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Abstract

:

Over the last few decades, studies on the oral microbiome have increased awareness that the balance between the host and the microbial species that coexist in it is essential for oral health at all stages of life. However, this balance is extremely difficult to maintain, and many factors can disrupt it: general eating habits, sugar consumption, tobacco smoking, oral hygiene, and use of antibiotics and other antimicrobials. It is now known that alterations in the oral microbiota are responsible for developing and promoting many oral diseases, including periodontal disease. In this context, diet is an area for further investigation as it has been observed that the intake of particular foods, such as farmed animal meat, dairy products, refined vegetable oils, and processed cereals, affects the composition of the microbiota, leading to an increased representation of acid-producing and acid-tolerant organisms and periodontal pathogens. However, little is known about the influence of diet on the oral microbiome and the creation of a suitable microenvironment for the development of periodontal disease. The aim of the present study is to evaluate current knowledge on the role of diet in the oral dysbiosis underlying periodontal disease.
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1. Introduction


The human oral cavity hosts the second most plentiful and diverse microbiota after the gastrointestinal tract [1,2]. Antonie van Leeuwenhoek first found and observed the existence of microbes in dental plaque under a microscope. Dental plaque has been studied qualitatively [3] from then on. Currently, the human oral microbiome is believed to consist of more than 250 species, including several key pathogens, such as Streptococcus mutans, Porphyromonas gingivalis (P. gingivalis), Tannerella forsythia (T. forsythia), and Aggregatibacter actinomycetemcomitans, implicated in the etiology of periodontal disease [4]. Periodontitis is a disease with a multifactorial etiology that, following infection induced by bacteria of the periodontal biofilm, can determine tooth loss following host response [5]. During recent years, the improvements in genetic techniques allowed a better identification of bacteria involved in periodontitis, including not only data on periodontopathogenic processes but also further information on the overall oral microbial networks contributing to the pathogenesis of the disease. In this context, it is important to understand the variations in the oral microbiome composition between health and disease, both qualitatively and quantitatively [6,7].



The induction and progression of the disease are promoted by a dysbiosis of the oral commensal microbiota, which may affect the host’s immune defenses, causing an inflammatory response that ultimately leads to irredeemable destruction of the periodontium (i.e., alveolar bone and periodontal ligament) in a susceptible host [7,8,9]. Periodontal disease severity is related to both modifiable (smoking, diet) and non-modifiable host risk factors (genetic susceptibility) as well as environmental factors [10,11,12]. The reduction in pathogenic periodontal bacteria in biofilms by mechanical instrumentation [13] through nonsurgical periodontal treatment has been shown to have limited long-term benefits [14,15]. The persistence of periodontal inflammation can result in residual pockets and the persistent of periodontal bacteria, leading to new tissue destruction [16,17].



In relation to the central role played by inflammation in the initiation and evolution of periodontitis, there is a growing interest in adjuvant therapies and their action in reducing inflammatory mediators. Several nutrients have an important impact on periodontal health [18]. Evidence indicates that macronutrients and micronutrients can modulate pro-inflammatory and anti-inflammatory cascades, influencing a person’s baseline inflammatory status [19]. Diet provides nutritional sources for the oral microbiota and exerts a selective pressure, favoring the survival and replication of organisms best adapted to utilize specific food resources derived from the host [8]. The influence of diet on the oral microbiome has become more evident over the last decades while observing a shift toward a “Westernized” dietary pattern characterized by staple foods, such as farmed animal meats, high-sugary dairy products, refined vegetable oils, and processed grains that were accompanied by pathological changes in the oral microbiota, including increased representation of acid-producing and acid-tolerant organisms [3,20]. The objective of this review is to group the latest scientific evidence regarding the impact that diet may have on oral dysbiosis associated with periodontal disease.




2. Oral Microbiome


The oral microbiota is the second most complex microbiota in the human body, after the intestinal microbiota [4,21]. Its complexity lies in the multitude of micro-organisms hosted in the mouth, such as bacteria, fungi, viruses, archaea, and protozoa (Figure 1) [22,23,24,25,26].



It can be seen from the database of the human oral microbiota that there are approximately 700 microbial species that make up the oral microbiota, but only 54% are actually known as cultured and named, while 14% are cultured but not named, and the remaining 32% are uncultivated phylotypes [6,27].



The complexity of the oral ecosystem depends on the different characteristics of its components, including the saliva, the soft tissue surfaces of the oral mucosa and tongue, and the hard tissue surfaces of the teeth. Each component provides a unique ecosystem with optimal conditions and nutrients for the microbes that inhabit it [7,28]. In fact, it has been demonstrated that samples taken from the same site in several individuals had more similar characteristics than samples from the same individual taken from different niches [8,29].



Over the last few decades, great strides have been made in understanding the oral microbiota composition. The development of new techniques for identifying microorganisms led to an abandonment of culture-dependent techniques in favor of more sophisticated and less labor-intensive techniques [4,30]. Among the main problems associated with the culture of micro-organisms is the difficulty of recreating in vitro the conditions under which these micro-organisms live in vivo, such as specific nutrients, accurate temperature and pH, and interaction with other micro-organisms in their community [9,13]. Current techniques, which are culture-independent, include 16S ribosomal RNA sequency, which has made it possible to better estimate the oral microbiota composition [4,31]. The Human Oral Microbiome Database provides a list and detailed description of the features and genomic information of the currently known oral cavity bacteria [32,33].



The main constituents of the oral microbiota are bacteria [4,34]. The oral bacterial community consists of six main phyla—Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Spirochaetes, and Fusobacteria—which account for 94% of the taxa detected. The remaining phyla—Saccharibacteria, Synergistetes, SR1, Gracilibacteria, Chlamydia, Chloroflexi, Tenericutes, and Chlorobi—contain the remaining 6% of the taxa [32]. Most of the isolated taxa were detected in the gingival sulcus, while to a significantly lesser extent they were detected on the tongue, soft palate, hard palate, tooth surface, and tonsils. It is worth noting that although there is an overlap of species isolated in different oral habitats, some species are site specific [8]. On the other hand, the bacteria in saliva are derived from a mixture of microbes excreted from all the sites mentioned before and constitute the salivary microbiota [35]. The combination of the salivary microbiota and the organismic and inorganic components contained in saliva constitute the salivary biofilm. In detail, saliva is produced by the major salivary glands (parotid, submandibular, sublingual) and minor glands. It is characterized by a pH of about 6.7 and contains countless molecules: proteins, glycoproteins, sugars, and inorganic ions. On the one hand, they represent the primary nutrient source for the resident oral microbiota and, on the other hand, play a role in defending and protecting against insults that could disrupt the health of the oral cavity and, more generally, the entire body. As soon as the surface of a tooth erupts or is cleaned, salivary proteins and glycoproteins are adsorbed, forming a film on the surface of the teeth on which bacteria can adhere. This film provides a favorable substrate for bacterial growth and survival and defends against external insults such as diet, drug intake, etc. [36].



Contrary to popular belief, fungi are an integral part of the healthy oral microbiota. Only under certain conditions do they become opportunistic pathogens, such as disruption of the microbiota balance or in immunocompromised subjects [10]. It has been observed that the microbiota of healthy individuals can present up to 101 species of fungi. Candida species are the most common, followed by Cladosporium, Aureobasidium, Saccharomyces, Aspergillus, Fusarium, and Cryptococcus [11,34].



Archaea constitutes only a minor part of the oral microbiome, and the species observed are all methanogens: Thermoplasmatales, Methanobrevibacter, Methanobacterium, Methanosarcina, and Methanosphaera [12]. They were found with a higher prevalence in individuals with periodontitis [13].



Saliva and soft tissue appear to have a similar microbial biofilm [14]. Approximately 3621 bacterial taxa from 98 healthy subjects were identified in saliva, with Firmicutes (genus Streptococcus and Veillonella) and Bacteroidetes (genus Prevotella) being the predominant phyla [15]. It is believed that the proteins present may promote microbial adhesion to oral mucosal surfaces and teeth, as well as agglutination and removal of microorganisms by swallowing saliva [14,30]. The oral mucosa has a low number of bacteria organized to form a monolayer at the level of the cheeks and palate due to rapid tissue turnover [37]. In contrast, the surface of the tongue is characterized by multilayers of bacteria arranged to form a biofilm. The predominant microbiota on the lingual dorsum of healthy subjects is reported to be Streptococcus salivarius, Rothia mucilaginosa, and an uncharacterized species of Eubacterium (strain FTB41) [38].



The oral microbial ecosystem is constantly exposed to exogenous foreign substances, which are key determinants of colonization and microbe resistance making up the oral microbiota [39]. Among the first colonizers of the oral cavity are Streptococcus mitis, Streptococcus sanguinis, Streptococcus gordonii, and Streptococcus salivarius, which have characteristics that make them suitable for selective colonization of the tongue mucosa and the gingival mucosa, even before the dental elements erupt [40].



At the moment of their eruption in the oral cavity, teeth acquire a glycoprotein protective coating, which initiates successional microbial colonization, leading to the development of complex polymicrobial biofilm communities, i.e., dental plaque (Figure 2) [17,18].



This is a structurally and functionally organized biofilm arranged on the surface of teeth, which is formed through a series of ordered stages and remains stable over time [21]. Therefore, the surface of teeth has special characteristics that favor bacterial adhesion and the formation of biofilm, i.e., bacterial plaque [14]. Depending on its location, dental plaque is differentiated into supragingival plaque and subgingival plaque [15,41]. One study observed that the supragingival plaque of healthy subjects is mainly made up of Firmicutes and Actinobacteria (genus Corynebacterium and Actinomyces), which tend to generate acid, can survive in low pH environments, and are responsible for caries [14]. As it moves from the surface of the teeth to the subgingival area, along the root, the biofilm changes its characteristics: there is more serum and less saliva, the environment becomes more anaerobic, and the pH and temperature become extreme [42]. For this reason, the composition of the subgingival biofilm is different from the supragingival biofilm and consists of 347 species falling into 9 bacterial phyla, including Obsidian Pool OP11, TM7, Deferribacteres, Spirochaetes, Fusobacteria, Actinobacteria, Firmicutes, Proteobacteria and Bacteroidetes [42].




3. Geographic Tongue, Psoriasis, and Oral Microbiome


Geographical tongue (GT) is a lesion of the oral mucosa affecting the dorsal and lateral surfaces of the tongue with unknown etiology. Clinically it manifests as erythematous areas, associated with papillary atrophy, that are surrounded by a whitish peripheral area. A distinctive feature is the migration of lesions to create a constantly changing map-like pattern [43]. Anatomical changes in the tongue may induce dysbiosis of the lingual microbiota, which in turn could trigger inflammation and an increase in several proinflammatory cytokines. However, other evidence would suggest that dysbiosis rather than the consequence of GT may be the cause [44]. Recently, one study observed that more bacterial taxa were identified at sites of GT injury than at healthy GT sites. However, the greater richness of bacteria at the lesion sites does not imply greater bacterial density. The phylum most prevalent at lesion sites include Firmicutes (predominant on the tongue surface) and spirochetes (associated with multiple oral infections). Fusobacteria were found significantly fewer in number. They play a role in the induction of human β-defensin-2, which has antimicrobial activities and is associated with inflammation. Changes in microbial diversity have been shown to underlie the dramatic and rapid increases in chronic inflammatory and autoimmune diseases observed in high-income countries [45]. Therefore, it is not surprising that GT may be associated with several chronic inflammatory conditions, including psoriasis. Psoriasis is an immune-mediated inflammatory disease with unknown etiology, which may be associated with defective proliferation and differentiation of keratinocytes, inducing skin and eye lesions [46]. The association between geographic tongue and psoriasis has been demonstrated in several studies, based on the observation of its core lesions, the microscopic similarity between the two conditions, and the presence of a common genetic marker, human leukocyte antigen (HLA) HLA-C*06 [47]. Recently, psoriasis has been associated with changes in the skin and gut microbiome, which may trigger psoriasis and influence the course of the disease [48]. Therefore, dysbiosis could be the link between the two diseases and inflammation, both systemic and local.




4. Impact of Food Texture and Diet on the Oral Microbiome


The actual influence of diet on oral microbiota has been long debated [49]. The rationale for this hypothesis relies on historical observation of two key periods in human history: the Neolithic and Industrial revolutions. These periods represented two critical junctures in our history with repercussions beyond economic, cultural, and social matters. Indeed, the foods and processing techniques that arose in these two historical periods significantly altered the central constituents of the human diet, including macronutrient proportions, glycemic load, fatty acid composition, sodium and potassium levels, micronutrient levels, dietary pH, and fiber content [41,50]. The advent of agriculture about 10,000 years ago, during the transition from the Mesolithic to the Neolithic, drastically changed the composition of the diet [51]. The pre-agricultural diet consisted mainly of unprocessed wild fruits and vegetables, tubers, nuts and wild animals [52]. The transition from hunter-gatherer to agrarian lifestyles introduced cereals, pulses, dairy products and meat into the human diet [53]. This change was associated with the appearance of dental and periodontal diseases as a result of changes in the oral microbiota [54].



Little evidence of dental and periodontal disease exists for pre-neolithic hunter-gatherer societies. Changes in the oral microbiota during the Mesolithic−Neolithic transition can be observed in preserved dental calculus samples from the Mesolithic period, indicating a distinct microbial profile from dental calculus samples collected in the Neolithic, Bronze Age, Medieval and modern times. It has been observed that the microbial profiles of plaque samples from the Neolithic period are similar in terms of proportions and species of microbes present, despite dietary changes over time [37]. Compared to the proportions and species of oral microbes found in hunter-gatherer plaque samples, samples from agricultural populations from the Neolithic onwards are predominated by caries-associated species, such as those of the Veillonellaceae family, as well as taxa associated with periodontal disease, including P. gingivalis, T. forsythia, and T. denticola [37] (Figure 3).



An oral health study analyzed the impact of ancestral diets among “bush dwellers” and the increasingly externalized diets of “villagers” on oral health status. The results validated the hypothesis that agricultural societies show worse dental health than hunter-gatherer societies: women living in a village and consuming a predominantly agricultural diet had a significantly higher incidence of caried lesions and periodontal disease compared to those living in a bush environment and eating a diet of wild foods, including pulses, game, berries and uncultivated tubers. Men who lived in the bush did not maintain the similar oral health status of their female counterparts, presumably due to cultural influences, such as high honey ingestion and tobacco consumption, among others [55]. Recently, Wright et al. conducted a cross-sectional study on the association between diet and periodontitis among 10,000 NHANES participants. That study found that a dietary pattern rich in fruits, vegetables, salad, water, and tea and with limited intake of fermentable carbohydrates, fatty acids, protein, and sugar-rich beverages had a lower extent of periodontal disease. This is attributable to reduced expression of periodontal bacteria in the oral microenvironment [56].



Changes in the pre-neolithic oral microbiota were further exacerbated by the evolution of food manufacturing techniques as a result of industrial revolution about 200 years ago [57]. The invention of mechanical mills allowed for the refining of carbohydrates, changing the nutritional properties of cereals, which were significantly impaired by the isolation of starch-rich constituents (flour) and the elimination of the outer bran layer [58]. The processing of cereals has influenced different added features of the diet, such as total nutrient content, starch bioavailability, and texture. Therefore, the transition from hunter-gatherer to agrarian lifestyles introduced dairy products, refined carbohydrates, vegetable oils, and alcohol into the human diet, which are staples of the modern diet [53]. The introduction of these foods into the daily human routine has been linked with a decline in oral health and several other diseases, including (but not limited to) cardiovascular disease, inflammatory bowel disease, rheumatic diseases, many cancers, and obesity [55].



Several animal studies have shown the relationship between oral health and the texture of food eaten: wild animals have a higher oral health status because domestic animals eat refined foods that do not require intense chewing effort [59]. The chewing stimulates salivary flow, and that food passes through the mouth for only brief moments during the course of a day. Therefore, the main sources of nutrition for oral micro-organisms come from saliva and crevicular fluid [49]. Oral bacteria find their nutrient sources in these body fluids and work to break down the substrates they contain to obtain nutrition sources [37]. Streptococci, in particular, play a major role in obtaining sugar residues from glycoproteins [60]. Recent human studies have shown no difference in the growth rates of oral bacteria in the presence or absence of food, indicating no relationship between diet and the composition of oral bacterial communities [60,61]. In line with this hypothesis, a study of 161 subjects observed a large baseline microbiota in more than 98% of the subjects tested, with no differences in relation to diet type (omnivorous, ovo-lacto-vegetarian, or vegan) [62]. In contrast, another study observed small differences in salivary metabolomic profiles in relation to the diet practiced: omnivorous, ovo-lacto-vegetarian, or vegetarians. This would be due to the influence that diet has on the gut microbiota, which in turn influences the oral microbiota [63].




5. Impact of Macronutrients during Periodontitis


Macronutrients are the main foods that need to be consumed in large quantities, as they are the most important source of energy for the human organism. These include carbohydrates (or carbohydrates), fats (more correctly, lipids), and proteins [64].



5.1. Carbohydrates


Carbohydrates are an essential source of energy for the body and are involved in fat metabolism [65]. Complex, low-glycemic, non-processed, and typically fiber-rich carbohydrates (such as fruits, whole grains, vegetables, and legumes) are usually healthy, while fermentable, high-glycemic, processed, and usually fiber-poor carbohydrates (such as refined sugar, white wheat flour, and sugar-sweetened beverages) have the potential to contribute to chronic inflammation [66,67,68]. Therefore, high intake of high-calorie carbohydrates induces systemic and oral pro-inflammatory actions [69]. The Food and Drug Administration in United States recommended a reduced intake of added sugars and refined grains [70]. Observing these recommendations may reduce the risk of diabetes, weight gain, dental caries, and several oral diseases. The limitation of the intake of refined carbohydrates is also necessary to guarantee an adequate intake of essential nutrients and dietary fiber [8]. A 2014 study indicated that refined sugar intake among adults in the United States has risen by more than 30% over the past three decennia [71]. Recent evidence suggests that consumption of high-glycemic foods alone might increase gingival and periodontal inflammation and bleeding as well, while a diet abundant in complex carbohydrates, with no increase in total energy intake, may lower the risk of gingivitis and periodontitis [72,73,74,75,76,77]. A seminary investigation has indicated that refined carbohydrates are a risk factor for both caries and periodontal disease. [78].



The digestion of carbohydrates begins in the oral cavity through the enzyme salivary α-amylase, which catalyzes the hydrolysis of starch by breaking down the α- 1,4-glycosidic bonds to produce small saccharide units, such as maltose, maltotriose, and alpha-limit dextrins [79]. They are the substrate of several micro-organisms of the oral microbiota and some periodontal pathogens [80]. The intake of refined carbohydrates has increased more and more in recent years, promoting the growth of saccharolytic microbes. These microbes have a favorable nutritional environment and are able to become the predominant micro-organisms in the oral microbiota, outcompeting slower-growing species with alternative nutritional requirements [81]. The saccharolytic bacteria include Streptococcus, Actinomyces, and Veillonella, which have the unique ability to degrade carbohydrates via the Embden−Meyerhof−Pernas pathway, producing acidic by-products including lactate, acetate, ethanol, and formate [1,82]. These bacteria can cause demineralization of dental enamel and development of carious lesions, and on the other hand, promote bacterial acidogenicity and acidification by increasing cell membrane permeability to protons, induction of H+- ATPase activity, and stimulation of metabolic pathways involved in acid neutralization and alkalinization [83]. The pathways in which sugar is metabolized are also shared between some periodontal pathogens, such as Fusobacterium and Prevotella, which can similarly cause acidification [1,83]. In one study, it was seen that although glucose is an essential nutrient for the survival of oral bacteria, its exogenous supply can be discontinuous, and the depth of the periodontal pocket can influence its concentration within a periodontal pocket. Glucose concentration is an environmental factor that may or may not favor the virulence of oral bacteria. It has been observed that Provetella intermedia, Prevotella nigrescens, and Porphyromonas increased their growth in the presence of glucose; at the same time, they significantly reduced the production of cytotoxic end products (succinate, isobutyrate, isovalerate, and ammonia) and proteolytic activities (immunoglobulin, albumin, and casein degradation activities). In contrast, the activity of the main periodontopathic bacterium P gingivalis is not affected in any way by the presence of glucose [84]. However, the degradation of protein substrates plays an important role in the pathogenesis of the periodontal disease [83].




5.2. Proteins


The action of proteins in systemic inflammation is still unclear, although many studies suggest that they have a neutral role [85]. In the last years, it has been observed how proteins’ biological activities and their role in genetic inflammation are related to their origin. Currently, “genetic inflammation” is defined as the action that various environmental stimuli, including diet and the oral or intestinal microbiota, can have in altering DNA methylation and histone signatures, altering gene expression, and promoting the development of various local and systemic diseases. The influence of the microbiota on the development of various diseases, oral and systemic, is determined by its ability to influence the release of inflammatory cytokines and the production of antimicrobial peptides. They influence the epigenome through short-chain fatty acid synthesis, vitamin synthesis, and nutrient absorption [86].



Animal protein has been indicated to increase insulin-like growth factor 1, which is implicated in carcinogenesis [70,87]. There are few studies which have investigated the role of protein in periodontal disease. Instead, vegetable protein has been linked to a decreased risk of cardiovascular disease, type 2 diabetes mellitus, and kidney disease [88]. In accordance with the findings, several European guidelines have recommended decreasing meat intake to less than 500 g per week, especially processed meat. A cross-sectional clinical study by Staufenbiel et al. evaluated the periodontal status of 100 vegetarian subjects compared with that of 100 nonvegetarian individuals. The findings indicated that the vegetarian group had significantly less pocket depth, less bleeding on probing, and better oral hygiene when compared with the nonvegetarian group. Therefore, the vegetarian diet appears to affect periodontal health positively. Moreover, the authors pointed out that the vegetarian patients presented a higher level of education and healthier lifestyle than the non-vegetarians [89].



During the development of periodontal disease, the stresses of a protein-rich, neutral-alkaline environment promote the growth of periodontal pathogens [90]. The increased depth of the gingival pocket and the increased production of gingival crevicular fluid induces an increase in bacteria involved in protein degradation. They are broken down into peptides and amino acids (aspartate, serine, and cysteine) through the action of host proteases and peptidases [83]. Amino acids are fermented to generate short-chain fatty acids, such as propionate, butyrate, succinate, acetate, and formate [83]. Fermentation of amino acids neutralizes acidic environments, creating a more favorable atmosphere for the growth of other periodontitis’ pathogens [83]. Some bacteria, including Prevotella intermedia, exist as both proteolytic and saccharolytic, depending on environmental pressures [84].




5.3. Lipids


Besides being an excellent source of energy, Lipids constitute important structural and metabolic components (such as cell membranes and hormones). Much research has indicated that saturated fatty acids (trans fats and omega-6 fatty acids) are unhealthy, as they are implicated in promoting inflammatory conditions [85]. These are commonly found in the following foods: industrial meat, dairy products, eggs, and vegetable oils (safflower oil, sunflower oil, grape seed oil, and margarine). Trans fatty acids are the result of overheating fats and are therefore typical of particular forms of cooking foods, such as frying, baking, or roasting [91]. In a longitudinal study conducted with 264 Japanese participants, a statistically positive association between saturated fatty acids and the occurrence of periodontal lesions was indicated [92]. In contrast, studies on omega-3 fatty acids have been analyzed extensively over the past several years, as they have been shown to be associated with reduced and systemic inflammation [85]. The influence of dietary lipids on the oral microbiota remains unknown.



Table 1 resumes the association between macronutrients and their effects in periodontal tissues.





6. Impact of Micronutrients during Periodontitis


“Micronutrients” include vitamins, minerals, and trace elements. They are essential for proper functioning of the body in amounts less than 100 mg/day. They have been observed to be involved in periodontal disease. [93]. Vitamins A, D, E, and K have the characteristic of being fat-soluble and dissolve in fat, whereas vitamin B complex vitamins and vitamin C are hydrophilic and dissolve in water. Micronutrient deficiency can be associated with several conditions: taking certain medications: (antacids, antibiotics, antihypertensives, chelating agents, corticosteroids, diuretics, laxatives, NSAIDs), malabsorption syndrome or diarrhea; lifestyle factors (diet, malnutrition, chronic alcohol or nicotine abuse, and consumption of fast food or processed foods); systemic disorders (diabetes mellitus, thyroid and parathyroid disorders); increased requirements (pregnancy, lactation, growth, physical/mental stress); and other physiological and nutritional factors that may vary throughout life. Bioavailability is often associated with the chemical form and co-presence of other micronutrients, such as vitamin D and calcium [94]. Positive effects on periodontal health have been associated a several vitamins [95,96].



6.1. Vitamin A


Vitamin A is a liposoluble vitamin involved in maintaining the integrity of epithelial cells [97]. Vitamin A is taken through the diet, and foods that are rich in it include: eggs, cod oil, carrots, peppers, liver, sweet potatoes, broccoli, and leafy greens. Vitamin A deficiency leads to retinal disorders (such as night blindness and hyperkeratosis). Vitamin A has a potential antioxidant effect, for which it has been incorporated into non-surgical and surgical periodontal treatment [38]. High dietary intake of beta-carotene (≥7.07 mg/d) was associated by Dodington et al. with a significantly lower percentage of sites with probing depth >3 mm after nonsurgical periodontal treatment. These effects on periodontal parameters were found to be greater in adult nonsmokers than in adult smokers with chronic periodontitis [8]. However, the role of vitamin A in periodontal therapy needs further investigation because there are few studies present. This can probably be attributed to the hepatic toxicity it may induce in excess. [39].




6.2. Vitamin B


The vitamin B complex family includes vitamins B1 (thiamine), B2 (riboflavin), B3 (niacin), B5 (pantothenic acid), B6 (pyridoxine, pyridoxine, pyridoxamine), B7 (biotin), B9 (folic acid), and B12 (cobalamins) [98]. They are implicated in several processes: metabolism, muscle development, erythrocyte production, and collagen synthesis [99]. Dietary sources of vitamin B12 include meat (beef, pork, offal), poultry, eggs, fortified cereals, milk and milk products (dairy), and seafood (clams, oysters), mackerel, and salmon [98]. Deficiency induces weakness, fatigue, psychosis, megaloblastic anemia, dermatitis, cheilitis, tongue glossitis, white matter damage in the spinal cord and brain, irritability, and peripheral neuropathy [100]. Low serum levels of vitamin B12 have been associated with an increased risk of developing periodontal lesions [95], explaining the importance of vitamin B12 supplementation for vegans, and sometimes for vegetarians as well [96]. In a double-blind, placebo-controlled study, the activity of a folate-containing mouthwash in patients with gingivitis and periodontitis was evaluated. From the results, it was observed that the use of the aforementioned mouthwash for 4 weeks induced a reduction in probing bleeding and gingival redness compared with patients who used placebo for the same period [101].




6.3. Vitamin C


Vitamin C (ascorbic acid) is a water-soluble vitamin, which is contained in many vegetables and fruits. It is an effective antioxidant involved in collagen synthesis, tyrosine metabolism, and noradrenaline synthesis [102]. Vitamin C deficiency causes scurvy. All these functions and activities have given vitamin C an interesting potential role in periodontal health [103]. Several cross-sectional studies have indicated low serum vitamin C values and lower vitamin C intake in subjects with periodontitis compared with controls [39,104]. Several cross-sectional studies have indicated low serum vitamin C values and lower vitamin C intake in subjects with periodontitis compared with controls [39,104]. In agreement with this, two clinical studies reported that increased ingestion of fruits containing vitamin C (such as grapefruits, peppers, kiwis, etc.) could decrease gingival and periodontal inflammation [73,105]. Therefore, regardless of oral hygiene, vitamin C reduction induces gingival bleeding [106,107].




6.4. Vitamin D


Vitamin D includes all forms of the hormone cholecalciferol, the biologically active form of which is 1,25-dihydroxycholecalciferol (1,25(OH)2D3) [108]. It is implicated in the regulation of calcium-phosphate homeostasis and bone mineral metabolism [109]. Furthermore, vitamin D increases intestinal calcium absorption by decreasing the parathyroid hormone secretion, consequently decreasing systemic bone resorption [110]. Vitamin D also stimulates osteoblastic bone production and alkaline phosphatase activity, promoting bone remodeling [111,112]. It is widely noted how essential vitamin D is in calcium absorption and bone metabolism regulation. While still little is known on this topic, it is widely accepted that vitamin D plays an active role in regulating the immune system, performing innumerable anti-inflammatory activities [113,114]. Laky et al., through a case-control study, observed that patients with periodontal disease were common with higher vitamin D deficiency (<50 nmol/L) than healthy subjects [115]. Vitamin D values were found to be inversely related to clinical attachment loss and tooth loss in two cross-sectional studies [115,116]. However, some studies have reported values that counteract this association, making further randomized, controlled interventional studies necessary [93].




6.5. Vitamin E


Vitamin E is the most important fat-soluble antioxidant, performing proactive activity against lipid peroxidation of polyunsaturated fatty acids in cell membranes [117,118]. It reduces the activity of cyclooxygenase, lipoxygenase, and phospholipase A2 (reducing the synthesis of prostaglandin E2, leukotriene B4, and thromboxane A2) and inhibits the activity of protein kinase C (reducing leukocyte adhesion and the formation of reactive oxygen species) and the formation of tumor necrosis factor alpha (TNFα). Vitamin E is found in vegetable oils, unprocessed cereals, and nuts. To a lesser extent, we find it in fruits, vegetables, and meat (especially the fatty part) [119]. Subjects with periodontal disease show a reduction in vitamin E when compared with healthy subjects [120]. Through their prospective study of 264 patients in Niigata, Iwasaki et al. observed that higher vitamin E intake was inversely associated with the number of teeth with periodontal disease progression. The duration of the study was 2 years.




6.6. Vitamin K


Vitamin K includes a group of vitamins necessary for the synthesis of proteins required to form blood clotting factors such as prothrombin and factors VII, IX, and X [121].



Vitamin K has recently been found to be involved in the generation of proteins necessary for bone metabolism, osteocalcin, and periostin [121]. However, the study by Aral et al. indicated that vitamin K supplementation is unable to reduce pro-inflammatory factors in periodontal tissue [122].



Table 2 resumes major vitamins dietary sources and their effects in periodontal tissues.



Currently, there is no direct evidence in the literature of interactions between micronutrient intake and the oral microbiome. It is well established that some bacteria in the gut microbiota, lactic acid bacteria (LAB) and bifidobacteria, can produce vitamins, including vitamin B12. However, in the oral cavity, at present, there are no such observations [123]. In contrast, an association between intake of refined sugars and vegetable oils and micronutrients has been observed: these contain very low concentrations of micronutrients. Therefore, the association between high intake of such foods and increased expression of pathogenic bacterial species in the oral cavity could be partly due to vitamin deficiencies. It is worth mentioning how vitamin deficiency is associated with several oral diseases, such as recurrent aphthous tongue [124].





7. Strategies against Dysbiotic Microbiota


In recent decades, probiotics and prebiotics have been widely studied and used for their health benefits, as they are able to maintain the balance of the human microbiota. Probiotics have been described as “live micro-organisms which, when administered in adequate quantities, confer a health benefit on the host” [137]. The healthy activity of probiotics is attributed to several mechanisms: secretion of antimicrobial compounds (lactic and acetic acid, hydrogen peroxide, bacteriocins); production of biosurfactants that limit adhesion to the epithelial surface; degradation of toxins; reduction in LDL cholesterol; stimulation of the host immune system and vitamin synthesis. The probiotics mechanisms of action in the oral cavity are illustrated in Figure 3. Instead, the concept of prebiotics, introduced by Gibson and Roberfroid in 1995, has undergone several modifications. Currently, prebiotics are understood as “substrates that are selectively utilized by host microorganisms that confer a health benefit”. Therefore, prebiotics are nutrients for probiotic bacteria that have positive repercussions for human health. They are mostly undigested fibers, consisting of complex carbohydrates (galactooligosaccharides and inulin), which are not absorbed directly by the body but metabolized by the microbiota. Metabolized prebiotic compounds have several positive effects on the body such as reducing inflammation and modulating the immune system [137].



At present, the pharmaceutical and food industries are promoting two strategies to improve consumer health by exploiting the effects of diet on human health: the addition of probiotics (viable bacteria and yeasts) and prebiotics (inulin, FOS, and others). Probiotics and prebiotics are used in combination because of their symbiotic association. The use of probiotics containing L. rhamnosus SP1 was evaluated in addition to non-surgical therapy of chronic periodontitis. Twenty-eight patients were included in the study, who underwent non-surgical therapy, including scaling and root planing, and were randomly assigned to a test (probiotic sachet) or control (placebo) group. The probiotic sachet (L. rhamnosus SP1, 2 × 107 CFU) was taken once daily for 3 months. However, the results showed that oral administration of L. rhamnosus SP1 resulted in clinical improvements similar to those in patients treated with scaling and root smoothing alone [138]. In a randomized double-blind study, the benefits of oral administration of heat-inactivated L. plantarum L-137 (HK L-137) in relation to the outcome of periodontal therapy were evaluated. The test group received one capsule of HK L-137 (10 mg), while the control group received one capsule of placebo daily for 12 weeks. The results of the study indicate that daily intake of HK L-137 can reduce periodontal pocket depth in patients receiving supportive periodontal therapy [139,140]. In another double-blind, randomized clinical trial involving 40 patients with generalized gingivitis, the efficacy of probiotic products containing bacilli was evaluated. After undergoing professional hygiene sessions, the test group (20 patients) received a coded package containing one toothbrush, one probiotic toothpaste, two probiotic mouthwashes, and one probiotic toothbrush cleaner for 8 weeks, while the control group received identical placebo products. The probiotic products contained 5 × 107 CFU of Bacillus subtilis, Bacillus megateriume spores of Bacillu pumulus. Plaque and gingivitis indices were significantly reduced after 8 weeks of treatment but showed no statistically significant differences between the placebo and probiotic groups [141]. Currently, probiotics are also used in the treatment of various pathological conditions of the oral cavity that underlie a dysbiosis of the oral microbiota. The effects of probiotics on oral health are illustrated in Table 3.



Several studies investigate the role of probiotics on periodontal health, while there is a lack of interventional studies on the effects of prebiotics on periodontal disease [151]. Selective stimulation of native beneficial bacteria can be induced by increasing their growth or by increasing their metabolic activity, thereby increasing their competition with pathogens. A first attempt has been made to exploit this concept in the oral cavity. In a recent study, Slomka et al. identified two prebiotics, beta-methyl-d-galactoside and N-acetyl-d-mannosamine, which could be used in the promotion of bacteria associated with oral health [76]. A recent in vitro study showed that treatment of multi-species biofilms with N-acetyl-D-mannosamine, succinic acid, and the di-peptide Met-Pro resulted in a significant increase in the proportion of beneficial species in the oral microbiota and a concomitant reduction in the proportion of pathogenic species. It is important to specify that the efficacy of N-acetyl-D-mannosamine in a nutrient-rich environment, recreated similar to that of the oral cavity, is not reduced. N-acetyl-D-mannosamine, succinic acid, and the di-peptide Met-Pro are promising oral prebiotic compounds, which have beneficial effects on maintaining and improving oral health. However, for them to be defined as true oral prebiotics, their action needs to be demonstrated in in vivo studies, taking into account even more complex interbacterial interactions and fluctuations in environmental factors [152]. Figure 4 and Figure 5 schematizes how the main prebiotics influence oral health, particularly periodontal health.




8. Conclusions


The evidence of the abovementioned studies has shown that diet plays an important role in the typical oral dysbiosis of periodontal disease, as it provides nutritional sub-strates for micro-organisms, can promote the creation of a microenvironment suitable for the multiplication and survival of certain periodontal pathogens bacteria, and can inhibit the growth of other micro-organisms. Among foods, with the greatest impact on periodontal disease, we find proteins and simple carbohydrates, which on the one hand favor the establishment of a microenvironment with an acid pH and, on the other, favor inflammation. In conclusion, to promote periodontal health, reduce inflammation, and promote eubiosis, we believe that multiple benefits are induced, in addition to mechanical removal of biofilm through non-surgical periodontal therapy, by dietary control and the associated intake of vitamin supplements and probiotics, prebiotics, or symbiotic agents.







Author Contributions


Conceptualization, G.I.; methodology, S.S. and A.P.; validation, A.G. and G.T.; formal analysis, A.P., S.S. and E.M.M.; investigation, G.G.; resources, G.I. and A.G.; writing—original draft preparation, S.S. and G.I.; writing—review and editing, S.S., R.S., G.G. and G.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research was performed with funds derived from the Action “Starting Grant 2020, Linea di Intervento 3, PIA.CE.RI. 2020–2022” G. Isola, University of Catania, Catania, Italy.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Moye, Z.D.; Zeng, L.; Burne, R.A. Fueling the caries process: Carbohydrate metabolism and gene regulation by Streptococcus mutans. J. Oral Microbiol. 2014, 6, 24878. [Google Scholar] [CrossRef]

	



Griessl, T.; Zechel-Gran, S.; Olejniczak, S.; Weigel, M.; Hain, T.; Domann, E. High-resolution taxonomic examination of the oral microbiome after oil pulling with standardized sunflower seed oil and healthy participants: A pilot study. Clin Oral Investig. 2021, 25, 2689–2703. [Google Scholar] [CrossRef]

	



Baker, J.L.; Edlund, A. Exploiting the oral microbiome to prevent tooth decay: Has evolution already provided the best tools? Front. Microbiol. 2019, 9, 3323. [Google Scholar] [CrossRef] [PubMed]

	



Wade, W.G. The oral microbiome in health and disease. Pharmacol. Res. 2013, 69, 137–143. [Google Scholar] [CrossRef] [PubMed]

	



Isola, G.; Polizzi, A.; Santonocito, S.; Alibrandi, A.; Williams, R.C. Periodontitis activates the NLRP3 inflammasome in serum and saliva. J. Periodontol. 2022, 93, 135–145. [Google Scholar] [CrossRef]

	



Palmer, R.J., Jr. Composition and development of oral bacterial communities. Periodontology 2000 2014, 64, 20–39. [Google Scholar] [CrossRef] [PubMed]

	



Avila, M.; Ojcius, D.M.; Yilmaz, Ö. The oral microbiota: Living with a permanent guest. DNA Cell Biol. 2009, 28, 405–411. [Google Scholar] [CrossRef] [PubMed]

	



Aas, J.A.; Paster, B.J.; Stokes, L.N.; Olsen, I.; Dewhirst, F.E. Defining the normal bacterial flora of the oral cavity. J. Clin. Microbiol. 2005, 43, 5721–5732. [Google Scholar] [CrossRef] [PubMed]

	



Wade, W.G. Detection and culture of novel oral Bacteria. In Oral Microbial Ecology—Current Research and New Perspectives; Jakubovics, N.S., Palmer, R.J., Jr., Eds.; Caister Academic Press: Norfolk, UK, 2013. [Google Scholar]

	



Krom, B.; Kidwai, S.; Ten Cate, J. Candida and other fungal species: Forgotten players of healthy oral microbiota. J. Dent. Res. 2014, 93, 445–451. [Google Scholar] [CrossRef]

	



Ghannoum, M.A.; Jurevic, R.J.; Mukherjee, P.K.; Cui, F.; Sikaroodi, M.; Naqvi, A.; Gillevet, P.M. Characterization of the oral fungal microbiome (mycobiome) in healthy individuals. PLoS Pathog. 2010, 6, e1000713. [Google Scholar] [CrossRef]

	



Dridi, B.; Raoult, D.; Drancourt, M. Archaea as emerging organisms in complex human microbiomes. Anaerobe 2011, 17, 56–63. [Google Scholar] [CrossRef] [PubMed]

	



Sedghi, L.; DiMassa, V.; Harrington, A.; Lynch, S.V.; Kapila, Y.L. The oral microbiome: Role of key organisms and complex networks in oral health and disease. Periodontology 2000 2021, 87, 107–131. [Google Scholar] [CrossRef]

	



Costalonga, M.; Herzberg, M.C. The oral microbiome and the immunobiology of periodontal disease and caries. Immunol. Lett. 2014, 162, 22–38. [Google Scholar] [CrossRef] [PubMed]

	



Keijser, B.; Zaura, E.; Huse, S.; Van der Vossen, J.; Schuren, F.; Montijn, R.; Ten Cate, J.; Crielaard, W. Pyrosequencing analysis of the oral microflora of healthy adults. J. Dent. Res. 2008, 87, 1016–1020. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Li, Y.; Cao, Y.; Xue, J.; Zhou, X. The oral microbiome diversity and its relation to human diseases. Folia Microbiol. 2015, 60, 69–80. [Google Scholar] [CrossRef] [PubMed]

	



Long, S.S.; Swenson, R. Determinants of the developing oral flora in normal newborns. Appl. Environ. Microbiol. 1976, 32, 494–497. [Google Scholar] [CrossRef]

	



Rosan, B.; Lamont, R.J. Dental plaque formation. Microbes Infect. 2000, 2, 1599–1607. [Google Scholar] [CrossRef]

	



Grosso, G.; Laudisio, D.; Frias-Toral, E.; Barrea, L.; Muscogiuri, G.; Savastano, S.; Colao, A. Anti-inflammatory nutrients and obesity-associated metabolic-inflammation: State of the art and future direction. Nutrients 2022, 14, 1137. [Google Scholar] [CrossRef]

	



Alhassani, A.A.; Hu, F.B.; Rimm, E.B.; Li, Y.; Rosner, B.A.; Willett, W.C.; Joshipura, K.J. Dietary flavonoid intake and risk of periodontitis. J. Periodontol. 2020. Online ahead of print. [Google Scholar] [CrossRef]

	



Marsh, P.D. Dental plaque as a biofilm and a microbial community–implications for health and disease. BMC Oral Health 2006, 6, S14. [Google Scholar] [CrossRef]

	



Krüger, W.; Vielreicher, S.; Kapitan, M.; Jacobsen, I.D.; Niemiec, M.J. Fungal-bacterial interactions in health and disease. Pathogens 2019, 8, 70. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, X.; Li, H.; Ni, C.; Du, Z.; Yan, F. Human oral microbiota and its modulation for oral health. Biomed. Pharmacother. 2018, 99, 883–893. [Google Scholar] [CrossRef] [PubMed]

	



Chinsembu, K.C. Plants and other natural products used in the management of oral infections and improvement of oral health. Acta Trop. 2016, 154, 6–18. [Google Scholar] [CrossRef]

	



Coll, P.P.; Lindsay, A.; Meng, J.; Gopalakrishna, A.; Raghavendra, S.; Bysani, P.; O’Brien, D. The prevention of infections in older adults: Oral health. J. Am. Geriatr. Soc. 2020, 68, 411–416. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Peng, X.; Zhou, X.; Ren, B.; Xiao, L.; Li, Y.; Li, M.; Guo, Q. Basic biology of oral microbes. In Atlas of Oral Microbiology: From Healthy Microflora to Disease; Springer: Cham, Switzerland, 2020; pp. 1–24. [Google Scholar]

	



de Andrade, D.R.; Silva, P.A.; Colombo, A.P.V.; Silva-Boghossian, C.M. Subgingival microbiota in overweight and obese young adults with no destructive periodontal disease. J. Periodontol. 2021, 92, 1410–1419. [Google Scholar] [CrossRef]

	



Sonnenburg, J.L.; Fischbach, M.A. Community health care: Therapeutic opportunities in the human microbiome. Sci. Transl. Med. 2011, 3, ps12–ps78. [Google Scholar] [CrossRef]

	



Papapanou, P.N.; Park, H.; Cheng, B.; Kokaras, A.; Paster, B.; Burkett, S.; Watson, C.W.; Annavajhala, M.K.; Uhlemann, A.C.; Noble, J.M. Subgingival microbiome and clinical periodontal status in an elderly cohort: The WHICAP ancillary study of oral health. J. Periodontol. 2020, 91 (Suppl. S1), S56–S67. [Google Scholar] [CrossRef]

	



Gao, L.; Xu, T.; Huang, G.; Jiang, S.; Gu, Y.; Chen, F. Oral microbiomes: More and more importance in oral cavity and whole body. Protein Cell 2018, 9, 488–500. [Google Scholar] [CrossRef]

	



Krishnan, K.; Chen, T.; Paster, B.J. A practical guide to the oral microbiome and its relation to health and disease. Oral Dis. 2017, 23, 276–286. [Google Scholar] [CrossRef]

	



Human Oral Microbiome Database. Available online: www.homd.org (accessed on 19 May 2022).

	



Dewhirst, F.E.; Chen, T.; Izard, J.; Paster, B.J.; Tanner, A.C.; Yu, W.H.; Lakshmanan, A.; Wade, W.G. The human oral microbiome. J. Bacteriol. 2010, 192, 5002–5017. [Google Scholar] [CrossRef]

	



Brun, A.; Nuzzo, A.; Prouvost, B.; Diallo, D.; Hamdan, S.; Meseguer, E.; Guidoux, C.; Lavallee, P.; Amarenco, P.; Leseche, G.; et al. Oral microbiota and atherothrombotic carotid plaque vulnerability in periodontitis patients. A cross-sectional study. J. Periodontal Res. 2021, 56, 339–350. [Google Scholar] [CrossRef] [PubMed]

	



Segata, N.; Haake, S.; Mannon, P.; Lemon, K.; Waldron, L.; Gevers, D.; Huttenhower, C.; Izard, J. Composition of the adult digestive tract bacterial microbiome based on seven mouth surfaces, tonsils, throat and stool samples. Genome Biol. 2012, 13, R42. [Google Scholar] [CrossRef] [PubMed]

	



Marsh, P.D.; Do, T.; Beighton, D.; Devine, D.A. Influence of saliva on the oral microbiota. Periodontology 2000 2016, 70, 80–92. [Google Scholar] [CrossRef] [PubMed]

	



Adler, C.J.; Dobney, K.; Weyrich, L.S.; Kaidonis, J.; Walker, A.W.; Haak, W.; Bradshaw, C.J.; Townsend, G.; Sołtysiak, A.; Alt, K.W.; et al. Sequencing ancient calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic and Industrial revolutions. Nat. Genet. 2013, 45, 450–455. [Google Scholar] [CrossRef] [PubMed]

	



Axelsson, P.; Albandar, J.M.; Rams, T.E. Prevention and control of periodontal diseases in developing and industrialized nations. Periodontology 2000 2002, 29, 235–246. [Google Scholar] [CrossRef]

	



Amaliya; Timmerman, M.; Abbas, F.; Loos, B.; Van der Weijden, G.; Van Winkelhoff, A.; Winkel, E.; Van der Velden, U. Java project on periodontal diseases: The relationship between vitamin C and the severity of periodontitis. J. Clin. Periodontol. 2007, 34, 299–304. [Google Scholar] [CrossRef]

	



Chen, C.; Hemme, C.; Beleno, J.; Shi, Z.J.; Ning, D.; Qin, Y.; Tu, Q.; Jorgensen, M.; He, Z.; Wu, L. Oral microbiota of periodontal health and disease and their changes after nonsurgical periodontal therapy. ISME J. 2018, 12, 1210–1224. [Google Scholar] [CrossRef]

	



Cordain, L.; Eaton, S.B.; Sebastian, A.; Mann, N.; Lindeberg, S.; Watkins, B.A.; O’Keefe, J.H.; Brand-Miller, J. Origins and evolution of the Western diet: Health implications for the 21st century. Am. J. Clin. Nutr. 2005, 81, 341–354. [Google Scholar] [CrossRef]

	



Paster, B.J.; Boches, S.K.; Galvin, J.L.; Ericson, R.E.; Lau, C.N.; Levanos, V.A.; Sahasrabudhe, A.; Dewhirst, F.E. Bacterial diversity in human subgingival plaque. J. Bacteriol. 2001, 183, 3770–3783. [Google Scholar] [CrossRef]

	



Assimakopoulos, D.; Patrikakos, G.; Fotika, C.; Elisaf, M. Benign migratory glossitis or geographic tongue: An enigmatic oral lesion. Am. J. Med. 2002, 113, 751–755. [Google Scholar] [CrossRef]

	



Dafar, A.; Bankvall, M.; Garsjö, V.; Jontell, M.; Çevik-Aras, H. Salivary levels of interleukin-8 and growth factors are modulated in patients with geographic tongue. Oral Dis. 2017, 23, 757–762. [Google Scholar] [CrossRef] [PubMed]

	



Dafar, A.; Bankvall, M.; Çevik-Aras, H.; Jontell, M.; Sjöberg, F. Lingual microbiota profiles of patients with geographic tongue. J. Oral Microbiol. 2017, 9, 1355206. [Google Scholar] [CrossRef] [PubMed]

	



Altemir, A.; Melé-Ninot, G.; Lázaro-Simó, A.I.; Iglesias-Sancho, M.; Quintana-Codina, M.; Arandes, J.; Carrera-Morodo, M.; Salleras-Redonnet, M. [Translated article] Oral lesions in patients with psoriasis: Prevalence and association with its clinical and epidemiological characteristics. Actas Dermosifiliogr. 2022. Online ahead of print. [Google Scholar] [CrossRef]

	



Picciani, B.L.; Domingos, T.A.; Teixeira-Souza, T.; Santos Vde, C.; Gonzaga, H.F.; Cardoso-Oliveira, J.; Gripp, A.C.; Dias, E.P.; Carneiro, S. Geographic tongue and psoriasis: Clinical, histopathological, immunohistochemical and genetic correlation—A literature review. An. Bras Dermatol. 2016, 91, 410–421. [Google Scholar] [CrossRef] [PubMed]

	



Witte, M.; Thaçi, D. Psoriasis and the microbiome. Hautarzt 2019, 70, 416–421. [Google Scholar] [CrossRef]

	



Loesche, W.; Gibbons, R. Influence of nutrition on the ecology and cariogenicity of the oral microflora. In The Science of Nutrition and its Application in Clinical Dentistry; Saunders: Philadelphia, PA, USA, 1966; p. 311. [Google Scholar]

	



Halvorsrud, K.; Lewney, J.; Craig, D.; Moynihan, P.J. Effects of starch on oral health: Systematic review to inform WHO guideline. J. Dent. Res. 2019, 98, 46–53. [Google Scholar] [CrossRef]

	



Lycett, S.J. Cultural evolutionary approaches to artifact variation over time and space: Basis, progress, and prospects. J. Archaeol. Sci. 2015, 56, 21–31. [Google Scholar] [CrossRef]

	



Cordain, L.; Miller, J.B.; Eaton, S.B.; Mann, N.; Holt, S.H.; Speth, J.D. Plant-animal subsistence ratios and macronutrient energy estimations in worldwide hunter-gatherer diets. Am. J. Clin. Nutr. 2000, 71, 682–692. [Google Scholar] [CrossRef]

	



Zhang, C.; Liu, K.; Hou, J. Extending the vitamin D pathway to vitamin D3 and CYP27A1 in periodontal ligament cells. 2021;9:44-53. J. Periodontol. 2021, 9, 44–53. [Google Scholar] [CrossRef]

	



Aufderheide, A.C.; Rodriguez-Martin, C.; Langsjoen, O. The Cambridge Encyclopedia of Human Paleopathology; Cambridge University Press: Cambridge, UK, 1998; Volume 478. [Google Scholar]

	



Borges-Yañez, S.A.; Maupomé, G.; Martinez-Gonzalez, M.; Cervantez-Turrubiante, L.; Gutiérrez-Robledo, L.M. Dietary fiber intake and dental health status in urban-marginal, and rural communities in central Mexico. J. Nutr. Health Aging 2004, 8, 333–339. [Google Scholar]

	



Wright, D.M.; McKenna, G.; Nugent, A.; Winning, L.; Linden, G.J.; Woodside, J.V. Association between diet and periodontitis: A cross-sectional study of 10,000 NHANES participants. Am. J. Clin. Nutr. 2020, 112, 1485–1491. [Google Scholar] [CrossRef] [PubMed]

	



Stark, J.; Yin, X. The effect of physical damage on large and small barley starch granules. Starch-Stärke 1986, 38, 369–374. [Google Scholar] [CrossRef]

	



Li, E.; Dhital, S.; Hasjim, J. Effects of grain milling on starch structures and flour/starch properties. Starch-Stärke 2014, 66, 15–27. [Google Scholar] [CrossRef]

	



Crittenden, A.N.; Sorrentino, J.; Moonie, S.A.; Peterson, M.; Mabulla, A.; Ungar, P.S. Oral health in transition: The Hadza foragers of Tanzania. PLoS ONE 2017, 12, e0172197. [Google Scholar] [CrossRef] [PubMed]

	



Schmitt, D.P.; Alcalay, L.; Allensworth, M.; Allik, J.; Ault, L.; Austers, I.; Bennett, K.L.; Bianchi, G.; Boholst, F.; Cunen, M.A.B. Patterns and universals of adult romantic attachment across 62 cultural regions: Are models of self and of other pancultural constructs? J. Cross-Cult. Psychol. 2004, 35, 367–402. [Google Scholar] [CrossRef]

	



Beckers, H.; Van der Hoeven, J. Growth rates of Actinomyces viscosus and Streptococcus mutans during early colonization of tooth surfaces in gnotobiotic rats. Infect. Immun. 1982, 35, 583–587. [Google Scholar] [CrossRef] [PubMed]

	



De Filippis, F.; Vannini, L.; La Storia, A.; Laghi, L.; Piombino, P.; Stellato, G.; Serrazanetti, D.I.; Gozzi, G.; Turroni, S.; Ferrocino, I. The same microbiota and a potentially discriminant metabolome in the saliva of omnivore, ovo-lacto-vegetarian and vegan individuals. PLoS ONE 2014, 9, e112373. [Google Scholar] [CrossRef] [PubMed]

	



Wade, W.G. Resilience of the oral microbiome. Periodontol 2000 2021, 86, 113–122. [Google Scholar] [CrossRef]

	



Najeeb, S.; Zafar, M.S.; Khurshid, Z.; Zohaib, S.; Almas, K. The role of nutrition in periodontal health: An update. Nutrients 2016, 8, 530. [Google Scholar] [CrossRef]

	



Schifferle, R.E. Nutrition and periodontal disease. Dent. Clin. 2005, 49, 595–610. [Google Scholar] [CrossRef]

	



Woelber, J.P.; Tennert, C. Chapter 13: Diet and periodontal diseases. Monogr. Oral Sci. 2020, 28, 125–133. [Google Scholar] [CrossRef] [PubMed]

	



O’Keefe, J.H.; Gheewala, N.M.; O’Keefe, J.O. Dietary strategies for improving post-prandial glucose, lipids, inflammation, and cardiovascular health. J. Am. Coll. Cardiol. 2008, 51, 249–255. [Google Scholar] [CrossRef] [PubMed]

	



Mitrou, P.N.; Kipnis, V.; Thiebaut, A.C.; Reedy, J.; Subar, A.F.; Wirfalt, E.; Flood, A.; Mouw, T.; Hollenbeck, A.R.; Leitzmann, M.F.; et al. Mediterranean dietary pattern and prediction of all-cause mortality in a US population: Results from the NIH-AARP Diet and Health Study. Arch. Intern Med. 2007, 167, 2461–2468. [Google Scholar] [CrossRef] [PubMed]

	



van Woudenbergh, G.J.; Theofylaktopoulou, D.; Kuijsten, A.; Ferreira, I.; van Greevenbroek, M.M.; van der Kallen, C.J.; Schalkwijk, C.G.; Stehouwer, C.D.; Ocke, M.C.; Nijpels, G.; et al. Adapted dietary inflammatory index and its association with a summary score for low-grade inflammation and markers of glucose metabolism: The Cohort study on Diabetes and Atherosclerosis Maastricht (CODAM) and the Hoorn study. Am. J. Clin. Nutr. 2013, 98, 1533–1542. [Google Scholar] [CrossRef] [PubMed]

	



Allen, N.E.; Appleby, P.N.; Davey, G.K.; Kaaks, R.; Rinaldi, S.; Key, T.J. The associations of diet with serum insulin-like growth factor I and its main binding proteins in 292 women meat-eaters, vegetarians, and vegans. Cancer Epidemiol. Prev. Biomark. 2002, 11, 1441–1448. [Google Scholar]

	



Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.; Abbafati, C.; Abera, S.F.; et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: A systematic analysis for the Global Burden of Disease Study 2013. Lancet 2014, 384, 766–781. [Google Scholar] [CrossRef]

	



Baumgartner, S.; Imfeld, T.; Schicht, O.; Rath, C.; Persson, R.E.; Persson, G.R. The impact of the stone age diet on gingival conditions in the absence of oral hygiene. J. Periodontol. 2009, 80, 759–768. [Google Scholar] [CrossRef]

	



Woelber, J.P.; Bremer, K.; Vach, K.; König, D.; Hellwig, E.; Ratka-Krüger, P.; Al-Ahmad, A.; Tennert, C. An oral health optimized diet can reduce gingival and periodontal inflammation in humans-a randomized controlled pilot study. BMC Oral Health 2017, 17, 28. [Google Scholar] [CrossRef]

	



Hujoel, P. Dietary carbohydrates and dental-systemic diseases. J. Dent. Res. 2009, 88, 490–502. [Google Scholar] [CrossRef]

	



Lula, E.C.; Ribeiro, C.C.; Hugo, F.N.; Alves, C.M.; Silva, A.A. Added sugars and periodontal disease in young adults: An analysis of NHANES III data. Am. J. Clin. Nutr. 2014, 100, 1182–1187. [Google Scholar] [CrossRef]

	



Jenzsch, A.; Eick, S.; Rassoul, F.; Purschwitz, R.; Jentsch, H. Nutritional intervention in patients with periodontal disease: Clinical, immunological and microbiological variables during 12 months. Br. J. Nutr. 2009, 101, 879–885. [Google Scholar] [CrossRef] [PubMed]

	



Merchant, A.T.; Pitiphat, W.; Franz, M.; Joshipura, K.J. Whole-grain and fiber intakes and periodontitis risk in men. Am. J. Clin. Nutr. 2006, 83, 1395–1400. [Google Scholar] [CrossRef] [PubMed]

	



Chapple, I.L.; Bouchard, P.; Cagetti, M.G.; Campus, G.; Carra, M.C.; Cocco, F.; Nibali, L.; Hujoel, P.; Laine, M.L.; Lingstrom, P.; et al. Interaction of lifestyle, behaviour or systemic diseases with dental caries and periodontal diseases: Consensus report of group 2 of the joint EFP/ORCA workshop on the boundaries between caries and periodontal diseases. J. Clin. Periodontol. 2017, 44 (Suppl. S18), S39–S51. [Google Scholar] [CrossRef] [PubMed]

	



Bornhorst, G.M.; Singh, R.P. Bolus formation and disintegration during digestion of food carbohydrates. Compr. Rev. Food Sci. Food Saf. 2012, 11, 101–118. [Google Scholar] [CrossRef]

	



Suisse, C. Sugar Consumption at a Crossroads; Credit Suisse: Zürich, Switzerland, 2013. [Google Scholar]

	



Satokari, R. High intake of sugar and the balance between Pro- and anti-inflammatory gut bacteria. Nutrients 2020, 12, 1348. [Google Scholar] [CrossRef]

	



Klein, M.I.; Duarte, S.; Xiao, J.; Mitra, S.; Foster, T.H.; Koo, H. Structural and molecular basis of the role of starch and sucrose in Streptococcus mutans biofilm development. Appl. Environ. Microbiol. 2009, 75, 837–841. [Google Scholar] [CrossRef]

	



Takahashi, N. Oral microbiome metabolism: From “Who Are They?” to “What Are They Doing?”. J. Dent. Res. 2015, 94, 1628–1637. [Google Scholar] [CrossRef]

	



Saito, K.; Takahashi, N.; Horiuchi, H.; Yamada, T. Effects of glucose on formation of cytotoxic end-products and proteolytic activity of Prevotella intermedia, Prevotella nigrescens and Porphyromonas gingivalis. J. Periodontal Res. 2001, 36, 355–360. [Google Scholar] [CrossRef]

	



Stein C, Cunha-Cruz J, Hugo FN. Is dietary pattern a mediator of the relationship between socioeconomic status and dental caries? Clin. Oral. Investig. 2021, 25, 5441–5447. [CrossRef]

	



Alam, R.; Abdolmaleky, H.M.; Zhou, J.R. Microbiome, inflammation, epigenetic alterations, and mental diseases. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2017, 174, 651–660. [Google Scholar] [CrossRef]

	



Kasprzak, A.; Kwasniewski, W.; Adamek, A.; Gozdzicka-Jozefiak, A. Insulin-like growth factor (IGF) axis in cancerogenesis. Mutat. Res./Rev. Mutat. Res. 2017, 772, 78–104. [Google Scholar] [CrossRef] [PubMed]

	



Richter, C.K.; Skulas-Ray, A.C.; Champagne, C.M.; Kris-Etherton, P.M. Plant protein and animal proteins: Do they differentially affect cardiovascular disease risk? Adv. Nutr. 2015, 6, 712–728. [Google Scholar] [CrossRef] [PubMed]

	



Staufenbiel, I.; Weinspach, K.; Förster, G.; Geurtsen, W.; Günay, H. Periodontal conditions in vegetarians: A clinical study. Eur. J. Clin. Nutr. 2013, 67, 836–840. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, N.; Washio, J.; Mayanagi, G. Metabolomics of supragingival plaque and oral bacteria. J. Dent. Res. 2010, 89, 1383–1388. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-San Juan, P.-M. Trans fatty acids (tFA): Sources and intake levels, biological effects and content in commercial Spanish food. Nutr. Hosp. 2009, 24, 515–520. [Google Scholar]

	



Iwasaki, M.; Manz, M.; Moynihan, P.; Yoshihara, A.; Muramatsu, K.; Watanabe, R.; Miyazaki, H. Relationship between saturated fatty acids and periodontal disease. J. Dent. Res. 2011, 90, 861–867. [Google Scholar] [CrossRef]

	



Van der Velden, U.; Kuzmanova, D.; Chapple, I. Micronutritional approaches to periodontal therapy. J. Clin. Periodontol. 2011, 38, 142–158. [Google Scholar] [CrossRef]

	



Freeland-Graves, J.H.; Lin, P.-H. Plasma uptake of manganese as affected by oral loads of manganese, calcium, milk, phosphorus, copper, and zinc. J. Am. Coll. Nutr. 1991, 10, 38–43. [Google Scholar] [CrossRef]

	



Zong, G.; Holtfreter, B.; Scott, A.E.; Völzke, H.; Petersmann, A.; Dietrich, T.; Newson, R.S.; Kocher, T. Serum vitamin B12 is inversely associated with periodontal progression and risk of tooth loss: A prospective cohort study. J. Clin. Periodontol. 2016, 43, 2–9. [Google Scholar] [CrossRef]

	



Rizzo, G.; Laganà, A.S.; Rapisarda, A.M.C.; Ferrera, L.; Grazia, G.M.; Buscema, M.; Rossetti, P.; Nigro, A.; Muscia, V.; Valenti, G. Vitamin B12 among vegetarians: Status, assessment and supplementation. Nutrients 2016, 8, 767. [Google Scholar] [CrossRef]

	



Bashutski, J.D.; Eber, R.M.; Kinney, J.S.; Benavides, E.; Maitra, S.; Braun, T.M.; Giannobile, W.V.; McCauley, L.K. The impact of vitamin D status on periodontal surgery outcomes. J. Dent. Res. 2011, 90, 1007–1012. [Google Scholar] [CrossRef] [PubMed]

	



Kulkarni, V.; Bhatavadekar, N.B.; Uttamani, J.R. The effect of nutrition on periodontal disease: A systematic review. J. Calif. Dent. Assoc. 2014, 42, 302–311. [Google Scholar] [PubMed]

	



Neiva, R.F.; Al-Shammari, K.; Nociti, F.H., Jr.; Soehren, S.; Wang, H.L. Effects of vitamin-B complex supplementation on periodontal wound healing. J. Periodontol. 2005, 76, 1084–1091. [Google Scholar] [CrossRef] [PubMed]

	



Green, R.; Allen, L.H.; Bjørke-Monsen, A.L.; Brito, A.; Guéant, J.L.; Miller, J.W.; Molloy, A.M.; Nexo, E.; Stabler, S.; Toh, B.H.; et al. Vitamin B(12) deficiency. Nat. Rev. Dis. Primers 2017, 3, 17040. [Google Scholar] [CrossRef]

	



Pack, A.R. Folate mouthwash: Effects on established gingivitis in periodontal patients. J. Clin. Periodontol. 1984, 11, 619–628. [Google Scholar] [CrossRef]

	



Padayatty, S.J.; Katz, A.; Wang, Y.; Eck, P.; Kwon, O.; Lee, J.-H.; Chen, S.; Corpe, C.; Dutta, A.; Dutta, S.K. Vitamin C as an antioxidant: Evaluation of its role in disease prevention. J. Am. Coll. Nutr. 2003, 22, 18–35. [Google Scholar] [CrossRef]

	



Padh, H. Vitamin C: Newer insights into its biochemical functions. Nutr. Rev. 1991, 49, 65–70. [Google Scholar] [CrossRef]

	



Lee, J.-H.; Shin, M.-S.; Kim, E.-J.; Ahn, Y.-B.; Kim, H.-D. The association of dietary vitamin C intake with periodontitis among Korean adults: Results from KNHANES IV. PLoS ONE 2017, 12, e0177074. [Google Scholar] [CrossRef]

	



Staudte, H.; Sigusch, B.; Glockmann, E. Grapefruit consumption improves vitamin C status in periodontitis patients. Br. Dent. J. 2005, 199, 213–217. [Google Scholar] [CrossRef]

	



Jacob, R.A.; Omaye, S.T.; Skala, J.H.; Leggott, P.J.; Rothman, D.L.; Murray, P.A. Experimental vitamin C depletion and supplementation in young men: Nutrient interactions and dental health effects. Ann. N. Y. Acad. Sci. 1987, 498, 333–346. [Google Scholar] [CrossRef]

	



Isola, G.; Polizzi, A.; Muraglie, S.; Leonardi, R.; Lo Giudice, A. Assessment of Vitamin C and Antioxidant Profiles in Saliva and Serum in Patients with Periodontitis and Ischemic Heart Disease. Nutrients 2019, 11, 2956. [Google Scholar] [CrossRef] [PubMed]

	



Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21, 319–329. [Google Scholar] [CrossRef] [PubMed]

	



Reid, I.R.; Bolland, M.J.; Grey, A. Effects of vitamin D supplements on bone mineral density: A systematic review and meta-analysis. Lancet 2014, 383, 146–155. [Google Scholar] [CrossRef]

	



Haussler, M.R.; Whitfield, G.K.; Kaneko, I.; Haussler, C.A.; Hsieh, D.; Hsieh, J.-C.; Jurutka, P.W. Molecular mechanisms of vitamin D action. Calcif. Tissue Int. 2013, 92, 77–98. [Google Scholar] [CrossRef]

	



Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. [Google Scholar] [CrossRef]

	



Holick, M.F.; Chen, T.C. Vitamin D deficiency: A worldwide problem with health consequences. Am. J. Clin. Nutr. 2008, 87, 1080S–1086S. [Google Scholar] [CrossRef]

	



De Carvalho, C.G.; Ribeiro, S. Aging, low-grade systemic inflammation and vitamin D: A mini-review. Eur. J. Clin. Nutr. 2017, 71, 434–440. [Google Scholar] [CrossRef]

	



Isola, G.; Palazzo, G.; Polizzi, A.; Murabito, P.; Giuffrida, C.; Lo Gullo, A. Association of Systemic Sclerosis and Periodontitis with Vitamin D Levels. Nutrients 2021, 13, 705. [Google Scholar] [CrossRef]

	



Lindblad, M.; Tveden-Nyborg, P.; Lykkesfeldt, J. Regulation of vitamin C homeostasis during deficiency. Nutrients 2013, 5, 2860–2879. [Google Scholar] [CrossRef]

	



Santonocito, S.; Polizzi, A.; Palazzo, G.; Indelicato, F.; Isola, G. Dietary Factors Affecting the Prevalence and Impact of Periodontal Disease. Clin. Cosmet. Investig. Dent. 2021, 13, 283–292. [Google Scholar] [CrossRef]

	



Cerná, H.; Fiala, B.; Fingerová, H.; Pohanka, J.; Szwarcova, E. Contribution to indication of total therapy with vitamin E in chronic periodontal disease (pilot study). Acta Univ. Palacki. Olomuc. Fac. Med. 1984, 107, 167–170. [Google Scholar] [PubMed]

	



Gröber, U. Micronutrients: Metabolic tuning-prevention-therapy. Drug Metab. Drug Interact. 2009, 24, 331. [Google Scholar] [CrossRef]

	



EFSA. Panel on Dietetic Products, Nutrition, and Allergies (NDA). Scientific opinion on dietary reference values for vitamin A. EFSA J. 2015, 13, 4028. [Google Scholar] [CrossRef]

	



Åsman, B.; Wijkander, P.; Hjerpe, A. Reduction of collagen degradation in experimental granulation tissue by vitamin E and selenium. J. Clin. Periodontol. 1994, 21, 45–47. [Google Scholar] [CrossRef] [PubMed]

	



Shearer, M.J.; Newman, P. Metabolism and cell biology of vitamin K. Thromb. Haemost. 2008, 100, 530–547. [Google Scholar]

	



Aral, K.; Alkan, B.A.; Saraymen, R.; Yay, A.; Şen, A.; Önder, G.Ö. Therapeutic effects of systemic vitamin k2 and vitamin d3 on gingival inflammation and alveolar bone in rats with experimentally induced periodontitis. J. Periodontol. 2015, 86, 666–673. [Google Scholar] [CrossRef] [PubMed]

	



LeBlanc, J.G.; Milani, C.; de Giori, G.S.; Sesma, F.; van Sinderen, D.; Ventura, M. Bacteria as vitamin suppliers to their host: A gut microbiota perspective. Curr. Opin. Biotechnol. 2013, 24, 160–168. [Google Scholar] [CrossRef]

	



Rennie, K.L.; Livingstone, M.B. Associations between dietary added sugar intake and micronutrient intake: A systematic review. Br. J. Nutr. 2007, 97, 832–841. [Google Scholar] [CrossRef]

	



Dodington, D.W.; Fritz, P.C.; Sullivan, P.J.; Ward, W.E. Higher Intakes of Fruits and Vegetables, beta-Carotene, Vitamin C, alpha-Tocopherol, EPA, and DHA Are Positively Associated with Periodontal Healing after Nonsurgical Periodontal Therapy in Nonsmokers but Not in Smokers. J. Nutr. 2015, 145, 2512–2519. [Google Scholar] [CrossRef]

	



Gunther, S. Vitamin A acid: Clinical investigations with 405 patients. Cutis 1976, 17, 287–290. [Google Scholar]

	



Abou Sulaiman, A.E.; Shehadeh, R.M. Assessment of total antioxidant capacity and the use of vitamin C in the treatment of non-smokers with chronic periodontitis. J. Periodontol. 2010, 81, 1547–1554. [Google Scholar] [CrossRef] [PubMed]

	



Antonoglou, G.N.; Knuuttila, M.; Niemelä, O.; Raunio, T.; Karttunen, R.; Vainio, O.; Hedberg, P.; Ylöstalo, P.; Tervonen, T. Low serum level of 1,25(OH)2 D is associated with chronic periodontitis. J. Periodontal Res. 2015, 50, 274–280. [Google Scholar] [CrossRef] [PubMed]

	



Stein, S.H.; Tipton, D.A. Vitamin D and its impact on oral health—An update. J. Tenn. Dent. Assoc. 2011, 91, 30–33. [Google Scholar] [PubMed]

	



Dietrich, T.; Nunn, M.; Dawson-Hughes, B.; Bischoff-Ferrari, H.A. Association between serum concentrations of 25-hydroxyvitamin D and gingival inflammation. Am. J. Clin. Nutr. 2005, 82, 575–580. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Closas, R.; Berenguer, A.; Jose Tormo, M.; Jose Sanchez, M.; Quiros, J.R.; Navarro, C.; Arnaud, R.; Dorronsoro, M.; Dolores Chirlaque, M.; Barricarte, A.; et al. Dietary sources of vitamin C, vitamin E and specific carotenoids in Spain. Br. J. Nutr. 2004, 91, 1005–1011. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.E.; Shklar, G. The effect of vitamin E on the healing of gingival wounds in rats. J. Periodontol. 1983, 54, 305–308. [Google Scholar] [CrossRef]

	



Kowdley, K.V.; Mason, J.B.; Meydani, S.N.; Cornwall, S.; Grand, R.J. Vitamin E deficiency and impaired cellular immunity related to intestinal fat malabsorption. Gastroenterology 1992, 102, 2139–2142. [Google Scholar] [CrossRef]

	



Iwasaki, M.; Moynihan, P.; Manz, M.C.; Taylor, G.W.; Yoshihara, A.; Muramatsu, K.; Watanabe, R.; Miyazaki, H. Dietary antioxidants and periodontal disease in community-based older Japanese: A 2-year follow-up study. Public Health Nutr. 2013, 16, 330–338. [Google Scholar] [CrossRef]

	



Coutu, D.L.; Wu, J.H.; Monette, A.; Rivard, G.E.; Blostein, M.D.; Galipeau, J. Periostin, a member of a novel family of vitamin K-dependent proteins, is expressed by mesenchymal stromal cells. J. Biol. Chem. 2008, 283, 17991–18001. [Google Scholar] [CrossRef]

	



Conly, J.; Stein, K. Reduction of vitamin K2 concentrations in human liver associated with the use of broad spectrum antimicrobials. Clin. Investig. Med. 1994, 17, 531. [Google Scholar]

	



Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani, P.D. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491. [Google Scholar] [CrossRef] [PubMed]

	



Bustamante, M.; Oomah, B.D.; Mosi-Roa, Y.; Rubilar, M.; Burgos-Díaz, C. Probiotics as an adjunct therapy for the treatment of halitosis, dental caries and periodontitis. Probiotics Antimicrob. Proteins 2020, 12, 325–334. [Google Scholar] [CrossRef] [PubMed]

	



Dommisch, H.; Kuzmanova, D.; Jönsson, D.; Grant, M.; Chapple, I. Effect of micronutrient malnutrition on periodontal disease and periodontal therapy. Periodontology 2000 2018, 78, 129–153. [Google Scholar] [CrossRef] [PubMed]

	



Isola, G. Current Evidence of Natural Agents in Oral and Periodontal Health. Nutrients 2020, 12, 585. [Google Scholar] [CrossRef] [PubMed]

	



Slomka, V.; Hernandez-Sanabria, E.; Herrero, E.R.; Zaidel, L.; Bernaerts, K.; Boon, N.; Quirynen, M.; Teughels, W. Nutritional stimulation of commensal oral bacteria suppresses pathogens: The prebiotic concept. J. Clin. Periodontol. 2017, 44, 344–352. [Google Scholar] [CrossRef]

	



Keller, M.K.; Bardow, A.; Jensdottir, T.; Lykkeaa, J.; Twetman, S. Effect of chewing gums containing the probiotic bacterium Lactobacillus reuteri on oral malodour. Acta Odontol. Scand. 2012, 70, 246–250. [Google Scholar] [CrossRef]

	



Suzuki, N.; Yoneda, M.; Tanabe, K.; Fujimoto, A.; Iha, K.; Seno, K.; Yamada, K.; Iwamoto, T.; Masuo, Y.; Hirofuji, T. Lactobacillus salivarius WB21-containing tablets for the treatment of oral malodor: A double-blind, randomized, placebo-controlled crossover trial. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2014, 118, 506. [Google Scholar] [CrossRef]

	



Penala, S.; Kalakonda, B.; Pathakota, K.R.; Jayakumar, A.; Koppolu, P.; Lakshmi, B.V.; Pandey, R.; Mishra, A. Efficacy of local use of probiotics as an adjunct to scaling and root planing in chronic periodontitis and halitosis: A randomized controlled trial. J. Res. Pharm. Pract. 2016, 5, 86. [Google Scholar] [CrossRef]

	



Keller, M.K.; Nohr Larsen, I.; Karlsson, I.; Twetman, S. Effect of tablets containing probiotic bacteria (Lactobacillus reuteri) on early caries lesions in adolescents: A pilot study. Benef. Microbes 2014, 5, 403–407. [Google Scholar] [CrossRef]

	



Stensson, M.; Koch, G.; Coric, S.; Abrahamsson, T.; Jenmalm, M.; Birkhed, D.; Wendt, L.-K. Oral administration of Lactobacillus reuteri during the first year of life reduces caries prevalence in the primary dentition at 9 years of age. Caries Res. 2014, 48, 111–117. [Google Scholar] [CrossRef]

	



Rodriguez, G.; Ruiz, B.; Faleiros, S.; Vistoso, A.; Marro, M.L.; Sanchez, J.; Urzua, I.; Cabello, R. Probiotic Compared with Standard Milk for High-caries Children: A Cluster Randomized Trial. J. Dent. Res. 2016, 95, 402–407. [Google Scholar] [CrossRef] [PubMed]

	



Morales, A.; Carvajal, P.; Silva, N.; Hernandez, M.; Godoy, C.; Rodriguez, G.; Cabello, R.; Garcia-Sesnich, J.; Hoare, A.; Diaz, P.I.; et al. Clinical Effects of Lactobacillus rhamnosus in Non-Surgical Treatment of Chronic Periodontitis: A Randomized Placebo-Controlled Trial With 1-Year Follow-Up. J. Periodontol. 2016, 87, 944–952. [Google Scholar] [CrossRef]

	



Iwasaki, K.; Maeda, K.; Hidaka, K.; Nemoto, K.; Hirose, Y.; Deguchi, S. Daily Intake of Heat-killed Lactobacillus plantarum L-137 Decreases the Probing Depth in Patients Undergoing Supportive Periodontal Therapy. Oral Health Prev. Dent. 2016, 14, 207–214. [Google Scholar] [CrossRef] [PubMed]

	



Alanzi, A.; Honkala, S.; Honkala, E.; Varghese, A.; Tolvanen, M.; Söderling, E. Effect of Lactobacillus rhamnosus and Bifidobacterium lactis on gingival health, dental plaque, and periodontopathogens in adolescents: A randomised placebo-controlled clinical trial. Benef. Microbes 2018, 9, 593–602. [Google Scholar] [CrossRef] [PubMed]

	



Slomka, V.; Herrero, E.R.; Boon, N.; Bernaerts, K.; Trivedi, H.M.; Daep, C.; Quirynen, M.; Teughels, W. Oral prebiotics and the influence of environmental conditions in vitro. J. Periodontol. 2018, 89, 708–717. [Google Scholar] [CrossRef] [PubMed]

	



Feghali, K.; Feldman, M.; La, V.D.; Santos, J.; Grenier, D. Cranberry proanthocyanidins: Natural weapons against periodontal diseases. J. Agric. Food Chem. 2012, 60, 5728–5735. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 14 02426 g001 550] 





Figure 1. Composition of the human oral microbiota. 
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Figure 2. Evolution of oral microbiome. 
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Figure 3. Evolution of diet and corresponding microbiome. 
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Figure 4. Possible mechanisms of probiotic action in the oral cavity. 
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Figure 5. List and action of the main prebiotics that confer oral health benefits. 
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Table 1. Association between macronutrients and periodontal health.
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	Nutrient
	Dietary Sources(s)
	Importance in Oral and Periodontal Health
	Reference





	Proteins
	Proteins of vegetable origin (pulses, some vegetables, cereals)

Proteins of animal origin (meat, fish, milk, dairy products, cheese, eggs)
	During the development of periodontal disease, the stresses of a protein-rich, neutral-alkaline environment promote the growth of periodontal pathogens, with a worsening of periodontal clinical parameters.
	[88,90]



	Flats (lipids)
	Saturated fatty acids (butter, palm oil, cheese)

Monounsaturated fatty acids (olive oil)

Omega-6 polyunsaturated fatty acids: of vegetable origin (grape seed oil, soya oil, sunflower oil, nuts) and of animal origin (lard, chicken egg yolk, in poultry, fish)

Omega-3 polyunsaturated fatty acids: of vegetable origin (salmon, mackerel, herring, sardines, cod liver oil)
	There is a statistically positive association between saturated fatty acids and the occurrence of periodontal lesions. On the contrary, omega-3 fatty acids have been studied intensively in recent years because they are associated with less systemic and oral inflammation. Several studies have observed that omega-3 fatty acids, in addition to periodontal therapy, have shown significant benefits in terms of reducing pocket depth and increasing attachment.
	[85,91,92]



	Carbohydrates
	Low-glycemic (fruits, whole grain, vegetables, legumes)

High-glycemic (refined sugar, white wheat flour, sugary drinks)
	Consumption of high-glycemic foods may increase gingival and periodontal inflammation and bleeding; in contrast, a diet rich in complex carbohydrates may reduce the risk of gingivitis and periodontitis. High intakes of processed carbohydrates are a risk factor for the development of caries.
	[65,65,66,67,68,69,

71,72,73,74,75,76,77,78].
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Table 2. Association between deficiencies of certain micronutrients and periodontal health.
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	Nutrient
	Dietary Sources(s)
	Importance in Oral and Periodontal Health
	Reported Improvement in PD and CAL (Mean mm, SD)
	References





	Vitamin A
	Cod liver oil, carrots, capsicum, liver, sweet potato, broccoli, leafy vegetables
	Not clear. Research indicates insignificant improvement in periodontal health upon supplementation.
	PD: 0.52 ± 0.03

CAL: n.d.
	[125,126]



	B-vitamins
	B1—Liver, oats, pork, potatoes, eggs

B2—Bananas, dairy, green beans

B3—Eggs, fish, meat, mushrooms, nuts

B5—Avocados, meat, broccoli

B6—Meat, vegetables, nuts, banana

B7—Raw egg, liver, leafy vegetables, peanuts

B9—Cereals, leafy vegetables

B12—Animal products
	Supplementation may

accelerate post-surgical healing and improve CAL and BOP.
	PD: 1.57 ± 0.34

CAL: 0.41 ±0.12
	[99,101]



	Vitamin C
	Citrus fruits, vegetables, grapefruits, peppers, kiwis, liver
	Gingival bleeding and

inflammation are hallmarks of scurvy. Supplementation may reduce gingival and periodontal inflammation and may improve outcomes of periodontal therapy.
	PD: 0.58 ± 0.14

CAL: n.d.
	[66,105,127]



	Vitamin D
	Fish eggs, mushrooms, liver, milk
	Deficiency may lead to delayed post-surgical healing. Supplementation may reduce BOP and alveolar bone loss. Local application may accelerate post-surgical healing/osseointegration.
	PD: 1.35 (SD n.d.)

CAL: 1.4 (SD n.d.)
	[97,99,128,129,130]



	Vitamin E
	Green vegetables, egg yolk, vegetable oils, unprocessed cereals, nuts
	Deficiency may lead to gingival bleeding. Supplementation may reduce periodontal inflammation and hinder periodontitis progression. No known effects on periodontal therapy if supplementation used as an adjunct.
	PD: 0.39 ± 0.18

CAL: n.d.
	[117,119,125,131,132,133,134]



	Vitamin K
	Green vegetables, egg yolk, kale, spinach, cabbage, mustard
	Deficiency may lead to gingival bleeding. Supplementation seems to be unable to reduce periodontal inflammation.
	n.d.
	[121,122,135,136]







PD (pocket depth), CAL (clinical attachment level), BOP (bleeding on probing), n.d. (not determined), SD (standard deviations).
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Table 3. Effects of probiotics in the oral cavity.
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	Oral Diseases
	Probiotic Strain
	Patients
	Vehicle
	Results
	References





	Halitosis
	L. reuteri

-DSM 17938

-ATCC PTA 5289

L. salivarius WB21

L. salivarius, L. reuteri
	V: 25 healthy adults; Mean age: 22 years

V: 23 healthy adults; Age: 22–67 years

V: 32 healthy adults; Age: 25–59 years
	Chewing gum

Tablets

Capsules
	Probiotic chewing gum had beneficial effect on oral malodor in organoleptic score but not on levels of volatile sulfur compounds.

Probiotic tablets help to control oral malodors and malodor-related factors.

Probiotic capsule consumption significantly reduced plaque and modified gingival bleeding indices at 3 months.
	[142]

[143]

[144]



	Dental caries
	L. reuteri

-DSM 17938

-ATCC PTA 5289

L. reuteri ATCC 55730

L. rhamnosus SP1
	V: 36 healthy youth; Age: 12–17 years

V: 113 children; Age: From birth up to 1 year of age

V: 261 children; Age: 2–3 years
	Tablets

Oil drops

Milk
	Probiotic tablets showed a beneficial tendency on early, non-cavitated caries lesions in adolescents.

Daily probiotic consumption was associated with reduced caries prevalence and gingivitis score in the primary dentition at 9 years of age.

The intake of milk supplemented with probiotics decreased the prevalence of caries and the development of cavitated lesions.
	[145]

[146]

[147]



	Periodontitis
	L. rhamnosus SP1

L. plantarum L-137

L. rhamnosus GG, B. lactis BB-12
	V: 28 adults; Mean age: test group 52.7 ± 7.3 years; control group 46.9 ± 10.3 years

V: 39 patients; Mean age: 66.2 years

V: 108 healthy adolescents; Age: 13–15 years
	Sachet

Capsules

Lozenges
	Oral administration of probiotic sachet resulted in clinical improvements similar to scaling and root planing.

Daily consumption of heat-inactivated L. plantarum L-137 decreased the depth of periodontal pockets.

Intake of lozenge probiotics improved gingival health and decreased the presence of harmful bacteria.
	[148]

[149]

[150]







V = volunteers; L. reuteri = Lactobacillus Reuteri; L. salivarius = Lactobacillus salivarius; L. rhamnosus = Lactobacillus rhamnosus; L. plantarum = Lactobacillus Plantarum.
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