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Abstract

:

Honey has been shown to have antimicrobial activity against different microorganisms, but its effects on oral biofilms are largely unknown. In this review, we analyzed the currently available literature on the antimicrobial activity of honey against oral biofilms in order to determine its potential as a functional food in the treatment and/or prevention of oral diseases. Here, we compare studies reporting on the antimicrobial activity of honey against systemic and oral bacteria, discuss methodological strategies, and point out current gaps in the literature. To date, there are no consistent studies supporting the use of honey as a therapy for oral diseases of bacterial origin, but current evidence in the field is promising. The lack of studies examining the antibiofilm activity of honey against oral microorganisms reveals a need for additional research to better define aspects such as chemical composition, the mechanism(s) of action, and antimicrobial action.
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1. Introduction


Honey is a natural food produced by bees, mainly Apis melífera, composed mainly of sugars, water, proteins (enzymes), organic acids, vitamins, minerals, pigments, phenolic compounds, volatile compounds, solid particles derived from harvest, and an abundant amount and variety of phytochemicals [1,2]. Some honey constituents may play important biological roles in humans since the diversity of the biome(s) reached by the insects reflects in a direct fashion the wide bioactivity of the honey sample [3].



Honey has been used by mankind since ancient times, not only to meet nutritional needs but also as a medicine, which characterizes it as a functional food [4]. The most common reports of the medicinal use of honey were to treat small lesions, with an effect on healing and infectious processes [5]. The use of honey to treat wounds, bedsores, and other injuries was once a common practice that persisted in hospitals across Europe until the 1970s. The effectiveness of honey has been attributed to its biological properties, such as antimicrobial, anti-inflammatory, tissue repairing, deodorizing, and debridement of wounds. In recent years, modern medicine has rediscovered the therapeutic benefits of honey in the treatment of wounds, bedsores, and other conditions in hospitalized patients [6,7,8]. This has encouraged the exploration of the biological properties of honey against several medical conditions, such as biofilm-dependent oral diseases.



Several infectious diseases affecting humans are caused by biofilm-forming microorganisms, which include oral infections such as dental caries, periodontal diseases, and endodontic and fungal infections [9]. Bacteria that grow within a biofilm usually exhibit altered phenotypes, such as increased resistance to antimicrobial agents. Stable structural properties and proximity to bacterial cells in the biofilm favor horizontal transfer of resistance genes, which can ultimately increase antibiotic resistance rates [10]. This may render antimicrobial agents ineffective because, in addition to providing a facilitated environment for gene mutation, the biofilm scaffold forms a physical barrier against antimicrobial agents [10], which seems to be a crucial factor for the establishment and progression of microbial diseases [11].



While the antimicrobial and antibiofilm activities of different types of honey were previously determined against several systemic pathogens [5], little is known about its use as a functional food for the prevention and/or treatment of biofilm-dependent oral diseases. Evidence suggests that honey is not only an important source of energy, proteins, and minerals but also a potential functional food that may contribute to physical and mental well-being, preventing and mitigating risk factors for various diseases and improving/maintaining bodily functions [12].



Thus, the purpose of this review is to discuss the antimicrobial properties of honey as a functional food, with a special focus on biofilm-dependent oral diseases and the use of analytical prospecting methods.




2. Oral Microbiome


The oral microbiome is a complex and diverse community with more than 700 microbial species, which may be embedded in self-produced extracellular polysaccharides. The most common bacterial genera of the oral microbiome are Veillonella, Actinomyces, and Streptococcus [13,14]. These microorganisms can develop pathogenic biofilms on the surface of the teeth and cause oral diseases, such as caries and periodontal disease [15].



Dental biofilm can be classified into supragingival, located at or above the gingival margin, or subgingival, below the gingival margin, between the tooth and the gingival sulcular tissue [9]. Primary colonizers of supragingival dental plaque are predominantly facultative anaerobes (Streptococcus and Actinomyces), while subgingival areas are populated by strict anaerobes (Bacteroidaceae spp. and spirochetes) as a result of reduced oxygen availability [16].



Early biofilm formation and maturation take place through an interplay between bacteria–host, bacteria–bacteria, and bacteria–other microorganisms by means of various types of chemical bonds [17]. The wide range of chemical interactions between microbial cells, which are embedded in an extracellular polysaccharide matrix, is a complex and communicable network that provides a physical barrier and enables the expression and sharing of genes encoding for virulence factors. These conditions render biofilm pathogens approximately 1000-fold more resistant than their planktonic form. Thus, biofilm control represents the biggest challenge for the prevention and/or treatment of biofilm-dependent diseases [18].



Previously, mature subgingival biofilms were cataloged into different color-based complexes (purple, yellow, green, orange, and red), according to the frequency and quantity or abundance with which the microbial species are recovered from healthy patients and from those with periodontal disease [19,20] (Figure 1). The Sokransky diagram was based on the results of several clustering and sorting analyses of the microbiome with a considerable amount of biofilm samples (n = 185 individuals) by different clustering and sorting techniques [19]. Purple, yellow, and green complex microorganisms are associated with periodontal health, whereas orange complex bacteria are associated with health-disease dysbiosis, and red complex species are strongly associated with the onset of periodontal disease.



Currently, the most common periodontal treatment includes scaling and root planing (SRP). However, this procedure alone may be insufficient to eradicate oral pathogens from the subgingival environment. Thus, the use of antimicrobial therapy as an adjunct to SRP is frequently needed. Antimicrobials can be administered systemically or through a local delivery system. Several well-documented randomized controlled trials and systematic reviews have shown that the systemic use of amoxicillin plus metronidazole (in combination with SRP) produces ample clinical benefits when compared to SRP alone. However, the risk of selecting resistant microorganisms with mono drug therapy should be considered. Alternatively, natural products containing several bioactive molecules and systems acting synergistically could be considered an interesting antimicrobial treatment [21].



Natural resources are a promising source of antibiofilm agents. In recent years, plants and natural foods have been increasingly arousing the attention of the scientific community because of their health benefits. While most studies on the antibiofilm activity of natural products have focused on oral pathogens [22], the effectiveness of honey has been examined mostly against systemic microorganisms [5].



To be effective against dental biofilm, an antimicrobial or functional food should ideally act against most of these microorganisms, especially those in the form of biofilm, being a promising control of microbial colonization and oral biofilm formation.




3. What Explains the Antimicrobial Activity of Honey?


The broad-spectrum antibacterial activity of honey has previously been reported in the literature, but it still remains uncertain on some aspects, such as the elucidation of the bioactive components and mechanism(s) of action.



Thus far, the available evidence shows that there is no specific component responsible for the antimicrobial action of honey. Instead, its different compounds and characteristics seem to act synergistically, among which are low pH, osmotic effect, presence of hydrogen peroxide, phenolic compounds (mainly phenolic acids and flavonoids), methyl glyoxal, and bee peptides [23].



Overall, the antimicrobial mechanism of honey is mostly related to the production of peroxides by the enzymatic complex, particularly the enzyme glucose oxidase [24]. A brief description of each of these components and their relationship to the antimicrobial activity of honey can be found in Table 1. In addition, the induction of cytokine release in the host can also be an indirect antimicrobial mechanism of honey [23].



The biological properties of honey, including its antimicrobial activity, have been associated with the diverse chemical composition of this functional food. The phytochemical profile of honey is complex and can be influenced by different factors, such as geographic location, biodiversity of the local flora, as well as climatic conditions and seasonality [32]. While the phytoconstituents contained in the plant material collected by bees are also considered determinants of the antibacterial activity of honey [33], they remain poorly characterized [5]. Currently, several active components have already been identified in honey, but their inhibitory activity can no longer be attributed only to the common characteristics mentioned earlier [5], as other bioactive components are also likely to be involved.



Thus, studies examining the antimicrobial activity of honey should be mostly focused on determining its underlying mechanism(s) of action. According to antimicrobial mechanisms, honeys can be divided into two main groups, namely peroxide and non-peroxide honeys [34]. Overall, most honeys with proven antimicrobial activity are classified as peroxide honeys because their antimicrobial activity is linked to the production of hydrogen peroxide [34]. The most important non-peroxide honey representative is a New Zealand honey known as Manuka honey. It was designated as non-peroxide because even with the inactivation of these compounds, this honey exhibited significant antimicrobial activity. The hydrogen peroxide production in Manuka honey is relatively low. Nevertheless, Manuka honey has a potent antimicrobial activity, even after inactivating the peroxides with the enzyme catalase. Thus, the term “non-peroxide activity” (NPA) was proposed for that honey category. As a result, different samples of Manuka honey have been classified through their NPA unit [35,36,37]. Manuka honey properties are related to the presence of methylglyoxal [38].



Some types of honey are more potent than others, but all of them contain the same antibacterial substance (H2O2), except for Manuka honey. Recent evidence suggests that H2O2 present in honey is also produced via an alternative non-enzymatic pathway. In this sense, there is no correlation between the content of glucose oxidase and H2O2 levels. In addition, similarity has been demonstrated between minimum inhibitory concentration (MIC) values of diluted honeys untreated and treated with proteinase-K (protease). These findings suggest that the antimicrobial activity attributed to peroxides produced by the enzyme complex and defensin-1 is virtually negligible [28,39,40].



The answers to many questions about the antimicrobial mechanisms of honey remain unclear. Studies have reported that for H2O2 killing to occur, compound concentrations greater than 50 mM are required [41]. However, the H2O2 content in honey is 900 times less than that used in medical disinfectants [42]. A study demonstrated that when present in honey at a concentration of 1 mM, H2O2 was able to inhibit the growth of Pseudomonas aeruginosa and Staphylococcus aureus [39]. Furthermore, the authors suggested that the plant-derived polyphenolic compounds present in honey may be related to H2O2 production and, consequently, to the increase in the antibacterial potency of honey samples. A significant correlation between the concentration of total polyphenols and the antibacterial activity of honey samples was observed. The authors pointed out that the antimicrobial activity causally related to phenolic compounds is minimal and practically negligible since the concentration of polyphenols and flavonoids dissolved in honey is relatively low. In summary, the study suggested that the presence of phenolic compounds may be related to the antimicrobial activity of honey in two ways: H2O2 production and reduction of Fe (III) into Fe (II), triggering the Fenton reaction and producing more potent reactive oxygen species.



Other studies examining Polish honeys reported the importance of phenolic compounds for their antimicrobial activity [43,44,45]. The authors observed a small amount of these compounds in honey and suggested that a synergism between them and the H2O2-producing system is likely.



The conditions of matured honeys could resemble the macromolecular agglomeration in the living cell and affect the concentration, reactivity, and conformation of the macromolecules. Thus, a previous study evaluated the structure and distribution of honey components [46]. The authors found that a high concentration of macromolecules promoted the self-assembly of micron-sized superstructures. These structures were visible under a scanning electron microscope (SEM) as a biphasic system composed of dense globules dispersed in sugar. After diluting, these particles showed greater conformational stability. Moreover, at the threshold concentration, the system went through a phase transition with concomitant fragmentation of large micron-sized particles to nanoparticles in a hierarchical order. The authors concluded that the biphasic conformation of honey was needed to produce H2O2 and, consequently, that it determined the antibacterial activity of the sample. These properties disappeared beyond the phase transition point. This study suggests that the arrangement of active macromolecules with colloidal properties, organized in compact and stable multicomponent sets, is an important discovery about the overall structure of honey and is essential to understanding the complexity of the biological activities of such a functional food.



Regarding the mechanism of action that honey exerts on bacterial cells, Manuka honey has been reported to have the ability to interfere with the septal ring in the process of cell division of Staphylococcus aureus [47]. The same effect was not observed in artificial honey used as a control [48]. In addition, it was also demonstrated that at sublethal doses, Manuka honey acted on Bacillus subtilis and Staphylococcus aureus, causing cells to shrink and the condensation of chromosomes [47]. Oxidative damage causing the inhibition of bacterial growth and DNA degradation in Escherichia coli and Bacillus subtilis has also been reported for honey with significant H2O2 content, although these effects have been modulated by other honey components [41]. Despite this, studies do not correlate chemical differences between phenolic compounds, floral origin, and collection time with the aforementioned mechanisms [49]. Figure 2 summarizes the main cellular damage from honey already reported on different types of bacteria.



Thus far, mounting evidence indicates that honey has a multifactorial antimicrobial activity consisting of the synergism between physical characteristics (reactivity and conformation of macromolecules) and chemical composition. It is unlikely that a specific isolated component of honey has an antimicrobial activity as good as that of its originating fresh honey. Hence, future research in the field should focus on understanding the mechanisms of action of whole honey, particularly its molecular targets. Detailed studies, including transcriptome analysis, can contribute to elucidating the global effects of honey on microbial cells [50].




4. Analysis of the Antimicrobial Activity of Honey


The antimicrobial activity of honey has been determined by two methods, namely agar diffusion and broth microdilution. However, the agar diffusion method has not been commonly recommended for most antibacterial substances since growth inhibition does not necessarily mean microbial death. Therefore, this method does not distinguish between bactericidal and bacteriostatic effects. In addition, it is not possible to measure the amount of substance that diffuses through the agar or the viscosity-related variability issues. These are some of the reasons why this method has not been indicated for determining the MIC [51].



Apart from the general considerations on the use of agar diffusion to determine the antimicrobial activity of any substance, there are particularities to consider. For instance, high viscosity and volume issues when placing honey samples into agar wells may render even more imprecise results. Another important point to consider is that the high molecular weight of active constituents present in honey may not diffuse properly through the agar (e.g., defensin-1 and especially glucose oxidase) [31]. Therefore, we recommend and discuss here only the use of broth microdilution to determine the antimicrobial activity of honey.



Dilution methods are the most suitable for determining MIC values. The MIC is defined as the lowest concentration of an antimicrobial that inhibits visible microbial growth. There are many approved guidelines for testing antimicrobial susceptibility using dilution methods. The most recognized standards are provided by the Clinical & Laboratory Standards Institute (CLSI) and the European Committee of Antimicrobial Susceptibility Testing (EUCAST). While the development of these standards does not guarantee the clinical relevance of the tests, it allows for the standardization and reproducibility of in vitro assays [52].



Broth microdilution involves preparing 1:2 dilutions of the antimicrobial agent in a liquid growth medium in a 96-well plate, i.e., 1000, 500, 250, and 125 µg/mL. This procedure is called serial dilution. The most problematic step in this test is to prepare a work solution with the honey sample. The first difference in relation to the preparation of honey or lyophilized solutions (e.g., monodrug or extract) is that the dilution of honey is expressed as a percentage (%) instead of mg/mL or µg/mL. In this case, it is possible to determine this percentage by making proportions of honey and water or culture medium, as follows: weight/volume (w/v) or volume/volume (v/v). Although some authors prefer to use the v/v ratio [53,54], most of them perform the dilution based on the w/v ratio [24,55,56,57]. We recommend the use of w/v ratio due to the viscosity of the sample, which may cause substantial material loss during pipetting and errors.



Honeys from different botanical and geographical origins exhibit varying antimicrobial potency. Thus, they can be classified into different categories, of which monofloral honey seems to be the most promising and interesting type as a natural remedy. Manuka honey, a monofloral honey derived from the Manuka tree (Leptospermum scoparium), stands out for its antimicrobial and antioxidant properties. Manuka honey has been used as a parameter to comparatively classify the antimicrobial potency of other honey [58]. In general, dark colored honeys exhibit more expressive antimicrobial activity. The most potent honeys, such as Manuka, dark buckwheat, Heather, or molasses, have MIC values ranging from 1% to 12.5% (w/v). Light colored honeys, such as clover honey (pasture honey) and acacia or rapeseed honey, were found to be less potent, with MIC values ranging between 25% and 50% (w/v) [25]. These well-known honeys can be used as parameters to define whether a sample has strong, moderate, or weak antimicrobial activity. Thus, in Table 2, we propose some parameters for the determination of the antimicrobial potency of honeys, according to Albaridi’s review [25].



We suggest the preparation of an initial solution which should be serially diluted at a 1:2 ratio, since it would be the maximum concentration (50% w/v) to determine a discrete antimicrobial activity that is not due to lack of culture medium [25]. We do not recommend 1:2 dilutions in the wells of the microplate since the concentration drops very sharply from one well to the other. Instead, we suggest preparing individual solutions to be added together with the inoculum. This way, the concentration drops by half from the initial solutions and will have a difference of 5% from one well to the other in the 96-well plate, ranging from 50% to 1.25% (Figure 3).



In addition to determining the antimicrobial activity of honey against planktonic bacteria, it is essential to assess its potential against biofilms. Biofilms are dense communities that grow on inert surfaces and are embedded in self-secreting, high-molecular-weight polymers. When organisms form a biofilm, they can adapt to environmental changes by altering their gene expression and becoming highly resistant to antimicrobials [13].



As mentioned in Section 2 of this review, there is an association between the presence of oral biofilms and the onset and progression of oral diseases, such as caries and periodontal disease [59,60]. Thus, a drug or product with antimicrobial activity should necessarily have a positive antibiofilm activity against mature biofilms to be considered effective for the prevention and/or treatment of oral diseases.



An ideal and standardized in vitro assay to assess the effectiveness of antibiofilm agents has not been established yet, although different testing methods are available. Approaches such as the modified Robbins device, Calgary biofilm device, disc reactor, Centers for Disease Control (CDC) biofilm reactor, perfused biofilm fermenter, and model bladder have been considered promising and representative of in vivo conditions [61]. In addition, multispecies biofilm models better mimic what occurs in the oral cavity than single-species biofilm models. There is a wide range of tools available for biofilm analysis, from colony counting to more modern techniques, such as fluorescent biofilm labeling in conjunction with mathematical predictive modeling, such as COMSTAT [62]. For a quick and low-cost analysis, we commonly use the Calgary device to determine the antibiofilm activity of propolis samples [21] and suggest that it should be performed to assess the antibiofilm activity of honey. The Calgary device allows biofilms to grow on rods suspended from a lid that fits into a 96-well plate. Once the device is suspended in the culture medium with inoculum, it allows for actual biofilm formation without deposition of gravity [63].



Thus, for testing the antibiofilm activity of honey, we suggest diluting the sample as shown in Figure 3 and treating multispecies biofilms at concentrations greater than the MIC. Treatment intervals should be selected to simulate the daily consumption of honey by a person who substitutes the common sugar of their diet with this functional food.




5. Antimicrobial Activity of Honey against Oral Pathogens


Some literature reports show that honey is active against a wide range of pathogens associated with systemic infections, such as Pseudomonas aeruginosa [64], Staphylococcus aureus (MRSA) [65], Escherichia coli, Proteus mirabilis, Staphylococcus aureus, Shigella flexneri, and Staphylococcus epidermidis [66]. Testing the effectiveness of honey against planktonic bacteria is relevant, but the use of biofilm cultures in antimicrobial assays is highly recommended. Biofilm communities are embedded in self-producing polysaccharides, which creates a barrier that provides resistance to antimicrobials [18]. Some authors showed that multifloral honey has promising antibiofilm activity against systemic pathogens, such as Pseudomonas aeruginosa, Staphylococcus aureus, Methicillin-resistant Staphylococcus aureus, and Escherichia coli [39,67,68,69]. Honey samples should be ideally examined for their antimicrobial mechanism(s) of action, e.g., downregulation of virulence genes, disruption of the bacterial cell wall, interference in the formation or size of cells and/or accessory components (fimbriae and flagella), and damage to nucleic acids. The mechanisms of action of honey against systemic bacteria are well documented [5], but there are still gaps concerning the analysis of antibiofilm properties against oral bacteria. Thus, this comprehensive review brings an overview of all the evidence on the in vitro antimicrobial activity of honey against oral microorganisms. Bibliographical searches were carried out in the databases Medline via PubMed, SciVerse Scopus, Web of Science, SciELO, LILACS, Cochrane Library, and Google Scholar using the following descriptors: honey, antimicrobial activity, and oral bacterium (Table 3).



Although some papers show the honey’s botanical origin, not all manuscripts provide this information (Table 3). This may result in a gap in the literature that needs to be filled. To avoid that, future research on honey should pay attention to its botanical origin.



Most of the studies shown in Table 3 used the broth microdilution method for determining the antimicrobial activity of honey samples [70,72,73,74,75,76,77,78], and only a few studies used the agar diffusion method [55,71]. These findings are consistent with what was discussed in Section 4 of this review. Of all the studies presented in Table 3, only one examined aspects such as the mechanism of action, chemical composition, the relationship between chemical profile and bioactivity, as well as the antibiofilm activity of honey in mature biofilms [79]. On the other hand, none of the studies showed data indicating that honey can cause cell damage in bacteria or that it has antibiofilm activity against multispecies biofilms.



Although the antimicrobial activity of honey against microorganisms present in wounds is well documented [5], its effectiveness against oral microorganisms remains to be determined. Further research should establish the antimicrobial activity of honey against mature multispecies oral biofilms [18].



In addition to the in vitro studies summarized in Table 3, the literature presents some clinical trials that have evaluated the antimicrobial effectiveness of honey against oral diseases. Because it is a food and not a drug, clinical trials with honey can be ethically less complex. However, this does not diminish the importance of carrying out in vitro studies for the classification, characterization, and definition of the antimicrobial mechanisms of action. Despite the advances, the selected clinical trials have important limitations to consider, as further discussed herein.



A comparative, in vitro, and clinical study was performed to determine the antimicrobial activity of 0.2% chlorhexidine and a honey-containing mouthwash. The in vitro phase of the study was carried out using the agar diffusion method, whereas the second phase consisted of a randomized blind clinical trial, with a total sample size of 66 individuals. The in vitro data showed that the honey mouthwash effectively inhibited the growth of Eubacterium nodatum, Campylobacter rectus, Streptococcus mutans, Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, and Streptococcus sanguinis, although 0.2% chlorhexidine was more effective. In the clinical trial, the intergroup analysis between chlorhexidine and honey showed that both formulations significantly reduced plaque formation (p < 0.001). Although chlorhexidine was more effective than the honey-containing mouthwash, there was no significant difference between them (p = 0.670) [80]. This study showed the in vitro and clinical effectiveness of a honey formulation in reducing the growth of oral microorganisms, supporting the hypothesis that honey can be used as a protective food against biofilm-dependent oral diseases. However, the in vitro data lack important pharmacological information, such as the definition of the mechanisms of action and the chemical profile of the sample. Furthermore, the clinical trial lacks important indices for periodontal disease assessment, such as clinical parameters and/or salivary cytokine quantification.



Another study investigated the effectiveness of Manuka honey in reducing clinical levels of biofilm and gingivitis. The authors developed a “honey strip” chewable formulation. The study was randomized and had a sample size of 30 participants, who were allocated into two groups: one group chewed the Manuka product and the other chewed a sugar-free gum. The chewing time was 10 min, three times a day, after each meal. Plaque and gingivitis scores were recorded before and after 21 days. In the Manuka honey group, there were statistically significant reductions in mean plaque scores (from 10.99 to 0.65, p = 0.001) and in the number of bleeding sites (from 48% to 17%, p = 0.001). In contrast, no significant differences were observed in the control group [81]. This showed that Manuka honey is as effective against oral microorganisms as it is against systemic bacteria, as demonstrated in previous clinical studies. The authors also examined the pattern of gingival bleeding, which is an important diagnostic index for periodontal diseases. While these findings correspond to a pilot study, they provide important evidence for the use of honey to prevent biofilm-dependent oral diseases or even as an alternative therapy. However, aspects such as the mechanism of action, dosage, and therapeutic indications need to be studied before honey formulations can be indicated as a therapy in dentistry.



The antibacterial activity of commercial honey and green tea solutions was previously assessed based on salivary Streptococcus mutans counts. Thirty healthy individuals were randomly allocated into two groups of 15, one for each solution. Saliva samples were collected before and after rinsing the test solutions in both groups. The results showed that after a single mouth rinsing, the count of colony-forming units (CFU/mL) decreased from 2.28 × 108 to 5.64 × 107 CFU/mL in the honey group and from 1.95 × 109 to 2.9 × 108 in the green tea group. There was a statistically significant difference for both groups in relation to baseline CFU counts [82].



A similar study assessed the effects of Manuka honey on the count of salivary streptococci [83]. Although the study showed positive results, the authors did not measure the antibiofilm activity of Manuka honey nor included any clinical parameters in the analysis. However, collectively, the study shows that honey significantly modulates the microaerophilic microbiota of the mouth.



Recently, a clinical trial evaluated toothpaste’s efficacy composed of natural ingredients, including honey from Apis mellifera bees. After six months of using the tested toothpaste, patients enrolled in this study presented reductions of 23.5%, 25.6%, and 73.3% for dental plaque, gingival index, and bleeding index outcomes, respectively [84]. Although not determined for oral bacteria, the antimicrobial mechanisms of honey include inhibition of membrane and intracellular proteins with subsequent DNA damage [85].



Taken together, the literature, including recent manuscripts, classifies honey as a functional food with antimicrobial activity [84,85,86,87,88]. However, honey’s clinical efficacy and antibacterial mechanisms against oral biofilms remain poorly understood and underexplored; just a few manuscripts addresses it [84]. Thus, further in vitro and in vivo studies are needed to support the use of honey as an antimicrobial and/or as adjuvant therapy in dental practice.




6. Concluding Remarks


Mounting evidence has shown that honey has promising antimicrobial activity. This functional food has been studied and used in folk medicine for many centuries to treat infections, particularly those associated with wounds and bedsores. Nevertheless, only a few scientific studies have investigated the use of honey to prevent and/or treat biofilm-dependent oral diseases such as periodontitis. The antimicrobial activities of honey against oral microorganisms, as well as its antibiofilm activity against mature biofilms, mechanism of action, chemical composition, and clinical indications, remain largely unknown.



Honey has considerable potential to be used as an alternative therapy for biofilm-dependent oral diseases and/or as an auxiliary functional food for maintaining health. However, further research is needed to demonstrate this activity in mature oral biofilms, as well as the associated chemical pathways and the molecular targets in the bacterial cell. Filling these gaps may provide evidence to recommend the rational consumption of honey instead of common sugar for oral and systemic health benefits. Moreover, the promising antibiofilm properties of honey may encourage the development of clinical trials aimed at using honey products as a complementary therapy in dental care.
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Figure 1. Schematics of the anatomical location of supragingival and subgingival biofilms, and the main bacterial species in each color-based complex. 
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Figure 2. Mechanism of action of honey on bacteria. 
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Figure 3. Schematic representation of the serial dilution of honey for antimicrobial testing. The honey sample should be diluted separately by preparing a solution with twice the concentration expected to be in the well of the microplate. After adding the diluted honey solution to the same amount of inoculum, the concentration will drop by half in the well. To obtain these concentrations, it is necessary to use the microplate horizontally, as demonstrated in the figure. 
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Table 1. Factors related to the antimicrobial activity of honey.






Table 1. Factors related to the antimicrobial activity of honey.





	Component/Physical Characteristic
	Considerations about the Antimicrobial Activity of Honey
	References





	Low pH
	Due to the high concentration of organic acids (mainly gluconic acid), most honey samples have a pH ranging between 3.4 and 6.0 which, in combination with high osmotic pressure, can eliminate and/or prevent microbial colonization.
	[25]



	Osmotic effect
	High osmolarity has been shown to play a role in the antimicrobial properties of honey. Despite this, high concentrations of glucose alone showed no inhibitory effect on bacterial growth. Thus, sugar-induced osmolarity in honey is only considered an adjuvant that provides an unfavorable environment for pathogens.
	[26]



	Hydrogen peroxide (H2O2)
	Hydrogen peroxide (H2O2) levels are directly proportional to the antibacterial activity of honey. Therefore, H2O2 is considered a predictive biomarker of its antibacterial activity. Glucose oxidase is an enzyme present in honey that is activated when the honey is diluted. This enzyme acts on endogenous glucose to produce hydrogen peroxide. H2O2 is involved with oxidative damage, causing inhibition of bacterial growth and DNA degradation. However, these effects are synergistically modulated by other components present in honey, since higher concentrations of pure H2O2 are needed to obtain similar effects as compared to the low H2O2 levels present in honey samples.
	[25,27,28]



	Phenolic compounds
	The therapeutic effect of honey is attributed to the presence of several antioxidants, including phenolic compounds, such as flavonoids and phenolic acids. Some phenolic compounds, such as pinocembrin and serum acid, have been strongly associated with the antimicrobial activity of honey. Nevertheless, information on the mechanism of action and effective doses of these compounds is yet to be determined.
	[2,29]



	Methylglyoxal

(MGO)
	MGO is an organic compound derived from dihydroxyacetone. The presence of MGO in honey contributes to its antimicrobial activity, even in honeys with low levels of peroxide (e.g., Manuka honey). MGO causes loss of membrane integrity and changes the structure of bacterial fimbriae and flagella, which impairs microbial adhesion and motility.
	[30]



	Bee peptides (Defensin-1)
	Defensin-1 is a peptide secreted by the hypopharyngeal glands of bees. This peptide is active against Gram-positive bacteria, including Bacillus subtilis and Staphylococcus aureus. Although bees produce other peptides, only defensin-1 has been detected in honey and was found to have antimicrobial activity.
	[31]
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Table 2. Parameters for determination of the antimicrobial potency of honey samples.
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	MIC (%, w/v)
	Antimicrobial Activity





	1.0% to 12.5%
	Strong



	12.5% to 50.0%
	Moderate



	>50.0%
	Weak







Adapted from Albaridi, 2019 [25].
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Table 3. In vitro studies of antimicrobial activity of honey against oral microorganisms.
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	Type of Honey (Plant Origin)
	Strain
	Method
	Results
	Reference





	Honey from central Switzerland, honey from the German plain, and Manuka honey (Leptospermum scoparium).
	Streptococcus gordonii, Streptococcus sanguinis, Streptococcus mutans, Streptococcus sobrinus, Lactobacillus acidophilus, Actinomyces naeslundii.
	Antimicrobial activity (MIC determination) and anti-adherent activity by counting colony-forming units per mL (CFU/mL).
	The three honey samples inhibited the specific growth of oral bacterial strains. When using a multispecies biofilm model, none of the samples were significantly effective.
	[70]



	Kerala commercial honey, India.
	Streptococcus mutans
	Antimicrobial activity determined by the agar diffusion method.
	A discrete zone of inhibition of the growth of Streptococcus mutans was observed.
	[71]



	Manuka honey and white clover honey (Trifolium repens).
	Staphylococcus aureus, Escherichia coli, Streptococcus mutans, Streptococcus sobrinus, Streptococcus sanguinis, Streptococcus gordonii, Fusobacterium nucleatum, Porphyromonas gingivalis, and Prevotella intermedia
	Antimicrobial activity by broth microdilution for determination of MIC and MBC values.
	Both honeys inhibited most of the tested stains, except Streptococcus mutans. Manuka honey displayed slightly greater inhibitory efficacy, with MICs ranging between 6.3% and 25%, whereas the MICs of clover honey ranged from 6.3% to 50%. Honeys with neutral pH had little antimicrobial activity.
	[72]



	Swiss multifloral honey, Manuka honey NPA 5+, Manuka honey NPA 15+ (Leptospermum scoparium), Manuka honey label “MGO 400+” (Leptospermum scoparium), equivalent to NPA 20+, Manuka honey NPA 25+, MediHoneyTM medicinal honey, and MediHoneyTM gel sheet.
	Aggregatibacter

actinomycetemcomitans, Porphyromonas gingivalis,

and Streptococcus mutans
	Initial screening for antimicrobial activity by the agar diffusion method. The most active samples were selected for the determination of MIC and MBC values.
	Manuka honey below an NPA value of 15 showed the least potential to inhibit bacterial growth, even less—although not significantly—than Swiss multifloral honey. Manuka honey above an NPA value of 15 showed a significantly greater antibacterial effect compared to the other honeys tested. All Manuka honey preparations were more effective in inhibiting the growth of Porphyromonas gingivalis and Aggregatibacter

actinomycetemcomitans as compared to S. mutans.
	[73]



	Manuka honey 1 and 2 (Leptospermum scoparium).
	Streptococcus mutans, Streptococcus sobrinus, Lactobacillus rhamnosus, Actinomyces viscosus, Porphyromonas gingivalis, and Fusobacterium nucleatum.
	Antimicrobial activity (MIC determination) and anti-adherent activity by counting colony-forming units per mL (CFU/mL).
	The antibacterial activity of Manuka 1 was the most important. The two honeys tested showed a weak ability to inhibit the adhesion of S. mutans cells onto a glass surface at sub-MIC concentrations. Manuka 1 completely inhibited multispecies biofilm formation at a concentration of 200 μg/mL. Manuka 2 inhibited biofilm formation weakly at a concentration of 200 μg/mL, but strongly at a concentration of 500 μg/mL.
	[74]



	Eucalyptus honey (Eucalyptus cladocalyx).
	Steptococcus mutans, Steptococcus sobrinus, Steptococcus gordonii, Steptococcus salivarius, Steptococcus sanguinis, Steptococcus anginosus, Steptococcus oralis, and Escherichia coli.
	Antimicrobial activity by broth microdilution for determination of MIC values.
	Eucalyptus honey had MIC of 25% (v/v) on the tested strains, except for Streptococcus anginosus and Streptococcus oralis, whose MIC values were 17% (v/v) and 12% (v/v), respectively. Hypertonic sugar control had MIC of 25% (vol/vol) on all bacterial strains.
	[75]



	Manuka honey (Leptospermum scoparium), eucalyptus honey (Eucalyptus cladocalyx), pin cushion honey (Leucospermum cordifolium), and Erica honey (Erica species—Fynbos).
	Streptococcus mutans, Streptococcus salivarius, Streptococcus sanguis, Streptococcus anginosus, Streptococcus gordonii, Streptococcus oralis, Streptococcus sobrinus, Candida albicans, Escherichia coli and Staphylococcus aureus.
	Antimicrobial activity by broth microdilution for determination of MIC values.
	Candida albicans yeast (MIC of 40%) was more resistant to the tested honeys than were the bacterial strains. Streptococcus anginosus (MIC of 17%) and S. oralis (MIC of 12.5%) were more sensitive to honey than the other strains. The honey samples showed MIC of 25% against other oral streptococci.
	[76]



	Azarian honey.
	Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus mutans, MRSA, and Enterococcus faecalis
	Antimicrobial activity by broth microdilution for the determination of MIC values.
	The lowest MIC value of the tested honeys was found for Staphylococcus aureus. The MIC of honey for Escherichia coli was higher than that for the other strains. The mean MIC for Staphylococcus epidermidis was similar to that of Staphylococcus aureus. The MBC values for S. mutans, MRSA, Staphylococcus aureus, Staphylococcus epidermidis, and Enterococcus faecalis were 7.81%, 8.52%, 7.55%, 12.03%, and 7.81% (v/v), respectively. The combination of propolis and honey reduced the MIC for all bacterial strains.
	[77]



	Commercial honey from Saudi Arabia (Langnese Honig, Germany).
	Streptococcus mutans
	Antimicrobial activity (microdilution method) and inhibition of biofilm formation.
	Natural honey reduced Streptococcus mutans growth more effectively than artificial honey (control) at the concentrations of 25% and 12.5%. At 50% and 25%, both honeys significantly reduced bacterial growth and biofilm formation as compared to the TSB control. Natural honey was also able to decrease the maximum growth rate of Streptococcus mutans compared to artificial honey.
	[78]



	Ramadan natural honey.
	Streptococcus mutans
	Antimicrobial activity by the agar diffusion method.
	Significant antibacterial activity was detected against Streptococcus mutans at concentrations greater than 20% and against Lactobacillus at a concentration of 100%.
	[55]



	Manuka honey (Leptospermum scoparium) and commercial multifloral honey from Germany.
	Porphyromonas gingivalis
	Antimicrobial activity by the microdilution method (determination of the MIC) and antibiofilm activity.
	Manuka honey and commercial honey inhibited 50% of Porphyromonas gingivalis growth at concentrations of 2% and 5%, respectively. Manuka honey contained 1.87 mg/kg of hydrogen peroxide, whereas the commercial honey had 3.74 mg/kg. The amount of methylglyoxal was 2 mg/kg in the domestic honey and 982 mg/kg in Manuka honey. At 10%, both types of honey inhibited Porphyromonas gingivalis biofilm formation and reduced the number of viable bacteria in 42-hour-old biofilms.
	[79]
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