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ARTICLE INFO ABSTRACT

Keywords: Obesity is a worldwide epidemic coinciding with a concomitant increase in the incidence of neurodegenerative
LiPOPPlysaCCharide diseases, particularly dementia. Obesity is characterised by increased adiposity, chronic low-grade systemic
Toll-like receptor-4 inflammation, and oxidative stress, which promote endothelial dysfunction. Endothelial dysfunction reduces
Cerebrovascular . . fs .

Cerebral blood flow cerebrovascular function leading to reduced cerebral blood flow and, eventually, cognitive decline, thus pre-
Cognition disposing to a neurodegenerative disease. Obesity is also characterised by gut dysbiosis and a subsequent in-
Obesity crease in the lipopolysaccharide which increasingly activates toll-like receptor 4 (TLR4) and further promotes

chronic low-grade systemic inflammation. This also disrupts the crosstalk within the gut-brain axis, thus influ-
encing the functions of the central nervous system, including cognition. However, the mechanisms by which
obesity-related increases in oxidative stress, inflammation and endothelial dysfunction are driven by, or asso-
ciated with, increased systemic lipopolysaccharide leading to reduced cerebrovascular function and cognition,
beyond normal ageing, have not been elucidated. Hence, this review examines how increased concentrations of
lipopolysaccharide and the subsequent increased TLR4 activation observed in obesity exacerbate the develop-
ment of obesity-induced reductions in cerebrovascular function and cognition.

Gut microbiome
Gut-brain axis

1. Introduction

The gut-brain axis is composed of the complex interactions between
the gastrointestinal tract (GIT), the GIT microbiota and the nervous
system, which is mediated through complex endocrine, immune and
metabolic interactions of all components of this axis [1-3]. The afferent
and efferent neural connections act primarily as the relaying compo-
nents of the nervous system that crosstalk with the GIT and GIT
microbiota locally to further influence function of the central nervous
system [2]. Therefore, the GIT microbiota can both indirectly and
directly influence this axis and the functions of the central nervous
system, including cognitive function [1,4]. Specifically, dysregulation of
the immune system due to GIT dysbiosis can disrupt neural connections,
leading to cognitive decline [1].

The GIT microbiota and its association with the lifetime risk of
vascular disease, via immune activation and inflammation, has been an
emerging field of research [5-7]. Although multiple associations be-
tween dietary and lifestyle factors and their impact on the GIT

microbiota leading to disease have been studied, the effect of the GIT
microbiota on cerebrovascular function is still an area of needed
research [1,4]. In particular, the role of lipopolysaccharide (LPS)-
induced inflammation that influences endothelial dysfunction which
underlies cerebrovascular dysfunction and cognitive impairment is
poorly described [7]. Therefore, the aim of this review is to: 1) briefly
outline the obesity-induced changes to the GIT microbiota; 2) describe
how LPS influences systemic inflammation leading to endothelial
dysfunction; and 3) describe how these changes may induce cerebro-
vascular dysfunction and cognitive decline.

2. The GIT microbiota

Since the discovery of microbes within the GIT in the early 1890s,
bacterial consumption was first postulated to be associated with
improved digestive health and longevity [8-10]. Eli Metchnikoff was the
first to propose that seeding the GIT with healthy bacteria could prevent
the colonisation of harmful bacteria and, in turn, modify the GIT
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microbiota, conferring potential health benefits [8,10]. Since these
foundational discoveries, research and information on the GIT micro-
biota have increased exponentially, particularly in the past 25 years
[8,9].

2.1. GIT microbiota composition

Recent estimates approximate that there are in excess of 3.8-3.9 x
10'3 bacterial cells that comprise the human microbiome, with the
majority of these residing in the GIT [11]. The size of this microbial
population far exceeds all other microbial communities associated with
the body’s surfaces [12,13]. Varying amounts of microorganisms live in
a commensally symbiotic relationship in the human GIT and are
collectively known as the GIT microbiota [1,8,12,14].

Although many microbes occupy the human GIT, the major phyla are
Firmicutes, Bacteroidetes, Actinobacteria, Verrucomicrobia, Proteo-
bacteria and Euryarchaeota [9,15,16]. Firmicutes and Bacteroidetes are
the dominant phyla, comprising approximately 90 % of the GIT micro-
biota [12,17]. There are more than 200 separate species that form the
phylum Firmicutes, including Lactobacillus, Bacillus, Clostridium,
Enterococcus, and Ruminococcus [17,18]. Firmicutes are generally
gram-positive bacteria but do include some gram-negative species, such
as the Negativicutes [19]. Bacteroidetes are gram-negative bacteria,
with the most abundant genus being Bacteroides and Prevotella [17,20].

A study of faecal samples from 13 obese, and 13 non-obese volun-
teers revealed Firmicutes to be significantly enriched, while Bacteroidetes
were significantly lowered in obese individuals [21]. This finding is
supported by a systematic review of 32 research articles that assessed
the GIT microbiota profiles of adult humans [22]. The review found that
the adult human obese phenotype had a greater ratio of Firmicutes/
Bacteroidetes compared to lean adult phenotypes. In obesity and asso-
ciated disorders, including metabolic syndrome, gram-negative phyla
such as Verrucomicrobia, have been shown to not change significantly.
Whilst specific strains within the phyla, such as Akkermansia muciniphila,
may decrease [23]. Therefore, in the obese adult phenotype, a shift in
Firmicute/Bacteriodete ratio is seen (Fig. 1) [24]. Further, Actinobacteria
increases with obesity, whilst Verrucomicrobia (mainly Akkermansia
municiphila) decreases [25]. Euryarchaeota and Proteobacteria, however,
remain relatively similar [24,25]. These microbial shifts influence GIT
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dysbiosis which leads to gut-brain axis dysregulation via increased
systemic LPS, reactive oxygen species and inflammation [26-29].

2.2. GIT microbiota function

It is well established that an increased diversity and population of
microbes inhabiting the GIT contribute to improved immunologic and
metabolic functions [19]. The GIT microbiota assists in the biosynthesis
of enzymes, vitamins, amino acids, and chemical transmitters, such as
serotonin, which influences gut-brain communication, and the produc-
tion of short-chain fatty acids (SCFAs) [17,30,31]. Firmicutes and Bac-
teroides assist with the digestion of pectin, amylose and amylopectin
which are starches resistant to human digestive enzymes [20,32]. This
digestion produces metabolites including the SCFAs propionate, butyrate
and acetate [33-35]. Propionate provides energy to epithelial cells and is
used in gluconeogenesis [30,36,37]. SCFAs also provide protection
against pathogens [33,38]. For example, Clostridium butyricum, which
produces butyrate, directly inhibits Clostridium difficile growth and
metabolism, thus preventing diarrhoea and colitis in C57BL/6 WT mice
[39]. Further, Escherichia coli (E. coli) metabolises glucose and secretes
acetate and, in animal models, acetate can then enter the systemic cir-
culation and modulate metabolic functions including thermogenesis
[40,41]. Acetate also promotes T-cell differentiation to T cells that pro-
duce anti-inflammatory cytokines, such as interferon-y and interleukin
(IL)-10 [42,43]. This demonstrates how dietary changes can also influ-
ence the composition of the GIT microbiota.

The human GIT microbiota can also assist in the degradation of toxic
compounds, such as oxalates by gram-negative Proteobacteria, and
Oxalobacter formigenes [44]. Further, the Firmicute, Eubacterium ramulus
cleaves the heterocyclic C-ring of flavonoids, phenolic compounds found
in fruits and vegetables, and releases 3,4-dihydroxyphenylacetate,
which has been shown to inhibit proliferation of colon cancer cells
[37,45]. Therefore, the GIT microbiota can assist in the metabolism of
food substances and can be anti-carcinogenic [20]. This makes the GIT
microbiota a vital component in ensuring the optimal function of the GIT
via pathogen protection, sequestration of nutrients and energy produc-
tion [17,46]. The GIT microbiota also modulates plasma levels of LPS, an
endotoxin released from the cell wall of gram-negative bacteria, which is
a key activator of the innate immune system, specifically toll-like
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Fig. 1. Average gastrointestinal tract (GIT) microbiota phylum distribution of lean (a) and obese (b) humans [24,25,143,144]. In a typical lean adult, the GIT
microbial composition of Firmicutes is generally 30-52 %, demonstrated as an average of 40 %. Bacteroidetes are generally between 9 %-42 %, represented as 35 %,
and Verrucomicrobia the next largest, making up 1-13 %, represented as 8 % [24,25]. Actinobacteria, Euryarchaeota and Proteobacteria being less abundant and
representing 4 %, 1 %, and 1 % respectively of the phyla in a lean adult [25,143,144]. The remainder of the phyla represents a combined total of 11 % [24,25]. In the
obese adult phenotype, a shift in Firmicute/Bacteriodete ratio is seen, with Firmicutes averaging 48 %, and Bacteroidetes 23 % [24]. Actinobacteria increases with
obesity, representing 7 % [143], whilst Proteobacteria decreases to 0.91 % [25]. Euryarchaeota stays relatively similar at 1 %. The remainder of the phyla represents a

combined total of 12 % [24,25].
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receptor (TLR) 4 [47].
2.3. GIT dysbiosis

Key factors that contribute to the development of an individual’s
microbiota composition include genetics, medications, age, stress,
geographical location, and dietary and lifestyle habits [1,8,46,48].
These factors can cause a reduction of beneficial microbes, thus allowing
opportunistic and pathogenic microbes to occupy the GIT [49]. This
imbalance, which favours pathogenic microbes, causes disruptions in
GIT function, leading to GIT dysbiosis and disease susceptibility [49,50].
Therefore, a reduced quantity or diversity of beneficial GIT microbiota
has been associated with a predisposition to inflammation and disease
development, including irritable bowel disease [51], and obesity [15].

3. Obesity, GIT microbiota and cognition

Obesity is a global health priority, currently affecting two billion
people worldwide [52,53]. Increased adiposity is a key feature of
obesity, which is a preventable and modifiable low-grade systemic in-
flammatory metabolic disease [54]. Obesity is typically associated with
an energy-dense, high-fat, high-carbohydrate and highly palatable
Westernised diet [4,15,55]. Chronic intake of this diet promotes GIT
dysbiosis, GIT permeability and systemic circulation of LPS [54,56].
Further, de La Serre et al. [57] reported that after consuming either eight
or 12 weeks of a high-fat diet, male Sprague-Dawley rats had increased
activation of TLR4 within the GIT, alongside increased GIT permeability,
increased plasma LPS and systemic inflammation. The authors suggested
that this was due to a decrease in the total bacterial count and an in-
crease in the relative proportion of Bacteroidales and Clostridiales. In
support of this, LPS neutralisation using the antimicrobial peptide
19-2.5 in mice fed with a high-fat diet showed a decrease in the pro-
duction of the inflammatory cytokine tumour necrosis factor-alpha
(TNF-a) [58,59]. Therefore, obesity promotes GIT dysbiosis and
chronic low-grade systemic inflammation resulting from increased
activation of TLR4 by LPS, which, in turn, may promote endothelial
dysfunction (Fig. 2). This figure shows that a high-fat, high-carbohy-
drate diet causes shifts in microbiota composition, resulting in dysbiosis,
increased systemic circulation of LPS which activates the innate immune
system via TLR4 activation, leading to chronic systemic low-grade
inflammation. Microbial dysbiosis, increased LPS and inflammation all
lead to vascular endothelial dysfunction, a main underlying factor of
vascular impairment [7,54,56].

Obesity may have differential effects depending on the arterial site. A
prospective study found severely obese children to have significantly
lower carotid arterial compliance and distensibility, with both flow-
mediated and glyceryl-trinitrate-mediated dilation being significantly
lower compared to healthy controls [60]. Additionally, Kappus et al.
[61] found that obese male subjects had significantly greater carotid
artery stiffness compared to the normal weight subjects. This is due to
chronic inflammation of the vascular wall, leading to larger arteries with
low shear stress, causing maladaptive remodelling of arterial sites [62].
This indicates obesity-induced gut dysbiosis which causes increased LPS
immune system activation and, therefore, systemic inflammation could
be a main driver leading to endothelial dysfunction, which underlies
increased arterial stiffness and reduced compliance. Obesity-induced
endothelial dysfunction is a risk factor for cardiovascular disease and
therefore a risk factor for cerebrovascular disease due to hypoperfusion,
which changes the structure and function of the brain leading to
cognitive decline.

Observational studies have also found that obesity increases the risk
of dementia between 32 and 45 %, due to increased concentrations of
inflammatory cytokines, such as IL-6 and high-sensitivity C-reactive
protein [63]. Further, Bliss et al. [64] reported that patients with
metabolic syndrome, who were physically inactive, had significantly
reduced cardiovascular, cerebrovascular and cognitive functions.
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Obesity is associated with chronic low-grade systemic inflammation,
impaired endothelial function and reduced cardiometabolic health
[54,56]. Therefore, increased adiposity induces inflammation which can
impair vascular function and reduce cardiovascular function. This cau-
ses cardiovascular disease and reduces cerebral blood flow (CBF), which
leads to hypoperfusion and cognitive decline [65,66].

4. Cerebrovascular function

Cerebrovascular function describes the ability of the cere-
brovasculature to perfuse the brain with adequate blood (i.e., CBF) in
response to physical and psychological stimuli [67,68]. This is achieved
through neurovascular coupling (NVC) and cerebral autoregulation
[67]. The brain is one of the body’s most metabolically active organs,
consuming between 15 and 20 % of the body’s nutrients and energy
under resting conditions [69]. As the brain cannot store nutrients and
oxygen, it requires a constant supply of these through the CBF to func-
tion optimally and maintain its primary functions, particularly cognition
[70]. Changes in cerebral blood pressure, perfusion pressure, vascular
diameter, and blood viscosity all affect CBF [71-73]. CBF is maintained
by the cerebrovasculature, which supports brain function by responding
to physical and psychological stimuli, thus ensuring adequate CBF
[67,68]. Autoregulation ensures that a constant mean arterial pressure
of 50-160 mmHg is maintained in response to chemical and/or me-
chanical stimuli [67,68]. This response is largely initiated by either
increased (vasodilatation) or long-term decrease (vasoconstriction) of
nitric oxide (NO) metabolism, which regulates the resistance applied
globally to the cerebrovasculature [70,74]. Conversely, during NVC
neurons communicate with endothelial cells to release vasodilatory
mediators, such as NO, which maintains CBF locally during periods of
increased neuronal metabolism [74,75]. Both cerebrovascular function
and cognition are reduced by unmodifiable risk factors (ageing and
genetics) and modifiable lifestyle factors which promote obesity devel-
opment and reduced cardiovascular function [76]. Morys et al. [77]
undertook an observational eight-year follow-up cohort study, which
included over 20,000 general community participants with a mean age
of 63 years and reported that obesity was associated with increased
inflammatory markers, particularly high-sensitivity C-reactive protein
and increased cerebrovascular disease. This in turn was associated with
lowered cortical thickness and volume and cognitive deficits. The cen-
tral mechanism leading to cerebrovascular dysfunction and decreased
cognition is a chronic increase in oxidative stress, inflammation and
impaired endothelial function [70,78-82].

5. Lipopolysaccharides and Toll-like receptor 4

LPS is an endotoxin found abundantly in the outer membrane of
gram-negative bacteria [83,84]. LPS contains a hydrophobic portion,
known as lipid A, which is attached to a central oligosaccharide and a
distal polysaccharide, or O antigen (Fig. 3) [85,86]. The presence of LPS
provides bacterial resistance to substances such as antibiotics [86]. LPS
is released from bacteria during cell division and cell death [87].

LPS are the most studied of the pathogen-associated molecular pat-
terns (PAMPs) [83]. PAMPs are antigens recognised by pattern recog-
nition receptors, such as toll-like receptors (TLRs) [88,89]. TLRs are
proteins expressed on the cell surface of cells that comprise the innate
immune system, which functions to recognise conserved microbial
structures including LPS [85,86]. Specifically, LPS is recognised pre-
dominantly by TLR4, which is a lipid A signalling receptor [85,90].
TLR4 is found in the plasma membrane of myeloid-derived leucocytes,
such as macrophages, as well as other cell types including adipocytes,
vagal afferents, and epithelial cells [1,85,91,92].

TLR4 has an extracellular leucine-rich repeat, a single trans-
membrane segment and a smaller cytoplasmic signalling region that
engages the adaptor protein, myeloid differentiation primary response
88 (MyD88) [85,93]. The stimulation of TLR4 by LPS promotes MyD88
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Fig. 2. Overview of how a high-fat, high-carbohydrate diet can lead to cognitive decline. A high-fat, high-carbohydrate diet, often associated with increased
adiposity, causes shifts in GIT microbiota composition, resulting in dysbiosis which creates an increase in lipopolysaccharides (LPS), produced by increased turnover
of gram-negative bacteria [54,56]. This shift also increases GIT permeability which allows the transport of opportunistic bacteria through an otherwise impenetrable
GIT barrier, resulting in inflammation and increased passage of LPS [100,101]. Further, high-fat diets increase the presence of chylomicron formation which assist
transportation of LPS into the systemic circulation [54,56]. Obesity also increases toll-like receptor TLR4 expression within the gut [57]. LPS activates the innate
immune system via TLR4 activation which causes increased cytokine production leading to chronic systemic low-grade inflammation [85,91,95]. Microbial dysbiosis,
increased LPS and inflammation all lead to vascular endothelial dysfunction [7,54,56]. Endothelial dysfunction is a risk factor for cardiovascular disease and
therefore a risk factor for cerebrovascular disease, due to hypoperfusion which changes the structure and function of the brain, leading to cognitive decline.
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Fig. 3. Lipopolysaccharide (LPS) structure. LPS contain a hydrophobic portion, known as lipid A made of a fatty acid and disaccharide-diphosphate. The lipid A
section of LPS is responsible for the activation of TLR4. LPS also contain a non-repeating core oligosaccharide and distal O-antigen polysaccharide make up the

hydrophilic portion of LPS [85,86].

intracellularly to TLR4 via a homophilic interaction [91]. MyD88 then
promotes interleukin-1 receptor-associated kinase 4 (IRAK4) to the site
which phosphorylates IRAK downstream, in turn recruiting tumour
necrosis factor receptor-associated factor 6 (TRAF6) [94]. The IRAK-
TRAF6 complex then disassociates from the TLR4 receptor and acti-
vates TGF-f-activated kinase 1 (TAK1), leading to the activation of
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nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
and c-Jun NH2-terminal kinase (JNK) [94]. This results in the down-
stream signalling cascade and production of proinflammatory cytokines
and chemokines such as TNF-q, IL-1, IL-6 and IL-8 [85,91,95]. A high-
fat, high-carbohydrate diet, which is associated with obesity, increases
the presence of both LPS and TLR4 within the GIT, and increases the
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Fig. 4. Activation of toll-like receptor 4 (TLR4) by lipopolysaccharides (LPS). In the bloodstream, LPS activates TLR4, which promotes toll/interleukin receptor-1
protein, myeloid differentiation factor 88 (MyD88) to the cytoplasmic region of the TLR4 [91]. MyD88 promotes complex interactions that promote transcription
factors, such as c-Jun N-terminal kinases (JNK) and nuclear factor kappa-light-chain-enhancer of activated b cells (NF-kB), in turn increasing the production of
inflammatory cytokines, in particular interleukin (IL)-1, IL-6, IL-8 and tumour necrosis factor-alpha (TNF-a) [90,94,95]. TLR4 can also be activated indirectly when
LPS binds to LPS-binding protein (LBP) [91]. Here, LPS-LBP activates CD14 which promotes TLR4-MyD88 activation [145]. This further promotes inflammation and
promotes vascular inflammation as the tight junction of the endothelium become compromised, leading to inflammatory cell infiltration of nearby tissue, or increased
permeability of inflammatory cytokines into adjacent tissue [146]. Further, cytokines penetrate the blood-brain barrier, impairing its integrity and leading to reduced
cerebral blood flow and therefore hypoperfusion causing changes in brain function and structure that precede cognitive decline [78].
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systemic circulation of LPS [54,56]. This leads to an increase in proin-
flammatory cytokine production in obesity which contributes to chronic
low-grade systemic inflammation [96].

5.1. LPS-induced activation of TLR in obesity

Chronic stimulation of the immune system is not beneficial and can
promote chronic low-grade inflammation [80]. This can result when GIT
microbes interact with pattern recognition receptors expressed by
epithelial cells, leucocytes and the central nervous system [97], through
the activation of TLR4 by LPS [50,80,84,98]. Increased and sustained
biosynthesis and export of LPS by gram-negative bacteria, such as E. coli
and Klebsiella pneumonia, within the GIT will promote increased TLR4
expression [99,100]. The increased concentrations of LPS will consis-
tently activate TLR4, which promotes pathways such as NF-kB and
mitogen-activated protein kinase (MAPKs), leading to a sustained in-
crease of the inflammatory cytokines described above, including IL-6
and IL-8 (Fig. 4) [89,95]. This is particularly evident in a study of
obese-prone rats where epithelial and immune cells were reported to
have increased TLR4 expression and increased white adipose tissue
inflammation when compared to obese-resistant rats. This coincided
with an increased LPS concentration resulting from non-beneficial
strains of gram-negative bacteria and an abundance of Firmicutes
within the GIT [99].

Obesity also increases the intestinal absorption of LPS, therefore
increasing systemic circulation of LPS [84]. This increase in LPS pro-
motes dysfunction of the tight gap junctions between epithelial cells
which increases GIT permeability [100]. GIT permeability allows the
passage of otherwise impenetrable substances to pass through the
epithelium [101]. The release of LPS systemically, due to increased GIT
permeability, induces inflammation by increasing NF-kB expression via
increased TLR4 activation [95].

High-fat diets leading to obesity, also increase plasma concentrations
of LPS through increased chylomicron transport [47,102]. Chylomicrons
are water-soluble transporting vehicles whose main function is to
transport lipids into systemic circulation [103]. Chylomicrons transport
LPS via exocytosis from absorptive cells of the intestinal lumen into the
systemic circulation [104]. Therefore, high-fat diets that lead to obesity,
increase chylomicron formation and transportation of fats to adipose
tissue, as well as LPS into systemic circulation [103]. Further, the in-
crease in plasma LPS contributes to insulin sensitivity, which in turn
increases adiposity, and therefore obesity [47,101]. This cycle persists
whereby increased adiposity further increases LPS through dysbiosis
and the increased LPS further increases adiposity [47]. E. coli was sup-
plemented alongside an energy-dense diet in rats, from foetal life
through to six months [105]. It was found that the E. coli group had
increased weight gain and plasma leptin levels, as well as lowered
microbe diversity compared to the control group who were only fed an
energy-dense diet. Additionally, the GIT microbe diversity was lowered
in the E. coli group compared to the control group. This was in contrast
to the group supplemented with Lactobacillus plantarum (L. plantarum)
which demonstrated increased microbe diversity and lower levels of
weight gain compared to both the control and E. coli groups, as well as
lower retroperitoneal adiposity and plasma leptin levels than the E. coli
group. This study demonstrated the effects of increased E. coli, from
conception onward, on increasing adiposity, and the effects of
L. plantarum in reducing adiposity and associated biomarkers, such as
leptin, supporting the cycle of GIT microbial changes influencing obesity
and vice versa.

5.2. LPS and endothelial dysfunction

Vascular endothelial cells line the entire cardiovascular system and
play an important role in regulating vascular tone [106]. The healthy
endothelium has a vasodilatory phenotype with low levels of reactive
oxygen species and high levels of vasodilators, such as NO which
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promotes sustained vasodilation and, therefore, increased blood flow
[74,106]. Endothelial nitric oxide synthase (eNOS) primarily synthe-
sises NO. However, the uncoupling of eNOS due to increased age or
systemic inflammation reduces NO production and increases superoxide
production concurrently, thus promoting increased oxidative stress
[106]. The overexpression of inflammatory cytokines resulting from
increased activation of TLR4 by LPS stimulates the attachment of leu-
kocytes to the endothelium [107]. This results in increased vascular
permeability, oxidative stress, and occlusion of vessels which promotes
the uncoupling of eNOS and a continued cycle of increased oxidative
stress and low-grade systemic inflammation [70,108,109]. Further, LPS-
induced activation of TLR4 promotes oxidative stress through increased
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity
[110,111]. When NADPH is reduced by NADPH oxidase, superoxide is
generated, which subsequently uncouples eNOS and reduces NO
bioavailability thereby promoting endothelial dysfunction [112]
Increased NADPH oxidase activity also reduces the bioavailability of
NADPH which is an essential co-factor for NO production, thus further
promoting oxidative stress and endothelial dysfunction [113]. Free-fatty
acids contribute to the chronic low grade systematic inflammation seen
in obesity via TLR4 activation. [114]. This activation also contributes to
chronic inflammatory conditions and obesity-related comorbidities,
such as insulin resistance and vascular dysfunction [115]. The increase
in inflammation and vascular dysfunction resulting from increased free-
fatty acid concentration in obesity is complex and involves multiple
pathways which have been reviewed in detail previously [115]. How-
ever, one of the most prevalent mechanisms by which increased free-
fatty acids contribute to endothelial dysfunction is by increasing
NAPDH oxidase activity thus increasing reactive oxygen species gener-
ation, namely superoxide, which uncouples eNOS and reduces NO
bioavailability [115,116]. Further, LPS can act independent of TLR4 to
induce inflammation in obesity [117]. Inflammatory caspases assemble
in the cytosol of epithelial cells and macrophages and can sense LPS
intracellularly and activate inflammasomes [118]. Activation of
inflammasomes leads to cell lysis and extracellular release of proin-
flammatory cytokines, such as IL-1p and IL-18, exacerbating the in-
flammatory response [119].

This causes reduced vascular compliance and increased atheroscle-
rotic formation, thus reducing systemic blood flow [78]. As this cycle
progresses, local ischaemia and microvascular haemorrhages may
result, which reduces capillary density, impairs blood-brain-barrier
integrity and function, thus reducing CBF [55,64]. Simply, reduced
endothelial function impairs the ability of the cerebrovasculature to
maintain CBF (i.e., impaired cerebrovascular function), thus resulting in
cerebral hypoperfusion and unfavourable cerebral structural and func-
tional changes leading to cognitive decline [78].

Additionally, this cycle of events can promote leukoaraiosis, micro-
glial activity and astrocyte secretions [120,121]. For example, Qin et al.
found that a single LPS intraperitoneal injection of 0.5 mg/kg activated
microglia in mice. Microglia are immune cells found in the brain that act
to clear neuronal damage [120]. Increased microglia activation is a key
in the pathogenesis of many neurodegenerative diseases, such as Alz-
heimer’s disease [120]. Therefore, LPS-induced systemic inflammation
promotes neuroinflammation and accumulation of neurotoxic mole-
cules, such as amyloid-g, as well as the reduction of molecules, such as
brain-derived neurotrophic factor (BDNF), that are responsible for
maintaining neuronal development and volume [122,123]. This further
impairs cerebrovascular function and cognition via impaired neuronal
communication and function and increases neuronal destruction
culminating in neurodegeneration and, eventually neurodegenerative
diseases, such as dementia. Hence, endothelial-derived NO is, therefore,
one of the most important signalling molecules for maintaining CBF, and
a potential target for preventing cerebrovascular and neurodegenerative
diseases [122,123].
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6. How systemic inflammation impairs gut-brain
communication

Reflex arcs are basic central nervous system responses to environ-
mental changes [124]. The nervous system reflex arc is composed of
sensory (afferent) neurons, that receive information from receptors and
send this to the central nervous system which mounts a response to the
stimuli via motor (efferent) neurons [125]. Reflex arcs are a sympathetic
nervous system response to potentially threatening situations [124]. For
example, pro-inflammatory cytokines activate afferent sensory neurons
that signal the brain which mounts an efferent response to the spleen
(target tissue), to regulate NF-kB, therefore reducing inflammation
(Fig. 5) [126,127].

The vagus nerve traverses the central nervous system to the GIT, with
thoracic and cervical afferent fibres that innervate the oesophagus,
heart, aorta and GIT [128]. The vagal afferent system can therefore
detect immune-related events in the periphery and generate autonomic,
endocrine, and behavioural responses via central nervous system reflex
pathways [128]. We have previously described these pathways [15].
Briefly, TLR4 is present in vagal nerve endings throughout the GIT
[129]. Locally, LPS activates TLR4 on the vagal nerve within the GIT
lamina propria and muscularis externa layers of the GIT [128,130].
Systemically, LPS activates the TLR4 receptors on the inferior ganglion
(nodose ganglion) of the vagus nerve [131]. Further, increased activa-
tion of the immune system due to LPS-induced GIT dysbiosis, and sub-
sequent vagus nerve activation, can enlarge the spleen (splenomegaly).
The spleen plays a key role in immune regulation and mediates the pro-
inflammatory effects of the vagus nerve in sleep-deprived mice
[132,133]. The inflammatory pathways induced by LPS have been
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shown to cause splenomegaly, as well as a depression-like phenotype,
due to increase systemic inflammation and neuroinflammation [133].
On the other hand, stimulation of afferent vagus nerve fibres by non-
pathogenic bacteria within the gut influences neurotransmitters, such
as serotonin and dopamine, therefore playing a crucial role in the
reduction of major psychiatric conditions, such as mood and anxiety
disorders [132]. This activation increases sympathetic nervous system
activities, whilst subdiaphragmatic vagotomy post LPS injection in mice
was shown to attenuate splenomegaly and reduce systemic inflamma-
tion [132]. Additionally, subdiaphragmatic vagotomy post LPS injection
in mice was reported to improve GIT microbiota composition, reduce
systemic inflammation and blocked depression-like behaviours [134],
while subdiaphragmatic vagotomy post LPS and IL-1 injection improved
food-motivated behaviours compared with mice that were not vago-
tomised [135]. Therefore, unfavourable changes in the GIT microbiota
that result in increased systemic or localised LPS, which both occur in
obesity, cause systemic inflammation and activation of the vagus nerve
innervating the lamina propria and muscularis layers of the GIT. This
can then further lead to central nervous system regulation which can
have a profound impact on the immune response, and behavioural type
disorders via vagus nerve stimulation [136].

Bercik et al. [137] induced GIT inflammation by infecting albino
mice with the non-invasive parasite Trichuris muris, which caused
anxiety-like behaviour associated with decreased hippocampal BDNF
[137]. The reduction of BDNF results in reduced neuronal growth and
neuroplasticity and has therefore been associated with dementia
development [122,138]. This, therefore, promotes inflammatory pro-
cesses in the brain and systemically could contribute to cerebrovascular
dysfunction via vagal nerve stimulation, thus exacerbating cognitive
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Fig. 5. Demonstration of the inflammatory reflex arc. The vagus nerve is the longest nerve in the body and innervates the brain, heart, liver, stomach, spleen and
intestines [128]. Gut dysbiosis, which can result from obesity and/or other chronic inflammatory conditions, typically occurs and results in an increase in gram-
negative bacteria abundant in lipopolysaccharides (LPS) [26-29]. Locally LPS binds and activates toll-like receptor 4 (TLR4) on afferent vagus nerve fibres
within the gut [130,147]. This activation creates a cascade that inreases pro-inflammatory cytokines and the immune system, namely macrophage activation [91].
This can result in a mounted peripheral respone and induce splenomegaly, which can occur due to the increased inflammation and, therefore, workload on the spleen
to perform immune modulating actions [132,133]. The spleen is one of the target tissues of the efferent vagus nerve fibres communication and, as such, acts to

downregulate inflammation [126,127].



T. Thornton et al.

decline. Therefore, this demonstrates how changes in the GIT microbiota
have been linked to memory and learning which indicate a cognitive
influence from the GIT microbiota [139].

7. Future directions

The information outlined in this review provide insights into obesity-
driven increases in LPS which cause gut dysbiosis and inflammation
which activate the immune response and precedes endothelial
dysfunction, a key underlying mechanism that leads to cardiovascular
disease and cognitive decline. Therefore, inhibition of inflammatory
mechanisms and the management of obesity can assist in reducing the
risks associated with cardiovascular and cerebrovascular complications.

Pharmacological treatments, such as atrovastatin, katamine and
melatonin and natural supplementation, such as resveratrol, have been
explored in animal models to assist in alleviation LPS-induced neuro-
inflammation, behavioural and cognitive dysfunction. Treatments that
target LPS-derived TLR4 activation, gut dysbiosis or vagus nerve stim-
ulation and its subsequent inflammatory pathways could be a potential
intervention to prevent cognitive decline. Research examining the in-
teractions by which obesity-related increases in LPS exert inflammatory
effects that lead to cognitive decline may provide novel information on
the pathogenesis of obesity-associated gut dysbiosis, increased LPS and
further clues for the development of new therapeutic strategies.

8. Conclusions

The increasing epidemic of obesity is a global health priority [53].
With the concomitant increase in worldwide neurodegenerative dis-
eases, such as dementia, it is important to examine underlying mecha-
nisms that may contribute to cognitive decline in obesity. Preliminary
evidence suggests that the GIT microbiota may play a role in cerebro-
vascular dysfunction and cognitive decline in obesity. The gut-brain axis
is a well-studied, yet emerging field of research. However, the mecha-
nisms by which increased LPS resulting from gut dysbiosis observed in
obesity result in vascular impairment and, therefore cerebrovascular
dysfunction and cognitive decline have not been fully elucidated.

Trillions of microorganisms inhabit the GIT, with the major phyla
being Firmicutes and Bacteroidetes. The structure of the human GIT, along
with the typical lean adult GIT microbiota phenotype ratio of Firmicute/
Bacteroidetes provides a unique environment that resists the ability for
opportunistic pathogens to enter systemic circulation, therefore pre-
venting inflammation and disease [28,140]. However, obesity drives
GIT microbial imbalances, which shifts the Firmicute/Bacteroidetes ratio,
allowing opportunistic bacterial growth, thus leading to increased gram-
negative bacteria containing an abundance of LPS [29]. Additionally,
the intake of a high-fat, high-carbohydrate Westernised diet, which is
associated with obesity, increases the production of chylomicrons,
which promote the transport of LPS into systemic circulation [103,104].
These GIT microbial shifts also increase GIT permeability and therefore
the passage of opportunistic pathogens to enter systemic circulation
which increases systemic inflammation [47]. These actions increase
both GIT and systemic LPS concentrations.

LPS increases cytokine production via the activation of the innate
immune system, and more specifically activation of TLR4 found on GIT
vagal nerve afferents and immune cells, such as macrophages [91]. GIT
TLR4 expression is also increased in the obese phenotype, leading
further to increased activation of TLR4 by LPS [54,56]. The activation of
TLR4 promotes inflammatory cytokine production through intracellular
mechanisms that activate MyD88 and produce inflammatory markers,
such as NF-kB, IL-1, IL-6, and IL-8 [85,91,95]. These inflammatory
markers increase systemic inflammation, causing the uncoupling of
eNOS which reduces NO production and concurrently creates increased
superoxide production [70,106,141]. This promotes oxidative stress,
further contributing to inflammation and endothelial dysfunction which
causes reduced vascular compliance, thus reducing systemic blood flow.
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Local ischaemia and microvascular haemorrhages may result, which
cause impairment to the blood-brain-barrier integrity, thus reducing
CBF. Therefore, reduced endothelial function as a result of activation of
TLR4 by LPS, impairs the ability of the cerebrovasculature to maintain
CBF, resulting in hypoperfusion and structural and functional changes in
the brain that precede cognitive decline.

Despite how LPS may contribute to the advance in cognitive decline
seen in obesity, the effect of the GIT microbiota on cognition is an
important area of research [1]. The underlying mechanism correlating
increased obesity, GIT microbiota, LPS, inflammation and cerebrovas-
cular dysfunction to cognitive decline requires further investigation.
Specifically, whether cognitive changes are driven by cerebrovascular
events influenced by the GIT microbiota, remains to be fully elucidated
[31,142]. Future studies should aim to investigate specific GIT micro-
biota changes in obesity, compared to lean phenotypes, and how this
may relate to cerebrovascular function and cognition. Analyses of GIT
microbiota concentrations and changes alongside cerebrovascular,
cognition and neuronal connectivity (the gut-brain-microbiota axis)
during obesity may assist in the development of new treatment strate-
gies to combat the growing epidemic of neurodegenerative diseases,
such as dementia.

Funding support

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

Tammy Thornton: Conceptualization, Writing — original draft,
Writing — review & editing. Dean Mills: Writing — review & editing.
Edward Bliss: Writing — review & editing.

Declaration of competing interest
None.
Acknowledgements

We would like to acknowledge the University of Southern Queens-
land for assistance in funding the production of this manuscript.

References

[1] M. Novotny, B. Klimova, M. Valis, Microbiome and cognitive impairment: can
any diets influence learning processes in a positive way? Front. Aging Neurosci.
11 (2019) 170, https://doi.org/10.3389/fnagi.2019.00170.

[2] E.A. Mayer, Gut feelings: the emerging biology of gut-brain communication, Nat.
Rev. Neurosci. 12 (2011) 453-466, https://doi.org/10.1038/nrn3071.

[3] C.A. Thaiss, N. Zmora, M. Levy, E. Elinav, The microbiome and innate immunity,
Nature 535 (2016) 65-74, https://doi.org/10.1038/nature18847.

[4] E.E. Noble, T.M. Hsu, S.E. Kanoski, Gut to brain dysbiosis: mechanisms linking
Western diet consumption, the microbiome, and cognitive impairment, Front.
Behav. Neurosci. 11 (2017) 1-10, https://doi.org/10.3389/fnbeh.2017.00009.

[5] S. Ascher, C. Reinhardt, The gut microbiota: an emerging risk factor for
cardiovascular and cerebrovascular disease, Eur. J. Immunol. 48 (2018) 564-575,
https://doi.org/10.1002/€ji.201646879.

[6] T.N. Kelly, L.A. Bazzano, N.J. Ajami, H. He, J. Zhao, J.F. Petrosino, A. Correa,
J. He, Gut microbiome associates with lifetime cardiovascular disease risk profile
among Bogalusa Heart Study participants, Circ. Res. 119 (2016) 956-964,
https://doi.org/10.1161/CIRCRESAHA.116.309219.

[7] Y. Wang, E. Song, B. Bai, P.M. Vanhoutte, Toll-like receptors mediating vascular
malfunction: lessons from receptor subtypes, Pharmacol. Ther. 158 (2016)
91-100, https://doi.org/10.1016/j.pharmthera.2015.12.005.

[8] G.A. Cresci, E. Bawden, Gut microbiome, Nutr. Clin. Pract. 30 (2015) 734-746,
https://doi.org/10.1177,/0884533615609899.

[9] M.T. Madigan, K.S. Bender, D.H. Buckley, W.M. Sattley, D.A. Stahl, Brock Biology
of Microorganisms, 2019.

[10] A.M. Mowat, Historical perspective: Metchnikoff and the intestinal microbiome,
J. Leukoc. Biol. 109 (2021) 513-517, https://doi.org/10.1002/JLB.4R10920-599.


https://doi.org/10.3389/fnagi.2019.00170
https://doi.org/10.1038/nrn3071
https://doi.org/10.1038/nature18847
https://doi.org/10.3389/fnbeh.2017.00009
https://doi.org/10.1002/eji.201646879
https://doi.org/10.1161/CIRCRESAHA.116.309219
https://doi.org/10.1016/j.pharmthera.2015.12.005
https://doi.org/10.1177/0884533615609899
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0045
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0045
https://doi.org/10.1002/JLB.4RI0920-599

T. Thornton et al.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

R. Sender, S. Fuchs, R. Milo, Revised estimates for the number of human and
bacteria cells in the body, PLoS Biol. 14 (2016), https://doi.org/10.1371/journal.
pbio.1002533.

S. Attri, S. Bansal, G. Goel, Human Gut Microbiome, Elsevier, United Kingdom,
2022.

F. Backhed, R.E. Ley, J.L. Sonnenburg, D.A. Peterson, J.I. Gordon, Host-bacterial
mutualism in the human intestine, Science 307 (2005) 1915-1920, https://doi.
org/10.1126/science.1104816.

S. Tonomura, M. Thara, R.P. Friedland, Microbiota in cerebrovascular disease: a
key player and future therapeutic target, J. Cereb. Blood Flow Metab. 40 (2020)
1368-1380, https://doi.org/10.1177/0271678x20918031.

E.S. Bliss, E. Whiteside, The gut-brain axis, the human gut microbiota and their
integration in the development of obesity, Front. Physiol. 9 (2018) 1-27, https://
doi.org/10.3389/fphys.2018.00900.

The Human Microbiome Project Consortium, A framework for human
microbiome research, Nature 486 (2012) 215-221, https://doi.org/10.1038/
naturel1209.

H.H. AboNahas, A.M.G. Darwish, H.F. Abd El-kareem, Y.H. AboNahas, S.

A. Mansour, Y.H. Korra, R.Z. Sayyed, A.M. Abdel-Azeem, E.M. Saied, Trust your
gut: The human gut microbiome in health and disease, in: R.Z. Sayyed, M. Khan
(Eds.), Microbiome-Gut-Brain Axis, Springer, Singapore, 2022, pp. 53-96.

A.C. Gomes, C. Hoffmann, J.F. Mota, The human gut microbiota: metabolism and
perspective in obesity, Gut Microbes 9 (2018) 308-325, https://doi.org/10.1080/
19490976.2018.1465157.

D. Megrian, N. Taib, J. Witwinowski, C. Beloin, S. Gribaldo, One or two
membranes? Diderm Firmicutes challenge the Gram-positive/Gram-negative
divide, Mol. Microbiol. 113 (2020) 659-671, https://doi.org/10.1111/
mmi.14469.

H.J. Flint, S.H. Duncan, Bacteroides and Prevotella, Food Sci. 1 (2014) 203-208,
https://doi.org/10.1016/b978-0-12-384730-0.00031-8.

M.C. Martinez-Cuesta, R. Del Campo, M. Garriga-Garcia, C. Pelaez, T. Requena,
Taxonomic characterization and short-chain fatty acids production of the obese
microbiota, Front. Cell. Infect. Microbiol. 11 (2021) 1-12, https://doi.org/
10.3389/fcimb.2021.598093.

L. Crovesy, D. Masterson, E.L. Rosado, Profile of the gut microbiota of adults with
obesity: a systematic review, Eur. J. Clin. Nutr. 74 (2020) 1251-1262, https://
doi.org/10.1038/541430-020-0607-6.

M. Derrien, C. Belzer, W.M. de Vos, Akkermansia muciniphila and its role in
regulating host functions, Microb. Pathog. 106 (2017) 171-181, https://doi.org/
10.1016/j.micpath.2016.02.005.

R. Riaz, S. Muhammad, J. Shi, H.M. Mehwish, J. Zhu, Q. Li, D. Shao, Q. Huang,
H. Yang, Interaction between diet composition and gut microbiota and its impact
on gastrointestinal tract health, Food Sci. Human Wellness 6 (2017) 121-130,
https://doi.org/10.1016/j.fshw.2017.07.003.

Kasai, C.; Sugimoto, K.; Moritani, I.; Tanaka, J.; Oya, Y.; Inoue, H.; Tameda, M.;
Shiraki, K.; Ito, M.; Takei, Y.; et al. Comparison of the gut microbiota composition
between obese and non-obese individuals in a Japanese population, as analyzed
by terminal restriction fragment length polymorphism and next-generation
sequencing. Biomed. Cent. Gastroenterol. 2015, 15, 100, doi:https://doi.org/10.
1186/512876-015-0330-2.

M. Aguilera, M. Cerda-Cuéllar, V. Martinez, Antibiotic-induced dysbiosis alters
host-bacterial interactions and leads to colonic sensory and motor changes in
mice, Gut Microbes 6 (2015) 10-23, https://doi.org/10.4161/
19490976.2014.990790.

J.S. Bajaj, J.M. Ridlon, P.B. Hylemon, L.R. Thacker, D.M. Heuman, S. Smith,

M. Sikaroodi, P.M. Gillevet, Linkage of gut microbiome with cognition in hepatic
encephalopathy, Am. J. Physiol. Gastrointest. Liver Physiol. 302 (2012)
G168-G175, https://doi.org/10.1152/ajpgi.00190.2011.

G.L. Davidson, A.C. Cooke, C.N. Johnson, J.L. Quinn, The gut microbiome as a
driver of individual variation in cognition and functional behaviour, Philos.
Trans. B 373 (2018) 1-12, https://doi.org/10.1098/rstb.2017.0286.

R. Nagpal, T.M. Newman, S. Wang, S. Jain, J.F. Lovato, H. Yadav, Obesity-linked
gut microbiome dysbiosis associated with derangements in gut permeability and
intestinal cellular homeostasis independent of diet, J. Diabetes Res. 2018 (2018)
1-9, https://doi.org/10.1155/2018/3462092.

D.J. Machate, P.S. Figueiredo, G. Marcelino, R.C.A. Guimaraes, P.A. Hiane,

D. Bogo, V.A.Z. Pinheiro, L.C.S. Oliveira, A. Pott, Fatty acid diets: regulation of
gut microbiota composition and obesity and its related metabolic dysbiosis, Int. J.
Mol. Sci. 21 (2020), https://doi.org/10.3390/ijms21114093.

Y.P. Silva, A. Bernardi, R.L. Frozza, The role of short-chain fatty acids from gut
microbiota in gut-brain communication, Front. Endocrinol. 11 (2020) 1-14,
https://doi.org/10.3389/fendo.2020.00025.

G. den Besten, K. van Eunen, A.K. Groen, K. Venema, D.J. Reijngoud, B.

M. Bakker, The role of short-chain fatty acids in the interplay between diet, gut
microbiota, and host energy metabolism, J. Lipid Res. 54 (2013) 2325-2340,
https://doi.org/10.1194/jlr.R036012.

A. Koh, F. De Vadder, P. Kovatcheva-Datchary, F. Backhed, From dietary fiber to
host physiology: short-chain fatty acids as key bacterial metabolites, Cell 165
(2016) 1332-1345, https://doi.org/10.1016/j.cell.2016.05.041.

L. Richards, M. Li, B.v. Esch, J. Garssen, G. Folkerts, The effects of short-chain
fatty acids on the cardiovascular system, PharmaNutrition 4 (2016) 68-111,
https://doi.org/10.1016/j.phanu.2016.02.001.

H. Yoshida, M. Ishii, M. Akagawa, Propionate suppresses hepatic gluconeogenesis
via GPR43/AMPK signaling pathway, Arch. Biochem. Biophys. 672 (2019) 1-13,
https://doi.org/10.1016/j.abb.2019.07.022.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Life Sciences 336 (2024) 122337

1. Rowland, G. Gibson, A. Heinken, K. Scott, J. Swann, I. Thiele, K. Tuohy, Gut
microbiota functions: metabolism of nutrients and other food components, Eur. J.
Nutr. 57 (2018) 1-24, https://doi.org/10.1007/500394-017-1445-8.

H. Zafar, M.H. Saier Jr., Gut Bacteroides species in health and disease, Gut
Microbes 13 (2021) 1-20, https://doi.org/10.1080/19490976.2020.1848158.

P. Louis, P. Young, G. Holtrop, H.J. Flint, Diversity of human colonic butyrate-
producing bacteria revealed by analysis of the butyryl-CoA: acetate co-A-
transferase gene, Environ. Microbiol. 12 (2010) 304-314, https://doi.org/
10.1111/j.1462-2920.2009.02066.x.

A. Hayashi, H. Nagao-Kitamoto, S. Kitamoto, C.H. Kim, N. Kamada, The butyrate-
producing bacterium Clostridium butyricum suppresses Clostridioides difficile
infection via neutrophil- and antimicrobial cytokine-dependent but GPR43/109a-
independent mechanisms, J. Immunol. 206 (2021) 1576-1585, https://doi.org/
10.4049/jimmunol.2000353.

S. Pinhal, D. Ropers, J. Geiselmannm, H. de Jong, Acetate metabolism and the
inhibition of bacterial growth by acetate, J. Bacteriol. 13 (2019) 1-19, https://
doi.org/10.1128/JB.00147-19.

M. Sahuri-Arisoylu, L.P. Brody, J.R. Parkinson, H. Parkes, N. Navaratnam, A.

D. Miller, E.L. Thomas, G. Frost, J.D. Bell, Reprogramming of hepatic fat
accumulation and ‘browning’ of adipose tissue by the short-chain fatty acid
acetate, Int. J. Obes. 40 (2016) 955-963, https://doi.org/10.1038/ij0.2016.23.
M. Luu, A. Visekruna, Short-chain fatty acids: bacterial messengers modulating
the immunometabolism of T cells, Eur. J. Immunol. 49 (2019) 842-848, https://
doi.org/10.1002/eji.201848009.

J. Park, M. Kim, S.G. Kang, A.H. Jannasch, B. Cooper, J. Patterson, C.H. Kim,
Short-chain fatty acids induce both effector and regulatory T cells by suppression
of histone deacetylases and regulation of the mTOR-S6K pathway, Mucosal
Immunol. 8 (2015) 80-93, https://doi.org/10.1038/mi.2014.44.

S.H. Duncan, A.J. Richardson, P. Kaul, R.P. Holmes, M.J. Allison, C.S. Stewart,
Oxalobacter formigenes and its potential role in human health, Appl. Environ.
Microbiol. 68 (2002) 3841-3847, https://doi.org/10.1128/AEM.68.8.3841-
3847.2002.

M. Gall, M. Thomsen, C. Peters, I.V. Pavlidis, P. Jonczyk, P.P. Grunert, S. Beutel,
T. Scheper, E. Gross, M. Backes, et al., Enzymatic conversion of flavonoids using
bacterial chalcone isomerase and enoate reductase, J. Bacteriol. 53 (2014)
1439-1442, https://doi.org/10.1002/anie.201306952.

B. Stecher, W.D. Hardt, Mechanisms controlling pathogen colonization of the gut,
Curr. Opin. Microbiol. 14 (2011) 82-91, https://doi.org/10.1016/j.
mib.2010.10.003.

M.J. Saad, A. Santos, P.O. Prada, Linking gut microbiota and inflammation to
obesity and insulin resistance, Physiology (Bethesda) 31 (2016) 283-293, https://
doi.org/10.1152/physiol.00041.2015.

J.K. Goodrich, J.L. Waters, A.C. Poole, J.L. Sutter, O. Koren, R. Blekhman,

M. Beaumont, W. Van Treuren, R. Knight, J.T. Bell, et al., Human genetics shape
the gut microbiome, Cell 159 (2014) 789-799, https://doi.org/10.1016/].
cell.2014.09.053.

C.A. Lozupone, J.I. Stombaugh, J.I. Gordon, J.K. Jansson, R. Knight, Diversity,
stability and resilience of the human gut microbiota, Nature 489 (2012) 220-230,
https://doi.org/10.1038/nature11550.

R. Singh, H. Zogg, L. Wei, A. Bartlett, U.C. Ghoshal, S. Rajender, S. Ro, Gut
microbial dysbiosis in the pathogenesis of gastrointestinal dysmotility and
metabolic disorders, J. Neurogastroenterol. Motil. 27 (2021) 19-34, https://doi.
org/10.5056/jnm20149.

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

B. Caballero, Humans against obesity: who will win? Adv. Nutr. 10 (2019) S4-S9,
https://doi.org/10.1093/advances/nmy055.

World Health Organization, Obesity and Overweight, Available online, https://
www.who.int/news-room/fact-sheets/detail/obesity-and-overweight. (Accessed
22 July 2022).

K.C. Willeumier, D.V. Taylor, D.G. Amen, Elevated BMI is associated with
decreased blood flow in the prefrontal cortex using SPECT imaging in healthy
adults, Obesity 19 (2011) 1095-1097, https://doi.org/10.1038/0by.2011.16.

M. Million, E. Angelakis, M. Maraninchi, M. Henry, R. Giorgi, R. Valero,

B. Vialettes, D. Raoult, Correlation between body mass index and gut
concentrations of Lactobacillus reuteri, Bifidobacterium animalis, Methanobrevibacter
smithii and Escherichia coli, Int. J. Obes. 37 (2013) 1460-1466, https://doi.org/
10.1038/ij0.2013.20.

J.C.D. Nguyen, A.S. Killcross, T.A. Jenkins, Obesity and cognitive decline: role of
inflammation and vascular changes, Front. Neurosci. 8 (2014) 1-9, https://doi.
org/10.3389/fnins.2014.00375.

C.B. de La Serre, C.L. Ellis, J. Lee, A.L. Hartman, J.C. Rutledge, H.E. Raybould,
Propensity to high-fat diet-induced obesity in rats is associated with changes in
the gut microbiota and gut inflammation, Am. J. Physiol. Gastrointest. Liver
Physiol. 299 (2010) G440-G448, https://doi.org/10.1152/ajpgi.00098.2010.

L. Heinbockel, L. Palacios-Chaves, C. Alexander, E. Rietschel, J. Behrends,

W. Correa, S. Fukuoka, T. Gutsmann, A.J. Ulmer, K. Brandenburg, Mechanism of
Hbgamma-35-induced an increase in the activation of the human immune system
by endotoxins, Innate Immun. 21 (2015) 305-313, https://doi.org/10.1177/
1753425914535957.

L. Heinbockel, S. Sanchez-Gomez, G. Martinez de Tejada, S. Domming,

J. Brandenburg, Y. Kaconis, M. Hornef, A. Dupont, S. Marwitz, T. Goldmann, et
al., Preclinical investigations reveal the broad-spectrum neutralizing activity of


https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0060
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0060
https://doi.org/10.1126/science.1104816
https://doi.org/10.1126/science.1104816
https://doi.org/10.1177/0271678x20918031
https://doi.org/10.3389/fphys.2018.00900
https://doi.org/10.3389/fphys.2018.00900
https://doi.org/10.1038/nature11209
https://doi.org/10.1038/nature11209
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0085
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0085
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0085
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0085
https://doi.org/10.1080/19490976.2018.1465157
https://doi.org/10.1080/19490976.2018.1465157
https://doi.org/10.1111/mmi.14469
https://doi.org/10.1111/mmi.14469
https://doi.org/10.1016/b978-0-12-384730-0.00031-8
https://doi.org/10.3389/fcimb.2021.598093
https://doi.org/10.3389/fcimb.2021.598093
https://doi.org/10.1038/s41430-020-0607-6
https://doi.org/10.1038/s41430-020-0607-6
https://doi.org/10.1016/j.micpath.2016.02.005
https://doi.org/10.1016/j.micpath.2016.02.005
https://doi.org/10.1016/j.fshw.2017.07.003
https://doi.org/10.1186/s12876-015-0330-2
https://doi.org/10.1186/s12876-015-0330-2
https://doi.org/10.4161/19490976.2014.990790
https://doi.org/10.4161/19490976.2014.990790
https://doi.org/10.1152/ajpgi.00190.2011
https://doi.org/10.1098/rstb.2017.0286
https://doi.org/10.1155/2018/3462092
https://doi.org/10.3390/ijms21114093
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1016/j.phanu.2016.02.001
https://doi.org/10.1016/j.abb.2019.07.022
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1080/19490976.2020.1848158
https://doi.org/10.1111/j.1462-2920.2009.02066.x
https://doi.org/10.1111/j.1462-2920.2009.02066.x
https://doi.org/10.4049/jimmunol.2000353
https://doi.org/10.4049/jimmunol.2000353
https://doi.org/10.1128/JB.00147-19
https://doi.org/10.1128/JB.00147-19
https://doi.org/10.1038/ijo.2016.23
https://doi.org/10.1002/eji.201848009
https://doi.org/10.1002/eji.201848009
https://doi.org/10.1038/mi.2014.44
https://doi.org/10.1128/AEM.68.8.3841-3847.2002
https://doi.org/10.1128/AEM.68.8.3841-3847.2002
https://doi.org/10.1002/anie.201306952
https://doi.org/10.1016/j.mib.2010.10.003
https://doi.org/10.1016/j.mib.2010.10.003
https://doi.org/10.1152/physiol.00041.2015
https://doi.org/10.1152/physiol.00041.2015
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1038/nature11550
https://doi.org/10.5056/jnm20149
https://doi.org/10.5056/jnm20149
https://doi.org/10.1073/pnas.0706625104
https://doi.org/10.1093/advances/nmy055
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1038/oby.2011.16
https://doi.org/10.1038/ijo.2013.20
https://doi.org/10.1038/ijo.2013.20
https://doi.org/10.3389/fnins.2014.00375
https://doi.org/10.3389/fnins.2014.00375
https://doi.org/10.1152/ajpgi.00098.2010
https://doi.org/10.1177/1753425914535957
https://doi.org/10.1177/1753425914535957

T. Thornton et al.

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

peptide Pep19-2.5 on bacterial pathogenicity factors, Antimicrob. Agents
Chemother. 57 (2013) 1480-1487, https://doi.org/10.1128/AAC.02066-12.

P. Tounian, Y. Aggoun, B. Dubern, V. Varille, B. Guy-Grand, D. Sidi, J.-

P. Girardet, D. Bonnet, Presence of increased stiffness of the common carotid
artery and endothelial dysfunction in severely obese children: a prospective
study, Lancet 358 (2001) 1400-1404, https://doi.org/10.1016/s50140-6736(01)
06525-4.

R.M. Kappus, C.A. Fahs, D. Smith, G.P. Horn, S. Agiovlasitis, L. Rossow, S.Y. Jae,
K.S. Heffernan, B. Fernhall, Obesity and overweight associated with increased
carotid diameter and decreased arterial function in young otherwise healthy men,
Am. J. Hypertens. 27 (2013) 628-634, https://doi.org/10.1093/ajh/hpt152.
Y.S. Chatzizisis, A.U. Coskun, M. Jonas, E.R. Edelman, C.L. Feldman, P.H. Stone,
Role of endothelial shear stress in the natural history of coronary atherosclerosis
and vascular remodeling, J. Am. Coll. Cardiol. 49 (2007) 2379-2393, https://doi.
0rg/10.1016/j.jacc.2007.02.059.

A. Koyama, J. O’Brien, J. Weuve, D. Blacker, A.L. Metti, K. Yaffe, The role of
peripheral inflammatory markers in dementia and Alzheimer’s disease: a meta-
analysis, J. Gerontol. Med. Sci. 68 (2013) 433-440, https://doi.org/10.1093/
gerona/gls187.

E.S. Bliss, R.H.X. Wong, P.R.C. Howe, D.E. Mills, Benefits of exercise training on
cerebrovascular and cognitive function in ageing, J. Cereb. Blood Flow Metab. 41
(2021) 447-470, https://doi.org/10.1177/0271678X20957807.

L.R. Clark, M. Zuelsdorff, D. Norton, S.C. Johnson, M.F. Wyman, L.M. Hancock, C.
M. Carlsson, S. Asthana, S. Flowers-Benton, C.E. Gleason, et al., Association of
cardiovascular risk factors with cerebral perfusion in whites and African
Americans, J. Alzheimers Dis. 75 (2020) 649-660, https://doi.org/10.3233/jad-
190360.

K. Honjo, S.E. Black, N.P. Verhoeff, Alzheimer’s disease, cerebrovascular disease,
and the beta-amyloid cascade, Can. J. Neurol. Sci. 39 (2012) 712-728, https://
doi.org/10.1017/s0317167100015547.

W.M. Armstead, Cerebral blood flow autoregulation and dysautoregulation,
Anesthesiol. Clin. 34 (2016) 465-477, https://doi.org/10.1016/j.
anclin.2016.04.002.

F. Schmid, M.J.P. Barrett, J. Patrick, B. Weber, Vascular density and distribution
in neocortex, NeuroImage 197 (2019) 792-805, https://doi.org/10.1016/j.
neuroimage.2017.06.046.

C.Y. Xing, T. Tarumi, J. Liu, Y. Zhang, M. Turner, J. Riley, C.D. Tinajero, L.

J. Yuan, R. Zhang, Distribution of cardiac output to the brain across the adult
lifespan, J. Cereb. Blood Flow Metab. 37 (2017) 2848-2856, https://doi.org/
10.1177/0271678X16676826.

P. Toth, S. Tarantini, A. Csiszar, Z. Ungvari, Functional vascular contributions to
cognitive impairment and dementia: mechanisms and consequences of cerebral
autoregulatory dysfunction, endothelial impairment, and neurovascular
uncoupling in aging, Am. J. Physiol. Heart Circ. Physiol. 312 (2017) H1-H20,
https://doi.org/10.1152/ajpheart.00581.2016.

L.R. Caplan, J. Biller, M.C. Leary, E.H. Lo, A.J. Thomas, M. Yenari, J.H. Zhang
(Eds.), Primer on Cerebrovascular Diseases, 2nd ed., Elsevier, United Kingdom,
2017.

P. Gyawali, T.P. Lillicrap, S. Tomari, A. Bivard, E. Holliday, M. Parsons, C. Levi,
C. Garcia-Esperon, N. Spratt, Whole blood viscosity is associated with baseline
cerebral perfusion in acute ischemic stroke, Neurol. Sci. 43 (2022) 2375-2381,
https://doi.org/10.1007/s10072-021-05666-5.

Y.-C. Tzeng, P.N. Ainslie, Blood pressure regulation IX: cerebral autoregulation
under blood pressure challenges, Eur. J. Appl. Physiol. 114 (2014) 545-559,
https://doi.org/10.1007/500421-013-2667-y.

S. Duchemin, M. Boily, N. Sadekova, H. Girouard, The complex contribution of
NOS interneurons in the physiology of cerebrovascular regulation, Front. Neural
Circuits 6 (2012) 1-19, https://doi.org/10.3389/fncir.2012.00051.

C.T. Drake, C. Iadecola, The role of neuronal signaling in controlling cerebral
blood flow, Brain Lang. 102 (2007) 141-152, https://doi.org/10.1016/j.
bandl.2006.08.002.

M. Kivipelto, F. Mangialasche, T. Ngandu, Lifestyle interventions to prevent
cognitive impairment, dementia and Alzheimer disease, Nat. Rev. Neurol. 14
(2018) 653-666, https://doi.org/10.1038/s41582-018-0070-3.

F. Morys, M. Dadar, A. Dagher, Association between midlife obesity and its
metabolic consequences, cerebrovascular disease, and cognitive decline, J. Clin.
Endocrinol. Metab. 106 (2021) e4260-e4274, https://doi.org/10.1210/clinem/
dgab135.

P. Balasubramanian, T. Kiss, S. Tarantini, A. Nyul-Toth, C. Ahire,

A. Yabluchanskiy, T. Csipo, A. Lipecz, A. Tabak, A. Institoris, et al., Obesity-
induced cognitive impairment in older adults: a microvascular perspective, Am. J.
Physiol. Heart Circ. Physiol. 320 (2021) H740-H761, https://doi.org/10.1152/
ajpheart.00736.2020.

Z. Fatehi-Hassanabad, C.B. Chan, B.L. Furman, Reactive oxygen species and
endothelial function in diabetes, Eur. J. Pharmacol. 636 (2010) 8-17, https://doi.
org/10.1016/j.ejphar.2010.03.048.

L. Olsthoorn, D. Vreeken, A.J. Kiliaan, Gut microbiome, inflammation, and
cerebrovascular function: link between obesity and cognition, Front. Neurosci. 15
(2021), https://doi.org/10.3389/fnins.2021.761456.

D.R. Seals, K.L. Jablonski, A.J. Donato, Aging and vascular endothelial function in
humans, Clin. Sci. 120 (2011) 357-375, https://doi.org/10.1042/CS20100476.
J. Zhu, W. Song, L. Li, X. Fan, Endothelial nitric oxide synthase: a potential
therapeutic target for cerebrovascular diseases, Mol. Brain 9 (2016) 1-8, https://
doi.org/10.1186/s13041-016-0211-9.

10

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]
[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Life Sciences 336 (2024) 122337

L. Mazgaeen, P. Gurung, Recent advances in lipopolysaccharide recognition
systems, Int. J. Mol. Sci. 21 (2020) 1-18, https://doi.org/10.3390/
ijms21020379.

G. Muscogiuri, E. Cantone, S. Cassarano, D. Tuccinardi, L. Barrea, S. Savastano,
A. Colao, Gut microbiota: a new path to treat obesity, Int. J. Obes. Suppl. 9 (2019)
10-19, https://doi.org/10.1038/541367-019-0011-7.

C.R. Raetz, C. Whitfield, Lipopolysaccharide endotoxins, Annu. Rev. Biochem. 71
(2002) 635-700, https://doi.org/10.1146/annurev.biochem.71.110601.135414.
J. Wang, W. Ma, Y. Fang, H. Liang, H. Yang, Y. Wang, X. Dong, Y. Zhan, X. Wang,
Core oligosaccharide portion of lipopolysaccharide plays important roles in
multiple antibiotic resistance in Escherichia coli, Am. Soc. Microbiol. 65 (2021)
1-14, https://doi.org/10.1128/AAC.00341-21.

Y. Sun, D. Shang, Inhibitory effects of antimicrobial peptides on
lipopolysaccharide-induced inflammation, Mediat. Inflamm. 2015 (2015) 1-8,
https://doi.org/10.1155/2015/167572.

C.I. van der Made, A. Hoischen, M.G. Netea, F.L. van de Veerdonk, Primary
immunodeficiencies in cytosolic pattern-recognition receptor pathways: toward
host-directed treatment strategies, Immunol. Rev. 297 (2020) 247-272, https://
doi.org/10.1111/imr.12898.

X. Wang, P.J. Quinn, Endotoxins: lipopolysaccharides of gram-negative bacteria,
Subcell. Biochem. 53 (2010) 3-25, https://doi.org/10.1007/978-90-481-9078-2_
1.

Y.C. Lu, W.C. Yeh, P.S. Ohashi, LPS/TLR4 signal transduction pathway, Cytokine
42 (2008) 145-151, https://doi.org/10.1016/j.cyto.2008.01.006.

S. Akira, S. Uematsu, O. Takeuchi, Pathogen recognition and innate immunity,
Cell 124 (2006) 783-801, https://doi.org/10.1016/j.cell.2006.02.015.

L.A.J. O’Neill, C.A. Dinarello, The IL-1 receptor/toll-like receptor superfamily:
crucial receptors for inflammation and host defence, Immunol. Today 21 (2000)
206-209, https://doi.org/10.1126/stke.2003.171.re3.

J. Deguine, G.M. Barton, MyD88: a central player in innate immune signaling,
F1000 Prim. Rep. 6 (2014) 1-7, https://doi.org/10.12703/p6-97.

T.W. Kim, K. Staschke, K. Bulek, J. Yao, K. Peters, K.H. Oh, Y. Vandenburg,

H. Xiao, W. Qian, T. Hamilton, et al., A critical role for IRAK4 kinase activity in
Toll-like receptor-mediated innate immunity, J. Exp. Med. 204 (2007)
1025-1036, https://doi.org/10.1084/jem.20061825.

A. Kowalczyk, P. Kleniewska, M. Kolodziejczyk, B. Skibska, A. Goraca, The role of
endothelin-1 and endothelin receptor antagonists in inflammatory response and
sepsis, Arch. Immunol. Ther. Exp. (Warsz) 63 (2015) 41-52, https://doi.org/
10.1007/5s00005-014-0310-1.

M.S. Ellulu, H. Khaza’ai, A. Rahmat, I. Patimah, Y. Abed, Obesity can predict and
promote systemic inflammation in healthy adults, Int. J. Cardiol. 215 (2016)
318-324, https://doi.org/10.1016/j.ijcard.2016.04.089.

S. Zhu, Y. Jiang, K. Xu, M. Cui, W. Ye, G. Zhao, L. Jin, X. Chen, The progress of gut
microbiome research related to brain disorders, J. Neuroinflammation 17 (2020)
1-20, https://doi.org/10.1186/s12974-020-1705-z.

J.M. Wells, R.J. Brummer, M. Derrien, T.T. MacDonald, F. Troost, P.D. Cani,

V. Theodorou, J. Dekker, A. Meheust, W.M. de Vos, et al., Homeostasis of the gut
barrier and potential biomarkers, Am. J. Physiol. Gastrointest. Liver Physiol. 312
(2017) G171-G193, https://doi.org/10.1152/ajpgi.00048.2015.

R. Caesar, V. Tremaroli, P. Kovatcheva-Datchary, P.D. Cani, F. Backhed, Crosstalk
between gut microbiota and dietary lipids aggravates WAT inflammation through
TLR signaling, Cell Metab. 22 (2015) 658-668, https://doi.org/10.1016/j.
cmet.2015.07.026.

M. Stephens, P.Y. von der Weid, Lipopolysaccharides modulate intestinal
epithelial permeability and inflammation in a species-specific manner, Gut
Microbes 11 (2020) 421-432, https://doi.org/10.1080/
19490976.2019.1629235.

P.D. Cani, J. Amar, M.A. Iglesias, M. Poggi, C. Knauf, D. Bastelica, A.M. Neyrinck,
F. Fava, K.M. Tuohy, C. Chabo, et al., Metabolic endotoxemia initiates obesity and
insulin resistance, Diabetes 56 (2007) 1761-1772, https://doi.org/10.2337/
db06-1491.

L.G. Hersoug, P. Mgller, S. Loft, Role of microbiota-derived lipopolysaccharide in
adipose tissue inflammation, adipocyte size and pyroptosis during obesity, Nutr.
Res. Rev. 31 (2018) 153-163, https://doi.org/10.1017/50954422417000269.
G.H. Tomkin, D. Owens, The chylomicron: relationship to atherosclerosis, J. Vasc.
Med. 2012 (2012) 1-13, https://doi.org/10.1155/2012/784536.

S. Ghoshal, J. Witta, J. Zhong, W. de Villiers, E. Eckhardt, Chylomicrons promote
intestinal absorption of lipopolysaccharides, J. Lipid Res. 50 (2009) 90-97,
https://doi.org/10.1194/jlr.M800156-JLR200.

C.L. Karlsson, G. Molin, F. Fak, M.L. Johansson Hagslatt, M. Jakesevic,

A. Hakansson, B. Jeppsson, B. Westrom, S. Ahrne, Effects on weight gain and gut
microbiota in rats given bacterial supplements and a high-energy-dense diet from
fetal life through to 6 months of age, Br. J. Nutr. 106 (2011) 887-895, https://
doi.org/10.1017/S0007114511001036.

P. Rajendran, T. Rengarajan, J. Thangavel, Y. Nishigaki, D. Sakthisekaran,

G. Sethi, I. Nishigaki, The vascular endothelium and human diseases, Int. J. Biol.
Sci. 9 (2013) 1057-1069, https://doi.org/10.7150/ijbs.7502.

H. Yamada, M. Yoshida, Y. Nakano, T. Suganami, N. Satoh, T. Mita, K. Azuma,
M. Itoh, Y. Yamamoto, Y. Kamei, et al., In vivo and in vitro inhibition of monocyte
adhesion to endothelial cells and endothelial adhesion molecules by
eicosapentaenoic acid, Arterioscler. Thromb. Vasc. Biol. 28 (2008) 2173-2179,
https://doi.org/10.1161/ATVBAHA.108.171736.

N. Ouchi, J.L. Parker, J.J. Lugus, K. Walsh, Adipokines in inflammation and
metabolic disease, Nat. Rev. Immunol. 11 (2011) 85-97, https://doi.org/
10.1038/nri2921.


https://doi.org/10.1128/AAC.02066-12
https://doi.org/10.1016/s0140-6736(01)06525-4
https://doi.org/10.1016/s0140-6736(01)06525-4
https://doi.org/10.1093/ajh/hpt152
https://doi.org/10.1016/j.jacc.2007.02.059
https://doi.org/10.1016/j.jacc.2007.02.059
https://doi.org/10.1093/gerona/gls187
https://doi.org/10.1093/gerona/gls187
https://doi.org/10.1177/0271678X20957807
https://doi.org/10.3233/jad-190360
https://doi.org/10.3233/jad-190360
https://doi.org/10.1017/s0317167100015547
https://doi.org/10.1017/s0317167100015547
https://doi.org/10.1016/j.anclin.2016.04.002
https://doi.org/10.1016/j.anclin.2016.04.002
https://doi.org/10.1016/j.neuroimage.2017.06.046
https://doi.org/10.1016/j.neuroimage.2017.06.046
https://doi.org/10.1177/0271678X16676826
https://doi.org/10.1177/0271678X16676826
https://doi.org/10.1152/ajpheart.00581.2016
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0350
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0350
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0350
https://doi.org/10.1007/s10072-021-05666-5
https://doi.org/10.1007/s00421-013-2667-y
https://doi.org/10.3389/fncir.2012.00051
https://doi.org/10.1016/j.bandl.2006.08.002
https://doi.org/10.1016/j.bandl.2006.08.002
https://doi.org/10.1038/s41582-018-0070-3
https://doi.org/10.1210/clinem/dgab135
https://doi.org/10.1210/clinem/dgab135
https://doi.org/10.1152/ajpheart.00736.2020
https://doi.org/10.1152/ajpheart.00736.2020
https://doi.org/10.1016/j.ejphar.2010.03.048
https://doi.org/10.1016/j.ejphar.2010.03.048
https://doi.org/10.3389/fnins.2021.761456
https://doi.org/10.1042/CS20100476
https://doi.org/10.1186/s13041-016-0211-9
https://doi.org/10.1186/s13041-016-0211-9
https://doi.org/10.3390/ijms21020379
https://doi.org/10.3390/ijms21020379
https://doi.org/10.1038/s41367-019-0011-7
https://doi.org/10.1146/annurev.biochem.71.110601.135414
https://doi.org/10.1128/AAC.00341-21
https://doi.org/10.1155/2015/167572
https://doi.org/10.1111/imr.12898
https://doi.org/10.1111/imr.12898
https://doi.org/10.1007/978-90-481-9078-2_1
https://doi.org/10.1007/978-90-481-9078-2_1
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1126/stke.2003.171.re3
https://doi.org/10.12703/p6-97
https://doi.org/10.1084/jem.20061825
https://doi.org/10.1007/s00005-014-0310-1
https://doi.org/10.1007/s00005-014-0310-1
https://doi.org/10.1016/j.ijcard.2016.04.089
https://doi.org/10.1186/s12974-020-1705-z
https://doi.org/10.1152/ajpgi.00048.2015
https://doi.org/10.1016/j.cmet.2015.07.026
https://doi.org/10.1016/j.cmet.2015.07.026
https://doi.org/10.1080/19490976.2019.1629235
https://doi.org/10.1080/19490976.2019.1629235
https://doi.org/10.2337/db06-1491
https://doi.org/10.2337/db06-1491
https://doi.org/10.1017/s0954422417000269
https://doi.org/10.1155/2012/784536
https://doi.org/10.1194/jlr.M800156-JLR200
https://doi.org/10.1017/S0007114511001036
https://doi.org/10.1017/S0007114511001036
https://doi.org/10.7150/ijbs.7502
https://doi.org/10.1161/ATVBAHA.108.171736
https://doi.org/10.1038/nri2921
https://doi.org/10.1038/nri2921

T. Thornton et al.

[109]

[110]

[111]

[112]

[113]
[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]
[125]

[126]

[127]

[128]

[129]

[130]

[131]

Y.M. Yang, A. Huang, G. Kaley, D. Sun, eNOS uncoupling and endothelial
dysfunction in aged vessels, Am. J. Physiol. Heart Circ. Physiol. 297 (2009)
H1829-H1836, https://doi.org/10.1152/ajpheart.00230.2009.

A. Grylls, K. Seidler, J. Neil, Link between microbiota and hypertension: focus on
LPS/TLR4 pathway in endothelial dysfunction and vascular inflammation, and
therapeutic implication of probiotics, Biomed. Pharmacother. 137 (2021),
111334, https://doi.org/10.1016/j.biopha.2021.111334.

Y. Wang, M.X. Zhang, X. Meng, F.Q. Liu, G.S. Yu, C. Zhang, T. Sun, X.P. Wang,
L. Li, Y.Y. Wang, et al., Atorvastatin suppresses LPS-induced rapid upregulation of
Toll-like receptor 4 and its signaling pathway in endothelial cells, Am. J. Physiol.
Heart Circ. Physiol. 300 (2011) H1743-H1752, https://doi.org/10.1152/
ajpheart.01335.2008.

Y. Higashi, K. Noma, M. Yshizumi, Y. Kihara, Endothelial function and oxidative
stress in cardiovascular diseases, Circ. J. 73 (2009) 411-418, https://doi.org/
10.1253/circj.cj-08-1102.

P. Vallance, N. Chan, Endothelial function and nitric oxide: clinical relevance,
Educ. Heart. 85 (2001) 342-350, https://doi.org/10.1136/heart.85.3.342.

A.B. Engin, Obesity and lipotoxicity, Adv. Exp. Med. Biol. 960 (2017), https://doi.
org/10.1007/978-3-319-48382-5.

A. Ghosh, L. Gao, A. Thakur, P.M. Siu, C.W.K. Lai, Role of free fatty acids in
endothelial dysfunction, J. Biomed. Sci. 24 (2017) 50, https://doi.org/10.1186/
$§12929-017-0357-5.

G.C. Henderson, Plasma free fatty acid concentration as a modifiable risk factor
for metabolic disease, Nutrients 13 (2021), https://doi.org/10.3390/
nul3082590.

Z. Erlich, I. Shlomovitz, L. Edry-Botzer, H. Cohen, D. Frank, H. Wang, A.M. Lew,
K.E. Lawlor, Y. Zhan, J.E. Vince, et al., Macrophages, rather than DCs, are
responsible for inflammasome activity in the GM-CSF BMDC model, Nat.
Immunol. 20 (2019) 397-406, https://doi.org/10.1038/s41590-019-0313-5.
M.L. Elizagaray, M.T.R. Gomes, E.S. Guimaraes, M. Rumbo, D.F. Hozbor, S.

C. Oliveira, G. Moreno, Canonical and non-canonical inflammasome activation by
outer membrane vesicles derived from Bordetella pertussis, Front. Immunol. 2020
(1879) 11, https://doi.org/10.3389/fimmu.2020.01879.

F.J. Herman, G.M. Pasinetti, Principles of inflammasome priming and inhibition:
implications for psychiatric disorders, Brain Behav. Immunol. 73 (2018) 66-84,
https://doi.org/10.1016/j.bbi.2018.06.010.

S. Hickman, S. Izzy, P. Sen, L. Morsett, J. El Khoury, Microglia in
neurodegeneration, Nat. Neurosci. 21 (2018) 1359-1369, https://doi.org/
10.1038/541593-018-0242-x.

M. Zupan, M. Sabovic, M. Zaletel, K.S. Popovic, B. Zvan, The presence of cerebral
and/or systemic endothelial dysfunction in patients with leukoaraiosis - a case
control pilot study, Biomed. Cent. Neurol. 15 (2015) 158, https://doi.org/
10.1186/512883-015-0416-z.

S. Vaynman, Z. Ying, F. Gomez-Pinilla, Hippocampal BDNF mediates the efficacy
of exercise on synaptic plasticity and cognition, Eur. J. Neurosci. 20 (2004)
2580-2590, https://doi.org/10.1111/j.1460-9568.2004.03720.x.

A. Verkhratsky, M. Matteoli, V. Parpura, J.P. Mothet, R. Zorec, Astrocytes as
secretory cells of the central nervous system: idiosyncrasies of vesicular secretion,
EMBO J. 35 (2016) 239-257, https://doi.org/10.15252/embj.201592705.

K.T. Patton, G.A. Thibodeau, Anatomy & Physiology, 9th ed., Elsevier, Missouri,
2016.

G.D. Thomas, Neural control of the circulation, Adv. Physiol. Educ. 35 (2011)
28-32, https://doi.org/10.1152/advan.00114.2010.

L.E. Goehler, R.P. Gaykema, M.K. Hansen, K. Anderson, S.F. Maier, L.R. Watkins,
Vagal immune-to-brain communication: a visceral chemosensory pathway,
Auton. Neurosci. 85 (2000) 49-59, https://doi.org/10.1016/5s1566-0702(00)
00219-8.

K.J. Tracey, Reflex control of immunity, Nat. Rev. Immunol. 9 (2009) 418-428,
https://doi.org/10.1038/nri2566.

H.R. Berthoud, W.L. Neuhuber, Functional and chemical anatomy of the afferent
vagal system, Auton. Neurosci. 85 (2000) 1-17, https://doi.org/10.1016/51566-
0702(00)00215-0.

T. Hosoi, Y. Okuma, T. Matsuda, Y. Nomura, Novel pathway for LPS-induced
afferent vagus nerve activation: possible role of nodose ganglion, Auton.
Neurosci. 120 (2005) 104-107, https://doi.org/10.1016/j.autneu.2004.11.012.
E. Sundman, P.S. Olofsson, Neural control of the immune system, Adv. Physiol.
Educ. 38 (2014) 135-139, https://doi.org/10.1152/advan.00094.2013.

G. de Lartigue, C.B. de la Serre, E. Espero, J. Lee, H.E. Raybould, Diet-induced
obesity leads to the development of leptin resistance in vagal afferent neurons,

11

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

Life Sciences 336 (2024) 122337

Am. J. Physiol. Endocrinol. Metab. 301 (2011) E187-E195, https://doi.org/
10.1152/ajpendo.00056.2011.

Y. Zhang, B. Xie, X. Chen, J. Zhang, S. Yuan, A key role of gut microbiota-vagus
nerve/spleen axis in sleep deprivation-mediated aggravation of systemic
inflammation after LPS administration, Life Sci. 265 (2021), 118736, https://doi.
org/10.1016/j.1fs.2020.118736.

L. Ma, J. Zhang, Y. Fyjita, H. Shinno-Hashimoto, J. Shan, X. Wan, Y. Qu, L. Chang,
X. Wang, K. Hashimoto, Effects of spleen nerve denervation on depression-like
phenotype, systemic inflammation, and abnormal composition of gut microbiota
in mice after administration of lipopolysaccharide: a role of brain-spleen axis,

J. Affect. Disord. 317 (2022) 156-165, https://doi.org/10.1016/j.
jad.2022.08.087.

Y. Yang, A. Eguchi, X. Wan, L. Chang, X. Wang, Y. Qu, C. Mori, K. Hashimoto,
A role of gut-microbiota-brain axis via subdiaphragmatic vagus nerve in
depression-like phenotypes in Chrna7 knock-out mice, Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 120 (2023), 110652, https://doi.org/
10.1016/j.pnpbp.2022.110652.

J.-L. Bret-Dibat, R.-M. Bluthe, S. Kent, K.W. Kelly, R. Dantzer, Lipopolysaccharide
and Interleukin-1 depress food-motivated behavior in mice by vagaul-mediated
mechanism, Brain Behav. Immun. 9 (1995), https://doi.org/10.1006/
brbi.1995.1023.

B.O. Bratton, D. Martelli, M.J. McKinley, D. Trevaks, C.R. Anderson, R.

M. McAllen, Neural regulation of inflammation: no neural connection from the
vagus to splenic sympathetic neurons, Exp. Physiol. 97 (2012) 1180-1185,
https://doi.org/10.1113/expphysiol.2011.061531.

P. Bercik, E.F. Verdu, J.A. Foster, J. Macri, M. Potter, X. Huang, P. Malinowski,
W. Jackson, P. Blennerhassett, K.A. Neufeld, et al., Chronic gastrointestinal
inflammation induces anxiety-like behavior and alters central nervous system
biochemistry in mice, Gastroenterology 139 (2010) 2102-2112, https://doi.org/
10.1053/j.gastro.2010.06.063.

M. Amidfar, J. de Oliveira, E. Kucharska, J. Budni, Y.K. Kim, The role of CREB and
BDNF in neurobiology and treatment of Alzheimer’s disease, Life Sci. 257 (2020)
1-11, https://doi.org/10.1016/j.1fs.2020.118020.

W. Li, S.E. Dowd, B. Scurlock, V. Acosta-Martinez, M. Lyte, Memory and learning
behavior in mice is temporally associated with diet-induced alterations in gut
bacteria, Physiol. Behav. 96 (2009) 557-567, https://doi.org/10.1016/j.
physbeh.2008.12.004.

M. Aguilera, V. Rossini, A. Hickey, D. Simnica, F. Grady, V.D. Felice, A. Moloney,
L. Pawley, A. Fanning, L. McCarthy, et al., Inflammasome signaling regulates the
microbial-neuroimmune axis and visceral pain in mice, Int. J. Mol. Sci. 22 (2021),
https://doi.org/10.3390/ijms22158336.

N. Ouchi, S. Kihara, T. Funahashi, Y. Matsuzawa, K. Walsh, Obesity, adiponectin
and vascular inflammatory disease, Curr. Opin. Lipidol. 14 (2003) 561-566,
https://doi.org/10.1097/01.m0l.0000103609.38789.96.

K.C. Bauer, K.E. Huus, B.B. Finlay, Microbes and the mind: emerging hallmarks of
the gut microbiota-brain axis, Cell. Microbiol. 18 (2016) 632-644, https://doi.
org/10.1111/cmi.12585.

A. Koliada, G. Syzenko, V. Moseiko, L. Budovska, K. Puchkov, V. Perederiy,

Y. Gavalko, A. Dorofeyev, M. Romanenko, S. Tkach, et al., Association between
body mass index and Firmicutes/Bacteroidetes ratio in an adult Ukrainian
population, Biomed. Cent. Microbiol. 17 (2017) 120, https://doi.org/10.1186/
512866-017-1027-1.

E. Rinninella, P. Raoul, M. Cintoni, F. Franceschi, G.A.D. Miggiano, A. Gasbarrini,
M.C. Mele, What is the healthy gut microbiota composition? A changing
ecosystem across age, environment, diet, and diseases, Microorganisms 7 (2019)
1-22, https://doi.org/10.3390/microorganisms7010014.

H. Tsukamoto, S. Takeuchi, K. Kubota, Y. Kobayashi, S. Kozakai, I. Ukai,

A. Shichiku, M. Okubo, M. Numasaki, Y. Kanemitsu, et al., Lipopolysaccharide
(LPS)-binding protein stimulates CD14-dependent Toll-like receptor 4
internalization and LPS-induced TBK1-IKKe-IRF3 axis activation, J. Biol. Chem.
293 (2018) 10186-10201, https://doi.org/10.1074/jbc.M117.796631.

Z. Wu, Z. Zhang, Z. Lei, P. Lei, CD14: biology and role in the pathogenesis of
disease, Cytokine Growth Factor Rev. 48 (2019) 24-31, https://doi.org/10.1016/
j.cytogfr.2019.06.003.

H.R. Berthoud, V.L. Albaugh, W.L. Neuhuber, Gut-brain communication and
obesity: understanding functions of the vagus nerve, J. Clin. Investig. 131 (2021),
https://doi.org/10.1172/JCI143770.


https://doi.org/10.1152/ajpheart.00230.2009
https://doi.org/10.1016/j.biopha.2021.111334
https://doi.org/10.1152/ajpheart.01335.2008
https://doi.org/10.1152/ajpheart.01335.2008
https://doi.org/10.1253/circj.cj-08-1102
https://doi.org/10.1253/circj.cj-08-1102
https://doi.org/10.1136/heart.85.3.342
https://doi.org/10.1007/978-3-319-48382-5
https://doi.org/10.1007/978-3-319-48382-5
https://doi.org/10.1186/s12929-017-0357-5
https://doi.org/10.1186/s12929-017-0357-5
https://doi.org/10.3390/nu13082590
https://doi.org/10.3390/nu13082590
https://doi.org/10.1038/s41590-019-0313-5
https://doi.org/10.3389/fimmu.2020.01879
https://doi.org/10.1016/j.bbi.2018.06.010
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1186/s12883-015-0416-z
https://doi.org/10.1186/s12883-015-0416-z
https://doi.org/10.1111/j.1460-9568.2004.03720.x
https://doi.org/10.15252/embj.201592705
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0615
http://refhub.elsevier.com/S0024-3205(23)00972-4/rf0615
https://doi.org/10.1152/advan.00114.2010
https://doi.org/10.1016/s1566-0702(00)00219-8
https://doi.org/10.1016/s1566-0702(00)00219-8
https://doi.org/10.1038/nri2566
https://doi.org/10.1016/s1566-0702(00)00215-0
https://doi.org/10.1016/s1566-0702(00)00215-0
https://doi.org/10.1016/j.autneu.2004.11.012
https://doi.org/10.1152/advan.00094.2013
https://doi.org/10.1152/ajpendo.00056.2011
https://doi.org/10.1152/ajpendo.00056.2011
https://doi.org/10.1016/j.lfs.2020.118736
https://doi.org/10.1016/j.lfs.2020.118736
https://doi.org/10.1016/j.jad.2022.08.087
https://doi.org/10.1016/j.jad.2022.08.087
https://doi.org/10.1016/j.pnpbp.2022.110652
https://doi.org/10.1016/j.pnpbp.2022.110652
https://doi.org/10.1006/brbi.1995.1023
https://doi.org/10.1006/brbi.1995.1023
https://doi.org/10.1113/expphysiol.2011.061531
https://doi.org/10.1053/j.gastro.2010.06.063
https://doi.org/10.1053/j.gastro.2010.06.063
https://doi.org/10.1016/j.lfs.2020.118020
https://doi.org/10.1016/j.physbeh.2008.12.004
https://doi.org/10.1016/j.physbeh.2008.12.004
https://doi.org/10.3390/ijms22158336
https://doi.org/10.1097/01.mol.0000103609.38789.96
https://doi.org/10.1111/cmi.12585
https://doi.org/10.1111/cmi.12585
https://doi.org/10.1186/s12866-017-1027-1
https://doi.org/10.1186/s12866-017-1027-1
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.1074/jbc.M117.796631
https://doi.org/10.1016/j.cytogfr.2019.06.003
https://doi.org/10.1016/j.cytogfr.2019.06.003
https://doi.org/10.1172/JCI143770

	The impact of lipopolysaccharide on cerebrovascular function and cognition resulting from obesity-induced gut dysbiosis
	1 Introduction
	2 The GIT microbiota
	2.1 GIT microbiota composition
	2.2 GIT microbiota function
	2.3 GIT dysbiosis

	3 Obesity, GIT microbiota and cognition
	4 Cerebrovascular function
	5 Lipopolysaccharides and Toll-like receptor 4
	5.1 LPS-induced activation of TLR in obesity
	5.2 LPS and endothelial dysfunction

	6 How systemic inflammation impairs gut-brain communication
	7 Future directions
	8 Conclusions
	Funding support
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


