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Abstract. The human gut microbiome consists of a variety of microorganisms that inhabit the intestinal tract. This flora
has recently been shown to play an important role in human disease. The crosstalk between the gut and brain axis has been
investigated through hepcidin, derived from both hepatocytes and dendritic cells. Hepcidin could potentially play an anti-
inflammatory role in the process of gut dysbiosis through a means of either a localized approach of nutritional immunity, or
a systemic approach. Like hepcidin, mBDNF and IL-6 are part of the gut-brain axis: gut microbiota affects their levels of
expression, and this relationship is thought to play a role in cognitive function and decline, which could ultimately lead to
a number of neurodegenerative diseases such as Alzheimer’s disease. This review will focus on the interplay between gut
dysbiosis and the crosstalk between the gut, liver, and brain and how this is mediated by hepcidin through different mechanisms
including the vagus nerve and several different biomolecules. This overview will also focus on the gut microbiota-induced
dysbiotic state on a systemic level, and how gut dysbiosis can contribute to beginnings and the progression of Alzheimer’s
disease and neuroinflammation.
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OVERVIEW

Our research question focused on the gut-brain
axis (GBA) by exploring key organs and nerves that
could potentially be involved in the crosstalk path-
way. Our primary phase of literature review consisted
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of a PubMed search looking for all published lit-
erature around our research question. We focused
on high fat-high sugar (HFHS) versus non HFHS
diet animal models and narrowed down to a few
key biomarkers that could be contributing to brain,
gut, and liver pathologies including trimethylamine
(TMA), trimethylamine N-oxide (TMAO), hepcidin,
interleukin-6 (IL-6), and mature brain-derived neu-
rotrophic factor (mBDNF). We then employed a
review approach that examined over 80 papers with
the key search terms of “Western Diet,” “high fat-
high sugar diet,” “TMAO,” “TMA,” “brain,” “gut,”
“mBDNE,” “IL-6,” and “gut dysbiosis.”
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The next phase of our literature review involved
compiling the papers that defined our key terms. We
sought out studies using HFHS diet animal mod-
els and clinical trials. A state of “gut dysbiosis”
was defined and we then focused on the gut micro-
biota distribution for each group, taking note of the
differences between healthy and dysbiotic models.
To understand more regarding the mechanism, we
focused on papers that highlighted the role of each
biomarker including TMA, TMAO, hepcidin, IL-6,
and mBDNF. Once we established the pathways of
each biomarker separately, we started focusing on
reviewing papers that discussed how two or three
biomarkers would interact with one another, like IL-6
and TMAO for instance.

After developing a stronger understanding of the
relationship between these biomolecules, our last
phase of the literature review was focused on formu-
lating a hypothesis regarding two potential pathways
in which the gut microbiota could be playing a role
in neuroinflammation and neurologic disease. We
created a Google document to track all possible
crosstalk mechanisms and communications between
these different biomarkers and ultimately laid down a
basic framework that highlighted our two hypotheses.
Finally, we compiled our findings from the litera-
ture review phase and constructed a comprehensive
systematic review on the gut microbiota, different
biomarkers, and the vagus nerve and how a HFHS
diet shifts these factors through a lens of neurologic
disease.

THE HUMAN GUT MICROBIOME

The human gut is one of the largest habitats for
microorganisms in the body [1]. It supplies micro-
biota with the perfect niche, colonizing 70% of all
total microbes in the body [1]. The gut microbiome
is made up of archaea, bacteria, viruses, and eukary-
ota [2] and is dominated by two bacterial phylums
that make up 80% of the microbiome: Bacteroidetes
and Firmicutes [1]. Researchers are finding that 99%
of the genes in the microbial communities harbored
in the human gut are bacterial and equate to more than
1,000 bacterial species in each individual [2]. On a
genetic level, 3.3 million non-redundant genes make
up the human gut microbiome, having a gene set 150
times larger than the human gene complement [2].

Particularly over the past decade, researchers are
finding that each individual’s microbiome varies in
microbe composition [1]. While humans have a

genome that is 99% similar to one another, each of
our gut microbiomes are only 80-90% similar to one
another [1]. One hypothesis insists on a “functional
microbiome,” or “functional core” [3]. A functional
core contains a complement of metabolic and molec-
ular functions that are performed by the microbiome
within the gut; however, it is not required for the
specific organisms to be the same in each person
[3]. While there is room for diversity and variety,
a functional microbiome must have some degree
of resilience to internal and external changes like
age and medication changes [3]. The microorgan-
isms must also resemble a symbiotic relationship
between the microbes and the host and carry some of
the key housekeeping pathways that cannot be done
by humans themselves [3]. Without resilience, the
microbiome would not be able to recover back to its
healthy state and without a symbiotic relationship,
the microbiome would not be practical for the host.

GUT DYSBIOSIS

Gut dysbiosis is defined as the disturbed state of
the gut microbiome and its lack of diversity lead-
ing to an increased amount of pathogenic bacteria
[4]. While this state could be a result of disease,
diet change, non-modifiable genetic conditions, and
medications, gut dysbiosis could also be a result of
pro-inflammatory signaling bacteria that make up the
gut microbiome [5]. Inflammation of the mucosal bar-
rier in the intestinal lumen is dangerous, provided that
20% of cancers are preceded by chronic inflammation
at the cancer site [4]. In healthy individuals, colo-
nization resistance keeps pathogenic bacteria in low
abundance, and prevents the pathogens from coloniz-
ing on the mucosa [4]. The diversity of the microflora
assists in keeping the pathobiont in low abundance. In
patients that are treated with antibiotics or anticancer
treatments, the diversity of the microflora drastically
decreases, and the mucosal barrier becomes inflamed
[4]. The microflora of the sick individual is domi-
nated by the expansion of the pathobiont, and these
pathogens can escape into the systemic circulation by
translocation through damaged epithelial tissue [2].
Once the pathogens escape, they cause a systemic
infection that puts the host at a larger risk for cancers
and disease.

Many diseases are thought to be associated with
inflammation, including gastric cancers that are
believed to be caused by infection with Helicobacter
pylori that includes chronic gastritis, inflamma-
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tory bowel syndrome, and peptic ulcers [4]. Other
non-gastric conditions that are believed to be asso-
ciated with inflammation of the intestinal lumen
wall include allergies, respiratory illness, and some
neurologic conditions. The gut-brain communica-
tion axis modulates immune activity. An increase
in chronic proinflammatory immune activity is rec-
ognized as an increasingly fundamental element
in relation to neurodegenerative disorders [6]. A
recent study assessing Parkinson’s disease identified
the role of inflammation in the intestine is rele-
vant in pathogenesis responsible for dysregulated
immune activity [7]. Alterations in microbial compo-
sition of the gastrointestinal (GI) tract (dysbiosis) are
believed to contribute to inflammatory and functional
bowel disorders and psychiatric comorbidities [4].
Furthermore, a prominent study examined whether
intestinal microbiota affects behavior and brain bio-
chemistry in mice and determined the intestinal
microbiota influences brain chemistry and behav-
ior independently of the autonomic nervous system,
Gl-specific neurotransmitters, or inflammation [8].
Their findings suggest intestinal dysbiosis might con-
tribute to psychiatric disorders in patients with bowel
disorders.

DIET AND THE GUT MICROBIOME

Different diets can shape the composition of the
microbes that ultimately change the function of the
gut microbiome as a whole. A dietary shift between
animal-based and plant-based, or HFHS diet (col-
loquially known as Western Diet) and vegan diet,
respectively can implicate a significant change in
microbial composition within just 24 hours of the
change [9]. If the individual were to resort back to
their original diet, the composition of gut bacteria
would revert back in as little as 48 hours. While these
dietary shifts may or may not be long-term, it has been
proven that individuals with a primarily meat-based
diet and others with a primarily plant-based diet have
two completely different gut microbiome composi-
tions [5]. The difference in diversity in regard to diet
has much to do with the different macronutrients that
are abundant in varying diets. Macronutrients include
carbohydrates, proteins, and fats [1].

Carbohydrates are fermented by these colon
microbes into organic acids and serve as an energy
source for colon microbes. The major product of
fermentation of carbohydrates are short-chain fatty
acids which lower the pH of the colon and inhibit

growth of pathogenic bacteria [10]. Diets high in
fiber reduce hydrogen-sulfide producing microbes
and increase the beneficial bacteria including Faecal-
ibacterium prausnitzii, which has anti-inflammatory
characteristics that play a role in preventing cancer
and other GI conditions [4]. While proteins can be
beneficial, a peaking interest has been focused on the
harmful effects of proteins that come from red and
processed meats [4]. Proteins from meat sources are
shown to decrease levels of healthy Bifidobacterium
adolescentis in the gut and increase Bacteroides and
Clostridia [9]. Red and processed meats produce
harmful hydrogen-sulfide byproducts when metab-
olized by these microbes, which can increase the
individual’s risk of persistent inflammation in the gut
[9]. HFHS diets are shown to increase the number of
pro-inflammatory microbes in the gut, which stim-
ulate the formation of taurine-conjugated bile acids.
These acids promote the growth of pathogens and
can cause illness [9]. A HFHS diet is particularly
high in animal fat and studies have shown that indi-
viduals who eat this diet have decreased levels of
bacterial diversity in the gut and less beneficial Bifi-
dobacterium and Eubacterium [11].

HIGH FAT-HIGH SUGAR DIET

A HFHS diet is composed of high saturated fats and
added sugars which are known to negatively impact
cognitive function, particularly processes relying on
the integrity of the hippocampus. Emerging evidence
suggests that the gut microbiome influences cog-
nitive function via the GBA, and that HFHS diet
factors significantly alter the proportions of com-
mensal bacteria in the GI tract [12]. Consumption of
this diet negatively affects neurocognitive function,
with a particular focus on recent evidence linking
the gut microbiome with dietary- and metabolic-
associated hippocampal impairment. Conlon and
colleagues showed results displaying evidence link-
ing gut bacteria to altered intestinal permeability and
blood-brain barrier (BBB) integrity, thus making the
brain more vulnerable to the influx of deleterious sub-
stances from the circulation. Consumption of a HFHS
diet increased production of endotoxin by commen-
sal bacteria, which promotes neuroinflammation and
cognitive dysfunction. This prominent study showed
that diet-induced alterations in gut microbiota impair
peripheral insulin sensitivity, which is associated with
hippocampal neuronal derangements and associated
mnemonic deficits [12].
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A HFHS diet was chosen to investigate the role
of fat, carbohydrate, protein, vitamin, and mineral
levels relating to diet and genotype models for AD
[13]. Typically, a HFHS diet is rich in an amino
acid, known as methionine. As methionine levels
significantly increase, the body generates the amino
acid homocysteine. Homocysteine is a thiol formed
by the demethylation of methionine. Animal tissues
are known to contain some free thiol but most of
the compound occurs as homocysteine. When the
level of homocysteine increases it damages the tis-
sue structures of the arteries, initiating a release of
cytokines, cyclins, and other inflammatory media-
tors. This accumulation leads to the loosening of
arterial walls, the formation of local defects in the
endothelium, which in turn lead to the deposition of
cholesterol and calcium on the vascular wall. Vascu-
lar dysfunction represents a clinical preclinical step
in the development of cardiovascular disease.

Finkelstein et al. [12] observed individuals whose
plasma homocysteine values range from 15-50 uM
(with a normal limit approximating 12 uM) are at
an increased risk for vascular disorders. Their study
consisted of folate supplementation given to patients
with abnormal homocysteine metabolisms to elimi-
nate a large percentage of neural tube defects through
the enhancement of methionine synthase reaction.
Additional factors found to be influencing homocys-
teine levels have been explored in several studies
such as higher plasma homocysteine concentrations
associated with an increased risk of extracranial
carotid artery stenosis [11] and chronic venous dis-
ease in association with high serum homocysteine
levels [13]. Elevated levels of plasma homocys-
teine and homocysteine thiolactone contribute to
Alzheimer’s disease (AD) pathology by enhancing
the interaction between fibrinogen and amyloid-8
(AB) (i.e., AB-fibrin(ogen) interaction) that promotes
the formation of tighter fibrin clots and delay clot
fibrinolysis [14]. When AP interacts with fibrino-
gens, itis associated with increased abnormal clotting
which damages neurons contributing to the cogni-
tive decline expressed in AD patients. Recent articles
assessed high homocysteine levels require therapeu-
tic prevention. This intervention is necessary in order
to prevent ischemic stroke [15]. The role of neuropro-
tective therapy in interrupting or slowing down the
sequences responsible for damaging the biochemical
and molecular processes initiate irreversible ischemic
brain damage.

Excessive consumption of these diets high in sat-
urated fats and sugars lead to obesity, metabolic

syndrome, and impairment of cardiac functions;
however, the underlying mechanisms are not fully
understood [16]. TMAO is a primary gut microbiota-
dependent metabolite of specific dietary nutrients and
known as a key contributor to cardiovascular disease
pathogenesis.

TMAO AND THE GUT MICROBIOME

TMAO is a compound that is produced in the liver
that is derived from dietary precursors that are widely
recognized as originating from HFHS, low fiber
diets. TMA is produced exclusively by gut micro-
bial enzymes from phosphatidylcholine and carnitine
which is then oxidized in the liver by enzymes known
as TMAO lyases. TMAQO is responsible for a number
of physiologic phenomena, including the upregula-
tion of inflammatory pathways, promotion of foam
cell formation, and enhancement of platelet reactiv-
ity which induces clotting. In a study focused on
TMAOQO and its effects on the cardiovascular sys-
tem, researchers found that higher levels of TMAO
increased scavenger receptors in macrophages which
ultimately results in the production of foam cells
through the increase of macrophages binding low-
density lipoprotein. Altogether, these macrophages
would compile fatty deposits in blood vessels and
disrupt several physiologic processes that resulted
in a higher likelihood of developing inflammation
and eventually cardiovascular disease. Studies have
also shown that higher plasma levels of TMAO have
been associated with higher concentrations of cir-
culating inflammatory cytokines, indicating that this
biomolecule potentially has a large effect on systemic
inflammation levels in the body [1].

While TMAOQO can have implications on the cardio-
vascular system, it can also serve as a barometer of
the health of the gut microbiome itself. Studies have
found that TMA is produced by pathogenic bacteria
found in a state of gut dysbiosis [4]. Connecting back
to the HFHS diet, this specific profile of bacteria that
have dominated the flora are responsible for break-
ing down foods rich in fat and carbohydrates into
carnitine and betaine. An overproduction of TMAO
indicates an overpopulation of pathogenic gut bac-
teria that can ultimately have poor outcomes for
patients. Recent studies have looked into the effects of
TMAO levels in AD patients and have found that mice
with an increased level of TMAO displayed upreg-
ulation of scavenger receptor and CD68 expression
(activated microglia marker for dementia), increased
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brain aging and cognitive impairment and elevated
TMADO levels in their cerebrospinal fluid (CSF) [14].
This study also found that CSF TMAO was asso-
ciated with CSF p-tau as well as p-tau/Af4> which
could shed light on the potential relationship TMAO
shares with tau pathology in AD patients.

IRON

Iron is an essential coenzyme required for several
metabolic processes including oxygen transport, cel-
lular respiration, and regulation of cell growth and
differentiation [17]. Iron is also an essential compo-
nent of gut microbial growth and can be indicative
of inflammation. Iron serves as a critical metabolic
source for pathogenic bacteria, as certain microbiota
including Salmonella enterica serovar Typhimurium
(S. Typhimurium) compete with other pathogens for
iron in the setting of the inflamed gut [18]. A recent
review paper highlighted studies that have shown that
an excessive amount of iron in the GI tract will give
rise to gut dysbiosis, which could have a number of
physiological effects on the individual but will most
directly lead to inflammation in the gut [19-21].

Iron is absorbed in the duodenum and partially in
the colon. Excess iron in the GI tract can give rise
to an overgrowth of pathogenic bacteria [22]. While
most of the absorption happens in the small intes-
tine, it has been hypothesized that iron is absorbed
lastly in the colon as a defense mechanism to try to
eliminate excess iron from the lumen as a means of
nutritional immunity, ultimately starving pathogenic
bacteria of their food source. Unabsorbed colonic iron
is hypothesized to give rise to the growth of intesti-
nal pathogens that make use of iron as their source to
metabolize and reproduce [20, 21].

Excessive iron induces oxidative stress by gener-
ating reactive oxygen species (ROS). ROS damages
the DNA and mtDNA, which affects DNA expression
by epigenetic mechanisms and oxidizing proteins.
ROS induces the release of iron from mitochondrial
iron-sulfur cluster proteins of the respiratory chain
and other storage proteins which stimulates inter-
ference with mitochondrial functions and disrupts
iron homeostasis which accelerate the progression of
neurodegenerative mechanisms. Neurodegenerative
disorders include AD, Parkinson’s disease, multiple
sclerosis, Friederichs ataxia, aceruloplasminemia,
Huntington’s disease, and restless leg syndrome.

Asironis released into extracellular compartments
it is taken up by cells such as astrocytes and neu-

rons. It is still not fully understood how iron moves
between neurons, microglia, and astrocytes. Jeong
et al. observed astrocytes are ideally positioned to
take up iron from the circulation and distribute it to
other cells in the central nervous system (CNS) [18].
Astrocytes have the iron influx and efflux mecha-
nisms needed for cell-to-cell transport of iron. DMT-1
is expressed by astrocytes and mediates iron influx
into glial cells. Neurons and microglia can influx
iron via transferrin [23]. Transferrin receptor medi-
ates the uptake and intake of iron via ferroportin.
IL-6 is now known to participate in neurogenesis
(influencing both neurons and glial cells), and in the
response of mature neurons and glial cells in normal
conditions and following a wide arrangement [24].
Neurons, astrocytes, microglia, and endothelial cells
are the essential sources of IL-6 in the CNS. IL-6 is
the founder of neuropoetins, a prototypical four-helix
bundle cytokine consisting of IL-6, IL-11, IL-27, and
IL-31. Hepcidin’s antimicrobial properties are acti-
vated through inflammation [25]. The most common
inflammatory cytokine is known as IL-6 (Fig. 1).

HEPATOCYTE-DERIVED HEPCIDIN

Hepcidin, formally known as a liver expressed
antimicrobial protein (LEAP-1), is secreted by hep-
atocytes from the liver, astrocytes, microglia, and
macrophages and involves intestinal enterocytes [25].
Its primary role is to stop absorption of iron through
enterocytes from the intestinal lumen, especially in
inflammatory responses and antimicrobial properties.
The influx of iron from digestion into enterocytes,
and subsequent efflux from the cells into the blood
stream is inhibited by hepcidin [25]. This mechanism
occurs through direct hepcidin binding onto the iron
import protein, known as divalent metal transporter-
1 (DMT-1) [26]. DMT-1 is located in small intestine
enterocytes. Comparably, cellular iron efflux preven-
tion transpires when hepcidin binds to the iron export
protein known as ferroportin. Hepcidin suppresses
new absorption and restricts iron within the cell, ulti-
mately halting all iron export [26] to capillaries.

Hepcidin is a peptide hormone produced primarily
in hepatocytes that is a key regulator in iron home-
ostasis [22]. It is the primary regulator hormone for
iron that was first reported in the early 2000 s and
discovered in human urine and serum [22]. Hep-
cidin’s primary role functions in regulation of iron
homeostasis via binding to the iron export chan-
nel, ferroportin, located on the basolateral surface



774

GRAM-POSITIVE purple
GRAM-NEGATIVE

B. Kania et al. / Interplay of Biomolecules in the Gut to Brain Axis

Hepcidin
B oo | O

L

Healthy Microbiota-Gut-Brain Axis

Fig. 1. A healthy microbiota consists of a balance of Gram-positive and Gram-negative bacteria; in which hepcidin, iron (Fe3+), IL-6, and
TMAO levels express a normal state of balance. Whereas a dysbiosis state indicates an increase of gram-negative bacteria and elevated
hepcidin levels resulting in excessive iron accumulation. This stimulates high ferritin levels which promotes less cognitive decline and
therefore excess hepcidin production. The synthesis of hepcidin is rapidly increased by infection and inflammation in which elevated IL-6
levels initiate a pro-inflammatory cascade. With IL-6 upregulation occurring in the liver, the higher levels of TMA become oxidized to
TMAQO. Circulation of TMAQO initiated in the small intestine initiates an inflammatory state.

of enterocytes and the plasma membrane of reticu-
loendothelial cells (macrophages). When serum iron
levels are high, hepcidin binds to ferroportin to pre-
vent the gut enterocytes from absorbing iron, and
when iron levels are low, hepcidin release is inhib-
ited. Hepcidin inhibition allows ferroportin channels
to remain open, and iron is absorbed from the diet.
Parmanand et al. have shown that the chelation of
iron in the gut resulted in an overall reduction of
potentially pathogenic bacteria within the gut, further
implicating that bioavailability of iron may provide
an advantageous environment for pathogens [27].
Hepcidin has been recently studied in its potential
role of iron-homeostasis and inflammation crosstalk.
In a review of patients with inflammatory bowel dis-
ease, it was shown that hepcidin-dependent changes
in iron can impact inflammatory cytokine expres-
sion and on the other hand, inflammatory cytokines
such as IL-6 can trigger hepcidin expression and alter
iron homeostasis [27]. The upregulation of hepcidin

induced by IL-6 during infections and inflammatory
states impacts the amount of free iron circulating the
body and is constantly in flux as it closely monitors
the body’s need for iron in a state of health or disease
(Fig. 2).

Researchers have studied hepcidin in the setting of
inflammation for years and the same pattern remains:
hepcidin levels are increased in a state of inflamma-
tion [28]. In a state of gut dysbiosis, the brain has
also been noted to endure some inflammation as well
[8]. One potential explanation for this could be that
the brain is acknowledging that there is inflammation
elsewhere in the body, i.e., in the gut, and preventa-
tively trying to protect itself. This could be happening
through the expression of IL-6 in the brain which
causes astrocytes and microglia to release hepcidin
that ultimately sequesters iron in neurons. While this
would systemically reduce bacterial growth in the
intestines, locally in neurons the effect would “inad-
vertently” and ironically increase oxidative stress.
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Fig. 2. The liver in a healthy state contains baseline hepcidin, IL-6, and TMA levels which supports a balance of healthy and dysbiotic
bacteria. Iron levels are slightly higher in the healthy state than a dysbiotic state as hepcidin is upregulated in a dysbiotic state. In the dysbiotic
state, IL-6 is also upregulated in the liver, and higher levels of TMA are sent to the liver to be oxidized to TMAO. TMAQO is sent to the small
intestines which ultimately causes inflammation and the overgrowth of dysbiotic bacteria.

It would be interesting to study the relationship of
neuroinflammation and hepcidin production in more
detail.

DENDRITIC CELL DERIVED HEPCIDIN

Hepcidin derived from the liver has been a key
focus for researchers for years for its role in iron
regulation and inflammation [22]. Recent studies
have shown that dendritic cells (cDCs) are another
source of hepcidin that could potentially have a sep-
arate but related role from the liver [29]. In their
experiment, Bessman et al. added dextran sodium
sulfate (DSS) to the drinking water of both wild type
(Hamp +/+ ) mice and hepcidin-deficient (Hamp -/-)
mice [29]. DSS is a toxin that causes inflammation
and intestinal damage, and the goal of their study

was to test the role of hepatocyte-derived hepcidin
in the setting of intestinal inflammation. To their
surprise, they found that while the Hamp +/+ and
Hamp -/- mice both exhibited similar weight loss
secondary to gut inflammation, the Hamp-/- mice
exhibited persistent weight loss, disruption of epithe-
lial architecture, significantly shorter colon lengths,
and overall lower systemic hepatocyte-derived hep-
cidin levels than Hamp +/ + did, even after removal
of DSS [30].

This new study exhibiting mucosal repair that is
independent of hepatocyte hepcidin sheds light on
the potential role of wound healing via ¢cDC hep-
cidin. While hepcidin released from the liver could
be sequestering iron systemically, the hepcidin from
dendritic cells could potentially be working through
a means of nutritional immunity by keeping a tight
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control on local iron and its availability to pathogenic
bacteria to promote intestinal homeostasis by starving
them of their food source. This ultimately allows tis-
sue repair in the lumen at a much more localized level,
analogous to a “first responder” to the area of inflam-
mation directly [16]. Embracing their role, dendritic
cells in the gut also function to sample luminal con-
tent to monitor for pathogens and enhance effector
responses in response to infection and disease. One
study showed that in inflamed tissue, these cDCs
showed an increased expression in microbial recogni-
tion machinery, activation and production of critical
immunological mediators, which further hints at a
potential role of cDC-derived hepcidin in maintaining
a state of homeostasis despite gut dysbiosis [23]. In
conjunction with hepatocyte-derived hepcidin, these
two very important biomolecules could be regulat-
ing inflammation in the body through two completely
different, but equally necessary mechanisms.

HEPCIDIN-FERROPORTIN AXIS:
RECEPTORS AT PLAY

The dietary pattern involved in the HFHS diet
alters the composition of gut microbiota, influ-
encing brain function by different mechanisms
involving the GBA. Abreu et al. analyzed the
role of the hepcidin-ferroportin axis in pathogen-
mediated intracellular iron sequestration in human
phagocytic cells [26]. They found that different toll-
like receptors (TLR) play a role in the immune
system. TLR signaling induces intracellular iron
sequestration in macrophages through two redun-
dant mechanisms. TLR2 signaling downregulates
ferroportin transcriptional expression, whereas TLR4
induces hepcidin secretion. Results also suggested
iron increased lipopolysaccharide (LPS)-mediated
hepcidin induction and TLR2 (pathway) downreg-
ulates ferroportin. LPS injected into mice causes the
release of proinflammatory cytokines and triggers a
well-characterized acute phase response, including
induction of hepcidin by IL-6 [26]. These find-
ings suggested that iron increases TLR4-mediated
hepcidin expression, whereas TLR2 activation does
not induce hepcidin expression. An additional study
observed the endogenous expression of hepcidin by
macrophages and neutrophils [25]. These myeloid
cells produce hepcidin in response to the bacte-
rial pathogen in the TLR4. Bacterial stimulation of
macrophages triggered TLR4 dependent reduction in
the iron exporter ferroportin.

In neutrophils, hepcidin induction was first
observed as it migrated to the tissue site of the infec-
tion. A recent study suggested hepcidin expression in
cultured hepatocytes or in the livers of mice infected
with bacteria was independent of TLR4, suggesting
the TLR4-hepcidin pathway is restricted to myeloid
cell types [25]. Their findings identified endogenous
myeloid cell hepcidin production as a previously
unrecognized component of the host response to bac-
terial pathogens [25]. Myeloid cell types play an
essential role in inflammation by producing hepcidin
intrinsically, through the action of the TLR4 receptor,
which is the key pattern recognition receptor for LPS.
TLR4-specific hepcidin production by macrophages
plays the largest role in localized foci of infection and
inflammation or in reticuloendothelial organs, where
these cell types are present in abundance.

BRAIN AND INFLAMMATORY
RESPONSE: HEPCIDIN

Roy et al. (2005) suggested conditions in response
to anemia of inflammation and found hepcidin
antimicrobial peptides likely modulates iron transport
from macrophages and enterocytes to red blood cell
precursors as a consequence of its interaction with
ferroportin, as it is the only transporter that facilitates
iron emergence [28]. Their experiment suggested
hepatocytes are not involved solely in iron storage
butrather the command central for the maintenance of
iron homeostasis because it receives multiple signals
inrelation to iron balance. These responses contribute
to transcriptional control of hepcidin antimicrobial
peptides.

A recent study analyzed the manipulation of hep-
cidin activity to recover neuronal damage due to brain
inflammation in animal models and cultured cells
[31]. The investigators found hepcidin produced by
the brain cells in pathological conditions may limit
iron transport through bovine brain microvascular
endothelial cell system, and thereby also limit neu-
ronal iron load. High iron load is detrimental for
neuronal function. In addition, high iron load can also
affect glial cell activity by turning them into cells that
promote neuronal damage.

Vela et al. (2018) gave rise and expressed the
importance of understanding hepcidin’s mechanistic
insights of action in the brain in order to uncover
its role in treating neuronal damage in neurode-
generative diseases [31]. Since iron is a critical
element for maintaining iron homeostasis, it is used
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by the brain to synthesize myelin and neurotrans-
mitter production. Excessive iron is toxic for brain
cells and commonly observed in brain hemorrhages
where inflammatory signaling is responsible for an
increase in brain iron load which is associated with
oxidative damage and cognitive decline [32]. During
neuroinflammation, glial cells are activated, which
perturbs iron homeostasis. Glial iron accumulation
induces inflammatory states through the increasing
release of pro-inflammatory cytokines, resulting in
a self-propelling cycle of neuroinflammation and
neurodegeneration. In addition, researchers proposed
iron dysregulation as a pathogenic factor in neurode-
generative diseases [33]. The pathogenesis of glia
and A is the result of abnormal A3 accumulation
stimulated by the inflammatory cascade in AD [6].
Brain homeostasis is mediated by microglia that are
residential immune cells regulating immune and tis-
sue repair function, phagocytosis, and stimulation
of microglial proliferation and activation. The BBB
regulates the molecular transports of components to
homeostatically regulate the neuronal extracellular
environment. This regulation resides in and out of
the CNS. The BBB is responsible for the produc-
tion of preventing neurotoxic plasma components,
pathogens, and blood cells from entering the brain.
Damage to this area perpetuates an altered homeosta-
sis within the CNS, indicating an increased risk of
dementia and neurodegenerative diseases such as AD
[6]. As iron crosses the vascular endothelial cells of
the BBB, it binds to transferrin by the transferrin-
TRF]1 system that is expressed on the luminal side of
endothelial cells (Fig. 3).

BLOOD-BRAIN BARRIER CONNECTION
WITH INTESTINAL DYSBIOSIS

HFHS consumption and gut microbiome alteration
play a role in the activation of several neurobiolog-
ical mechanisms that give rise to HFHS-mediated
cognitive dysfunction, including BBB integrity and
neuroinflammation. Consuming a HFHS diet pro-
motes endotoxemia, which is linked to memory
impairment. Previous studies suggest that HFHS
diet impairs neuroprotective and anti-inflammatory
effects in the gut through the weakening of the
intestinal barrier via translocation of circulating
gram-negative bacteria and impairment of perme-
ability of the gut barrier [13]. The toxins that are
permeating across the intestinal membrane trigger

the immune response to release the proinflammatory
cytokine of IL-6 peripherally, to thus influence the
CNS by acting on the microglia. The microglia stimu-
late the neuroinflammation cascade. When microglia
are activated, their morphology changes in associ-
ation with increased secretion of pro-inflammatory
cytokine IL-6, which can onset neuronal autophagy,
loss of BBB integrity, brain damage, and activation
of vagus nerve afferents [34].

INFLAMMATION: ONSET OF
NEUROGENESIS, IL-6 MOST COMMON
INFLAMMATORY CYTOKINE

IL-6 is an exceptional cytokine for its pleiotropic
nature as it conforms to either pro or anti-
inflammatory properties. IL-6 is a prototypical
four-helix bundle cytokine that is the founder mem-
ber of the neuropoietins [24]. IL-6 behaves in a
neurotrophin-like manner and is known to partici-
pate in neurogenesis (influencing both neurons and
glial cells), and in the response of mature neurons and
glial cells in normal conditions and following a wide
arrangement of injury models. Although IL-6 is often
related to inflammatory and pathological situations,
it is a factor that contributes decisively in the normal
function of the brain. IL-6 is involved in the control
of body weight, food intake, and energy expenditure
[24]. Essential sources of IL-6 in the CNS include
neurons, astrocytes, microglia, and endothelial cells.
During inflammation, proinflammatory cytokine IL-
6 is released from the intestinal mucosa and activates
the vagus nerve afferents.

The production of IL-6 is increased by inflam-
mation and associated with sepsis, endotoxemia,
and treatment with pro-inflammatory cytokines.
Hersherko et al. [35] recorded enterocytes have anti-
inflammatory and cell protective effects of sepsis and
endotoxemia. They suggested enterocyte IL6 produc-
tion may be upregulated by cyclic-AMP (cAMP).
Their studies reported treatments of cultured IEC-6
cells, a rat intestinal epithelial cell line, with cAMP
augmented IL-61B induced IL-6 production. The role
of cAMP and mechanisms by which cAMP reg-
ulates enterocyte IL-6 production are particularly
significant, considering the role of cAMP in the reg-
ulation of multiple other functions of the intestinal
mucosa. An upregulation of IL-6 related to neuroin-
flammation and hypoxia was seen in small intestine
necrotizing enterocolitis pigs. The pigs expressed
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Fig. 3. In a state of a healthy microbiota, ferritin, hepcidin, IL-6, and iron are all at baseline levels. In a state of dysbiotic microbiota, the brain
responds preventatively by upregulating ferritin and hepcidin levels, as well as IL-6. This is done via the astrocytes (purple) and microglia
(red). In the neuron (dark yellow), iron is upregulated as well in the setting of neuroinflammation. Amyloid plaques can also be seen in the

dysbiotic state as above.

a common acute gut inflammatory disorder, known
as necrotizing enterocolitis (NEC), an acute gut
inflammatory disorder which is frequently observed
in impaired neurodevelopmental stages. Sun et al.
[36] found when NEC lesions are present in the
small intestine, they are associated with changes in
hippocampal gene expression which mediates neu-
roinflammation and disturbs neural circuit formation
through enhanced neuronal differentiations. These
findings give rise to future experimentations which
would explore the neuroanatomical areas responsible
for the changes in hippocampal gene expression. This
future study could potentially uncover the impor-
tance of early brain protective interventions critical
for infants affected by intestinal NEC lesions to
ultimately reduce the individuals experienced neu-
rological dysfunctions.

THE BI-DIRECTIONAL GUT-BRAIN AXIS

The gut, brain, and its microbes are complexly
interconnected through a signaling network made
up of neurons, hormones, immune cells, and micro-
bial molecules known as the GBA. This bidirectional
communication between the CNS, neuroendocrine
system, autonomic nervous system, with the enteric
nervous system and gut microbiota is mediated by
signaling through the vagus nerve. The liver is a
key component in our discussion as it produces hep-
cidin; however, it is not considered to be a part
of the GBA directly. The bidirectional link regu-
lates communication between the central and enteric
nervous system, connecting the emotional and cog-
nitive centers of our brain with peripheral intestinal
functions. The GBA informs the brain through intro-
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ception, our brain’s representation of sensations from
our own bodies and the sensory consequence of
this experienced activity (psychological science). The
continuous internal changing of sensory conditions
within the body informs the brain of the internal state
and health of our body and is therefore of utmost
importance in maintaining a homeostatic physiolog-
ical balance in the body (Fig. 4).

The GBA is becoming increasingly relevant in our
study to understand the effects of GI microbiota on
brain development and neurological diseases such
as AD. In the brain, high levels of mBDNF can be
found in the hippocampus, amygdala, cerebellum,
and cerebral cortex with the highest levels found
in hippocampal neurons [37, 38]. mBDNF is also
expressed in other peripheral tissues, including that of
the GI tract, some even higher levels than in the brain
[39]. In our knowledge of the GBA, it may be interest-
ing to see how levels of mBDNF in the gut may affect
the mBDNF in the brain as well as the brain itself. The
CNS communicates with microbiota in the brain-gut
axis via the vagus nerve through cholinergic signal-
ing. The vagus nerve afferent fibers can be directly
or indirectly stimulated by microbiota through gut
endocrine cells. These endocrine cells are activated
by mBDNF or inhibited by pro-brain-derived neu-
rotrophic factor (proBDNF), which in turn activate
or inhibit vagal nerve communication to the brain.
Furthermore, vagal nerve afferent fibers are able to
stimulate efferent fibers through the inflammatory
reflex. An increased presence of proBDNEF, seen in
the detriment of a HFHS diet, consequently affects the
vagal nerve efferent cholinergic anti-inflammatory
pathway, perpetuating further damage [40].

Across the brain, N-methyl-D-aspartate receptors
(NMDAR) are important for regulating neuroplas-
ticity and cognitive function. Due to this, mBDNF
is believed to be associated with these NMDAR
receptors [41]. In the absence of gut microbiota
seen in germ-free mice, mBDNF levels in the CNS
are reduced and thus inhibit the maintenance of
NMDAR production. The reduced NMDAR input
on GABA inhibitory interneurons causes the disin-
hibition of glutamatergic output, leading to many
cognitive deficits [41]. This observation provides
more evidence for gut microbiota influence on the
brain through its ability to affect mBDNF expression.

Gut microbiota can modulate mBDNF expression
and function in the brain; however, the exact mech-
anism is unclear. In one study, mBDNF levels are
found to be lower in the cortex and hippocampus
of germ-free mice compared to the controls, so GI

%
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Fig. 4. The endocrine summary of the gut-brain axis (GBA)
involves an endocrine and neural communication between the
brain, liver and intestines via several biomolecules and the
vagus nerve. The arrows in this figure indicate the flow of each
biomolecule. An overproduction of TMAO signifies overdevel-
opment of pathogenic gut bacteria and induces activation of
macrophages, onsetting the secretion of IL-6, thus, initiating
collective activation of microcascade inflammatory responses to
absorb bacteria in attempt to mediate gut dysbiosis. IL-6 is unreg-
ulated in inflammation and involved in the regulation of neural
processes. As the liver produces hepcidin, the sustained over-
production of hepcidin and IL-6 is stimulated throughout blood
circulation. The hepcidin ascending to the brain is derived from cir-
culation and further expressed through the production of iron-load
and inflammation. The brain’s reactivity in response to overpro-
duction sequesters iron to neurons. The activation of hepcidin
results in the shutdown of ferroportin in neural cells. The increase
of iron in neural cells activates an oxidative state in the brain.
The brain is highly susceptible to oxidative damage. Imbalance
of gut dysbiosis, thus, plays a major role in the pathophysiology
and pathogenic mechanism for neurodegenerative diseases as a
primary contributor.

microbiota does play some role in elevating brain
mBDNF [42]. It is known that brain mBDNF is asso-
ciated with learning and memory and is important
for preserving cognitive abilities; however, little is
known about how gut microbiota affects it through the
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GBA or even its relation to other peripheral mBDNF.
Future studies are needed to explore gut mBDNF as
it may uncover the unknown mechanism that bridges
gut microbiota to mBDNF in the brain and may help
in finding ways to prevent cognitive decline seen in
many neurological diseases.

MBDNEF: OVERVIEW

mBDNF is one of the most widely studied neu-
rotrophic growth factors that is found in the brain and
periphery. It is a key molecule that is involved with
plastic changes in learning and memory. mBDNF is
thought to help increase memory storage by help-
ing stabilize long-term potentiation (LTP) through
changes in spine morphology in neurons. mBDNF is
encoded by the mBDNF gene and is synthesized as
the precursor proBDNF, which then undergoes cleav-
age intra or extracellularly to produce the mature
mBDNF (mBDNF) protein [43, 44]. The location
for this cleavage is still unclear but is important
because proBDNF and mBDNF have different func-
tions. ProBDNF helps with long-term depression
(LTD) induced by low-frequency stimulation, while
mBDNF facilitates LTP induced by high frequency
stimulation [45]. The expression of mBDNF is impor-
tant for changes in synaptic plasticity and thus must
be highly regulated.

mBDNF expression is highly regulated and is sig-
naled through two membrane-bound receptors: p75
and TrkB [46]. ProBDNF binds with the p75 recep-
tor to facilitate LTD and apoptosis. Mature mBDNF
binds to tyrosine kinase receptors to promote cell
survival and facilitate LTP. It has been found that
when p75 is coexpressed with TrkB, and there is
an increase in neurotrophin binding affinity, result-
ing in easier ligand discrimination [47]. ProBDNF is
thought to help regulate mature mBDNF activity in
non-pathological conditions. mBDNF has a complex
genome thatincludes a range of promoters and at least
eight 5° exons and one 3’ exons. The promoters result
in production and distribution of highly specific tran-
scripts of mBDNF across the brain, which attributes
to its diversity of functions in the brain including
neuronal survival and differentiation [48]. Different
levels of expressions for mBDNF and its precursor
can be associated with differing degrees of affected
cognitive abilities.

The mBDNF gene has a single nucleotide polymor-
phism that involves a valine to methionine amino acid
substitution at position 66 (Val66Met). This impacts

the packaging process of mature mBDNF to secre-
tory vesicles and thus decreases its secretion and
may relate to numerous psychiatric and neurologi-
cal disorders such as schizophrenia [41]. Valo6Met
is correlated to lower serum mBDNF levels as well
as volumetric decreases in specific brain regions
such as the hippocampus, supporting the idea that
mBDNF plays a role in memory performance and
cognition. Numerous studies could not find an asso-
ciation between the Val66Met genotype and memory
performance specifically, but the polymorphism may
confer disadvantages in cognitive performance and
episodic memory [49]. The mBDNF polymorphism
has been a helpful comparison in our understand-
ing of mBDNF’s effect on normal brain function and

aging.

MBDNF AND THE BRAIN

Age is the major risk factor for the development
of neurodegenerative diseases. Throughout the aging
process, cognitive performance declines as synaptic
plasticity is reduced in brain regions important for
cognition. The most consistent deficit seen with aging
is the decline in neurotrophic signaling, including
mBDNF associated with LTP signaling. Therefore,
it is inferred that age-related cognitive deficits can
be correlated to the decrease in mBDNF expres-
sion in the affected brain regions seen in aging [50].
These decreased mBDNF levels are also accompa-
nied by reductions in the expression and activation
of tyrosine receptor kinase B (TrkB) receptors and
the increase in levels of proBDNF and p75 associ-
ated with LTD and apoptosis [S1]. TrkB receptors
are activated by mBDNF and are an important part
of a pathway that mediates cell survival and prolif-
eration. The TrkB signaling pathway can be further
divided into three main pathways: the MAPK/ERK
pathway, the P13k/Akt pathway, and the PLC-vy path-
way [52]. These three pathways work together to
regulate important cognitive processes, explaining
why decreased expression of mBDNF affects cog-
nitive ability and function such as memory formation
(Fig. 5).

The MAPK/ERK pathway is responsible mainly
for promoting neuronal growth, synaptic plasticity,
cell survival, and differentiation [53]. The MAPK
and ERK proteins regulate the cyclic AMP response
element-binding protein (CREB), which is important
for transcriptional regulation for a multitude of pro-
teins associated with neuronal survival and LTP. In
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Fig.5. Normal mBDNF signaling pathway. mBDNF activates the TrkB signaling pathway which in turn activates the MAPK/ERK, PI3K/Akt,
and PLC-vy pathways. These pathways work together to regulate important cognitive functions such as LTP formation and neurogenesis.

a HFHS diet, mBDNF is downregulated from gut
dysbiosis. The decreased mBDNF downregulates the
TrkB receptor and ultimately the MAPK/ERK path-
way, leading to increased apoptosis and dysregulation
of CREB.

The PI3k/Akt pathway is important for the inhibi-
tion of high glucose induced apoptosis. The pathway
also reverses the effects of high glucose levels on
the downregulation of synaptic plasticity-related pro-
teins in hippocampal neurons [54]. Through the TrkB
receptor, nBDNF upregulates the PI3K and Akt path-
way to inhibit the forkhead, Bad, and Pro-caspase
9 apoptosis proteins [52]. PI3K/Akt also increases
CREB activation to help with neuronal survival [54].
In a HFHS diet, decreased mBDNF causes the dis-
inhibition of the PI3k/Akt pathway on apoptosis,
leading to increased susceptibility for neuronal cell
death.

The PLC-v pathway is important for calcium sig-
naling and synaptic plasticity [S5]. The pathway is
important for Ca’* homeostasis. The levels of cal-
cium ions maintained by the pathway activate kinases
(calcium-calmodulin dependent kinases), that in turn
activate transcription factors including CREB that
help regulate neuroplasticity and neurogenesis [56].
In a HFHS diet, the downregulation of mBDNF dis-
rupts the calcium ion homeostasis of the PLC-y
pathway causing a multitude of problems such as
increased oxidative stress, apoptosis, and dysregula-
tion of CREB and transcription factors that decrease
LTP and neurogenesis (Fig. 6).

In addition to its role with synaptic plasticity,
mBDNF is associated with other functions that may
prove that decreased levels are detrimental to normal
brain functioning. Mature mBDNF helps counteract
noxious effects of neuronal cell death by exerting
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decrease in LTP and neurogenesis.

various trophic effects on hippocampal neurons [57].
In adult humans, high levels of mBDNF in the hip-
pocampus have been seen to be related to survival and
differentiation of dentate gyrus progenitor cells [58,
59]. In aged animals, low mBDNF levels have been
associated with deficient neurogenesis [60]. More
importantly, mBDNF has been seen to play a role in
antioxidant defense during aging and increases with
oxidative stress [50]. In one study with schizophre-
nia patients, it was found that both oxidative stress
and decreased mBDNF levels may be implicated in
the pathophysiology of the disease [58]. An inverse
association between mBDNF and oxidative stress
in schizophrenia could reflect a pathological mech-
anism affecting the mBDNF system to influence
cognitive impairment [61]. In analyzing the brains of
patients with psychiatric conditions and neurocogni-
tive disorders, decreased mBDNF functionality has

been found compared to healthy individuals, but it is
still unclear whether or not this decrease is the direct
cause of cognitive decline.

THE VAGUS NERVE AND ITS ROLE IN
THE GUT-BRAIN AXIS

Up until this point, we have been reviewing the
metabolic pathways of the brain, gut, and liver and
the biomolecules that are produced in each as they
relate to the pathophysiology of the HFHS diet and
AD. Studying these pathways through the lens of
an HFHS diet inducing an endocrine communication
cascade involving TMA, TMAO, IL-6, hepcidin, and
mBDNF and their effects on the brain, liver, small
intestine, and large intestine collectively, reveals that
there are still gaps in the literature with regard to
understanding of how these organs and inflammatory
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signaling pathways communicate with each other in
systemic metabolic disease. The literature hints that
these same organs communicate via the vagus nerve,
which has been shown to communicate directly with
enteroendocrine cells [62].

The vagus nerve is responsible for modulat-
ing mBDNF expression and neurogenesis in the
hippocampus while playing a pivotal role in gut
microbiome to brain signaling which is signif-
icantly impacted by hippocampal neuroplasticity.
mBDNF is known to promote neuronal survival,
axonal guidance, and synaptic plasticity. A previous
study determined the sensory processing of odor-
ants is a dynamic process that requires plasticity
at multiple levels [63]. For instance, in the olfac-
tory bulb inhibitory interneurons undergo lifelong
replacement through the process known as adult
neurogenesis. Recent studies suggest vagal nerve
activity influences neurogenesis and mBDNF mRNA
expression in the adult hippocampus and therefore
conducted a study verifying vagotomy decreased
hippocampal neurogenesis [63, 64]. Although the
mechanisms for this underlying process are not
very clear, scientists discovered that a vagotomy
decreases mBDNF, the neurotropic factor responsi-
ble for regulating adult hippocampal neurogenesis
(Fig. 7).

The communication between the brain and micro-
biota is bidirectional through the stimulation of the
neural pathways of the vagus nerve and through
cytokines. Cytokine interleukins are key components
of vagally-mediated immune-to-brain connection,
thus novel mechanisms of future study as they serve
a molecular link between the immune system and
vagus nerve, and thus in the CNS. The vagus nerve
stimulates interoceptive awareness through internal
identification, recognition, and responses of micro-
biota metabolic signals through its visceral sensory
afferents and motor efferents. The vagus nerve has
anti-inflammatory properties in both its efferent and
afferent fibers.

Yu and colleagues described neuropods, which
are the specialized cells synapsing with nerves that
sense mechanical, chemical and thermal stimuli of the
gut lumen. Neuropod cells internally convert signals
from stimuli into electrical pulses initiating propaga-
tion by synapsing onto afferent neurons of the vagus
nerve. The brain and small intestine are linked by
the vagal neurons carrying sensory information to
the brain stem. The vagus nerve is responsible for
sensing gut microbiota, transferring the gut infor-
mation to the CNS for integration and generation

Dysbiotic

Fig. 7. The neural summary of the gut-brain axis. Gut endocrine
cells are activated by mature mBDNF or inhibited by proBDNF,
which in turn activate or inhibit vagal nerve communication to
the brain respectively. Additionally, afferent vagal nerve fibers
stimulate efferent vagal nerve fibers via the inflammatory reflex.

of an adaptive or neuroinflammatory response [62].
The vagus nerve is thus responsible for neuron-to-
neuron retrograde transmission in the enteric nervous
system.

Where this becomes interesting would be the distal
colon, which receives pelvic splanchnic nerve inner-
vation instead of vagal nerve innervation. Not much
is known about the neural connection between dis-
tal colon and the brain with respect to the GBA,
but our preliminary results show that BDNF receptor
presence as visualized with immunohistochemistry
in APP mice on a HFHS diet in the distal colon
was not statistically different between cohorts, but
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it was in the jejunum which does receive vagal
innervation.

The vagus nerve is a critical component of
the parasympathetic nervous system and operates
through a cholinergic anti-inflammatory pathway
[40]. The vagus nerve has anti-inflammatory proper-
ties in both its efferent and afferent fibers, and while
these fibers are distributed throughout all layers of the
digestive wall, they do not come in contact directly
with gut microbiota [40]. Instead, the vagus nerve
senses microbiota through diffusion of bacterial com-
pounds or metabolites through its afferents, which are
then integrated in the CNS to generate a response
[40]. The communication between the microbiota
and the brain is bidirectional and can occur through
several different pathways, including neural through
the vagus nerve and spinal cord, immune cytokines
or metabolic signaling through different signaling
molecules [40].

Macrophages and enterocytes are also involved
in the sensation and detection of bacteria [65].
HFHS diets generate an over dominance of gram-
negative bacteria of the microbiota and activate
various responses. The negative bacteria circulat-
ing stimulates the vagus nerve to give afferent
signals to the brain. The brain activated increased
peristalsis in attempts to eliminate the bad bacte-
ria. Enteroendocrine cells are also stimulating the
vagus nerve assisting as support to fight the infec-
tion. Macrophages are cells engulfing pathogens
which insist in the detection of phagocytosis and
destruction of bacteria and necessary presentations
of antigens to T-cells and initiate information by
releasing molecules (cytokines, IL-6, nBDNF, TMA,
TMAO) that activate other cells. Macrophages facil-
itate cytokine activation. In addition, the increased
number of gram-negative bacteria produces TMA.
TMA is considered toxic and thus adversely reacts
with the liver causing an interference with liver pro-
duction. As TMA is circulating through the blood
stream it gets converted to TMAO. TMAO is pro
inflammatory thus more TMAO circulating through-
out the body will cause an increase in the secretion
of IL-6 activating/driving inflammation in the body.

The liver’s recognition of bad bacteria because
of increased TMA while simultaneously producing
TMAO results in the overproduction of hepcidin. An
increase of hepcidin sequesters more iron in the gut.
TMAO is therefore dispatched to the gut to increase
inflammation and sends hepcidin to the gut to evoke
the enteroendocrine cells to retain the iron in the
gut. However, hepcidin and IL-6 are not remain-

ing in the gut as they are traveling throughout the
enteroendocrine and cardiovascular system to the
brain. An increase of IL-6 regulation in brain cells
increases the inflammatory response and increases
oxidative stress and neurodegeneration [66]. This
gives rise to microglia activation as the brain assumes
its inflamed and increases hepcidin. Hepcidin locks
iron into all cells and hence neural cells. An increase
of iron in neurons instigates the activation of the
iron hypothesis to take effect. The overproduction
of oxidative stress generates neuronal plaques and
tangles which increase inflammation. APOE4 indi-
viduals are unable to handle the excessive amounts
of iron production which onsets neurodegenerative
diseases such as AD to develop.

In addition, the increase of IL-6 is causing a
decrease in the amount of mBDNF produced. As
mBDNF decreases and proBDNF increases, the
resulting cascade terminates vagal nerve efferent
fibers. Hence, the vagus nerve is unable to commu-
nicate with the gut in the efferent direction. Since
mBDNF is also produced in the gut it thus cannot be
activated in the afferent direction.

Bidirectionally the vagus nerve has been severed
completely in both the afferent and efferent direc-
tions. This results in no communication happening
between the brain, gut, and vagus nerve when nor-
mally the vagus nerve modulates all regulation. Thus,
the only signaling remaining is the over-circulation
sustained from iron overload as a result of endocrine
dysfunction.

Enteroendocrine cells are located throughout the
GI tract and have been shown to express voltage-
gated sodium and calcium channels that interact
with vagal afferents to modulate certain GI functions
including motility, secretion, and food intake [40].
These cells are polymodal chemosensors that inte-
grate both intrinsic and extrinsic signals within the
gut and transmit this information to the nervous sys-
tem [40]. Vagal chemoreceptors are also likely to be
involved in the communication between the brain and
gut microbiota through the sensation of short-chain
fatty acids and gut hormones [40]. Vagal branches
carry afferent satiety signals from the stomach and
other areas of the GI tract to the brainstem and is
an important modulator of appetite and food intake
[67]. Vagal stimulation leads to a reduction in food
intake, weight gain, and adipose tissue accumula-
tion through increase CNS satiety signal [67]. We
summarize the entire story of healthy versus dys-
biotic states that regulated by the vagus nerve in
Fig. 8.
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Fig. 8. Summary of healthy (left) and dysbiotic (right) states of the gut-brain axis. The left region of the figure depicts the brain, liver, and gut
at optimal health whereas the right region represents the brain, liver, and gut in dysbiotic states. The brain, in a state of a healthy microbiota,
ferritin, hepcidin, IL-6, and iron are all at baseline levels. The liver in a healthy state contains baseline hepcidin, IL-6, and TMA levels which
supports a balance of healthy and dysbiotic bacteria. Iron levels are slightly higher in the healthy state than a dysbiotic state as hepcidin is
upregulated in a dysbiotic state. In addition, a healthy microbiota consists of a balance of Gram-positive and Gram-negative bacteria; in which
hepcidin, iron (Fe3+), IL-6, and TMAO levels express a normal state of balance. The right region of the figure depicts the brain in a state
of dysbiotic microbiota. The brain responds preventatively by upregulating ferritin and hepcidin levels, as well as IL-6. This is done via the
astrocytes (purple) and microglia (red). In the neuron (dark yellow), iron is upregulated as well in the setting of neuroinflammation. Amyloid
plaques can also be seen in the dysbiotic state as above. Below, the liver is illustrated in a state of dysbiosis. IL-6 is upregulated, and higher
levels of TMA are sent to the liver to be oxidized to TMAO. TMAQO is sent to the small intestines which ultimately causes inflammation and
the overgrowth of dysbiotic bacteria. Most importantly, the dysbiotic microbiota indicates an increase of gram-negative bacteria and elevated
hepcidin. Whereas a dysbiosis state indicates an increase of gram-negative bacteria and elevated hepcidin levels resulting in excessive iron
accumulation. This stimulates high ferritin levels which promotes less cognitive decline and therefore excess hepcidin production. The
synthesis of hepcidin is rapidly increased by infection and inflammation in which elevated IL-6 levels initiate a pro-inflammatory cascade.
With IL-6 upregulation occurring in the liver, the higher levels of TMA become oxidized to TMAO. Circulation of TMAO initiated in the
small intestine initiates an inflammatory state.

ADDITIONAL CONDITIONS THAT MAY bowel syndrome and irritable bowel disease, as well

AFFECT THE GUT-BRAIN AXIS

Several factors can alter the communication
between the gut microbiome and the brain. Stress
inhibits the vagus nerve by acting on G protein-
coupled receptors in the brain and GI tract via
corticotrophin-releasing factor and has deleterious
effects on the gut microbiota as it counteracts its anti-
inflammatory nature [40]. Stress-induced vagal nerve
inhibition increases intestinal permeability and favors
gut dysbiosis [40]. A low vagal tone has been stud-
ied and characterized in conditions including irritable

as a state of gut dysbiosis and low-grade inflamma-
tion in the GI tract [40]. Experimental studies with rat
and human models show that increased sympathetic
nervous system (SNS) activity results in increased
lipolysis rate in adipose tissue, and that lipid accu-
mulation could be due to reduced SNS activity in
obese models rather than increased parasympathetic
nervous activity [67].

Bariatric surgery and its effects on the GBA com-
munication has been closely studied through the
lens of gut microbiota and hormone shifts [67].
Also referred to as metabolic surgery, studies have
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shown sustainable weight loss, hypertension remis-
sion, remission of sleep apnea, and improvements in
glycemic control and reduction of triglyceride levels
following surgery [67]. Bariatric surgery has been
hypothesized to have several effects on the nervous
system, including potentially reducing SNS activ-
ity and significant downregulation of mBDNF in the
hippocampus in patients with following surgery that
displayed problematic eating behaviors with weight
regain [67].

Metabolic surgery also has implications on the
gut microbiota, which could ultimately impact the
GBA as previously described. Over 75% of patients
with severe obesity show low microbial gene richness
which is associated with increased trunk fat-mass
and metabolic comorbidities including type-II dia-
betes mellitus [67]. Patients diagnosed with obesity
typically have a disrupted gut microbiome, reduced
expression of tight junction proteins, increased gut
permeability, increased leakage of lipopolysaccha-
rides and bacterial metabolites (short-chain fatty
acids, TMAO) into systemic circulation, mucosal
inflammation, and bacterial translocation [67]. Fol-
lowing metabolic surgery, microbiota composition
shifts occur including decreases in the abundance
of Firmicutes and Actinobacteria, increases in
Bacteroides, Proteobacteria, and phylum Verru-
comicrobia, and overall increases in gut microbial
diversity [67]. Increases in Bifidobacterium and Lac-
tobacilli have been associated with increased vagal
stimulation and reduced LPS-induced inflammation
which ultimately enhances gut barrier function [67].
This shift in gut microbial composition both directly
and indirectly influences the CNS as it has been
shown that patients irritable bowel syndrome had
decreased anxiety and stress, decreases in food crav-
ings and depression, and increases in satiety and
self-esteem following bariatric surgery with altered
gut microbiome profiles [67]. In addition to a direct
shift to the gut microbiome, an indirect food pref-
erence shift following surgery has been observed in
patients that typically follow a pattern of low high-fat
and high-sugar foods, which can impact the diversity
of the gut microbiome and its impact on the brain as
previously discussed in this review [67].

Experimentally, this axis opens an opportunity
for further research regarding how the human gut
microbiome is affecting these pathways individu-
ally, and altogether as an axis. Further research in
microbiology can shed light on the processes that gut
microbiota are undergoing in the setting of inflamma-
tion and oxidative stress, and how this can ultimately

shift the production of mBDNF in the brain. Future
studies in neuroscience can explore the implications
of mBDNF and diet, and how gut microbiota compo-
sition and TMAO production affect other processes
like learning and forming memories. Genomic scien-
tists can further study the development of screening
systems and how levels of TMAO, hepcidin, and other
microbiota byproducts could shed light on disease
detection. This multisystem, multi organismic inter-
play between the gut, brain, and liver is a complicated
process that requires several disciplines in science to
come together to formulate a better understanding
of what is truly happening in the body as a result of
TMAO, hepcidin, nBDNF, IL-6, and gut microbiota.

CONCLUSION

The gut microbiome was once considered a small
component of the human body but as research
emerges, its critical importance in human health is
becoming more clear. A HFHS diet has been shown to
provide precursor biomolecules that enable the over-
growth of pathogenic bacteria to produce TMAO,
which can have a number of negative systemic effects
on the body. While TMAO has been in the spot-
light for years, it may not be the only contributing
factor to the continued state of gut dysbiosis. We
reviewed that IL-6 is often related to inflammatory
and pathological situations and is therefore a factor
that contributes decisively in the normal function of
the brain. IL-6 can activate GI submucosal neurons
through the GBA. Furthermore, mBDNF has become
a more widely studied protein that plays a role in
learning and memory. mBDNF is highly regulated
by the p75 and TrkB receptors. However, gut micro-
biota has also been seen to modulate the mBDNF
expression in the brain suggesting that the GBA may
play a large role in regulating this important pro-
tein. The exact mechanism is still unclear, so more
research is needed to study brain mBDNF as well
as peripheral mBDNF in relation to the brain-gut
axis. Excess iron levels in the gut provide an advan-
tageous niche for pathogenic bacteria to dominate,
which could be ameliorated by two different mecha-
nisms of two different hepcidin molecules. Hepcidin
derived from the liver could be combating inflamma-
tion in the body by sequestering iron in the brain and
other areas of the body to prepare as a response to
gut dysbiosis, versus dendritic-cell-derived hepcidin
that may acting as the “first responder” in the intesti-
nal tract, directly sequestering iron at the level of the
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mucosa to starve pathogens from their primary food
source altogether. The microbiota-induced inflamma-
tion and oxidative stress is to be seen as a systemic
condition rather than just a locally destructive event
that occurs in the gut, and the role in hepcidin is
critical in returning the body back to homeostasis to
combat neuroinflammation. We still do not know the
detailed mechanistic aspects of iron-induced regula-
tion of hepcidin expression in brain cells; however,
these two distinct variations of hepcidin molecules
both contribute to a “healing” role that could pre-
vent AD and other neurologic disease pathogenesis.
Future side-by-side studies with both dendritic-cell-
derived and hepatocyte-derived hepcidins must be
conducted to solidify the roles of each through a lens
of a HFHS diet and neurologic disease development
and progression.
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