
Neurotherapeutics 21 (2024) e00475
Contents lists available at ScienceDirect

Neurotherapeutics

journal homepage: www.sciencedirect.com/journal/neurotherapeutics
Review
The brain pathobiome in Alzheimer's disease

Nanda Kumar Navalpur Shanmugam a,b, William A. Eimer a,b,*, Deepak K. Vijaya Kumar a,b,
Rudolph E. Tanzi a,b

a Genetics and Aging Research Unit, Henry and Allison McCance Center for Brain Health, MassGeneral Institute for Neurodegenerative Disease, Charlestown, MA, 02129,
USA
b Department of Neurology, Massachusetts General Hospital and Harvard Medical School, Charlestown, MA, 02129, USA
Introduction

Overview of Alzheimer's disease

Alzheimer's Disease (AD) is a neurodegenerative disorder that leads
to progressive cognitive decline, severely impacting memory, cognition,
and behavior. It is the most common cause of dementia, accounting for
60–80 % of cases worldwide. Typically affecting older adults, AD begins
with mild memory loss and gradually progresses to more severe cognitive
impairments, making it increasingly difficult for individuals to perform
everyday tasks, eventually leading to a loss of independence. It is ulti-
mately fatal, with the average lifespan after diagnosis ranging from four
to eight years, though some may live with the disease for up to 20 years
[1].

The pathology of AD is complex and not yet fully understood, but it is
primarily characterized by two key features: the accumulation of amy-
loid-β (Аβ) plaques and the formation of neurofibrillary tangles
composed of tau protein in the brain [2]. These pathological changes are
thought to lead to widespread neuronal loss, brain atrophy, and a
breakdown in neural networks essential for cognitive function. Addi-
tionally, studies have identified the importance of neuroinflammation
and vascular changes as significant contributors to the disease. Chronic
inflammation in the brain, driven by the activation of microglia (the
brain's immune cells) and vascular issues such as reduced blood flow and
the breakdown of the blood-brain barrier, exacerbate neuronal damage
[2–5].

The recent failure of drug treatments clearing Aβ and the identifica-
tion of microbial involvement in other neurodegenerative diseases have
reignited the interest in microbial involvement in AD pathology. This
chapter reviews the concept of pathobiomes and how microbes may be
involved in AD. The evidence for and challenges to the microbial hy-
pothesis are evaluated by examining the gut-brain axis, microbes with
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known associations with AD, and existing therapeutic tools. While not a
new concept, the rise in evidence for microbial involvement in AD pre-
sents an important hypothesis that could open up novel methods of
treatment and diagnosis with a more complete elucidation of the mi-
crobes and pathways involved.

Concept of the pathobiome

The pathobiome refers to the dynamic and complex ecosystem of
microorganisms, including bacteria, viruses, fungus, and their collective
genetic material that coexist within a host organism and are involved in
disease processes. Unlike the microbiome, which describes a host's
overall community of beneficial microbes, the pathobiome specifically
focuses on the microbial components and interactions contributing to
disease development, progression, or exacerbation. This concept chal-
lenges the traditional notion of one pathogen causing one disease,
acknowledging that the pathogenicity of certain microorganisms may
result from multiple factors, such as microbial interactions, environ-
mental conditions, or the host's immune response [6,7].

Relevance to neurodegenerative diseases

The concept of the pathobiome is increasingly relevant to neurode-
generative diseases, such as AD, Parkinson's Disease (PD), and amyo-
trophic lateral sclerosis (ALS) [8–10]. Emerging research suggests that
disruptions in the gut microbiome, a vital component of the pathobiome,
can influence neuroinflammatory processes and contribute to neuro-
degeneration [11–14]. Alterations in gut microbiota have been linked to
increased gut lining permeability (“leaky gut”), which may allow harmful
substances and microbes to enter the bloodstream and eventually reach
the brain, triggering inflammation and neuronal damage [15]. Addi-
tionally, certain viruses and bacteria have been implicated in
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neurodegenerative conditions by promoting chronic inflammation or
directly infecting neural tissues. Understanding the growing role of the
pathobiome in these diseases is essential to understanding neurodegen-
erative etiology.

The Microbiome and Brain Health

Gut-brain axis: role of the gut microbiome in brain function

The mammalian gastrointestinal tract (GI) has an extensive enteric
nervous system (ENS). The comprehensive communication between the
GI and central nervous system (CNS) is bidirectional, known as the gut/
brain axis [16]. The gut/brain axis involves the ENS and CNS and the
commensal microorganisms that reside in the gut, called the enteric
microbiome. Microbial populations in a healthy gut, while variable from
person to person, maintain diversity and volume, resulting in a mutually
beneficial symbiotic relationship with the host [17].

Microbial metabolites generated by gut microbes are emerging as
essential mediators of gut/brain interactions that modulate a broad range
of brain functions. Moreover, metabolites generated by enteric microbes
appear essential for normal brain health [17,18]. Postnatal development
involves the establishment of the enteric microbiome and is character-
ized by shifting diversity in microbial populations [19]. Alternatively, a
normal healthy microbiome in adulthood is stable [17]. However,
late-life changes in the gut microbiome appear to be a normal part of
aging but shift toward a less stable state. Mounting data link an abnormal
increase in particular enteric microbes to a range of chronic late-life in-
flammatory diseases whose primary pathologies lie outside the gastro-
intestinal tract (GI), including disorders of the CNS [20,21]. Thus, enteric
dysbiosis can play an important role in diseases found among the elderly.
What remains unclear is whether enteric dysbiosis is the cause or an
exacerbating factor for the pathologies mediating disease progression.
Current research focuses on characterizing the shifts in microbial me-
tabolites associated with dysbiosis in AD and the possible role this may
play in β-amyloidosis, a hallmark AD pathology.

Mechanisms of communication: neural, endocrine, and immune pathways

Gut microbes release a range of neuromodulatory metabolites,
including γ-aminobutyric acid (GABA), dopamine, serotonin, acetylcho-
line, butyrate, and short-chain fatty acids (SCFAs) [22,23]. These
bacteria-derived neuromodulators enter the brain via afferent vagal
nerve fibers that connect the ENS and CNS or cross the blood-brain
barrier (BBB) into the brain from the portal circulation [24]. Lipopoly-
saccharides (LPS) and other microbial products generated by gut bacteria
can also directly stimulate the ENS to signal the brain by binding
neuronal cell surface toll-like receptor 4(TLR4) [25].

Microbial-derived neuromodulators and bacterial-induced nerve sig-
nals play a crucial role in maintaining brain homeostasis. Enteric dys-
biosis, characterized by abnormal GI signaling, is associated with several
neuropathologies, including AD amyloidogenic pathways [26]. Extended
enteric dysbiosis also leads to leaky gut syndrome (LGS). In addition to
normal signaling pathways, microbial products released into the circu-
lation because of LGS may enter the brain and promote neuropathology
[27,28]. Evidence suggests the disrupted enteric microbiome and the
subsequent dysbiosis-mediated disruption in normal microbial signaling
and increased generation of harmful microbial metabolic products are
potential contributors to the neurodegenerative pathology [29,30].

Evidence linking microbiome alterations to cognitive decline

Studies have identified enteric dysbiosis in AD mouse models. Anal-
ysis of the enteric bacteria of transgenic ADmice (APP/PS1) by 16S rRNA
sequencing revealed major shifts in microbial populations, including
increased levels of Proteobacteria, and Verrucomicrobiota, and attenu-
ation of Ruminococcus and Butyricicoccus bacterial groups [31,32].
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Butyricicoccus bacteria are major producers of enteric butyrate, a
molecule required for normal brain health. Dysbiosis in APP/PS1 mice is
also accompanied by decreased gut bacterial metabolites [31]. Similarly,
data from non-murine AD animal models, such as fruit flies, link dis-
rupted enteric microbes with neurodegeneration. Intestinal dysbiosis
caused by E. coli infection in AD fruit fly models leads to neuro-
inflammation and enhanced AD phenotype [33]. Evidence is also
mounting that dysbiosis leads to the release of pathogenic microbial
metabolites that can mediate harmful activities not only in AD but across
multiple neurological disorders. GABA is among the neuromodulator
molecules released by gut bacteria, and its dysregulation is linked to AD,
anxiety, and depression. The neurotoxin β-N-methylamino-L-alanine
(BMAA) is a glutathione-depleting molecule generated by intestinal
cyanobacteria that is elevated, not only in AD but also ALS and PD [34].

While limited in number, there is growing evidence of microbial
involvement in neurodegenerative diseases in humans. Data from a 2018
study suggest dysbiosis of Bacteroidetes, Firmicutes, and Bifidobacterium
correlates to amyloidogenic shifts in Aβ40/42 ratio and p-tau markers in
human cerebrospinal fluid (CSF) [10]. In another study, a
SCFA-producing bacteria, Eubacterium rectale, decreased in elderly pa-
tients with symptoms of brain amyloidosis [35]. These initial human data
suggest that reestablishing a healthy gut microbiome in AD patients may
be a simple and effective strategy for attenuating the amyloidosis and
neuroinflammation associated with the disorder [36–38]. The limited
human data and findings from AD animal studies make a convincing case
for further investigation into dysbiosis-mediated dyshomeostasis of
microbiome-derived metabolites as a contributing factor in AD.

Interestingly, germ-free mice (mice raised without microbiota)
exhibit altered brain development, cognitive deficits, and increased
susceptibility to neuroinflammation when exposed to an inflammatory
stimulus [39,40]. These findings suggest that a healthy microbiome is
crucial for normal brain function, and disruptions can lead to cognitive
impairments. Furthermore, studies have shown that transferring the
microbiome from aged or diseased animals to younger ones can induce
cognitive decline, providing direct evidence of the microbiome's dual
role in both healthy brain development and neurodegeneration.

Impact of dysbiosis on neuroinflammation

Enteric microbe generation of SCFAs is essential for normal brain
health, including butyrate, acetate, and propionate [41]. Enteric dys-
biosis leads to attenuated SCFA generation and leads to neurological
dysfunction and disease. In animal models, elevated SCFA is associated
with reduced neurodegeneration [42–44]. Butyrate, released from the
breakdown of low-digestible carbohydrates, is an essential neuro-
protective SCFA. High butyrate levels are reported to protect against
6-hydroxydopamine-induced Parkinson's pathologies in mice [45].
Pertinent to AD, butyrate inhibits neuroinflammation and helps maintain
blood-brain barrier (BBB) integrity [40]. During in vitro experiments,
SCFAs inhibited Aβ aggregation [43]. While SCFAs appear protective,
other enteric microbial molecules associated with dysbiosis promote
pathologies linked to disease. For example, dysbiosis leads to increased
generation of the microbial metabolite trimethylamine N-oxide (TMAO),
which is linked to neurological dysfunction, including anxiety and
cognitive deficits [46]. Notably, TMAO is reported to be elevated in the
CSF of dementia patients [47]. Data is currently lacking on what changes
in enteric microbial metabolites are associated with AD.

Gut-brain axis and amyloid pathology

Another critical link between microbiome alterations and cognitive
decline is the gut microbiome's influence on Aβ pathology, a hallmark of
AD. The gut microbiome influences the production and aggregation of Aβ
through several pathways, including regulating immune responses,
modulation of gut permeability, and the production of amyloid-like
proteins by gut bacteria [37]. Dysbiosis by increased gut permeability,
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or “leaky gut,” allows bacterial endotoxins such as lipopolysaccharides
(LPS) to enter the circulation [15,48]. LPS can cross the BBB, promote
neuroinflammation, and enhance the production of Aβ plaques in the
brain.

Antibiotic-induced alterations in the gut microbiomes of AD mouse
models microbiome can reduce Aβ plaque deposition and neuro-
inflammation, suggesting a potential therapeutic target for modifying
disease progression [49]. Additionally, fecal microbiota transplantation
(FMT) from healthy donors has been shown to reduce Aβ pathology and
improve cognitive function in AD mouse models [50], further supporting
the role of the gut microbiome in modulating amyloid pathology.

The Pathobiome Concept in Alzheimer's Disease

Emerging hypotheses

The brain has traditionally been considered a sterile and immune-
privileged organ. However, findings have recently emerged showing a
persistent presence of microorganisms in both the normal and diseased
human brain [14,51]. Recent advances have uncovered various patho-
genic mechanisms preceding disease development and mediating disease
progression. One exciting and emerging area of AD research has focused
on the potential involvement of microbes (commensal and infectious) in
AD etiology (microbes as early triggers of AD pathology) and AD neu-
ropathogenesis (microbes exacerbating AD pathology) [12,52–54]. Brain
infection stemming from bacteria, viruses, and fungi can drive neuro-
inflammation, leading to neurodegeneration [12,53,55]. In addition, our
lab has shown that Aβ is an antimicrobial peptide (AMP) rapidly seeded
by microbes to form Aβ deposits. We have previously provided in vivo
proof of concept that Aβ0s AMP activity can serve as a means of brain host
defense - microbes are trapped in protease-resistant Aβ fibrils that
aggregate into Aβ plaques [56–61]. This evidence suggests the prolonged
presence of microbe-induced Aβ deposits would then drive tangle for-
mation and neuroinflammation, exacerbating neurodegeneration and
ultimately leading to dementia.

Furthermore, it has been proposed that enteric dysbiosis may
contribute to the development and progression of AD by influencing
systemic inflammation, immune responses, and the production of me-
tabolites that can affect brain function [40,44,46,62,63]. Ongoing
comprehensive studies of this complex interplay between the micro-
biome, immune system, and neurodegeneration seek to facilitate the
development of targeted therapeutic interventions to slow down or halt
AD progression.

Microbial contributions to AD pathology

Certain organs and tissues, such as the brain, blood, heart, pancreas,
and cerebrospinal fluid, have traditionally been considered sterile [64].
However, recent studies suggest the presence of microorganisms in these
environments under both normal and pathological conditions. Despite
this, the brain is still generally regarded as a sterile environment based on
current evidence. Therefore, any microorganism (commensals or patho-
gens) gaining entry due to a breach of the blood-brain barrier or injury is
considered non-beneficial. According to our current knowledge and un-
derstanding, the presence of any microbe in the brain is classified as an
infection. To date, no precise mechanism has been identified for how
infection may drive AD pathology, including β-amyloidosis. While mi-
crobes have been reported in AD brains, no single microbial pathogen has
been consistently identified in AD cases. Individual studies of AD brain
have typically focused on a particular microbial pathogen, for example,
herpes simplex virus 1 (HSV1), Human herpesvirus 6 (HHV6) [55], or
species of Chlamydia, Borellia and Candida, Porphymonos gignivalis [55,
65–69,113]. The mechanisms by which microbes can access the brain
include the bloodstream, gut-brain axis, and the sinuses [11,16,29,36,43,
70,71]. Along with the evidence of microbial species present in the brain,
studies have also reported microbial components to be present in the
3

brain, such as lipopolysaccharides (LPS) from Gram-negative bacteria,
fungal components, and HSV1 viral DNA [72,73]. Interestingly, these
components were also co-localized around plaques in the human AD
brain (Table 2) [74–76].

To further support evidence of microbial involvement in AD, bio-
informatic studies have linked AD-associated GWAS genes to host-
pathogen transcriptomic changes associated with several pathogens,
including Borrelia burgdorferi, Candida albicans, Chlamydia pneumoniae,
Cryptococcus neoformans, cytomegalovirus, Ebola virus, Epstein-Barr
virus, hepatitis C, HSV-1, HERV-W, HIV-1, influenza, Helicobacter py-
lori, Porphyromonas gingivalis, Trypanosoma cruzi, Toxoplasma gondii, and
Bornavirus [77]. These pathogens have been implicated in the modula-
tion of amyloid-beta and tau proteins, suggesting a complex interplay
between infections and AD pathology.

Notably, direct correlations have been observed between upregulated
genes in the AD hippocampus and those of bacterial, viral, fungal, or
protozoal origin at the transcriptomic level, particularly in microglial
cells. Additionally, polymicrobial infections—bacterial, viral, and fun-
gal—have been shown to upregulate host genes in the blood, brain, and
cerebrospinal fluid (CSF) of AD patients [77]. Collectively, these findings
support the hypothesis that infectious processes may precede cognitive
decline in AD, underscoring the importance of further investigating the
role of infections in the disease's etiology and progression. At the pro-
teomic level, proteins involved in antimicrobial defense mechanisms,
including those related to the complement system (C3, C4), toll-like re-
ceptors, and other immune signaling pathways, are overexpressed in AD
brains. Antimicrobial pattern recognition, antiviral defense, and related
immune response genes have also been identified as upregulated in the
AD brain, blood, or CSF. These changes suggest an active immune
response to potential microbial invasion, which may contribute to AD
pathology.

Evidence Supporting the Brain Pathobiome in AD: Insights from
Postmortem Brain Analyses

Recent studies have increasingly focused on the presence of microbial
DNA, RNA, and proteins in postmortem brain tissues, highlighting the
potential role of chronic infections in AD pathology. Specific attention
has been given to pathogens such as Chlamydia pneumoniae, Helicobacter
pylori, spirochetes, and Porphyromonas gingivalis, which have been linked
to neuroinflammation and cognitive decline [14]. Microbial molecules
and species associated with AD using postmortem brain analysis are
listed in Tables 1 and 2. Multiple modes of identification have yielded
associations of many different microbes with AD.

Chlamydia pneumoniae, a bacterium known for causing respiratory
infections, has been implicated in AD through its detection in postmor-
tem brain tissues:

� Microbial DNA and RNA: Studies have identified Chlamydia pneu-
moniae DNA in AD brains, suggesting a role in chronic neuro-
inflammation. A study by Balin et al. (1998) [78] found that
C. pneumoniae DNA was present in the brains of AD patients, sup-
porting the hypothesis that respiratory infections may contribute to
AD through persistent inflammatory responses and amyloid plaque
formation [65,78].

� Microbial Proteins: Research also suggests that proteins from
C. pneumoniae may influence AD pathology. The presence of these
proteins could contribute to neuroinflammation and Aβ deposition,
potentially exacerbating cognitive decline (Balin et al., 1998) [65,
78].

Helicobacter pylori, a bacterium primarily associated with gastritis
and peptic ulcers, has also been linked to AD:

� Microbial Proteins: A study found a significantly higher prevalence
of Helicobacter pylori infection in AD patients (88 %) compared to



Table 1
Microbes and their associated conditions in relation to cognition and neuroinflammation.

Microbe Type Associated Condition(s) Cognitive/Neuroinflammatory Impact References

Porphyromonas gingivalis Bacteria Periodontitis Linked to neuroinflammation and cognitive decline, found in AD
brains

[66]

Chlamydia pneumoniae Bacteria Respiratory infections Associated with neuroinflammation, found in AD brains [78]
Helicobacter pylori Bacteria Gastritis, peptic ulcers Linked to cognitive impairment, possibly through systemic

inflammation
[79]

Borrelia burgdorferi Bacteria Lyme disease Cognitive deficits in “Lyme brain,” linked to neuroinflammation [95]
Streptococcus pneumoniae Bacteria Pneumonia and meningitis Cognitive impairment [97]
Mycobacterium tuberculosis Bacteria Tuberculous meningitis Cognitive impairment associated with elevated cytokine levels [99]
Neisseria meningitidis Bacteria Meningococcal meningitis Cognitive deficits in survivors, including memory and attention

issues
[41]

Candida spp. Fungi Systemic candidiasis Linked to neuroinflammation and cognitive dysfunction in AD [90]
Aspergillus spp. Fungi Invasive aspergillosis (cerebral

aspergillosis
Cognitive disturbances linked to CNS involvement [100]

Histoplasma capsulatum Fungi CNS histoplasmosis Neuroinflammation and cognitive impairment, especially in
endemic regions

[140]

Plasmodium falciparum Parasite Cerebral malaria Causes significant cognitive impairment due to brain inflammation [102]
Toxoplasma gondii Parasite Toxoplasmosis Chronic infection linked to cognitive decline and psychiatric

disorders
[104,141]

Trypanosoma brucei Parasite African trypanosomiasis (sleeping
sickness)

Linked to neuroinflammation [107,152]

Herpes simplex virus (HSV) Virus Herpes simplex encephalitis Acute neuroinflammation leading to cognitive deficits [142]
Human immunodeficiency virus
(HIV

Virus HIV-associated neurocognitive disorder
(HAND)

Chronic neuroinflammation and cognitive impairment [143]

Cytomegalovirus (CMV) Virus CMV infection, CMV encephalitis Increases tau phosphorylation, cognitive impairment and increased
risk of AD

[110]

Varicella-zoster virus (VZV) Virus VZV encephalitis Neuroinflammation and cognitive impairment [144]

Table 2
Microbial molecules and their associated conditions in relation to cognition and neuroinflammation.

Microbial Molecule Type Associated Microbe Cognitive/Neuroinflammatory Impact References

Lipopolysaccharides (LPS) Endotoxin Gram-negative bacteria (e.g.,
E. coli)

LPS can cross the blood-brain barrier, trigger neuroinflammation,
and is linked to cognitive decline in AD models

[145]

Amyloid-like proteins Bacterial amyloid Curli from E. coli and Salmonella
spp.

Bacterial amyloids can induce misfolding of host amyloid proteins,
contributing to AD pathology

[146,147]

Gingipains Protease Porphyromonas gingivalis Gingipains have been found in AD brains and are linked to tau
pathology and neuroinflammation

[66]

Peptidoglycan Cell wall component Gram-positive bacteria (e.g.,
Streptococcus spp.)

Peptidoglycan fragments can stimulate microglial activation,
leading to neuroinflammation and contributing to AD

[148,153,
154]

Lipoteichoic acid (LTA) Cell wall component Gram-positive bacteria (e.g.,
Staphylococcus aureus)

LTA is linked to neuroinflammatory processes that are associated
with cognitive decline in AD

[10]

Fungal β-glucans Cell wall
polysaccharides

Candida spp. Fungal β-glucans can trigger neuroinflammation and have been
detected in AD brains

[149]

Toxoplasma gondii Antigens Parasitic antigen Toxoplasma gondii Chronic infection with T. gondii is linked to neuroinflammation and
increased risk of AD

[104,141]

Human herpesvirus 1 (HHV-1)
proteins

Viral protein Herpes simplex virus (HSV-1) HHV-1 proteins, including ICP0, can contribute to
neuroinflammation and amyloid-beta accumulation in AD

[150,151]

Human herpesvirus 2 (HHV-2)
proteins

Viral protein Herpes simplex virus (HSV-2) HHV-2 proteins are implicated in neuroinflammatory processes and
cognitive decline

[151]

Varicella-zoster virus (VZV)
proteins

Viral protein Varicella-zoster virus (VZV) VZV proteins linked o neuroinflammation and cognitive decline in
AD

[144]
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controls without AD (46.7 %), suggesting a potential association be-
tween H. pylori infection and AD [79].

Spirochetes, a phylum of Gram-negative bacteria most commonly
known for causing Lyme disease, including those from the genera Trep-
onema and Borrelia, have been linked to neurodegenerative diseases [80]:

� MicrobialDNA:Treponemapallidum, the causative agent of syphilis, has
been detected in postmortembrain samples from patientswith a history
of neurosyphilis. Studies have reported that T. pallidum DNA is present
in the brains of individuals with syphilis, suggesting a connection be-
tween spirochetal infections and cognitive impairment [80,81].

� Microbial Proteins: Proteins from spirochetes, such as those from
Borrelia burgdorferi (which causes Lyme disease), have been impli-
cated in neuroinflammation and cognitive decline. The detection of
spirochetal proteins in AD brains may indicate a role for these path-
ogens in exacerbating neurodegenerative processes [82–84].
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Porphyromonas gingivalis, a pathogen linked to periodontitis, has
garnered significant attention in AD research:

� Microbial DNA: Dominy et al. (2019) [66] detected P. gingivalis DNA
in AD brains. This finding suggests that chronic oral infections could
contribute to AD pathology through mechanisms involving neuro-
inflammation and Aβ plaque formation [66].

� Microbial Proteins: Proteins from P. gingivalis, including gingipains,
have been identified in AD brains. These proteolytic enzymes can
exacerbate neuroinflammation and neuronal damage, linking oral
pathogens to cognitive decline [66,85].

Herpesviruses, particularly Herpes Simplex Virus 1 (HSV1) and
Human Herpesvirus 6 (HHV6), have been increasingly studied in the
context of AD. These neurotropic viruses can establish latent infections in
the brain, where they can be reactivated under certain conditions [86].
Emerging evidence suggests that these viruses may contribute to the
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development and progression of AD through mechanisms involving
neuroinflammation, Aβ accumulation, and tau pathology [87].

Herpes Simplex Virus type 1 (HSV1):

� Microbial DNA: HSV1 DNA has been detected in postmortem brain
samples of AD patients. Research by Itzhaki et al. (2016) [12] sug-
gests that the presence of HSV1 DNA in the brain, particularly in in-
dividuals carrying the APOE-ε4 allele, is associated with a higher risk
of developing AD. This connection supports the hypothesis that HSV1
infection could contribute to amyloid plaque formation and neuro-
degeneration [55,72,88].
Human Herpesvirus 6 (HHV6):

� Microbial DNA: HHV6 DNA has been found in the brains of AD pa-
tients, indicating a possible viral contribution to the disease process.
Studies by Readhead et al. (2018) [55] have reported higher levels of
HHV6 DNA in AD brains compared to controls, suggesting a potential
role for the virus in AD pathology, possibly through mechanisms
involving neuroinflammation and tau phosphorylation [55].

� Microbial RNA: The detection of HHV6 RNA in AD brain tissue
supports the notion of an active viral presence in the disease. This
ongoing viral activity could trigger chronic inflammation, thereby
contributing to neurodegenerative processes associated with cogni-
tive impairment [55].

The findings by Readhead et al. [55] regarding the presence of viral
sequences in post-mortem brains have not been reproducible in recent
publications, which found no association with AD. These studies reported
low levels of transcripts for herpes simplex virus 1, Epstein-Barr virus,
and cytomegalovirus, failing to establish any biological significance
related to AD. Additionally, some sequences of HHV-6A and HHV-6B
could not be matched to the viral transcriptome, contradicting earlier
findings and highlighting the need for further validation of the correla-
tion with HHV-6 or HSV-1. In another study by Hyun-Hwan Jeong, data
from Readhead et al. were reanalyzed using different RNA-seq analysis
methods to investigate these viral associations with AD. This analysis also
found no significant differences in viral levels between AD and control
groups, suggesting that the low expression levels of viral RNA and DNA in
these brain samples limit detection capabilities. Consequently, this study
does not support a link between AD and viral load, despite considerable
public interest in the topic.

Fungal proteins

In the context of fungal presence in AD, research by Alonso et al.
revealed that fungi from the genera Alternaria, Botrytis, Candida, and
Malassezia are significantly more prevalent in the frontal cortices of AD
patients compared to controls [89]Further supporting these findings, Pisa
et al. detected fungal material, including Candida, Cladosporium, Malas-
sezia, Neosartorya hiratsukae, Phoma, Saccharomyces cerevisiae, and Scle-
rotinia borealis, in brain samples from all AD patients in their study [90].
However, they noted that no single fungal species was consistently pre-
sent across all the brain regions that was examined, in AD brains.

Microbes and Neuroinflammation

Microbial pathogens, encompassing bacteria, fungi, parasites, and
viruses, are increasingly recognized for their role in inducing neuro-
inflammation, which can lead to cognitive deficits and various neuro-
logical impairments. However, while the current section summarizes the
impact of these microbes or microbial agents on neuroinflammation and
associated cognitive outcomes, it falls short of providing critical insights
into the causal mechanisms linking these pathogens to AD. The existing
overview primarily presents correlations between the presence of
5

microbial components—such as DNA, RNA, or proteins—and the inci-
dence of AD, yet it lacks a discussion on the underlying mechanisms that
could establish a causal relationship. To better understand the role of
microbes links to AD, it is essential to delve deeper into how specific
microbial agents may trigger neuroinflammatory pathways that
contribute to AD pathology. This could involve elucidating how micro-
bial elements activate immune responses, disrupt the blood-brain barrier,
or promote the aggregation of amyloid-beta, thereby offering a clearer
understanding of their roles in neurodegeneration. Additionally, inte-
grating key experimental findings that demonstrate these mechanisms
would bridge the gap between correlation and causality, providing a
more comprehensive perspective on the complex interplay between mi-
crobial infections and the development of AD. By incorporating these
insights, it would better align with its goal of elucidating the multifaceted
relationships between microbial pathogens and neurodegenerative dis-
eases, particularly AD.

List of Microbes associated with neuroinflammation and cognition:

1. Bacteria

Neisseria meningitidis: Meningococcal meningitis, caused by Neisseria
meningitidis, is a serious infection that leads to neuroinflammation. Sur-
vivors often experience cognitive deficits, including memory and atten-
tion issues, due to the inflammatory processes affecting the central
nervous system (CNS). These deficits can persist long-term, highlighting
the role of neuroinflammation in post-infection cognitive impairment
[91,92].

Chlamydia pneumoniae: Known for causing respiratory infections,
Chlamydia has also been linked to neuroinflammation and found in the
brains of AD patients. Evidence provided by Balin et al. (1998) [78]
suggests that this pathogen may influence the neuroinflammatory path-
ways that contribute to AD pathology [78].

Helicobacter pylori: A bacterium linked to gastritis and peptic ulcers,
has also been implicated in cognitive impairment, potentially through
systemic inflammation that affects the brain. Kountouras et al. (2006)
[79] discussed the association between H. pylori infection and an
increased risk of cognitive decline, suggesting that neuroinflammation
may be a mediating factor [79,93,94].

Borrelia burgdorferi: This bacterium is responsible for Lyme disease
and can cause cognitive deficits often referred to as “Lyme brain,” which
are linked to neuroinflammation. Fallon et al. (2008) [95] demonstrated
that persistent neuroinflammation in Lyme disease patients correlates
with cognitive impairment, emphasizing the need for early diagnosis and
treatment to prevent long-term neurological damage [82–84,95].

Streptococcus pneumoniae: Pneumococcal meningitis caused by
Streptococcus penumoniae, leads to significant neuroinflammation and
long-term cognitive impairment. Survivors of pneumococcal meningitis
frequently experience lasting cognitive deficits due to the intense in-
flammatory response in the central nervous system [96,97]. Similarly,
Group B Streptococcus (GBS) brain infection in adult mice impairs hip-
pocampal neurogenesis by suppressing progenitor cell proliferation and
neuron generation, leading to cognitive deficits [98].

Mycobacterium tuberculosis: Based on the postmortem studies,
tuberculous meningitis (TBM) begins when one of these lesions, known
as a Rich focus, ruptures and releases Mycobacterium tuberculosis into the
subarachnoid space, leading to a granulomatous infection and inflam-
mation of the meninges. It has been reported to cause cognitive impair-
ment, which is associated with elevated cytokine levels [99].

2. Fungi

Candida spp.: Systemic candidiasis, particularly in immunocompro-
mised patients, has been linked to neuroinflammation and cognitive
dysfunction. Pisa et al. (2015) [89,90] found that Candida species may
contribute to neuroinflammatory processes in AD, highlighting the po-
tential role of fungal pathogens in exacerbating neurodegenerative
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conditions [89,90].
Aspergillus spp.: Invasive aspergillosis, particularly cerebral asper-

gillosis, is highly fatal in the CNS. Kourkoumpetis et al. [100] reported
that mortality in CNS aspergillosis remains high, especially in patients
with preexisting brain pathology [100].

Histoplasma capsulatum: Infection with Histoplasma capsulatum
infection can lead to CNS histoplasmosis, particularly in endemic regions.
Wheat et al. [140] described how this infection results in neuro-
inflammation and cognitive impairment, underscoring the significant
impact of fungal pathogens on brain health [101].

3. Parasites

Plasmodium falciparum: Cerebral malaria, caused by Plasmodium
falciparum, is a severe form of malaria that leads to significant cognitive
impairment due to brain inflammation. Idro et al. (2010) [102] provided
evidence of the long-term cognitive consequences of cerebral malaria,
driven by the intense neuroinflammatory response [102].

Toxoplasma gondii: Chronic infection with Toxoplasma gondii is
linked to cognitive decline and psychiatric disorders, with neuro-
inflammation being a central pathological feature. Torrey et al. [141]
discussed the association between Toxoplasma infection and cognitive
dysfunction, highlighting the role of persistent inflammation [103–105].

Trypanosoma brucei: African trypanosomiasis, or sleeping sickness,
caused by Trypanosoma brucei, has been shown to possibly induce a
neuroinflammatory response, as measured using CSF samples. The in-
flammatory response in the CNS may play a significant role in contrib-
uting to the neurological symptoms associated with this parasitic
infection [106,107].

4. Viruses

Herpes simplex virus (HSV): HSV is the causative agent of herpes
simplex encephalitis, a condition characterized by acute neuro-
inflammation and cognitive deficits [12,108].

Human immunodeficiency virus (HIV): HIV-associated neuro-
cognitive disorder (HAND) results from chronic neuroinflammation
driven by the virus. Antinori et al. [143] highlighted the pervasive
cognitive decline seen in HIV-infected individuals, with neuro-
inflammation playing a central role [109].

Cytomegalovirus (CMV): Cytomegalovirus (CMV) infection in-
creases tau levels and phosphorylation, resembling AD tau pathology.
This suggests CMV as a potential model to study neurodegeneration
mechanisms in AD [110]. In particularCMV, congenital CMV infection-
scan cause significant cognitive impairment due to neuroinflammation.
Cheeran et al. (2009) [111] detailed the cognitive consequences of CMV
encephalitis, linking them to the underlying inflammatory processes [54,
110,111].

Varicella-zoster virus (VZV): VZV can cause encephalitis, leading to
neuroinflammation and cognitive impairment. Gilden et al. [144] pro-
vided evidence of the significant cognitive deficits associated with VZV
encephalitis [112].

Microbial pathogens, including bacteria, fungi, parasites, and viruses,
are increasingly recognized for their role in driving neuroinflammation,
leading to cognitive deficits and neurological impairments. Key studies
highlight how different pathogens contribute to this process, empha-
sizing the shared pathology of intense and persistent inflammation. This
inflammation is a central factor in the cognitive decline observed across
various infections.

Therapeutic Implications: Targeting the Pathobiome in the Brain

Current interventions targeting the microbiome in AD, including
probiotics, prebiotics, dietary interventions, antibiotic treatments, im-
mune boosting strategies, and FMT, have shown some efficacy in
ameliorating disease symptoms [113,114].
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Antibiotic treatments and their effects

Antibiotic treatments have been investigated for their ability to alter
the gut microbiome and reduce neuroinflammation, potentially impact-
ing AD progression [115,116]. Studies in animal models have shown that
antibiotics can reduce amyloid-beta plaques in the brains of AD mice by
altering gut bacteria composition [36]. For example, a study published in
2016 demonstrated that long-term antibiotic treatment significantly
reduced amyloid-beta levels and neuroinflammation in a mouse model of
AD [36], which correlated with changes in the gut microbiome [117].
However, antibiotics can also disrupt beneficial gut bacteria, leading to
negative health outcomes such as increased inflammation and altered
gut-brain signaling.

In human studies, the effects of antibiotics on cognitive function have
been less clear, with some trials showing minimal benefit and others
suggesting potential risks due to microbiome disruption. The therapeutic
use of antibiotics for AD remains controversial, necessitating a careful
balance between beneficial and harmful effects.

Immune boosting and Alzheimer's disease

Emerging evidence suggests that immune-boosting strategies,
particularly through non-specific vaccines, may delay the onset or pro-
gression of AD. The interplay between immune function and AD pa-
thology highlights systemic inflammation, infection, and immune
senescence as critical risk factors for neurodegeneration. Some of the
potential vaccines reportedly showing promise as non-specific immune
boosters to prevent AD are summarized below.

Bacillus Calmette-Gu�erin (BCG) vaccine

Research on the Bacillus Calmette-Gu�erin (BCG) vaccine, primarily
used for tuberculosis prevention, indicates that individuals vaccinated
with BCG exhibit lower incidences of neurodegenerative diseases,
including AD [118]. This immune-boosting action may reduce chronic
inflammation and enhance the body's immune surveillance mechanisms.
That may attenuate mechanistic pathways involved in early AD pro-
gression. However, more clinical trials in human volunteers are needed
before implementing these non-specific immune boosters as therapeutics
in AD.

Herpes zoster vaccination

Studies on herpes zoster vaccination (shingles vaccine) further sup-
port the potential of immune-boosting to reduce dementia risk [119]. A
retrospective study in two patient cohorts found that herpes zoster (HZ)
vaccination was associated with a reduced risk of dementia in individuals
over 65. In both veteran and commercial healthcare populations, vacci-
nated patients had a significantly lower incidence of dementia compared
to unvaccinated individuals. The study suggests that HZ vaccination may
provide neuroprotection, either by reducing inflammation or preventing
viral damage. Another study found that the herpes zoster vaccine
reduced dementia risk by 19.9 %, with stronger protective effects in
women, suggesting a possible link between the varicella-zoster virus and
dementia [120]. Stimulating the immune system with non-specific vac-
cines can have protective effects beyond their primary purpose, poten-
tially by reducing systemic infections that exacerbate
neuroinflammation. Additionally, immune responses triggered by vac-
cines may help clear pathological protein aggregates, such as
amyloid-beta plaques and hyperphosphorylated tau, which are central to
AD pathology.

Additionally, an anti-herpetic trial explored the use of antiviral drugs
in AD patients seropositive for HSV-1. The findings indicated that long-
term antiviral treatment, such as with acyclovir, may lower the risk of
dementia in individuals infected with HSV-1. This highlights the poten-
tial of targeting HSV-1, a virus linked to AD pathology, as a promising
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approach to delay or prevent the onset of AD [121].

Pneumococcal vaccines

A study using the IBM® MarketScan® Database found that adults
aged 65 and older who received the pneumococcal vaccine had a 63 %
lower risk of developing AD compared to unvaccinated individuals
[122]. The analysis employed propensity-score matching and conditional
logistic regression to confirm the significant protective association.
Similarly, another study using a large U.S. claims database found that
older adults (65þ) who received influenza vaccinations had a 40% lower
risk of developing AD compared to those unvaccinated [123]. These
findings highlight the potential protective effect of flu vaccination on AD
risk, reinforcing the idea that long-term immune stimulation through
vaccines may help maintain immune competence and reduce the risk of
neurodegeneration over time.

Therapeutic strategies for P. gingivalis in Alzheimer's disease

Another significant development is the research on P. gingivalis, a
bacterium associated with chronic periodontitis. Cortexyme, a biotech-
nology company, has been developing a gingipain inhibitor, COR388
(atuzaginstat), aimed at reducing the bacterial load of P. gingivalis in the
brain [124]. Early clinical trials showed promise, but a recent phase 2/3
trial did not meet its primary endpoint of improving cognitive function,
although it did show some positive effects in secondary outcomes and in
patients with specific biomarkers. The challenges of targeting P. gingivalis
in the brain, including drug delivery across the blood-brain barrier and
the complexity of AD pathology, underscore the difficulties in developing
effective anti-infective treatments for AD.

Probiotics, prebiotics, and dietary interventions

Probiotics, which consist of live beneficial bacteria, and prebiotics,
which are non-digestible fibers that promote the growth of beneficial gut
bacteria, have been explored for their potential to influence the gut
microbiome in a way that may benefit brain health [23,125–127]. As
discussed previously, the gut microbiome canmodulate the production of
SCFAs, modulating their anti-inflammatory properties and neuro-
protective effects. Studies have shown that specific strains of probiotics,
such as Lactobacillus and Bifidobacterium, can reduce systemic inflam-
mation and improve cognitive function in animal models of AD
[128–130].

Dietary interventions, particularly the Mediterranean diet, rich in
fruits, vegetables, whole grains, and healthy fats, have been associated
with a lower risk of developing cognitive decline [131]. This diet is
believed to support a healthy gut microbiome, enhance SCFA production,
and reduce neuroinflammation. Although human studies are still in the
early stages, findings in animal models suggest these interventions could
be effective for AD prevention and management [132].

Fecal microbiota transplantation

Fecal Microbiota Transplantation (FMT) has emerged as a potential
therapeutic strategy for AD, as it aims to transfer a healthy microbiome to
restore gut-brain axis function. Although FMT is well-established for
treating conditions like Clostridioides difficile infection, its application in
neurodegenerative diseases is still experimental. Preclinical studies have
shown promising results; for instance, FMT from healthy mice to AD
mouse models has been reported to improve cognitive function and
reduce amyloid-beta deposition.

In human studies, FMT remains in the early stages of investigation. A
recent pilot study involving cognitively impaired patients demonstrated
that FMT led to improvements in gut microbiome diversity and some
cognitive measures, though larger and more controlled trials are needed
to confirm these findings [114,133]. The potential of FMT in AD
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treatment lies in its ability to restore microbial diversity and reduce
neuroinflammation. Despite this, patient aversion, lack of procedure
standardization, long screening processes, and lack of data on the
long-term effects and safety of this approach hamper its widespread use
and highlight the need for further research.

Challenges and Controversies

Diverse pathogen involvement

Despite the breadth of evidence implicating microbes in neuro-
degeneration, recent studies have raised skepticism about the presence of
low biomass microbiomes in organs previously thought to be sterile, such
as the placenta and the brain. In AD research, the variability in detecting
microbes and establishing causality highlights the complexity of the
issue. Detecting microbes in various organs, including the brain, lung,
and blood, challenges the belief that these tissues are sterile. In AD pa-
tients, where the blood-brain barrier is compromised, microbial infil-
tration into brain tissue is possible. Given the significant variability in
findings across studies, rigorous testing and validation are essential.

These variable results highlight potential artifact-related issues,
including collection and host contamination, sequencing and analytical
errors, and problematic reference databases. To address these concerns,
research teams are seeking to establish the robustness and clarity of
preliminary data while rigorously examining and mitigating the risks of
contamination and methodological errors [134]. If we were to observe
any statistically significant differences in microbial species between the
control and AD subjects that do not typically infect the human brain, it is
essential to emphasize that further validation of the data is imperative
before drawing any conclusions about disease pathogenesis.
Methodological limitations in brain microbiome research

Detecting and analyzing the brain microbiome presents significant
challenges, particularly when using postmortem tissue samples and
bioinformatic tools to analyze microbial signatures. This section outlines
the complexities and potential confounding factors researchers must
navigate to ensure accuracy and reliability in their findings. Addressing
these limitations requires a multifaceted approach. Below are several
strategies to overcome these challenges:

1. Improving sample integrity and Addressing Postmortem Tissue
and Contamination: Addressing the limitations associated with post-
mortem brain tissue in AD research, particularly concerning the iden-
tification of infection etiology or microbial involvement, requires
careful consideration of several factors. First, the potential for contam-
ination and artifacts during the post-mortem interval (PMI) highlights
the need for standardized protocols for tissue collection, preservation,
and storage. Utilizing rapid cooling methods and optimizing the time
betweendeathand tissueprocessing canhelpmaintain sample integrity.
Second, implementing stringent aseptic techniques by using sterile
equipment during sample collection can reduce the risk of microbial
contamination from external sources. Third, the use of advanced pres-
ervation techniques, such asflash freezing or chemicalfixation, may aid
in preserving the original microbial profiles, thereby minimizing
changes due to post-mortem artifacts and environmental contamina-
tion. Finally, integrating clinical data and pre-mortem health informa-
tion from patients can help contextualize findings, allowing for a better
understanding of how microbial signatures correlate with the disease
state prior to death. By addressing these factors, researchers can
enhance the reliability of post-mortem studies in understanding the role
of infection in AD.

2. Analytical Rigor in Bioinformatics: In brain microbiome research,
various bioinformatic tools like Kraken, Metaphlan, Diamond, Kaiju,
and Etol have unique strengths and limitations. Using multiple
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algorithms on the same datasets helps cross-validate findings and
reduces analytical errors.
� Kraken, Metaphlan, and Diamond: These tools are effective at
identifying a broad range of microbes, but they often have lower
sensitivity, particularly for low-abundance species and highly
complex samples. They are also less adept at identifying viral se-
quences, which can limit their utility in virome analysis [135,136].

� Kaiju and Etol: Both offer improved accuracy in sequence classi-
fication—Kaiju through versatile taxonomic classification and Etol
with its 64-mer based long probes. However, despite their enhanced
accuracy, they can still struggle with specificity and may require
cross-validationwith other tools to ensure reliable results [137,138].

� Virome Analysis: Identifying viral components in the brain
microbiome is particularly challenging due to the limited repre-
sentation of viral sequences in reference databases and the com-
plexities of viral genome diversity. Tools like Diamond can assist in
virome analysis by translating DNA sequences into proteins and
aligning them with protein databases, but this process can still lead
to discrepancies and lower reproducibility across studies.

3. Use of Negative Controls: Incorporating negative controls at every
stage—from DNA extraction to sequencing—helps identify and
eliminate environmental contaminants that could be misinterpreted
as part of the brain microbiome.

4. Complementary Methods: Employing a combination of meta-
genomic sequencing, 16S rRNA gene sequencing, and fluorescence in
situ hybridization (FISH) improves the robustness of microbial iden-
tification. Additionally, using brain organoids to validate host-
pathogen interactions offers another layer of cross-validation for
microbial presence and activity.

5. Longitudinal Studies: Future research should focus on longitudinal
analysis of cerebrospinal fluid (CSF) or less invasive biomarkers to
track microbiome changes over time, offering insights into the dy-
namic nature of the brain microbiome and its connection to neuro-
degenerative diseases.

6. Collaborative Data Sharing: Establishing large, multi-institutional
consortia to pool brain microbiome data enhances statistical power
and validates findings across different populations and disease
models. Standardizing protocols ensures that results are consistent
and reproducible.

7. Advanced Statistical Models: Using sophisticated statistical models
and machine learning algorithms can help distinguish true microbial
signals from background noise or postmortem changes. These models
can adjust for confounding factors such as age, cause of death, and
medical history.

8. Regional Variability and Sample Consistency: Analyzing different
brain regions and subjects can introduce variability that obscures true
microbial patterns. Standardizing sampling protocols and conducting
repeated analyses on the same samples from the same subjects im-
proves consistency and helps account for regional differences.

9. Comprehensive Multi-Omics Approaches: To further elucidate the
role of the microbiome in neuroinflammation and cognitive function,
it is crucial to perform multi-omics analyses. Integrating data from
blood, stool, and brain samples can provide a holistic view of the
microbiome's influence on the central nervous system. Researchers
can uncover potential links between systemic microbial changes and
brain pathology by correlating microbial profiles across different
biological matrices.

In conclusion, addressing these methodological limitations requires a
multi-faceted approach that includes meticulous sample handling,
diverse analytical tools, consistent sampling protocols, and comprehen-
sive multi-omics analyses [134]. Establishing a consensus protocol for
collecting and analyzing samples will allow for accurate and consistent
identification of microbes, thereby overcoming these challenges and
advancing our understanding of the brain microbiome's role in neuro-
inflammation and cognitive disorders.
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Future Directions

Neuroimaging for detecting microbial involvement

Neuroimaging holds significant potential for detecting microbial
involvement in AD by offering insights into how microbial presence and
activity might influence brain pathology. Advanced imaging tech-
niques, such as positron emission tomography (PET) and magnetic
resonance imaging (MRI), can be leveraged to visualize and quantify
brain inflammation, amyloid-beta plaques, and other markers associ-
ated with microbial infections. For example, PET scans using radio-
labeled tracers can detect specific inflammatory responses or the
presence of microbial components in the brain. Additionally, MRI
techniques can identify structural changes and lesions associated with
neuroinflammation driven by microbial activity. By combining neuro-
imaging with molecular and microbiological analyses, researchers can
better understand how microbes contribute to AD pathology and
potentially identify biomarkers for early disease progression detection
and monitoring [139].

Personalized medicine approaches

Microbiome profiling for individualized treatment
Microbiome profiling involves analyzing the composition and func-

tionality of an individual's microbiota to tailor treatments based on their
unique microbial profile. In AD research, this approach can help identify
specific microbial communities or biomarkers associated with disease
progression or response to therapy. Personalized treatment strategies
may include targeted probiotics, prebiotics, or dietary modifications
designed to balance the gut microbiota and potentially mitigate AD
symptoms. By considering the individual variations in microbiome
composition, personalized medicine aims to optimize therapeutic out-
comes and minimize adverse effects.

Implications for early diagnosis and prevention

Microbiome profiling can also be leveraged for early diagnosis of AD.
Identifying microbial signatures associated with early disease stages or
preclinical microbial markers. This can facilitate early intervention and
the implementation of preventative strategies or treatments before sig-
nificant neurodegenerative changes occur. Additionally, understanding
the relationship between microbiome alterations and AD risk factors can
lead to the development of novel preventive measures and interventions
tailored to individual risk profiles.

The pathobiome concept of AD represents a significant challenge to
the research community in understanding the disease's development and
progression. Historically considered a sterile environment, the brain has
been found to harbor various microorganisms, both commensal and
pathogenic. Many of these microbes are increasingly recognized as po-
tential contributors to AD, potentially initiating and exacerbating neu-
roinflammation and neurodegeneration.

Recent research suggests that microbial infections—whether bacte-
rial, viral, or fungal—can drive neuroinflammation, a key factor in AD
pathology. Supporting this approach, amyloid-beta (Aβ) has been iden-
tified as an antimicrobial peptide that, when interacting with microbes,
can form plaques that contribute to neuroinflammation and cognitive
decline. Pathogens such as Porphyromonas gingivalis and Chlamydia
pneumoniae among others, have been detected in AD brains [54,66,78],
reinforcing the idea that chronic infections may play a role in disease
progression.

Dysbiosis in the gut microbiota has been linked to systemic inflam-
mation and immune system alterations that may impact brain function
and contribute to AD [26]. Although the exact mechanisms by which
these microbes influence β-amyloidosis and other AD pathologies remain
unclear, the presence of gut microbial components and pathogens in AD
brains supports their involvement in the disease.
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Grounded in the growing evidence of microbial involvement in AD,
therapeutic strategies targeting the microbiome presents potential ave-
nues for intervention. Antibiotics, probiotics, prebiotics, and FMT are
being explored for their ability to alter the microbiome and reduce
neuroinflammation. However, the effects of antibiotics on human
cognitive function have been inconsistent, and more research is needed
to fully understand their benefits and risks. The research linking AD and
microorganisms is relatively new to the field of neurodegenerative dis-
eases. Furthermore, Microbiology is vastly multifurcated into myriad
facets comprising bacteria, viruses, fungi, protozoa, cyanobacteria etc,.
Although limited studies are available on the role of protozoa and cya-
nobacteria, more recent investigations have begun to acknowledge their
relevance and role in many CNS disorders. Future investigations would
shed more light on the associations with AD and other nervous disorders.

In summary, our understanding of the pathobiome is reshaping AD
research by highlighting the role of microorganisms in disease onset and
progression. Further examination is essential to unravel the complex
interactions between the microbiome and neuroinflammation and to
develop targeted therapies that address these interactions effectively.
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