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Type 2 diabetes mellitus (T2DM) accelerates the progression of periodontitis through diverse pathways. Abnormal immune responses, excessive activation of inflammation, increased levels of advanced glycation end products, and oxidative stress have defined roles in the pathophysiological process of T2DM-associated periodontitis. Furthermore, in the periodontium of diabetic individuals, there are high levels of advanced glycation end-products and glucose. Meanwhile, progress in microbiomics has revealed that dysbacteriosis caused by T2DM also contributes to the progression of periodontitis. Lactobacillus, owing to its fine-tuning function in the local microbiota, has sparked tremendous interest in this field. Accumulating research on Lactobacillus has detailed its beneficial role in both diabetes and oral diseases. In this study, we summarize the newly discovered mechanisms underlying Lactobacillus-mediated improvement of T2DM-associated periodontitis and propose the application of Lactobacillus in the clinic.
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1 Introduction

Periodontitis is a destructive chronic inflammatory disease characterized by lumen swelling, hemorrhage, auxiliary bone absorption, and loose teeth (1). Type 2 diabetes mellitus (T2DM), one of the most common chronic diseases, is often accompanied by systemic complications and is an independent risk factor for periodontitis. Meanwhile, numerous studies provide evidence of the reciprocal interactions between T2DM and periodontitis. Moderate to severe periodontitis has been reported to increase the risk of T2DM and lead to poor glycemic control in diabetic patients (2, 3). Moreover, the elevation in circulating IL-6, TNF-a, and CRP levels caused by periodontitis contributes to increased systemic inflammation, thus further aggravating insulin resistance in patients with T2DM (4). Correspondingly, diabetes increases the morbidity of periodontitis and accelerates the progression of periodontitis (5). The activation of inflammatory and oxidative stress signaling pathways, increased levels of advanced glycosylation end products (AGEs), and abnormal immune responses have been confirmed to play a role in diabetes-related periodontitis (6). In recent years, with the development of microbiomics, the role of dysbiosis caused by T2DM in periodontal disease has attracted attention. The increase in Porphyromonas gingivalis (P. gingivalis), Prevotella intermedia (P. intermedia), and other harmful bacteria and their metabolites associated with inflammation and insulin resistance in the gingiva causes periodontal tissue damage (7, 8). Therefore, interventions targeting the dysbiosis in the oral flora can improve the conditions of T2DM and periodontitis (9, 10).

Probiotics are “living microorganisms,” as defined by the World Health Organization and the Food and Agriculture Organization. Probiotics live in the human body and exert their beneficial effects (11) by suppressing the growth of pathogenic microorganisms, producing bioactive metabolites, and maintaining the balance of the local microenvironment (12). Among all defined probiotics, Lactobacillus is the most studied commercial probiotic. The first commercial Lactobacillus species was Limosilactobacillus reuteri (L. reuteri) (13). Since then, more strains have become commercially available, and they are heterofermentative Lactobacillus, such as Lactiplantibacillus plantarum (L. plantarum), Lacticaseibacillus rhamnosus (L. rhamnosus), Limosilactobacillus fermentum, Lactobacillus acidophilus (L. acidophilus), and Ligilactobacillus salivarius (L. salivarius) (14). These strains have been widely applied in acute diarrhea, cardiovascular disease (15), genitourinary tract infection (16), cancer (17), food allergy (18), Crohn’s disease (19), pouch inflammation (19), and colitis (20). More recently, Lactobacillus was found to be an immune regulator that activates lymphocytes in the gastrointestinal tract after colonizing the intestinal mucosa (21). Studies have also recognized the role of these strains in alleviating lactose intolerance and decreasing antibiotic-related side effects. Lactobacillus has also been extensively used in oral diseases such as ozostomia and caries due to its antibacterial effect (22). Regarding periodontitis, local application of Lactobacillus improved periodontitis directly by reducing the depth of periodontal pockets, alleviating gingival bleeding, and suppressing alveolar bone resorption (23).

The beneficial roles of Lactobacillus in T2DM have been widely defined. L. rhamnosus GG (LGG) has been shown to reduce the incidence of gestational diabetes (24). Another Lactobacillus species—L. acidophilus has been demonstrated to lower blood glucose in patients with T2DM (25). These results sparked tremendous interest and prompted us to explore the underlying mechanisms. The improvement of glucose metabolism, the removal of excess reactive oxygen species, relief of the inflammatory state, and regulation of the gut microbiota have all been shown to be potential mechanisms by which Lactobacillus improves T2DM, and these mechanisms are also involved in the treatment of periodontitis.

Recent intensive studies have revealed the complex regulatory network through which Lactobacillus impacts T2DM-associated periodontitis. Periodontitis is no longer attributed to an infection by a single or a few bacterial species. In essence, periodontitis is now classified as a dysbiotic disease, which arises as a result of the feed-forward loop involving polymicrobial communities and a dysregulated host inflammatory response. During this process, the beneficial role of Lactobacillus in regulating the immune system, oxidative stress and microbiota, antibacterial activity, and glucose metabolism helps delay the process of periodontitis. These mechanisms also contribute to improving blood glucose control in T2DM. In this article, we review the newly discovered pathogenic mechanisms and applications of Lactobacillus in patients with type 2 diabetic periodontitis; as such, we hope to provide a new and viable option for the clinical treatment of T2DM-associated periodontitis.



2 Related mechanisms


2.1 Reducing inflammation and regulating immunity


2.1.1 Regulating the immune response and cytokines

A possible underlying mechanism by which Lactobacillus improves T2DM-associated periodontitis is by promoting a beneficial host response and reducing adverse changes in periodontal tissue. Studies have shown that the probing pocket depth of patients with periodontal disease was significantly reduced following Lactobacillus treatment, which may be due to the immunomodulation by Lactobacillus that leads to anti-inflammatory effects (26). P. gingivalis induces the synthesis of proinflammatory mediators (such as TNF-α and IL-1β) by activating TLR-4. L. rhamnosus lr-32; L. acidophilus La-5 can adhere to human gingival epithelial cells (GECs) and downregulate the expression of TLR-4, therefore reducing the adhesion of pathogens and their invasion (27). In addition, P. gingivalis coordinates the host response by circumventing the defense mechanism triggered by gingival epithelial cells, thus expanding the wound area in periodontitis patients. The expression of CXCL8, a key factor that regulates the proliferation/migration of epithelial cells, can be upregulated by Lactobacillus (28). Lactobacillus can also accelerate re-epithelialization by upregulating the expression of members of the CXCL8-CXCR1/CXCR2 axis, thereby reducing or reversing the harmful effects of P. gingivalis infection and improving wound healing in periodontitis (29). In addition to CXCL8, Lactobacillus can also regulate re-epithelialization through indirect antagonism by inhibiting pathogen adhesion. Euterin and reutericyclin, derived from L. reuteri, are antibacterial substances that inhibit a wide range of pathogens by inducing oxidative stress in cells and preventing the blinding of peripheral pathogens to host tissue (30).

The balance between activated matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) controls the degree of extracellular matrix (ECM) remodeling (31). During T2DM-associated periodontitis, the imbalance between activated MMP and TIMPs leads to the pathological destruction of the ECM (32, 33). Among MMPs, MMP-8 is the most abundant collagen-soluble MMP, which contributes to tissue destruction and remodeling in patients with periodontitis. Studies have shown that MMP-8 abundance is closely related to the severity of periodontal disease, and Lactobacillus reduces MMP-8 in gingival crevicular fluid (34). Additionally, MMP-9 is related to host defense mechanisms, and studies have shown that MMP-9 levels are increased and TIMP-1 levels are decreased in patients taking LGG.

Periodontitis is a common chronic inflammatory disease that is characterized by disordered glucose metabolism and the cytokines: interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and interleukin-17A (IL-17A) (35). Inflammatory byproducts and bacterial endotoxins and metabolites are the main causes of periodontal damage; of these, IL-6 is important for alveolar bone resorption. Accordingly, T2DM is recognized as a chronic, systemic, and low inflammation state. Experimental evidence from animals and humans shows that inflammation is critical to the induction of insulin resistance in obese individuals. Activated macrophages in adipose tissue are responsible for inflammation. Cytokines associated with blood sugar control include TNF-α, IL-6, and IL-10, which may have insulin receptor substrates (IRSs) that are converted to serine, which leads to insulin resistance. Therefore, the regulation of cytokines (reducing the production of anti-inflammatory cytokines and increasing the production of anti-inflammatory cytokines) is of crucial importance to improving T2DM-associated periodontitis. Many experiments have shown that cytokine levels can be altered by Lactobacillus.

Inflammation is mainly caused by bacterial components such as lipopolysaccharide (LPS), which is the primary component of the Gram-negative endotoxin extracellular membrane (26). Ketones produced by Lactobacillus through the polyunsaturated fatty acid (PUFA) pathway exert anti-inflammatory functions via mitogen-activated protein kinase (MAPK) and NF-κB signaling in LPS-induced macrophages; furthermore, the resulting ketophilic acid produced also suppresses the production of IL-6, IL-1β, and TNF-α (36). Various types of Lactobacillus reduced the severity of T2DM, thereby improving the condition of T2DM-associated periodontitis. Huang et al. confirmed that mixed therapy with L. plantarum K68 and FVF controlled the increase in IL-1β, IL-6, and TNF-α in insulin-resistant mice (37). Lacticaseibacillus casei (L. casei) inhibited macrophage production of TNF-α, reduced the level of TNF-α, IL-1β, and IL-6, and increased short-chain fatty acid (SCFA)-producing intestinal hyperlumaccharide-1 (GLP-1) levels (38). Additionally, further studies showed that other Lactobacillus strains also have similar effects. L. rhamnosus, L. acidophilus, L. brevis, and L. reuteri reduce the expression of TNF-α and increase the level of IL-10 (39). Increased IL-10 can downregulate the expression of proinflammatory cytokines such as IFN-γ and IL-2/IL-1β, thereby preventing T2DM-associated periodontitis. Lactobacillus also inhibits the progression of chronic periodontitis by inhibiting the secretory activity of Th17 lymphocytes, which are responsible for excessive cytokine responses in the pathogenesis of the disease and can lead to adverse changes in periodontal tissues (40). There are also reports that Lactobacillus can reduce the inflammatory state of other diseases.



2.1.2 Maintaining intestinal barrier function

Lactobacillus may also improve T2DM-associated periodontitis by helping to maintain intestinal barrier function. Based on the hypothesis of the leaky epithelium, intestinal microbiome dysregulation leads to increased intestinal permeability, which allows bacterial endotoxins to enter circulation, impair intestinal barrier function, and eventually cause an immune response that damages β cells and may lead to an increase in cytokine secretion, thus causing insulin resistance (41). Previous studies have shown that L. plantarum WCFS1 can induce the expression of genes related to the anti-inflammatory immune response, increase the immune response in the human intestinal tract (42), promote cell growth and proliferation, stimulate TLR2 as a regulator of epithelial integrity, and regulate the expression of epithelial tight junctions to help maintain the environmental balance of the intestine. Similarly, Zo-1 and occludin were repositioned near the tight junction following L. plantarum WCFS1 administration, which affects intestinal barrier function (43). L. rhamnosus GG also reduced intestinal permeability in mice fed a high-fructose diet, which stimulated goblet cell production of mucin and prevented LPS and other pathogens from crossing the intestinal barrier (44).



2.1.3 Disrupting bacterial biofilm

The formation of bacterial biofilms in the oral cavity is considered the main cause of many pathological conditions in the oral cavity, and periodontitis is not an exception. Lactobacillus may inhibit oral biofilm formation and reduce harmful inflammatory immune responses (45). Lactobacillus may also contribute to the regulation of periodontal immune inflammation by altering the composition of bacterial biofilms. The oral colonization of Prevotella melaninogenica (P. melaninogenica) is associated with periodontitis. L. brevis CD2 and L. reuteri inhibit melanin-producing P. melaninogenica biofilms. The possible mechanism is that L. reuteri inhibits the production of bacterial ribonucleotide reductase and has antibacterial effects (46). A high concentration of L. acidophilus CFF significantly inhibited biofilm formation, removed biofilms, and stimulated monocytes/macrophages. A more than 90% reduction in biofilm formation was achieved with the highest concentrations of L. acidophilus WCS and CFF (47).

Whether by regulating cytokines, maintaining intestinal barrier function to reduce inflammation, or removing biofilms and reducing periodontal tissue damage through host responses, we speculate that Lactobacillus has the potential to reduce inflammation and regulate immunity, thus reducing the severity of T2DM-associated periodontitis.




2.2 Regulating oxidative stress

Reactive oxygen species (ROS) are key components of the neutral granulocyte antibacterial library. However, excessive ROS often leads to oxidative stress in periodontal tissue with increasing production of proinflammatory cytokines, such as IL-6 and TNF-α, in gingival epithelial cells that induces pathological changes and leads to the destruction of the structure supporting host teeth and the loss of teeth (48). ROS also increases insulin resistance and impairs the β cell membrane, thereby promoting the occurrence and development of diabetes (49). Therefore, regulating oxidative stress may be an effective way to treat T2DM-associated periodontitis.

Many studies have confirmed that Lactobacillus strains have high antioxidant capacity. The antioxidant mechanism of Lactobacillus is closely related to the removal of reactive oxygen species and the increase in antioxidants (50). The metabolites of L. plantarum, ketoacid, and hyaluronic acid, stimulate the expression of antioxidant-related genes in gingival epithelial cells, inhibit the oxidation process, and prevent inflammation (51). Accordingly, in vivo, L. plantarum increased glutathione peroxidase activity in diabetic rats and upregulated the expression of the peroxisome proliferator-activated receptors-α (PPAR-α) and γ (PPAR-γ) to prevent oxidative stress that damages insulin-secreting cells and protect pancreatic function. L. casei and Lacticaseibacillus paracasei (L. paracasei) also have the ability to scavenge free radicals and antioxidant activity; they can also restore the level of malondialdehyde (MDA), a marker of oxidative stress (52, 53). In addition to the above Lactobacillus strains that reduce oxidative stress, several other Lactobacillus strains also exert antioxidant effects in other ways.

Excessive NO leads to barrier dysfunction, and high levels of NO promote the infiltration of inflammatory cells into periodontal tissues by inducing pathological vascular permeability (54). NO plays a role in periodontal inflammation and bone loss, as has been confirmed in animal models. Relevant evidence shows that Lactobacillus reduces oxidative stress by inhibiting NO production. Lactobacillus reduces the expression of the nitric oxide synthase (iNOS) gene in fat, restores the overall energy balance in animal adipose tissue, and inhibits the inflammatory response (55). Studies also show that L. plantarum reverses intestinal imbalance caused by diabetes, increases intestinal ROS levels, and reduces intestinal iNOS expression induced by diabetes (56). In addition, arginine deaminase, an enzyme that metabolizes arginine into citrulline and ammonia, is present in L. brevis and helps L. brevis extract inhibit NO production by competing with NOS for the same substrate, arginine (57). Harisa et al. (58) demonstrated that in diabetic rats, the level of NO returned to normal after applying oral L. acidophilus, perhaps by reducing oxidative stress; thus, there was an antidiabetic effect.



2.3 Improving glucose metabolism

Another underlying mechanism by which Lactobacillus treats T2DM-associated periodontitis is the regulation of glucose metabolism. A variety of probiotics have been identified to directly control or reverse the elevation of glycosylated hemoglobin and fasting insulin levels. There is a meta-analysis of 12 randomized controlled trials on the role of probiotics in T2DM, 10 of which clearly indicate that Lactobacillus does significantly reduce HbA1c, fasting insulin levels, and HOMA-IR levels in T2DM (59).


2.3.1 Reducing glycogen synthesis and increasing glycogen consumption

Several investigations have shown that Lactobacillus may directly inhibit glucose synthesis and gluconeogenesis. For instance, L. plantarum CCFM0236, L. casei CCFM0412, and L. acidophilus SJLH001 increase α-glucosidase activity and reduce food intake, blood glucose level, and the glycosylated hemoglobin level; furthermore, L. acidophilus KLDS1.1003 and L. acidophilus KLDS1.0901 induced downregulation of the expression of glycogen synthase kinase in mice (60). There is more evidence showing that after the administration of L. rhamnosus, the mRNA expression of gluconeogenesis genes, especially glucose-6-phosphatase, in the gluconeogenesis pathway was inhibited (61). Probiotic-fermented milk prepared by L. rhamnosus MTCC: 5957, L. rhamnosus MTCC: 5897, and L. fermentans MTCC: 5898 significantly reduced the expression of key enzymes in the gluconeogenesis pathway (62). Dang F et al. applied L. paracasei TD062 to T2D mice and proved that it could downregulate the expression of gluconeogenic genes (52). In terms of glycogen consumption, probiotic-fermented milk containing L. acidophilus and L. casei has been shown to reduce FBG and HbA1c, increase muscle glucose uptake, and stimulate liver glucose absorption, which is consistent with the conclusions of another meta-analysis (59).



2.3.2 Decreasing insulin resistance

Studies have shown that the increase in blood glucose levels in rats is often accompanied by severe insulin resistance (63), and many Lactobacillus strains have decreased insulin resistance, thereby reducing the blood glucose level in diabetic rats. For example, L. casei CCFM419 reduce insulin resistance and hyperglycemia in T2D mice (38, 64). In diet-induced obesity model mice, Lactobacillus reduced insulin resistance and increased glucose tolerance, possibly by reducing endoplasmic reticulum stress in skeletal muscle, inhibiting macrophage activation, and promoting the transcription of glucose transporter 4 (65, 66).

Adiponectin (APN) is known as a fat factor that prevents the development of insulin resistance and T2DM. Increased serum APN is related to an increase in insulin sensitivity (67). Fibroblast growth factor 21 (FGF21) can promote the expression of adiponectin, and LGGs may alleviate PPAR-α through butyric acid activation, thereby effectively increasing the expression of FGF21 and the insulin sensitivity of mice (68). β cells also play an important role in blood glucose control; they can activate PI3K and Akt and regulate glycogen synthase (69) to control blood glucose. Matsuzaki et al. reported that Lactobacillus increased insulin binding in a T2DM mouse model and prevented cell destruction (70).



2.3.3 Increasing insulin levels in the body

There is no doubt that insulin plays a crucial role in T2DM-associated periodontitis, and blood glucose instability is often accompanied by insufficient amounts of insulin. Evaluation of insulin status in rats revealed that Lactobacillus may increase insulin levels by increasing insulin synthesis and inhibiting insulin decomposition and consumption. Glucagon-like peptide 1 (GLP-1) is a key incretin-stimulating hormone that plays a major role in insulin secretion (71). Application of a specific Lactobacillus strain (L. reuteri SD5865) increased insulin secretion by increasing GLP-1 release of incretin (72). Lactobacillus can also stimulate insulin secretion by regulating autonomic neurotransmitters, inhibiting the expression and activity of insulin-degrading enzyme (IDE), and reducing insulin consumption to slow the decline in insulin and the rise of blood glucose levels (73).

As a special substance, SCFAs, which are organic fatty acids produced by bacterial fermentation in the distal intestine, can be quickly transferred to the blood system and regulate glucose metabolism by a variety of mechanisms (74). The mechanisms by which SCFAs regulate glucose homeostasis may include (1) promoting the proliferation of intestinal epithelial cells and helping to maintain the integrity of the intestinal barrier; (2) reducing gluconeogenesis and inhibiting glycogen decomposition; and (3) increasing GLP-1 secretion, β cell quality, and function; stimulating intestinal endocrine cells to secrete peptide YY (PYY) and glucagon-like peptide 1 (GLP-1); and accelerating glucose-mediated insulin secretion. L. paracasei HII01 and L. casei CCFM419 may improve hyperglycemia by inhibiting the SCFA pathway (63), which further shows that Lactobacillus can alter glucose metabolism in several ways.

In summary, T2DM-associated periodontitis is characterized by a glucose standard, so it is feasible for Lactobacillus to improve glucose metabolism in different ways, including lowering blood sugar levels directly (reducing glycogen synthesis and increasing glycogen consumption) or indirectly (decreasing insulin resistance and increasing insulin levels in the body).




2.4 Direct resistance to pathogens

Compared with non-diabetic subjects, diabetic subjects had higher levels of Streptococcus sanguinis, Prevotella nigrescens, Treponema denticola, Streptococcus intermedius, and Streptococcus oralis in their dental plaque (75). Studies have clearly shown that most Lactobacillus strains are capable of inhibiting Actinomycetes, P. gingivalis, P. intermedia, and Streptococcus mutans growth, with the strongest antimicrobial activity being seen with parthenogenic heterogeneous fermenting Lactobacillus (L. plantarum, L. paracasei, and L. rhamnosus) and L. salivarius (76). The possible underlying mechanisms by which Lactobacillus directly inhibits the growth of other bacteria are the secretion of antibacterial proteins called bacteriocins and the production of toxic metabolites such as hydrogen peroxide, which may be produced by enzymes such as pyruvate oxidase, lactate oxidase, NADH oxidase, and NADH-independent reductase in Lactobacillus. Bacteriocins produced by Lactobacillus include the salivaricin produced by L. salivarius, the reuterin produced by L. reuteri, and the phytotoxin produced by L. plantarum (23). Bacteriocin forms short-lived pores on biofilms by interacting with different compounds, such as nisin, lipid II, and phosphorus, to eliminate pathogens. Lactobacillus produces lactic acid, an effective microbicide to prevent the colonization of bacterial and viral pathogens, and hydrogen peroxide and bacteriocin, which play an antibacterial role against oral pathogens. For example, the specific strain L. delbrueckii can inhibit P. gingivalis growth in vitro through the autolytic release of protein, which produces hydrogen peroxide and reacts with the Fenton of iron in the cell to form reactive oxygen species (77), thereby damaging DNA and inhibiting cell activity. Accordingly, another study found that in microaerobic environments in vivo, such as the interface between gingival crevices and teeth, L. delbrueckii also produces hydrogen peroxide, and hydrogen peroxide can diffuse freely in close enough proximity to P. gingivalis to impact the growth of P. gingivalis (78).

In addition to directly reducing pathogens, downregulating virulence gene expression to treat T2DM-associated periodontitis is also a viable strategy. Pathogenic bacteria in dental plaque biofilms invade periodontal tissues and secrete toxins such as lipopolysaccharide to destroy the supporting structure of teeth, thus negatively impacting periodontal health. Heat-inactivated L. acidophilus has been proven to bind to HOK cells from the oral cavity, which is the first step in treating T2DM-associated periodontitis. Following coaggregation with heat-inactivated Lactobacillus, the expression of the virulence gene fap2 of Fusarium nucleatum was significantly reduced, and its self-aggregation, adhesion, and invasion were largely restricted; consequently, the expression of proinflammatory genes in oral epithelial cells triggered by Fusarium nucleatum was prevented (79).

Overall, in terms of the direct removal of pathogenic bacteria, high concentrations of Lactobacillus CFF can achieve more than 99.99% bacterial clearance. In terms of attenuating the expression of virulence genes, Lactobacillus strongly attenuates the transcription of P. gingivalis virulence genes, thus reducing their virulence (47). Moreover, the metabolite ketone of Lactobacillus significantly inhibited P. gingivalis both in vivo and in vitro by reducing alveolar bone damage and suppressing P. gingivalis activity, proliferation rate, and CT values (36).



2.5 Regulating the microbiota


2.5.1 Regulating the oral microbiota

Periodontitis is a mixed anaerobic infection disease that may be in great part related to periodontal pathogens, including P. gingivalis, P. intermedia, Treponema denticola, and Clostridium nucleatum (80). Lactobacillus might modulate subgingival microflora to treat T2DM-associated periodontitis, which is mainly related to reducing the number of target pathogens through competitive colonization. Lactobacillus has good colonization potential (23) and is able to compete with P. gingivalis in terms of adhering to epithelial cells (27). A previous study showed that the level of pathogenic bacteria (especially P. gingivalis) in the periodontal pocket decreased after the application of Lactobacillus, such as L. salivarius WB21 (81). Lactobacillus may play a beneficial role in the oral cavity through direct and indirect interactions with microorganisms in the dental plaque. Lactic acid produced by Lactobacillus creates an acidic environment, which inhibits the growth of Gingival actinomycetes, Intermediate actinomycetes, and Streptococcus mutans. This effect may be the reason why Lactobacillus inhibits the growth of these microorganisms.

In addition to the above bacteria, the symbiosis of Candida albicans and Actinomycetes increases significantly in the periodontal environment; therefore, Candida albicans is also closely related to periodontitis (82). Thus, the inhibition of Candida albicans by Lactobacillus likely contributes to the balance of the oral microbiota. Animal studies have shown that Lactobacillus can reduce Candida infection, inhibit the growth of Candida by producing antibacterial compounds, and prevent its adhesion to epithelial cells through competitive colonization. In addition, in an in vitro model simulating gastrointestinal conditions, Lactobacillus also inhibited the growth of Candida (83), possibly by competing for the same receptor site.



2.5.2 Regulating the gut microbiota

The role of periodontal-related bacteria in the development of T2DM-associated periodontitis is clearly documented by studies showing that periodontal pathogens lead to intestinal flora disorder by moving to the intestine in rat and mouse models (84). Accordingly, the intestinal microbiota of T2DM patients is disordered, with a decrease in butyric acid-producing microorganisms and an increase in various opportunistic pathogenic bacteria. The proportions of Bacteroides and Firmicutes in T2DM patients were positively correlated with blood glucose concentration (85). Many Lactobacillus strains play a therapeutic role in T2DM-associated periodontitis by increasing beneficial intestinal flora and reducing harmful intestinal flora. We have previously mentioned the important role of SCFAs in blood glucose regulation, and beneficial bacteria such as Firmicutes, Actinobacteria, Anaerobes, Enterococcus faecalis, Lactobacillus, and Bifidobacteria increase the yield of SCFAs (86). The abundance of mucus spores and SCFA-producing bacteria (Streptococcus and Enterococcus faecalis) was significantly increased following Lactobacillus treatment. Overall, the role of Lactobacillus in maintaining oral and intestinal homeostasis should not be underestimated.





3 Application of Lactobacillus on type 2 diabetic periodontitis

Despite the mechanisms described above, there are not many studies on the direct effect of Lactobacillus on type 2 diabetic periodontitis patients, but indirectly through the therapeutic effect of Lactobacillus on type 2 diabetes or periodontitis. In this study, we present the available evidence on the direct use of Lactobacillus in diabetic periodontitis in Table 1.



TABLE 1 Application of Lactobacillus on type 2 diabetes associated periodontitis.
[image: Table1]



4 Conclusion

In this article, we summarized the underlying mechanism by which Lactobacillus is therapeutic in T2DM-associated periodontitis. Lactobacillus plays a direct role in treating periodontitis and indirectly treats diabetes to alleviate the symptoms of T2DM-associated periodontitis. Figure 1 lists a large number of Lactobacillus strains that are therapeutic for periodontitis or T2DM, while Table 2 provides more detail on the actual effectiveness of each strain.

[image: Figure 1]

FIGURE 1
 Lactobacillus strains associated with T2DM-associated periodontitis.




TABLE 2 Effect of Lactobacillus on organism.
[image: Table2]

Lactobacillus improves the activity of periodontitis associated with T2DM. As shown in Figure 2, this may be related to intricate and complex mechanisms, including but not limited to reducing inflammation, modulating oxidative stress, improving glucose metabolism, direct antagonism of pathogenic bacteria, and modulating the microbiota. Lactobacillus may reduce inflammation by downregulating virulence gene expression, modulating cytokine levels, inhibiting NO production, reducing intestinal permeability, and enhancing intestinal barrier function. In terms of improving glucose metabolism, Lactobacillus can directly inhibit glucose synthesis, reduce glucose production, decrease insulin resistance, and protect blood glucose beta cells. It has also been suggested that lactobacilli can exert glucose-lowering effects by reducing bacterial translocation and modulating the intestinal ACSL3 pathway (91), but the relevant evidence is not sufficient. Most importantly, Lactobacillus intervention significantly altered the composition of the microbial community by reducing the number of pathogenic bacteria associated with T2DM-associated periodontitis in the oral microbiota and gut microbiota and increasing the number of beneficial bacteria, thereby showing therapeutic activity against T2DM-associated periodontitis. In summary, Lactobacillus are a promising option in the treatment of T2DM-associated periodontitis because they play a key role in host metabolism, regulate intestinal microecology, and reduce inflammation. Clinicians may consider including Lactobacillus in their treatment plans when treating T2DM-associated periodontitis.

[image: Figure 2]

FIGURE 2
 Possible mechanism of Lactobacillus improving diabetes mellitus with T2DM-associated periodontitis Lactobacillus can improve T2DM-associated periodontitis in various ways. (1) At the tissue level, Lactobacillus can promote insulin secretion and protect the pancreas β cells, reduce insulin resistance in the pancreas; increase glycogen synthesis; reduce glycogen decomposition and gluconeogenesis in the liver; increase PYY and GLP-1; increase beneficial bacteria and reduce harmful bacteria in the gut; increase glucose utilization in fat and muscle groups. Through these ways, it can reduce blood sugar, thereby reducing inflammation. In addition, Lactobacillus reduces the number of pathogenic bacteria, biofilm formation, and virulence in oral cavity and improves T2DM-associated periodontitis. (2) At the molecular level, Lactobacillus through MAPK and NF-κB signaling pathway, reduces the level of inflammatory factors. It is also possible to adjust PPAR-α and PPAR-γ to upregulate the level of antioxidant enzymes, thereby reducing ROS and MDA, improving oxidative stress, and ameliorating periodontitis in type II diabetes.


Nevertheless, some studies contradict our conclusions. A previous study found that eating soybean milk containing L. plantarum had no effect on serum Apn or inflammation (92). Similar results were reported by Hatakka et al. (93) in their study, probiotic supplementation did not result in significant changes in cytokines (such as TNF-a) within or between groups. This may be due to the beneficial effects of Lactobacillus supplementation, which may be related to the following factors: the specific Lactobacillus strains, the formulation of Lactobacillus probiotics (single or multiple strains, or with no prebiotics), the intervention time, dosage, and other factors. The anti-inflammatory properties of Lactobacillus are strain- and time-specific. Many studies have recommended regular consumption of preparations containing Lactobacillus to maintain health benefits. However, there are many strains of Lactobacillus, and the optimal dosage and frequency of each strain have not been explored, which may be the reason for the limited use of Lactobacillus in the clinic. Hence, further studies are needed to evaluate the best combination and application of Lactobacillus strains or synthetic probiotics containing Lactobacillus to prolong the effect of Lactobacillus on T2DM-associated periodontitis individuals and to explore the deeper mechanisms of T2DM-associated periodontitis treatment. In addition, there is not much evidence on the direct treatment of T2DM-associated periodontitis by Lactobacillus, but more studies on the significant effects on T2DM and the reduction in the effect of AGEs in T2DM-associated periodontitis. In addition, most of the current studies are based on animals, and there is a lack of research on patients with T2DM-associated periodontitis, so more research on this aspect is needed in future.
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L. plantarum NCU116
L. plantarum OLL2712

L. plantarum CCEM0236

L. plantarum 2,142
L. plantarum DSM 15313
L. plantarum TN627

L. plantarum PL62

L. plantarum 299v

L. plantarum WCFS1

L. casei strain Shirota

L. casei CCFMA419

L. casei 01

L. casei CRL 431

L. case Q14

L. casei NCDC19

L. casei CCEM0412
L. casei Zhang

L. casei IBRC_M10711
L rthamnosus 1-3690

L. thamnosus YC

L. rhamnosus GG

L. rhammnosus BSL

L. rhamnosus MTCC:5957

L. rhamnosus CNCM
1-4036

L. rhamnosus Li-3

L. paracasei CNCM 1-4034

L. paracasei CNCM 1-4270
L. gasseri SBT2055

L. gasseri BNR17

L. gasseri ATCC 33323

L. johnsonii NCC 533

L. salivarius 33

L. salivarius WB21

L. salivarius T1 2711

Experiment type

invivo (clinical)

invitro

invivo (clinical)

invivo (clinical)

invitro

invivo (mice)

invitro

in vivo (rat)

invitro

invivo (mice)

invivo (clinical)
in vivo (rat)

in vivo (rat)
invitro

in vivo (mice)

invitro
in vivo (mice)
in vivo (rat)

in vivo (mice)
in vivo (clinical)

in vivo (clinical)

in vivo (mice)
in vivo (mice)
in vivo (rat)

invivo (mice)

invivo (clinical)

in vivo (mice)

in vivo (rat)

in vivo (rat)

invivo (clinical)
in vivo (rat)
invitro

in vivo (mice)

in vivo (mice)

in vivo (rat)

in vivo (rat)

vivo (clinical)
in vivo (mouse)
in vivo (rat)

in vivo (rat)

in vivo (rat)

invitro

in vivo (rat)

in vivo (mice)
invivo (mice)
in vivo (mice)

in vivo (mice)

invivo (clinical)

invivo (clinical)

in vivo (clinical)

Dose and metho«

1x10* CFU/gum by chewing

12.5pg/mL
10° CFU/d

2x10 CFU/d in capsules

1% 10° cells/mL (2mL/well)

110" CEU/d by oral feeding

20%10° CFU/mL

1.05x10° CFU/d

10° CFU/mouse/d

1x 10° CFU/d

Not mentioned
1x10' CFU/0.5mL/d
10°10° CFU/kg
Not mentioned

8x10° CFU/mL 025 mL/d

Not mentioned
710" CFU/ by feeding
0.9 10’ CFU/mL 2mL.
107 or 10° CFU/d
2x10" CFU/d orally

10” CRU by injecting

10pg/mL
0.05% (w/w)
1X10° CFU by injecting

10%,10°, and 10° CFU
10° CFU/day capsules
822x10° CFU/mL 3-4mL of
milk /d
2310’ CFU/mL 0.5 mL/kg

1.05x 10 CFU/d

10° CFU/d by injecting
1x10° CFU/d orally
10° CFU/mL
10 cells/d

1% 10° CFU/d 6d/w

2 Iyophilized GG cells

diet with 0.5% viable GG cells

210 cells
1x10° CFU
10° CFU/d
10° CFU/mL milk by feeding

10° CFU orally

20%10° CFU/mL

10° CFU orally

10*cellsfd
5%10° CFU/g
10"°CFU twice a day

1x10° CFU/2d by gavaging

acapsule/day

201%10° CFU/d in tablets

2x107 CFU/d in tablets.

Application time

10min/day 2w

173/ 6/24h

12w

4w

26/24h

2w

2h

30/60/90/120min

20w

6w

4w
Sw

5w

8. 14, 16h

10/20/30/60/90 min
Bw
ow

6h

24h
5w
30/60/90/120min

4w

Bw

60d

6w

30/60/90/120min

ow

4w
4w
30d

6w

30d

2h

30d

12w
24w
10w

Sw

12w

8w

418w

Result

BOP improved:GCF volume. TNF-cand IL-§

decreased

Inhibited single- and mixed-species biofilms

Increased IS] and DCA, improved insulin

sensitivity

Increased GLP-1 and GLP-2 release, h

insulin
Decreased IL-1f, IL-6, and IL-8.

Shortened the duration of the colonization of
the oral cavity

Reduced IL-1p. TNF-aand TLR4Induced
cxcrs

Suppressed STZ-induced oxidative

damage decreased NO

Improved glucose homeostasis

Lowered inflammation cytokines,downregulated
the expression of (GSK-3p, FAS and SREBP-1¢)

Preserved insulin sensitivity
IL-1. IL-6 and TNF-a were controlled
Restored liver function and oxidative stress
Decreased IL-10, IL-12

Increased the activities of glutathione

peroxidase
Decreased IL-8. TNF-a

Lowered fasting plasma glucose levels

Reduce the activities and level of plasma glucose
Reduced the blood glucose and body weights
Decreased F (2)-isoprostanes and IL-6

Atienuated the increase in epithelial

permeability

TNF-a, IL-12, IL-10, and IL-6 decreased
Suppressed the elevation of plasma LBP levels
Lowered blood sugar

ImprovedFBG, postprandial blood glucose,

glucose intolerance, and insulin resistance.

Decreased fetuin-A level, insulin concentration,

and insulin resistance

Improved the biochemical and immunologic

parameters altered

Improved blood glucose, reduced

gluconeogencsis

Suppressed STZ-induced oxidative damage,
decreased NO

Reduced postprandial blood glucose
‘The level of LPS. iNOS decreased
Inhibited IDE activity

Improved glucose insulin homeostasis

Reduced the fasting and postprandial blood

sugar levels, improved glucose tolerance

Lowered HbAIC and improved glucose

tolerance

Inhibited fasting and postprandial blood
glucose

Increased MMP-9 and decreased TIMP-1 levels
Tmproved glucose tolerance

Reduced G6pe, manage blood glucose level

Improved glucose metabolism, serum

inflammation status, oxidative stress

Increased the ratio P-Akt/Akt and NF-kB
protein levels.

Reduced IL-1p, TNF-a and TLR4;Induced
CXCL8

Increased the ratio P-Akt/Akt and NE-kB
protein levels.

Improved glucose insulin homeostasis
Inhibited lipogenic gene upregulation
Upregulate the expression of GLUT4
‘Atienuated weight gain and improve glucose-
insulin homeostasis

Ratios of Bacteroides-Prevotella-
Porphyromonas group increased

Five selected periodontopathic bacteria was

decreased

Black-pigmented anaerobic rods decreased
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