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Osteoporosis (OP) is a chronic metabolic bone disease characterized by the decrease of bone
tissue per unit volume under the combined action of genetic and environmental factors,
which leads to the decrease of bone strength, makes the bone brittle, and raises the possibil-
ity of bone fracture. However, the exact mechanism that determines the progression of OP
remains to be underlined. There are hundreds of trillions of symbiotic bacteria living in the
human gut, which have a mutually beneficial symbiotic relationship with the human body
that helps to maintain human health. With the development of modern high-throughput
sequencing (HTS) platforms, there has been growing evidence that the gut microbiome may
play an important role in the programming of bone metabolism. In the present review, we
discuss the potential mechanisms of the gut microbiome in the development of OP, such
as alterations of bone metabolism, bone mineral absorption, and immune regulation. The
potential of gut microbiome-targeted strategies in the prevention and treatment of OP was

also evaluated.
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Article focus
The gut microbiome has long been
thought to be a potential targeted regu-
lation of bone mass.
This article mainly explains the relation-
ship between the gut microbiome and
osteoporosis (OP).

Key messages

In this manuscript, we review the poten-
tial mechanisms of the gut microbiome
in the development of OP, such as bone
metabolism, bone mineral absorption,
and immune regulation.

In addition, we evaluate the potential of
strategies aimed at the gut microbiome in
the prevention and treatment of OP.

Strengths and limitations
Starting from the mechanism, we
analyzed the relationship between the gut
microbiome and OP, and have presented
the potential of gut microbiome in the
treatment of OP from several treatment
strategies.

The formation of OP is the result of
genetics, environment, nutrition, and
other factors. We failed to analyze these
factors together, which may lead to a
one-sided analysis.

Introduction

Osteoporosis (OP) is defined as a systemic
and metabolic bone disease, which is char-
acterized by a decrease in bone mass per
unit volume and deterioration of the micro-
structure of bone tissue, thereby increasing
bone fragility and susceptibility to fracture.
With the general ageing of the population,
OP has become a serious disease affecting
society and families. OP can occur in both
sexes and at any age, and is most common
in postmenopausal women." Heredity,
hormone levels, nutrition, and lifestyle
are closely related to the pathogenesis of
OP.2* Qestrogen, parathyroid hormone,
vitamin D, and inflammatory factors are all
important regulators of bone metabolism.
Although many aetiologies have been iden-
tified, the pathogenesis of OP is still being
explored.
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There are hundreds of trillions of symbiotic bacteria
living in the human gut. Their varieties and numbers
are astonishing, more than ten times the total number
of human cells. So far, more than 80% of the microbes
are still unknown.® These gut microbiota have a mutu-
ally beneficial symbiotic relationship with the human
body, which plays an important role in maintaining
human health. When the balance of the gut microbiota is
disturbed due to certain factors, the body may suffer from
diseases such as obesity, diabetes, or even cancers (such
as colorectal cancer).%” Accumulative research proposes
that the gut microbiota is closely related to the regula-
tion of bone metabolism, although its related mechanism
has not been fully discovered. The rapid development
of modern molecular biotechnology has facilitated the
continuous discovery of the human microbiome, and
may provide more information on early events about the
pathogenesis of OP.2 In this review, the available data on
the potential relationship between gut microbiota and
OP will be retrospectively analyzed to understand the
role of gut microbiota imbalance in the development of
OP, and to evaluate the potential of targeting microbiota
in novel therapeutic strategies for preventing or treating
OP.

Roles of the gut microbiome in osteoporosis
The gut microbiome, often referred to as 'the second
largest human genome',’ is a rich and diverse microbial
community composed of bacteria, fungi, viruses, and
protozoa. The microflora, host, and environment are
always in a stable dynamic equilibrium in healthy indi-
viduals. Most of them are located in the gastrointestinal
tract, but they are responsible for diseases crucial to not
only the gut but also the whole body. A large body of
evidence'®'® has already demonstrated that the gut
microbiome is closely related to bone metabolism and the
absorption of bone-related minerals under physiological
conditions, while being involved in OP pathologically.
Gut microbiome regulates bone metabolism. Bone re-
modelling is a dynamic coordination process between
bone formation with osteoblasts and bone resorption
with osteoclasts.” More recently, it has been shown that
the development of OP is influenced by the gut microbi-
ome.'® Many studies"'#'8-2° have also displayed the role
of the gut microbiome in the pathogenesis of OP.
Osteoblasts originate from the primitive mesenchymal
cells of bone marrow stroma, which are the main func-
tional cells of bone formation responsible for the synthesis,
secretion, and mineralization of the bone matrix.'® Osteo-
calcin, as a sign of osteoblast maturation, represents the
active state of newly formed osteoblasts.” Researchers
often used germ-free (GF) mice or mice treated with
antibiotics to make models of the absence or impaired
function of gut microbiome, with the help of a control
group with normal microbiome to further understand
the specific effect of gut microbiome in the development
of the disease. Uchida et al'' found that, compared with

the primary osteoblasts isolated from alveolar bones and
calvarias of the GF mice, the osteoblasts from the specific
pathogen-free (SPF) mice expressed substantially more
osteocalcin, alkaline phosphatase (ALP), and insulin-like
growth factor-I/-Il (IGF-I/IGF-II), while the ratio of osteo-
protegerin (OPG)/receptor activator of NF-«kB ligand
(RANKL) was decreased. In the end, the bone density of
SPF mice was lower than that of GF mice, indicating that
although the gut microbiome has a higher regulation
impact on osteoclasts, the regulation effects of osteo-
blasts on bone density cannot be denied. By studying the
mice with sickle cell disease (SCD), Tavakoli and Xiao'
revealed that SCD mice had increased intestinal bacte-
rial load, infection, and intestinal permeability, resulting
in the gut microbiome changing. This was followed by
bone mass reduction and impairment of osteoblast func-
tion. However, after antibiotic treatment the osteoblast
function of SCD mice was enhanced and the expression
of osteoblast-related transcriptor Runt-related transcrip-
tion factor 2 (Runx2) and IGF-l was increased to improve
bone mass in SCD mice. Unfortunately, these studies did
not delve into the pivotal role of specific microbiota. The
method by which the gut microbiome regulates bone
structure through direct action on osteoblasts remains to
be elucidated, and further work should be done to fully
address this mechanism.

Osteoclasts, originated from the mononuclear phago-
cyte system, are special terminally differentiated cells
that perform bone absorption.?® Recent studies™'* have
shown that the gut microbiome is more likely to regu-
late bone metabolism by affecting the activity of osteo-
clasts. Sjogren et al™ found that lack of gut microbiome
can lead to an increase in bone mass. Compared with
conventionally raised (Conv.R) mice, the bone mineral
density (BMD) of cancellous bone and cortical bone of
GF mice increased, and the number of osteoclasts on
each bone surface decreased. Meanwhile, the frequency
of the CD4* T cells and CD11b*/ Gr1- osteoclast precursor
cells, derived from the bone marrow of GF mice, reduced.
However, bone formation was not affected. Thus, the
increased bone mass in GF mice is mainly achieved by
inhibiting osteoclastogenesis.

Li et al™ further proved that under GF conditions,
the production of osteoclast-promoting factors such
as tumour necrosis factor-a (TNF-a), RANKL, and inter-
leukin-17 (IL-17) did not increase in the mice model of sex
steroid deficiency with the help of leuprolide to induce.
On the contrary, after recolonization with different gut
microbiomes the gut permeability and osteoclastogenic
cytokine production of the sex steroid deficiency mice
was increased, resulting in trabecular bone loss. In addi-
tion, in order to verify the availability of probiotics the
authors used Lactobacillus rhamnosus GG (LGG) and a
commercially available complex-probiotic-preparation
VSL#3, which contains eight strains of live bacteria
(Bifidobacterium breve, Bifidobacterium longum, Bifido-
bacterium infantis, Lactobacillus acidophilus, Lactobacillus
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plantarum, Lactobacillus paracasei, Lactobacillus bulgar-
icus, and Streptococcus thermophilus).

The results showed that the probiotic preparations

also prevented increased intestinal permeability caused
by sex steroid depletion, thereby limiting the produc-
tion of osteoclasts to produce cytokines. This serves as
a proof-of-concept that gut microbiome and probiotic
preparations are involved in trabecular bone loss caused
by sexual steroid deficiency. However, limited evidence
indicates that the gut microbiome affects osteoblasts or
osteoclasts alone. The activity between the osteoblast
and the osteoclast is often carried out simultaneously,
although the mechanism of the gut microbiome on bone
metabolism is still unknown.
Gut microbiome monitors bone mineral absorp-
tion. Calcium is the main mineral in human bones, and
under normal circumstances food is the only source of
calcium for the human body.?" The calcium in food is
mainly transported to the upper part of the small intes-
tine and absorbed through the intestinal wall.?? In gener-
al, the effect of the gut microbiome on calcium is mainly
regulated by short-chain fatty acids (SCFAs)."™ SCFAs are
the main products of intestinal bacterial fermentation in
organisms, including acetic acid, propionic acid, isobu-
tyric acid, butyric acid, isovaleric acid, and valeric acid.
The colon is the main site of SCFA production, and bu-
tyric acid is the main energy source of colonic epitheli-
al cells. Several studies'?*?* indicate that probiotics can
break down dietary fibre into SCFAs, which can promote
intestinal secretion of more SCFAs by increasing the num-
ber of probiotics and/or prebiotics. On the other hand,
SCFAs can increase the absorption of calcium in the intes-
tinal wall by reducing intestinal pH, thus increasing bone
mass.? Further research has confirmed that butyric acid
can also regulate antigen presentation by inhibiting den-
dritic cells, which not only stimulate the differentiation of
osteoblasts but also inhibit the formation of osteoclasts in
bone marrow cells.’®%

Itis well established that vitamin D also pushes forward
an immense influence on promoting gut calcium, phos-
phorus absorption, and bone calcification. Vitamin D
deficiency could lead to a decrease in the proportion of
Firmicutes and Deferribacteres, and more likely to induce
colitis in Cyp knockout mice, whereas inflammation was
controlled after vitamin D supplementation or antibiotic
treatment. Remarkably, the proportion of Firmicutes and
Deferribacteres could be restored after vitamin D inter-
vention. The research sustains the notion that vitamin D
can regulate the development of OP by controlling the
gut microbiome directly.?® Since a variety of evidence
firmly implies that the gut microbiome contributes to the
development of OP, the species composition of the gut
microbiome associated with OP, and the exact mecha-
nism, need to be clarified.

Gut microbiome orchestrates bone metabolism by cy-
tokines. Both the immune system and the skeletal system
are regulated by a pattern of cytokine secretion, which

both originates from the bone marrow and shares com-
mon transcription factors and signal pathways between
the two systems.?” As noted by Zhao et al,®® CD4* T cells
are the key lymphocytes involved in regulating the im-
mune response to OP. These cells not only activate os-
teoblasts, but also strongly inhibit osteoclasts. Activated
CD4* T cells can produce cytokines such as RANKL, OPG,
and TNF-a.?? RANKL can promote osteoclast activation
and bone absorption through the OPG-receptor activator
of NF-kB (RANK)-RANKL signal transduction pathway.3°
TNF-a can directly stimulate osteoclast formation, or in-
crease the expression of RANKL and OPG to regulate os-
teoclasts indirectly.?'

Recent studies™'*3? have begun to reveal a close rela-
tionship between the gut microbiome and OP. Li et al™
reported that the lack of sex steroid did not drive the
expansion of T cells and instead increased the production
of TNF-a, IL-17, and RANKL in bone marrow and intestine
in GF mice. Instead, the expression of these inflamma-
tory cytokines increased in GF mice with reconventional
microbiota, which were treated with LGG or VSL#3, and
their expression was similar to that in the Conv.R mice.
Similarly, these results can also be verified in ovariec-
tomy (OVX). Serotonin (5-hydroxytryptamine (5-HT)),
as the most widely studied neurotransmitter, has been
reported in regulating bone metabolism through the
gut microbiome in recent years.'*3? Both osteocytes and
osteoblasts can synthesize and regulate the uptake of
5-HT;?*?* 5-HT knockout mice showed a decrease in bone
mass and strength. Interestingly, gut-derived 5-HT has a
negative effect on bone formation, while brain-derived
5-HT has the opposite effect.>? Furthermore, Sjégren et
al” not only confirmed that the gut microbiome drove
CD4* T cells and CD11b*/ Gr1- osteoclast precursor cells
to regulate bone metabolism, but also determined the
inactivation and degradation indexes of intestinal deriv-
ative 5-HT in GF mice. Subsequently, they found that
the expression of 5-HT rate-limiting enzyme tryptophan
hydroxylase-1 (TPH-1) decreased, while the expression of
serotonin transporter (SERT) increased. Although there
was only a small change in 5-HT after the normalization
of bone mass caused by the recolonization microbiota in
GF mice, it cannot be ruled out that the gut microbiome
had a potential mechanism for regulating bone mass.
Thus, further evidence suggests that the gut microbiome
may influence the progression of OP with the help of the
immune system or neurotransmitter levels.

Gut microbiome as a target for osteoporosis
treatment

The current drugs for the treatment of OP are divided into
three main categories: bone mineralizing drugs (calcium,
etc.); bone forming drugs (parathyroid hormone, fluo-
ride, etc.); and bone absorption inhibitors (oestrogen
arthroplasty therapy, bisphosphonate, etc.).>* All these
drugs have achieved good outcomes in the treatment of
OP, but some potential side effects are also highlighted.

BONE & JOINT RESEARCH



GUT MICROBIOME AND OSTEOPOROSIS: A REVIEW 527

Calcium supplementation should be appropriate, and
taking excessive amounts could lead to side effects
such as kidney stones, hypercalcaemia, and myocardial
infarction.*® Treatment with parathyroid hormone may
incur higher medical costs and increase the risk of hyper-
calcaemia, therefore it is not recommended to be used
for more than two years.?¢ A systematic review found
that raloxifene is prohibited in patients with a history
of venous embolism or thrombotic tendencies, such as
long-term bedridden or sedentary patients.?”

As disorder of the gut microbiome is one of the

important pathogeneses of OP, development of OP
treatment strategies targeting the gut microbiome may
be promising. In fact, as an alternative therapy to the
current complications of OP drugs, treatment for the gut
microbiome can safely and effectively alleviate the devel-
opment of OP. Among these treatments, diet, antibiotics,
and probiotics are recommended.
Diet. Bone is considered a nutritionally regulated tissue
and diet has a great impact on bone health throughout its
life cycle, which is often overlooked. On the other hand,
diet is the major factor in determining the type and pro-
portion of microorganisms in host organisms. Instead,
the gut microbiome contributes to the proteins or en-
zymes related to digestion and energy metabolism, as it
ferments undigested nutrients into SCFAs, resulting in a
decrease in gut pH and an increase in intestinal permea-
bility, as well as increased absorption of minerals such as
calcium.?® Given this association, diet may be considered
as an important confounding factor when assessing the
impact of changes in gut microbiome on bone health.

There is a belief that all diets are fermented by the
gut microbiome, and that the fibres are decomposed
into SCFAs to reduce intestinal pH, which then affects
bone minerals. This explanation, however, may be too
simplistic, and the underlying mechanisms are varied.
There are special foods called prebiotics that cannot
be hydrolyzed and absorbed by the digestive system.?
Prebiotics can be classified into two categories: oligo-
saccharides and polysaccharides. Oligosaccharides
mainly include fructooligosaccharides (FOS), galacto-
oligosaccharides (GOS), and xylooligosaccharides, while
polysaccharides mainly include inulin and microalgae.®
Prebiotics, especially non-digestible oligosaccharides
(NDOs), can selectively stimulate, activate, and prolif-
erate beneficial bacteria in the gastrointestinal tract. This
effect inhibits the survival and development of harmful
bacteria, promotes the metabolism of beneficial bacteria,
secretes more SCFAs represented by butyric acid in the
gut tract, and then promotes calcium absorption.*
Kleessen et al*? found that the effects of dietary FOS on
the alterations of intestinal mucosa and the thickness and
composition of the colonic epithelial mucus layer were
mediated by the gut microbiome rather than changes
in the mucosal structure itself. Compared with GF mice,
mice fed with oligofructose-inulin mixture have higher
villi and deeper crypts, which represent an indicator

of the stability of the intestinal mucosal barrier. Mean-
while, the number of probiotics including bifidobacteria
and Bacteroides-Prevotella increased. This study further
demonstrates that a healthy diet will promote a stable
gut microbiome, maintain intestinal health, and improve
the gut's absorption function by increasing the number
of probiotics. In addition, dietary FOS can increase the
bioavailability of isoflavones, which have a similar struc-
ture to oestrogen and alleviate the bone mineral content
and bone density decreased by OVX. Although there are
no further studies on this subject, it has still been proved
that FOS has a synergistic effect on the prevention of OP
in OVX mice.”® It has been further verified that diet can
increase the absorption of bone mineral content in intes-
tines and regulate BMD.

Although these studies did not observe a direct effect

of diet on bones, they showed that a healthy diet repre-
sented by prebiotics will have beneficial effects on the
whole gut microbiota, maintain intestinal homeostasis,
improve intestinal absorption, and play a positive role in
regulating bone loss.
Antibiotics. Antibiotics are commonly used as anti-
inflammatory drugs. Long-term use of antibiotics or in a
GF environment can greatly reduce the biodiversity of the
gut microbiome, increase intestinal metabolites and sero-
tonin, and then alter the absorption rates of bone-related
minerals.** Scientists have recently discovered that antibi-
otics can not only change the structure of the microbial
community, but also affect biological metabolism.*>¢ Cox
et al** analyzed the gut microbiome and bone histomor-
phometry of mice given low-dose penicillin (LDP) during
weaning and at birth. As expected, compared with the
mice without LDP, levels of Lactobacillus and segmented
filamentous bacteria (SFB) in the female mice with LDP
at multiple timepoints after birth were much lower. The
female mice with LDP had significantly increased BMD.
Interestingly, changes in BMD did not differ significantly
in male mice. Similarly, Cho et al* established an obesity
model in which four different formulae of low-dose anti-
biotics (penicillin, vancomycin, penicillin plus vancomy-
cin, and chlortetracycline) were administered to young
mice at weaning. All low-dose antibiotics increased BMD
in varying degrees within three weeks, however there
was no significant difference in BMD after seven weeks.
The 16S sequencing results showed that the proportion
of Firmicutes and Lachnospiraceae treated with low-dose
antibiotics for mice was significantly increased. Through
the in-depth study of intestinal, liver, and adipose tissues,
it is clear that the antibiotic activity mainly affected the
microflora of the downstream liver, which affected bone
development through the metabolism of SCFAs, blood
lipids, and cholesterol.

The administration of antibiotics to newbirth or
weaning mice (a critical developmental window) can
lead to lasting changes in gut microbiome and long-
term bone mass changes in mice. At present, only a small
number of antibiotic types have been tested, such as
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Fig. 1

A schematic diagram for the mechanism of gut microbiome in the development of osteoporosis. The gut microbiome is mainly influenced by diet, antibiotics,
and probiotics. The gut microbiome exerts a notable influence on regulating bone mass via a variety of mechanisms including: 1) affecting beneficial
bacteria, increasing oestrogen bioavailability, and then regulating bone mass with the aid of prebiotics; 2) increasing the expression of inflammatory
cytokine responses by the immune system; 3) producing metabolites of gut microbiome such as short-chain fatty acids; 4) changing intestinal permeability
and increasing the promoting effect of vitamin D on bone mineral absorption; and 5) impacting the gut-brain axis and the level of endocrines. 5-HT,
5-hydroxytryptamine; ALP, alkaline phosphatase; DC, dendritic cell; FMT, fecal microbiota transplantation; GR1-, granulocytes 1; IGF-I/I1, insulin like

growth factor-I/Il; IL-17, interleukin-17; LPS, lipopolysaccharide; NDO, non-digestible oligosaccharide; NF-kB, nuclear factor kappa-B; OC, osteocalcin; OPG,
osteoprotegerin; RANKL, receptor activator of NF-kB ligand; Runx2, runt-related transcription factor 2; SCFA, short-chain fatty acid; TNF-a, tumour necrosis

factor-a.

penicillin, vancomycin, and chlortetracycline, but more
studies are worth analyzing and provide probes for iden-
tifying specific antibiotics for the treatment of OP in the
future.
Probiotics. Probiotics, mainly referring to the beneficial
bacteria in the gut microbiome, are beneficial and harm-
less bacteria for humans.*” As the second largest human
genome, the expression of multiple genes in the gut mi-
crobiome is mainly performed by probiotics. These genes
encode the regulation of almost all gut activity and the
activity in some other organs. Among them, the most
prominent function related to the intestinal tract is the
regulation of SCFAs, branched-chain fatty acids, and vi-
tamins. Therefore, probiotics are the key components of
the gut microbiome for regulating bone metabolism.*®
The effects of probiotics on bone mass in animals have
been extensively reported.** In a randomized, placebo-
controlled, and double-blinded trial, 90 patients with low
BMD were randomly divided into two groups. One group
orally received Lactobacillus reuteri (L. reuteri 6475) daily,
while the other group received a placebo. At the end of
the trial, the loss of total BMD and trabecular volume

fraction was significantly reduced in patients taking
L. reuteri 6475 compared to the placebo group.’' Also,
Lambert et al*2 discovered a new red clover extract (RCE),
which was rich in isoflavone aglycones and probiotic
lactic acid bacteria. They found that this could improve
bone turnover and promote the production of oestrogen
metabolites in 78 patients with postmenopausal OP. The
final result showed that the bone loss in the RCE group
was two-times lower than that in the control group.
These clinical trials®'*? further demonstrated the clinical
feasibility of probiotic supplementation in the prevention
of bone loss and OP.

Taken together, the gut microbiome can be positively
regulated by probiotics such as Bacteroidetes, Firmicutes,
Lactobacillus, and SFB, and this method can be an adju-
vant therapy for OP in the future.

Other factors. The positive effects of exercise on bone
mass have long been confirmed by numerous studies.>*%*
As usual, we emphasize the effect of drugs on the gut mi-
crobiome but neglect the role of exercise. A new clinical
trial>* suggests that exercise can also affect the health of
the gut microbiome. The authors recruited 32 volunteers
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for six weeks of endurance-based exercise training.
Sequencing analysis showed that exercise increased the
fecal concentration of SCFAs. Once the exercise stops,
the gut microbiome will soon be reversed. Beta diversity
analysis conclusively showed that exercise can increase
the diversity of the gut microbiome, which was positively
correlated with host health and other related indicators.
Whether exercise actually affects bone mass through gut
microbiome is unknown, but exercise is certainly of clin-
ical significance.

Fecal microbiota transplantation (FMT) also has
great potential in the treatment of OP.>¢ FMT was first
reported to be effective in the treatment of Clostrid-
ioides difficile infection (CDI).%” In recent years, FMT
has been widely used in treating various diseases such
as Crohn's disease, metabolic syndrome, diabetes,
and nervous system diseases.*® Different from single
or mixed bacteria, FMT can restore stabilization of
the gut microbiome more quickly and efficiently.
Due to its abundant species and number, the original
active microbiome can be retained to the maximum
extent and the gut microbiome can be substantially
improved.

In conclusion, the development of OP is the result
of the combination of genetics, environment, nutrition,
and other factors such as activity loss and bone loss.
Many studies have proved that there are highly plausible
links between the gut microbiome and OP, so human
gut microbiota might be an important regulator in OP
aetiology. Several mechanisms have been proposed to
explain the role of gut microbiome in the aetiology of
OP, such as bone metabolism, immune responses, and
changes in microbial composition (Figure 1). However,
none of these can fully explain the causes of OP.

With the rapid development of modern sequencing
technology, we can find out the composition of micro-
bial communities related to environmental factors
(diseases, etc.) more comprehensively and accurately.
However, many challenges still remain in this area. The
main challenge nowadays is to confirm the role of gut
microbiota in OP and to investigate how gut microbiota
participates in bone metabolism. The revelation of these
results may be of great significance for us to analyze the
early pathogenesis of OP. Meanwhile, the effects of diet,
antibiotics, probiotics, and FMT on OP are to be studied
as a potential future treatment strategy. These therapies
may help to avoid the adverse effects of existing drugs
in the treatment of OP and provide ideas for new clin-
ical treatments in the future.
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