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The Brain—-Gut-Bone Axis in Neurodegenerative Diseases:
Insights, Challenges, and Future Prospects

Rong Li, Zong Miao, Yu'e Liu, Xiao Chen, Hongxiang Wang, Jiacan Su,*

and Juxiang Chen*

Neurodegenerative diseases are global health challenges characterized by the
progressive degeneration of nerve cells, leading to cognitive and motor
impairments. The brain—gut-bone axis, a complex network that modulates
multiple physiological systems, has gained increasing attention owing to its
profound effects on the occurrence and development of neurodegenerative
diseases. No comprehensive review has been conducted to clarify the
triangular relationship involving the brain-gut-bone axis and its potential for
innovative therapies for neurodegenerative disorders. In light of this, a new
perspective is aimed to propose on the interplay between the brain, gut, and
bone systems, highlighting the potential of their dynamic communication in
neurodegenerative diseases, as they modulate multiple physiological systems,
including the nervous, immune, endocrine, and metabolic systems.
Therapeutic strategies for maintaining the balance of the axis, including brain
health regulation, intestinal microbiota regulation, and improving skeletal
health, are also explored. The intricate physiological interactions within the
brain—gut-bone axis pose a challenge in the development of effective
treatments that can comprehensively target this system. Furthermore, the
safety of these treatments requires further evaluation. This review offers a
novel insights and strategies for the prevention and treatment of
neurodegenerative diseases, which have important implications for clinical
practice and patient well-being.

1. Introduction

Neurodegenerative diseases are character-
ized by dysfunctional neurons in the brain
and spinal cord, they include Alzheimer’s
disease (AD), Parkinson’s disease (PD), ge-
netic degenerative diseases of the nervous
system, such as Huntington’s disease (HD),
motor neuron diseases such as amyotrophic
lateral sclerosis (ALS), progressive bulbar
paralysis, and spinal muscular atrophy.[!!
Neurodegenerative diseases are among the
dominant causes of disability and morbid-
ity worldwide and have received consider-
able attention owing to their remarkable
influence on an aging society. These dis-
eases are primarily caused by the constant
deterioration of neuronal function, which
leads to brain atrophy.l?l With an increase
in the aging population, the number of neu-
rodegenerative diseases is increasing an-
nually. Currently, the pathogenesis of neu-
rodegenerative diseases is not clear, and
the available drugs only relieve symptoms
but cannot reverse or prevent the loss of
neurons.’l Therefore, it is of great prac-
tical significance to conduct research on
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neurodegenerative diseases, explore the mechanisms of disease
occurrence and development, and find effective ways for early di-
agnosis, prevention, and treatment.

The role of the brain—gut axis in the management of neu-
rodegenerative diseases has gained increasing attention in
recent years.[*l The brain-gut axis is a complex and bidirec-
tional communication network between the central nervous
system (CNS) and gut microbiota, which has been increasingly
recognized to play a critical role in the pathogenesis of neurode-
generative diseases.’] Studies have shown that dysregulated
commensal microbiota may contribute to the pathogenesis of
neurodegenerative diseases such as AD and PD and induce
chronic systemic inflammation, leading to neuroinflammation
and neurodegeneration.’! The gut microbiota also produces
metabolites, including neurotransmitters and neuropeptides,
that can influence brain function and behavior.”]

Extensive investigations have been conducted on the bidirec-
tional communication between the CNS and skeletal system. The
brain is regarded as the principal coordinator of body home-
ostasis because it regulates the activity of all body organs and
their interplay, whereas bones have hematopoietic, endocrine,
metabolic, and storage functions, in addition to their primary me-
chanical function.l®! Numerous stress, mood, and neurodegener-
ative disorders of the brain are associated with bone loss.!

Interestingly, bone metabolism and homeostasis are regulated
by the gut microbes.['%! The gut microbiota plays an important
role in nutrient absorption, immunomodulation, and the brain—
gut-bone axis, and has been associated with bone diseases such
as osteoporosis (OP).['!l The gut microbiota also modulates the
immune system and the enteric nervous system (ENS), which
contributes to the development and progression of neurodegen-
erative diseases.[!?]

Recent studies on systemic diseases such as hypertension and
OP have introduced the concept of the brain-gut-bone marrow
axis, which refers to the hypothesis that hematopoietic stem cells
might migrate to the brain, gut, or bone, contributing to local in-
flammation and complex immune responses.[*] The axis is de-
scribed by multiple reactional signaling interactions between the
gastrointestinal tract, bone, and CNS.

Recent research has shown that dysbiosis of the gut microbiota
and skeletal system has profound effects on the occurrence and
development of neurodegenerative diseases.[*!* To date, no com-
prehensive review has been conducted to elucidate the triangular
relationship involving the brain-gut-bone axis and its potential
for innovative therapies in the management of neurodegenera-
tive disorders.

In light of this, our review aims to propose a hypothesis
regarding the role of the brain—gut-bone axis in neurodegen-
erative diseases, which refers to the interconnected network of
biological systems that allow dynamic communication between
the brain, gut microbiota, and bone. As illustrated in Figure 1,
communication pathways in these biological networks involve
neuronal pathways, the immune system, endocrine regulation,
and metabolism system, which are crucial for maintaining the
homeostasis of the gastrointestinal, central nervous, and skeletal
systems. This review also explores therapeutic strategies for
maintaining the balance of the brain—gut-bone axis, including
the regulation of brain, intestinal microbiota, and skeletal health.
Neurodegenerative treatments aim to maintain the balance in
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the brain-gut-bone axis by combining interventions such as
regulating and reshaping the intestinal microbiota (using pro-
biotics, prebiotics, and fecal microbiota transplant), enhancing
the skeletal system through exercise, and integrating emerging
therapeutic approaches. These strategies can positively affect the
gut microbiota and slow down the progression of neurodegener-
ative diseases. Hence, the insights provided by this review shed
light on the important role of the brain—gut-bone axis in the
prevention and treatment of neurodegenerative diseases, which
have significant implications for clinical practice.

2. Brain—-Gut-Bone Axis: Interplay and Regulation

In recent years, exploring the interplay in the pathogenesis of
neurodegenerative diseases and developing rational and effective
intervention strategies have emerged as new research trends. The
exploration of the gut microbiota has provided insights regard-
ing the potential targets of the brain—gut-bone axis in neurode-
generative diseases that influence their onset and progression.
Therefore, based on the concept of the brain—gut-bone axis, we
primarily delved into and summarized the neurogenic, immune,
endocrine, and microbial metabolic pathways to provide a novel
perspective for prevention strategies and mechanistic research of
neurodegenerative diseases.

2.1. Neural Pathways

2.1.1. The Vagus Nerves (VNs) and Autonomic Nervous System
(ANS) Play a Vital Role in Brain and Gut Communication

Neural pathways are the specific routes within the nervous sys-
tem that transmit information. Regulation of the gut-brain axis
relies primarily on the vagus nerve (VN). There is a significant
presence of VN in the human digestive tract, which can per-
ceive changes in microbial populations. These nerves integrate
and transmit information from the gut to the CNS, resulting in
adaptive or maladaptive responses. Maladaptive responses pri-
marily manifest as gastrointestinal pathologies and neurodegen-
erative diseases.['’! The brain and the gut communicate bidirec-
tionally via the VN and ANS in the spinal cord, influencing each
other’s functions through intricate neurohumoral pathways. Sig-
nals from the brain alter sensorimotor and secretory functions in
the gut via complex neurohumoral pathways.['®] In addition, VN
activation shows anti-inflammatory effects, and VN activity posi-
tively influences the gut microbiota and beneficial bacteria. The
VN transfers endocrine neurons and microbial changes from the
gastrointestinal tract to the brain.['’]

The ANS, combined with the hypothalamic-pituitary-adrenal
(HPA) axis, constitutes a large and complex comprehensive
communication network between the brain and gut, which
involuntarily establishes and regulates the physiological home-
ostasis of the host.'81 The ANS responds to neuronal and
neuroendocrine signals to induce CNS-regulated intestinal
changes (top-down effect).[') Key gastrointestinal functions,
including intestinal motility and permeability, epithelial fluid
maintenance, intraventricular osmotic pressure, biliary secre-
tion, carbohydrate levels, mucosal mechanical deformation,
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Figure 1. Schematic diagram of molecular communication pathways among the brain, microbiota, and the bone system via the brain—gut-bone axis.
The brain—gut-bone axis is comprised of the neural pathways; the immune pathways; the endocrine pathways and microbial metabolites. The CNS
and the ENS of the gut are connected through intermediate neural pathways such as the vagus nerve (VN) and/or spinal fibers. The brain primarily
regulates brain-derived molecules, including hormones, neuropeptides, and neurotransmitters, which depend on the sensory nerve supply acting on the
skeleton. The gut microbiota participates in the regulation of neural function by modulating brain-derived neuroactive molecules, including neurons,
neuroendocrine factors, and neuroimmune factors. The gut microbial community influences skeletal metabolism balance through aspects such as
intestinal barrier, metabolic pathways, nutrient absorption of calcium and phosphorus, immune system, and hormonal environment. The skeleton
primarily regulates bone-derived molecules, including hormones and peptides, which act on the brain. The gut and bone tissue interact through a
complex network regulated by the gut microbiota. Figures were created with BioRender.com.

bicarbonate and mucus production, mucosal immune response,
and intestinal fluid processing, are controlled by the ANS.[2]
In the ANS, components of the microbial-gut-brain axis
communicate in antagonistic and synergistic ways.[?!]

Visceral afferent signals originating from the gut also regulate
brain function.['®) Gut microbiota contributes to the development
of enteric glial cells, which regulate gut homeostasis and main-
tain neuronal networks.[?2) Molecular compounds derived from
microorganisms contribute to the modulation of the behavior of
hosts and the function of their nervous systems. The neuronal
pathways of the VN and the immune system are modified by
molecules derived from microbes. These compounds can travel
through portal circulation and directly affect the local pathways
of the VN, providing signals to the brain via the ENS and afferent
pathways of the VN.

Hence, the VN and ANS are essential components in the bidi-
rectional communication between the brain and gut. The VN is
the longest cranial nerve and plays a vital role in transmitting sen-
sory and motor signals between the brain and various organs, in-
cluding the gut. The ANS, which consists of the sympathetic and
parasympathetic branches, regulates involuntary body functions,
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including digestion and gut motility. This bidirectional pathway
allows the exchange of signals and information between the two
systems.

2.1.2. The Role of VN and ENS in the Brain and Gut System

VN is one of the most important neuronal pathways in the body,
running from the brainstem to innervate the gut and ENS. Af-
ferent pathways of the VN and the ENS can be stimulated by
stress hormones, immune mediators, and CNS neurotransmit-
ters, which alter the gut environment and microbiota.'®22] Bacte-
ria establish direct neural connections between the brain and gas-
trointestinal microbiota through stimulation of afferent neurons
in the VN and ENS. The ENS is a plexus of internal nerves that is
distributed in the wall of the gastrointestinal tube from the esoph-
agus to the anus. The ENS is divided into two ganglion plexuses,
the submucosal plexus and the myenteric plexus, which are
mainly responsible for coordinating intestinal functions, such as
motor and fluid movement control.}] A ganglion is composed
of an interconnected nerve plexus or neural network with small
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groups of nerve cell bodies in the wall of the tube.?*] The pregan-
glionic fibers of the VN from the dorsal nucleus of the VN form
synapses with motor neurons in the ENS. Postganglionic fibers
from the spinal cord terminate directly in the muscular layer and
blood vessels. Under physiological conditions, the ENS receives
incoming signals from the central sympathetic and parasympa-
thetic nerves to regulate gastrointestinal movement.!”]

The intestinal microbiota and the CNS are bidirectional and
multichannel.?®l The abnormalities in intestinal microorgan-
isms lead to the secretion of amyloid proteins and lipopolysac-
charides (LPS), increase intestinal permeability, and enable other
cytokines, such as the LPS amyloid protein, to enter the intesti-
nal wall and stimulate Toll-like receptor 4 (TLR4) and other TLRs
to produce inflammatory cytokines.!?”] These cytokines increase
the permeability of the blood-brain barrier (BBB) and can en-
ter the brain tissue, inducing neuroinflammation and nerve in-
jury, and depositing amyloid plaques. Probiotics can strengthen
the epithelial connection, protect the mucosal barrier, and re-
duce intestinal permeability, and the damage to the nervous sys-
tem caused by intestinal inflammatory factors entering the blood
circulation.!8]

An increasing body of evidence indicates that chemical signal-
ing between enteric neurons and the gut microbiota influences
their functions. The activation of aryl hydrocarbon receptors in
adult mice has been shown to affect gut motility via the ENS.[?!
Microbiota products, such as short-chain fatty acids (SCFAs),"]
bacterial cell wall components, and others, have been found to
affect rodent gut motility and ENS activity.?!] A recent study re-
ported that the microbial product 5-hydroxytryptamine (5-HT) in-
fluences the ENS through the microbial-gut-brain axis.32 Mi-
crobial products in the brain also affect neuronal pathways. In
addition, ENS abnormalities have been linked to neuropathic
chronic intestinal pseudo-obstruction,*3] and primary disorders
of the CNS, including autism spectrum disorder, AD, and PD.3l
The ENS, sometimes referred to as the “second brain,” is a net-
work of neurons lining the gastrointestinal tract that can operate
independently and communicate with the CNS via the VN.

2.1.3. Nervous System Regulation of the Brain and Bone Health

Recent studies have shown that the nervous system regulates
skeletal metabolism, and skeletal interception regulates bone
homeostasis.’*! In addition to the central regulators and brain-
derived molecules that influence bone with transmitters of the
sympathetic, parasympathetic, and sensory nervous systems,
bone-derived mediators are released from bone cells and bone
marrow and can impact brain function. This reciprocal interac-
tion suggests that bone may serve as a pivotal “afferent” regu-
lator of cerebral development, function, and pathophysiology.[’!
Peripheral nerves actively contribute to bone development and
repair by transmitting various signals, including through neu-
rotransmitters, neuropeptides, axon guidance factors, and neu-
rotrophins. Concurrently, the bone provides a microenvironmen-
tal niche for these nerves, offering mechanical support and a pro-
tective enclosure within its internal milieu.3¢!

Bone metabolism is directly controlled by neural pathways
mediated by the CNS, and sensory and autonomic nerve fibers
are involved in the regulation of bone tissue.['!l There is a bal-
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ance between the CNS-mediated neuropeptide network, which
plays a central role in balancing osteoblasts (OB) and osteo-
clasts (OC), as well as bone formation and resorption.’’ Hence,
skeletal metabolism is strictly regulated by the nervous sys-
tem, whereas sensory regulation within the skeleton maintains
homeostasis.

The ENS also plays a significant role in the regulation of bone
metabolism and the maintenance of bone health. The ENS com-
municates with bone cells through various signaling molecules,
including neuropeptides and neurotransmitters. For example,
the neuropeptide substance P, which is produced by ENS neu-
rons, stimulates bone formation by increasing the activity of
OB.P*”] In contrast, other ENS signaling molecules, such as va-
soactive intestinal peptides, have been shown to inhibit bone re-
sorption by decreasing the activity of OC, which break down bone
tissue.l’8] Moreover, the ENS regulates the gut microbiota, which
in turn affects bone health.[*] Overall, the ENS plays a crucial role
in regulating bone metabolism and maintaining bone health.

Skeletal nerves, which are part of the somatic nervous system,
innervate the skeletal muscles and bones.[*?! However, they can
also indirectly affect the gut through their connection to the ANS.
Skeletal nerves can influence the ANS by activating the sympa-
thetic nervous system and parasympathetic nervous system.[*!]
In addition, the skeletal nerves can also affect the gut through
their connection with the ENS. Skeletal nerves interact with the
ENS through their connection with the sensory neurons that in-
nervate the gut.l*?] These sensory neurons send signals to the
spinal cord, where they can be integrated with other sensory in-
formation and relayed back to the gut via motor neurons.*?! Over-
all, skeletal nerves indirectly influence many functions of the gut
through their connection with the ANS and ENS. Figure 2 pro-
vides a detailed illustration of neural pathway regulation of the
brain—gut-bone axis.

In conclusion, dysregulation of the brain—gut-bone axis may
play a significant role in the development of neurodegenerative
diseases. Intricate interactions between the nervous systems,
including the VN and ANS, and the gut involves communication
with the gut microbiota, the immune system, inflammatory
responses, and skeletal nerves. This communication imbalance
can lead to increased inflammation, gut permeability, and neu-
ronal damage, accelerating the progression of neurodegenerative
diseases.

2.2. Immune Regulation

2.2.1. Crosstalk between the Gut Immune System and the
Neuroimmune System

The development of the gut immune system depends on the gut
microbiota.*] The gut microbiota communicates with systemic
immune cells, regulates the gut epithelial barrier, and permeates
the gut-associated lymphoid tissue and the bloodstream.[**] Cer-
tain bacteria stimulates effector T cell differentiation, and then
promotes T cell brain infiltration, as well as, secrete inflamma-
tory cytokines, disrupting the integrity of the BBB, leading to neu-
roimmune inflammatory responses and disease development.[**]

The gut is home to a vast number of immune cells, including
T cells, B cells, and various types of innate immune cells such as
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Figure 2. Neural pathways regulation in the brain—-gut-bone axis. Communication between the brain and gut occurs through the VN and ANS in the
spinal cord, which influences each other through complex neurohumoral pathways. The VN is a major neuronal pathway that runs from the brainstem
to innervate the gut and ENS. The VN and ENS afferent pathways can be stimulated by neurotransmitters from the CNS, leading to changes in the
gut microbiota and environment. The ENS receives signals from the central sympathetic and parasympathetic nerves, which regulate gastrointestinal
movement and communicate with bone cells through neuropeptides and neurotransmitters. Dysfunction in the ENS can lead to changes in the gut
microbiota, inflammation, and altered bone remodeling. OB secrete prostaglandin E2 (PGE2), which activates the PGE2 receptor 4 (EP4) in sensory
nerves, serving as the ascending skeletal interoceptive pathway involved in bone remodeling. Sensory nerves that innervate the gut connect with skeletal
nerves, allowing communication between the ENS and bone cells. These sensory neurons send signals to the spinal cord, where they are integrated
with other sensory information and relayed back to the gut via motor neurons. CNS-mediated neuropeptide networks play a crucial role in balancing

osteoblast and osteoclast activity for proper bone formation and absorption. Figures were created with BioRender.com.

macrophages, dendritic cells, and innate lymphoid cells that in-
teract with the gut microbiota through various mechanisms, such
as direct contact, secretion of immune modulators, and recogni-
tion of microbial antigens.[*! Metabolites of the intestinal micro-
biota can trigger an immune response, inducing intestinal in-
flammation and PD development.[*’]

The gut microbiota also plays a key role in maintaining the
integrity of the gut epithelial barrier, which is critical for pre-
venting the entry of harmful microorganisms and toxins into the
bloodstream.[*¥] Dysbiosis, or an imbalance in the gut microbiota
leads to increased gut permeability and inflammation, contribut-
ing to the development of various diseases.*”] Inflammatory fac-
tors increase the permeability of the BBB, allowing their entry
into the brain tissue and causing neuroinflammation, nerve dam-
age, and the deposition of amyloid proteins, leading to neuronal
death and directly affecting brain function.!

The stress response to CNS injury alters gut microbiota and
stimulates inflammatory immune cells, which migrate to the
CNS and exacerbate neuroinflammation.’!! In addition to im-
mune cell activation, stress-induced dysbiosis can lead to the mi-
gration of immune cells from the gut into the brain. This mi-
gration can occur through a variety of mechanisms, including
disruption of the BBB and activation of immune cells in the gut,

Adv. Sci. 2024, 11, 2307971 2307971 (5 of 35)

which then migrate to the brain.5?l Once in the brain, the im-
mune cells contribute to the development of neuroinflammation,
which has been implicated in various neurological disorders.[3!

Based on this, we believe that the development of the gut im-
mune system relies on the gut microbiota. Dysbiosis of the gut
microbiota leads to increased gut permeability and exacerbated
inflammation, thereby contributing to the development of vari-
ous diseases. The stress response to CNS injury alters the gut mi-
crobiota and stimulates the migration of inflammatory immune
cells to the CN§, exacerbating neuroinflammation.

2.2.2. Gut Microbiota Regulates Bone Metabolism by Regulating the
Host Immune System

Gut microbiota influences both the immune system and bone
metabolism; gut microbial dysbiosis has been associated with
both neurodegenerative and bone-related diseases.> The pres-
ence of colonizing bacteria in the intestine leads to the prefer-
ential accumulation of Tregs in the lamina propria of the colon,
thus affecting the number and function of Tregs in the intestine
and finally modulating bone metabolism.!"!] For example, Bacil-
lus clausii promotes bone formation by increasing Treg cells in an
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ovariectomy (OVX) mouse model,>*! and Lactobacillus rhamnosus
GG treatment regulates bone anabolism via Treg cell-mediated
regulation of CD8" T cell Wnt10b production.>¢!

Emerging evidence suggests intestinal filamentous bacteria
increase IFN-y production and IL-17, which play an essential
role in bone formation in vivo and rescue OP in mice following
OVX.P7] For example, the probiotic bacterium Lactobacillus aci-
dophilus inhibits bone loss in OVX mice by modulating the Treg-
Th17 cell balance.[5® Moreover, the segular filamentous bacteria,
a type of gut microbe, regulates the homeostasis of OB and OC
by producing IL-17 and IFN-y.1) Mature helper T17 (Th17) cells
and the related inflammatory factor IL-17 are the main driving
forces in the pathogenesis of bone loss diseases such as rheuma-
toid arthritis and OP. IL-17 significantly upregulates the expres-
sion of RANKL and its receptor RANK and enhances the activity
of OC, thus disrupting bone metabolic balance and aggravating
bone destruction.l®”) Thus, an imbalance in the gut microbiology
can inhibit the differentiation of Tregs, leading to Th17 cell dif-
ferentiation and promoting OC differentiation.[61]

In addition to affecting Tregs and T cells, the gut microbiota
also functions in B cell development by producing osteoprote-
gerin (OPG), an OC inhibitor for effective bone resorption.[®?] B
cells are a key source of OPG and are potent regulators of bone
turnover.[%3] Inflammatory processes exert a substantial impact
on bone remodeling, leading to bone loss through the height-
ened stimulation of OC activity. B cells transplantation into mice
lacking B cells normalized OPG production and prevented bone
resorption and loss of bone mass.[®] OPG regulates autophagy-
related genes and AMP-activated protein kinase/mTOR/p70S6K
signaling, which ultimately inhibits OC differentiation and bone
resorption.|®] The gut microbiota produces SCFAs as metabo-
lites that have anti-inflammatory properties and inhibit the acti-
vation of nuclear factor kappa-light-chain-enhancer of activated B
cells. This helps reduce autoimmune inflammation and supports
osteoimmunity.[*l The immune system may be involved in OP
pathogenesis mediated by intestinal microorganisms. Secondary
OP is a common consequence of immune system abnormalities.
Collectively, these studies suggest that the gut microbiota regu-
lates bone metabolism by altering the host’s immune status.

Studies have suggested that the gut microbiota plays a signif-
icant role in the regulation of bone metabolism. The gut micro-
biota closely interacts with the host immune system, and this in-
teraction has implications for bone health. The gut microbiota
and the immune system have a mutual relationship; the immune
system helps maintain a balanced gut microbiota composition,
and in turn, the gut microbiota influences immune function.
This bidirectional communication between the gut microbiota
and the immune system can affect bone health.

2.2.3. Neuroinflammation in the Brain Affects Bone Metabolism
and Bone Absorption

Inflammation is a common feature of both neurodegenerative
and bone-related diseases, and contributes to bone loss and im-
paired bone formation by promoting the activation and differen-
tiation of OC (cells that break down bone tissue) and inhibiting
OB (cells that build new bone tissue).l®”] During the process of
neurodegeneration, neuronal death and neuroinflammatory re-
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sponses produce a series of inflammatory mediators such as cy-
tokines and chemokines, which affect bone metabolism and ab-
sorption, leading to the occurrence of bone-related diseases such
as OP and fractures.[®®] In addition, proinflammatory cytokines,
such as tumor necrosis factor-alpha (TNF-a) and interleukin-6
(IL-6), stimulate the production of receptor activator of nuclear
factor kappa-B (NF-xB) ligand, a protein required for OC differ-
entiation and activation.l®! This increases bone resorption and
decreases bone density.

Immunological cells and molecules are involved in neurode-
generative and bone-related diseases. For example, T cells and B
cells, which are involved in the immune response, can produce
RANKL and OPG, a protein that inhibits RANKL, thereby pre-
venting OC activation. These molecules affect the differentiation
and function of the bone cells, thereby affecting their metabolism
and absorption.!”?]

Recent studies indicate the presence of a hidden “alarm sys-
tem” within the skull that can effectively monitor neuroinflam-
mation with unique subtypes of neutrophils. Research has re-
vealed differential expression of neutrophil-associated pathways
and unique synaptic protein features in the skull. The skull bone
marrow not only has a distinct cellular composition and molec-
ular profiles but can also reflect neuroinflammation in brain
diseases. Consequently, noninvasive cranial imaging holds great
promise for monitoring brain health and diagnosing neurolog-
ical conditions. Moreover, specific immune cell types may also
exist in the skeletal systems of other parts of the body. These
cells could potentially be employed for the surveillance of CNS
diseases, such as AD, facilitating early detection and diagnosis
to prevent disease onset. This exciting development opens new
avenues for the diagnosis and treatment of neurodegenerative
disorders.”! Therefore, maintaining healthy and diverse gut mi-
crobiota may be important for preserving optimal immune func-
tion and bone health.

The immune system plays a crucial role in neurodegenerative
diseases and the brain—gut-bone axis is instrumental in regulat-
ing the impact of the immune system on these diseases. Gut mi-
crobiota, immune cells, and inflammatory responses play signif-
icant roles in this axis, and their imbalance can contribute to the
development and progression of diseases. The detailed mecha-
nism of immune regulation via the brain-gut-bone axis is shown
in Figure 3. In summary, investigating the brain—gut-bone axis
is of great significance for gaining a deeper understanding of the
pathogenesis of neurodegenerative diseases and for developing
potential therapeutic approaches.

2.3. Endocrine Regulation
2.3.1. HPA Axis Regulation

The HPA axis is the main endocrine system of the body and is
widely involved in the stress response.l’?] In response to stress,
the hypothalamus releases a corticotropin-releasing hormone
(CRH), which stimulates the pituitary gland to release adrenocor-
ticotropic hormones (ACTH) and Neuropeptide Y (NPY). ACTH
stimulates the adrenal glands to release cortisol, which helps the
body cope with stress by increasing blood sugar levels, suppress-
ing the immune system, and altering metabolism.!”3]
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Figure 3. Immune regulation of brain—-gut-bone axis. Neurodegenerative diseases are characterized by inflammation and immune system abnormal-
ities that result in neuronal death and neuroinflammatory responses. This triggers the production of inflammatory mediators such as cytokines and
chemokines. The inflammatory factors cause an imbalance in gut flora, which is home to a plethora of immune cells such as T cells, B cells, macrophages,
dendritic cells, and innate lymphoid cells. Dysbiosis of the gut microbiota increases gut permeability and inflammation. Moreover, gut bacteria stimulate
the differentiation of effector T cells, which migrates to the brain and disrupt the integrity of the BBB, leading to neuroinflammation and the develop-
ment of neurological diseases. Gut microbes play a crucial role in regulating host health, particularly bone development. Dysbiosis of the gut inhibits the
differentiation of Tregs and promote Th17 cell differentiation, leading to OC differentiation and bone destruction. Inflammation is a common feature of
both neurodegenerative and bone-related diseases, which exacerbates bone loss and impair bone formation by promoting OC activation and inhibiting
OB. T cells and B cells can produce RANKL and OPG, a protein that inhibits RANKL and prevents osteoclast activation. Dysregulation of T and B cells
in neurodegenerative diseases can, therefore, affect bone metabolism and contribute to bone loss. Figures were created with BioRender.com.

Dysregulation of the HPA axis can lead to increased stress
and anxiety and has been implicated in the pathophysiology of
neurodegenerative diseases.I”* Cortisol levels are elevated in the
cerebrospinal fluid of patients with AD, suggesting dysregula-
tion of the HPA axis. This dysregulation contributes to the cog-
nitive decline and neuronal damage observed in the disease./”*"]
Similarly, patients with PD show signs of HPA axis dysfunction,
as indicated by disrupted cortisol rhythms and abnormal stress
responses.[”’!

Gut microbiology is closely related to the HPA axis. Huo et al.
found that germ-free mice exhibited stronger HPA axis activity
under mild stress. However, the HPA axis returned to normal
after proper supplementation with colonic bacteria.’®! The gut
barrier integrity is affected by the regulatory effects of cortisol on
neuroimmune signaling. Activation of the HPA axis leads to
the releases of cortisol to increase intestinal permeability and reg-
ulate endocrine cells, immune cells, cytokines, and other factors

Adv. Sci. 2024, 11, 2307971 2307971 (7 of 35)

that affect the gastrointestinal microenvironment, thereby affect-
ing the composition of intestinal bacteria.”’]

The HPA axis regulates bone metabolism and plays a crucial
role in modulating bone density and strength. Dysregulation of
the HPA axis leads to increased bone resorption and decreased
bone density, which contribute to bone-related diseases, such as
OP.I”8] Elevated serotonin levels are also associated with bone
loss.[”?! Overall, the HPA axis plays a critical role in the regulation
of various physiological processes in the brain, gut, and bones,
and its dysregulation leads to various disorders and diseases.

2.3.2. Function of Neurotransmitters Derived from Gut Microbiota
and Brain

The synthesis of neurotransmitters mediated by the gut mi-
crobiota has significant implications for cognition.®* The gut
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microbiota can produce precursor molecules for neurotransmit-
ters and facilitate the synthesis of neurotransmitters through
dietary metabolism, or a combination of both. Certain neuro-
transmitters precursors can traverse the BBB and actively con-
tribute to the synthesis of neurotransmitters within the brain.[8!]

Several hormones synthesized by the gut microbiota also serve
as neurotransmitters, which are more significant than the influ-
ence of the intestinal microbiota in the CNS.[#? Certain bacte-
rial taxa can stimulate neurotransmitter synthesis, which is re-
leased by enteroendocrine cells.!®¥] For instance, Lactobacillus bac-
teria produce gamma-aminobutyric acid (GABA) and serotonin,
which are crucial inhibitory neurotransmitters of the brain.[3!l
Neurotransmitters like glutamate, GABA, dopamine, and sero-
tonin, are synthesized in the brain from local pools of amino acid
precursors derived from the diet, which are transported across
the BBB and converted into functional neurotransmitters with
the help of host enzymes.[®*] The intestinal microbiome can influ-
ence host behavior by regulating neurotransmitter precursors. /8!l

Brain-derived neurotrophic factor (BDNF), a critical neu-
rotrophic factor that regulates neuronal regeneration, plays a
crucial role in promoting learning, memory, and neurodegen-
erative diseases.!®] The regenerative capacity of hippocampal
neurons in patients with AD progressively declines with disease
progression, which is characterized by the downregulation of
genes involved in regulating plasticity, decreased dendritic den-
sity, impaired synaptic plasticity, and cognitive dysfunction.®¢!
Therefore, enhancing the regenerative capacity of hippocampal
neurons is important for improving cognition. BDNF is the
most abundant neurotrophin in the brain and is a myokine.
Exercise has been shown to increase BDNF mRNA levels in the
muscles of healthy rodents and humans.[¥”} Additionally, recent
evidence suggests that BDNF produced by muscles may act as
an endocrine signal for vascular cells and perivascular adipose
depots.[®8 Hence, increasing the BDNF in the brain to promote
hippocampal neuronal regeneration is an important approach to
improving cognition.

Neurotransmitters derived from the gut microbiota signal to
the brain via endocrine pathways, affecting neuronal activity and
neurotransmitter balance in the brain. The brain can also influ-
ence gut microbiota composition and function through the auto-
nomic nervous system and stress response. Alterations in the gut
microbiota composition and neurotransmitter production may
contribute to the development and progression of neurodegen-
erative diseases.

2.3.3. Bone Homeostasis Modulated by Gut Microbiota and the
Endocrine System

There exists a complex interplay between the gut microbiota
and endocrine system that affects bone homeostasis. For exam-
ple, hormones produced by the endocrine system such as lep-
tin and adiponectin influence the composition of the gut mi-
crobiota, leading to changes in bone mass and density.®?! The
lack of these hormones contributes to intestinal permeability and
osteoclastic bone resorption in a TNF- and RANKL- dependent
manner.*l The gut microbiota also affects the production and
secretion of hormones, such as insulin and glucagon, which can
regulate bone metabolism.”!l Yan et al. demonstrated that gut
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microbial colonization significantly increased serum insulin-like
growth hormone 1 (IGF-1) levels and promoted bone growth and
formation in germ-free mice.””! In addition, increasing 5-HT
levels prevented OP caused by estrogen deficiency, suggesting
that estrogen works synergistically with 5-HT to regulate bone
metabolism.!”8] These hormones regulate intestinal microbiota
through different mechanisms, thereby affecting the secretion
and metabolism of bone cells. Further human studies are essen-
tial to confirm whether the intestinal microbiota influence bone
metabolism by modulating hormone production.

In addition, excessive glucocorticoids levels inhibit the synthe-
sis of bone matrix proteins and the differentiation of OB and
their precursors, reduce the synthesis of osteocollagen, and de-
crease the synthesis and secretion of osteocalcin, suppressing
bone formation.’] More importantly, estrogen deficiency may
enhance intestinal barrier permeability, promote CD4" T cell ac-
tivation, increase circulating LPS levels, and the production of
proinflammatory factors.®l Overall, the gut microbiota can af-
fect bone health by producing hormones that regulate bone for-
mation and resorption. A schematic diagram of the endocrine
regulation of the brain—gut-bone axis was shown in Figure 4.

The gut microbiota can influence the synthesis and
metabolism of neurotransmitters, such as serotonin, dopamine,
and GABA, which are important signaling molecules in the
nervous system. Changes in these neurotransmitters may be
associated with pathological processes in neurodegenerative
diseases. Overall, the brain—gut-bone axis is closely linked to
the development and progression of neurodegenerative dis-
eases through the regulation of the endocrine system and its
impact on neurotransmitters. Studying the mechanisms of
the brain—gut-bone axis will help us better understand the
complexity of these diseases and provides a theoretical basis for
the development of new therapeutic strategies. However, further
research is needed to uncover the specific role and potential
therapeutic approaches involving the brain-gut-bone axis in
neurodegenerative diseases.

2.4. Metabolism System
2.4.1. The Diverse Roles of Gut Microbiota Metabolism in the Brain

The gut microbiota affects the physiological, behavioral, and cog-
nitive functions of the brain. The gut microbiota produce abun-
dant metabolites in the intestine that can affect both intesti-
nal and nonintestinal tissues.[®”) Common examples of these
metabolites include dopamine, 5-HT, glutamate, BDNF, NPY,
y-aminobutyric acid, SCFAs, tryptophan (Ttp), and neurotoxic
metabolites such as ammonia, phenols, amines, phenolic acids,
and p-lactic acid.l*®]

Gut microbiota metabolites regulate brain metabolism and
function. For example, SCFAs interact with G protein-coupled
receptors (GPCRs) or histone deacetylases (HDACs) and act on
the brain via body fluids, immune pathways, and other routes.[?’!
SCFA stimulates the synthesis and secretion of 5-HT in the gut,
which binds to 5-HT receptors and regulates BBB permeability,
intervenes in neuronal development and differentiation, mod-
ulates emotions through neural signals, and regulates blood
circulation to affect brain function.!?®! In addition, 5-HT is an

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Polypeptide Cytokines

HPA axis Blood-brain barrier
CRH - R
i IL-18
ACTH L6 ) o
Cortisol Per?phe(al cirgulation

| | ]

= N Gut lumen
%

Bacterial amyloid g

In/testine

¢

\

- a»

@ ‘r// \\\‘ y 4
i B 8 @ &

www.advancedscience.com

Neurodegeneration

J‘ ) »J‘J 3
S 0.. (] T\ ]
o \o /(\
C 3 LS & @ C =3 - @
.' ' )
& @)

|

0
o 090
& 0
Tregs

""_n'h_ &

OC N ‘,/s\_y

TNF-a
IFNy

sills’— Séréfbnin‘

Bone - 0B

¢

TPL1

Figure 4. Endocrine regulation of the brain—gut-bone axis. Dysregulation of the HPA axis is implicated in contributing to the cognitive decline and
neuronal damage observed in the neurodegenerative diseases. The brain regulates the composition of intestinal bacteria by activating the HPA axis
to release cortisol, increasing intestinal permeability, and influencing the gastrointestinal microenvironment through the regulation of endocrine cells,
immune cells, cytokines, and other factors. The neurotransmitters such as glutamate, GABA, dopamine, NPY, BDNF, and serotonin are synthesized in the
brain from neurotransmitter precursors and affect the balance of intestinal microbiota. Several hormones synthesized by gut microbiota such as GABA
and serotonin are crucial inhibitory neurotransmitters in the brain. Gut flora regulates the production of human hormones such as growth hormone,
insulin-like growth factor, and gonadal hormone, thereby affecting bone homeostasis. Cortisol can stimulate the production of receptor activator of
NF-xB ligand, a protein required for OC differentiation and activation. Elevated levels of serotonin have been linked to bone loss. Estrogen deficiency
may enhance intestinal barrier permeability, promote CD4* T cell activation, increase the levels of circulating LPS. And increasing the level of 5-HT
can prevent OP caused by estrogen deficiency. Some hormones such as leptin and adiponectin, can influence the composition of the gut microbiota,
leading to changes in bone mass and density. The lack of these hormones contributes to intestinal permeability and OC bone resorption in a way that
is dependent on TNF and RANKL. Unbalanced microbiota can lead to changes in LPS levels of inflammatory bacteria directly into the brain or induce
elevated systemic immune responses. In addition, the gut microbiota can also affect the production and secretion of insulin and glucagon, which can
regulate bone metabolism. Excessive glucocorticoids can inhibit the synthesis of bone matrix proteins and the differentiation of OB and its precursors.

Figures were created with BioRender.com.

inhibitory neurotransmitter secreted by enterochromaffin cells in
the gut, which plays an important role in neuronal development
and synapse formation.[®! 5-HT is an important gastrointestinal
signaling molecule that transmits signals from the gut to in-
trinsic or extrinsic neurons, thereby affecting intestinal motility,
secretion reflexes, nutrient absorption, and other functions.!*?!
Trp is an essential amino acid associated with the synthesis of
key compounds such as 5-HT and kynurenine (KYN), while aro-
matic hydrocarbon (AhR) receptors are critical for Trp metabo-
lites in brain signaling.'%! AhRs activated by Trp metabolites act
as chemical messengers that mediate the intestinal and the bidi-
rectional relationship between microbes and the CNS and can
regulate host homeostasis in vivo through immune, metabolic,
and vagal communication pathways.['%!] Therefore, these micro-
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bial metabolites play an important role in regulating the gut—
brain axis.

Metabolites derived from gut bacteria have been shown to
play a substantial role in mitigating the onset of life-threatening
brain disorders.['%?] Gut microbiota metabolites guide the de-
velopment of immune cells and neuroinflammatory responses
in the brain['%! Microglia are a group of immune cells in the
CNS responsible for the maintenance of brain homeostasis and
responses to injury or stress. Butyrate, an SCFA produced by
gut bacteria, regulates the genes involved in the maturation of
microglia, alters their morphology, promotes the development
of anti-inflammatory microglia, and reduces neuroinflamma-
tion in animal models of CNS injury.'% Metagenomics has
been utilized to identify and characterize gut microbiota and
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microbiota-derived metabolites. Additionally, these microbiota-
derived metabolites have been shown to play a significant role
in neurodegenerative diseases such as AD, PD, and other neuro-
logical disorders, highlighting the importance of the microbiota—
gut-brain axis in these conditions.'®! The regulation of host
physiology and behavior by the gut microbiota plays an impor-
tant role, and the metabolites produced by the gut microbiota are
important pathways in this process.

2.4.2. The Effect of Gut Microbiota Metabolism on Bone Health

The interaction between the gut microbiota and bone, known as
the gut microbiota—bone axis, plays a significant role in main-
taining skeletal homeostasis and bone mineral density. This axis
involves the production of diverse metabolites by the gut mi-
crobes, including SCFAs, Trp metabolites, and exogenous and
endogenous polyamines, which have profound effects on bone
health.[1%] A study of 426824 participants from the UK biobank
cohort demonstrated a link between the growth of gut bacteria
and bone mineral density using genome-wide association study
(GWAS) summary statistics and provided evidence of a causal
relationship between microbiota and bone development.[1%7] Se-
nile OP is associated with changes in the microbiota, leading to a
reduction in bone mineral density (BMD). The fecal microbiota
profiles of 106 postmenopausal individuals (33 with osteopenia,
42 with osteoporosis, and 31 with normal BMD) showed that bac-
terial overgrowth in the gut could contribute to the development
of OP.[1%8]

SCFAs have become a hotspot in gut-bone axis research over
the past few decades. SCFAs, generated from the bacterial fer-
mentation of complex carbohydrates, represent an important en-
ergy source for intestinal epithelial cells and facilitate intestinal
barrier functions.['%! Additionally, SCFAs directly affect the for-
mation of OC and OB in addition to their regulatory roles in the
immune system. SCFAs inhibit the differentiation of bone mar-
row cells into OC by inhibiting the activity of HDACs. The inhibi-
tion of HDACs is one of the mechanisms by which SCFAs sup-
press the differentiation of bone marrow cells into OC.[11] SC-
FAs bind to G-protein-coupled receptors, and it has been shown
that the free fatty acid G-protein-coupled receptors (GPR41 and
GPR43) are responsible for suppressing OC.[''1] Moreover, reg-
ulation of the OPG and Wnt signaling pathways by SCFAs
is crucial for bone formation and mineralization. A previous
study demonstrated that administration of SCFAs to antibiotic-
treated mice enhanced insulin-like growth factor 1 (IGF-1) lev-
els, a hormone that affects skeletal growth.[®”) The gut microbiota
plays a significant role in bone remodeling by modulating SCFA
production.12]

Trp metabolites, particularly kynurenic (KYN), and serotonin,
are closely associated with bone metabolism. Compounds pro-
duced in the KYN pathway, including kynurenic acid (KYNA), 3-
hydroxykynurenine (3-HKYN), and anthranilic acid,'®! have key
effects on the promotion of bone-aging phenotypes. KYNA has
been shown to inhibit the differentiation of OB and RANKL-
induced OC genesis, and 3-HKYN has been shown to reduce
the viability of osteoblast-like cells owing to its pro-oxidative
nature.['"®) KYN itself influences the proliferation of bone mar-
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row mesenchymal stem cells into the osteoblastic cell lineage,[114]
elevated peripheral KYN levels lead to the destruction of bone
structure via the aryl hydrocarbon receptor pathway.!'1%]

Evidence suggests that gut microbes produce both exoge-
nous and endogenous polyamines. Exposure to warm conditions
has been shown to alter the gut microbiota and increase gut
polyamine biosynthesis, including acetylated spermidine and pu-
trescine, which improves bone microarchitecture and strength in
mice, protecting them against OVX-induced bone loss.''¢] How-
ever, a cross-sectional study revealed that elevated polyamine N-
acetyl-putrescine levels were was negatively associated with spine
BMD, demonstrating the double-edged effect of polyamines,
given that excess polyamine metabolism may impair osteoblast
genesis.[]

The gut microbiome plays a pivotal role in regulating bone
health and influences postnatal skeletal development and invo-
lution. Disruptions in the microbiota composition and host re-
sponses to the microbiota contribute to pathological bone loss.
Nutritional supplements containing prebiotics and probiotics
have the potential to modulate microbiota composition, thereby
preventing or reversing bone loss.!''”] Collectively, these observa-
tions will lead to a better understanding of the relationship be-
tween bone homeostasis and microbiota, thus providing new in-
sights into the microbiota-mediated bone development mecha-
nisms. A diagram of the metabolic process along the brain—gut—
bone axis is shown in Figure 5.

2.4.3. The Impact of Gut Microbiota-Derived Vitamins on the Brain
and Bones

The gut is a major source of nutrients, such as vitamins B and K,
which are products of intestinal microorganisms, and these vita-
mins are known to play an important role in the development and
function of the brain and bones.*”! The metabolites produced
by the gut microbiota have a significant impact on the nervous
system of the host. Vitamin K2 prevents neuronal cell apoptosis,
oxidative stress, and microglial activation, making it a promis-
ing therapeutic agent for AD.['"8] Vitamin K also slows down a-
synuclein fibrillation, leading to the formation of shorter fibrils
and amorphous aggregates that are less prone to vesicle leakage,
thus inhibiting the onset of PD.['"%] Studies have suggested that
increasing dietary vitamin K intake in the diet can alleviate mem-
ory decline in older adults.['?*] Vitamins B9, B6, B12, and others
have been found to alleviate brain atrophy in regions associated
with cognitive decline in AD.["!l Vitamin K supplementation has
also been recommended for the treatment of patients with mul-
tiple sclerosis (MS) to reduce disease intensity and slow disease
progression.['*8] Therefore, studying the relationship between vi-
tamins and neurodegenerative diseases would be helpful for the
prevention and treatment of these conditions, particularly by pro-
viding strong evidence for the use of vitamin K supplements in
AD, PD, and MS.

Inadequate vitamin K levels are linked to bone and mineral
abnormalities, specifically osteoporosis, bone fractures, and
vascular calcification.['??] Vitamin K is an essential component
of osteocalcin and is abundant in the bone matrix.l?3] Compared
with dietary intake, the production of vitamin K in the gut is
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Figure 5. Metabolism in the brain—gut-bone axis. The response to CNS injury causes changes in gut microbiota and trigger the activation of inflammatory
immune cells that migrate to the CNS and worsen neuroinflammation. The development of microglia can be influenced by metabolites produced by
gut microbiota. One of the most significant impacts of gut flora is on the metabolism and absorption of neurotransmitters such as dopamine, 5-HT,
glutamate, BDNF, y-aminobutyric acid, SCFA, Trp, as well as neurotoxic metabolites such as ammonia, phenols, amines, phenolic acids, and p-lactic
acid. For instance, 5-HT, an inhibitory neurotransmitter secreted by enterochromaffin cells in the gut, plays a crucial role in neuronal development
and synapse formation. SCFA can stimulate the production and release of 5-HT in the gut and also affect the formation of OC and OB, in addition to
regulating the immune system. Studies have shown that SCFAs can suppress the differentiation of bone marrow cells into OC by inhibiting the activity
of HDACs. Furthermore, experimental evidence indicates that gut microbiota has a significant impact on bone remodeling through the modulation of
SCFA production. KYN and serotonin are closely related to bone metabolism. Microorganisms are capable of influencing the effects of microbial-derived
molecules on the skeleton. Figures were created with BioRender.com.
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an important contributor to vitamin supply. A decrease in the
production of vitamin K by the gut microbiota can lead to an
increase in the circulation of undercarboxylated osteocalcin.!'?3]
A lack of carboxylated osteocalcin in the bone matrix weakens
the bone tissue and makes it more susceptible to fractures.!®! In
addition to potential malabsorption issues, bacteria overgrowth
can affect the metabolism of essential nutrients, such as vitamin
K and carbohydrates, potentially affecting the regulation of
osteogenic processes.!'?*] These metabolites, including SCFAs,
Trp metabolites, and polyamines, contribute to brain and skeletal
homeostasis and are influenced by the brain—gut microbiota—
bone axis, which is also affected by essential nutrients such as
vitamins B and K.

The brain-gut-bone axis influences the metabolism system
in neurodegenerative diseases in several ways. First, the gut
microbiota plays a crucial role in the digestion and absorption
of nutrients. They participate in food breakdown and generate
metabolites such as SCFAs and cholesterol metabolites. These
metabolites can enter the brain through the bloodstream and
affect neuronal function and metabolism. Second, the brain—
gut-bone axis influences metabolic processes by regulating the
endocrine system. Additionally, inflammatory reactions in the
brain—gut-bone axis affect metabolic processes. An imbalance in
the gut microbiota can lead to impaired intestinal barrier func-
tion, allowing bacteria and metabolites to enter the circulation
and trigger an inflammatory response. Overall, the brain—gut—
bone axis exerts significant effects on metabolism through gut
microbiota, endocrine regulation, and inflammatory responses,
which are closely associated with the development and progres-
sion of neurodegenerative diseases. In-depth research into the
metabolic mechanisms of the brain—gut-bone axis will help un-
cover the complexity of these diseases and provide a theoretical
foundation for the development of new therapeutic strategies.

3. Brain—-Gut-Bone Axis Imbalance: Pathology and
Diseases

The roles of intestinal microbes and their host gut microecology
in the maintenance of health and disease development cannot be
ignored. Neurodegenerative diseases, which are associated with
changes in bone mass and density, are also associated with an
increased risk of OP and bone fractures.['°] Collectively, dysreg-
ulation of the intestinal microecological environment and bone
system are associated with AD,[126] PD,[!?7] HD,!128] and MS,[1?°]
and other neurological dysfunctional diseases.

3.1. Alzheimer’s Disease

ADisa CNS degenerative disorder characterized by memory loss,
inability to perform daily activities, and behavioral disturbances
and is the most common form of dementia in older adults.[**")
The pathological features of AD are mainly the formation of se-
nile plaques composed of f-amyloid protein (Ap) deposits and
the neurofibrillary tangles (NFTs) composed of hyperphospho-
rylated tau protein.[3! Dysregulation of the Wnt/g-catenin sig-
naling pathway has been implicated in the development and
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progression of neurodegenerative diseases.['*?] Aberrant Wnt/g-
catenin signaling contributes to the accumulation of Af plaques
and NFTs, which are hallmark pathological features of AD.[!**]
Environmental and genetic factors are believed to contribute to
the pathogenesis of AD, however, the fundamental cause of AD
is remains unclear.

The gut microbiota is a key factor in the pathogenesis of AD.
The gut microbiota can produce amyloid proteins, LPSs, and
other immunogenic compounds that promote neuroinflamma-
tion and Ap deposition in the brain, leading to the development
of AD.['** Gut microbiota dysbiosis can cause intestinal epithe-
lial cell damage, activate the TLR4/TNF-« signaling, and induce
neuroinflammation when TNF-a and some proinflammatory fac-
tors cross the BBB.['%] Additionally, the imbalance of the gut mi-
crobiota in patients with AD has been linked to increased in-
testinal permeability and inflammation, which can lead to the
production of neurotoxic substances that contribute to disease
progression.[13¢]

Recent studies have shown that the composition of the gut
microbiota in patients with AD is altered, showing reduced bac-
terial diversity and an increased abundance of proinflammatory
bacteria.'3”] A decrease in beneficial bacteria, such as Bifidobac-
terium and Lactobacillus, and an increase in harmful bacteria,
such as Escherichia coli and Helicobacter pylori have been observed
in patients with AD.['*®] Kim et al. found that transferring fe-
cal microbiota from healthy mice to AD mice improved the de-
position of A plaques, tau protein pathology, glial reactions,
and cognitive impairment in the brains of AD mice.[*%] Further-
more, the gut microbiota can influence the activity of intesti-
nal macrophages and the expression of inflammatory monocyte-
related genes in the bloodstream. Inflammatory monocytes can
directly affect the production of signaling molecules in the brain,
thereby influencing the onset of AD.['*] Thus, the regulation of
the gut microbiota may provide new therapeutic targets for the
treatment of AD.

Patients with AD are also considered to be at risk for OP. They
contain excessive amyloid protein in the brain, which extends to
peripheral organs and causes skeletal amyloid deposition, which
will enhance the ligand signal of nuclear factor NF-xB recep-
tor activator and lead to enhanced osteoclast activity.['*!] Patients
with AD have reduced hip bone density and a nearly twofold in-
creased risk of hip fractures.['*?] Patients with OP may be defi-
cient in vitamin D or have low levels of vitamin D-binding pro-
tein, which prevents amyloid aggregation, thus linking vitamin
D deficiency to AD and OP.['*11*3] Postmenopausal women have
a higher risk of AD and OP compared to the general popula-
tion, suggesting that estrogen may affect brain aging and bone
metabolism."*11**] Hence, more clinical studies are needed to
determine the role of estrogen in the risk of OP and AD in older
adults.

The main neuropathological changes in AD are the extracellu-
lar deposition of Af as senile plaques and the intracellular accu-
mulation of hyperphosphorylated tau protein as NFT,[12) which
lead to neuroinflammation, oxidative stress, mitochondrial dys-
function, enzyme system dysregulation, and neuronal death.14]
Neuroinflammation is believed to play a critical role in the patho-
genesis of AD.[*®] Neuroinflammation may lead to dysbiosis of
the gut microbiota, resulting in changes in the gut microbiota of
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characteristic features of AD, is influenced by abnormal Wnt/g-catenin signaling. Inactivation of Wnt/p-catenin leads to decreased survivin levels and
enhanced permeability of the BBB by reducing tight junction proteins. It also promotes Af production through the promotion of BACE1 and PSEN1
mutations, impairs the elimination of Ag from the brain by reducing Pgp-1 efflux, increases tau phosphorylation mediated by GSK-34, and triggers the
formation of neurofibrillary tangles and neuroinflammation. Dysbiosis of gut microbiota can damage intestinal epithelial cells and activate the TLR4/TNF-
a signaling pathway. This activation induces neuroinflammation when TNF-a and certain proinflammatory factors cross the BBB. In individuals with AD,
excessive amyloid protein is present in the brain and can spread to peripheral organs, leading to amyloid deposition in skeletal tissues. This deposition
enhances the ligand signal of the nuclear factor NF-kxB receptor activator, resulting in increased osteoclast activity. The binding of RANKL to RANK
initiates a cascade involving TRAF-6, which phosphorylates the inhibitor of NF-«B kinase, leading to the degradation of IxB. This release of NF-xB
allows it to translocate to the nucleus and initiate the transcription of osteoclast-specific genes. Additionally, the RANK signaling pathway activates ERK
through MEK1, leading to the phosphorylation and activation of ERK, which is involved in osteoclast survival, motility, and cytoskeletal rearrangement.
BACE 1: f-site APP cleaving enzyme 1; PSEN1: presenilin 1; GSK-3f: glycogen synthase kinase-3f; TLR4: toll-like receptor 4; TNF-a: tumor necrosis
factor-a; TRAF-6: tumor necrosis factor receptor-associated factor-6; NF-kB: nuclear factor-kappa B; MEK1: mitogen-activated protein kinase-1; ERK:
extracellular signal-regulated kinase; RANK: receptor activator NF-xB; RANKL: receptor activator NF-x B ligand; 1k B: inhibitor of NF-xB; NFATc1: nuclear
factor of activated T-cells-cytoplasmic 1. Figures were created with BioRender.com.

patients with AD.'*] The gut microbiota also affects the produc-  3.2. Parkinson’s Disease

tion and secretion of hormones such as leptin and adiponectin,

leading to changes in bone mass and density.!®! The increased
risk of fractures in patients with AD makes AD a risk factor for
OP.[148]

Therefore, the brain—gut-bone axis exhibits complex interac-
tions in AD and it has been shown in Figure 6. Neuroinflamma-
tion, gut microbiota dysbiosis, and bone health are correlated.
In-depth research on the molecular mechanisms of the brain—
gut-bone axis is important for understanding the pathological
mechanisms of AD, developing new treatment approaches, and
formulating preventive strategies. This may involve interventions
and the management of AD by balancing the gut microbiota, con-
trolling neuroinflammatory responses, and maintaining bone
health. However, further research is needed to enhance our un-
derstanding of the brain—gut—bone axis in AD.

Adv. Sci. 2024, 11, 2307971 2307971 (13 of 35)

PD is the second most common progressive neurodegenerative
disease and is clinically characterized by bradykinesia, muscle
rigidity, resting tremors, and postural gait disorders.'*?) Its
hallmark is the permanent loss of dopaminergic neurons in the
substantia nigra and cholinergic neurons in the meynert basal
nucleus in the CNS, as well as the continuous accumulation and
aggregation of a-synuclein (a-Syn) in affected neurons, leading
to the formation of Lewy bodies and Lewy neurites.['*150] ¢-Syn
is transported across the BBB to the mouse brain. Changes in the
composition of the gut microbiota promote the spread of a-Syn
aggregates from the ENS to the brain, leading to characteristic
neurodegenerative changes.['! Altered Wnt/f-catenin signal-
ing has been associated with the loss of dopaminergic neurons
in the substantia nigra in PD.I'?] Given the involvement of
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Wnt/p-catenin signaling in the pathogenesis of these neurode-
generative diseases, targeting and modulating this signaling
pathway has emerged as a potential therapeutic approach.[13?]

Certain herbal plants have the potential to alleviate the symp-
toms of PD. Studies have shown that herbal plants such as the
extract of Mucuna pruriens (Mp) can reduce the levels of nitric
oxide (NO) and lipid peroxidation induced by paraquat in PD.
This demonstrates that Mp protects dopaminergic neurons in the
substantia nigra against NO-induced damage.!'>}] Furthermore,
the herbal plant Withania somnifera (Ws) protects dopaminergic
neurons in the substantia nigra against MB-PQ-induced PD by
regulating oxidative stress and apoptotic mechanisms.!">*] Over-
all, these findings highlight the potential therapeutic benefits of
herbal plants such as Mp and Ws in mitigating symptoms and
protecting against neurodegeneration in patients with PD.

Gastrointestinal dysfunction is common in patients with
PD and is the initial symptom before the onset of motor
symptoms.!'>3] Neuroinflammation is considered a factor in the
pathogenesis of PD and potentially affects the dysbiosis of the
gut microbiota.l'*®) Compared to healthy individuals, changes in
the gut microbiota in patients with PD include a decrease in the
genera Bacteroides fragilis and Roseburia and in the family Ru-
minococcaceae, as well as an increase in the families Lactobacil-
laceae, Akkermansia, and Bifidobacterium,!>”] which lead to a pro-
inflammatory state and are associated with the recurrent gas-
trointestinal symptoms of PD patients.!!8]

Researchers found that transferring the gut microbiota from
normal mice to PD mice using fecal microbiota transplantation
(FMT) reduced the expression of the TLR4/TNF-a signaling path-
way molecules in the gut and brain, as well as the content of
SCFAs in PD mice, resulting in improved symptoms.[>! There-
fore, the gut microbiota can play a neuroprotective role by in-
hibiting the expression of the TLR4/TNF-a signaling pathway
via the microbiota—gut-brain axis.'®¥l PD model mice receiv-
ing fecal transplants from healthy mice exhibit improved mo-
tor function, increased neurotransmitters in the striatum, and
reduced neuroinflammation.'®® Healthy mice receiving fecal
transplants from patients with PD exhibit worsened motor func-
tion and reduced neurotransmitters levels in the striatum./1!
Clinical case reports of patients with PD receiving FMT have
shown improvement in leg tremors and other PD symptoms,
with improved constipation lasting for up to 3 months after
surgery.[12] There is a possible link between the gut micro-
biota and the pathogenesis of PD because patients with PD ex-
hibit dysbiosis of the gut microbiota, and probiotics can improve
symptoms.[163]

OP and osteopenia are common in patients with PD, par-
ticularly in older populations. Patients with PD show a higher
prevalence of insufficiency or reduction in 25-hydroxyvitamin D
(25(0OH)D) than patients with AD or healthy controls.['** Stud-
ies suggest that several mechanisms could contribute to the loss
of bone density in patients with PD.I'%] Patients with PD exhibit
elevated levels of a-synuclein in their bloodstream and the pres-
ence of Lewy bodies in the midbrain and enteric terminal nerves.
Based on this, Figueroa and Rosen hypothesized that the aggre-
gation of a-synuclein may lead to changes in the cellular dynam-
ics of a-synuclein within bone cells, potentially contributing to
bone dysfunction in individuals with PD.!1%] Furthermore, the
gut microbiota can influence inflammation and hormone reg-
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ulation, leading to bone loss and an increased risk of OP and
osteopenia.[1>1¢7] Analysis via a multivariate methodology re-
vealed that women with PD had a markedly lower BMD of 2.1%
less than the others in the study.[%]

The brain—gut-bone axis also plays a role in PD, however, its
exact function and relationship are still being investigated. Sev-
eral mechanisms, including a-synuclein pathology, autonomic
dysfunction, neuroinflammation, gut microbiota and metabo-
lites, and intestinal permeability have been proposed to clarify the
involvement of the brain—gut-bone axis in PD (Figure 7). In sum-
mary, further research is needed to elucidate the precise func-
tions and relationships of the brain—gut-bone axis in PD. Un-
derstanding these mechanisms can provide insights into disease
progression, potential therapeutic targets, and the development
of novel treatment strategies.

3.3. Huntington’s Disease

HD is a genetic disorder characterized by the expansion of
cytosine-adenine—guanine trinucleotide repeats in the hunt-
ingtin gene (HTT), leading to the expression of a mutant form of
HTT.['8] The clinical manifestations of HD include chorea, psy-
chiatric disorders, and progressive dementia, which is a covert,
slow, and progressive process. The occurrence and severity of
symptoms are influenced by environmental factors including
diet, physical activity, and stress. Several dysregulated ubiqui-
tin/proteasome and autophagy systems contribute to the devel-
opment of HD.['®] Additionally, abnormalities in Wnt/f-catenin
signaling have been implicated in the aggregation of mutant
HTT protein and neuronal cell death in HD. In contrast to other
neurodegenerative diseases, inhibiting Wnt/f-catenin signaling
proves advantageous in the treatment of HD.['*2170] Therefore,
the alteration of Wnt/g-catenin signaling is considered a promis-
ing therapeutic target for the treatment of neurodegenerative dis-
eases. Currently, no disease-modifying treatments for HD have
been approved.!'7!]

There is an imbalance in the gut microbiota metabolism in
HD. An HD R6/2 mouse model showed increased intestinal per-
meability, decreased tight junction protein expression, and disor-
dered intestinal microflora. Compared with wild-type mice, R6/2
mice had a higher relative abundance of mycobacterium and a
lower relative abundance of firmicutes.['’?) Compared with the
wild-type control group, the microbiota composition of 12-week-
old HD mice was significantly different, with an increase in bac-
terioid and a decrease in firmicus, and the microbial diversity of
male HD mice was increased. However, there was no difference
in the diversity of female HD mice.l'?] The production of the
protective SCFA butyrate in the gut increases with an increase
in the butyrate substitution pathway.['’*] Clinical studies showed
that there were significant differences in g diversity of HD in-
testinal microbiota, and « diversity decreased significantly.'”"]
Patients with HD exhibit metabolic imbalances in the gut mi-
crobiota, which can lead to increased intestinal permeability and
decreased expression of tight junction proteins.['’®l Therefore,
change in the intestinal microbiota and its function is one of the
factors influencing HD.

Muscle atrophy in the skeletal system is believed to have a sig-
nificant impact on HD pathogenesis.!'”’] In the late phase of HD,
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Figure 7. The brain—gut-bone axis may play a significant role in PD. PD is characterized by the permanent loss of dopaminergic neurons in the substantia
nigra and cholinergic neurons in the meynert basal nucleus in the central nervous system. It is also characterized by the accumulation and aggregation
of a-synuclein in affected neurons, leading to the formation of Lewy bodies and Lewy neurites. Negative regulators of Wnt signaling, such as oxidative
stress, inflammation, neurotoxic agents, growth factor deprivation, or aging, antagonize the Wnt/f-catenin signaling in neurons. In this state of Wnt-OFF,
excess f-catenin is rapidly phosphorylated by GSK-3f at the APC/axin/GSK-3 destruction complex and subsequently undergoes ubiquitin-proteasomal
degradation. Consequently, the transcription of Wnt target genes involved in neuron survival is inhibited. Neuroinflammation is considered a contributing
factor to the pathogenesis of PD and may potentially affect the dysbiosis of gut microbiota. The gut microbiota can exert a neuroprotective role by
inhibiting the expression of the TLR4/TNF-a signaling pathway through the microbiota—gut-brain axis. PD patients exhibit higher circulating levels of
a-synuclein and the presence of Lewy bodies in the midbrain and enteric terminal nerves. It is postulated that a-synuclein aggregates could lead to
alterations in the cellular dynamics of a-synuclein in bone cells, potentially contributing to bone impairment in PD patients. Individuals diagnosed with
PD commonly experience symptoms such as decreased BMD, increased fracture risk, insufficient levels of vitamin D, and OP. Figures were created with

BioRender.com.

obvious reductions in muscle mass, such as sarcopenia,!'’%! and
reductions in bone demineralization, such as OP. Body composi-
tion alterations is prevalent in HD and closely associated with dis-
ease progression. Studies have demonstrated that striatal degen-
eration becomes apparent during the premanifest stages of HD
and is associated with BMD.!'”?l BMD and T-scores were lower
in patients on HD. The initial phases of bone and muscle wast-
ing are important clinical signs that allow for timely and effective
treatment to prevent disability and fragility fractures.'®"] Bone
mass, lean body mass, and fat mass could be used as early and
reliable prognostic indices, in agreement with other studies.'8%]

In conclusion, HD is a neurodegenerative disorder in which
the function and relationship of the brain-gut-bone axis is
being explored. Bidirectional communication between the brain,
gut, and bone, is disrupted in HD and illustrated in Figure 8.
Pathological changes in the brain can affect gut functions,

Adv. Sci. 2024, 11, 2307971 2307971 (15 of 35)

including motility, permeability, and the ability of the gut to
regulate immune responses. The gut microbiota is involved
in nutrient metabolism and absorption, and its dysregulation
in HD may further affect nutritional status and bone health.
Alterations in the gut can affect brain function and contribute
to disease progression. The mechanism behind gut microbiota
and bone loss in HD is not yet fully understood but may involve
dysregulation of the brain—gut-bone axis, inflammation, and
changes in hormone levels.

3.4. Amyotrophic Lateral Sclerosis
ALS is a neurodegenerative disease characterized by progressive

muscle paralysis.['¥!) As the most common motor neuron dis-
ease in adults, ALS causes progressive muscle weakness and,
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Figure 8. Regulation mechanisms of HD by the brain—gut-bone axis. The H

TT gene produces both the full-length huntingtin protein and an amino-

terminal HTT exon1 fragment, resulting from abnormal splicing. The full-length huntingtin protein undergoes proteolytic cleavage, generating additional
protein fragments. These fragments enter the nucleus and are retained through self-association, oligomerization, and aggregation. Simultaneously,
huntingtin fragments also oligomerize and aggregate in the cytoplasm. The aggregation of huntingtin is worsened by the disease-related impairment of
the proteostasis network, leading to widespread cellular dysfunction. The abnormal forms of huntingtin cause various cellular impairments, including
synaptic dysfunction, mitochondrial toxicity, and a decrease in axonal transport rate. In HD, the Wnt/f-catenin signaling pathway is dysregulated. Frizzled
receptors are upregulated, while members of the f-catenin destruction complex, particularly APC and GSK3, are downregulated. Additionally, GSK-38

phosphorylation inhibits the Wnt/g-catenin signaling in HD. Metabolic imb

alances in the gut microbiota are observed in HD patients, resulting in

increased intestinal permeability and reduced expression of tight junction proteins. HD is associated with an imbalance in gut microbiota metabolism,
with an increase in Bacteroides and a decrease in Firmicutes. Furthermore, HD mice display increased microbial diversity. During the advanced stages of

HD, significant muscle mass reduction, including muscle atrophy and sarcop

enia, becomes apparent. Additionally, there is a decrease in bone mineral

density, which can lead to OP. HTT: huntingtin gene; polyQ: polyglutamine; GSK3p: glycogen synthase kinase 38; APC: APC regulator of Wnt signaling

pathway. Figures were created with BioRender.com.

ultimately, respiratory failure due to degeneration of the up-
per and lower motor neurons.'82] ALS pathology arises from
an intricate combinations of molecular mechanisms, including
neuroinflammation, impaired RNA metabolism, oxidative stress,
mitochondrial dysfunction, disruptions of cytoskeletal integrity,
altered exon splicing, impaired nucleocytoplasmic and axonal

Adv. Sci. 2024, 11, 2307971 2307971 (16 of 35)

transport, accumulation of toxic protein aggregates, disturbances
in autophagy, and excitotoxicity caused by excessive glutamate
levels.'®] To date, mutations in ~30 genes have been docu-
mented to trigger ALS.['8%] After decades of research and more
than 120 clinical trials,!*8 only two therapeutic medicines have
been approved by the Food and Drug Administration. A modest
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Figure 9. Schematic of regulation mechanisms of ALS through the brain—gut-bone axis. ALS develops due to a complex interplay of molecular mech-
anisms, including neuroinflammation, disrupted RNA metabolism, oxidative stress, mitochondrial dysfunction, disturbances in cytoskeletal integrity,
altered exon splicing, impaired nucleocytoplasmic and axonal transport, accumulation of toxic protein aggregates, disruptions in autophagy, and ex-
citotoxicity caused by excessive glutamate. In ALS, the Wnt/p-catenin signaling pathway is upregulated. Microglia, astrocytes, and oligodendrocytes
contribute to demyelination, inflammation, and dysfunction of the neuromuscular junction in motor neurons. The formation of clustered AchR is crucial
for the proper functioning of the neuromuscular junction. Elevated Wnt/g-catenin signaling impairs the Agrin-LRP4-MUSK pathway, leading to impaired
AchR clustering at the neuromuscular junction. Toxins and neuroactive metabolites produced by damaged intestinal epithelial barriers or enteric bacteria
can cross the BBB, enter the systemic circulation, and impact ALS pathogenesis. Alternatively, microbial metabolic products may indirectly affect the
central nervous system through modulation of the immune system. Peripheral immune T lymphocytes play a role in regulating the fate of microglia,
which in turn influences neuron degeneration or survival. Th1, Th17, and GM-CSF producing CD4* T lymphocytes promote a neurotoxic M1-like phe-
notype in microglia, while Th2, Treg, and certain CD8" T cell types may contribute to the promotion of a neurosupportive M2-like phenotype. ALS is
associated with musculoskeletal functional deterioration, which includes an increased risk of pathological bone fractures due to loss of BMD. Malnu-
trition, changes in energy expenditure, and other factors may also be associated with ALS and contribute to muscle fiber loss and bone abnormalities.
AchR: aryl hydrocarbon receptor; MuSK: muscle, skeletal receptor tyrosine-protein kinase; LRP4: low-density lipoprotein receptor-related protein 4; BBB,

blood-brain barrier. Figures were created with BioRender.com.

slowdown of disease progression was achieved with riluzole!!%]
and edaravone.['¥2 Motor neurons, astrocytes, microglia, and
oligodendrocytes exhibit elevated levels of Wnt/f-catenin signal-
ing, leading to the impairment of the neuromuscular junction
in individuals with ALS. The clusters of acetylcholine receptors
(AchR) formation holds significant importance in the develop-
ment of the neuromuscular junction.[132186]

An imbalance in the composition of intestinal microbiota may
be an environmental factors contributing to the development of
ALS.'%] Research has demonstrated that the levels of several bu-
tyricogenic bacteria that are important for intestinal completion
and inflammation regulation are lower in patients with ALS.[!8]
Experimental evidence using ALS-susceptible Sodl transgenic
mice has demonstrated that Akkermansia muciniphila can im-
prove the symptoms of ALS, whereas Ruminococcus and Desul-
fovibrio exacerbate the disease.['®]

Neurological diseases may lead to rapid loss of BMD due to
physical inactivity and reduced muscle contractions.['*"] Muscu-
loskeletal functional deterioration in ALS is associated with an

Adv. Sci. 2024, 11, 2307971 2307971 (17 of 35)

increase in pathological bone fractures (induced by low-energy
traumatic events) owing to a decrease in bone density.'!l Among
other factors, ALS may be associated with malnutrition and
changes in energy expenditure, which may lead to further muscle
fiber loss and bone abnormalities.[”2] Morini et al. investigated
the bone health status in a sample of ALS inpatients attending
neurorehabilitation using BMD and trabecular bone score and
confirmed the hypothesis that ALS patients may exhibit deterio-
rated bone health with lower bone density.!'9?]

As mentioned above, chronic neuroinflammation is prevalent
in patients with ALS and may be related to the occurrence and
development of the disease. ALS has also been associated with
dysbiosis of the gut microbiota, which may contribute to inflam-
mation and bone loss in ALS patients. Figure 9 has briefly clar-
ified the connection between the brain, gut, and bone in the
progress of ALS. However, the exact underlying mechanism is
not fully understood. Therefore, elucidating its relationship with
the brain—gut-bone axis may lead to new therapeutic approaches
for ALS.
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3.5. Multiple Sclerosis

MS is an autoimmune disease affecting the brain and spinal
cord. Itis a neurodegenerative, inflammatory disease of the CNS.
Globally, MS affects ~2.8 million people, including the young.
It is also a leading cause of disability among young people.[***]
It is commonly associated with symptoms such as tingling sen-
sations, limb weakness, balance problems, fatigue, dizziness, vi-
sion disorders, and dysesthesia.l'®*] MS is a chronic autoimmune
demyelinating disease of the CNS characterized by inflammation
and white matter lesions composed of astrocytes, microglia, and
activated immune cells.'! There is a breakdown of the unique
BBB formed by endothelial cells in the CNS of patients with
MS. The formation of the barrier in the gut immune system re-
lies on the Wnt/f-catenin pathway, and inhibiting this pathway
in endothelial cells prior to the disease onset leads to more se-
vere symptoms in mice due to increased infiltration of immune
cells into the CNS.11%) Consequently, reactivation of the Wnt/-
catenin signaling pathway partially restores endothelial function
and inhibits the infiltration of immune cells into the CNS in the
context of MS.[132]

There is an altered gut microbiota in individuals with MS.17]
A comparison of the gut microbiota in fecal samples of pa-
tients with MS and healthy individuals revealed that patients with
MS have abundant Pseudomonas, Chlamydia, Hemophilus, Bru-
cella, Dorea, Enterobacter, and Bacteroides, and are less abundant
in Prevotella, Parabacteroides, Adlercreutzia, Collinsella, Lactobacil-
lus, Bifidobacterium, and Hemophilus.'%] Russian patients with
MS showed a significant increase in the relative abundance of
the genera Ruminococcus and unclassified Ruminococcaceae.%]
These results indicate the presence of abnormal intestinal mi-
crobiota in patients with MS, which can be improved through
intestinal microbiota intervention measures such as FMT, which
may benefit patients with MS.?°l In one case series, a patient
with secondary progressive MS with recurrent Clostridium diffi-
cile infection received a single FMT treatment, which resolved
recurrent Clostridium difficile infection and prevented MS disease
progression for over 10 years; repeated FMT also improved MS
symptoms in three patients.?!] Hence, improving dysbiosis of
the gut microbiota through the intake of probiotics, prebiotics,
and FMT can alleviate systemic inflammation, regulate metabolic
balance, and thereby treat MS.

MS-associated gut dysbiosis primarily exacerbates OP by dis-
rupting intestinal permeability and causing low-grade systemic
inflammation.[?] Patients with MS have an increased risk of
fragility fractures.[*®] Primary hip fragility fractures were signif-
icantly more common in patients with MS than in the matched
controls. Following an initial fracture, patients with MS exhibited
a significantly higher rate of falls but were more likely to be diag-
nosed with OP and treated with medications.!?*] A control study
evaluated the BMD of 91 MS patients with disease progression
for atleast 10 years and found that OP was present in 44.0% of the
patients.[?%] The etiology of OP in individuals with MS is multi-
factorial and includes a lack of weight-bearing exercise secondary
to disability, chronic inflammation, and glucocorticoid-induced
bone loss.[2%!

In summary, MS may alter the composition and diversity of
gut microbiota. These changes can affect immune regulation and
systemic inflammation, potentially influencing the progression
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and severity of MS. Patients with MS are at a higher risk of devel-
oping OP and fractures. The brain-gut-bone axis exhibits com-
plex interactions in MS and it has been shown in Figure 10. Fur-
ther research is needed to elucidate the specific functions and
relationships of the brain—gut-bone axis in MS.

Overall, the investigation of the function and relationship of
the brain—gut-bone axis in neurodegenerative diseases is an
emerging area of research. The brain—-gut-bone axis exhibits
complex interactions in neurodegenerative diseases. Although
our understanding is still developing, various factors, such as
neuroinflammation, gut microbiota dysbiosis, intestinal perme-
ability, and bone health, have been investigated to shed light on
their roles in neurodegenerative diseases. Further research is
needed to elucidate the specific functions and relationships of the
brain—gut-bone axis in neurodegenerative diseases. Understand-
ing these mechanisms can provide insights into disease progres-
sion, potential therapeutic targets, and the development of inter-
ventions to manage MS and its associated complications.

4, Therapeutics for Maintaining Brain-Gut-Bone
Axis Balance

In-depth research on the molecular mechanisms of the brain—
gut-bone axis is important for understanding the pathologi-
cal mechanisms of neurodegenerative diseases, developing new
treatment approaches, and formulating preventive strategies.
Possible approaches to intervene in and manage neurodegener-
ative diseases include modulating the gut microbiota, enhanc-
ing skeletal health, implementing therapeutic strategies to regu-
late neuroinflammatory responses, and preserving bone health.
However, further research is needed to enhance our understand-
ing of the brain—gut-bone axis in neurodegenerative diseases.

4.1. Intestinal Microbiota Regulation and Remodeling
4.1.1. Probiotics and Prebiotics Modulation

Probiotics are primarily active microorganisms that are beneficial
to human health when administered in sufficient quantities.!2%]
In contrast, prebiotics are nondigestible and fermentable food
components that promote the growth of beneficial microor-
ganisms and/or facilitate the beneficial regulation of micro-
bial metabolites.?%] A diet rich in prebiotics, such as galacto-
oligosaccharides, fructo-oligosaccharides, insulin, and oligofruc-
tose, may modulate the microbiota ecosystem.?®! Currently,
some probiotics, including Lactobacillus, Bifidobacteria, Reuteria,
have been widely used in daily industrial and agricultural produc-
tion, food, and medicine.?!% Probiotics and prebiotics can posi-
tively influence the composition and function of gut microbiota,
leading to improvements in gastrointestinal symptoms, inflam-
mation, and cognitive function in certain populations. In partic-
ular, individuals who are obese and have neurodegenerative dis-
eases may benefit from these interventions, potentially mitigat-
ing some of the symptoms associated with these conditions, as
they have proven regulatory effects on the gut-brain axis.[!!]
Research on the effects of probiotics and prebiotics has re-
vealed that their intake can restore gut microbial homeostasis
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Figure 10. Schematic diagram summarizing the roles of the brain—gut-bone axis in MS. MS is a chronic autoimmune disease that affects the CNS and is
characterized by inflammation and the formation of white matter lesions involving astrocytes, microglia, and activated immune cells. Dysregulation of the
BBB increases its permeability, allowing neutrophil infiltration into the CNS. In the absence of Wnt ligands, inflammatory cytokines in the CNS promote
the high expression of Caveolin-1, which regulates endothelial transcytosis, and VCAM-1, which facilitates the interaction of immune cells with blood
vessels in the CNS. Activation of the Wnt/g-catenin signaling pathway in endothelial cells during the peak of EAE inhibits the expression of Caveolin-
1 and VCAM-1, thereby reducing the infiltration of CD4* T cells into the CNS. Autoimmune diseases like MS may be associated with gut dysbiosis,
increased intestinal permeability, microbial translocation, and local and systemic inflammation. Inflammatory mediators, such as TNF-a, can decrease
the expression of tight junction proteins, leading to increased permeability of the intestinal barrier. Experimental evidence suggests that interventions
aimed at shifting immune responses toward immunoregulatory pathways, involving regulatory cells that produce anti-inflammatory cytokines like IL-10,
TGF-B, or IL-35, can restore immune homeostasis and protect against inflammatory demyelination in the CNS. The gut microbiota influences bone
remodeling by modulating the balance between Th17 and Treg cells. Th17 cells promote the differentiation of osteoclasts, leading to increased bone
resorption. On the other hand, Treg cells inhibit osteoclastogenesis and enhance bone formation by secreting anti-inflammatory cytokines such as
IL-4, IL-10, and TGF-p. VCAM-1: vascular cell adhesion molecule-1; CNS: central nervous system; EAE: experimental autoimmune encephalomyelitis;
CD: cluster of differentiation; Th: T helper; IL: interleukin; TNF: tumor necrosis factor; TGF: transforming growth factor. Figures were created with

BioRender.com.

and improve the behaviors or diseases related to the regulation
of the brain—gut-bone axis. Recent research indicates that inter-
vention with prebiotic fibers can lead to the production of bene-
ficial metabolites in individuals with PD and can induce changes
in the gut microbiota.l?!?] In participants with PD, prebiotic in-
tervention has shown good tolerability and safety, and it is associ-
ated with beneficial changes in the gut microbiota, SCFA levels,
inflammation, and neurofilament light chain, thereby improv-
ing related clinical symptoms.[212] A study showed that the long-
term administration of a probiotic composed of six specific bac-
terial strains alleviated motor impairments in a genetic mouse
model of PD and exerted neuroprotective effects on dopamin-
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ergic neurons.[?’*) Another study showed that the probiotic Bi-
fidobacterium breve CCFM1067 may prevent or treat PD by mod-
ulating the microbiota—gut-brain axis and can improve motor
impairments, dopaminergic neuron death, and neurotransmit-
ter depletion caused by MPTP in mice.l?'*] The combination of
Probio-M8 therapy with conventional approaches has shown en-
hanced efficacy in the clinical treatment of PD.[2"*] Therefore,
probiotic supplementation and nutritional interventions may
emerge as promising therapeutic approaches to prevent the pro-
gression of PD.

Studies have shown that the daily intake of prebiotics and
probiotics can delay neurocognitive decline and reduce the
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risk of developing AD. The supplementation of Lactobacillus
plantarum can reshape and regulate the gut microbiota and
glucose metabolism and alleviate amyloid protein accumulation
and cognitive impairments in AD rats.2!®] The study reported
a significant improvement in cognitive impairment in AD mice
after a 10-week intervention with the probiotic Lactobacillus
plantarum DP189, evidenced by a significant increase in serum
levels of 5-HT, dopamine, and GABA. Additionally, it reduced
neuronal damage, Af deposition, and tau protein pathology
associated with microtubules, demonstrating its beneficial effect
on AD.?Yl Additionally, Lactobacillus plantarum MTCC1325
demonstrated the ability to alleviate behavioral impairments in
an AD rat model, reduce cerebral Ap deposition, and increase
acetylcholine levels.2!8] After a 12-week probiotic intervention,
the experimental group receiving probiotics supplementation
showed significant improvements in learning and memory abil-
ities compared to the control group.?'”] Compared with single
strains, supplementation with multistrain probiotic formula-
tions has shown more pronounced effects on reshaping the gut
microbiota in AD rats, particularly by increasing the diversity of
the gut microbial community and its community structure.!?2!
Therefore, modulating the gut microbiota to alleviate brain in-
flammation and affect neurotransmitter production may have a
therapeutic effect on AD and has broad potential applications.[?2!]

Recent studies have indicated that gut microbiota may be asso-
ciated with the occurrence and progression of ALS disease. The
strain Akkermansia muciniphila, which is associated with nicoti-
namide, significantly slows disease progression and prolongs
the survival of ALS-prone mice.'®! Furthermore, studies have
shown that Lacticaseibacillus rhamnosus HA-114 exhibits neuro-
protective effects in Caenorhabditis elegans models of ALS and
HD. It has been suggested that impaired lipid metabolism plays
a role in neurodegeneration, and dietary intervention with L.
rhamnosus HA-114 restores lipid homeostasis and energy balance
by promoting mitochondrial f-oxidation. These findings support
the investigation of interventions derived from L. rhamnosus HA-
114 to modify the progression of neurodegenerative diseases.[22?]
These findings represent the initial step in comprehensively un-
derstanding the potential impact of microbiota on ALS. In the
future, methods aimed at altering microbiota composition may
be employed to develop novel approaches for the treatment of
ALS.

HD is characterized by gastrointestinal symptoms that sig-
nificantly affect the patients’ quality of life. Some studies have
demonstrated the neuroprotective effects of Lacticaseibacillus
rhamnosus HA-114 in C. elegans models of HD.[???] Various pro-
biotic strains, including Lactobacillus and Bifidobacterium, have
been extensively studied for their potential neuroprotective ef-
fects in animal models of neurodegenerative diseases such as
HD.[12] Specifically, microorganisms that have shown promis-
ing results include Lactobacillus rhamnosus, Lactobacillus reuteri,
Lactobacillus casei, Lactobacillus acidophilus, Bifidobacterium, and
Saccharomyces.?23] Considering the clinical symptoms, dysbiosis
of the gut microbiota, and positive results of probiotics and other
gut interventions for similar neurodegenerative diseases, the po-
tential of the gut as a therapeutic target in HD must be further
explored.

An increasing body of evidence suggests that the gut micro-
biota can serve as a therapeutic target for MS. In a study involving
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patients with MS, the administration of probiotics was found to
enhance the presence of specific taxonomic groups, such as Lac-
tobacillus species, which are known to be diminished in individu-
als with MS.[224] Additionally, the abundance of other taxonomic
groups associated with MS, including Akkermansia and Blau-
tia species, was reduced following probiotic supplementation.[??4]
Preclinical studies have shown that the administration of probi-
otics can significantly reduce the incidence and delay the progres-
sion of MS. These effects are achieved by modulating immune
and inflammatory markers and altering the composition of the
gut microbiota.l??] Furthermore, probiotic supplementation has
been shown to improve in associated motor impairments. Bifi-
dobacterium increases the expression of tight junction proteins,
thereby enhancing the intestinal epithelial barrier function in
patients with MS.[226] A substantial body of evidence from stud-
ies conducted in mice and humans indicates that the microbiota
plays a significant role in the pathogenesis and progression of
MS.1227] Therefore, interventions aimed at controlling the gut mi-
crobiota and correcting gut dysbiosis hold potential as therapeu-
tic approaches for MS.

In addition, the gut microbiota has the potential to regulate
bone health. Probiotic supplements can increase bone density
in healthy individuals and prevent primary (estrogen deficiency-
related) and secondary OP.[228] Recent investigations have pro-
vided evidence for the positive effects of probiotic supplemen-
tation on bone metabolism. In a randomized controlled trial,
the addition of Lactobacillus reuteri ATCC PTA 6475 effectively
mitigated bone loss in older women with low bone mineral
density.[2?] A study reported that probiotic supplementation led
to increased BMD in postmenopausal women.[2*%] Another study
showed that probiotics can improve bone density and reduce the
risk of OP in animal models by regulating immune cells and
inflammatory factors in the gut.[?*!] These studies suggest that
probiotics and probiotic supplements may be a promising ap-
proaches for improving bone health and preventing neurode-
generative diseases and OP by modulating the gut microbiota.
Changes in the gut microbiota after probiotics supplementation
in neurodegenerative diseases are consistent with varying de-
grees of improvement, as shown in Table 1.

In summary, probiotics and prebiotics exert positive effects on
neurodegenerative diseases by regulating the gut microbiota, en-
hancing gut barrier function, modulating neuroinflammation,
improving cognition, and enhancing bone health. These mech-
anisms contribute to the maintenance of immune homeostasis
and potentially alleviate immune dysregulation associated with
various diseases within the brain—gut-bone axis.

4.1.2. Fecal Microbiota Transplantation

Currently, multiple therapeutic approaches targeting the gut mi-
crobiota have been proposed, with FMT being a research hotspot.
FMT is the process of transferring feces from a healthy donor
to the gut of a recipient to restore damaged gut microbiota.[?3?!
Transplanting feces rich in SCFAs (especially butyrate) leads to
microbial remodeling, increases the number of lactobacilli, and
improves the gut microbiota.[?**] FMT is now considered an ef-
fective method for regulating gut microbiota and preventing the
progression of clinical diseases.
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Table 1. Examples of changes in the composition of gut microbiota and therapeutics with neurodegenerative diseases.

Effects of probiotic therapy in studies

Refs.

Disease GM alterations associated with the Probiotic therapy used
disease
PD Increase: Proteus, Selenomonas, Fermented milk, containing
Tenericutes, Christensenellaceae, multistrain probiotic and prebiotic
Tissierellaceae fiber
Decrease: Bifidobacteriaceae, Multistrain probiotic containing
Lachnospiraceae, Lactobacillaceae, Lactobacillus acidophilus,
Pasteurellaceae, Bifidobacterium bifidum,
Verrucomicrobiaceae, Lactobacillus reuteri, and
Prevotellaceae Lactobacillus fermentum
AD Increase: Bacteroides, Actinomyces, Multistrain probiotic containing L.
Ruminant coccus, Proteus, acidophilus, L. casei, B. bifidum, L.
Selenomonas, Tenericutes fermentum
Decrease: Ruminococcus, Multistrain probiotic (Lactobacillus
butyricococcus, Lactobacillus, acidophilus, Bifidobacterium bifidum,
Bifidobacterium, Firmicutes, and Bifidobacterium longum)
Verrucobacteria, Proteobacteria, and .
A rr'u 1a, Fr na, Acetobacter aceti, Acetobacter sp.,
ctinomyces Lactobacillus delbrueckii,
Lactobacillus fermentum,
Lactobacillus fructivorans,
Enterococcus faecium, Leuconostoc
spp., Lactobacillus kefiranofaciens,
Candida famata, and Candida krusei
HD Increase: Bacteroides, B-diversity Lactobacillus, Bifidobacterium,
Decrease: Firmicutes, a-diversity Lacticaseibacillus rhamnosus HA-114
ALS Increase: Bacteroidetes, Dorea, Streptococcus thermophilus,
Citrobacter, Lactobacillus fermentum,
Eubacterium eligens Lactobacillus delbrueckiisubsp,
Decrease: Oscillibacter, Anaerostipes, Lactobacillus plantarum, and
Lachnospira, Ruminococcus, and Lactobacillus salivarius
Subdoligranulum genera
MS Increase: Psuedomonas, Mycoplana, VLS #3, Lactobacillus paracasei,

Haemophilus, Blautia, and Dorea
Decrease: Parabacteroides, Prevotella,

Adlercreutzia, Collinsella,

Erysipelotrichaceae

Bifidobacterium animalis, E.
coli Nissle 1917, and Prevotella
histicola

Brain: increased neurotransmitters in the
striatum, reduced neuroinflammation,

ameliorates dopaminergic neuron
death and neurotransmitter depletion
Gut: beneficial metabolites production,

induced changes in the gut microbiota

Bone: improved motor function,
decreased risk of OP and osteopenia

Brain: improved the deposition of
p-amyloid plaques, Tau protein
pathology, glial reactions, and
cognitive impairment in the brain

Gut: remodeling and regulating gut
microbiota and glucose metabolism

Bone: secretion of leptin and adiponectin

leading to changes in bone mass and
density

Brain: play a neuroprotective role; reduce

striatal degeneration

Gut: stimulate the intestinal microbiota
to produce mucin to prevent the
introduction of pathogens, enhance
the immune regulation of the
intestinal system, and inhibit the
production of bacterial toxins

Bone: increase muscle mass reduction,
prevent fragility fractures

Brain: play a neuroprotective role,
improve symptoms of ALS; promote
mitochondrial p oxidation to restore
lipid homeostasis and energy balance

Gut: improved their capabilities to
counteract gut pathogens and their
anti-inflammatory properties and
restoring gut barrier

Bone: improve BMD and trabecular bone

score

Brain: alleviate systemic inflammation,
regulate metabolic balance

Gut: synthesizing nutrients and vitamins,

strengthening the intestinal barrier,
and regulating the immune system to
reduce inflammation

Bone: alleviating OP, reduces fragility
fractures and related sports injuries

[160a, 167, 212, 214]

89, 139, 216]

[128, 180, 222, 298]

[187, 192b, 222, 299]

[207, 202, 225, 300]

FMT can be used to treat CNS diseases, such as PD. Patients
with PD who received FMT showed improvement in leg tremors
and other PD symptoms as well as relief from constipation
during their 12-week follow-up.[l In an AD animal experiment
using a germ-free AD mouse model, transplantation of both
normal and AD gut microbiota caused an increase in pathology,
with the latter being more significant.['**! Emerging evidence
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suggests that FMT may be a potential therapeutic approach for
treating neurodegenerative diseases, including HD.[??*! Clinical
studies and randomized controlled trials have provided evidence
that FMT from healthy donors to patients with MS results in
improved motor symptoms and halts disease progression in
MS patients.20124] A groundbreaking clinical trial investigat-
ing FMT in patients with ALS has been conducted. This trial
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provides valuable insights into the biological effects of FMT in
ALS and offers preliminary clinical data regarding the potential
of microbiota-based treatment approaches as novel therapeutic
targets for ALS.[2%]

Probiotic/prebiotic therapy and FMT can not only enhance gut
Dbarrier function and regulate intestinal motility, but also increase
bone density, preventing primary (estrogen deficiency) and sec-
ondary OP.[13®] Therefore, creating a healthy gut environment
based on gut microbiota therapy has far-reaching implications
for brain health, peripheral metabolism, and preventing bone-
related diseases. It can also promote an auxiliary therapeutic role
in neurodegenerative diseases by regulating the brain-gut-bone
axis.

4.1.3. Dietary Interventions

Recent research suggests that the effects of diet on the modula-
tion of neuroinflammatory and neurodegenerative mechanisms
contribute to the development of some of the most prevalent
chronic CNS diseases.[?*] Dietary interventions can increase the
production of SCFAs, affect body weight, composition, and glu-
cose homeostasis, reduce neuroinflammation, regulate the gut
microbiota, and reduce the incidence of neurodegenerative dis-
eases. A prospective study of a large cohort of elderly individuals
free of dementia at baseline provided evidence that those with
lower calorie intake had a reduced risk of developing AD.?]

Insoluble dietary fiber provides more fermentable fiber in the
gut, which favors the abundance of SCFA-producing bacteria
such as Prevotella and Lactobacillus.[®] Additionally, the dietary
fiber provided by a high-fiber diet is mainly fermented by Firmi-
cutes and other bacteria, thereby increasing the production of SC-
FAs such as acetate, propionate, and butyrate.[?*! Consumption
of olive oil rich in omega-6 polyunsaturated fatty acids has been
associated with increased SCFA production, whereas a greater in-
take of n6 polyunsaturated fatty acids (n6-PUFA) has been nega-
tively associated with the development of AD. Omega-3 polyun-
saturated fatty acids (n3-PUFA) obtained from fish are of interest
because of their ability to modulate intestinal communities.2*!
In addition, complex polysaccharides are fermented by the mi-
crobiota into SCFAs, which contribute to decreased neuroinflam-
mation by inhibiting HDAC signaling and GPCR signaling and
lowering systemic inflammation.[*

Plant-based dietary nutrients mainly include dietary fiber, an-
tioxidants, and vitamins A, C, and E, and are usually low in fat
and simple sugars. PD prevalence is significantly lower in peo-
ple of different ethnicities after consuming plant-based diets.[>*!]
Accordingly, individuals following a vegan or vegetarian diet, or
those on a Mediterranean diet, have higher levels of SCFAs; these
diets are also beneficial for bone health.[2*?]

Adequate calcium and vitamin D intake through diet or supple-
ments is important for bone health and can have protective and
therapeutic effects against neurodegenerative diseases by reg-
ulating the immune system and promoting anti-inflammatory
responses.[?**] The body requires extra calcium for sufficient raw
material for bone formation.[?**! Vitamin D promotes calcium
absorption in the intestine; therefore, vitamin D supplementa-
tion provides sufficient calcium to maintain bone structure./2%!
Moreover, vitamin D and calcium interact with each other to
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regulate the immune system and induce anti-inflammatory
responses.[24]

Vitamin K significantly affects the nervous system. Recent re-
search has indicated that vitamin K2 holds great promise for the
treatment of AD by preventing neuronal cell apoptosis, oxida-
tive stress, and microglial activation through its role in electron
transfer.[?*’] These findings contribute to the growing body of re-
search that suggests a protective association between dietary in-
take of vitamin K and age-related cognitive decline.['?] In addi-
tion to its protective effects on cognitive function, vitamin K2 has
also shown significant inhibitory effects on inflammation and
a-synuclein fibrillation in PD.''*! A clinical study provided evi-
dence that patients with PD exhibit significantly lower levels of
serum vitamin K2. Consequently, vitamin K2 has been proposed
to be associated with the onset and progression of PD and to serve
as a biomarker for the diagnosis and prognosis of PD.[2*8] Vita-
min K has also been suggested for the treatment of MS to reduce
intensity or slow disease progression.['’8] An observational study
linked lower levels of vitamin K2 to a higher frequency of MS at-
tacks in individuals diagnosed with MS.1**! Hence, vitamin K2
has been demonstrated to be associated with the progression of
PD, AD, and MS, indicating its significant potential as a treat-
ment for age-related neurodegenerative disorders.

Insufficient levels of vitamins D and K resulting from malnu-
trition or lack of sunlight exposure, along with compensatory hy-
perparathyroidism, heightened bone resorption, low BMD, and
an elevated risk of falls, may contribute to an increased suscepti-
bility to hip fractures in individuals with AD. The effectiveness of
three interventions, namely, sunlight exposure, menatetrenone
supplementation, and risedronate in combination with calcium
and/or vitamin D supplementation in preventing hip fractures
in patients with AD has been shown.[?*° The majority of patients
with OP are older than 50 years of age. This is because the degen-
eration of bone tissue accelerates bone loss, making the bones of
older people generally weaker than those of younger people.[?!]
Falls can easily increase fracture risk; therefore, it is necessary to
implement measures to prevent falls in the elderly.

In summary, gut microbiota has become a therapeutic tar-
get for the treatment of neurodegenerative diseases. Gut micro-
biota intervention measures mainly included probiotics, prebi-
otics, FMT, and dietary interventions (Figure 11). Dietary nu-
trients not only regulate the gut microbiota but also improve
the metabolism of gut microbiota metabolites. These metabolic
changes can enhance brain cognition in neurodegenerative dis-
eases, such as AD. Additionally, supplementation with specific
nutrients can improve bone density and quality in patients with
neurodegenerative diseases, thereby addressing conditions such
as osteoporosis and fractures. These findings further elucidate
the therapeutic potential of targeting the brain—gut-bone axis for
the treatment of neurodegenerative diseases.

4.2. Skeletal System Improvement

4.2.1. Exercise Regulates BDNF Expression in the Brain through the
Secretion of Skeletal Muscle Factors

Exercise is an important nonpharmacological approach to reg-
ulate BDNF expression, playing a positive role in promoting

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

Probiotics __Stimulate probiotics growth Prebiotics
Species considered as probiotics : "~ FOS
| W \J
\ i 72 J
o MRe, ‘;’mﬂ od ; G
’ 4 Y N H&®o :
L alcldo;hllu:: L B’.’I;Iﬂ:lum, B:. Fr - .
casei, L. crispatus, breve, lactis faecalis, :
i s g gy Enterococcus ' Dietary fiber Animal-derived Dietary cholesterol
B. infantis, etc. ! saturated lipids
a) Anti-inflammatory b) Neurotransmitters l Fermentation
. . e // > Postbiotics
Lactobacillus reuteri Escherichia coli P
d + LPS/endotoxin
IL-6,FNF . Histamine 5-HT T 4 + Bile acids
* SCFAs

v v

Gut permeability T 1DO |
d) HPA axis

VN

c) Oxidation resistance

* Trimethylamine

Gut microbiota » Systemic metabolism

: A e Epithelial barrier function
%% Bifidobacterium longum * Protect intestinal epithelium
Bacillus * : ¢ Modulation of immune responses
NEDA | Corticosterone L :
‘ v FMT ‘
Alzheimer's Parkinson's Huntington’s Amyotrophic Multiple
disease disease disease Lateral Sclerosis Sclerosis

Figure 11. Diagram illustration of probiotics, prebiotics, and FMT therapeutic strategies for intestinal microbiota regulation and remodeling in neu-
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learning and memory, and improving neurodegenerative
diseases.[?] Exercise can increase BDNF mRNA levels in
multiple regions of the brain, primarily in the hippocampus,
leading to hippocampal cell proliferation and improved cognitive
function.[?3] Exercise protects the CNS; however, until recently,
it was found to depend on the endocrine capacity of the skeletal
muscle.[?*] During exercise, the metabolic demands of the skele-
tal muscle stimulate the liver to synthesize and release ketone
bodies, such as acetoacetate and p-p-hydroxybutyrate, into the
bloodstream, which crosses the BBB and accumulates in the
hippocampus, where it stimulates histone acetylation at BDNF
promoters, leading to increased BDNF expression.[?*] Physical
performance enhances cognitive function and memory, which
are mainly mediated by increased BDNF levels in the brain.[2*°]
Reduced regenerative capacity of hippocampal neurons and
decreased BDNF levels are commonly observed in patients
with moderate-to-severe AD.[%7] However, exercise can increase
BDNF levels and improve cognitive impairments in patients with
AD.[28] Therefore, exercise plays a crucial role in promoting
BDNF expression and improving cognition. A controlled clini-
cal trial demonstrated that a multimodal physical exercise pro-
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gram effectively reduced the risk of falls and led to improve-
ments in gait, balance, and bone mineral density in the short and
medium term among institutionalized patients with AD.[?>%] Ex-
ercise science studies have confirmed that scientific exercise in-
terventions can promote higher brain functions; delay neurologi-
cal dysfunction,?®] improve learning memory, reduce the risk of
disease in patients with AD,[?%!] optimize memory capacity, gait,
and muscle strength, and improve locomotor performance in pa-
tients with PDI[?62] and HD.[>*]

Exercise induces the production of various skeletal muscle fac-
tors including irisin, cathepsin B, and IGF-1. These factors enter
the brain from the periphery via the bloodstream and regulate
BDNF expression, promoting learning and memory. The hor-
mone irisin, released during muscle contraction, is a key regula-
tory factor in enhancing cognitive function in the brain through
exercise, and holds promise for the treatment of cognitive decline
caused by aging or AD.[2*] Furthermore, patients with moderate-
to-severe AD show reduced levels of FNDC5/irisin in the brain
and cerebrospinal fluid, whereas high FNDC5/irisin levels in the
brain or periphery improve synaptic and memory impairments
in AD mouse models.[?®! Therefore, certain exercise intensity is
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a prerequisite for elevating peripheral irisin levels in the blood-
stream.

Cathepsin B, a myokine, exerts potent neuroprotective effects.
Cathepsin B is a promising therapeutic targets for delaying the
onset and progression of cognitive impairment.l?%] Four weeks
of exercise has been shown to increase the peripheral levels of
cathepsin B in healthy young individuals and is associated with
improved hippocampal-dependent memory function. Cathepsin
B can cross the BBB and upregulate BDNF, thus promoting
cognitive function in the brain.[?’l IGF-1 is an important fac-
tor that promotes growth and neurogenesis and regulates en-
ergy metabolism in the body. Exercise can increase IGF-1 levels
and positively affect learning and memory by regulating BDNF
expression.!?®8] Hence, exercise can regulate cognitive function in
the brain by increasing the levels of skeletal muscle factors such
as irisin and cathepsin B in the bloodstream, which transmit in-
formation to the brain.

4.2.2. Exercise Regulates Muscle Metabolites and Affects Cognitive
Function

Exercise has been found to have a significant impact on both
muscle metabolites levels and cognitive function. Exercise-
induced metabolites, such as g-hydroxybutyrate, lactate, and po-
tentially a-ketoglutarate, regulate BDNF expression, and improve
cognitive function. f-hydroxybutyrate not only serves as an en-
ergy substrate but also has therapeutic effects in neurodegener-
ative disorders.[?®] Sleiman et al. discovered that the fatty acid
metabolite f-hydroxybutyrate, generated through exercise, can
regulate BDNF expression via HDAC2/3, thereby enhancing cog-
nitive function.[?®! El Hayek et al. found that lactate generated
during exercise can regulate BDNF expression through SIRT1,
thereby improving learning and memory in the brain.[¥°! In ad-
dition to #-hydroxybutyrate and lactate, a-ketoglutarate is also be-
lieved to play a role in regulating BDNF expression.['*! In ad-
dition to factors derived from skeletal muscles, energy metabo-
lites can regulate BDNF expression in the brain through periph-
eral pathways.[?**] Understanding these mechanisms may facili-
tate the development of targeted interventions to enhance brain
health and alleviate neurodegenerative disorders.

Exercise provides a new direction for exploring neuroinflam-
matory activity in AD by directly and indirectly regulating the
immune response of the CNS and promoting hippocampal
neurogenesis.[?’!l A well-designed exercise intervention has been
shown to promote higher brain functions, delay neurofunctional
impairments, 2] and improve learning and memory in patients
with AD.?%1l Tt can also optimize memory, gait, and muscle
strength in patients with PDI2®2] and improve motor abilities in
HD patients.[?72]

Modulating muscle signals in the CNS by regulating muscle
factors and metabolites may help combat age-related neurode-
generation and brain diseases influenced by systemic signals.[?”3!
Increasing studies have suggested that impaired skeletal mus-
cle homeostasis affects brain metabolism and physiology. Under-
standing the complex interactions between skeletal muscles and
the brain may lead to more effective therapeutic strategies for an
expanded healthy lifespan and brain disease prevention.[?74l
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In conclusion, exercise exerts a positive influence on muscle
metabolites, which in turn affect cognitive function. The release
of metabolites, such as lactate, ATP, and BDNF, during exercise
contributes to improved brain health, neuroplasticity, and cog-
nitive performance. Regular physical activity can have beneficial
effects on both muscle and brain health, emphasizing the impor-
tance of exercise as a holistic approach to maintaining cognitive
function.

4.2.3. Exercise Improves Cognition and Health by Regulating the
Gut Microbiota

Exercise plays a role in regulating the gut microbiota, which, in
turn, regulates various life activities. Dong et al. found that af-
ter training, divers experienced an increase in Lactobacilli and
Bifidobacteria levels, accompanied by significant changes in the
diversity of the gut microbiota.?””] Different exercise intensities
have distinct effects on the gut microbiota. Low-to-moderate in-
tensity exercise interventions can improve the abundance of ben-
eficial gut bacteria, promote gut homeostasis, and exert beneficial
effects on overall health.[?7¢]

The gut microbiota and its metabolites can activate sensory
neurons in the gut, transmitting information to the brain and
leading to an exercise-induced increase in dopamine levels in the
striatum, enhancing motivation for physical activity. Supplemen-
tation with the gut microbiota or its metabolites can improve ex-
ercise capacity in mice.[?””) Exercise can regulate the gut micro-
biota by modulating the vagus nerve-mediated HPA axis.[?’8] Aer-
obic exercise can enhance VN activity by regulating gut metabo-
lites diversity.!?”?] Exercise promotes the production of SCFAs
via gut microbiota metabolism, thereby enhancing the informa-
tion transmission effect of the vagus nerve,[?8%l suggesting that
exercise-mediated neural communication between the ENS and
CNS can occur both through the direct regulation of VN activity
and indirect effects mediated by gut microbiota metabolites and
neurotransmitters.

Furthermore, exercise can promote SCFAs secretion and in-
crease the levels of anti-inflammatory cytokine IL-10 by regulat-
ing the gut microbiota, thereby reducing the production of in-
flammatory factors induced by lipopolysaccharides and enhanc-
ing the body’s anti-inflammatory capacity, thereby promoting the
health of patients with MS.[?8!] Therefore, the gut microbiota pro-
duces a large number of metabolites, mainly neurotransmitters
and SCFAs, which in turn influence the physiology and behavior
of the brain.

The gut microbiota also influences skeletal health.**] Exercise
regulates the gut microbiota, improving cognition and behavior,
while the gut microbiota affects bone regulation and the devel-
opment of skeletal diseases, such as OP and inflammatory joint
diseases characterized by bone loss.[®! The gut microbiota also
regulates bone mass likely mediated through its effects on the im-
mune system, which in turn regulates the formation of OC.[282]
The gut microbiota may serve as a new therapeutic target for the
prevention of OP and fractures.

An increase in gut microbiota diversity, reduction in
pathogenic bacterial populations, and improvement in exer-
cise capacity can effectively reduce the risk of neurodegenerative
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diseases. Overall, these three factors create a beneficial cycle,
where exercise inhibits pathogenic bacteria and promotes the
growth of beneficial bacterial populations, which, in turn, se-
crete various factors that are beneficial to the brain and skeletal
system, continuously improving physical performance.

Therefore, we believe that exercise plays a regulatory role,
through the brain—gut-bone axis, in improving overall body
function, enhancing cognition, and promoting skeletal health in
patients with neurodegenerative diseases. However, the mech-
anism by which exercise-mediated gut microbiota regulates
neurological function remains unclear, and exploring the mecha-
nism of exercise-mediated gut microbiota regulation of neurolog-
ical function is of great significance for clarifying the mechanism
of exercise intervention for neurodegenerative diseases.

4.3. Emerging and Promising Therapeutic Modalities
4.3.1. Microbial-Directed Approaches

Antibiotics are closely associated with changes in the gastroin-
testinal microbiota. Alterations in the gut microbiota can induce
changes in brain activity, increasing the potential for therapeu-
tic manipulation of the microbiota in AD and other neurological
disorders.['?] A small (n = 14), unblinded, nonrandomized clin-
ical study showed that treatment with rifaximin, a nonabsorbable
antibiotic, improved motor fluctuations in patients with PD.[?%]
Minocycline has a beneficial effect on the gut microbiota and ex-
hibits a neuroprotective role in PD.[2%*] Minocycline has shown
neuroprotective properties in experimental models of ALS, PD,
HD, and MS.[?8°]

Sodium oligomannate (GV-971), a marine-derived oligosac-
charide, is a novel agent that may improve cognition in patients
with AD.[%¢] Additionally, a study found that GV-971 signifi-
cantly reduced the accumulation and aggregation of a-synuclein
in Prnp-SNCAAS53T mice when administered in the relatively
early stages of the disease. Furthermore, GV-971 corrected the in-
hibitory effect of a-synuclein-induced neuronal extracellular vesi-
cle release, thereby providing neuroprotection.[?’] By targeting
the brain—gut axis, regulating the imbalanced gut microbiota,
reshaping immune homeostasis, reducing brain inflammation,
and improving cognitive function, it is possible to achieve thera-
peutic effects in the treatment of AD.[288]

Novel therapeutic strategies based on the modulation of the
gut microbiota within the brain—gut-bone axis have shown
promise for the treatment of neurodegenerative diseases. By reg-
ulating the gut microbiota, it is possible to influence neuroin-
flammatory responses, improve gut function, and positively im-
pact brain health. This comprehensive treatment approach offers
an innovative avenue with the potential to improve the symptoms
and quality of life in patients with neurodegenerative diseases.
However, further research and clinical trials are necessary to con-
firm its safety and efficacy and to provide more support and guid-
ance for its integration into clinical practice.

4.3.2. Treatments Targeting the Osteoblasts
Recently, the relationship between neurodegenerative diseases

and skeletal disorders has received increasing attention. Epi-
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demiological studies have shown that patients with AD or PD are
more prone to developing OP. Early detection of reduced bone
density in patients with PD through active treatment can help re-
duce disability rates, extend the lifespan, and improve the prog-
nosis of patients with AD and PD. Studies have shown that ex-
tracellular vesicles derived from young OBs can enter the brain
and improve cognitive function in AD mice. Extracellular vesi-
cles derived from young OBs modulate the bone-brain axis to
exert anti-AD effects, revealing a novel bone-brain information
exchange mechanism that provides new targets and perspectives
for AD prevention and treatment.?%]

Osteocalcin is a noncollagen protein produced by OBs.
Changes in the levels of osteocalcin secreted by OBs may be
associated with age-related cognitive decline.[?*° Osteocalcin can
alleviate CNS lesions, protect damaged neurons, and mitigate
central lesions in AD mice by regulating lipid metabolism.[?]
Osteocalcin binds to midbrain neurons and promotes the
production of dopamine neurotransmitters,[??] suggesting a
relationship between PD and bone metabolism. The levels of
osteocalcin in the cerebrospinal fluid of PD model rats are
lower than those in the control group. Direct injection of os-
teocalcin into the right striatum of PD rats improves motor
dysfunction induced by 6-hydroxydopamine and reduces the
depletion of dopamine neurons through the AKT/gsk3p sig-
naling pathway.[’’] Additionally, osteocalcin can improve PD
symptoms by reducing the expression of inflammatory factors
and inhibiting the proliferation of astrocytes and microglia.[?*]

Furthermore, osteocalcin influences PD via gut microbiota;
Hou et al. showed osteocalcin-induced alteration in the gut mi-
crobiota of PD mice compared with that of the control group,
with a significant reduction in Firmicutes and Bacteroidetes. Os-
teocalcin improved motor defects and dopaminergic neuron loss
in PD mice. Modulation of the gut microbiota and increased pro-
pionic acid levels may be potential mechanisms underlying the
neuroprotective effects of osteocalcin in PD.[2%]

Therefore, osteocalcin can improve the gut microbiota com-
position in PD mice and may have a therapeutic effect on pa-
tients with PD. In the future, it will be necessary to further in-
vestigate the mechanisms of osteocalcin in neurodegenerative
diseases and provide more experimental evidence for the use of
osteocalcin as a potential peripheral target for the treatment of
neurodegenerative diseases.

4.3.3. Combining Brain-Gut—Bone Targeted Approaches

Combining microbiota-targeted approaches (such as prebiotics,
probiotics, dietary adjustments, or FMT) with traditional treat-
ments for neurodegenerative diseases can provide synergistic
benefits in multiple aspects of these diseases. For example, mi-
crobiota interventions can be used in conjunction with drug ther-
apies, such as tetrabenazine, to treat chorea with HD.[2°]
Microbiota-targeted approaches can complement emerging
disease-modifying therapies by combining targeted microbiota
interventions with traditional HD treatments. This can improve
treatment outcomes by modulating the composition and func-
tion of the gut microbiota, reducing neuroinflammation, enhanc-
ing neurotransmitter production and signaling, and promoting
neuronal survival and function.[?”] Furthermore, exploring the
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Figure 12. Therapeutics for neurodegenerative diseases with brain—gut-bone axis balance maintaining, which combined with intestinal microbiota reg-
ulation and remodeling (probiotics, prebiotics, and FMT), skeletal system improvement (exercise) and emerging and promising therapeutic modalities.
The integration of a nutritious diet with additional interventions like FMT, exercise, and probiotics has the potential to influence the gut microbiota and
decelerate the advancement of neurodegenerative diseases. It will offer new strategies for improving and treating these diseases with the balance of

brain-gut-bone axis.

combination of gut microbiota-targeted therapy with founda-
tional therapy and therapies targeting the skeletal system to fur-
ther improve motor and cognitive symptoms, may be worthwhile.
Therefore, combination therapies may control motor, cognitive,
and psychiatric symptoms and improve the quality of life of pa-
tients, as conventional treatment methods often fail to manage
these symptoms adequately.[?23]

While studying the heterogeneity and complexity of the gut
microbiota poses challenges, advancements in microbiome re-
search have provided valuable insights into potential interactions
between the gut, brain, and skeletal systems in patients with neu-
rodegenerative disease. These findings have led to the develop-
ment of novel treatment approaches, such as prebiotics, probi-
otics, dietary adjustments, and FMT, which play a crucial role
in modulating the gut microbiota to improve symptoms and en-
hance the quality of life. Further research is required to enhance
our knowledge and translate these findings into effective and safe
clinical applications.

Based on the above discussion, the gut microbiota has
emerged as a target for bacterial- or cellular-based therapies. The
most promising areas of research are FMT and probiotics and
prebiotics are promising adjunctive treatments. Probiotics and
prebiotics create healthy gut environments by promoting the pro-
liferation and metabolism of beneficial bacteria. Clinical trials
have demonstrated that probiotics, prebiotics, and FMT can mod-
ulate the composition of the gut microbiota and improve neuro-
logical disorders. Furthermore, external influences in daily life,
such as exercise, diet, smoking, and alcohol consumption habits,
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can affect the gut microbiota, exacerbating or ameliorating symp-
toms and progression of neurodegenerative diseases. One poten-
tial approach to alleviate dysbiosis is to adopt a more comprehen-
sive dietary strategy that provides adequate nutrition to promote
healthy and diverse gut microbiota.

In summary, combining a healthy diet with other forms of in-
tervention, such as FMT, exercise, probiotics, antibiotics, and os-
teocalcin may affect the gut microbiota and slow the progression
of neurodegenerative diseases (Figure 12). Therefore, the concept
of the brain—gut-bone axis provides a novel perspective for under-
standing neurodegenerative diseases, aiding in the identification
of underlying causes and offering new strategies for diseases pre-
vention and treatment.

5. Challenges and Outlooks

Neurodegenerative diseases present a formidable global health
challenge marked by the gradual deterioration of nerve cells and
the subsequent manifestation of cognitive and motor impair-
ments. These include AD, PD, HD, and MS, among others. The
pathogenesis of these diseases is complex and involves the dis-
ruptions of multiple physiological systems. To date, there is a lack
of comprehensive reviews exploring the intricate relationship be-
tween the brain—gut-bone axis and its potential for the develop-
ment of groundbreaking therapies in the treatment of neurode-
generative disorders.

In this context, our review proposes a hypothesis regarding the
involvement of the brain-gut-bone axis in neurodegenerative
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diseases. The brain—gut-bone axis is a complex network that
connects the brain, gut, and skeletal systems, facilitating dy-
namic information exchange through various means, such as
neuronal pathways, the immune system, endocrine regulation,
and metabolic systems. The importance of this axis has been
increasingly recognized as it has profound implications for the
occurrence and development of neurodegenerative diseases.
Amidst this complex landscape, the brain—gut-bone axis has
emerged as a crucial network orchestrating the modulation
of multiple physiological systems and garnering significant
attention for its profound impact on the onset and progression
of neurodegenerative diseases.

Specifically, the brain—gut-bone axis plays a crucial regulatory
role in neurodegenerative diseases. First, it enables interactions
between the brain, gut, and bone through neuronal pathways.
The complex connection between the nervous system (includ-
ing the VN and ANS) and the gut involves communication with
the gut microbiota, inflammation, and skeletal nerves. Disrup-
tion of this communication can lead to increased inflammation,
gut permeability, and neuronal damage, accelerating the progres-
sion of neurodegenerative diseases. Second, the immune system
plays an important regulatory role within the brain-gut-bone
axis, which is important for the development of neurodegener-
ative diseases and the control of inflammatory responses. En-
docrine regulation is a key component of the brain-gut-bone
axis. Hormones and neurotransmitters transmit signals between
the brain, gut, and skeletal systems through axis regulation.
This endocrine regulation is essential for maintaining overall
metabolic balance, skeletal health, and normal functioning of the
nervous system. Finally, the metabolic system plays an important
role in the brain—gut-bone axis. The gut microbiota influences
brain function and skeletal health by secreting metabolic prod-
ucts. Metabolic regulation is associated with the occurrence and
development of neurodegenerative diseases.

The brain—gut-bone axis plays a crucial role in maintain-
ing health and influencing disease development, particularly
through interactions between intestinal microbes and the host
gut microecology. It is becoming increasingly evident that neu-
rodegenerative diseases are not solely confined to the brain but
are associated with an elevated risk of OP and bone fractures, ac-
companied by changes in bone mass and density. This suggests
a close relationship between dysregulation of the intestinal mi-
croecological environment, bone system, and conditions such as
AD, PD, HD, MS, and other neurological disorders.

In recent years, there has been a growing focus on unraveling
the interconnectedness involved in the pathogenesis of neu-
rodegenerative diseases and developing rational and effective
intervention strategies. A key area of exploration is gut micro-
biota, which has provided further insights into potential targets
within the brain-gut-bone axis that may influence the onset and
progression of these diseases. By understanding the intricate
interplay between the brain, gut microbiota, and bone system,
researchers aim to identify novel therapeutic approaches that
can modulate this axis and mitigate the impact of neurodegener-
ative diseases. This emerging research trend holds promise for
advancing our understanding of these complex disorders and
for developing targeted interventions that could improve patient
outcomes.
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In addition, this review delves into the therapeutic strategies
aimed at preserving the equilibrium of the brain-gut-bone axis.
These strategies include interventions targeting brain health, in-
testinal microbiota modulation, and skeletal system well-being.
The objective of neurodegenerative disease treatments is to re-
store balance within the brain—gut-bone axis by employing a
combination of interventions such as the regulation and reshap-
ing of intestinal microbiota through the use of probiotics, prebi-
otics, and FMT. Enhancing the skeletal system through exercise
and incorporating emerging therapeutic approaches are some of
these strategies. By implementing these interventions, there is a
potential for positive effects on the gut microbiota and the poten-
tial to slow down the progression of neurodegenerative diseases.

In conclusion, the study of the brain—gut-bone axis provides
us with a novel perspective that helps us to better understand
the mechanisms underlying the occurrence and development
of neurodegenerative diseases. By exploring the interactions
between various components of the axis, we can seek new
therapeutic strategies to maintain axis balance and provide new
insights for the prevention and treatment of neurodegenerative
diseases. This is of importance in clinical practice and for the
overall health of patients. However, research on the brain—gut—
bone axis in neurodegenerative diseases still faces challenges.
First, the current understanding of the complex mechanisms
and interactions within the axis is still limited, requiring further
research to establish causal relationships between the gut mi-
crobiota and neurodegenerative diseases. Second, the existing
treatment methods mainly focus on specific aspects of the
axis, necessitating the exploration of more comprehensive and
effective treatment approaches. Moreover, no drugs have been
developed to comprehensively target the entire gut-brain—bone
axis owing to the involvement of multiple complex physiological
processes and interactions. In addition, the safety and efficacy
of the treatments needs to be evaluated further. It is difficult
to control for factors such as medication and diet, and the
causes of neurological disorders are extremely complex and vary
across different age groups and disease stages. Although new
approaches such as FMT and probiotics have been proposed,
FMT requires strict aseptic procedures, and there are challenges
regarding the specificity of probiotic strains, optimal dosages,
and intervention timing. Controlling and managing neurode-
generative diseases has becomes more complicated owing to
factors such as medications, diet, age groups, and disease stages.

Therefore, measures must be implemented to address these
challenges. First, research on the mechanisms and interactions
of the brain—gut-bone axis must be strengthened to better
understand its role in neurodegenerative diseases. Second, treat-
ment methods targeting the entire axis, including combination
therapy and multidimensional interventions, must be further
developed and studied. Finally, more in-depth clinical trials are
needed to evaluate the safety and efficacy of treatments and to
determine the optimal treatment approach and dosage. There-
fore, it is essential to strengthen research on the mechanisms
and interactions of the brain—gut-bone axis, develop treatment
methods targeting the entire axis, and conduct in-depth clinical
trials to assess its safety and efficacy.

In summary, this review discusses the important role of
the brain—gut-bone axis in the prevention and treatment of
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neurodegenerative diseases. By providing in-depth insights,
this study emphasizes the significance of considering the in-
terrelationships among the brain, gut microbiota, and skeletal
system in managing these complex diseases. Future research
efforts should focus on deepening our understanding of the
brain—gut-bone axis, developing comprehensive treatment
approaches, and conducting rigorous clinical trials to optimize
treatment strategies and improve the prognosis of patients with
neurodegenerative disease.

6. Conclusion

Neurodegenerative diseases represent a significant clinical chal-
lenge that affects millions of people worldwide. There is an ur-
gent need for continued research to advance our understanding
of the pathogenesis and mechanisms of neurodegenerative dis-
eases and to develop effective therapies to improve the clinical
outcomes and quality of life of affected individuals. Considering
this, our review aimed to propose a hypothesis regarding the tri-
angular relationship between the brain, gut, and bone systems
and to investigate its potential in the advancement of pioneering
treatments for neurodegenerative disorders.

By means of dynamic communication along the brain-gut—
bone axis, the gut microbiota collaborates with the brain and
bone systems in four major ways: by modulating the immune re-
sponse, impacting metabolism, regulating endocrine processes,
such as hormones, neuropeptides, and neurotransmitters, and
directly affecting neurons and neural signaling. Imbalances in
the brain—gut-bone axis have been implicated in the pathology
and development of various neurodegenerative diseases, includ-
ing AD, PD, HD, ALS, and MS, as well as in gut microbiota dys-
biosis and musculoskeletal imbalances. Advances in our under-
standing of the underlying mechanisms of the brain-gut-bone
axis have paved the way for the development of therapeutic strate-
gies for maintaining balance. In addition to the pharmacological
treatments, healthy diet therapy with other interventions (e.g.,
FMT, probiotics, and prebiotics) may affect the gut microbiota
and slow the progression of neurodegenerative diseases. In gen-
eral, a healthy mindset and balanced diet may be better able to
prevent or reduce symptoms in patients with AD and PD. A com-
bination of reasonable exercise interventions can be considered
to improve intestinal microecology and bone healthy, which in
turn affects the neurotransmission in the brain-gut-bone axis,
improves neurological function, and suppresses neurodegenera-
tive diseases. Our proposed concept of the brain—gut-bone axis
may offer valuable insights and guidance for the treatment of
neurodegenerative disorders.

In conclusion, targeting the brain-gut-bone axis has enor-
mous potential for the treatment of neurodegenerative diseases.
However, further research and exploration are needed to find bet-
ter treatment methods and ensure their safety and efficacy. A
better understanding of the brain—gut-bone axis and its role in
neurodegenerative diseases will continue to guide the develop-
ment of novel treatments and interventions, offering hope for
improved outcomes and quality of life for affected individuals.
Undoubtedly, this intriguing concept will be further explored in
the future.
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