound 14 142 03 3 -1 4 0 33647 200 778 31 2 0
Ref 10 compound 13 225 L13 2 2 3 -1 30644 3204 515 234 1 -1
Ref 10 compound 12 1.82 07 3 -1 5 1 39454 5606 87 6.1 5 3
Ref 10 compound 11 242 13 2 2 H 4 51460 17621 958 149 14 12
Ref 10 compound 10 242 13 2 2 B 4 51460 17621 958 149 14 12
Ref 10 compound 7 355 243 3 -1 4 0 4286 9012 699 -1l 5 3
Ref 10 compound 6 4 2.8 3 -1 4 0 45274 11426 699 -1l 4 2
Ref 10 compound 5 2.63 151 3 -1 5 1 40656  68.08 87 6.1 5 3
Ref 10 compound 3 3.02 19 2 2 6 2 4255 8407 931 122 6 4
Mean differences - 214 - 22 - 02 - 236 - -186 - 0.18
Mean 327 — 18 — 381 — 364.6 — 62.9 — 228 —
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Figure S3. 'H NMR spectrum (400 MHz, CDCL,) of 2-phenylthiophene (3b).
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Figure S8. 'H NMR spectrum (DMSO, 309.8 MHz) of complex 3.
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Figure 7. Cytotoxicity assay of compounds 1 and § on mammal
macrophages.
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Figure 1. Compounds Sa and 5b induce different levels of cell
death on promastigote form of L. amazonensis. NT: Not treated.
Amp: amphotericin B (2.2 uM). Different letters on the graphic indicate.
significant (P < 0.05).
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Figure §7.'H NMR spectrum (DMSO, 399.8 MHz) of complex 2.
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Table 4. IC,, values of compounds 1, 2, 7 and § against different
promastigote Leishmania spp.

L. braziliensis L. major
Compound

(average  SD) (average = SD)
1 037M=0.11 0.17M 2005
2 228M=033 095M20.16
7 27M=117 Inactive
8 085M 023 Inactive
G418 57 x10°M 33x10°M

“Positive control. SD: standard deviation.





OPS/images/a18img02.png
1)1.1 equiv n-BuLi

4/& -78°Ct00°C1h _ I )
s” Ri 2)11equivzncy, | RiT Vg7 ZnCl
40°C, 15 min A
Pdy(dba)s, P(o-furyl)y RoX /lﬁ\) 5a: Ry= phenyl, R, = 4-chlorophenyl (81%)
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Scheme 2. Synthesis of 2.5-diarylthiophenes 5a and Sh.
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Figure 8. Biological evaluation of compounds 1 (left) and 8 (right) against amastigotes of Leishmania braziliensis. Negative control: non-treated infected
‘macrophages. Positive control: infected macrophages treated with geneticin [10 pg mL-"].
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Figure S1.'H NMR spectrum (400 MHz, CDCL,) of 2-(2-methoxyphenyDthiophene (3a).
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Figure S9. 'H NMR spectrum (DMSO, 399.8 MHz) of complex 4.
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Table 5. Physicochemical properties and biological evaluation of
aphidicolin and derivatives

Compound XLogP HBD HBA
1 L2 4 4
2 220 3 3
7 142 3 4
8 148 4 5
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Figure 2. Treatment of J774A.1 cell line with compounds Sa (a) and 5h

(b) does not cause cell death. H,0,;

drogen peroxide (an inducer of

cell death); NT: not treated. Letter “a” on the graphic indicate significant

(P<0.05).
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Figure S4. IR spectrum (KBr) of complex 4.
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1
Figure 5. (a) Natural products aphidicolin 1 and 3-deoxy-aphidicolin 2
structures. (b) Aphidicolin 1 is shown in licorice view.
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Table $4. Data to plot graph of the antimalarial activity of (-)-3-O-acetylspectaline (4) (IC,, 25.14 M)

Mean survival / %

Concentration / M Standard deviation
Experiment | Experiment 2 Experiment 3
128107 80.00 88.86 73.96 8669677
640 107 91.63 88.46 68.96 1227618
32010 90.63 90227 68.1 13.50604
160 x 107 859 90.07 67.005 1220005
0.0000008 80,18 81.54 62302 1068417
0.000004 88.36 7452 58002 1515243
0.00002 60.45 54.56 38.15 1565615
0.0001 4027 3861 129 1534534
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Figure S3. IR spectrum (KBr) of complex 3.
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Figure 4. Semisynthetic derivatives of 1 with potent leishmanicidal activity.





OPS/images/a17img75.png
Table $3. Data to plot graph of the antimalarial activity of (-)-3-O-acetylcassine (3) (IC,, 24.47 uM)

Mean survival / %

Concentration / M Standard deviation
Experiment | Experiment 2 Experiment 3
128107 90.54 85.65 7332 8873832
640 10 92.63 £1.76 60.74 1208812
32010 80,18 7923 61709 6942163
160 %107 84 7843 68.72 773201
0.0000008 8481 7843 6692 9.066758
0.000004 82.63 7.1 57.623 12.55583
0.00002 73.54 5817 3885 1738244

0.0001 45818 3831 2118 12.62826
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ure S6. 'H NMR spectrum (DMSO., 399.8 MHz) of complex 1.
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Scheme 1. Semisynthesis of derivatives (3-10) from 1.
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2
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‘heme 1. Synthesis of 2-arylthiophenes 3a and 3b.
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igure S5. IR spectrum (KBr) of complex 5.
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Figure 6. (a) Asymmetric unit with two aphidicolin molecules. (b)
Hydrogen bond network between aphidicolin molecules shown along
aplane.
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5. Data to plot graph of the antimalanal activity of chloroquine (IC, 0.30 pM)

Mean survival / %

Concentration / M Standard deviation
Experiment | Experiment 2 Experiment 3

12810 o4 8418 05.75 623644031
640% 10 8422074 8427 9496 61855623
320 10 8457076 8045 88.67 4110004605
160 107 7134571 67.63 87.88 10.78001041
00000008 48.14385 369 45.08 581268354
0000004 4698376 419 4421 2.545403055
000002 2000232 3281 82 7.387790824

0.0001 1774942 3836 4051 12.56624122
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Table 1. HPLC separation of a standards mixture of L-Leu, L-Tle, and L-Val,
1 mmol L, volume injection: 25 L. Mobile phase: solvent A: buffer (10
‘mmol L sodium acetate pH 5.0, in methanol and tetrahydrofuran at a ratio
of 80:19:1) and solvent B: (HPLC grade methanol), with a flow rate of
1.0 mL min". Excess OPA-containing derivatization solution (5:1, OPA/
Sample) was added to the blood extract to assure quantitative conversion
of the amino acid to the corresponding OPA adduct

time / min %A %B
0 50.0 50.0
150 300 70.0
200 300 70.0
210 0.0 100
220 100 00
230 0.0 100
240 100 00
250 50.0 50.0

450 50.0 50.0
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Figure S11. Crystalline and molecular structure of [Co(ate),JCIH,O [NQ4)-O(1L) = 2.910(5) A, N(24)-H(24A)--O(IL) = 146.5%, [N(24)--CI(11)
=3258(3) A, NQ4)-H(24B)--CI(1]) = 157.67], [N(14)--CI(1G) = 3.2233)A, N(14)-H(14A)--CI(1G) = 147.5%], [N(14)--CI(1H) = 3.2223)A, N(14)-
H(14B)--CI(1H) = 152.3°), [0(1)--CI(1F) = 3.081(4) A, O(1)-H(1w)--CL(1F) = 174(4)°]. Symmetry operations used: * 1-x.~y, 1-z; * 1/24x,112-y,1/2+2
12,1 2my, —1242; € U2, 2y, 1223 " —1 /24 12y, ~1/242.
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Table S1. Aphidicolin derivatives via biotransformation reactions and molecular properties

Name MW AMW XLogP LogP HBA AHBA HBD AHBD TPSA_NOPS ATPSA RBC  ARBC
Aphidicolin 33848 - L2 - 4 - 4 - 80.9 - 2 -
Ref Il compound 12 380.52 4204 207 095 5 1 3 -1 87 6.1 4 2
Ref Il compound 11 380.52 4204 207 095 5 1 3 -1 87 6.1 4 2
Ref 11 compound 10 36649 2801 14 028 5 1 4 0 98 171 3 1
Ref Il compound9 41861 80.13 581 469 4 0 0 4 369 44 0 2
Ref Il compound 8 41861  80.13 581 469 4 0 0 4 369 44 0 2
Ref 11 compound7 33848 0 L2 0 4 0 4 0 80.9 0 2 0
Ref Il compound 6 36649 2801 14 028 5 1 4 0 98 171 3 1
Refllcompound5 35448 16 006 -LI§ 5 1 5 1 1011 202 2 0
Ref Il compound4 33647 201 142 03 4 0 3 -1 778 3l 2 0
Refllcompound 3 380.52 4204 207 095 5 1 3 -1 87 6.1 4 2
Refllcompound2 48462 14614 472 36 6 2 2 2 852 43 4 2
Refllcompound 1~ 44250 10411 377 265 5 1 3 -1 79.1 18 2 0
Mean differences - 50.55 - 151 - 075 - 116 - -1.32 - 05

Mean 380 - 2.63 - 475 - 283 - 79.57 - 25 -
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Figure $9. Structure of the semisynthetic compounds 3-10.
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Figure 2. Thin-layer chromatogram of urinary oligosaccharides.
From left to right, lanes 1 to 8: gangliosidosis GM1 urines; lane 9:
alpha-mannosidosis urine; lane 10: type II glycogenosis urine; lane 11:
lactose, raffinose, and glucotetrasaccharide standards (from top to bottom).
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layer chromatogram of urinary glycosaminoglycans. From
left to ight, lane 1: mucopolysaccharidosis type I pattern;
normal patterns from suspect patients.
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Table 1. IC;, and K, values for secondary metabolites active on ARG

Compound 1C,, / (umol L) K, / (umol L)* K, / (umol L) Type of inhibition
Positive control* 1220+1.83 720+0.90° 7.20=0.90° Noncompetitive®
1 14748 1544 - -

2 013001 0.100.03 0.1820.004 Mixed

3 0442004 04320014 0410003 Noncompetitive

4 0.49+0.04 0.160.01 0.142001 Noncompetitive

5 0.46+0.04 0.570.03 0232001 Mixed

6 031002 0.680.02 0.35 0002 Mixed

“Quercitrin is a noncompetitive inhibitor used as a positive control (K, and K, obtained from the reference 18); “data values represent means of individual
experiments + SD.
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(red) and TeDHODH (yellow).
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Figure S11. *C NMR spectrum (125 MHz, CDCI,) — compound 3.
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‘Table 2. Retention times, peak arcas and theoretical plates of the HPLC separation of six porphyrins obtained at pH levels varying from 4.0 to 6.0

pH40 pH43 pH46 pH49 pHS2 pH54 pHST pH 60

w TP 4 TP 4 TP 4 TP 4 TP 4 TP 4 TP i TP
URO 21 328 63 2987 64 8579 32 1053 41 1118 44 1628 20 941 17 60l
HEPTA 50 588 00 31531 90 5985 73 14076 78 4771 79 4497 55 2116 28 729
HEXA 05 3144 115 8472 114 10713 102 7379 105 16746 106 23121 87 23358 72 10377
PENTA 127 21645 136 13417 135 16029 127 14040 129 20534 129 46523 112 57020 100 21648
COPROL - 161 16582 158 58033 151 116069 IS1 38019 IS 109581 135 127180 124 41852
COPROII 165 8386 163 0513 155 10730 156 58807 156 11770 141 11993 132 47355

1,: retention time; TP: theoretical plates.
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Figure 3. Stercoscopic three-dimensional representation of the FMN
binding site. The phosphate oxygen atoms from FMN form hydrogen
bonds to the main chain NH groups of Gly™, Gly™, Gly*™, and The'™.
There are also hydrogen bonds between the phosphate oxygen atoms
and the hydroxyl group of Thre™. The FMN ribity! hydroxyl group form
hydrogen bonds with Lys'®, Val", Ala®" and a water molecule. There are
hydrogen bonds between the FMN isoalloxazine ring and the side chain
of Lys'™, Asn'™, Asn'™, Lys* and Ser®. The FMN isoalloxazine ring
also makes hydrogen bonds to the main chain carboxyl group of Ala®.
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Spectroscopic data of semisynthetic compounds 3-10
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Figure S10. 'H NMR spectrum (500 MHz, CDCL,) - compound 3.
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Table 1. Types of porphyrias and the corresponding altered urinary porphyrin (adapted from Alves ef al.)

Porphyria Clinical expression Enzymes altered Urinary porphyrin altered
Enythropoetic
CEP Photosensitivity URO Il synthase UROLCOPROT
EEP Photosensitivity ferrochelatase COPRO
Hepatic
Acute
ADP Visceral and neurologic ALA-D COPRO
AIP Visceral PBG-D URO, COPRO 1
HCP Visceral, neurologic and photosensitivity  Uroporphyrinogen decarboxylase COPRO 11T
vp Visceral and neurologic Protoporphyrinogen IX oxidase COPROT
Chronic
PCT Photosensitivity URO-D URO, HEPTA
HEP Visceral, neurologic and photosensitivity. URO-D URO, HEPTA

CEP: congenital erythropoietic porphyria: EEP: crythropoictic protoporphyria: ADP: acute ALA-D deiciency porphyria; AIP: acute intermittent porphyria:

ia; ALA: delta-aminolevulinic
acid; ALA-D: aminolevulinate dehydratase; PBG-D: porphobilinogen deaminase; URO: uroporphyrin; COPRO: coproporphyrin; URO-D: uroporphyrinogen
decarboxylase.
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Table 4. IC,, values of compounds 1, 2, 7 and 8 against different
promastigote Leishmania spp.

L. braziliensis L. major
Compound

(average  SD) (average = SD)
1 037M=0.11 0.17M 2005
2 228M=033 095M20.16
7 27M=117 Inactive
8 085M 023 Inactive
G418 57 x10°M 33x10°M

“Positive control. SD: standard deviation.
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igure S6. Structures of semisynthetic modification of 1 in the literature (reference 10).
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Figure $10. GC-MS analysis (ESL 70 eV) of 2.5-bis(2-methoxyphenyDthiophene (h).
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Figure S11. 'H NMR (300 MHz, CD,0D) spectrum of compound 3
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Figure S5. Structures of semisynthetic modification of 1 in the literature (reference 9).
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igure $9. GC-MS analysis (ESI, 70 eV) of 2-(4-chlorophenyl)-5-phenylthiophene (3a).
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Figure 1. UV/Vis absorption spectra for HsDHODH, LmDHODH and

TeDHODH (25 pmol L™). Chemical environment of FMN affects the

peak of maximum absorbance found to be 458 nm for LmDHODH, 460
nm for TeDHODH and 453 nm for HsDHODH.
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Figure $8. Correlation between site modifications in biotransformation compounds (each number over the blue dots in the graphs represents the number
of examples of the correspondent modification).
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Figure S7. Correlation between sites of modification in semisynthetic compounds (cach number over the blue dots in the graphs represents the number of
examples of the correspondent modification).
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Table 1. Number of diagnosed cases and percentage in 8,000 high-risk
patients

Group of diseases Number of cases_Percentage / %
Lysosomal storage discase (LSD) 20 451
Amino acid metabolism 12 28
Organic acid metabolism 45 92
Carbohydrate metabolism 39 8.1
Transport defects 2 60
Others (Smith Lemli-Opitz syndrome; 4 88

Lowe syndrome; vitamine deficiency)
Total 487 1000
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Table 2. Student’s ¢ test applied to the amino acids analyzed

Aminoacid 2 r n Te Te
L-valine 09996 0.9998 5 8658 2776
Leisoleucine 09992 0.9996 5 6121 2776
L-leucine 09999 0.9995 5 1731 2776

“Values found by the Student’s ¢ distribution table.
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Figure S2. Structures of semisynthetic modification of 1 in the literature (reference 6).
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Figure $6.°C NMR spectrum (100 MHz, CDCL) of 2-(4-chlorophenyl)-S-phenylthiophene (3a).
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Figure 2. Chromatogram of a standard mixture of L-Val (1), L-1le (2)
and L-Leu (3) at 0.09 mmol L spiked plasma sample obtained from a
healthy adult volunteer. Column Phenosphere 5 pm, C18, 4.1 and 250 mm
and 80 A. Column temperature: 15 °C. Eluent A: sodium acetate buffer
10 mmol L pH 5.0; methanol and tetrahydrofuran 80:1:1. Eluent B:
‘methanol. Injection volume: 25 uL. DAD & = 230 nm.
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Figure SL. Structure of aphidicolin derivatives via biotransformation reactions.
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re S5."H NMR spectrum (400 MHz, CDCL,) of 2-(4-chlorophenyl)-5-phenylthiophene (5a).






OPS/images/a13img06.png
Table 4. L-Val, L-1le, and L-Leu concentrations in blood samples of healthy and BCK individuals

Blood spot sample VAL (umol L) LEU/ (umol L) ILE/ (umol L) LEU + ILE / (umol L)
Healthy individuals™ 79.0-152.1 ND ND 7031357

BCK individuals® 28.5-6740 ND ND 319.0-3650.0

A 7353 913 4535 5448

B 3579 8022 2394 10416

c 1138 1642 2026 4568

Ni irl, 2.2 years old, B = boy, 2.7 years and C = boy 3.6 years).
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Figure S4. Structures of semisynthetic modification of 1 in the literature (reference 8).
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Figure S8.°C NMR spectrum (100 MHz, CDCL,) of 2.5-bis(2-methoxyphenyl)thiophene (5b).
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Table 3. Intra-assay and inter-assay precision tests of amino acid analyses

Concentration / CVintra-assay/%  CVinter-assay / %
(umol L)
Levaline
10 606 -
%0 386 422
180 946 -
Lrisoleucine
10 558 -
9% 183 188
180 1158 -
L-leucine
10 611 -
%0 383 33

180 934 -
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Figure S3. Structures of semisynthetic modification of 1 in the literature (reference 7).
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Figure S7."H NMR spectrum (400 MHz, CDCL,) of 2.5-bis(2-methoxyphenythiophene (5h).
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igure 2. Melting curves for HsDHODH, TeDHODH and LmDHODH .
The sigmoidal fitting against the data was used to determine the melting
temperature found as 49.5 °C, 54.9 °C and 64.2 °C for HsDHODH,
LmDHODH and TeDHODH, respectivel;
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Figure S25. HMBC spectrum (expansion é 15-70) of 1 in chloroform-d.
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Figure $27. HMBC spectrum (expansion & 21-34) of 1 in chloroform-d.
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Figure $26. HMBC spectrum (expansion & 14-38) of 1 in chloroform-d.
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Figure $23. HMBC spectrum of 1 in chloroform-d.
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Figure $22. HMOC spectrum (expansion & 40-70) of 1 in chloroform-d.
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Figure $29. HMBC spectrum (expansion é 25-60) of 1 in chloroform-d.
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isure S28. HMBC spectrum (expansion é 22-34) of 1 in chloroform-d.
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Figure S31. HMBC spectrum (expansion & 45-75) of 1 in chloroform-d.
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Figure $30. HMBC spectrum (expansion & 42-60) of 1 in chloroform-d.
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Figure S35. DSC analysis of 2.
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Figure S38. 500 MHz 'H NMR spectrum of 2 in methanol-d,.
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Figure $32. HMBC spectrum (expansion é 54-72) of 1 in chloroform-d.
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Figure S

1D NOESY spectrum of 1 in methanol-d, irradiating & 2.82.
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ure $33. HMBC spectrum (expansion 8 198-222) of 1 in chloroform-d.
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Figure S39. 500 MHz 'H NMR spectrum (expansion 8 |
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igure S41. 500 MHz 'H NMR spectrum (expansion & 1.60-2.05) of 2 in methanol-d,.
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ure 5. Structure of ST-610.
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Figure 6. Nucleoside and non-nucleoside.
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re 4. Structures of DENV protease inhibitors 24-28.
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Figure 1. Antimicrobial mechanism of dapsone. DDS: 4.4'-diamino-
diphenylsulfone; pABA: p-aminobenzoic acid: H2PtPP: 6-hydroxymethyl-
7.8-dihydropterin-pyrophosphate; DHPS: 6-hydroxymethyl-7.8-
dihydropteroate synthase.
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Figure 2. Possible metabolic pathways of dapsone involving NAT and
CYP enzymes. NAT: N-acetyl transferase; CYP: Cytochrome P450; DDS:
4,4-diamino-diphenylsulfone; DDS-NHOH: dapsone hydroxylamine;
MADDS: monoacetyl dapsone; MADDS-NHOH: monoacetyl dapsone
hydroxylamine.
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Figure 3. Hematological side effects associated with hydroxylated
metabolites of dapsone. DDS: 4.4’-diamino-diphenylsuifone;
DDS-NHOH: dapsone hydroxylamine; MADDS-NHOH: mono acetyl
dapsone hydroxylamine.
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Figure 1. Chemical structures of nifurtimox and benznidazole.
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Figure 2. Chemical structures of posaconazole and ravuconazole.
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Scheme 1. Synthetic route for the preparation of lapachol derivatives 1-6.





