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Introduction

Each year more than two million fractures occur because of osteoporosis [1].
Numerous therapies have been developed for the prevention and treatment of osteo-
porosis. As a first approach, patients are asked to make changes to their lifestyle (i.e.,
exercise, cessation of smoking) and diet (including vitamin D and calcium supple-
mentation) [2]. For patients at a higher risk of fractures, pharmacologic treatments
(drugs and biologics) are used to inhibit bone resorption or stimulate bone formation
[3]. Despite the many treatment options, we have yet to stop the increase in osteopo-
rosis fractures. This may be in part due to patient concerns about side effects
(although rare) from many pharmaceutical/drug-based therapies [4]. Given that 67
million Americans are predicted to have low bone mass by 2020, it is important to
continue to identify additional therapeutic approaches/targets for osteoporosis.

One therapeutic target receiving increasing attention is the intestinal microbi-
ome, which is an important regulator of physiologic functions of many organs
including bone. The intestinal microbiota accounts for 90% of the cells in our body
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and amounts to ~100 trillion microbes comprising ~1,000 species and 28 different
phyla [5]. In addition to outnumbering host cell number, the gut microbiota also
express 100-fold more genes compared to the human genome [5]. As the microbi-
ome coevolve with us, changes in its composition can consequently influence our
human health [6]. Dysbiosis (a microbial imbalance) is linked to disease and bone
loss; however, more importantly, the reverse is also true: treatment with probiotics
can beneficially modulate the gut microbiota to enhance health, including that of
bone [7-10]. In this review we will focus on (1) probiotics (definition, history,
nomenclature, types), (2) the overall effects of probiotics on bone health, and (3)
mechanisms of probiotic prevention of bone pathologies.

Probiotics

Probiotic: Defined

The word “probiotic” is derived from the Latin word “pro” and the Greek word
“bios” meaning “for life;” this contrasts with “antibiotic” meaning “against life”
[11-20]. While “good for life” is a general definition of probiotics, the detailed defi-
nition of what constitutes a probiotic has been difficult to achieve and has changed
over time. In the 1950s, Werner Kollath, a German scientist, used the word ““probi-
otic” to be inclusive of all organic and inorganic supplements that restored the health
of malnourished patients [11, 12, 19, 20]. Years later, probiotics were further defined
as substances produced by one microorganism to promote growth of another micro-
organism [11, 12, 16, 18-26]. In the 1970s, Fujii and Cook described probiotics as
compounds that build resistance to infection in the host but do not inhibit the growth
of microorganisms in vitro [11, 18, 27]. In the 1980s and 1990s, there was a surge of
different probiotic definitions. For example, in 1990 Parker defined probiotics as
organisms or substances in feed supplements which contribute to intestinal microbial
balance [11, 14, 18, 19, 22, 24, 28]. Parker’s general definition was unsatisfactory to
many since the word “substances” included chemical supplements such as antibiot-
ics [18, 28]. Most researchers cited the definition of Fuller, who, in 1989, defined
probiotics as live microbial feed supplements [11, 18, 19, 22, 24, 25]. Fuller’s defini-
tion stressed the importance of live cells as an essential part of the effective probiotic
[18]. His definition also stated that a probiotic or supplement will benefit the host by
improving the intestinal microbial balance [11, 26]. Many thought this definition
was not as applicable to humans as it was to animals [11]. Subsequently, in the early
1990s, the definition was broadened to include viable mono or mixed cultures of live
microorganisms which, when given to humans or animals, benefit the host by
improving the properties of the indigenous microflora [29]. In the late 1990s,
Salminen offered the view of incorporating nonviable bacteria in the probiotic defi-
nition [11, 28]. Finally, in 2001, after consultation of international scientists working
on behalf of the FAO/WHO (Food and Agricultural Organization/World Health
Organization), probiotics were proposed to be defined “as live microorganisms that
when administered in adequate amounts will confer a health benefit on the host” [11,
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15, 19, 21, 24, 30, 31]. Misuse of the probiotic term became a major problem in the
ensuing years. For this reason, the International Scientific Association for Probiotics
and Prebiotics (ISAPP) organized a meeting of clinical and scientific experts on
probiotics in October 2013 to reexamine the concept and definition of probiotics
[31]. The ISAPP panel recommended that the definition of probiotic as defined by
FAO/WHO in 2001 is broad enough to enable a wide range of products to be devel-
oped and at the same time sufficiently narrow to impose some core requirements [24,
31]. Thus, probiotics are currently remain defined as live microorganisms that when
administered in adequate amounts will confer a health benefit on the host.

The History of Probiotic Discovery

Probiotic use can be traced back over 10,000 years ago [32]. During the Neolithic
period of the Stone Age, animal domestication and husbandry developed [20].
Ancient oriental people, as well as Phrygian, Sarmatian, and Macedonian nomadic
shepherds, drank milk from cows, sheep, goats, horses, and camels. Traditional
Egyptian fermented milk products (Laban Rayeb and Laban Khad) were consumed
as early as 7000 BCE [11, 19, 32]. Both iconographic and written evidence from
3000 to 2000 BCE indicate that Hindi, Egyptians, Greeks, and Romans all used
fermented milk products [11]. Fermenting milk was also evident in the Middle and
Far East of Asia and spread throughout eastern Europe and Russia by the Tartars,
Huns, and Mongols during their land conquests [11]. Fermented products other than
milk, such as beer, bread, wine, kefir, kumis, and cheese, were also consumed [32]
since fermentation increased their long-term storage [11, 19, 20].

The ancient Ayurvedic texts, written between 400 and 200 BCE, linked a long
and healthy life with the intake of milk and dairy products [20]. To store the milk, it
was customary to use containers made from animal skins or stomachs [19, 20]. The
containers were a source of bacteria, most likely ancestors of Lactobacillus aci-
dophilus and Lactobacillus bulgaricus, which came into contact with the milk [20].
One Turkish legend describes a shepherd, traveling the hot desert, who forgot he
had milk in a goatskin bag. When he checked, the milk had transformed into a thick,
creamy, and tasty custard; this new product was referred to as yogurt [20]. For the
Turkish people, yogurt was the elixir of life, as they believed that this food gave
physical and inner well-being and could prolong life [20].

The modern history of probiotics begins in the late nineteenth to early twentieth
century. Elie Metchnikoff (a Nobel laureate), as well as Theodor Escherich, studied
microbial communities in feces and described the need for a complex intestine
(microbe-wise) [33]. Metchnikoff was a Kharkov/Ukrainian scientist working at the
Pasteur Institute [19, 20]. Pasteur had identified the microorganisms responsible for
fermentation, but it was Metchnikoff who investigated the effects these microbes
had on human health [20]. Metchnikoff associated the longevity of Bulgarian rural
people (who had an average lifespan of 87 years) to their regular consumption of
fermented dairy products such as yogurt [19, 20, 24, 34]. Metchnikoff described
two bacteria types: one that leads to putrefying luminal contents and produces
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unhealthy waste products (NH3, H2S, amines) and another that ferments luminal
contents and produces beneficial metabolic products (i.e., lactic acid) [35]. This was
a key concept because probiotic bacteria secrete enzymes that are not produced by
human intestinal cells. These enzymes can ferment nondigestible poly-carbohydrates
(mainly dietary fiber) to produce energy for the bacteria as well as other factors such
as short-chain fatty acids (SCFA) and lactic acid which benefits the intestinal epi-
thelium [36]. Metchnikoff theorized that the production of lactic acid would prevent
the toxic effects of putrefying microbes. This further led Metchnikoff to suggest that
lactobacilli may benefit gastrointestinal metabolism and counteract illness and
aging [11, 20, 24]; thus, he considered lactobacilli a probiotic [20, 25, 37]. Thanks
to Metchnikoff, the dairy industry began in France and subsequently spread through-
out Europe, using fermented milk obtained from Bacillus bulgaricus, Streptococcus
thermophiles, and Lactobacillus delbrueckii [19].

About the same time that Metchnikoff was making his discoveries of lactic acid-
producing bacteria, French pediatrician Dr. Henry Tissier observed that children
with diarrhea had a low number of “Y”-shaped bacteria in their stools [19, 24, 26].
Healthy children had an abundance of these bacteria. In 1905, he isolated the bacte-
ria, Bacillus bifidus, and linked its presence in children to those who were breastfed
[33]. He suggested these bacteria could be administered to patients with diarrhea to
help restore their healthy flora (eubiosis) and used it to recolonize the gut of chil-
dren [14, 19-21, 27, 28, 33]. As the health benefits of milk-associated bacteria
became better known, fermented dairy products were appearing around the world.
For example, in 1935 a Japanese microbiologist, Dr. Shirota, isolated Lactobacillus
casei and added it to a dairy drink that was eventually marketed. Today, food prod-
ucts containing probiotics are usually dairy, mainly due to the historical association
of lactic acid bacteria with fermented milk [11, 20, 32].

Probiotic Nomenclature and Types

Probiotics are widely consumed and have a long history of safe use. Bacteria names
are derived from descriptors of the bacteria (i.e., Lactobacillus, “lacto” meaning
“milk” and “bacillus” meaning “rod-shaped”), a scientist’s name (i.e., Pasteurella,
found by Louis Pasteur), the place where found (i.e., Legionella longbeachae, found
in Long Beach California), or an organization (i.e., Legionella and the American
Legion). In addition to a general name, the bacteria are described based on a taxo-
nomic/genetic hierarchy [39]. Based on this system, bacteria are divided into phy-
lum, class, order, family, genus, species and subspecies, and/or strain (Fig. 1). With
more than 23 bacteria phyla, it is easy to see the abundance of specific probiotics
and the complexity of their names. Current evidence indicates that the beneficial
effect of probiotics are strain specific [22]. It is also important to note that not all
bacteria within a species act the same and/or can be regarded as a probiotic. Below,
we discuss several of the most notable probiotics including lactic acid bacteria,
Bifidobacteria and Enterococcus (also see Table 1).
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Fig. 1 Scientific
nomenclature: an example
of bacterial scientific
nomenclature for the
Lactobacillus reuteri
ATCC PTA 6475 strain

Kingdom

Phylum

229

Class
Order
Family Lactobacillaceae
Genus LaCtObaC“IUS
Species L. reuteri
Strain Q reuteri ATCC PTA 6475/
Table 1 Common probiotic bacteria
Genus Species Genus Species Other
Lactobacillus acidophilus | Bifidobacterium longum Enterococcus faecalis
crispatus bifidum Enterococcus faecium
johnsonii infantis Lactococcus lactis
gasseri animalis Escherichia coli (Nissle
1917)
casei adolescentis | Propionibacterium
[freudenreichii
rhamnosus lactis Saccharomyces
cerevisiae
reuteri breve Streptococcus
thermophilus
plantarum Bacillus cereus
fermentum Bacillus subtilis
salivarius

Adapted from [40, 41]

Lactic Acid Bacteria/Lactobacillales

Lactic acid bacteria (also known as LAB) are one of the most important groups of
bacteria/probiotics with health benefits that are thought to result in part from their
production of lactic acid, their major fermentation product [11, 34, 42]. In general,
they are gram-positive, acid-tolerant, asporogenous rods and cocci which are
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oxidase, catalase, and benzidine negative; they lack cytochromes, do not reduce
nitrates to nitrite, are gelatinase negative, and are unable to utilize lactate [11, 38,
42]. Lactic acid bacteria obtained from fermented milk products have been used for
centuries. Traditional fermented milk is a useful source of probiotics because it
contains a complex composition of lactic acid bacterial species. In a recent study,
148 lactic acid bacterial strains were isolated from Kurut, a traditional naturally
fermented yak milk from China [43]. Additional studies are evaluating these tradi-
tional fermented products as potential natural sources of probiotic bacteria [43].

Lactic acid bacteria, which consist of a diverse genera, are grouped as either
homofermenters or heterofermenters based on the fermentation end product [38,
42]. Homofermenters produce lactic acid from glucose as a major product, and het-
erofermenters produce a number of products such as carbon dioxide, acetic acid,
ethanol, as well as lactic acid [38, 42]. Homofermentive lactics include the genera
Streptococcus which produces the L(+) lactate isomer and Pediococcus which pro-
duces DL lactate [42]. Heterofermentive lactics consist of the genus Leuconostoc
which produce D(—) lactate and a subgroup of the genus Lactobacillus, the
Betabacteria which produce DL lactate [42].

Lactobacilli are ubiquitous in nature and are usually found in carbohydrate-rich
environments [11]. They also are a part of the normal flora in the intestinal tract of
many animals. The genus Lactobacillus belongs to the phylum Firmicutes, class
Bacilli, order Lactobacillales, and family Lactobacillaceae [11]. The most com-
monly isolated species are Lactobacillus acidophilus, L. salivarius, L. casei, L.
plantarum, L. fermentum, L. reuteri, L. rhamnosus, L. gasseri, and L. brevis from
human intestine [11]. Several of these, Lactobacillus acidophilus, Lactobacillus
rhamnosus, Lactobacillus casei, and Lactobacillus reuteri, have been extensively
studied and well documented [44].

Lactobacillus acidophilus, which was first isolated from children’s feces by
Ernst Moro in 1900, is capable of colonizing the human colon, has antimicrobial
effects, and can be used to treat intestinal infections [26, 44]. Lactobacillus rham-
nosus GG or Lactobacillus GG (LGG) is commonly used in dairy products mar-
keted for infant and children’s consumption. Lactobacillus GG was isolated from
human feces in 1983 and is indigenous to the human intestinal flora, has a tolerance
to low pH environment, and adheres to the gastrointestinal tract [44, 45]. LGG is
effective in treating diarrhea [19, 46, 47]. Lactobacillus gasseri colonizes the gas-
trointestinal tract, oral cavity, and vagina in humans and is believed to contribute or
potentiate probiotic activity in part by reducing fecal mutagenic enzymes as well as
stimulate macrophages [44].

Bifidobacteria

Bifidobacteria are the predominant intestinal organism of breastfed infants. These
bacteria are rod-shaped, non-gas producing, and anaerobic. Breast milk has been
found to contain lactic acid bacteria as well as Bifidobacteria, both now included in
formulas and foods targeted to preterm and full-term infants [43]. Bifidobacteria are
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generally characterized as gram-positive, nonspore-forming, nonmotile, and
catalase-negative anaerobes [11]. Initially they had been assigned to the genera
Bacillus, Bacteroides, Nocardia, Lactobacillus, and Corynebacterium, before being
recognized as a separate genera in 1974 and included in the Actinomycetaceae fam-
ily [11, 44]. This family consists of five genera: Bifidobacterium, Propionibacterium,
Miycobaceterium, Corynebacterium, and Brevibacterium [11]. Currently there are
32 species in the genus Bifidobacterium, 12 are isolated from human sources, 15
from animal intestinal tracts or rumen, 3 from honeybees, and the other 2 are found
in fermented milk and sewage [11, 38]. Species found in humans are Bifidobacterium
adolescentis, B. angulatum, B. bifidum, B. breve, B. catenulatum, B. dentium, B.
infantis, B. longum, and B. pseudocatenulatum [11, 44]. These probiotic species can
induce immunoglobulins, improve food nutritional value by assimilation of sub-
strates not metabolized by the host, and have potential anticarcinogenic activity and
folic acid synthesis [44]. Specifically, Bifidobacterium infantis has been found to
significantly improve symptoms in patients with irritable bowel disease [19].

Enterococcus

There are 37 species of Enterococcus which have been validated for use as probiot-
ics [48]. Enterococci are singular, double- or short-chained gram-positive cocci
[44]. These bacteria occur in many habitats such as soil, surface water, ocean water,
sewage, on plants, and in the gastrointestinal tract of animals and humans, with E.
faecalis being the most predominant [48]. Bacteria of the Enterococcus genus can
also be used to treat diarrhea, irritable bowel syndrome, are considered to be an
alternative for antibiotics, and are used for lowering cholesterol and immune regula-
tion [44, 48].

Other Probiotics

Besides the human gastrointestinal tract, the gastrointestinal tracts of other animals
such as pigs, rats, and poultry are also good sources of probiotics [43, 47]. Other
probiotic strains have been discovered in marine and freshwater fish such as rain-
bow trout and shrimp [43] as well as in non-fermented foods such as meat and fruits
[43]. Lactobacillus strains from brine of naturally fermented olives and from pick-
led juices have also demonstrated probiotic properties [43]. Other popular probiot-
ics are Streptococcus thermophilus, Lactococcus lactis subsp. lactis, Leuconostoc
mesenteroides, Propionibacterium  freudenreichii, Pediococcus acidilactici,
Sporolactobacillus inulinus, Escherichia coli, other bacteria of the Bacillus species,
other lactic acid bacteria species, and Saccharomyces cerevisiae and Saccharomyces
boulardii yeasts. Many popular probiotics are added to dairy products and can have
favorable effects on human health [11, 19, 21, 22, 34, 44]. There is a selection cri-
teria regarding probiotic strains used in such products. There are several compo-
nents of this criteria: (a) the bacterium must be reported in the literature, (b) concrete
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proof of assistance to health must exist, (c) the bacterium must be able to colonize
the gastrointestinal tract and have a regulatory role in microbial balance in that area,
(d) the bacterium must be resistant to low pH values and bile salts in order to be able
to sustain their viability, (e) the bacterium must possess natural antibiotic effect in
order to prevent pathogen growth with their antimicrobial activity, (f) the bacterium
must be safe to consume and show no antibiotic resistance, and (g) the bacterium
must be suitable for commercialization [11, 22, 24, 30, 43, 44].

Commensal Bacteria

Through coevolution, humans not only tolerated the presence of the intestinal
microbiota but also evolved to use the colonization of commensal microbes for
immune development and function, intestinal barrier integrity, and overall health
[49]. Commensal microbes comprise the resident bacteria that live on the human
body and in the intestine amount to over 500 different strains including probiotic
strains. The composition of intestinal microbes differs depending upon the intestinal
region, with gradients existing both vertically and longitudinally (Fig. 2) [50].
Along the longitudinal axis, the number of microbiota increases distally with the
greatest level in the colon (~10'?). Along the vertical axis, certain bacteria are found
in the upper mucus layer above the epithelium, while others prefer the lumen.
Different microbes thrive in different regions because of the local environment,
which is influenced by luminal dietary contents, bile, pH, mucus, other bacteria, etc.
Several of the major probiotic strains that were originally isolated from humans
include Lactobacillus acidophilus, bifidobacteria, several LAB strains [43], and
Lactobacillus rhamnosus GG [44, 45]. In the intestine, the balance of beneficial
bacteria with neutral or inflammatory bacteria is critical. Thus, intestinal dysbiosis
(microbe imbalance) leads to a reduction in the beneficial commensal microbes and
can contribute to disease [49]. Probiotic intake can help restore commensal microbe
balance.

Probiotics and Bone Health

Probiotics Regulate the Gut-Bone Axis

Oral probiotics benefit the intestine as well as extraintestinal organs including the
bone [8-10, 51, 52]. The bone is a dynamic organ that depends on a fine balance
between the bone-forming osteoblasts and bone-resorbing osteoclasts. An imbalance
in this process can lead to bone disease. Bone homeostasis can be regulated by hor-
mones such as estrogen, parathyroid hormone, as well as by immune cells [53-55].
The gastrointestinal system also plays a key role in bone health, most notably by
regulating absorption of minerals such as calcium, phosphorous, and magnesium as
well as by being major producers of endocrine factors that signal to bone cells, such
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Mouth, esophagus:
Lactobacillus,

streptococcus

Lactobacillus, streptococcus
helicobacter, peptostreptococcus

Lactobacillus, streptococcus
Bacteroides, Clostridia, proteobacteria
Enterococci

Bacteroides, clostridium, bifidobacterium
Enterobacteriaceae, eubacteria, lactobacilli
Prevotella sp

Vertical

Villus

lumen
Bacteriodes
Bifidobacterium
Sterptococci
Clostridium
Lactobacillus
Enterococcus

Crypt

Fig. 2 Regional bacterial changes of the intestine. The intestine is a major source of commensal
microbes containing more than 500 species. Along the longitudinal axis, the number of bacteria
increases distally. Along the vertical axis, the majority of bacteria are in the lumen with some in
the top mucus layer. Microbes colonize different environments based on a number of factors
including pH and the nutrients available

as incretins and serotonin. Therefore, agents/conditions that influence intestinal
physiology can impact bone health. Recent studies, including some from our lab,
indicate that in addition to mineral absorption, the intestinal microbiota can be a criti-
cal player in regulating bone physiology [7, 8, 52, 56, 57]. Thus, we and others have
examined the influence of probiotics on gut microbiome and how this modulates
bone health. The effect of probiotics on the gut-bone axis is determined by a variety
of factors. In this subsection we will discuss studies examining the effect of probiot-
ics on bone during growth, aging, and menopause. In addition, we will discuss the
role of sex in bone responses to probiotics as well as the safety of probiotics.
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Probiotic Effects on Growth

Stability of the intestinal microbiota composition is a critical regulator of intestinal
homeostasis throughout life, from newborn to adulthood. Increasing evidence also
indicates that intestinal homeostasis plays a key role in the development of healthy
strong bone during childhood and adolescence, which ultimately leads to a healthy
adult skeleton [58]. By comparing microbiota from undernourished and healthy
children from a Malawian birth cohort, Blanton et al. [5S9] demonstrated that the
microbiota is causally related to childhood nutrition. More importantly, the micro-
biota effects were functionally transmittable to germ-free mice (mice lacking a
microbiome). Specifically, germ-free mice whose intestines were populated with
microbiota from the undernourished children displayed reduced growth, altered
bone morphology, and metabolic dysfunction compared to mice populated with
age-matched healthy microbiota [59]. Supplementation with two bacterial strains
(Ruminococcus gnavus and Clostridium symbiosum) added to the microbiome
from undernourished children ameliorated growth abnormalities in the mice, sup-
porting a role for microbiome composition and by extension probiotics in growth
regulation [59]. In support of these findings, Schwarzewr et al. [60] show that
undernourished mice supplemented with the probiotic Lactobacillus plantarum are
able to maintain normal growth rates. Specifically, undernutrition suppresses
growth and bone growth parameters (femur length, cortical thickness, cortical
bone fraction, and trabecular fraction of the femur), and these effects were pre-
vented by L. plantarum treatment [60]. Importantly, and in agreement with Blanton
et al. [59], the presence and/or composition of microbiota during development was
shown to be important for regulating mouse growth rates. By comparing wild-type
and germ-free mice, the group found that growth parameters were decreased in the
germ-free mice which were 4% shorter and weighed less than the WT mice. This
response was shown to be dependent on the IGF-1-IGF-1R axis (Fig. 3). Analysis
of growth hormone (GH), IGF-1, and IGFBP-3 levels indicated a significant
decrease in germ-free compared to wild-type mice 56 days after birth while on
undernourished diet [60]. Supplementation with L. plantarum brought IGF-1 and
IGFBP-3 back to wild-type levels, suggesting L. plantarum can recapitulate the
beneficial effects of the microbiota on the IGF-1-IGF-1R axis [60]. Yan et al. [61]
also demonstrate the important role of the gut microbiota in regulating IGF-1
expression, bone formation, and growth in mice. These effects cross animal species
and are seen in Drosophila as well. Specifically, Drosophila display growth sup-
pression in response to undernutrition or lack of a microbiome [62]. When germ-
free flies are repopulated with probiotic lactobacilli strains, the flies regain their
ability to grow at normal rates [62], and the IGF axis is restored [63]. In humans,
Steenhout et al. examined the impact of probiotic-supplemented formulas on
growth in both healthy and vulnerable populations [64]. They concluded that the
probiotic Bifidobacterium lactis has a positive effect on growth in infants born to
mothers with human immunodeficiency virus [64]. Taken together, these studies
demonstrate that a healthy gut microbiome is important for bone growth during
development.
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Fig. 3 Probiotics bone effects in different populations. Probiotics benefit bone health across dif-
fering populations. The host bone responses are dependent upon factors such as sex, aging, meno-
pause, and growth

Probiotic Effects on Aging Bone

Aging is associated with many complications including osteoporosis. The use of
probiotics to benefit longevity and health dates back to ancient Ayurvedic texts (400
and 200 BCE) [20]. Given this, it is surprising that only recently research has begun
to focus on the critical role and mechanisms of microbiome/probiotic regulation of
aging conditions, such as osteoporosis. While there currently are several ongoing
studies examining probiotic effects on bone health in the elderly, only a few studies
have been published to date. In one study, Lactobacillus casei Shirota was given to
elderly male and female patients (n =417); after 4 months of treatment these patients
showed enhanced fracture healing (distal radius) compared to patients with placebo
treatment (Fig. 3) [65]. In a similar study, 50 postmenopausal women with osteope-
nia (50-72 years of age) were randomly assigned to take either GeriLact (7 probi-
otic bacteria species) or a placebo for 6 months. The multispecies probiotic GeriLact
significantly decreased biomarkers of bone resorption in comparison with the pla-
cebo group, though no significant changes in bone mineral density were observed
during this period of treatment [66]. Interestingly, the probiotic treatment did sig-
nificantly decreased serum levels of parathyroid hormone and the pro-inflammatory
marker TNF-a [66]. Another study, which saw an effect on bone density, involved
the treatment of osteoporotic males (64—67 years of age) with kefir fermented milk
for 6 months. The group found a 5% increase in femoral neck bone mineral density
measured by DEXA [67]. This study supports a benefit of probiotics on bone health,



236 J.D. Schepper et al.

but it is important to recognize that only 24 subjects were studied and the contribution
of calcium in the kefir was not separated from the effects of the probiotic bacteria.
While not directly examining bone, a recent study by Han et al. screened a library
of C. elegans mutants to identify bacterial metabolites that influence lifespan and
reduce aging complications [68]. The polysaccharide colonic acid was found to be
involved in mediating longevity and reducing aging complications, supporting a
role for intestinal microbes in regulating lifespan and health. Taken together, ancient
texts and recent data indicate the potential for probiotics to maintain bone health
throughout life.

Probiotic Effects on Menopausal Osteoporosis

The natural loss of estrogen due to menopause is the most important risk factor for
osteoporosis in women. Women, over the course of their lifetime, lose about 50% of
their trabecular bone and 30% of their cortical bone; about half of the bone loss
occurs during the first 10 years after menopause [69]. Recent studies have examined
the influence of the microbiota and probiotic treatment during osteoporosis espe-
cially under conditions of estrogen deficiency in animal models. For example, while
we previously noted that intact healthy female mice do not display a bone response
to L. reuteri, we found that L. reuteri treatment can prevent ovariectomy-induced
bone loss in mice, suggesting that lack of estrogen may influence responsiveness to
L. reuteri effects on bone (Fig. 3) [52]. These findings were confirmed by others
using similar or distinct probiotics [44, 48, 63]. In a recent study, Li et al. [70] dem-
onstrated that microbiota is necessary for sex steroid deficiency-induced bone loss.
Female wild-type and germ-free mice were given Lupron (ovarian sex steroid
antagonist) to block the effect of estrogen in mice. While wild-type mice lost bone
as expected, the germ-free mice did not lose bone, demonstrating that the microbi-
ota may be essential for estrogen deficiency-induced bone loss [70]. While Lupron
increased intestinal permeability in wild-type mice, it did not affect permeability in
the germ-free mice. Supplementation of conventional mice with Lactobacillus
rhamnosus GG (LGG) or VSL#3 reduced gut permeability and intestinal inflamma-
tion and protected mice against bone loss induced by ovariectomy-induced estrogen
deficiency [70].

Probiotics have been proposed to function in multiple ways under estrogen-
deficient conditions. One important mechanism is through the suppression of osteo-
clastogenesis, an event that is upregulated during estrogen deficiency/menopause.
Our studies showed that L. reuteri can suppress OVX-induced increases in bone
marrow CD4+ T lymphocytes, which are responsible for the overstimulation of
osteoclasts (Fig. 5) [52]. In addition, we have also shown that a 3 kd fraction of the
L. reuteri can inhibit osteoclastogenesis in vitro [52]. Similarly, Ohlson et al. showed
that the probiotics could affect pro-inflammatory cytokines such as TNF-o and
IL-1pB, as well as increase osteoprotegerin levels, all of which will decrease osteo-
clastogenesis. Similar attenuation of bone loss was also demonstrated with soymilk
that was supplemented with L. paracasei subsp. paracasei NTU101 or L. plantarum
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NTU 102 in ovariectomized mice [8]. Narva et al. have also demonstrated a similar
outcome with the use of fermented milk, valyl-prolyl-proline, and Lactobacillus
helveticus LBK-16H in ovariectomized rats [71]. Finally, Rodrigues et al. showed
that synbiotics, in this study a combination of prebiotics (Yacon flour) and probiot-
ics (Bifidobacterium longum), increased bone mineral content in rats [51]. Together,
these studies demonstrate an important role for oral probiotics in reversing estrogen
deficiency-induced bone loss.

Influence of Sex on Probiotic Effectiveness

Sex hormones are known to play a critical role in regulating bone density [72]. For
example, males have greater bone density than females mainly due to differences in
cortical bone expansion and greater trabecular bone volume [73, 74]. In addition,
studies indicate that some mouse models display gender differences in response to
hormones, such as PTH, which regulate bone [75]. Similarly, in one of the earliest
bone studies to identify sex-specific responses to probiotic use, our lab administered
Lactobacillus reuteri ATCC PTA 6475 (L. reuteri) to healthy male and healthy
female mice for 4 weeks [9]. L. reuteri increased bone volume fraction and bone
mineral density in healthy male mice, and this was associated with a suppression of
intestinal inflammation (Fig. 3) [9]. Surprisingly, these effects were not observed in
female mice, demonstrating that L. reuteri treatment influences bone (and gut) in a
sex-specific manner [9]. This is also consistent with studies that induce intestinal
inflammation by infecting mice with H. hepaticus; in these studies, the pathogenic
bacteria caused intestinal inflammation and bone loss in male mice but did not have
a significant effect in female mice [76]. Taken together the findings suggest that
female mice do not respond to either “bad” or “good” bacteria. In later studies, we
identified that intact female mice can respond to probiotic (L. reuteri) treatment, but
only when they are put into mild inflammatory state through dorsal surgical incision
[7], supporting a potential role for inflammatory cells and estrogen in regulating
female responses to luminal bacteria.

Probiotic Safetyc Throughout Life

The above studies indicate that probiotics hold great promise for supporting bone
health. While generally regarded as safe (GRAS), there are some situations where
probiotics need to be used cautiously. Patients with compromised immune systems,
with significant intestinal barrier dysfunction, or with severe/critical illness may be
susceptible to adverse effects such as sepsis, fungemia, and intestinal ischemia [77];
under these conditions the concern is that the load of intestinal bacteria, even though
beneficial, could lead to inflammation and crossover into the blood system where
immune cells may be compromised and unable to remove/kill the bacteria. Recent
tolerability studies for one probiotic, Lactobacillus rhamnosus GG (LGG), are very
positive. Children with Crohn’s disease, which involves a barrier break, tolerate
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orally supplemented LGG and displayed a side effect profile comparable with
placebo [78]. Similarly, elderly patients (66—80 years old) did not display serious
adverse effects in response to probiotic (LGG) treatment [79]. Mild symptoms that
can occur include bloating, gas, and nausea during the adaptation to probiotic inges-
tion. As with any new therapy, it is important to carry out these safety and tolerabil-
ity studies.

Mechanisms of Probiotic Prevention of Bone Pathophysiology

Effect of Probiotics in Dysbiosis-Induced Bone Loss

Dysbiosis is caused by an imbalance of gut microbiota composition/function
[80]. While primarily an ailment of the gut, dysbiosis can have systemic effects
due to increased permeability of the intestinal mucosa [81]. This can result in
bacterial products such as lipopolysaccharide to enter systemic circulation result-
ing in systemic and local tissue inflammation at distant sites including the bone
(Fig. 4) [82, 83]. Our lab has shown that dysbiosis caused by an infectious H.
hepaticus bacteria can induce gut inflammation as well as bone loss in male mice
[84]. Long-term antibiotic treatment can also induce dysbiosis and has been
shown to influence the bone. Specifically, male mice treated with antibiotics
(ampicillin and neomycin) from 4 to 16 weeks of age display decreased bone
strength and reduced B and T cell populations [85]. In a periodontal model of

Eubiosis Lumen
Inflammation e Barrier
& (= Probiotics —> 4 el

Fig. 4 Model of probiotic mechanistic signals regulating bone density. A disruption in gut micro-
biota homeostasis can lead to increased inflammation and gut permeability resulting in systemic
organ inflammation, including within the bone. Prevention of local gut inflammation and permea-
bility by promoting a healthy gut microflora (eubiosis) is one of the many ways probiotics can
benefit bone health
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dysbiosis, bone loss was observed [86]. Activation of nucleotide-binding
oligomerization domain containing 1 (NOD1), a receptor for immune function in
the gut, spared bone loss in these mice, indicating that it could have important
effects in similar cases in humans [86].

Probiotic treatment can benefit dysbiosis and gut health through maintaining
intestinal barrier function and thereby preventing toxins from entering systemic cir-
culation [87-91]. In a study causing enteropathogenic E.coli (EPEC)-induced dys-
biosis, administration of probiotic E.coli Nissle 1917 increased specific claudin
expression and prevented increases in intestinal permeability seen after infection
with EPEC (Fig. 4) [92]. While pathogenic dysbiosis can damage the intestinal bar-
rier, several studies have shown that this barrier can be rescued through the use of
specific probiotics [93-96]. These studies suggest that several conditions linked
with gut dysbiosis can be improved through the proper treatment with probiotics.
Along with treating the intestinal permeability observed in dysbiosis, probiotics
have also been shown to have positive effects on bone health in dysbiosis models.
Periodontal disease characterized by dysbiosis of the healthy oral bacterial flora
leading to increased inflammation and subsequent bone loss was prevented with
probiotic administration. Using this model, mice with periodontitis that were treated
with Lactobacillus brevis CD2 displayed decreased bone loss and lower expression
of pro-inflammatory cytokines such as tumor necrosis factor, interleukin-1p, and
interleukin-17A (Fig. 5). Similar studies in a rat model of periodontal disease indi-
cate that probiotics (Bacillus subtilis and Saccharomyces cerevisiae) can decrease
bone resorption, increased bone density, and decreased inflammation [97, 98]; dys-
biosis was also prevented by probiotic treatment [97].

Pro-osteoblast
Bone Formations

Wnt-10b
IGF-1

OPG

Probiotics : Pro-osteoclast
Bone Resporption
— CD 4+ T-Cells

Pro Inflammatory
Cytokines

= RANKL

Fig. 5 Mechanism of probiotics beneficial bone affects. Probiotic treatment can modulate the dif-
ferentiation and function of osteoblasts through changes in Wnt10b, insulin-like growth factor-1,
and OPG as well as osteoclasts through modulation of CD4+ T-cells, pro-inflammatory cytokines,
and RANKL)
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Effect of Probiotics in IBD-Induced Bone Loss

Inflammatory bowel disease (IBD) can have detrimental effects on bone health by
affecting the actions of osteoblasts and osteoclasts and promoting osteoporosis [99].
IBD is characterized by gut dysbiosis which generates an inflammatory response
both locally and systemically, including within the bone marrow and bone [84].
Thus, IBD-induced intestinal inflammation is the primary pathology that leads to
IBD-induced osteoporosis [99]. When the dysbiosis is recognized by the immune
system, an inflammatory response occurs that includes the release of many pro-
inflammatory cytokines such as TNF-a, IL-6, IL-11, and IL-17, as well as prosta-
glandin E, [100]. Cytokine expression is also elevated in bone [84, 101, 102]. The
elevation of pro-inflammatory cytokines promotes osteoclast activity and also sup-
presses osteoblast activity; the latter occurs by decreasing maturation and increasing
cell death. IBD also affects the RANK-RANKL-OPG pathway of bone metabolism
and promotes excessive bone loss [103]. Prostaglandin E, promotes RANKL and
inhibits OPG, which results in greater osteoclast activation. For a comprehensive
review of how IBD affects bone, please refer to the chapter by Dr. Sylvester.

Recent studies have shown the protective effects of probiotics on IBD-induced
gut inflammation and on bone. Administration of a commercially available probi-
otic VSL#3 in a mouse model of ulcerative colitis led to decreased gut permeability
and aided in treatment of inflammatory symptoms (Fig. 5) [89]. Using other probi-
otics, such as L. reuteri (R2LC), in IL-10-deficient colitis models attenuated disease
development, normalizing gut barrier function and reducing pro-inflammatory cyto-
kines and histological disease score [104]. Consistent with these studies, DSS-
induced colitis caused increases in gut permeability in female BALB/c mice which
was prevented with treatment of Bifidobacterium longum CCM 7952 (Bl) [105].
Additional studies indicate that the modulation of toll-like receptor 9 (TLR9) is
necessary for the beneficial effects of probiotics in ulcerative colitis treatment [106].

Although these studies did not look at the direct effect of probiotics on the bone,
they do indicate that probiotics can have beneficial effects on IBD-induced gut
inflammation), which is one of the main components of IBD-induced bone loss.
However, probiotics appear to have differential effects on bone inflammation.
Treatment of bone marrow-derived dendritic cells from mice with VSL#3 showed
increases in both pro- and anti-inflammatory cytokine levels [107]. Taken together
these studies show that probiotic treatment of IBD patients may be beneficial to cor-
rect the dysbiosis and reduce intestinal inflammation, but further studies are needed
to solidify the beneficial role of probiotics.

Effect of Probiotics in Type 1 Diabetes-Induced Bone Loss

Type 1 diabetes is a chronic autoimmune disease characterized by destruction of
insulin-producing pancreatic p-cells, resulting in the requirement for exogenous
insulin to control blood glucose levels. The consequent metabolic dysregulation has
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many deleterious consequences including bone loss. T1D-induced osteoporosis is
thought to result primarily from the dysregulation of osteoblastic activity. Given
that probiotics benefit bone health, probiotic treatment in this model has been exam-
ined. This is based on early studies indicating a role for the gut microbiome in T1D
development. One of the original studies in nonobese diabetic mice (NOD) showed
that NOD mice lacking MyD88 protein (adaptor for multiple innate immune recep-
tors that recognize bacterial stimuli) did not develop T1D [108]. This protection is
dependent on the commensal microbes because germ-free MyD88-negative NOD
mice develop severe diabetes, whereas bacterial colonization attenuates T1D [108].
Thus, commensal bacteria may be important to reduce disease susceptibility.
Consistent with these findings, another group showed that early life antibiotics alter
the gut microbiota and its metabolic capacities, intestinal gene expression, and T
cell populations leading to accelerated T1D in NOD mice [109]. In addition, our lab
has demonstrated that modulation of the gut microbiota with probiotic L. reuteri
6475 can prevent streptazotocin (STZ)-induced T1D-mediated bone loss in mice. In
this study, male (C57BL/6 14 weeks old) mice were given an STZ injection to
induce type 1 diabetes which displayed a 35 % reduction in bone volume fraction
4 weeks postinjection [10]. Treatment with L. reuteri 6475 prevented this bone loss.
This was further supported by trabecular bone data, which revealed that L. reuteri
6475 prevented the increase in trabecular spacing and reduction in trabecular num-
ber induced by T1D. STZ-induced T1D bone loss comes from reduced osteoblast
activity, which was consistent with decreased osteocalcin (bone formation) serum
markers and decreases in mineral apposition rate (MAR) compared to controls. L.
reuteri 6475 prevented decreases in both osteocalcin and MAR suggesting that pro-
biotics, specifically in this model, can have an anabolic effect on the bone [10].
Additionally, part of T1D’s bone pathology is an increase in bone marrow adiposity,
indicating an altered lineage commitment of bone marrow stromal cells toward the
adipocyte over osteoblast lineage [110, 111]. In this study, consistent with benefit-
ing bone health, L. reuteri 6475-treated T1D mice did not display increases in adi-
pocyte number [86]. Furthermore WntlOb signaling which in mesenchymal
precursor cells stimulates osteoblastogenesis and inhibits adipogenesis was
decreased in T1D mouse bone (Fig. 5). Treatment with probiotic L. reuteri 6475
fully restored whole bone Wntl0b gene expression back to normal levels [86].
These findings suggest that probiotic use can prevent T1D bone loss by modulation
of expression of Wnt10b in bone.

Conclusions

There are many studies supporting the role for the microbiome in the regulation of
bone heath. Direct supplementation of beneficial probiotic bacteria can affect bone
health by regulating aspects of gut such as preventing dysbiosis and/or increases in
gut permeability and inflammation. However, more research is needed to under-
stand the signaling pathways that link the gut microbiome to bone. Future studies
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should focus on identifying mechanisms in which probiotics/microbiome are able to
regulate osteoblast/clast activities. These studies are important for developing future
treatments for osteoporosis.
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