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Crohn’s disease (CD) is a chronic inflammatory disease that most frequently affects part of the distal ileum, but it may affect any part of the gastrointestinal tract. CD may also be related to systemic inflammation and extraintestinal manifestations. Alzheimer’s disease (AD) is the most common neurodegenerative disease, gradually worsening behavioral and cognitive functions. Despite the meaningful progress, both diseases are still incurable and have a not fully explained, heterogeneous pathomechanism that includes immunological, microbiological, genetic, and environmental factors. Recently, emerging evidence indicates that chronic inflammatory condition corresponds to an increased risk of neurodegenerative diseases, and intestinal inflammation, including CD, increases the risk of AD. Even though it is now known that CD increases the risk of AD, the exact pathways connecting these two seemingly unrelated diseases remain still unclear. One of the key postulates is the gut-brain axis. There is increasing evidence that the gut microbiota with its proteins, DNA, and metabolites influence several processes related to the etiology of AD, including β-amyloid abnormality, Tau phosphorylation, and neuroinflammation. Considering the role of microbiota in both CD and AD pathology, in this review, we want to shed light on bacterial amyloids and their potential to influence cerebral amyloid aggregation and neuroinflammation and provide an overview of the current literature on amyloids as a potential linker between AD and CD.
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1 Crohn’s disease



1.1 Crohn’s disease – general information

Inflammatory bowel disease (IBD) includes ulcerative colitis (UC) and Crohn’s disease (CD). The two disease differ in their symptoms, radiographic appearance and histological changes. In this review, we focused on CD, as the histological changes in its course involve the entire thickness of the intestinal wall, characterized by localized lymphocytic infiltration, granulomas and fibrosis. In contrast to UC, in which lesions are limited to superficial inflammation with the presence of crypt abscesses (Le Berre et al., 2020).

CD is characterized by chronic, transmural, and mostly granulomatous inflammation of the gastrointestinal tract. CD usually affects the distal ileum, cecum, or colon but can affect any part of the gastrointestinal tract. Typically, the CD has an intermittent course with periods of acute flares and remissions. Clinical symptoms vary depending on the severity and section of the gastrointestinal tract involved, ranging from mild to severe. The main symptoms are abdominal pain, diarrhea, low-grade fever, fatigue, unintended weight loss, and malnutrition. Rectal bleeding during CD is less common but can occur when the distal colon is involved. As the disease progresses, the chronic inflammatory process of the intestines disturbs their function, intestinal complications appear, and then – also extraintestinal symptoms (Guan, 2019; Petagna et al., 2020).

Despite comprehensive studies, the exact cause of CD is still not fully understood. Current consensus considers a multifactorial and heterogeneous pathogenesis of CD. It is believed that a complex interaction between genetic, environmental, and microbial factors may lead to dysregulated and enhanced immune response (Sobieszczańska et al., 2019; Ranasinghe; and Hsu, 2023).




1.2 Immunological factors in the pathogenesis of Crohn’s disease

An unrestrainable immune response against luminal antigens, leading to tissue inflammation, is an indisputable factor in the pathogenesis of CD. During chronic inflammation, immune cells, including CD4+ and CD8+ T helper (Th) cells, infiltrate and accumulate in the gastrointestinal tract of CD patients. Therefore, dysregulation of various components of the immune system is invariably found in the mucosa of CD patients (Petagna et al., 2020). One of the most expressed alterations that mediate abnormal immune response and subsequent inflammation in the intestinal mucosa include increasing migration, proliferation, and activation of Th cells, especially Th1 and Th17 cells. As a result, there is an upregulation of the synthesis and release of various proinflammatory mediators. Numerous studies have shown increased amounts of mRNA for TNF-α, IL-2, IL-6, IL-8, IL-12, IL-17, IL-21, IL-22, IL-23, CCL20, and chemerin, and increased concentrations of these markers in serum and intestinal mucosa biopsies from CD patients (Guan, 2019).

The role of Th17 cell subpopulation in the pathogenesis of CD is increasingly emphasized. Th17 cells are controlled by Treg cells, which inhibit the former’s excessive immune response, they must remain in dynamic balance. When it is lost and shifts towards the proinflammatory Th17 cells, which constantly accumulate, proinflammatory cytokines are continuously synthesized and released. This exceeds the immune tolerance of Treg and leads to persistent mucosal inflammation (Szandruk-Bender et al., 2022a; Chen et al., 2023; Szandruk-Bender et al., 2023). Intestinal Tregs have T-cell receptors (TCRs) specific for intestinal antigens. They are essential for suppressing the immune response against the gut microbiota (Choi et al., 2022). In addition, Treg stimulate the development of intestinal stem cells (ISCs), ensuring the integrity of the intestinal epithelium and maintaining intestinal homeostasis (Harada et al., 2022). Treg can enter the central nervous system via three routes, through: (i) the blood-brain barrier (BBB) (into the perivascular space); (ii) the subarachnoid space in the meninges, and (iii) the choroid plexus (into the cerebrospinal fluid). Treg accumulating in damaged areas infiltrate the brain and, being able to interact with microglia, exacerbate inflammation within the nervous system contributing to the development of neurodegenerative diseases (Ma et al., 2024).

Both Th17 and Treg cells are differentiated from naive CD4+ T cells under the influence of relevant transcription factors and microenvironmental cues. Differentiation of Th17 cells is driven by retinoic acid related orphan receptor γt (RORγt) and signal transducer and activator of transcription 3 (STAT3) in the presence of proinflammatory cytokines, especially IL-6 and IL-23, while Treg cells – by forkhead box protein 3 (Foxp3) transcription factor (Szandruk-Bender et al., 2022a; Szandruk-bender et al., 2023). Importantlythe gut microbiota directly or through metabolites indirectly can regulate Th17 and Treg cell differentiation and, thus, the progression of CD (Chen et al., 2023).

Intestine inflammatory response is also determined through the remodeling of the extracellular matrix by the action of upregulated metalloproteins, e.g., MMP1, MMP3, MMP9, and the overexpression of such adhesion. Its overexpression enables increased migration of lymphocytes to the healthy gastrointestinal tract and sites of inflammation (Petagna et al., 2020). Disturbances in the apoptosis process also contribute to CD pathogenesis. Excessively expressed apoptosis of epithelial cells leads to their increased elimination and damage to the intestinal barrier, that said reduced programmed death of inflammatory cellsresults in their accumulation in the wall of the gastrointestinal tract and maintenance of inflammatory process (Guan, 2019).




1.3 Genetic factors in the pathogenesis of Crohn’s disease

There is a growing body of evidence that genetic factors influence the risk of developing CD increasingly confirmed susceptibility loci for CD (Graham and Xavier, 2020). The first gene whose mutations were associated with this disease is nucleotide-binding oligomerization domain 2 (NOD2). NOD2 mutations occur in around one-third of the CD patients. The 1007fs mutation in this gene manifests itself in a more severe course of the disease, and the R702W and G908R mutations lead to an intensified response from proinflammatory cytokines and the induction of inflammation (Guan, 2019). In addition to NOD2, genes associated with the risk of developing CD are related to i) the innate pattern recognition receptors, e.g., caspase activating recruitment domain 15 (CARD15), organic cation transporters novel (OCTN), toll-like receptors (TLRs); ii) the integrity of the intestinal barrier, e.g., (DLG5, IBD5); iii) autophagy, microbial detection, and effector pathways, e.g., autophagy-related gene 16L1 (ATG16L1), immunity-related GTPase M (IRGM), leucine-rich repeat kinase 2 (LRRK2); and iv) lymphocyte differentiation, e.g., interleukin-23 receptor (IL23R), STAT3, ROR, TNFSF15, Janus kinase 2 (JAK2), chemokine receptor 6 (CCR6) (Tsianos et al., 2012; Graham and Xavier, 2020). Moreover, many genes appear to be not only susceptibility genes but also influence the prognosis (NOD2, IL23R, ATG16L1, DLG5, IRGM), disease activity (NOD2), location (ATG16L1, NOD2, IL-10, STAT3, TLRs) of CD, as well as the presence of intestinal and extraintestinal manifestations in the course of CD (TLRs, CARD15, NOD2, IL-6, IL-10, IRGM, STAT3) (Tsianos et al., 2012). Even though many people carry loci that increase the risk of CD, only a small proportion of the population develops CD. The occurrence of the disease requires exposure to environmental factors and disruption of the interaction between the intestinal microbiota and the immune system of the intestinal mucosa (Graham and Xavier, 2020).




1.4 Environmental factors in the pathogenesis of Crohn’s disease

Prenatal life: Development of CD in children is influenced by the mother’s age (>35 years old) and smoking during pregnancy (Roberts et al., 2011). Increased risk for IBD, including CD, also occurs after exposure to antibiotics during the 3rd trimester of pregnancy (Örtqvist et al., 2019).

Perinatal factors: The studies on these factors looked at prematurity, month of birth, birth weight, and Apgar score obtained. It was shown that only an Apgar score of.7 at one minute was associated with a higher probability of CD (Canova et al., 2020).

Neonatal and infancy period: Many case-control studies have shown an association of breastfeeding with later incidence of CD (Gruber et al., 1996; Basson et al., 2014). One study reported that CD patients lived in smaller households and had lower numbers of siblings (Bernstein et al., 2006). In addition, the study performed by Hampe et al. additionally showed that lower birth position is a possible indicator of increased exposure to infections, resulting in a higher risk of CD (Hampe et al., 2003). The place of living is also important. Numerous studies have shown that people who spent their childhood in the countryside have a much lower probability of developing CD in adulthood (Radon et al., 2007; Benchimol et al., 2017). Other factors related to childhood include the level of hygiene. Indeed, it has been proven a directly proportional relationship that the higher the level of hygiene, the greater the likelihood of CD (Amre et al., 2006; Lashner and Loftus, 2006).

Specialist risk factors in adult life: 1) Smoking. Studies have shown that active smokers and ex-smokers have a significantly increased risk of CD compared to people who have never smoked (Lakatos et al., 2007; Berkowitz et al., 2018). It has been suggested that they are contributed to by i) the T-cell-nicotine connection (released immune messengers lead to intestinal inflammation) (Razani-Boroujerdi et al., 2007); ii) modifications of mucus production by the gastric mucosa (Li et al., 2014) and intestines (Allais et al., 2016); iii) disorders of the intestinal mucosal repair (Li et al., 2014) and iv) disruption of blood flow to the mucosa of the gastrointestinal tract (Hunsballe et al., 2001). 2) Supplementation of chemical substances. Many studies have confirmed the impact of using antibiotics (Card et al., 2004; Hildebrand et al., 2008), and nonsteroidal anti-inflammatory drugs (Felder et al., 2000) on the development of CD. These compounds probably cause damage to the mucosa of the gastrointestinal tract,consequently disrupting the formation of the its microbiome. Moreover, the use of oral hormone therapy has been shown to be positively associated with the risk of CD, it has been proven that it is independent of the dose of estrogen used (Cornish et al., 2008). 3) Diet. A high consumption of animal protein and long-chain omega-6 polyunsaturated fatty acids has been associated with an increased risk of CD (Shoda et al., 1996). It is due to the fact that omega-6 fatty acids are indirectly involved in the production leukotrienes and prostaglandins. 4) Other. Exacerbation of symptoms in CD is also influenced by strong stress and sleep disturbances, which have been observed during periods of recurrence (Anthony Sofia et al., 2020; de Dios-Duarte et al., 2022).




1.5 Microbial factors in the pathogenesis of Crohn’s disease

In fact, many studies have shown that one of the most likely factors in CD is an imbalance in the gut microbiota. These changes contribute to the impairment of intestinal innate immunity carried out by neutrophils, monocytes, macrophages, dendritic cells, innate lymphoid cells, and natural killer (NK) cells, representatives of non-specific first-line defense. Furthermore, studies have shown that in the situation of impaired intestinal microbiota, intestinal CX3C chemokine receptor 1 high (CX3CR1high) macrophages differentiate into pro-inflammatory effector cells, acquiring the ability to present antigens to lymphocytes and becoming a critical predisposing factor in the development of IBD, including CD (Zigmond et al., 2014).

Explicit experimental evidence was provided by the studies of Schaubeck et al. (2016). In their study, they used a transplant of CD-associated microbiota that transferred features of colitis into the recipient’s body. This confirmed the direct causal role of intestinal bacterial dysbiosis in the development of chronic enterocolitis.

One theory regarding the etiology of CD points to the involvement of completely different microorganisms in the initiation of the disease than in its development. Types that represent a small percentage of the gastrointestinal microflora appear to be involved in the initiation. These include: Proteobacteria (e.g., E. coli, Helicobacter spp.) (Arumugam et al., 2011; Carrière et al., 2014), Actinobacteria (e.g., Mycobacterium avium subsp. paratuberculosis) (McNees et al., 2015; Elmagzoub et al., 2022), and also viruses (e.g., norovirus, polyomavirus, anellovirus, herpesvirus, adenovirus, sapovirus, rotavirus) (Haag et al., 2015; Lecuit and Eloit, 2017; Cao et al., 2022; Matsuzawa-Ishimoto et al., 2022; Dehghani et al., 2023; Ding et al., 2023) and fungi (e.g., Candida spp.) (Šašala et al., 2020; Di Martino et al., 2022). In contrast, the role in maintaining inflammation is mostly attributed to species of the genus Firmicutes and Bacteroides, which account for >90% of the total human intestinal microbiota (Frank et al., 2007; Sokol et al., 2008; Mondot et al., 2011). Studies have shown that sustained inflammation is associated with a reduction in the amount of Faecalibacterium prausnitzii and Bacteroides fragilis and an increase in E. coli and mucolytic bacteria: i.e., Ruminococcus gnavus and Ruminococcus torques (Darfeuille-Michaud et al., 2004; Sokol et al., 2008; Png et al., 2010). Due to the fact that no microorganism has been isolated that is present in all patients with CD, the direct role of microorganisms in the progression of the disease has not been determined. Therefore, the contribution of dysbiosis is highly probable. The conducted studies confirm that dysbiosis is a cause and also an effect of CD. In the early stages of the disease, a significantly reduced diversity of bacteria belonging to the intestinal microbiota is observed The aggressive groups (i.e., Proteobacteria spp., Fusobacterium spp. and R. qnavus) are dominant, developing at the expense of protective groups (i.e., Lachnospiraceae spp., Bifidobacterium spp., Roseburia spp. and Sutterella spp.) (Sartor and Wu, 2017).

Confirmed decreased numbers of bacteria from the Bacteroidales family contribute to lower control of our immune system during infection. This is because this family is the main producer of mucins, the glycoproteins that make up mucus, which plays a protective and uptake role against pathogens (Szewczyk et al., 2019). As a result, the gut becomes more susceptible to infection.

Furthermore, disorders in the intestinal microbiota lead to increased levels of zonulin, a protein responsible for controlling the permeability of the intestinal barrier (Sturgeon and Fasano, 2016; Ohlsson et al., 2017). Increased amounts of this protein lead to disturbances in the integrity of the tight junctions between enterocytes, consequently contributing to the leaky gut syndrome. Bacteria of the Ruminococcaceae family, whose increasing amounts have been confirmed in the progression of CD, are also involved in this process. These bacteria produce secondary bile acids, promoting the overproduction of reactive oxygen species (ROS), thereby reducing the integrity of the intestinal barrier (Hang et al., 2022).

An increase in the number of Ruminococcus spp. (i.e., R. gnavus, R. torques) may also contribute to an abnormal response from the immune system. Indeed, these bacteria produce short-chain fatty acid (SCFA), thus playing a huge role in the body’s immune system response, including regulating the production of cytokines (Igudesman et al., 2022).

On the other hand, B. fragilis whose decline has been documented in the progression of CD, secretes lipopolysaccharide (LPS), which activates the transcription nuclear factor kappa light chain enhancer of activated B cells (NF-κB). This factor plays a significant role in immune and inflammatory processes, as it regulates the expression of many genes, including those associated with the production of cytokines, acute-phase proteins, collagenases, stromilysins, and matrix-degrading enzymes. Moreover, it demonstrates the ability to inhibit apoptosis, induce proliferation, and enhance the angiogenesis process, suggesting its involvement in the processes of oncogenesis and tumor progression (Kou et al., 2020). Furthermore, NK-κB is responsible for inducing the transcription of microRNA (i.e., miRNA-9, miRNA-34, miRNA-125b, miRNA-146a, miRNA-155) with proinflammatory effects. Additionally, it activates miRNA-34a, which inhibits the expression of the triggering receptor expressed in myeloid/microglial cells (TREM) (Bhattacharjee et al., 2016; Lukiw et al., 2021). Accordingly, this contributes to the disruption of the microglia’s anti-phagocytic abilities, promoting neuroinflammatory diseases. Therefore, the reduction in the abundance of B. fragilis, and consequently a decrease in the LPS produced by these bacteria, contributes to the development of inflammatory and neoplastic diseases.

Moreover, bacteria belonging to the gastrointestinal microbiome adapt to participate in diseases with coexisting genetic, environmental, and immunological conditions. They do this not only by influencing mucus components and tight junctions but also by producing adhesins. One of these are curli fimbriae, which exhibit the biochemical and structural properties of β-amyloid (Aβ) (Sobieszczańska et al., 2019). This protein is a constituent of various healthy tissues, including the heart, muscle, liver, kidney, and brain. However, under favorable conditions, it can also become pathogenic in these tissues (Sonthalia et al., 2016; Martínez-Naharro et al., 2018; Pinto et al., 2021; Deng et al., 2022; Gurung and Li, 2022). Furthermore, previous studies have confirmed that human amyloid and bacterial amyloid share many common features, undoubtedly warranting a more in-depth analysis (Das et al., 2022; Bessho et al., 2023).

It is evident that dysbiosis within the gastrointestinal tract opens the gates of the intestines to toxins and proinflammatory cytokines, thereby likely increasing the probability of inflammatory diseases (including CD), and, consequently, the development of neurodegenerative diseases, i.e., Alzheimer’s disease (AD).

However, it is a known fact that the functions attributed to the intestine, i.e., immune activation, intestinal permeability, its reflexes, and enteroendocrine transmission, are controlled by the gut-brain axis (GBA) (Carabotti et al., 2015). GBA plays a significant role in shaping both the structure and development of the central nervous system (CNS) (Foster et al., 2017). This communication between the gastrointestinal tract and the CNS occurs bidirectionally: through indirect and direct pathways, involving neuronal, humoral, and immunologic paths (Montiel-Castro et al., 2013). Numerous studies conducted in recent years have shown that the role of gut microbiota goes far beyond functions related to the digestive system. It influences, among other things, the immune system, carbohydrate metabolism, bone health, and also plays a crucial role in connection with GBA (Anglin et al., 2015). Experiments performed on animals have provided valuable insights into this topic. Indeed, it has been demonstrated that intestinal colonization is essential for the proper development of the CNS. On the other hand, the absence of gut microbiota in the studied animals clearly affected the disturbance of neurotransmitter expression and activity, thereby disrupting the functioning of the CNS. This manifested as memory problems, the development of anxiety, and depressive disorders (Carabotti et al., 2015). The enteric nervous system and the brain are in constant communication, and their interaction is made possible through the gut-microbiota-brain axis (GMBA).





2 Properties of amyloid protein

Amyloids are a diverse group containing many different proteins, which have in common β-sheet structures that aggregate into fibers. Their assembly starts from a monomer that oligomerizes and assembles into fibrils, which then organize into sheets (Bissig et al., 2016), are shown on Figure 1.




Figure 1 | Schematic representation of formation sheets; based on (Bissig et al., 2016).



The AmyloGraph is comprehensive database highlighting interactions between 46 amyloid proteins or peptides (Burdukiewicz et al., 2023). According to the collected data, Aβ can alter fibrillization speed (faster/slower aggregation) on both the same or another amyloid which can also result in the heterogenous fibers. This can have positive and negative effects on the human body. Aβ contributes in various disease and important pathways, and understanding these interactions may be helpful in the prevention and management of them. Atrial natriuretic peptide (ANP) through a process called ‘cross-seeding’ inhibits Aβ aggregation (Tang et al., 2023). Gelsolin responsible for Finnish type of familial amyloidosis just like ANP inhibits the fibrilization of Aβ (Maury, 1991; Ray et al., 2000). In Table 1 are presented several protein capable of amyloid formation, diseases caused by them and its functions. Some of them are neurodegenerative diseases, e.g., Parkinson’s disease (PD), AD and prion disease, e.g., Creutzfeldt-Jakob disease (CJD), fatal familial insomnia (FFI) thus the concept that tumors are prion like disease is reflected: S100A9, p53, Beta-2-microglobulin (B2M) amyloids are involved in numerous tumors (Li et al., 2022). Moreover, Aβ can be both positive and negative for our health, yet there is still vast advantage for harmful aspects.


Table 1 | Contribution of amyloid protein to disease pathogenesis.






3 Amyloids in neurodegenerative disorders

Neurodegenerative disorders (ND) affect millions of people in the world and seem to become one of the greatest global health problem (Van Schependom and D’haeseleer, 2023). Classification of ND can be based on anatomical, cellular ground or according to type of amyloid involved (Kovacs, 2016; Kovacs, 2018) (Figure 2). Anatomical classification emphasizes the affected regions in the neural system and, as a result of this localization, the clinical manifestations. On the other hand, the cellular classification focuses on molecular pathology and distinguishes whether amyloid deposits accumulate intracellularly or extracellularly (Kovacs, 2016).




Figure 2 | Classifications of neurodegenerative disorders; based on (Kovacs, 2016; Kovacs, 2018; Sahoo et al., 2022).



Although exact causes of these diseases are still unknown, their pathomechanism is associated with misprocessing of proteins that aggregate and accumulate in neural tissue (Wolfe and Cyr, 2011; Wells et al., 2021). The factor that is responsible for this proteostasis dysfunction is unidentified, yet there are theories about possible processes which can lead to abnormal protein aggregation, for example oxidative stress, mitochondrial disfunction or neuroinflammation (Bonafede and Mariotti, 2017; Alexander, 2004). Although the pathomechanism of many of these diseases has not yet been fully clarified, some of them have been the subject of many studies aimed at explaining them. These include PD, amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD), the pathomechanism of which is briefly discussed below.

Parkinson’s disease, second most common neurodegenerative disorder, develops when α-synuclein forms intracellular aggregates, Lewy’s bodies, in dopaminergic neurons of the substantia nigra (Sveinbjornsdottir, 2016; Kouli et al., 2018; Alexander, 2004). It leads to loss of neurons and decreased levels of dopamine that is responsible for clinical symptoms like bradykinesia, rigidity, tremor, and balance problems (Sveinbjornsdottir, 2016; Kouli et al., 2018).

Among neurodegenerative diseases there are also motor neuron diseases that affect motoneurons and cause muscle paralysis (Motor neuron diseases; Bonafede and Mariotti, 2017). Amyotrophic lateral sclerosis is the most common out of these diseases though new evidence reveal that ALS is a multisystem disorder (Mishra et al., 2020; Matrone, 2023). Not only it attacks both upper and lower motor neurons but also non-motor structures what results in fronto-temporal dementia (FTD) (Mishra et al., 2020; Mahoney et al., 2021). In conclusion, ALS cause progressive muscle paralysis and behavioral, language, cognition changes (Mishra et al., 2020; Mahoney et al., 2021). The factor that is considered to play a role in the pathogenesis of ALS is mutated TAR DNA binding protein 43 (TDP-43) (Yu et al., 2020) (Figure 3).




Figure 3 | Amyotrophic lateral sclerosis (ALS) and fronto-temporal dementia (FTD) development; based on (Yu et al., 2020).



However, TDP–43 may not be the only one amyloid protein that is involved in ALS pathogenesis. According to Bryson et al. onset of ALS symptoms coincide with increase of Aβ and amyloid precursor protein (APP) in muscles (Zhang and Shi YD, 2022). Although there are no evidences that these amyloids aggregation causes ALS the altered levels of them were observed in ALS patients, so it may be worth considering in future studies (Nishikawa et al., 2021).

Huntington’s disease is an autosomal dominantly inherited, late-onset, polyglutamine, neurodegenerative disorder (McGowan et al., 2000; Churkina et al., 2022). It is a result of the expansion of trinucleotide cytosine–adenine–guanine (CAG) in HTT gene that causes formation of mutated protein huntingtin (Churkina et al., 2022). Because of its deformed structure, huntingtin aggregates inside the neurons and causes dysregulation in cell’s processes such as protein degradation, mitosis or signaling pathways (Matlahov and van der Wel, 2019; Churkina et al., 2022). It leads to neurons death and manifest as uncontrolled movement, abnormal behaviour, changes in personality and emotions (Huntington’s disease).

The great breakthrough has been made in the field of amyloid diseases as scientists from the Stowers Institute for Medical Research have uncovered the structure of the first step in Aβ formation for Huntington’s disease (Stowers Institute; Kandola et al., 2023). It may give new prospects for HD treatment and reveal some secrets of amyloids.

All things considered, NDs form diverse group of diseases that may vary in pathomechanism or location of leasions, but have common thread – amyloids. Aβ, among all of amyloid proteins, seems to play a significant role in many of these disorders and is noteworthy in future research.




4 Contribution of amyloid protein to the pathomechanism of Alzheimer’s disease

Neurodegenerative diseases, including AD, can be called proteinopathy. Aggregated extracellular Aβ plaques and intracellular Tau protein (Tau) tangles are well-known protein pathologies of AD. Increasing evidence suggests that the development of AD characteristic pathological features, i.e., β-amyloid plaques and Tau tangles, can be associated with microorganisms (Dow, 2021).

Alzheimer’s disease, a neurodegenerative disorder, is most common dementia, possibly contributes to 60-70% of cases worldwide which is over 30 million people with AD according to the World Health Organization (Zhang et al., 2021).



4.1 AD’s pathology

Pathophysiology of AD is very complex, main contributing factors are: genetics, epigenetics, microbiota, immunology and environment. It is based on many known mechanisms of neurodegeneration, including dysregulation of calcium homeostasis, abnormal accumulation of Aβ and dysfunctional Tau, imbalance of neurotransmitters, necrotic and apoptotic neuronal death, disappearance of synapses, and neuroinflammation with pathological microglia and astrocyte activation in the brain, white matter changes and finally brain atrophy (Pluta et al., 2020). AD is divided into 2 subtype: early-onset Alzheimer’s disease (EOAD), defined as Alzheimer’s disease occurring before age 65 and late-onset Alzheimer’s disease (LOAD). LOAD is more frequent, thus well studied and usually is more mild progressive (Tellechea et al., 2018; Perkovic et al., 2021).




4.2 Genetic factors

The amyloid cascade hypothesis is based on Aβ accumulation resulting in the initiation of a cascade leading to neurodegeneration. The integral genes contributing to this process are APP, presenilin 1 (PSEN1), and presenilin 2 (PSEN2) genes (Reitz, 2015). These genes affect amyloid production or cleavage and are primarily involved in the EOAD. The development of LOAD is more complex and those mutations are not mandatory. The basic principle of overproduction and/or impaired clearance of Aβ stays the same for both EOAD and LOAD yet the pathways are different (Robinson et al., 2017). The apolipoprotein E (APOE) was first genetic risk factor for LOAD. Its presence determines increased risk of AD, accelerating symptoms and lowers the age at onset by 6-7 years (Reitz, 2015; Robinson et al., 2017). Also, APOE4 and TREM2 genes are involved in AD, being responsible for cholesterol metabolism and immune response, respectively (Karch and Goate, 2015).




4.3 Epigenetics

Epigenetics play a major role in the development, diagnosis and therapy of AD (Perkovic et al., 2021). The epigenetic alterations in AD include: DNA methylation/hydroxymethylation, mitochondrial DNA (mtDNA) methylation, histone modifications, the microRNAs. Results collected from other work by Perkovic et al. suggest involvement of 5mC (5-methyl cytosine) and 5hmC (5-hydroxymethyl cytosine) in AD pathology and progression. These compounds are products of cytosine methylation leading to weaker binding of transcriptional factors. Authors point out its difficult to compare results from experiments using different methods (methylation array technology, next generation sequencing, and pyrosequencing and immunochemistry) and different brain regions tissues. miRNAs significant in pathology of AD have biomarker potential as easily monitored in body fluids, their level can be used as distinction from other dementias as AD does not have common detecting test. Lastly mtDNA also may be potential marker (Perkovic et al., 2021). The dysregulation of DNA methylation dynamics, encompassing both hypermethylation and hypomethylation events, contributes to the disruption of transcriptional programs underlying synaptic plasticity, neuroinflammation, and Aβ deposition, thereby exacerbating the neurodegenerative cascade characteristic of AD (Maity et al., 2021; Sommerer et al., 2023). Histone modifications, encompassing an array of reversible post-translational alterations to histone tails, exert fine-tuned control over chromatin accessibility and gene expression. Perturbations in histone acetylation, methylation, and phosphorylation have been implicated in AD pathophysiology, modulating the expression of genes central to neuronal survival, synaptic integrity, and cognitive function (Anderson and Turko, 2015; Santana et al., 2023). Notably, the dysregulation of epigenetic enzymes, including DNA methyltransferases and histone-modifying enzymes, underscores the intricate interplay between genetic and epigenetic factors in AD susceptibility and progression. Targeting epigenetic modifiers presents a tantalizing avenue for therapeutic intervention, with epigenetic-based therapies poised to mitigate the progression of AD pathology and ameliorate cognitive decline.




4.4 Microbiota

The growth of microbiota starts even before birth of the child, crucial for development is the first year of age, nevertheless its state is dynamic until a person dies with it (Gomaa, 2020; Vandenplas et al., 2020). That gives us opportunity to maintain it during life time. Microbiota is element of the GMBA capable of altering mood, behavior and other processes through immune, neuroendocrine and direct nerve mechanisms. Its role is multi-level, over the last years scientists discovered many connections between some illnesses and microbiota, e.g., HIV, obesity, allergies and many other (Desai and Landay, 2018; Vandenplas et al., 2020). Changes in microbiota can cause anxiety, memory impairment, cognitive and neurodegenerative disorders (Pluta et al., 2020). As indicated above the intestinal dysbiosis is the source of Aβ, LPS and other toxins, which contribute to systemic inflammation and disruption of physiological barriers, e.g., intestinal wall (Megur et al., 2020). These products can transfer, through X cranial nerve, to CNS over years, triggering inflammation and microglia activation. Neuroinflammation is the reason of neuron loss in the brain. Combined with bacterial amyloid it promotes misfolding and aggregation of human amyloids (Megur et al., 2020; Pluta et al., 2020). There is hypothesis of antimicrobial protection in AD. According to theory Aβ deposition is an early immune response to mistakenly perceived immunostymuli. Aβ fibrillization helps to combat the infection, in AD, chronic activation of this pathway leads to sustained inflammation and neurodegeneration (Moir et al., 2018). Therefore the regulation of microbiota shines like a prominent opportunity to manage AD. It is possible mostly through healthy diet rich in fibers, yet also probiotics and antibiotics have its role. The effect of fructants on reducing AD incidence in the elderly, among other things, has been demonstrated (Nishikawa et al., 2021). By appropriate distribution of some antibiotics: amoxicillin, minocycline, rapamycin D-cycloserin, doxycycline it is possible to improve cognition, reduce Tau, Aβ, inflammation and microglia activation. However antibiotics: streptomycin, ampicillin, cefepime have negative impact on the animals and humans with AD (Angelucci et al., 2019). In the AD rat model administration of Lactobacillus plantarum MTCC 1325, Lactobacillus spp. and Bifidobacterium, Bifidobacterium breve strain A1 have had positive impact on Aβ formation or its effects on cognitive functions (Megur et al., 2020). The pathways to the development of Alzheimer’s disease are shown in Figure 4.




Figure 4 | Alzheimer’s disease (AD) development; based on (Reitz, 2015; Moir et al., 2018; Megur et al., 2020; Pluta et al., 2020; Perkovic et al., 2021).



As there is connection between gut microbiota and ND development and progression, alterations in the intestinal microbial flora may be promising treatment option. Akbari E et al. investigated effect of probiotic supplementation in patients with AD (Akbari et al., 2016). During randomized, double-blind, and controlled clinical trial, treatment group of patients supplemented probiotic milk containing Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum and Lactobacillus fermentum for 12 weeks (Maity et al., 2021). Similar trial was conducted by Tamtaji et al., as patients were aministered probiotic containing Lactobacillus acidophilus, Bifidobacterium bifidum, and Bifidobacterium longum with selenium for 12 weeks (Tamtaji et al., 2019). Both trials showed positive effect of probiotics on cognitive function and some metabolic profiles in AD (Maity et al., 2021; Santana et al., 2023). Beneficial effect on AD appears to be treatment involving fecal microbiota transplantation (FMT) (Xiang et al., 2023). In vivo studies conducted by Soriano et al. in the C57BL/6 mouse model confirmed the roles of the intestinal microbiota in the pathogenesis of AD. Healthy mice treated with fecal microflora from mice with AD revealed larger areas of brain damage, increased numbers of activated microglia cells and reduced motor regeneration (Soriano et al., 2022). These studies provide the basis for the hypothesis that it is the microbiota that can improve cognitive function in NDs and improve recovery. These optimistic results create basics for further studies in this area.





5 Crohn’s disease association with Alzheimer’s disease

Extensive research in recent years has provided incontrovertible conclusions that the gut microbiota is closely linked to neurodegenerative diseases. Increasing evidence suggests that the gastrointestinal tract plays a meaningful role in AD. Moreover, patients with CD are at an increased risk of developing AD (Wang et al., 2022). Previous studies confirm that the pathophysiological mechanisms leading to gastrointestinal disorders terminally lead to neurodegeneration. A meta-analysis concerning residents of Taiwan, conducted by Liu et al., showed that the likelihood of dementia occurrence in people with IBD, including CD was twice as high. Furthermore, the risk of developing AD was the greatest among all types of neurodegenerative diseases (six times higher in people with vs without IBD). These conclusions are supported by a meta-analysis conducted by Szandruk-Bender et al., based on the search of Pubmed and Embase databases (Szandruk-Bender et al., 2022b).



5.1 Chronic inflammatory bowel disease is associated with increased inflammation of the nervous system

In recent years, numerous meta-analyses have been conducted to achieve consensus on the relationship between IBD and neurodegenerative diseases. Research by Zhang et al. provided evidence of potential dementia indicators in the course of IBD. They demonstrated that the risk of developing AD in patients with CD was twice as high [risk ratio (RR) of 2.79] compared to the general population [(RR) = 1.35] (Zhang and Shi YD, 2022). Furthermore, significant evidence was provided by Kim et al. in studies conducted among the Korean population. It was shown that in patients with IBD aged ≥ 65 years, the risk of AD was increased compared to the control group [adjusted hazard ratio (HR) = 1.14] (Kim et al., 2022).

Research by Heston et al. suggests that inflammatory bowel disease is linked to brain inflammation even in the early stages of the disease. These authors demonstrated that inflammation of the intestines may exacerbate the progression of AD. Their study involved measuring calprotectin, a marker of intestinal inflammation, in the feces of people with confirmed AD. The obtained results were subjected to multiple regression analysis with maximum likelihood estimation and Satorra-Bentler correlations, using 11C-Pittsburgh compound B positron emission tomography (PiB-PET) imaging, and synchronized with cognitive test results. It was shown that in patients diagnosed with AD, the level of calprotectin was higher. Furthermore, it also exhibited a higher level in those with impaired verbal memory functions but normal cognitive functions, thus indicating a very early stage of AD (Heston et al., 2023). Elevated levels of calprotectin observed in neurodegenerative diseases are also associated with its elevation in the course of CD (Bourgonje et al., 2018; Kennedy et al., 2019).

Additionally, studies performed by Liu et al. suggested that chronic inflammation combined with an abnormal gut microbiome may degrade cognitive functions proportionally to the duration of this condition. Indeed, the longer the period of IBD, the greater the risk of dementia development (Liu et al., 2022).

Research conducted by Kaneko et al. using in vivo studies in wild-type mouse models and the AD mouse model, AppNL-G-F, demonstrated the involvement of the immune system in AD and CD. Upon inducing intestinal inflammation (using 2% dextran sodium sulfate, DSS), an increase in Aβ accumulation was observed in the brains of mice exhibiting AD-like symptoms. Through detailed single-cell RNA sequencing analysis (scRNA-req), a significant presence of neutrophils in the brains of these animals was identified. Furthermore, the administration of antibodies inhibited the polymerization reaction. These studies clearly indicate that neutrophil infiltration in the AD-altered brain is associated with the progression of intestinal inflammation (Kaneko et al., 2023). This occurs because neutrophils activated by microglia can cross the BBB and positively respond to Aβ aggregation, leading to the production of inflammatory cytokines (Park et al., 2019).




5.2 Dysbiosis of the intestinal microbiota

The above data point to the critical role of the gut microbiota in CD, implicating it in the development of AD. It is very interesting that studies conducted to date have shown that bacteria belonging to the same families and even species are involved in both CD and AD. Patients with AD have been shown to have significant changes in the intestinal microbiota composition for many types of bacteria (Ferreiro et al., 2023). The most significant changes involve genera: Firmicutes, Bifidobacterium, Actinobacteria, Eubacteria, and Bacteroidetes, as well as E. coli, Shigella spp., and Salmonella spp (Vogt et al., 2017). In addition, meta-analyses by Hung et al. involving patients with AD vs a control group showed increased amounts of Proteobacteria, Firmicutes, Clostridiaceae, Lachnospiraceae and Rikenellaceae in the AD spectrum group (Hung et al., 2022). Research on the gut microbiome in the course of CD and AD has revealed a decrease in the levels of Prevotellaceae, Firmicutes, Actinobacteria, and Eubacterium. This situation leads to the disruption of mucin synthesis and tight junctions between enterocytes. Consequently, it contributes to an increased permeability of the intestinal mucosal membrane (Paray et al., 2020; Socała et al., 2021). As a result, there is the occurrence of leaky gut syndrome, which is characterized not only by disruptions in the integrity of tight junctions but also by a decrease in the level of immunoglobulin A. Together, they constitute the first line of defense of the gastrointestinal tract against pathogens, a defense that is clearly compromised in the course of neurodegenerative diseases (Maruya et al., 2013). On the other hand, an increase in the quantity of bacteria from the Ruminococcus genus is associated with the production of secondary bile acids. This leads to DNA damage and an overproduction of ROS (Hang et al., 2022). It is known that ROS are a key harmful factor influencing the pathogenesis of neurodegenerative diseases, including AD. Simultaneously, oxidative stress leads to persistent damage to brain cells and disrupts the conduction of nerve impulses (Manoharan et al., 2016; Bhatt et al., 2021). As the involvement of the same bacteria has been confirmed in CD, the results of this research have directed scientists to make an effect-causal connection between diseases involving the gut and neurological diseases.




5.3 Decreased production of anti-inflammatory metabolites and increased bacterial neutotoxic and neuromodulatory molecules

Numerous studies conducted in recent years have provided interesting insights. They have demonstrated the direct involvement of bacterial products (such as proteins and metabolites) in the pathogenicity of the GMB-amyloid-AD connection, resulting from endothelial dysfunction (Marizzoni et al., 2020). Due to increased permeability of the gut-blood barrier, BBB, and GBA in progressing neurodegenerative diseases, the penetration of small particles such as amyloids, cytokines induced by LPS, or other small pro-inflammatory molecules is observed (Zhu et al., 2022). Confirmation of this phenomenon comes from studies conducted by Gonzalez Cordero et al., who analyzed eight observational experiments involving patients diagnosed with AD or PD. The results of their analysis clearly point to disruptions in the GBA, indicating a link between gut microbiota and cognitive dysfunction (Cordero et al., 2022). Furthermore, the direct involvement of bacterial factors in neurodegenerative diseases has been confirmed by researchers who have shown the impact of extracellular bacterial DNA (including its presence in the bloodstream) on the misfolding of Tau and the aggregation of Aβ (Tetz et al., 2020; Tetz and Tetz, 2021; Giacconi et al., 2023).

Other evidence linking the development of CD to changes occurring in patients with AD is the reduction in the quantity of Bifidobacterium spp. This genus actively participates in brain metabolic processes, including the production of the neurotransmitter gamma-aminobutyric acid (GABA). The level of this neurotransmitter in the gut nervous system correlates with its level in the central nervous system. Therefore, a decrease in the number of Bifidobacterium spp. species may be a factor contributing to changes characteristic of AD, such as the development of depression or abnormal cognitive functions (Chen et al., 2021).

Intestinal dysbiosis leads to a reduction in the production of beneficial anti-inflammatory metabolites by the intestinal microbiome, such as SCFAs, certain bile acids (e.g., tauroursodeoxycholic acid), and ligands for the aryl hydrocarbon receptor. These substances have the ability to traverse the BBB. On the other hand, chronic inflammation in IBD promotes the production of neurotoxic metabolites that contribute to inflammation within the nervous system. These neurotoxic metabolites include kynurenine, certain bile acids, LPS, and enterotoxins. They damage the lining of the large intestine, increasing its permeability. “Leaky, damaged intestines” serve as gateways for the migration of these metabolites from the intestinal lumen to the central nervous system, crossing through the GBA pathway (Jia et al., 2020; Mulak, 2021; Wang et al., 2022).




5.4 Association of amyloid (including curli fimbriae) with the development of neurodegenerative diseases

One link between neurodegenerative diseases and gastrointestinal diseases is the fact that some proinflammatory bacteria, such as E. coli, Shigella spp., Salmonella spp., and those of the genus Bacteroidetes, which growth has been demonstrated in both CD and AD, have the ability to produce amyloid peptides. These contribute directly to the development of AD. Furthermore, studies have shown that bacterial amyloid peptides (curli) structurally similar to amyloid fibers deposited in the brain in the form of plaques during AD (Miller et al., 2021). Previous studies have shown that curli fibers are an important factor in facilitating the bacteria that produce them to successfully colonize the colonic epithelium in people with IBD (including CD) (Sobieszczańska et al., 2019). Therefore, bacterial amyloids potentially affect amyloid aggregation in the brain and inflammation of the nervous system (Friedland and Chapman, 2017). Additionally, curli fibers have a very specific protective role for bacteria against external factors. They form “nets” preventing an effective response from the immune system. Moreover, the accumulation of Aβ is associated with the formation of neurofibrillary tangles composed of hyperphosphorylated Tau. This phenomenon is exactly one of the most characteristic changes in the course of AD. Indeed, it has been shown that there can be two vs. eight or more phosphoryl groups per molecule of Tau, for a healthy and an AD patients, respectively (Mandelkow and Mandelkow, 2011).

Moreover, in vitro and in vivo studies have demonstrated a connection between bacterial endotoxins and the development of AD. Bacteroidetes, which have been shown to increase in both CD and AD patients, are undoubtedly implicated. It has been proven that LPS from Gram-negative bacteria enhances amyloid fibrillogenesis, facilitates the deposition of amyloid in larger quantities, and promotes the formation of Tau (Kitazawa et al., 2005; Kahn et al., 2012; Asti and Gioglio, 2014). The direct involvement of Gram-negative bacteria, and the LPS and curli fimbriae they produce, in the pathomechanism of AD was proven by the study of Zhan et al. These authors provided unequivocal evidence for the co-localization of E. coli, and various compounds produced by them, including the curli fibers with amyloid plaques in postmortem brain tissue obtained from a patient with AD (Zhan, 2017). The CD-Aβ-AD association has been further confirmed by studies conducted by Sun et al. These authors demonstrated that after injection into the stomach wall of mice, Aβ1-42 oligomers were detected in the small intestine, vagus nerve, and brain after one year. Therefore, amyloid induced changes in the functioning of the gastrointestinal organs, ultimately contributing to amyloidosis in the central nervous system and AD-like dementia (Sun et al., 2020). These studies strongly suggest that Aβ oligomers from the gastrointestinal tract may cross into the brain, thereby participating in the pathogenesis of neurodegenerative diseases.

Cognitive impairment following retrograde transport of intra-GI administration of Aβ oligomers were demonstrated in vivo studies (Homolak et al., 2023).

Figure 5 shows some of mechanism mentioned above that take part in AD development on the base of IBD – CD.




Figure 5 | CD and AD connection (Mandelkow and Mandelkow, 2011; Villar-Piqué et al., 2016; Friedland and Chapman, 2017; Mehra et al., 2019; Li and Wen, 2022; Zeng et al., 2022; Xing et al., 2023)](A); The link between reduction in the quantity of Bifidobacterium spp., neurotransmitter GABA and developing of AD symptoms (Li and Wen, 2022); (B) Retrograde transport of amyloid fibers through vagus nerve (Zeng et al., 2022; Xing et al., 2023); (C) Leaky gut syndrome (Villar-Piqué et al., 2016; Mehra et al., 2019).



Moreover, genetic and environmental risk factors, as described in the introduction of this Review, may contribute not only to the development of CD, but also to neurodegeneration. However, this is only speculation, as genetic meta-analyses conducted to date have not shown a link between AD and CD (Li and Wen, 2022; Zeng et al., 2022; Xing et al., 2023; Liao et al., 2024).





6 Conclusions

Based on the above evidence, AD can be added to the growing list of gastrointestinal microbiological diseases associated with disruptions in their microbiota. Given the constantly increasing amount of evidence, both from experimental and clinical studies, we now know that CD increases the risk of AD, and Aβ seems to be one of the links between these pathological conditions. The question that requires an answer and further research is whether the increased risk of developing AD in the course of CD is an implication or rather a co-occurrence, the cause of which lies somewhere deeper.

Although research on amyloid proteins produced by representatives of the microbiota and their impact on health and disease is still in the ‘crawl’ stage and requires significant time and scientific solutions. However, this topic is worth attention as possible interference with the microbiota or the products produced by it (including Aβ) could prove to be an effective therapeutic solution in the fight against neurodegenerative diseases, which effectively seem to have taken over humanity. One such direction is therapies that inhibit Aβ accumulation to prevent increased risk of AD due to colitis. In addition, therapeutic options aimed at inhibiting neutrophil infiltration offer great hope for the future. Also promising are studies of fecal calprotectin levels and Th1- and Th17-related cytokines in serum. Appropriate early detection of these biomarkers would allow the determination of CD disease activity and the implementation of effective treatment, thereby preventing complications, including the development of AD. Based on the studies described above, a future strategy for combating NDs seems to be the transplantation of synthetic intestinal microbiota. This concept would focus on producing such a preparation that would be enriched with probiotics beneficial to NDs patients. This method would be a more effective alternative to FMT in this group of patients.





Author contributions

AD: Conceptualization, Data curation, Investigation, Resources, Supervision, Visualization, Writing – original draft, Writing – review & editing. JS: Investigation, Resources, Visualization, Writing – original draft. NS: Investigation, Resources, Software, Visualization, Writing – original draft. AM: Resources, Visualization, Writing – original draft. MS: Data curation, Investigation, Resources, Supervision, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Akbari, E., Asemi, Z., Daneshvar Kakhaki, R., Bahmani, F., Kouchaki, E., Tamtaji, O. R., et al. (2016). Effect of probiotic supplementation on cognitive function and metabolic status in alzheimer’s disease: A randomized, double-blind and controlled trial. Front. Aging Neurosci. 8. doi: 10.3389/fnagi.2016.00256

 Alexander, G. E. (2004). Biology of Parkinson’s disease: pathogenesis and pathophysiology of a multisystem neurodegenerative disorder. Dialogues Clin. Neurosci. 6, 259–280. doi: 10.31887/DCNS.2004.6.3/galexander

 Allais, L., Kerckhof, F. M., Verschuere, S., Bracke, K. R., De Smet, R., Laukens, D., et al. (2016). Chronic cigarette smoke exposure induces microbial and inflammatory shifts and mucin changes in the murine gut. Environ. Microbiol. 18, 1352–1363. doi: 10.1111/1462-2920.12934

 Amre, D. K., Lambrette, P., Law, L., Krupoves, A., Chotard, V., Costea, F., et al. (2006). Investigating the hygiene hypothesis as a risk factor in pediatric onset crohn’s disease: A case-control study. Am. J. Gastroenterol. 101, 1005–1011. doi: 10.1111/j.1572-0241.2006.00526.x

 Anderson, K. W., and Turko, I. V. (2015). Histone post-translational modifications in frontal cortex from human donors with alzheimer’s disease. Clin. Proteomics 12. doi: 10.1186/s12014-015-9098-1

 Angelucci, F., Cechova, K., Amlerova, J., and Hort, J. (2019). Antibiotics, gut microbiota, and alzheimer’s disease. J. Neuroinflamm. 16. doi: 10.1186/s12974-019-1494-4

 Anglin, R., Surette, M., Moayyedi, P., and Bercik, P. (2015). Lost in translation: the gut microbiota in psychiatric illness. Can. J. Psychiatry 60, 460–463. doi: 10.1177/070674371506001007

 Anthony Sofia, M., Lipowska, A. M., Zmeter, N., Perez, E., Kavitt, R., and Rubin, D. T. (2020). Poor sleep quality in crohn’s disease is associated with disease activity and risk for hospitalization or surgery. Inflamm. Bowel Dis. 26, 1251–1259. doi: 10.1093/ibd/izz258

 Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T., Mende, D. R., et al. (2011). Enterotypes of the human gut microbiome. Nature 12, 174–180. doi: 10.1038/nature09944

 Asti, A., and Gioglio, L. (2014). Can a bacterial endotoxin be a key factor in the kinetics of amyloid fibril formation? J. Alzheimer’s Dis. 39, 169–179. doi: 10.3233/JAD-131394

 Barriga, A., Morán-Lalangui, M., Castillo-Sánchez, J. C., Mingarro, I., Pérez-Gil, J., and García-Álvarez, B. (2021). Role of pulmonary surfactant protein sp-C dimerization on membrane fragmentation: an emergent mechanism involved in lung defense and homeostasis. Biochim. Biophys. Acta - Biomembr., 1863. doi: 10.1016/j.bbamem.2021.183572

 Basson, A., Swart, R., Jordaan, E., Mazinu, M., and Watermeyer, G. (2014). The association between childhood environmental exposures and the subsequent development of crohn’s disease in the Western Cape, South Africa. PloS One 9, 1–12. doi: 10.1371/journal.pone.0115492

 Baumkötter, F., Schmidt, N., Vargas, C., Schilling, S., Weber, R., Wagner, K., et al. (2014). Amyloid precursor protein dimerization and synaptogenic function depend on copper binding to the growth factor-like domain. J. Neurosci. 34, 11159–11172. doi: 10.1523/JNEUROSCI.0180-14.2014

 Benchimol, E. I., Kaplan, G. G., Otley, A. R., Nguyen, G. C., Underwood, F. E., Guttmann, A., et al. (2017). Rural and urban residence during early life is associated with a lower risk of inflammatory bowel disease: A population-based inception and birth cohort study. Am. J. Gastroenterol. 112, 1412–1422. doi: 10.1038/ajg.2017.208

 Berkowitz, L., Schultz, B. M., Salazar, G. A., Pardo-Roa, C., Sebastián, V. P., Álvarez-Lobos, M. M., et al. (2018). Impact of cigarette smoking on the gastrointestinal tract inflammation: opposing effects in crohn’s disease and ulcerative colitis. Front. Immunol. 9. doi: 10.3389/fimmu.2018.00074

 Bernstein, C. N., Rawsthorne, P., Cheang, M., and Blanchard, J. F. A. (2006). Population-based case control study of potential risk factors for IBD. Am. J. Gastroenterol. 101, 993–1002. doi: 10.1111/j.1572-0241.2006.00381.x

 Bessho, S., Grando, K. C. M., Kyrylchuk, K., Miller, A., Klein-Szanto, A. J., Zhu, W., et al. (2023). Systemic exposure to bacterial amyloid curli alters the gut mucosal immune response and the microbiome, exacerbating salmonella-induced arthritis. Gut Microbes 15, 1–18. doi: 10.1080/19490976.2023.2221813

 Bhardwaj, A., Myers, M. P., Buratti, E., and Baralle, F. E. (2013). Characterizing TDP-43 interaction with its RNA targets. Nucleic Acids Res. 41, 5062–5074. doi: 10.1093/nar/gkt189

 Bhatt, S., Puli, L., and Patil, C. R. (2021). Role of reactive oxygen species in the progression of alzheimer’s disease. Drug Discovery Today 26, 794–803. doi: 10.1016/j.drudis.2020.12.004

 Bhattacharjee, S., Zhao, Y., Dua, P., Rogaev, E. I., and Lukiw, W. J. (2016). MicroRNA-34α-mediated down-regulation of the microglial-enriched triggering receptor and phagocytosis-sensor TREM2 in age-related macular degeneration. PloS One 11, 1–21. doi: 10.1371/journal.pone.0150211

 Bissig, C., Rochin, L., and van Niel, G. (2016). PMEL amyloid fibril formation: the bright steps of pigmentation. Int. J. Mol. Sci. 17. doi: 10.3390/ijms17091438

 Bonafede, R., and Mariotti, R. (2017). ALS pathogenesis and therapeutic approaches: the role of mesenchymal stem cells and extracellular vesicles. Front. Cell. Neurosci. 11. doi: 10.3389/fncel.2017.00080

 Bourgonje, A. R., Von Martels, J. Z. H., De Vos, P., Faber, K. N., and Dijkstra, G. (2018). Increased fecal calprotectin levels in crohn’s disease correlate with elevated serum Th1- and Th17-associated cytokines. PloS One 13, 1–12. doi: 10.1371/journal.pone.0193202

 Burdukiewicz, M., Rafacz, D., Barbach, A., Hubicka, K., Bąkała, L., Lassota, A., et al. (2023). AmyloGraph: A comprehensive database of amyloid-amyloid interactions. Nucleic Acids Res. 51, D352–D357. doi: 10.1093/nar/gkac882

 Canova, C., Ludvigsson, J. F., Di Domenicantonio, R., Zanier, L., Amidei, C. B., and Zingone, F. (2020). Perinatal and antibiotic exposures and the risk of developing childhood-onset inflammatory bowel disease: A nested case-control study based on a population-based birth cohort. Int. J. Environ. Res. Public Health 17, 1–13. doi: 10.3390/ijerph17072409

 Cao, Z., Sugimura, N., Burgermeister, E., Ebert, M. P., Zuo, T., and Lan, P. (2022). The gut virome: A new microbiome component in health and disease. eBioMedicine 81, 104113. doi: 10.1016/j.ebiom.2022.104113

 Carabotti, M., Scirocco, A., Maselli, M. A., and Severi, C. (2015). The gut-brain axis: interactions between enteric microbiota, central and enteric nervous systems. Ann. Gastroenterol. 28, 203–209.

 Card, T., Logan, R. F. A., Rodrigues, L. C., and Wheeler, J. G. (2004). Antibiotic use and the development of crohn’s disease. Gut 53, 246–250. doi: 10.1136/gut.2003.025239

 Carrière, J., Darfeuille-Michaud, A., and Nguyen, H. T. T. (2014). Infectious etiopathogenesis of crohn’s disease. World J. Gastroenterol. 20, 12102–12117. doi: 10.3748/wjg.v20.i34.12102

 Chen, L., Ruan, G., Cheng, Y., Yi, A., Chen, D., and Wei, Y. (2023). The role of Th17 cells in inflammatory bowel disease and the research progress. Front. Immunol. 13. doi: 10.3389/fimmu.2022.1055914

 Chen, Y., Xu, J., and Chen, Y. (2021). Regulation of neurotransmitters by the gut microbiota and effects on cognition in neurological disorders. Nutrients 13, 1–21. doi: 10.3390/nu13062099

 Choi, J., Kim, B. R., Akuzum, B., Chang, L., Lee, J. Y., and Kwon, H. K. (2022). TREGking from gut to brain: the control of regulatory T cells along the gut-brain axis. Front. Immunol. 13. doi: 10.3389/fimmu.2022.916066

 Churkina, A. S., Shakhov, A. S., Kotlobay, A. A., and Alieva, I. B. (2022). Huntingtin and other neurodegeneration-associated proteins in the development of intracellular pathologies: potential target search for therapeutic intervention. Int. J. Mol. Sci. 23. doi: 10.3390/ijms232415533

 Cordero, E. M. G., Cuevas-Budhart,, Perez-Moran, D., Villeda, M.Á.T., and Gomez-Del-Pulgar Gª-Madrid, M. (2022). Relationship between the gut microbiota and alzheimer’s disease: A systematic review. J. Alzheimers Dis. 87, 519–528. doi: 10.3233/JAD-215224

 Cornish, J. A., Tan, E., Simillis, C., Clark, S. K., Teare, J., and Tekkis, P. P. (2008). The risk of oral contraceptives in the etiology of inflammatory bowel disease: A meta-analysis. Am. J. Gastroenterol. 103, 2394–2400. doi: 10.1111/ajg.2008.103.issue-9

 Darfeuille-Michaud, A., Boudeau, J., Bulois, P., Neut, C., Glasser, A. L., Barnich, N., et al. (2004). High prevalence of adherent-invasive escherichia coli associated with ileal mucosa in crohn’s disease. Gastroenterology 127, 412–421. doi: 10.1053/j.gastro.2004.04.061

 Das, T. K., Blasco-Conesa, M. P., Korf, J., Honarpisheh, P., Chapman, M. R., and Ganesh, B. P. (2022). Bacterial amyloid curli associated gut epithelial neuroendocrine activation predominantly observed in alzheimer’s disease mice with central amyloid-β Pathology. Adv. Alzheimer’s Dis. 9, 159–174. doi: 10.3233/AIAD220010

 de Dios-Duarte, M. J., Arias, A., Durantez-Fernández, C., Niño Martín, V., Olea, E., Barba-Pérez, M.Á., et al. (2022). Flare-ups in crohn’s disease: influence of stress and the external locus of control. Int. J. Environ. Res. Public Health 19. doi: 10.3390/ijerph192013131

 Dehghani, T., Gholizadeh, O., Daneshvar, M., Nemati, M. M., Akbarzadeh, S., Amini, P., et al. (2023). Association between inflammatory bowel disease and viral infections. Curr. Microbiol. 80, 1–13. doi: 10.1007/s00284-023-03305-0

 Deng, W., Guo, S., van Veluw, S. J., Yu, Z., Chan, S. J., Takase, H., et al. (2022). Effects of cerebral amyloid angiopathy on the brain vasculome. Aging Cell 21, 1–14. doi: 10.1111/acel.13503

 Desai, S. N., and Landay, A. L. (2018). HIV and aging: role of the microbiome. Curr. Opin. HIV AIDS 13, 22–27. doi: 10.1097/COH.0000000000000433

 Di Martino, L., De Salvo, C., Buela, K. A., Hager, C., Ghannoum, M., Osme, A., et al. (2022). Candida tropicalis infection modulates the gut microbiome and confers enhanced susceptibility to colitis in mice. Cmgh 13, 901–923. doi: 10.1016/j.jcmgh.2021.11.008

 Ding, L., Liu, Z., and Wang, J. (2022). Role of cystatin C in urogenital Malignancy. Front. Endocrinol. (Lausanne). 13. doi: 10.3389/fendo.2022.1082871

 Ding, Y., Wan, M., Li, Z., Ma, X., Zhang, W., and Xu, M. (2023). Comparison of the gut virus communities between patients with crohn’s disease and healthy individuals. Front. Microbiol. 14. doi: 10.3389/fmicb.2023.1190172

 Dow, C. T. (2021). Warm, sweetened milk at the twilight of immunity - alzheimer’s disease - inflammaging, insulin resistance, M. Paratuberculosis and immunosenescence. Front. Immunol. 12. doi: 10.3389/fimmu.2021.714179

 Elmagzoub, W. A., Idris, S. M., Isameldin, M., Arabi, N., Abdo, A., Ibrahim, M., et al. (2022). Mycobacterium avium subsp. Paratuberculosis and microbiome profile of patients in a referral gastrointestinal diseases centre in the Sudan. PloS One 17, 1–16. doi: 10.1371/journal.pone.0266533

 Felder, J. B., Korelitz, B. I., Rajapakse, R., Schwarz, S., Horatagis, A. P., and Gleim, G. (2000). Effects of nonsteroidal antiinflammatory drugs on inflammatory bowel disease: A case-control study. Am. J. Gastroenterol. 95, 1949–1954. doi: 10.1111/j.1572-0241.2000.02262.x

 Ferreiro, A. L., Choi, J., Ryou, J., Newcomer, E. P., Thompson, R., Bollinger, R. M., et al. (2023). Gut microbiome composition may be an indicator of preclinical Alzheimer's disease. Sci. Transl. Med 15, 1–36. doi: 10.1126/scitranslmed.abo2984

 Foster, J. A., Rinaman, L., and Cryan, J. F. (2017). Stress & the gut-brain axis: regulation by the microbiome. Neurobiol. Stress 7, 124–136. doi: 10.1016/j.ynstr.2017.03.001

 Frank, D. N., St. Amand, A. L., Feldman, R. A., Boedeker, E. C., Harpaz, N., and Pace, N. R. (2007). Molecular-phylogenetic characterization of microbial community imbalances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. U. S. A. 104, 13780–13785. doi: 10.1073/pnas.0706625104

 Frankel, R., Sparr, E., and Linse, S. (2022). On the aggregation of apolipoprotein A-I. Int. J. Mol. Sci. 23, 1–11. doi: 10.3390/ijms23158780

 Friedland, R. P., and Chapman, M. R. (2017). The role of microbial amyloid in neurodegeneration. PloS Pathog. 13, 1–12. doi: 10.1371/journal.ppat.1006654

 Giacconi, R., D’Aquila, P., Balietti, M., Giuli, C., Malavolta, M., Piacenza, F., et al. (2023). Bacterial DNAemia in alzheimer’s disease and mild cognitive impairment: association with cognitive decline, plasma BDNF levels, and inflammatory response. Int. J. Mol. Sci. 24. doi: 10.3390/ijms24010078

 Gomaa, E. Z. (2020). Human gut microbiota/microbiome in health and diseases: A review. Antonie van Leeuwenhoek Int. J. Gen. Mol. Microbiol. 113, 2019–2040. doi: 10.1007/s10482-020-01474-7

 Graham, D. B., and Xavier, R. J. (2020). Pathway paradigms revealed from the genetics of inflammatory bowel disease. Nature 578, 527–539. doi: 10.1038/s41586-020-2025-2

 Griese, M., Lorenz, E., Hengst, M., Schams, A., Wesselak, T., Rauch, D., et al. (2016). Surfactant proteins in pediatric interstitial lung disease. Pediatr. Res. 79, 34–41. doi: 10.1038/pr.2015.173

 Gruber, M., Marshall, J. R., Zielezny, M., and Lance, P. (1996). Gruber_1996.Pdf.

 Guan, Q. (2019). A comprehensive review and update on the pathogenesis of inflammatory bowel disease. J. Immunol. Res. 2019. doi: 10.1155/2019/7247238

 Gurung, R., and Li, T. (2022). Renal amyloidosis: presentation, diagnosis, and management. Am. J. Med. 135, S38–S43. doi: 10.1016/j.amjmed.2022.01.003

 Haag, L. M., Hofmann, J., Kredel, L. I., Holzem, C., Kühl, A. A., Taube, E. T., et al. (2015). Herpes simplex virus sepsis in a young woman with crohn’s disease. J. Crohns. Colitis 9, 1169–1173. doi: 10.1093/ecco-jcc/jjv149

 Hampe, J., Heymann, K., Krawczak, M., and Schreiber, S. (2003). Association of inflammatory bowel disease with indicators for childhood antigen and infection exposure. Int. J. Colorectal Dis. 18, 413–417. doi: 10.1007/s00384-003-0484-1

 Hang, Z., Lei, T., Zeng, Z., Cai, S., Bi, W., and Du, H. (2022). Composition of intestinal flora affects the risk relationship between alzheimer’s disease/parkinson’s disease and cancer. Biomed. Pharmacother. 145, 112343. doi: 10.1016/j.biopha.2021.112343

 Harada, Y., Miyamoto, K., Chida, A., Okuzawa, A. T., Yoshimatsu, Y., Kudo, Y., et al. (2022). Localization and movement of tregs in gastrointestinal tract: A systematic review. Inflamm. Regen. 42. doi: 10.1186/s41232-022-00232-8

 Hay, D. L., Chen, S., Lutz, T. A., Parkes, D. G., and Roth, J. D. (2015). Amylin: pharmacology, physiology, and clinical potential. Pharmacol. Rev. 564–600. doi: 10.1124/pr.115.010629

 Heston, M. B., Hanslik, K. L., Zarbock, K. R., Harding, S. J., Davenport-Sis, N. J., Kerby, R. L., et al. (2023). Gut inflammation associated with age and alzheimer’s disease pathology: A human cohort study. Sci. Rep. 13, 1–12. doi: 10.1038/s41598-023-45929-z

 Hildebrand, H., Malmborg, P., Askling, J., Ekbom, A., and Montgomery, S. M. (2008). Early-life exposures associated with antibiotic use and risk of subsequent crohn’s disease. Scand. J. Gastroenterol. 43, 961–966. doi: 10.1080/00365520801971736

 Homolak, J., De Busscher, J., Zambrano-Lucio, M., Joja, M., Virag, D., Babic Perhoc, A., et al. (2023). Altered secretion, constitution, and functional properties of the gastrointestinal mucus in a rat model of sporadic alzheimer’s disease. ACS Chem. Neurosci. 14, 2667–2682. doi: 10.1021/acschemneuro.3c00223

 Hung, C. C., Chang, C. C., Huang, C. W., Nouchi, R., and Cheng, C. H. (2022). Gut microbiota in patients with alzheimer’s disease spectrum: A systematic review and meta-analysis. Aging (Albany. NY). 14, 477–496. doi: 10.18632/aging.v14i1

 Hunsballe, J. M., Rittig, S., Pedersen, E. B., and Djurhuus, J. C. (2001). Smokeless nicotinergic stimulation of vasopressin secretion in patients with persisting nocturnal enuresis and controls. Scand. J. Urol. Nephrol. 35, 117–121. doi: 10.1080/003655901750170489

 Huntington’s disease (National Institute of Neurological Disorders and Stroke). Available at: https://www.ninds.nih.gov/health-Information/disorders/huntingtons-disease (accessed February 25, 2024).

 Igudesman, D., Crandell, J., Corbin, K. D., Muntis, F., Zaharieva, D. P., Casu, A., et al. (2022). The intestinal microbiota and short-chain fatty acids in association with advanced metrics of glycemia and adiposity among young adults with type 1 diabetes and overweight or obesity. Curr. Dev. Nutr. 6, nzac107. doi: 10.1093/cdn/nzac107

 Jia, W., Rajani, C., Kaddurah-Daouk, R., and Li, H. (2020). Expert insights: the potential role of the gut microbiome-bile acid-brain axis in the development and progression of alzheimer’s disease and hepatic encephalopathy. Med. Res. Rev. 40, 1496–1507. doi: 10.1002/med.21653

 Kahn, M. S., Kranjac, D., Alonzo, C. A., Haase, J. H., Cedillos, R. O., McLinden, K. A., et al. (2012). Prolonged elevation in hippocampal Aβ and cognitive deficits following repeated endotoxin exposure in the mouse. Behav. Brain Res. 229, 176–184. doi: 10.1016/j.bbr.2012.01.010

 Kandola, T., Venkatesan, S., Zhang, J., Lerbakken, B. T., Von Schulze, A. V., Blanck, J. F., et al. (2023). Pathologic polyglutamine aggregation begins with a self-poisoning polymer crystal. Elife. 12, RP86939. doi: 10.7554/eLife.86939.3.sa3

 Kaneko, R., Matsui, A., Watanabe, M., Harada, Y., Kanamori, M., Awata, N., et al. (2023). Increased neutrophils in inflammatory bowel disease accelerate the accumulation of amyloid plaques in the mouse model of alzheimer’s disease. Inflamm. Regen. 43. doi: 10.1186/s41232-023-00257-7

 Kano, Y. (2022). Insulin-derived amyloidosis. C. Can. Med. Assoc. J. 194, 1616. doi: 10.1503/cmaj.220531

 Karch, C. M., and Goate, A. M. (2015). Alzheimer’s disease risk genes and mechanisms of disease pathogenesis. Biol. Psychiatry 77, 43. doi: 10.1016/j.biopsych.2014.05.006

 Kennedy, N. A., Jones, G. R., Plevris, N., Patenden, R., Arnott, I. D., and Lees, C. W. (2019). Association between level of fecal calprotectin and progression of crohn’s disease. Clin. Gastroenterol. Hepatol. 17, 2269–2276.e4. doi: 10.1016/j.cgh.2019.02.017

 Kim, G. H., Lee, Y. C., Tae Jun Kim, A., Eun Ran Kim, A., Sung Noh Hong, A., Dong Kyung Chang, A., et al. (2022). Risk of neurodegenerative diseases in patients with sleep disorders: A nationwide population-based case-control study. J. Crohn’s Colitis 16, 436–443. doi: 10.1093/ecco-jcc/jjab162

 Kitazawa, M., Oddo, S., Yamasaki, T. R., Green, K. N., and LaFerla, F. M. (2005). Lipopolysaccharide-induced inflammation exacerbates tau pathology by a cyclin-dependent kinase 5-mediated pathway in a transgenic model of alzheimer’s disease. J. Neurosci. 25, 8843–8853. doi: 10.1523/JNEUROSCI.2868-05.2005

 Kou, X., Chen, D., and Chen, N. (2020). The regulation of microRNAs in alzheimer’s disease. Front. Neurol. 11. doi: 10.3389/fneur.2020.00288

 Kouli, A., Torsney, K. M., and Kuan, W.-L. (2018). Parkinson’s disease: etiology, neuropathology, and pathogenesis. Park. Dis. Pathog. Clin. Asp., 3–26. doi: 10.15586/CODONPUBLICATIONS.PARKINSONSDISEASE.2018.CH1

 Kovacs, G. G. (2016). Molecular pathological classification of neurodegenerative diseases: turning towards precision medicine. Int. J. Mol. Sci. 17, 301–307. doi: 10.3390/ijms17020189

 Kovacs, G. G. (2018). Concepts and classification of neurodegenerative diseases. Handb. Clin. Neurol. 145, 301–307. doi: 10.1016/B978-0-12-802395-2.00021-3

 Lakatos, P. L., Szamosi, T., and Lakatos, L. (2007). Smoking in inflammatory bowel diseases: good, bad or ugly? World J. Gastroenterol. 13, 6134–6139. doi: 10.3748/wjg.v13.i46.6134

 Lashner, B. A., and Loftus, E. V. (2006). True or false? The hygiene hypothesis for crohn’s disease. Am. J. Gastroenterol. 101, 1003–1004. doi: 10.1111/j.1572-0241.2006.00563.x

 Le Berre, C., Ananthakrishnan, A. N., Danese, S., Singh, S., and Peyrin-Biroulet, L. (2020). Ulcerative colitis and crohn’s disease have similar burden and goals for treatment. Clin. Gastroenterol. Hepatol. 18, 14–23. doi: 10.1016/j.cgh.2019.07.005

 Lecuit, M., and Eloit, M. (2017). The viruses of the gut microbiota. Microbiota Gastrointest. Pathophysiol. Implic. Hum. Heal. Prebiotics Probiotics Dysbiosis, 179–183. doi: 10.1016/B978-0-12-804024-9.00021-5

 Li, L. F., Chan, R. L. Y., Lu, L., Shen, J., Zhang, L., Wu, W. K. K., et al. (2014). Cigarette smoking and gastrointestinal diseases: the causal relationship and underlying molecular mechanisms (Review). Int. J. Mol. Med. 34, 372–380. doi: 10.3892/ijmm.2014.1786

 Li, J., Guo, M., Chen, L., Chen, Z., Fu, Y., and Chen, Y. (2022). P53 amyloid aggregation in cancer: function, mechanism, and therapy. Exp. Hematol. Oncol. 11, 1–13. doi: 10.1186/s40164-022-00317-7

 Li, H., and Wen, Z. (2022). Effects of ulcerative colitis and crohn’s disease on neurodegenerative diseases: A Mendelian randomization study. Front. Genet. 13. doi: 10.3389/fgene.2022.846005

 Liao, O.-L., Xie, S.-Y., Ye, J., Du, Q., and Lou, G.-C. (2024). Association between inflammatory bowel disease and all-cause dementia: A two-sample mendelian randomization study. World J. Psychiatry 14, 15–25. doi: 10.5498/wjp.v14.i1.15

 Liu, N., Wang, Y., He, L., Sun, J., Wang, X., and Li, H. (2022). Inflammatory bowel disease and risk of dementia: an updated meta-analysis. Front. Aging Neurosci. 14. doi: 10.3389/fnagi.2022.962681

 Lukiw, W. J., Arceneaux, L., Li, W., Bond, T., and Zhao, Y. (2021). Gastrointestinal (GI)-tract microbiome derived neurotoxins and their potential contribution to inflammatory neurodegeneration in alzheimer’s disease (AD). J. Alzheimer’s Dis. Park. 11.

 Ma, Y. Y., Li, X., Yu, J. T., and Wang, Y. J. (2024). Therapeutics for neurodegenerative diseases by targeting the gut microbiome: from bench to bedside. Transl. Neurodegener. 13, 1–17. doi: 10.1186/s40035-024-00404-1

 Mahoney, C. J., Ahmed, R. M., Huynh, W., Tu, S., Rohrer, J. D., Bedlack, R. S., et al. (2021). Pathophysiology and treatment of non-motor dysfunction in amyotrophic lateral sclerosis. CNS Drugs 35, 483–505. doi: 10.1007/s40263-021-00820-1

 Maity, S., Farrell, K., Navabpour, S., Narayanan, S. N., and Jarome, T. J. (2021). Epigenetic mechanisms in memory and cognitive decline associated with aging and alzheimer’s disease. Int. J. Mol. Sci. 22. doi: 10.3390/ijms222212280

 Mandelkow, E. M., and Mandelkow, E. (2011). Biochemistry and cell biology of tau protein in neurofibrillary degeneration. Cold Spring Harb. Perspect. Biol. 3, 1–25. doi: 10.1101/cshperspect.a006247

 Manoharan, S., Guillemin, G. J., Abiramasundari, R. S., Essa, M. M., Akbar, M., and Akbar, M. D. (2016). The role of reactive oxygen species in the pathogenesis of alzheimer’s disease, parkinson’s disease, and huntington’s disease: A mini review. Oxid. Med. Cell. Longev. 2016. doi: 10.1155/2016/8590578

 Marinković, G., Koenis, D. S., De Camp, L., Jablonowski, R., Graber, N., De Waard, V., et al. (2020). S100A9 links inflammation and repair in myocardial infarction. Circ. Res. 127, 664–676. doi: 10.1161/CIRCRESAHA.120.315865

 Marizzoni, M., Cattaneo, A., Mirabelli, P., Festari, C., Lopizzo, N., Nicolosi, V., et al. (2020). Short-chain fatty acids and lipopolysaccharide as mediators between gut dysbiosis and amyloid pathology in alzheimer’s disease. J. Alzheimer’s Dis. 78, 683–697. doi: 10.3233/JAD-200306

 Martínez-Naharro, A., Hawkins, P. N., and Fontana, M. (2018). Cardiac amiloidosis. Clin. Med. (Northfield. Il). 18, s30–s35. doi: 10.7861/clinmedicine.18-2-s30

 Maruya, M., Kawamoto, S., Kato, L. M., and Fagarasan, S. (2013). Impaired selection of IgA and intestinal dysbiosis associated with PD-1-deficiency. Gut Microbes 4, 165–171. doi: 10.4161/gmic.23595

 Matlahov, I., and van der Wel, P. C. A. (2019). Conformational studies of pathogenic expanded polyglutamine protein deposits from huntington’s disease. Exp. Biol. Med. 244, 1584–1595. doi: 10.1177/1535370219856620

 Matrone, C. (2023). The paradigm of amyloid precursor protein in amyotrophic lateral sclerosis: the potential role of the 682 YENPTY 687 motif. Comput. Struct. Biotechnol. J. 21, 923–930. doi: 10.1016/j.csbj.2023.01.008

 Matsuzawa-Ishimoto, Y., Yao, X., Koide, A., Ueberheide, B. M., Axelrad, J. E., Reis, B. S., et al. (2022). The Γδ IEL effector API5 masks genetic susceptibility to paneth cell death. Nature 610, 547–554. doi: 10.1038/s41586-022-05259-y

 Maury, C. P. J. (1991). Gelsolin-related amyloidosis. Identification of the amyloid protein in finnish hereditary amyloidosis as a fragment of variant gelsolin. J. Clin. Invest. 87, 1195–1199. doi: 10.1172/JCI115118

 McGowan, D. P., Van Roon-Mom, W., Holloway, H., Bates, G. P., Mangiarini, L., Cooper, G. J. S., et al. (2000). Amyloid-like inclusions in huntington’s disease. Neuroscience 100, 677–680. doi: 10.1016/S0306-4522(00)00391-2

 McNees, A. L., Markesich, D., Zayyani, N. R., and Graham, D. Y. (2015). Mycobacterium paratuberculosis as a cause of crohn’s disease. Expert Rev. Gastroenterol. Hepatol. 9, 1523–1534. doi: 10.1586/17474124.2015.1093931

 Megur, A., Baltriukienė, D., Bukelskienė, V., and Burokas, A. (2020). The microbiota-gut-brain axis and alzheimer’s disease: neuroinflammation is to blame? Nutrients 13, 1–24. doi: 10.3390/NU13010037

 Mehra, S., Sahay, S., and Maji, S. K. (2019). α-synuclein misfolding and aggregation: implications in parkinson’s disease pathogenesis. Biochim. Biophys. Acta - Proteins Proteomics 1867, 890–908. doi: 10.1016/j.bbapap.2019.03.001

 Miller, A. L., Bessho, S., Grando, K., and Tükel, Ç. (2021). Microbiome or infections: amyloid-containing biofilms as a trigger for complex human diseases. Front. Immunol. 12. doi: 10.3389/fimmu.2021.638867

 Mishra, P. S., Boutej, H., Soucy, G., Bareil, C., Kumar, S., Picher-Martel, V., et al. (2020). Transmission of ALS pathogenesis by the cerebrospinal fluid. Acta Neuropathol. Commun. 8, 1–21. doi: 10.1186/s40478-020-00943-4

 Moir, R. D., Lathe, R., and Tanzi, R. E. (2018). The antimicrobial protection hypothesis of alzheimer’s disease. Alzheimer’s Dement. 14, 1602–1614. doi: 10.1016/j.jalz.2018.06.3040

 Mondot, S., Kang, S., Furet, J. P., Aguirre De Carcer, D., McSweeney, C., Morrison, M., et al. (2011). Highlighting new phylogenetic specificities of crohn’s disease microbiota. Inflamm. Bowel Dis. 17, 185–192. doi: 10.1002/ibd.21436

 Montiel-Castro, A. J., Gonzalez-Cervantes, R. M., Bravo-Ruiseco, G., and Pacheco-Lopez, G. (2013). The microbiota-gut-brain axis: neurobehavioral correlates, health and sociality. Front. Integr. Neurosci. 7. doi: 10.3389/fnint.2013.00070

 Motor neuron diseases (National Institute of Neurological Disorders and Stroke). Available at: https://www.ninds.nih.gov/health-information/disorders/motor-neuron-diseases (accessed February 25, 2024).

 Mulak, A. (2021). Bile acids as key modulators of the brain-gut-microbiota axis in alzheimer’s disease. J. Alzheimer’s Dis. 84, 461–477. doi: 10.3233/JAD-210608

 Nishikawa, M., Brickman, A. M., Manly, J. J., Schupf, N., Mayeux, R. P., and Gu, Y. (2021). Association of dietary prebiotic consumption with reduced risk of alzheimer’s disease in a multiethnic population. Curr. Alzheimer Res. 18, 984–992. doi: 10.2174/1567205019666211222115142

 Ohlsson, B., Orho-Melander, M., and Nilsson, P. M. (2017). Higher levels of serum zonulin may rather be associated with increased risk of obesity and hyperlipidemia, than with gastrointestinal symptoms or disease manifestations. Int. J. Mol. Sci. 18. doi: 10.3390/ijms18030582

 Örtqvist, A. K., Lundholm, C., Halfvarson, J., Ludvigsson, J. F., and Almqvist, C. (2019). Fetal and early life antibiotics exposure and very early onset inflammatory bowel disease: A population-based study. Gut 68, 218–225. doi: 10.1136/gutjnl-2017-314352

 Osk Snorradottir, A., Isaksson, H. J., Kaeser, S. A., Skodras, A. A., Olafsson, E., Palsdottir, A., et al. (2015). Parenchymal cystatin C focal deposits and glial scar formation around brain arteries in hereditary cystatin C amyloid angiopathy. Brain Res. 1622, 149–162. doi: 10.1016/j.brainres.2015.06.019

 Paray, B. A., Albeshr, M. F., Jan, A. T., and Rather, I. A. (2020). Leaky gut and autoimmunity: an intricate balance in individuals health and the diseased state. Int. J. Mol. Sci. 21, 1–12. doi: 10.3390/ijms21249770

 Park, J., Baik, S. H., Mook-Jung, I., Irimia, D., and Cho, H. (2019). Mimicry of central-peripheral immunity in alzheimer’s disease and discovery of neurodegenerative roles in neutrophil. Front. Immunol. 10. doi: 10.3389/fimmu.2019.02231

 Pepys, M. B., Hawkins, P. N., Booth, D. R., Vigushin, D. M., Tennent, G. A., Soutar, A. K., et al. (1993). Human lysozyme gene mutations cause hereditary systemic amyloidosis. Nature 362, 553–557. doi: 10.1038/362553a0

 Perkovic, M. N., Paska, A. V., Konjevod, M., Kouter, K., Strac, D. S., Erjavec, G. N., et al. (2021). Epigenetics of alzheimer’s disease. Biomolecules 11, 1–40. doi: 10.3390/BIOM11020195

 Petagna, L., Antonelli, A., Ganini, C., Bellato, V., Campanelli, M., Divizia, A., et al. (2020). Pathophysiology of crohn’s disease inflammation and recurrence. Biol. Direct 15, 1–10. doi: 10.1186/s13062-020-00280-5

 Pinto, M. V., Dyck, P. J. B., and Liewluck, T. (2021). Neuromuscular amyloidosis: unmasking the master of disguise. Muscle Nerve 64, 23–36. doi: 10.1002/mus.27150

 Pluta, R., Ulamek-Koziol, M., Januszewski, S., and Czuczwar, S. J. (2020). Gut microbiota and pro/prebiotics in alzheimer’s disease. Aging (Albany NY) 12, 5539. doi: 10.18632/aging.v12i6

 Png, C. W., Lindén, S. K., Gilshenan, K. S., Zoetendal, E. G., McSweeney, C. S., Sly, L. I., et al. (2010). Mucolytic bacteria with increased prevalence in IBD mucosa augment in vitro utilization of mucin by other bacteria. Am. J. Gastroenterol. 105, 2420–2428. doi: 10.1038/ajg.2010.281

 Radon, K., Windstetter, D., Poluda, A. L., Mueller, B., Von Mutius, E., Koletzko, S., et al. (2007). Contact with farm animals in early life and juvenile inflammatory bowel disease: A case-control study. Pediatrics 120, 354–361. doi: 10.1542/peds.2006-3624

 Ranasinghe;, I. R., and Hsu, R. (2023). Crohn disease (Treasure Island (FL: StatPearls Publishing). StatPearls.

 Ray, I., Chauhan, A., Wegiel, J., and Chauhan, V. P. S. (2000). Gelsolin inhibits the fibrillization of amyloid beta-protein, and also defibrillizes its preformed fibrils. Brain Res. 853, 344–351. doi: 10.1016/S0006-8993(99)02315-X

 Razani-Boroujerdi, S., Boyd, R. T., Dávila-García, M. I., Nandi, J. S., Mishra, N. C., Singh, S. P., et al. (2007). Cells express Α7-nicotinic acetylcholine receptor subunits that require a functional TCR and leukocyte-specific protein tyrosine kinase for nicotine-induced ca2+ Response. J. Immunol. 179, 2889–2898. doi: 10.4049/jimmunol.179.5.2889

 Reitz, C. (2015). Genetic diagnosis and prognosis of alzheimer’s disease: challenges and opportunities. Expert Rev. Mol. Diagn. 15, 339. doi: 10.1586/14737159.2015.1002469

 Roberts, S. E., Wotton, C. J., Williams, J. G., Griffith, M., and Goldacre, M. J. (2011). Perinatal and early life risk factors for inflammatory bowel disease. World J. Gastroenterol. 17, 743–749. doi: 10.3748/wjg.v17.i6.743

 Robinson, M., Lee, B. Y., and Hane, F. T. (2017). Recent progress in alzheimer’s disease research, part 2: genetics and epidemiology. J. Alzheimer’s Dis. 57, 317. doi: 10.3233/JAD-161149

 Ruberg, F. L., Grogan, M., Hanna, M., Kelly, J. W., and Maurer, M. S. (2019). Transthyretin amyloid cardiomyopathy: JACC state-of-the-art review. J. Am. Coll. Cardiol. 73, 2872–2891. doi: 10.1016/j.jacc.2019.04.003

 Sahoo, R. K., Gupta, T., kapoor, S., Kumar, V., Rani, S., and Gupta, U. (2022). “Chapter 1 - aetiology and pathophysiology of neurodegenerative disorders,” in Nanomedical drug deliv. Neurodegener. Dis (Cambridge, Massachusetts: Academic Press), 1–16. doi: 10.1016/B978-0-323-85544-0.00006-X

 Santana, D. A., Smith, M. A. C., and Chen, E. S. (2023). Histone modifications in alzheimer’s disease. Genes (Basel). 14. doi: 10.3390/genes14020347

 Sartor, R. B., and Wu, G. D. (2017). Roles for intestinal bacteria, viruses, and fungi in pathogenesis of inflammatory bowel diseases and therapeutic approaches. Gastroenterology 152, 327–339. doi: 10.1053/j.gastro.2016.10.012.Roles

 Šašala, M., Majorová, E., Vrzgula, A., and Fandáková, I. (2020). Evaluation of invasive intra-abdominal candidiasis in crohn disease at the time of surgery. Ann. Coloproctol. 36, 12–16. doi: 10.3393/ac.2018.10.15.2

 Schaubeck, M., Clavel, T., Calasan, J., Lagkouvardos, I., Haange, S. B., Jehmlich, N., et al. (2016). Dysbiotic gut microbiota causes transmissible crohn’s disease-like ileitis independent of failure in antimicrobial defence. Gut 65, 225–237. doi: 10.1136/gutjnl-2015-309333

 Shoda, R., Matsueda, K., Yamato, S., and Umeda, N. (1996). Epidemiologic analysis of Crohn disease in Japan: increased dietary intake of n-6 polyunsaturated fatty acids and animal protein relates to the increased incidence of Crohn disease in Japan. Am. J. Clin. Nutr. 63, 741–745. doi: 10.1093/ajcn/63.5.741

 Sobieszczańska, B., Pawłowska, B., Duda-Madej, A., Pawlik, K., Wiśniewski, J., Grzegrzółka, J., et al. (2019). Effect of amyloid curli fibrils and curli csgA monomers from escherichia coli on in vitro model of intestinal epithelial barrier stimulated with cytokines. Int. J. Med. Microbiol. 309, 274–282. doi: 10.1016/j.ijmm.2019.05.001

 Socała, K., Doboszewska, U., Szopa, A., Serefko, A., Włodarczyk, M., Zielińska, A., et al. (2021). The role of microbiota-gut-brain axis in neuropsychiatric and neurological disorders. Pharmacol. Res. 172. doi: 10.1016/j.phrs.2021.105840

 Sokol, H., Lay, C., Seksik, P., and Tannock, G. W. (2008). Analysis of bacterial bowel communities of IBD patients: what has it revealed? Inflamm. Bowel Dis. 14, 858–867. doi: 10.1002/ibd.20392

 Sommerer, Y., Dobricic, V., Schilling, M., Ohlei, O., Sabet, S. S., Wesse, T., et al. (2023). Entorhinal cortex epigenome-wide association study highlights four novel loci showing differential methylation in alzheimer’s disease. Alzheimers. Res. Ther. 15. doi: 10.1186/s13195-023-01232-7

 Sonthalia, N., Jain, S., Pawar, S., Zanwar, V., Surude, R., and Rathi, P. M. (2016). Primary hepatic amyloidosis: A case report and review of literature. World J. Hepatol. 8, 340–344. doi: 10.4254/wjh.v8.i6.340

 Soriano, S., Curry, K., Wang, Q., Chow, E., Treangen, T. J., and Villapol, S. (2022). Fecal microbiota transplantation derived from alzheimer’s disease mice worsens brain trauma outcomes in wild-type controls. Int. J. Mol. Sci. 23. doi: 10.3390/ijms23094476

 Stowers Institute. Available at: https://Www.Stowers.Org/News/New-Research-from-the-Stowers-Institute-Reveals-the-Start-of-Huntingtons-Disease.

 Sturgeon, C., and Fasano, A. (2016). Zonulin, a regulator of epithelial and endothelial barrier functions, and its involvement in chronic inflammatory diseases. Tissue Barriers 4, 1–19. doi: 10.1080/21688370.2016.1251384

 Sun, Y., Sommerville, N. R., Liu, J. Y. H., Ngan, M. P., Poon, D., Ponomarev, E. D., et al. (2020). Intra-gastrointestinal amyloid-Β1–42 oligomers perturb enteric function and induce alzheimer’s disease pathology. J. Physiol. 598, 4209–4223. doi: 10.1113/JP279919

 Sun, L., and Ye, R. D. (2016). Serum amyloid A1: structure, function and gene polymorphism. Gene 583, 48–57. doi: 10.1016/j.gene.2016.02.044

 Sveinbjornsdottir, S. (2016). The clinical symptoms of parkinson’s disease. J. Neurochem. 139, 318–324. doi: 10.1111/jnc.13691

 Szandruk-bender, M., Nowak, B., Merwid-l, A., Kucharska, A. Z., Krzystek-Korpacka, M., Bednarz-Misa, I., et al. (2023). Cornus mas L. extract targets the specific molecules of the Th17/Treg developmental pathway in TNBS-Induced experimental colitis in rats. Molecules 28, 3034. doi: 10.3390/molecules28073034

 Szandruk-Bender, M., Wiatrak, B., Dzimira, S., Merwid-Ląd, A., Szczukowski, Ł., Świątek, P., et al. (2022a). Targeting lineage-specific transcription factors and cytokines of the Th17/Treg axis by novel 1,3,4-oxadiazole derivatives of pyrrolo[3,4-d]Pyridazinone attenuates TNBS-induced experimental colitis. Int. J. Mol. Sci. 23. doi: 10.3390/ijms23179897

 Szandruk-Bender, M., Wiatrak, B., and Szeląg, A. (2022b). The risk of developing alzheimer’s disease and parkinson’s disease in patients with inflammatory bowel disease: A meta-analysis. J. Clin. Med. 11. doi: 10.3390/jcm11133704

 Szewczyk, A., Witecka, A., and Kiersztan, A. (2019). The role of gut microbiota in the pathogenesis of neuropsychiatric and neurodegenerative diseases. Postepy Hig. Med. Dosw. 73, 865–886. doi: 10.5604/00325449

 Tamtaji, O. R., Heidari-soureshjani, R., Mirhosseini, N., Kouchaki, E., Bahmani, F., Aghadavod, E., et al. (2019). Probiotic and selenium co-supplementation, and the effects on clinical, metabolic and genetic status in alzheimer’s disease: A randomized, double-blind, controlled trial. Clin. Nutr. 38, 2569–2575. doi: 10.1016/j.clnu.2018.11.034

 Tang, Y., Zhang, D., Chang, Y., and Zheng, J. (2023). Atrial natriuretic peptide associated with cardiovascular diseases inhibits amyloid-β Aggregation via cross-seeding. ACS Chem. Neurosci. 14, 312–322. doi: 10.1021/acschemneuro.2c00712

 Taylor, D. R., Whitehouse, I. J., and Hooper, N. M. (2009). Glypican-1 mediates both prion protein lipid raft association and disease isoform formation. PloS Pathog. 5, 1–16. doi: 10.1371/journal.ppat.1000666

 Tellechea, P., Pujol, N., Esteve-Belloch, P., Echeveste, B., García-Eulate, M. R., Arbizu, J., et al. (2018). Early- and late-onset alzheimer disease: are they the same entity? Neurologia 33, 244–253. doi: 10.1016/J.NRL.2015.08.002

 Tetz, G., Pinho, M., Pritzkow, S., Mendez, N., Soto, C., and Tetz, V. (2020). Bacterial DNA promotes tau aggregation. Sci. Rep. 10, 1–11. doi: 10.1038/s41598-020-59364-x

 Tetz, G., and Tetz, V. (2021). Bacterial extracellular dna promotes β-amyloid aggregation. Microorganisms 9. doi: 10.3390/microorganisms9061301

 Tokarz, V. L., MacDonald, P. E., and Klip, A. (2018). The cell biology of systemic insulin function. J. Cell Biol. 217, 2273–2289. doi: 10.1083/jcb.201802095

 Traynor, C. A., Tighe, D., O’Brien, F. J., Leavey, S. F., Dorman, A. M., Denton, M. D., et al. (2013). Clinical and pathologic characteristics of hereditary apolipoprotein A-I amyloidosis in Ireland. Nephrology 18, 549–554. doi: 10.1111/nep.12108

 Trejo-Lopez, J. A., Yachnis, A. T., Prokop, S., Perl, D. P., Gibbons, C. H., Wang, Y., et al. (2019). Alzheimer ’ s Disease Diagnostics And Therapeutics Market. [Enfermedad de Alzheimer: Patogenia, Diagnóstico y Terapéutica]. Neurotherapeutics 160, 32–42.

 Tsianos, E. V., Katsanos, K. H., and Tsianos, V. E. (2012). Role of genetics in the diagnosis and prognosis of crohn’s disease. World J. Gastroenterol. 18, 105–118. doi: 10.3748/wjg.v18.i2.105

 Vandenplas, Y., Carnielli, V. P., Ksiazyk, J., Luna, M. S., Migacheva, N., Mosselmans, J. M., et al. (2020). Factors affecting early-life intestinal microbiota development. Nutrition 78. doi: 10.1016/j.nut.2020.110812

 Van Schependom, J., and D’haeseleer, M. (2023). Advances in neurodegenerative diseases. J. Clin. Med. 12, 1–6. doi: 10.3390/jcm12051709

 Villar-Piqué, A., Lopes da Fonseca, T., and Outeiro, T. F. (2016). Structure, function and toxicity of alpha-synuclein: the Bermuda triangle in synucleinopathies. J. Neurochem. 139, 240–255. doi: 10.1111/jnc.13249

 Vogt, N. M., Kerby, R. L., Dill-McFarland, K. A., Harding, S. J., Merluzzi, A. P., Johnson, S. C., et al. (2017). Gut microbiome alterations in alzheimer’s disease. Sci. Rep. 7, 1–11. doi: 10.1038/s41598-017-13601-y

 Wang, D., Zhang, X., and Du, H. (2022). Inflammatory bowel disease: A potential pathogenic factor of alzheimer’s disease. Prog. Neuropsychopharmacol. Biol. Psychiatry 119. doi: 10.1016/j.pnpbp.2022.110610

 Wang, H., Zheng, H., Cao, X., Meng, P., Liu, J., Zheng, C., et al. (2023). Β2-microglobulin and colorectal cancer among inpatients: A case–control study. Sci. Rep. 13, 1–8. doi: 10.1038/s41598-023-39162-x

 Wells, C., Brennan, S., Keon, M., and Ooi, L. (2021). The role of amyloid oligomers in neurodegenerative pathologies. Int. J. Biol. Macromol. 181, 582–604. doi: 10.1016/j.ijbiomac.2021.03.113

 Wiltzius, J. J. W., Sievers, S. A., Sawaya, M. R., and Eisenberg, D. (2009). Atomic structures of IAPP (Amylin) fusions suggest a mechanism for fibrillation and the role of insulin in the process. Protein Sci. 18, 1521–1530. doi: 10.1002/pro.145

 Wolfe, K. J., and Cyr, D. M. (2011). Amyloid in neurodegenerative diseases: friend or foe? Semin. Cell Dev. Biol. 22, 476. doi: 10.1016/j.semcdb.2011.03.011

 Wu, T., Jiang, Q., Wu, D., Hu, Y., Chen, S., Ding, T., et al. (2019). What is new in lysozyme research and its application in food industry? A review. Food Chem. 274, 698–709. doi: 10.1016/j.foodchem.2018.09.017

 Xiang, W., Xiang, H., Wang, J., Jiang, Y., Pan, C., Ji, B., et al. (2023). Fecal microbiota transplantation: A novel strategy for treating alzheimer’s disease. Front. Microbiol. 14. doi: 10.3389/fmicb.2023.1281233

 Xing, Y., Li, P., Jia, Y., Zhang, K., Liu, M., and Jiang, J. (2023). Association of inflammatory bowel disease and related medication exposure with risk of alzheimer’s disease: an updated meta-analysis. Front. Aging Neurosci. 14. doi: 10.3389/fnagi.2022.1082575

 Yoshida, H., and Goedert, M. (2012). Phosphorylation of microtubule-associated protein tau by AMPK-related kinases. J. Neurochem. 120, 165–176. doi: 10.1111/j.1471-4159.2011.07523.x

 Yu, C. H., Davidson, S., Harapas, C. R., Hilton, J. B., Mlodzianoski, M. J., Laohamonthonkul, P., et al. (2020). TDP-43 triggers mitochondrial DNA release via MPTP to activate CGAS/STING in ALS. Cell 183, 636–649.e18. doi: 10.1016/j.cell.2020.09.020

 Zeng, R., Wang, J., Jiang, R., Yang, J., Zheng, C., Wu, H., et al. (2022). Inflammatory bowel disease and neurodegenerative disorders: integrated evidence from mendelian randomization, shared genetic architecture and transcriptomics. medRxiv. doi: 10.1101/2022.05.23.22275264

 Zhan, X. (2017). Author response: gram-negative bacterial molecules associate with alzheimer disease pathology. Neurology 88, 2338. doi: 10.1212/WNL.0000000000004048

 Zhang, M. N., and Shi YD, J. H. (2022). The risk of dementia in patients with inflammatory bowel disease: A systematic review and meta-analysis. Int. J. Color. Dis. 37, 769–775. doi: 10.1007/s00384-022-04131-9

 Zhang, X. X., Tian, Y., Wang, Z. T., Ma, Y. H., Tan, L., and Yu, J. T. (2021). The epidemiology of alzheimer’s disease modifiable risk factors and prevention. J. Prev. Alzheimer’s Dis. 8, 313–321. doi: 10.14283/jpad.2021.15

 Zhu, Y., Yuan, M., Liu, Y., Yang, F., Chen, W. Z., Xu, Z. Z., et al. (2022). Association between inflammatory bowel diseases and parkinson’s disease: systematic review and meta-analysis. Neural Regen. Res. 17, 344–353. doi: 10.4103/1673-5374.317981

 Zigmond, E., Bernshtein, B., Friedlander, G., Walker, C. R., Yona, S., Kim, K. W., et al. (2014). Macrophage-restricted interleukin-10 receptor deficiency, but not IL-10 deficiency, causes severe spontaneous colitis. Immunity 40, 720–733. doi: 10.1016/j.immuni.2014.03.012





Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Duda-Madej, Stecko, Szymańska, Miętkiewicz and Szandruk-Bender. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




Glossary


 




OEBPS/Images/fcimb-14-1393809-g005.jpg
A Bifidobacterium Cognition and

spp. K\ ¢ ¥ behaviour
reduced t‘?r change

- \ —_ Alzheimer

lower /I? disease

production of
GABA
Immunological { Enviromental
factors " factors
B >
Genetic e Dysbiosivs &

factors

Retrograde
transport of
Amyloid

| o,
' Pro-inflammatory  Toxins
| cytokines





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Amyloid, Crohn’s disease, and Alzheimer’s disease - are they linked?

      

        		

          1 Crohn’s disease

        

          		

            1.1 Crohn’s disease – general information

          



          		

            1.2 Immunological factors in the pathogenesis of Crohn’s disease

          



          		

            1.3 Genetic factors in the pathogenesis of Crohn’s disease

          



          		

            1.4 Environmental factors in the pathogenesis of Crohn’s disease

          



          		

            1.5 Microbial factors in the pathogenesis of Crohn’s disease

          



        



        



        		

          2 Properties of amyloid protein

        



        		

          3 Amyloids in neurodegenerative disorders

        



        		

          4 Contribution of amyloid protein to the pathomechanism of Alzheimer’s disease

        

          		

            4.1 AD’s pathology

          



          		

            4.2 Genetic factors

          



          		

            4.3 Epigenetics

          



          		

            4.4 Microbiota

          



        



        



        		

          5 Crohn’s disease association with Alzheimer’s disease

        

          		

            5.1 Chronic inflammatory bowel disease is associated with increased inflammation of the nervous system

          



          		

            5.2 Dysbiosis of the intestinal microbiota

          



          		

            5.3 Decreased production of anti-inflammatory metabolites and increased bacterial neutotoxic and neuromodulatory molecules

          



          		

            5.4 Association of amyloid (including curli fimbriae) with the development of neurodegenerative diseases

          



        



        



        		

          6 Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2024.1393809_cover.jpg
’ frontiers ‘ Frontiers in Cellular and Infection Microbiology

Amyloid, Crohn’s disease, and Alzheimer’s
disease - are they linked?





OEBPS/Images/fcimb-14-1393809-g001.jpg
Oligomerization

Fibrillization





OEBPS/Images/fcimb-14-1393809-g003.jpg
% TDP-43

ccumulation
Immune

Inflammation
Neuron damage
and loss






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-14-1393809-g002.jpg
Frontolombar

Spinocerebellar

Extracellular

Anatomical
classification

Protein
classification

Cellular
classification

Intracellular

- Amyloidoses

’

Tauopathies
Y

<__-y a-synucleinopathies

ks TDP-43 proteinopathies





OEBPS/Images/utable1.jpg
AdpoAl
AB

AD

ALS

ANP
APOE
APP

ATG
ATTR-CM
B2M

BBB

CAG
CARD
CCR6

D

<hILD
ap

oNs
CX3CRIME

DLGS

Dss
EOAD
FFL
EMT
Foxp3
FID
GABA
GBA
GMBA
GSD
HCCAA
HD
HDL
HDLI
HIV
HR
1APP
1BD
1BDS
L
1L23R
IRGM
JAK2
LFS
10AD
1ps
LRRK2
miRNA
MMP
mIDNA
ND
NK
NFKB
NOD
ocTN
orA

ps3

PCOS
)
PiB-PET
PMEL
prosp-C
PP

P

RCC
ROR
RORY
ROS

RR
S100A9
SCFA
STATS
Tau
TDP-43
Th
TNFo
TNFSFIS
TIR
Treg
TREM
ue
ShimC

5mC

apolipoprotein Al-derived amyloidosis
B-amyloid

Alz

cimer's discase
amyotrophic lateral sclerosis

atrial natriuretic peptide
apolipoprotein E

amyloid precursor protein

autophagy related gene

transthyretin amyloid cardiomyopathy
B2-microglobulin

blood-brain barrier

cytosine-adenine-gua

e
caspase activating recruitment domain
chemokine receptor 6

Crohn's disease

children’s intersiital lung
Creutzfeldt-Jakob disease
central nervous system

intestinal CX3C chemokine receptor (high)

discs large MAGUK (membrane associated guanylate kinases)
scaffold protein 5

dextran sodium sulfate
early-onset Alzheimer's disease
fatal familial insomnia

fecal microbiota transplantation
forkhead box protein 3
fronto-temporal dementia
gamma-aminobutyric acid
gut-brain axis
gut-microbiota-brain axis
Gerstmann-Straussler disease
hereditary cystatin C amyloid angiopathy
Huntington's disease
high-density lipoprotein
Huntington disease-like type 1
human immunodeficiency virus
hazard ratio

islet amyloid polypeptide (amylin)
inflammatory bowel disease
inflammatory bowel disease 5
interleukin

interleukin-23 receptor
immunity related GTPase M

Janus kinase 2

i-Fraumeni syndrome
late-onset Alzheimer's discase

lipopolysaccharide

leucine-rich repeat kinase 2

microRNA

metalloproteins

‘mitochondrial DNA

neurodegenerative disorders

natural Killer

nuclear factor kappa light chain enhancer of activated B cells
nucleotide-binding oligomerisation domain

organic cation transporters novel

ostertag-type amyloidosis

regulatory protein important protein in the cell cycle, DNA
repair and apoptosis initiation, mutated in human cancers

polycystic ovary syndrome
Parkinson's disease

11C-Pi

pre-melanosomal protein
prosurfactant protein C

P

n protein
presenilin

renal cell carcinoma

retinoic acid related orphan receptor
retinoic acid related orphan receptor 1t
reactive oxygen species

risk ratio

5100 calcium-binding protein A9

short-chain fatty acid

ion 3

signal transducer and activator of transc

Tau protein
TAR DNA binding protein 43

T helper

tumor necrosis factor alpha

TNF superfamily member 15

toll-like receptor

regulatory T cells

triggering receptor expressed in myeloid/microglial cells
uleerative colitis

5-hydroxymethyl cytosine

5-methyl cytosine.





OEBPS/Images/table1.jpg
Protein Disease Function Source
. 5 intracellular and (Villar-Piqué et al.,
. Parkinson’s R
o-synuclein 2 synaptic 2016; Mehra
disease : 7
vesicle trafficking et al, 2019)
Baumkdétter et al.,
Alzheimer’s neurite growth, DAy .er 2e
AB i @ 2014; Trejo-Lopez
disease neuronal adhesion
et al,, 2019)
Apolipoprotein Hereditary formation of HDL, | (Traynor et al, 2013;
Al AApoAI lipid transport Frankel et al., 2022)
. (Osk Snorradottir
hibitor of
Cystatin C HCCAA HRLORY et al., 2015; Ding
cysteine proteinases
et al,, 2022)
IAPP Diabetes regulator of (Wiltzius et al., 2009;
type 1T energy metabolism Hay et al,, 2015)
I
. Insulin lowers lucose (Tokarz et al., 2018;
Insulin L level,
amyloidosis . Kano, 2022)
anabolic hormone
bacteriolytic (Pepys et al,, 1993;
L OTA
YRORYIE function Wu et al,, 2019)
melanosome
Pmel 17 NN morphogenesis, (Bissig et al., 2016)
pigmentation
lowers surface (Griese et al., 2016;
SP-C hILD
pro © tension in alveolars Barriga et al., 2021)
neuronal
CJD, FFI,
PrP GSD, HDLL develo-pmen\ .ar.ld (Taylor et al., 2009)
synaptic plasticity
tumor Ca*Zn** (Marinkovi¢
S100A9 T F
development binding protein et al., 2020)
Serum PCOS acute- (Sun and Ye, 2016;
amyloid A phase response Liu et al,, 2022)
- tumor suppressor
5 i Li 1., 2022,
p53 cincet, LFS in many (Li et al,, 2022)
tumor types
tumor-promoting
breast
B2M cancer, REC and ) (Wang et al., 2023)
tumor-suppressing
promotes
Tau FTD microtubule (Yoshida and
assembly Goedert, 2012)
and stability
TDP-43 ALS ) .RNA- ) (Bhardwaj et al.,
binding protein 2013; Yu et al., 2020)
thyroid h -
Transthyretin ATTR-CM oL aonote (Ruberg et al., 2019)

binding protein.

AB, B-amyloid; IAPP, islet amyloid polypeptide; Pmel 17, premelanosome protein 17; proSP-
C, prosurfactant protein C; PrP, prion protein; SI00A9, S100 calcium-binding; protein A9;

P53, regulatory protein; B2M, beta-2- microglobulin; TDP-43, TAR; DNA-binding protein 43;

AApoAl, Apolipoprotein Al-derived amyloidosis; HCCAA, Hereditary Cystatin C Amyloid
Angiopathy; OTA, Ostertag-type amyloidosis; NN, not named; chILD, children’s interstitial
lung disease; CJD, Creutzfeldt-Jakob disease; FFI, fatal familial insomnia; GSD, Gerstmann-
Straussler disease; HDL1, Huntington disease-like type 1; PCOS, polycystic ovary syndrome;
LFS, Li-Fraumeni syndrome; RCC, renal cell carcinoma; FTD, Frontotemporal dementia;
ALS, Amyotrophic lateral sclerosis; ATTR-CM, Transthyretin Amyloid Cardiomyopathy;
HDL, high-density lipoprotein





OEBPS/Images/fcimb-14-1393809-g004.jpg
Epigenetic alterations Neuroinflammation

I

’

Gut dyshiosis

7

7

Amyloid B
aggregates

Memory loss

Genes mutations

APP
PSEN Language disorder

PSE \ .7 Neuron damage/

and loss
D

Personality changes





