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Abstract

:

The role of the gut microbiome (GM) and oral microbiome (OM) in cardiovascular disease (CVD) has been increasingly being understood in recent years. It is well known that GM is a risk factor for various CVD phenotypes, including hypertension, dyslipidemia, heart failure and atrial fibrillation. However, its role in valvular heart disease (VHD) is less well understood. Research shows that, direct, microbe-mediated and indirect, metabolite-mediated damage as a result of gut dysbiosis and environmental factors results in a subclinical, chronic, systemic inflammatory state, which promotes inflammatory cell infiltration in heart valves and subsequently, via pro-inflammatory molecules, initiates a cascade of reaction, resulting in valve calcification, fibrosis and dysfunction. This relationship between GM and VHD adds a pathophysiological link to the pathogenesis of VHD, which can be aimed therapeutically, in order to prevent or regress any risk for valvular pathologies. Therapeutic interventions include dietary modifications and lifestyle interventions, in order to influence environmental factors that can promote gut dysbiosis. Furthermore, the combination of probiotics and prebiotics, as well as fecal m transplantation and targeted treatment with inducers or inhibitors of microbial enzymes have showed promising results in animal and/or clinical studies, with the potential to reduce the inflammatory state and restore the normal gut flora in patients. This review, thus, is going to discuss the pathophysiological links behind the relationship of GM, CVD and VHD, as well as explore the recent data regarding the effect of GM-altering treatment in CVD, cardiac function and systemic inflammation.






Keywords:


cardiovascular disease; valvular heart disease; gut microbiome; inflammation; oral microbiome












1. Introduction


Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide [1]. While CVD is well associated with traditional risk factors like hypertension, hyperlipidemia, smoking, diabetes and metabolic syndrome, with a plethora of data describing their relationship, recent research and microbial sequencing analysis has shown the significance of the gut microbiome (GM) in affecting cardiovascular physiology and promoting pathogenetic mechanisms, ultimately responsible for the manifestation of cardiovascular pathologies [2,3]. The GM can be defined as the entirety of microbial organisms, ranging from bacteria to eukaryote and archea, populating the gastrointestinal tract, estimated to be around 1014 and possibly overly excessive compared to human cells in both number and genomic content [4]. Along with the GM, oral microbiota (OM) is an increasingly recognized microbiome site, that consists of the normal microbiome present at the oral cavity of each individual and is one of the largest and most complex microbiomes in the human body [5]. The GM seemingly affects the entire spectrum of CVD, and recently, novel research evaluated its role, including OM, in the pathogenesis and progression of valvular heart disease (VHD). Both the GM and OM seem to be related to VHD similarly to other CVD, as a risk factor promoting inflammation and altered host metabolism. This review aims to delve into the role of the GM and OM in the pathophysiology of VHD and describe available and emerging therapeutic options, targeted towards restoring the normal gut flora, including up-to-date animal and clinical evidence.




2. Pathophysiology: The Gut and Heart connection


2.1. Gut Microbiome: From Physiology to Pathogenesis


The GM predominantly inhabits the colon and is mostly anaerobic. Recent genomic analyses indicate that a large number of phyla colonize the human gut, with the majority being Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes [6]. The colon is most probably colonized after birth, despite conflicting evidence regarding the presence of a placental microbiome [7,8], and it rapidly increases and alters in the early stages of life, as a result of environmental factors such as diet, antibiotic use, disease and type of delivery (vaginal or c-section) [9,10]. Its symbiosis with human hosts comes with a number of benefits for human physiology, including integrity of the gastrointestinal mucosal barrier, vitamin and nutrients’ metabolism and protection against pathogens [11]. Of note, the GM can alter cell genomic expression cells via producing short chain fatty acids (SCFAs) and limit bacterial translocation [12,13], while also influencing epithelial homeostasis [14] and regulating both intestinal mucosal and systemic immune systems [15]. However, the positive symbiotic effects can be diminished or even reversed in case of dysbiosis development. Dysbiosis, an imbalance between the host and GM, has been already described to contribute to multiple pathologies, including autoimmune disease [16], thyroid disease [17], COVID-19 and CVD [18,19].



Pathophysiologically, GM-mediated CVD implications are complex and can be categorized as either direct, microbe-mediated or indirect, metabolite-related. In respect to the damage caused by microbial dysbiosis, microbe-induced systemic inflammation can promote CVD pathogenesis. This is particularly notable when examining the gut bacteria-derived lipopolysaccharide (LPS), which is normally produced by gram-negative intestinal bacteria and can be in increased serum concentrations following loss of intestinal cell integrity, facilitated via either local dysbiosis and LPS-mediated damage to the epithelial barrier [20] or other pathologies leading to disrupted intestinal blood vessel molecule transfer, such as hypertension [21]. The accumulation of LPS in the human body results in low-grade chronic inflammation, which is present in atherosclerotic, but not normal arteries [22]. In particular, a proposed mechanism concerns LPS binding to toll-like receptor 4 (TLR4), and a subsequent systemic inflammatory reaction mediated by the secretion of pro-inflammatory molecules and enhancement of pro-atherogenic receptors, as shown by studies linking receptors and molecules commonly recognized in atherosclerotic plaques and endothelial dysfunction phenotypes [23]. LPS levels and chronic inflammation have been extensively studied, with evidence of its role in atherosclerosis [24], atrial fibrillation [25] and heart failure [26]. It is of note that mutations in TLR4, leading to lack of binding of LPS to the receptor, may be related with a lower atherogenic risk, but not inflammation burden [27]. Furthermore, gut microbe-secreted metabolites such as trimethylamine N-oxide (TMAO), bile acids and SCFAs may alter the course of CVD. These molecules are linked to increased inflammatory states via various complex pathways (i.e., mitogen-activated protein kinase, extracellular signal-related kinase, and the nuclear factor-κB (nf-Κb) pathway) [28], as well as non-inflammation-dependent pathogenetic mechanisms including thrombus formation, atherogenesis, fibrosis and foam cell formation [29,30], and may be also related to increased major adverse cardiovascular events [31]. It is of interest that the adverse effects of such molecules are exacerbated, regarding both cardiac function and fibrosis, when dietary factors promoting the formation of such molecules (TMAO, choline) are given to mice models [32,33], while partial inhibition of these molecules may result in enhanced cardiac [34] and renal [35] function. On the other hand, the role of SCFAs may be more protective, limiting inflammation, metabolic disorders and atherogenesis [36]. Therefore, absence of SCFAs formatting bacteria in a dysbiotic environment, which promotes the secretion of the aforementioned metabolites, may lead to loss of this protective effect and thus to CVD. Finally, other recently recognized metabolites of gut microbiome, such as phenylacetylglutamine, may have an inflammation-independent role in the pathogenesis of CVD. In specific, Liu et al. [37] showed that in patients with suspected coronary artery disease (CAD) undergoing computed tomography coronary angiography, patients with increased levels of phenylacetylglutamine had significantly increased rates of obstructive CAD, high-complexity lesion and high-risk plaque phenotype, as well as adrenergic receptor activation and increased platelet activation.




2.2. GM and VHD


Recent studies have highlighted that, along with CAD, GM dysbiosis may also be related to VHD, as the pathobiology of CAD and specific VHD, such as aortic stenosis (AS), has many similarities [38]. As aforementioned, the most probable pathogenetic mechanisms come as a result of pathogen-mediated (dysbiosis) or metabolite-related mechanisms, both resulting in an altered host inflammatory state, which promotes calcification and structural valve dysfunction (Figure 1). In this setting, some researchers evaluated the role of GM in VHD (Table 1). Curini et al., reported the first taxonomical and functional characterization of human calcific aortic stenosis with the associated microbiota [39]. In 20 patients with severe symptomatic calcific AS, infiltration of T cells, and specific T-helper cells, was present in all patients, in response to microbe presence detected by ribonucleic acid (RNA) sequencing. Furthermore, CD8+ cells were found significantly increased in a proportion of German patients, compared to Italians. The presence of chronic inflammation, in response to microbiota presence, and the ability of T-cells to mediate altered calcium metabolism and valve calcification provide a hint for the potential role of GM in the pathogenesis of AS [40]. Furthermore, the study showed that the most prevalent phylum was Bacteroidota, followed by Proteobacteria and Firmicutes. Proteobacteria have also been found in specimen analysis of mitral valves. Thus, these studies are hypothesis-generating regarding the type and role of the microbiome, via initiating an inflammatory response, in VHD and valve calcification.



The relationship of AS and GM has also been explored in terms of evaluating the role of GM-derived metabolites and the presence or severity of AS. Kocyigit et al., showed that choline levels were significantly increased in patients with severe AS; however, they did not find a similar association with TMAO levels. It is of interest that this study revealed that higher choline levels are associated with higher aortic and mitral annular calcification scores, while its levels were significantly more elevated in patients with more dense lymphocyte infiltration, osseous metaplasia and calcification in the aortic valve [41], thus relating choline levels with both AS presence and severity. Similar results for choline levels and VHD have also been showcased by other investigators [42], revealing a significant relationship. TMAO has also been linked to aortic stenosis, with Guo et al. [43], evaluating patients with severe aortic stenosis, reporting significantly higher TMAO levels in patients with versus without aortic stenosis, even after adjusting for confounders. Furthermore, increased TMAO levels were predictive of patient survival, as they were also significantly associated with 2-year all cause and late cumulative mortality, while being an independent mortality predictor in multivariate analysis [43]. Finally, a recent study by Xiong et al., examining the role of TMAO in valvular fibrosis in human aortic valve interstitial cells treated with TMAO, showed that it is significantly related to aortic valve fibrosis, and specifically by initiating endoplasmic reticulum stress mechanisms involving activation of PERK/ATF-4 and IRE-1α/XBP-1s pathways. Treatment with 3,3-dimethyl-1-butanol, which inhibits the formation of TMAO, leads to reduced fibrosis. Finally, high-choline and fat diet in treated mice was shown to increase TMAO levels and activation of the aforementioned pathways, thus subsequently leading to increased fibrosis [44].



Lastly, it should be mentioned that, despite the initial link to CAD, studies revealed that it is probable that different bacteria populations have a distinctive role in each pathogenetic process [45]. In more detail, in a recent study, the CAD cohort was predominantly populated by Collinsella aerofaciens, Enterococcus, Megamonas and Megasphaera, while the VHD by Bacteroides plebeius, Enterobacteriaceae, Veillonella dispar and Prevotella copri. Interestingly, Blautia, a bacteria linked with anti-inflammatory response and producing short-chain fatty acid (SCFA) was reduced. The correlation analysis reported that for VHD Prevotela corpi and for CAD Collinsella aerofaciens may be key in the pathogenetic process related to the GM. This study, along with showcasing the different phenotypes of GM in patients with different CVD, also promotes a more inflammation-driven pathophysiological mechanism for VHD, as shown by the properties of their flora, in comparison to multiple different mechanisms, including promotion of dyslipidemia and metabolic syndrome in CAD patients. In other words, despite the vast of similarities between the pathophysiology of CAD, CVD in general and VHD, it is more likely that GM, its metabolites and the subsequent inflammation actively act and influence the physiology of the valvular mechanism, and possibly act concomitantly with other CVD risk factors, in order to contribute to each pathology. However, such conclusions could not be definitively drawn from these results.




2.3. OM, CVD and VHD


The role of OM in VHD is also well known, when considering the large number of endocarditis events following dental interventions; however, on top of acute infections, evidence suggest that periodontitis, oral dysbiosis and transient bacteremia with associated low-grade inflammation can modulate host inflammatory response and be linked to CVD [46]. Periodontitis has already been linked to atherosclerosis, with analyses showcasing inflammation as the responsible mediator for promoting atherogenesis [47]. Early studies show that the presence of at least one oral bacterium is frequent (44%) in atherosclerotic plaques [48]. Recently, analyses showed that bacteria such as Porphyromonas gingivalis, which are present in periodontitis, can also be identified in atheromas and are associated with the activation of the NF-κB-BMAL1-NF-κB signaling loop [49], while there might be a relation of periodontitis with myocardial infarction and major adverse cardiovascular events [50]. Nevertheless, a consensus document recognizes the increased risk for CVD in patients with periodontitis and the potential pathophysiological relationship between the two pathologies. However, given the common risk factors for periodontitis, chronic subclinical inflammation and atherosclerosis, establishing a causal relation cannot be entirely confirmed until more definitive data are available. Similarly, there are very limited data specifically addressing non-infectious, inflammation-mediated damage to heart valves mediated by OM. Older, specimen studies have identified oral pathogens in cardiac specimens, including cardiac valves, reporting high rates of Streptococcus mutans as well as low rates of periodontitis-related microbes [51,52]. Sia et al., recently showed that the incidence of VHD is significantly more frequent in patients with periodontitis, compared to controls, with periodontitis being independently related to the development of VHD. Interestingly, treatment for periodontitis was associated with a significantly lower incidence of VHD [53]. However, as the study found differences between the commonly identified oral pathogens present at atherosclerotic plaques (Porphyromonas gingivalis) with those populating valves (Group A Streptococci), the investigators mention that a conclusion regarding whether valve damage is mediated by chronic inflammation or subclinical infective endocarditis cannot be made and this topic warrants more research. Such pathophysiological hypotheses have not yet been elaborately studied and thus represent a frontier of research, in order to better understand potential links between VHD and OM beyond infective endocarditis-mediated damage.




2.4. Associations with VHD Management


The role of GM in VHD is not only pathogenetic but can also complicate the course of its management. Antibiotic use can alter the normal GM of a patient undergoing cardiac surgery, with studies showing decreased levels of beneficial bacteria and increased levels of harmful bacteria, such as Enterococcus, in post-operative cardiac patients [54]. The link between such disruptions and adverse events in operated patients is, however, still undetermined. Similarly, Xue et al., also showed that IV antibiotics influence GM composition in patients undergoing cardiac surgery, predominantly those undergoing valve replacement, with 7-day administration being able to entirely disrupt gut–host symbiosis [55]. Mostly, antibiotics with biliary excretion were responsible for such changes. Notably, such differentiations in the GM may also have implications in anticoagulation treatment, especially with vitamin K antagonists (VKA). Vitamin K is predominantly produced by Gram-positive bacteria in the gastrointestinal tract [56], this IV antibiotic excreted via the biliary can negatively influence vitamin K synthesis and consequently treatment with VKAs. More recently, similar investigations were performed regarding the role of gut dysbiosis, VKA and direct oral anticoagulation (DOAC) in rat models. The investigators reported that in antibiotic-treated rats, there are changes in the microbiome that affect oral anticoagulant (OAC) metabolism. In specific, warfarin and rivaroxaban had increased bioavailability, contrary to dabigatran, which showed a decreased bioavailability. Confirming these results, the study also showed altered expression of hepatic enzymes responsible for OAC metabolism, including p-glycoprotein, the nuclear receptor PRX and CYP1A2, CYP2C9 and CYP3A3, in animals treated with antibiotics compared to controls [57]. The aforementioned results highlight the significant, yet understudied, role of GM in the whole spectrum of VHD, from pathophysiology to management, and indicate cautious management of medication in patients with suspected gut dysbiosis, as it could lead to suboptimal patient outcomes and OAC failure.





3. Therapeutic Approaches to Restore the Normal Gut Flora


As elaborately described, the GM and OM have a distinctive pathophysiological relationship with CVD and VHD. Therefore, targeting gut dysbiosis and metabolites of the GM, in order to diminish their harmful impact, could be a novel therapeutic target for CVD. There are, currently, several options aiming to restore normal gut flora, including non-pharmacological, pharmacological and interventional (Figure 1).



3.1. Lifestyle Interventions: Diet and Oral Hygiene


A well-balanced diet is a key pillar to disease prevention, regardless of its association with the GM. However, its benefits may extend to maintaining a normal gut flora or restoring gut dysbiosis. It is of note that diet can play a significant role in the GM phenotype, dysbiosis and VHD risk. Specifically, Curini et al. [39] showed that in patient groups from different countries (Italy and Germany), there are significant differences in the microbes present in their valves, with Germans having more CVD-specific microbial infiltrates. Given the presumable differences in diet between the two populations (typical, meat and high-fat diet for Germans and Mediterranean diet for Italians), it could be possible that such dietary choices, promoting formation of GM-associated metabolites such TMAO, could promote valvular damage mediated by the GM. It is well known that diet has an incremental role in the GM, and a high-fat diet can alter its synthesis and promote dysbiosis even in extremely short periods of time [58], while it can also be related with increased LPS and levels of inflammatory markers [59]. Furthermore, such diets can diminish the production of the protective SCFAs in human organisms, which sustains the vicious cycle of GM dysbiosis, chronic inflammation and disease [60]. On the other hand, a diet with fibers can be beneficial, as fibers are known to promote normal gut flora, maintain GM diversity and promote an optimal GM–host relation [61]. Therefore, following a well-balanced diet, such as the Mediterranean diet, which has a well-documented protective effect in the cardiovascular system, can be of benefit in such individuals, by promoting microbial diversity, enhancement of SCFA-producing species, reduction of harmful metabolite production and decrease gut permeability [62,63]. This has also been shown in large, randomized trials examining the effect of different diets in secondary prevention of CVD, such as the CORDIOPREV study, where the Mediterranean diet was found to be superior to a low-fat diet in the prevention of major adverse cardiovascular events in patients with established CAD [64]. Notably, this is particularly significant in special populations, such as athletes, where a well-balanced diet, like the Mediterranean, is not usually followed. The effect of daily dietary intake aimed to optimize athletic outcomes, as opposed to the regular diet followed by the general population, may also have an effect in their cardiovascular health, in a similar manner different exercise modalities has [65]. Future research should examine such parameters of dietary options, specifically focusing on such populations, in order to identify possible links with cardiac function alterations and CVD.



Regarding the role of oral dysbiosis and periodontitis, diet is also a risk factor for its development, with a high-fat and sugar and low-fiber diet being well associated with periodontitis [66]. Therefore, similarly to the GM, diet intervention should be initiated in those patients, with the aim of following dietary plans rich in omega-3 fatty acids, vitamins and fibers and low in fat and carbohydrates, which have been shown to reduce periodontal inflammation [67]. Furthermore, diets including the Mediterranean and Dietary Approaches to Stop Hypertension (DASH) are also beneficial in reducing the risk of periodontal pathologies, and should be used, especially in accordance with patient phenotype, such as DASH for patients with hypertension [68]. Regarding oral hygiene, it has been shown that its suboptimal implementation in adults can increase the risk of periodontitis by up to five times, while good oral hygiene is associated with low rates of such complications [69]. Therefore, in accordance with advice from dentists, individuals should follow oral hygiene rules, with frequent toothbrushing and flossing, as well as visits to dental experts, in order to prevent the development of oral dysbiosis and periodontal pathologies.




3.2. Probiotics, Prebiotics and Antibiotics


The use of probiotics and prebiotics is continuously increasing for modulating the GM. Probiotics are a conundrum of beneficial microbes, mostly Lactobacillus, Bifidobacterium, Lactococcus and Saccharomyces, which can improve several aspects of human physiology, including the GM, immunological parameters and gastrointestinal physiology [70]. Prebiotics are non-digestible dietary fibers and oligosaccharides that selectively nourish beneficial microorganisms, which in turn produce beneficial molecules, such as SCFAs, that can decrease other metabolite toxicity and improve cardiovascular health [71].



The role of probiotics and prebiotics in CVD has been evaluated in a handful of studies. In specific, Malik et al. [72], evaluating the effect of probiotics (Lactobacillus plantarum 299v) in individuals with CAD, described that in those individuals there were significant changes in brachial flow-mediated dilation, endothelium-dependent vasodilation and interleukin-8 and 12 levels, without any changes in lipid and trimethylamine oxide levels, thus indicating significant improvement in arterial physiology and inflammation. Moreover, Moludi et al., showed that administration of probiotics (Lactobacillus Rhamnosus G) and prebiotics (inulin), in patients with CAD, resulted in significantly decreased levels of C-reactive protein (CRP), LPS and tumor necrosis factor (TNF)-a, in comparison to controls [73]. Another study by the same group, also in patients with CAD using only probiotics (Lactobacillus Rhamnosus G), reported a significant decrease in inflammatory markers and LPS, while they have also shown that in patients with myocardial infarction, administration of probiotics is associated with improved echocardiographic indices, compared to baseline, as a result of a positive cardiac remodelling [74]. Moreover, similar protective effects were found in patients with diabetes, where the use of probiotics lowered blood pressure, without, however, any differences in antioxidant markers [75]. Regarding prebiotics, animal heart failure models show an improvement of gut dysbiosis with their use, as well as reduction of endotoxemia [76]. The combination of prebiotics and probiotics is more common in clinical trials, with results showing decreased levels of CRP, nitric oxide and cholesterol levels in CAD [77,78]. Interestingly, several trials also indicate that the combination of those two treatments results in better outcomes in terms of inflammatory marker reduction and reduction of gut permeability, compared to using only one therapy, either probiotic or prebiotic [73,79]. The aforementioned studies provide significant insight regarding the beneficial role of pre-and probiotics in patients with CVD, especially in regard to inflammation. The anti-inflammatory effects of these regimens, along with the preservation or restoration of normal gut flora, could be of great use in patients with both CVD and VHD. However, subsequent trials further documenting their role in influencing clinical outcomes are needed in order to fully understand their role in VHD management and prevention.



Finally, some studies have assessed the effect of GM alteration with antibiotics in the gut–heart relationship. More specifically, a study by Awoyemi et al., evaluated the effect of rifaximin, probiotic yeast Saccharomyces boulardii and standard of care, in a 1:1:1 randomized fashion, in patients with heart failure. This trial showed that the administration of the antibiotic or probiotic did not have a significant difference from the standard of care on left ventricular ejection fraction, microbiota diversity TMAO or other inflammation indices [80]. Despite these negative results. Other investigators have found an association of antibiotic use with heart failure risk, potentially in a dose-dependent manner [81]. Thus, there is still need for further research in this topic, in order to fully understand the effect of antibiotics, in association with the GM, in patients with CVD and VHD.




3.3. Fecal Microbiota Transplantation (FMT)


Fecal microbiota transplantation (FMT) is an interventional treatment choice for altering an individual’s GM. FMT consists of the administration of a fecal solution from a donor directly into the recipient’s gastrointestinal tract, in order to change their gut microbial composition, which could potentially lead to benefits resulting from an enhanced microbial balance [82]. Most experience with FMT is gained due to its usability in pseudomembranous colitis, with positive results regarding rate of recurrence [83]. Promising results have also been identified in inflammatory bowel disease, with clear short-term benefit but uncertain long-term efficacy and safety [84]. Studies evaluating FMT in CVD are limited; however, it has been shown that FMT with a choline-diet induced TMAO production and an atherosclerosis-prone microbe can transfer atherosclerotic susceptibility in healthy individuals [85], therefore indicating a possible relationship between specific FMT microbes and a higher risk for CVD. However, FMT with atherosclerosis or CVD-resistant microbes, i.e., increasing those microbes with beneficial attributes and reducing those that promote inflammation and CVD, has not been tested yet. The association of FMT with CVD and the positive outcomes in other pathologies is a promising topic of research, where personalized FMT could alter normal gut flora and reduce total CVD risk.




3.4. Targeting Microbial Enzymes


Using directed inhibitors of enzymes that produce the previously discussed harmful molecules, such as TMAO, could be beneficial, as it would reduce their levels irrespective of other factors, such as diet. 3,3,Dimethyl-1-Butanol (DMB) is a structural choline analogue which inhibits the microbial synthesis of TMAO [86]. The use of DMB in rats with HF and MI resulted in suppression of TMAO plasma levels and improvement of cardiac function, possibly by inhibiting intracardiac interaction with inflammatory mediators, such as interleukin-8 [86]. Further studies also showcased that DMB, in overload-induced HF mice, can attenuate the development of cardiac remodelling, potentially through inhibition of the NF-κB pathway [87], as well as renal injury [88], aortic stiffening [89] amelioration and endothelial dysfunction prevention [89]. The use of DMB as a therapeutic intervention still requires human trials, which would show the extent of benefit in patients with or at high risk for both CVD and VHD. Finally, other enzymes, such as those mediating the production of SCFAs, should also be targeted by researchers, as increasing their production could lead to significant anti-inflammatory properties and health benefits.





4. Future Directions


It is well understood that the pathophysiological connection between the GM and VHD is complex and warrants more research; however, there are several links pointing towards inflammation and inflammation-related heart damage. As studies show, especially in regard to calcified valvular disease, the GM may have a causal relationship as a risk factor for its development. However, there are still limited data to support this novel hypothesis, mostly with the limited number of patients enrolled. Thus, future studies should aim to further evaluate the role of the GM and its effect in VHD development and progression, especially in less studied valves, such as the mitral valve and mitral annulus. Even though specimen studies, where an analysis of the microbes present in the calcified valve would be welcome, their increased complexity and the well-known, expected hurdles in study execution, can shift the attention towards identifying markers of microbial activity, such as TMAO and choline, which would not only reveal a pathogenetic relationship, but also serve as prognosticators of disease severity. Research on non-traditional molecules that could delineate the relationship between the gut microbiome and CVD should also be a frontier of more extensive research. In particular, catestatin, which is a neuroendocrine hormone (chromogranin A derivative) also found in enteroendocrine cells, has a close relationship with the regulation of the GM in preclinical models [90] and has been found to correlate with all-cause death and unplanned heart failure hospitalization in patients with heart failure with reduced ejection fraction (HFrEF) [91]. Further research regarding the relationship of the GM, enteroendocrine cells, CVD and especially VHD is necessary, as it could lead to the identification of novel biomarkers that could link GM dysbiosis and cardiovascular clinical outcomes. Moreover, more focus on interventions that modulate SCFAs and LPS interference with the host, such as diet interventions that increase SCFAs or pre/probiotic combinations that alter the expression of harmful LPSs could add more therapeutic options, on top of targeting the well-studied TMAO. Novel agents such as phenyacetylglutamine, that are currently being more studied, could also reveal more insights into inflammation-independent mechanistic effects that will improve our pathogenesis understanding and potentially lead the efforts for novel targeted therapeutic interventions. Furthermore, genome analysis and identification of individual patterns of GM flora related to VHD could also assist in recognizing early individuals at risk, using screening programs, and intervening early, either by eliminating concomitant CVD risk factors or treating the GM dysbiosis, as aforementioned. Finally, more research is needed regarding treatment alternatives. Currently, there is no evidence regarding potential treatment options and GM alteration in patients with VHD. Further research should identify if intervening with both non-pharmacological and pharmacological measures could alter the course of VHD. However, it should be noted that altering the gut microbiome is a chronic process, where the valve apparatus has already been exposed in harmful interplays and, consequently, the damage in the valve has already been initiated. Thus, it is important to mention that GM alterations with medical interventions would require time (months or years) to take place, while not only one intervention would be needed, but a synergistic effect of aforementioned interventions (diet and pro/prebiotics) would be required in order to observe any results in improving gut dysbiosis. Finally, it is well understood that, as AS becomes more prevalent, a large number of patients will undergo aortic valve replacement, either transcatheter or surgical [92]. Given that prosthetic valve dysfunction is also an increasingly prevalent problem, it would be interesting to investigate if, similarly to native AS, the GM has a role in leaflet calcification and local chronic inflammation. The identification of a link could help physicians better understand the pathophysiology behind prosthetic valve dysfunction, as well as promote preventive measures in order to diminish its effect on disease progression.




5. Conclusions


Growing evidence establishes the pathogenetic role of the GM in VHD. The subclinical, chronic inflammation promoted by gut dysbiosis and by microbial mediators such as TMAO and LPS predominantly influences cardiovascular physiology and results in local valvular inflammatory cell infiltration, calcification and cardiac remodelling. GM-modulating agents, especially diet and pro/prebiotics and antibiotics, hold promise for use in maintaining a normal gut flora and ameliorating the harmful effects of gut dysbiosis; however, further exploring the interplay between the gut and the heart and identifying novel therapeutic options is necessary, in order to provide effective prevention and potentially alter the course of VHD.
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Figure 1. The role of the gut microbiome in the pathophysiology of valvular heart disease and treatment considerations. Abbreviations: LPS: lipopolysaccharides; TMAO: trimethylamine N-oxide; BA: bile acids; SCFAs: short chain fatty acids; CVD: cardiovascular disease; VHD: valvular heart disease. 
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Table 1. Key studies evaluating the role of gut microbiome in valvular heart disease.
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	Study
	Year
	Study Type
	Participants’ Characteristics (n)
	Main Outcomes





	Curini et al. [39]
	2023
	Clinical study
	Patients with severe symptomatic calcific AS (n = 20)
	T-Cells, and especially T-helper cells, infiltrate calcific AS.

The number of CD8+ cells was greater in German patients.

German AVs had higher levels of several microbes linked with CVD.



	Kocyigit et al. [41]
	2020
	Clinical study
	Patients with se