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remarkably, the abundance and complexity of microbial populations
or their exudates in the Gl tract is an approximate re ection of CNS
microbial complexity, including microbiome-derived nucleic acid
sequences and Gram negative-derived neurotoxins of the GI tract
microbiome, such as lipopolysaccharide (LPS; [6,9,15-18]); and (viii)
that there is a decrease in richness and diversity of Gl tract bacteria in
AD compared to age-matched controls, a nding that parallels results
observed in other GI, vascular or neurological conditions linked to Gl
tract microbiome alterations, including those associated with obesity,
diabetes, in ammatory bowel disease, systemic in ammation and
Parkinson's disease [9,19-22]. Related to the points above, overall the GI
tract microbiome of AD patients was found to exhibit highly selective
abundance and compositional di erences in genus and species from
control age- and sex-matched individuals and exhibited phylum- and
genus-wide di erences in bacterial abundance including a signi cantly
increased abundance of Bacteroidetes and decreased abundance of
Firmicutes and Bi dobacterium in the AD-a ected brain [9,14-17,23-
26]. Very recently, at least 2 independent publications have shown
an enrichment of LPS within the neocortex or hippocampus of AD-
a ected brain [6,27-29].

Bacteroidetes and Bacterioides Fragilis Abundance and
Proliferation in AD
A commensal genus of non-endospore-forming, rod-shaped

bacillus, Bacteroidetes are a human distal-Gl-tract-abundant microbe
whose membranes contain sphingolipids or glycosylceramides; these
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amyloids, endotoxins and exotoxins, ‘microRNA-like’ sncRNAs and
LPS. Recently work from several independent groups has further
described the presence of intact bacteria, bacterial-derived nucleic
acid sequences and/or bacterial-derived neurotoxins such as a highly
pro-in ammatory LPS that is associated with neuronal parenchyma
and in particular the neuronal nuclei of anatomical regions of the AD-
a ected brain exhibiting characteristic neuropathology [1,9,28,29,34-
39]. Interestingly, the close association of bacterial LPS with neuronal
nuclei may prevent the e cient export of messenger RNA (mRNA)
from a highly active neuronal genome resulting in the down-regulation
of gene expression in AD as is widely observed [6,15]. e strikingly
large and unexpected bacterial loads of Gl-tract-derived bacteria or
their neurotoxic exudates within AD tissues are strongly suspected to
upset the e cient operation of these normally highly metabolically
active repositories of genetic information.

Lipopolysaccharides (LPS) in the Brain and CNS

Lipopolysaccharides (LPSs), also known as lipoglycans, are 10-20
kDa structural components of the outer lea et of the outer membrane
of Gram-negative bacteria and consist of 3 ‘modular’ components: (i) a
hydrophobic lipid domain known as lipid A, that is responsible for the
toxic properties of the molecule; (ii) a hydrophilic core polysaccharide
chain; and (iii) a repeating hydrophilic O-antigenic oligosaccharide
side chain speci c to the bacterial serotype [40-42]. e toxicity and
in ammatory potential of di erent bacterial LPSs vary depending on
the composition of these 3 modular components; for example the LPS
of the anaerobic B. fragilis (BF-LPS), is a remarkably pro-in ammatory
glycolipid, perhaps the most pro-in ammatory LPS known, and
capable of triggering systemic in ammation and the release of pro-
in ammatory cytokines a er translocation across the Gl tract into
systemic circulation [23,34-36,43].  ese neurotoxic glycolipids are
shed into the extracellular space, play key pathological roles in host-
pathogen interactions, pro-in ammatory signaling and the activation
of the innate-immune system of the host [23,44-46]. As an abundant
obligate anaerobe resident of the distal human GI tract microbiome BF-
LPS is unusually immunogenic and highly pro-in ammatory toward
human neurons in primary culture [8,15,24,37,47-50]. It has been
very recently shown (i) that both LPS and BF-LPS are abundant in
anatomical regions of the human brain’s limbic system in AD, including
the hippocampus and neocortex that exhibit focused neuropathology
and an intense in ammatory response as is characteristic of the AD
process [6,28,29]; and (ii) that BF-LPS is an extremely potent inducer
of pro-in ammatory gene signaling pathways, as quanti ed by the
evolution of the pro-in ammatory transcription factor NF-kB p50/p65
complex HNG cells in primary co-culture [51]. To further cite several
highly relevant research investigations: (i) using immunocytochemistry
E. coli K99 pili protein and E. coli LPS levels were found to be
signi cantly greater in AD compared to control brains, nding that
in AD LPS co-localized with AP1-40/42-positive amyloid plaques
surrounding cerebral vessels [29]; (ii) using an immunocytochemical
approach Zhao et al. have discovered LPS in very short post-mortem
interval (PMI) AD hippocampus (1-3 h PMI) to levels up to 36-fold
over age-matched controls [34-36]; (iii) co-incubation of AP peptide
with LPS potentiates amyloidogenesis and brillogenesis (amyloid

ber formation; [34,52]); (iv) systemic injection of LPS in wild-type
and transgenic AD mice results in greater amyloid deposition and
tau pathology [53]; and (v) a selective enrichment of LPS speci cally
associated with the neuronal nuclear membrane in AD was found to be
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BBB intact and properly functioning; however both the epithelial
barriers of the GI and the BBB become signi cantly more ‘leaky’ and
permeable to neurotoxins over the course of aging [10,11].  is age-
related increase in permeability appears to make the normally protected
CNS compartments more exposed and potentially susceptible to
neurotoxins generated by dietary and/or environmental pathogens
and Gl tract-resident microbes normally contained within the Gl
compartment [10,11,62]. Moreover (i) dietary, environmental and
pathological infections, including chronic bacterial or viral in uences,
or disease-related toxins such as LPS, sncRNA and the 42-amino
acid amyloid beta (AB42) peptide can progressively and permanently
alter blood-brain barrier permeability and thereby facilitate cerebral
vascular dysfunction and cerebral colonization by opportunistic
microbes as we age [11,63]; and (ii) microbial dysbiosis in the Gl
tract microbiome can induce in ammatory signaling detrimental
to both GI tract and BBB dysfunction that is associated with the
pathogenesis of obesity, type 2 diabetes and AD [11,22,64]. Indeed,
one major contributing factor to AD pathogenesis is cerebral vascular
dysfunction due in part to the loss of the protective function of the BBB
and impaired clearance of excess neurotoxic AP peptides that induce
perivascular association with amyloid peptides, vascular perturbation
and altered neurovascular function [63,64]. e relationship between
the prevalence of AD and vascular permeability factors along the
microbiota-Gl-tract-CNS axis as a bidirectional communication
system that also includes the supplementary in uences of neural,
immune, endocrine, and metabolic pathways is exceedingly complex
and currently not fully understood. A more complete understanding
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