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Abstract�
Exposed surfaces of mammals are colonized with 100 trillion indigenous bacteria, fungi, 
and viruses, creating a diverse ecosystem known as the human microbiome. The gut 
microbiome is the richest microbiome and is now known to regulate postnatal skeletal 
development and the activity of the major endocrine regulators of bone. Parathyroid 
hormone (PTH) is one of the bone-regulating hormone that requires elements of the 
gut microbiome to exert both its bone catabolic and its bone anabolic effects. How the 
gut microbiome regulates the skeletal response to PTH is object of intense research. 
Involved mechanisms include absorption and diffusion of bacterial metabolites, such as 
short-chain fatty acids, and traf�cking of immune cells from the gut to the bone marrow. 
This review will focus on how the gut microbiome communicates and regulates bone 
marrow cells in order to modulate the skeletal effects of PTH.
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The term �microbiome� refers to the collection of micro-
organisms, their genomes, and their interactions in a given 
environment. Exposed surfaces of mammals are colonized 
with 100 trillion indigenous bacteria, fungi, and viruses, cre-
ating a diverse ecosystem known as the human microbiome 
(1, 2). The microbiome of humans and mice is quantita-
tively different, but they share a large qualitatively similar 
core (3). Because of these qualitative similarities, mice are 

extensively used to investigate the role of the microbiota in 
health and disease (3).

The gastrointestinal tract harbors the greatest num-
bers of these microorganisms, which regulate human 
nutrition, metabolism, and immune system function. 
Microbial colonization of the gastrointestinal tract starts 
at birth, eventuating in a taxonomically diverse commu-
nity by early adulthood (4). Intestinal microbes �ourish in 
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an environment that is rich in nutrients, with speci�c taxa 
recognized as causative of conferring bene�cial effects on 
the host, such as improved energy extraction from food, 
exclusion of pathogenic bacteria, and stimulation of tissue 
development (5, 6). Gut luminal bacteria also bene�cially 
in�uence tissue homeostasis in the intestine by enhancing 
epithelial cell proliferation and survival and strengthening 
barrier function (7-12). Indeed, mice raised in germ-free 
conditions exhibit many functional weaknesses (13) and 
have impaired homeostasis (14). These observations show 
that there is an active and dynamic association between 
microbes that reside within the gut and host�cells.

Maternal transmission is the key determinant of the 
composition of the gut microbiota in newborns (15). In 
children, the gut microbiota reaches an adult-like compos-
ition by ~3� years of age, through maternal transmission 
and close cohabitation (15). Therefore, sibling and house 
pets shape the composition of the microbiota in children. 
This phenomenon is known as microbial inheritance (16). 
By age ~3, the gut microbiota becomes resistant to colon-
ization by new organisms (17). Indeed, once acquired, the 
majority of strains are retained in an individual for dec-
ades (17). Thus, early gut colonizers, once established, have 
the potential to exert their biological effects on our health 
for most and perhaps all of our adult lives (15). The effect 
of a strain�s residency may take decades to manifest itself 
(16). In adults, long-lasting modi�cations of the micro-
biota require permanent, signi�cant dietary changes, major 
changes in the health status of the host, or extensive ma-
nipulations, such as long-term antibiotic treatment (18) or 
stool transplantation (19).

Microbial inheritance occurs preferentially between 
family members and much less between unrelated individ-
uals (16). Attesting to the relevance of microbiota inherit-
ance, the relative risk of Crohn�s disease (20), rheumatoid 
arthritis (21), or multiple sclerosis (22) is highly increased 
when a sibling is affected, even after accounting for the 
genetic predisposition. By contrast, cohabitation is not suf-
�cient to modify the gut microbiome in older individuals. 
This explains why transmission of diseases linked to the 
microbiome is unusual between spouses. The community 
composition of the microbiota has profound effects on the 
immune status of the host and impacts the development 
and/or progression of in�ammatory diseases. Accordingly, 
numerous studies have demonstrated differences in the 
microbiota of patients with or without a given in�amma-
tory condition (23), although it remains unclear whether 
the observed dysbiosis is a cause or consequence of the 
underlying disease process (23).

Gut microbes modulate systemic immune responses 
(23). For instance, gut-resident microbes have a robust 
in�uence on the emergence and/or maintenance of CD4+ 

T-cell subsets. Examples include the effects of speci�c bac-
teria on the emergence of Th17 cells (24) and the impact 
of Bacteroides fragilis in Treg differentiation (25). Indeed, 
abnormalities in gut microbial diversity (�dysbiosis�) have 
been suggested to be suf�cient to aggravate intestinal path-
ologies related to the immune system, such as in in�amma-
tory bowel disease (26).

Another key activity of the gut microbiota is the produc-
tion of metabolites that are capable of traveling to distant 
organs and exerting important biological effects. Indole 
derivatives were among the �rst bacterial metabolites to 
be described to in�uence intestinal immunity (27, 28). For 
example, 4-ethylphenol sulfate, a metabolite produced by 
intestinal saprophytes was shown to regulate human be-
havior and has been implicated in autism (29). Insulin-
like growth factor 1 (IGF-1), produced predominantly in 
the liver in response to food intake and regulated by mi-
crobes and microbial products, was the �rst metabolite 
identi�ed as a linker in the gut-bone axis (30, 31). Another 
bone-regulating molecule is hydrogen sul�de (H2S), a 
gasotransmitter generated by gastrointestinal cells and by 
bacteria residing within the gut (32, 33). The microbiota 
accounts for a substantial portion of the overall blood 
levels of H2S, as germ-free mice have low serum and gastro-
intestinal tissues levels of H2S (33). In turn, H2S can modify 
the composition of the microbiota (32, 33). H2S has been 
implicated in in�ammatory bowel disease and other gastro-
intestinal pathologic conditions. Importantly, H2S stimu-
lates bone formation and postnatal skeletal development 
(34). In addition, the H2S-donating compound GYY4137 
increases bone formation by activating Wnt signaling, via 
increased Wnt10b production (35), and prevents the loss 
of trabecular bone induced by ovariectomy (35). However, 
the family of metabolites produced by intestinal bacteria 
that has received the greatest attention for their capacity to 
diffuse to distant organs and induce potent regulatory ef-
fects are short-chain fatty acids (SCFAs). These metabolites 
initially emerged as powerful immune cell controllers, and 
more recently have been recognized as pivotal regulators of 
bone resorption and bone formation.

Human and animal studies have implicated the gut 
microbiome as a regulator of bone mineral density in health 
and disease. For example, a human study has described 
the �rst evidence of a correlation between microbiome di-
versity and osteoporosis (36), while another has shown 
that subjects with high bone mineral density have fewer 
Bacteroidetes and more abundant Firmicutes (37). Animal 
studies have disclosed that bone mass in mice raised in a 
germ-free condition is different from controls raised in 
conventional housing (30, 31, 38, 39). The microbiome 
is also relevant for the skeletal response to pathological 
conditions. For example, the presence of the microbiota 
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is required for estrogen de�ciency and glucocorticoids to 
cause bone loss (40). It is also known that antibiotic treat-
ment increases bone density in mice (30), while bacterial 
recolonization after antibiotic treatment causes bone loss 
(41). The mechanism by which antibiotics increase bone 
density include a decrease in serum IGF-1 that blunts bone 
formation (30) and an increase in bone resorption due to 
activation of intestinal immune cells by the gut microbiota, 
and their subsequent migration to the bone�marrow.

In addition, antibiotics prevent ovariectomy-induced 
bone loss (42). Intriguingly, low-dose antibiotics are com-
monly fed to chickens, cows, and pigs to increase size and 
body weight, and it would be interesting to determine how 
much of the increased weight gain is due to increases in 
bone density (43).

Skeletal Effects of�PTH
PTH plays a key regulatory role in calcium metabolism, 
defending the body against hypocalcemia. PTH acts to 
replenish serum calcium through mobilization of skeletal 
calcium stores by stimulating the differentiation of osteo-
clasts and thus promoting bone resorption. PTH further 
enhances the tubular reabsorption of calcium and stimu-
lates the kidneys to produce 1,25-dihydroxy vitamin D3. 
Chronic excessive PTH production is a cause of skeletal 
and extraskeletal disease. Secondary hyperparathyroidism 
has been implicated in the pathogenesis of age-related 
teriparatide osteoporosis (44), while primary hyperpara-
thyroidism (PHPT), is associated with accelerated bone 
loss (45), osteopenia (46-48), and increased bone turnover 
(47), an independent risk factor for fractures. Furthermore, 
PHPT is a cause of extraskeletal manifestations stemming 
from increased bone resorption such as hypercalcemia, 
recurrent nephrolithiasis, renal failure, peptic ulcers, and 
mental changes (46). However, PHPT is a heterogeneous 
disease as some patients develop bone loss while others 
do not (49, 50). Hypercalcemia is a frequent complica-
tion of PHPT, although a normocalcemic variant of PHPT 
has been described (49, 50). The presence or absence of 
hypercalcemia does not de�ne or predict who will experi-
ence skeletal manifestations of PHPT (49, 50). Primary 
and secondary hyperparathyroidism are mimicked by con-
tinuous PTH (cPTH) infusion. By contrast, when injected 
daily, a regimen known as intermittent PTH (iPTH) treat-
ment, the hormone markedly stimulates trabecular and 
cortical bone formation. Although this bone forming ac-
tivity is antagonized, in part, by a stimulation of bone re-
sorption, the net effect of iPTH is an improvement in bone 
microarchitecture and increased strength (51-53). As a re-
sult, daily injections of an active fragment of human PTH, 
known as teriparatide, decreases the risk of fractures in 

humans, and is an FDA-approved treatment modality for 
postmenopausal osteoporosis (54, 55).

PTH acts by binding to the PTH-PTHrP receptor (PPR), 
which is expressed in stromal cells, osteoblasts, and osteo-
cytes (56-58), as well as in T cells (59). A�key mechanism 
whereby PTH induces bone resorption is the induction of 
RANKL production by osteocytes (58, 60-62). PTH pro-
motes bone formation by increasing the number of osteo-
blasts (63, 64). This is achieved through activation of 
quiescent osteoblastic lining cells (65), an increase in prolif-
eration (66) and differentiation (67) of osteoblasts, attenu-
ation of osteoblasts apoptosis (68, 69), and by increasing 
signaling in osteocytes (70). The relative contributions of 
each of these mechanisms to the overall anabolic activity of 
PTH remains controversial.

Osteoimmunological Effects of Primary 
Hyperparathyroidism and Continuous PTH 
Treatment
In recent years, an unexpected connection has emerged 
between the immune system and the skeletal activity of 
PTH (59, 71-78). This line of research was opened by the 
report that cPTH fails to elicit bone waste in T-cell null 
mice, and in mice with conditional deletion of the PTH 
receptor PPR in T cells (71, 72), thus revealing that T cells 
are required for the mechanism of action of cPTH in bone. 
Mechanistic studies disclosed that cPTH increases the level 
of tumor necrosis factor (TNF) in the bone marrow (BM) 
by expanding CD4+ and CD8+ TNF+ T cells (72, 75). In 
addition, cPTH treatment does not result in bone loss in 
mice speci�cally lacking TNF production by T cells (72, 
75), demonstrating a requirement for T-cell�produced TNF 
for the bone catabolic activity of PTH. Additional studies 
revealed that PHPT in humans and cPTH infusion in mice 
promotes the differentiation of naïve CD4+ T cells into 
Th17 cells via a TNF-dependent pathway, thus expanding 
the size of the Th17 cell pool in the BM (75). Th17 cells 
are a pro-osteoclastogenic lineage of CD4+ cells de�ned 
by their capacity to produce interleukin (IL)-17 (79-81). 
Th17 cells potently induce osteoclastogenesis by secreting 
IL-17, RANKL, TNF, IL-1, and IL-6, along with low levels 
of interferon-� (82-84). IL-17 binds to a heterodimeric 
IL-17 receptor (IL-17R) (85). IL-17R signaling stimulates 
the release of RANKL osteoblasts and osteocytes (82, 86). 
In vivo neutralization of IL-17 or global deletion of IL-17R 
prevent the bone loss induced by cPTH in mice (75). These 
�ndings demonstrate the critical role of IL-17 for PTH-
induced bone loss. Important mechanistic studies revealed 
that cPTH fails to induce bone loss and fails to stimulate 
RANKL production by osteocytes in mice speci�cally 
lacking osteocytic expression of IL-17R (86). These reports 
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led to the conclusion that IL-17A is an upstream mediator 
of cPTH-induced bone loss that acts by enabling osteocytes 
to release RANKL when stimulated by PTH. This hypoth-
esis is in full agreement with reports indicating that direct 
targeting of osteocytes by cPTH is required for cPTH to 
induce RANKL production and bone loss (60, 61).

Microbiome and PTH-Induced Bone�Loss
In the mouse, Th17 cells are mostly produced in the intes-
tinal lamina propria, where their development is heavily 
in�uenced by the presence of segmented �lamentous bac-
teria (SFB) (24), which are spore-forming, Gram-positive 
commensal bacteria that potently induce differentiation of 
Th17 cells (87, 88). Whereas in healthy mice, SFB is the 
only known taxa of the microbiota that expands Th17 cells, 
several pathogens that cause infection, such as Candida 
albicans and Citrobacter rodentium, are also known to ex-
pand gut Th17 cells in mice. In healthy mice, which have 
saprophytes but lack a signi�cant load of pathogens, SFB 
are required for the expansion of Th17 cells. In humans 
~20 species of �SFB-like� saprophytic bacteria are known 
to cause the expansion of intestinal Th17 cells. Among them 
the most are Bi�dobacterium adolescentis, Staphylococcus 
saprophyticus, Klebsiella, Enterococcus faecalis, and 
Acinetobacter baumanii (89, 90). A�complete list of Th17 
cell�inducing bacteria is reported in (89, 90).

Surprisingly, PTH has been shown to cause the expan-
sion of Th17 cell in the small intestine (78). Stimulation of 
intestinal Th17 cell differentiation by PTH is dependent on 
the presence of SFB. However, SFB requires the concomi-
tant stimulation from additional elements of the micro-
biota. A�key mechanism whereby PTH expands intestinal 
Th17 cells is linked to its capacity to stimulate the pro-
duction of transforming growth factor-� (TGF�) and to 
expand TNF-producing T cells (TNF+ T cells) via a mech-
anism mediated by bacterial components such as lipo-
polysaccharide (LPS) and �agellin. Th17 cells express the 
sphingosine 1 phosphate (S1P) receptor S1PR1, and egress 
from intestinal lymphoid tissues when attracted to circu-
lating S1P (91). Once in the circulation, Th17 cells home 
to distant peripheral sites of in�ammation (92). For ex-
ample, studies in autoimmune disorders have shown that 
SFB-induced Th17 cells migrate from the gut to the lungs, 
kidneys, and joints (92-94). cPTH leads to the migration 
of intestinal Th17 cells to the BM, where these cells release 
IL-17 and cause bone loss (78). The mechanisms respon-
sible for the homing of Th17 cells to the BM are complex 
and involve TNF. The �rst critical step is the capacity of 
cPTH to expand TNF+ T cells. Like Th17 cells, TNF+ T cells 
residing in intestinal lymphoid tissues express S1PR1 and 
enter the systemic circulation attracted by circulating S1P. 

TNF+ T cells also express the chemokine receptor CXCR3 
that binds to CXCL9, CXCL10, and CXCL11, which are 
ligands expressed by several BM cells, including stromal 
cells and monocytes. Once in the systemic circulation, 
TNF+ T cells of intestinal origin reach the BM driven by 
the sensing of the CXCR3/CXCL9/10/11 chemokine gra-
dient (95), causing the expansion of the pool of BM TNF+ 
T cells and an increase in the BM levels of TNF. Thereafter, 
TNF upregulates the expression of CCL20 by BM stromal 
cells (78). CCL20 is the ligand for the chemokine receptor 
CCR6, which is expressed on Th17 cells (96, 97). Thus, the 
TNF-driven upregulation of CCL20 in the BM causes the 
in�ux of Th17 cells into the BM (Fig.�1).

Osteoimmunological Effects of Intermittent 
PTH Treatment
The bone anabolic activity of teriparatide is modeled in 
mice by daily administration of PTH, a regimen known 
as intermittent PTH (iPTH) treatment. iPTH markedly in-
creases bone volume and strength due to a stimulation of 

Figure 1.  Diagrammatic representation of the mechanism of action 
of cPTH in bone. Bacterial products such as lipopolysaccharide and 
�agellin translocate into the intestinal wall where, in concert with PTH, 
they induce the differentiation of Cd4+ T cells into TNF+ T cells. Intestinal 
TNF, together with stimuli provided by segmented �lamentous bacteria 
(SFB) induce the expansion of intestinal Th17 cells. TNF+ T cells and 
Th17 cells, which express the receptor S1PR1, egress from the intestine 
and enter the blood vessels attracted by the S1PR1 ligand S1P. TNF+ 
T cells express the chemokine CXCR3 and are attracted to the bone 
marrow (BM) by CXCL9/10/11 produced by stromal cells. Once in the 
BM, TNF+ T cells release TNF, which upregulate CCL20, the ligand for 
the Th17 cell receptor CCR6, causing the homing of circulating Th17 
cells into the BM.Th17 cells release Il-17, which induce the production of 
RANKL by osteoblasts and osteocytes, causing bone loss. Reproduced 
with Permission from Springer Nature from: Yu M, Malik Tyagi A, Li JY, 
et�al. PTH induces bone loss via microbial-dependent expansion of in-
testinal TNF+ T cells and Th17 cells. Nat Commun. 2020;11(1):468.
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bone formation tempered by a more moderate increase in 
resorption (98, 99).

Studies conducted in T-cell�de�cient mice revealed that 
mice lacking T cells or the expression of the PTH receptor 
PPR in T cells, exhibit a blunted increase in bone forma-
tion and trabecular bone volume in response to iPTH 
(59, 73). Furthermore, adoptive transfer of T cells into 
T-cell�de�cient mice restored a normal response to iPTH. 
Mechanistic studies revealed that in the absence of T cells, 
iPTH is unable to increase the commitment of stromal cells 
to the osteoblastic lineage, induce osteoblast proliferation 
and differentiation, and mitigate osteoblast apoptosis. All 
of these actions of PTH were found to center on the cap-
acity of T cells to activate Wnt signaling in osteoblastic cells 
(59).

iPTH activates Wnt signaling through multiple mechan-
isms, including blunted osteocytic production of the Wnt 
inhibitor sclerostin (100-102) and decreased production by 
osteoblasts of the Wnt inhibitor Dkk1 (103). In addition, 
teriparatide and iPTH treatment activate Wnt signaling by 
inducing the production of Wnt10b, an osteogenic Wnt 
ligand secreted by T cells (59, 73, 74, 104). Animal studies 
further show that the relevant pool of Wnt10b derives 
from BM CD8+ T cells (59, 73, 74). Accordingly, global or 
T-cell�speci�c silencing of Wnt10b production blocks the 
iPTH-induced bone anabolism (59, 73, 74). By contrast, 
the anabolic effects of iPTH in cortical bone are completely 
T-cell�independent (59, 73, 74), likely due to the fact that 
T cells have no contacts with periosteal surfaces and have 
limited capacity to communicate with osteocytes.

iPTH causes a ~2-3-fold increase in the number of BM 
regulatory T cells (Tregs) in humans and mice, which is re-
quired for iPTH to exert its bone anabolic activity (77). 
Tregs are suppressive helper CD4+ T cells that play an es-
sential role in dampening in�ammation and maintaining 
immune tolerance (105). Mechanistically, Treg repression 
of CD8+ T cells promotes binding of NFAT1/2 and SMAD3 
complexes to a NFAT/SMAD-activated Wnt10b promoter 
region that stimulates Wnt10b gene expression in CD8+ 
T cells. A�regulatory effect of iPTH on the production of 
Wnt10b has been con�rmed in humans (104).

Microbiome and PTH-Induced Bone 
Formation
Recently, it has become evident that Tregs are important 
regulators of bone remodeling. Tregs reside preferentially 
on the endosteal surfaces of bone (106), where they regu-
late osteoclast formation (107-109), blunt bone resorption 
(108, 110), and prevent ovariectomy-induced bone loss 
(111). In addition, Tregs are recognized as mediators of 
the bone anabolic activity of the probiotic Lactobacillus 

rhamnosus GG (LGG) (112, 113). Supporting a role for 
Tregs in the skeletal activity of iPTH are reports that 
blockade of Treg expansion silences the bone anabolic ac-
tivity of PTH (77). The differentiation of naïve CD4+ T 
cells into Tregs is potently induced by SCFAs (114-116). 
Many bacterial species contained in the gut microbiota of 
animals and humans can digest carbohydrates to generate 
the SCFAs butyrate, propionate, and acetate (117). This 
suggests that microbiota-induced generation of SCFAs in 
the gut may promote Treg differentiation in BM, which is 
pivotal for the bone anabolic activity of iPTH. This hypoth-
esis was validated in a recent report that showed that the 
production of permissive amounts of butyrate from the gut 
microbiota was required for iPTH to induce bone anab-
olism in mice (118). This conclusion was obtained injecting 
iPTH in conventionally raised mice treated with antibiotics 
or in germ-free mice. These experiments clearly demon-
strate that iPTH does not induce bone anabolism in the ab-
sence of the gut microbiome. Antibiotic treatment decreases 
the circulating levels of butyrate by ~50 % and blocks the 
expansion of intestinal and BM Tregs induced by iPTH. 
However, oral supplementation with doses of butyrate, re-
instating physiologic circulating levels of butyrate, restored 
Treg expansion and the bone anabolic activity of iPTH. 
Butyrate stimulates Treg differentiation via multiple mech-
anisms, including receptor independent effects on naïve T 
cells and receptor mediated activation of dendritic cells. 
The effects of iPTH on Treg differentiation, upregulation 
of Wnt10b production, and bone anabolism were blocked 
by deletion of the butyrate receptor GPR43. Thus GPR43 
plays a pivotal role in the mechanism by which butyrate 
potentiates the activity of iPTH (Fig.�2). It should be noted 
that when butyrate circulates at concentrations 2 to 3 times 
above physiologic levels, as in the case of mice treated with 
probiotics, this SCFA can directly upregulate Treg differen-
tiation. However, when butyrate circulates at physiologic 
doses, additional stimuli, such as treatment with iPTH, are 
required to induce Treg expansion. Thus, physiologic levels 
of butyrate exert the permissive function to enable PTH to 
induce Treg expansion. While butyrate induces Treg differ-
entiation via multiple mechanisms, the permissive activity 
of butyrate in iPTH-treated mice involve activation of the 
SCFA receptor GPR43 in dendritic cells and GPR43 inde-
pendent targeting of T cells (118).

Conclusions
One of the most intriguing aspect of PTH biology is the cap-
acity of the hormone to induce opposite skeletal responses 
depending on whether the PTH administration regimen is 
continuous or intermittent. Among the hypotheses put for-
ward to explain this phenomenon is a differential effect of 
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cPTH and iPTH on osteoblast life span, which is based on 
the observation that iPTH attenuates osteoblast apoptosis 
(68, 69, 119, 120), while cPTH does not (69). However, this 
explanation does not account for the differences in bone re-
sorption elicited by iPTH and cPTH. In vitro studies have led 
to the alternative hypothesis that the bone response to PTH 
re�ects the intermittent or continuous activation of PPR in 
bone cells (121, 122). However, this theory does not explain 
why transgenic mice expressing a constitutively active PPR 
in osteoblasts or osteocytes exhibit a dramatic increase in 
trabecular bone formation (56, 70) that resembles that in-
duced by iPTH. Reports of differential osteoimmunological 
effects of cPTH and iPTH T cells introduced an additional 
layer of complexity and possibilities. The recent discovery 
that the microbiota plays a pivotal role in the skeletal activ-
ities of PTH provide an example of unsuspected integration 
and complexity.

PTH is a calciotrophic hormone critical for skeletal de-
velopment. Similar to butyrate, PTH stimulates bone for-
mation and induces bone anabolism via the Treg/Wnt10b/
Wnt signaling pathway (52, 99, 123). BM CD8+ T cells 
respond to PTH and butyrate by releasing Wnt10b, while 
silencing of Wnt10b expression by CD8+ T cells blocks the 
capacity of PTH and butyrate to stimulate bone formation 
and increase bone volume (59, 73, 74, 112). Moreover, 

PTH and butyrate increase the production of Wnt10b by 
CD8+ T cells by expanding Tregs (77, 112).

The evolutionary advantage of the mechanistic conver-
gence between the skeletal effects of SCFAs and those of 
PTH remains unknown, but it is tempting to speculate that it 
may be related to energy balance during health and sickness. 
Immune cells depend on calcium for their activation (124). 
A�highly activated immune system is accompanied by sickness 
behavior and anorexia, which renders the immune system de-
pendent on calcium released by bone resorption rather than 
the calcium absorbed in the gut. A�consequence of starvation 
is hypocalcemia that in turn leads to continuous production 
of PTH, which stimulates bone resorption causing calcium re-
lease, which then becomes available for immune cell activa-
tion (125). Food ingestion interrupts PTH secretion, causing 
the pattern of PTH release to change from continuous to 
intermittent. It is only when intermittently produced that PTH 
exerts a net bone anabolic activity. This activity hinges on a 
mechanism involving Tregs and Wnt10b. One goal of this 
response might be to induce calcium deposition in the skel-
eton, so as to create a calcium reserve for the immune system. 
Generation of SCFAs is an event linked to food intake. Thus, 
SCFAs generation may signal the presence of normal state of 
health, thereby activating a pathway that replenishes calcium 
reserve in the skeleton. Thus, SCFAs may act in concert with 

Figure 2.  Diagrammatic representation of the mechanism of action of iPTH in bone. The intestinal microbiota produces butyrate via fermentation of 
complex carbohydrates. Intestinal butyrate diffuses through the intestinal wall into the systemic circulation, which carries it to distant organs. In the 
bone marrow (BM), butyrate enhances the differentiation of naïve helper CD4+ cells into regulatory T cells (Tregs) in concert with PTH. The expansion 
of BM Tregs makes possible for PTH to induce the production of wnt10b by BM CD8+ T cells. Wnt10b activates Wnt signaling in BM stromal cells, 
causing their proliferation and differentiation into osteoblasts. The expansion of the osteoblastic population results in increased bone formation and 
improved bone structure.
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