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Microbes have been suspected to cause Alzheimer’s disease since at least 1908, but this has generally remained unpopular in comparison to the amyloid hypothesis and the dominance of Aβ and Tau. However, evidence has been accumulating to suggest that these earlier theories are but a manifestation of a common cause that can trigger and interact with all the major molecular players recognized in AD. Aβ, Tau and ApoE, in particular appear to be molecules with normal homeostatic functions but also with alternative antimicrobial functions. Their alternative functions confer the non-immune specialized neuron with some innate intracellular defenses that appear to be re-appropriated from their normal functions in times of need. Indeed, signs of infection of the neurons by biofilm-forming microbial colonies, in synergy with herpes viruses, are evident from the clinical and preclinical studies we discuss. Furthermore, we attempt to provide a mechanistic understanding of the AD landscape by discussing the antimicrobial effect of Aβ, Tau and ApoE and Lactoferrin in AD, and a possible mechanistic link with deficiency of vital copper-based systems. In particular, we focus on mitochondrial oxidative respiration via complex 4 and ceruloplasmin for iron homeostasis, and how this is similar and possibly central to neurodegenerative diseases in general. In the case of AD, we provide evidence for the microbial Alzheimer’s disease (MAD) theory, namely that AD could in fact be caused by a long-term microbial exposure or even long-term infection of the neurons themselves that results in a costly prolonged antimicrobial response that disrupts copper-based systems that govern neurotransmission, iron homeostasis and respiration. Finally, we discuss potential treatment modalities based on this holistic understanding of AD that incorporates the many separate and seemingly conflicting theories. If the MAD theory is correct, then the reduction of microbial exposure through use of broad antimicrobial and anti-inflammatory treatments could potentially alleviate AD although this requires further clinical investigation.

Keywords
 Alzheimer’s; microbe; copper; amyloid; Tau; ApoE; aggregation; MAD


Introduction

There are around 57 million cases of Dementia as of 2019 globally, a number that is expected to increase to over 150 million by 2050 (Nichols et al., 2022). Alzheimer’s disease (AD) is the most common form of dementia and involves a progressive neurodegeneration that begins in the entorhinal cortex of the hippocampus and spreads upwards through the cortex. It is characterized by extracellular plaque formation comprising of amyloid beta (Aβ) and intracellular neurofibrillary tangles (NFT) consisting of hyper phosphorylated tau proteins, that collectively leads to neuroinflammation and ultimately neuronal death (Kumar et al., 2022; Moloney et al., 2021). The affected individual progressively loses memory and aspects of cognitive and executive function until death, a process that has been aptly named “the long goodbye” (Dittbrenner, 1994). Despite the existence of symptomatic treatments there is currently no known cure for AD and the damage is considered irreversible (National Institute on Aging, 2024; Conti Filho et al., 2023).

Despite the pressing need for the scientific community to address AD, we still do not have a definitive understanding of the etiology of this disease. However, the last 30 years of AD research has been dominated by the “amyloid hypothesis” whereby the Aβ peptide is putatively the central causative agent of a series of pathogenic events that ultimately leads to neurodegeneration (Frisoni et al., 2022). This theory is supported by evidence such as autosomal dominant familial AD with mutations in presenilins 1, 2 (PSEN1/PSEN2) and amyloid precursor protein (APP) genes, which increase the levels of the Aβ42 load in the brain with high penetrance (Bateman et al., 2010; Van Giau et al., 2019). In such cases, patients tend to develop AD at an earlier age and are classified as early onset AD (EOAD) that occurs before 65 years of age and comprises around 5% of AD cases (Mendez, 2019). Conversely, most AD cases are considered to be late onset AD (LOAD) that mostly debuts after 65 years. There are notable differences in general disease characteristics such as the faster progression rate in EOAD with more frontotemporal atrophy rather than hippocampal atrophy in LOAD and primarily poorer executive, motor and visuospatial functions in comparison to the primarily poorer memory evident in LOAD (Tellechea et al., 2018). However, both have large degrees of Tau and amyloid pathologies which are considered the key players in the pathogenesis of AD (Hampel et al., 2021). Based on this understanding, IgG1 monoclonal antibodies that directly target various forms Aβ plaques have been developed, resulting in drugs such as Aducanumab (marketed as Aduhelm™) that has been approved for use by the FDA (Dhillon, 2021). This drug held promise as a breakthrough in the treatment of AD that offered advancement over the previous generation of conventional AD symptom delaying drugs (Alhazmi and Albratty, 2022). However, the FDA approval of Aducanumab is controversial, with the ultimate basis of approval predicated on apparent reduction of Aβ plaques and not inhibition of clinical disease outcome (Rabinovici, 2021). The use of PET scanning as a primary method of Aβ plaque detection for Aducanumab has also been criticized for its validity in this application (Høilund-Carlsen and Alavi, 2021). Furthermore, other anti-amyloid drugs such as Solanezumab that target monomeric Aβ mirror such findings of apparently lowered Aβ plaque levels, yet also disappointingly do not slow down cognitive decline (Sperling et al., 2023), a finding that is reflected in the many failed Aβ centric AD treatments to date (Espay et al., 2023).

It therefore appears that the reduction of Aβ levels is insufficient to treat AD, and therefore calls into question the centrality of the “amyloid hypothesis.” Thus, we discuss the important biological functions of the Aβ peptide, which could illuminate the less-than-satisfactory results of these anti-amyloid therapies. Beyond that, we examine related peptides and proteins such as Tau and ApoE, what other pathological changes occur in AD, and understand how they are connected, leading us to pathogens as cause of AD. The important role of pathogens in AD is not a new theory and was first proposed by the Czech physician Oskar Fischer in 1907 (Allnutt and Jacobson, 2020), and was also one of the observations made by the Italian physician Francesco Bonfiglio in 1908, who noted the similarities with manifestations of neurosyphilis (Treponema Pallidum) and AD after comparison of brain samples sent to him by Alois Alzheimer (Miklossy, 2015). Since then, many other researchers have strongly argued for further study and trial of antimicrobial therapies for AD due to the accumulated evidence in favor of this theory (Itzhaki et al., 2016; Fülöp et al., 2018; MacDonald, 2006).

Currently, the trajectory of clinical trials indicates little interest in treatment modalities that aim to address this microbial aspect of AD. As of December 2023, out of the 250 current active pharmacological and non-pharmacological NIH clinical trials there is no specific mention of trials stated to target microbes (National Institute on Aging, 2024). The aim of this review is therefore to forward an enhanced form of various microbial theories of AD into a collective and integrative umbrella term of microbial AD denoted as “MAD.” The evidence we present focuses on the notable similarity of the key AD proteins and peptides regarding their primary or alternative functions as antimicrobial agents. We then propose how this could lead to dysregulation of key copper-based systems that are also implicated in AD as a mechanistic hypothesis that integrates other metal ion based theories of AD. We also discuss the evidence surrounding clinical MAD and discuss the broader role of microbes in neurodegeneration and provide suggestions for experimentation to further address potential contradictions in this theory as well as enhance our understanding of the AD. Finally, we provide suggestions of potential treatments based upon the MAD hypothesis. We first discuss the roles of Aβ and Tau as they are part of the central hypothesis of the prevailing AD theory. If MAD is correct, then the primary focus should be mainly in the management of microbial infections within and outside of the CNS, and secondarily in the treatment of downstream consequences, approaches that could be performed simultaneously.



The biological roles of amyloid beta peptides and their significance in AD


Neuroprotection and synapse modulation

Aβ is the term given to describe a group of 37–49 long peptides derived from the cleavage of the larger amyloid precursor protein (APP) by β and γ-secretases, but not by α-secretases (Nunan and Small, 2000; Chen et al., 2017). This differential processing of APP is determined by the cellular localization of each secretase, with α-secretases predominantly expressed on the cell surface, whereas β and γ-secretases mostly localize in the acidic environment of the endolysosome system (Zhang and Song, 2013). The isoforms of Aβ that have gained the most interest in AD research are Aβ1–42 and Aβ1–40 with Aβ1–42 being the most amyloidogenic and liable to fibrillation and aggregation. Aβ1–40 is less so, with an increasing ratio of Aβ1–42 to Aβ1–40 leading to increased oligomerization and toxicity, possibly due to the inhibitory effect of the Aβ1–40 isoform (Qiu et al., 2015; Murray et al., 2009). The difference between Aβ1–42 and Aβ1–40 lies in the subtle addition of an isoleucine and an alanine at the c-terminus of Aβ1–42 that greatly affect its propensity to aggregate. This is due to the hydrophobic nature of isoleucine and alanine, which leads to a less soluble peptide that adopts an equilibrium of monomers, trimers and tetramers, whereas Aβ1–40 is mostly monomeric (Chang and Chen, 2014). This aggregation is further enhanced by the addition of excess copper, which accelerates the overall aggregation of Aβ1–42 in comparison to Aβ1–40 (Jin et al., 2011). This point is highly relevant, as one of the central roles of Aβ is the modulation of synaptic plasticity (Parihar and Brewer, 2010), a process itself that is regulated by copper efflux into the synapse that can influence the excitability of NDMA, AMPA, and GABA receptors as well as vesicular trafficking (D’Ambrosi and Rossi, 2015). The role of copper in this regard is argued to be protective, with copper being released into the synaptic cleft at concentrations of up to 100 μM upon depolarization, inhibiting the activity of postsynaptic NMDA, AMPA, and GABA receptors upon binding, thus preventing overstimulation in a negative feedback system (D’Ambrosi and Rossi, 2015). Synaptic stimulation also leads to the concurrent release of Aβ at the synapse (Parihar and Brewer, 2010).

Following this, the likely role of APP and Aβ isoforms are as copper scavengers, since they both contain copper binding domains with high affinity for copper ions (Kong et al., 2008; Yugay et al., 2016). In particular, Aβ4-x species have been suggested to be primary copper binding agents in the brain’s extracellular spaces that form highly redox stable complexes with copper which can sequester copper from Aβ1-x peptides (Stefaniak and Bal, 2019; Stefaniak et al., 2021). Aβ4–9 is an example of one such high affinity copper binding agent that is a main product of the further cleavage of Aβ1-40 by neprilysin (Stefaniak et al., 2021). Overall, the effects of various concentrations of Aβ species include neurotrophic effects for rat neurons (Yankner et al., 1990), improved long-term potentiation in mouse hippocampal slices (Puzzo et al., 2008), improvement in neuronal cell viability and more (Parihar and Brewer, 2010). One study reported that the depletion of APP using siRNA or antibodies in vivo reduced long-term potentiation (LTP) in mouse brains, crucial to memory formation, that could be rescued by the addition of exogenous human Aβ1–42 (Puzzo et al., 2011). More studies using genetic models such as APP null mice or β-secretase beta-site APP-cleaving enzyme 1 (BACE1) null mice display a range of dysfunctions such as lowered synaptic plasticity, restricted neurogenesis and cognitive deficits (Cai et al., 2023). This evidence suggests one key physiological role of Aβ species is in the maintenance of synaptic plasticity via modulation of copper ions. However, it is important to note that optimal levels of Aβ lie within a tight range and that either deficiency or excess can cause impairment (Cai et al., 2023). Furthermore, it is the monomeric form that seems to be protective and not the oligomers or larger aggregates which seem to be cognitively detrimental (Walsh et al., 2002; Giuffrida et al., 2009). In order to understand this drastic variability in isoform and oligomerization state, we need to examine the alternative function of Aβ, namely as an antimicrobial peptide (AMP).



Anti-microbial function of amyloids

Clues to the function of Aβ antimicrobial properties lie in its structural similarities with the human AMP LL-37 (Lee et al., 2020). LL-37 is a key player of the innate immune system and acts to perforate the cell wall and cytoplasm of bacteria leading to their death, a function achieved by its oligomerization into a hexameric channel shape with a charged core that is necessary for the physical attack of the bacterial cell (Sancho-Vaello et al., 2020; Engelberg and Landau, 2020). This is intriguing, as Aβ also undergoes a similar oligmerization process forming a hexameric barrel which also resembles a channel shape in its protofibrilar state, and which has neurotoxic properties, as demonstrated by Aβ1–42 (Lendel et al., 2014; Ciudad et al., 2020). In vitro comparison of LL-37 and Aβ1–40 and Aβ1–42 demonstrates their comparable shared capabilities as a broad spectrum AMPs with bacteriostatic and/or bacteriocidal activity against a variety of bacteria and also fungi (Soscia et al., 2010). In this regard Aβ1–42 was more effective than Aβ1–40 against a number of selected pathogens, which could suggest why these two isoforms share overlapping yet distinct functions. If AD has an infectious etiology, this may explain the decreased serum Aβ1–42: Aβ1–40 ratios evident in AD patients, as the antimicrobial forms of Aβ would be preferentially aggregated in the brain (and therefore not enter the serum) as part of an immune response to the detriment of synaptic regulation and neuronal survival (Soscia et al., 2010; West et al., 2021). As previously discussed, the addition of the C-terminal hydrophobic residues isoleucine and alanine in Aβ1–42 favors oligomerization into the hexameric barrel shape and thus would increase both its antimicrobial and cytotoxic potential (Lendel et al., 2014; Snyder et al., 1994). This oligomerization processes seems to be evident in other AMPs such as lactoferrin (LTF) (that has been found to aggregate in corneal amyloidosis; Ando et al., 2002). This oligomerization mechanism has been proposed to be a host counteractive measure to bacterial proteases that can degrade monomeric AMPs by facilitating the AMPs to oligomerize into highly protease resistant beta sheet structures (Soscia et al., 2010). In the case of AD, this eventually becomes a problem for even the host. Interestingly, evidence suggests that LL-37 and Aβ1–42 may in fact be natural binding partners that would be significant to the spatiotemporal ratios of the two peptides under disease conditions (De Lorenzi et al., 2017).

Aside from direct membrane attack, other mechanisms for amyloid antimicrobial activities include the induction of protein aggregation within the bacteria itself leading to death, conformational changes to microbial proteins by amyloid binding, thereby inhibiting their function or agglutination of microbes into large aggregates (Chen et al., 2022). Furthermore, recent evidence suggests that Aβ has the ability to prevent bacterial biofilm formation in E. coli that has been suggested to be potentially important in maintaining the bacteria in a planktonic form that is much more vulnerable to other antimicrobials (Prosswimmer et al., 2024). As biofilms can increase the antibiotic resistance of bacteria up to 1,000-fold (Høiby et al., 2010), therefore the dissolution or prevention of these biofilms is an important part of the host antimicrobial defense and presents a challenge to both the host immune system and also the therapeutic development. The interaction between Aβ and bacteria may be related to the importance of bacterial amyloids in colony and biofilm formation (Zhou et al., 2012), for which it is possible for human Aβ isoforms to interfere with. Evidence suggests that it is possible for the cross-seeding of bacterial and human amyloids akin to how infectious prions propagate, in which one amyloid will alter the conformation of others to adopt a similar structure and aggregate (Friedland and Chapman, 2017). Bacterial curli proteins derived from E. coli and other bacteria are integral to their biofilms and have been shown to show to accelerate amyloid-A amyloidosis and induce α-Syn aggregation in vivo (Lundmark et al., 2005; Chen et al., 2016; Fernández-Calvet et al., 2024). It would therefore be prudent to map the effects of human amyloids vs. microbial amyloids (many of which are biofilm structural components (Fernández-Calvet et al., 2024).

The protective nature of Aβ is also evident in vivo as 5XFAD mice [genetic AD mouse model harboring the 5 most prominent familial AD mutations (Oblak et al., 2021)] have significantly better survival profiles than wild type mice in a model of Salmonella typhirium-induced meningitis, and as APP knockout mice fare worse than do wildtypes (Kumar et al., 2016). This interesting protective effect is mirrored not only in response to bacteria and fungi, but also to viruses. 5XFAD mice also have better survival compared to wildtype mice with herpes simplex virus 1 (HSV-1)-induced encephalitis, and also young (5–6 week-old) 5XFAD that had received non-lethal intracranial injections of HSV-1 developed amyloid plaque-like senile AD plaques reminiscent of those in human brains after 3 weeks (Eimer et al., 2018). Similar protective effects are evident using a modified HSV-1 (Zhao et al., 2024). Aβ1–42 also has been shown to inhibit the replication of H3N2 and H1N1 influenza A viruses that resulted in the aggregation of the virus, reduced epithelial cell infection rates, reduced viral protein synthesis in infected monocytes, and increased the neutrophil response to the virus. This demonstrated direct mechanisms against the virus and also indirect immune-mediated enhancement toward the virus, and in this regard we see again that Aβ1–42 was a more effective anti-viral than was Aβ1–40 (White et al., 2014). The likely mechanism by which Aβ1–42 induces HSV-1 aggregation is by the shared sequence homology of an aggregation-prone region of the HSV-1 glycoprotein B to which Aβ1–42 can bind and induce aggregation (Cribbs et al., 2000). This has formed the basis for the successful engineering of synthetic virus-specific antiviral amyloid peptides that target aggregation-prone regions unique to each virus (Michiels et al., 2020). Importantly, although Aβ is generally localized toward the synapses, evidence from AD and Downs syndrome (DS) with early AD symptoms exhibit intraneuronal Aβ1–42 accumulation that precedes Tau pathology and extracellular Aβ plaque formation (Takahashi et al., 2017; Welikovitch et al., 2018; Capetillo-Zarate et al., 2012), which would support the hypothesis of Aβ1–42 as an intraneuronal infection defense mechanism. Furthermore, it has been established that some of the extraneuronal Aβ is derived from intraneuronal sources (Oddo et al., 2006). The establishment of the chronology of Aβ pathology in AD suggests that an “inside out” hypothesis is likely (Gouras et al., 2014), and we suggest that this supports the interpretation that Aβ pathology is from intraneuronal infection via neurophilic pathogens. In this regard, Aβ is protective against acute brain infection induced by a variety of pathogens, and the long-term effects on the brain of mounting such a chronic defense response to combat persistent pathogens or their related toxins is one of the core themes of MAD.

Overall, the functions of the various isoforms of Aβ are in both the regulation of neurotransmission and in antimicrobial defense. While at first glance the propensity for Aβ aggregation appears to drive AD pathogenesis, this aggregation is one key function of the peptide and other similar amyloids in mounting an antimicrobial response, an effect most evident in the Aβ1–42 isoform. Similarly, this sheds light on the nature of other amyloidogenic proteins such as prion proteins that display antiviral properties against influenza A and Japanese viral encephalitis in vivo (Chida et al., 2018; Hong et al., 2023). Similarly, alpha-synuclein (α-Syn) of Parkinson’s disease is protective against West-Nile virus in the brain (Beatman et al., 2016), and is a key mediator in the inflammatory immune response (Alam et al., 2022), similar to Aβ regarding H1N1 infection mentioned earlier. We will later discuss the evidence of microbes in the pathogenesis of AD in patients, but first it is important to understand the role of tau protein, another prominent player in the pathogenesis of AD as this protein also bears similarities with Aβ, despite different functional roles.




The biological roles of Tau and its significance in AD


Tau and neuronal microtubule and chromatin stability and stress granule formation

Along with Aβ, the tubulin associated unit (Tau) protein is considered a key player in AD pathogenesis as it forms the basis of intra-neuronal NFTs evident in AD, and displays a higher correlation with clinical AD symptom severity than does Aβ (Congdon et al., 2023). Unlike Aβ localization in the synapse, Tau is mainly located in the axonal compartment and also in the nucleolus, but is also found in lower concentrations in the dendrites and mitochondria (Arendt et al., 2016; Guo et al., 2017). This localization is directly related to the key role of Tau in the maintenance of the complex architecture of the neuron by stabilization of microtubule (MT) bundles through interactions with tubulin subunits (Avila et al., 2004). The structure of this family of 352–441 amino acid long proteins generally consists of 4 subunits (Goedert et al., 1989), an N-terminal region that is suggested to be involved in MT stabilization and that also contains a copper binding domain (Derisbourg et al., 2015; Lukács et al., 2019), a proline rich region, a MT recognizing and binding domain, and finally the C-terminal region (Brandt et al., 2020). In general, upon binding Tau protects MTs from depolymerization and is highly likely to be a factor in the induction of MT polymerization (Barbier et al., 2019), thus playing a key role in MT dynamics and resulting in increased MT growth rates and reduced dissociation rates (Murphy et al., 1977; Trinczek et al., 1995). In addition to this, Tau acts via bridges between MTs and actin via its tubulin binding domains that facilitate formation of actin-tubulin cytoskeletal structures (Elie et al., 2015).

Another function of Tau is revealed by its presence in the nucleus, where it has been reported to play roles in heterochromatin organization and chromatin stability by binding and interaction with heterochromatin, as well as modifying the liquid–liquid phase separation (LLPS) characteristic of chromatin components (Abasi et al., 2024). Low concentrations of Tau condense chromatin, thus protecting the DNA from digestion, although the full mechanisms for this are currently unknown (Abasi et al., 2024). One aspect of this function, however, is the inhibition of deacetylases such as tubulin deacetylase in the case of MTs and histone deacetylase 6 (HDAC6) in the case of heterochromatin (Perez et al., 2009).

When cells become acutely stressed, one of the main responses is the formation of stress granules. These are comprised of temporarily untranslated mRNAs that are polymerized by RNA-binding proteins to form membrane-less phase separated messenger ribonuclear protein complexes which transiently halt mRNA translation under unfavorable conditions such as cell stress, but this may be resumed later (Wang et al., 2020). In this regard, Tau promotes stress granule formation that is likely related to its accumulation in the somatodendritic compartment (Vanderweyde et al., 2016), a process that is due to its interaction with the RNA binding protein T cell intracellular antigen 1 (TIA1) and other RNA binding proteins (Vanderweyde et al., 2016; Kavanagh et al., 2022).

In general, it appears that Tau plays a multifunctional protective role in the integrity of vital cellular components such as the MTs, DNA and also mRNA. However, Tau can also undergo a variety of post-translation modifications such as phosphorylation and acetylation (Barbier et al., 2019; Caballero et al., 2021). This phosphorylation of Tau greatly changes its functions, and its hyperphosphorylated state in NFTs is considered one of the hallmarks of AD (Gong and Iqbal, 2008). During AD, the phosphorylation of Tau can occur on the numerous serine, threonine and tyrosine residues of the protein, the progressive phosphorylation of which correlates with the Braak Stages of AD pathology and can take place in over 40 sites (Neddens et al., 2018; Gong et al., 2005). The phosphorylation can be initiated by a variety of mechanisms that include kinases such as glycogen synthase kinase-3β (GSK-3β) and cAMP-dependent protein kinase (PKA) (Gong and Iqbal, 2008). Furthermore, synaptic activity can also induce Tau hyperphosohorlyation in a zinc-dependent process that inhibits the activity of protein phosphatase 2 (PP2A) (Sun et al., 2012). Furthermore, Aβ is able to promote the hyperphosphorlyation of Tau in both the cytosolic and synaptic compartments, which has been suggested as a potential explanation of the prion-like “seeding” hypothesis of Tau transmission inter-neuronally, accounting for the phosphorylated Tau detected in the CSF of AD patients (Wu et al., 2018; Ferreira et al., 2014; Bennett et al., 2017). The consequences of phosphorylation and eventual hyperphosphorylation of Tau can lead to the loss of its normal homeostatic functions and is increasingly cytotoxicity (Liu et al., 2020). This is attributed to the loss of MT stabilization and even destabilization of MTs, and also destabilizing interactions with actin filaments, as the phosphorylation of Tau at specific sites reduces the capacity of Tau to bind MTs that contributes to neuronal structural instability and neurodegeneration (Johnson and Stoothoff, 2004; Canudas et al., 2005). Furthermore, under cell stress conditions such as heat shock stress, non-phosphorlated Tau is localized in the nucleus to protect DNA. However, Tau hyperphosphorylation results in a loss of nuclear function and translocation out of the nucleus in a manner reminiscent of ALS-related TDP-43 translocation (Abasi et al., 2024; Ulrich et al., 2018). Direct evidence for this exists in the decline of nuclear Tau in the CA1 region and dentate gyrus of AD brain samples, where nuclear Tau is almost absent in neurons with NFTs and some without (Hernández-Ortega et al., 2016). Furthermore, hyperphosphorylated Tau aggregates can stimulate inflammatory signaling in macrophages via toll-like receptor 4 (TLR4) (Meng et al., 2022). Bearing these processes in mind, we will now discuss what the potential cause of this hyperphosphorylation of Tau is in AD.



Antimicrobial activity of Tau hyperphosphorylation

The connection between infection and AD and Tau phosphorylation is supported by evidence such as HSV-1 infection inducing Tau phosphorylation in an AD-like manner that is due to the viral stimulation of GSK-3β and PKA (Wozniak et al., 2009). Furthermore, phosphorylated Tau plays a role in the antiviral response by potentially acting as a danger signal (Powell-Doherty et al., 2020), and binding sites on Tau proteins have been identified as components for the design of AMPs that when combined with a nuclear localization signal or laminin-receptor derived peptides, display strong activity against E. coli and S. aureus, and have been speculated to be an important part of the innate immune response (Kobayashi et al., 2008). Furthermore, bacterial DNA has been shown to promote Tau aggregation (Tetz et al., 2020). However, the hyperphosphorylation of Tau and associated antimicrobial effects are far less studied than with Aβ and thus presents a gap in research knowledge.

Tau phosphorylation and Aβ aggregation are possibly two interlinked mechanisms of antimicrobial protection which could be expected as the interactions between Aβ and Tau are also connected at a molecular level via GSK-3 due to its role in the generation of the Aβ peptide and phosphorylated Tau (Sayas and Ávila, 2021), a process that can be triggered by the viral stimulation of GSK-3β (Wozniak et al., 2009). In this regard, HSV-1 infection of SHSY-5Y Neuroblastoma induce a 3-fold increase in levels of phosphorylated Tau, with GSK-3β responsible for the phosphorylation of Threonine-212 and Serine(s)-202, 396, and 404 in conjunction to PKA phosphorylation of Serine 214 (Wozniak et al., 2009). This could be related to the established role of GSK-3β in innate immunity as it is necessary for IkB phosphorylation leading to downstream NF-κB induction that is key for pro-inflammatory cytokine signaling, and also the induction of a type 1 IFN antiviral responses, forming immunocomplexes with factors such as with TANK-binding kinase 1 (TBK1), that is responsible for IFN regulatory factor 3 phosphorylation and subsequent signaling and other factors (Marineau et al., 2020; Qin et al., 2016). This would suggest that Tau phosphorylation is part of an additional element of a GSK-3β mediated immune response, especially considering the antimicrobial properties of Tau fragments (Kanagasingam et al., 2022). It is important to note that the stimulation of GSK3β leads to phosphorylation of insulin receptor substrate protein 1 (IRS1) affecting insulin like growth factor 1 signaling (IGF-1) and resulting in downstream insulin resistance (Leng et al., 2010; de la Monte and Wands, 2008).

It therefore appears likely that Tau and Aβ can be induced into states that promote a generalized antimicrobial response, supported by the ability of a variety of bacterial DNAs to promote Tau aggregation in vitro (Tetz et al., 2020). This could explain why infection of mice with oral Trepomnema denticola bacteria induces Tau hyperphosphorylation and Aβ accumulation in mice in the hippocampus with neuronal loss (Wu et al., 2022), and why filtrates of Helicobacter pylori bacteria induce Tau hyperphosphorylation in mouse neuroblastoma cells and rat brains via GSK-3β activation (Wang et al., 2014). It is important however, to establish direct evidence for the antimicrobial effect of Tau in these cases. Another recent study has demonstrated the enhanced antimicrobial activity of a phosphorylated Tau fragment against P. gingivalis in contrast with its non-phosphorylated state (Kanagasingam et al., 2022). This combined evidence suggests that phosphorylation of Tau is part of an immune response toward a broad range of pathogens or their toxins, similar to Aβ, both of which are diverted from their normal roles in neuronal homeostasis. Aβ and likely Tau are not the only antimicrobial defenses available to neurons, as Apolipoprotein E (ApoE) is also diverted from its main function in lipid homeostasis for use as an antimicrobial agent.




The biological roles of Apolipoprotein E and its significance in AD


Apolipoprotein E, cholesterol, and neuronal support

Another key glycoprotein relevant to AD pathogenesis is Apolipoprotein E (ApoE). This protein plays a central role in lipid metabolism whereby it associates with lipoproteins of different densities in an isoform-dependent manner and assists in their binding to different cell surface receptors, thus facilitating the transport of cholesterol and lipoproteins. There are 3 main isoforms: ApoE2, ApoE3, and ApoE4 in humans which represent 8, 77, and 15% allelic frequency, respectively (Huang and Mahley, 2014). In AD, ApoE4 is considered the disease-enhancing variant and a major risk factor in AD; ApoE3 is the normal variant; and ApoE2 is the protective variant for which humans can either be homozygous for each, or a heterozygous mix. ApoE4 homozygotes are generally at the highest risk for AD, with ApoE2 homozygotes being the most protected (Kim et al., 2009). These phenotypic differences lie in single amino acid changes that greatly affect the structure and therefore binding affinity of ApoE, with ApoE3 containing Cys-112 and Arg-158, ApoE2 having Cys-112 and Cys-158, and finally ApoE4 with Arg-112 and Arg-158 (Huang and Mahley, 2014). The replacement of Cys-112 with Arg-112 in ApoE4 increases its binding affinity to low and very low density lipoproteins (LDL, VLDL), whereas ApoE3 and ApoE2 prefers high density lipoproteins (HDL) that are richer in cholesterol (Weisgraber, 1990). The exact reasons for this have not been fully established but been suggested to be the effect of Arg-112 making ApoE4 in a tighter locked conformation than ApoE3 or ApoE2, thus hindering the lipid insertion site (Chen et al., 2021; Frieden et al., 2017).

When lipid bound, ApoE generally facilitates internalization of the complex via ApoE receptors such as apolipoprotein E receptor 2 (ApoER2), low-density lipoprotein receptor-related protein 1 (LRP1), Low-density lipoprotein receptor (LDLR), very low-density lipoprotein receptor (VLDLR) and other members of the LDL receptor-related protein (LRP) family of receptors (Herz, 2009; Fernández-Calle et al., 2022). Crucially, ApoER2 signaling in the brain is responsible for both early stage neuronal development and also adult synaptogenesis and learning in the “Reelin pathway” that is primarily activated through ApoE binding to ApoER2, for which ApoER2 is heavily expressed in the hippocampus and neocortex, in particular in granule cells and pyramidal cells (Fernández-Calle et al., 2022).

The majority of the brain ApoE (75–80%) is derived from astrocytes, with 15–20% in neurons and lesser contributions from oligodendrocytes, endothelial cells and microglia (Blumenfeld et al., 2024). In particular, the astrocytic ApoE (complexed with cholesterol) promotes synaptogenesis (Mauch et al., 2001), with ApoE accumulating near the synapses (Konings et al., 2021). It is important to note the necessity for cholesterol in maintaining basic neuronal functioning such as myelination, synaptic development and growth, for which the bulk is supplied by astrocytic ApoE (Karahan et al., 2021). In addition to this, astrocytic ApoE-HDL particles contain a diverse range of neuronal regulatory miRNAs that ultimately promote neuronal functioning (Li et al., 2021). It would be of interest to investigate whether the miRNA contents of ApoE, aside from being cell specific, are also isoform-dependent. Furthermore, healthy & neuromeyelitis opitica spectrum disorder patient derived astrocytic ApoE rich vesicles both decrease neuroinflammation in vivo (Jiang et al., 2024). ApoE also regulates copper via ATP7A copper transporter trafficking. In this regard ApoE4 is considered detrimental, resulting in impaired copper export and elevated copper accumulation in astrocytes and neurons in vitro. This has been suggested to promote copper deficiency in AD, as astrocyte ApoE4-mediated copper retention could contribute to reduced neuronal copper availability since astrocytes are key to regulating brain copper levels (Scheiber and Dringen, 2013; Blades et al., 2024). ApoE thus plays an important homeostatic role in the regulation of lipid contents in the CNS and the distribution of cholesterol and copper homeostasis in the CNS.

However, some key changes in cellular ApoE expression occur during AD. For instance, single nucleus sequencing of the entorhinal cortex of the hippocampus from AD brains reveals a repression of ApoE expression in astrocytic subpopulations and also oligodendrocyte precursor cells, but an increase in microglial expression (Grubman et al., 2019). This shift in ApoE origin in the CNS raises questions as to the differential effect of ApoE from these sources. For instance, under inflammatory conditions microglia increase their secretion of ApoE whereas astrocytes do not, and microglia release a single ApoE species whereas astrocytes release two that are under different states of glycosylation (Lanfranco et al., 2021). In the case of microglial inflammation-induced ApoE, it is not understood what types of lipoproteins they are vectoring or if they are unbound, nor their contents or miRNA load if bound. Further clarification and comparison between the different cellular ApoE sources under homeostatic and stress conditions would be interesting. Overall, it would appear that upon inflammatory bacterial LPS challenge, microglia take up a more active role with regards to ApoE, presumably as part of an immune response.



Antimicrobial activity of ApoE

As with Aβ and Tau, ApoE also has an alternative function as a potent antimicrobial. In vitro studies confirm the antibacterial effect of ApoE against Pseudomonas aeruginosa and E. coli, with ApoE being able to kill bacteria and agglutinate them and also to bind and neutralize lipopolysaccharide (LPS) (Petruk et al., 2021). This activity was predicted in silico to be in part due to the existence of multiple AMP domains on the ApoE molecule, likewise sharing many similarities in mechanism of action such as bacterial membrane disruption similar to other AMPs described earlier (Petruk et al., 2021). Furthermore, these results have been extended in vivo as anti-endotoxin effects with lowered inflammatory NF-κβ responses in mice injected with heat-killed P. aeruginosa (Puthia et al., 2022). Conversely, ApoE-deficient mice have increased mortality due to fungal infection (Vonk et al., 2004).

Both AMPs and aggregating proteins are richer in hydrophobic residues (Zhang et al., 2021; Navarro and Ventura, 2022) (e.g., Aβ1–42’s additional hydrophobic domains for increased aggregation and AMP activity discussed earlier), that has been suggested to be the mechanism underlying the ability of ApoE to reduce NF-κβ activation of LPS by blocking LPS binding to the hydrophobic pockets on TLRs via aggregation (Puthia et al., 2022). Furthermore, the receptor binding domain of ApoE interferes with viral attachment and infection by P. aeruginosa, S. aureus, HSV-1 and HSV-2 (Dobson et al., 2006), with synthetic ApoE peptides having been developed with various antibacterial and antiviral activities (Azuma et al., 2000). ApoE also induces an anti-inflammatory phenotype in macrophages (Baitsch et al., 2011), that in conjunction with LPS blocking ability reveals an important immunological motif, namely to be simultaneously antimicrobial yet also anti-inflammatory. This is a feature shared by other AMPS such as lactoferrin and LL-37 (Luo and Song, 2021; Berthon et al., 2022; Kahlenberg and Kaplan, 2013). This could be important in the resolution of inflammation by eliminating the causal factor (i.e., pathogens) while simultaneously promoting healing. There appears to be mechanistic and functional similarities between ApoE and other AMPs that raises interesting insights into the mechanisms of sterilizing healing in our immune system.

Concerning the ApoE4 variant, regardless of AD diagnosis, older adults that are ApoE4+ display a greater level of Aβ accumulation that is not evident in ApoE3+ or ApoE2+ individuals (Lim et al., 2017), and AD patients with the ApoE4 genotype (+/+ or +/−) display higher levels of intraneuronal Aβ accumulation compared to controls, indicating a baseline detrimental cognitive effect (Yamazaki et al., 2019). To date, there have been many studies that have covered the negative impact of the ApoE4+ variant, and they are generally linked with dysplidiemia, glial dysfunction with lipid accumulating in microglia and astrocytes (Haney et al., 2024; Litvinchuk et al., 2024), oligodendrocyte myelination impairment (Blanchard et al., 2022), lowered vascular integrity (Montagne et al., 2021), mitochondrial dysfunction (Schmukler et al., 2020) and pathological interaction with Tau and Aβ, many of which have been covered in numerous reviews (Blumenfeld et al., 2024; Yamazaki et al., 2019; Safieh et al., 2019; Sun et al., 2023). The significance of ApoE4 is such that ApoE4+/+ carriers could represent a distinct genetic AD variant based on very high penetrance (Fortea et al., 2024). However, to gain a more complete picture we should consider in what situations the ApoE4+ allele carries some evolutionary advantages, better protection against hepatitis C infections and enhanced protection against liver cirrhosis in hepatitis patients with lowered viral loads (Nascimento et al., 2020). Furthermore, ApoE4+ carriers display higher fertility rates in areas of high pathogen exposure (van Exel et al., 2017), suggesting an evolutionary adaptation against a variety of pathogens that would be selected for in our evolutionary past as ApoE4 is considered the original ancestral phenotype (Fullerton et al., 2000).

Curiously, despite ApoE4 being protective against hepatitis C infection, it is not against HSV-1. In this regard it facilitates HSV infection and entry into the CNS and is a known major risk factor in the development of AD (Linard et al., 2020; Burgos et al., 2003). In vivo evidence corroborates this finding, such that mice with an ApoE4 background display an over 10x higher HSV-1 load in the brain compared to mice with an ApoE3 background, strikingly with viral DNA also being detected in the ovaries, spinal cord and trigeminal ganglia in infected ApoE4 mice (Burgos et al., 2006). This could in part be due to the lower levels of ApoE in the CNS of ApoE4 carriers (Flowers and Rebeck, 2020), thus offering less overall antimicrobial protection, but also mechanistically as ApoE4 prevents HSV-1 cellular attachment but crucially not viral entry or replication, and can also be incorporated into the HSV-1 virion that can enhance release from the cell (Feng et al., 2023), which would be an issue for viral AD.

Since ApoE, Aβ and Tau each play their own homeostatic role yet also alternatively function as antimicrobials, it is no surprise that they all have a high degree of mutual interaction. For instance, both Aβ and Tau can both be bound by ApoE (Chen et al., 2017; Huang et al., 1995), and ApoE can regulate their clearance and metabolism by low-density lipoprotein receptor-related protein 1 (LRP1) (Cooper et al., 2021; Van Gool et al., 2019), for which ApoE4 appears to be deficient (Narasimhan et al., 2024). Aβ and Tau can also trigger upregulation of the type-1 interferon response genes (Sanford and McEwan, 2022) (similar to ApoE as discussed earlier) that would suggest antiviral synergy. Aβ and Tau can directly interact to form complexes via shared epitopes that facilitate cross seeding and mutual enhancement of their toxicities (Tripathi and Khan, 2020; Zhang et al., 2021). While details of these interactions between amyloidogenic peptides and proteins (such as Aβ and Tau) with ApoE is complex, and have been covered in numerous reviews (Loch et al., 2023; Wisniewski and Drummond, 2020; Raulin et al., 2022). It is therefore important to point out that their mutual connections should be taken into account when considering their overlapping functions as antimicrobials.

It seems that having multiple types of AMPs would confer a broader spectrum of pathogen resistance, as these AMPs display varying degrees of pathogen specificity. For instance, Aβ displays superior inhibition of Candida albicans and Staphylococcus epidermis compared to LL-37. While LL-37 is superior against P. aeruginosa, Aβ struggles to neutralize it, even at high concentrations (Soscia et al., 2010). It is therefore likely that these partially redundant AMPs in the CNS could compensate for each other’s weaknesses, yet still co-operate when encountering a mutually specific pathogen. It is still unknown to what range of pathogens ApoE confers protection against, and whether this is in an isotype-specific manner or is dependent on fragmentation state or post-translational modification.




Lactoferrin: antimicrobial and anti-inflammatory agent

Although we briefly mentioned lactoferrin (LTF), we will elaborate on it as LTF is a multifunctional polypeptide implicated in AD pathogenesis. LTF is a protein present in high quantities in breastmilk that exerts iron binding capabilities due to its structural similarity to transferrin, a key iron transporting protein (Wally and Buchanan, 2007). It displays broad antimicrobial abilities through various mechanisms including the sequestration of iron required for bacterial growth and direct membrane permeation ability, which are similar to the other AMPs mentioned earlier such as Aβ and LL-37 (Cao et al., 2023). Other inhibitory mechanisms include the ability of LTF to directly inhibit the protease activity of secreted bacterial gingipain enzymes of P. gingivalis, thus leading to growth inhibition and biofilm formation (Dashper et al., 2012). LTF can also be hydrolyzed to form a number of smaller AMPs such as lactoferricin and lactoferrampin that display similar or even higher antibacterial activity than the full polypeptide (Gruden and Poklar, 2021).

In AD, LTF has been identified as a key predictor of amyloid pathology (Tsatsanis et al., 2021) and also directly affects the amyloidogenic Aβ secretory pathway. For instance, when LTF is bound with iron it stimulates the amyloidogenic processing of APP to form Aβ (Tsatsanis et al., 2021). Conversely, astrocytic LTF overexpression (that would mostly lack iron) has recently been demonstrated to lower both Aβ and Tau hyperphosphorylation in APP/PS1 mice via targeting the LRP1 receptor, leading to downstream PP2A enzyme activity and ultimately reducing Aβ burden (Fan et al., 2024). These opposing effects that are dependent on iron loading status is suggestive of a damage sensing mechanism of LTF that triggers activation of other downstream pathways. LTF can also be synthesized by pro-inflammatory activated microglia (Fillebeen et al., 2001), and may also be related to the iron disturbances in the AD brain with senescent iron-accumulating microglia and lipid-rich microglia (Zeineh et al., 2015; Angelova and Brown, 2019; Marschallinger et al., 2020). Interestingly, LTF is also capable of binding directly to LRP1, TGFβR2, and IGF-R1, triggering downstream metabolic alterations in osteoblasts (Tian et al., 2023). Curiously, this links LTF with lipid handling, anti-inflammatory signaling and insulin signaling. This is relevant as aberrant signaling of all three of these receptor pathways is evident in AD (von Bernhardi et al., 2015; Shinohara et al., 2017; Sędzikowska and Szablewski, 2021). Furthermore, LTF levels are increased in AD patient brains, with large amounts being associated with senile plaques and neurofibrillary tangles. This has been proposed to be an endogenous protection mechanism by microglia or infiltrating monocytes (Li and Guo, 2021). Furthermore, astrocytes also secrete LTF and loss of function in astrocytes leads to cognitive deficiency in young mice due to interference with cholesterol transport (Xu et al., 2022). In this way it would synergize with ApoE due to the shared LRP1 receptor affinity (Fan et al., 2024; Martiskainen et al., 2013). Furthermore, increased astrocytic LTF appears to reduce Aβ burden in APP/PS1 AD mice (Fan et al., 2024).

Evidence from patients indicates reduced salivary LTF specific to AD and no other forms of dementia, a finding that supports the theory that reduced oral antimicrobial defenses and subsequent increased oral pathogen burden are responsible in part for AD pathogenesis (González-Sánchez et al., 2020). It is worth speculating that the microbial burden of AD is a distinguishing factor compared to other types of dementia. Interestingly, ApoE4 carriers have lower LTF levels in their saliva, which would serve as another mechanistic connection between ApoE4 and AD pathogenesis (Carro et al., 2017). It would be beneficial to experimentally determine whether ApoE4 carriers also have lower levels of LTF in their brains as a baseline and during AD.

Although the clinical implementation of LTF in AD is scarce, one pilot clinical trial of LTF in AD patients resulted in decreased inflammatory and oxidative stress markers with enhanced cognitive function in the LTF treated group after a 3-month period (Mohamed et al., 2019). This could be potentially due to antimicrobial effects but also due to inherent neuroprotective effects of LTF as demonstrated in preclinical models of AD and Parkinson’s disease or both (Yong et al., 2023). LTF therefore appears to be a multifaceted molecule with many positive effects on metabolism, immunity and neurological function that would be of benefit in AD. Its desirable traits of antimicrobial activity and induction of anti-inflammatory pathways which likely synergize with the secondary antimicrobial properties of ApoE, Aβ and Tau would further add to a broad antimicrobial coverage. Given the upstream regulatory effects of LTF on Aβ and Tau, it is tempting to speculate that LTF acts as a signaling molecule with differential effects dependent on iron loading status, that once there is free iron released into the system would increase the antimicrobial response by upregulating the response of other AMPs. This leads to the tempting speculation that there is also tiered system of AMP activity in the CNS, namely LTF and LL-37 acting as primary defense mechanisms, and once they become insufficient in their AMP activity, ApoE, Aβ and Tau could then compensate for this insufficiency. For instance the opposing effects of iron loaded vs. non-loaded LTF upstream of Tau phosphorylation and Aβ stimulation would suggest that a pathogen induced shift to a more iron rich LTF could act as a microbial burden sensor, thus enhancing Aβ secretion and Tau phosphorylation to compensate. A putative scenario of how AMPs act in unison toward an antimicrobial response is illustrated in Figure 1.
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FIGURE 1
 Putative combined antimicrobial effect of major AD related peptides and proteins. Homeostatic functions of Aβ, Tau and ApoE are diverted from their respective roles of synaptic copper regulation, microtubule stability and cholesterol regulation. Instead, they are diverted to an aggregation-based antimicrobial effect that is aimed at intraneuronal biofilm residing microbes as well as viruses or their toxins such as LPS. Microglia and astrocytes both produce lactoferrin which acts similarly as an antimicrobial. Likewise, both microglia and astrocytes can also produce LL-37 (Lee et al., 2015), that can contribute to the defense alongside its release by damaged neurons (Stuart et al., 2022). ApoE can be contributed by microglia increasingly upon inflammation to the downregulation of astocytic ApoE.




The consequence of prolonged AMP response: copper enzyme disruption and neurodegeneration

So far we have provided evidence and discussion on the role of antimicrobial response of AMPs in AD, but have not discussed how this antimicrobial response may actually lead to the neuronal dysfunction and or death. If AD is caused by microbial infection, then do the microbes kill the neurons or do the neurons die from the consequences of mounting a prolonged antimicrobial response? The exact cause of neuronal cell death in AD has not been fully established but could involve a number of apoptotic, necrotic, pyroptotic, ferropoptotitic and perhaps cuproptotic cell death (Mangalmurti and Lukens, 2022; Goel et al., 2022). It is becoming increasingly clear that there is a massive energetic deficiency in AD brains that is paired with mitochondrial dysfunction, it is possible that such pathologies and loss of function precede the actual neuronal death itself.

It has been well established that Aβ causes mitochondrial impairment, an effect that happens through a variety of mechanisms including oxidative phosphorylation impairment, reactive oxygen species (ROS) and alteration of mitochondrial proteins (Pagani and Eckert, 2011; Mossmann et al., 2014). Early evidence of mitochondrial dysfunction in found in AD patient brain samples indicated the most severe decrease in activity was in cytochrome c oxidase (COX) (Parker et al., 1994), a finding that is also evident in platelet mitochondria (Cardoso et al., 2004). This observation was mechanistically determined to be in part due to Aβ1–42 binding directly to COX1 and inducing loss of enzymatic activity of the greater mitochondrial electron transport chain complex 4 (C4), of which COX1 is an integral part. Furthermore, when aggregated, Aβ1–42 has an almost doubled binding affinity to copper (and zinc) over the monomeric form that is attributed to conformational changes of Aβ1–42 in the greater aggregate structure. This allows for more histidine residues to be exposed for binding than normal, leading to the ability to strip away copper from other copper binding proteins such as albumin (Jiang et al., 2013). This could explain the abnormally accumulation of high levels of zinc, iron and copper found within AD senile plaques (Feng et al., 2023). The increased iron binding could also be working through a similar principle as histidine has a strong affinity for copper, it can also bind zinc and iron to a lesser degree (Vera-Aviles et al., 2018). This metal bound Aβ1–42 has been investigated as a cause of ROS as copper and iron bound to these plaques are redox active and can participate in the Fenton reaction to generate ROS (Sasanian et al., 2020). Furthermore, high levels of copper in acidic and or hypoxic environments accelerate Aβ1–42 aggregation via primary nucleation and aggregation of other proteins, respectively (Sasanian et al., 2020; Zuily et al., 2022).

Copper’s precise role in the aggregation of Aβ isoforms is highly dependent on experimental parameters (Sasanian et al., 2020; Posadas et al., 2023). However aggregation is likely to be in part due to either primary nucleation in conditions that favor the Cu1+ charge state such as hypoxia or acidity, or amorphous non-βsheet aggregates induced by Cu2+ (Jin et al., 2011). Structural insights into meningeal amyloid fibrils derived from AD brains reveals polymorphous copper loaded aggregates with the N-terminal histidines 13–14 (responsible for canonical Aβ-copper coordination) resting on the outer structure that surprisingly do not participate in the β-sheet structure, indicating these metal binding regions likely do not participate in the copper-induced aggregation of Aβ. In contrast, in vitro metal-free Aβ aggregates form highly ordered fibrils where these histidines 13–14 are embedded within the β-sheet structure. Comparison between these two structures suggests the influence of copper on the dynamics in AD patients (Posadas et al., 2023). We can speculate that the mechanisms of copper induced aggregation of Aβ in patients could be due to Cu1+’s proclivity to aggregate cysteine and histidine-rich proteins (Zuily et al., 2022), as it can catalyze oxidation of cysteine containing peptides forming inter-molecular disulfide bridges via inner sphere electron transfer (Prudent and Girault, 2009). There may also be interactions with other amino acids such as tyrosine, methionine, tryptophan and histidine, the only other amino acids that can be oxidized, or in the case of arginine, act as an anchorage site for Cu1+ (Prudent and Girault, 2009). These mechanisms could potentially explain Aβ aggregation but they require further investigation, although difficult due to the high sensitivity of Aβ aggregation to experimental conditions such as pH and oxygenation, and the influence of other factors in vivo such as Aβ binding to lipids and cell surface gangliosides (Morgado and Garvey, 2015), ApoE (Xia et al., 2024), and potentially bacterial amyloids (Elkins et al., 2024).

In this regard there is a notable interaction of Aβ with ApoE and copper, as copper-Aβ aggregation is enhanced with the addition of all ApoE isoforms, ApoE4 further enhancing copper accelerated Aβ aggregation (Moir et al., 1999). This enhanced aggregation activity of ApoE4 could be due to ApoE4 promoting more locally available copper and more accelerated copper-Aβ complexes (Zhang et al., 2022). ApoE also appears to be a metal ionophore that can sequester copper and reduce oxidative stress, with ApoE4’s antioxidant ability being significantly poorer compared to ApoE3 or ApoE2, presumably due to diminished metal ion binding capacity (Zhang et al., 2022; Miyata and Smith, 1996). In an antimicrobial context, this could tentatively be interpreted as ApoE playing a role in coordinating metal ions to alter Aβ aggregation dynamics toward increased cytotoxic aggregate formation to increase Aβ’s antimicrobial efficacy (either alone or in synergy with other AMPs and copper), for which ApoE4 might exert the strongest synergistic AMP effect due to its copper-Aβ interaction and its ability stabilize cytotoxic Aβ oligomers/fibrils (Garai et al., 2014).

Copper can also oxidize Tau, forming intramolecular disulfide bridges via binding to the C291 and C322 on the R2 and R3 sequences, promoting both Tau phosphorylation and aggregation and also being detected in NFTs (Zubčić et al., 2020). Furthermore, clinical evidence implicates ApoE4’s interaction with Aβ is related to increased Tau deposition in AD vulnerable regions in the brain (Therriault et al., 2021), which mirrors the importance of Aβ in the acceleration of AD Tau dynamics (Lee et al., 2022). ApoE also inhibits the interaction of Tau with LRP1 with ApoE4 being the strongest inhibitor that is suggested to be due enhanced binding affinity to LRP1 (Cooper et al., 2021; Zhang et al., 2022). This impaired clearance would also be compounded by exogenous copper downregulating LRP1 expression (Singh et al., 2013), that could further impede CNS clearance of LRP1 ligands such as Tau or Aβ. The cumulative evidence of the mutual interaction of copper with Aβ, Tau and ApoE, warrants further investigation, especially in terms of antimicrobial potential.

Although speculative, it is possible that Aβ1–42 aggregation is enhanced in the acidic lysosomes due to the high concentration of copper required for antimicrobial activity via copper induced ROS formation from lysosomal H2O2 (Schützmann et al., 2021; White et al., 2009). Evidence to support this theory lies in the demonstration that the endosomal/lysosomal compartment is the key site of Aβ oligomerization in neurons where oligomerization is enhanced 8,000 times in these conditions of low pH compared to the extracellular compartment where they may be released (Schützmann et al., 2021). Interestingly, it appears to be the role of microglia to take up such secreted Aβ1–42 oligomers and to assist in the formation of dense plaques that are less toxic than the oligomers themselves (Huang et al., 2021). This could possibly be a trapping mechanism for final agglutination of microbes into a metal ion rich, AMP-encased microbial aggregate. The ability of copper to enhance Aβ1–42 oligomerization under low pH conditions raises an interesting possibility that other AMPs may likewise be using copper as a catalyst to facilitate this oligomerization step critical to AMP activity. It is highly interesting to point out the copper binding ability of LL-37 (Makowska et al., 2019), lactoferrin (Harrington et al., 1987), Tau (Di Natale et al., 2018) (for which copper accelerates its phosphorylation; Voss et al., 2014), ApoE (Xu et al., 2014) and other copper binding AMPs not discussed in detail here such as prion protein (Pasupuleti et al., 2009; Salzano et al., 2019), and alpha synuclein (Park et al., 2016; Li et al., 2020). It would therefore be of benefit to establish the role of copper in the oligomerization and or activity of AMPs and to determine if this is an additional factor that contributes to the important role of copper in the immune system (Focarelli et al., 2022; Cheng et al., 2022).

It is interesting therefore to consider the synapse which we have previously discussed, as it is extremely rich in copper and Aβ1–42. Here we can envisage a scenario where these elements are diverted from their basic functions to form a unified antimicrobial response resulting in loss of function and a build-up of metal-laden aggregated microbes. In spite of these copper-rich senile plaques found in AD (Bagheri et al., 2018), we see evidence of a more generalized brain-wide copper deficiency that is central to this disease (Xu et al., 2017), that has been postulated to be due to the copper binding ability of Aβ leading to neuronal copper deficiency, a process that is exacerbated by the increased copper requirement in microglia (Bagheri et al., 2022). More investigation is required to see if neuroinflammation facilitates diversion of brain copper from normal neurotransmission and cuproenzyme function toward immune system usage for instance by microglia and by Aβ which will then be later excreted. It is possible that the increase in copper intake by microglia during inflammation similar to in macrophages (Solier et al., 2023).

This also leads to a potential answer to the unsettled discussion around elevated serum levels of copper in AD patients (Bagheri et al., 2018). Aβ may be chelating copper ions away from the CNS via possible combined export across LRP1 (Wang et al., 2021), and or concurrently through direct sequestration of copper in the serum that would exit through urinary excretion, as abnormal Aβ levels and ratios are a common feature AD patients urine (Yang et al., 2021). Aβ could thus be acting as a copper chelating drug. Although there is evidence indicating that AD patients have a higher baseline copper excretion in the urine compared to controls (Squitti et al., 2018), we are unaware of any studies to date that have directly examined Aβ bound together with copper in the blood or urine, a question that would benefit from being answered. Although speculative, it is tempting to consider that the detrimental interaction of Aβ1–42 with mitochondria may be related to its evolutionary origin as an enslaved proteobacteria and therefore may experience some off-target effects of AMPs (Roger et al., 2017; Cavalier-Smith, 2006). Evidence to support this theory lies in the recognized negative effects of bactericidal antibiotics on mitochondria (Wang et al., 2015; Kalghatgi et al., 2013), and that like Aβ1–42, LL-37 has been shown to directly bind and damage mitochondria (Bankell et al., 2022), a feature that could be shared with similar AMPs.

Although we have focused on the mitochondria as we believe that this core respiratory deficiency is the most important example of a copper-dependent system as it governs metabolism (Ruiz et al., 2021), it is necessary to point out the key role of other copper-dependent systems that would be compromised in the brain-wide copper deficiency we see in AD. Firstly, there is ceruloplasmin (CP), which is a multi-copper ferroxidase enzyme found around the body including the CNS, whose role is to regulate intracellular iron levels (Liu et al., 2022). CP activity is compromised in AD patient cerebrospinal fluid (CSF) such that despite having similar copper levels, the CP oxidase activity was much lower in AD patients with higher levels of non-functioning, copper-depleted CP (Capo et al., 2008). To date there is little information on the functioning and copper loading of the membrane-bound CP found in cells of the CNS in AD, which would be useful to determine (Ward et al., 2014). Any reduction of copper loaded functional CP would lead to a pathological iron retention due to the necessity of CP to oxidize ferrous iron to ferric iron for export and binding to transferrin (Lopez et al., 2023). One is reminded of the 80% functional loss of CP ferroxidase activity in PD cases and iron accumulation in their substantia nigra (Ayton et al., 2013).

Furthermore, vascularization would be compromised by the dearth of copper available due in part to hypoxia inducible factor 1 (HIF-1) which is dependent on copper to function (Feng et al., 2009). HIF-1 lies upstream of vascular endothelial growth factor (Hu et al., 2016), which itself is directly (or indirectly via HIF-1) induced by copper (Sen et al., 2002). Together this may also explain the vascular defects evident in AD (Mazza et al., 2011). Furthermore, activity of critical neurotransmitter synthesis enzymes such as dopamine beta hydroxylase have been long known to be reduced in AD (Cross et al., 1981), which are also dependent on copper for its catalytic activity and would likewise be compromised by copper deficiency (Vendelboe et al., 2016). Superoxide dismutase 1 (SOD1) is also dependent on copper and likewise would see a decline in activity, supported by a study observing Aβ directly interacting with SOD1 and decreasing enzymatic activity (Yoon et al., 2009). Interestingly hypoxia induced copper import appears conserved in biological systems (Zuily et al., 2022; Zimnicka et al., 2014; Pourvali et al., 2012; White et al., 2009). In bacteria this has been implicated as one reason why copper induced protein aggregation is significantly intensified during hypoxia (Zuily et al., 2022), a possibility that could also apply for mammalian cells. If true, then hypoxia could induce excessive copper influx that pressures cellular copper buffering leading to protein aggregation. Aβ aggregation could thus be enhanced, depriving copper from other systems. This hypoxia induced shunt of copper could end up depleting the surrounding extracellular environment of copper in the brain, forcing it into cells in a form of co-existent copper toxicity and functional deficiency. Although congruent with clinical observations, this requires experimental determination.

Copper deficiency may in fact be a core feature of neurodegeneration alongside protein aggregation and be the cause of functional deficits in AD. This idea is supported by other neurodegenerative diseases experiencing severe localized copper deficiency, such as the motor neurons of ALS patients (Hilton et al., 2024), PD patients with up to 50% reduction of copper seen in the substantia nigra (Bisaglia and Bubacco, 2020), brain copper reductions in prion diseases (Sorenson, 2001), and notably Menkes disease which is characterized by an X-linked defect in copper transporting ATP7-A gene that leads to severe systemic copper deficiency and progressive neurodegeneration (Tümer and Møller, 2010). Therefore, microbial- induced brain copper deficiency could be a fundamental scenario occurring in AD patients, which if true would greatly influence how we develop future therapies, a topic which we will discuss later. A summary of the hypothesis is illustrated in Figure 2.
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FIGURE 2
 Putative pathway of microbial-induced copper depletion in MAD. Microbes in the CNS trigger the upregulation and aggregation of Aβ which is aggregated thus binding copper, a process that may be enhanced by other copper binding AMPs such as Tau ApoE, LTF, and LL-37. Microbes also trigger microglia to upregulate copper stores for the immune response, further depleting CNS stores. The depleted pool means the inadequate copper loading of copper-dependent proteins such as CP, SOD1, dopamine beta hydroxylase (DBH) mitochondrial complex 4 (MT C4) and HIF-1a, thus leading to disruption in oxidative respiration, iron homeostasis, vascularization, antioxidant defense and neurotransmitter synthesis. Additionally, Aβ Tau and LL-37 damage mitochondria, which is potentially due to the proteobacterial origin of the organelle. Copper could in theory also be further depleted via binding to Aβ as a large portion of Aβ is cleared via the periphery. Dashed lines terminating in a circle indicate improper loading of copper into the target protein, dashed lines terminating in an arrow indicate speculations that require experimental confirmation.




Do microbes cause AD?

It is unlikely to be a coincidence that each of these AMPs, ApoE, Aβ, Tau and LTF are implicated in AD. This combined evidence suggests that they might synergize during AD to protect the CNS against infection. In recent years there has been accumulating evidence that microbes are involved in AD pathogenesis that has been covered in a large number of reviews, many of which call for investigation of antimicrobial therapies (Vigasova et al., 2021; Panza et al., 2019; Song et al., 2021; Catumbela et al., 2023; Bulgart et al., 2020; Piekut et al., 2022). Importantly, the authors point out that the species of microbes found within the CNS of AD patients is not uniform across patients, which suggests common pathologies might be induced by a variety of different microbes often working in synergy. Several recent reviews have provided good coverage of the clinical evidence of pathogens in AD that compile evidence from patient brain, serum and gut samples into a large and comprehensive multi-taxon overview of AD pathogens (Vigasova et al., 2021; Catumbela et al., 2023). Notably, they draw from a large number of studies that together highlight the involvement of a many different species of oral pathogens and lifelong latent viruses that can be detected in the AD brain, that include not only bacteria and viruses, but also bacterial components such as lipopolysaccharide (LPS) and also fungi. Chief among them appears to be the previously mentioned P. gingivalis, with one study demonstrating DNA in the CSF and brains of AD patients and then successfully inducing brain infection with P. gingivalis following repeated oral infection and concomitant Aβ deposition in the brains of wild type mice (Dominy et al., 2019). Importantly, P. gingivalis is known to downregulate host antibacterial responses such as reducing IL-1, IL-6 and IL-8 levels and is capable of infecting and living within cells such as gingival fibroblasts, microglia, astrocytes and neurons (Dominy et al., 2019; How et al., 2016; Liu et al., 2017). In addition, P. gingivalis has also been shown to increase BBB permeability (Lei et al., 2023) and is able to form particularly problematic biofilms similar to other gram negative spirochete bacteria that can also provide shelter for yet other microbes (Bao et al., 2014; Allen, 2021), and is been considered a keystone pathogen that can reshape the surrounding microbiota (Hajishengallis et al., 2012).

HSV-1 infection can also promote neuroinflammation by triggering the type 1 interferon response. This type of neuroinflammation is a natural protective response against viral infection, for which the key player in the CNS is microglia (Feng et al., 2023). For innate immune responses to viruses it is important to note that the most common mutation (R47H) in the microglial phagocytic triggering receptor expressed on myeloid cell 2 (TREM2) is a strong risk factor for AD and is characterized by an enhanced type 1 IFN response (Korvatska et al., 2020; Guerreiro et al., 2013). This is perplexing as TREM2 (generally known to be key to Aβ clearance; Zhao et al., 2018), has been implicated as an essential factor in the protective microglial response to herpesvirus infection, with increased phagocytosis of infected neurons (Fruhwürth et al., 2023). One could expect an enhancement of the type 1 IFN response seen in the R47H to be a beneficial mutation if it means a more aggressive containment of the virus, but this could also be interpreted as an overactive immune response that leads to enhanced collateral damage. Repeated activation could ensure a population of inflammation-predisposed microglia vigilant for recurring infection. GWAS studies have indicated the importance of the microglial phagocytic receptors TREM2 and CD33 in the pathogenesis of AD (Griciuc and Tanzi, 2021), and this has been core to the concept of neuroinflammation as a driver of AD. However, while these mutations are not sufficient to cause AD it has been suggested that they exacerbate environmental factors such as viruses and other infections (Blackhurst and Funk, 2023). Given such evidence, the neuroinflammatory theory of AD could be incorporated into MAD.

We also see intracellular biofilms inside hippocampal neurons of AD patients that have been suggested to be from spirochete bacteria of the treponema family (Miklossy, 2015; Allen, 2021). Biofilms have been shown to protect HSV-1 from antivirals and UV laser treatment (Ascione et al., 2017), and biofilms can act as a reservoir of HSV-1 (Mazaheritehrani et al., 2014). Evidence suggests HSV-1 and periodontal pathogens also synergize in part due to the trouble the immune system faces when mounting a contradicting antiviral and antibacterial response against P. gingivalis & HSV-1 in the same tissue (De Rodrigues et al., 2015; Arduino et al., 2022), an effect which might be evident in the AD brain. Overall, there are a wide range of microbes that have been implicated in AD pathogenesis with different routes of origin including the oral, gut and lung microbiomes. Table 1 provides a non-exhaustive overview of the major microbes implicated in human AD with supporting evidence from both clinical and preclinical settings.



TABLE 1 Major microbes implicated in human AD.
[image: Table1]

Periodic HSV-1 reactivation might contribute to AD pathogenesis through re-triggering of an inflammatory CNS state (Itzhaki, 2021). This process of recurrent infection has been further explored using model murine cytomegalovirus infection in mice, indicating that repeated infection can induce long term neuroinflammation and cognitive deficits (Harrison et al., 2024). It may be that during periods of host weakness, microbes can opportunistically resurge, especially if protected by biofilms and other persistent mechanisms.

This range of microbes from multiple sources generally limits a monogenic view of the origin of MAD. For instance, despite the evidence for Borrelia species found in AD brain plaques, other studies have failed to find such species in the brain (Gutacker et al., 1998; Wormser et al., 2022), and have thus argued against Borrelia involvement in AD. These types of disagreements arise naturally due to the conflicting evidence of monogenic theories of complex diseases such as AD that may be better situated into an encompassing theory such as in MAD without contradiction as various other microbes could achieve a similar outcome as Borrelia. With regards to postmortem diagnostics in AD, more generalized approaches could be more routinely taken such as metagenomic sequencing to identify all microbes present in the plaques, or else alginate staining to detect biofilms that could be from a variety of sources.

It is therefore interesting to note the positive effects of antimicrobials clinically in AD patients, most notably the broad spectrum antibiotics cycloserine, a combination of doxycycline and rifampin, and Helicobacter pylori elimination protocols consisting of omeprazole, clarithromycin and amoxicillin, all of which led to cognitive improvements (Catumbela et al., 2023). Furthermore, the use of antiherpetic drugs has been associated with a reduction in AD incidence with an almost 10-fold reduction in the later incidence of senile dementia (of which AD is a major form), compared to those with no treatment (Itzhaki, 2018; Itzhaki, 2022), a finding that has since been complemented with additional studies across multiple countries (Itzhaki, 2022). Shingles vaccine has also recently been associated with reduced dementia risk (Taquet et al., 2024). Additionally, a Phase 2 pilot trial that involved the use of the anti-herpetic drug acyclovir was established to be safe, feasible and tolerable for early AD, with a slight improvement in the mini mental state examination (MMSE) scores (Weidung et al., 2022). However, care must be taken with antibiotics as taking antibiotics over time can instead increase in AD risk and other adverse effects (Kim et al., 2022).

Although much recent evidence has been put forward to favor the infectious theory of AD, it is still not definitively known whether pathogen exposure is either necessary or sufficient for the pathogenesis of AD and determining causation remains difficult (Bulgart et al., 2020). Koch’s postulates are considered the gold standard in determining the microbial etiology of a disease (Segre, 2013), but we believe this is difficult to fulfill for a disease that may have multiple etiologies. Although the gold standard, it appears that the Koch’s postulates are poorly suited in the determination of a variable multitaxon infection in the modern era for diseases such as AD. Other criteria such as the Bradford Hill criteria should also be considered (Shimonovich et al., 2021), but this would also suffer for determining a single cause of AD due to the heterogeneity of the AD etiology.

Another issue in explaining MAD is to describe how the bacteria and viruses enter the brain? This has been hypothesized as either due to blood bacteremia from oral pathogens entering the blood via the bleeding gums and thus crossing of the blood brain barrier and/or entry to the brain via the trigeminal nerves (Teixeira et al., 2017; Seaks and Wilcock, 2020), or else through the compromised blood brain barrier (Kivimäki and Walker, 2024), through leaky gut (Köhler et al., 2016) and also the lung (Chen et al., 2023). Demonstrating perfect causality is impossible to fulfill (Vega, 2021), but providing a framework in which the question of AD etiology including MAD and where other theories can be incorporated is proposed in Figure 3.

[image: Figure 3]

FIGURE 3
 Proposed framework of microbial Alzheimer’s disease (MAD) in relation to other theories of Alzheimer’s disease. MAD is not a different type of AD but arguably a more complete and descriptive name of LOAD. MAD can be caused by many different microbes or their components that originate from the oral microbiota, gut and lung. Together they can act in synergy forming biofilms once they are past the blood brain barrier (BBB) and arrive in the CNS, and their proportions may be idiopathic and heterogeneous. This microbial input funnels down into the traditional Tau and Amyloid theories of AD with the normal set of described pathologies such as protein aggregation and plaque formation. It is of note* that familial AD cases may not necessarily require microbes (although they certainly can contribute) and thus may possibly fit alone into this narrowed portion of common pathologies. AD risk modifiers (not exhaustive) such as good diet and exercise as well as inactivity, obesity and metabolic syndrome may contribute to AD in a synergistic way. Together MAD advances upon the Amyloid/Tau and neuroinflammatory theories by way of integration.


Despite the clinical evidence for microbial infection in AD, other neurodegenerative diseases such as Parkinson’s disease and ALS also are influenced by microbial infections and induction of inflammatory processes with microglial and astrocytic activation (Lotz et al., 2021), which would question the primacy of microbes in AD. For instance, H. pylori infections appear to be associated with chronic inflammation found in AD, PD, multiple sclerosis (MS) and Guillian-Barre syndrome (Álvarez-Arellano, 2014). LPS too appears to be involved in multiple neurodegenerative diseases (Batista et al., 2019), as is HSV-1 (Duarte et al., 2019). Therefore microbial infections are not unique to AD, however the type of microbe associated as a risk factor varies between diseases (Lotz et al., 2021; Kettunen et al., 2024). These diseases appear to be interlinked as they are likely a complex interplay of pathogenic factors. P. gingivalis in particular has been suggested to be linked to dementia related aspect of the PD-dementia (Li et al., 2022). Although diseases like ALS have microbial components (Xue et al., 2018), there is strong evidence for the contribution of environmental toxins that are associated the sporadic form of the disease (Newell et al., 2022). Similarly PD is suggested to be strongly related to pesticide exposure as well as trichloroethylene (TCE) exposure (Kieburtz and Dorsey, 2021), with a twin cohort demonstrating an over 500% increase in PD risk when in occupations with TCE exposure (Goldman et al., 2012). In the case of AD, to the best of our knowledge, there appears to be a lack of such evidence that other environmental contaminants are associated with such a strong risk of developing AD, although they are certainly contributory (Vasefi et al., 2020; Elonheimo et al., 2021). On the other hand, there are a dearth of studies that find microbes directly in the affected regions of the brain and spinal cord in PD and ALS respectively, in contrast to the numerous studies mentioned earlier in the case of AD, which is further supported by the direct ability to culture these microbes in some cases. In order to test MAD, we should strive to establish the necessity of a long-term CNS infection of specific areas of the brain with different microbes and observe the outcomes. Furthermore, studies could be conducted to ascertain the rates of infection of CNS in other neurodegenerative diseases such as ALS or PD in a concentration and spatial manner in order to establish the relative pressure of microbes in the CNS for that could both explain the shared microbial burden in these diseases yet adequately distinguish them from each other.

Other related diseases such as fontal temporal dementia (FTD) appears to have overlap both with AD and ALS, and is commonly related with TDP-43 and C9ORF72 mutations of ALS (Warren et al., 2013), although there is evidence for TDP-43 involvement in AD, it appears to take a different progression pattern compared to ALS and FTD (Meneses et al., 2021), which suggests distinct disease mechanisms at play. There also appears to be a lack of evidence of microbial involvement in FTD only cases, such as microbe rich plaques which could further distinguish MAD from FTD. Furthermore these diseases are often comorbid with up to 25% of AD patients with FTD and FTD patients that do not have a comorbid diagnosis with AD have a significantly lower fraction of Aβ than those who do (Tan et al., 2017). If studies looking at FTD could investigate the occurrence of microbes om FTD only patients’ (without comorbid AD) brain regions and determine the existence or lack thereof of key AD related microbes, it could help better define the difference between these related dementias.

Aside from questions regarding the uniqueness of microbes of AD, the observation that AD patients have a poorer oral hygiene that is in part considered due to their declining functional capacity (Gao et al., 2020), suggest that the microbes found in their brains areas as a result of deteriorating mental health and not the cause. This is a legitimate observation, however multiple animal studies in wild type mice show initial infection can lead to many of the hallmarks of AD (Wu et al., 2022; Ding et al., 2018; Ilievski et al., 2018), which suggests primacy of microbial infection that could lead to a feedback cycle of poorer hygiene and increased burden.

If clinical cases of LOAD can be determined to be absent of microbes or their products in the affected brain regions despite extensive testing, this would be good evidence against the MAD theory. However such evidence is not forthcoming. On the other hand, evidence for the MAD theory would be supported if the vast majority AD brain sample are found to contain microbes or their products in the affected brain regions. However, this alone would support correlation and not causation and is a shortcoming of solely examining AD patient brain samples as evidence. Additionally, since AD patient brain samples are collected post-mortem, then contamination and tissue degradation could confound results (Clement et al., 2016). Furthermore, patient information and sample handling procedures should be as detailed as possible as concomitant disease, systemic inflammation, infections and medication intake as well as post-mortem tissue preparation/fixation and storage protocols could affect results and subsequent interpretation of findings (Gomez-Nicola and Boche, 2015). Development of co-infectious models of AD in non-human primates would help clarify findings from clinical samples, although such investigations would only demonstrate the causality of microbes in MAD to the extent of the microbes tested. The variety of microbes in AD patients could be highly idiopathic and from the evidence so far are broad ranging. Attempting to recapitulate this in vivo to determine microbial causality would be a challenging but worthwhile investigation.

Further related studies examining EOAD patients to determine if they are protected from acute brain infections and sepsis (similar to 5xFAD mice that are better protected from brain salmonella infection; Kumar et al., 2016), could help in understanding if such mutations are purely deleterious as commonly thought, or if they confer acute survival benefits despite long-term negative consequences, thus supporting MAD from a different angle. Studies that further investigate the suppression of CNS entry of microbes or microbial products in humans would be expected to reduce Tau and Aβ pathologies in accordance with MAD. Furthermore, antimicrobial therapies or therapies aimed at balancing biota and thus reducing the pathogen exposure would be expected to prevent or halt AD, if MAD theory is correct. Otherwise if such studies consistently provide negative results then a falsification threshold of MAD could be argued, similar to the Tau and amyloid casual theories (Espay et al., 2023). The amyloid cascade hypothesis posits Aβ to be the central driver of AD either by abnormal production or hindered clearance, resulting in aggregate stress and neuronal dysfunction/death in a sequential manner (Karran et al., 2011; Doig, 2018), but offers little on the actual origin of LOAD or the driver of abnormal Aβ production and is thus incomplete. In this regard, MAD fundamentally contrasts with the amyloid cascade hypothesis in the notion that Aβ is the central driver of AD, but incorporates it in a more holistic perspective with microbes instead as the central driver.

Still, we should not disregard other AD models and their underlying theories. For instance, beside the genetic models there are 21 additional models of AD tested in vivo that range from metal ion toxicity models such as aluminum-based and copper sulfate/cholesterol-based methods, immunological methods such as the IgG-saporin model, and neurotoxin models using colchicine or scopolamine. While each of these models has been useful in recapitulating certain facets of AD, just as with the genetic models they have generally fallen short of accurately recapitulating human disease (Rapaka et al., 2022). Certain environmental factors such as aluminum exposure (that can aggregate Aβ) (Kawahara and Kato-Negishi, 2011), and raw copper exposure in drinking water (that can exacerbate AD by suppression of LRP1) (Brewer, 2014; Hsu et al., 2019), may not necessarily compete with MAD, but instead could be also integrated through common pathways.

It is worth briefly mentioning Down’s syndrome (DS) and AD due to the very high incidence of AD among these patients (Gomez et al., 2020). Recently, a hypothesis has been proposed that may also implicate pathogens in the development of Down’s syndrome (DS) and related Down’s syndrome Alzheimer’s disease (DSAD) (Norins, 2022). This theory appears to be a more modern advancement that is founded on an earlier theory from 1968 based on clinical evidence that demonstrates a correlation of viral infection near conception and development of Down’s syndrome (Kogon et al., 1968). If true, then antiviral or antimicrobial therapies implemented at different stages of disease would provide promise in the prevention of DS and also attenuation of DSAD. We believe that this concept would benefit from being experimentally examined as it raises the possibility that many diseases thought to be well understood may in fact have an insidious microbial etiology.



Conclusion

Throughout this review we have discussed the major biological functions of the key AD-related peptides and proteins and highlighted their important secondary (or primary) functions as AMPs. In particular we have outlined the importance of synaptic copper regulation by Aβ species, the importance of Tau in neuronal MT and nucleus stability and the lipid modulation of ApoE under physiological conditions, and how all of these can perform additional functions as AMPs which can be best described as protein or peptide moonlighting (Espinosa-Cantú et al., 2020). Together these molecules can synergize with other multifunctional immunological proteins such as LTF in a form of a redundant antimicrobial response that is akin to cytokine redundancy (Ozaki and Leonard, 2002). Since Aβ, Tau, ApoE, and LL-37 can be synthesized by neurons (Lee et al., 2015; Dekroon and Armati, 2001), they represent an array of oligmerization-based antimicrobial tools that can be (re-)appropriated to confer a broad defense against multitaxonomic infections in non-immune specialized cells. The examination of clinical evidence both in the form of post-mortem tissues of AD patients, as well as the partial efficacy of clinical trials that investigate antimicrobial drugs, indicate that microbial infection likely plays a role in the pathogenesis of LOAD. We examine this evidence together that strongly suggests microbes as a driving force in LOAD, but short of self-induction of AD to prove causation (as done so for Helicobacter pylori; Marshall and Adams, 2008), we cannot say definitively that microbes cause LOAD. In addition, we recognize the confused nature of causation for complex multifactorial diseases as outlined in Figure 3. MAD appears to be more encompassing and explanatory than the stand-alone Aβ or Tau hypotheses as it bypasses the debate between them entirely (Kametani and Hasegawa, 2018), incorporating them as legitimate arms of a unified response. In the meantime the MAD theory also connects the various clinical observations we have discussed to the molecular mechanisms in a coherent manner and that without much difficulty or contradiction metabolic and metal ion-based theories for LOAD (de la Monte and Wands, 2008; Chen et al., 2023). In addition since there is evidence that even the FAD patients who carry the PSEN1 mutation have signs of viral infection that affect the hippocampus through the olfactory bulb (Bubak et al., 2023), which suggests treatments for MAD would have relevance also with EOAD.

Preclinical genetic models such as those that rely on the overexpression of Aβ (Sasaguri et al., 2017) and their incomplete cognitive manifestations should be better understood to be synthetically modeling the downstream effects of one or more arms of an antimicrobial response. Given the complex moonlighting nature of Aβ, passive immunotherapies aimed at diminishing Aβ in the brain would appear to be at best a partial response to treating AD, that in light of a new meta-analysis appears to actually be associated with accelerated loss of brain volume (Alves et al., 2023), a disturbing finding that confirms previously voiced concerns over this approach (Høilund-Carlsen and Alavi, 2021; Høilund-Carlsen et al., 2023). Furthermore, if MAD is correct then AD could potentially be reconsidered in part communicable which would challenge the existing notion (Bano et al., 2023).

Future investigations based on the MAD theory should take care when taking approaches to target only single microbes such as HSV-1 or else using a broad-spectrum antibiotic without an anti-biofilm measure, as such strategies would likely be only partially productive. However, taking multiple antibiotics and antiviral and anti-biofilm agents such as Diclofenac together could run the risk of compounded harm to the patient, as these drugs often have a wide range of side-effects and could be contraindicated (Mohsen et al., 2020; Eljaaly et al., 2019; Brandariz-Nuñez et al., 2021; Hunter et al., 2011; Ferrer-Luque et al., 2023). There is a case for use of non-steroidal anti-inflammatory drugs for AD as many of these have anti-biofilm and antimicrobial effects, although the clinical data is conflicting (Rivers-Auty et al., 2020). Particularly appealing are antiviral, antibacterial, and anti-inflammatory treatments that can penetrate the BBB and that have low toxicity profiles and selectivity against pathogenic microbes. As discussed, LTF is one such endogenously produced molecule (Mohamed et al., 2019; Kowalczyk et al., 2022; Naidu et al., 2023), and due to its selective antimicrobial effects, favors the predominance of beneficial microbes (Pino et al., 2017). This could be supplemented with attempts to improve restore external pathogen burden in the oral, digestive and respiratory systems. Other AMPs could also potentially be investigated, for instance LL-37 due to its anti-biofilm and antimicrobial properties (Ridyard and Overhage, 2021), histatins for their high biocompatibility and antifungal capabilities (Khurshid et al., 2017), ApoE (Yamazaki et al., 2016), enteric AMPs (Sivieri et al., 2017) or antimicrobial neuropeptides (El Karim et al., 2008). These AMPs could be combined to complement their natural operation within our organism as a layered broad spectrum antimicrobial system.

The main issue with AMPs appears to be a risk to critical copper-based systems, as they impact on many key functions such as aerobic respiration, iron homeostasis, neurotransmitter synthesis and receptor modulation and vascular function that are key to AD. Depletion of copper by Aβ aggregate sequestration could reduce the function of cuproenzyme systems for which we see widespread dysfunction in AD. We argue that it is the prolonged AMP response that diverts many proteins and peptides along with copper to mounting an immune response rather than a homeostatic function. Given the arguable similarities between functional copper deficiencies evident in other neurodegenerative diseases, it is plausible that copper depletion is central node of neurodegeneration in general, only with different chemical/biological induction specific to each disease.

General dysfunction would precede death, and it is loss of vital cuproprotein-based function in still living neurons that we argue is also key to AD. This would be reminiscent of what is occurring in ALS patient spinal cord motor neurons with loss of cuproprotein function and thus overall function that precedes the eventual death of the neurons themselves (Hilton et al., 2024; Iwai et al., 2016), followed by a large decline in brain volume (Traini et al., 2020), associated with long-term progressive decline (Goel et al., 2022). Evidence suggests that higher brain copper levels are associated with slower cognitive decline in AD patients (Agarwal et al., 2022). Historically the use of copper ionophores such as PBT2 have failed to produce efficacious results in clinical trials (Summers et al., 2022), but crucially they have been investigated without the addition of copper, probably due to the theory that it was primarily to disaggregate copper loaded plaques, in which case PBT2 would act as a chelator (Drew, 2017). Delivery of copper using BBB permeable delivery agents such as diacetyl-bis (N4-methylthiosemicarbazone) (CuATSM) used to restore copper deficiency in ALS (Hilton et al., 2024), or administration of the endogenously produced neurotrophic copper binding tripeptide Glycyl-L-Histidyl-L-Lysine -copper (GHK-Cu) (Pickart et al., 2017), or else adding PBT2-Cu would be of interest for investigation.

Another potential candidate would be the use of oxygenation/oxidizing agents such as chlorine dioxide (ClO2), a gas that is readily dissolved in water and derived from its prodrug sodium chlorite (NaClO2) (Andrés et al., 2022), that has been examined for their ability to penetrate biofilms and to target pathogenic microbes (Behnke and Camper, 2012). For instance, chlorine dioxide has been used to disinfect HIV-infected blood without harming leukocytes (Carmen and Chong, 1993; Kross and Scheer, 1991), and the ClO2 prodrug NaClO2 has also been approved as an ALS orphan drug by the European medicines agency (EMA) (EU/3/13/1139, 2024), and has demonstrated efficacy in a subset of ALS patients administered NaClO2 intravenously in a Phase 2B clinical trial, notably reducing LPS levels in the blood which would suggest antimicrobial efficacy (Zhang et al., 2022). Furthermore, it putatively reacts with the amino acid taurine via mimicry of the macrophage respiratory burst that produces hypochlorous acid to kill microbes and by extension produces the strong anti-inflammatory molecule taurine chloramine (Zhang et al., 2022; Marcinkiewicz et al., 2006). The combined effect would suggest a simultaneous antimicrobial and anti-inflammatory response that can penetrate biofilms and thus could also be a potential candidate for MAD. Although NaClO2 has also been patented for use in neurodegenerative diseases (Norviel and McGrath, 2024) and for HIV infections (PubChem, 2024), ClO2 formulations could potentially be used instead. However to avoid safety issues, dosage should be taken within safety thresholds (Lubbers et al., 1982). Such a candidate treatment may constitute part of an LPS reduction therapy that could provide evidence to support related theories such as the endotoxin theory of AD (Brown and Heneka, 2024).

Ultimately, these approaches could be employed together. For instance, one could imagine the possible efficacy of a combination therapy of LTF with GHK-Cu or CuATSM combined with methods of reducing oral pathogen load. These suggested approaches could be further combined with changes in diet and lifestyle associated with better AD outcome (Arab and Sabbagh, 2010), in a type of modern combinatorial medicine reminiscent of traditional medicine formulae (Yuan et al., 2016). Other AD risk factors such as type 2 diabetes, obesity and dietary deficiencies could be further integrated into MAD (Armstrong and Risk, 2019), as while such risk factors alone do not cause AD they could enhance AD. We also acknowledge that MAD itself may be proximal to other risk factors, especially diet, since the diet can greatly affect the oral and gut microbiomes, metabolic state and infection susceptibility (Santonocito et al., 2022; Zhang, 2022; Chávez-Reyes et al., 2021). In this regard, close attention should be paid to better understanding of clinical cases of AD reversal achieved in complex targeted interventions that include a mix of sleep, exercise and diet optimization, copper/zinc balancing, heavy metal chelation, hormone balancing, GI tract repair and oral hygiene improvement (Bredesen, 2014; Bredesen et al., 2016; Rao et al., 2023). Such interventions could also potentially be supplemented with antimicrobials, opening up a wide range of potential therapeutic options. It is important to carefully determine the types of antimicrobials to be used as many antibiotics and antivirals can have negative adverse reactions (Mohsen et al., 2020; Poole and James, 2018), and are thus not an option for certain patients (Blumenthal et al., 2019), be functionally biounavailable and in the case of AMPs, risk of increasing aggregation. Furthermore, Drug-resistance could also become a problem and should be carefully monitored.

The MAD theory integrates the Tau and Amyloid theories with the pathogen-based theories such as the endotoxin theory of AD (Brown and Heneka, 2024) and viral AD (Itzhaki, 2021; Naughton et al., 2020), and also takes into account the possible downstream mechanisms such as cuproenzyme dysfunction which we believe is highly important to include for a more complete picture of AD. MAD could best be considered as a theory that encompasses the common triggered response of these pathogens (including their products) with the consequence of a costly unified antimicrobial response that cannot be sustained indefinitely in the CNS without detrimental consequences. The resultant chronic situation could account for the majority of LOAD, ironically returning almost full circle to the early days of Fischer and Bonfiglio’s AD research (Allnutt and Jacobson, 2020; Miklossy, 2015).
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