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Abstract

Osteoporosis, characterized by low bone mass and micro-architectural deterioration of bone tissue 

with increased risk of fracture, can be categorized into two forms: primary or secondary, 

depending on whether it occurs as part of the natural aging process (estrogen-deficiency) or as part 

of disease pathology. In both forms bone loss is due to an imbalance in the bone remodeling 

process with resorption/formation skewed more toward bone loss. Recent studies and emerging 

evidence consistently demonstrate the potential of the intestinal microbiota to modulate bone 

health. The current chapter discusses the process of bone remodeling and the pathology of 

osteoporosis and introduces the intestinal microbiota and its potential to influence bone health. In 

particular, we highlight recent murine studies that examine how probiotic supplementation can 

both increase bone density in healthy individuals as well as protect against primary (estrogen-

deficiency) as well as secondary osteoporosis. Potential mechanisms are described to account for 

how probiotic treatments could be exerting their beneficial effect on bone health.
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THE SKELETON

The adult human skeleton is comprised of 206 bones, excluding the sesamoid bones (1). The 

bones are subdivided into four general types: long bones, shorts bones, flat bones and 

irregular bones. Long bones, such as the femur, are comprised of a hollow diaphysis which 

flairs at the end to form the metaphysis, the region below the growth plate, and the 

epiphyses, the region above the growth plate. The diaphysis, also known as the shaft, is 

mainly composed of dense, solid bone known as cortical bone, whereas, the metaphysis and 

epiphysis contain a honeycomb-like network of interconnected trabecular plates surrounding 

bone marrow known as cancellous or trabecular bone (1).
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Bone is critical for structural support and movement, protection of vital organs as well as for 

maintenance of mineral homeostasis and hematopoiesis. Bone is a dynamic organ and is 

continuously undergoing remodeling. Control of bone remodeling is a highly complex 

process that involves integrative signals from not only the different bone cells but also 

signals from other systems including immune, neuronal and hormonal (2,3). While it has 

been known for a long time that the gastrointestinal system plays a critical role in bone 

homeostasis via regulation of calcium absorption, recent studies underscore the emerging 

role of the gut microbiota in regulating bone remodeling. Thus modification of the gut 

microbiota, by ingesting probiotics, could be a viable therapeutic strategy to regulate bone 

remodeling under a variety of conditions that lead to bone loss and osteoporosis. In this 

chapter we provide a comprehensive analysis of recent studies that have examined the 

effectiveness of probiotic for the treatment of bone loss and osteoporosis.

Bone Remodeling

Throughout a lifetime the skeleton is subjected to a variety of stresses and strains leading to 

the formation of cracks and micro-damage. To maintain the integrity of the skeleton it is 

continuously remodeled; in the adult human skeleton, 5 – 10% of the existing bone is 

replaced every year (4). Remodeling is accomplished by the coupled activities of a group of 

cells collectively termed the bone remodeling unit (BRU) (5). The cells that constitute the 

BRU are the osteoblasts, cells that produce the organic bone matrix and facilitate bone 

mineralization (6); the osteoclasts, cells responsible for the degradation of bone and 

extracellular matrix (7); the osteocytes, osteoblast-derived cells that lies within the bone 

matrix and act as mechanosensors and endocrine cells (8); and the bone lining cells, cells 

that form the canopy of the trabecular bone remodeling compartment (BRC) and help to 

couple bone formation to resorption (9). There are four distinct phases in the bone 

remodeling cycle: i) initiation, ii) resorption, iii) reversal and iv) formation (see Fig 1 for 

more details).

Osteoclasts and Osteoblasts

Osteoclasts are the principal cells responsible for bone resorption while osteoblasts mediate 

bone formation. The osteoclast is a terminally differentiated, highly motile, multinucleated 

cell formed by the fusion of monocyte/macrophage precursors derived from hematopoietic 

origin (10) (Fig 2). In contrast, osteoblasts arise from mesenchymal stem cells (MSC) which 

are pluripotent cells that have the potential to differentiate into numerous cell types 

including adipocytes, chondrocytes and osteoblasts (11) (Fig 3). Control of osteoclast and 

osteoblast differentiation is regulated by numerous cytokines, hormones, growth factors and 

transcription factors (12,13).

Osteoimmunology

While cells of the osteoblast and osteoclast lineage modulate each other’s differentiation and 

function through cell-cell contact and diffusible paracrine factors, it is now well recognized 

that immune cells, including lymphocytes (T and B) and dendritic cells, also play a key role 

in modulating bone remodeling in both health and disease. This modulation is via direct and 

indirect measures through expression of a large number of cytokines which can have both a 
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pro-osteoclastogenic effect, resulting in bone loss or pro-osteogenic effect, resulting in bone 

formation (Fig 4) (12,14).

BONE DISEASE

Diseases of the bone are typically characterized by direct or indirect effect on the balance of 

remodeling, with increased or decreased bone resorption/formation. Osteoporosis is a typical 

example of an imbalance in resorption/formation that is skewed more toward bone loss. By 

definition, osteoporosis is characterized by low bone mass and micro-architectural 

deterioration of bone tissue with a consequent increase in bone fragility and susceptibility to 

fracture (15). It affects approximately 54 million Americans, with studies suggesting that 

one in three women and one in five men, age 50 and older, will break a bone due to 

osteoporosis (16). In 2005 more than 2 million incident fractures were reported in the USA 

alone at a cost of approximately $17 billion. This number is predicted to rise in excess of 

$25 billion by 2025 (17). Osteoporosis can be defined as two forms: primary osteoporosis 

which occurs as part of the normal human aging process or secondary osteoporosis when 

bone loss is caused by a medical condition/disease or treatment.

Primary Osteoporosis

In females, the onset of menopause is a major factor that contributes to development of post-

menopausal osteoporosis. Loss of estrogen gives rise to two stages of bone loss: an early 

rapid loss of trabecular and cortical bone due to increased osteoclast activity and decreased 

osteoclast apoptosis, and a second slower prolonged loss due to decreased osteoblast activity 

(18). The mechanisms behind this uncoupling of bone resorption and bone formation are 

complex and multifactorial. Loss of estrogen has been observed to increase expression of 

pro-inflammatory and osteogenic cytokines namely, IL-1, IL-6, IL-7, TNFα, MCSF and 

RANKL from osteoblasts, T cells and B cells (19–23). Of these cells, T lymphocytes are 

believed to play a particularly critical role in the bone loss associated with estrogen 

deficiency. This was demonstrated using T-cell deficient mice wherein these mice were 

protected from ovariectomy (OVX)-induced bone loss (24). Furthermore, dysregulation of T 

cell CD40L signaling following estrogen deficiency leads to increased stromal cell 

expression of osteoclastogenic cytokines while decreasing expression of OPG (25). Asides 

from its pro-osteoclastogenic effects, the increased expression of TNFα following estrogen 

deficiency has also been shown to increase expression of sclerostin, a secreted Wnt 

antagonist (26). The subsequent decrease in Wnt signaling results in a shift of MSC 

differentiation away from osteoblasts and towards adipocytes resulting in reduced bone 

formation (27,28). Changes in death receptor signaling on osteoclasts and osteoblasts 

following estrogen-deficiency is further thought to contribute to the overall bone loss. OVX 

has been shown to increase osteoblast expression of Fas (CD95), a well characterized 

“death” receptor, resulting in suppressed osteoblast differentiation and increased apoptosis 

(29). Interestingly Fas-deficient mice are protected from OVX induced bone loss due to 

enhanced osteoblast differentiation and activity (30).
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Secondary Osteoporosis

As previously mentioned secondary osteoporosis is bone loss caused by a variety of medical 

and pathological factors including but not limited to: smoking; type 1 diabetes; 

hyperparathyroidism; inflammatory bowel disease; arthritis and glucocorticoid treatment. 

The incidence of secondary osteoporosis is difficult to discern however, it has been 

suggested to occur in almost two-thirds of men and one-fifth of postmenopausal women 

with osteoporosis (31,32). Various gastrointestinal diseases are known to cause secondary 

osteoporosis, particularly inflammatory bowel disease (IBD); up to three quarters of IBD 

patients may have a reduced bone mineral density (BMD) (32). Several mechanisms 

contribute to the bone loss in IBD patient including malnutrition; malabsorption of vitamin 

D, calcium and vitamin K; immobilization; and increased expression of inflammatory 

cytokines such as TNFα, IL-1β and IL-6 (33).

The autoimmune disease type 1 diabetes (T1D) is also associated with secondary 

osteoporosis (34,35). Through the use of T1D animal models several mechanisms that may 

contribute to T1D osteoporosis have been identified. In the streptozotocin-induced murine 

model of T1D, gene expression of TNFα, IL-1β and IL-6 in the bone marrow are up-

regulated, leading to increased osteoblast death directly (36) and suppressed wnt10b 

expression (37,38). Suppression of Wnt10b is known to further decrease osteoblast viability, 

maturation and lineage selection. Consistent with this finding, expression of the critical 

osteoblast transcription factor Runx2 is reduced while the adipogenic markers, aP2 (FABP4) 

and PPARγ, are increased in T1D mouse bone (37). These data suggest that an anabolic 

defect is a major contributor to the secondary osteoporosis observed in T1D.

Osteoporosis Treatments

Numerous therapies have been developed for the treatment of osteoporosis with the aim of 

reducing bone loss and correcting the imbalance in bone remodeling. In addition to lifestyle 

modifications (increased physical activity, reduced alcohol intake and cessation of smoking) 

current baseline therapies for the prevention and treatment of osteoporosis comprise vitamin 

D and calcium supplementation (39). In patients that have a higher risk of fracture, 

pharmacological interventions are employed. The drugs fall into two classes: i) drugs that 

inhibit bone resorption (anti-resorptive) and ii) drugs that stimulate bone formation 

(anabolic) See Table 1.

Of the anti-resorptive drugs, bisphosphonates constitute the largest class. Bisphosphonates 

can be administered orally or intravenously and have a high affinity for bone. In addition, 

they are inexpensive and have a long safety record. Bisphosphonates inhibit osteoclast 

activity either by a direct toxic effect or by altering their cytoskeleton (42). Anti-resorptive 

drugs however, have unintended effects in some patients including upper gastrointestinal 

irritation due to oral bisphosphonates as well as, osteonecrosis of the jaw and atypical 

subtrochanteric femoral fractures (43).

While numerous anti-resorptive drugs exist, in the US there is only one approved anabolic 

drug that builds up new bone, parathyroid hormone (PTH). PTH is used either as a full-

length (PTH 1–84) or N-terminal fragment (teriparatide, PTH 1–34). PTH treatment is 
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administered daily via a subcutaneous injection and stimulates increased bone density 

through an increase in the bone remodeling rate which favors bone formation. Therapeutic 

courses of PTH are limited to 24 months due to safety concerns related to an increase in risk 

of osteosarcoma as well as the high cost of the drug (43,44).

These limitations in treatments for osteoporosis underscore the need for novel therapies that 

have fewer side effects. Interestingly, recent studies have identified the intestinal microbiota 

as an important link in modulating bone health (45–47). The focus of this chapter will be on 

probiotics and bone health. In the next subsections, we will examine the how microbiota and 

its modulation by probiotics is beneficial in osteoporosis, at least in animal models of 

disease.

MICROBIOTA

It is now clear from both human and animal studies that the intestinal microbiota is needed 

for the health of its host, and plays a crucial role in many aspects of host physiology 

including metabolism, nutrition, pathogen resistance, and immune function. While different 

parts of the intestinal tract exhibit differential densities of microbiota, the colon usually has 

the highest content, 1011 cfu/mL (48). The human body is thought be a host for ~100 trillion 

microbes comprising ~1000 species and 28 different phyla (49). In addition to the sheer 

number of microbes outnumbering host cell number (estimated at ~60 trillion), gut 

microbiota also express 100 fold more genes compared to the human genome. (49). Thus, as 

the microbiome coevolves with us, changes in that population can have both beneficial and 

harmful consequences on human health (50). Therefore, gaining knowledge of the 

microbiome-host relationship with respect to physiology is highly critical to not only 

understand disease pathogenesis but also to target the microbiome for therapeutic purposes.

Role of Intestinal Microbiota in Influencing Bone

Previous studies have clearly demonstrated that the intestinal tract can profoundly influence 

the health of the bone. One way this occurs is through the regulation of mineral absorption 

which is required for healthy bone and includes calcium, phosphorous and magnesium. In 

addition, endocrine factors that influence the absorption of these minerals as well as gut-

derived factors such as incretins and serotonin can also influence bone turnover (51,52). 

More recent studies using germ-free mice and probiotics have demonstrated the influence of 

the intestinal microbiome in modulating bone physiology (53,54).

Early evidence that the intestinal microbiota could affect bone was provided by Sjögren et al 

(53). In their study, germ free mice, conventional mice and germ free mice colonized with a 

normal microbiota were used to investigate the role of the microbiota in bone health. Bone 

mass was observed to be higher in germ free mice compared to that of the conventional 

mice; germ free mice additionally had reduced number of osteoclasts per bone surface and 

decreased frequency of CD4+ T cells and osteoclast precursors in their bone marrow. These 

findings were normalized following colonization of the germ free intestine with a 

conventional microbiota. The exact role that the microbiota plays in the development of 

bone however, is not without controversy as subsequent studies have shown either no 

difference in bone density between conventional mice and germ free mice (54) or that while 
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initial colonization acutely reduces bone density, long-term colonization results in an 

increase in bone formation (55). This suggests that the effects of the microbiota on bone 

health are complex and time dependent. The evidence for a role of probiotic 

supplementation in modulating bone health however, is much stronger. Numerous studies 

have revealed that modulating the intestinal microbiota with probiotic bacteria can have a 

beneficial effect. These will be discussed in detail further in this chapter.

PROBIOTICS

Probiotics are defined as dietary supplements that contain live non-pathogenic 

microorganisms that when administered in adequate amounts can be beneficial in the 

treatment as well as in the prevention of pathological conditions (56). Many genera of 

bacteria such as Lactobacillus, Enterococcus, Bacillus, Escherichia, and Bifidobacterium 
have been used for their beneficial effects as probiotics. Although, most probiotics are 

bacteria, yeast such as Saccharomyces, have also been found to present probiotic 

characteristics (57). Probiotic bacteria are naturally found in the mucous membranes such as 

the mouth, skin, urinary and genital organs, and in the intestines. They are also commonly 

found in dietary supplements, fermented products (e.g., meat, milk products, beer) and in 

non-conventional products such as toothpaste and ice cream. The Food and Agriculture 

Organization of the United Nations/World Health Organization (FAO/WHO) has develop 

guidelines for the assessment and use of probiotic bacteria for consumption (58). For a 

microbe to be classified as probiotic it needs to present specific characteristics such as: 

survival in the gastrointestinal system (acid and bile tolerance), phenotype and genotype 

stability, adhesion to mucosal surface, antibiotic resistance, production of antimicrobial 

substances and ability to inhibit known pathogens. In addition, probiotic bacteria or their 

fermented products cannot be harmful to the host, cannot induce an immune system 

response unless induced against pathogenic microorganisms, and bacteria that contain 

transmissible drug resistance genes should not be used.

In recent years, multiple studies have been published indicating the potential benefits of 

probiotic supplementation on bone health in both healthy and pathological states. These 

beneficial effects have been observed with multiple strains of bacteria and in numerous 

experimental animal models of disease (table 2). The mechanism through which probiotics 

exert their effects however, hasn’t been fully elucidated. It is known that, probiotics can 

influence the gut through regulation of luminal pH; secretion of antimicrobial peptides; 

enhancement of barrier function by increasing mucus production and modulation of the host 

immune system; and by modifying the gut microflora (59–62). Which of these mechanisms 

are important for the beneficial effects on bone is not yet well known.

Probiotics and Bone in Non-Pathological Animal Models

The use of healthy non-pathogenic animal models has been used to evaluate the safety, 

efficacy and mechanism of probiotic supplementation. Interestingly, the effect of probiotics 

under healthy non-pathological conditions has been shown to be dependent on many 

variables including strain and sex of the animal.
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In a study using Lactobacillus reuteri ATCC 6475, oral administration of the probiotic for a 

period of 4 weeks to specific pathogen free healthy male mice, but not female mice, resulted 

in a significant increase in femoral and vertebral trabecular bone density, trabecular number, 

trabecular thickness, bone mineral content and bone mineral density when compared to 

untreated controls (66). This increase in bone density was attributed to an increase in 

osteoblast bone formation as evidenced by elevated levels of the osteoblast marker 

osteocalcin and increased bone formation rate; no difference was observed in serum TRAP 

levels. While in this study the mechanism of action was not fully identified, supplementation 

with L. reuteri 6475 was observed to decrease expression of the inflammatory cytokine 

TNFα in the jejunum and ileum. (66). Interestingly, while intact healthy female mice did not 

respond to oral L. reuteri in terms of bone health, further studies revealed that they 

subsequently responded to the probiotic if the health status was skewed towards a mild 

inflammatory state (68). This mild inflammatory state was induced via a dorsal surgical 

incision (DSI) and following probiotic supplementation resulted in the female mice 

exhibiting increased bone density. However, this took longer than the males (8 week 

treatment in females versus 4 weeks in males). In addition to an increase in femoral 

trabecular bone density, DSI female mice (treated with probiotic) exhibited higher trabecular 

number as well as mineral apposition rate in comparison with non-treated DSI female mice 

and treated intact female mice (68). These results suggest that under naïve healthy 

conditions, females are likely at their maximal anti-inflammatory state and therefore L. 
reuteri is unable to influence inflammation and bone formation. Whereas, slight 

inflammation induced by DSI, skews the females (in spite of intact estrogen) towards a pro-

inflammatory state, therefore L. reuteri is able to have a beneficial effect on bone density. 

However, the precise mechanisms of L. reuteri 6475 effects on bone density are still under 

investigation.

In studies parallel to the mouse model, treatment of rats with yogurt containing L. casei, L. 
reuteri and L. gasseri increased calcium absorption resulting in elevated BMC compared to 

the control (69). Likewise, supplementation of growing rats with Lactobacillus rhamnosus 
(HN001) improved magnesium and calcium retention (72). In addition to different strains of 

Lactobacillus, beneficial effects on bone have also been observed with Bifidobacterium 
longum. Supplementation of male rats with Bifidobacterium longum (ATCC 15707)for 28 

days showed an increase in calcium, phosphorus, and magnesium content in the tibia and 

higher percentage fracture strength than untreated rats (71). In a separate study rats fed a 

high cholesterol diet supplemented with Bifidobacterium longum-fermented broccoli for 12 

weeks presented a reduction in the number of TRAP-positive osteoclasts in comparison with 

untreated rats (70).

Probiotics and Bone Health in Animal Models of Osteoporosis

A number of studies have utilized animal models to investigate whether probiotics can be 

used to prevent both primary and secondary osteoporotic bone loss (38,54,67,74). These 

studies have mainly used different species of the Lactobacillus and Bifidobacterium genus.

Primary Osteoporosis—In a recent study from our lab (67) the bacterium L. reuteri 
ATCC 6475 was used in the primary osteoporosis mouse menopause (OVX) model. 12 
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Week old Balb/c mice were provided with L. reuteri ATCC 6475 3 times a week by gavage 

(1×109 cfu/ml) and constantly in the drinking water (1.5×108 cfu/ml) for four weeks 

following OVX surgery and femoral and vertebral bones analyzed by μCT. OVX mice 

supplemented with L. reuteri were found to be completely protected from bone loss resulting 

in a BV/TV that was comparable to the control mice. Furthermore, significant increases in 

trabecular BMD and BMC were observed in the OVX treated mice compared to the OVX 

controls. The protective effect of L. reuteri was attributed to a decrease in bone mRNA levels 

of RANKL and TRAP5. Serum TRAP5 levels were also modestly changed by L. reuteri 
treatment. However, osteoblast markers such as osteocalcin were not affected. These results 

suggested that the protective effect of L. reuteri observed in this model is via an anti-

osteoclastogenic effect. This was supported by ex vivo bone marrow cultures where the 

osteoclastogenic potential of the OVX L. reuteri treated bone marrow were significantly 

reduced, compared to the OVX bone marrow cultures. These data supported an earlier study 

by Chiang and Pan et al (73) who revealed that OVX mice treated with either L. paracasei 
(NTU 101) or L. plantarum (NTU 102)-fermented soy milk had significantly increased 

BV/TV and trabecular number compared to OVX controls.

Further support for the beneficial effects of Lactobacilli treatment preventing estrogen-

deficiency-induced trabecular bone loss has been provided by Li et al (54). In their study 

they utilized both the OVX model in specific pathogen free mice as well as an ovarian sex 

steroid inhibitor (Leuprolide) in germ free mice. These animals were treated with either 

Lactobacillus rhamnosus GG (LGG) or the commercially available probiotic supplement 

VSL#3 (containing four species of Lactobacilli; three species of Bifidobacteria; and 

Streptococcus salivarius subsp. Thermophilus (79)). In both models LGG and VSL#3 

markedly prevented the decrease in femoral bone density, trabecular thickness and number 

compared with the untreated controls. Importantly, non-probiotic bacteria such as 

Escherichia coli DH5alpha and the LGG pili mutant (LGG (ΔSpaC)) did not provide any 

protection from bone loss. While the mechanism of action was not fully elucidated in this 

study, CTX levels in the serum, a marker of osteoclast bone resorption, were decreased in 

the OVX + LGG and VSL#3 cohorts but not in the non-probiotic groups (54). This suggests 

that, as with the other studies in the OVX model of bone loss, probiotics mediate their 

effects on OVX-induced bone loss by inhibiting osteoclast activity.

In an analogous study by Ohlsson et al (74), mice were treated with either a single 

Lactobacillus paracasei strain (DSM13434) or a mixture of three strains (Lactobacillus 
paracasei DSM13434, Lactobacillus plantarum DSM 15312 and DSM 1531) in the drinking 

water for two weeks prior and for four weeks after OVX surgery. L. paracasei DSM13434 as 

well as the multiple strains increased cortical bone mineral content compared to the vehicle 

treated OVX mice. Serum levels of the resorption marker C-terminal telopeptides and the 

urinary fractional excretion of calcium were decreased as was the cortical bone 

RANKL/OPG ratio in the probiotic treated groups compared with the vehicle treated group. 

However, mRNA levels of three osteoblast-associated genes (osterix, Col1α1 and 

osteocalcin) were not affected by the different probiotics. Together these results further 

support the notion that probiotics prevent bone loss in estrogen-deficient mice by regulating 

osteoclast resorption but not osteoblast bone formation.
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The effectiveness of probiotics to inhibit OVX-induced bone loss has also been investigated 

in other animal models. In the OVX rat model the effect of Bifidobacterium longum on bone 

density, bone mineral content, bone remodeling, bone structure, and osteoclast/osteoblast 

gene expression markers was investigated. Rats were treated with B. longum for 16 weeks 

after OVX surgery. The B. longum supplemented group presented an increase in bone 

density, trabecular number, and thickness. Femoral strength was also enhanced by B. 
longum supplementation. When compared to the sham group, OVX decreased osteoblast but 

increased osteoclast surface over bone surface in the femur. These effects were prevented by 

the B. longum treatment, in addition to decreasing levels of serum C-terminal telopeptide, 

suggesting that similar to the mouse OVX model, probiotics modulate osteoclast formation 

and activity in the rat OVX model (80).

Secondary Osteoporosis—While the majority of studies have so far investigated the 

beneficial effects of probiotic supplementation on primary osteoporosis, few studies have 

investigated the potential effect in conditions of secondary osteoporosis. Specifically, in the 

context of type 1 diabetes-induced bone loss our lab has revealed some potentially exciting 

results with the use of probiotic treatment (38).

Type 1 Diabetes (T1D) is a metabolic disease caused by deficiency in insulin secretion. 

Hyperglycemia as well as other metabolic impairment has devastating consequences to 

several end organs including the skeleton. In contrast to primary osteoporosis, T1D–induced 

osteoporosis is characterized by a dysregulation of osteoblast number and activity as well as 

increased bone marrow adiposity; however, osteoclast activity seems to be mostly unaffected 

(81). Similar to the effects of L. reuteri in the mouse OVX model, administration of L. 
reuteri was effective in preventing streptozotocin (STZ)-induced T1D–mediated bone loss in 

male C57BL/6 (14 weeks old) mice. After 4 weeks (post-STZ injection) diabetic mice 

displayed a 35% reduction in bone volume fraction, an effect that was inhibited by L. reuteri 
treatment. This was further supported by the trabecular bone parameter data which revealed 

that L. reuteri treatment prevented the reduction in trabecular number and the increase in 

trabecular spacing induced by T1D. Evidence that T1D-bone loss was due to reduced 

osteoblast activity was revealed by decreased serum markers of bone formation, such as 

osteocalcin, and also by a reduced mineral apposition rate. L. reuteri 6475 treatment 

enhanced mouse serum osteocalcin levels as well as mineral apposition rate suggesting that 

in this model, unlike the OVX model, L. reuteri has an anabolic bone forming effect (38).

Probiotics and Bone Health in Livestock

Treatment of low bone density in humans is not the only potential use of probiotics. Skeletal 

abnormalities affecting quality and output in livestock cost the agricultural sector millions of 

dollars per annum (82). This is especially true in the poultry industry where the burden of 

having to produce large, fast growing, and affordable broilers in large scale rearing facilities 

has resulted in the development of bone pathologies (83). While traditionally these 

impediments were treated with growth factors, antibiotics and veterinary medicines, public 

opinion and government regulations have changed meaning alternatives, such as probiotics, 

are required.
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Treatment of chickens with probiotic supplementation in the feed has been shown to provide 

numerous benefits including; improved weight gain, reduced mortality, increased egg size, 

decreased incidence of salmonella infection and improved bone health (65,84–86) (63–65). 

In one study supplementation of the diet with Bacillus licheniformis and Bacillus subtilis 
significantly increased the thicknesses of the tibia lateral and medial walls. The probiotic-

supplemented diet also slightly improved tibia yield stress and modulus of elasticity. 

However, the percentage of calcium on the bone was not affected by probiotic consumption, 

suggesting that the increase in bone density was independent of bone calcium content (63). 

This data supported an earlier study that observed an increase in bone strength and lower 

incidence of tibial dyschondroplasia in chickens receiving brewer’s yeast (64). These studies 

indicate that in addition to the potential treatment of human bone pathologies, probiotics can 

additionally be utilized for the improvement of livestock.

Probiotics Mechanism of Action

The mechanisms through which probiotic bacteria exert a beneficial effect on bone density 

are still being investigated. However, both in vitro and in vivo studies have highlighted a 

complex and multifaceted process by which probiotic bacteria can exert an influence on the 

host (Fig 5 a and b).

In Vitro Studies—In vitro studies using probiotics or probiotic-fermented products have 

been performed to determine whether probiotic secretory products can directly affect the 

bone cells. These studies have revealed that osteoclast differentiation from monocytic-

macrophages was significantly inhibited when cultured with L. reuteri conditioned media. 

This suggests that the probiotic releases an anti-osteoclastogenic factor that is able to 

modulate osteoclastogenesis (67). Similar to its effects on osteoclast differentiation, a 

secreted component of L. reuteri was sufficient to reverse TNFα-induced suppression of 

Wnt10b expression in the MC3T3 pre-osteoblast cell line (38). The ability of L. reuteri to 

secrete a modulatory factor is supported by an earlier study which demonstrated that L. 
reuteri secretes histamine which is capable of suppressing TNFα production from human 

monocytoid cells (87). Further evidence for probiotics having a direct effect on bone cells 

has been observed with L. helveticus and L. casei. In MC3T3-E1 cultures L. casei – 

fermented milk increased proliferation in a dose-dependent manner (75). Also, addition of L. 
helveticus-fermented milk products to primary bone marrow cultures increased calcium 

accumulation in osteoblast cultures suggesting that it has the potential to increase osteoblast 

differentiation. Remarkably, L. helveticus-fermented milk products had no effect on 

osteoclast differentiation (88); suggesting that different species/strains of bacteria may have 

cell-specific effects.

In Vivo Studies—The mechanism by which probiotic bacteria exert their effect on bone in 
vivo is not very well known and most likely complex; with multiple bacterial components 

affecting different pathways within the host. Bacteria have been shown to synthesize 

numerous vitamins and enzymes that are required for matrix formation and bone growth 

including: vitamin D, K, C and folate (89,90). Furthermore, bacteria of the genus 

Bifidobacteria, produce short chain fatty acids (SCFAs) that can reduce the intestinal tract 

pH subsequently increasing the absorption of minerals (91).
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Studies performed with L. reuteri 6475 have highlighted that this specific probiotic is 

capable of systemically suppressing gene expression of pro-inflammatory and pro-

osteoclastogenic cytokines, in both the intestine and the bone marrow (66–68). This anti-

inflammatory effect has also been observed with other species of Lactobacilli. Both LGG 

and VSL#3 were shown to reduce expression of TNFα, IL-17 and RANKL in cells isolated 

form the small intestine and bone marrow of OVX mice (54). By reducing intestinal 

inflammation the probiotic bacteria may directly enhance the transport of calcium across the 

intestinal barrier.

It is likely that different probiotic bacterial strains acts via distinct and/or overlapping 

mechanisms. For example, while L. helveticus has been suggested to enhance bone density 

by increasing calcium uptake, studies have also shown that it is also able to produce the 

bioactive peptides isoleucyl-prolyl-proline (IPP) and valyl-prolyl-proline (VPP). These 

peptides are capable of inhibiting angiotensin converting enzyme (ACE), preventing the 

formation of Angiotensin II (Ang II), a stimulator of OC resorption, from Angiotensin I 

(Ang I) (76,88).

In contrast, Bifidobacterium longum has been shown to reduce periodontal oxidative stress 

by decreasing NF-κB gene expression (70). Estrogen-deficiency is associate with an 

increase in oxidative stress which can potentially inhibit osteoblast differentiation while 

enhancing osteoclast differentiation (18,92,93). This suggests that Bifidobacterium longum 
can potentially stimulate osteoblastogenesis while inhibiting osteoclastogenesis.

Conclusions—Osteoporosis is a devastating complication of the skeleton that has 

profound influence on the quality of life. It is critical that we continue to develop new, safe 

and effective strategies to prevent or treat osteoporosis associated with different conditions 

and variables (age, biological sex, disease, genetic background). Effect of probiotics in 

animal models suggests that oral probiotic supplementation could be a safe and effective 

alternative for preventing bone loss in various conditions in humans including menopause 

and T1D as well as enhance bone density under healthy or modestly inflamed conditions.
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Fig 1. The Bone Remodeling Cycle
A symplified representation of the bone remodeling cycle. The initiation phase of bone 

remodeling is induced by mechanical strain, damage or by signals from cytokines or 

systemic factors. This generates local signals that lead to the bone lining cells separating 

from the bone surface and forming a canopy over the site to be resorbed (94). Osteoclasts 

and their precursors are then recruited to the site of bone remodeling from the circulatory 

system via capillaries that are closely associated with the BRC (95). The signals for the 

initiation of osteoclast differentiation and resorption; macrophage colony stimulating factor 

(MCSF) and receptor activator of NF-κB ligand (RANKL), are provided by cells of the 

osteoblast lineage including osteocytes as well as T and B cells (95–98). Once the 

remodeling process is initiated resorption of the bone occurs. OC attach to the exposed 

surface of the mineralized matrix where they polarize and form a sealed microenvironment. 

This sealed microenvironment is then acidified to breakdown the inorganic component of 

bone followed by release of the enzymes cathepsin K, matrix metalloproteinase-9 (MMP-9) 

and tartrate resistant acid phosphatase (TRAP) which breakdown the organic component 

(7,99). Following resorption of the old damaged bone the process undergoes reversal. 

Toward the end of the resorption phase of the bone remodeling cycle mononuclear cells of 

osteoblast-lineage move into the resorption pit. These mononuclear cells remove the old 

demineralized collagen while laying down a new thin layer (100). During this phase the 

process of ‘coupling’ bone resorption to bone formation occurs to ensure that the volume of 

bone removed is replaced. Coupling of bone resorption to bone formation is a multifaceted 

process with numerous regulator molecules derived from the matrix, secreted or membrane-

bound contributing (94,101,102). Bone formation is a two-step process and proceeds slowly, 

taking approximately 3 months (compared to resorption which typically takes 3 weeks). The 

osteoblast first secretes the unmineralized osteoid which is then mineralized through the 

incorporation of hydroxyapatite (103). When the osteoblast has completed the matrix 

formation they undergo a number of possible fates. The majority of osteoblasts become 

apoptotic; however, some get trapped in the mineralized matrix and undergo further 

differentiation into the osteocyte while others may become inactive bone lining cells (104). 
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Through the production of sclerostin (SOST), an inhibitor of Wnt signalling, the osteocyte 

can regulate the amount of new bone formation that takes place (8).
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Fig 2. Osteoclast Differentiation
Osteoclast differentiation is the process by which mononuclear cells undergo fusion into the 

multinucleated osteoclast. Three cytokines are critical for osteoclast differentiation: MCSF, 

RANKL and osteoprotegerin (OPG), a soluble decoy receptor for RANKL (105–108). In the 

initial stages of differentiation, precursor cells proliferate in response to MCSF signaling 

through its receptor c-FMS (109). RANKL, expressed as a membrane bound or soluble form 

then binds to its receptor, receptor activator of nuclear factor κB (RANK), present on the 

precursor cells (110,111). This results in the transcription and activation of numerous 

osteoclast specific genes; cathepsin K, tartrate resistant acid phosphatase (TRAP; an 

osteoclast marker), calcitonin receptor and B3 integrin (112). The precursor cells then 

migrate along chemokine gradients and fuse together to form the multinucleated osteoclast. 

Control of osteoclast differentiation is via the soluble receptor OPG, which competes with 

RANK for RANKL binding, thus inhibiting OC differentiation (113,114).
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Fig 3. Osteoblast Differentiation
Signaling by members of the canonical Wnt/β-catenin pathway, such as Wnt10b, and BMP2 

and BMP4, direct the MSC cell fate towards the osteoblast lineage. This is achieved by 

suppressing the adipogenic transcription factors C/EBPα and PPARγ while inducing the 

osteogenic transcription factors Runx2 and osterix (28,115,116). This immature osteoblast 

still has the potential to divide and expresses low levels of alkaline phosphatase (ALP) 

activity, as well as synthesize type I collagen which makes up to 90% of the organic 

component of bone (117). Differentiation to the non-proliferating mature cuboidal osteoblast 

that actively mineralizes bone matrix is dependent on the transcription factors osterix (118). 

Before the newly laid matrix can be mineralized however it must first undergo maturation. 

Matrix maturation is associated with increased expression of alkaline phosphatase and 

several non-collagen proteins (NCPs), including osteocalcin, osteopontin, and bone 

sialoprotein (119). Mineralization of bone is completed by the incorporation of 

hydroxyapatite (Ca10(PO4)6(OH)2) into the newly deposited osteoid. Membrane bound 

extracellular bodies (extracellular matrix vesicles) released from the osteoblast facilitate 

initial mineral deposition by accumulating calcium and phosphate ions in a protected 

environment. Clusters of these ions come together to form the first stable crystals. Addition 

of ions to these crystals follows, resulting in their growth (103,120). At the completion of 

bone formation a subset of osteoblasts can undergo further differentiation, upon being 

entombed in the bone matrix, and become osteocytes. The remaining osteoblasts are thought 

to either undergo apoptosis or become inactive bone-lining cells (104).
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Fig 4. Cross-talk Between Osteoclasts, Osteoblasts and the Immune System
Activated T lymphocytes, specifically T helper (Th) 17 cells have been identified as 

osteoclastogenic through the expression of RANKL and the cytokine interleukin (IL)-17, 

which induces RANKL expression on osteoblasts (121). Furthermore, expression of IL-17 

enhances local inflammation, driving expression of other pro-inflammatory cytokines 

promoting additional RANKL expression (12). In addition to IL-17, T cell TNFα production 

has been demonstrated to affect the balance of bone remodeling. Increased T cell TNFα 
enhances osteoclastogenesis while inhibiting osteoblast differentiation and collagen 

synthesis (24,122,123). In addition to pro-osteoclastogenic cytokines, T-lymphocytes also 

secrete IL-10, IL-4 and interferon (IFN)-γ that are potentially anti-osteoclastogenic 

(12,124). A role for B-lymphocytes in bone homeostasis has been suggested as B cell-

deficient mice exhibit an osteoporotic phenotype (114). B-lymphocytes are responsible for 

64% of total bone marrow OPG production, with 45% of this derived from mature B cells 

(114).
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Fig 5. 
Potential Mechanism by which Probiotic Bacteria Benefit Bone

a) Probiotic bacteria or their secreted factors interact with the intestinal epithelial barrier and 

cells in the lamina propria. Within the lamina propria the probiotic bacteria/secreted factors 

interact with antigen presenting cells, such dendritic cells, modulating their immune 

response. This results in a reduction of inflammatory cytokines leading to an uptake in 

minerals from the intestinal lumen. b) The bacterial secreted factors then pass into the blood 

stream and are transported to the bone. Here they can interact with osteoclasts and 

osteoblasts as well as immune cells. This could then reduce expression of pro-inflammatory 

and pro-osteoclastogenic cytokines and oxidative stress while enhancing mineral apposition 

and Wnt10b expression. This modulation results in reduced osteoclast formation 

subsequently leading to increased levels of bone.
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Table 1

Established Treatments for Osteoporosis

Anti-Resorptive Bisphosphonates

Raloxifene

HRT

Denosumab

Bone Forming Teriparatide (Parathyroid Hormone)

Other Calcium

Vitamin D

Strontium Ranelate

Calcitonin

Calcitriol

Exercise

Table modified from (40,41)
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