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Periodontitis is a common chronic inflammatory disease driven by the interaction between a dysbiotic oral microbiome and the dysregulated host immune-inflammatory response. Naturally derived nutraceuticals, such as resveratrol and its analogs, are potential adjunctive therapies in periodontal treatment due to their antimicrobial and anti-inflammatory properties. Furthermore, different analogs of resveratrol and the choice of solvents used may lead to varying effects on therapeutic properties. This review presents the current findings and gaps in our understanding on the potential utility of resveratrol and its analogs in periodontal treatment.
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INTRODUCTION

Advanced periodontitis is the sixth most prevalent health condition in the world (1). It affects the supporting tissues of the teeth, and disease consequences include tooth loss and impairment of daily functional activities, leading to reduced quality of life (2). Patients suffering from periodontitis are also at higher risk for systemic diseases such as diabetes (3) and cardiovascular disease (4).

The subgingival plaque biofilm is a prerequisite for triggering the host immune-inflammatory response leading to clinical disease in susceptible patients. This chronic and non-resolving inflammation results from the inability of the host immune-inflammatory response to resolve the microbial challenge in an effective manner. The microbial pathogenesis of periodontitis is based on the concept of dysbiosis involving shifts in composition of subgingival bacterial communities. In health, Gram-positive bacteria are abundant (5, 6), whereas shift toward disease involves an increase in proportions of Gram-negative anaerobes, including the classical red complex bacteria, and “keystone” pathogens such as Porphyromonas gingivalis (7). The dysbiotic microbiome and host inflammatory response stimulate each other in a self-perpetuating cycle (8, 9), and this interaction is further subject to environmental, genetic, and epigenetic modifying factors (10).

Periodontal treatment aims to control the levels of inflammation and prevent further disease progression. Therapeutic modalities primarily involve mechanical biofilm removal via root surface debridement with or without surgical intervention, as well as self-administered oral hygiene measures. Although the effectiveness of both non-surgical and surgical periodontal therapy is well-established (11), a spectrum of disease susceptibility and risk of disease progression exists across different patient groups (12, 13). Conventional periodontal treatment thus achieves varying degrees of success in different patient groups.

Consequently, in an effort to improve outcomes of periodontal treatment, especially for patients who do not respond well to conventional treatment modalities, adjunctive therapies targeting either the microbial challenge or modulation of the host response have been introduced. These, of course, come with limitations and disadvantages. Once proposed as potential host immunomodulatory agents, non-steroidal anti-inflammatory drugs are no longer considered a viable adjunctive treatment option because the long-term usage of aspirin can damage the stomach lining (14), and selective COX-2 inhibitors can result in cardiovascular complications (15, 16). Anti-cytokine therapy, as well as pro-resolvins and small molecule compounds like histone deacetylase inhibitors, remain an emerging area of research with a limited evidence base. Furthermore, because cytokines function in complex networks with overlapping roles and interactions (17), targeting individual cytokines in isolation may not achieve the desired clinical effects. With regard to the adjunctive use of systemic antibiotics in the treatment of periodontitis, additional benefits in clinical outcomes have been evaluated and reported in recent guidelines (18). However, this also needs to be weighed against the threat of global antimicrobial resistance associated with indiscriminate antibiotic usage.

In light of these considerations, natural compounds have received increasing attention for their potential as functional foods with combined anti-inflammatory and antimicrobial properties. These naturally derived nutraceuticals are promising candidates which circumvent the issue of antimicrobial resistance. Being dietary derivatives, there is also potential of improved patient compliance and acceptance. Furthermore, these functional foods may achieve multiple objectives, such as reducing oral inflammation while simultaneously conferring beneficial effects against systemic chronic inflammatory diseases, thereby increasing overall patient well-being. At the same time, the delivery vehicle for these functional foods should also be taken into consideration. This review highlights the limitations of current commonly used organic solvents and proposes an alternative solubility-enhancing excipient for use in future research.



RESVERATROL

Resveratrol (RES) is a naturally occurring polyphenol that is found in foods such as grapes, cranberries, blueberries, peanuts and red wine (19–23). It is also a phytoalexin produced naturally by plants as a defense mechanism against insults from bacteria, fungi and chemicals.

The turn of the millennium saw a significant upsurge in published research on RES. This increased interest could be attributed to several key papers published in the 1990s. In 1992, Renaud and de Lorgeril discussed the “French paradox” – an observation in the French population that despite a diet containing high saturated fat levels, there was a relatively low mortality rate from cardiovascular disease (24). The authors hypothesized that this might be explained by the habits of wine consumption in this population. Subsequent publications highlighted the cardioprotective effects of RES, an active ingredient in red wine (25), as well as its cancer chemoprotective activity (26). These new discoveries sparked a wave of research interests in the potential benefits of RES.

Since then, a wide range of biologic properties attributed to RES has been elucidated. These include anti-inflammatory, antioxidant, anti-aging, anticarcinogenic and neuroprotective effects (27–29). RES is also well tolerated by humans (30, 31). As a result, its therapeutic potential for various medical conditions has been explored in numerous experimental and clinical studies. For example, its antioxidant and anti-inflammatory properties have been investigated in murine models of diabetes (32, 33), cardiovascular diseases (34, 35), arthritis (36) and chronic obstructive pulmonary disease (37, 38).

RES is a stilbene, which is a subcategory of the polyphenol family. It is made up of two phenol rings linked to each other by an ethylene bridge. RES also has different analogs such as pterostilbene (PTS; trans-3,5-dimethoxy-4-hydroxystilbene), oxyresveratrol (OXY; trans-2,3′,4,5′-tetrahydroxystilbene) and piceatannol (PIC; trans-3,4,3′,5′-tetrahydroxystilbene).

Similar to RES, the other three analogs all display anti-inflammatory and antioxidant properties (39–45). However, slight variations in chemical structure confer these analogs with different pharmacokinetic properties compared to RES (Figure 1). Further details are elaborated upon later.
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FIGURE 1. Chemical structures of (1) resveratrol (2) pterostilbene (3) oxyresveratrol (4) piceatannol.


The biotransformation of RES and PTS has been well elucidated (46). Phase II metabolic enzymes such as uridine 5′-diphospho-glucuronosyltransferase (UDP- glucuronosyltransferase) and sulfotransferase are the major in vivo metabolic mechanisms, while the gut microbiota also plays an important role in their biotransformation (46). Although the biotransformation pathways of PIC and OXY are still being examined, phase II metabolism and gut microbiota appear to determine their bio-conversion and elimination (47–49). The phase II metabolites of RES and its analogs are generally more polar, less bio-membrane permeable and less potent than their parent compounds. However, due to reversed metabolism mediated by glucuronidase and sulfatase, the phase II metabolites can be hydrolyzed and converted back to the aglycon form, thus serving as deposits of the parent compounds. The exact contribution of the metabolites of RES and its analogs on their biological activities remains largely unclear.

With regard to the safety profiles of RES and its analogs, animal studies showed that RES concentrations up to 300 mg/kg body weight showed no harmful effects in rats, although toxic effects were observed at ≥1,000 mg/kg body weight (50). In a clinical study on healthy human volunteers, oral doses of 5 g did not elicit adverse events (30). In a preclinical study on Swiss mice, high chronic doses of PTS (3,000 mg/kg) administered for 28 days similarly did not cause notable toxic side effects (51). A recent clinical trial conducted on patients with hypercholesterolemia demonstrated a favorable safety profile of PTS up to 250 mg per day (52). Although the clinical testing of PIC is still in its infancy, a clinical trial showed that an 8-week daily oral intake of 20 mg PIC increased insulin sensitivity and decreased blood pressure and heart rate in overweight men (53). Of note, similar adverse events were reported from participants in both test and placebo groups, thus suggesting an excellent safety profile of PIC.

In the past decade, the completely methoxylated resveratrol analogs have also attracted some interest in the biomedical community (54–57). Examples of these analogs include resveratrol trimethyl ether (RTE; trans-3,5,4′-trimethoxystilbene), oxyresveratrol trimethyl ether (OTE; trans-2,4,3′,5′-tetramethoxystilbene), trans-3,4,5,4′-tetramethoxystilbene (DMU-212) and trans-2,4,3′,4′,5′-pentamethoxystilbene. Compared with hydroxystilbenes such as RES, these completely methoxylated analogs lack antioxidant effects but display much stronger cytotoxic effects in transformed cells. However, since the completely methoxylated stilbenes have much poorer solubility, formulation into an appropriate dosage form for dental application is unlikely. Hence, they will not be discussed further in this review.



ANTI-INFLAMMATORY AND ANTIOXIDANT PROPERTIES

Within the last decade, several studies have provided evidence of the potential utility of RES in the treatment of periodontitis. A study by Park et al. showed that RES rescued P. gingivalis lipopolysaccharide (LPS)-induced endothelial dysfunction (58). The underlying mechanism was a RES-mediated suppression of nuclear factor kappa B (NF-κB) activation in the endothelial cells. The authors further postulated that downregulation of Toll-like receptor (TLR) expression might be a possible underlying mechanism for the anti-inflammatory properties of RES. Although it should be noted that this study was not specifically designed to investigate RES usage in the context of periodontal treatment, nevertherless the findings shed light on the potential immunomodulation ability of RES against periodontal pathogens through its ability to modulate NF- κB, a key transcription factor regulating modulation of inflammatory host response pathway in periodontal disease pathogenesis (REF).

In an in vitro study utilizing human periodontal ligament cells (HPLCs), RES concentrations of up to 22.8 mg/mL led to a significant dose-dependent decrease in P. gingivalis lipopolysaccharide (LPS) induced nitric oxide (NO) production (59) investigated RES treatment of. In addition, RES was able to suppress production of pro-inflammatory cytokines including interleukins-1β (IL-1β), IL-6, IL-8, IL-12, and tumor necrosis factor (TNF)-α in HPLCs.

The therapeutic anti-inflammatory effect of RES in vivo has also been studied using experimental ligature-induced periodontitis in rats (60–62). Casati et al. found that the test group, which received 10 mg/kg of RES per day systemically administered for 30 days, had significantly less alveolar bone loss and gingival tissue IL-17 levels compared to controls. This was interpreted to be a positive modulation of the host immunoinflammatory response by RES. However, the authors were unable to demonstrate an immunomodulatory effect of RES on other selected cytokines, with no significant differences noted in IL-1β and IL-4 levels between the test and control groups. Using the same bead-based multiplex immunoenzymatic assay technique to measure cytokine levels in the gingival tissues, a subsequent study by the same research group (62) found 10-fold higher IL-4 levels in the test group (treated with RES) as compared to controls. A modulatory effect on IL-1β production in the test group was also noted, with ligated rats having comparable IL-1β levels to their non-ligated counterparts. Conversely, in the control group, ligated rats had statistically significantly higher IL-1β levels compared to the non-ligated subjects. However, when comparing the ligated rats between the test and control groups, no statistically significant differences were noted with regard to both IL-1β and TNF-α levels. These results should be interpreted with caution because the mean values were accompanied by large standard deviations. It is also worth mentioning that the solvents used for RES in the studies by Casati et al. and Correa et al. were different (ethanol and polysorbate, respectively). Effects from changing the solvent, if any, would compromise the validity of a direct comparison of the results from both studies. In any case, both studies showed that RES treatment resulted in reduced alveolar bone loss from ligature-induced periodontitis.

Similar findings in rats were demonstrated by Tamaki et al., who utilized micro-computed tomography (micro-CT) to show reduced alveolar bone loss with RES treatment (61). Compared to the aforementioned studies by Casati et al. and Correa et al., this study had a greater focus on investigating the pathways modulated by RES. Specifically, RES activated the nuclear factor E2-related factor 2 (Nrf2) antioxidant pathway, with an accompanying increase in expression of antioxidant genes such as heme oxygenase-1 (HO-1) and NAD(P)H:quinine oxidoreductase-1 (NQO-1), as well as reduced expression of inducible nitric oxide synthase (iNOS). Activation of the sirtuin 1 (Sirt1) pathway was also noted, in conjunction with an inhibitory effect on the NF-κB/MAPK (mitogen-activated protein kinase) pathway. The key limitation of this study was that although the concentration of RES used was similar to that used in previous studies (10 mg/kg/day), the test compound was not a pure RES isolate and also contained other derivatives such as isorhapontigenin. In general agreement with these findings, a recent study (63) showed a dose-dependent ability of RES (dissolved in ethanol) to modulate P. gingivalis-induced NF-κB activation, with significant inhibition noted from concentrations as low as 0.001 mg/mL. The study further showed that at concentrations of up to 0.00125 mg/mL, RES treatment resulted in a statistically significant downregulation of the expression of TREM-1 (triggering receptor expressed by myeloid cells) and reduced secretion of TNF-α.

Studies have also investigated the immunomodulatory ability of RES in the context of periodontitis associated with concomitant systemic conditions. In a preclinical study investigating the therapeutic effect of RES on experimental periodontitis in diabetic rats (64), a RES concentration of 20 mg/kg inhibited TLR-4 expression both in vitro and in vivo. The in vitro arm of the study showed that under high glucose conditions, treatment of gingival epithelial cells with 2.3 mg/mL RES downregulated the TLR-4-mediated production of pro-inflammatory cytokines IL-1β, IL-6, IL-8, and TNF-α, as well as the TLR-4-mediated activation of downstream signaling molecules such as the p65 subunit of NF-κB.

The ability of RES to act as a competitive antagonist to the receptor for aryl hydrocarbons (AhR) has also been studied (65). Aryl hydrocarbons are found in cigarette smoke and have been shown to impede osteogenesis and bone formation (66). In an in vitro study (67), RES supplementation was able to reverse osteogenesis inhibition, as measured by mineralized bone nodule formation by rat bone marrow cells, induced by the aryl hydrocarbon benzo[a]pyrene (BaP) and P. gingivalis-derived LPS. This ability of RES was further investigated in an animal study (68). This group investigated whether RES was able to modulate the effects of cigarette smoke inhalation on experimentally induced periodontitis in the rat. Morphometric and micro-CT measurements showed that, as compared to rats which were exposed to cigarette smoke alone, the test group which had also received daily administration of 10 mg/kg/day RES for 30 days (19 days before and 11 days after initiation of periodontitis) experienced less alveolar bone loss and higher bone interradicular density at periodontitis sites. It was also found that treatment with RES led to increased levels of IL-4, reduced levels of Th-17, and downregulated expression of receptor activator of NF-κB ligand (RANKL), a key mediator in osteoclastogenesis.

In summary, general trends may be noted with respect to an effect of RES in downregulating mRNA expression of certain pro-inflammatory cytokines (Figure 2). Such findings are both promising and clinically relevant in the context of periodontal disease, as these cytokines play important and interconnected roles in the pathogenesis of periodontal disease (17). However, in vitro data still constitute the bulk of current evidence, while the experimental studies available were largely conducted by a single research group. Furthermore, although results presented in terms of gene expression levels have mostly been positive (i.e., in support of an anti-inflammatory effect of RES), these need to be confirmed by downstream data based on protein levels. In addition, different studies have made use of different solvents for RES, which potentially adds a confounding factor and limits the ability to meaningfully compare results.
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FIGURE 2. Proposed antimicrobial and immune modulatory mechanism of resveratrol.




ANTIMICROBIAL PROPERTIES

There are relatively fewer studies on the potential antimicrobial properties of RES against bacteria implicated in the pathogenesis of periodontitis. In general, these have showed some promising results, but again, a variety of solvents have been used across the different studies. Also, some studies investigated planktonic bacteria, others biofilm bacteria, while one studied the effect on both. In an in vitro study utilizing the broth dilution method, O'Connor et al. found that RES dissolved in dimethyl sulfoxide (DMSO) had an inhibitory effect on planktonic periodontal pathogens, with minimum inhibitory concentration50 (MIC50) values of 1.28 and 0.08 mg/mL against A. actinomycetemcomitans and P. gingivalis, respectively (69). There were significant decreases in viable cell counts after just 1 h, thus indicating a rapid mode of antibacterial action. Another interesting observation was that A. actinomycetemcomitans proved more resistant to the antimicrobial effects, as evidenced by the 16-fold higher MIC50 concentration.

Another study investigated the effect of different RES concentrations on planktonic Fusobacterium nucleatum growth as well as biofilm formation (70). The MIC for planktonic F. nucleatum was 0.1 mg/mL. In their co-formed biofilm model, sub-MIC concentrations of RES (0.0015625–0.025 mg/mL) were all able to inhibit F. nucleatum biofilm formation, with statistically significant inhibitory effects achieved at 24, 36, and 48 h from onset of incubation. At these concentrations, RES was also able to induce F. nucleatum aggregation, with visible cell aggregation taking place at 0.025 mg/mL. Such aggregates resulted in formation of a thinner and “looser” biofilm. Unfortunately, the solvent used to dissolve RES was not reported, thus making it difficult to compare the obtained results with those from other research groups.

A recent study published by a Canadian group (63) also found antimicrobial effects of RES, dissolved in ethanol, against both planktonic and biofilm P. gingivalis. The MIC and minimum bactericidal concentration (MBC) values of RES against planktonic P. gingivalis were 0.25 and 0.5 mg/mL, respectively, with a 77.4% reduction of bacterial growth noted at a concentration of 0.125 mg/mL. The range of inhibition achieved with these values seems to be in agreement with that achieved by O'Connor et al., although one caveat is that the bacterial inoculum was not clearly reported in the study of Ben Lagha, which limits the validity of a direct comparison. In addition, Ben Lagha et al. also showed that treatment of 24-h preformed P. gingivalis biofilm with 0.25 mg/mL RES for an hour was able to decrease biofilm viability by slightly more than 50%, as measured by an adenosine triphosphate (ATP) luminescence assay. No significant effect on biofilm desorption nor detachment was noted, even at RES concentrations up to 1 mg/mL. This finding contrasts with the results obtained by He et al. (70), possibly due to the different biofilm model used (co-formed as compared to preformed). Considering these results in view of the limitations of early evidence obtained from in vitro models conducted in just a few studies, these suggest that any anti-biofilm effects of RES may be occurring via inhibitory mechanisms during the early stages of biofilm formation.

In contrast to the promising antimicrobial findings demonstrated by the aforementioned studies, a study which utilized a pre-formed 6-day mixed species biofilm model found that treatment with a RES concentration of 0.01% w/v for 30 min did not lead to significant alteration in biofilm species composition (71). Scanning electron microscopy (SEM) also demonstrated no apparent visual destabilization of the biofilm architecture. In their multi-species biofilm, Streptococcus mitis was the most dominant, followed by F. nucleatum, A. actinomycetemcomitans, and P. gingivalis, in decreasing order of proportion. Two key features of the methodology should be kept in mind when interpreting the results of this study. First, the use of distilled deionised water as the solvent for RES, which is an organic compound, might have resulted in undetectable precipitation of the compound with less of it available in its active form. Second, the short duration of exposure (30 min) to the test compound might have been insufficient to exert a measurable effect against a mature biofilm that had formed for 6 days.

An experimental study in rats was also unable to demonstrate antimicrobial effects of RES (72). The animals underwent experimental ligature-induced periodontitis with a test group receiving daily administration of 10 mg/kg RES for 30 days, and a control group receiving a placebo. Therapies commenced 19 days before periodontitis induction and continued for 11 days after. Microbiological evaluation of the ligature showed no statistically significant differences in levels of A. actinomycetemcomitans, P. gingivalis, and Tannerella forsythia between test and control groups, though there was a (non-significant) trend toward lower concentrations of these pathogens in the test group.



MECHANISMS OF ANTIMICROBIAL ACTION OF RES

Antimicrobials can kill or inhibit bacterial growth through several mechanisms. For example, they may disrupt the bacterial cell membrane, or inhibit synthesis of various biological components critical for cell function and survival, such as its cell wall, proteins, and nucleic acids.

In the literature, the antimicrobial effects of RES and its analogs have been documented against both Gram-positive and Gram-negative bacteria. This non-specific antibacterial effect is thus independent of the unique characteristics ascribed to either type of bacteria. A number of mechanisms have been proposed, with most of the studies demonstrating some form of cell membrane disruption induced by the compounds. For example, Joung et al. demonstrated direct binding of OXY to the peptidoglycans on the bacterial cell wall of methicillin-resistant Staphylococcus aureus (73). Co-treatment with peptidoglycan conferred a rescue effect on the bacteria, as measured by increases in optical density (OD600) readings. The authors also used transmission electron microscopy (TEM) imaging of the bacterial cells to confirm the presence of cytoplasmic membrane disruption.

Other studies working with PTS have produced similar results. Using SEM imaging, one study showed that the bacterial cell membranes appeared to have more blebs and irregularities after PTS treatment (74). Yang et al. used TEM to show that the cytoplasm of bacterial cells appeared amorphous and empty after PTS treatment, thus indicating a loss of intracellular contents (75). Similarly, a recent study used SEM to demonstrate a more shriveled and pitted morphology of S. aureus and Escherichia coli cell membranes after PTS treatment, as well as TEM imaging to show that PTS caused cell wall destruction for both the Gram-negative and Gram-positive bacteria (76). In addition, the authors measured OD260 and OD280 values to demonstrate a dose-dependent leakage of intracellular nucleic acids and proteins as a result of the perturbation of membrane integrity from PTS treatment. Another research group used a membrane permeabilization assay based on release of calcein-AM from bacteria to show that RES was able to alter cell membrane permeability of P. gingivalis (63).

Alterations in gene and protein expression is another mechanism through which the compounds exert their antimicrobial effects. In the study by He et al., at sub-MIC (concentrations below MIC) RES concentrations of 0.0125 and 0.025 mg/mL, genes involved in quorum sensing, tolerance to environmental stresses and virulence factors, were found to be downregulated (70). This is in agreement with other studies showing that RES treatment causes biofilm inhibition of E. coli and S. aureus because of hindrance of quorum sensing activity (77, 78).

Similarly, Ren et al. reported that for both S. aureus and E. coli, PTS treatment downregulated the expression of genes related to cell wall synthesis (76). Changes in protein expression were shown by Yang et al. (75), who used SDS-polyacrylamide gel electrophoresis (SDS-PAGE) to demonstrate that chaperones and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) were downregulated by PTS treatment. Chaperones help S. aureus adapt to and survive environmental stresses, hence downregulation of their expression could have maintained the bacteria in a stressed state, facilitating killing. GADPH is protective against oxidative stress, hence its downregulation by PTS would have made the bacteria more susceptible to oxidative damage. However, one puzzling finding from that study is that in contrast to PTS, RES actually upregulated the expression of these proteins. The authors postulated that the two compounds probably had different antibacterial mechanisms against S. aureus. Another plausible, although unsubstantiated, hypothesis might be an inferior potency of RES (as compared to PTS) in generation of oxidative stress against the bacterial cells. This would have given some allowance for the bacteria to cope with the stress and mount a feedback response, thus explaining the upregulated protein expressions of chaperones and GAPDH.

Next, it has also been shown that RES and its analogs are capable of generating oxidative stress in bacterial cells. Subramanian et al. proposed that RES induced cellular membrane oxidation (79), while the aforementioned study by Ren et al. showed that PTS treatment led to upregulation of genes associated with oxidative stress response mechanisms (76). This finding was supplemented by demonstration of increased production of intracellular reactive oxygen species (ROS) as detected by the fluorescent dye dihydrorhodamine 123 (DHR123). Although their study did not prove a direct causal link between the presence of ROS leading to bacterial cell death, the authors theorized that this was a reason behind the bactericidal activity of PTS, as intracellular ROS may stimulate apoptosis of bacterial cells.

Results from a 2015 study caution against the hasty conclusion that the antimicrobial effect is directly related to ROS production (80). In that study, RES treatment against E. coli increased intracellular production of ROS in a dose-dependent manner, but growth of RES-treated bacterial cells failed to recover even after rescue treatment with thiourea, which is a hydroxyl radical scavenger. Phase-contrast microscopy revealed morphological changes in bacterial cells treated by RES, namely dose-dependent cell elongation and filamentation, suggesting an inhibition of cell division by interfering with septum formation. Although it was additionally found that RES induced DNA fragmentation damage and upregulated the cell response to DNA damage, inhibition of FtsZ gene expression (and thus inhibition of Z-ring formation, which is a crucial step in bacterial cell division) was the direct cause of bacterial cell growth inhibition.

Taking all these findings together, it is clear that the RES compounds have the ability to interfere with the normal homeostatic mechanisms of bacterial cell function in several different ways. However, not all have a direct causative effect on bacterial cell death, and may also vary according to concentration the compound is administered at.

On a slightly different note, RES has also been shown to attenuate virulence properties of P. gingivalis in addition to inhibition of its growth (63). More specifically, RES treatment decreased bacterial adherence capability, attenuated P. gingivalis-induced loss of tight junction integrity in oral keratinocytes, and inhibited P. gingivalis degradation of Type I collagen.



INTERACTIONS OF RES WITH OTHER ANTIMICROBIALS

There are only a handful of in vitro studies evaluating the interactions of RES or its analogs with other antimicrobials, against a select group of pathogens. There are none which focus on periodontal pathogens. A 2012 study showed that RES had a synergistic antimicrobial effect with ciprofloxacin and cefotaxime against Gram-positive (Bacillus subtilis, S. aureus) and Gram-negative (E. coli, Pseudomonas aeruginosa) bacteria (81). Synergism of RES has also been demonstrated against parasites, with increased activity noted when combined with amphotericin B against amastigotes (82). Another study investigating OXY demonstrated the potential of its combination with other antibiotics to suppress bacterial growth in vitro (83). Combination with gentamycin or ciprofloxacin achieved complete growth inhibition of S. aureus after 24 h. All the antibiotic combinations with OXY also had reduced MIC values as compared to when the antibiotics were used in isolation. Similar results were obtained with PTS in combination with gentamicin against S. aureus, E. coli and P. aeruginosa in a recent study (74).



RATIONALE FOR INCREASED INTEREST IN RES ANALOGS

Despite the beneficial properties of RES and its promising applications, it has a relatively poor pharmacokinetic profile. The oral bioavailability of an administered drug compound is affected by properties such as its aqueous solubility, membrane permeability and metabolic stability (84). The inferior pharmacokinetic properties of RES are well-documented in the literature (27, 85). For example, RES has a short half-life (86, 87) and undergoes extensive phase II metabolism involving glucuronide or sulfate conjugation of its hydroxyl groups, with the consequent production of phase II metabolites in the form of glucuronides and sulfates (27, 88). It also suffers from poor oral bioavailability and undergoes rapid elimination (89). This problem of low bioavailability cannot be overcome simply by administering higher dosages of RES, due to concerns relating to financial costs and toxicity profiles. Assuming a weight of 75 kg, daily dose administration of 100 mg/kg (body weight) of RES would require 2.7 kg of RES in a year. This results in an estimated cost of about US$6,800 (27). Thus, these inherent limitations in the pharmacokinetic profile of RES have led to growing interest in its analogs as alternative therapeutic candidates instead, due to their superior pharmacokinetic properties.

One key reason behind the different pharmacokinetic profiles between RES and its analogs lies in the chemical structures of the individual compounds. A 2016 study by Chen et al. (90) on the comparative pharmacokinetic profiles of RES and OXY showed that after intravenous administration, OXY took a longer time to be eliminated than RES. After oral administration, OXY was absorbed and entered the systemic circulation rapidly, likely due to its increased aqueous solubility. OXY is a tetrahydroxystilbene and thus has an additional hydroxyl (-OH) group on its aromatic ring, as compared to RES, which is a trihydroxystilbene with only 3 hydroxyl groups. Although this additional hydroxyl group can also increase susceptibility to phase II metabolism, as documented by studies showing that OXY undergoes extensive first-pass metabolism in human and rat liver microsomes (91) and human intestinal microsomes (47), findings from Chen et al. showed that OXY had comparable oral plasma exposure to RES. The authors theorized that this could possibly be due to location of the hydroxyl groups, rather than quantity per se, which determined metabolic instability (90).

As for PTS, it has a methoxylated structure (3,-5-dimethoxy structure) and only a single hydroxyl group. This partial methylation makes PTS more resistant to phase II conjugation metabolism. It also confers a more favorable pharmacokinetic profile with regard to plasma exposure, half-life and rate of clearance. These have been supported by preclinical pharmacokinetic studies (92–95). Yeo et al. showed that after intravenous administration, PTS was eliminated more slowly and had longer mean transit time (MTT) than RES. Similarly, when given as an oral solution, PTS had lower peak serum concentration (Cmax) but 5–6 times higher plasma exposure and MTT than RES, evidencing its superior metabolic stability.

Due to the presence of additional methoxy groups, PTS is also more lipophilic than RES. Its moderate lipophilicity and non-polar characteristics (41, 96) potentially allow it to have better membrane permeability. This plausibly explains its superior biological potency over RES as shown in other studies. For example, Choo et al. (95) make the case for PTS as a more suitable candidate over RES for further development. Their in vitro study showed that PTS demonstrated greater potency than RES in the inhibition of LPS-induced NF-κB p65 nuclear accumulation, suppression of IL-6, IL-18 and vascular endothelial growth factor (VEGF) secretion, and anti-proliferative effects on human rheumatoid arthritic synovial fibroblasts (RASFs). In terms of biodistribution, PTS exhibited a high level of penetration to major organs after a single oral dose. Pharmacokinetics also remained favorable after repeated dosing, which led the authors to postulate that the distribution profile with a chronic PTS uptake should be comparable to that of a single administration. This has favorable implications for chronic disease prevention and treatment, as there would be a reduced need for dose adjustment.

Another example of a methoxylated analog possessing increased biological potency compared to RES is isorhapontigenin (ISO). ISO also exerts similar anti-inflammatory properties by acting on the NF-κB and MAPK pathways (97, 98). A recent study (99) demonstrated the superiority of ISO over RES as an anti-inflammatory agent for chronic obstructive pulmonary disease (COPD). ISO exerted an inhibitory effect on NF-κB transcriptional activity, as evidenced by a more than 75% inhibition of increase in NF-κB luciferase reporter gene expression after IL-1β stimulation. On the other hand, RES did not appear to have a significant effect. The greater biological effect of ISO, compared to RES, has been attributed to the presence of an additional meta-methoxy group in its chemical structure (100).



CHOICE OF SOLVENTS

Thus far, it is evident that the solvents used for RES and its analogs differ between studies. Being organic compounds, RES and its analogs have poor aqueous solubility, which in turn affects the rate and/or extent of oral bioavailability. Aqueous solubility is one of the key factors that determines oral absorption of xenobiotics (101). Lipid soluble drugs are less easily absorbed than water-soluble ones, especially for enteral administration. This means that the increased lipophilicity of certain methoxylated RES analogs like PTS is a double-edged sword. Although it grants greater potency of biological effects due to enhanced membrane permeability, it also reduces aqueous solubility of the compound (102), which in turn negatively affects oral bioavailability.

At the same time, usage of common organic solvents such as dimethyl sulfoxide (DMSO) to dissolve RES is not without its disadvantages. Since decades ago, it has been established that DMSO is capable of exerting cytotoxic effects. High dosages of DMSO can cause damage to blood cells, local irritation and necrosis (103), while another study warned of 50% mortality in humans weighing 80 kg when exposed to 880 g (applied on the skin) or 320 g (administered intravenously) of DMSO. At concentrations above 10% v/v, it has also been reported to induce cell apoptosis (104, 105). Due to these safety concerns, DMSO has to be used at sufficiently low concentrations (106–108).

Furthermore, recent in vitro studies have raised concerns about the toxic effects of DMSO observed even at concentrations below 10% v/v (109, 110). In particular, the study by Verheijen et al. utilized sensitive and high-throughput modern techniques to analyse the transcriptome, proteome and DNA methylation profiles of human cardiac and hepatic microtissues exposed to 0.1% DMSO for 2 weeks. They found that even at such a low concentration, DMSO could still affect cellular processes involved in metabolism and vesicle-mediated transport. DNA methylation mechanisms were also disrupted. Based on the capability of 0.1% DMSO to induce alterations in cellular processes, microRNA and epigenetics, the authors concluded that DMSO should only be used where absolutely necessary and in the lowest concentrations possible.

Consequently, the need to work with the lowest possible concentrations of DMSO puts a serious handicap on the ability to dissolve critical amounts of RES required for meaningful biological activity. Therefore, the second key challenge in translating the researched benefits of RES and its analogs to clinical applicability is choosing a non-toxic vehicle for these compounds.



CYCLODEXTRINS AND THEIR PHARMACEUTICAL APPLICATIONS

Cyclodextrins are manufactured from starch through degradation by glucosyltransferase enzymes, and were first isolated in 1891 by Antoine Villiers. They are cyclic oligosaccharides with a basic structure of linked D-glucopyranose units. The three most common natural cyclodextrins, also called “parent” cyclodextrins, are α-, β-, and γ-cyclodextrin (111). These parent cyclodextrins have 6, 7, and 8 linked D-glucopyranose units, respectively. The key characteristic of cyclodextrin molecules lies in their cone-shaped structure, so formed due to the chair-like structure of the individual glucopyranose units (112). This cone has a hydrophilic exterior and hydrophobic interior cavity. Cavity size is determined by the number of linked glucopyranose units, with α-, β-, and γ-cyclodextrin having cavity diameters of about 5.2, 6.6, and 8.4 Å, respectively (113). The three natural cyclodextrins (α-, β-, and γ-cyclodextrin) are all included in the Generally Recognized as Safe (GRAS) list by the US FDA (United States Food and Drug Administration) (114).

The first pharmaceutical patent for cyclodextrins was issued in Germany in 1953 (115), while the first pharmaceutical product containing cyclodextrin (prostaglandin E2 in β-cyclodextrin sublingual tablets) went on the market in 1976 (112). Today, cyclodextrins are widely utilized in the pharmaceutical, food and agrochemical industries (116). Their cone-shaped structure with a hydrophilic exterior and hydrophobic inner cavity confers the ability to behave as “transport vehicles,” carrying hydrophobic drug molecules to form an inclusion complex. Part, or all, of the molecule, may be encapsulated within the cavity. A dynamic equilibrium is thus formed between free cyclodextrins, free drug molecules, and inclusion complexes formed either in a 1:1 or 1:2 ratio. Large ring cyclodextrins with more than eight linked glucopyranose units are more expensive and do not form inclusion complexes as well as the smaller parent cyclodextrins. As a result, large ring cyclodextrins have less utility in the pharmaceutical industry (117).

Attempts have been made to measure the kinetics of drug release from drug-cyclodextrin inclusion complexes with fast kinetics techniques but to no avail, thus indicating that the process takes place faster than it can be measured. Using ultra-fast kinetics techniques, other groups have found that the rates approach diffusion-controlled limits (111). Thus, drug dissociation from and binding with cyclodextrin may be treated as simply a rapid equilibrium, in which simple dilution drives the drug release (118). Drug-protein binding, competitive drug displacement, and drug uptake into tissues inaccessible by free cyclodextrin molecules, may all also contribute to drug release post-administration (118).

Although the three most investigated cyclodextrins, α-, β-, and γ-cyclodextrin, appear to have rather similar complexation abilities (119), β-cyclodextrin has a cavity diameter (6–6.5 Å) of the optimal size for most chemical entities (120), including compounds with aromatic rings such as RES and its analogs. However, natural cyclodextrins have very poor aqueous solubility, with β-cyclodextrin being the least water soluble (~0.016 M at 25°C), compared to α- (0.12 M) and γ-cyclodextrin (0.17 M). The reason for its poor water solubility is due to formation of intramolecular hydrogen bonds between the C2- and C3- hydroxyl groups of neighboring glucose units, which makes the compound very stable (113).

In order to overcome this issue, the cyclodextrin is “functionalized” by chemically modifying the 2-, 3- or 6- hydroxyl groups of its glucose residues (116). This prevents intramolecular hydrogen bond formation and crystallization of the cyclodextrin. For example, the hydroxyl groups of β-cyclodextrin may be substituted with hydrophilic moieties such as hydroxypropyl groups to give hydroxypropyl-β-cyclodextrin (HPβCD). HPβCD has an aqueous solubility of ≥60% w/w and is very hydrophilic (121).

The safety profile of HPβCD has been evaluated in several human studies, with doses up to 200 mg/kg, given orally twice daily, being well tolerated. Single-dose intravenous administration of HPβCD up to 3 g also did not produce any toxic renal side-effects in healthy human volunteers (111). Its biocompatibility has allowed HPβCD to be a component of several US FDA approved products for human usage (116).



CYCLODEXTRINS AS A SOLUBILITY-ENHANCING EXCIPIENT FOR RES

The oral bioavailability of a drug is dependent on its ease of dissolution and subsequent absorption through the gastrointestinal tract to the extent that sufficient drug concentrations are available at the pharmacologically active site for producing the necessary biological effect. In the Biopharmaceutical Classification System, drugs are classified into four categories based on their dissolution and permeability characteristics (122, 123). Type I compounds have the most ideal characteristics, with both high solubility and high permeability. In situations involving Type II compounds, which have high permeability but low aqueous solubility, the complexation ability of cyclodextrins makes them pharmaceutically useful as vehicles to increase the apparent aqueous solubility of Type II candidate molecules such that they approximate Type I characteristics, with a resulting increase in oral bioavailability (124, 125). To this end, HPβCD has been utilized in the pharmaceutical industry to enhance solubility of various nutraceuticals (126).

Although RES analogs like PTS have better pharmacokinetic profiles owing to differences in chemical structure, presence of methoxy groups also reduces the aqueous solubility (102). Utilizing HPβCD as the choice of solvent can address this issue. Yeo et al. showed that administering PTS with HPβCD as a solubility enhancing excipient helped to overcome the problem of its limited aqueous solubility, significantly increasing its oral absorption and bioavailability (94). Similar results were obtained for RES in an earlier study (89).

Cyclodextrins enhance the aqueous solubility of their guest molecules in a linear fashion, especially when 1:1 complexes are formed (111). This is in contrast to cosolvents or surfactants (such as DMSO and ethanol), which modify bulk properties of the solution, thus increasing aqueous solubility in an exponential manner. Consequently, upon dilution of the drug-solvent mixture with an aqueous solvent, the poorly water-soluble drug will tend to precipitate out. This is not an issue when HPβCD is utilized as the solvent for PTS, as shown by linear phase-solubility curves documented in the literature (94).



UTILITY OF CYCLODEXTRIN-RES COMPLEXES IN THE CONTEXT OF PERIODONTAL TREATMENT

The comparative antimicrobial properties of RES and its analogs (OXY, PIC, and PTS), utilizing HPβCD as the solubility-enhancing excipient, were recently investigated (127) against F. nucleatum, which is a key bridging organism in plaque biofilm (128) and a potent instigator of the inflammatory response (129–132). Results from the study showed that PTS, complexed with HPβCD, was capable of conferring antimicrobial, anti-inflammatory and antioxidant effects in the presence of an F. nucleatum bacterial challenge (127). Complexation of PTS with HPβCD also led to increased antimicrobial potency as compared to the other analogs (RES, OXY, and PIC). These encouraging results support a focus for future research directed toward PTS, complexed with HPβCD, as a candidate nutraceutical for the adjunctive treatment of periodontitis.

In light of the global push for greater antibiotic stewardship, the combination of such antimicrobial, anti-inflammatory and antioxidant properties in a naturally derived compound positions it as an exciting potential addition to the current armamentarium of adjunctive therapies for periodontitis, particularly for patients who do not respond well to conventional root surface debridement. Furthermore, given that RES and its analogs have beneficial properties for other systemic conditions, their potential as adjunct therapies for periodontitis dovetails well with their utility as functional foods for comorbid conditions such as diabetes (32).



DISCUSSION AND FUTURE PERSPECTIVES

Thus far, there is still an incomplete picture of the exact mechanisms through which RES and its analogs achieve their immunomodulatory and antimicrobial effects. With regard to immunomodulation, more studies are needed to shed light on how RES impacts the numerous biological mediators involved in the affected signaling pathways. Rather than a reductionist approach analyzing individual mediators, methodologies allowing for a more holistic evaluation may be considered. As for antimicrobial effects, research on mixed-species biofilms is lacking. There is also a dissonance from the existing literature in terms of the differing effects that RES has on developing vs. mature biofilms. More work will be needed to verify the exact nature of the interaction of RES with mature biofilms, as well as the biological mechanisms responsible if a difference truly exists. Also, to the best of our knowledge, there has been no study which investigated the nature of interactions, if any, of RES or its analogs with commonly used antibiotics. In addition, although recent results point to PTS complexed with HPβCD as a promising candidate for future research, pre-clinical studies in larger animal models are still needed, before moving on to clinical trials in humans to confirm any potential adjunctive benefits of PTS in the treatment of periodontitis. The lack of control of action for phytomedicine and nutraceuticals is a main limitation hindering their translation to clinical reality, hence consistent results from well-controlled clinical studies will be needed to address this issue. Last but not least, further work will be needed to develop and optimize user-friendly dosage and delivery forms (e.g., chewing gums, lozenges) of the compounds.
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