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Abstract: The gut microbiome is a collection of microorganisms and parasites in the gastrointestinal
tract. Many factors can affect this community’s composition, such as age, sex, diet, medications, and
environmental triggers. The relationship between the human host and the gut microbiota is crucial
for the organism’s survival and development, whereas the disruption of this relationship can lead
to various inflammatory diseases. Cannabidiol (CBD) and tetrahydrocannabinol (THC) are used to
treat muscle spasticity associated with multiple sclerosis. It is now clear that these compounds also
benefit patients with neuroinflammation. CBD and THC are used in the treatment of inflammation.
The gut is a significant source of nutrients, including vitamins B and K, which are gut microbiota
products. While these vitamins play a crucial role in brain and bone development and function, the
influence of gut microbiota on the gut-brain and gut-bone axes extends further and continues to
receive increasing scientific scrutiny. The gut microbiota has been demonstrated to be vital for op-
timal brain functions and stress suppression. Additionally, several studies have revealed the role of
gut microbiota in developing and maintaining skeletal integrity and bone mineral density. It can
also influence the development and maintenance of bone matrix. The presence of the gut microbiota
can influence the actions of specific T regulatory cells, which can lead to the development of bone
formation and proliferation. In addition, its metabolites can prevent bone loss. The gut microbiota
can help maintain the bone’s equilibrium and prevent the development of metabolic diseases, such
as osteoporosis. In this review, the dual functions gut microbiota plays in regulating the gut-bone
axis and gut-brain axis and the impact of CBD on these roles are discussed.
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1. Introduction

The gut contains diverse microbial flora, including bacteria, fungi, archaea, protozoa,
and viruses. Most gut microbes live in harmony with the human host, interact constantly
and regularly with the human body and modulate various vital body activities [1]. The
gut contains over a thousand bacterial species, including over 50 genera. In the gastroin-
testinal tract, the large intestine alone possesses an incredibly high number of bacteria
between 10'-10%2[2,3]. A deeper understanding of the microbiome has shaped the entire
domain of disease pathogenesis and helped increase potential prevention strategies. A
healthy and diverse microbial ecosystem of the gut is vital in maintaining optimal health,
and yet these same microbes can instigate a series of debilitating diseases, especially in
genetically predisposed people when disturbed [4]. The importance of the gut microbiome
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also lies in its ability to influence the hosts” metabolism through varied inherent pathways,
shaping and modulating immunity. It is, therefore, imperative to keep a steady and bal-
anced microbiota [4,5].

The advent of the “Human Genome Project” revitalized our realization and appreci-
ation that the human body has a rich ecosystem of microorganisms. Before the “Human
Genome Project,” our understanding was limited to only microorganisms that can be cul-
tured in the laboratory (i.e., the 5% culturable ones). In the space of ten years, molecular
tools have been designed to enable us to not only understand the microbiome, but also,
the “parasitome,” the “virome,” and the “fungome” [6].

These molecular tools has helped us uncover several diverse belligerent microorgan-
isms that either negatively or positively influence our health. The recent outbreak of the
SARS-CoV virus, which caused the COVID-19 pandemic and the reemergence of mon-
keypox, renders some pungent examples [7]. The more we delve deeper into understand-
ing the inter-relationship between the microbiome and ourselves, the better it will be for
us to draw closer to predicting disease pathogenesis, curating mitigation strategies, and
also harnessing and enriching the “good guys” of the microbiome [8,9].

Medicinal cannabis is increasingly becoming popular, partly due to the realization of
its impact on psychiatric and neurological disorders. Cannabinoids are molecules of phar-
maceutical relevance, and they influence the treatment of many ailments. Regardless of
the many potential impacts of the plant, the prescription of medicinal cannabis is highly
conserved [10]. Several published critical pieces of research on medicinal cannabis have
highlighted its importance and thus helped minimize the social stigma that causes many
jurisprudences to frown on the plant. Several states of USA, Israel, Canada, Uruguay, and
Australia are among some of the jurisdictions that lower their guide by paving ways to
harness the plant’s potential [4]. This latest development excites many biotechnologies,
farming organizations, and pharmaceutical cooperation, in the end, pushing them into
healthy competition regarding the development of medical cannabinoids and their com-
mercialization.

Delta-9-tetrahydrocannabinol (A-9 THC) is the only known variant among the 126
different variants identified to be psychoactive, potent, and affects brain development.
This has become a worry to many clinicians because of its ability to induce mood, behavior
cognition, and appetite [1]. Clinicians have also identified severe psychological and be-
havioral aberrations among chronic users of cannabis. The aberrations vary over time and
individuality, rendering the treatment of long-term effects of cannabis complex and un-
predictable with current technologies. The precariousness of A-9 THC has moved the at-
tention of contemporary clinicians and researchers to venture into another variant known
as CBD. CBD has already shown many of its therapeutic potential among the canna-
binoids, and it is also abundant in the cannabis plant, its profile is demonstrated to possess
unique health benefits, and lacks any form of psychoactive effects [11]. However, THC
and CBD have relative synergy; THC can reinforce the beneficial profile of CBD, and CBD,
on the other hand, can curtail the euphoric and psychoactive profile of THC [12]. CBDs’
mechanisms of action are poorly understood, and it does not interact with similar canna-
binoid receptors as THC. CBD mode of action is attributed to the inhibition of anandamide
degradation and anti-inflammatory, serotoninergic and antibiotic profiles [13]. CBD
shows strong pharmacodynamics and pharmacokinetic properties that could result in ad-
verse drug events and drug-drug interaction. CBD may be administered as a purified
product, consumed as a whole cannabis/hemp plant component, and as an extract from
the cannabis plant. Several biological targets of drugs are affected by CBD, thus increasing
the possibilities of CBD-drug interactions during medications. For instance, CBD is known
to affect the CYP3A4/2C19 which is critical in drug metabolism, additionally, CBD is im-
plicated in drug excretion too, affecting most P-glycoproteins [10,14]. Cytochrome P450
enzymes metabolizes and are also involved in the biotransformation of CBD [15]. Sedation
and somnolence are potential biological effects of cannabis potentiated by medications of
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like effects such as opioids. CBD and other cannabinoids further have their inherent bio-
logical targets that may certify as adverse drug events autonomous of any form of drug-
drug interaction capabilities [4].

The human host is able to provide nutrients and other resources to support the de-
velopment of the life of microbes by supplying them with secondary metabolites. The gut
microbiota plays a vital role in the regulation of both innate and acquired immunity. It
also produces immunological intermediates, which are essential in the development of
anti-inflammatory and proinflammatory responses. The interaction between the gut and
other distant organs is evidenced by the presence of several essential loops [16-19]. These
include gut-brain, gut-bone, gut-lung, and gut-heart. The presence of altered microbial
diversity in the gut can contribute to the development of various diseases. In addition, the
interactions between the different intermediates of the gut microbiome and other organs
can cause complex changes that can lead to the development of diseases such as cancer,
inflammatory bowel disease, diabetes, neurodegenerative and autoimmune disease. Un-
derstanding the interactions between the various components of the human body’s mi-
crobiome and other distant organs is very important in the treatment of diseases, espe-
cially those that have no cure [20-24].

The process of bone remodeling is carried out throughout one’s life. It involves re-
placing old and worn-out bones with new ones that are healthy and also the process of
repairing micro-damages. It also regulates the balance of calcium homeostasis. The com-
plex actions of the bone resorbers and osteoblasts are responsible for the development of
new healthy bones [25]. The delicate equilibrium between the two dominant types of bone
cells, osteoblasts, and osteoclasts, is responsible for the development and maintenance of
bones. Any disruption or alteration to this equilibrium can lead to diseases that affect the
skeletal system [26]. The regulation of bone homeostasis involves the intercellular cross-
talk between chondrocyte, osteoblast, osteoclast, and osteocyte. Complex cell signaling
networks are responsible for the coordination of this process. In recent years, the link be-
tween the metabolism of bone and the gastrointestinal tract has been established [27].

The development and progression of osteoporosis are characterized by the reduction
of bone mass and the degradation of its micro-architectural properties. This condition can
lead to the development of fractures. The prevalence of osteoporosis has drastically
changed in young people, especially those active in their early years [28]. The most com-
mon type of this disease is postmenopausal osteoporosis. It is caused by estrogen defi-
ciency. Although estrogen replacement therapy is considered a standard treatment for
postmenopausal osteoporosis, it can also increase the risk of developing breast and other
types of cancer. Some of the other options that are commonly used for treating this condi-
tion include the use of a combination of drugs known as bisphosphonates and teriparatide
[29-36]. Treatment for osteoporosis is very challenging. The various factors that affect a
person’s chances of developing osteoporosis are also considered when choosing the ap-
propriate anti-osteoporotic therapy. These include the type of cancer, age, gastrointestinal
issues, and environmental triggers. In addition to these, other factors such as genetic pre-
disposition and the consumption habits of individuals can also affect a person’s chances
of developing this condition [37-40]. Additionally, dietary supplements can help prevent
or manage osteoporosis, and they can also be very helpful in controlling the development
and progression of this condition [39-43]. The importance of the gut microbiome has been
acknowledged as a potential tool for treating various human diseases. The complex cross-
talk of the gut-bone axis can help determine the outcome of skeletal health and osteointe-
gration [37-43]. Through studies on the interactions between the gut microbiome and
bone metabolism, researchers have gained a deeper understanding of the mechanisms
that can affect the development and maintenance of osteoporosis. This review seeks to
elucidate the functions gut microbiota play in regulating gut-bone and gut-brain axes and
the impact of CBD on these roles in maintaining a healthy gut microbiome.
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1.1. The Gut Microbiota

The term “gut microbiota” refers to the microorganisms (e.g., bacteria, archaea, fungi,
and viruses) that live in the digestive tract of animals. There are various terms used to
refer to this type of flora, e.g., “gut flora” [44]. The gastrointestinal metagenome, which is
the aggregate of all the genome sequences of gut microbiota, is also sometimes referred to
as the microbiome [45]. The human gut is the primary location of the microbiota. Its di-
verse bacterial communities play a variety of roles in the development and maintenance
of human health [46]. Some of these include the control of immune function, the mainte-
nance of the intestinal epithelium, and the metabolism of pharmaceutical and dietary
compounds. Depending on the region of the digestive tract, the composition of the gut
microbiota can vary. The highest density of microbial communities can be found in the
colon, which has around 300 to 1000 species [47]. The majority of the bacteria in the gut
come from around 30 to 40 species. Around 60% of the feces’ dry mass is composed of
bacteria. Some of the bacteria in the gut are aerobic, while the other types are anaerobes
[48], however, depending on the location in the gut, several different enzymatic and chem-
ical assays can be used to identify and differentiate bacteria in the different parts of the
gut. For instance, using cultured strain of Bacteroides fragilis and intestinal Bacteroides, var-
ious experimental assays were used to differentiate the Bacteroides based on the location
of the bacteria. Pentose fermentation, acid end products, 10% bile tolerance and gas pro-
duction was used as differentiation basis for separating the oral strains of Bacteroides (e.g.,
Bacteroides oralis) from the intestinal strains. The researchers noted that the oral strains
produced succinic, lactic, acetic, and formic acids but no gas, and were killed by 10% bile,
and could not ferment xylose and arabinose. The intestinal strains however produced suc-
cinic, formic, acetic, and propionic acids and gas, with a few strains forming lactic acid.
These strains could be stimulated by 10% beef bile, and were demonstrated to ferment
xylose and arabinose (e.g., Bacteroides fragilis) [49,50].

There are majorly five phyla that dominate the intestinal microbiota. These includes
Bacteroidota, Bacillota (Firmicutes), Actinomycetota, Pseudomonadota, and Verrucomicrobiota.
The Bacteroidota and Bacillota makes up 90% of the bacterial population in the gut [51]. In
Table 1 the major Gut Microbiota found in the colon and their unique characteristics are
listed.

Table 1. Major Gut Microbiota found in the colon and their unique characteristics [52].

Bacterium

. - Incidence in the
Unique Characteristics Reference
Colon

Gram-negative, facultative anaerobic, rod-

E o . 1
scherichia coli shaped, coliform bacterium 00 [53]
A i - i 1 hi
Bacteroides fragilis naerobic, Gram negatlve, pleomorphic 100 [54]
to rod-shaped bacterium
Anaerobic, Gram-negative rod, with black
. . colonies, and black pigment, not motile,
Prevotella melaninogenica . 100 [55]
non-spore forming, grows well on blood
agar.
Klebsiella sp. 40-80 [56]
Rod-shaped, Gram-negative bacterium,
facultati .
Enterobacter 5p. ac1.1 t.:atlve anaerobic, p?ssesses . 40-80 [57]
peritrichous flagella, oxidase-negative,
catalase-positive
Gram-positive, anaerobic, non-motile,
Bifidobacterium bifidum non- spore-forming, rod-shaped, usually 30-70 [58]

in clusters, pairs, or singly.
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Staphylococcus aureus

Gram-positive, catalase positive, nitrate
positive, facultative anaerobe, spherically 30-50 [59]
shaped bacterium

Lactobacillus

Gram-positive, aerotolerant anaerobes or
microaerophilic, rod-shaped, non-spore- 20-60 [60]
forming bacteria.

Gram-positive, rod-shaped, anaerobic,

Clostridium perfringens spore-forming bacterium 25-35 [61]
Gram negative facultative anaerobic, rod

Proteus mirabilis shaped, and peritrichous flagella 5-55 [62]
bacterium
Rod-sh -positive, flagell

Clostridium tetani od-shaped, Gram-positive, flagellated, 1-35 [63]
spore forming bacterium

Clostridium septicum Gram—p(')smve, spore forming, obligate 5_05 [64]
anaerobic bacterium
Encapsulated, Gram-negative, aerobic-

Pseudomonas aeruginosa facultatively anaerobic, rod-shaped 3-11 [65]
bacterium.

Salmonella enterica Rod-headed, flagellate, facultative 37 [66]

anaerobic, Gram negative

1.2. Bacteria Inhabiting the Stomach

The stomach contains high acidity and thus most microorganisms are destroyed by
the acidic environment. Due to the high acidity of the stomach, the few bacteria that
thrives in the stomach include: Streptococcus, Staphylococcus, Lactobacillus, Peptostreptococ-
cus and Helicobacter pylori [67]. The H. pylori is a known cause of gastric cancer and stom-
ach ulcer [67].

1.3. Bacteria Inhabiting the Ileum

Most of the microorganisms that are commonly found in the stomach are rod-shaped
and Gram-positive cocci. Due to the influence of the stomach on the development and
maintenance of microorganisms in this area, there is a trace amount of these organisms in
the upper chamber of the small intestines [67]. However, in the lower portion of the intes-
tine, the conditions support the development and maintenance of Gram-negative bacteria.
The small intestine’s bacterial flora plays a vital role in a wide range of functions. It pro-
vides a variety of regulatory signals that help the development and utility of the intestine.
Overgrowth of bacteria can lead to intestinal failure [67,68].

1.4. Bacteria Inhabiting the Colon

The colon has a large bacterial population [69]. Almost all of the flora and large in-
testine’s obligate anaerobes are composed of Bifidobacterium and Bacteroides [70]. Some fac-
tors that can affect the growth and maintenance of the large intestine’s microorganism
population include stress, parasites, and antibiotics [71].

2. Microbiome and Human Body Function
2.1. Microbial Components and Their Effect on Host Physiology

Some of the most common components of gut microbes are present on the cell walls
and outer membranes. These molecules are known to interact with host tissues and are
often the main products of the gut. For instance, peptidoglycan, a universal component of
bacterial membranes, activates various immune signaling pathways [72]. More so, a sig-
nificant component of the cell wall of Gram-negative bacteria is the LPS, which is known
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to be a potent systemic immune activator. Additionally, flagellins, which are widely ex-
pressed across different bacterial species, are immunostimulatory. Aside from stimulating
the development of immune tolerance, these molecules can also help balance the popula-
tions of immune cells in the gut. For instance, the capsular polysaccharide, which is found
in the gastrointestinal tract’'s common fragilities, is known to help maintain the balance of
immune cells. Immunoreceptors commonly recognize these molecules and other similar
ones on multiple host tissues. A healthy and diverse microbiota can produce abundant
metabolites, affecting the host’s signaling processes. Three significant metabolites are
known to have far-reaching effects: short-chain fatty acids, secondary bile acids, and the
amino acid tryptophan [73]. The fermentation of dietary fiber can also produce the propi-
onate, butyrate, and SCFAs [74]. SCFAs can also promote various beneficial effects on the
host, such as reducing the risk of diabetes and obesity. They can also help maintain the
development of brain development. Some bacteria can also convert the bile acids from the
liver into a substance that the host can ingest. These secondary metabolites have a wide
range of effects on the host, including the endocrine signaling that affects the functioning
of the liver-gut axis and metabolic homeostasis [72]. The metabolites of indole, which are
found in the amino acid tryptophan, can affect various aspects of the human body, such
as neurotransmitter expression, hormone secretion, and inflammation [75].

2.2. Food Intake and the Gut-Brain Axis

The gut-brain axis represents a duplex interaction channel that links and transmits
signals between the central nervous system (CNS) and the gastrointestinal tract (GI). This
interaction keeps the brain updated and informed about the components and levels of
energy status in the periphery. Homeostasis is achieved after the CNS sends feedback to
the gut. This complex interaction employs two metabolic routes; sympathetic and nervous
pathways [76-80].

As shown in Figure 1, the communication between intestinal Tregs and gut-innervat-
ing neurons is carried out by the neuronal cells from the PNS, which innervates the intes-
tine. Additionally, the enteric nervous system (ENS) in the colonic myenteric and submu-
cosal plexus do relay physiological information to the PNS and CNS. Acetylcholine that
activate colonic antigen-presenting cells, are known to assist in the development of Tregs
in the gut. Vasoactive intestinal peptides (VIP) are also known to increase Tregs. Serotonin
has also been shown to modulate GI and CNS functions and bone development. Thus,
serotonin forms a crucial component of the gut-brain axis. Tryptophan production by gut
microorganisms or the degradation of tryptophan has been shown to affect the presence
of serotonin in both the CNS and the intestines. SCFAs are microbial metabolites that can
promote serotonin. These metabolites can be transported through the bloodstream to the
brain and the bone to regulate the nervous serotonergic system and bone tissue develop-
ment. The Arc neurons are responsible for sensing the presence of metabolic cues in the
periphery, which then send these molecules to the various organs in the body; such met-
abolic cues in the periphery include Ghrelin, PYY, and GLP-1. They interact with the
brainstem, which is responsible for providing information to the CNS. These interactions
play a role in the development of gut peptide receptors, such as the GLP1R and CCKIR.
The various peripheral actors such as GIP, leptin, ghrelin, and insulin are involved in the
regulation of food consumption, which directly affects brain development, brain function,
calcium, phosphate, magnesium, vitamins (e.g., B, and K) presence in the blood and the
bone (see Figure 1).
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Figure 1. Simplified pathways in the gut-brain and gut-bone axes.

3. Physiology of Homeostatic Regulation of Food Consumption

The hypothalamus is the principal center of homeostatic for food consumption. The
hypothalamus contains essential neurons used in modulating the energy requirements
relying on both biological and environmental signals [81,82]. The arcuate nucleus of the
hypothalamus masterminds homeostatic feeding using varied populations of neurons:
neuropeptide Y (NPY) and Agouti-related protein (AgRP), with the synergistic expression
of pro-opiomelanocortin (POMC)(orexigenic) and cocaine-amphetamine-related tran-
script (CART) (anorexigenic) neurons. This group of neurons communicates and inhibits
the function of each other. POMC neurons release a-melanocyte-stimulating hormones
(a-MSH) when triggered [83,84]. This binds to the melanocortin 4 receptor (MC4R) found
in the paraventricular nucleus (PVN), which promotes decreased food consumption. On
the other hand, ArRP/NPY stimulation in the Arc, activates the relinquishing of AgRP and
NPY, blocking the expression of MC4R neurons in the paraventricular nucleus of the hy-
pothalamus [85,86] (see Figure 2). PVN is largely characterized by neurons expressing the
single-minded 1 transcription factor (SIM1). The third ventricle of the hypothalamus is
where the Arc and the PVN are situated strategically. The third ventricle is the fenestrae
brain barrier; hence it is more permeable and thus allows peripheral signals to get into the
hypothalamus and bind to the receptors located in the Arc and PVN [87,88].
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Figure 2. Diagrammatic illustration of leptin-melanocortin signaling pathway. The leptin-melano-
cortin pathway is crucial in energy homeostasis by acting as a link by which information about
energy status can be relayed to the CNS to control food intake and energy expenditure. LepR, leptin
receptor. SIM1, single-minded 1. ARC, arcuate nucleus of the hypothalamus. POMC,
proopiomelanocortin. MC4R, melanocortin-4 receptor. PVN, paraventricular nucleus of the hypo-
thalamus. MSH, melanocyte-stimulating hormone. POMC neurons in the ARC when activated by
leptin produces a-MSH, which in turn activates MC4R which produces a satiety signal. The gut
microbiota is also known to modulate stress, cytokines, proinflammatory activities and the CNS
metabolism.

Certain extrinsic factors such as trauma, heat and cold stress, environmental toxi-
cants, pathogens, diseases, etc. can cause inflammation [89], also, endogenous factors can
predispose a person to inflammation, e.g., autoimmunity [90]. Additionally, the immune
response to pathogens, e.g., bacteria, viruses, elicits an intracellular signaling cascades
through the activation of Toll-like receptors and the higher expression of interferons, cy-
tokines, and other immunological mediators [90,91]. Some pro-inflammatory mediators
such as IL-1a, IL-1p3, IL-2, IL-6, IL-8, IL-12, TNF-a, INF-y which are crucial in starting and
modulating inflammatory reactions are known to be activated by the gut-microbiota, mo-
reso, anti-inflammatory mediator such as IL-4, IL-5, IL-10, TGF-{3, has been demonstrated
as inflammation biomarkers [90,92,93].

Arc neurons are responsible for circulating signaling molecules by sensing metabolic
cues from the periphery; these signaling molecules include Ghrelin, PYY, leptin, and GLP-
1. The Arc not only interacts with the brainstem, such as the NTS (where the vagal afferent
fibers stop), which collates information from the periphery but also plays an active role in
expressing gut peptide receptors such as the cholecystokinin receptor 1 (CCKIR) and GLP-
1 receptor (GLP1R). GIP, leptin, insulin, ghrelin, PYY, and GLP-1 are the actual peripheral
actors described in the homeostatic regulation of food consumption [94,95]. The pancreas
is the factory of insulin production and secretion in response to the pre-prandial rise in
blood glucose and the aid of circulation; it reaches the vantage tissues throughout the
body and the brain. Though the primary activities of insulin in the periphery regulate
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glucose absorption by the tissues, most of the transport of glucose happens without em-
ploying glucose. Insulin tames ArRP/NPY neurons in the brain and catalyzes POMC neu-
rons in the Arc and subsequently influencing anorexigenic effects [96]. Fat mass signals
that participate in hypothalamic regulations of food consumption were proposed in 1953
and were later found with the discovery of leptin (deduced from adipocytes in quantities
proportional to the fat mass) in 1994. These hormones are released into the circulatory
system, which the brain communicates with [97]. Leptin plays a similar role as insulin by
taming AgRP/NPY neurons and catalyzing POMC neurons in the Arc, such as anorexi-
genic effects. On the flip side, ghrelin is the hormone involved in orexigenic processes
synthesized by the stomach and facilitates the synthesis of AgRP and NPY in the Arc,
which induces its orexigenic effects. Though ghrelin also inhibits POMC neurons, its re-
ceptors are not known to be expressed in POMC neurons [98]. It was hypothesized that
ghrelin inhibitory prowess may be attributed to the activation of NPY/AgRP neurons com-
municating and taming POMC neurons [99].

Other areas of the intestines also synthesize peptides aiming at the hypothalamus to
regulate the consumption of food. EECs form pathways with the intestines; to the colon
from the duodenum; all participate in the synthesis and secretion of GI peptides, with
some participating in the homeostatic modulation of food consumption. CCK cells are
EECs arranged along the intestines, most found in the duodenum. In the intestinal lumen,
CCK is produced in response to nutrients mainly proteins and lipids which influence an-
orexigenic effect through the POMC neuron activation evinced in the cells of the nucleus
of the solitary tract, via the vagus nerve [100-103].

The jejunum and duodenum are the sites of glucose-independent insulinotropic pep-
tide (GIP) synthesis, primarily released in response to ingesting nutrients such as glucose
or fats and its influence on food consumption. This phenomenon is mediated by GLP-1
(some other anorexigenic peptides produced by EECs) found at high densities in the ileum
and distal colon. The production and secretion of GLP-1 are influenced in response to the
availability of nutrients by direct or indirect effects regulated by the GLP [104,105].

4. Non-Homeostatic Regulation of Food Consumption.

Individuals” quest to consume food for pleasure is a critical aspect; non-homeostatic
signals play a critical role in stimulating this phenomenon. The reward system of wanting
food or drugs is also influenced by dopamine in the mesocorticolimbic pathway [106,107].
This influence can lead to overconsumption of food and may subsequently lead to obesity.
Curtailing the dopaminergic pathway will slow or stop the drive for food during an op-
erant task. The synthesis of dopamine is in two stages; tyrosine is first produced by a rate-
limiting enzyme (the tyrosine hydroxylase (TH)), which results in the production of dihy-
droxyphenylalanine (DOPA). The second stage involves the production of aromatic L-
amino acid decarboxylase dopamine. These products are stored in vesicles before being
released into the synaptic space. Dopamine influenced reward system leads to three phys-
iological demands of food consumption such as learning, liking (controlled by GABA and
the opioid system), and wanting (controlled by the dopaminergic system) [108-110].

5. Sympathetic Routes

The immune system is built in the gut- one of the largest divisions that house various
kinds of cells. Furthermore, the gut represents the largest endocrine system; the intestinal
EEC represents only 1% of the cells. The intestines carry a rich reservoir of peptides, and
about thirty different hormones have been attributed to the GI acting at lengths from the
gut and other organs [111,112]. EEC is found nearly everywhere in the GI tract and is a
part of the essential components of the endocrine organs that regulates food consumption
[113]. EECs release three major metabolites in pre-prandial states: CCK, PYY, and GLP-1,
which all act as anorexigenic hormones. These hormones mainly target the brain after they
have been released in the blood or when they trigger the vagal afferents nerves [114,115].
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6. Nervous Routes

The GI tract is the brain of the gut (second brain) and provides the largest surface for
intestinal neurons after those of the CNS [7,116]. The major player of the GI tract is the
afferent fibers, responsible for conveying sensory signals from the top of the GI tract to
the principal CNS using vagal and splanchnic routes. These two routes (splanchnic and
vagal) are essential satiation modulators. The link keeps the brain abreast regarding en-
ergy levels from the periphery. The vagal afferent represents the most delineated afferents
in the regulation of food consumption. The vagal afferent originates from the intestines
with their cell inclusions in the nodose ganglia and projects to the nucleus tractus solitarus
(NTS) in the brainstem [117,118]. In addition to the hypothalamus, the NTS is made up of
projections to several regions of the brain. Vagal afferents act as mobility or distension
satellites and evince a vast array of GI hormone receptors such as GLP-1, CCK, PYY, or
ghrelins [119,120]. The activation of distinct populations of the vagal afferents is influ-
enced by specific stimuli from the GI tract. The major role of the vagus nerves, as was
demonstrated by a group of researchers, is its modulation of non-homeostatic food intake
in the gut-brain axis. The researchers demonstrated this with the aid of optogenetic func-
tional pathways that links the gut to the brain reward system, which includes the vagus
nerve, the nodose ganglia, NTS, and the dorsal striatum [121-123].

The Gut Microbiota a Major Player in Nervous Systems

The gut microbiota plays a critical role in nervous system function. It is believed that
its presence can regulate the ENS development in both adult and postnatal animals. The
ENS controls the signals and intestinal movement to the CNS. In certain animals, the
myenteric plexus of germ-free mice is abnormal. This situation is due to decreased nerve
density and the number of cell bodies per ganglion. In addition, gut microbiota can affect
the development of enteric glial cells. These cells regulate ENS by connecting the gut and
the brain. In 2015, a study revealed that the presence of gut microbiota could regulate the
flow of homeostatic and colonization factors in the intestinal mucosa of mice [124-126].
The number and density of enteric glial cells in germ-free mice are significantly decreased
compared to that of normal animals. This suggests that the presence of microbes and mi-
crobiota in the gut can affect the development of the gastrointestinal tract. Furthermore,
enteric cells play a role in the regulation of the nervous system by linking microbial cues
to the host’s nervous system [126]. Although it is known that the presence of enteric cells
can affect the development of the nervous system, further studies are needed to determine
the exact relationship between these cells and disorders such as neuropsychiatric disor-
ders [127,128].

It has been shown that restoring the balance of the gut microbiota can help manage
stress and anxiety [129,130]. For instance, serotonin-associated behavior modification with
the treatment of L. rhamnosus can reduce anxiety and depression by decreasing the activity
of the vagus-dependent pathway and this effect is linked to the increased expression of
GABA in the hippocampus [131]. In another study, they revealed that treating the gnobi-
otic mice with the bacteria known as Blautia coccoides reduced their anxiety levels. On the
other hand, the treatment with B. infantis did not affect the anxiety levels [132]. In another
study, the researchers noted that a probiotic treatment can help improve the behavior of
C. rodentium and T. muris [133,134]. Studies have implicated the effects of probiotic sup-
plements such as Bifidobacterium animalis subsp. lactis, Streptococcus thermophiles, Lactobacil-
lus bulgaricus, and Lactococcus lactis subsp. lactis on the functioning of the midbrain of
women [135]. Interestingly, literature have demonstrated that the administration of L.
rhamnosus + L. helveticus to C. rodentium before and after infection blocks memory dysfunc-
tion in the mice [136], therefore buttressing the importance of the microbiota-gut-brain
axis relationship.

In neurodegenerative diseases, such as Parkinson’s and Huntington’s disease, the
survival of neurons can be regulated by certain types of microRNAs (such as Mir433 and
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Mir9, Mir145) and these MicroRNAs are can be modulated by gut microbiota [137-139].
The presence of microbial products in the environment can affect the functioning of the
nervous system. For instance, the butyrate can induce the production of Mir375 in human
embryonic stem cells [140]. It is believed that this substance can act as a histone deacety-
lase inhibitor. Histone deacetylase 3 is required for the development of intestinal epithelial
cells and the maintenance of a balanced microbiota [141]. A study on a high-fat diet (HFD)
revealed that the presence of saturated free fatty acid could influence the function of en-
teric neurons. In a mouse model, the apoptotic and palmitate-induced contraction of en-
teric neurons was mediated by the up-regulation of Mir375. It has been demonstrated that
the presence of a gut microbiota that is unhealthy is associated with neuropsychiatric dis-
orders [142,143]. It is also possible that there exists a link between the gut microbiota and
the regulation of neural function.

7. Enteric Nervous System and the Microbiota’s Molecular Patterns and Signatures

The Pattern Recognition Receptor (PRRs) and the Microbe-Associated Molecular Pat-
tern (MAMP) are believed to be involved in regulating microbiota in the human gut.
Crosstalk between PRRs and the MAMP of the microbiota is essential to the host’s recog-
nition of the bacteria. It is interesting to note that some of the intestinal bacteria, such as
Lactobacillus [131], Bifidobacterium [144] and Blautia [132] which are commonly used as pro-
biotics, are Gram-positive. It has been known that stress exposure can reduce the abun-
dance of certain types of bacteria in the human gut. Some of these are known to be Gram-
positive, such as the bacteria that are enriched after an antibiotic treatment. These are
known to produce a type of acid that is associated with the development of the receptor
TLR2. Studies have shown that the presence of the TLR2 protein in the gastrointestinal
tract is linked to the function of the epithelium and the ENS. In C57BL/6] mice, the lack of
this protein significantly affects the neurochemical profile and architecture of the ENS. In
addition, the decreased levels of GDNF in the smooth muscle cells are associated with the
development of intestinal dysmotility. The presence of the DTLR2-GDNF axis suggests
that the integrity of the ENS is dependent on the presence of the microbiota [145]. In ad-
dition, ENS dysfunction can increase patients’ sensitivity to chemical-induced colitis. It is
believed that the presence of dysbiosis in the microbiota can contribute to the develop-
ment of Crohn’s disease [146]. The relationship between the lipotoxin and receptor 2
(TLR2) is believed to be involved in regulating the gut-brain axis. A recent study revealed
that the treatment of schizophrenia with a high level of lipotoxic acid significantly de-
creased the expression of two phosphoproteins, which are known to be up-regulated in
the development of schizophrenia [147].

8. Significance of Gut Bone Axis and Bone Metabolism

The gut microbiome is a complex system that regulates the homeostasis of a person’s
body. Its interactions with other organs and the environment can affect the development
and maintenance of bone health. The gut microbiota-bone axis is a relationship between
the various metabolites that are produced by the microbes and the skeletal homeostasis
of a person [148]. The emerging understanding of the importance of microbes in the de-
velopment of bone mineral density suggests that they can alter the function of the gut’s
signal pathways. Some key endocrine regulators involved in this process include the par-
athyroid hormone and the calcium-sensing receptors (CaSRs). The CaSRs are located in
different human body tissues, including the kidney, intestine, and stomach. Their im-
portance is acknowledged as the body’s control over calcium homeostasis is dependent
on their dynamic interactions with other organs [149-153]. As the gut is a major source of
nutrients, such as vitamins B and K, the organs can directly or indirectly affect the devel-
opment and maintenance of bone mineral density. The non-collagenous protein known
as osteocalcin is abundant in the bone matrix. Vitamin K is a vital component of this pro-
tein, which is also known as bone Gla-protein [153-155]. It is required for the activation
of this process. The carboxylation of this component is very important for binding this
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protein to bone minerals. Although vitamin K can be obtained from dietary sources, the
production of vitamin K through the intestinal tract is an essential component of the vita-
min supply. If the gut microbiota cannot maintain its balance of beneficial microbes, the
reduction in vitamin K production could lead to an oversupply of uncarboxylated oste-
ocalcin in circulation. When carboxylated osteocalcin is not present in the bone matrix, it
can weaken the bone tissue and make it vulnerable to fracture [155,156].

The presence of butyrate in the gut microbiota can influence the actions of T regula-
tory cells, which can lead to the formation of bone and the proliferation of osteoblasts (38).
These effects can also prevent bone density and bone loss [157,158]. According to a study
conducted by Stefano et al., the growth of gut bacteria can affect mineral bone density
[159]. It was found that bone loss at the lumbar spine and the femur neck was associated
with the development of intestinal bacterial overgrowth. This could be a predisposing
factor for osteoporosis. In addition to malabsorption, this overgrowth could also lead to
the metabolism of nutrients, such as vitamin K and carbohydrates, which could affect the
control of osteogenic events [160].

9. Promising Health Benefits of Probiotics on Bone

Various studies have shown that probiotic administration can help prevent bone loss
and preserve bone mineral density. Factors that have been identified as beneficial include
the combination of probiotic strains, such as those from L. reuteri, L. rhamnosus GG, L.par-
acasei and L. plantarum as well as Bifidobacterium longum, a prebiotic [161,162]. In a study
conducted on mice, researchers discovered that probiotic (L. reuteri) treatment signifi-
cantly reduced the incidence of bone loss [163]. They also noted that the effects of the
probiotic on the bone resorption mechanisms were observed to be very beneficial. Some
of the key factors that were identified as being beneficial include the reduction of the
TRAP 5 and RANKL levels. The results of the study support the idea that the probiotics
can help prevent bone loss. It also noted that the reduction of osteoclastogenesis was ob-
served in the animals that were treated with L. reuteri. In addition, the number of helper
T cells was also increased in the animals that were ovariectomized. The study also noted
that the effects of the probiotic on bone metabolism were observed to be very beneficial.
They noted that it inhibited the activation of the T-cell signals related to bone formation
[163].

In a different study conducted on male mice, the authors noted that the oral probiotic,
L. reuteri, significantly improved their vertebral bone mass, femoral bone mass, and over-
all body composition [164]. They also found that it reduced intestinal inflammation. The
researchers analyzed the RNA profiles of the samples and found that the probiotic inhib-
ited the production of basal tumor necrosis factor (TNF) mRNA. The administration of
Bifidobacterium longum increased serum osteocalcin levels and favored bone formation pa-
rameters. In addition, Parvaneh et al. found that the reduction in the telopeptide levels
and the bone resorption parameters were related to the reduction in the microstructure of
the femur. The effects of the supplement on the bone mineral density of ovariectomized
rats were also shown. The development of bone health is a crucial factor for human health.
It involves the upregulation of the two key genes known as the BMP-2 and the SPARC.
These supplements have been shown to upregulate these crucial genes [165]. Recent stud-
ies revealed that the probiotic, L. reuteri, can stimulate the production of various immune
cells that promote bone health. These cells were able to decrease the levels of osteoclasto-
genic cytokines (Interleukins 6 and 17, TNF-a) and anti-osteoic cytokines (Interleukins 4
and 10, IFN-y). In the same study, Lactobacillus rhamnosus was shown to suppress osteo-
clastogenesis and regulate Treg-Th17 differentiation and distort Treg-Th17 cell balance,
thereby influencing bone metabolism [166]. The researchers noted that the presence of the
probiotic could suppress the development of osteoclastogenesis and increase the level of
the protein that is involved in the regulation of bone metabolism. In addition, it can affect
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the development of bone resorption capacity by modulating the RANKL and BMP path-
ways. These findings suggest that the use of probiotics can improve the function of the
bone resorption system [167].

According to studies, the beneficial effects of probiotic supplements are mainly due
to the stimulation of the production of butyrate by the microbes. VSL#3 (comprising of
Bifidobacterium longum, Bifidobacterium infantis, Bifidobacterium breve, Lactobacillus planta-
rum, Lactobacillus acidophilus, Lactobacillus bulgaricus, Lactobacillus paracasei, and Streptococ-
cus thermophilesis) is a group of bacteria that can help boost the production of butyrate
[168,169]. These studies showed that the use of probiotic supplements could also help pre-
vent bone loss by improving intestinal permeability and reducing inflammation. It can
also help maintain the health of the bone marrow and intestines.

In a study conducted by Muccioli et al., they discovered that the application of prebi-
otics to the gut significantly improved the function and structure of the intestinal barrier
[170]. They also found that the increase in GLP-2 levels triggered the synthesis of proteins
that are crucial for the development of tight junctions. Prebiotics are known to have vari-
ous effects on the development of the intestinal barrier. One of the most important mech-
anisms that are involved in this process is the concentration of SCFAs in the intestine. This
increase in SCFA levels can help promote the growth of beneficial bacteria and prevent
the development of pathobionts [171]. In addition to improving the function of the intes-
tinal barrier, SCFAs can also stimulate the production of immunosuppressive cytokines
and increase the levels of intestinal mucus. They can also help reduce the levels of proin-
flammatory mediators. Literature shows that the administration of butyrate, propionate
and acetate as a mixture or as acetate alone can increase the number of T cells and the level
of IL-10 in the interstitium. According to Smith and colleagues, SCFAs can exert their ef-
fects by inhibiting histone deacetylases. They also found that these compounds can trigger
a process that is related to the formation of GPR43 [172].

10. Underlying Mechanisms of Bone Metabolism by Gut Microbiota
10.1. Gut Microbiome and Its Potential Role in the Mineral Uptake of the Bone

The metabolism of the bone affects the availability and presence of calcium. One of
the most common forms of calcium is calcium hydroxyapatite, which is found in the bones
and teeth. The body must maintain a healthy balance of this mineral, as it can contribute
to various metabolic functions. Calcium and vitamin D are transported through the walls
of the small intestine’s paracellular and transcellular mechanisms. The microbiota in the
intestine helps in the absorption of these two essential nutrients. Prebiotics are nutritional
supplements that can help improve the health of the gut microbiota [173,174]. The benefi-
cial effects of prebiotics can also be seen in the release of short-chain fatty acids (SCFAs)
into circulation. The interactions between the SCFAs and proteins are known to contribute
to the regulation of the metabolism of the bone. They also help in the absorption of cal-
cium. Due to the reduction of the intestinal pH, the SCFAs interact with the proteins to
increase the levels of calbindin-D9k and TRPV6 [175,176]. Despite the various mecha-
nisms that are involved in the development of osteoporosis, the gut microbiome can still
play a role in preventing the development of this condition. The small intestine’s transcel-
lular active transport system is responsible for absorbing calcium. The ability of vitamin
D to facilitate passive diffusion via the paracellular gradient over the intestine was also
known to contribute to the absorption of calcium. This finding suggests microbes in the
gut play a role in the prevention of osteoporosis [177]. Prebiotic fibers could be an effective
alternative to the calcium absorption pathway as this can help maintain a favorable mi-
croenvironment for the bone. In a separate study, the gut microbiome’s effects on bone
development and maintenance were shown. In the models employing Xenograft models,
the changes in the gut microbiome during the early stages of life were investigated, and
they showed that the gut microbiome could compromise the strength of the bones [178].
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As shown in Table 2, the major gut microbes and their protective effects on bone and brain
has been depicted.

Table 2. Major gut microbes and their protective effects on bone and brain.

Gut microbe Effect on bone or brain References
. J Secretes immunomodulatory factors that suppress TNF signaling and pre-
f:z;t;?aczllus vent bone loss. [163,179,180]
o Suppresses RANKL and TRAP 5 and inhibits osteoclastogenesis
. Elevates osteocalcin and enhances bone formation.
i . . Reduces bone resorption parameters
f;:: Zlo'flactermm . Upregulates Sparc and BMP-2 genes and increases bone formation [165,181-184]
o Decrease hospital anxiety and depression, decreases depression and an-
ger-hostility=
o Decreases osteoclastogenic cytokines IL-6, IL-17 and TNF-a
Lactobacillus Increases antiosteoclastogenic cytokines IL-4, IL-10 and IFN-y
hamnOSHS . Regulates Treg-Th17 differentiation and modulates bone metabolism [166,185]
. Influences emotional behavior and the expression of the neurotransmitter
GABA (y-aminobutyric acid) in the CNS in a region-dependent manner
J Modulates bone morphogenetic proteins (BMP)
o Modulates RANKL pathways
Lactobacillus Alleviated abnormal expression of brain-derived neurotrophic factor
plantarum & (BDNF), y-aminobutyric acid type A receptor al (GABAaa), y-aminobutyric
Lactobacillus acid type B receptorl (GABAm), and 5-hydroxytryptamine receptorlA (5-HT1a) [27,186-188]
. in the hippocampus and of GABAa« in the prefrontal cortex.
paracaser o Modulates the concentrations neurotransmitters in the brain (especially
dopaminergic metabolites).
. Reduced early-life stress abnormalities
Lactobacillus Activate bone marrow-derived dendritic cells to mature and express cyto-
johnsonii kines and chemokines in vitro [189,190]
. Prevents psychological stress—induced memory dysfunction
0 Possess genes encoding various metabolites including gamma-aminobu-
Streptococcus  tyric acid producing system, crucial neurotransmitter associated with mood and [191]
thermophilus  stress response.
o Memory-enhancing
. Alleviates D-galactose-induced aging, activates the Nrf2 signaling path-
way, increases regulatory inflammatory factors and antioxidant enzymes.
. Prevent aging or reduce oxidative stress.
L. fermentum o Increased serum SOD, GSH, CAT, and MDA, and decreased IL-6, IL-1f3, [192]
TNF-a, and IFN-y
0 Upregulates the expression of Nrf2, v-GCS, NOS1, NOS3, SOD1, SOD2,
and CAT in brain tissues
Lactobacillus e Prevents impaired barrier function in intestinal epithelial cells [6,193]
casei o As an antidepressant mediated by the microbiota-gut-brain axis. !

10.2. Crucial Role of Gut Microbiome in Preventing Bone Loss—Bone Metabolism and Immune
System

Studies have shown that the gut microbiome can regulate the activities of osteoblast
and osteoclast cells [194]. The complex network of the skeletal system and immune system
helps the body fight off invading pathogens [195]. T cells, which are known to play critical
role in bone health, are also involved in this process [196]. The diverse immune cells that
are involved in this process can regulate the activities of osteoblast and osteoclast cells.
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They can also translocate bone tissue. When a subset of T lymphocytes is activated at the
intestinal lining, it moves to the bone marrow, where it influences the bone remodeling
process [197]. The RANK-RANK ligand interactions and the downstream signaling that
these processes play can help in the development of bone remodeling mechanisms
[198,199]. Some of the most common factors that trigger the development of osteoclasto-
genesis are the cytokines, such as tumor necrosis factor and Interleukin 1, 6, 8, 11, 15, and
32. However, other factors such as Interferons a, , and y and Interleukins 10, 13, 18, 33
can also hinder the activity of osteoclast cells [200]. The lack of estrogen is known to cause
bone loss. In studies, it has been shown that the gut microbiome can regulate the responses
of the immune system to inflammatory threats. In order to understand the effects of sex
steroid deficiency on the development of bone loss, studies were conducted on mice that
were free of germs or bacteria. These studies revealed that the animals were more prone
to experiencing trabecular bone loss. The link between gut microbiota and estrogen have
a direct effect on the development of skeletal integrity and gut health. In a study, research-

ers discovered that the treatment of the bacteria, known as Lactic acidophilus rhammno-

sus, reduced the inflammation of the intestine and bone marrow and decreased the risk
of bone loss. The results of the studies revealed that the treatment of the bacteria, known
as probiotics, reduced the inflammatory pathways and gut permeability in the mice. This
suggests that the beneficial effects of the gut microbiome can be carried out in the preven-
tion of postmenopausal osteoporosis [201].

10.3. Effects of Calcium-Regulating Hormones

The role of calcium-regulating hormones in the development of healthy bone is
known to be important. There are various hormones that regulate bone metabolism [202].
It is also believed that the gut microbiome can provide a net anabolic effect to the skeleton
by supplying it with insulin-like growth factor (IGF-1). A pattern of longitudinal growth
characterizes the development of juvenile bone in mammals. This process depends on the
presence of IGF-1 and the paracrine and endocrine mechanisms. The interactions between
the host and the microbiota can influence the production and metabolism of this growth
factor [203]. The role of the parathyroid hormone in the development of skeletal muscle is
known to be important. It is believed that the presence of a metabolite produced by the
microbiota can help stimulate the formation of bone [204,205] (See Figure 3).
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Figure 3. Effect of microbiota on osteoporosis and the crucial regulatory factors in bone metabolism.
Beneficial microbes of the gut are influenced by diet, antibiotics, and probiotics. This impact has
downstream ramifications, especially on bone mass, via multiple mechanisms. For instance, micro-
biota abundance does impact estrogen bioavailability which is crucial in bone mass. Secondly, mi-
crobiota does support the immune system by modulating the expression of inflammatory cytokines.
Thirdly, gut microbiota can generate metabolites such as short-chain fatty acids. It has also been
shown that gut microbiota does alter intestinal permeability and enhances vitamin D availability
and bone mineral absorption. Finally, the gut microbiome is known to affect the gut-brain axis via
the modulation of the abundance of hormones: 5-HT- 5-hydroxytryptamine; IGF-insulin-like
growth factor, SCFA, short-chain fatty acid, PTH-Parathyroid hormone.

Serotonin, also known as 5-HT, is a neurotransmitter that affects skeletal metabolism.
It can be triggered by its receptor gene, which is known as the serotonin transporter. Phy-
toestrogens are compounds that have similar structural properties to endogenous estro-
gens. They can act as natural estrogen receptor antagonists [206]. Daidzein is a well-
known phytoestrogen that is active in converting into a metabolite called equol in the
body. It has been shown that this bacterial compound can improve the estrogenic effect of
bones [207] (see Figure 4).
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Figure 4. Influence of gut microbiota on enteric nervous system and bone development. The gut
microbiota is known to affect the ENS via the NOSs, NOS1, SOD2, SOD1, Nrf2, y-GCS. Gut microbiota
is also known to demonstrate immunomodulation, hormonal control, and mineral absorption activ-
ities, and metabolism of bones.

10.4. Postmenopausal Osteoporosis and Gut Microbiome-Targeted Treatment Strategies

Maintaining a healthy and adequate estrogen level is very important to maintaining
the diversity of the intestinal microbial community. The gut microbiome is composed of
various types of bacteria, including firmicutes, proteobacteria, and actinobacteria [208]. The
firmicutes/bacteroidetes ratio of these organisms is associated with the homeostasis of the
gut microbiome [209]. A reduction in the gut microbiota’s diversity and an increase in its
firmicutes/bacteroidetes ratio are known to cause dysbiosis. This condition can trigger in-
flammation. It is also linked to the development of osteoporosis [210]. In a typical gut,
there is a balance of the intestinal microbial community, thus preventing the development
of harmful microorganisms. During a disease, the pathogens in the gut can penetrate the
intestinal barrier and trigger an immunological response. This can then lead to bone re-
sorption by osteoclasts. The reduction in the gut microbiota’s diversity can also lead to the
development of osteoporosis. This condition is characterized by the loss of bone mass and
the fragility of the skeleton. One solution for osteoporosis is to introduce probiotic sup-
plements to help restore the balance between the gut microbiota and the host [211] (See
Figures 3 and 4).

10.5. Estrogen as Critical Factor of the Gut’s Microenvironment

Estrogen is a vital component of the microenvironment of the gut, which regulates
the development and maintenance of the gut’s microenvironment. It can exert its effects
through increased levels of glycogen, mucus secretion, and epithelial thickness. Many
phytoestrogens are known to exert pro and anti-estrogenic effects on the target tissue
[212]. Due to their ability to promote the development and maintenance of the gut micro-
environment, phytoestrogens are commonly used as therapeutic agents for hyperestro-
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genic diseases [213]. Intestinal bacteria can also produce equol, which can affect the repro-
ductive tract. Equol usually is present as a diastereoisomer, and intestinal bacteria are
specific in synthesizing the S-(-)equol enantiomer exclusively. This enantiomer shows a
selective affinity for estrogen receptor-f and thus has been vigorously pursued in clinical
and pharmacological research as a nutraceutical and pharmacological agent [214]. In an
in vivo study, male mice that were fed with equol showed lower uterine weight and
thinner vaginal epithelial tissues. The various tissues of the brain, intestine, and abdomen
express estrogens, which can influence the development of neural responses [215]. Estro-
bolome is a gene in the gut’s microbiome that plays a role in the metabolism of estrogens
and phytoestrogens [216]. Beta-glucuronidase from microbes can break down estrogens
and phytoestrogens through its actions on the estrogen receptor alpha and beta. The in-
teractions between estrogens and estrogen receptors can trigger downstream signaling
pathways that can affect the development and maintenance of the target tissues [217].
High-speed sequencing techniques have highlighted the importance of the gut microbi-
ome in developing and maintaining skeletal metabolism. Through a combination of host
factors, such as immunomodulation, hormonal control, and mineral absorption, the me-
tabolism of bone can be regulated [218]. The composition of the gut microbiota is influ-
enced by various factors, such as diet and antibiotics [219]. In order to control the devel-
opment and maintenance of bone mass, the gut microbiome can be influenced by a variety
of mechanisms. Some of these include the growth of beneficial bacteria, as well as the
modulation of estrogen and bone mass through the use of prebiotics [220,221].

11. Gut Bone Axis and Cannabinoid

The highly regulated bone remodeling events require numerous hormones and mes-
senger molecules. The principal mechanisms behind the systemic and the local level of
molecular events remain vague. The function of the elements of the endocannabinoids
system (ECS), such as endogenous cannabinoid ligands, cannabinoid receptors (CBRs),
and the enzymes accountable for endogenous ligand synthesis and degradation, is excep-
tionally fascinating. The link between the ECS and bone health speculates the possible
application of cannabinoid receptor ligands for the treatment of bone diseases related to
enhanced osteoclastic bone resorption, like osteoporosis and bone metastasis [222]. Stud-
ies revealed that the endocannabinoid system is identified to exhibit diverse effects in con-
trolling multiple physiological events, such as immune responses, pain sensitivity, appe-
tite regulation, and energy maintenance. In addition to these roles, the endocannabinoid
system has also been involved in regulating bone metabolism. Hydrolysis of membrane
phospholipids generates cannabinoids endogenously, which are hydrophobic in nature.
These molecules can combine with both plant-derived and synthetic cannabinoids. Also
function together with receptors such as cannabinoid receptors type 1 (CB(1)) and 2
(CB(2)) and the GPR55 receptor to modulate cellular activities via a range of signaling
pathways. Studies conducted in mice with targeted inactivation of cannabinoid receptors
exhibited that cannabinoids show a vital role in the modulation of bone metabolism CB(1)
deficiency mice have high peak bone mass due to osteoclast defect. However, they de-
velop age-related osteoporosis owing to the diminished bone formation and formation of
bone marrow fat. In contrast, CB(2) deficient mice have shown comparatively normal
peaks of bone mass. Nevertheless, they develop age-related osteoporosis owing to the
augmented bone turnover by uncoupling bone resorption from the bone formation. Sim-
ilarly, GPR55 deficient mice have high bone mass as a result of defective osteoclast resorp-
tion, although bone formation is found unaffected [223].

Individuals with spinal cord injury (S5CI) endure an acute loss of bone minerals below
the level of the lesion. Studies conducted in a rat model of spinal cord injury to investigate
the therapeutic effect of cannabidiol on sublesional bone loss showed that CBD treatment
accelerated the serum levels of osteocalcin, decreased the serum levels of collagen type I
cross-linked C-telopeptide, and augmented bone mineral density of tibiae and femurs.
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SCI rats treated with CBD revealed higher bone volume, trabecular number, trabecular
thickness, lower trabecular separation in proximal tibiae, elevated ultimate compressive
load, and energy to the max force of femoral diaphysis. Treatment of SCI rats with CBD
exhibited upregulated mRNA expression of osteoprotegerin, alkaline phosphatase,
wnt3a, Lrp5, and CTNNB1 and downregulated mRNA expression of receptor activator of
NF-«B ligand (RANKL) and tartrate-resistant acid phosphatase (TRAP) in femurs [224].

12. Cannabidiol (CBD)

CBD is considered a non-psychotropic component of the Cannabis sativa (hemp) plant
that, in the recent decade, has hugely attracted the attention of many people in health and
pharmacy [225-227]. Currently, the only successfully approved CBD drug by the US Food
and Drug Administration is EPIDIOLEX®. This drug is used for the treatment of drug-
resistant pediatric epileptic seizures caused by several rare syndromes. However, they are
no single dietary supplement or its ingredients approved by the US Food and Drug Ad-
ministration [228-230]. The marketing of CBD products is hugely growing and is worri-
some partly due to a lack of clear federal regulations and quality inadvertence. This men-
ace has threatened and may lead to adverse health impacts on the general public. There-
fore, several questions that seek urgent answers have been stringently proposed [231,232].
Some of these are; what medical role does CBD play? Can it serve the role of a non-pre-
scriptive drug? What doses seem adequate? What influence has it had on the gut micro-
biota? Is there any difference between CBD extracted from hemp and isolated CBD? Who
is at risk of CBD administration? Is there any future for hemp products, and what is the
direction? [1]

Given these, we seek to find answers to the above reasonable questions by first put-
ting together a review that highlights some literature that already talks about CBD and
the gut microbiome. The entire write-up of this review seeks to talk about the CBD mod-
ulation of the microbiota, gut-brain, and gut-bone axis.

A study by Talamantes et al. hypothesized that due to the increased interest in can-
nabidiol and its derivatives, cannabidiol is likely to be accumulated in the environment,
which could have a dramatic effect on aquatic and environmental microorganisms and
destabilize their microbiome. They used zebrafish larvae as a model organism. They
found that cannabidiol oil, when exposed passively to the larvae at concentrations as high
as 200ug/L, did not influence the survival of the larvae and had minimal effects on the
host-associated microbiome. However, they observed a minimal disturbance in the se-
quence of Methylobacterium-methylorubrum spp., Chryseobacterium sp., and Staphylococcus
spp. [9].

CBD has gained massive rising attention because it contains bioactive components
that are believed to have a potential modulatory effect on the gastrointestinal tract [233-
235]. Research on the therapeutic benefits of CBD has subsequently led to many discover-
ies of novel drugs with health benefits. Some of the health benefits of CBD outlined so far
are; its ability to modulate food consumption, gastric secretion, gastro-protection, nausea,
emesis, iron transport, intestinal inflammation, gastrointestinal tract mobility, and cell
growth in the gut [236-238]. The role of CBD in anti-inflammatory activities has been ex-
tensively explored in human medicine [239]. Nonetheless, CBD’s modulatory role on the
gastrointestinal tract activities, such as immune competency, especially in veterinary med-
icine, is not defined due to the challenges in prescribing doses of CBD for the treatment of
animals.

Konieczka et al. experimented on the multifocal mechanisms influencing the cross-
talk of Clostridium perfringens and its host response (which is an imperative need in poultry
husbandry). They investigated the profile of CBD regulation of the host response to Clos-
tridium perfringens by infecting chickens with the bacteria. They saw that the infected
chickens did not exhibit any clinical manifestations indicating the possible hazards of the
transmission of the pathogen to the food chain in commercial sectors. Also, they realized
that CBD affected the chickens’ response to Clostridium perfringes, indicating the positive
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activity of CBD in the upregulated action of the genes that ascertain gut barrier role. CBD
boosts the shifts in the enzyme activities of gut bacteria [10].

Abi et al. researched CBD and Omega 3 potential remedies for high-fat alteration of
gut microbiota impacts on learning, memory, and anxiety response in mice. They em-
ployed 15 mice put into three groups-group one; which administered water and ordinary
chow ad libidium, group two; which administered two high-fat diets (HFD) and water ad
libidium, group three; which administered three had HFD 10 mg/kg CBD and 300 mg/kg
omega 3. These groups were allowed for twelve weeks before they were tested on an ele-
vated plus maze, Y-maze, and spontaneous alteration measurements. E Coli count from
the mice’s fecal matter was performed after slaughtering. They observed that CBD and
omega 3 group was significantly longer than the control group at a p <0.05. Their findings,
in conclusion, stipulated that HFD-enhanced gut E. coli overgrowth was reduced by CBD
and omega 3 and that CBD and omega 3 also curtailed the memory impairment and anx-
iety induction by HFD [5].

Alteration of the gut microbiota can cause inflammatory bowel disorders and behav-
ioral changes. A group of researchers worked on fish oil, CBD, and gut microbiota using
a murine model of colitis. They found in the study that the administration of CBD or fish
oil decreases inflammation. They also investigated the synergistic activities of CDB/Fish
oil on inflammation and dysbiosis in the dextran sulfate sodium (DSS) model of mouse
colitis (which causes behavioral imbalances). They realized that administering CBD alone
did not produce any effect at any of the dose levels tested, though fish oil administration
at concentration levels of 35 mg/mouse, 50 mg/mouse, and 75 mg/mouse produces re-
duced inflammation at day 8. Nevertheless, the combined administration of CBD (3
mg/kg, 10 mg/kg) and fish oil (75 mg/mouse) was able to attenuate the inflammation. All
the inflammatory markers were attenuated and also increased the intestinal permeability
at both day 8 and day 14 at the combined concentrations of CBD (1 mg/kg) and fish oil (20
mg/mouse), but no significant attenuation was observed when administered individually.
They concluded in their study that Fish oil; CBD, and their combination influenced the
gut microbiota. Specifically, Akkermansia muciniphila was increased by Dextran Sulfate So-
dium (DSS) on day 14, but CBD and fish oil combined therapy was drastically elevated at
all treatment levels of day 8 [3].

Another study focused on the therapeutic benefits of CBD on Parkinson’s disease
(PD) using a genetically mutated mouse model, analyzing gut-brain metabolism. They
aimed to identify the effects of CBD on PD by exposing the PD genetically manipulated
mouse model to CBD and subsequently estimating both motorial and postural coordina-
tion through a modified swim test. The researchers used histopathology of substantia
nigra and the gut-brain metabolic analysis via UHPLC-TOF-MS approaches. It was pleas-
ing to observe that CBD significantly improved motor deficits of the PD model and pro-
tected the substantia nigra area. Highlighted in the pathological and therapeutic process
in line with the gut-brain axis was the metabolic function of fatty acid biosynthesis, buta-
noate metabolism, and pantothenate/CoA biosynthesis. They concluded remarkably that
CBD could attenuate PD through the neuroprotective effects on the midbrain [8].

It is now clear these compounds also benefit patients with neuroinflammation
[240,241]. A study that investigated the role of gut microbiota in treating inflammation
and paralysis in a mouse model demonstrated that treatment with CBD and THC signifi-
cantly decreased inflammation levels. They also exhibited a significant increase in the
number of anti-inflammatory cytokines. The presence of certain cannabinoids can sup-
press neuroinflammation and prevent microbial dysbiosis [241].

Using 16S rRNA sequencing, the researchers revealed that their experimental auto-
immune encephalocephylitis (EAE) mice had high levels of mucin-degrading bacteria,
such as the Akkermansia muciniphila. However, after treatment with CBD and THC, the
number of these bacteria decreased significantly. Fecal material transfer (FMT) experi-
ments also revealed that the effects of CBD and THC on the microbiome were related to
EAE [241].
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13. Conclusion and Future Perspectives

The gut microbiome is a collection of diverse microorganisms that live in the gut. Its
interactions with hosts, the active metabolism, and the proximal and distal organs play a
vital role in human survival. Dysbiosis is a condition that can disrupt the gut microbiota,
which is believed to be the cause of many diseases, such as osteoporosis and nervous sys-
tem-related conditions. Recent studies have shown that the administration of prebiotics
or probiotics can restore the balance of the gut microbiome and improve bone and brain
health. While more research is needed to understand the complex relationship between
the gut microbiome and bone health, as well as the gut microbes and brain health, we
must acknowledge the immensity of research that has already been carried out on the
impact of gut microbiota on both axes (gut-brain and gut-bone axes). Due to the complex-
ity of most diseases, such as osteoporosis and neuropsychiatric disorders, effective treat-
ment strategies must be developed through a multidisciplinary approach. The gut micro-
biota has been known to regulate the behavior and function of the brain. In animal models,
disruptions in the functioning of certain microbiota members were linked to neurophysi-
ological disorders. These findings support the idea that microbiota plays a role in main-
taining the brain’s health. Even though controversies exist, such as the discoveries on
some of the roles of the gut microbiota in the development and maintenance of CNS-as-
sociated diseases, which have raised questions about its regulation, nonetheless, there are
other possibilities of their epigenetic regulations affecting the function of neurons. For
these reasons, the importance of studying the interactions between the gut microbiota and
the brain has been acknowledged as a key to developing effective neurodevelopmental
therapies.

Furthermore, prebiotics, synbiotics, or probiotic combinations can help maintain the
balance of the gut microbiome and improve the health of the brain and the bone. This
strategy is an emerging approach to managing metabolic bone or brain diseases. Further
studies are needed to investigate the effects of cross-talk on the molecular targets critical
for bone and brain-related diseases for therapy. In treating infectious diseases, antibiotics
is key in current times; however, treatment with antibiotics leads to the depletion of
unique gut microbiota, thus subsequently bringing about alterations in gut microbial com-
position. Additionally, prenatal exposure to antibiotics sometimes results in congenital
disabilities, obesity, and unwanted metabolic consequences in childhood. Administration
of antibiotics has also been demonstrated to interfere with the gut microbiota-immune
interaction, thus resulting in immune interference. In a study using laboratory diet-in-
duced obese (DIO) mice, the chronic administration of THC prevented weight gain. In the
same study, it was demonstrated that DIO-mediated modifications in gut microbiota were
prevented in the chronically THC-treated mice [242]. CBD on the other hand has been
demonstrated to normalizes intestinal motility when the gut is perturbed by a pro-inflam-
matory stimulus [243,244], and also has been revealed to decrease acetylcholine- and pros-
taglandin F2a-induced contractions in the small intestine [243]. Purified CBD has also
been revealed to attenuates inflammation at low doses [3]. In conclusion, having shown
that THC has anti-obesity properties and appears to prevent modifications in gut micro-
biota additionally. In contrast, CBD supports gut health, normalizes intestinal motility,
and shows no adverse effect on gut microbiota. Therefore, it is safe to infer that THC and
CBD from Cannabis sativa have a beneficial impact on the gut microbiome, unlike most
well-known antibiotics, which show detrimental effects.

More in-depth research is needed on the possible effects of THC and CBD on gut
microbiota and how such translate into the modulatory capacity of gut microbiota on the
gut-brain and the gut-bone axes.

Author Contributions: Conceptualization J.A.A., BK.R. and O.S.A.; methodology, 1.I, S.S. and
J.A.A.; software, 1.1, S.S. and J.A.A.; validation, L.I., S.S., ].A.A., BK.R., S.M,, ].X. and O.S.A.; inves-
tigation, LI, S.S., J.A.A,, ].X,, S.M. and O.S.A.; resources, ].A.A., B.KR. and O.S.A.; writing—original
draft preparation, LI, S.S. and J.A.A.; writing—review and editing, 1., S.S., J.A.A., BK.R. and



Metabolites 2022, 12, 1247 22 of 32

O.S.A,; visualization, LI, S.S. and J.A.A..; supervision, J.A.A., B.KR. and O.5.A ; project administra-
tion, B.K.R. and O.5.A.; funding acquisition, B.K.R. and O.S.A.. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by United States Department of Education, Title III- HBGI-RES

Acknowledgments: We also acknowledge Alabama State University, C-STEM for supplies and La-
boratory space. The authors acknowledge receiving funding from United States Department of Ed-
ucation, Title III- HBGI-RES.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

5-HT, 5-hydroxytryptamine; BMD, bone mineral density; BMP-2,bone morphogenetic protein
2; CaSR, calcium-sensing receptors; CD, cluster of differentiation; CTX, C-terminal telopeptide;
CVD, cardiovascular diseases; F/B, firmicutes and Bacteroidetes ratio; GF, germ-free; GM, gut mi-
crobiome; HTS, high-throughput sequencing; IBD, inflammatory bowel disease; IFN-vy, interferon-
gamma; IGF, insulin-like growth factor; OC, osteocalcin; OP, osteoporosis; OVX, ovariectomized;
PMO, postmenopausal osteoporosis; PTH, parathyroid hormone; RANK, receptor activator of nu-
clear factor kB; RANKL, receptor activator of nuclear factor kappa-B ligand; SCFAs, short-chain
fatty acids; SERMs, selective estrogen receptor modulators; SPARC, secreted protein acidic and rich
in cysteine; TNF, tumor necrosis factor; TRAP 5, tartrate-resistant acid phosphatase type 5; Treg-
Th17, T-regulatory and T-helper 17; TRPV6, transient receptor potential cation channel subfamily V
member 6; Parkinson’s disease, PD; dextran sulfate sodium, DSS; high-fat diets, HFD; Low-density
lipoprotein receptor-related protein 5, Lrp5; Catenin beta-1, CTNNB1; spinal cord injury, SCI; can-
nabinoid receptors, CBRs; cannabidiol, CBD; cannabinoid receptor 1, CB(1); cannabinoid receptor
2, CB(2); endocannabinoids system, ECS; enteric nervous system, ENS; Nitric oxide synthase, NOS;
Superoxide dismutase, SOD; Nuclear factor erythroid 2-related factor 2, Nrf2; y-glutamylcysteine
synthetase, Y-GCS; insulin-like growth factor, IGF; short-chain fatty acid, SCFA; brain-derived neu-
rotrophic factor, BDNF; y-aminobutyric acid type A receptor al, GABAaa; y-aminobutyric acid
type B receptor]l, GABAw:; 5-hydroxytryptamine receptorlA, 5-HT1a; Glucagon-like peptide 2, GLP-
2; Secreted Protein Acidic And Cysteine Rich, SPARC; tumor necrosis factor, TNF; MicroRNA-375,
Mir375; lipotoxin and the receptor 2, TLR2; Pattern Recognition Receptor, PRRs; Microbe-Associ-
ated Molecular Pattern, MAMP; nucleus tractus solitarus, NTS; Glucagon-like peptide 1, GLP-1;
cholecystokinin, CCK; peptide tyrosine tyrosine, PYY; dihydroxyphenylalanine, DOPA; glucose-
independent insulinotropic peptide, GIP; cholecystokinin receptor 1, CCKIR; arcuate nucleus of the
hypothalamus, ARC; proopiomelanocortin, POMC; melanocortin-4 receptor, MC4R; paraventricu-
lar nucleus, PVN; melanocyte-stimulating hormone, MSH; melanocortin 4 receptor, MC4R; neuro-
peptide Y, NPY; Agouti-related protein, AgRP; cocaine-amphetamine-related transcript, CART;
Vasoactive intestinal peptides, VIP; gastrointestinal tract, GI; Delta-9-tetrahydrocannabinol, A-9
THC; tyrosine hydroxylase, TH.

References

1. Koturbash, I; MacKay, D. Cannabidiol and Other Cannabinoids: From Toxicology and Pharmacology to the Development of a
Regulatory Pathway. |. Diet. Suppl. 2020, 17, 487-492. https://doi.org/10.1080/19390211.2020.1796886.

2. Martyniak, A.; Medynska-Przeczek, A.; Wedrychowicz, A.; Skoczen, S.; Tomasik, P.J. Prebiotics, Probiotics, Synbiotics,
Paraprobiotics and Postbiotic Compounds in IBD. Biomolecules 2021, 11, 1903. https://doi.org/10.3390/biom11121903.

3.  Silvestri, C.; Pagano, E.; Lacroix, S.; Venneri, T.; Cristiano, C.; Calignano, A.; Parisi, O.A.; Izzo, A.A.; Di Marzo, V.; Borrelli, F.
Fish Oil, Cannabidiol and the Gut Microbiota: An Investigation in a Murine Model of Colitis. Front. Pharmacol. 2020, 11, 585096.
https://doi.org/10.3389/fphar.2020.585096.

4. Cheung, K.A K, Mitchell, M.D.; Heussler, H.S. Cannabidiol and Neurodevelopmental Disorders in Children. Front. Psychiatry
2021, 12, 643442. https://doi.org/10.3389/fpsyt.2021.643442.

5. Abi, L; Ashiekaa, M.; Abj, E.; Adeniyi, O.S.; Saalu, L.C. High Fat Diet Alteration of Gut Microbiota Impacts Learning, Memory
and Anxiety Response in Mice: Cannabidiol and Omega 3 Possible Remedies. Adv. Alzheimer’s Dis. 2022, 11, 1-9.
https://doi.org/10.4236/aad.2022.111001.

6. Yang, Y. Zhao, S.; Yang, X.; Li, W.; Si, J.; Yang, X. The antidepressant potential of lactobacillus casei in the postpartum depres-
sion rat model mediated by the microbiota-gut-brain axis. Neurosci. Lett. 2022, 774, 136474.

7. Liu, JM,; Tan, B.H,; Wu, S; Gui, Y.; Suo, J.L.; Li, Y.C. Evidence of central nervous system infection, neuroinvasive routes, and

neurological involvement in the lethality of SARS-CoV-2 infection. . Med. Virol. 2021, 93, 1304-1313.



Metabolites 2022, 12, 1247 23 of 32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zhao, ]J.; Gao, X.; Zhao, L.; Wang, Y.; Zhang, ].; Liu, S. Effects of Cannabidiol on Parkinson’s Disease in a Transgenic Mouse
Model by Gut-Brain Metabolic Analysis. Evidence-Based — Complement.  Altern.  Med. 2022, 2022, 1-10.
https://doi.org/10.1155/2022/1525113.

Talamantes, M.; Schneeberg, S.R.; Pinto, A.; Perron, G.G. Passive exposure to cannabidiol oil does not cause microbiome dysbio-
sis in larval zebrafish. Curr. Res. Microb. Sci. 2021, 2, 100045. https://doi.org/10.1016/j.crmicr.2021.100045.

Konieczka, P.; Szkopek, D.; Kinsner, M.; Fotschki, B.; Juskiewicz, J.; Banach, J. Cannabis-derived cannabidiol and nanoselenium
improve gut barrier function and affect bacterial enzyme activity in chickens subjected to C. perfringens challenge. Veter- Res.
2020, 51, 1-14. https://doi.org/10.1186/s13567-020-00863-0.

Kienzl, M.; Storr, M.; Schicho, R. Cannabinoids and Opioids in the Treatment of Inflammatory Bowel Diseases. Clin. Transl.
Gastroenterol. 2020, 11, e00120. https://doi.org/10.14309/ctg.0000000000000120.

Minichino, A.; Jackson, M.A.; Francesconi, M.; Steves, C.J.; Menni, C.; Burnet, P.W.].; Lennox, B.R. Endocannabinoid system
mediates the association between gut-microbial diversity and anhedonia/amotivation in a general population cohort. Mol. Psy-
chiatry 2021, 26, 6269-6276. https://doi.org/10.1038/s41380-021-01147-5.

Cristino, L.; Bisogno, T.; Di Marzo, V. Cannabinoids and the expanded endocannabinoid system in neurological disorders. Nat.
Rev. Neurol. 2019, 16, 9-29. https://doi.org/10.1038/s41582-019-0284-z.

Brown, J.; Winterstein, A. Potential Adverse Drug Events and Drug-Drug Interactions with Medical and Consumer Cannabidiol
(CBD) Use. J. Clin. Med. 2019, 8, 989. https://doi.org/10.3390/jcm8070989.

Zanger, U.M.; Schwab, M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene expression, enzyme activities,
and impact of genetic variation. Pharmacol. Ther. 2013, 138, 103-141. https://doi.org/10.1016/j.pharmthera.2012.12.007.
Carabotti, M.; Scirocco, A.; Maselli, M.A.; Severi, C. The gut-brain axis: Interactions between enteric microbiota, central and
enteric nervous systems. Ann. Gastroenterol. Q. Publ. Hell. Soc. Gastroenterol. 2015, 28, 203.

Behera, J.; Ison, ].; Tyagi, S.C; Tyagi, N. The role of gut microbiota in bone homeostasis. Bone 2020, 135, 115317.
https://doi.org/10.1016/j.bone.2020.115317.

Enaud, R.; Prevel, R.; Ciarlo, E.; Beaufils, F.; Wieérs, G.; Guery, B.; Delhaes, L. The Gut-Lung Axis in Health and Respiratory
Diseases: A Place for Inter-Organ and Inter-Kingdom Crosstalks. Front. Cell. Infect. Microbiol. 2020, 10, 9.
https://doi.org/10.3389/fcimb.2020.00009.

Kamo, T.; Akazawa, H.; Suzuki, J.-I.; Komuro, I. Novel Concept of a Heart-Gut Axis in the Pathophysiology of Heart Failure.
Korean Circ. J. 2017, 47, 663-669. https://doi.org/10.4070/kcj.2017.0028.

Vivarelli, S.; Salemi, R.; Candido, S.; Falzone, L.; Santagati, M.; Stefani, S.; Torino, F.; Banna, G.L.; Tonini, G.; Libra, M. Gut
Microbiota and Cancer: From Pathogenesis to Therapy. Cancers 2019, 11, 38. https://doi.org/10.3390/cancers11010038.

Khan, I; Ullah, N.; Zha, L.; Bai, Y.; Khan, A.; Zhao, T.; Che, T.; Zhang, C. Alteration of Gut Microbiota in Inflammatory Bowel
Disease (IBD): Cause or Consequence? IBD Treatment Targeting the Gut Microbiome. Pathogens 2019, 8, 126.
https://doi.org/10.3390/pathogens8030126.

Gurung, M.; Li, Z; You, H.; Rodrigues, R.; Jump, D.B.; Morgun, A.; Shulzhenko, N. Role of gut microbiota in type 2 diabetes
pathophysiology. EBioMedicine 2020, 51, 102590. https://doi.org/10.1016/j.ebiom.2019.11.051.

Ceppa, F.A,; Izzo, L.; Sardelli, L.; Raimondji, I.; Tunesi, M.; Albani, D.; Giordano, C. Human gut-microbiota interaction in neu-
rodegenerative disorders and current engineered tools for its modeling. Front. Cell. Infect. Microbiol. 2020, 10, 297.

De Luca, F.; Shoenfeld, Y. The microbiome in autoimmune diseases. Clin. Exp. Immunol. 2018, 195, 74-85.
https://doi.org/10.1111/cei.13158.

Kim, J.M.; Lin, C.; Stavre, Z.; Greenblatt, M.B.; Shim, J.H. Osteoblast-osteoclast communication and bone homeostasis. Cells
2020, 9, 2073.

Foger-Samwald, U.; Dovjak, P.; Azizi-Semrad, U.; Kerschan-Schind], K.; Pietschmann, P. Osteoporosis: Pathophysiology and
therapeutic options. EXCLI J. 2020 19, 1017.

Zhang, Y.; Luo, G.; Yu, X. Cellular communication in bone homeostasis and the related anti-osteoporotic drug development.
Curr. Med. Chem. 2020, 27, 1151-1169.

Rozenberg, S.; Bruyere, O.; Bergmann, P.; Cavalier, E.; Gielen, E.; Goemaere, S.; Kaufman, J.; Lapauw, B.; Laurent, M.; De Schep-
per, J.; et al. How to manage osteoporosis before the age of 50. Maturitas 2020, 138, 14-25. https://doi.org/10.1016/j. maturi-
tas.2020.05.004.

Gambacciani, M.; Levancini, M. Hormone replacement therapy and the prevention of postmenopausal osteoporosis. Menopause
Rev./Przeglad Menopauzalny 2014, 13, 213-220.

D’Alonzo, M.; Bounous, V.E.; Villa, M.; Biglia, N. Current Evidence of the Oncological Benefit-Risk Profile of Hormone Replace-
ment Therapy. Medicina 2019, 55, 573. https://doi.org/10.3390/medicina55090573.

Mufioz-Torres, M.; Alonso, G.; Raya, M.P. Calcitonin Therapy in Osteoporosis. Treat. Endocrinol. 2004, 3, 117-132.
https://doi.org/10.2165/00024677-200403020-00006.

Chan, C.C. Selective estrogen receptor modulators. In Gynecological Drug Therapy; CRC Press: Boca Raton, FL, USA, 2016; pp.
105-110.

Yavropoulou, M.P.; Makras, P.; Anastasilakis, A.D. Bazedoxifene for the treatment of osteoporosis.. Expert Opin. Pharmacother.
2019, 20, 1201-1210. https://doi.org/10.1080/14656566.2019.1615882.



Metabolites 2022, 12, 1247 24 of 32

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zaheer, S.; LeBoff, M.; Lewiecki, E.M. Denosumab for the treatment of osteoporosis. Expert Opin. Drug Metab. Toxicol. 2015, 11,
461-470.

Yuan, F.; Peng, W.; Yang, C.; Zheng, J. Teriparatide versus bisphosphonates for treatment of postmenopausal osteoporosis: A
meta-analysis. Int. J. Surg. 2019, 66, 1-11. https://doi.org/10.1016/.ijsu.2019.03.004.

Sleeman, A.; Clements, ].N. Abaloparatide: A new pharmacological option for osteoporosis. Am. J. Health-Syst. Pharm. 2019, 76,
130-135. https://doi.org/10.1093/ajhp/zxy022.

Higgs, J.; Derbyshire, E.; Styles, K. Nutrition and osteoporosis prevention for the orthopedic surgeon: A wholefoods approach.
E.F.O.R.T. Open Rev. 2017, 2, 300-308.

Al-Bashaireh, A.M.; Haddad, L.G.; Weaver, M.; Chengguo, X.; Kelly, D.L.; Yoon, S. The Effect of Tobacco Smoking on Bone
Mass: An Overview of Pathophysiologic Mechanisms. . Osteoporos. 2018, 2018, 1-17. https://doi.org/10.1155/2018/1206235.
Cheraghi, Z.; Doosti-Irani, A.; Almasi-Hashiani, A.; Baigi, V.; Mansournia, N.; Etminan, M.; Mansournia, M.A. The effect of
alcohol on osteoporosis: A systematic review and meta-analysis. Drug Alcohol Depend. 2019, 197, 197-202.
https://doi.org/10.1016/j.drugalcdep.2019.01.025.

Ghosh, T.S.; Shanahan, F.; O'Toole, P.W. The gut microbiome as a modulator of healthy ageing. Nat. Rev. Gastroenterol. Hepatol.
2022, 19, 565-584. https://doi.org/10.1038/s41575-022-00605-x.

Nakao, M.; Ishihara, Y. Environmental Air Pollution and the Risk of Osteoporosis and Bone Fractures. J. Prev. Med. Public Health
2018, 51, 217-218. https://doi.org/10.3961/jpmph.18.115.

Li, L.; Wang, Z. Ovarian aging and osteoporosis. In Aging and Aging-Related Diseases; Springer: Berlin/Heidelberg, Germany,
2018; pp. 199-215.

Pouresmaeili, F.; Dehghan, B.K.; Kamarehei, M.; Meng, G.Y. A comprehensive overview on osteoporosis and its risk factors.
Ther. Clin. Risk Manag. 2018, 14, 2029-2049. https://doi.org/10.2147/tcrm.s138000.

Moszak, M.; Szulinska, M.; Bogdanski, P. You Are What You Eat—The Relationship between Diet, Microbiota, and Metabolic
Disorders— A Review. Nutrients 2020, 12, 1096. https://doi.org/10.3390/nu12041096.

Sarangi, A.N.; Goel, A.; Aggarwal, R. Methods for Studying Gut Microbiota: A Primer for Physicians. J. Clin. Exp. Hepatol. 2018,
9, 62-73. https://doi.org/10.1016/j.jceh.2018.04.016.

Dekaboruah, E.; Suryavanshi, M.V.; Chettri, D.; Verma, A K. Human microbiome: An academic update on human body site
specific surveillance and its possible role. Arch. Microbiol. 2020, 202, 1-21. https://doi.org/10.1007/s00203-020-01931-x.

Van de Wouw, M.; Schellekens, H.; Dinan, T.G.; Cryan, J.F. Microbiota-gut-brain axis: Modulator of host metabolism and ap-
petite. J. Nutr. 2017, 147, 727-745.

Hayashi, H.; Sakamoto, M.; Benno, Y. Phylogenetic Analysis of the Human Gut Microbiota Using 16S rDNA Clone Libraries
and Strictly Anaerobic Culture-Based Methods. Microbiol. Immunol. 2002, 46, 535-548. https://doi.org/10.1111/j.1348-
0421.2002.tb02731.x.

Loesche, W.J.; Socransky, S.S.; Gibbons, R.J. BACTEROIDES ORALIS, PROPOSED NEW SPECIES ISOLATED FROM THE
ORAL CAVITY OF MAN. |. Bacteriol. 1964, 88, 1329-1337. https://doi.org/10.1128/jb.88.5.1329-1337.1964.

Krieg, N.R.; Ludwig, W.; Euzéby, J.; Whitman, W.B. Phylum XIV. Bacteroidetes phyl. nov. In Bergey’s Manual® of Systematic
Bacteriology; Springer: New York, NY, USA, 2010; pp. 25-469.

Braune, A.; Blaut, M. Bacterial species involved in the conversion of dietary flavonoids in the human gut. Gut Microbes. 2016, 7,
216-234. https://doi.org/10.1080/19490976.2016.1158395.

Kenneth, T. The normal bacterial flora of humans. In Todar’s Online Textbook of Bacteriology; University of Wisconsin: Madison,
WI, USA, 2006; pp. 76-78.

Tenaillon, O.; Skurnik, D.; Picard, B.; Denamur, E. The population genetics of commensal Escherichia coli. Nat. Rev. Genet. 2010,
8, 207-217. https://doi.org/10.1038/nrmicro2298.

Kuwahara, T.; Yamashita, A.; Hirakawa, H.; Nakayama, H.; Toh, H.; Okada, N.; Kuhara, S.; Hattori, M.; Hayashi, T.; Ohnishi,
Y. Genomic analysis of Bacteroides fragilis reveals extensive D.N.A. inversions regulating cell surface adaptation. Proc. Natl.
Acad. Sci. USA 2004, 101, 14919-14924.

Holdeman, L.V.; Johnson, J.L. Description of Bacteroides loescheii sp. nov. and Emendation of the Descriptions of Bacteroides
melaninogenicus (Oliver and Wherry) Roy and Kelly 1939 and Bacteroides denticola Shah and Collins 1981. Int. |. Syst. Evol.
Microbiol. 1982, 32, 399-409. https://doi.org/10.1099/00207713-32-4-399.

Ryan, K.J.; Ray, C.G. Medical Microbiology; McGraw Hill: New York, NY, USA, 2004; Volume 4.

Mezzatesta, M.L.; Gona, F.; Stefani, S. Enterobacter cloacae complex: Clinical impact and emerging antibiotic resistance. Future
Microbiol. 2012, 7, 887-902.

Roberfroid, M.; Gibson, G.R.; Hoyles, L.; McCartney, A.L.; Rastall, R.; Rowland, I.; Wolvers, D.; Watzl, B.; Szajewska, H.; Stahl,
B.; et al. DPrebiotic effects: Metabolic and health benefits. Br. J. Nutr. 2010, 104 (Suppl. 2), S1-S63.
https://doi.org/10.1017/s0007114510003363.

Masalha, M.; Borovok, L; Schreiber, R.; Aharonowitz, Y.; Cohen, G. Analysis of Transcription of the Staphylococcus aureus Aero-
bic Class Ib and Anaerobic Class III Ribonucleotide Reductase Genes in Response to Oxygen. . Bacteriol. 2001, 183, 7260-7272.
https://doi.org/10.1128/jb.183.24.7260-7272.2001.



Metabolites 2022, 12, 1247 25 of 32

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.
79.
80.
81.
82.
83.

84.

85.

Makarova, K; Slesarev, A.; Wolf, Y.; Sorokin, A.; Mirkin, B.; Koonin, E.; Pavlov, A.; Pavlova, N.; Karamychev, V.; Polouchine,
N.; et al. Comparative genomics of the lactic acid bacteria. Proc. Natl. Acad. Sci. USA 2006, 103, 15611-15616.
https://doi.org/10.1073/pnas.0607117103.

Ohtani, K.; Shimizu, T. Regulation of toxin gene expression in Clostridium perfringens. Res. Microbiol. 2015, 166, 280-289.
https://doi.org/10.1016/j.resmic.2014.09.010.

Chen, C.-Y.; Chen, Y.-H,; Lu, P.-L.; Lin, W.-R,; Chen, T.-C.; Lin, C.-Y. Proteus mirabilis urinary tract infection and bacteremia:
Risk factors, clinical presentation, and outcomes. J. Microbiol. Immunol. Infect. 2012, 45, 228-236.
https://doi.org/10.1016/j.jmii.2011.11.007.

Roper, M.H.; Wassilak, S.G.; Tiwari, T.S.; Orenstein, W.A. Tetanus toxoid. Vaccines 2013, 6, 746-772.

Srivastava, I.; Aldape, M.].; Bryant, A.E.; Stevens, D.L. Spontaneous C. asepticum gas gangrene: A literature review. Anaerobe
2017, 48, 165-171.

Diggle, S.P.; Whiteley, M. Microbe Profile: Pseudomonas aeruginosa: Opportunistic pathogen and lab rat. Microbiology 2020,
166, 30-33. https://doi.org/10.1099/mic.0.000860.

Salton, M.R; Kim, K.S.; Baron, S. Medical Microbiology; University of Texas Medical Branch at Galveston: Galveston, TX, USA,
1996.

Sherwood, L.; Willey, J.; Woolverton, C. Prescott's Microbiology, 9th ed.; McGraw Hill: New York, NY, USA, 2013; pp. 713-721.
ISBN 9780073402406. OCLC 88660066.

Quigley, E.M.; Quera, R. Small Intestinal Bacterial Overgrowth: Roles of Antibiotics, Prebiotics, and Probiotics. Gastroenterology
2006, 130, S78-590. https://doi.org/10.1053/j.gastro.2005.11.046. PMID: 16473077.

Tavangar, P.; Gharahveysi, S.; Rezaeipour, V.; Irani, M. Efficacy of psychobiotic and toxin binder feed additives individually or
in combination on the growth performance, blood biochemical parameters, intestinal morphology, and microbial population in
broiler chickens exposed to aflatoxin B1. Trop. Anim. Health Prod. 2021, 53, 1-10.

Arboleya, S; Salazar, N.; Solis, G.; Fernandez, N.; Barranco, A.H.; Cuesta, I.; Gueimonde, M.; Reyes-Gavilan, C.G.D.L. Assess-
ment of intestinal microbiota modulation ability of Bifidobacterium strains in in vitro fecal batch cultures from preterm neo-
nates. Anaerobe 2013, 19, 9-16. https://doi.org/10.1016/j.anaerobe.2012.11.001.

Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev.
Immunol. 2009, 9, 313-323. https://doi.org/10.1038/nri2515.

Zheng, D.; Liwinski, T.; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492—
506. https://doi.org/10.1038/s41422-020-0332-7.

Molinero, N.; Ruiz, L.; Sanchez, B.; Margolles, A.; Delgado, S. Intestinal Bacteria Interplay With Bile and Cholesterol Metabo-
lism: Implications on Host Physiology. Front. Physiol. 2019, 10, 185. https://doi.org/10.3389/fphys.2019.00185.

Beyer-Sehlmeyer, G.; Glei, M.; Hartmann, E.; Hughes, R.; Persin, C.; Bohm, V.; Schubert, R.; Jahreis, G.; Pool-Zobel, B.L. Butyrate
is only one of several growth inhibitors produced during gut flora-mediated fermentation of dietary fiber sources. Br. |. Nutr.
2003, 90, 1057-1070.

Bosi, A.; Banfi, D.; Bistoletti, M.; Giaroni, C.; Baj, A. Tryptophan Metabolites Along the Microbiota-Gut-Brain Axis: An Interking-
dom Communication System Influencing the Gut in Health and Disease. Int. ]. Tryptophan Res. 2020, 13, 1178646920928984.
https://doi.org/10.1177/1178646920928984.

Cryan, J.F.; ORiordan, K.J.; Cowan, C.5.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.;
Fulling, C.; Golubeva, A.V,; et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 2019, 99, 1877-2013.
https://doi.org/10.1152/physrev.00018.2018.

Foster, J.A.; McVey Neufeld, K.-A. Gut-brain axis: How the microbiome influences anxiety and depression. Trends Neurosci.
2013, 36, 305-312. https://doi.org/10.1016/j.tins.2013.01.005.

Mayer, E.A; Tillisch, K.; Gupta, A. Gut/brain axis and the microbiota. J. Clin. Investig. 2015, 125, 926-938.

Bercik, P.; Collins, S.M.; Verdu, E.F. Microbes and the gut-brain axis. Neurogastroenterol. Motil. 2012, 24, 405-413.

Romijn, J.A.; Corssmit, E.P.; Havekes, L.M.; Pijl, H. Gut-brain axis. Curr. Opin. Clin. Nutr. Metab. Care 2008, 11, 518-521.
Hildebrandt, M.A.; Hoffmann, C.; Sherrill-Mix, S.A.; Keilbaugh, S.A.; Hamady, M.; Chen, Y.-Y.; Knight, R.; Ahima, R.S.; Bush-
man, F.; Wu, G.D. High-Fat Diet Determines the Composition of the Murine Gut Microbiome Independently of Obesity. Gas-
troenterology 2009, 137, 1716-1724.E2. https://doi.org/10.1053/j.gastro.2009.08.042.

Carter, R.R.; Grovum, W.L. A review of the physiological significance of hypertonic body fluids on feed intake and ruminal
function: Salivation, motility and microbes. J. Anim. Sci. 1990, 68, 2811-2832. https://doi.org/10.2527/1990.6892811x.

Jegou, S.; Blasquez, C.; Delbende, C.; Bunel, D.T.; Vaudry, H. Regulation of a-Melanocyte-Stimulating Hormone Release from
Hypothalamic Neurons a. Ann. N. Y. Acad. Sci. 1993, 680, 260-278.

Delbende, C.; Je'gou, S.; Tranchand-Bunel, D.; Blasquez, C.; Vaudry, H. y-Aminobutyric acid inhibits the release of a-melano-
cyte-stimulating hormone from rat hypothalamic slices. Brain Res. 1989, 497, 86-93. https://doi.org/10.1016/0006-8993(89)90973-
6.

Sawchenko, P.; Brown, E.; Chan, R.; Ericsson, A.; Li, H.-Y.; Roland, B.; Kovacs, K. Chapter 12 The paraventricular nucleus of the
hypothalamus and the functional neuroanatomy of visceromotor responses to stress. Prog. Brain Res. 1996, 107, 201-222.
https://doi.org/10.1016/s0079-6123(08)61866-x.



Metabolites 2022, 12, 1247 26 of 32

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

110.

Silverman, A.; Hoffman, D.; Zimmerman, E. The descending afferent connections of the paraventricular nucleus of the hypo-
thalamus (PVN). Brain Res. Bull. 1981, 6, 47-61. https://doi.org/10.1016/s0361-9230(81)80068-8.

Prewitt, C.M.; Herman, J. Anatomical interactions between the central amygdaloid nucleus and the hypothalamic paraventric-
ular nucleus of the rat: A dual tract-tracing analysis. J. Chem. Neuroanat. 1998, 15, 173-186. https://doi.org/10.1016/s0891-
0618(98)00045-3.

Swanson, L.W.; Kuypers, H.G.].M. The paraventricular nucleus of the hypothalamus: Cytoarchitectonic subdivisions and or-
ganization of projections to the pituitary, dorsal vagal complex, and spinal cord, as demonstrated by retrograde fluorescence
double-labeling methods. J. Comp. Neurol. 1980, 194, 555-570.

Chen, L.; Deng, H.; Cui, H; Fang, J.; Zuo, Z; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2017, 9, 7204-7218. https://doi.org/10.18632/oncotarget.23208.

Dash, S.; Syed, Y.A.; Khan, M.R. Understanding the role of the gut microbiome in brain development and its association with
neurodevelopmental psychiatric disorders. Front. Cell Dev. Biol. 2022, 10, 880544.

El-Zayat, S.R.; Sibaii, H.; Mannaa, F.A. Toll-like receptors activation, signaling and targeting: An overview. Bull. Natl. Res. Cent.
2019, 43, 1-12.

Brenner, D.R.; Scherer, D.; Muir, K.; Schildkraut, ].; Boffetta, P.; Spitz, M.R.; Le Marchand, L.; Chan, A.T.; Goode, E.L.; Ulrich,
C.M,; et al. A Review of the Application of Inflammatory Biomarkers in Epidemiologic Cancer Research. Cancer Epidemiology
Biomarkers Prev. 2014, 23, 1729-1751. https://doi.org/10.1158/1055-9965.epi-14-0064.

Sands, B.E. Biomarkers of Inflammation in Inflammatory Bowel Disease. Gastroenterology 2015, 149, 1275-1285.e2.
https://doi.org/10.1053/j.gastro.2015.07.003.

Steinert, R.E.; Feinle-Bisset, C.; Asarian, L.; Horowitz, M.; Beglinger, C.; Geary, N. Ghrelin, CCK, GLP-1, and PYY (3-36): Secre-
tory controls and physiological roles in eating and glycemia in health, obesity, and after RYGB. Physiol. Rev. 2017, 97, 411-463.
Hisadome, K.; Reimann, F.; Gribble, F.M.; Trapp, S. Leptin directly depolarizes preproglucagon neurons in the nucleus tractus
solitarius: Electrical properties of glucagon-like Peptide 1 neurons. Diabetes 2010, 59, 1890-1898.

Banno, R.; Zimmer, D.; De Jonghe, B.C.; Atienza, M.; Rak, K,; Yang, W.; Bence, K.K. PTP1B and SHP2 in POMC neurons recip-
rocally regulate energy balance in mice. J. Clin. Investig. 2010, 120, 720-734. https://doi.org/10.1172/jci39620.

Toda, C.; Santoro, A.; Kim, J.D.; Diano, S. POMC Neurons: From Birth to Death. Annu. Rev. Physiol. 2017, 79, 209-236.
https://doi.org/10.1146/annurev-physiol-022516-034110.

Santollo, J.; Torregrossa, A.-M.; Eckel, L.A. Estradiol acts in the medial preoptic area, arcuate nucleus, and dorsal raphe nucleus
to reduce food intake in ovariectomized rats. Horm. Behav. 2011, 60, 86-93. https://doi.org/10.1016/j.yhbeh.2011.03.009.
Tena-Sempere, M. Ghrelin and Reproduction: Ghrelin as Novel Regulator of the Gonadotropic Axis. Vitam. Horm. 2007, 77, 285—
300. https://doi.org/10.1016/s0083-6729(06)77012-1.

Roberts, G.P.; Larraufie, P.; Richards, P.; Kay, R.G.; Galvin, S.G.; Miedzybrodzka, E.L.; Leiter, A.; Li, H.].; Glass, L.L.; Ma, M.K,;
et al. Comparison of Human and Murine Enteroendocrine Cells by Transcriptomic and Peptidomic Profiling. Diabetes 2019, 68,
1062-1072. https://doi.org/10.2337/db18-0883.

Suzuki, K; Iwasaki, K.; Murata, Y.; Harada, N.; Yamane, S.; Hamasaki, A.; Shibue, K.; Joo, E.; Sankoda, A.; Fujiwara, Y.; et al.
Distribution and hormonal characterization of primary murine L cells throughout the gastrointestinal tract. ]. Diabetes Investig.
2017, 9, 25-32. https://doi.org/10.1111/jdi.12681.

Beumer, J.; Artegiani, B.; Post, Y.; Reimann, F.; Gribble, F.; Nguyen, T.N.; Zeng, H.; Van den Born, M.; Van Es, ].H.; Clevers, H.
Enteroendocrine cells switch hormone expression along the crypt-to-villus B.M.P. signaling gradient. Nat. Cell Biol. 2018, 20,
909-916.

Chandra, R.; Hiniker, A.; Kuo, Y.-M.; Nussbaum, R.L.; Liddle, R.A. a-Synuclein in gut endocrine cells and its implications for
Parkinson’s disease. ]. Clin. Investig. 2017, 2, €92295. https://doi.org/10.1172/jci.insight.92295.

Sharkovska, Y.; Reichetzeder, C.; Alter, M.; Tsuprykov, O.; Bachmann, S.; Secher, T.; Klein, T.; Hocher, B. Blood pressure and
glucose independent renoprotective effects of dipeptidyl peptidase-4 inhibition in a mouse model of type-2 diabetic nephropa-
thy. J. Hypertens. 2014, 32, 2211-2223. https://doi.org/10.1097/hjh.0000000000000328.

Ionut, V.; Zheng, D.; Stefanovski, D.; Bergman, R.N. Exenatide can reduce glucose independent of islet hormones or gastric
emptying. Am. ]. Physiol. Metab. 2008, 295, E269-E277. https://doi.org/10.1152/ajpend0.90222.2008.

Romano, A.; Friuli, M,; Cifani, C.; Gaetani, S. Oxytocin in the neural control of eating: At the crossroad between homeostatic
and non-homeostatic signals. Neuropharmacology 2020, 171, 108082. https://doi.org/10.1016/j.neuropharm.2020.108082.
Berthoud, H.R. Homeostatic and non-homeostatic pathways are involved in the control of food intake and energy balance.
Obesity 2006, 14, 1975-2008S.

Volkow, N.D.; Wise, R.A ; Baler, R. The dopamine motive system: Implications for drug and food addiction. Nat. Rev. Neurosci.
2017, 18, 741-752. https://doi.org/10.1038/nrn.2017.130.

Nicola, S.M. Reassessing wanting and liking in the study of mesolimbic influence on food intake. Am. J. Physiol. Integr. Comp.
Physiol. 2016, 311, R811-R840. https://doi.org/10.1152/ajpregu.00234.2016.

Richard, J.; Anderberg, R.H.; Goteson, A.; Gribble, F.; Reimann, F.; Skibicka, K.P. Activation of the GLP-1 Receptors in the
Nucleus of the Solitary Tract Reduces Food Reward Behavior and Targets the Mesolimbic System. PLoS ONE 2015, 10, e0119034.
https://doi.org/10.1371/journal.pone.0119034.



Metabolites 2022, 12, 1247 27 of 32

111.
112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

Dibona, G.F. Sympathetic nervous system and hypertension. Hypertension 2013, 61, 556-560.

Grassi, G. Role of the sympathetic nervous system in human hypertension. ]. Hypertens. 1998, 16, 1979-1987.
https://doi.org/10.1097/00004872-199816121-00019.

Gunawardene, A.R.; Corfe, B.M.; Staton, C.A. Classification and functions of enteroendocrine cells of the lower gastrointestinal
tract. Int. J. Exp. Pathol. 2011, 92, 219-231. https://doi.org/10.1111/j.1365-2613.2011.00767.x.

Burwell, R.G,; Aujla, R.K,; Grevitt, M.P.; Dangerfield, P.H.; Moulton, A.; Randell, T.L.; Anderson, S.I. Pathogenesis of adolescent
idiopathic scoliosis in a girls-a double neuro-osseous theory involving disharmony between two nervous systems, somatic and
autonomic, expressed in the spine and trunk: Possible dependency on sympathetic nervous system and hormones with impli-
cations for medical therapy. Scoliosis 2009, 4, 1-40.

Wryss, ].M.; Carlson, S.H. Effects of hormone replacement therapy on the sympathetic nervous system and blood pressure.. Curr.
Hypertens. Rep. 2003, 5, 241-246. https://doi.org/10.1007/s11906-003-0027-8.

Rhea, E.M.; Salameh, T.S.; Banks, W.A. Routes for insulin delivery to the central nervous system: A comparative review. Exp.
Neurol. 2019, 313, 10-15.

Lawrence, A.].; Jarrott, B. Neurochemical modulation of cardiovascular control in the nucleus tractus solitarius. Prog. Neurobiol.
1996, 48, 21-53. https://doi.org/10.1016/0301-0082(95)00034-8.

Andresen, M.C.; Kunze, D.L. Nucleus Tractus Solitarius—Gateway to Neural Circulatory Control. Annu. Rev. Physiol. 1994, 56,
93-116. https://doi.org/10.1146/annurev.ph.56.030194.000521.

Egerod, K.L.; Petersen, N.; Timshel, P.N.; Rekling, J.C.; Wang, Y.; Liu, Q.; Schwartz, T.W.; Gautron, L. Profiling of G protein-
coupled receptors in vagal afferents reveals novel gut-to-brain sensing mechanisms. Mol. Metab. 2018, 12, 62-75.
https://doi.org/10.1016/j.molmet.2018.03.016.

Dockray, G.J. The versatility of the vagus. Physiol. Behav. 2009, 97, 531-536. https://doi.org/10.1016/j.physbeh.2009.01.009.
Kramer, M.; Lataster, L.; Weber, W.; Radziwill, G. Optogenetic Approaches for the Spatiotemporal Control of Signal Transduc-
tion Pathways. Int. ]. Mol. Sci. 2021, 22, 5300. https://doi.org/10.3390/ijms22105300.

Zhang, K. Cui, B. Optogenetic control of intracellular signaling pathways. Trends Biotechnol. 2014, 33, 92-100.
https://doi.org/10.1016/j.tibtech.2014.11.007.

Lenz, ].D.; Lobo, M.K. Optogenetic insights into striatal function and behavior. Behav. Brain Res. 2013, 255, 44-54.
https://doi.org/10.1016/j.bbr.2013.04.018.

Dupont, J.R;; Jervis, H.R.; Sprinz, H. Auerbach's plexus of the rat cecum in relation to the germfree state. J. Comp. Neurol. 1965,
125, 11-18. https://doi.org/10.1002/cne.901250103.

McVey Neufeld, K.A.; Mao, Y.K.; Bienenstock, J.; Foster, ].A.; Kunze, W.A. The microbiome is essential for normal gut intrinsic
primary afferent neuron excitability in the mouse. Neurogastroenterol. Motil. 2013, 25, 183-e88. https://doi.org/10.1111/nmo.12049.
Collins, J.; Borojevic, R.; Verdu, E.F.; Huizinga, ].D.; Ratcliffe, E.M. Intestinal microbiota influence the early postnatal develop-
ment of the enteric nervous system. Neurogastroenterol. Motil. 2014, 26, 98-107. https://doi.org/10.1111/mo.12236.

Collins, S.M.; Surette, M.; Bercik, P. The interplay between the intestinal microbiota and the brain. Nat. Rev. Microbiol. 2012, 10,
735-742. https://doi.org/10.1038/nrmicro2876.

Kabouridis, P.S.; Lasrado, R.; McCallum, S.; Chng, S.H.; Snippert, H.]J.; Clevers, H.; Pettersson, S.; Pachnis, V. Microbiota Con-
trols the Homeostasis of Glial Cells in the Gut Lamina Propria. Neuron 2015, 85, 289-295. https://doi.org/10.1016/j.neu-
ron.2014.12.037.

Cryan, ]J.F.; Dinan, T.G. Mind-altering microorganisms: The impact of the gut microbiota on brain and behaviour. Nat. Rev.
Neurosci. 2012, 13, 701-712. https://doi.org/10.1038/nrn3346.

Luna, R.A,; Foster, ].A. Gut brain axis: Diet microbiota interactions and implications for modulation of anxiety and depression.
Curr. Opin. Biotechnol. 2015, 32, 35-41. https://doi.org/10.1016/j.copbio.2014.10.007.

Bravo, ].A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, ].F. Ingestion of Lac-
tobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc. Natl.
Acad. Sci. USA 2011, 108, 16050-16055. https://doi.org/10.1073/pnas.1102999108.

Nishino, R.; Mikami, K.; Takahashi, H.; Tomonaga, S.; Furuse, M.; Hiramoto, T.; Aiba, Y.; Koga, Y.; Sudo, N. Commensal mi-
crobiota modulate murine behaviors in a strictly contamination-free environment confirmed by culture-based methods. Neuro-
gastroenterol. Motil. 2013, 25, 521-528. https://doi.org/10.1111/nmo.12110.

Bercik, P.; Verdu, E.F.; Foster, J.A.; Macri, ].; Potter, M.; Huang, X.; Malinowski, P.; Jackson, W.; Blennerhassett, P.; Neufeld,
K.A; et al. Chronic Gastrointestinal Inflammation Induces Anxiety-Like Behavior and Alters Central Nervous System Biochem-
istry in Mice. Gastroenterology 2010, 139, 2102-2112.e1. https://doi.org/10.1053/j.gastro.2010.06.063.

Foster, J.A. Gut microbiome and behavior: Focus on neuroimmune interactions. Int. Rev. Neurobiol. 2016, 131, 49-65.

Tillisch, K.; Labus, J.; Kilpatrick, L.; Jiang, Z.; Stains, J.; Ebrat, B.; Guyonnet, D.; Legrain-Raspaud, S.; Trotin, B.; Naliboff, B.; et
al. Consumption of Fermented Milk Product With Probiotic Modulates Brain Activity. Gastroenterology 2013, 144, 1394-1401.e4.
https://doi.org/10.1053/j.gastro.2013.02.043.

Gareau, M.G.; Wine, E.; Rodrigues, D.M.; Cho, ]. H.; Whary, M.T.; Philpott, D.].; MacQueen, G.M.; Sherman, P.M. Bacterial in-
fection causes stress-induced memory dysfunction in mice. Gut 2011, 60, 307-317. https://doi.org/10.1136/gut.2009.202515.



Metabolites 2022, 12, 1247 28 of 32

137.

138.

1309.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.
150.

151.

152.

153.

154.

155.
156.

157.

158.

159.

160.

161.
162.

163.

Packer, A.N.; Xing, Y.; Harper, S.Q.; Jones, L.; Davidson, B.L. The Bifunctional microRNA miR-9/miR-9* Regulates REST and
CoREST and Is Downregulated in Huntington's Disease. ]. Neurosci. 2008, 28, 14341-14346. https://doi.org/10.1523/jneuro-
s¢i.2390-08.2008.

Singh, N.; Shirdel, E.A.; Waldron, L.; Zhang, R.-H.; Jurisica, I.; Comelli, EM. The Murine Caecal MicroRNA Signature Depends
on the Presence of the Endogenous Microbiota. Int. |. Biol. Sci. 2012, 8, 171-186. https://doi.org/10.7150/ijbs.8.171.
Strobl-Mazzulla, P.H.; Marini, M.; Buzzi, A. Epigenetic landscape and miRNA involvement during neural crest development.
Dev. Dyn. 2012, 241, 1849-1856. https://doi.org/10.1002/dvdy.23868.

Soret, R.; Chevalier, J.; De Coppet, P.; Poupeau, G.; Derkinderen, P.; Segain, J.P.; Neunlist, M. Short-Chain Fatty Acids Regulate
the Enteric Neurons and Control Gastrointestinal Motility in Rats. Gastroenterology 2010, 138, 1772-1782.e4.
https://doi.org/10.1053/j.gastro.2010.01.053.

Biton, M.; Levin, A.; Slyper, M.; Alkalay, I.; Horwitz, E.; Mor, H.; Kredo-Russo, S.; Avnit-Sagi, T.; Cojocaru, G.; Zreik, F.; et al.
Epithelial microRNAs regulate gut mucosal immunity via epithelium-T cell crosstalk. Nat. Immunol. 2011, 12, 239-246.
https://doi.org/10.1038/ni.1994.

Bruce-Keller, A.].; Salbaum, ].M.; Luo, M.; Blanchard, E.; Taylor, C.M.; Welsh, D.A.; Berthoud, H.-R. Obese-type Gut Microbiota
Induce Neurobehavioral Changes in the Absence of Obesity. Biol. Psychiatry 2014, 77, 607-615. https://doi.org/10.1016/].bi-
opsych.2014.07.012.

Mu, C; Yang, Y, Zhu, W. Gut Microbiota: The Brain Peacekeeper. Front. Microbiol. 2016, 7, 345-345.
https://doi.org/10.3389/fmicb.2016.00345.

Zhou, ].S; Pillidge, C.J.; Gopal, P.K.; Gill, H.S. Antibiotic susceptibility profiles of new probiotic Lactobacillus and Bifidobacte-
rium strains. International journal of food microbiology 2005, 98, 211-217.

Brun, P.; Giron, M.C.; Qesari, M.; Porzionato, A.; Caputi, V.; Zoppellaro, C.; Banzato, S.; Grillo, A.R.; Spagnol, L.; De Caro, R.;
et al. Toll-Like Receptor 2 Regulates Intestinal Inflammation by Controlling Integrity of the Enteric Nervous System. Gastroen-
terology 2013, 145, 1323-1333. https://doi.org/10.1053/j.gastro.2013.08.047.

E Lakhan, S.; Kirchgessner, A. Neuroinflammation in inflammatory bowel disease. ]. Neuroinflamm. 2010, 7, 37-37.
https://doi.org/10.1186/1742-2094-7-37.

Park, S.J.; Lee, J.Y.; Kim, S.J.; Choi, S.-Y.; Yune, T.Y.; Ryu, ].H. Toll-like receptor-2 deficiency induces schizophrenia-like behav-
iors in mice. Sci. Rep. 2015, 5, 8502. https://doi.org/10.1038/srep08502.

Zaiss, M.M.; Jones, R.M.; Schett, G.; Pacifici, R. The gut-bone axis: How bacterial metabolites bridge the distance. J. Clin. Investig.
2019, 129, 3018-3028. https://doi.org/10.1172/jci128521.

Villa, C.R.; Ward, W.E.; Comelli, E.M. Gut microbiota-bone axis. Crit. Rev. Food Sci. Nutr. 2017, 57, 1664-1672.

Bhattarai, H.K.; Shrestha, S.; Rokka, K.; Shakya, R. Vitamin D, Calcium, Parathyroid Hormone, and Sex Steroids in Bone Health
and Effects of Aging. J. Osteoporos. 2020, 2020, 1-10. https://doi.org/10.1155/2020/9324505.

Owen, J.L.; Cheng, S.X.; Ge, Y.; Sahay, B.; Mohamadzadeh, M. The role of the calcium-sensing receptor in gastrointestinal in-
flammation. Semin. Cell Dev. Biol. 2016, 49, 44-51. https://doi.org/10.1016/j.semcdb.2015.10.040.

Téke, J.; Czirjdk, G.; Enyedi, P.; Toth, M. Rare diseases are caused by abnormal calcium sensing and signaling. Endocrine 2021,
71, 611-617.

Kitay, A.M.; Geibel, ].P. Stomach and bone. In Understanding the Gut-Bone Signaling Axis; Springer: Berlin/Heidelberg, Germany,
2017; pp- 97-131.

Akbari, S.; Rasouli-Ghahroudi, A.A. Vitamin K and Bone Metabolism: A Review of the Latest Evidence in Preclinical Studies.
BioMed Res. Int. 2018, 2018, 1-8. https://doi.org/10.1155/2018/4629383.

Moser, S.C.; van der Eerden, B.C. Osteocalcin— A versatile bone-derived hormone. Front. Endocrinol. 2019, 9, 794.

Dai, Z.; Koh, W.-P. B-Vitamins and Bone Health-A Review of the Current Evidence. Nutrients 2015, 7, 3322-3346.
https://doi.org/10.3390/nu7053322.

Das, M.; Cronin, O.; Keohane, D.M.; Cormac, E.M.; Nugent, H.; Nugent, M.; Molloy, C.; O’'Toole, P.W.; Shanahan, F.; Molloy,
M.G; et al. Gut microbiota alterations associated with reduced bone mineral density in older adults. Rheumatology 2019, 58,
2295-2304. https://doi.org/10.1093/rheumatology/kez302.

Cheng, S.; Qi, X.; Ma, M.; Zhang, L.; Cheng, B.; Liang, C.; Liu, L.; Li, P.; Kafle, O.P.; Wen, Y.; et al. Assessing the Relationship
Between Gut Microbiota and Bone Mineral Density. Front. Genet. 2020, 11, 6. https://doi.org/10.3389/fgene.2020.00006.

Di Stefano, M.; Veneto, G.; Malservisi, S.; Corazza, G.R. Small Intestine Bacterial Overgrowth and Metabolic Bone Disease. Am.
J. Dig. Dis. 2001, 46, 1077-1082. https://doi.org/10.1023/a:1010722314493.

Judkins, T.C.; Archer, D.L.; Kramer, D.C.; Solch, R.J. Probiotics, nutrition, and the small intestine. Curr. Gastroenterol. Rep. 2020,
22,1-8.

Czerucka, D.; Piche, T.; Rampal, P. Yeast as probiotics-Saccharomyces boulardii. Aliment. Pharmacol. Ther. 2007, 26, 767-778.
Collins, F.L.; Irwin, R.; Bierhalter, H.; Schepper, J.; Britton, R.A.; Parameswaran, N.; McCabe, L.R. Lactobacillus reuteri 6475
increases bone density in intact females only under an inflammatory setting. PLoS ONE 2016, 11, e0153180.

Britton, R.A.; Irwin, R.; Quach, D.; Schaefer, L.; Zhang, J.; Lee, T.; Parameswaran, N.; McCabe, L.R. Probiotic, L. reuteri treatment
prevents bone loss in a menopausal ovariectomized mouse model. ]. Cell. Physiol. 2014, 229, 1822-1830.



Metabolites 2022, 12, 1247 29 of 32

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.
182.

183.

184.

185.

186.

187.

188.

McCabe, L.R.; Irwin, R.; Schaefer, L.; Britton, R.A. Probiotic use decreases intestinal inflammation and increases bone density
in healthy male but not female mice. J. Cell. Physiol. 2013, 228, 1793-1798. https://doi.org/10.1002/jcp.24340.

Parvaneh, K.; Ebrahimi, M.; Sabran, M.R.; Karimi, G.; Hwei, A.N.M.; Abdul-Majeed, S.; Ahmad, Z.; Ibrahim, Z.; Jamaluddin, R.
Probiotics (Bifidobacterium longum) increase bone mass density and upregulate Sparc and Bmp-2 genes in rats with bone loss
resulting from ovariectomy. BioMed Res. Int. 2015, 2015, 1-10.

Sapra, L.; Dar, H.Y.; Bhardwaj, A.; Pandey, A.; Kumari, S.; Azam, Z.; Upmanyu, V.; Anwar, A.; Shukla, P.; Mishra, P.K,; et al.
Lactobacillus rhamnosus attenuates bone loss and maintains bone health by skewing Treg-Th17 cell balance in Ovx mice. Sci.
Rep. 2021, 11, 1-18. https://doi.org/10.1038/541598-020-80536-2.

Yang, L.-C,; Lin, S.-W,; Li, L.-C,; Chen, Y.-P.; Tzu, S.-Y.; Chou, W.; Chen, C.-C.; Lin, W.-C.; Chen, Y.-L.; Lin, W.-H. Lactobacillus
plantarum GKM3 and Lactobacillus paracasei GKS6 Supplementation Ameliorates Bone Loss in Ovariectomized Mice by Pro-
moting  Osteoblast  Differentiation and  Inhibiting  Osteoclast  Formation.  Nutrients 2020, 12, 1914.
https://doi.org/10.3390/nu12071914.

Nagpal, R.; Wang, S.; Ahmadi, S.; Hayes, J.; Gagliano, J.; Subashchandrabose, S.; Kitzman, D.W.; Becton, T.; Read, R.; Yadav, H.
Human-origin probiotic cocktail increases short-chain fatty acid production via modulation of mice and human gut microbi-
ome. Sci. Rep. 2018, 8, 12649. https://doi.org/10.1038/s41598-018-30114-4.

Malik, T.A.; Chassaing, B.; Tyagi, A.M.; Vaccaro, C.; Luo, T.; Adams, J.; Darby, T.M.; Weitzmann, M.N.; Mulle, ].G.; Gewirtz,
A.T.; et al. Sex steroid deficiency—associated bone loss is microbiota dependent and prevented by probiotics. J. Clin. Investig.
2016, 126, 2049-2063. https://doi.org/10.1172/jci86062.

Muccioli, G.G.; Naslain, D.; Backhed, F.; Reigstad, C.S.; Lambert, D.M.; Delzenne, N.M.; Cani, P.D. The endocannabinoid system
links gut microbiota to adipogenesis. Mol. Syst. Biol. 2010, 6, 392.

Parada Venegas, D.; De la Fuente, M.K,; Landskron, G.; Gonzalez, M.].; Quera, R.; Dijkstra, G.; Harmsen, H.J.; Faber, K.N,;
Hermoso, M.A. Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its relevance for inflam-
matory bowel diseases. Front. Immunol. 2019, 10, 277.

Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-y, M.; Glickman, J.N.; Garrett, W.S. The microbial
metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 2013, 341, 569-573.

Vannucci, L.; Fossi, C.; Quattrini, S.; Guasti, L.; Pampaloni, B.; Gronchi, G.; Giusti, F.; Romagnoli, C.; Cianferotti, L.; Marcucci,
G.; et al. Calcium Intake in Bone Health: A Focus on Calcium-Rich Mineral Waters. Nutrients 2018, 10, 1930.
https://doi.org/10.3390/nu10121930.

A Areco, V.; Kohan, R; Talamoni, G.; de Talamoni, N.G.T.; Lépez, M.E.P. Intestinal Ca?* absorption revisited: A molecular and
clinical approach. World ]. Gastroenterol. 2020, 26, 3344-3364. https://doi.org/10.3748/wjg.v26.i24.3344.

Davani-Davari, D.; Negahdaripour, M.; Karimzadeh, I.; Seifan, M.; Mohkam, M.; Masoumi, S.J.; Berenjian, A.; Ghasemi, Y.
Prebiotics: Definition, types, sources, mechanisms, and clinical applications. Foods 2019, 8, 92.

Xuedong, Z.; Jia, X.; Mo, L.; Liu, C.; Zheng, L.; Yuan, Q.; Zhou, X. Intestinal microbiota: A potential target for the treatment of
postmenopausal osteoporosis. Bone Res. 2017, 5, 17046-17046. https://doi.org/10.1038/boneres.2017.46.

Whisner, C.M.; Castillo, L.F. Prebiotics, bone and mineral metabolism. Calcif. Tissue Int. 2018, 102, 443-479.

Doonan, J.; Tarafdar, A.; Pineda, M.A.; Lumb, F.E.; Crowe, J.; Khan, A.M.; Hoskisson, P.A.; Harnett, M.M.; Harnett, W. The
parasitic worm product ES-62 normalizes the gut microbiota and bone marrow axis in inflammatory arthritis. Nat. Commun.
2019, 10, 1-14.

Collins, F.L.; Rios-Arce, N.D.; Schepper, ].D.; Jones, A.D.; Schaefer, L.; Britton, R.A.; McCabe, L.R.; Parameswaran, N. The ben-
eficial effects of Lactobacillus reuteri 6475 on bone density in male mice are dependent on lymphocytes. Sci. Rep. 2019, 9, 1-17.
Quach, D.; Parameswaran, N.; McCabe, L.; Britton, R.A. Characterizing how probiotic Lactobacillus reuteri 6475 and lactobacilli
acid mediates suppression of osteoclast differentiation. Bone Rep. 2019, 11, 100227.

Rizzoli, R.; Biver, E. Are probiotics the new calcium and vitamin D for bone health? Curr. Osteoporos. Rep. 2020, 18, 273-284.
Fernandez-Murga, M.L.; Olivares, M.; Sanz, Y. Bifidobacterium pseudocatenulatum CECT 7765 reverses the adverse effects of
diet-induced obesity through the gut-bone axis. Bone 2020, 141, 115580.

Ohlsson, C.; Nigro, G.; Boneca, I.G.; Backhed, F.; Sansonetti, P.; Sjogren, K. The gut microbiota's regulation of bone mass de-
pends on NOD1 and NOD?2 signaling. Cell. Immunol. 2017, 317, 55-58.

Messaoudi, M.; Violle, N.; Bisson, J.F.; Desor, D.; Javelot, H.; Rougeot, C. Beneficial psychological effects of a probiotic formu-
lation (Lactobacillus helveticus R0052 and Bifidobacterium longum R0175) in healthy human volunteers. Gut Microbes 2011, 2,
256-261.

Al-Asmakh, M.; Anuar, F.; Zadjali, F.; Rafter, ].; Pettersson, S. Gut microbial communities modulating brain development and
Function. Gut Microbes 2012, 3, 366-373.

Lee, C.S.; Kim, B.K;; Lee, I.O.; Park, N.H.; Kim, S.H. In a rat model of glucocorticoid-induced secondary osteoporosis, preventing
bone loss by using Lactobacillus-fermented milk products. Int. Dairy J. 2020, 109, 104788.

Wu, F; Fang, B.; Wuri, G.; Zhao, L.; Liu, F.; Zhang, M. Metagenomic Analysis Reveals a Mitigating Role for Lactobacillus para-
casei and Bifidobacterium animalis in Experimental Periodontitis. Nutrients 2022, 14, 2125.

Liao, J.; Hsu, C.; Chou, G,; Hsu, J.; Liong, M.; Tsai, Y. Lactobacillus paracasei PS23 reduced early-life stress abnormalities in ma-
ternal separation mouse model. Benef. Microbes 2019, 10, 425-436. https://doi.org/10.3920/bm2018.0077.



Metabolites 2022, 12, 1247 30 of 32

189.

190.

191.

192.

193.

194.

195.

196.

197.
198.

199.

200.

201.
202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Huang, X.; Ma, S.; Wang, L.; Zhou, H,; Jiang, Y.; Cui, W.; Qiao, X;; Xu, Y.; Li, Y.; Tang, L. Lactobacillus johnsonii-activated
chicken bone marrow-derived dendritic cells exhibit maturation and increased expression of cytokines and chemokines in vitro.
Cytokine 2020, 136, 155269.

Wang, H.; Sun, Y.; Xin, J.; Zhang, T.; Sun, N.; Ni, X.; Zeng, D.; Bai, Y. Lactobacillus johnsonii BS15 Prevents Psychological Stress—
Induced Memory Dysfunction in Mice by Modulating the Gut-Brain Axis. Front. Microbiol. 2020, 11, 1941.
https://doi.org/10.3389/fmicb.2020.01941.

Kim, H.; Jeon, S.; Kim, J.; Seol, D.; Jo, J.; Cho, S.; Kim, H. Investigation of memory-enhancing effects of Streptococcus thermoph-
ilus EG007 in mice and elucidating molecular and metagenomic characteristics using nanopore sequencing. Sci. Rep. 2022, 12,
1-19. https://doi.org/10.1038/s41598-022-14837-z.

Li, C; Pi, G.; Li, F. The Role of Intestinal Flora in the Regulation of Bone Homeostasis. Front. Cell. Infect. Microbiol. 2021, 11,
579323. https://doi.org/10.3389/fcimb.2021.579323.

Eun, C.S,; Kim, Y.S.; Han, D.S.; Choi, ].H.; Lee, A.R; Park, Y.K. Lactobacillus casei prevents impaired barrier function in intes-
tinal epithelial cells. Apmis 2010, 119, 49-56. https://doi.org/10.1111/j.1600-0463.2010.02691.x.

Ibanez, L.; Rouleau, M.; Wakkach, A.; Blin-Wakkach, C. Gut microbiome and bone. Jt. Bone Spine 2019, 86, 43-47.
https://doi.org/10.1016/j.jbspin.2018.02.008.

Guder, C; Gravius, S.; Burger, C.; Wirtz, D.C.; Schildberg, F.A. Osteoimmunology: A Current Update of the Interplay Between
Bone and the Immune System. Front. Immunol. 2020, 11, 58. https://doi.org/10.3389/fimmu.2020.00058.

Srivastava, R.K.; Dar, H.Y.; Mishra, P.K. Immunoporosis: Inmunology of Osteoporosis—Role of T Cells. Front. Immunol. 2018,
9, 657. https://doi.org/10.3389/fimmu.2018.00657.

Pacifici, R. Bone remodeling and the microbiome. Cold Spring Harb. Perspect. Med. 2018, 8, a031203.

Boyce, B.F.; Xing, L. Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch. Biochem. Biophys. 2008, 473,
139-146. https://doi.org/10.1016/j.abb.2008.03.018.

Hsu, E.; Pacifici, R. From osteoimmunology to geomicrobiology: How the microbiota and the immune system regulate bone.
Calcif. Tissue Int. 2018, 102, 512-521.

Amarasekara, D.; Kim, S.; Rho, J. Regulation of Osteoblast Differentiation by Cytokine Networks. Int. ]. Mol. Sci. 2021, 22, 2851.
https://doi.org/10.3390/ijms22062851.

Hair, R; Sakaki, J.R.; Chun, O.K. Anthocyanins, microbiome and health benefits in aging. Molecules. 2021, 26, 537.

Olney, R.C. Regulation of bone mass by growth hormone. Med. Pediatric Oncol. 2003, 41, 228-234.
https://doi.org/10.1002/mpo.10342.

Poinsot, P.; Schwarzer, M.; Peretti, N.; Leulier, F. 40 YEARS OF IGF1: The emerging connections between IGF1, the intestinal
microbiome, Lactobacillus strains and bone growth. J. Mol. Endocrinol. 2018, 61, T103-T113. https://doi.org/10.1530/jme-17-0292.
Wein, M.N.; Kronenberg, H.M. Regulation of Bone Remodeling by Parathyroid Hormone. Cold Spring Harb. Perspect. Med. 2018,
8, a031237. https://doi.org/10.1101/cshperspect.a031237.

Li, J.-Y,; Yu, M,; Pal, S.; Tyagi, AM.; Dar, H.Y.; Adams, J.; Weitzmann, M.N.; Jones, R.M.; Pacifici, R. Parathyroid hormone-
dependent bone formation requires butyrate production by intestinal microbiota. J. Clin. Investig. 2020, 130, 1767-1781.
https://doi.org/10.1172/jci133473.

Xu, K;; Ma, J.; Liu, Z,; Wang, X.; Yan, S.; Liu, Z.; Sun, F.; Wang, K. Effect of sleeve gastrectomy on bone metabolism and serum
5-Hydroxytryptamine in obese rats. Med. Sci. Monit. Int. Med. |. Exp. Clin. Res. 2020, 26, 924097-1.

Mayo, B.; Vazquez, L.; Flérez, A.B. Equol: A Bacterial Metabolite from The Daidzein Isoflavone and Its Presumed Beneficial
Health Effects. Nutrients 2019, 11, 2231. https://doi.org/10.3390/nu11092231.

Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What Is the Healthy Gut
Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and Diseases. Microorganisms 2019, 7, 14.
https://doi.org/10.3390/microorganisms7010014.

Magne, F.; Gotteland, M.; Gauthier, L.; Zazueta, A.; Pesoa, S.; Navarrete, P.; Balamurugan, R. The firmicutes/bacteroidetes ratio:
A relevant marker of gut dysbiosis in obese patients? Nutrients 2020, 12, 1474.

He, J.; Xu, S.; Zhang, B.; Xiao, C.; Chen, Z; Si, F.; Fu, ].; Lin, X,; Zheng, G.; Yu, G,; et al. Gut microbiota and metabolite alterations
associated with reduced bone mineral density or bone metabolic indexes in postmenopausal osteoporosis. Aging 2020, 12, 8583—
8604. https://doi.org/10.18632/aging.103168.

Li, C; Huang, Q.; Yang, R.; Dai, Y.; Zeng, Y.; Tao, L.; Li, X.; Zeng, J.; Wang, Q. Gut microbiota composition and bone mineral
loss—Epidemiologic evidence from individuals in Wuhan, China. Osteoporos. Int. 2019, 30, 1003-1013.
https://doi.org/10.1007/s00198-019-04855-5.

Eyster, KM. The Estrogen Receptors: An Overview from Different Perspectives. Estrogen Receptors 2016, 1366, 1-10.
https://doi.org/10.1007/978-1-4939-3127-9_1.

Patisaul, H.B.; Jefferson, W. The pros and cons of phytoestrogens. Front. Neuroendocr. 2010, 31, 400-419.
https://doi.org/10.1016/j.yfrne.2010.03.003.

Setchell, K.D.; Clerici, C. Equol: History, chemistry, and formation. J. Nutr. 2010, 140, 13555-1362S.



Metabolites 2022, 12, 1247 31 of 32

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Nalvarte, I.; Varshney, M.; Inzunza, J.; Gustafsson, J. Estrogen receptor beta and neural development. In Vitamins and Hormones;
Academic Press: Cambridge, MA, USA, 2021; Volume 116, pp. 313-326. https://doi.org/10.1016/bs.vh.2021.02.007.

Kwa, M; Plottel, C.S.; Blaser, M.].; Adams, S. The Intestinal Microbiome and Estrogen Receptor-Positive Female Breast Cancer.
Gynecol. Oncol. 2016, 108, djw029. https://doi.org/10.1093/jnci/djw029.

Ervin, S.M,; Li, H.; Lim, L.; Roberts, L.R.; Liang, X.; Mani, S.; Redinbo, M.R. Gut microbial B-glucuronidases reactivate estrogens
as components of the estrobolome that reactivate estrogens. J. Biol. Chem. 2019, 294, 18586-18599.

Scholz-Ahrens, K.E.; Ade, P.; Marten, B.; Weber, P.; Timm, W.; Acil, Y.; Glu“er, C.-C.; Schrezenmeir, J. Prebiotics, Probiotics,
and Synbiotics Affect Mineral Absorption, Bone Mineral Content, and Bone Structure. |. Nutr. 2007, 137, 8385-8468S.
https://doi.org/10.1093/jn/137.3.838s.

D’Amelio, P.; Sassi, F. Gut microbiota, immune system, and bone. Calcif. Tissue Int. 2018, 102, 415-425.

Ding, K, Hua, F,; Ding, W. Gut Microbiome and Osteoporosis. Aging Dis. 2020, 11, 438-447.
https://doi.org/10.14336/ad.2019.0523.

Cooney, O.D.; Nagareddy, P.R.; Murphy, A.].; Lee, M.K.S. Healthy Gut, Healthy Bones: Targeting the Gut Microbiome to Pro-
mote Bone Health. Front. Endocrinol. 2021, 11, 620466. https://doi.org/10.3389/fend0.2020.620466.

Saponaro, F.; Ferrisi, R.; Gado, F.; Polini, B.; Saba, A.; Manera, C.; Chiellini, G. The Role of Cannabinoids in Bone Metabolism:
A New Perspective for Bone Disorders. Int. ]. Mol. Sci. 2021, 22, 12374. https://doi.org/10.3390/ijms222212374.

Idris, A.L; Ralston, S.H. Cannabinoids and Bone: Friend or Foe?. Calcif. Tissue Int. 2010, 87, 285-297.
https://doi.org/10.1007/s00223-010-9378-8.

Li, D,; Lin, Z,; Meng, Q.; Wang, K.; Wu, ]J.; Yan, H. Cannabidiol administration reduces sublesional cancellous bone loss in rats
with severe spinal cord injury. Eur. J. Pharmacol. 2017, 809, 13-19. https://doi.org/10.1016/j.ejphar.2017.05.011.

Chagas, M.H.; Eckeli, A.L.; Zuardi, A.W.; Pena-Pereira, M.A.; Sobreira-Neto, M.A.; Sobreira, E.T.; Camilo, M.R.; Bergamaschi,
M.M.; Schenck, C.H.; Hallak, J.E.C.; Tumas, V. Cannabidiol can improve complex sleep-related behaviors associated with rapid
eye movement and sleep behavior disorder in Parkinson's patients: A case series. J. Clin. Pharm. Ther. 2014, 39, 564-566.
Hayakawa, K.; Mishima, K.; Fujiwara, M. Therapeutic Potential of Non-Psychotropic Cannabidiol in Ischemic Stroke. Pharma-
ceuticals 2010, 3, 2197-2212. https://doi.org/10.3390/ph3072197.

Scuderi, C.; Filippis, D.D.; Iuvone, T.; Blasio, A.; Steardo, A.; Esposito, G. Cannabidiol in medicine: A review of its therapeutic
potential in C.N.S. disorders. Phytother. Res. Int. |. Devoted Pharmacol. Toxicol. Eval. Nat. Prod. Deriv. 2009, 23, 597-602.
Abu-Sawwa, R.; Scutt, B.; Park, Y. Emerging use of epidiolex (cannabidiol) in epilepsy. J. Pediatr. Pharmacol. Ther. 2020, 25, 485—
499.

Corroon, J.; Kight, R. Regulatory Status of Cannabidiol in the United States: A Perspective. Cannabis Cannabinoid Res. 2018, 3,
190-194. https://doi.org/10.1089/can.2018.0030.

Alharbi, Y.N. Current legal status of medical marijuana and cannabidiol in the United States. Epilepsy Behav. 2020, 112, 107452.
https://doi.org/10.1016/j.yebeh.2020.107452.

Agnihotri, A.; Bhattacharya, S. Canopy Growth Corporation and Its Route to Profitability: Medical or Recreational Cannabis?.
In SAGE Business Cases; SAGE Publications: Thousand Oaks, CA, USA, 2021. https://doi.org/10.4135/9781529754209.
Fitzcharles, M.; Clauw, D.J.; Hauser, W. A cautious hope for cannabidiol (CBD) in theumatology care. Arthritis Care Res. 2020.
https://doi.org/10.1002/acr.24176 (online ahead of print).

Mastinu, A.; Ribaudo, G.; Ongaro, A.; Bonini, S.A.; Memo, M.; Gianoncelli, A. Critical Review on the Chemical Aspects of Can-
nabidiol (CBD) and Harmonization of Computational Bioactivity Data. Curr. Med. Chem. 2020, 28, 213-237.
https://doi.org/10.2174/0929867327666200210144847.

Zimniewska, M.; Pawlaczyk, M.; Romanowska, B.; Gryszczyniska, A.; Kwiatkowska, E.; Przybylska, P. Bioactive Hemp Clothing
Modified with Cannabidiol (CBD) Cannabis sativa L. Extract. Materials 2021, 14, 6031. https://doi.org/10.3390/ma14206031.

Kis, B.; Ifrim, F.C.; Buda, V.; Avram, S.; Pavel, I.Z.; Antal, D.; Paunescu, V.; Dehelean, C.A.; Ardelean, F.; Diaconeasa, Z.; et al.
Cannabidiol —From Plant to Human Body: A Promising Bioactive Molecule with Multi-Target Effects in Cancer. Int. J. Mol. Sci.
2019, 20, 5905. https://doi.org/10.3390/ijms20235905.

Pamplona, F.A ; Da Silva, L.R.; Coan, A.C. Potential clinical benefits of CBD-rich cannabis extracts over purified CBD in treat-
ment-resistant epilepsy: Observational data meta-analysis. Front. Neurol. 2018, 9, 759.

White, C.M. A review of human studies assessing cannabidiol's (CBD) therapeutic actions and potential. J. Clin. Pharmacol. 2019,
59, 923-934.

Williams, C.; Nutbrown, D.L. A Review of Research into the Health Benefits of Cannabidiol (CBD); The Neighborhood Academy:
Pittsburgh, PA, USA, 2021.

Atalay, S.; Jarocka-Karpowicz, I.; Skrzydlewska, E. Antioxidative and Anti-Inflammatory Properties of Cannabidiol. Antioxi-
dants 2019, 9, 21. https://doi.org/10.3390/antiox9010021.

Burstein, S. Cannabidiol (CBD) and its analogs: A review of their effects on inflammation. Bioorganic Med. Chem. 2015, 23, 1377—
1385. https://doi.org/10.1016/j.bmc.2015.01.059.



Metabolites 2022, 12, 1247 32 of 32

241.

242.

243.

244.

Al-Ghezi, Z.Z.; Busbee, P.B.; Alghetaa, H.; Nagarkatti, P.S.; Nagarkatti, M. A combination of cannabinoids, delta-9-tetrahydro-
cannabinol (T.H.C.) and cannabidiol (CBD), mitigates experimental autoimmune encephalomyelitis (E.A.E.) by altering the gut
microbiome. Brain Behav. Immun. 2019, 82, 25-35.

Cluny, N.L.; Keenan, C.M.; Reimer, R.A.; Le Foll, B.; Sharkey, K.A. Prevention of Diet-Induced Obesity Effects on Body Weight
and Gut Microbiota in Mice Treated Chronically with A9-Tetrahydrocannabinol. PLoS ONE 2015, 10, e0144270.
https://doi.org/10.1371/journal.pone.0144270.

Capasso, R.; Borrelli, F.; Aviello, G.; Romano, B.; Scalisi, C.; Capasso, F.; A 1zzo, A. Cannabidiol, extracted fromCannabis sativa,
selectively inhibits inflammatory hypermotility in mice. J. Cereb. Blood Flow Metab. 2008, 154, 1001-1008.
https://doi.org/10.1038/bjp.2008.177.

Lin, X.-H.; Yuece, B.; Li, Y.-Y.; Feng, Y.-].; Feng, J.-Y.; Yu, L.-Y,; Li, K; Storr, M. A novel CB receptor GPR55 and its ligands are
involved in regulation of gut movement in rodents. Neurogastroenterol. Motil. 2011, 23, 862-e342. https://doi.org/10.1111/j.1365-
2982.2011.01742.x.



