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Abstract

Background: There is a well-described mechanism of communication between the brain and
gastrointestinal system in which both organs influence the function of the other. This bi-directional
communication suggests that disease in either organ may affect function in the other.

Objective: To assess whether the evidence supports gastrointestinal system inflammatory or
degenerative pathophysiology as a characteristic of Alzheimer's disease (AD).

Methods: A review of both rodent and human studies implicating gastrointestinal changes in AD
was performed.

Results: Numerous studies indicate that AD changes are not unique to the brain but also occur
at various levels of the gastrointestinal tract involving both immune and neuronal changes. In
addition, it appears that numerous conditions and diseases affecting regions of the tract may
communicate to the brain to influence disease.

Conclusion: Gastrointestinal changes represent a perhaps overlooked aspect of AD, representing

a more system influence of this disease.
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1. INTRODUCTION

In the 19t and early 20™ centuries, an association of the brain with the gut was critically
investigated by William Beaumont, lvan Petrovich Pavlov, Walter Bradford Cannon, and
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Stewart Wolf (1). Later, the pivotal role of gut flora in modulating the gut-brain axis

was recognized (2). The central nervous system (CNS), including the brain and spinal

cord, bi-directionally communicates with the gastrointestinal (GI) tract, its enteric nervous
system (ENS), and the gut microbiota via the sympathetic and parasympathetic nerves,

the hypothalamic-pituitary-adrenal (HPA) axis, endocrine signaling, the immune system,
metabolic signaling, and microbial metabolites (Figure 1). The ENS, along with sympathetic
and parasympathetic nervous systems comprising the autonomic nervous system, is a part

of the peripheral nervous system (3). This well-established connection is often called the
brain-gut-microbiota axis (4, 5).

The release of neurotransmitters allows the ENS to regulate the gut immune system. The
epithelial cells, which line the mucosal surfaces, absorb nutrients and provide a barrier
between the mucosal immune system and luminal contents, such as digestive enzymes,
toxins, and gut microbiota (6, 7). Bacterial metabolites and secreted cytokines and hormones
from mucosal immune cells and enteroendocrine cells (EECs) in response to gut microbiota
can reach the brain via the bloodstream and vagus nerve (6).

Lipopolysaccharide (LPS) as a typical Gram-negative bacterial endotoxin and peptidoglycan
(PG) and lipoteichoic acids (LTA) from Gram-positive bacteria are considered pathogen-
associated molecular patterns (PAMPSs) (8). PAMPs along with damage-associated molecular
patterns (DAMPs), endogenous danger signals released by damaged or dying cells, are
recognized by various membrane-bound and cytosolic pattern recognition receptors (PRRS),
such as Toll-like receptors (TLRS) and nucleotide-binding oligomerization domain-like
receptors (NLRS), in host cells (8-10). At the intestinal mucosal surface, PAMPs and
DAMPs can be distinguished by PRRs (TLRs and NLRs) on antigen sampling-dendritic
cells (DCs), intestinal epithelial cells and other resident immune cells. TLRs-PAMPs
activation leads to the expression of cytokines, chemokines, interferons, and antimicrobial
molecules through induction of pathways, including the nuclear factor-x B family of factors
(NF-xB), members of the interferon regulatory factor family (e.g., IRF3/7), and activator
protein 1 (AP1). NLRs-PAMPs activation results in the inflammasome assembly and

release of proinflammatory cytokines and antimicrobial molecules (11-13). Innate immune
response via TLR-dependent antimicrobial factor and proinflammatory cytokine production
and IgA secretion of the adaptive immune system, triggered by DCs-B cells interaction,
maintains homeostasis of the intestine, the first line of host defense (13). Serotonin
(5-hydroxytryptamine, 5-HT), cholecystokinin, glucagon-like peptide-1, and peptide YY
secreted by EECs and peripheral inflammatory factors (i.e., IL-1p/IL-1p receptors) activate
afferent vagus fibers (parasympathetic nervous system) terminated in the medulla oblongata
in the brainstem. ENS and afferent vagus nerve can also be stimulated by bacterial products
and metabolites, like y-aminobutyric acid (GABA), 5-HT, noradrenaline, dopamine, short-
chain fatty acids (SCFASs; propionate, butyrate, and acetate), amino acids (i.e., tyramine and
tryptophan), and LPS (LPS-TLR4), through related receptors (10, 14-16). Afferent signals
are further transferred to the hypothalamus and higher forebrain regions involved in the
integration of visceral sensory information, regulation of autonomic function, and behavioral
manifestations. The efferent vagus nerve, known as the anti-inflammatory cholinergic
pathway, suppresses proinflammatory cytokine production via secretion of acetylcholine
and its binding to a 7 nicotinic acetylcholine receptors (a7nAChR) in macrophage,
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dendritic cells, and other immune cells in peripheral tissues. This mechanism is called

the inflammatory reflex (10, 16). Moreover, cytokines, EECs-secreted neurotransmitters
and hormones, and bacterial products, consisting of SCFAs, trimethylamines, amino acid
derivatives, and vitamins, can travel to the brain via the bloodstream and exert effects

on the blood-brain barrier (BBB) integrity and brain function (17). Unresolved leaky gut
and disturbance of immune response lead to consistent TLRs (i.e., TLR4) and NLRs
activation and consequently excessive production of proinflammatory cytokines, including
elevated serum levels of TNF-a, IL-6, IL-1B, and IL-18, and enteric neuronal damage.
This chronic systemic inflammation increases BBB permeability by upregulation of matrix
metalloproteases and downregulation of tight junctions, and finally, neuroinflammation (10,
17).

The HPA axis, as a part of the brain limbic system, is an endocrine pathway of the brain-
gut axis. Activation of the HPA axis, due to stressful stimuli, induces the secretion of
corticotrophin-releasing hormone (CRH) from the hypothalamus paraventricular nucleus.
CRH triggers the production of adrenocorticotropic hormone (ACTH) by the anterior
pituitary gland. This response subsequently results in the release of the glucocorticoid
stress hormone cortisol from the adrenal cortex to the bloodstream (18-20). Cortisol
decreases inflammatory factors, such as IL-1, IL-6, and TNF-a at transcription levels and
promotes the production of anti-inflammatory cytokines, including IL-10. Thus, it plays
an indispensable role in gut physiology (14, 21). Cortisol secretion is also associated

with proinflammatory responses, intestinal epithelial barrier disruption, gut inflammation,
and alteration of microbial composition (18). Furthermore, stress-induced activation of the
hypothalamus regulates the autonomic nervous system function through pontomedullary
nuclei. Epinephrine and norepinephrine are secreted from the adrenal medulla in response to
stress communicated via the sympathetic nervous system (21).

Because the brain communicates with the gut bi-directionally, CNS disorders may be
affected by a dysfunctional Gl tract, and one may precede the other (22). For instance,
meta-analysis studies report a dramatic prevalence of Gl dysfunction in children with
autism spectrum disorder (ASD) compared to healthy controls (23). In addition, precedence
of constipation before the development of motor symptoms and also accumulation of a-
synuclein in the ENS as well as the dorsal motor nucleus of the vagus nerve, support the
idea that Parkinson's disease (PD) pathological hallmarks may originate in the ENS by the
mucosal invasion of a neurotropic pathogen that is later transmitted to the CNS (22, 24,
25). Furthermore, detection of amyloid precursor protein (APP) and amyloid-p (ApB) in the
ENS and Gl tract of aged healthy and Alzheimer's disease (AD) individuals as well as in the
ENS and intestinal epithelial cells of APP overexpressing transgenic mice suggest that AD
may be a systemic disorder (26-29). Alzheimer's disease is a progressive neurodegenerative
disease characterized by dementia. It is the most common form of dementia accounting

for 60-80% of all cases (30). In addition to neurodegeneration, brains are characterized by
atrophy, inflammatory changes, and protein A and tau protein aggregates (30). However,
based upon the fact that the intestine has a rich innervation of both the nervous and immune
systems, well-known gut-brain communication mechanisms, and increasing evidence of
intestinal pathophysiology during AD, it is likely that gastrointestinal dysfunction is an
underappreciated aspect of AD. Below we review the evidence from human and rodent
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studies implicating changes in the gastrointestinal tract that may be contributing to the
progression of AD (Table 1).

2. Periodontitis and Oral Cavity Changes that may Communicate to the
Brain in AD

Periodontitis is a chronic inflammatory gum disease caused by the host response to
primarily Gram-negative anaerobic bacteria such as 7reponema denticola, Aggregatibacter
actinomycetemcomitans, Porphyromonas gingivalis, and Tannerella forsythia. The host
response leads to a gingival inflammatory condition, alveolar bone loss, damage to the
supporting tissue of the tooth, and consequently causing tooth loss (31-34). Various studies
have suggested periodontitis is a risk factor for AD (35-38). Chen et 4., for instance,
demonstrated that periodontitis is linked with a surge of approximately 1.7-fold in the risk
of development of AD (39). Another study by Kamer et a/. showed that clinical measures of
periodontitis in healthy elderly with normal cognitive function are associated with the degree
of amyloid plaque accumulation estimated by [11C]PIB-PET (37). Also, a recent study based
on the National Health and Nutrition Examination Survey (NHANES) database illustrated
that mild to severe periodontitis patients showed some degree of dementia compared to

the healthy group (40). A few reports have also demonstrated a substantial decline in the
number of hippocampal neurons and an increase in astrogliosis and microgliosis correlated
with periodontitis-associated tooth loss (41, 42). The oral cavity in periodontitis provides

a reservoir of inflammatory markers (34). Studies suggest that systemic inflammation
exacerbates neurodegeneration v7a microglial activation and production of proinflammatory
factors, thereby accelerating AD progression (43, 44). Periodontal pathogen ability to invade
the brain and the effects of pathogen-stimulated systemic inflammation on the brain are two
plausible mechanisms behind this mouth-brain cross talk.

The pathophysiological pathway between periodontitis and AD may involve bacteria from
dental plaque biofilms reaching the brain via systemic circulation or peripheral nerves (45).
The periodontal pathogens and their harmful products may leak from the compromised
barriers of the oral cavity, resulting in transient systemic bacteremia (46). Gram-negative
bacterial infections in the brain have been linked to late-onset sporadic AD (47). In a case
study, 7reponema bacteria (Gram-negative spirochetes), a common periodontal pathogen,
were found in higher numbers in brain abscesses of AD patients than in cognitively

normal patients demonstrating their ability to invade brain tissue (48). In the vicinity of

the trigeminal nerve, pons, and hippocampus, proteins of two variants of 7reponema were
found, indicating that the pathogen might have migrated through the trigeminal nerve into
the brain (48, 49). Analogous to this hypothesis, previous studies have also demonstrated

the presence of spirochetes, mainly 7reponema, with higher occurrence in AD patient

brains compared to cognitively normal individuals using molecular techniques and dark field
microscopy (48, 50, 51). Moreover, LPS, the chief membrane constituent of Gram-negative
bacteria, can be found in increased amounts in the brains of AD patients compared to
healthy controls (52). In this context, Zhan et al. have shown co-localization of LPS with
amyloid plaques and around vessels of AD patient brains (53). Also, systemic administration
of LPS can activate microglia and stimulate the production of proinflammatory factors (54).

Curr Alzheimer Res. Author manuscript; available in PMC 2023 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sohrabi et al.

Page 5

In addition, there is ample evidence that daily oral activities such as brushing, flossing or
chewing (55, 56) can elevate circulating periodontal pathogens and their toxic byproducts,
potentially elevating proinflammatory factors in systemic circulation that could contribute to
the progression of dementia (45).

Besides the invasion of periodontal pathogens or products directly into the brain, another
potential mechanism connecting periodontitis and AD is the induction of a systemic
inflammatory response that potentially results in neuronal injury via a compromised

BBB (57-59). Although the BBB is an important physiological barrier that maintains the
homeostasis of the central nervous system, the brain can respond to pathological stimuli by
altering BBB permeability (60). Reports suggest that proinflammatory factors, especially
IL-6, IL-1, TNF- a and C-reactive protein (CRP), may transmigrate across the BBB

via specific processes, particularly through the fenestrated capillaries in circumventricular
organs (61-63), thereby altering neuroinflammatory cascades leading to synaptic dysfunction
and neuronal death (62, 64-66). A study on post-mortem plaques by Doung et a/. revealed
that serum amyloid P and CRP are colocalized in neuronal tau protein aggregates and
extracellular amyloid deposits in AD (67). Considering the role of chronic inflammation,

as is evident in AD studies, it is rationale to believe that chronic systemic exposure to
periodontal pathogens and subsequent production of proinflammatory factors may accelerate
pathophysiology leading to dementia (34, 68, 69).

Rodent studies of periodontitis-associated oral infection support the notion that oral
infection communicates to the brain to alter AD progression. For example, oral
administration of the periodontal pathogen, Porphyromonas gingivalis, or its product
gingipain, to C57BL/6 mice results in elevated brain levels of cytokines, degenerating
hippocampal neurons, elevated AB, and increased p-tau levels (70). A similar study of
P. gingivalis oral infection of C57BL/6 mice also demonstrated elevated brain cytokines
and reduced memory performance (71). Finally, periodontitis induced by P. gingivalisin
the hAP-J20 AD transgenic line resulted in impaired memory, elevated brain cytokines,
increased AB levels, and higher brain levels of LPS (72).

Although bacterial products or systemic immune communication to the brain are likely
mechanisms of mouth-brain connection in periodontitis-exacerbated AD (Figure 2), several
other possibilities may explain the relationship between these diseases that are worth
exploring. For instance, changes in nutritional habits (73), lower levels of dietary vitamins
and antioxidants and high unsaturated fats (74, 75), and impaired masticating ability have
also been linked to cognitive dysfunction (76).

3. Stomach Infection and Inflammatory Changes that may Influence AD

Progression

Stomach-associated inflammation may also communicate to the brain to affect AD
progression. For instance, Helicobacter pylori (H. pylori) is a Gram-negative bacteria
capable of infecting the stomach to increase the risk of gastric diseases, including
peptic ulcers (77-79). H. pyloriinfection is characterized by a chronic inflammatory
state responsible for increased production of inflammatory mediators and immune cells,
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potentially leading to dysfunction of the enteric nervous system. A recent study has
suggested that H. pyloriinfection may be a causative factor for dysfunction of the gut-brain
axis in AD (80-82). For instance, H. pylori can trigger an inflammatory response through
changes in eating behavior and altered levels of circulating stomach hormones and brain
cytokines, which persist even after eradication therapy (83). Another study indicated that H.
pylori-infected C57BL/6 mice had reduced exploratory behavior in an open field chamber
compared to sham-treated mice suggesting infection-associated memory impairment. In
addition to behavioral alteration, H. py/ori-infected mice have shown a significant reduction
in two hippocampal myelination genes compared to control mice, also demonstrating a
communication to the brain (84).

More specific to AD, H. pyloriinfection and gastritis have been reported to influence

the brain and gene expression in multiple studies to induce AD-like changes. For

example, stomach infection of C57BL/6 mice with H. py/oriinduces subsequent gliosis
(85). Stimulating a human gastric cell line with the H. pylori peptide Hp (2-20) results

in upregulation of multiple AD-related genes, including APP, APOE, and PSEN1/2

and multiple inflammation pathways genes (86). An H. pylori filtrate induced tau
hyperphosphorylation in mouse neuroblastoma N2a cells in a glycogen synthase kinase-3p
(GSK-3pB) dependent manner (87). However, H. pyloriinfection of rats produced no
significant change in tau phosphorylation or cognitive performance (88). Finally, in a study
comparing 50 AD and 30 age-matched anemic control individuals, 88% of the AD patients
and 46.7% of the controls were H. pylori-positive. Therapeutic intervention to eradicate H.
pylorisignificantly improved cognitive performance only in individuals with successfully
eradicated infection (89).

In a fashion not necessarily associated with H. pyloriinfection and gastritis, there is
evidence of disrupted stomach-brain interaction, in general. It is known, for example, that
select stomach peptide hormones have a reported role in cognition and dementia. Treatment
of 5XFAD transgenic AD mice with MK-0677, an agonist of the receptor for the stomach
hormone ghrelin, was sufficient to reduce AP deposition, gliosis, and neuron/synaptic loss
(90). In addition, serum levels of acetylated, functional ghrelin are significantly elevated

in mild cognitive impairment compared to control individuals correlating with deficits in
memory and language (91).

A better understanding of stomach-brain communication disruption with or without H pylori
infection in AD should bring new insight into understanding the pathophysiology of AD and
allow exploration of new therapeutic agents, perhaps via targeting host-pathogen interactions
(Figure 2).

4. Small Intestine Manifestations of AD and their Potential Contribution to

Brain Changes

Several reports also support the possibility of AD manifestation in the small intestine. For
example, it appears that the levels of the amyloid precursor protein (APP) and AP peptide
are upregulated in the absorptive epithelium following high-fat feeding in rodents (92, 93).
Indeed C57BL/6 mouse consumption of a diet high in saturated fat results in elevated
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enterocyte AP levels and circulating AR (94). This feeding results in co-localization of A
with chylomicrons in the enterocytes suggesting that AR may be produced in response to

a need for lipid handling in the epithelium (95). It is not clear what the outcome would be
from increased enterocyte Ap production. However, it is not unreasonable to expect that AR
could be secreted from these cells apically into the intestinal lumen for fecal excretion or
basally into the vasculature for transport to other organs such as the brain (Figure 3).

Independent of the epithelial production of AB, the Gl tract enteric neurons may also be a
source of AD-related histopathology. One study examining enteric neurons from AD and
elderly controls demonstrated no differences in tangle pathology using the ALZ-50 antibody
(96). However, an additional comparison of AD and age-matched control intestines showed
not only Ap but also increased CD68 immunoreactivity in AD patients suggesting that an
amyloid-associated inflammatory process may be occurring in the small intestines (28). A
similar study also reported intraneuronal Ap immunoreactivity in AD enteric neurons (27).
These human changes were recapitulated in the APP/PS1 model, which demonstrated a
similar increase in ileum AP and CD68 immunoreactivity and elevated luminal IgA and
fecal Ap compared to wild-type mice (28). Regardless of the source of intestinal A, a
recent study demonstrated that oligomeric Ap injected directly into the mouse Gl tract
results in a prion-like spread from the intestine to the brain via the enteric neurons and

the vagal nerve as well as neuromuscular uncoupling in the intestines (97). These studies
support the idea that there may be inflammatory and degenerative changes in the intestines
in AD directly related to changes occurring in the brain (Figure 3).

In addition to AB accumulation in the intestines, additional neuronal dysfunction exists. For
example, a 2017 study utilizing APP/PS1 mice revealed that Ap plaque and phospho-tau
increases in the brain correlated with no overall change in enteric neuron number but

a selective decrease in nitrergic and cholinergic neurons (98). In addition, kidney and

brain expressed protein (KIBRA) has been identified as a modulator of the postsynaptic
cytoskeleton (99). Variants of the KIBRA protein that act as structural components of
neurons have been linked to memory-related functions of the mammalian brain (100). A
control-matched study of neurons from AD patients found overexpression of KIBRA and
underexpression of three KIBRA binding partners in the hippocampus, posterior cingulate,
and temporal cortex (101). Interestingly, the GABAergic neural subtype (GAD67+) had
increased expression of KIBRA in the jejunal myenteric nerve plexus of APP/PS1 mice
compared to wild-type controls. These data indicate that dysregulation of neuronal proteins
is not unique to the brain (102).

Intestinal dysfunction is also reported based upon the intestinal evidence of amyloid and
inflammatory changes in both humans and mouse models of AD. An age/sex-matched study
of the APP/PS1 and AppVL-C-F mouse models of AD examined motility 30 minutes after
administration of non-absorbable dextran (103). Motility of the AgoVL-G- mice intestines
was decreased compared to the wild-type and APP/PS1 groups. However, the APP/PS1 mice
had increased gut permeability compared to the other groups. Although robust Ap plaque
accumulation within the mucosa or submucosa of the mouse intestines was not observed, the
changes corresponded with Ap accumulation in the brains of the mice further established the
importance of the gut-brain axis in Alzheimer's disease (Figure 3).

Curr Alzheimer Res. Author manuscript; available in PMC 2023 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sohrabi et al. Page 8

5. Inflammatory Disease and Possible Large Intestine Contributions to AD
Progression

Changes in the large intestine may also contribute to a pathologic crosstalk response
that may affect the progression of AD. The imbalance between extreme and deficient
apoptosis or anti-inflammatory and proinflammatory immune responses develops into
Gl tract diseases, including chronic intestinal inflammation (104). Inflammatory bowel
disease (IBD), including Crohn's disease and ulcerative colitis, is a chronic relapsing
inflammatory disease with increasing incidence and prevalence. It develops in young
adulthood and continues throughout life. Aged individuals with IBD consist of patients
with elderly-onset at age = 60 years and older patients diagnosed at younger ages. IBD
is clinically characterized by diarrhea+/- blood, abdominal pain, weight loss, and fatigue
(104-106). Behavioral manifestations, including anxiety, depression, and cognitive and
memory dysfunctions, are also associated with IBD (107-109).

After bowel epithelial damage, commensal bacteria and microbial metabolites are
translocated into the bowel wall, where intestinal immune cells, such as dendritic cells

and macrophages, are activated via TLR signaling and secrete a large number of
proinflammatory cytokines, including IL-1pB, IL-6, IL-18, and TNF-a (104, 110, 111).
Initiating inflammation in the gut may induce CNS changes, leading to altered brain
function. For example, TNF-a. is the main proinflammatory cytokine in IBD pathology

and is targeted to treat the disease (112). In AD subjects, the increased serum levels of TNF-
a due to systemic inflammation exacerbates cognitive impairment and neurodegeneration
through activation of primed microglia (113). Aligning with these data, IBD-like disease
induced by 2,4,6-trinitrobenzene sulfonic acid (TNBS) results in microglial activation

and elevation of TNF-a levels in the hippocampus of adult male rats (114). Our recent
study demonstrated that intestinal inflammation induced by 2% dextran sulfate sodium
(DSS) could increase brain insoluble AB1.49/42 levels correlating with attenuated microglial
phagocytic phenotype in the App’Vt-G-* AD mouse model (115). Induction of colonic
inflammation is also associated with alteration in hippocampal neurogenesis and memory
dysfunction in IBD mouse models (116-118). TNBS and DSS-induced colonic inflammation
also cause dysbiosis via increasing Gram-negative bacteria, such as Proteobacteria and
decreasing Gram-positive bacteria, including Firmicutes at the phylum level (116, 118, 119).
Reciprocally, the brain may contribute to IBD severity and pathogenesis. Chronic stress,
stressful life events, and depression exacerbate IBD, likely, via the autonomic nervous
system and the HPA axis, two pathways involved in mediating the stress response (21, 120,
121).

A recent population-based cohort study reported that IBD patients are at higher risk

of dementia with an average onset of 7 years younger compared to controls (122). It

is plausible that IBD-associated disruption of intestinal epithelial integrity promotes the
dissemination of dysbiotic bacterial neuroinflammatory metabolites, neurotransmitters, and
neuromodulators to the CNS via the gut-brain axis (123). It is also feasible that Ap
production in the brains of IBD patients is upregulated in response to the bacterial
extravasation since numerous studies have reported the antimicrobial property of Ap
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(124-126). Further investigations are required to elucidate the mechanism involved (Figure
3).

6. Gastrointestinal Dysbiosis may Contribute to Intestine-derived

Exacerbation of AD.

Based upon their clear role in mediating gut-brain interactions, it is important to specifically
consider the possible contribution of intestinal bacterial changes to the progression of AD
(127). Trillions of microbes residing in the intestine maintain a symbiotic relationship

with the gut mucosa and impart metabolic, immunological, and gut protective functions

in the host. Firmicutes, such as Clostridium and Lactobacillus species, and Bacteroidetes,
including Bacteroides or Prevotella species, are the dominant gut bacteria phyla in humans
as well as in mice, followed by the phyla Actinobacteria and Proteobacteria (128, 129).
Alteration in the balance of these phyla has been associated with several diseases, including
intestinal and extra-intestinal diseases such as metabolic syndrome, cardiovascular disease,
and obesity (130-132). It is well known that intestinal barrier function and its integrity
largely depend on gut microbiota. The normal aging process has been shown to increase
intestinal epithelium and BBB permeability, disrupting tight junction protein complexes to
allow microbial translocation (133-135). Altered gut microbiota induced by a diet containing
wheat amylase trypsin inhibitor has been shown to increase intestinal myeloid immune

cell subsets and potentiate pathological hallmarks of AD (136). Our recent study showed
increased intestinal inflammation and intestinal permeability correlated with intestinal
microbiome changes in a mouse model of AD (137).

Gut dysbiosis is the term used to describe an imbalance in the composition and metabolic
capacity of gut microbiota that increases the risk of chronic and degenerative diseases
(138-140). Emerging evidence from several preclinical and clinical studies has indicated a
role for gut dysbiosis in the pathophysiology of AD (137, 141-145) (Figure 3). Numerous
studies suggest an association of gut dysbiosis and peripheral inflammation with brain
amyloidosis in cognitively impaired individuals (146-148). A recent report showed that AD
patients with higher systemic inflammation, assessed by circulating inflammatory markers,
were associated with higher pathogenic bacterial load during midlife and correlated with
greater cognitive decline in older age (149). Bacterial 16S ribosomal RNA (rRNA) gene
sequencing analysis performed using DNA isolated from fecal samples of humans with AD
showed decreased microbial richness and diversity in AD patients compared to controls
which correlated with cerebrospinal fluid (CSF) biomarkers of AD pathology (150).

A recent report published from a Chinese population showed depletion of SCFA-producing
Firmicutes and enriched inflammation-promoting Proteobacteria in fecal samples of AD
patients correlating with the severity of AD (151). Another recent study showed altered

gut microbiota composition at different taxonomic levels, including changes in Bacteroides
(genus), Actinobacteria (phylum), Ruminococcus (genus), Lachnospiraceae (family), and
Selenomonadales (order), in fecal samples of AD patients compared to gender and age-
matched controls suggesting a role in AD pathophysiology (152). Moreover, Bacteroides
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colonization increases intestinal inflammation and exacerbates Ap deposition in the Tg2576
model of AD (153).

In 2004, Sudo and colleagues reported the involvement of postnatal microbial colonization
(the exposure to microbes at an early developmental stage) in the programming of the

HPA axis via studying the intensity of stress response in germ-free (GF) mice compared

to specific pathogen-free and gnotobiotic mice. Colonization of Bifidobacterium infantis
reversed the exaggerated HPA stress response in GF mice (154). Subsequent studies
performed using GF mice have also demonstrated the importance of gut microbiota in brain
development, learning, and memory functions (155). An increased anxiety-like behavior in
GF mice is associated with changes in the production of neurotrophic factors, hormones,
and the expression of their receptors. These findings imply that the presence or absence

of conventional intestinal microbiota influences the development of behavior (156). GF
APP transgenic mice show a drastic reduction in Ap deposition in the brain compared to
APP mice with intact intestinal microbiota. Another study showed that antibiotic treatment
alters peripherally circulating cytokine/chemokine composition associated with a reduction
in AB plaques in APPSWE/PS1AE9 mice (157). Colonization of GF APP transgenic mice
with microbiota from conventionally-raised APP transgenic mice increased cerebral Ap
pathology supporting the hypothesis that gut microbes may be involved in the progression of
cerebral Ap amyloidosis (143).

In addition to dysbiosis, intestinal expression of human APP was also detected in the 5xFAD
mouse model of AD (142). Another study detected the emergence of intestinal absorption
impairment, dysbiosis, peripheral inflammation, and vascular AB deposition in the intestinal
epithelial barrier before the onset of cerebral Ap aggregation in the Tg2576 transgenic AD
mouse model versus age-matched wild type controls. Intestinal epithelial AR deposition in
AD patients compared to non-AD individuals was reported in the same study (158). In
addition, gut microbiota produces amyloid fibrils (e.g., curli in Escherichia coli), mediated
by prion-like peptide repeats and involved in the formation of bacterial biofilms (159).
Bacterial and CNS misfolded amyloids share similarities in their tertiary structure that may
permit, through molecular mimicry, cross-seeding of amyloids (160).

Bacterial metabolites, such as LPS, SCFAs, trimethylamine N-oxide (TMAQ), and
secondary bile acids (BAs) are also implicated in AD pathogenesis (Figure 3). Bacterial
products such as LPS secreted by gut bacteria could influence AD pathophysiology via
binding to the microglial receptors, TLRs and CD14. Through activating the downstream
NF-xB signaling pathway, LPS leaked from intestinal bacteria could stimulate an
inflammatory response in the brain (47, 161, 162). Bacterial endotoxin LPS-induced
inflammation has been proposed as an important factor in the generation of AB4, (163,

164) and was recently reviewed by Bulgart ef a/. (165). SCFAs disrupted protein-protein
interactions required for conversion of AB1.40/42 peptides into soluble neurotoxic aggregates
in an /n vitro study (166). Higher TMAO levels of CSF in patients with mild cognitive
impairment and AD compared to cognitively unimpaired individuals were associated with
biomarkers of AD pathology (p-tau and p-tau/Ap42) and neuronal degeneration (167).
Aligning with this data, age-related elevation in circulating TMAQO levels in APP/PS1 mice
was correlated with AD cognitive decline and pathological processes. Treating animals with
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3,3-Dimethyl-1-butanol (DMB) decreased plasma TMAQ levels and subsequently reduced
levels of circulating clusterin and neuroinflammatory cytokines, p-secretase, AB1.42, and
[B-secretase-cleaved C-terminal fragment (BCTF) in the hippocampus. Altered long-term
potentiation and reduced cognitive deficit of APP/PS1 mice were also detected in this study
(168). Elevated serum levels of BAs have been linked to increased BBB permeability

via disruption of tight junctions /n vitroand in vivo (169). Primary BAs are derived

from cholesterol in the liver and secreted from the gallbladder into the small intestine
following a meal. Intestinal microbiota converts primary BAs to secondary BAs by bile
salt hydrolysis and bile acid 7a-dehydroxylation (170, 171). Dramatic reductions in serum
levels of primary BAs (cholic acid; CA) and elevated bacterially produced secondary BAs
(deoxycholic acid; DCA and its glycine and taurine conjugated forms) were observed in
serum samples of AD patients compared to cognitively normal older adults. The increased
DCA:CA ratio was significantly associated with cognitive decline in a large multicenter
study (172). Metabolomics analysis of primary and secondary BAs of post-mortem brain
samples showed differences in taurine transport, BA synthesis, and cholesterol metabolism
in AD vs. cognitively normal individuals. The presence of some BAs in brain tissues
suggested their gut microbial origin and transportation to the brain (173). Altogether, these
data indicate a contribution of gut dysfunction in AD etiology.

Based on this strong evidence of the involvement of gut dysbiosis in AD, numerous
microbiome-targeted therapies have been attempted in animal models of AD. Approaches
include the use of antibacterial drugs such as doxycycline and rifampin and gingipain
inhibitors such as COR286, COR271 and COR388 (174-176), antiviral drugs such

as valacyclovir (177), probiotics (137, 166, 178-181), prebiotics (182), and fecal
transplantation (183). Taken together, this suggests some ability to alter the gut microbiota
to provide benefits during disease. Some probiotic-based therapies have been proposed

and tested in AD patients and have demonstrated effectiveness at changing behavior,
including anxiety, depression, stress, and memory (184-188). It has been suggested that

the mechanism of probiotic beneficial effects are mainly through the restoration of disrupted
intestinal barriers, stimulation of the mucosal immune system, and prevention of growth of
pathogenic microorganisms (189). Moreover, a recent clinical trial assessing the safety and
feasibility of an oral-fecal microbiota transplant (FMT) intervention for AD (NCT03998423)
with results pending.

The results of both preclinical and clinical studies demonstrate a solid link between altered
gut microbiota composition and amyloid formation that associates with cognitive decline in
AD. Moreover, interventions targeting dysbiosis appear capable of providing benefits against
disease. Further work will form the basis for developing novel microbiome-based therapies
to prevent or slow down the progression of the disease.

CONCLUSION

Rodent and human studies examining various gastrointestinal tract regions indicate that

AD changes are not limited to the brain. Several histologic, biochemical, metabolic, and
immune changes identified from AD intestines and mouse models support this idea. (Fig. 1).
Future work will need to better define the temporal relationship between disease-associated
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dysfunction in both humans and AD models across these organs to define a relationship

be

tween gastrointestinal and brain changes in AD. More importantly, an assessment of

intestinal immune, nervous, and endocrine function will need to be defined for AD.
Increased effort to quantify histopathology, immune changes, and neuron dysfunction in

the gastrointestinal tract of diseased individuals or rodent models is needed. Finally, specific
interventions to test the causality of correlative relationships between the intestine and brain

ch

anges in AD are needed, which may call for increased specialization in gastrointestinal

neuroscience.
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Fig. 1. Interactions between the Gastrointestinal Tract and Brain of Relevancein AD.
The autonomic nervous system innervates the gastrointestinal tract to directly influence the

enteric cells, immune cells, and intestinal microbiome. In addition, circulating hormonal
secretions can have similar influences on the intestine. In turn, intestine-derived secretions
such as bacterial products or metabolites, immune cells, cytokines, neurotransmitters, or
enteric hormones may influence nervous communication to the brain directly or travel via
the vasculature to affect the brain through mechanisms perhaps involving disruption of the
blood-brain barrier (BBB).
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Fig. 2. Possible mechanisms of brain and stomach communication to the brain to potentiate AD
pathophysiology.

Periodontitis, characterized by chronic gingival inflammation and bone and tooth loss,
increases the risk for AD and dementia. Periodontitis is also positively correlated with
increased amyloid plaque load, gliosis, and neuron loss. Increased immune cell activation
and circulating cytokines associated with periodontitis may infiltrate through the blood-brain
barrier to directly influence disease pathophysiology. Similarly, periodontal pathogens and
their components, such as LPS, have been reported to be elevated in AD brains. Rodent
studies of oral pathogen infection support the human disease findings by stimulating
increased brain cytokines and LPS, memory dysfunction, neuron loss, elevated AB, and
increased phospho-tau levels. In addition to the inflammatory contributions of changing
oral health to the brain in AD, several studies demonstrate that the peripheral inflammatory
changes associated with gastric infection and gastritis also induce AD-like changes in
rodents, including elevated brain cytokines and altered behavior. This notion is supported
by human studies demonstrating an increased association of H. pyloriinfection with AD
patients compared to controls and improved behavior with eradication therapy.
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Fig. 3. Potential contributions of the small and largeintestineto AD pathophysiology.
Several studies validate disease-related changes in the small intestines of AD patients

and rodent models characterized by Ap and tau pathology and inflammatory changes.

For example, small intestine epithelial cells express APP in response to dietary changes
such as a high-fat diet and can secrete AP peptide possibly into the intestinal connective
tissue and the circulation. In agreement with this, enteric neurons in rodent models and
AD patient small intestines have demonstrated intracellular Ap, immune cell changes,
neuron expression differences, and phospho-tau increases. Different rodent models of AD
have also identified intestinal motility and permeability changes compared to controls.
Although the intestine-related dysfunction represents a disease phenotype, it is possible that
enteric-derived AR, phospho-tau, activated immune cells, enteric hormones, or cytokines
may communicate to the brain to influence disease via the circulation or direct neuronal
innervation. Similar contributions to disease may exist for the large intestine. For example,
intestinal inflammatory changes such as those associated with IBD may provide a driving
force for exacerbating bacterial translocation through a disrupted epithelial layer and
immune cell activation and enteric neuron dysfunction that communicates to the brain in
AD. Rodent IBD studies validate that intestinal immune and functional compromise and
an impaired epithelial barrier communicate to the brain to exacerbate gliosis, cytokine
elevations, and increased plaque load using AD mouse models. Age, diet, environment,

or disease-associated changes in the intestinal microbiome, largely localized to the large
intestine, have also been characterized in human AD patients and rodent models. This
dysbiosis correlates with cognitive changes and peripheral inflammatory states. Disease-
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modifying, unique bacteria or their components and secretory products such as LPS, small
chain fatty acids, and secondary bile acids have been examined in human and rodent
models to identify therapeutic targets. It is clear from rodent studies that manipulation

of the intestinal microbiome is sufficient to alter brain changes such as behavior, gliosis,
inflammatory changes, and Ap levels in rodent models.
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Table 1.

Gastrointestinal-associated inflammatory changes that may contribute to AD.
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Gl Tract Inflammatory Changes References

Regions

Oral Cavity Invasion of periodontal pathogens or their harmful products directly into the brain via systemic (45-53)
circulation or peripheral nerves correlates with inflammation and neurodegeneration in humans.

Periodontitis induces systemic inflammation, potentially resulting in neuronal injury via a (57-59)
compromised blood-brain barrier (BBB) in rodent models.

Stomach Stomach infection of mice with H. pylorialters eating behavior, brain cytokine levels and increases (83, 85)
gliosis.

88% of AD patients and 46.7% of controls are H. pylori-positive. H. pylori eradication significantly (89)
improves cognitive performance.

Small Intestine | Human AD intestines have increased Ap and CD68 immunoreactivity compared to controls. (190)
APP/PS1 mouse model has increased ileum Ap and CD68 immunoreactivity and elevated luminal 1IgA (190)
compared to wild-type mice.

Largelntestine | IBD-like disease induced by 2,4,6-trinitrobenzene sulfonic acid (TNBS) results in microglial activation | (114)
and elevation of TNF-a levels in the hippocampus of adult male rats.

Colonic inflammation induced by 2 bouts of 2% DSS administration led to AR plaque load increase in (115)

the hippocampus and temporal cortices and decreased microglial CD68 immunoreactivity in AppVt-G+

mice.

Induction of colonic inflammation is associated with alteration in hippocampal neurogenesis and (116-118)

memory dysfunction in IBD mouse models.

Human IBD patients are at higher risk of dementia with an average onset of 7 years younger compared (122)

to controls.

Bacteroides colonization increased intestinal inflammation and exacerbated A deposition in the (153)

Tg2576 mouse model of AD.

A diet containing wheat amylase trypsin inhibitor in an AD mouse mice induced dysbiosis, increased (136)

intestinal myeloid immune cell subsets, and potentiated pathological hallmarks of AD.

Gut dysbiosis elevated bloodstream/brain LPS in human AD brains. (52, 53, 161,
162)

Antibiotic treatment-induced dysbiosis altered circulating levels of cytokines/chemokines and reduced (157)

ApB plaques in the APPSWE/PS1AE9 mouse model of AD.

The altered ratio of Firmicutes/Bacteroidetes correlated with intestinal proinflammatory cytokine (137)

changes and increased intestinal permeability in the AgV-G+ mouse AD model.
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