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Abstract

:

Most of the commercially available anti-infective agents are organic molecules. In fact, though, during the pioneering times of modern medicine, at the beginning of the 20th century, several inorganic compounds of transition metals were used for medicinal application, to date, only a small number of inorganic drugs are used in clinical practice. Beyond the transition metals, metalloids—or semimetals—offer a rich chemistry in between that of metallic and non-metallic elements, and accordingly, peculiar features for their exploitation in medicinal chemistry. A few important examples of metalloid-based drugs currently used for the treatment of various diseases do exist. However, the use of this group of elements could be further expanded on the basis of their current applications and the clinical trials they entered. Considering that metalloids offer the opportunity to expand the “chemical-space” for developing novel anti-infective drugs and protocols, in this paper, we briefly recapitulate and discuss the current applications of B-, Si-, As-, Sb- and Te-based anti-infective drugs.






Keywords:


metalloids; boron; arsenic; silicon; antimony; tellurium; antibiotic; inorganic medicinal chemistry; antiviral; antiparasitic; antibacterial; antifungal; infection












1. Introduction


Metals have been used since ancient times to cure several diseases. With the progress of modern medicine, a number of metal-based agents were then evaluated on scientific basis for applications against a variety of parasites, bacteria and viruses responsible for life-threatening diseases [1,2,3]. Subsequently, the interest in metals in medicine was further fueled by the serendipitous discovery of the anticancer properties of cisplatin. To date, this simple Pt-based molecule—together carboplatin and oxaliplatin—is a cornerstone worldwide for the treatment of malignances [4,5,6,7]. These molecules impact the clinical practice with a role that, at present, is not replaceable by organic compounds. Overall, the success of Pt-based therapeutics spurred a very intense activity of the scientific community aiming to develop novel and ameliorated inorganic chemotherapeutics capable to overcome the existing limitations of established clinical protocols [8,9,10,11]. Even recently, the sudden emergence represented by the SARS-CoV-2 virus, posed the dramatic problem of the rapid development of drugs against this global threat, renewing the interest on approved inorganic therapeutics. Accordingly, Au, Bi, Sb- based complexes were suggested as potentially suitable for the inhibition of viral replication and spreading in the frame of various drug-repurposing programs [12,13,14,15].



These considerations support transition metals as a rich source for novel drugs, indicating the contribution that medicinal inorganic chemistry may offer [16].



Beyond transition metals, the so-called metalloids—even known as semimetals—represent an interesting group of elements endowed with unique features in between those of metals and non-metals. It is beyond the scope of this article to comprehensively describe the chemistry of metalloids, their reactivity profile and the chemical features; nevertheless, it may be useful for the readers to delineate the main properties of this class of elements. When we refer to “metalloids”, we deal with a group of six elements arranged along the diagonal line from boron, also including silicon, germanium, arsenic, antimony and tellurium. It is worthwhile to remember that this categorization is not exclusive or exhaustive and, depending on the authors, other elements might be considered as metalloids (e.g., Po, Ga) [17,18]. These elements share common properties as reported in 1977 by Masterton and Slowinski [17]. These authors highlighted that metalloids typically have first ionization potentials (IP) falling around 200 kcal/mol, accompanied by electronegativity (EN) values of ≈2.0. Additionally, metalloids generally behave as semiconductors with an important application in the field of technology (Table 1).



As stated above, while the physicochemical properties of these elements are widely exploited for technology and industrial purposes, less is known on their use in medicine. Metalloids and metalloid-based compounds, owing to their properties, can exert biological activity toward cells and tissues. Hence, even long before the development of the modern inorganic medicinal chemistry, metalloid compounds were used to treat various diseases on empirical basis (Figure 1).



The mixture of 3-amino-4-hydroxyphenyl-AsIII compounds containing acyclic As3 and As5 species (Salvarsan®) (Hoechst AG, Frankfurt, Germany) [19] was introduced by Ehrlich in the early 20th century and marketed as a treatment for syphilis, an event that has marked the beginning of the modern chemotherapy (Figure 2) [8].



According to the above considerations, here we try to summarize some of the indications and the clinical trials that metalloid-containing agents entered for their application in antiparasitic, antibacterial, antifungal, or antiviral therapy. Additionally, we briefly discuss the challenges and the prospects for translating metalloid compounds in further preclinical and clinical development. Specifically, we report on some relevant anti-infective agents containing B, Si, As, Sb and Te. Indeed, using these elements, molecules that were approved, or that entered clinical trials were developed, while -to the best of our knowledge- no Ge-based drugs reached advanced stages of clinical testing neither approval.




2. Boron


The design of pharmacologically-active molecules containing boron is a relatively recent field of research, and accordingly, the use of this element is still largely unexplored. Boron has a very peculiar chemistry. Its position in the periodic table is close to nitrogen and carbon, two elements that form “the chemical backbone of life” [20]. Boron behaves as a strong Lewis acid, is characterized by an empty p-orbital and has an electrophilic character. Owing to the empty p-orbital, it can form coordinate covalent bonds with biological nucleophiles, interacting with enzymes bearing hydroxyl and amine groups, but also with carbohydrates and nucleic acids [21]. Additionally, the boron center, under physiological environment, can switch from sp2 (trigonal planar) to sp3 hybridization corresponding to tetrahedral geometry [22].



Boromycin, isolated from a fermentation broth of Streptomyces sp. A-3376, was the first natural compound found to contain boron (Figure 3). This polyether-macrolide antibiotic elicits potent activity as anti-human immunodeficiency virus (HIV) with a mechanism likely involving the blocking of the later stage of HIV infection, as well as the replication stages [23]. It was also shown to be active against Gram-positive bacteria, but not against Gram-negative strains. This difference in the activity is likely due to the outer membrane of Gram-negative bacteria capable of blocking the access of the molecule to the cytoplasmic membrane. Recent studies reported boromycin as active against Mycobacterium tuberculosis, the pathogen responsible for the tuberculosis disease. Boromycin is a potent inhibitor of the growth of this bacterium with a MIC50 = 80 nM (MIC—Minimum Inhibitory Concentration). Interestingly, its cytotoxicity and hemolytic activity are very low with a selectivity index of more than 300, indicating a favorable pharmacological profile [24].



Despite boromycin not being currently approved for clinical use, three other boron-based molecules were approved by the Food and Drug Administration (FDA), namely, crisaborole, bortezomib and tavaborole, as treatment for atopic dermatitis, multiple myeloma and onychomycosis, respectively. The latter is a fungal infection of the nails, caused by a number of different types of fungus including dermatophytes of the genus Trichophyton [25]. Tavaborole, sold under the brand Kerydin®, Pfizer, New York, NY, USA, (Figure 3), is the only boron-containing anti-infective agent currently used in clinical practice [21].



Tavaborole, approved by the FDA in 2014, entered several clinical trials aiming to assess the pharmacokinetic safety of the dosages, as well as the efficacy when topically administered against onychomycosis in children, adolescents and adults. Tavaborole has a unique mechanism of action and it is highly specific against pathogenic fungi. It is important to highlight that its antifungal activity strictly depends on the presence of the boron center. Indeed, tavaborole analogs bearing a carbon in place of the boron were synthesized and tested, showing no pharmacological activity [26].



Specifically, tavaborole interferes with protein synthesis in fungal cells by targeting and impairing fungal cytoplasmic leucyl-transfer ribonucleic acid (tRNA) synthetase. This enzyme belongs to the Aminoacyl-tRNA synthetases (AARSs) family, performing a key role in translating the genetic code by catalyzing the attachment of the proper amino acid to its cognate tRNA. Accordingly, they have a crucial role in the protein synthesis [27]. Interestingly, tavaborole has an affinity for fungal leucyl-tRNA synthetase that is >1000-fold higher than for the human leucyl-tRNA synthetase, ensuring safety and tolerability [28]. Some of the clinical trials involving tavaborole are summarized in Table 2 with the main details.



The low molecular weight of the molecule ensures good penetration in the infected nails. The penetration is also improved when administered as 5% solution, despite clinical trials which have comparatively assessed the efficacy for doses ranging from 2.5% up to 7% prepared with a mixture of ethyl acetate and propylene glycol [29].




3. Silicon


Silicon is among the most abundant element in the universe, though it is rarely found in its pure form. It is the element that presents the closest similarities with carbon. Both can form tetravalent compounds. Silicon has a larger covalent radius compared with that of carbon. At variance with carbon, silicon can form five or six coordinated compounds. Even this aspect accounts for a different reactivity from carbon [30,31]. Some of the main differences between carbon and silicon leading to diversity in the pharmacological properties of the silicon-containing analogs are molecular size and shape, electronegativity, and lipophilicity. Indeed, C–C bond is 1.54 Å while the length in C–Si bond is about 1.87 Å. This subtle difference may dramatically affect the interaction with biomolecules—and eventually the pharmacological profile of Si-containing compounds compared with C-containing counterpart. Additionally, Si is more electropositive than carbon, and the hydrogen-bond strength of the silanol is more favorable as a donor than that of the carbinol. Thus, in the drugs containing carbinol acting as hydrogen-bond donor, the replacement of the latter with the silanol moiety represents a suitable strategy to improve the efficacy [32,33]. The higher lipophilicity of Si compared with carbon could result in improved bioavailability and pharmacokinetics of the Si-containing drug analogs [33]. Owing to the aforementioned features, a number of organosilanes entered human clinical trials as anticancer agents and muscle relaxants, as well as drugs for Alzheimer’s disease. However, to the best of our knowledge, despite a number of silicon-based compounds which were synthesized and tested as anti-infective agents, none of them entered clinical trials [34].



Various Si-containing substances find use in the preparation of medicaments, medical devices, cosmesis and drugs for different indications. Magnesium trisilicate is used as an anti-acid similarly to magnesium aluminum silicate, whereas polydimethylsiloxane (PDMS) is exploited for the production of contact lenses, as an ingredient in preparations for the treatment of irritated eyes and, more in general, in various medical devices [35,36]. To date, one of the most important roles of silicon concerns the synthesis of biocompatible nanoparticles (NPs) as a smart platform for drug delivery (Figure 4). Indeed, the solubility of a drug can be conveniently improved due to the polar surface of the nanostructures. Additionally, the loaded pharmacologically-active agents can be released in a controlled manner [37,38].



Additionally, these NPs can be loaded with anti-infective drugs or can be themselves endowed with antibacterial or antivirus properties [39,40].



Recently, the FDA approved the first hybrid silica nanoparticles for bioimaging, confirming the suitability of these inorganic structures for medicinal purpose [41]. In 2018, Smirnov et al. reported on the antibacterial activity of spherical Si-NPs against Gram-positive and Gram-negative strains (S. aureus and P. aeruginosa respectively) [42]. These NPs were prepared through nanosecond laser ablation techniques, starting from solid silicon. The preparation was carried out in various media including distilled water and isopropyl alcohol. The antibacterial effect was apparently the consequence of the photodynamic activity of the silicon nanoparticles caused by the production of singlet oxygen on their surface [42,43]. Zhou et al. described a high-performance silicon-based antibacterial material wafer made of silver nanoparticle (AgNP)-decorated silicon wafers (AgNP@Si). Compared with free AgNPs, this substrate has shown markedly enhanced antibacterial properties against E. coli that are retained over 30 days. An additional advantage of this material is the rapid and simple preparation relying on the treatment of a wafer of Si in the presence of 5% HF acidic conditions. Next, the wafer is placed in a freshly prepared solution of AgNO3 affording the desired material. Overall, the authors concluded that AgNP@Si coating can act as an “antibacterial surface” to impair the formation of harmful biofilms. In addition, these materials are potentially useful for the development of antibacterial surfaces endowed with high biocompatibility [40].




4. Arsenic


Arsenic is a bright silver-gray element known since very ancient times. Indeed, its name derives from the Greek word ‘‘arsenikon’’ (potent) and several early authors reported on its medicinal properties. In the 5th century A.D., Olympiodorus described the production of arsenic oxide—As2O3. Many alchemists considered arsenic oxide, similarly to sulfur, to be a basic constituent of metals. More recently, the early physician Paracelsus (1493–1541) suggested the use of arsenic for some diseases, and between the middle of the 17th and 18th century, two methods for the preparation of As2O3 were described [44].



Interestingly, among the metalloids, As has a fascinating history. Indeed, on the one hand, its medicinal properties were known since centuries; on the other, it is well known as poison [45,46,47]. Nevertheless, arsenic compounds are currently used in clinical practice for some indications. Particularly important is the case of As2O3, approved by the FDA in 2003 and marketed under the name Trisenox® (Almac Pharma Services Limited, United Kingdom; Almac Pharma Services, Ireland; Teva Pharmaceuticals Europe, The Netherlands). This drug is used to treat acute myeloid leukemia [48].



Organoarsenical compounds also represented a cornerstone in the treatment of bacterial infections. In particular, until the discovery of Salvarsan® and Neosalvarsan® (Hoechst AG, Frankfurt, Germany) by the Nobel Laureate Paul Ehrlich at the beginning of the 1900s, syphilis was a major and often deadly infection (Figure 1 and Figure 5) [45].



Melarsoprol (Arsobal®, Sanofi, Paris, France) (Figure 6) was introduced in 1949 as the first agent effective in the treatment of Human African trypanosomiasis (HAT, also known as sleeping sickness, transmitted through the bite of infected tsetse flies). This is a neglected tropical disease caused by the protozoan parasites Trypanosoma brucei gambiense (endemic in West and Central Africa) and Trypanosoma brucei rhodesiense (endemic in Eastern and Southern Africa) [49]. African trypanosomiasis caused devastating epidemics in the 20th century, killing millions of people. The disease typically has two stages: a hemolymphatic stage (in which the parasite proliferates in the hemolymphatic system of the host), subsequently, in the meningoencephalitic stage, trypanosomes cross the blood–brain barrier, invading the central nervous system (CNS) and causing neurological disturbances. Among them, sleeping sickness is typical of the second stage [50]. The sleep disorder, from which the name sleeping sickness derives, is not the only consequence of the infection, and several additional problems occur in the advanced stages of the disease including heavy neuropsychiatric symptoms, renal and cardiac failure [50,51].



In the chemical structure of melarsoprol, the As (III) is celated by 2,3-dimercaptopropanol (a compound originally developed as anti-Lewisite molecule, Figure 6) [52].



When administered to patients, melarsoprol is rapidly converted into its pharmacologically-active form, i.e., melarsen oxide, capable of binding serum proteins [53]. The actual mechanism of action of melarsoprol has not been fully understood. However, arsenic is well known to be a promiscuous inhibitor of several different enzymes and biological targets containing thiol groups, and the pharmacological effects of this drug against the pathogen could result from the uptake into the parasite by the trypanosomal P2-purine transporter [54]. Notably, an important enzyme affected by the drug is the trypanothione reductase of the parasite, whose impairment leads to the loss of the redox balance [55]. However, the inhibition of multiple targets and biochemical pathways is likely to determine the pharmacological effects [56,57]. Nevertheless, the use of this important drug is accompanied by heavy—and even fatal—side effects. Owing to its very poor solubility in water media, it is administered intravenously as propylene glycol solution, being this solvent an irritant for tissues. Among various additional side effects including vomiting and peripheral neuropathy, another drawback is reactive encephalopathy, occurring in 5–10% of cases, half of which are characterized by extremely poor prognosis. Importantly, the currently used therapeutic protocols were developed on the basis of trial-and-error approaches. In this view, various pharmacokinetic research suggested that the currently used doses are not optimal and should be improved [52].



Melarsoprol in 2006 entered a clinical trial to assess its efficacy in combinatory therapy: three drug combinations were tested, i.e., melarsoprol 1.8 mg/kg/day, 10 days + nifurtimox 15/20 mg/kg/day, 10 days; melarsoprol 1.8 mg/kg/day, 10 days + eflornithine 400 mg/kg/day, 7 days, and nifurtimox 15/20 mg/kg/day, 10 days + eflornithine 400 mg/kg/day, 7 days, for Late-Stage Gambiense Human African Trypanosomiasis (ClinicalTrials.gov Identifier: NCT00330148). Altogether, despite the importance of melarsoprol-based treatments, there is the urgent need to improve the clinical protocols by means of improved drug combinations capable to overcome the side effects. In this frame, new clinical trials are of outstanding importance. Another As-based drug, namely melarsomine dihydrochloride (marketed as Immiticide® or Merial®, Boehringer Ingelheim Animal Health, Noventana, Italy) is an antiprotozoal trypanocidal agent. Melarsomine is an FDA-approved medicine for the treatment of adult heartworm (Dirofilaria immitis) infection in dogs [58].



Beyond the use in medicinally-active molecules, more recently, As has been used as a prognostic probe to evaluate the course of the COVID-19 disease in a cohort of patients. Indeed, a relationship between the concentration of arsenic in the blood of COVID-19 patients and the severe illness or fatal outcome of the disease was found [59].




5. Antimony


The symbol (Sb) of this metalloid derives from the Latin stibnum which also lends its name to the mineral in which antimony is commonly found, i.e., stibnite (Sb2S3). This mineral was used since very ancient times. Indeed, it was known to the Ancient Egyptians as an eye cosmetic owing to its beautiful black color [60]. Antimony has four allotropes: a stable metallic form and three forms that are metastable (yellow, black and explosive). Nowadays, antimony is used in various applications ranging from the flame-retardant materials, alloys and also as an element for semiconducting materials [61].



This pnictogen, was used with medicinal purposes for the treatment of parasitic and microbial infections [62]. Indeed, drugs containing Sb were used for the treatment of leishmaniasis since the 1900s, when the role of the Leishmania parasite and the characteristics of the infection process were elucidated (Figure 7) [63]. Distinct species of Leishmania are responsible for different clinical manifestations leading to various degrees of severity, from cutaneous lesions to life-threatening visceral disease [63]. The latter is caused by the pathogen Leishmania donovani or infantum depending on the geographical area. This is the most severe form, being often accompanied with a poor prognosis unless treated. At variance, Post-kala-azar dermal leishmaniasis (PKDL) is a manifestation that may occur after treatment of visceral leishmaniasis. Cutaneous leishmaniasis is usually characterized by an ulcer that typically self-heals in a few months. However, this manifestation may lead to scarring and disfigurement. Based on the infection, one out of ten cases may result in more severe manifestations (known as mucocutaneous leishmaniasis) [63,64,65]. Similarly, antimony-based drugs were extensively used for schistosomiasis, also a neglected acute and chronic parasitic tropical disease [46]. It is caused by the parasitic flatworms of the genus Schistosoma. Both the urinary tract and the intestines are infected by the parasite [66]. People are typically infected during exposure to infested water. Intestinal forms of schistosomiasis are characterized by abdominal pain and diarrhea. The liver and spleen may also be affected, especially in advanced stages of the disease that may also result in an accumulation of fluid in the peritoneal cavity. When urogenital infections occur, they are often accompanied by hematuria (blood in urine), but also kidney damage. Another severe complication is bladder cancer [67].



To date, two pentavalent antimonials are used in the clinical practice to treat leishmaniasis. Specifically, sodium stibogluconate (Pentostam®, GlaxoSmithKline, Brentford, UK) and meglumine antimoniate (Glucantim® or Glucantime®, Sanofi, Paris, France) are intravenously administered (Figure 8). Despite these drugs representing an essential arsenal to fight leishmaniasis, major problems are associated with treatments. In particular, resistance phenomena and high toxicity are limiting aspects [69].



The mode of action of these Sb(V) drugs based against leishmaniasis is not fully understood and the redox chemistry of the metalloid center, as well as its ability to bind several biological targets—genomic or non-genomic—are likely involved in the observed pharmacological action [69]. Indeed, it is not clear whether the actual pharmacophore contains Sb(V) or Sb(III). Overall, three main models for the mode of action were proposed that are here summarized [69,70]. In the so called “prodrug model” Sb(V) is a prodrug that undergoes reduction to Sb(III), the latter being a pharmacologically active—but even more toxic—species. Additionally, it is controversial to assess whether the reduction occurs through an enzymatic process. Similarly, it remains unclear the potential role of the parasite in the reduction process [71]. Moreover, the reduction to Sb(V) should involve the action of thiol-bearing compounds both from the host cells (e.g., glutathione) or parasite (trypanothione) [72]. The most likely targets after the reduction process are trypanothione reductase and zinc-finger proteins. Indeed, this kind of mechanism relying on thiol containing aminoacidic residues is typical also for metals with thiophilic character (e.g., Bi, Au) [69]. At variance, the “Intrinsic Antileishmanial Activity Model” indicates the Sb(V) as inherently active. Sodium stibogluconate is capable of type I DNA topoisomerase interaction, leading to the inhibition of unwinding and cleavage processes [69]. Additionally, coordination of Sb(V) to ribonucleosides has been highlighted in physiological-like conditions, supporting this mode of action [73]. In turn, this mode of binding might lead to the pharmacological activity against Leishmania both through the formation of Sb(V)-adenine nucleotide adducts and subsequent inhibition of the Leishmania purine transporters, as well as through the penetration of these complexes inside the parasite. Next, the neutral pH environment allows the adduct itself to impair the purine pathways [74]. Finally, in the “host immune activation model” antimonials are capable of parasite inhibition by activation of the immune system—innate or adaptive—of the infected patient. According to this model, an effective immune response is stimulated allowing to avoid relapse [69].



Sodium stibogluconate and meglumine antimoniate entered several clinical trials for improving the leishmaniasis treatments. Table 3 summarizes some of them.



From Table 3, the results show that the efforts in clinical trials have been directed to overcome the two major problems, i.e., the side effects and the resistance. Indeed, combining different drugs/treatments is a reliable strategy to overcome the resistance of the parasite to antimony-based protocols. Moreover, testing novel dosage might improve the treatment itself, improving the tolerability.




6. Tellurium


Tellurium (from the Latin tellus that means “earth”), is a rare element that belongs to the so called chalcogens and is chemically related to selenium and oxygen. It is a trace element. Interestingly, this “neglected” element has long been considered extremely toxic. A partial reappraisal on its biological role and its toxicity was made after the discovery of the essential role of selenium [75]. Accordingly, the toxicity of Te-based compounds basically depends on the chemical species and on the intake, hence Te is not inherently more cytotoxic than selenium, and its toxicity can be modulated by using specific ligands and controlling the chemical properties and cell internalization [76]. Tellurium can be simply oxidized to the corresponding oxides including TeO32−, TeO42−—tellurite and tellurate—respectively and TeO2. Several Te-based substrates have redox activity with a formal oxidation state of tellurium ranging from −2 to +6 [75].



Tellurium finds application in a different field of technology. For instance, it is used as an additive in metallurgical industry, in glass production as well as in ceramic industry. It was also used for the development of diagnostic kits in bacteriological procedures and applications. In fact, some bacteria are able to reduce tellurite solutions to amorphous (black) tellurium [77]. Further technological applications of tellurium concern X-ray detectors, and development of solar panels and semiconductors [78]. Beyond these applications, tellurium compounds were also developed and tested for their medicinal applications. Among various applications, the most important is most probably AS101, namely, ammonium trichloro (dioxyethylene-O,O′) tellurate (Figure 9).



AS101 entered Phase II clinical trials in psoriasis patients, being the first Te-based agent tested for clinical applications. AS101 exerts potent immunomodulator effects and redox-modulating activities. Owing to these features, it was subjected to several studies for the application in autoimmune diseases. AS101 has a potent effect as an immunomodulator potentially suitable for several therapeutic applications [76,79,80]. As an anti-infective agent, AS101 was found effective against various pathogens in both bacterial strains and viruses [81,82,83]. Gram-negative bacteria are a major global problem. Indeed, they are responsible for infection that are often resistant to conventional antibiotics. Pairwise, the discovery rate of novel antibacterial agents has declined steeply [84]. Accordingly, there is the urgent need for novel and effective antibiotics. In this frame, AS101 has been tested against Enterobacter cloacae that represents a dangerous nosocomial pathogen causing infections among hospitalized or debilitated patients [81]. AS101 acts as potent antibiotics against Enterobacter cloacae with MIC and MBC (Minimum Bactericidal Concentration) of 9.4 mg/L. Interestingly, for lower concentration, AS101 possess an antibiofilm activity. Under a mechanistic point of view, by means of liposome swelling assay, Daniel-Hoffmann et al. demonstrated that AS101 penetrates the bacterial cell through a porin, causing damage to Na+ and K+ pumps, and leakage of potassium, phosphorous and sulfur [81].



AS101 is also effective against HIV. Treatment of HIV-1-infected peripheral blood mononuclear cells (PBMC) with AS101 administered at different concentrations have shown a strong inhibition of virus production. Remarkably, the compound determines an enhanced cell proliferation when administered to normal cells at non-cytotoxic concentrations [83]. The anti-HIV-1 effects of AS101 results from the inhibition of the different catalytic functions of viral reverse transcriptase. This effect is accompanied by the substantial absence of drug-related toxicity toward lymphocytes. All these aspects, alongside the immunomodulating activity of AS101, warranted a deeper evaluation, finally leading to clinical trials [83]. Similarly, AS101 entered clinical trials as an agent against HPV (Human Papilloma Virus). It was suggested that AS101 is effective towards HPV by the stimulation of the innate and acquired immune system (Table 4).



Some authors have also demonstrated that simple modification of the AS101 structure led to compounds that are far more active in controlling the replication of human poliovirus through the impairment of the 3C viral cysteine proteinase [82]. This finding opens to further development of the Te-based molecules for medicinal applications, pointing out AS101 as a reliable reference compound.




7. Conclusions


Owing to the increasing mechanistic insights provided by the modern omics techniques, it is possible to gather the most relevant information for the mechanisms of action of inorganic drugs [85]. This family of compounds, despite their limited use in clinical practice, has a huge impact as in the case of imaging techniques for diagnosis or anticancer and anti-infective therapy. In this frame, the clinical use of metalloid-based compounds is even more limited compared with metal-based compounds. However, it should be stressed that the unique chemistry and reactivity, typical of metalloids, can be advantageously exploited for the design of innovative anti-infective drugs. In fact, mechanistic information on the ability of metalloids to bind specific aminoacidic or genomic residues can help the choice of the proper ligands, finely tuning the chemistry, stability, and the activation process of the drug. This approach can significantly expand the “chemical space” leading to innovative and more effective treatments. Additionally, concerning the claims of high toxicity of metalloids, on one hand—as in the case of Tellurium—this aspect has been sometimes exacerbated; on the other, the choice of proper ligands capable of stabilizing the metalloid center could allow to avoid the toxic effects. Finally, as pointed out by the several clinical trials, the already approved metalloid-based molecules are extremely versatile and can be exploited for several and increasing medicinal applications both in diagnosis and therapy, provided that more attention of the research community will be devoted to this family of molecules.
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Figure 1. The periodic table highlighting the elements considered for the purposes of this article. The group of metalloids with application in the field of anti-infective therapy (B, Si, As, Sb, Te) is indicated by the red line. 
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Figure 2. Chemical structures representing the composition of the mixture known as Salvarsan®. 
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Figure 3. Chemical structures of boromycine (left) and tavaborole (right). 
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Figure 4. Representation of different types of mesoporous silica nanoparticles (MSNs). IUPAC defines mesoporous materials as characterized by a pore size in the range of 2–50 nm and an ordered arrangement of pores giving an ordered structure to it (Reprinted from ref. [41]. Copyright 2018 by the authors. Licensee MDPI, Basel, Switzerland). 
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Figure 5. Chemical structure of Neosalvarsan®. As in the case of Salvarsan®, this formal structure bearing an arsenic-arsenic double bond is incorrect. Indeed, it is a mixture of differently-sized rings with arsenic-arsenic single bonds. 
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Figure 6. Chemical structure of melarsoprol. The red line indicates the dimercaprol ligand. 
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Figure 7. Geographical distribution of leishmaniasis in the world (left panel). Life cycle of Leishmania in sandfly and mammalian host (right panel). The two main evolutionary forms during their life cycle: the promastigote (in the invertebrate host) and the amastigote (present in the vertebrate host) are shown. Globally, more than 20 Leishmania species exist, transmitted by over 90 phlebotomine sandfly species (Reprinted from ref. [68]. Copyright 2021 by the authors. Licensee MDPI, Basel, Switzerland). 
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Figure 8. Chemical structures of the clinically-used Sb(V) drugs: sodium stibogluconate (left) and meglumine antimoniate (right). 
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Figure 9. Chemical structures of AS101. 
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Table 1. The six elements commonly recognized as metalloids (Reprinted with permission from ref. [17]. Copyright 2013, American Chemical Society).
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	Element
	IP/(kcal/mol)
	IP/(kJ/mol)
	EN a
	EN b





	β-Boron
	193
	800
	2.0
	2.04



	α-Silicon
	189
	786
	1.8
	1.90



	α-Germanium
	184
	762
	1.8
	2.01



	α-Arsenic
	228
	944
	2.0
	2.18



	α-Antimony
	201
	830
	1.9
	2.05



	α-Tellurium
	210
	869
	2.1
	2.10



	Average
	201
	832
	1.9
	2.05







a Original Pauling electronegativity value. b Revised Pauling value.
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Table 2. Clinical trials involving tavaborole as antifungal agent (from https://clinicaltrials.gov/, accessed on 27 April 2021).
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	ClinicalTrials.gov

Identifier
	Status
	Aim
	Results





	NCT03405818
	C (2018)
	S/P
	Y



	NCT01302119
	C (2019)
	S/E
	Y



	NCT01270971
	C (2019)
	S/E
	Y



	NCT00680160
	C (2019)
	A
	NA



	NCT00679601
	C (2018)
	A
	NA



	NCT00680134
	C (2018)
	S/E
	NA



	NCT01278394
	C (2018)
	S/E
	Y



	NCT00679523
	C (2018)
	S/E
	NA



	NCT00679965
	C (2018)
	D
	NA



	NCT00679770
	C (2018)
	D
	NA







C = Completed, the year of the last update is reported in brackets; S = Safety; P = Pharmacokinetic; E = Efficacy; A = Absorption; D = Dosage; Y = Results published; NA= Results not available.
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Table 3. Clinical trials involving sodium meglumine antimoniate and stibogluconate as anti-leishmaniasis agents (from https://clinicaltrials.gov/, accessed on 27 April 2021).
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	ClinicalTrials.gov

Identifier
	Drug(s)
	Status
	Aim
	Results





	NCT00480883
	Meglumine Antimoniate +

Allopurinol
	C (2010)
	Co
	NA



	NCT01050777
	Nano-liposomal Meglumine

Antimoniate
	C (2012)
	F
	NA



	NCT00317980
	Low-doses Meglumine

Antimoniate
	C (2009)
	D
	NA



	NCT01301937
	Low-doses Meglumine

Antimoniate
	R
	D
	NA



	NCT01301924
	Alternative doses of Meglumine

Antimoniate
	C (2018)
	D
	NA



	NCT01381055
	Meglumine Antimoniate +

Pentoxifylline
	C (2017)
	Co
	NA



	NCT00818818
	Low-doses Meglumine

Antimoniate
	C (2010)
	D
	NA



	NCT00537953
	Meglumine Antimoniate +

Miltefosine
	U
	D/Co
	NA



	NCT00657618
	Sodium Stibogluconate
	C (2020)
	S
	Y



	NCT02281669
	Sodium Stibogluconate
	U
	S
	NA



	NCT00508963
	Sodium Stibogluconate
	A
	E
	NA



	NCT00662012
	Sodium Stibogluconate
	C (2021)
	E
	Y



	NCT00255567
	Sodium Stibogluconate
	C (2016)
	E/S
	NA



	NCT01067443
	Sodium Stibogluconate +

AmBisome® (Gilead Sciences, Inc., Foster City, CA, USA)
	C (2017)
	E/S/Co
	NA



	NCT03009422
	Sodium Stibogluconate +

Fractional CO2 laser
	U
	E/Co
	NA



	NCT04699383
	Sodium Stibogluconate +

Allopurinol
	R
	E
	NA







C = Completed, the year of the last update is reported in brackets; R = Recruiting; U= Unknown; A = Available; Co = Novel drug combinations; F = Novel formulations; D = Dosage; E = Efficacy; S = Safety; Y = Results published; NA= Results not available.
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Table 4. Clinical trials involving AS101 as anti-infective agents (from https://clinicaltrials.gov/, accessed on 27 April 2021).






Table 4. Clinical trials involving AS101 as anti-infective agents (from https://clinicaltrials.gov/, accessed on 27 April 2021).





	ClinicalTrials.gov

Identifier
	Indication
	Status
	Aim
	Results





	NCT01555112
	HPV-condyloma acuminata
	C (2013)
	F/S/E
	NA



	NCT01943630
	External Genital Warts (HPV)
	U
	S/E
	NA



	NCT00001006
	HIV
	C (2012)
	E/S
	NA



	NCT00002266
	HIV
	C (2005)
	D/E
	NA



	NCT00002013
	HIV
	C (2005)
	Co/S/E/D/P
	NA



	NCT00002033
	HIV
	C (2005)
	Co/E/S
	NA







C = Completed, the year of the last update is reported in brackets; R = Recruiting; U= Unknown; A = Available; Co = Novel drug combinations; F = Novel formulations; D = Dosage; P = Pharmacokinetic; E = Efficacy; S = Safety; Y = Results published; NA= Results not available.
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