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Abstract

Parathyroid hormone (PTH) is produced by the parathyroid glands in response to low serum
calcium concentrations where it targets bones, kidneys, and indirectly, intestines. The N-terminus
of PTH has been investigated for decades for its ability to stimulate bone formation when
administered intermittently (iPTH) and is used clinically as an effective anabolic agent for the
treatment of osteoporosis. Despite great interest in iPTH and its clinical use, the mechanisms

of PTH action remain complicated and not fully defined. More than 70 gene targets in more

than 90 murine models have been utilized to better understand PTH anabolic actions. Because
murine studies utilized wild-type mice as positive controls, a variety of variables were analyzed

to better understand the optimal conditions under which iPTH functions. The greatest responses

to iPTH were in male mice, with treatment starting later than 12 weeks of age, a treatment
duration lasting 5-6 weeks, and a PTH dose of 30-60 pg/kg/day. This comprehensive study

also evaluated these genetic models relative to the bone formative actions with a primary focus

on the trabecular compartment revealing trends in critical genes and gene families relevant for
PTH anabolic actions. The summation of these data revealed the gene deletions with the greatest
increase in trabecular bone volume in response to iPTH. These included PTH and 1-a-hydroxylase
(Pth;1a(OH)ase, 62-fold), amphiregulin (Areg, 15.8-fold), and PTH related protein (Pthrp, 10.2-
fold). The deletions with the greatest inhibition of the anabolic response include deletions of:
proteoglycan 4 (Prg4, —9.7-fold), low-density lipoprotein receptor-related protein 6 (Lrp6, 1.3-
fold), and low-density lipoprotein receptor-related protein 5 (Lrp5, —1.0-fold). Anabolic actions of
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iPTH were broadly affected via multiple and diverse genes. This data provides critical insight for
future research and development, as well as application to human therapeutics.
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INTRODUCTION

Parathyroid hormone (PTH) has been approved by the US Food and Drug Administration
(FDA) since 2002, when teriparatide, a 34—amino acid analog of PTH, was accepted for

the treatment of osteoporosis. More recently a PTH related protein (PTHrP) analog was

also approved for the treatment of osteoporosis under the name abaloparatide.®) It is well
accepted that intermittent PTH (iPTH) therapy is anabolic for bone, whereas continuous
PTH exposure is catabolic. The anabolic actions of iPTH in bone have been observed in
animal models since 1929 using cats and rats.(>-3) These results were recapitulated in human
patients,®:7) which led to the approval of this anabolic agent for therapeutic purposes.
However, the anabolic mechanism of iPTH is not fully understood, and this study aimed to
reveal trends in critical genes and gene families relevant for iPTH anabolic actions.

As an endogenous endocrine mediator, PTH is released when the parathyroid gland detects
a decrease in serum calcium concentration. Circulating PTH then targets the kidney

and bone to increase serum calcium levels.®) The effects of PTH and PTHrP in bone

are achieved by binding to its type 1 receptor (PTH1R, a G-protein coupled receptor

with seven transmembrane domains) on osteoblasts.(8:9 This stimulates the production of
receptor activator of nuclear factor xB ligand (RANKL) in osteoblasts and subsequent
osteoclastogenesis.(10) Indirectly, there is an increase in osteoblast numbers and bone
formation.(1)

PTH is essential for fetal development, with newborn PTH-deficient mice exhibiting
reduced cartilage matrix mineralization and trabecular bone, due to fewer metaphyseal
osteoblasts.(12) Adult PTH-null mice exhibit decreased serum calcium, decreased 1,25-
dihydroxyvitamin D3, and increased serum phosphate.(!3) Trabecular bone volume is
increased in the femurs, tibias, and vertebrae of mutant mice, and the number and size

of tibial osteoclasts are reduced. Furthermore, there is a decreased mineral apposition rate.

PTHrP-null mice exhibit an osteoporotic phenotype that can be recapitulated in mice with
targeted deletion in osteoblasts (Pthrp™-creco! (14) This model is more specific to the local
bone environment, in which iPTH treatment increased mineral apposition rate, bone volume,
trabecular number, trabecular thickness, trabecular connectivity, and cortical thickness in
long bones. This could be attributed to increased receptor availability without endogenous
PTHTrP or changes in receptor desensitization (i.e., increased number of receptors because
there is not desensitization from PTHrP). In either case, it is likely that PTHrP can modulate
the response to PTH via the PTH1R receptor.(14)
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MATERIALS AND METHODS

Data for this study was collected from publications that have administered anabolic doses

of iPTH from 2001 to 2020 (Figure 1). Papers were accessed by searching scholarly

search engines, such as PubMed, through December 2020. A highly relevant and consistent
outcome of trabecular bone volume per total volume was used as a key and focused measure
to compare the anabolic response in experimental gene targeted mice to wild-type controls
in published studies. The PTH-induced bone volume response was derived for both gene
targeted and wild-type mice (Table 1) separately [(PTH — Vehicle)/PTH]. Then, the relative
response was calculated as a fold change by dividing the gene targeted response by the
wild-type response. A fold change of 1.0 indicates that there was no change in the anabolic
response between wild-type and gene-targeted mice. If the fold change was greater than

1.0, the mutant mice had a greater anabolic response than wild-type mice, whereas between
0 and 1.0 the mutant mice had a less anabolic response. A negative fold change indicates
that the mutant response to iPTH was not anabolic. In some studies, actual numerical data
was provided, whereas in others, data was derived from graphic representation. When bone
volume was only depicted graphically, values were estimated by measurement with a ruler
to derive the gene-targeted response relative to wild type. Studies that showed an anabolic
response to PTH in wild-type controls were included whereas those that did not demonstrate
an anabolic response in controls were excluded (there were very few studies that did not
display an anabolic response).

Most commonly, human PTH(1-34) (hPTH(1-34)) was administered, although there were a
few studies as indicated when the PTH differed (i.e., hPTH(1-84) or derived from a different
source). Doses ranged from 20 to 160 pg/kg/day, but was typically between 40 and 100
ug/kg/day, as specified in Table 2. PTH was administered by injection daily, 7 days/week,
unless noted differently. Treatment time was typically 2 to 6 weeks of iPTH. The models

are grouped under categories largely according to functional analyses in the Supplemental
Material, alphabetically in Table 2. By assimilating the literature that has used anabolic PTH
in genetic mouse models, we gain a better understanding of key genetic pathways as well as
the overall complexity of PTH actions in bone.

RESULTS

Actions of iPTH in wild-type mice

Because gene-targeted murine studies utilized wild-type mice as positive controls, a variety
of variables were analyzed to better understand the optimal conditions under which iPTH
functions. Trabecular bone volume was compiled and organized by different categories
(Figure 2, Table 1). The groups were stratified by: sex, bone site, days per week of
treatment, age at start of treatment, duration of treatment, and dose of iPTH. Strain was
also considered and is listed in Table 2; however, the only strain that had a large enough
sample size for consideration was C57BL/6. Because the interest of this section is in
comparing different categories, we did not include strain in the analysis. Most of these
groups had a significant, positive correlation between the control trabecular bone volume
and the iPTH-treated bone volume (Table 1). Using both sexes was an exception. Although
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this does not suggest that those indices should not be used in future studies, caution should
be taken if drawing conclusions based only on trabecular bone volume.

Correlation graphs of the reported trabecular bone volume in control versus iPTH mice are
shown in Figure 2 and are separated by the categories mentioned. In order to understand
how the variables relate within a category, the data was modeled with a linear regression
and the slopes and corresponding 95% confidence interval were compared. Groups that had
a significant correlation are discussed in the Supplemental Material, but all of the data is
presented. This data can be used to inform future study design and interpretation.

We hypothesized that if a mouse has a high baseline bone volume, there is less capacity

to mount an anabolic response to iPTH. Similarly, if an animal has a low baseline bone
volume, they would show a greater response to iPTH. Analysis of the graph in Figure 2G
supports this, with the control bone volume plotted against the fold change response to PTH.
Although biases exist because only studies that showed an anabolic response in wild-type
mice were included, statistics support an inverse exponential relationship between these
variables. To confirm that the data had an exponential relationship, and not a linear one, we
calculated the Akaike Information Criterion (AIC), a statistical predictor of error between
two models. The AIC for the exponential model is 36.44 lower than the linear model,
indicating that the exponential equation more precisely describes the relationship between
the two variables.

Analysis of PTH anabolic actions in bone using gene-targeted mice

The mechanism of anabolic iPTH and its effect on the bone microenvironment has been
studied for decades, and numerous mechanisms have been proposed based on in vitro and
in vivo models.(67-69) A wide variety of genetic mouse models have been employed to
elucidate the actions of PTH in bone over the past 20 years (Figures 1, 3, Table 2). With
modern technology facilitating unprecedented genetic manipulation, this comprehensive
study compiles the evidence of iPTH actions in gene-targeted murine models. Of note, an
important limitation is that although some mutations are global, many are focused on a
subset of cells, and dependent on effective cre drivers and appropriate promoter selection.
Hence the anabolic actions of PTH may reflect the effectiveness of the model as well as the
targeted gene. Specific genotypes are indicated in Table 2, and are discussed in detail in the
Supplemental Materials.

The Supplemental Materials include detailed text descriptions of the literature using iPTH
in gene-targeted mice, which are summarized alphabetically by gene in Table 2. The models
studied can be stratified by the function of the gene, including receptor activation and
signaling pathways; downstream mediators in the fibroblast growth factor (FGF) family,
wingless-related integration site (Wnt) family, bone morphogenetic protein (BMP) family,
insulin-like growth factor (IGF), and growth hormone (GH), epidermal growth factor (EGF)
family; and cell regulatory factors including apoptotic, immunity, extracellular matrix
(ECM), cytoskeletal, and calcium regulation. The summation of these data demonstrated
the gene deletions with the greatest increase in response to iPTH. These included PTH

and 1-a-hydroxylase (Pth;1a(OH)ase, 62-fold)(79), amphiregulin (Areg, 15.8-fold),(17) and
PTH-related protein (Pthrp, 10.2-fold).(14) (Table 2). The deletions with the greatest
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inhibition of the anabolic response include deletions of: proteoglycan 4 (Prg4, —9.7-fold),
(71) low-density lipoprotein receptor-related protein 6 (Lp6, 1.3-fold),(®4 and low-density
lipoprotein receptor-related protein 5 (Lrp5, —1.0-fold)®3) (Table 2). Several notable genes
demonstrated no alteration of the anabolic action of PTH, including major histocompatibility
complex 11 knockout mice (Mhc 11),(7?) bone sialoprotein (Bsp),(?8) and histone deacetylase

4 (Hdac4).5% The models with the most study were insulin-like growth factor-1 (/g7-1).
(52-55)

By detailing comparisons between reported iPTH studies, we are able to assimilate the role
of different genes in the anabolic response. For example, Table 2 shows that mice with
mutations in /g7f-1 can range in their response to iPTH, with bone volume fold changes
relative to control mice from —0.3-fold to 2.1-fold.(52-56) There has been long-standing
interest in this gene; it was the first genetic model to be studied with iPTH in 2001 because
of the increase in IGF-1 production from osteoblasts in response to PTH.2) A detailed
analysis in the Supplemental Material compares the study design, mouse genetics, and
conclusions of each report. These studies support a necessary role of IGF-1 in the anabolic
response, as well as downstream targets, such as insulin receptor substrate-1 (IRS-1).(59)

DISCUSSION

When mice are administered anabolic doses of PTH, signaling cascades affect proliferation
and development of osteoblasts. There are many protein interactions and regulatory factors
involved in this process, and it is unsurprising that when they are disrupted, the anabolic
response does not achieve its full potential. The purpose of this study was to further
elucidate PTH mechanisms by collectively analyzing the extensive work performed using
mouse models.

The anabolic response in wild-type mice was analyzed to understand baseline differences
and influences. Of the variables analyzed, the greatest responses to iPTH were in male mice,
with treatment starting later than 12 weeks of age, a treatment duration lasting 5 to 6 weeks,
and a PTH dose of 30 to 60 pg/kg/day. This data should be used to inform future study
design for efficient use of resources. For example, based on the correlation data, male and
female mice should be analyzed separately when treated with iPTH.

Collectively, the data suggests that starting treatment at greater than 12 weeks of age

yields the highest response to iPTH. Mice are considered mature adults at this stage, but
peak bone mass is closer to 16 to 18 weeks. The murine skeleton continues to grow past
sexual maturity (about 7 weeks), whereas the human skeleton does not. PTH is commonly
prescribed in postmenopausal women, and this population would be more comparative to
mice that are at least 12 months old. Of the more than 130 cohorts of mice studied, only one
was in this age range.(2)

Administering PTH for at least 5 days per week is sufficient to yield an anabolic response.
Although it is well documented that whereas continuous PTH is catabolic, iPTH is anabolic,
(73) this analysis has focused on the anabolic studies. Frolik et al.("4) used a rat model to
determine that the pharmacokinetics of PTH(1-34) varies with differing treatment regimens.
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They found giving the same 80 pg/kg of PTH in a single injection or via six injections over
1 h resulted in an anabolic response. However, administering the same 80 pg/kg of PTH over
6 or 8 h produced a catabolic response. They associated the anabolic iPTH in a temporal
manner with the rapid increase in serum calcium, followed by tapering.

Analyses for this examination focused on the tibias, femurs, and vertebrae. Although
studies analyzing calvariae are reported in Table 2, there were not enough to include in

the correlation analysis. In humans, bone mineral density in postmenopausal women that
were randomly assigned to PTH or placebo showed a larger percent change in the lumbar
spine than femoral neck.(!) Of note, this is comparing different outcomes (bone volume for
murine studies and bone mineral density for human), measured by different variables, and in
a quadrupedal versus a bipedal species.

Relative to specific genetic aberrations that may inform PTH mechanisms, several trends are
apparent from this analysis of more than 90 gene-targeted studies. Bone health and energy
metabolism are linked formulating a vital area of research interest. Many clinical conditions
are also linked to altered energy expenditure, as reviewed by Motyl et al.(’>) Among these
targeted murine models with the largest increases in anabolic response to iPTH were
AMP-activated protein kinase a1l (Ampkal), hypoxia-inducible factor 1-alpha (Hif-1a.),
and cyclooxygenase-2 (Cox2). Ampkal regulates energy consumption in the cell, working
to promote adenosine triphosphate (ATP) conservation or expenditure depending on current
conditions.(7) Mice lacking Ampka1 have a low bone mass with an increased anabolic
response to iPTH.(6) Hif-1a is referred to as the master regulator of hypoxia because it

is an oxygen-sensitive subunit of the Hif-1 complex (with Hif-1p). When oxygen is not
present, Hif-1a is stabilized and translocated to the nucleus to bind to hypoxia-response
elements.("7) Cox2 has been identified as a hypoxia responsive gene in colorectal cancer.(7®)
Authors of the work with Cox2 and iPTH were interested in its role regulating prostaglandin
production, but it is possible that part of the effect of deleting this gene is affected by
changes in energy metabolism. When these genes are deleted, the responsiveness to iPTH in
bone is enhanced. Because these genes are activated when the cell is under metabolic stress
and their actions limit the PTH response, it is conceivable that they allow the cell to work at
the capacity allowed by current energy conditions, limited by oxygen concentrations.

Ampkal and Hif-1a both regulate autophagy.(79:89) PTH prevents osteoblast apoptosis,
prolonging the life of these cells.8D) It is also possible that in the absence of these genes,
cell survival is further enhanced, leading to an increased response to iPTH. A presentation
at the American Society for Bone and Mineral Research Annual Meeting in 2019 further
connected autophagy and PTH mechanisms.(82) Using mice that had autophagydeficient
osteoblasts (Fip20010X/floX. Osterix—cyclic recombinase [Osx-cre]), Qi et al.(82) showed a
blunted anabolic response. Taken together, the evidence supports a relationship between
autophagy and iPTH.

Canonical Wnt signaling promotes osteoblast expansion and function. Soluble ligands bind
to the receptors (including LRPs) that induce stabilization of B catenin (p-cat), allowing it
to translocate to the nucleus and alter gene expression.(®3) In mice with mutations in Lrp6
and p-cat, there were similar anabolic responses to PTH (vertebrae and femur when B-cat
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deletion was under control of dentin matrix acidic phosphoprotein 1 [DMP1], and in the
vertebrae when under control of Osx). Other Wnt family member proteins have been studied
with iPTH, and it is clear that this pathway is critical for its anabolic effects in bone. N-
cadherin restrains Wnt signaling and bone formation in osteoblasts.(®4) Interestingly, when
the gene for N-cadherin, Cah2, is disrupted, the anabolic response to iPTH is increased.
When both positive and negative regulators of Wnts are affected, the response to iPTH
increases, suggesting anabolic PTH is sensitive to slight changes in Wnts.

N-cadherin may affect PTH responsiveness through other mechanisms as well. Expression
of Cdh2is increased with maturity of osteoblasts and decreased expression is associated
with osteosarcoma.(85:86) N-cadherin mediates cell-to-cell adhesion, highlighting the effect
of interaction with the microenvironment on osteoblasts. Mdx mice have a mutation

in dystrophin, a protein that also helps osteoblasts interact with their environment by
connecting the cytoplasm to the extracellular matrix in a complex. Disruption in dystrophin
function increases the anabolic response to iPTH. Both N-cadherin and dystrophin are
affected by calcium. N-cadherin is a calcium dependent glycoprotein, whereas Mdx mice
exhibit increased intracellular calcium levels.(87) It is possible that these changes in calcium
regulation alter responsiveness to iPTH.

This work summarizes decades of work aimed to outline the mechanisms of anabolic iPTH,
with more studies surely forthcoming. The reports described highlight the importance of
many cell types in the bone microenvironment. Signaling starts in the osteoblast, depends
on intracellular second messengers, and is then affected by/affects microenvironmental cues
and other organ systems, formulating a complex and dynamic process that results in bone
formation and bone accrual. The insights from the analysis of the pooled data provide better
direction for future experiments and appropriate interpretation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Timeline of gene targeted mouse models of PTH anabolic actions in bone. Abbreviation:

PTH, parathyroid hormone.
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FIGURE 2.
Trabecular bone response in WT mice. (A-F) Trabecular bone volume is graphed for

vehicle-treated (xaxis) and PTH-treated ()raxis) WT mice. Each plot stratifies a different
variable, including (A) sex, (B) bone site analyzed, (C) duration (days per week of
treatment), (D) age at the start of treatment, (£) duration (weeks of treatment), or (F) dose of
treatment. Linear regression of the slope was analyzed for each group and compared within
a variable. The pvalues are reported in the charts under each graph, and correspond to the
analysis between the column and row headers (i.e., in (A), the slope of the line for male

and female has a p-value of 0.0011). (G) Control trabecular bone volume in WT mice and
the FC of trabecular bone volume in response to PTH in WT mice is plotted. The AIC

is a statistical predictor of error between two models, and was used to confirm an inverse
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exponential relationship between control bone volume and the FC in bone volume with PTH
in WT mice. Abbreviations: AIC, Akaike Information Criterion; PTH, parathyroid hormone;
WT, wild-type; FC, fold change.
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FC of Trabecular BV/TV with PTH Treatment

FC of PTH-/control-treated trabecular bone volume per total volume per targeted gene
model. The response to PTH treatment in gene targeted murine models was calculated using
the bone volume FC in mutant mice relative to the FC of control treated mice. The x axis
lists the targeted gene. Some genes are listed multiple times, each of which represents a
different study or cohort of animals listed in Table 2. If there was no change between
control and genetically modified treated animals, the FC is 1, indicated by the marked line.

Abbreviations: FC, fold change; PTH, parathyroid hormone.
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