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PTH actions on bone
Parathyroid hormone (PTH) is the most 
critical factor regulating plasma calci-
um levels and calcium homeostasis, but 
decades of investigation dating back to 
the seminal studies of Fuller Albright in 
the 1940s (1) have identified the pleiotro-
pic physiological actions of PTH beyond 
this key role. These include regulation of 
bone formation and resorption, renal cal-
cium as well as phosphorus handling, and 
more recently, the hematopoietic stem 
cell (HSC) niche (2, 3). Underpinning the 
complex physiological actions of PTH is 
an even greater complexity of target cells 
and genes that are involved in mediating 
the effects of PTH in various tissues. And 
for those attempting to build a clear under-
standing of precisely how PTH works, life 
just got more difficult, as in this issue of 
the JCI the Pacifici laboratory identifies 
the microbiome as a major regulator of the 
anabolic effects of PTH on bone (4).

Under physiological conditions of 
pulsatile PTH secretion or when PTH is 
administered exogenously on an inter-
mittent basis (e.g., single daily injections), 
PTH s0timulates bone formation to a 
greater extent than bone resorption. By 

contrast, exposure of bone to continuously 
elevated circulating PTH concentrations, 
as in primary hyperparathyroidism, leads 
to an excess of bone resorption over bone 
formation and net bone loss (2). Even lim-
iting the discussion to the anabolic skeletal 
actions of PTH, it is now clear that PTH 
acts not on one, but on numerous target 
cells, although cells of the osteoblast lin-
eage (osteoprogenitors, osteoblasts, osteo-
cytes, and bone lining cells) have gen-
erally been considered the primary cells 
mediating PTH effects on bone (2). Thus, 
deletion of the PTH receptor (PTH1R) in 
osteocytes (5, 6) or the G protein α-sub-
unit (which mediates PTH1R signaling) 
in osteoprogenitor cells (7) blunts the 
anabolic actions of PTH on bone. Howev-
er, cells beyond those from an osteoblast 
lineage are also involved in PTH-induced 
bone formation and loss. For example, 
work from the McCauley laboratory has 
shown that MAFIA mice, which lack mac-
rophages, also have an attenuated increase 
in bone volume fraction in response to 
PTH (8). This leads to the conclusion that 
PTH effects on bone are perhaps best con-
sidered in a model that involves a network 
of codependent pathways in multiple cell 

types, whereby elimination of key nodes 
that may include specific cell types and/
or genes in this network renders the others 
ineffective, resulting in an attenuation or 
loss of PTH effects on bone.

For a number of years, the Pacifi-
ci laboratory has pursued one of these 
nodes in the network of PTH actions on 
bone, with a focus on those that involve 
T cells. The researchers initially demon-
strated that intermittent administration of 
PTH increased the production of Wnt10b 
(which induces the expansion and differ-
entiation of osteoprogenitor cells, ref. 9) 
in bone marrow CD8+ T cells and induced 
these immune cells to activate Wnt sig-
naling in osteoprogenitor cells (10). Fur-
thermore, PTH failed to have an anabolic 
effect on bone in mice lacking T cell–pro-
duced Wnt10b. In subsequent studies, the 
researchers established that PTH acted 
directly on T cells by demonstrating that 
the anabolic effect of PTH on bone was 
blunted in mice with deletion of PTH1R 
specifically in T cells (11).

Microbiome effects on PTH 
action in bone
In this issue of the JCI (4), Li and colleagues 
define steps relating to the microbiome 
that are upstream of T cell Wnt10b produc-
tion. Through a series of elegant studies, 
they identify butyrate (a short-chain fatty 
acid, SCFA) produced by gut microbiota as 
the key mediator of the microbiome effects 
on PTH action in bone. To explore the con-
tribution of the microbiome, the authors 
used germ-free mice or wild-type mice 
treated with broad-spectrum antibiotics to 
deplete the microbiome and consequently 
inhibit the production of butyrate. They 
then showed that further treating these 
butyrate-deficient mice intermittently 
with PTH failed to increase bone volume 
fraction or osteoblast numbers in trabec-
ular bone. They went on to demonstrate 
that butyrate binds to its receptor, GPR43, 
on dendritic cells and also acts directly on 
CD4+ T cells, independently of GRP43 sig-
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Parathyroid hormone (PTH) has complex effects on bone, including 
stimulating bone formation and regulating the hematopoietic stem cell 
(HSC) niche. In the current issue of the JCI, Li et al. demonstrated that 
the microbiome, through the production of short-chain fatty acids and in 
particular, butyrate, is necessary for the ability of PTH to increase osteoblast 
numbers and stimulate bone formation. In addition to implications for the 
treatment of osteoporosis with PTH analogs, this pathway may be part of a 
broader mechanism through which the microbiome serves its key function 
of modulating the immune system.
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indirect effects via the butyrate-PTH axis, 
the microbiome simultaneously expands 
HSCs and their niche cells (osteoblasts) as 
part of its role in sustaining the immune 
system (Figure 1). In this formulation, the 
microbiome is likely oblivious to just how 
much bone its host has; rather, it is mere-
ly fulfilling its symbiotic contractual obli-
gation to optimize the health of the host’s 
immune system (12), and the stimulation 
of bone formation resulting from the 
microbiome/PTH-induced expansion of 
osteoblasts, which form at least part of the 
HSC niche (3), is a fortuitous consequence 
of the microbiome’s main function related 
to the fortifying the immune system.

Clinical implications
In addition to providing informative mech-
anistic links between the microbiome, 
immune cells, and the skeletal actions of 
PTH, the current findings also raise a num-
ber of important clinical questions. First, is 
there evidence for this microbiome-PTH 
link in humans? It would be important, 
for example, to test whether altering the 
microbiome in a positive (e.g., probiotics) 
or negative (e.g., broad-spectrum antibiot-
ics) direction alters the skeletal response 
to the PTH analog, teriparatide, particu-
larly in postmenopausal women in whom 

of the immune system (12) — and assess 
where it may intersect with what we know 
about the diverse actions of PTH, a com-
mon link that emerges is regulation of the 
HSC niche. Thus, a healthy microbiome 
plays a fundamental role in the induc-
tion, training, and function of the host 
immune system (12) and also leads to an 
expansion of HSCs, as treatment of mice 
with broad-spectrum antibiotics leads to a 
marked reduction in HSC numbers in bone 
(13). However, in order to expand HSCs, 
the microbiota also need to signal to bone 
to increase the number of HSC niche cells, 
specifically osteoblasts, that are critical for 
the self-renewal and expansion of HSCs 
(3). As depicted in Figure 1, SCFAs (butyr-
ate) produced by microbiota may serve 
this purpose by acting in concert with one 
of the major regulators of osteoblast num-
bers in bone, PTH, to expand the very cells 
needed (i.e., osteoblasts) to sustain the 
HSC niche. This link may be even tighter 
than presently understood, as the Pacifici 
laboratory has previously shown that PTH 
itself increases the number of HSCs, at 
least in part by stimulating T cell Wnt10b, 
which acts not only on osteoprogenitors, 
but also on HSCs to stimulate their self- 
renewal (14). Thus, through direct effects 
of microbial products on HSCs (13) and 

naling. While PTH signaled through the 
PTH1R on CD4+ T cells, PTH also acted 
in concert with butyrate to induce CD4+ T 
cells to differentiate into regulatory T cells 
(Tregs) which, in turn, can stimulate CD8+ 
T cells to produce Wnt10b. In addition, 
Wnt10b led to the expansion of osteoblasts 
on bone surfaces and increased bone for-
mation (Figure 1). Based on these findings, 
Li et al. concluded that butyrate produced 
by gut microbiota is necessary for PTH to 
induce bone anabolism (4).

This is clearly an elaborate signaling 
mechanism whereby a SCFA produced by 
the gut microbiota acts on bone marrow 
dendritic cells, which then act on CD4+ T 
cells and, in concert with PTH, leads to an 
expansion of Tregs, which then signal to 
CD8+ T cells to stimulate osteoblastogene-
sis via Wnt10b. It is certainly reasonable to 
question the evolutionary advantage of this 
mechanism — it is unlikely that evolution 
designed this pathway in order to facilitate 
the efficacy of intermittent PTH adminis-
tration as a treatment for osteoporosis in 
postmenopausal women. One potential 
explanation, which posits a link between 
the microbiome and the skeletal actions 
of PTH in regulating HSCs, is depicted in 
Figure 1. If we consider the major function 
of the microbiome — namely, modulation 

Figure 1. Model for interactions between the gut microbiome and PTH signaling, converging with HSC regulation. Butyrate produced by the gut micro-
biota binds to the GPR43 receptor on dendritic cells (DC) and also acts directly on CD4+ T cells independently of GPR43 signaling. PTH signals through 
the PTH1R on CD4+ T cells, and butyrate acts in concert with PTH to differentiate CD4+ T cells into Tregs which, in turn, stimulate CD8+ T cells to produce 
Wnt10b (4). Wnt10b acts on osteoprogenitor cells, leading to their expansion and differentiation (9), resulting in a net increase in osteoblasts on bone sur-
faces and increased bone formation as well as increased bone volume fraction. Osteoblasts also form part of the niche for the self-renewal and expansion 
of HSCs (3). In addition, the Wnt10b produced by T cells leads to the self-renewal of HSCs (14). Independent of this pathway, microbiota also lead to an 
expansion of HSCs (13), which require the osteoblast niche cells generated by the microbiome-PTH axis.
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teriparatide is routinely used to treat oste-
oporosis (15). In addition, there is consid-
erable variability in the skeletal anabolic 
response to teriparatide in terms of bone 
mineral density gains, including a sub-
set of patients who fail to respond to teri-
paratide (16). Could this variable response 
or response failure be due, at least in part, 
to differences in the microbiome and/
or reduced circulating butyrate levels in 
these patients? Moreover, as suggested by 
the authors (4), could nutritional butyr-
ate supplementation enhance the skele-
tal anabolic response to PTH in humans? 
Finally, based on the model in Figure 1, 
could butyrate, perhaps in concert with 
PTH, be useful in the recovery of HSCs fol-
lowing chemotherapy or in other settings 
of impaired hematopoiesis? As with any 
provocative preclinical study, the current 
work from the Pacifici laboratory (4) opens 
up new directions that will keep clinical 
investigators busy for a number of years 
and will, hopefully, lead to new treatment 
options for patients with osteoporosis and 
perhaps various hematological conditions 
involving a reduction in HSCs.
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