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Abstract

:

Multiple sclerosis (MS) is the most prevalent demyelinating disease of the central nervous system (CNS) with an autoimmune component affecting young adults in their third decade of life. The etiology is still undefined, but myelin damage is mainly due to an aberrant immune response of lymphocyte cells against myelin components. Therefore, inflammation, demyelination, and axonal degeneration represent the major pathologic hallmarks of the disease. There are many risk factors associated with MS, and probably the most relevant is gender-related. Women are up to four times more affected than men are. Although the female prevalence in MS is epidemiologically evident, the identification of key factors involved in this difference is under investigation. On the other side, if women are more affected, men show late onset and worse prognosis. This sexual dimorphism derives from many sources, including sex hormones, different genes on female sex chromosomes, and differences in bacterial species. Indeed, accumulating evidence proves a link among MS and gut microbiota where its dysbiosis could help the immune system to trigger neuroinflammation. In this context, oral biology alteration should be considered, too. This work is intended to explore current knowledge inside MS gender differences with a look towards oral–gut–brain axis involvement.
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1. Introduction


Multiple sclerosis (MS) is an inflammatory and degenerative disease of the central nervous system, supposedly of autoimmune etiology [1]. It affects 2.8 million people worldwide, and its prevalence is increasing [2]. MS etiopathogenesis is extremely heterogeneous and multifactorial. Vitamin D deficiency is considered a risk factor of MS [3]. This could partially explain why MS is more frequent in higher latitudes with low sunlight exposure [4]. In addition to geographic location, genetic susceptibility may be involved as well. The more genetic risk variants are shared with a family member of an MS patient, the higher the risk of manifesting the disease. Therefore, monozygotic twins with 100% genetic similarity have 30% to 50% concordance in MS development while dizygotic twins or siblings have a 2–5% concordance compared to a 0.1% risk in the general population [5]. In addition, smoking, obesity, and exposure to viral and bacterial agents such as Epstein Barr virus (EBV) are associated with the onset of MS [6]. Regardless, it is difficult to believe that MS is associated with a single risk factor but is more likely a combination of multiple factors that predispose, initiate, and modify the disease course.



This chronic illness can imply severe physical or cognitive incapacitation, as well as neurological problems, especially in young adults [7]. Clinically, different subtypes have been described and are considered critical not only for prognosis, but also for the treatment choice: relapsing–remitting (RRMS), secondary progressive (SPMS), and primary progressive (PPMS). Of the affected people, 87% show an RR subtype with unexpected attacks followed by remission periods [8]. Within each subtype, a considerable individual variation in the disease course could occur. Biologically, the main cause of myelin destruction is basically due to the infiltration of T-cells and macrophages and their cytokines and due to the death of oligodendrocytes at multifocal zones of inflammation, leading to the CNS plaque formation in white and gray matter [9].



The extreme heterogeneity of the disease and the different responsiveness to treatment have led over time to the formulation of different therapeutic strategies. In general, immunomodulating agents act on the disease progression and reduce some pathological symptoms, such as clinical relapses and the stepwise accumulation of the disease. Instead, immunosuppressive therapies, such as monoclonal antibodies, are directed against immune system cells. Regardless, for treating MS, therapy options are usually based on a personalized approach determined by an individual patient’s prognosis and treatment risks.



In this intricate scenario, gender also plays a critical role in the disease. Females are more affected than males, and the female-to-male ratio varies between 2:1 to 4.1:1 in some countries, such as the Western Pacific and Southeast Asia regions [2]. This sex bias observed in MS epidemiology is still unexplained. However, a variety of factors, such as hormonal and genetic differences, as well as different social, lifestyle, and environmental exposures, have been implicated in the observed increased incidence in females [2].



Furthermore, these gender differences are also reflected in the different disease course. Men show a higher risk of developing PPMS and neurodegeneration while women seem to have more inflammatory lesions [10]. On the other hand, when MS is diagnosed after 50 years of age, men and women have a similar course [10]. In addition, the effect of pregnancy is not totally clarified, as the risk of relapse appears lower during pregnancy than after giving birth, where it seems higher [10]. All of these differences are believed to be mainly due to the sexual hormone effects, but most likely, other factors are involved.



The human gut-associated microbial community, known as the microbiota, consists of 10–100 trillion microbes, including bacteria, viruses, fungi, and parasites, which carry ~100 times more genes than the human genome, the microbiome [10]. The gut microbiota composition influences sex bias in autoimmune diseases, and conversely, sex hormones can influence the gut microbiota composition [10,11].



In this review, we aim to summarize the current knowledge about the link between sex bias and the microbiota in people with MS.




2. Sex Differences in MS Epidemiology


MS is considered the primary cause of non-traumatic neurological disability in young adults [11]. The mean age of onset has progressively increased in the past decades, going from 23.79 ± 10.19 in the 70s to 31.11 ± 9.82 in 2022 [12]. As aforementioned, MS is a multifactorial disease; genetic variants, lifestyle, and environmental factors (e.g., EBV infection, low vitamin D, smoking, and adolescent obesity) are associated with an increased risk of developing the disease [13]. Migration studies highlight the importance of non-genetic factors in modulating the disease risk. The risk of developing MS depends on the destination country and the age at which an individual migrates. Individuals migrating from low-risk countries to high-risk countries before adolescence acquire a high risk, which could suggest environmental factors in the etiology of MS. The existence of a sex bias in MS epidemiology, which increased over the last decade, is also considered further proof of an important environmental influence on disease risk [14,15,16]. A higher incidence of MS in females has been recognized for many years, and the prevalence in females has been increasing in the past decades, leading to a mean female-to-male ratio of 3–4.5:1 [2]. Differences between sexes are also observed in the relapse rate and disease course. Females show a higher relapse rate after the disease onset compared to males. In contrast, males are less susceptible but show a higher accumulation of disability [14]. An increased susceptibility in females compared to males has been described for many autoimmune diseases [15]. Environment–genotype–sex interactions influencing the penetrance of specific gene polymorphisms have been implicated in the increased immunologic susceptibility observed in females [16]. Differences in sex chromosomes, sex hormones, or in the complex interplay between sex and the environment can be advocated to explain the sex bias [14].




3. Role of Sex Hormones and Chromosomes


Sex hormones have been extensively studied in the past decade. Gender bias is described only in people with MS with an onset during the reproductive age, and there is evidence that the age at menarche may be related to the age at the disease onset [17]. Indeed, early menarche has been associated with an increased risk of developing MS [17]. The possible role of hormones is further supported by the evidence for an effect of pregnancy on MS activity. Studies report a 70% decrease in relapse rates during the third trimester compared with pre-pregnancy levels and increased relapse rates 3–6 months after delivery to levels almost three times higher than pre-pregnancy ones [17]. The effects of pregnancy on disability progression in MS remain controversial. In a cohort of 2466 patients followed for 10 years, more pregnancies were independently associated with lower disability scores [18].



However, although some studies show that women with MS who have been pregnant have less progression of disability and propose that these effects might even be cumulative, other studies have shown no effect on permanent disability scores [19].



Because of the presence of hormone receptors on immune cells, sex hormones, such as estrogens, progesterone, and androgens can influence different aspects of the immune system, potentially modulating the risk, activity, and progression of MS (Figure 1) [20].



Estrogen receptors (α and β coded by the genes ESR1 and ESR2) are expressed at different levels on peripheral blood mononucleated cells (PBMCs). B cells express the highest levels of ESR1 RNA while CD4+ T cells, CD8+ T cells, natural killer (NK) cells, and plasmacytoid dendritic cells (DCs) express intermediate levels. Monocytes have the lowest levels of ESR1 RNA. ESR2 RNA is expressed at the highest levels in B cells and plasmacytoid DCs and at low levels in other cell types [21].



To further complicate the picture, the expression of estrogen receptors on different immune cells varies based on the sex and life period. Monocytes in premenopausal women contain lower amounts of ESR1 RNA than monocytes isolated from males and postmenopausal women, suggesting that higher estradiol levels correlate with reduced ESR1 expression. In contrast, ESR1 and ESR2 RNA levels did not differ in male and female B and T lymphocytes or plasmacytoid DCs, or in lymphocytes of pre- and postmenopausal women [21].



The effect of estrogens on the immune system depends on the estrogen type and its levels. Endogenous estrogens produced in female mammals include estrone (E1), 17β-estradiol (E2), and estriol (E3, produced only in pregnancy). E2 is the predominant form in premenopausal women. At higher concentrations, E2 exerts mainly anti-inflammatory effects by inhibiting the production and signaling of pro-inflammatory cytokines, such as TNF-α, IL-1, and IL-6, as well as inhibiting NK cell activation, and by inducing expression of anti-inflammatory cytokines, such as IL-4 and IL-10, favoring a Th2 phenotype and transforming growth factor β (TGF-β) expression, and activating Treg cells [17,22].



However, at lower concentrations (equivalent to pre-ovulatory menstrual cycle levels), E2 stimulates TNF-α, IFN-γ, IL-1 production, and NK cell activity, probably promoting a pro-inflammatory environment.



Moreover, EBV infection, the environmental factor more strongly associated with MS risk, is influenced by ESR expression and the host’s sex. In a recent paper, the risk of MS was increased 32-fold in individuals after an EBV infection, and levels of serum neurofilaments, a marker of neurodegeneration, increased after EBV seroconversion [23].



Although both males and females are equally susceptible to EBV, they present different responses to the virus. In people with MS, there is a clear interaction between MS risk genes and EBV latency III infection, with a definite gender effect [24]. EBNA2 expression is negatively correlated with ESR2 in female lymphoblastoid cell lines, but it is not in males. LMP1 is negatively correlated with ESR2 in both males and females, and the EBV DNA copy number was positively correlated with ESR2 expression in females [24].



Finally, polymorphism in the estrogen receptor binding site has been implicated in the different susceptibility to autoimmunity observed between males and females [20].



Progesterone is another hormone considered immune-modulatory. Progesterone favors Treg cell differentiation and promotes the down-regulation of pro-inflammatory cytokines production and Th2 differentiation with a contemporary downregulation of activation molecules (i.e., CD80, CD86, and MHC-II) [25]. Progesterone can also modulate the remyelination process by increasing the rate of myelin synthesis [26].



A positive correlation between the progesterone and estrogen peak and attenuated clinical activity has been described during the last trimester of pregnancy [26]. Conversely, an increased risk of relapse is typical of the postpartum period when progesterone and estrogen levels dramatically decrease [26].



Androgens are protective against the development of autoimmune diseases of the CNS (Figure 1). It has been demonstrated that androgens upregulate the autoimmune regulator (Aire), thus increasing its thymus expression and enhancing the tolerance mechanism [27].



As outlined above, evidence of a direct effect of sex steroids on the immune system can explain part, but not all, of the sex bias observed in MS incidence and clinical course.



A role for sex chromosome has been less well-studied in both MS and experimental autoimmune encephalomyelitis (EAE). The four core genotypes (FCG) mice have been used to study the role of sex chromosomes without the confounding factor of sex hormones. Chromosome influence has been hypothesized to be correlated to different parental imprinting. In a study by Voskhul and collaborators, they found that maternal imprinting determined a lower methylation and, thus, higher expression of the Foxp3 gene on the X chromosome. This effect is more protective on the XY progeny compared to the XX progeny [14].



Finally, recent reports on the influence of the gut microbiota on gender-based autoimmunity suggest that both bacteria and sex hormones can interact to regulate the immune response and the development of the disease in genetically susceptible individuals.




4. The Role of the Gut Microbiome in MS and the Influence of Sex on the Gut Microbiome Composition


A condition of gut dysbiosis has been described in both animal models and people with autoimmune diseases [28]. Consistent changes observed across multiple studies included a reduced abundance of the Bacteroidaceae family, Faecalibacterium, Clostridium species, and Prevotella strains and an increase in the genus Akkermansia [28,29,30,31,32]. The Clostridium species and Polysaccharide A from the capsule of the human commensal Bacteroides fragilis were shown to exert an immunomodulatory effect, promoting Treg accumulation in the colon and IL-10 secretion in T and B cells [33,34]. Whether these gut microbiota alterations in MS could contribute to the disease pathogenesis or are just a consequence remains unknown. Supporting a real pathogenic role is the finding that gut microbiota or gut-derived molecules obtained from people with MS could modulate EAE when transferred into mice [29,35].



Accumulating evidence shows that the gut microbiota modulate neuroinflammation [36]. Indeed the gut microbiota, acting on the intestinal production of serotonin, can play a role in the activation of the immune system, and it can influence its, interacting directly with T and B cells [36]. Interestingly, mucosal-associated invariant T (MAIT) cells that seem strictly interconnected with intestinal microbiota, which are absent in germ-free mice, localize in the CNS at MS onset and for many years [37]. Furthermore, they express CD103 as resident cells do and release pro-inflammatory cytokines, such as IFNγ and IL-17, with a detrimental effect for the CNS. Indeed, an open question that is relevant for MS is establishing if gut microbiota can interact with the blood-brain barrier (BBB). Some bacterial wall components, such as acid lipoteichoic (LTA), have exchanges with the brain endothelium passing through the BBB. Other species cross the BBB indirectly by taking advantage of peripheral immune cells or simply during BBB damage [38]. Furthermore, LTA and LPS can modulate the BBB permeability, attracting pro-inflammatory cytokines and changing BBB biology [39]. These findings support the hypothesis that gut microbiota could trigger and/or exacerbate neuroinflammation processes, worsening MS disease.



An increasing number of microbiome studies reveals a bidirectional cross-talk between microbiota and the endocrine system with bacteria able to produce, respond to, and regulate the effect of hormones [40]. In detail, sex hormones have been demonstrated to influence gut microbiota composition (Figure 1) [40].



In healthy people, sex influences the gut microbiome composition. Healthy male subjects have a higher abundance of Bacteroides compared to females [41]. Postmenopausal woman gut microbiota did not differ from adult males [41]. In a study comparing male and female gut microbiota, when correcting for other possible confounding factors, such as diet and BMI, women had a lower abundance of Bacteroides, and in women only, obesity determined a more pro-inflammatory gut microbiota composition compared to lean subjects [10].



For many autoimmune disease animal models, gender bias occurs more often in specific pathogen free (SPF) female mice, and the risk can be reversed by transplanting the gut microbiome obtained from SPF male mice [42]. The transplantation of the male gut microbiome at weaning has been associated with increased levels of testosterone and changes in serum metabolic profile [42]. Members of the gut microbiome are reported to interact with steroids, possibly impacting the steroid balance at the intestinal level [42]. Specific taxa have the capacity to metabolize sex steroid hormones. For instance, the intestinal commensal Clostridium expresses enzymes involved in glucocorticoid conversion into androgens [42]. The Slackia species, a common member of the gut microbiome, can exert the interconversion of B-estradiol and estrogen. It is unclear whether or how microbiome-derived sex steroids have an impact on host physiology and immunity. Estrogens can also promote the development of certain types of bacteria [43]. On the other hand, a “favorable” gut microbiota determines a better absorption of estrogens. Estrogens are metabolized by bacteria secreting beta-glucuronidase, an enzyme that deconjugates estrogens, allowing the active metabolite to enter the blood stream and directly bind estrogen receptors [44].



Data on people with MS are lacking, but the evidence that bacteria considered “protective” against autoimmunity in the CNS, like Bacteroides, are more abundant in males than in female subjects supports a possible role of the cross-talk between gut bacteria and hormones also in MS pathogenesis.




5. Oral Microbiome in MS


As outlined above, the interplay between the gut microbiome and host immune system is recently investigated to clarify the pathophysiology of multiple sclerosis (MS). A multi-omics approach to the study of MS revealed that gut microbiome dysbiosis without a unique signature for MS patients can indicate an extra-intestinal pathophysiology associated with an increased circulating proinflammatory marker [45]. In this context, the involvement of the oral microbiome should be considered principally for two reasons: (1) the human oral microbiome harbors the second most abundant, most heterogeneous, and most complex microbial community after the gut one; (2) emerging evidence demonstrates a strictly interconnection between oral and gut microbiome to the extent that oral bacteria can colonize and compete with the gut microbiota (Figure 1) [46,47]. Furthermore, in a dysbiosis scenario, oral microbes could contribute to stimulate the Th1 of the gut-associated lymphoid tissue, driving an aberrant inflammation and activation of the immune response of the GI tract (Figure 1) [48]. This mutual interaction between the oral and gut microbiome in MS is scarcely investigated since evidence of oral dysbiosis linked to neurological diseases are likewise poorly studied. Despite that, mouth dysbiosis may contribute to neuroinflammation indirectly through the spreading of inflammatory mediators or directly by microbes entering the CNS, most likely using the bloodstream [49]. Interestingly, in AD, a Treponema species have been detected in the trigeminal ganglia, suggesting another possible propagating route of oral bacteria to the brain strictly related to MS, as trigeminal neuralgia is common at the early stage of MS [50,51]. Unfortunately, there is a lack of research regarding the role of the oral microbiome in MS. A few articles described a correlation among oral dysbiosis and MS. In particular, periodontitis has been recently linked to a higher risk of developing different neurodegenerative diseases, including MS [52]. In addition, a case control study using a population-based dataset in Taiwan provides evidence on an association between chronic periodontitis and MS in female, but not male, subjects [53]. In contrast of these findings, in a large Norwegian cohort of MS patients, the association between periodontitis and disease was not demonstrated when taking into account the covariate smoking habits of patients versus controls [54]. Smoking is a notorious risk factor of periodontitis, and it should be considered to have more affordable results. Despite that, the link between periodontitis and MS also seems to be found in in vivo MS mice models. Indeed, the ligature-induced periodontitis (LIP) aggravated MS-like symptoms in EAE mice through the expansion of T helper 17 (Th17) cells [55]. Furthermore, fecal microbiota transplantation from EAE mice with LIP also promoted EAE symptoms. These results highlight the role of oral pathogens in EAE [55]. One of the bacteria implicated in periodontal disease is Porphyromonas gingivalis (P. gingivalis) [56]. P. gingivalis levels have been correlated with MS and other neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), frontotemporal dementia, dementia with Lewy Bodies, and Huntington’s disease [56]. Further, P. gingivalis can be found far from the oral cavity as it has been isolated from women with bacterial vaginosis [56,57,58]. This evidence could be in favor of the higher risk of MS in women even though no studies are present in the literature regarding the correlation between P. gingivalis and MS in women. Considering the whole oral microbiome community, the work of Troci and coworkers demonstrated that the oral microbiota composition is altered in patients with MS, and these microbial changes have been linked to MS disease activity and progression [59]. This study showed a specific microbial fingerprint observed in oral swabs in MS patients: the microbial stool changes associated with disease severity at baseline and the long-term reversibility of these compositional differences following B-cell depletion. In conclusion, the study suggests that not only stool, but also oral microbiota composition is altered in MS patients, defining a precise disease signature. Furthermore, treatment with B-cell depleting antibodies in MS patients does not only reduce the overall disease activity, but also associates with specific changes in stool and oral microbiota composition. In the light of these findings, dysbiotic oral bacteria can lead to systemic inflammation and contribute to neuroinflammation acting on: (a) the release of proinflammatory cytokines into the bloodstream, which eventually reach the brain; (b) gut microbiota alterations through the oral–gut–brain axis; and (c) crossing the BBB via the trigeminal nerve. In the brain, microglia can react by regulating the immune response while astrocytes amplify the release of proinflammatory cytokines and neuroinflammation. Importantly, although the intra-subject variability of the oral microbiome is extremely marked, cultures of a person’s saliva share some similarity with the stool coming from the same subject, suggesting a continuum in the individual oral–gut microbiota along the GI tract [60]. Unfortunately, there are not studies on the sex bias in the composition of the oral microbiome in the context of autoimmune diseases. However, this line of research might be particularly interesting to pursue since saliva collection could be the easiest way to detect gut microbiome changes correlated with an increased risk to develop MS.



Furthermore, an oral microbiome signature could be a more specific marker in MS disease progression, and saliva could represent, in perspective, a source of potential analytes monitoring the progression of MS and, more broadly, of neurodegenerative diseases [61]. Saliva is an easy biofluid to study due to its non-invasive and inexpensive collection procedure. In this way, saliva could be helpful in the screening of a broad group of healthy individuals and in the early diagnosis of MS. At the time being, the differential diagnosis of neurodegenerative diseases is complex and relies on the biomarker levels present in the cerebrospinal fluid. Compared with other standard tests and imaging procedures performed to diagnose neurological diseases, saliva could help detect an early specific marker at the earliest time [62].



Brain-derived extracellular vesicles (EVs) are also detectable in saliva. EVs secreted from different types of neural cells, such as neurons, astrocytes, microglia, and oligodendrocytes, present on their molecular surface markers almost completely specific to the donor cell [63]. They can cross the blood–brain barrier, and it is possible to speculate that, through the brain–axis consisting of the trigeminal nerve, they may reach the salivary glands where EVs are supposedly secreted with the saliva. Through their cargo, EVs can become a reservoir of potential peripheral biomarkers, mirroring brain pathology. In this regard, MS was, more than 30 years ago, the first neurological disorder identified where the release of EVs is closely related to the disease progression and neuroinflammation [64]. Thus, detecting specific CNS-derived EVs in saliva and other peripheral biofluids could represent a non-invasive and easy way to analyze the CNS status remotely [64]. In this line, EVs should deserve greater attention from the scientific community considering that they provide information not only in the pathogenesis, but also as therapeutic tools due to the intrinsic possibility of EVs carrying disease-modifying drugs back to the CNS donor cell.




6. Conclusions


There is no definitive explanation on why females are more susceptible than males to MS. A complex interaction between environmental, genetic, and epigenetic factors is probably involved. The microbiome is the newest player in MS susceptibility. As outlined above, there is a complex and not fully understood interplay between the microbiome and sex hormones. To further complicate the picture, the microbiome is influenced by many environmental factors, including, but not limited to, diet. Understanding the implications of the observed sex bias in autoimmune diseases is of the utmost importance to better guide patient counseling and therapeutic intervention. Clinical trials trying to use estrogens in people with MS failed to meet primary endpoints, likely because hormonal therapy given later in life cannot mimic hormone and environmental exposure during adolescence, as many lines of evidence point towards adolescence as the specific susceptibility window in which the risk of MS is determined.



Further studies are needed to better explain the sex bias in MS and to fully understand the consequences of pregnancy, hormonal therapy, and menopause on the disease course. The increasing use of multi-omic approaches to unravel the molecular mechanisms underlying the interplay between the environment, the microbiome, the immune system, and neuroinflammation will allow a better understanding of the sex bias observed not only in MS, but also in many autoimmune diseases.



Finally, yet importantly, understanding the sex bias in MS could help the therapeutic approach to be used in a more personalized medicine towards women with MS.
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Figure 1. Sex differences in the oral–gut–brain axis in people with MS. Sex hormones, such as estrogens (E1, E2, E3), progesterone (PG) in females, and androgens in males, can influence different aspects of the immune system, potentially modulating the risk, activity, and progression of MS. In females (right side of the figure), the influence of sex hormones on the immune system can be considered proinflammatory (see balance). In contrast, in males (left side of the figure), the influence of sex hormones shifts the balance versus an immunomodulatory effect. Further, sex hormones have been demonstrated to influence gut microbiota composition. Dysbiotic gut bacteria can lead to systemic inflammation and contribute to neuroinflammation and demyelination through the oral–gut–brain axis, anatomically sustained by the vagus nerve (see arrow in the figure). At the same time, oral bacteria can contribute to neuroinflammation via the trigeminal nerve (see arrow). Created with BioRender.com. 
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