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Abstract: An expanding body of research asserts that the gut microbiota has a role in bone metabolism
and the pathogenesis of osteoporosis. This review considers the human gut microbiota composition
and its role in osteoclastogenesis and the bone healing process, specifically in the case of osteoporosis.
Although the natural physiologic processes of bone healing and the pathogenesis of osteoporosis and
bone disease are now relatively well known, recent literature suggests that a healthy microbiome is
tied to bone homeostasis. Nevertheless, the mechanism underlying this connection is still somewhat
enigmatic. Based on the literature, a relationship between the microbiome, osteoblasts, osteoclasts,
and receptor activator of nuclear factor-kappa-B ligand (RANKL) is contemplated and explored
in this review. Studies have proposed various mechanisms of gut microbiome interaction with
osteoclastogenesis and bone health, including micro-RNA, insulin-like growth factor 1, and immune
system mediation. However, alterations to the gut microbiome secondary to pharmaceutical and
surgical interventions cannot be discounted and are discussed in the context of clinical therapeutic
consideration. The literature on probiotics and their mechanisms of action is examined in the context
of bone healing. The known and hypothesized interactions of common osteoporosis drugs and
the human gut microbiome are examined. Since dysbiosis in the gut microbiota can function as a
biomarker of bone metabolic activity, it may also be a pharmacological and nutraceutical (i.e., pre-
and probiotics) therapeutic target to promote bone homeostasis.

Keywords: human gut microbiota; microbiome; osteoporosis; osteogenesis; bone health; probiotics

1. Introduction

The healing of bone after a fracture is unlike the healing of other organs in the body.
Bone is unique in that it heals without the formation of a fibrous scar due to its cellular
makeup. After a fracture, a series of processes allow the bone to create a new matrix
and structurally and functionally restore the defect. These healing processes are initiated
through cell signaling cascades, during which the increased blood flow caused by inflam-
mation allows the infiltration of cells, nutrients, and growth factors to the wound bed,
essential elements to begin the healing process [1]. Thus, bone healing can be compromised
by conditions that influence and alter natural cell signaling cascades in gut microbiota dys-
biosis [2,3]. While microbial dysbiosis is now being recognized as a significant contributor
to many human disease states [4,5], its contribution to perturbations in bone remodeling
and healing, such as in osteoporosis and osteopenia [6], has only recently been recognized,
although it cannot be underestimated.

Part of the impact of microbial dysbiosis on bone healing and ultimately bone health
is mediated by the gut microbiota in the trafficking of TNF+ T and Th17 inflammatory
cells to the bone marrow as well as influencing the overall inflammatory state of the
patient, in what is now being called the “brain–gut–bone” axis [7–9]. The inflammatory
cells recruited to the wound site by a host of growth factors and chemokines begin laying
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down the extracellular matrix for the new bone, forming a fibrous callus. The callus,
which may also be considered woven or immature bone as it develops and matures, is
weaker than normal bone but provides a scaffolding for future periosteal ossification
on the proximal and distal ends of the fracture [10]. After acute inflammation subsides,
mesenchymal stem cells, which have differentiated into osteogenic cells, begin the process
of periosteal ossification, forming successively thin layers of bone between underlying
healthy bone or cartilage and the fibrous callus, gradually replacing, or strengthening the
callus. Importantly, the bone healing process can only occur when there is a balance of
osteoclast and osteoblast activity [11].

The balance of osteoclast and osteoblast activity, and hence the bone healing and
remodeling processes, are tightly coupled through several signaling pathways, providing a
proper balance between resorption and new bone formation [12]. Interestingly, it has also
recently been shown that gut microbiota diversity is decreased in osteoporotic patients,
leading to a state of dysbiosis [2]. Based on the abundance of metabolite and cell signaling
molecules, particularly short-chain fatty acids such as butyrate [13], produced by the gut
microbiota, it stands to reason that these states of unbalance may be connected and should
be investigated. Furthermore, preclinical animal models have shown that alterations in the
gut microbiota can decrease the quality and hence the strength of bone tissue [14], and in
germ-free mice (i.e., mice without a gut microbiota), the number of osteoclasts was reduced,
leading to increased bone mass [15].

Osteoblasts and osteoclasts are an essential part of bone modeling and healing [16]. Os-
teoclasts are multinucleated cells that resorb bone and are derived from monocyte/macrophage
lineage cells. Osteoclastogenesis is mediated by osteoblasts expressing the membrane-
associated cytokine receptor activator of nuclear factor-kappa B ligand (RANKL) [17].
RANKL (receptor activator of NF-kappaB ligand) is a well-known osteoclast inducer.
RANKL and co-stimulatory signals govern osteoclastogenesis in the presence of macrophage-
colony-stimulating factor (MCSF) [18]. Importantly, osteoprotegerin (OPG) is a competitive
antagonist to RANK and will bind to RANK-L, classifying it as an osteoclastogenesis
inhibitor [9]. Consequently, resorption of bone and bone remodeling are upregulated by
this process. Improper bone remodeling caused by osteoclast defects has been related
to various bone disorders, including osteoporosis, rheumatoid arthritis, primary bone
malignancy, and skeletal metastases [19].

While the gut–brain axis is now a recognized component of many disease processes,
the brain–gut–bone axis is just starting to gain traction, offering potentially new targets
and methods to treat bone cellular imbalances that can lead to a primed immune system
and subsequently altered bone healing and osteoclastogenesis. This review considers the
human gut microbiota composition and its role in osteoclastogenesis and the bone healing
process, specifically in the case of osteoporosis. While the body of knowledge pertaining to
the microbiota and its effects on various physiological systems is vast, its relationship with
bone is only just emerging; however, it is clear, based on both the underlying relationship
with osteoclastogenesis as well as the influence of our current pharmaceutical treatments
on the gut microbiota, that it needs to be considered as part of a clinical treatment regimen
for osteoporosis or post-surgical bone healing.

2. Osteoporosis

Osteoporosis, which is primarily considered an unavoidable consequence of aging, is
estimated to affect over 200 million individuals worldwide, with an annual healthcare cost
of over USD 13.5 billion in the United States alone [20]. This systemic skeletal disease is
marked by low bone mineral density (BMD) and structural degradation, which increases
the risk of fragility fractures [21]. The concern is warranted as there are an estimated
8.9 million fractures due to this condition annually [20]. The World Health Organization
defines osteoporosis as a bone density T-score of 2.5 or more standard deviations (SD)
below the average density of healthy young adults with corresponding age and ethnicity.
Osteopenia, which is also characterized by decreased bone mass, although not to the same
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extent as osteoporosis, is defined as a T-score more significant than 1.0 but less than 2.5 SD
below the defined average. Imbalanced osteoblasts and osteoclasts are a hallmark of both
low BMD and poor bone healing [22].

Osteoporosis is characterized by an increase in osteoclast function, which subsequently
increases bone resorption, with a corresponding decrease in bone formation [23]. The
most prevalent causes of osteoporosis are menopause and age, as the bone remodeling
process is regulated by estrogen, parathyroid hormone, inflammatory cytokines, and
vitamin D [24]. Since bone is a plastic substance that undergoes continual remodeling
in response to both physiological and extracorporeal factors, increased bone resorption,
and concomitant bone loss, regardless of the underlying mechanisms [11,25], presents
a complex pathophysiology that can be influenced by genetic predisposition, as well as
pharmaceutics (e.g., glucocorticoids), lifestyle, and diet [24,26]. It is this complexity that can
make the underlying causes of osteoporosis particularly difficult to isolate and clinically
treat; hence, many treatments address the symptomology, doing little to influence the
underlying pathology.

3. Clinical Treatment of Osteoporosis

While there are a variety of suitable treatments available for osteopenia and osteoporo-
sis, proper clinical management requires a staged approach with careful consideration of
the timing of specific interventions. Current treatment recommendations include exercise,
supplementation with calcium and vitamin D (main components of ossified bone), and,
eventually, bisphosphonate treatment. However, there may be additional ways to treat this
condition, which may be more effective and have fewer side effects. In addition, a possible
window of opportunity exists between five and ten years after menopause, where bone
turnover markers (i.e., c-terminal cross-linked telopeptide (CTX) and Deoxypyridinoline
(DPD)) are highest [27].

Many women will develop osteopenia after menopause but do not yet meet the
criteria for diagnosis of osteoporosis; this may be the ideal time for initiating a more
conservative treatment to prevent the progression from osteopenia to osteoporosis, possibly
resulting in better long-term efficacy [3]. Regardless of the timing, clinical treatments can
be divided into four primary areas, which vary in their invasiveness: lifestyle modification,
nutraceutical supplementation, pharmaceutical intervention, and surgical management.
Each of these areas will be explored in the following sections.

3.1. Lifestyle Modifications

Lifestyle modifications are indicated uniformly to prevent bone loss in patients at
risk for developing osteoporosis. Adequate calcium and vitamin D, exercise, smoking
cessation, fall prevention counseling, and avoiding heavy alcohol consumption are all
lifestyle strategies that should be included in a comprehensive management strategy,
particularly for those with a family history of osteoporosis [24]. Furthermore, individuals in
the initial stages of osteoporosis or experiencing osteopenia should avoid using medications
that promote bone loss, such as glucocorticoids [28]. Diet modification and exercise
are among the two most beneficial and conservative treatment approaches. Studies in
rodents show promising results for the addition of high-fiber diets and the resultant
increase in the gut microbiome production of short-chain fatty acids (SCFA), particularly
butyrate [14], the primary metabolites of microbial fermentation in the gut [29]. SCFAs
appear to protect against postmenopausal and inflammatory bone loss, repair intestinal
barriers, and prevent the development of osteoporosis in mice [30–32]. These results seem to
translate to studies in human populations, where an association between increased dietary
fiber consumption and bone mineral density has been demonstrated [33,34]. Furthermore,
in cases of glucocorticoid-induced bone loss, there is preclinical evidence in a rat model,
which found that the addition of dietary kaempferol, a flavonoid found in fruits and
vegetables, induced higher expression of osteogenic markers, and functionally seemed to
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improve callus formation at the site of injury and to reduce bone loss, effectively countering
the adverse effects of glucocorticoids on bone health [35].

Alternatively—or, perhaps, in addition—to dietary changes, exercise has demon-
strated several beneficial health effects, including improved musculature to support fall
prevention and improved bone mineral density (BMD) [26,36]; however, exercise should
not be the only treatment for low BMD but a vital component of a comprehensive treat-
ment plan, bearing in mind that not every exercise regimen prescribed is done so with an
evidence-based approach and not every patient will be able to perform the ideal exercise
plan. Furthermore, it is equally important to remember that although bone is plastic, the
benefits of an exercise regimen on bone health require a sustained effort greater than the
3–8-month typical bone remodeling cycle [37]. A comprehensive discussion of the ideal
exercise regimen to support bone health is beyond the scope of this review; however, the
reader is directed to a good, recent review by Daly et al. on the optimal exercise training
program for bone health [37]. Pagnotti et al. also produced a valuable review in which
they take a more cellular approach to consider the mechanism of the beneficial effects of
exercise [38]. Regardless of the specific mechanism of benefit, the evidence for lifestyle
modification indicates that it should be a first-line clinical recommendation to prevent the
patient from progressing from osteopenia to osteoporosis.

3.2. Nutraceutical Supplementation

Nutraceutical interventions are easily accessible and a relatively inexpensive recom-
mendation that clinicians should consider as first-line measures in the clinical management
of osteopenia and osteoporosis. Increased calcium intake supplemented by vitamin D
has been shown to reduce the rate of bone mineral loss without harming the intestinal
microbiota [39]. Supplemental elemental calcium (usually 500 to 1000 mg/day) should be
taken in split doses at meals by patients with insufficient dietary calcium intake, raising
their total calcium intake to approximately 1200 mg/day [40]. The total intake of calcium
(diet plus supplements) should not routinely exceed 2000 mg/day because of the possibility
of adverse effects, including nephrolithiasis, cardiovascular disease, dyspepsia, iron and
thyroid hormone dysregulation, and constipation [41]. However, calcium supplementation
alone may not significantly decrease fracture risk [42]. There is controversy regarding the
dosing of vitamin D. However, it is known that vitamin D3 (Cholecalciferol) promotes cal-
cium uptake in the small intestine [41,43]; therefore, ensuring adequate levels is necessary
and may merit supplementation after proper risk and benefit considerations [44]. Prebiotics
and probiotics have been found to help with various chronic inflammatory diseases, and
there is increasing evidence that they can also help with calcium metabolism and bone
health (see Sections 4 and 5) [45]. Furthermore, the addition of probiotics, antibiotics, or
mucus supplementation to mice treated chronically with glucocorticoids prevented the
development of glucocorticoid-induced osteoporosis [46].

3.2.1. Probiotic Supplementation

Probiotic supplementation in mice has been shown to increase trabecular bone for-
mation after surgery, indicating that it may be an essential consideration for human bone
healing after surgical fracture repair, particularly for osteoporotic patients [47]. This as-
sertion is supported by the fact that supplementation with Bacillus subtilis, lactobacillus,
and multispecies probiotic administration have shown beneficial effects not only on the
human gut microbiota [48,49] but also on markers of bone turnover [50] and short-term
prevention of lumbar spine bone loss [48,51]. Notably, there are conflicting results as to
whether probiotics can prevent loss of BMD in the long term [50]. While anecdotal evi-
dence of the benefit of probiotics on bone health is beginning to be supported with rigorous
scientific inquiry [52,53], a complete picture of the various proposed mechanisms of action
supports the evidence. The interaction between lactose-based prebiotics and probiotics
reduces osteoporosis through multiple mechanisms [52,54,55]. The following have been
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identified as mechanisms underlying the interaction of a healthy gut microbiota that leads
to increased bone mineral density (Figure 1).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 27 
 

 

action supports the evidence. The interaction between lactose-based prebiotics and probi-
otics reduces osteoporosis through multiple mechanisms [52,54,55]. The following have 
been identified as mechanisms underlying the interaction of a healthy gut microbiota that 
leads to increased bone mineral density (Figure 1). 

 
Figure 1. Mechanisms of interaction between the human gut microbiota and bone that lead to increased bone mineral 
density or suppression of osteoporosis. Created with BioRender.com. 

3.2.2. Mechanisms of Microbiota Impacts 
• Increase solubility of inorganic salts to improve their absorption across the gut wall 

[56]—The availability of inorganic salts such as phosphate is critical for bone mineral 
deposition by osteoblasts and bone homeostasis [57]. This effect may be partially due 
to the metabolism of mineral complexed phytic acid [58] by microbial synthesized 
phytase into inorganic phosphate and a myoinositol phosphate derivative [52]. 

• Bolster mineral absorption surface in the gut—By promoting the proliferation of en-
terocytes and colonocytes, gut microbiota homeostasis is mediated, and mineral ab-
sorption in the gut is supported. Furthermore, increased colonocyte metabolism has 
been documented to promote obligate anaerobes, which are known to metabolize 
fiber, thereby increasing SCFAs, which is critical for bone homeostasis, among other 
physiological functions [59]. 

• Restore and maintain gut epithelium barrier—Enhancing the gut’s barrier function 
is integral to gastrointestinal immunity [60]. A healthy gut epithelial barrier prevents 
the hyperpermeability that comes with damaged tight junctions [61]. Hyperpermea-
bility or a “leaky gut” leaches unusually high levels of inflammatory cytokines, pro-
ducing systemic inflammation and leading to hyperactive osteoclasts and bone deg-
radation [62]. 

• Support osteoimmunity through microbiota metabolites—Short-chain fatty acids 
(SCFAs) produced by the gut microbiota offer anti-inflammatory effects by inhibiting 
the activation of nuclear factor kappa-light-chain-enhancer of activated B cells, re-

Figure 1. Mechanisms of interaction between the human gut microbiota and bone that lead to increased bone mineral
density or suppression of osteoporosis. Created with BioRender.com.

3.2.2. Mechanisms of Microbiota Impacts

• Increase solubility of inorganic salts to improve their absorption across the gut
wall [56]—The availability of inorganic salts such as phosphate is critical for bone min-
eral deposition by osteoblasts and bone homeostasis [57]. This effect may be partially
due to the metabolism of mineral complexed phytic acid [58] by microbial synthesized
phytase into inorganic phosphate and a myoinositol phosphate derivative [52].

• Bolster mineral absorption surface in the gut—By promoting the proliferation of
enterocytes and colonocytes, gut microbiota homeostasis is mediated, and mineral
absorption in the gut is supported. Furthermore, increased colonocyte metabolism
has been documented to promote obligate anaerobes, which are known to metabolize
fiber, thereby increasing SCFAs, which is critical for bone homeostasis, among other
physiological functions [59].

• Restore and maintain gut epithelium barrier—Enhancing the gut’s barrier function is
integral to gastrointestinal immunity [60]. A healthy gut epithelial barrier prevents
the hyperpermeability that comes with damaged tight junctions [61]. Hyperperme-
ability or a “leaky gut” leaches unusually high levels of inflammatory cytokines,
producing systemic inflammation and leading to hyperactive osteoclasts and bone
degradation [62].

• Support osteoimmunity through microbiota metabolites—Short-chain fatty acids (SC-
FAs) produced by the gut microbiota offer anti-inflammatory effects by inhibiting the
activation of nuclear factor kappa-light-chain-enhancer of activated B cells, reducing
auto-immune inflammation [63]. Additionally, SCFAs, specifically propionate and
butyrate, metabolically reprogram osteoclasts by downregulating TRAF6 and NFATc1
to inhibit osteoclastogenesis and bone resorption, effectively increasing bone density
without directly altering osteoblasts [30].
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• Reduce oxidative stress [64]—Oxidative stress is documented to cause excessive os-
teocyte apoptosis, which generates an imbalance favoring osteoclastogenesis, leading
to increased bone remodeling, turnover, and loss [65]. Strain-specific probiotics can
relieve oxidative stress by producing several antioxidant molecules (e.g., glutathione,
folate, and exopolysaccharide). In addition, the SCFAs produced by several gut
microbiota can also help to relieve oxidative stress by promoting the production of
antioxidant molecules [66,67].

• Modulate the immune response to microbiota [68]—The effects of normal gut micro-
biota are appreciated when discussing the abnormal rather than the normal. In an
abnormal state, the immune system’s reaction to microbiota stimulation leads to an
increase in circulating osteoclastogenic cytokines through the action of T-cells. This
degradative process is not active in normal gut microbiota states [8].

• Promote genetic changes in intestinal epithelial cells [69]—Although it is not com-
pletely clear how they accomplish it, specific gut microbiota can prompt the genetic
modification of cells. Recently, it was shown that Bifidobacterium lactis species up-
regulated cyclooxygenase-1 (Cox-1) and downregulated Cox-2 gene expression in a
Caco-2 cell culture model. This outcome is thought to lead to a decrease in tissue
damage and inflammation [70].

• Increase antimutagenic activity [52,71,72]—Although this capability has largely been
explored in the context of cancer [73], certain species of lactic acid microbiota can
bind potent mutagens such as pyrolyzates [74,75] and heterocyclic amines [76,77]
in the gut to decrease the mutagenic activity of these compounds. Reducing DNA
damage reduces inflammation, protects the gut wall, increases mineral absorption,
and suppresses osteoporosis [78].

• Increase expression of calcium-binding proteins in the gut wall—Increasing calbindin-
D9k gene expression in the gut wall can increase the ability to absorb calcium [79],
effectively suppressing bone degradation and promoting bone deposition by suppress-
ing the actions of parathyroid hormone [39]. In addition, enhanced calcium absorption
and inhibition of parathyroid hormone activity and insulin-like growth factor 1 pro-
duction can also modify the development of osteoclasts and osteoblasts [80,81].

• Modulation of growth factors and hormones [82]—The gut microbiota should be con-
sidered an endocrine organ based on the plethora of secreted molecules. Specifically,
the gut microbiota promotes the production of IGF-1 through a proposed SCFA-
mediated pathway [83]. IGF-1 is known to stimulate the differentiation of osteoblasts,
osteoclasts, and chondrocytes. The gut microbiota may also enhance bone degradation
through a cortisol-mediated interaction [82,84]; however, the evidence is indirect, and
the precise mechanism is unclear. The gut microbiota also modulates gut serotonin
production, a molecule that interacts with bone cells and has been suggested to act as
a bone mass regulator [85].

3.3. Pharmaceuticals

Patients who are at high risk of fracture or who have experienced a fragility fracture
are most likely to benefit from a pharmaceutical adjunct therapy in addition to lifestyle
and other more conservative interventions. Therefore, it is preferable to design a patient’s
treatment strategy based on their fracture risk, which is assessed by a combination of
bone mineral density (BMD) and clinical risk factors [86]. Notably, although there are
many pharmaceutical options to support bone balance and remodeling, their success is
often dictated by patient compliance with most pharmaceutical treatments. Hence, the
clinical use of such interventions must include patient counseling. Additionally, before
initiating pharmacologic therapy, all patients should have within-range blood calcium
and 25-hydroxyvitamin D levels, and nutraceutical intervention should be given if food
consumption is insufficient. Pharmacological therapies for osteoporosis can be subclassified
as either antiresorptive, anabolic, or hormone modulating agents (Table 1).
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Bisphosphonates, a class of antiresorptive drugs, have been widely used since their
first use in bone disorders was described in the 1960s. Progressive new frontline treatments
are rising in popularity, though, such as denosumab and anabolic agents including parathy-
roid hormone-related peptide analogs and anti-sclerostin antibodies [87,88]. A complete
description of specific members of this drug class with their benefits and side effects is
beyond the scope of this review; however, other good reviews consider these topics and
the clinical implementation of this class [89]. In addition, patients who have recently had
a fragility fracture, such as a hip fracture, should consider therapeutic pharmacological
treatment for osteoporosis due to their increased risk of a second fracture [90].

3.4. Fracture in Osteoporotic Patients: Surgical Fracture Reduction

Osteoporotic patients have poor bone quality, decreased bone mineral density, and re-
duced potential for bone regeneration [91], placing them at higher risk of fragility fractures.
Altered bone mineral properties increase risk of implant failure after open reduction and in-
ternal fixation (ORIF) or total joint arthroplasty due to fixation insufficiency [92]. Compared
to healthy individuals, those with osteoporosis form a weaker callous and bony union,
contributing to the aseptic loosening of the implant [92,93]. The use of bisphosphonates in
conjunction with surgical repair may improve the formation of the callous [94–96]. Revision
surgeries and periprosthetic fractures are common in total knee and total shoulder arthro-
plasties in individuals with osteoporosis [97,98]. In spinal fusion patients, pre-existing
osteoporosis leads to extended hospital stays, increased medical costs, and higher rates of
revision surgery within the first two years [99,100].

Surgeons performing these operations should be aware of the osteoporotic status and
recognize the possibility that augmentation of the procedure with lifestyle modifications,
supplements, or pharmacological treatments may be necessary [90,101]. However, it is
unclear whether the treatment choice is or should be modified based on the underlying
mechanism of bone remodeling imbalance. Recently, a multistakeholder coalition was as-
sembled by the American Society for Bone and Mineral Research to develop evidence-based
treatment recommendations. The reader is referred to the 2020 published recommendations
to prevent second fractures [90]. Unfortunately, these recommendations did not consider
the impact of the gut microbiota on bone remodeling.
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Table 1. Mechanisms of action and treatment recommendations for osteoporosis.

Intervention Mechanism Treatment Recommendation References
Lifestyle Modification

Exercise
Exercise-induced mechanical loading increases bone mass by
regulating the hormones, cytokines, signaling pathways, and
noncoding RNAs in bone metabolism.

Patients who have osteopenia or osteoporosis, or would like to
prevent it, should exercise for at least 30 min three times a week.
Resistance training, jogging, jumping, and walking are generally
considered effective.

[102–105]

Diet

1. Reactive oxygen species induce the apoptosis of
osteoblasts and osteocytes. Excessive osteocyte apoptosis is
linked to oxidative stress, which causes an imbalance in
favor of osteoclastogenesis, resulting in more significant
bone remodeling turnover and loss.

1. A diet high in antioxidant-rich foods, such as foods high in
polyphenols, supports antiresorptive therapies for the treatment
and prevention of bone loss.

[62,65,106–109]2. In chronic inflammatory states, overproduction of
cytokines such as tumor necrosis factor, interleukin-1 (IL-1),
IL-6, and IL-17 is linked to inflammation. In addition,
specific cytokines can impede osteoblast function; their
overexpression during inflammation leads to excessive bone
degradation, primarily due to hyperactivation of osteoclasts.

2. An anti-inflammatory diet may delay the course of osteoporosis
by regulating inflammatory activity, modifying the lipid profile,
boosting antioxidant levels, and altering the gut’s microbiota.

Smoking Cessation

1. Smoking lowers circulating estrogen levels, as seen by
higher blood concentrations of follicle-stimulating hormone
and luteinizing hormone. Smoking may also increase bone
resorption, causing a rise in blood calcium levels, a drop in
serum parathyroid hormone levels, and increased urine
hydroxyproline and pyridinoline excretion.

Smoking cessation is strongly recommended to all patients
concerned with their skeletal health.

[110–112]

2. The chemical composition of smoking (and vaping to a
lesser extent) can interfere with other therapeutic measures
included in a comprehensive treatment regimen.

Nutraceuticals

Calcium with Vitamin D
Vitamin D3 (Cholecalciferol) increases calcium uptake in the
small intestine. Increased calcium in the blood promotes
bone deposition and suppresses bone resorption.

Total calcium intake (diet + supplements) should approximate
1200 mg/day. Women should also ingest a total of 800
international units of vitamin D3 daily.

[113–115]

Probiotics

Can improve calcium balance, prevent secondary
hyperparathyroidism, and attenuate age-related increase
in bone resorption and bone loss via multiple proposed
mechanisms outlined in Section 3 of this review.

No probiotic strategy is currently included in the standard of care
or as a primary treatment for osteoporosis.

[52,53,116,117]It may benefit overall bone health if consumed daily as
preparations with active live cultures containing bacteria,
such as lactobacilli, lactococci, or bifidobacteria isolated from
natural environments.
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Table 1. Cont.

Intervention Mechanism Treatment Recommendation References
Pharmaceuticals: Antiresorptive Agents

Bisphosphonates
Nitrogen-containing bisphosphonates selectively inhibit
farnesyl pyrophosphate synthase (FPPS) within osteoclasts,
inhibiting osteoclast activity.

Oral bisphosphonates are considered as first-line treatment.
However, alendronate or risedronate are commonly used and are
considered safe and efficacious.

[95,118,119]

Denosumab

Binds with high specificity and affinity to the cytokine
RANKL, thereby inhibiting its action; as a result, osteoclast
recruitment, maturation, and action are suppressed, and
bone resorption slows.

Used as initial therapy in certain patients at high risk for fracture,
such as older patients who have difficulty with the dosing
requirements of oral bisphosphonates or who have markedly
impaired renal function.

[120–122]

Pharmaceuticals: Anabolic Agents

PTH/PTH-RP Analogs
Stimulates bone formation and activates bone remodeling
through RANK/RANKL. Intermittent administration of
recombinant human PTH or PTHrP has been shown to
stimulate bone formation more than resorption.

Indicated in severe cases of osteoporosis (T-score of ≤−3.5 even
in the absence of fractures, or T-score of ≤−2.5 plus a fragility
fracture). May prescribe for patients with osteoporosis who
cannot tolerate bisphosphonates or who have contraindications
to oral bisphosphonates and patients who fail other
osteoporosis therapies.

[123–125]

Romosozumab

Sclerostin inhibits WNT/catenin signaling in osteoblasts and
osteocytes, decreasing OPG expression. Direct actions of
sclerostin on osteocytes stimulate RANKL expression.
Monoclonal anti-sclerostin antibody (Romosozumab) inhibits
sclerostin and enhances osteoblast function to improve bone
mass and reduce fractures.

Not considered initial therapy for most patients with osteoporosis.
Candidates include patients with multiple fragility fractures, those
at high risk for fracture, or those who cannot tolerate any other
osteoporosis therapies.

[88,126,127]

Pharmaceuticals: Hormone Modulators

Selective Estrogen
Receptor Modulators

Acts upon estrogen-sensitive tissues and functions as an
estrogen agonist in bone to prevent bone loss and has
estrogen antagonist activity to block some estrogen effects in
the breast and uterine tissues. Decreases bone resorption,
increasing BMD and decreasing fracture incidence.

Usually recommended for osteoporosis when there is an
independent need for breast cancer prophylaxis. [128,129]

Estrogen/Progestin Therapy

Estrogens regulate the activity of bone-forming osteoblasts
and bone-resorbing osteoclasts, which regulate bone mass
and strength. The cellular actions of estrogen are mediated
primarily through estrogen receptor alpha (ERα), which is
present in estrogen-sensitive tissues such as bone.

No longer a first-line approach. Indicated for postmenopausal
women with persistent postmenopausal symptoms and an
indication for antiresorptive therapy who cannot tolerate
other drugs.

[130–132]
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4. Human Gut Microbiota: Physiologic Role

Over 90% of cells in the human body are microbes, most of which are located in the
distal gut [16]. While isolating and growing each particular species is seemingly insur-
mountable and often impossible due to the anaerobic and other physiologic conditions of
the gut, metagenomics and biostatistical inference analyses such as PICRUSt [133] have
allowed the identification of a human gut microbial profile considering both the composi-
tion and function of the physiologic human gut microbiota. In addition to the 553 bacterial
species previously known to inhabit the gut, metagenomic sequencing research revealed
1952 unclassified bacterium species in the human gut microbiome [5,134]. While the
mechanistic understanding of the microbiome’s effect on specific physiologic processes is
still in its infancy, the gut microbiome, directly and indirectly, regulates human nutrition,
metabolism, vitamin production, immune system function, and molecular and cellular
translocation across the gut endothelium barrier [135,136]. While a comprehensive discus-
sion on the known composition of the gut microbiota is beyond the scope of this review,
Almeida et al. provide an excellent, detailed discussion on the characteristic typography of
gut microbiota relative to their location for the reader’s further inquiry [134].

The importance of mutualistic, gut-bacterial communities in human health has been
underlined by accumulating research over the last two decades. The pathogenesis of
chronic, non-communicable, clinical conditions linked to alteration in the gut microbiome
or dysbiosis of the gut microbiota includes inflammatory bowel disease [137], obesity [138],
metabolic disease [139], malnutrition [140], neurological disorders [141], malignancy [142],
and cardiovascular disease [143]. Colonocyte metabolism appears to control the transition
between homeostatic and dysbiotic microbiota communities. Colonocyte metabolism
involves oxidative phosphorylation during homeostasis, resulting in increased epithelial
oxygen demand. The resulting epithelium hypoxia aids the maintenance of a microbial
population dominated by obligate anaerobic bacteria, which assist the host by turning fiber
into fermentation products that may be ingested. Conditions that change the colonic
epithelial metabolism enhance epithelial oxygenation, leading to a rise in facultative
anaerobic bacteria, a sign of dysbiosis in the colon [59]. Hence, it is becoming abundantly
clear that the gut microbiota composition and relative populations of bacterial species
associated with health along various physiological axes must be considered and protected
from treatment-induced dysbiosis, either indirectly through colonocytes or directly acting
on the gut microbiota whenever possible. This elucidation poses a particularly vexing
problem as the nature of the nexus between human health and gut microbiota, the relative
abundance of distinct species, and their essential functions in various physiological systems
pose a highly complex network of interactions that should be of significant consideration
in biomedical research.

This network of interactions that can be affected by gut microbiota dysbiosis extends
beyond those directly connected to the gut. There is mounting evidence that the micro-
biome can play a significant role in the health and function of organs outside of the gut.
Disruption of the microbiota balance, and thus the integrity of intestinal tissues, results
in increased translocation of microbiota and their bacterial byproducts (e.g., lipopolysac-
charides, microbial-associated molecular patterns (MAMPs), and SCFAs), evoking both
systemic and local immune responses [144], imparting the ability of the gut microbiota to
impact distant organs such as bone [4]. Of particular concern for bone health is the gut mi-
crobiota’s fermentation of dietary fiber to yield short-chain fatty acids (SCFAs), endogenous
signals that play significant roles in lipid homeostasis and inflammation reduction [145].
Studies have also suggested that increased SCFAs positively impact BMD [30,31]. Thus,
SCFA absorption is a nutritional consideration for patients and could have implications for
the overall nutrition status of a patient, ultimately affecting physiological processes such as
healing [146].
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Human Gut Microbiota: Role in Osteoporosis and Osteoclastogenesis

Discovering that the host’s microbiome can influence even remote tissues has given
rise to the field of osteomicrobiology, the study of microbiota in bone health, and the
processes through which the microbiota influences skeletal growth, bone aging, and patho-
logic bone loss. The human gut microbiota and the host interact positively, impacting a
dynamic equilibrium that influences bone mass [147]. Recent studies in osteomicrobiology
have linked changes in bone phenotype to changes in gut flora. A balanced, “healthy”
microbiome appears to be necessary to prevent sex hormone deficiency from inducing
bone loss, a supposition supported by evidence that the supplementation of probiotics
in the diets of ovariectomized mice led to the reversal of the pathogenic process of osteo-
porosis [8,47]. Furthermore, an examination of several studies that have evaluated the
amount and diversity of bacterial populations in the gut of patients with osteoporosis has
made it clear that osteoporotic adults appear to have reduced diversity of organisms, with
increases in certain species such as Fusobacterium, Dialister, Faecalibacterium, and Tolumonas
and decreases in Bacteroides and Roseburia spp. [2,3,48,148]. Initial conjecture about the un-
derlying mechanism of such an effect leads to a potential immune-mediated effect. Indeed,
part of the association between the gut microbiota and bone healing and remodeling is
moderated by immune cells.

Many cell signaling cascades necessary for immune cell maturation and function,
in part, depend on the gut microbiota for continued optimal function and homeostasis
throughout life. Though incredibly complex, the leading hypothesis of recent literature
regarding the connection between overall bone health and the gut microbiome centers
around T and Th17 immune cells [7,8]. In a T-cell-dependent mechanism, the immune sys-
tem’s reaction to microbiota stimulation increases circulating osteoclastogenic cytokines [8].
Furthermore, although the role is not entirely understood, it appears that Th17 immune
cells are an integral member of the osteoclast population; thus, it can be postulated that
any imbalance of the gut microbiome may, in turn, affect a critical immune mechanism
necessary for bone homeostasis. Beyond proposed T-cell-mediated interactions, the broader
immune system’s reaction to the microbiome results in the creation of a number of circu-
lating cytokines and cell-based immune effectors that have a significant impact on bone
cells, indicating that therapeutic approaches to treat bone remodeling and bone healing
disorders may benefit from considering the health of the gut microbiota. However, these
limited studies clearly show that a complete picture of the impact of microbial imbalance
in the development of osteoporosis is critical; illuminating this relationship in the context
of bone healing and osteoclastogenesis is fundamental to clinical implementation.

Although the influence of the gut microbiota on the host immune system has a
comparatively long, documented history, it is not the only potential mechanism by which
the gut microbiota may influence bone health. Steroid hormones, parathyroid hormone
(PTH), and vitamin D metabolites may all be affected by the microbiota [13]. Furthermore,
bacteria-derived compounds, such as vitamins, may reach the bloodstream and directly
impact bone cell activity [53,136]. Alternatively, the gut microbiota might influence the
development of osteoporosis through its effect on host micro-RNAs (miRNAs), which
are non-coding RNA molecules involved in the regulation of gene expression. Several
miRNAs can influence transcripts connected to osteoblast differentiation in osteoporosis,
such as miRNA-33-5p [149], miRNA-194 [150], and miRNA-433-3p [151]. Although it
is not fully understood, in a feedback mechanism that supports microbial dysbiosis of
the gut, microbiota may influence host miRNAs, which in turn may suppress osteoblast
development, posing a barrier to osteoporosis repair [152]. Of particular clinical interest
may be the recent suggestion that miRNA and probiotics may play an essential role in
host–microbe intercommunication [153]. Beyond the effects on miRNA, Uchida et al. also
considered a transcriptome-level analysis, finding transcripts for both anabolism and
catabolism to be upregulated in the presence of commensal microbiota [154].

While nucleic acid-based influences continue to be revealed, microbial-produced
metabolites and growth factors may have a more direct effect. Insulin-like growth factor 1
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(IGF-1), a growth factor known to impact bone via endocrine and paracrine–autocrine
mechanisms, also needs to be considered as a possible pathway for microbial impacts
on bone [80]. IGF-1 is a potent bone regulator. Exogenous IGF-1 increases longitudinal
femur development, and cartilage-specific deletion of the receptor reveals that IGF-1 is
required for growth plate maturation and secondary ossification center development.
Mice with a defined microbiota had greater IGF-1 levels than germ-free (GF) mice [155].
However, it is unclear if colonizing adult GF mice with microbiota is enough to raise
IGF-1 levels or if IGF-1 levels stay increased in older colonized mice. At 1 and 8 months
after colonization, colonized mice had substantially higher IGF-1 levels than GF controls,
and a tendency toward higher serum IGF-1 was seen as early as seven days following
colonization. Additionally, although colonization with gut bacteria may promote local
IGF-1 synthesis, the effect on circulating IGF-1 was not as substantial. In a somewhat
parallel experiment, drosophila insulin/IGF-like peptide activity was raised in sterilized
flies colonized with healthy microbiota, and IGF-1 was shown to mediate the microbiome’s
influence on postnatal growth. The evidence is now clear; the gut microbiota can influence
the levels of IGF-1, and IGF-1 has a significant impact on bone development and healthy
maintenance [156].

Overall, there are multiple potential pathways by which the gut microbiota can
impact bone healing and remodeling through osteoclastogenesis (see Section 3.2). The
abundance of direct, indirect, and observational evidence of such an effect is overwhelming.
It potentially necessitates revised clinical guidelines that protect, support, and perhaps
even restore the health of the gut microbiota while simultaneously promoting a healthy
bone metabolism, particularly during conditions of cellular imbalance (i.e., osteopenia
and osteoporosis).

5. Bioactive Compounds and the Human Gut Microbiome

While it is now clear that a working knowledge of how the microbiota affects bone
health naturally through a variety of immune regulators, cytokines, miRNAs, hormones,
and other small molecules is essential for clinical orthopedics, it is equally clear that a
variety of interventional bioactive compounds (antibiotics, prebiotics, and probiotics) can
have a profound impact on the growth, development, and function of the gut microbiota.
Bioactive compounds can be both beneficial and harmful in the overall function of the gut
microbiota, often altering the balance of species present, potentially leading to dysbiosis.
Unfortunately, imbalances early in life can lead to significant morbidities later in life. How-
ever, more research is needed to elucidate how this long-term sequence occurs, particularly
in osteoporotic patients. Alternatively, in adult patients, emerging research supports the
microbiome’s connection to overall health by solidifying the benefits of a healthy diet, with
prebiotics and probiotics, in conjunction with antibiotic stewardship. Indeed, there is a
growing body of evidence that the optimization of prebiotics, probiotics, and dietary fibers
has reproducible health benefits, with specifically lasting benefits on bone health, including
decreased incidence of postmenopausal osteoporosis in women [45], keeping in mind that
the clinical recommendations for such nutraceuticals remain enigmatic at best due to a
lack of regulation [157]. The above notwithstanding, a broad array of research supports
the aforementioned connection. McCabe et al. demonstrated that probiotics benefit bone
growth, density, and structure when given during conditions of dysbiosis [158]. Echoing
this connection, Zmora further mentions that there can be bacterial colonization resistance
to standard probiotics, lending the idea that bioactive drugs such as prebiotics, probiotics,
or antibiotics will need to take on an unprecedented, personalized treatment approach in
the future [159]. Indeed, the impact of these and other exogenous bioactive compounds
on the gut microbiota can vary based on the patient’s age and supports the need for a
more personalized approach. With newer technologies able to relatively quickly detect and
quantify specific bacterial species in response to environmental changes, patient-specific
recommendations and treatment for pathological conditions can be implemented as part of
an improved treatment regimen. A more complete picture of pharmacological treatments
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and their interaction with the gut–bone axis [9] can lead to more optimized management
of common orthopedic pathologies, including osteoporosis (Figure 2).
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particularly after an injury, in what is now being called the gut–bone axis. Many of the regulatory
actions are mediated by the microbiota’s metabolic products. Based on this newly recognized
microbiota role, bone homeostasis or dysbiosis may be modulated by lifestyle changes, nutraceuticals,
or pharmacological agents. Created with BioRender.com.

5.1. Pharmacological Gut Microbiota and Fracture Treatment: Known Interactions

While significant evidence regarding how alteration of the gut microbiota, mainly
through the growing use of bioactive drugs and the cautious use of antibiotics, can impact
human health exists, it only scratches the surface of the important effects that such drugs
have on the gut microbiota and our vital homeostatic systems, especially those involved in
bone health and healing after fracture. A growing number of literature reports raise the
level of evidence and provide confidence that commonly prescribed drugs that significantly
affect bone homeostasis may interact with other physiological systems, such as the gut
microbiome, necessary for optimal bone function. Considering the growing body of
evidence that links a healthy gut microbiota with bone homeostasis, the therapeutic benefits
of commonly prescribed drugs and supplements, many of which are known to alter the
gut microbiota [160,161], for osteopenia and osteoporosis should be reexamined. Common
pharmaceutical interventions for osteoporosis, including active anti-osteoporotic agents
(e.g., bisphosphonates, biologics), pain management (e.g., NSAIDs), and supplements (e.g.,
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vitamin D and calcium), may synergistically improve or inadvertently harm a subset of
patients based on the current status of their gut microbiota (i.e., healthy or unbalanced).
Hence, considering a patient’s unique gut microbial composition and the apparent and
created importance of the microbiota in bone health, future treatment approaches for
osteoporosis must take an unprecedented, personalized approach. Unfortunately, gaps
remain in the current understanding of the gut–bone axis that will make this challenging.
More studies are needed to complete the picture and establish clear boundaries for a
cause-and-effect relationship. Some of our most common osteoporosis treatments and their
impact on the gut microbiota are explored below and are summarized in Table 2.

5.1.1. Bisphosphonates

Although bisphosphonates are the first-line treatment for many patients with osteo-
porosis, few studies have been performed to determine any substantial link between the
complex nature and function of the gut microbiome and bisphosphonate use. However,
in a recent study, bisphosphonates were shown to have potential antiparasitic activity
through interaction with the mevalonate (MVA) pathway, one of two primary pathways
for synthesizing isoprenoids [162]. Until recently, it was thought that the MVA pathway
was rarely used in bacteria; however, in a 2011 study on the genetic origins of the MVA
pathway, several species of the phyla Bacteroidetes and Firmicutes, predominant phyla
in the gut microbiome [163], were identified as having enzymes of the pathway [164]. In
a similarly impactful 2017 study, Hayakawa et al. identified the MVA pathway and an
MVA-like pathway in several additional bacterial species, some of which are opportunistic
pathogens, leading them to hypothesize that the MVA pathway may provide an evolution-
ary advantage to these species [165]. Considering the presence and predominance of the
MVA pathway bacterial species in the gut, the essential nature of the pathway for bacterial
survival, and the documented inhibition of the pathway by bisphosphonates, it stands to
reason that bisphosphonate use will alter the gut microbiota in some way. This hypothesis
is indirectly supported by a recent report from Kalyan et al. that postulated that the long-
term use of bisphosphonates could lead to gut microbiome-related immunosuppression
associated with osteonecrosis of the jaw [166]. Therefore, although these medications clas-
sically have relatively benign side effects, the pharmacodynamic properties of the drugs,
including a relatively long half-life, may have substantial unforeseen long-term effects on
the body and their impact on the gut–bone axis needs to be critically evaluated.

5.1.2. Monoclonal Antibodies

Denosumab, a humanized RANKL monoclonal antibody, is another medication used
as a monotherapy or bisphosphonate-adjunct therapy for a subset of postmenopausal
female patients with severe osteoporosis. In general, the safety profile of these anabolic
medications is favorable. However, very little is known regarding any connection between
the use of Denosumab on the human gut microbiome and how this interaction may affect
overall bone health and healing. Nevertheless, there is indirect evidence based on a
recent animal study by Khafipour et al. in mice with colitis, which demonstrated differing
microbial diversity in mice treated with Denosumab [167]. Although the results have
no direct bearing on bone homeostasis, the effects of Denosumab on bone health may
either be enhanced or suppressed based on alterations in the gut microbiota. Alternatively,
Romosozumab, an anti-sclerostin antibody, which temporarily stimulates bone formation,
may also interact with the microbiota. Briefly, sclerostin is an osteocyte-produced paracrine-
negative regulator (antagonist) of WNT signaling and both osteoblast and osteoclast
activity at the bone surface [168]; thus, if it is inhibited with an antibody, WNT signaling is
restored, osteoblastogenesis will be promoted, and osteoclasts will be inhibited [169–171].
Considering that anabolic WNT ligand expression (i.e., WNT10B) can be regulated by the
SCFA butyrate produced by Lactobacillus rhamnosus through increased Treg cells [172], it
stands to reason that Romosozumab may impact the gut microbiota through the WNT
pathway. Such a possibility should be investigated considering the critical nature of
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butyrate in multiple aspects of bone metabolism. Ultimately, these potential treatment
implications require urgent follow-up studies to investigate the direct connections between
antibody-based osteoporosis treatments, changes in gut microbiota, and bone health [167].

5.1.3. Hormonal Therapy

Estrogen promotes a healthy and diverse mix of commensal flora, enhancing T-
regulatory cells’ function and suppressing inflammation [173]. Unfortunately, with the
onset of menopause, sex steroid hormones are depleted, increasing: (1) the abundance
of pathogenic bacteria; (2) the permeability of the small intestine, and (3) the production
of osteoclastogenic factors such as IL17, RANKL, and TNF alpha [47]. Additionally, in a
study by Fujiwara et al. in 2016, it was found that mice lacking RANKL in osteocytes were
protected from increased osteoclast number and bone loss after ovariectomy. This is not
entirely surprising; however, the same effect was seen when the α and β estrogen receptors
were deleted on the B-cell surface, indicating that the increased bone marrow B-cell number,
which is associated with decreased cancellous bone volume and estrogen deficiency, may
be indirectly regulated by RANKL specifically produced by osteocytes [174]. Probiotics,
specifically L. reuteri, reduced RANKL expression in an ovariectomized mouse, although
the mechanism is not completely clear [175]. In a focused review of the overall effects of
pharmaceuticals used to treat osteoporosis on the gut microbiota and their role in bone
healing, estrogen therapy was linked to increased microbial diversity, decreased develop-
ment of LPS-producing Gram-negative bacteria, changes in bacterial activity, tightening of
gut permeability, and reduced inflammation caused by a high-fat diet. Based on a number
of mouse and rat studies, Papageorgiou et al. proposed a feedback loop that ultimately
influences the immune system. The microbially produced β-glucuronidase metabolizes
estrogen, allowing it to be reabsorbed into circulation, interacting with its receptors and
eliciting its biological actions [176]. It is this intimate connection between the gut micro-
biota and estrogen that leads to the suggestion that manipulation of the gut microbiota in
conjunction with estrogen-based therapies may improve the overall inflammatory state
and fortify bone mineral density [177], a suggestion that is supported by the spinal bone
volume after ovariectomy in mice when treated with the probiotic, VSL#3 [178]. Papa-
georgiou asserts that hormones, including estrogens, significantly impact the efficacy of
microbial metabolism, highlighting an integral but poorly understood relationship between
endocrine therapy and the human gut microbiota [177].

5.1.4. PTH-Related Analogs

PTH can induce both bone loss and bone formation based on the dosing regimen (in-
termittent or continuous) and the natural lifespan of an osteoblast, with intermittent dosing
(daily administration) seeming to have a protective effect and continuous administration
having no such effect [179]. Regardless of whether PTH promotes an anabolic or catabolic
effect, the mechanisms of PTH are intimately tied to T-cell regulation and recruitment. In
bone loss, generally segmented filamentous bacteria (SFB), a spore-forming, Gram-positive,
commensal species, and several SFB-like bacteria are found. Previous work showed that
SFB can induce differentiation into Th17 cells [180] and that PTH can induce Th17 cells in
the small intestine but only in the presence of SFB. The PTH effect seems to result from the
stimulation of TGFβ and TNF-producing T cells, which is mechanistically mediated by the
presence of bacterial components (e.g., flagellin and lipopolysaccharide) [179]. Furthermore,
Th17 cells are upregulated and recruited to the bone marrow, particularly in the presence
of continuous PTH, where they secrete IL-17, ultimately causing bone destruction [181].
While no studies have directly investigated the relation between PTH-related analogs, such
as Abaloparatide or Teriparatide, and the microbiota, Li and Yu have demonstrated that
PTH anabolic-related processes are, in part, dependent on the microbiota through butyrate,
a microbial-produced short-chain fatty acid [13,182]. More studies are needed to determine
if PTH-related analogs, primarily used for their anti-osteoporotic effects, can be used to
enhance the gut microbiota’s role in osteoporotic bone healing as part of a complex, multi-
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factorial treatment regimen. It is also noteworthy to consider that for abaloparatide (more
than teriparatide), nausea was the most commonly reported adverse event that led to study
discontinuation [182] and that the emergence of gastrointestinal issues, in general, has been
linked to alterations in microbial diversity [183]. Given the integral nature of the immune
system and its hormonal regulation, more studies are needed to identify any direct link
between PTH analogs, which may have differing and clinically relevant impacts on bone
depending on the dosing regimen [123,125], and the composition of the gut microbiota.

5.1.5. Non-Steroidal Anti-Inflammatory Drugs

Non-steroidal anti-inflammatory drugs (NSAIDs) are frequently used, in both prescrip-
tion and over-the-counter forms (in 2014, it was reported that over 12% of Americans took
an NSAID at least three times a week for three months [184]), to treat osteoporosis-related
pain. In addition to their positive benefits on quality of life, NSAIDs may also positively
affect bone healing; however, much of these effects are based on the dosing regimen and
length of exposure [185]. Unfortunately, NSAIDs also have a well-documented history of
adverse effects on bone healing, independent of the microbiota [185–188]. The negative im-
pact on bone healing is based on the primary mechanism of action of NSAIDs, the adverse
inhibition of COX-2, which has been suggested to be essential for bone fracture healing in a
rat model [187], although this interpretation is not without controversy. Furthermore, there
is evidence that the NSAID celecoxib also has an inhibitory effect on the Wnt/β-catenin
signaling cascade, effectively blocking osteoblast maturation [189]. Although NSAIDs’
destructive effects on the gut through mucosal damage are relatively well known [190],
their effects on the gut microbiome are just beginning to emerge. Notably, NSAIDs’ efficacy
may also depend on metabolism or modification by the gut bacteria [191]. NSAIDs mod-
ify the gut microbiome, with different NSAIDs having slightly different effects [191,192],
although such impacts largely have not been evaluated in the context of bone. Several pre-
clinical studies in rodents have shown alterations in the microbiota upon administration of
NSAIDs. Only two studies have considered NSAIDs’ impact in humans. In 2016, Bokulich
et al. considered the use of celecoxib in postmenopausal, obese women and saw no effect
on the microbiota composition detected in the feces; however, the study only considered a
homogenous group of 10 women in a 10-day longitudinal study [193]. Furthermore, the
Bokulich study seems to contradict a study from Thangamani et al. that considered the
antimicrobial effects of celecoxib and concluded that it exhibited broad-spectrum activity
against both Gram-positive and Gram-negative species, particularly when coupled with
a membrane permeabilizing agent [194]. The study by Thangamani is supported by a
recent in vitro study from Hernandez-Sanabria et al., who saw a reduction of 50% in bu-
tyrate produced in fecal microbiota cultures exposed to celecoxib [195]; considering the
importance of butyrate in bone homeostasis, this could be a potentially very impactful
finding if confirmed in vivo. Alternatively, Edogawa and colleagues considered the impact
of indomethacin on both males and females and found extensive changes in both genders
across multiple species [196]. In a rat study, indomethacin was shown to inhibit early-phase
bone healing and formation [197]. Finally, the mechanistic effects of NSAIDs on the body
as a whole create yet another possible way in which the treatment recommendations for
osteoporosis may have multiple unforeseen effects, some of which will be mediated by
alterations in the gut microbiota, that ultimately play a part in bone health.
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Table 2. Hypothesized or known interactions between osteoporosis drug classes and gut microbiota.

Treatment Gut Microbiota Interactions References

Bisphosphonates Long-term use is hypothesized to lead to gut microbiome-related
immunosuppression via inhibition of the mevalonate (MVA) pathway. [164,166]

Monoclonal Antibodies
Effects of Denosumab on bone health may either be enhanced or
suppressed based on alterations in the gut microbiota. [167,172]

Romosozumab may impact the gut microbiota through the WNT pathway.

Hormonal Therapy

Estrogen promotes a healthy and diverse mix of commensal flora, which
improves T-regulatory cell function and suppresses inflammation,
suggesting that manipulating the gut microbiota in conjunction with
estrogen-based therapies may improve the overall inflammatory state and
strengthen bone mineral density.

[177]

PTH-Related Analogs More studies are needed to determine if PTH-related analogs can be used
to enhance the gut microbiota’s role in osteoporotic bone healing. [123,125]

Non-Steroidal Anti-Inflammatory
Drugs (NSAIDs)

May mimic broad-spectrum antimicrobial properties.
[194,195]

Inhibit some positive effects of microbiota through enzyme inhibition.

6. Conclusions

A growing body of evidence suggests that the gut microbiota regulates bone metabolism
and should be considered in the pathophysiology and treatment of osteoporosis. Current
research reveals that bone homeostasis is linked to a healthy microbiome and that gut
dysbiosis can exacerbate osteoclast activity and promote osteoporosis. Based on the litera-
ture, the human gut microbiota’s relationship with osteoblasts, osteoclasts, and receptor
activator of nuclear factor-kappa-B ligand (RANKL) is critical in the modulation of osteo-
clastogenesis and osteoporosis. Additionally, micro-RNA, insulin-like growth factor 1, and
immune system mediation are hypothesized as pathways of gut microbiome interaction
with osteoclastogenesis and bone health in many studies. Although this is a complex
relationship with several proposed mechanisms of modulation, addressing the microbiome
in a treatment plan is not overly burdensome, yet it is predominately overlooked. No
study has been done to report the exact number of medical practitioners who consider the
microbiome in their treatment approach to osteoporosis or fracture healing. However, the
connection, causal or associative, has been well defined and certainly warrants continued
research, funding, and implementation in clinical medicine.

Drug–microbiome interactions are continually proving to be integral to treatment
outcomes and can profoundly affect the gut–bone axis. Inquiries into the influence of
oral bisphosphonates, the most common pharmacologic treatment for osteoporosis, on
the human gut microbiota are limited in number and scope and should be expanded. The
same applies to the other pharmaceutical treatment approaches considered in Table 1 and
Section 5, emphasizing PTH analogs as they are increasingly prescribed and potentially
beneficial to the microbiome. The ability to target the gut microbiota in the therapy of
fracture and bone metabolic diseases such as osteoporosis opens new therapeutic possi-
bilities and is a potential window of opportunity for exerting greater therapeutic control
over the natural course of osteoporosis. The findings of this review support the recom-
mendation for clinicians to pay the human gut microbiome its fair share of attention when
considering the patient as a whole in the treatment of extra-gastrointestinal conditions
such as osteoporosis. A clinician may recommend diet modification, probiotic-rich foods,
or supplementation with probiotics or their metabolites, such as SCFAs, oligosaccharides,
carbohydrates, and dietary fiber, to help to restore the gut flora balance in efforts to increase
bone mineral density by promoting growth and restoring or maintaining the composition
of intestinal bacteria.

Furthermore, the evidence supports the medicalization of the microbiota and the
standardization of more conservative treatment approaches, including the regulation
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and approval of pre- and probiotics that are safe and efficacious. The Food and Drug
Administration (FDA) has not yet approved any probiotic products to treat, mitigate,
cure, or prevent certain diseases. However, since the FDA approved fecal microbiota
transplantation (FMT) for the treatment of recurrent and refractory Clostridium difficile
infection in 2013, FMT’s uses have expanded, not only in gastrointestinal problems but
also in extra-gastrointestinal ailments [198]. Unfortunately, current pre- and probiotics
are subject to the unregulated discretion of industrial nutraceutical labs, which produce
probiotics in various ways, and whose ingredients and label claims are not tested or
verified by the FDA. The effectiveness of a probiotic produced in these labs might vary
from one brand to the next and even from batch to batch within the same brand. The
above notwithstanding, and until a probiotic completes the drug development process
and passes clinical trials, clinicians can and should still consider the microbiota in their
treatment plans as medicine collectively navigates towards treating the whole patient and
attempting to optimize all aspects of health while doing no harm, which veritably includes
the microbiome.
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in Patients with Inflammatory Bowel Diseases. Nutrients 2020, 12, 1702. [CrossRef] [PubMed]

109. Chisari, E.; Shivappa, N.; Vyas, S. Polyphenol-Rich Foods and Osteoporosis. Curr. Pharm. Des. 2019, 25, 2459–2466. [CrossRef]
110. Ampelas, D.G. Current and Former Smokers and Hip Fractures. J. Frailty Sarcopenia Falls 2018, 03, 148–154. [CrossRef]
111. Hopper, J.L.; Seeman, E. The Bone Density of Female Twins Discordant for Tobacco Use. N. Engl. J. Med. 1994, 330, 387–392.

[CrossRef]
112. Kiel, D.P.; Baron, J.A.; Anderson, J.J.; Hannan, M.T.; Felson, D.T. Smoking Eliminates the Protective Effect of Oral Estrogens on

the Risk for Hip Fracture among Women. Ann. Intern. Med. 1992, 116, 716–721. [CrossRef]
113. Paschalis, E.P.; Gamsjaeger, S.; Hassler, N.; Fahrleitner-Pammer, A.; Dobnig, H.; Stepan, J.J.; Pavo, I.; Eriksen, E.F.; Klaushofer, K.

Vitamin D and Calcium Supplementation for Three Years in Postmenopausal Osteoporosis Significantly Alters Bone Mineral and
Organic Matrix Quality. Bone 2017, 95, 41–46. [CrossRef]

114. Trang, H.M.; Cole, D.E.; Rubin, L.A.; Pierratos, A.; Siu, S.; Vieth, R. Evidence That Vitamin D3 Increases Serum 25-Hydroxyvitamin
D More Efficiently than Does Vitamin D2. Am. J. Clin. Nutr. 1998, 68, 854–858. [CrossRef] [PubMed]

115. Hou, Y.-C.; Wu, C.-C.; Liao, M.-T.; Shyu, J.-F.; Hung, C.-F.; Yen, T.-H.; Lu, C.-L.; Lu, K.-C. Role of Nutritional Vitamin D in
Osteoporosis Treatment. Clin. Chim. Acta 2018, 484, 179–191. [CrossRef] [PubMed]

116. George Kerry, R.; Patra, J.K.; Gouda, S.; Park, Y.; Shin, H.-S.; Das, G. Benefaction of Probiotics for Human Health: A Review. J.
Food Drug Anal. 2018, 26, 927–939. [CrossRef] [PubMed]

117. Bongaerts, G.P.; Severijnen, R.S. A Reassessment of the PROPATRIA Study and Its Implications for Probiotic Therapy. Nat.
Biotechnol. 2016, 34, 55–63. [CrossRef]

118. Drake, M.T.; Clarke, B.L.; Khosla, S. Bisphosphonates: Mechanism of Action and Role in Clinical Practice. Mayo Clin. Proc. Mayo
Clin. 2008, 83, 1032–1045. [CrossRef] [PubMed]

119. Black, D.M.; Schwartz, A.V.; Ensrud, K.E.; Cauley, J.A.; Levis, S.; Quandt, S.A.; Satterfield, S.; Wallace, R.B.; Bauer, D.C.; Palermo,
L.; et al. Effects of Continuing or Stopping Alendronate after 5 Years of Treatment: The Fracture Intervention Trial Long-Term
Extension (FLEX): A Randomized Trial. JAMA 2006, 296, 2927–2938. [CrossRef]

120. Anastasilakis, A.D.; Polyzos, S.A.; Makras, P. THERAPY OF ENDOCRINE DISEASE: Denosumab vs Bisphosphonates for the
Treatment of Postmenopausal Osteoporosis. Eur. J. Endocrinol. 2018, 179, R31–R45. [CrossRef]

121. Deeks, E.D. Denosumab: A Review in Postmenopausal Osteoporosis. Drugs Aging 2018, 35, 163–173. [CrossRef]
122. Hanley, D.A.; Adachi, J.D.; Bell, A.; Brown, V. Denosumab: Mechanism of Action and Clinical Outcomes. Int. J. Clin. Pract. 2012,

66, 1139–1146. [CrossRef] [PubMed]
123. Ricarte, F.R.; Le Henaff, C.; Kolupaeva, V.G.; Gardella, T.J.; Partridge, N.C. Parathyroid Hormone(1–34) and Its Analogs

Differentially Modulate Osteoblastic Rankl Expression via PKA/SIK2/SIK3 and PP1/PP2A–CRTC3 Signaling. J. Biol. Chem. 2018,
293, 20200–20213. [CrossRef]

http://doi.org/10.5435/JAAOS-D-18-00537
http://doi.org/10.1016/j.arth.2019.05.041
http://doi.org/10.1016/j.wneu.2021.02.021
http://www.ncbi.nlm.nih.gov/pubmed/33601076
http://doi.org/10.1016/j.spinee.2020.08.002
http://doi.org/10.1186/s13018-019-1328-1
http://doi.org/10.7326/0003-4819-129-2-199807150-00002
http://doi.org/10.1001/jama.288.18.2300
http://www.ncbi.nlm.nih.gov/pubmed/12425707
http://doi.org/10.1002/14651858.CD000333.pub2
http://www.ncbi.nlm.nih.gov/pubmed/21735380
http://doi.org/10.3390/nu10070849
http://www.ncbi.nlm.nih.gov/pubmed/29966287
http://doi.org/10.1097/MCG.0000000000000105
http://www.ncbi.nlm.nih.gov/pubmed/24583754
http://doi.org/10.3390/nu12061702
http://www.ncbi.nlm.nih.gov/pubmed/32517239
http://doi.org/10.2174/1381612825666190722093959
http://doi.org/10.22540/JFSF-03-148
http://doi.org/10.1056/NEJM199402103300603
http://doi.org/10.7326/0003-4819-116-9-716
http://doi.org/10.1016/j.bone.2016.11.002
http://doi.org/10.1093/ajcn/68.4.854
http://www.ncbi.nlm.nih.gov/pubmed/9771862
http://doi.org/10.1016/j.cca.2018.05.035
http://www.ncbi.nlm.nih.gov/pubmed/29782843
http://doi.org/10.1016/j.jfda.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29976412
http://doi.org/10.1038/nbt.3436
http://doi.org/10.4065/83.9.1032
http://www.ncbi.nlm.nih.gov/pubmed/18775204
http://doi.org/10.1001/jama.296.24.2927
http://doi.org/10.1530/EJE-18-0056
http://doi.org/10.1007/s40266-018-0525-7
http://doi.org/10.1111/ijcp.12022
http://www.ncbi.nlm.nih.gov/pubmed/22967310
http://doi.org/10.1074/jbc.RA118.004751


Int. J. Mol. Sci. 2021, 22, 9452 23 of 25

124. Kendler, D.L.; Marin, F.; Zerbini, C.A.F.; Russo, L.A.; Greenspan, S.L.; Zikan, V.; Bagur, A.; Malouf-Sierra, J.; Lakatos, P.;
Fahrleitner-Pammer, A.; et al. Effects of Teriparatide and Risedronate on New Fractures in Post-Menopausal Women with Severe
Osteoporosis (VERO): A Multicentre, Double-Blind, Double-Dummy, Randomised Controlled Trial. Lancet 2018, 391, 230–240.
[CrossRef]

125. Hodsman, A.B.; Bauer, D.C.; Dempster, D.W.; Dian, L.; Hanley, D.A.; Harris, S.T.; Kendler, D.L.; McClung, M.R.; Miller, P.D.;
Olszynski, W.P.; et al. Parathyroid Hormone and Teriparatide for the Treatment of Osteoporosis: A Review of the Evidence and
Suggested Guidelines for Its Use. Endocr. Rev. 2005, 26, 688–703. [CrossRef] [PubMed]

126. Delgado-Calle, J.; Sato, A.Y.; Bellido, T. Role and Mechanism of Action of Sclerostin in Bone. Bone 2017, 96, 29–37. [CrossRef]
[PubMed]

127. Kaveh, S.; Hosseinifard, H.; Ghadimi, N.; Vojdanian, M.; Aryankhesal, A. Efficacy and Safety of Romosozumab in Treatment for
Low Bone Mineral Density: A Systematic Review and Meta-Analysis. Clin. Rheumatol. 2020, 39, 3261–3276. [CrossRef] [PubMed]

128. Pinkerton, J.V.; Conner, E.A. Beyond Estrogen: Advances in Tissue Selective Estrogen Complexes and Selective Estrogen Receptor
Modulators. Climacteric 2019, 22, 140–147. [CrossRef] [PubMed]

129. Peres-Ueno, M.J.; Fernandes, F.; Brito, V.G.B.; Nicola, Â.C.; Stringhetta-Garcia, C.T.; Castoldi, R.C.; Menezes, A.P.; Ciarlini, P.C.;
Louzada, M.J.Q.; Oliveira, S.H.P.; et al. Effect of Pre-Treatment of Strength Training and Raloxifene in Periestropause on Bone
Healing. Bone 2020, 134, 115285. [CrossRef] [PubMed]

130. Prior, J.C.; Seifert-Klauss, V.R.; Giustini, D.; Adachi, J.D.; Kalyan, S.; Goshtasebi, A. Estrogen-Progestin Therapy Causes a Greater
Increase in Spinal Bone Mineral Density than Estrogen Therapy-a Systematic Review and Meta-Analysis of Controlled Trials with
Direct Randomization. J. Musculoskelet. Neuronal. Interact. 2017, 17, 146.

131. Levin, V.A.; Jiang, X.; Kagan, R. Estrogen Therapy for Osteoporosis in the Modern Era. Osteoporos. Int. J. Establ. Result Coop. Eur.
Found. Osteoporos. Natl. Osteoporos. Found. USA 2018, 29, 1049–1055. [CrossRef]

132. Imai, Y.; Youn, M.-Y.; Kondoh, S.; Nakamura, T.; Kouzmenko, A.; Matsumoto, T.; Takada, I.; Takaoka, K.; Kato, S. Estrogens
Maintain Bone Mass by Regulating Expression of Genes Controlling Function and Life Span in Mature Osteoclasts. Ann. N. Y.
Acad. Sci. 2009, 1173 (Suppl. S1), E31–E39. [CrossRef]

133. Sun, S.; Jones, R.B.; Fodor, A.A. Inference-Based Accuracy of Metagenome Prediction Tools Varies across Sample Types and
Functional Categories. Microbiome 2020, 8, 46. [CrossRef]

134. Almeida, A.; Mitchell, A.L.; Boland, M.; Forster, S.C.; Gloor, G.B.; Tarkowska, A.; Lawley, T.D.; Finn, R.D. A New Genomic
Blueprint of the Human Gut Microbiota. Nature 2019, 568, 499–504. [CrossRef]

135. Takiishi, T.; Fenero, C.I.M.; Câmara, N.O.S. Intestinal Barrier and Gut Microbiota: Shaping Our Immune Responses throughout
Life. Tissue Barriers 2017, 5, e1373208. [CrossRef]

136. LeBlanc, J.G.; Milani, C.; De Giori, G.S.; Sesma, F.; Van Sinderen, D.; Ventura, M. Bacteria as Vitamin Suppliers to Their Host: A
Gut Microbiota Perspective. Curr. Opin. Biotechnol. 2013, 24, 160–168. [CrossRef]

137. Weingarden, A.R.; Vaughn, B.P. Intestinal Microbiota, Fecal Microbiota Transplantation, and Inflammatory Bowel Disease. Gut
Microbes 2017, 8, 238–252. [CrossRef] [PubMed]

138. Lee, C.J.; Sears, C.L.; Maruthur, N. Gut Microbiome and Its Role in Obesity and Insulin Resistance. Ann. N. Y. Acad. Sci. 2020,
1461, 37–52. [CrossRef]

139. Zinöcker, M.; Lindseth, I. The Western Diet–Microbiome-Host Interaction and Its Role in Metabolic Disease. Nutrients 2018, 10,
365. [CrossRef] [PubMed]

140. Christian, V.J.; Miller, K.R.; Martindale, R.G. Food Insecurity, Malnutrition, and the Microbiome. Curr. Nutr. Rep. 2020, 9, 356–360.
[CrossRef] [PubMed]

141. Osadchiy, V.; Martin, C.R.; Mayer, E.A. The Gut–Brain Axis and the Microbiome: Mechanisms and Clinical Implications. Clin.
Gastroenterol. Hepatol. 2019, 17, 322–332. [CrossRef]

142. Ge, Y.; Wang, X.; Guo, Y.; Yan, J.; Abuduwaili, A.; Aximujiang, K.; Yan, J.; Wu, M. Gut Microbiota Influence Tumor Development
and Alter Interactions with the Human Immune System. J. Exp. Clin. Cancer Res. 2021, 40, 42. [CrossRef] [PubMed]

143. Witkowski, M.; Weeks, T.L.; Hazen, S.L. Gut Microbiota and Cardiovascular Disease. Circ. Res. 2020, 127, 553–570. [CrossRef]
144. Huttenhower, C.; Knight, R.; Brown, C.T.; Caporaso, J.G.; Clemente, J.C.; Gevers, D.; Franzosa, E.A.; Kelley, S.T.; Knights, D.; Ley,

R.E.; et al. Advancing the Microbiome Research Community. Cell 2014, 159, 227–230. [CrossRef]
145. Hills, R.; Pontefract, B.; Mishcon, H.; Black, C.; Sutton, S.; Theberge, C. Gut Microbiome: Profound Implications for Diet and

Disease. Nutrients 2019, 11, 1613. [CrossRef]
146. Overby, H.B.; Ferguson, J.F. Gut Microbiota-Derived Short-Chain Fatty Acids Facilitate Microbiota:Host Cross Talk and Modulate

Obesity and Hypertension. Curr. Hypertens. Rep. 2021, 23, 8. [CrossRef] [PubMed]
147. Hsu, E.; Pacifici, R. From Osteoimmunology to Osteomicrobiology: How the Microbiota and the Immune System Regulate Bone.

Calcif. Tissue Int. 2018, 102, 512–521. [CrossRef] [PubMed]
148. Zhao, H.; Chen, J.; Li, X.; Sun, Q.; Qin, P.; Wang, Q. Compositional and Functional Features of the Female Premenopausal and

Postmenopausal Gut Microbiota. FEBS Lett. 2019, 593, 2655–2664. [CrossRef]
149. Wang, H.; Sun, Z.; Wang, Y.; Hu, Z.; Zhou, H.; Zhang, L.; Hong, B.; Zhang, S.; Cao, X. MiR-33-5p, a Novel Mechano-Sensitive

MicroRNA Promotes Osteoblast Differentiation by Targeting Hmga2. Sci. Rep. 2016, 6, 23170. [CrossRef] [PubMed]
150. Li, J.; He, X.; Wei, W.; Zhou, X. MicroRNA-194 Promotes Osteoblast Differentiation via Downregulating STAT1. Biochem. Biophys.

Res. Commun. 2015, 460, 482–488. [CrossRef]

http://doi.org/10.1016/S0140-6736(17)32137-2
http://doi.org/10.1210/er.2004-0006
http://www.ncbi.nlm.nih.gov/pubmed/15769903
http://doi.org/10.1016/j.bone.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27742498
http://doi.org/10.1007/s10067-020-04948-1
http://www.ncbi.nlm.nih.gov/pubmed/32385757
http://doi.org/10.1080/13697137.2019.1568403
http://www.ncbi.nlm.nih.gov/pubmed/30895900
http://doi.org/10.1016/j.bone.2020.115285
http://www.ncbi.nlm.nih.gov/pubmed/32097761
http://doi.org/10.1007/s00198-018-4414-z
http://doi.org/10.1111/j.1749-6632.2009.04954.x
http://doi.org/10.1186/s40168-020-00815-y
http://doi.org/10.1038/s41586-019-0965-1
http://doi.org/10.1080/21688370.2017.1373208
http://doi.org/10.1016/j.copbio.2012.08.005
http://doi.org/10.1080/19490976.2017.1290757
http://www.ncbi.nlm.nih.gov/pubmed/28609251
http://doi.org/10.1111/nyas.14107
http://doi.org/10.3390/nu10030365
http://www.ncbi.nlm.nih.gov/pubmed/29562591
http://doi.org/10.1007/s13668-020-00342-0
http://www.ncbi.nlm.nih.gov/pubmed/33170435
http://doi.org/10.1016/j.cgh.2018.10.002
http://doi.org/10.1186/s13046-021-01845-6
http://www.ncbi.nlm.nih.gov/pubmed/33494784
http://doi.org/10.1161/CIRCRESAHA.120.316242
http://doi.org/10.1016/j.cell.2014.09.022
http://doi.org/10.3390/nu11071613
http://doi.org/10.1007/s11906-020-01125-2
http://www.ncbi.nlm.nih.gov/pubmed/33537923
http://doi.org/10.1007/s00223-017-0321-0
http://www.ncbi.nlm.nih.gov/pubmed/29018933
http://doi.org/10.1002/1873-3468.13527
http://doi.org/10.1038/srep23170
http://www.ncbi.nlm.nih.gov/pubmed/26980276
http://doi.org/10.1016/j.bbrc.2015.03.059


Int. J. Mol. Sci. 2021, 22, 9452 24 of 25

151. Tang, X.; Lin, J.; Wang, G.; Lu, J. MicroRNA-433-3p Promotes Osteoblast Differentiation through Targeting DKK1 Expression.
PLoS ONE 2017, 12, e0179860. [CrossRef]

152. Li, M.; Chen, W.-D.; Wang, Y.-D. The Roles of the Gut Microbiota–MiRNA Interaction in the Host Pathophysiology. Mol. Med.
2020, 26, 101. [CrossRef] [PubMed]

153. Zhao, Y.; Zeng, Y.; Zeng, D.; Wang, H.; Zhou, M.; Sun, N.; Xin, J.; Khalique, A.; Rajput, D.S.; Pan, K.; et al. Probiotics and
MicroRNA: Their Roles in the Host–Microbe Interactions. Front. Microbiol. 2021, 11, 604462. [CrossRef]

154. Uchida, Y.; Irie, K.; Fukuhara, D.; Kataoka, K.; Hattori, T.; Ono, M.; Ekuni, D.; Kubota, S.; Morita, M. Commensal Microbiota
Enhance Both Osteoclast and Osteoblast Activities. Molecules 2018, 23, 1517. [CrossRef] [PubMed]

155. Schwarzer, M.; Makki, K.; Storelli, G.; Machuca-Gayet, I.; Srutkova, D.; Hermanova, P.; Martino, M.E.; Balmand, S.; Hudcovic, T.;
Heddi, A.; et al. Lactobacillus Plantarum Strain Maintains Growth of Infant Mice during Chronic Undernutrition. Science 2016,
351, 854–857. [CrossRef] [PubMed]

156. Pacifici, R. Bone Remodeling and the Microbiome. Cold Spring Harb. Perspect. Med. 2018, 8, a031203. [CrossRef]
157. Brüssow, H. Probiotics and Prebiotics in Clinical Tests: An Update. F1000Research 2019, 8, 1157. [CrossRef]
158. McCabe, L.; Britton, R.A.; Parameswaran, N. Prebiotic and Probiotic Regulation of Bone Health: Role of the Intestine and Its

Microbiome. Curr. Osteoporos. Rep. 2015, 13, 363–371. [CrossRef]
159. Zmora, N.; Zilberman-Schapira, G.; Suez, J.; Mor, U.; Dori-Bachash, M.; Bashiardes, S.; Kotler, E.; Zur, M.; Regev-Lehavi, D.; Brik,

R.B.-Z. Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics Is Associated with Unique Host and Microbiome
Features. Cell 2018, 174, 1388–1405.e21. [CrossRef] [PubMed]

160. Vich Vila, A.; Collij, V.; Sanna, S.; Sinha, T.; Imhann, F.; Bourgonje, A.R.; Mujagic, Z.; Jonkers, D.M.A.E.; Masclee, A.A.M.; Fu, J.;
et al. Impact of Commonly Used Drugs on the Composition and Metabolic Function of the Gut Microbiota. Nat. Commun. 2020,
11, 362. [CrossRef]

161. 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. [CrossRef]

162. Branco Santos, J.C.; de Melo, J.A.; Maheshwari, S.; de Medeiros, W.M.T.Q.; de Freitas Oliveira, J.W.; Moreno, C.J.; Mario Amzel,
L.; Gabelli, S.B.; Sousa Silva, M. Bisphosphonate-Based Molecules as Potential New Antiparasitic Drugs. Molecules 2020, 25, 2602.
[CrossRef]

163. Manor, O.; Dai, C.L.; Kornilov, S.A.; Smith, B.; Price, N.D.; Lovejoy, J.C.; Gibbons, S.M.; Magis, A.T. Health and Disease Markers
Correlate with Gut Microbiome Composition across Thousands of People. Nat. Commun. 2020, 11, 5206. [CrossRef]

164. Lombard, J.; Moreira, D. Origins and Early Evolution of the Mevalonate Pathway of Isoprenoid Biosynthesis in the Three Domains
of Life. Mol. Biol. Evol. 2011, 28, 87–99. [CrossRef] [PubMed]

165. Hayakawa, H.; Sobue, F.; Motoyama, K.; Yoshimura, T.; Hemmi, H. Identification of Enzymes Involved in the Mevalonate
Pathway of Flavobacterium Johnsoniae. Biochem. Biophys. Res. Commun. 2017, 487, 702–708. [CrossRef] [PubMed]

166. Kalyan, S.; Wang, J.; Quabius, E.S.; Huck, J.; Wiltfang, J.; Baines, J.F.; Kabelitz, D. Systemic Immunity Shapes the Oral Microbiome
and Susceptibility to Bisphosphonate-Associated Osteonecrosis of the Jaw. J. Transl. Med. 2015, 13, 212. [CrossRef]

167. Khafipour, A.; Eissa, N.; Munyaka, P.M.; Rabbi, M.F.; Kapoor, K.; Kermarrec, L.; Khafipour, E.; Bernstein, C.N.; Ghia, J.-E.
Denosumab Regulates Gut Microbiota Composition and Cytokines in Dinitrobenzene Sulfonic Acid (DNBS)-Experimental Colitis.
Front. Microbiol. 2020, 11, 1405. [CrossRef] [PubMed]

168. Wang, J.S.; Mazur, C.M.; Wein, M.N. Sclerostin and Osteocalcin: Candidate Bone-Produced Hormones. Front. Endocrinol. 2021, 12,
584147. [CrossRef] [PubMed]

169. Kobza, A.O.; Papaioannou, A.; Lau, A.N.; Adachi, J.D. Romosozumab in the Treatment of Osteoporosis. Immunotherapy 2020, 12,
965–981. [CrossRef]

170. Florio, M.; Gunasekaran, K.; Stolina, M.; Li, X.; Liu, L.; Tipton, B.; Salimi-Moosavi, H.; Asuncion, F.J.; Li, C.; Sun, B.; et al. A
Bispecific Antibody Targeting Sclerostin and DKK-1 Promotes Bone Mass Accrual and Fracture Repair. Nat. Commun. 2016, 7,
11505. [CrossRef]

171. Peng, J.; Dong, Z.; Hui, Z.; Aifei, W.; Lianfu, D.; Youjia, X. Bone Sclerostin and Dickkopf-Related Protein-1 Are Positively
Correlated with Bone Mineral Density, Bone Microarchitecture, and Bone Strength in Postmenopausal Osteoporosis. BMC
Musculoskelet. Disord. 2021, 22, 480. [CrossRef]

172. Tyagi, A.M.; Yu, M.; Darby, T.M.; Vaccaro, C.; Li, J.-Y.; Owens, J.A.; Hsu, E.; Adams, J.; Weitzmann, M.N.; Jones, R.M.; et al. The
Microbial Metabolite Butyrate Stimulates Bone Formation via T Regulatory Cell-Mediated Regulation of WNT10B Expression.
Immunity 2018, 49, 1116–1131.e7. [CrossRef]

173. D’Amelio, P.; Grimaldi, A.; Di Bella, S.; Brianza, S.Z.M.; Cristofaro, M.A.; Tamone, C.; Giribaldi, G.; Ulliers, D.; Pescarmona, G.P.;
Isaia, G. Estrogen Deficiency Increases Osteoclastogenesis Up-Regulating T Cells Activity: A Key Mechanism in Osteoporosis.
Bone 2008, 43, 92–100. [CrossRef]

174. Fujiwara, Y.; Piemontese, M.; Liu, Y.; Thostenson, J.D.; Xiong, J.; O’Brien, C.A. RANKL (Receptor Activator of NFκB Ligand)
Produced by Osteocytes Is Required for the Increase in B Cells and Bone Loss Caused by Estrogen Deficiency in Mice. J. Biol.
Chem. 2016, 291, 24838–24850. [CrossRef] [PubMed]

175. 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. J. Cell. Physiol. 2014, 229, 1822–1830. [CrossRef]

http://doi.org/10.1371/journal.pone.0179860
http://doi.org/10.1186/s10020-020-00234-7
http://www.ncbi.nlm.nih.gov/pubmed/33160314
http://doi.org/10.3389/fmicb.2020.604462
http://doi.org/10.3390/molecules23071517
http://www.ncbi.nlm.nih.gov/pubmed/29937485
http://doi.org/10.1126/science.aad8588
http://www.ncbi.nlm.nih.gov/pubmed/26912894
http://doi.org/10.1101/cshperspect.a031203
http://doi.org/10.12688/f1000research.19043.1
http://doi.org/10.1007/s11914-015-0292-x
http://doi.org/10.1016/j.cell.2018.08.041
http://www.ncbi.nlm.nih.gov/pubmed/30193112
http://doi.org/10.1038/s41467-019-14177-z
http://doi.org/10.1093/rheumatology/kez302
http://doi.org/10.3390/molecules25112602
http://doi.org/10.1038/s41467-020-18871-1
http://doi.org/10.1093/molbev/msq177
http://www.ncbi.nlm.nih.gov/pubmed/20651049
http://doi.org/10.1016/j.bbrc.2017.04.120
http://www.ncbi.nlm.nih.gov/pubmed/28442346
http://doi.org/10.1186/s12967-015-0568-z
http://doi.org/10.3389/fmicb.2020.01405
http://www.ncbi.nlm.nih.gov/pubmed/32670246
http://doi.org/10.3389/fendo.2021.584147
http://www.ncbi.nlm.nih.gov/pubmed/33776907
http://doi.org/10.2217/imt-2020-0158
http://doi.org/10.1038/ncomms11505
http://doi.org/10.1186/s12891-021-04365-8
http://doi.org/10.1016/j.immuni.2018.10.013
http://doi.org/10.1016/j.bone.2008.02.017
http://doi.org/10.1074/jbc.M116.742452
http://www.ncbi.nlm.nih.gov/pubmed/27733688
http://doi.org/10.1002/jcp.24636


Int. J. Mol. Sci. 2021, 22, 9452 25 of 25

176. Chen, K.L.A.; Liu, X.; Zhao, Y.C.; Hieronymi, K.; Rossi, G.; Auvil, L.S.; Welge, M.; Bushell, C.; Smith, R.L.; Carlson, K.E.; et al.
Long-Term Administration of Conjugated Estrogen and Bazedoxifene Decreased Murine Fecal β-Glucuronidase Activity Without
Impacting Overall Microbiome Community. Sci. Rep. 2018, 8, 8166. [CrossRef] [PubMed]

177. Papageorgiou, M.; Biver, E. Interactions of the Microbiome with Pharmacological and Non-Pharmacological Approaches for the
Management of Ageing-Related Musculoskeletal Diseases. Ther. Adv. Musculoskelet. Dis. 2021, 13, 1759720X2110090. [CrossRef]

178. Li, J.-Y.; Chassaing, B.; Tyagi, A.M.; Vaccaro, C.; Luo, T.; Adams, J.; Darby, T.M.; Weitzmann, M.N.; Mulle, J.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. [CrossRef] [PubMed]

179. Pacifici, R. Role of Gut Microbiota in the Skeletal Response to PTH. J. Clin. Endocrinol. Metab. 2021, 106, 636–645. [CrossRef]
180. Gaboriau-Routhiau, V.; Rakotobe, S.; Lécuyer, E.; Mulder, I.; Lan, A.; Bridonneau, C.; Rochet, V.; Pisi, A.; De Paepe, M.; Brandi, G.;

et al. The Key Role of Segmented Filamentous Bacteria in the Coordinated Maturation of Gut Helper T Cell Responses. Immunity
2009, 31, 677–689. [CrossRef] [PubMed]

181. Yu, M.; Malik Tyagi, A.; Li, J.-Y.; Adams, J.; Denning, T.L.; Weitzmann, M.N.; Jones, R.M.; Pacifici, R. PTH Induces Bone Loss via
Microbial-Dependent Expansion of Intestinal TNF+ T Cells and Th17 Cells. Nat. Commun. 2020, 11, 468. [CrossRef]

182. Miller, P.D.; Hattersley, G.; Riis, B.J.; Williams, G.C.; Lau, E.; Russo, L.A.; Alexandersen, P.; Zerbini, C.A.F.; Hu, M.; Harris,
A.G.; et al. Effect of Abaloparatide vs Placebo on New Vertebral Fractures in Postmenopausal Women with Osteoporosis: A
Randomized Clinical Trial. JAMA 2016, 316, 722. [CrossRef]

183. Saffouri, G.B.; Shields-Cutler, R.R.; Chen, J.; Yang, Y.; Lekatz, H.R.; Hale, V.L.; Cho, J.M.; Battaglioli, E.J.; Bhattarai, Y.; Thompson,
K.J.; et al. Small Intestinal Microbial Dysbiosis Underlies Symptoms Associated with Functional Gastrointestinal Disorders. Nat.
Commun. 2019, 10, 2012. [CrossRef]

184. Zhou, Y.; Boudreau, D.M.; Freedman, A.N. Trends in the Use of Aspirin and Nonsteroidal Anti-Inflammatory Drugs in the
General U.S. Population. Pharmacoepidemiol. Drug Saf. 2014, 23, 43–50. [CrossRef]

185. Lisowska, B.; Kosson, D.; Domaracka, K. Positives and Negatives of Nonsteroidal Anti-Inflammatory Drugs in Bone Healing:
The Effects of These Drugs on Bone Repair. Drug Des. Devel. Ther. 2018, 12, 1809–1814. [CrossRef] [PubMed]

186. Herbenick, M.A.; Sprott, D.; Stills, H.; Lawless, M. Effects of a Cyclooxygenase 2 Inhibitor on Fracture Healing in a Rat Model.
Am. J. Orthop. 2008, 37, E133–E137. [PubMed]

187. Simon, A.M.; Manigrasso, M.B.; O’Connor, J.P. Cyclo-Oxygenase 2 Function Is Essential for Bone Fracture Healing. J. Bone Miner.
Res. Off. J. Am. Soc. Bone Miner. Res. 2002, 17, 963–976. [CrossRef] [PubMed]

188. Chang, J.-K.; Li, C.-J.; Liao, H.-J.; Wang, C.-K.; Wang, G.-J.; Ho, M.-L. Anti-Inflammatory Drugs Suppress Proliferation and Induce
Apoptosis through Altering Expressions of Cell Cycle Regulators and pro-Apoptotic Factors in Cultured Human Osteoblasts.
Toxicology 2009, 258, 148–156. [CrossRef] [PubMed]

189. Nagano, A.; Arioka, M.; Takahashi-Yanaga, F.; Matsuzaki, E.; Sasaguri, T. Celecoxib Inhibits Osteoblast Maturation by Suppressing
the Expression of Wnt Target Genes. J. Pharmacol. Sci. 2017, 133, 18–24. [CrossRef]

190. Marlicz, W.; Loniewski, I.; Grimes, D.S.; Quigley, E.M. Nonsteroidal Anti-Inflammatory Drugs, Proton Pump Inhibitors, and
Gastrointestinal Injury: Contrasting Interactions in the Stomach and Small Intestine. Mayo Clin. Proc. 2014, 89, 1699–1709.
[CrossRef] [PubMed]

191. Maseda, D.; Ricciotti, E. NSAID–Gut Microbiota Interactions. Front. Pharmacol. 2020, 11, 1153. [CrossRef] [PubMed]
192. Rogers, M.A.M.; Aronoff, D.M. The Influence of Nonsteroidal Anti-Inflammatory Drugs on the Gut Microbiome. Clin. Microbiol.

Infect. 2016, 22, 178.e1–178.e9. [CrossRef]
193. Bokulich, N.A.; Battaglia, T.; Aleman, J.O.; Walker, J.M.; Blaser, M.J.; Holt, P.R. Celecoxib Does Not Alter Intestinal Microbiome in

a Longitudinal Diet-Controlled Study. Clin. Microbiol. Infect. 2016, 22, 464–465. [CrossRef] [PubMed]
194. Thangamani, S.; Younis, W.; Seleem, M.N. Repurposing Celecoxib as a Topical Antimicrobial Agent. Front. Microbiol. 2015, 6, 750.

[CrossRef] [PubMed]
195. Hernandez-Sanabria, E.; Heiremans, E.; Calatayud Arroyo, M.; Props, R.; Leclercq, L.; Snoeys, J.; Van de Wiele, T. Short-

Term Supplementation of Celecoxib-Shifted Butyrate Production on a Simulated Model of the Gut Microbial Ecosystem and
Ameliorated in Vitro Inflammation. NPJ Biofilms Microbiomes 2020, 6, 9. [CrossRef] [PubMed]

196. Edogawa, S.; Peters, S.A.; Jenkins, G.D.; Gurunathan, S.V.; Sundt, W.J.; Johnson, S.; Lennon, R.J.; Dyer, R.B.; Camilleri, M.;
Kashyap, P.C.; et al. Sex Differences in NSAID-Induced Perturbation of Human Intestinal Barrier Function and Microbiota.
FASEB J. 2018, 32, 6615–6625. [CrossRef]

197. Persson, P.; Sisask, G.; Nilsson, O. Indomethacin Inhibits Bone Formation in Inductive Allografts but Not in Autografts. Acta
Orthop. 2005, 76, 465–469. [CrossRef]

198. Wang, J.-W.; Kuo, C.-H.; Kuo, F.-C.; Wang, Y.-K.; Hsu, W.-H.; Yu, F.-J.; Hu, H.-M.; Hsu, P.-I.; Wang, J.-Y.; Wu, D.-C. Fecal Microbiota
Transplantation: Review and Update. J. Formos. Med. Assoc. Taiwan Yi Zhi 2019, 118 (Suppl. S1), S23–S31. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-018-26506-1
http://www.ncbi.nlm.nih.gov/pubmed/29802368
http://doi.org/10.1177/1759720X211009018
http://doi.org/10.1172/JCI86062
http://www.ncbi.nlm.nih.gov/pubmed/27111232
http://doi.org/10.1210/clinem/dgaa895
http://doi.org/10.1016/j.immuni.2009.08.020
http://www.ncbi.nlm.nih.gov/pubmed/19833089
http://doi.org/10.1038/s41467-019-14148-4
http://doi.org/10.1001/jama.2016.11136
http://doi.org/10.1038/s41467-019-09964-7
http://doi.org/10.1002/pds.3463
http://doi.org/10.2147/DDDT.S164565
http://www.ncbi.nlm.nih.gov/pubmed/29950815
http://www.ncbi.nlm.nih.gov/pubmed/18795192
http://doi.org/10.1359/jbmr.2002.17.6.963
http://www.ncbi.nlm.nih.gov/pubmed/12054171
http://doi.org/10.1016/j.tox.2009.01.016
http://www.ncbi.nlm.nih.gov/pubmed/19428934
http://doi.org/10.1016/j.jphs.2016.11.003
http://doi.org/10.1016/j.mayocp.2014.07.015
http://www.ncbi.nlm.nih.gov/pubmed/25440891
http://doi.org/10.3389/fphar.2020.01153
http://www.ncbi.nlm.nih.gov/pubmed/32848762
http://doi.org/10.1016/j.cmi.2015.10.003
http://doi.org/10.1016/j.cmi.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26806255
http://doi.org/10.3389/fmicb.2015.00750
http://www.ncbi.nlm.nih.gov/pubmed/26284040
http://doi.org/10.1038/s41522-020-0119-0
http://www.ncbi.nlm.nih.gov/pubmed/32075981
http://doi.org/10.1096/fj.201800560R
http://doi.org/10.1080/17453670510041420
http://doi.org/10.1016/j.jfma.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30181015

	Introduction 
	Osteoporosis 
	Clinical Treatment of Osteoporosis 
	Lifestyle Modifications 
	Nutraceutical Supplementation 
	Probiotic Supplementation 
	Mechanisms of Microbiota Impacts 

	Pharmaceuticals 
	Fracture in Osteoporotic Patients: Surgical Fracture Reduction 

	Human Gut Microbiota: Physiologic Role 
	Bioactive Compounds and the Human Gut Microbiome 
	Pharmacological Gut Microbiota and Fracture Treatment: Known Interactions 
	Bisphosphonates 
	Monoclonal Antibodies 
	Hormonal Therapy 
	PTH-Related Analogs 
	Non-Steroidal Anti-Inflammatory Drugs 


	Conclusions 
	References

