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Parathyroid hormone (PTH) regulation of
metabolic homeostasis: An old dog teaches us
new tricks
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ABSTRACT

Background: Late in the nineteenth century, it was theorized that a circulating product produced by the parathyroid glands could negatively
impact skeletal homeostasis. A century later, intermittent administration of that protein, namely parathyroid hormone (PTH), was approved by the
FDA and EMA as the first anabolic agent to treat osteoporosis. Yet, several unanswered but important questions remain about the skeletal actions
of PTH.

Scope of review: Current research efforts have focused on improving the efficacy of PTH treatment by designing structural analogs and
identifying other targets (e.g., the PTH or the calcium sensing receptor). A unique but only recently described aspect of PTH action is its regulation
of cellular bioenergetics and metabolism, namely in bone and adipose tissue but also in other tissues. The current review aims to provide a brief
background on PTH’s previously described actions on bone and highlights how PTH regulates osteoblast bioenergetics, contributing to greater
bone formation. It will also shed light on how PTH could alter metabolic homeostasis through its actions in other cells and tissues, thereby
impacting the skeleton in a cell non-autonomous manner.

Major conclusions: PTH administration enhances bone formation by targeting the osteoblast through transcriptional changes in several
pathways; the most prominent is via adenyl cyclase and PKA. PTH and its related protein, PTHrP, also induce glycolysis and fatty acid oxidation in
bone cells and drive lipolysis and thermogenic programming in adipocytes; the latter may indirectly but positively influence skeletal metabolism.
While much work remains, alterations in cellular metabolism may also provide a novel mechanism related to PTH’s temporal actions. Thus, the
bioenergetic impact of PTH can be considered another of the myriad anabolic effects of PTH on the skeleton. Just as importantly from a
translational perspective, the non-skeletal metabolic effects may lead to a better understanding of whole-body homeostasis along with new and

improved therapies to treat musculoskeletal conditions.
© 2022 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION phenotype [2]. Despite this fact, and somewhat paradoxical, Selye

reported in 1932 that PTH could also stimulate osteogenesis;

Unraveling the relationship between parathyroid hormone (PTH), also
called parathormone or parathyrin, and bone has been a complex and
evolving story. While it is complicated, it has proven to be incredibly
rewarding from a translational perspective. Approved in 2001, PTH
(1—34), or teriparatide, was the first FDA-approved osteoanabolic
agent to treat severe osteoporosis [1]. Previously, the relationship
between PTH and the skeleton was observational and loosely con-
nected since Virchow and Erdeheim, both anatomical pathologists, had
described enlarged parathyroid glands in patients with bone disease as
early as the late nineteenth century. However, after trial and error in the
early twentieth century, it was established that patients with hyper-
parathyroidism suffer from severe bone disease resulting in multiple
fractures, and hypoparathyroidism is associated with a milder bone

remarkably, this finding went underappreciated for years [3]. It was not
until the late 1990s that this “rediscovery” was re-proven; it is now
widely accepted that intermittent administration of PTH stimulates
bone formation greater than bone resorption in what is referred to as
an “anabolic window.” That window, approximately 6 months in
duration, ultimately leads to anabolic action of bone that results in an
increase in bone mineral density (BMD) and a reduction in osteoporotic
fractures, making it an ideal therapeutic agent to treat osteoporosis [4].
Conversely, during chronic elevation of PTH, as in hyperparathyroid-
ism, this osteoanabolic action is counterbalanced by elevated catabolic
function or bone loss [4,5,6]. As the field of bone biology continues to
mature, bone cell metabolic programming has become a provocative
area of research. As such, PTH-induced increases in osteoblast
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“workload,” or bone formation, must also include some regulation of
cellular metabolism to fuel those cells. The current review will cover
the impact of PTH on regulating systemic and cellular metabolism and
how these actions influence skeletal homeostasis. While some of these
details remain speculative, a strong connection exists between PTH
and metabolic processes; this connection will be highlighted
throughout this review.

To fully appreciate these complex mechanisms, it is important to
establish the primary function of PTH, which in essence is the regu-
lation of calcium homeostasis. PTH is exclusively produced and
secreted by chief cells located in the parathyroid gland [7]. Conversely,
PTH- related peptide (PTHrP) is synthesized and expressed by various
tissues including skin, blood vessels, growth plate chondrocytes, bone,
smooth muscle, and in neuronal tissues to act in a paracrine fashion
[8]. While PTH and PTHrP only share 16% homology in their overall
sequence, significant homology is clustered within their N-terminal;
therefore, both peptides can serve as ligands for the same receptor,
PTH1R [8]. As its main physiological actions, circulating PTH regulates
extracellular calcium homeostasis such that under physiological
states, blood calcium is maintained at 2.0 mM and experiences no
more than a 20% variation [2,7,9]. Half of the calcium in circulation is
bound to blood proteins including albumin; it is the unbound extra-
cellular ionic calcium (Caz+) concentrations (~ 1.2 mM) that must be
precisely controlled to maintain potential difference in excitable cell
membranes. That said, PTH regulates calcium homeostasis via mul-
tiple mechanisms mainly targeting tissues with high expression of
PTH1R such as the bone and kidney. The skeleton serves as an
excellent and never-ending reservoir for stored calcium, which can be
liberated via activation of the PTH1R on bone-forming osteoblasts to
signal the release of receptor-activator of NF-kB ligand (RANKL) to
drive osteoclastogenesis and bone resorption. This allows acute and
chronic maintenance of serum calcium within a very tight range.
The skeleton, as a dynamic tissue, undergoes continuous remodeling
involving bone resorbing osteoclasts, bone-forming osteoblasts, and
matrix-embedded mechano-sensing osteocytes. Bone formation by
the osteoblast begins with the secretion of a predominantly type 1
collagen matrix called osteoid that essentially lays the template for
mineralization to occur. It is this mineral of hydroxyapatite crystals
[Ca19(PO4)s(0H),] that provides much of the structural integrity to the
bone and perhaps inadvertently also creates the reservoir for stored
calcium. In this capacity, when extracellular calcium levels are low, the
calcium-sensing receptor (CaSR) promotes PTH release into the cir-
culation [10,11]. PTH then acts to stimulate bone resorption via
osteoblast release of RANKL, which drives osteoclastogenesis [12,13].
It remains controversial whether mammalian osteoclasts express
PTH1R in a species-specific manner [14,15]. This raises the possibility
there is a direct PTH action on osteoclasts to enhance bone resorption.
Nevertheless, this indirect mechanism is fundamental to understand-
ing the skeletal actions of PTH, which in this context could be
considered a “super-remodeler” because it stimulates new bone
formation but is coupled to an increase in bone resorption. PTH directly
stimulates osteoblasts and bone formation [16]; if sustained chroni-
cally, formation plateaus and is followed by an increase in bone
resorption due to enhanced RANKL [13]. Conversely, intermittent
administration of PTH capitalizes on that short “anabolic” window
when bone formation exceeds that of bone resorption, leading to a net
gain of bone. Finally, given the relationship between PTH and bone
remodeling, it remains unclear from a teleological standpoint why PTH
stimulates bone formation if in fact skeletal resorption and calcium
release are the ultimate goal. Some researchers have speculated that
the initial response of PTH to trigger osteoblastogenesis is to protect

the skeleton from an acute calcemic effect. It is also possible that PTH
signals to the osteoblast first to “prime” the bone with newly syn-
thesized osteoid capable of providing said calcium following resorp-
tion. While the process remains unclear, this is an intriguing concept
for further investigation.

2. OLD DOG: PTH’S CLASSICALLY DESCRIBED MECHANISMS
ON BONE TISSUE

Multiple mechanisms have been proposed for intermittent PTH’s
anabolic actions on bone. These involve different signaling pathways
and various targets. Like other G-protein-coupled receptors (GPCRs),
signaling cascades downstream of PTH1R most notably include cyclic
adenosine monophosphate (CAMP) or adenylyl cyclase and phospho-
lipase C (PLC) [16]. The predominant physiological pathway involves
the stimulation of cCAMP, leading to the phosphorylation and activation
of protein kinase A (PKA); this can in-turn regulate a multitude of
cellular processes. Additionally, PTH1R activation can lead to PLC’s
cleavage of phosphatidylinositol bisphosphate (PIP,) to yield inositol
triphosphate (IP3) and diacylglycerol (DAG). Both can increase intra-
cellular calcium and activate protein kinase C (PKC), respectively, in
osteoblasts [17,18]. Interestingly, activation of the PLC pathway has
been demonstrated to only occur when an agonist is administered at a
high (micromolar) concentration, whereas cAMP is activated at sub-
nanomolar concentrations (i.e., in the range of physiological PTH)
[19,20]. This is particularly noteworthy as it may represent a way by
which the cell preferentially activates the PLC pathway via high, local
concentrations of PTHrP, as is observed in the growth plate [21]. While
these pathways have been extensively studied relative to osteoblast
cellular function, as both are critical regulators of intracellular meta-
bolism, they are often overlooked when examining PTH-PTH1R
signaling (Figure 1).

Cells of the osteoblast lineage contain machinery for both cAMP/PKA
and PLC pathways. PTH signaling profoundly impacts these cells by
targeting genes/proteins important for bone formation and have been
previously described to include ephrin B2, insulin-like growth factor
(IGF-1), fibroblast growth factor (FGF-2), salt inducible kinase (SIK2),
Wnt/B-catenin, and matrix metalloproteinase (MMP-13) [22,23,
24,25,26,27,28,29,30]. Signaling through these pathways in cells of
the osteoblast lineage results in the activation of bone lining cells,
increased mineralized matrix deposition, and suppressed apoptosis
[17,18]. For example, PTH can activate bone lining cells and lead to an
increase in the number of osteoblasts on the bone surface, as well as
delay the osteoblast-to-bone lining cell transition that can occur late in
remodeling [31]. In addition to increased osteoblast numbers, PTH also
promotes enhanced matrix deposition such that more bone is formed
per osteoblast [32]. Fundamental to these cellular processes is the
ability of bone forming osteoblasts to acquire and utilize substrates for
the production of cellular energy or adenosine triphosphate (ATP). In
this regard, the anabolic actions of PTH require the coordination and
generation of ATP in osteoblasts to effectively enhance bone formation
while also activating bone lining cells.

3. NEW TRICKS: PTH’S ROLE IN METABOLISM

3.1. Bone

There is substantial evidence that the secretion of matrix proteins and
mineralization vesicles by the osteoblast that results in bone formation
is an energy demanding process [33,34,35]. ATP is required for
supporting such processes, which are described as cellular “bio-
energetics” and include a series of sequential reactions. These PTH-
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induced changes in osteoblast activity are further supported by Denton
and McCormack’s parallel activation mode whereby increases in en-
ergy demand produce an increase in bioenergetic capacity [36,37].
Take, for example, collagen synthesis and secretion; these have been
shown to rely heavily on cellular ATP:ADP ratios [33,34,35]. If one
considers further that it takes ~199 ATP to translate a protein
composed of 50 amino acids and that type 1 collagen is 1,465 amino
acids, this results in 5,855 ATP molecules required to make 1 chain of
collagen. And since collagen exists in a tight triple helical structure or
fibril, the entire process demands 17,565 mol of ATP. Moreover, to
synthesize additional proteins in the bone matrix (e.g., osteocalcin,
bone sialoprotein, and osteopontin) along with the coordination of
proper secretion of mineralization vesicles, collective “bone formation”
would require an additional amount of ATP, underscoring the impor-
tance of osteoblast bioenergetic status in relation to anabolic
treatments.

The bioenergetic capacity of osteoblasts is generally considered within
the framework of two mechanisms, glycolysis and oxidative phos-
phorylation via mitochondrial respiration. These processes rely on
glucose, exclusively for the former, along with glucose and fatty acids
for the latter. It was initially established that PTH modulates intracel-
lular metabolism by increasing aerobic glycolysis in osteoblastic
MC3T3-E1 cells [38]. That work focused on the PTH-IGF1-mTORC2
axis by which glucose was metabolized via aerobic glycolysis when
treated for 48 h [38]. However, due to the dynamic nature of osteoblast
differentiation during bone remodeling, there are likely to be temporally
related changes in bioenergetic substrates. Our laboratories demon-
strated that oxidative phosphorylation predominates early in stromal
cell differentiation, whereas glycolysis is the major metabolic pathway
later in osteoblast differentiation [39]. While the mechanism regulating
this switch remains unclear, it could be a function of oxygen
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availability. In this capacity, oxidative phosphorylation relies on oxygen,
and these stromal/undifferentiated osteoblasts are presumed to be
mostly positioned close to a blood supply, while mature osteoblasts are
expected to experience local hypoxia close to and within the bone
niche [40]. It should be noted that although it is true that mature os-
teoblasts demonstrate an increase in glycolysis, oxidative phosphor-
ylation is still active and believed to contribute to the ATP pool [39].

The differentiation of mesenchymal progenitors into mature osteo-
blasts, as noted, is a dynamic process not only in respect to tran-
scriptional profiling but also regarding substrate utilization. Hence,
demands on the osteoblast require not only access to substrate but the
need for varying amounts of ATP molecules necessary for a particular
stage of activity. In this capacity, although osteoblasts rely partly on
aerobic glycolysis to generate ATP [39,41,42], fatty acids yield more
energy per molecule than glucose when catabolized. To this point, in
addition to increased glucose utilization demonstrated by the Long
group [38], the authors also noted that PTH increased mitochondrial
oxidative phosphorylation from an undetermined, non-glucose sub-
strate source. Although scarce data exists relative to PTH and fatty acid
oxidation, it has been confirmed that fatty acids are an important
substrate source for normal bone formation and during anabolic
stimulation of WNT-LRP5 signaling [43,44]. This is a critical point for
further exploration because osteoblasts have been shown to utilize
both intracellular lipid droplets and exogenous fatty acids as sources
for energy generation [44,45]. Finally, PTH can also increase osteoblast
amino acid uptake, namely proline and glutamine, for enhanced
collagen synthesis [46,47,48]. It is conceivable these amino acids are
also capable of altering osteoblast bioenergetics, as glutamine has
previously been shown to support the TCA cycle via o-ketoglutarate
production [49] and proline coordinates reactions of the electron
transport chain [50,51]. Many of these mechanistic studies have been

PLC

DAG \
IPs PKC

Calcium Flux Glucose and
Mitochondrial Lipid
Function Metabolism

Figure 1: Parathyroid hormone (PTH)’s Primary Signaling Pathways in Osteoblastic Cells. PTH is a polypeptide containing 84 amino acids (AA). The peptide fragment
essential for signaling (1—34 AA) are demonstrated in blue circles. PTH binds to PTH receptor (PTH1R), a G-protein coupled receptor, and activates adenylyl cyclase and
phospholipase C (PLC). Adenyl cyclase activation then converts adenosine triphosphate (ATP) to cyclic adenosine monophosphate (CAMP), which now acts as a secondary
messenger to activate protein kinase A (PKA). PKA can directly interact with proteins on the lipid droplet membrane to trigger the breakdown of triglycerides to free fatty acids, or
lipolysis. In addition to the cAMP/PKA pathway, PTH-PTH1R signaling triggers PLC hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) to inositol triphosphate (IP3). IP5 is now
capable of signaling within the endoplasmic reticulum to release calcium stores, thereby altering the intracellular calcium flux that is critical for regulating mitochondrial function.
Upon IP3 formation, diacylglycerol (DAG) is also formed and can act as secondary messengers, regulating protein kinase C (PKC) and protein kinase D (PKD), both of which are
important for glucose and lipid metabolism. Although both pathways have been demonstrated in osteoblastic cells, it is likely that these pathways are also stimulated within other

cell types which express PTH1R.
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performed in vitro using cell lines, bone marrow stromal cell-derived
osteoblasts, and/or calvaria osteoblasts; caution should be exercised
because these systems introduce artificial environmental factors.
Nonetheless, the timing and sequence of fuel utilization after PTH
exposure are physiologically relevant as osteoblasts strive to increase
their workload within a restrained and hypoxic environment.

In addition to studies on substrate utilization, given the pathways
signaled downstream of PTH1R in osteoblasts, additional mechanisms
must be involved in modulating osteoblast bioenergetics to facilitate
PTH-induced bone formation and mineralization. For example, PTH
treatment has been shown to alter mitochondrial membrane potential
in vitro [52]. This may occur through PTH-mediated changes in
mitochondrial calcium (Ca2+m) flux. As previously described, PTH
binding to PTH1R results in signaling cascades involving the PLC
pathway in osteablasts [16]. Downstream targets, such as IP3, act as a
ligand for IP3 receptors (IP3R) located on the ER, and this causes the
release of Caz+, which enter the mitochondria. Once inside the
mitochondria, Ca®* activation of oxidative phosphorylation occurs at
multiple levels including (1) production of TCA cycle intermediates
pyruvate dehydrogenase, isocitrate dehydrogenase, and o-ketogluta-
rate dehydrogenase; (2) stimulation of the ATP synthase; (3) stimula-
tion of a-glycerophosphate dehydrogenase; and (4) stimulation of
adenine nucleotide translocase (ANT) [53]. The potential relevance of
the activation of this pathway is further supported by previous reports
that PTH-PTH1R-PLC is required for proper skeletal homeostasis,
specifically under “stressed” physiological conditions [54]. In this re-
gard, transgenic mice expressing PTH1R modified to signal via adenyl
cyclase normally, but attenuated PLC (DESL mice) fed a low calcium
diet exhibited reduced trabecular bone volume fraction as well as
impaired osteoblastogenesis [54].

In addition to the PLC pathway, the dominant pathway signaled via
PTH-PTH1R activation, CAMP-PKA, has also been noted to modulate
metabolism [55]. Therefore, it is highly likely that activation of both
pathways in osteoblasts is contributing to the sum of cellular bio-
energetics that support PTH-induced bone formation. Certainly, there
is a cell-autonomous role by which PTH impacts osteoblast bio-
energetics. However, three caveats should be noted. First, as
emphasized, energy utilization by the osteoblast is temporally
dependent, hence in vitro data that support energy utilization by
various substrates, e.g., glucose, fatty acids, or glutamate, may miss
critical switches in fuel utilization that occur in vivo. Second, in that
regard, the relative impact of PTH on the pentose phosphate pathway
for obligatory nucleotide synthesis withing osteoblasts has not been
investigated. Third, it is possible that whole-body metabolic changes
could also be contributing to secondary cell non-autonomous changes
in the osteoblast, resulting in enhanced skeletal remodeling.
Notwithstanding, more studies are needed to fully understand the
impact of PTH on energy metabolism in osteoblasts, particularly in
relation to acute versus chronic exposure, reactive oxygen species
(ROS) generation, mitochondrial biogenesis, and mitophagy. This is
particularly relevant with the emerging data that PTH uncouples
mitochondrial respiration in adipocytes [56].

3.2. Adipose tissue

The relationship between the skeleton and adipose tissue has been
appreciated for some time through clinical studies, suggesting a
protective effect of greater body weight and adipose depots on fracture
risk [57,58,59]. However, visceral adiposity in obese individuals is
inflammatory and through adipokine and cytokine release can stimu-
late bone resorption and thus cause bone loss. Nevertheless, the
unique capacity of adipose tissue to store excess energy in the form of

fatty acids provides a relatively straightforward mechanism for bone
cells to enhance their fuel utilization during periods of bone growth,
remodeling, and regeneration.

PTH interacts with adipose tissue in a unique way. An early study
reported that PTH administration increased glycerol release, a secreted
byproduct of lipolysis, 3—5 fold in rat epididymal adipocytes [60].
Norman Bell and colleagues [61,62] demonstrated that PTH treatment
of human subcutaneous fat depots led to glycerol release in vitro and
showed peak plasma fatty acids following an ~30—60 min injection
of PTH [61]. Plasma-free fatty acids remained elevated compared to
baseline following 150 min of PTH, but no additional timepoints were
collected [61]. More recently, Larsson et al. provided mechanistic in-
sights into this phenomenon, demonstrating that both PTH and PTHrP
were able to stimulate cytoplasmic lipolysis via CAMP-PKA activation of
hormone sensitive lipase (HSL) [63]. /n vivo data about PTH regulation
of fat mass are somewhat less convincing. There is one cross-
sectional study of young, nonobese, Caucasian women that demon-
strated a significant association between fasting serum PTH and fat
mass that was independent of serum calcium [64]. Evidence has also
emerged that bone quality is adversely impacted by the magnitude of
adipose tissue [65,66]. Yet, there is no evidence that sustained PTH
secretion (i.e., primary or secondary hyperparathyroidism) or inter-
mittent administration of PTH or PTHrP reduce fat mass or body
weight. Notably, while no overt alterations in fat mass have been
demonstrated during these scenarios, activation of lipolysis does not
necessarily result in a reduction in fat mass [67]. Moreover, there is
relatively low expression of PTH1R on peripheral white adipose depots,
thus masking any such overt clinical observation. Taken together,
these data support the tenet that under certain experimental circum-
stances (i.e., various conditions and/or diseases), or ex vivo, the PTH1R
on adipocytes could be activated by PTH and drive lipolysis. Recon-
ciling those experimental data with the reports that osteoblasts can use
fatty acids to enhance collagen synthesis [42,43,44,68] suggests that
PTH may impact the skeleton through non-cell autonomous mecha-
nisms involving white adipose tissue.

In addition to evidence that PTH-PTH1R signaling regulates lipolysis in
white adipocytes, emerging data suggest that PTH1R-signaling path-
ways can alter the white adipocyte profile to that of a brown, ther-
mogenic adipocyte. Seminal work by the Spiegelman laboratory, using
a conditional deletion of the PTH1R with an adipoCre mouse, first
demonstrated that the cancer-related cachexia mediated by high levels
of PTHrP was related to its action on thermogenic adipocytes [69]. Both
PTH and tumor-derived PTHrP were shown to convert (i.e., ‘beige’)
white adipocyte tissue (WAT) into a thermogenic depot [69,70].
Mechanistic studies showed that PTH, due to production from
neoplastic cells or in chronic renal failure, induces a molecular ther-
mogenic program that enhances uncoupled mitochondrial activity and
beige adipocyte markers in human subcutaneous white adipose pre-
cursor cells [56]. Clinical support for that premise came from one study
in patients with hyperparathyroidism, where some adipocytes
expressed higher levels of beige markers compared to those with
normal PTH levels [70]. Moreover, a recent translational study further
expanded on these alterations by demonstrating that ice-water
swimmers and non-shivering thermogenesis protocols resulted in
increased serum PTH and thyroid stimulating hormone (TSH),
accompanied by a whole-body metabolic preference for lipids and
increased BAT volume [71]. This interaction also highlights the com-
plex endocrine actions associated with changes in circulating PTH, to
include other endocrine factors. As such, TSH, along with growth
hormones, (GH) and insulin-like growth factor-1 (IGF-1) increase
lipolysis and alter lipid metabolism [72,73,74,75] and also elicit an
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anabolic response on the skeleton [76,77,78]. Thus, in addition to PTH-
stimulated lipolysis, these lines of evidence support the ability of PTH to
brown or “beige” white adipocytes by reprogramming. The precise
mechanism for that adipocyte “conversion” has not been fully eluci-
dated, although preliminary studies from our lab and others suggest
that Zinc finger proteins (Zfps), 423, 467, and 521, the latter two which
are regulated by PTH and PTHrP, may play important roles in metabolic
reprogramming of adipocyte [79,80,81,82]. These studies establish
the premise PTH has a distinct impact on lipid metabolism, namely in
adipocytes, which can pose a multitude of effects on addition tissues.
Finally, our laboratories have been particularly interested in how PTH
modulates metabolism in a unique adipose depot, bone marrow
adipocyte tissue (BMAT). The bone marrow compartment provides a
microenvironment in which communication occurs between white
blood cells, red blood cells, platelets, and immune cells, in addition to
classic bone cells (osteoblasts, osteoclasts, and osteocytes) that can
both directly and indirectly impact skeletal homeostasis [83]. Bone
marrow adipocytes (BMAdipo) are found interspersed throughout the
marrow compartment in the axial and appendicular skeleton. Our
understanding of BMAT has advanced significantly in the past decade,
although many questions remain relative to their lineage and function.
Unlike peripheral adipocytes or WAT progenitors, which are primarily
derived from mesenchymal stem cells (MSC) through vascular infil-
tration [84,85], the definitive lineage of BMAdipo remains controversial
[86]. Recent work by Ling Qin et al. at the University of Pennsylvania
described a marrow adipocyte like progenitor, or MALP, that expresses
the same genes found in BMAdipo but without the lipid droplet [87].
These cells are distinct from peripheral white adipocyte progenitors
and carry adiponectin as well as the leptin receptor and other classic
white adipocyte markers [87]. Importantly, these progenitors also
express RANKL and PTH1R and may be the source of the critical factor
that drives bone resorption during enhanced marrow adipogenesis
[88]. The defining morphological feature of BMAdipo, as well as other
peripheral adipocytes, is their ability to store lipids as a large, uni-
locular lipid droplet. However, unlike other fat cells, BMAdipo store
lipids even during states of profound nutritional deficiency, such as
anorexia nervosa or calorie restriction [65].

BMAdipo function is arguably even less well understood as is the fate
of individual terminally differentiated marrow fat cells. BMAdipo can
regulate blood cell recruitment in the marrow [89]. After marrow
injury (e.g., radiation, chemotherapy, and mechanical ablation), these
cells could serve as a “place holder” for hematopoietic stem cells so
that during reconstitution, a ready source of fuel can be easily
accessed. While the impact of BMAdipo on bone is complex, evidence
generally indicates that an inverse relationship exists between BMAT
and bone mass [65]. Clinical scenarios of compromised bone health
including anorexia nervosa, aging and gonadal hormone deficiency,
glucocorticoid treatment, alcoholism, and unloading/weightlessness
are all associated with profound increases in BMAT [65]. Presumably,
due to their intimate relationship with osteoblast progenitor cells,
BMAdipo express PTH1R, as do MALPS, and thereby this relationship
holds true relative to PTH—that is, the bone anabolic effect of
intermittent PTH is also accompanied by a decrease in BMAT [90].
Relative to this observation, we showed [91] that intermittent PTH
treatment initiated prior to BMAT expansion in a calorie-restricted
model of anorexia nervosa decreased the BMAdipo number. Inter-
estingly, intermittent PTH treatment subsequent to BMAT expansion
not only decreased BMAdipo size by activation of lipolysis but also
resulted in a greater bone anabolic response compared to control
(~2—3 fold) [91]. Given the intimate proximity of BMAdipo to os-
teoblasts and osteoclasts along with their precursors, it is
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conceivable that BMAT can directly influence bone mass by providing
a fuel source during states of stress or accelerated bone formation.
For example, we have preliminary data that in the treatment of hy-
poparathyroidism with PTH, adipocyte number and size are reduced,
and this is temporally related to an increase in bone formation. As
such, this is an area of active exploration because it could hold clues
related to PTH-dosing and efficacy for the management of osteo-
porosis, as well as leading to novel therapeutic targets. For example,
it remains plausible that osteoporotic patients unresponsive to
anabolic treatment with PTH might demonstrate low BMAT and/or
attenuated lipolytic signaling. If the osteoanabolic effect of PTH re-
quires fatty acids, it stands to reason that PTH treatment coordinated
with exogenous substrates could enhance bone formation. While this
remains under investigation, it does provide a glimpse into how such
mechanisms would prove clinically beneficial.

3.3. Other tissues

While it was the goal of the current review to highlight PTH’s ability to
exert an osteoanabolic impact on bone by its potential regulation of
osteoblast and adipocyte metabolism, it is recognized that PTH
administration can influence other tissues. For example, due to the
kidney’s regulation of calcium and vitamin D, along with the high
expression of PTH1R in renal tubules, this is another important target
tissue of PTH. In the kidney, PTH promotes calcium reabsorption and
increases 1,25-dihydroxycholecalciferol while decreasing phosphate
reabsorption. Given PTH’s pharmacokinetics and short half-life
[92,93], it was expected that intermittent PTH for the treatment of
osteoporosis has limited effect on this tissue. However, it is conceiv-
able that intermittent PTH could exert an acute response in kidney
metabolism. The first line of evidence includes patients with chronic
kidney disease (CKD) who often have secondary hyperparathyroidism.
These individuals also develop hypercholesterolemia that includes
elevated low-density lipoprotein cholesterol (LDL-C) and reduced high-
density lipoprotein cholesterol (HDL-C), as well increased serum ftri-
glycerides and fatty acids [94]. Interestingly, fatty acids are the main
energy substrate source in the kidney with uptake mediated by CD36,
followed by mitochondrial B-oxidation for the generation of ATP.
Similar to the previously described mechanism involving intracellular
calcium flux via PLC pathway, PTH has been shown to alter TCA cycle
intermediates and calcium flux on mitochondria from rat kidneys [95].
Therefore, given the high expression of PTH1R, along with the fatty
acid and lipid demand of the kidney, it is plausible that acute, inter-
mittent injection of PTH alters renal cell metabolism and fatty acid
metabolism, although more data are needed.

No evidence supports PTH’s ability to alter energy metabolism in both
skeletal and cardiac muscle. Somewhat counterintuitive to the
increased energy production presented to explain PTH’s osteoanabolic
effect on osteoblasts using the parallel activation model theory, rats
treated with PTH for four days demonstrated reduced mitochondrial
oxygen consumption, increased ROS, and lower energy production in
skeletal and cardiac muscle [96,97]. These alterations were attributed
to enhanced entry and accumulation of calcium [96,97]. Relative
muscle dysfunction and wasting is observed in some patients with
long-standing secondary and tertiary hyperparathyroidism, although
cause and effect have not been established. As previously noted,
however, muscle wasting, or cachexia, described in CKD and cancer
(Lewis lung carcinoma) were also shown to be related to ligand acti-
vation of PTH-PTH1R signaling and beiging in adipocytes [70]. These
data bring multiple mechanisms into perspective and further under-
score the complex, systemic impact PTH signaling has on multiple
tissues while implicating altered metabolic processes.
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Figure 2: Parathyroid hormone (PTH)’s Actions on Metabolic Process in Various Tissues. PTH has been shown to modulate cellular metabolic processes within the bone, as
in osteoblasts and bone marrow adipocytes (BMAdipo), and within classic adipocyte populations, including subcutaneous and epididymal fat. Additionally, as a primary target of
PTH, the kidney is expected to experience some of the effects as well. To a lesser extent, data does exist describing alterations occurring in skeletal and cardiac muscles following

PTH treatment.

4. CONCLUSIONS

Targeting metabolic pathways in bone cells is an approach that could
be used clinically to reduce osteoporotic related fractures. In fact, anti-
resorptive drugs such as the bisphosphonates (i.e., first-generation
etidronate and clodronate, second-generation alendronate, zoledro-
nate, and residronate) are effective treatments for osteoporosis and
work in part to inhibit osteoclast metabolism (ATP and cholesterol,
respectively). We provided preliminary evidence that teriparatide (PTH
1—34) and abaloparatide (PTHrP), two agents that form the corner-
stones of anabolic therapy for osteoporosis, are likely to impact the
bioenergetics of both bone and adipose tissue. However, more work is
needed to understand the exact metabolomic signatures of these
hormones and the role that bone marrow adipose tissues play in
fueling skeletal and hematopoietic responses.

In conclusion, this review highlighted the current knowledge related to
PTH’s ability to alter osteoblast bioenergetics and systemic metabolic
processes by targeting other tissues and cell types, including adipocyte
populations, kidneys, and skeletal muscle (Figure 2). There are
tantalizing clues as to the molecular basis for the modulation of
skeletal and non-skeletal cellular metabolism by PTH. The potential to
translate these findings into new and improved therapies combating a
host of musculoskeletal conditions remains high.
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