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    Herbal Medicine: Back to the Future presents expert reviews on the applications of herbal medicines (including Ayurveda, Chinese traditional medicines and alternative therapies). This volume demonstrates the use of sophisticated methods to explore traditional medicine, while providing readers a glimpse into the future of herbal medicine.




    The book is a valuable resource for pharmaceutical scientists and postgraduate students seeking updated and critically important information relating to natural product chemistry and pharmacology. The chapters are written by authorities in the field. Chapter 1 reviews the antimicrobial spectrum of allicin (garlic) and carvacrol (oregano) and documents the methods that have currently been used to stabilize or generate the semi-synthetic forms of these compounds. Chapter 2 summarizes the application of polyphenol against infectious diseases caused by bacteria and viruses as pathogens. Chapter 3 describes the experiences of Russians in treating infectious diseases with botanicals—from their earliest recorded history down to the present. Chapter 4 discusses the phytochemical constituents of Azadirachta indica (“neem”) with respect to their antimicrobial activity along with possible underlying mechanisms and pathways. Chapter 5 focuses on the role of the novel carriers in the development and revival of herbal medicine.




    We hope that the readers involved in the study of infectious diseases will find these reviews valuable and thought provoking so that they may trigger further research on herbal medicines and alternative therapies.




    We are grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications) and Mrs. Salma Sarfaraz (Senior Manager Publications), at Bentham Science Publishers for the publication of this book.
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      Abstract




      Allicin and carvacrol have been appreciated as broad-spectrum antimicrobial agents since the early 20th century and used in both Ayurvedic and traditional Chinese medicines for at least five thousand years. Although research since the 1980s identified several important mechanisms of action for allicin and carvacrol, neither has become part of a classical pharmaceutical regimen. Allicin and carvacrol, like other natural phytochemicals, have been hard to purify and stabilize, which has been a major barrier in their entry into a drug discovery process. During the past two decades, two distinct strategies have changed this position. Bioengineering has allowed allicin and carvacrol to be bound to nanoparticles and immobilized onto coated surfaces or into gels; all these methods maximize the retention of activity coupled with a more targeted release. The fields of synthetic and computational chemistry have long been used to create semi-synthetic and synthetic variants of natural molecules or predict binding strengths of molecules that have improved activity and or bioavailability when compared with the parent compounds. Stabilization using one, or both, of these strategies, has been successful for both allicin (garlic) and carvacrol (oregano). This chapter will review the antimicrobial spectrum of these agents and document the methods that have currently been used to stabilize or generate semi-synthetic forms of each of them. Finally, potential and currently available delivery systems will be explored.
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      GENERAL INTRODUCTION




      Even before written records were kept, the man attempted to find interventions for pain and infectious diseases [1]. In searching for ways to relieve symptoms, plants that were available in the local environment and that had been found to be non-toxic and ultimately efficacious were selected by many early cultures [1, 2]. All




      this is believed to have begun at least 60,000 years ago with evidence of herbal remedies buried with Neanderthal man [3]. From these trial and error experiences grew the ethnomedicines of Ancient India (Ayurvedic) and China (TCM), which were especially focused on the infections and inflammations common to the region [4]. As the use of ethnomedicines grew, formulations became standardized, providing over 5,000 years of evidence for treatment strategies [1, 4, 5]. Numerous antimicrobial tropical spice plants were used as they were found to prevent food spoilage (i.e., antibacterial) and were used in infection formularies [6]. Chemists began to identify the agents responsible for plant-derived antimicrobials beginning in the early 1900s [7], and it was soon apparent there were numerous secondary metabolites responsible for this activity [8-11].




      Ironically, although up to one-half of all current pharmaceuticals derive from medicinal plants and the majority relate to their original ethnopharmacological uses [12], few plant-derived antimicrobials have been developed [8]. There are two major reasons for this [13, 14]. Firstly, since the discovery of the soil fungal-derived antibiotic penicillin in 1928, the pharmaceutical industry has focused on natural antibacterial and antifungals from bacteria and fungi rather than plants [13]. Therefore, since the 1950s, few to no antimicrobials have come from any other source, and new antibiotics are typically from chemically modified variants of existing agents [12, 13]. Another barrier to the development of plant-derived antimicrobials was their instability, poor bioavailability, and those extraction methods resulted in variable levels of product composition [14]. Finally, data on herbal medicine efficacy often came from studies that are poorly blinded, contain multiple mixes of plant products, and are not standardized in terms of individual components [15].




      With the rapid evolution of resistance to antibacterial and antifungal agents, scientists are now searching for new treatment strategies [16, 17]. Many resistant bacterial or fungal species form biofilms, which are virtually impossible to eradicate even with very high levels of antimicrobial agents [18]. This is an even bigger issue when there are only a few available medications that can be used for those infections. For example, there are only three commonly used medications for the majority of human fungal infections [19-22], i.e., Terbinafine (for dermatophyte infections), azole-based medicines like fluconazole and itraconazole for Candida albicans and amphotericin B for Cryptococcus neoformans [19, 20]. Human pathogens like C. albicans and C. neoformans are becoming increasingly resistant to fluconazole [18, 20] and amphotericin B [20-22]. Plant infections are also usually managed by azole drugs and show an acceleration of resistance [23]. Developing new antifungal and anti-protozoal agents without unwanted side effects has been traditionally more difficult as these eukaryotic microbes share significant structural homology with human cells [17, 24]. The range of existing antiviral [25] medications is also limited.




      Creating semi-synthetic or synthetic forms of available medications with improved bioavailability that bypass resistance mechanisms has been relatively successful for antibiotics [26]. Synthetic chemistry allows an analysis of a native molecular structure with the derivation of side chains to improve stability and or bioavailability [27]. This may also be coupled with computational chemistry [27] to predict receptor binding efficacy before the development process begins. Researchers have also returned to look for lead compounds within members of the plant kingdom, and this has proven successful for at least one anti-protozoal [28]. Artemisinin was isolated from wormwood (Artemisia annua) in 1973, and since then, stable semi-synthetic analogs of this natural compound are the gold standard in treating malaria [28]. During the past decade, nanotechnology has become the new, effective method to encapsulate and either retain or improve the bioactivity for antibiotics [29] as well as natural antimicrobial herbal compounds [30]. Various formulations have been made, with each providing different advantages of delivery, potency, and bioavailability [29, 30]. Using these same technologies for herbal-derived antimicrobials would increase their tissue bioavailability by decreasing their direct gastrointestinal tract and liver absorption [30].




      Are we ready for a new approach to plant antimicrobials? Survey data suggest that between 30 and 80% of people are comfortable using them [8, 15]. Combining traditional knowledge of plant efficacy (ethnomedicine) with computational chemistry and nanotechnology techniques now has the potential to allow us to add these entities to conventional medicines [15]. Of the herbal medicines that have strong antimicrobial activity, allicin (from garlic Allium sativum L.) and carvacrol (primarily from oregano Origanum vulgaris L.) present themselves as viable candidates. This chapter will discuss the mechanisms of action of each as well as evaluate their current status in the development of stable, bioavailable analogs through both computational chemistry and or nanotechnology techniques. Their chemical structures are depicted in Fig. (1).
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Fig. (1))


      Chemical structures of allicin and carvacrol.

    




    

      ALLICIN (FROM GARLIC Allium Sativum L.)




      

        



        Introduction




        Commercial garlic (Allium sativum L.) belongs to a large genus of plants that grow in a wide variety of climates [31] and releases diverse sulfur compounds when crushed or attacked by animals or microbes [32, 33]. Garlic was grown and traded for thousands of years among many early cultures and civilizations for both its nutritional and medicinal properties [34-37]. However, not until 1944, with the work of Cavallito and Bailey, were the antibiotic activities of garlic first connected to the organosulfur compound allicin (diallyl-thiosulfinate) [33, 38]. Cavallito and Bailey found allicin was unstable and degraded naturally to produce the less active molecules of diallyl disulfide and trisulfide [33, 38-40]. Allicin constitutes at least 70% of the organosulfur molecules in freshly, crushed garlic and can be stabilized for up to 14 days by the addition of alcohol or following drying or freezing [33]. Allicin is now understood to be antibacterial [41], antifungal [42], anti-protozoal [43], antinematodal [43] and antiviral [44], and is non toxic for human cells [32]. Combining allicin with the antifungal agents fluconazole or itraconazole synergistically enhances their in vitro killing of Candida albicans [45, 46]. Allicin shows additive effects with levofloxacin, cefazolin and ampicillin in the in vitro killing of the bacterium Pseudomonas aeruginosa [45] and Mycobacterium tuberculosis, by chloramphenicol or streptomycin [47]. Garlic cloves contain numerous phytochemicals and so to avoid confusion only studies employing allicin will be discussed in the following sections.


      




      

        



        Proposed Antimicrobial Mechanisms of Action for Allicin




        Allicin’s broad spectrum antimicrobial activities derive from its thiol structure allowing easy penetration of cell membranes and subsequent inactivation of a variety of intracellular [48-52] and extracellular [53] targets. Allicin possesses at least seven identificably antimicrobial effects [48-78] Fig. (2).




        Most important among these are biofilm disruption [54-57], inhibition of cysteine proteases [48, 49, 52, 58-63] disruption of ergosterol transport in fungi [73-75] and viral docking and gene synthetic [76-78] functions.
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Fig. (2))


        Possible antimicrobial mechanisms of allicin. Seven potential cellular targets in bacteria, fungi, protozoa, helminths and viruses have been identified for allicin that produce antimicrobial effects (references shown in parentheses).



        

          



          Biofilm Disrupting Effects of Allicin




          At least two mechanisms may be involved [54-56]. In bacteria such as P. aeruginosa and Staphylococcus epidermidis allicin can impair quorum sensing genes, thereby decreasing the ability of the bacteria to form biofilms [41, 54-57]. Studies by Zhai et al. [56] and Guan et al. [57] also suggest a direct bactericidal activity for allicin i.e. it can directly penetrate the bacterial biofilm. Zhai et al. [56] reported that over a two week period allicin (4 μg/ml) significantly (p<0.05) reduced S. epidermidis colonization of a femoral implanted screw and washer in New Zealand White rabbits. When vancomycin (20 μg/ml) was co-administered with allicin no biofilm formation was observed [56]. Biofilms increase the antibiotic resistance of bacteria somewhere between 10- and 1,000-fold and therefore any agent able to impair them would be of particular use, therapeutically [54-57].


        




        

          Cysteine-Proteases as Major Targets for Allicin




          Microbial cysteine proteases [48, 49], alcohol dehydrogenases [49, 50] and the acetyl-coA system [51] are particularly vulnerable to the effects of allicin and play a major role in its antimicrobial activity. Cysteine proteases in pathogenic microbes are highly conserved [52]. More than three-quarters of all helminth cysteine peptidases and nearly half of all those in protozoan parasites belong to the Clan CA/Family 1 [52]. Allicin’s ability to inhibit one such toxin would then extend to many varieties of pathogens. In protozoa, allicin inhibits the cysteine proteases that control production or activation of virulence factors in Entamoeba histolytica [58], Giardia lamblia [60], Leishmania donovani [59] and Plasmodium species [61]. Two cysteine protease-sensitive targets associated with protozoal adaptation and invasion have been reported in Plasmodium species; the circumsporoite protein (CSP) [79] and falcipain 2 [80]. Studies by Waag [49] reported that allicin was also able to impair in vitro activity of the cysteine protease rhodesain from Trypanasoma brucei at micromolar levels. Lima et al. [81] observed that allicin (5 mg/ml) damaged the outer surface of Schistosoma mansoni and caused ulcers to form in vitro. Calpain from S. mansoni is expressed in the external (tegument) layer of S. mansoni [82]. Allicin binding to this surface protein may go some way to explaining the observations of Lima et al. [81]. Cysteine proteases are essential in processing hemoglobin for nutrients in bloodborne parasites [83] so allicin could be a useful against many species.


        




        

          Allicin Targets Bacterial Cysteine-Containing Toxins and Alpha Toxins




          Allicin is able to inhibit the highly conserved, cysteine-containing, pore-forming bacterial exotoxins of a further seven bacterial species including the important pathogens Bacillus anthracis, Clostridium botulinum, Helicobacter pylori, Listeria monocytogenes, Streptococcus pneumoniae and S. pyogenes [41]. Allicin’s binding of their central cysteine residue results in toxin inactivation and elimination of bacterial pathogenesis [64-66]. Alpha toxins, which are pore forming but contain no cysteine [84], are also inhibited by allicin. Studies by Leng et al. [66] suggest that allicin inhibits the transcription of the agr (accessory gene regulator) of S. aureus alpha toxin. Agr proteins, require an active cysteine for full functionality [85], so this might provide a second target for allicin. Ranjbar-Omid et al. [68], reported that allicin (7 μg/15 ml) was able to inactivate the urease from Proteus mirabilis.This, they suggest, is due to allicin targeting the cysteine group present in the urease [68].


        




        

          Allicin Affects Microtubule Polymerization




          Studies of fibroblasts [71] and plant-derived intestinal nematodes [72] have suggested that allicin may affect microtubule polymerization. Allicin and albendazole were not additive effects [72], suggesting they may be targeting similar pathways. Albendazole is a tubule inhibiting agent [86] an effect also reported for allicin [72] and this may explain its nematocidal activities.


        




        

          Allicin Inhibits Ergosterol Transport in Yeasts




          Anti-yeast activities may involve the ability of allicin to prevent the cellular protective response of ergosterol (fungal cholesterol) transport to the internal vacuoles that are central to their survival [63]. Studies by Borjihan et al. [63], compared the effects of amphotericin B (AmB) and allicin on C. albicans and reported these involved similar effects on the internal vacuoles. Khodavandi et al. [74] reported that allicin damaged the C. albicans cell surface. These authors also reported allicin affected C. albicans blastoconidia germination and hyphal formation [75].


        




        

          Allicin Binds to Docking Receptors Preventing Viral Entry and Gene Synthesis




          Highly conserved, viral hemagluttinin receptors on mammalian cells also contain thiol sulfur groups [76, 78]. These docking receptors are used by many viruses including Epstein Barr Virus (EBV), hepatitis C and human cytomegalovirus (HCMV) to enter host cells [44] and appear to be inactivated by allicin [56]. HCMV attaches to host cells using these types of receptors [44] and allicin could prevent both viral binding and replication using these mechanisms. Feng et al. [77] reported that growth of a viral cycle protein mutant of HCMV (IE72) was relatively unaffected by stabilized allicin (Allitridin™), whereas that of a clinical strain (A169) was significantly reduced (p<0.001) [77]. Allitridin™ inhibited early phase viral antigen E protein production [77]. If these studies translated to human HCMV infection it would represent a novel and unique way to intervene with these infections, which have no vaccine and are deadly in neonates [34].


        


      




      

        Spectrum of Allicin’s Antimicrobial Activity




        

          



          Antibacterial




          Recently reviewed by Wagner-Graham [41], allicin possesses broad-spectrum in vitro bactericidal activity against the majority of both gram-positive and gram-negative bacteria that have been investigated. Studies comparing allicin’s effects with conventional antibiotics have reported differential sensitivity depending on the bacterial strain being investigated [79, 83]. Reiter et al. [87] suggested that allicin required significantly lower (p<0.05) minimum inhibitory concentrations (MIC) than clindamycin and erythromycin against antibiotic-resistant strains of Streptococcus pneumoniae. Some oral pathogens seem to be particularly susceptible to allicin with the periodontal pathogen Aggregatibacter actinomycetemcomitans demonstrating an MIC of 4.1 μg/ml, whereas the notoriously resistant Porphyromonas gingivalis displayed an MIC of 22.7 μg/ml [82]. Kulik et al. [88] recently surveyed strains of A. actinomycetemcomitans and P. gingivalis and reported an MIC range of between 0.25 and 32 μg/ml to conventional antibiotics. Antibiotic-resistant bacteria killed by allicin include MRSA [89, 90], vancomycin-resistant Enterococci (VRE) [91] and M. tuberculosis (MDR-TB) [92].




          Only nine bacteria show limited responses to the effects of allicin [93-96]. Five of these are Pseudomonas or formerly ascribed to the Pseudomonas genus [93]. Bacteria were originally not believed to cross-transfer resistance to allicin [97] but recent studies with the garlic bulb pathogen P. fluorescens, suggest this is not the case [98]. Allicin resistance genes controlled redox functions and Borlinghaus et al. [98], hypothesized these had allowed the P. fluorescens to colonize garlic.




          Allicin-resistant P. aeruginosa [99], C. acidovorans [100], S. maltophilia [101] and Flavimonas oryzihabitans [102] are all plant-associated, environmentally-acquired species that could easily perpetrate this gene transfer with the garlic colonizing P. fluorescens. Erwinina [102] are also plant pathogens that readily exchange genes with P. fluorescens. Allicin is able to inhibit not only human and plant bacterial pathogens but also those affecting primarily fish [104-106]. Farmed grass carp [105, 106] and rainbow trout [107] administered allicin for between 30 and 60 days significantly (p<0.05) reduced their incidence of infection rates and demise from waterborne bacteria, particularly Aeromonas hydrophilus. Allicin was also shown in these studies to improve the animals’ innate immune system effects [104-107] and growth rates [105, 106].


        




        

          



          Antifungal




          The antifungal activities of allicin were recently reviewed by French-Arthur [42] and, although lesser in number of both studies and spectrum of activity, are notable for the species affected. Six studies investigated the efficacy of allicin against the human pathogenic yeasts Candida albicans [42, 74, 75, 93, 108] and Cryptococcus neoformans [91, 108, 109]. Allicin was as effective against four other pathogenic Candida species [93] and against the dermatophytes Trichophyton, Epidermiphyton and Microsporum (MIC 3.13-6.26 μg/ml) [96]. MIC values for A fumigatus were slightly higher at between 12.5 and 12.5-25 μg/ml [108, 110]. Allicin (5 mg/kg/day) increased the survival of mice infected with A. fumigatus [110]. Intravenous treatment with allicin allowed the A. fumigatus-infected mice to survive for nearly three weeks and oral treatment for two weeks compared with only a week for untreated animals [110].




          Allicin has been investigated in two studies as a plant antifungal and shown efficacy against four fungal species [111, 112]. Curtis et al. [111] reported that allicin (280 μg) inhibited the in vitro growth of the plant fungi Alternaria brassisicola, Botrytis cinerea, Magnaporthe grisea, and Plectosphaerella cucumerina. These authors also noted that a 700 μg/ml allicin spray was able to impair the germination of M. grisea spores on rice [112]. A second study by Parvu et al. [112] found that allicin was able to kill Fusarium oxysporum but with a higher MIC (160 μg/ml) than the standard treatment of fluconazole (100 μg/ml).


        




        

          



          Anti-protozoal and Anti-helminthic




          Allicin has been shown to possess in vitro [58, 60, 61, 70, 113, 114] and in vivo [61, 62, 95, 115] anti-protozoal activities against four human pathogens. Studies suggest this is primarily mediated through allicin’s inactivation of cysteine proteases [59-61, 115]. Allicin (10-50 μM) significantly (p<0.05) reduced viability of active forms of the protozoa Entamoeba histolytica [59, 113], Giardia duodenalis [60], Leishmania infanta and L. donovani [114] and Plasmodium berghei [61]. Corral et al. [115] observed that allicin (15-120 μM) produced effects after only three hours of in vitro incubation and that this resulted in cell cycle arrest of L. infantum. Allicin (5 or 8 mg/kg/day) was also reported to be effective in rodent models of leishmaniasis [95, 115] and malaria [61, 62]. In these studies, allicin significantly (p<0.001) increased animals’ survival from both infections [61, 62, 95, 115]. Combining allicin with AmB (1 mg/kg/day) resulted in a >95% clearance of L. infantum from a hamster model of leishmaniasis [115].




          Finally, allicin is anti-helminthic [81, 116, 117]. Metwally et al. [116] reported elimination of S. mansoni liver and intestinal burden after 8 weeks in mice following treatment with allicin (0.5 μM by gavage). Allicin significantly decreased (p<001) hatching of Meloidogyne incognita eggs and penetration of the nematode into treated tomato seedlings (25 ppm for 5 minutes) [117].


        




        

          



          Anti-viral




          Both in vitro [77, 118-120], in vivo animal studies [77, 121, 122] and two human DBRPCT studies [123, 124] have appeared in the literature in support of allicin possessing antiviral activities. Modest changes of between 1 and 2 log differences were reported in the single in vitro study for the viral growth of human papillomavirus (HPV), human rhinovirus (HRIV) and herpes simplex virus (HSV) exposed to allicin (25-1,000 μg/ml) [121]. Stability may have been an issue for native allicin as in vitro [118] and in vivo [77, 118] animal studies of HCMV using Allitridin™ demonstrated efficacy at low levels (7.5 or 25 μg/ml) [77, 118]. Allicin/ Allitridin™ (0.2-5 g/kg/day) decreased viral load and prevented the demise from HCMV and the lethal poultry conditions of infectious bursal disease virus (IBDV) and reticuloendotheliosis (REV) [77, 121, 122].




          Human DBRPCT of allicin as an upper respiratory infection antiviral did not identify the viruses involved but did report a produce a significant decrease in symptoms (p<0.001) [123, 124]. Josling [123] found that adults (n = 146) given allicin (180 mg/day/ 12 weeks) exhibited only one-third of the cold symptoms as that of a placebo group. Andrianova et al. [124] found a similar decrease in upper respiratory tract symptoms in a study of children (n = 83), using the proprietary Allicor™ (0.3 mg/ day) stabilized form of allicin. Given that rhinoviruses are the most common virus associated with colds (90% of all cases) [125] these studies may reinforce the earlier finding of allicin’s in vitro activities against the HRIV [119].


        


      




      

        Semi-synthetic Allicin Analogs




        Five literature studies have reported the creation of analogs of allicin and tested them against bacteria [94, 126-128] or fungi [94, 126-129]. Each study has provided more clues as to how to improve the bioactivity of allicin against gram-positive bacteria that include increasing chain length [80, 126, 128] and pentyl substitutes [80, 126] (Table 1). Most promising as broad-spectrum agents of the allicin analogs were those consisting of cycloalkyl and aryl esters of 4-acylamino- 4-acylaminobenzenethiofulfoacids [127]. Although no direct stability data was provided for these analogs, cycloalkyl and aryl substitutions are typically more stable than the parent compound [130]. Qi et al. [129] report the synthesis of an S-ethyl ethanethiosulfinate allicin analog with both superior antifungal activity and stability. With the exception of the study by Small et al. [126], the remaining synthetic allicin analogs have all been designed in the past five years and none tested in animal models for antimicrobial activity. These studies do, however, give us an insight into how allicin might be modified for future mainstream use.




        

          Table 1 In vitro antimicrobial activity of semi-synthetic analogs of allicin.




          

            

              

                	Analogs Created



                	Results



                	References

              


            



            

              

                	Alkyl analogs created using peracids tested using 20 bacteria



                	Branched alkyl chains ↓ activity (10-1, 200 μM). n-pentyl-thiosulfinate ↑stable and bactericidal (0.7 to 130 µM).



                	[126]

              




              

                	Twenty-four aminobenzene sulfur acid analogs tested positive and 6 gram-negative bacteria and 8 fungi



                	Broad-spectrum antimicrobial activity for cycloalkyl and aryl esters of 4-acylaminobenzenethiofulfoacids. Acyl residues substituted with fluorine were strongly fungicidal. Thiosulfinates were most effective against gram-positive bacteria, less so against gram-negative.



                	[127]

              




              

                	Nineteen pyridyl disulfide analogs tested against a 10 species panel of bacteria.



                	Antibacterial activity against staphylococci and enterococci (VRSA and VISA) was maximal using pyridyl disulfide analogs (MIC 1.56 -25 μM). Gram-negative bacteria were insensitive.



                	[128]

              




              

                	Four variants of allicin tested against 3 gram-negative bacteria, 1 gram-positive bacterium and a yeast



                	DMTS, DETS, DPTS and DBTS effective against Saccharomyces cerevisiae. Allicin, DMTS and DETS) effective against Pseudomonas syringae (MIC 16-32 μg/ml). Allicin, DPTS and DBTS effective against Micrococcus luteus (MIC 16-32 μg/ml).



                	[94]

              




              

                	
S-ethyl ethanethiosulfinate (ALE) tested against Penicillium chrysogenum,




                	ALE had an IC50 against P. chrysogenum of 0.92 μg/ml (compared with 38.68 μg/ml for allicin). ALE↓ mycelial production and spore viability. Stability of ALE was ↑ compared with allicin.



                	[129]

              


            

          




          

            Abbreviations: Dimethyl-thiosulfinate (DMTS), diethyl-thiosulfinate (DETS), dipropyl-thiosulfinate (DPTS) and dibenzyl-thiosulfinate (DBTS)-thiosulfinate, IC50 (half maximal inhibitory concentrations), MIC (minimum inhibitory concentration), VISA (vancomycin intermediate S. aureus), VRSA (vancomycin-resistant S. aureus).

          




        


      




      

        Nanoparticle and Immobilized Allicin Studies




        Seven studies have stabilized the antibacterial and antifungal activity of allicin [131-137] (Table 2). Nanoparticle (NP) derivatives were the most popular strategy used with four of the six studies investigating allicin alone [131, 133, 135, 136] or in combination with antibacterial silver [135, 136]. NP allicin was significantly (p<0.001) more effective in three of the four studies [131, 135, 136] than native allicin. Allicin and silver were additive in rapidly eliminating murine S. aureus skin infections [135, 136]. Antifungal NP [131] and cellulose-complexed [134] forms of allicin have provided an extended, stable release of the thiosulfinate. Nanocomposite woven and non-woven allicin-coupled fabrics displayed in vitro antibacterial activity against both S. aureus [133, 135] and E. coli [135]. Fabrics created using this process could be safely laundered for between 2 [135] and 6 washes [133] without the loss of activity. More recently Soumya et al. [138] prepared locust bean gun allicin-coupled NP and demonstrated their lack of toxicity following ingestion by Sprague Dawley rats.




        

          Table 2 In vitro antimicrobial activity of nanoparticle and immobilized allicin.
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                	PBCA NP containing allicin prepared and investigated for antifungal activity



                	Dermatophyte MIC 1.46 μg/ml and 2.93 μg/ml for Candida albicans. Prolonged release.



                	[131]

              




              

                	Allicin was complexed with chitosan by freeze drying (yield ~65%)



                	Good antibacterial activity against gram-positive and gram-negative bacteria.



                	[132]

              




              

                	Cellulose NP conjugated separately with allicin and lysozyme.



                	Antibacterial and antifungal effects (MIC 500 μg/ml). Higher than the MIC for allicin (62.5-250 μg/ml) but more stable.



                	[133]

              




              

                	Allicin-conjugated nanocellulose evaluated using AATCC test method 100–1993



                	Effective in killing S. aureus (>99% killed). Textile could also be safely laundered twice.



                	[134]

              




              

                	Ag +/- allicin incorporated into NP (10-30 μM) ointment. Ointment spread onto MRSA-infected wounds on murine skin and bacterial numbers counted after 4 days



                	MIC of allicin and Ag nanoparticles were 2.2 mg/mL and 5.6 mg/ml. Combining resulted in an MIC of 0.4 mg/ml. No bacteria were recovered from murine skin using Ag + allicin.



                	[135]

              




              

                	Ag alone or with allicin NP introduced on murine S. aureus skin infections



                	Ag NP S. aureus MIC 6.25 μg/ml, allicin NP 10.68 μg/ml. Ag+ allicin MIC 1.33 μg/ml.



                	[136]

              




              

                	Cerium oxide (CeO2)-allicin nanocomposites in woven and non-woven fabrics tested against E. coli and S. aureus




                	CeO2-allicin fabric bactericidal (>99% killed) in vitro after 24 h of bacterial culture. Activity maintained up to 6 washes.



                	[137]

              


            

          




          

            Abbreviations: Ag (silver), MIC (minimum inhibitory concentration), MRSA (methicillin-resistant S. aureus), NP (nanoparticle), PBCA (polybutylcyanoacrylate).

          




        


      


    




    

      CARVACROL (from Oregano Origanum vulgare L.)




      

        



        Introduction




        Woody plants of the genus Lamiacae tribe Menthae includes important medicinal herbs of the oregano (Origanum) family [139]. Oregano, particularly Origanum vulgare L., is a native plant that is widespread across temperate and semi-tropical climates [140, 141]. These plants have been used for thousands of years for treating infectious diseases [142-144]. Oregano is rich in terpene-containing essential oils (EO) including carvacrol, thymol, γ-terpinene and p-cymene [140]. Between 10 and 90% of the EO of Origanum vulgare (depending on sub-species and culture conditions) is now understood to be the antimicrobial terpene carvacrol [140] with lesser amounts (~10%) seen in of its thymol isomer [140].




        Carvacrol is a monoterpenoid, phenol compound with the formula 2-methyl-5-propan-2-xylphenol [145]. It was first isolated by German chemist Friedrich Carol Voelckel in 1840 from the oil of the unrelated plant caraway seed (Carum carvi) [146]. Edward Schweizer gave carvacrol its name in 1842 [147] and by 1918 carvacrol was a recognized prominent component in all Origanum species [148]. Since then, carvacrol has been shown to exert potent antifungal [149-151] and antiviral RNA- [152-154] and DNA-containing virus activities [155]. Carvacrol also possesses antibacterial [149, 156, 157], anti-protozoal [158-160] and nematicidal [149, 161] efficacy. The terpene shows synergism with conventional therapies [149, 156], damaging bacterial membranes and improving entry of antibiotics [162-164]. Carvacrol is stable to heating [161, 162] and retains activity at room temperature [164] although it remains relatively volatile [165]. Mild heating may even improve its antibacterial activity [162, 163]. Being an organic monoterpenoid, gives natural carvacrol poor bioavailability [166-168].




        EO derivatives have proven especially appealing especially for organic produce [169] as a safer substitute for antibiotic treatment of livestock [170-172]. Oral care and the dental industry may be another direction for carvacrol development [173, 174]. Modifications of natural carvacrol to improve its utility include adding an adjuvant, to increase bioavailability [175], incorporation into nanoparticles [176-179] or bonding to surfaces [165]. Many of the reports of stabilized carvacrol have only appeared as published studies within the past three years [177-180] with all authors reporting enhanced stability [165, 176-180], water solubility [165], shelf life [165] and antimicrobial activity [176-180].


      




      

        Proposed Antimicrobial Mechanisms of Action for Carvacrol




        Ultee et al. [181] identified that much of the antimicrobial activity of carvacrol was attributable to its free hydroxyl (OH) group and allowed it to act as an active exchanger of protons, weakening the cell membrane by disturbing the phospholipid bilayer. Ben Arfa et al. [182] confirmed the requirement of the OH group for activity. Several elegantly constructed studies suggest that natural phenols like carvacrol, thymol and eugenol, are able to easily penetrate and incorporate themselves into phospholipid films as well as binding to γ-aminobutyric acid (GABA) receptors [183-185]. Reiner et al. [183], using monolayer Langmuir films, confirmed that these phenols were able to expand the monolayer and locate themselves next to the phosphate groups of these molecules. Using phospholipid liposomes this same group further reported that these moieties were fully able to partition into these model membranes [184]. Finally, the more recent studies by Miguel et al [185], using a l-2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayer, reported carvacrol showed a not dissimilar partitioning spectrum into as the general anesthetic propofol. Miguel et al 185] concluded that carvacrol and other phenols “locate in the region between the polar group (choline molecule), the glycerol and the first atoms of the acyl chains.” This would explain the bacterial membrane disruption seen by other authors [181, 182]. Although not the topic of this chapter, it may also provide another potential use for small phenols; that of modulating the pain-reducing GABA receptor [183-185].




        Churklam et al. [186] observed that carvacrol produced cell membrane degeneration and compromised mitochondrial function in L. monocytogenes, resulting in cell lysis [186]. Reduced bacterial intracellular ATP following carvacrol exposure has been reported from in vitro studies of Escherichia coli and Listeria monocytogenes [187, 188]. Gill and Holly [188], found that carvacrol (5-10 mM) depleted intracellular ATP by binding to the bacterial cell membrane ATPase, thereby killing the bacteria. Carvacrol possesses at least six other targets in microbial cells [150, 160, 189-200] (Fig. 3).




        Important bacterial targets of carvacrol include impairing flagellar expression [188-190] and biofilm formation [173, 189-196]. Antifungal activities of carvacrol revolve around preventing biofilm formation [197, 198] and disrupting ergosterol biosynthesis [150, 199, 200]. Carvacrol can deplete the human analog of ergosterol, cholesterol from cell membranes preventing human immunodeficiency virus (HIV) [152] entry. Literature reports show carvacrol kills protozoal oocysts [160] and prevents norovirus [154] and herpes virus [155] replication. Most exciting is the recent report that carvacrol can bind to the major protease (Mpro) for severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) COVID-19 preventing its replication [153].




        
[image: ]


Fig. (3))


        Possible antimicrobial mechanisms for carvacrol. Seven potential targets in bacteria, fungi, protozoa and viruses have been identified by researchers for curcumin that are responsible for its antimicrobial effects. Abbreviations: OH (hydroxyl).



        

          Biofilm Disrupting Effects of Carvacrol




          Carvacrol is able to inhibit the formation of bacterial [189, 190, 192-196] and fungal [197, 198] biofilms. Several quorum sensing genes are carvacrol targets [173, 190, 192, 195] Although primarily hydrophobic, carvacrol possesses sufficient amphipathic qualities to allow it to penetrate the polysaccharide outer coatings of mature bacterial biofilms [149]. Literature studies have reported rapid effects, within 5 minutes, of administering sub-lethal doses of carvacrol to in vitro biofilms of C. jejuni [190], P. fluorescens [191], S. aureus [193], S. epidermidis [193] and S. typhimurium [196]. Carvacrol also prevented the in vitro formation of C. albicans [197], Cryptococcus neoformans and C. laurentii [198] biofilms.




          Aromatic alcohols are believed to regulate fungal quorum sensing activities during environmental stress conditions [201]. Phenols react with alcohols to form O- and C- alkylated products [202] so it is possible that carvacrol could inactivate these aromatics, thereby switching off biofilm initiation. Carvacrol may act on the secondary phase of biofilm formation [197]. Analysis of the pre-formed C. neoformans biofilms following exposure to carvacrol or amphotericin B (AmB), revealed they displayed similar surface changes [198]. AmB attaches to ergosterol in the fungal cell membrane and causes pores to form, which through ion egress, result in cell death [203]. Given carvacrol’s reported effects on ergosterol [150, 199] it is likely that fungal biofilm dispersal may involve membrane damage.


        




        

          Oxidative Stress Effects of Carvacrol




          Bacteria respond to oxidative stress and reactive oxygen species (ROS) by upregulating their levels of unsaturated fatty acids and shifting their metabolism to a fermentative kind [173, 204, 205]. Exposure to sublethal doses of carvacrol (2.06 mM or 50% MIC) in the presence of a pulsed electric field doubled the levels of unbranched fatty acids in S. aureus [204], E. coli, L. monocytogenes and Salmonella enteritidis [205]. These studies suggest carvacrol prevents stress adaptation in bacteria, resulting in their demise. Using sublethal carvacrol concentrations may favor resistance development in some bacteria [206].


        




        

          Carvacrol Inhibits Flagellar Gene Expression




          Pathogenic bacteria that possess flagella utilize them for migration, targeted adherence to host cell surfaces and biofilm formation [207-210]. Wagle et al. [190] reported that carvacrol (0.13 mM) significantly downregulated (p<0.05) the expression of three C. jejuni flagellar genes following 48 hours of exposure. Exposure of E. coli [189] and P. fluorescens [191] to sublethal doses of carvacrol significantly (p<0.05) downregulated the flagellin genes flic and FlgA, respectively.


        




        

          Carvacrol Decreases Cell Membrane Ergosterol and Cholesterol Levels




          Carvacrol (0.005-0.01%) disrupts calcium levels in S. cerevisiae via a similar pathway as that initiated during the “calcium stress response” [211]. Analysis of gene transcripts confirmed carvacrol affected the TOR (Target of Rapamycin) pathway, which regulates mobilization of sterols from the endoplasmic reticulum (ER) [212]. Disruption of this pathway would reduce eukaryotic membrane sterol levels [212]. Carvacrol impairs in vitro membrane sterol levels in fungi (ergosterol) [149, 199, 201] and human cells (cholesterol) [152]. Chaillot et al. [213] suggested compromised ER integrity resulted in the observed sterol and calcium changes in C. albicans produced by carvacrol [213].


        




        

          Carvacrol Affects Viral Particle Replication




          Studies by Gilling et al. [154] reported that carvacrol (0.5%) murine noroviral capsid proteins, causing the virus to swell and preventing its attachment to RAW 264·7 cells. These data were supported by the findings of Sharif-Rad et al. [155] using the DNA-containing herpes simplex virus, HSV-1. Another study on HSV-1 reported carvacrol had no effect on the viral genome, suggesting carvacrol prevented viral entry to host cells [214]. Herpes simplex viruses are known for their genetic diversity [215] and recent studies suggest that HSV-2 may respond differently to carvacrol [216]. Wang et al. [216], reported that carvacrol’s (2%) ability to decrease HSV-2 infection of Vero and BSC-1 cells involved both viral gene and host cell effects. Another viral major replication protein potentially affected by carvacrol is the main protease (Mpro) of severe acute respiratory COVID-19 [153]. Using computational chemistry structural analysis, Kumar et al. [153] predicted strong binding of carvacrol to the active pocket of the COVID-19 Mpro enzyme. This is an exciting finding as Mpro is considered the most vulnerable protein in COVID-19 and would provide an optimal target against the virus [217].


        




        

          Other Possible Carvacrol Activities




          Wang et al. [201] reported that carvacrol bound to the minor groove of DNA via hydrogen bonds. These authors stated this binding affected the secondary structure of DNA and caused its aggregation [204]. Kortman et al. [218] reported carvacrol prevented S. typhimurium colonization of human Caco-2 cells by preventing bacterial uptake of iron. Carvacrol (0-0.5 mM) was shown to directly remove iron from transferrin in this study [218].
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