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Abstract

Gut microbiota is widely accepted to play a crucial role on host health via the regulation of many physiological 
functions, including metabolism, nutrition, pathogen resistance, and immune function. Over the last decades, ac-
cumulating evidence has also pinpointed a role for gut microbiota on bone metabolism and the development of 
metabolic bone diseases, such as osteoporosis. Emerging evidence suggests the potential of gut microbiota as a 
promising target for bone health management. In this contribution, we have examined the available literature to 
understand the role of gut microbiota on bone metabolism as well as the underlying mechanisms. Furthermore, 
the application and effectiveness of using probiotics/prebiotics as means to modify gut microbiota and bone 
health are discussed. In this relation, animal studies and human trails suggest that alternation of gut microbiota 
composition can exert the activity of bone metabolism and therefore lead to the change of bone quality. It is 
believed that gut microbiota regulates bone metabolism via host immune system, endocrine system and min-
eral absorption. Supplementation with probiotics and prebiotics to both animals and humans has demonstrated 
promising, but sometimes conflicting results, on bone health. Thus, future research is expected to reveal the 
influence of the variations in age, gender, dose, delivery method, and treatment duration, among others on the 
probiotics/prebiotics-targeted bone diseases treatment.
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1. Introduction

Bone health is critically important to the overall health and qual-
ity of life. In addition to forming a protective and supportive 
framework for the body, bones also provide mobility, and serve 
as a storehouse for minerals that are vital to the functioning of 
many other life-sustaining systems (Office of the Surgeon Gen-
eral, 2004). It is a dynamic organ, which is constantly undergoing 
remodeling to replace or reshape injured or micro-damaged bone 
and to maintain mechanical loading (Collins et al., 2017; Quach 
and Britton, 2017). While it has been known for a long time that 
the gastrointestinal system plays a critical role in maintaining 
calcium homeostasis and skeletal integrity (Keller and Schinke, 
2013), recent studies underscore an emerging role of gut micro-
biota in regulating bone metabolism (Collins et al., 2017). It is 
estimated that >1000 different microbial species exist in the hu-

man gut (Chen et al., 2017). The communication and coevolution 
between intestinal microbiota and the host provide benefits to both 
the bacteria and the host in most cases (Quach and Britton, 2017). 
It is well accepted that a dynamic homeostasis of gut microbiota 
is critical to host’s health and plays a crucial role in many aspects, 
including metabolism, nutrition, pathogen resistance, and immune 
function (Collins et al., 2017; Xu et al., 2017). Accumulating 
evidence has demonstrated that gut microbiota is associated with 
bone metabolism and a range of inflammatory or metabolic bone 
diseases (Blanton et al., 2016; Guss et al., 2017; Sjögren et al., 
2012; Xu et al., 2017; Yan et al., 2016). Therefore, modification 
of gut microbiota by probiotics and/or prebiotics supplementation 
has been proposed as a viable therapeutic strategy to benefit bone 
health. In this review, we examined the available literature to un-
derstand the role of gut microbiota on bone metabolism as well 
as the underlying mechanisms. Furthermore, the applications and 
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effectiveness of using probiotics/prebiotics as means to modify gut 
microbiota and bone health are discussed.

2. Bone physiology and osteoporosis

Bone is always viewed as settled, however, it is a dynamic and 
living tissue that continuously requires all essential nutrients for 
growth and maintenance. Throughout life, bone constantly under-
goes a cycle named “remodeling”, to remove old, microdamaged 
bone and replace with new, mechanically sound one to preserve 
its strength (Kini and Nandeesh, 2012). During the remodeling 
process, at least three types of cell are involved, including bone 
formation cells osteoblasts and osteocytes, and resorption cells os-
teoclasts (Rucci, 2008). Bone remodeling is subjected to systemic 
and local regulation, such as nutritional status, sex hormone status, 
parathyroid hormone level, and vitamin D status. In healthy condi-
tion, the remodeling is in a balance, in which bone formation is 
equal to bone resorption. However, an imbalance in remodeling 
can lead to different bone diseases when the formation is either 
more or less than the resorption.

Osteoporosis is a bone disease mainly caused by increased bone 
resorption compared to bone formation. It reduces bone strength, 
bone mass and bone microarchitecture, therefore leading to in-
creased risk of fracture (Nieves, 2005). Although osteoporosis is 
always considered as an age-related disease, especially for post-
menopausal women, it could also happen in children, adolescents 
and adults since it could be a side-effect of medication use, like 
glucocorticoid-induced osteoporosis (US Department of Health 
and Human Services, 2004). Since the main reason for osteopo-
rosis is due to the imbalanced bone remodeling, the medications 
intended for osteoporosis aim to either stimulatie bone formation 
such as parathyroid hormone (PTH) therapy, or reduce bone re-
sorption such as bisphosphonates, raloxifene, teriparatide, calci-
tonin, denosumab, estrogen and menopausal hormone therapy. 
These medications are effective in preventing bone loss, increasing 
bone mineral density, and decreasing the risk of fractures, but are 
unfortunately associated with sever side effects, such as nausea or 
increased risk of cancer, stoke or cardiovascular disease (Sharif et 
al., 2011). Recent studies have demonstrated a close relationship 
between intestinal microbiota and bone metabolism, providing 
a promise that the intestinal microbiota may serve as a potential 
therapeutic target for the treatment of osteoporosis.

3. Association between intestinal microbiota and bone

The first evidence that indicated the relationship between gut mi-
crobiota and bone metabolism was reported by Di Stefano et al. 
(2001). They reported that the loss of bone mineral density was as-
sociated with intestinal bacterial overgrowth (Table 1). This find-
ing were further validated by Stotzer et al. (2003), who observed 
the reduction of bone mineral density in bacteria overgrown indi-
viduals (Table 1). Both studies indicated that overgrowth of gut 
microbiota could be a risk factor associated with bone loss. How-
ever, another study developed with healthy and disabled individual 
who suffered from bacteria overgrowth gave contradictory results 
(Mitsui et al., 2005). In this latter study, there was no significant 
difference in femoral bone mineral density between bacterial over-
growth individuals and the control group (Table 1). However, this 
result might be due to the disabled condition of all experimental 
subjects, which led to an extremely low physical activity.

For several decades, germ-free animals have been used to study 

the interaction between the microbiota and host physiologies (Al-
Asmakh and Zadjali, 2015). Sjögren et al. (2012) first studied the 
connection between gut microbiota and bone health with germ-
free mice model (Table 1). In their study, germ-free mice showed 
a higher trabecular volume bone mineral density and improved 
histomorphologic indices, compared with conventionally raised 
mice (Sjögren et al., 2012). Meanwhile, germ-free mice showed 
decreased frequency of CD4+ T cells and CD11b+/GR1 osteoclast 
precursor cells in bone marrow as well as the decreased expression 
of inflammatory cytokines in bone marrow, suggesting gut micro-
biota might influence bone health by inhibiting osteoclastogenesis 
(Sjögren et al., 2012). More importantly, all these changes were 
normalized when germ-free mice were recolonized by a normal 
gut microbiota, which further confirmed that gut microbiota is the 
main factor responsible for the increase of bone mineral density 
in the germ-free mice (Sjögren et al., 2012). However, some con-
flicting findings have also been published. Schwarzer et al. (2016) 
noticed a significantly reduced femur length, cortical thickness, 
cortical bone fraction, and the trabecular fraction of the femur in 
germ-free mice. The different results from these studies may at-
tribute to the different genetic profiles of the C57BL/6J mice (used 
in Sjogren et al. study) and the BALB/c mice (used in Schwarzer 
et al., study), as well as the gender difference (female mice used 
in Sjorgren et al. study and male mice in Schwarzer et al. study). 
Furthermore, the influence of gut microbiota on bone metabolism 
has been found to be time-dependent. Microbial recolonization in 
germ-free mice induced an acute decrease in bone mass, while an 
increase in bone formation and bone growth plate activity after 
long-term colonization (Yan et al., 2016). This suggests that the in-
fluence of gut microbiota on bone health is a long-term invention. 
In addition to the duration, it is interesting that transplanting mi-
crobiota from healthy and undernourished children into germ-free 
mice showed varied femoral phenotypes (Blanton et al., 2016). 
Although the sample size is not big enough, their results provided 
evidence for microbiota-dependent regulation of bone morphol-
ogy, with the effects being influenced by the age and nutritional 
status of the donor (Blanton et al., 2016).

Antibiotics treatment has been well studied for its ability to 
change the composition of the gut microbiota. Thus, antibiotics 
intervention is also used to investigate the relations between gut 
microbiota and bone processing, in addition to using germ-free an-
imals (Table 1). Cox et al. (2014) studied the changes of bone con-
dition when gut microbiota was disrupted by low-dose antibiotic 
exposure. Low dose penicillin (LDP) was delivered via drinking 
water to both male and female mice (Cox et al., 2014). Interesting-
ly, LDP treated male mice showed decreased bone mineral density, 
while female mice showed the opposite effect (Cox et al., 2014). 
This study also proposed that the influence of gut microbiota on 
bone tissue was gender-dependent (Table 1). Several additional 
antibiotics studies have supported these findings and suggested 
that gut microbiota may be responsible for bone growth through 
several regulation pathways (Table 1).

4. Potential mechanisms of gut microbiota on bone metabolism

Numerous studies have revealed that gut microbiota can regulate 
bone metabolism, but understanding of the regulatory role of gut 
microbiota on bone metabolism is still far from clear. However, it 
is obvious that not a single mechanism can explain this function. 
Multiple approaches through which gut microbiota may regulate 
bone metabolism have been proposed, including actions on the im-
mune system, endocrine system, and calcium absorption (Figure 
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Table 1.  Current study on gut microbiota and bone health

Research model Treatment Outcomes Reference
Human study
Human
  Predispose to 
bacterial overgrowth

N/A Low BMD in lumbar and femoral
High bone loss at lumbar and femoral
Small intestine bacterial overgrowth is a cofactor 
in the development of metabolic bone disease

Di Stefano 
et al., 2001

Human
  Predispose to 
bacterial overgrowth

N/A Low BMD in lumbar and femoral
43% of the patients had had fractures

Stotzer et 
al., 2003

Human
   Small bowel 
bacterial overgrowth 
(SBBO)

N/A Significant difference in femoral BMD 
between healthy control and SBBO-
negative group and SBBO-positive group
No significant difference in femoral 
BMD between SBBO-positive group 
and SBBO-negative group

Mitsui et 
al., 2005

Germ-free Animal Study and Antibiotics Intervention Study
C57B16/J mice
  Female germ-free

N/A Increased bone mass in germ-free mice 
associated with reduced number of osteoclasts
Colonization of germ-free mice with normal 
gut microbiota normalizes bone mass

Sjögren et 
al., 2012

C57BL/6J mice
  Male and female

Exposed to low-dose penicillin 
post-weaning (LDP-w)

LDP-w male mice showed decreased 
bone mineral content
LDP-w female mice showed elevated 
bone mineral density

Cox et al., 
2014

C57BL/6J mice
  Male and female

Pulsed antibiotic treatemetn (PAT) with 
1) amoxicillin; 2) tylosin; 3) sequential 
courses of tylosin, amoxicillin and tylosin

PAT accelerated bone growth and caused 
progressive changes in gut microbiome diversity, 
population structure and metagenomic content

Nobel et 
al., 2015

BALB/c mice
  Male germ-free

Lactobacillus. PlantarumWJL and 
L. plantarumNIZO2877 were gavage 
to 8-week-old mice to develop 
Lactobacillus-monocolonized mice

Reduced femur length, cortical thickness, 
cortical bone fraction, and the trabecular 
fraction of the femur in germ-free mice
Lactobacilli promoted juvenile growth

Schwarzer 
et al., 2016

C57BL/6 mice
  Male germ-free

Microbiota from 6-month/8-month 
healthy or undernourished infants 
were gavage to germ-free mice

Higher femoral cortical ratios of bone volume 
to tissue volume (BV/TV) and volumetric 
bone mineral density (vBMD) in recipients 
of undernourished donor gut microbiota
Mice colonized with 6-month old donor 
microbiota had higher BMD, BV/TV, 
trabecular connectivity and number 
and lower trabecular spacing

Blanton et 
al., 2016

CB6F1 mice
  Male germ-free

Microbiota from 3-month-old male CB6F1 
SPF mice were gavage to germ-free mice

Increased both formation and resorption 
in microbiota colonized group
Acutely reduced bone loss after colonization
Increased bone formation, growth plate 
activity and insulin-like growth factor 1(IGF-
1) showed in long-term colonization

Yan et al., 
2016

C57BL6/J mice
  Female germ-free

Microbiota from 10-week-old C57BL6 
mice were gavage to germ-free mice
GnRH agonists Lupron Depot 
was administered to induce 
sex steroid deficiency
Sex steroid deficiency mice treated with 
Lactobacillus rhamnosus GG, commercial 
probiotic supplement VSL#3, Escherichia 
coli and a mutant L. rhamnosus GG

Germ-free mice failed to increase 
sex steroid deficiency-induced bone 
resorption and trabecular bone loss
Probiotic treatment reduced bone marrow 
inflammation and protected against bone loss
nonprobiotic (E. coli and mutant L. rhamnosus 
GG) treatment showed no protective effect

Li et al., 
2016

Swiss Wester mice
C57BL/6 mice
  Germ-free

Distinct microbiotas that originated 
from human or mice were 
gavage to germ-free mice

No significantly change between germ-
free group and colonized group

Quach et 
al., 2018
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1). The current findings related to possible mechanisms involved 
are outlined below.

4.1. Gut microbiota regulates bone metabolism through im-
mune system

The presence of a close interrelationship between immune system 
and bone metabolism has led to coining the term “osteoimmu-
nology”, which highlights the role of immune-related factors in 
modulating bone remodeling (Crotti et al., 2015; Xu et al., 2017; 
Zupan et al.,, 2013). It has been well documented that the osteo-
clasts, originating from monocytic precursors in bone marrow, can 
interact and be regulated by immune cells (B and T cells) and im-
mune stimulating factors (RANKL, TNF-α, IL-1, IL-6) (Lorenzo 
et al., 2008). Especially for the differentiation and maturation, the 
RANKL (receptor activator NF kappa B ligand)-RANK (receptor 
activator NF kappa B)-OPG (osteoprotegerin) axis and immunore-
ceptor tyrosine-based activation motif (ITAM) pathway play key 
roles in bone turnover and bone diseases (Crotti et al., 2015; Kim 
et al., 2002; Xu et al., 2017). Characterization of the functions of 
RANKL and its receptors (RANKL and OPG) have contributed 
significantly to the emergence of osteoimmunology, specifically 
with respect to examining the interplay between the active immu-
nity and maintenance of bone homeostasis (Lorenzo et al., 2008; 
Teitelbaum, 2000; Walsh et al., 2006). In addition to RANKL, oth-
er immune stimulating factors, such as tumor necrosis factor alpha 
(TNFα), interleukin-6 (IL-6), interleukin-11 (IL-11), and leukemia 
inhibitory factor (LIF), play crucial roles in osteoimmunology and 
regulated bone homeostasis. For example, bone loss induced by 
estrogen deficiency is due to the increased differentiation and ac-
tivity of osteoclasts in part promoted by increased inflammation 
and activation of immune cells (Quach and Britton, 2017).

Recently, it has been widely recognized that gut microbiota can 
interact with the host immune system and further influence host 
health (Geuking et al., 2014; Palm, de Zoete and Flavell, 2015; Xu 
et al., 2017). Gut microbiota can regulate not only the local intes-
tinal immune system, but can also regulate the immune response 
and hematopoiesis at distant sites including the bone marrow (Wu 
and Wu, 2012). The hypothesis that gut microbiota regulates bone 

metabolism through the immune system has been investigated 
and proven by some animal studies. In the study of Sjögren et 
al. (2012), germ-free mice showed decreased expression of pro-
inlammatory cytokines TNFα and IL-6, fewer frequency of CD4+ 
T cells and reduced osteocalst/precursor cells in bone marrow 
(Sjögren et al., 2012). These results suggested that gut microbi-
ota could modulate immune system and inhibit osteoclastic bone 
resorption. Studies also indicated that autoimmune arthritis was 
strongly attenuated in the K/BxN mouse model under germ-free 
condition, accompanied by reductions in serum autoantibody ti-
ters, splenic autoantibody-secreting cells, germinal centers and the 
splenic T helper cell population, suggesting the regulatory role of 
gut microbiota on bone metabolism by altering host immune status 
(Wu et al., 2010). Taken together, although further studies are still 
needed to identify the species that can lead to the change of im-
mune system, it has been accepted that immune system is at least 
partly responsible for gut microbiota regulated bone metabolism.

4.2. Gut microbiota regulates bone metabolism through the en-
docrine system

Since the development of bone loss is highly impacted by cross-
talk between immune cells and monocytes that can differentiate 
into osteoclasts, early focus has been placed on the dysregulation 
of osteoclastogenesis by the immune system. Other studies have 
also investigated the role of endocrine system as another important 
regulator of bone metabolism. Gut microbiota is currently consid-
ered as a novel “endocrine organ”, as it can engage in an interplay 
between the endocrine system and hormone level, further influenc-
ing host health status (Neuman et al., 2015; Sudo, 2014; Xu et al., 
2017).

4.2.1. Gut microbiota regulates bone metabolism by growth hor-
mone

Gut microbiota are capable of dynamically modulating circulating 
IGF-1 in the host, with the majority of data suggesting that micro-
biota could induce host IGF-1 synthesis to influence growth (Yan 

Figure 1. The Sketch of the regulators of gut microbiome and the relationship between gut microbiome and bone metabolism. Both host and environ-
ment affects the individual gut microbiota and further regulate bone metabolism via immune system, endocrine system and calcium absorption. (Modified 
according to Xu et al., 2017).
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and Charles, 2018). This study found the increase of bone mass in 
long-term colonized germ-free mice was associated with the in-
crease of serum IGF-1, in response to microbial colonization (Yan 
et al., 2016). Antibiotic treatment of conventional mice showed 
inhibition in bone formation along with decreased serum IGF-1 in 
the same study. Interestingly, antibiotic-treated mice supplemented 
with short chain fatty acids (SCFAs), one of the microbiota-de-
rived metabolites, significantly restored bone mass with increased 
IGF-1 level (Yan et al., 2016). According to this study, gut micro-
biota could provide a net anabolic stimulus to the skeleton, which 
is likely mediated by IGF-1. Thus, manipulation of the microbiota 
or its metabolite may afford opportunities to optimize bone health 
and growth.

4.2.2. Gut microbiota regulates bone metabolism by gonadal 
steroids

Gonadal steroids, including estrogen and androgen, play key roles 
in the regulation of bone mass and turnover in bone metabolism 
(Imai et al., 2009; Leder, 2007; Syed and Khosla, 2005; Xu et al., 
2017). Especially for estrogen, the decrease of estrogen level is a 
major factor that contributes to postmenopausal osteoporosis risk. 
During menopause, a variety of negative health outcomes may 
occur due to a decline of circulating estrogen, especially a rapid 
drop of bone mass (Baker et al., 2017). The hormone therapy and 
selective estrogen receptor modulators (SERMs) are both current 
osteoporosis drugs targeting estrogen deficiency.

More recently, intestinal microbiota which is capable of me-
tabolizing estrogens were defined as “estrobolome” (Baker et al., 
2017). In the human body, estrogens circulate in the blood in the 
free or protein-bound form and exert diverse biological effects 
(Kwa et al., 2016). However, only the free form of estrogen is 
activated, while the conjugated estrogens will be eliminated and 
excreted in the urine or feces (Kwa et al., 2016). A current study 
found that the conjugated estrogen can be deconjugated by es-
trobolome and reabsorbed into the circulation (Kwa et al., 2016). 
Some bacterial species have been identified with β-glucuronidase 
activity that might potentially increase intestinal reabsorption of 
estrogens (Kwa et al., 2016). However, further studies are needed 
to validate and confirm this postulation.

It is also known that gut microbiota may influence the absorp-
tion and metabolism of phytoestrogens, such as isoflavones and 
lignans. Many phytoestrogens can be hydrolyzed by intestinal mi-
croflora such as lactobacillus spp. and bifidobacterium spp. and 
result in an active formation, which could increase their bioavail-
ability (Xu et al., 1995). For example, isoflavones can be convert-
ed into equol, which has more estrogenic effects, by specific gut 
microorganisms such as bifidobacterium animalis and enterobac-
teriaceae strains (Guadamuro et al., 2015; Vázquez et al., 2017; 
Yuan et al., 2007). These results suggest that supplementation with 
specific probiotics and phytoestrogen together might be beneficial 
for estrogen deficiency-induced osteoporosis.

4.2.3. Gut microbiota regulates bone metabolism by other hor-
mones

Althought gut microibata plays major role in growth hormone and 
sex hormone regulated bone metabolism, the interactions among 
gut microbiota, endocrine system and bone metabolism are com-
plex. Other hormones may also facilitate the bone metabolism, 
such as PTH. PTH plays a central role in regulating calcium-phos-
phate metabolism. A prolonged hypersecretion of PTH leads to in-

creased bone resorption, while administered at a low and intermit-
tent dose will be able to exert positive effects on bone volume and 
microarchitecture (Lombardi et al., 2011). Intermittent administra-
tion of PTH increased local IGF-1 production and activated IGF-1 
signaling pathways in bone and therefore promoted bone forma-
tion (Wang et al., 2013). In a human trial, Lactobacillus helveticus 
fermented milk supplementation increased serum calcium levels 
and reduced serum PTH level in postmenopausal woman (Narva 
et al., 2004b). Although the long-term effect of this on bone health 
was not measured, the changes in calcium and PTH suggested an 
influence of specific bacteria on bone health by affecting PTH.

It was recently discovered that gut microbiota might have im-
portant effects on the nervous system through regulation of the 
synthesis of hormones and neurotransmitters such as serotonin 
(5-hydroxytryptamine, 5-HT). It has been reported that both osteo-
blasts and osteocytes contain 5-HT receptors, and the circulating 
5-HT plays a key role in regulating bone formation and skeleton 
mass (Mödder et al., 2010; Yadav et al., 2008). Indigenous spore-
forming bacteria (Sp) from both mouse and human microbiota 
promoted 5-HT biosynthesis from colonic enterochromaffin cells 
(ECs), which supply 5-HT to the mucosa, lumen and circulating 
platelets (Yano et al., 2015). However, there is still a controversy 
on the role of 5-HT on bone health. Yadav et al. (2008) suggested 
that peripheral 5-HT produced in gut was a major negative regula-
tor of osteoblast proliferation. However, Cui et al. (2011) reported 
that bone density was not affected by 5-HT stimulation in mice. 
Thus, it is important to develop clinical and experimental studies 
with different models to investigate the effect of 5-HT on bone 
health as well as its interaction with gut microbiota.

4.3. Gut microbiota regulates bone metabolism by influencing 
calcium absorption

It is well documented that gut microbiota can affect the absorp-
tion of skeletal development-related nutrient such as calcium and 
vitamin D (Xu et al., 2017). Calcium, the dominant mineral com-
ponent in bones, is essential for bone health. In addition, vitamin 
D could regulate the intestinal calcium absorption and stimulate 
bone resorption to maintain serum calcium concentration (Su-
nyecz, 2008). Thus, either dietary calcium deprivation or vitamin 
D deficiency may cause bone loss and finally lead to osteoporosis 
(Morris et al., 2010; Xu et al., 2017).

The gut microbiota contribute to bone health by either affect-
ing calcium intake or regulating endocrine vitamin D. On the 
one hand, the gut microbiota could promote calcium intake rates. 
Normal calcium intake rates in adults are ∼30–35% (Sheikh et al., 
1990; Xu et al., 2017); these levels can be increased by probiotics, 
prebiotics, and synbiotics (Scholz-Ahrens et al., 2007; Xu et al., 
2017). For example, enhanced calcium absorption was observed 
in healthy male rats treated with galacooligosaccharides (GOS) 
or inulin (Chonan et al., 2002), healthy female rats treated with 
polydextrose for 4 weeks (Legette et al., 2012) and healthy female 
mice treated with fructose and inulin for 6 weeks (García-Vieyra 
et al., 2014). Therefore, in healthy condition, the gut microbiota 
could enhance the calcium absorption to improve the bone qual-
ity and protect against osteoporosis in the future. Moreover, gut 
microbiota could also stimulate calcium absorption in individuals 
who already developed osteoporosis and help to attenuate bone 
loss. In estrogen deficient ovariectomized (OVX) rats, both inulin 
and fructooligosaccharides (FOS) increased calcium absorption 
and bone mineral density (Zafar et al., 2004). On the other hand, 
gut microbiota also contribute to calcium resorption by regulating 
the endocrine vitamin D (Bora et al., 2018). Supplementation of 
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difructose anhydride III (DFAIII, at a dose of 15 g/kg for 4 weeks) 
in a vitamin D-deficient diet to OVX rat significantly attenuated 
vitamin D deficiency induced suppression of calcium absorption 
and decrease of femoral calcium (Mitamura and Hara, 2006).

5. Application of probiotics and prebiotics in bone health man-
agement

With the development knowledge of gut microbiota and bone 
health, probiotics and prebiotics have been introduced into bone 
health management because of their modification role on host gut 
microbiota. A number of studies have investigated the application 
of probiotics and prebiotics to prevent osteoporotic bone loss (Ta-
ble 2).

5.1. The applications of probiotics

Probiotics refer to the live microorganisms that when administered 
in adequate amount will confer a health benefit on the host (Schep-
per et al., 2017). Stability of the intestinal microbiota composi-
tion is a critical regulator of intestinal homeostasis throughout life, 
from new born to adulthood. Blanton et al. (2016) found that germ-
free mice colonized gut microbiota from undernourished children 
displayed reduced growth, altered bone morphology and metabolic 
dysfunction compared to mice populated with healthy microbiota. 
Interestingly, adding bacterial Ruminococcus gnavus and Clostrid-
ium symbiosum to the microbiota from undernourished children 
ameliorated growth abnormalities in the mice, suggesting supple-
mentation with probiotics can alter microbiota composition and 
regulate growth (Blanton et al., 2016). In support of this finding, 
Schwarzer et al. (2016) reported that undernourished mice supple-
mented with probiotic Lactobacillus plantarum are able to main-
tain normal growth rates, especially the under-nutrition suppressed 
bone growth. Probiotics were also showed to influence the secre-
tion of growth hormones from endocrine system and thus regulate 
growth. Germ-free mice showed significantly decreased GH and 
IGF-1 compared to wild type mice, while supplementation with L. 
plantarum brought IGF-1 back to wild type level (Schwarzer et al., 
2016). It seems probiotics may contribute to bone health via influ-
encing intestinal condition in different ways. In the study of McCa-
be et al. (2013), healthy male mice were treated with Lactobacillus 
reutieri ATCC 6475, a candidate probiotic with anti-TNFα activity. 
Supplementation with L. reutieri enhanced bone density associated 
with suppressed intestinal TNFα, suggesting the effects of probi-
otics on preventing inflammation induced bone loss (McCabe et 
al., 2013). Unfortunately, the decreased intestinal inflammation 
and increased bone density only showed in healthy male but not in 
female mice, suggesting the effect was gender specific (McCabe et 
al., 2013). The authors ascribed the gender dependence to different 
estrogen and/or progesterone sensitive pathways in response to the 
bacterium supplementation (McCabe et al., 2013). Recent studies 
also examined the potential effects of probiotic treatment during 
osteoporosis, especially in the estrogen deficiency OVX model. 
While McCabe et al. (2013) previously noted that healthy female 
mice showed no significant changes in response to L.reuteri, L. 
reuteri supplementation could prevent OVX-induced bone loss 
in female mice, suggesting that L. reuteri could be used for pre-
venting estrogen-induced osteoporosis in postmenopausal women. 
These findings were confirmed by others using similar probiotics 
(Table 2). Ohlsson et al. (2014) also found L. paracasei could pre-
vent OVX-induced cortical bone loss and bone resorption.

In addition to direct supplementation with bacterium, adminis-
tration with food products fermented by probiotics may represent 
a better solution. Fermented foods are an important part of diet in 
many cultures. Recent studies examined the effects of fermenta-
tion products on the basis of probiotics. OVX rats fed with Lacto-
bacillus-fermented soy skim milk for 8 weeks showed significant 
increase in trabecular bone volume and numbers, suggesting the 
fermentation product has similar potential as Lactobacillus to at-
tenuate bone loss in OVX mice and lower the risk of osteoporosis 
(Chiang and Pan, 2011). Narva et al. (2004a) also confirmed this 
finding by supplementing L. helveticus-fermented milk to grow-
ing rats, and found increased bone mineral density and bone min-
eral content after long-term feeding. Interestingly, L. helveticus-
fermented milk also showed to increase bone mineral content in 
spontaneously hypertensive rats due to better calcium availability 
(Narva et al., 2004a), suggesting its potential on preventing hyper-
tension-associated bone loss. Based on the knowledge on animals, 
a human study was also performed. Narva et al. (2004b) further 
studied the effect of L. helveticus-fermented milk on calcium me-
tabolism and bone resorption in postmenopausal women. The fer-
mented milk showed reduction in PTH and increase in serum cal-
cium compared to the control group, suggesting its positive effects 
on calcium metabolism (Narva et al., 2004b). However, this study 
lacks direct evidence in bone quality measurement.

5.2. The applications of prebiotics

Prebiotics are defined as “non-digestible food ingredients that 
selectively stimulate the growth and/or activity of bacterial spe-
cies as already established in colon, and thus improve host health” 
(Whisner and Weaver, 2017). While any nutrient that enters the 
large intestine may have prebiotic effects, the majority of known 
prebiotic are carbohydrates. Specifically, oligosaccharides such as 
inulin-type fructans and galactooligosaccharides (GOS) are well 
supported for their prebiotic effects on microbial composition 
primarily through increased proportions of Bifidobacterium and 
Lactobacillus (Whisner and Weaver, 2017). Thus, supplementa-
tion with prebiotics could provide fermentation substrates of gut 
microbiota, and improve the microbiota composition, which will 
finally benefit for host health.

Non-digestible oligosaccharides (NDOs) are currently regarded 
as the most promising prebiotics for bone health, including GOS, 
fructooligosaccharides (FOS), oligofructose, and inulin (Whisner 
and Weaver, 2017). Fructooligosaccharides (FOS) has been sup-
plemented to both Korean and Chinese postmenopausal women 
to investigate its effects on preventing postmenopausal caused 
osteoporosis (Kim et al., 2004; Kruger et al., 2016). In both stud-
ies, FOS showed effects on changing bone biomarkers, such as 
alkaline phosphatase activity and calcium absorption. GOS and 
inulin supplementation to postmenopausal woman also showed 
increase in calcium absorption (van den Heuvel et al. , 2000). Fur-
thermore, some studies have tested the effectiveness of prebiotics 
on infants or adolescent. GOS (Hicks et al., 2012), polydextrose 
(PDX) (Hicks et al., 2012) and inulin (Yap et al., 2005) have been 
supplemented to healthy infants, respectively. However, addition 
of GOS and PDX did not improve calcium absorption (Hicks et 
al., 2012), while inulin increased mineral absorption and retention 
(Yap et al., 2005). Similar conflicting results have been observed in 
adolescent. In the study of Whisner et al. (2013), adolescent girls 
consumed GOS showed greater increase in calcium absorption 
(Whisner et al., 2013). In another study, girls and boys (age 9–13 
years) consumed inulin showed greater whole-body bone mineral 
density and bone mineral content after 12 months (Holloway et al., 
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Table 2.  current studies on probiotics/prebiotics and bone health

Research model Treatment Outcomes Reference
Probiotics
C57B1/6 mice
  Male and female

Treated with Lactobacillus 
reuteri ATCC PTA 6475

L. reuteri 6475 treatment increased male trabecular 
bone parameters in the distal femur metaphysieal 
regions and the lumbar vertebrae in male mice
L. reuteri 6475 treatment had no effect 
on bone parameters in female mice

McCabe et 
al., 2013

Balb/c mice
   Female OVX

Treated with Lactobacillus 
reuteri ATCC PTA 6475

L. reuteri treatment protected 
OVX mice from bone loss
L. reuteri treatment decreased osteoclastogenesis

Britton et 
al., 2014

B57BL/6N mice
  Female OVX

Treated with 1) Lactobacillus paracasei 
DSM13423; 2) a mixture of L. 
paracasei DSM13434, L. plantarum 
DSM 15312 and DSM 15313

L. paracasei DSM13423 and the mixture 
treatment protected from OVX-induced 
cortical bone loss and bone resorption

Ohlsson et 
al., 2014

Balb/c mice
  Female with mild 
inflammatory state 
induced by dorsal 
surgical incision (DSI)

Orally supplemented with 
L. reuteri PTA 6457

L. eruteri 6457 treatment increased bone density 
in females but only in those that underwent DSI

Collins et 
al., 2016

BALB/c mice
  Male germ-free

Lactobacillus. PlantarumWJL and 
L. plantarumNIZO2877 were gavage 
to 8-week-old mice to develop 
Lactobacillus-monocolonized mice

Reduced femur length, cortical thickness, 
cortical bone fraction, and the trabecular 
fraction of the femur in germ-free mice
Lactobacilli promoted juvenile growth

Schwarzer 
et al., 2016

C57BL6/J mice
   Female germ-free

Sex steroid deficiency mice treated with 
Lactobacillus rhamnosus GG, commercial 
probiotic supplement VSL#3, Escherichia 
coli and a mutant L. rhamnosus GG

Probiotic treatment reduced bone marrow 
inflammation and protected against bone loss
nonprobiotic (E. coli and mutant L. rhamnosus 
GG) treatment showed no protective effect

Li et al., 
2016

Prebiotics
Wistar rat
   Female 
ovariectomized (OVX)

Treated with galactooligosaccharides (GOS) GOS treatment absorbed calcium more efficiently
GOS showed higher bone (femur and tibia) ash 
weight and tibia calcium context of OVX rats

Chonan et 
al., 1995

Wistar rat
   Male rat

Treated with inulin and resistant starch Inulin and resistant starch increased the intestinal 
absorption and balance of Ca and Mg, without 
altering the plasma level of Ca and Mg

Younes et 
al., 2001

Sprague Dawley rat
   Female OVX

Treated with inulin and 
fructooligosaccharides (FOS)

Inulin and FOS treatment increased bone mineral 
density, breaking strength, and total calcium
Inulin and FOS treatment inhibited 
the bone resorption

Zafar et 
al., 2004

Sprague Dawley rat
   Male rat

Treated with inulin-type fructans (inulin, 
oligofructose, fructooligosaccharides)

Inulin-type fructans increased mineral 
absorption, retention and accumulation 
in bone in the case of Ca, Mg and Zn

Raschka and 
Daniel, 2005

Sprague Dawley rats
   Female OVX

Treated with vitamin D-deficient diet with 
or without difructose anhydride III (DFAIII)

Vitamin D deficiency decreased Ca 
absorption and bone mineralization
DFAIII treatment restored the reduction 
of Ca absorption and femoral Ca

Mitamura 
and Hara, 
2006

BALB/c mice
   Female

Treated with antibiotics and 
short chain fatty acid (SCFA)

Antibiotic treatment decreased serum 
IGF-1 and inhibited bone formation
Antibiotic treatment group supplemented 
with SCFA restored IGF-1 and bone mass

Yan et al., 
2016

Human
  Postmenopausal 
women

Supplemented with inulin Inulin treatment improved mineral 
absorption and impacted bone turnover

Holloway et 
al., 2007

Human
  Postmenopausal 
women

Treated with 1) milk fermented with 
Lactobacillus helveticus LBK-16H bacteria, 
supplemented with 14.5mg/100g 
of IPP and VPP; 2) normal sour milk 
fermented with a Lactococcus sp. 
Mixed culture; 3) orange juice with 
14.5mg/100g of IPP and VPP; 4) orange 
juice with calcium lactate gluconate

L. helveticus fermented milk treatment reduced 
serum PTH and increased serum calcium

Narva et 
al., 2004b
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2007). However, no effect was reported in adolescent girls sup-
plemented with inulin (Martin et al., 2010). The conflicting results 
may be attributed to the variation in treatment conditions, interven-
tion duration, and lack of controlled diets, host genetics, baseline 
bone status, and participant age.

Our current knowledge related to the microbiota’s role on 
prebiotic-bone mechanisms remains limited, but evaluation of gut 
microbiota profiles may provide further insights. GOS treatment 
resulted in dose-dependent differences in gut microbial communi-
ties, and quantitative PCR measures suggested that GOS increased 
the prevalence of bifidobacteria (Whisner et al., 2013). In addition 
to the direct influence on gut microbiota composition, the most 
prominent theory to explain prebiotic effects on bone is that prebi-
otic fibers resist digestion in the small intestine and upon reaching 
the colon are fermented into short chain fatty acids (SCFAs). SC-
FAs have the ability to prevent calcium from complexing with oth-
er compounds, therefore increase the calcium absorption (Whisner 
and Weaver, 2017). Several animal studies have proven that treat-
ment with SCFAs significantly increases bone mass and prevents 
postmenopausal and inflammation-induced bone loss (Lucas et al., 
2018; Yan et al., 2016). Meanwhile, an increase in SCFAs has been 
shown in the supplementation with high-fibre diet, such as inulin-
type fructans (Raschka and Daniel, 2005), resistant starch (Younes 
et al., 2001) and GOS (Chonan et al., 1995). However, most previ-
ous human trails have only evaluated the calcium absorption upon 
SCFAs treatment, but not bone quality. Thus, direct evidence on 
bone quality should be performed in future study to understand the 
effect of SCFAs on bone health.

6. Conclusion

The study of gut microbiota on bone health and development of 
probiotics/prebiotics as new osteoporosis treatment approach is 
a rapidly growing area of investigation. There are many studies 
that support the role of gut microbiota in the regulation of bone 
health, as well as the potential of probiotics/prebiotics on osteo-
porosis prevention, despite the fact that underlying mechanisms 
still remain unclear. Currently, it has been well accepted that gut 
microbiota can regulate bone metabolism via immune system and 
endocrine system as well as mineral absorption. Meanwhile, di-
etary consumption of probiotics and prebiotics could mediate the 
gut environment and stimulate the related mechanism to facilitate 
the production of signaling molecules, immune cells, and metabo-
lites, and therefore beneficially influence bone health. To date, the 
most well studied probiotics are lactobacillus and bifidobacterium. 
Although most of the treatments were in animal trials, the supple-
mentation of lactobacillus and bifidobacterium showed effects on 
improving bone quality and preventing bone loss. Meanwhile, the 
consumption of prebiotics, such as disaccharide, oligosaccharide 
and polysaccharide, alters the gut microbial content and also con-
tributes to bone health. However, there is still a controversy with 
regard to the efficacy of probiotics and prebiotics supplementation 
in human studies. Therefore, further studies are warranted to better 
understand the effects of the variations (age, gender, dose, methods 
of delivery, duration of treatment, and others) on the change of gut 
microbiota and its resultant bone health status.
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