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Bone is continuously in a state of building and renewal, though the process of remodeling 
that takes place at many sites asynchronously throughout the skeleton, with bone formation 
and resorption equal at these sites (bone multicellular units). Remodeling takes place on 
bone surfaces, both on trabeculae and in the cortex, and serves the purposes of replacing 
old bone or that damaged by microfractures throughout the skeleton. The bone loss and 
consequent osteoporotic fractures that result from excess resorption over formation have 
mainly been prevented or treated by antiresorptive drugs that inhibit osteoclast formation 
and/or activity. Virtually all of the evidence leading to acceptance of antiresorptive drugs as 
treatment has depended upon their prevention of vertebral fractures. In recent decades, 
new prospects came of anabolic treatments that partly restore bone volume and microstruc-
ture restore bone that has been lost. The first of these was parathyroid hormone (PTH), shown 
by daily injection to increase markers of bone formation and prevent fractures. This field of 
interest enlarged with the discovery of PTH-related protein (PTHrP), so closely related in 
structure and action to PTH. The structural relationship between PTH and PTHrP is im-
portant in assessing their physiological and pharmacological roles, with the N-terminal do-
mains of the 2 having virtually equal actions on target cells. Abaloparatide, a peptide ana-
logue based on the structures of PTHrP and PTH, has been approved in some countries as 
a therapy for osteoporosis. Treatment through the PTH receptor activation pathway, and 
probably with any anabolic therapy, needs to be followed by antiresorptive treatment in or-
der to maintain bone that has been restored. No matter how effective anabolic therapies for 
the skeleton become, it seems highly likely that there will be a continuing need for antire-
sorptive drugs.

Keywords: Bone remodeling, Parathyroid hormone, Wnt signaling, Parathyroid hormone-
related protein, Osteoporosis

INTRODUCTION

The functions of the skeleton are to provide mechanical sup-
port, to protect internal organs, and to provide a reservoir of 

calcium and phosphate for homeostasis of these ions. The com-
pressive strength of bone, its ability to tolerate loads and its bend-
ing strength, the ability to resist bending during lever function, 
are achieved by the integrity of bone’s material properties and 
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its structural design.1 This review discusses those aspects of bone 
physiology that relate to certain new and potential treatments 
for bone loss, both inhibitors of bone resorption and anabolic 
pathways, especially through the parathyroid hormone (PTH) 
receptor pathway.

Like all structures, roads, buildings, bridges, bone undergoes 
fatigue damage, but bone is unique in its ability to repair itself, 
at least during young adulthood. This process of bone self-re-
pair or bone renewal, is bone remodeling. The cells of bone are 
able to detect microdamage, and then replace either old or dam-
aged bone with an equal volume of newly synthesized bone. 
Osteoclasts are responsible for removal of a volume of old or 
damaged bone. Osteoblasts synthesize new bone and to some 
extent dictate the volume new bone needed to refill the exca-
vated cavity at a given location. Osteocytes, the most abundant 
cell of bone, are terminally differentiated osteoblasts that reside 
in lacunae throughout the skeleton and are interconnected with 
each other and with surface cells. These cells participate in the 
identification of the location and size of microcracks and, in 
part, orchestrate the resorption of the damaged bone and sub-
sequent replacement with of a volume of new bone.

BONE REMODELING

An essential feature of bone physiology is that the cellular ac-
tivities of bone cells ensure that the volumes of bone resorbed 
and formed at given locations throughout the skeleton are equal 
so that the total bone volume and its architectural design estab-
lished during growth are preserved—at least during young adult-
hood. This process of bone renewal, or bone remodeling, takes 
place asynchronously where it is needed, in focal or discrete cel-
lular packets throughout the skeleton, basic multicellular units 
(BMUs) separated from each other geographically and chrono-
logically.2 At some locations, BMUs are in their resorption phase, 
at other locations BMUs are in their formation phase, so that 
the sequence of bone resorption followed by bone formation by 
a BMU does not occur uniformly throughout the skeleton, an 
observation strongly suggesting that regulation of this cellular 
activity is locally, rather than systemically, regulated.3,4

Resorption of a volume of bone by the osteoclasts of a BMU 
in human bone takes approximately 3 weeks while the bone for-
mation by osteoblasts of that BMU takes longer, 3 to 4 months. 
At any time, the cellular activity of bone remodeling replaces 
only about 5%–10% of the skeleton annually, the remainder of 
the skeleton is quiescent. Renewal of the entire adult human 
skeleton takes about 10 years.5

Understanding the tightly controlled processes of bone re-
sorption and formation by individual BMUs throughout the 
skeleton requires appreciation of the many pathways that con-
trol cells of the osteoblast and osteoclast lineage and how they 
communicate with each other.6 This process of bone remodel-
ing is the result of biological activities produced by osteoclasts, 
osteoblasts and osteocytes as well as cytokines and growth fac-
tors produced by other cells, including those of the immune 
system and vasculature.6

The first step in bone remodeling is the generation of active 
osteoclasts from hemopoietic precursors. One of the sources of 
osteoblast and osteoclast precursors for the BMU is via the cir-
culation, through capillaries penetrating the canopy that over-
lies the BMU.7 Osteoclast formation can take place rapidly in 
vivo, perhaps because there may be niches of partially differen-
tiated cells available in the BMU,8 having arrived there in the 
circulation.9 Regardless of the source of the initiation signal, os-
teoclasts are derived from early and late precursors available to 
sites that will become BMU’s, or recruited from blood available 
at the bone interface through a sinus structure of bone remod-
eling compartments identified and described in human bone.10,11

At each of these sites, the resorption of a volume of bone is 
followed by new bone formation to refill the space. The BMU 
resorbs and replaces old bone at the same location so there is 
no change in bone size or shape. After a volume of bone is re-
sorbed, the osteoclasts die or move away from the site. A rever-
sal phase occurs in which a cement line is laid down. Osteo-
blasts then synthesize matrix, which mineralizes.

The cellular activity of bone remodeling occurs upon bone 
surfaces, the external or periosteal surface, and the 3 divisions 
of the inner or endosteal surface—the intracortical surface of 
the many canals traversing the cortex, the endocortical surface 
lining the medullary (marrow) cavity and the trabecular sur-
faces (Fig. 1). In the cortex, as reported initially by Hattner et 
al.,2 the osteoclast-mediated resorption takes place at points 
upon existing intracortical canals excavating a new canal by 
tunnelling through cortical bone, with subsequent ‘wave’ of 
bone formation refilling the newly formed osteon or bone struc-
tural unit with its newly formed central (Haversian or Volkmann) 
canal and concentric lamellae formed by mineralized collagen 
fibres. On endocortical and trabecular surfaces, pits or trenches 
are excavated forming hemiosteons under a canopy enclosing 
the process and penetrable by blood vessels.10

An essential feature of bone remodeling is that just as the os-
teoblastic lineage cells control osteoclast formation, products 
arising from resorption of bone matrix and from the osteoclasts 
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themselves, contribute to the promotion of osteoblast differen-
tiation from precursors in the BMU, and hence to bone forma-
tion.3,5,7,12 The formation of osteoclasts from hematopoietic pre-
cursors in the monocyte-macrophage lineage needs to be regu-
lated through direct interaction with cells of the osteoblast lin-
eage, stimulated by hormones, cytokines and prostanoids. Os-
teoblast lineage cells in bone together with immune cells in the 
marrow microenvironment play an essential role as a source of 
cytokines, including tumor necrosis factor α (TNF-α), interleu-
kin (IL)-1 and IL-6, and PTH-related protein (PTHrP).13

Since the receptors for these and many other bone-resorbing 
paracrine factors are expressed in cells of the osteoblast lineage, 
they must first act on the osteoblast to modify osteoclast forma-
tion.14 Despite the several different signaling mechanisms that 

these agents use upon their target cells, they converge to a com-
mon mechanism in promoting osteoclast formation, that requires 
receptor activator of nuclear factor kappa-Β ligand (RANKL) as 
the essential mediator of osteoclast formation in response to all 
known stimuli.15 The osteoblast lineage also produces the decoy 
receptor, osteoprotegerin (OPG), a soluble member of the TNF 
receptor superfamily, which is a very effective inhibitor of os-
teoclast formation that acts locally as a “brake” on osteoclast 
formation.16 Osteoblasts/stromal cells are also the source of 
macrophage colony-stimulating factor, which plays a crucial 
role in osteoclast formation by promoting the proliferation of 
precursors.

While bone remodeling remains balanced during young adult-
hood, around midlife in both sexes, there is a reduction in the 
volume of bone deposited by each remodeling event so that re-
modeling becomes unbalanced. Each remodeling event depos-
its a smaller volume of bone than was resorbed resulting in net 
negative remodeling imbalance producing a reduction in bone 
mass and focal microarchitectural deterioration; cortices thin 
and become porous, trabeculae thin and perforate.

In women, menopause results in estrogen deficiency, the birth 
rate of remodeling units increases and there is worsening of the 
remodeling imbalance—the volume of bone resorbed by each 
remodeling event increases and the volume of bone deposited 
decreases further than produced by advancing age alone. Bone 
loss accelerates and microarchitectural deterioration worsens 
predisposing to fractures.17 This remodeling imbalance is the 
necessary and sufficient cause of bone loss and identifies 2 tar-
gets from prevention of the skeletal deterioration—the use of 
antiresorptive agents to reduce or prevent bone resorption and 
the use of anabolic agents to stimulate and increase bone for-
mation.

ANTIRESORPTIVES

As understanding of bone biology increased, new insights 
guided the development of antiresorptive therapies for osteo-
porosis. The clinical outcomes of these new therapies could be 
predicted because the actions of the selected cellular target, os-
teoblasts, osteoclasts and osteocytes were known, and in some 
cases preclinical evidence fulfilled those predictions. The aims 
were to develop therapies to improve fracture risk reduction, 
and in doing so, to avoid long term deleterious effects on bone 
material composition and structure.

 The antiresorptive era in the treatment/prevention of bone 
fragility began with the first successful double-blind, placebo-

Fig. 1. Orientation of the basic multicellular unit (BMU) in 
trabecular and cortical bone. (A) BMUs within Haversian 
cortical bone exist within an osteon, and it is possible to see 
multiple stages of the remodeling cycle along a single cutting 
cone. Osteoclasts tunnel by resorption into the bone, with a 
central blood vessel providing precursors. Osteoblast lineage 
cells line the bone surface during the reversal phase, followed 
by differentiated, matrix-producing osteoblasts that fill the 
central canal with new osteoid. This osteoid is gradually min-
eralized. (B) In trabecular bone the BMU exists on the bone 
surface, and the cells on that surface change over time. After 
initiation, osteoclasts resorb bone, followed by a reversal phase, 
when osteoblast lineage cells line the bone surface and con-
tinue to prepare it for bone formation. Osteoblasts then attach 
to the bone surface and form new matrix until the pit left by 
the osteoclast is refilled.
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controlled trial, which was that of alendronate in the mid-1990’s.18 
This was followed by the successful establishment of several 
other bisphosphonates, and finding that zoledronate is extreme-
ly potent and long-lived in its actions, so that annual infusion, 
or even a single infusion reduces the risk of fractures and slows 
bone loss in women with osteoporosis or more modest deficits 
in bone mass (osteopenia),19 the latter being a most important 
observation because most women having fragility fracture have 
osteopenia, not osteoporosis.20

Bisphosphonates are the most common treatments used clin-
ically to prevent or partly reverse bone fragility but increasingly, 
denosumab is used because of its powerful remodeling suppres-
sant action. Studies establishing the essential physiological roles 
of RANKL and OPG in controlling osteoclast formation and 
activity, revealed a pathway rich in targets for pharmaceutical 
development. Denosumab is a fully human monoclonal anti-
body against RANKL, that binds with high affinity and speci-
ficity to RANKL to inhibit its action. It has an exceptionally 
prolonged and powerful action and in therapeutic regimes is 
administered by subcutaneous injection every 6 months.21 De-
nosumab virtually abolishes the birth rate of BMUs by prevent-
ing RANKL from promoting osteoclast formation and by pro-
moting the apoptotic death of existing osteoclasts already re-
sorbing bone.22 The phase III study using subcutaneous injec-
tion of denosumab every 6 months resulted in substantial re-
duction of vertebral, nonvertebral and hip fractures, and strik-
ing suppression of bone remodeling that was more marked than 
achieved by bisphosphonates,21 drugs that reduce but do not 
abolish bone remodeling.17

Discontinuation of denosumab treatment is associated with a 
rapid restoration of remodeling with overshoot of remodeling 
markers above the baseline pre-treatment levels,23 rapid bone 
loss and a reduction in bone mineral density (BMD) to base-
line, but usually not below baseline. Of concern is the occur-
rence of multiple vertebral fractures in 4.2 per 100 patient-years 
compared to 3.2 in the placebo group. Of the 56 participants 
with new vertebral fractures, 60.7% had 2 or more and 23.2% 
had 4 or more fractures compared to multiple fractures in 38.7% 
of participants given placebo.24

In the clinical trials that established the efficacy of these anti-
resorptive drugs, the major endpoint has been the occurrence 
of symptomatic and asymptomatic vertebral fracture identified 
by lateral spine radiographs.25 While vertebral fractures are the 
flagship of fragility fractures signaling the presence of bone fra-
gility, epidemiological studies show that 80% of all fragility frac-
tures are nonvertebral (distal radius, proximal humerus, pelvic, 

hip),26 and hence the need for therapies shown to reduce the 
risk of nonvertebral and hip fractures as well as vertebral frac-
tures. Nevertheless, vertebral fractures are associated with sig-
nificant disability27 and reduced survival.28 Moreover, vertebral 
fractures, like all fragility fractures, increase as age advances and 
a substantial proportion are asymptomatic and so remain un-
derdiagnosed. These fractures can cause spine deformity (dow-
agers hump, kyphosis), chronic back pain, impaired respiratory 
function, pain due to impingement of the lower ribs upon the 
pelvis. Importantly, vertebral fractures increase the risk of fur-
ther vertebral and nonvertebral fractures.29

ANABOLIC AGENTS

1. PTH as an Anabolic
Antiresorptive agents like denosumab abolish bone remodel-

ing and so prevent bone loss, further deterioration in bone mass 
and microarchitecture. Bisphosphonates slow bone remodeling; 
they do not eliminate bone loss30 and so these agents slowed but 
did not abolish bone loss and microarchitectural deterioration 
—the deficit in bone mass and microarchitectural deterioration 
at the time of presentation is not restored by antiresorptives of 
any kind. The increase in BMD is largely the result of a reduc-
tion in the transitory ‘remodeling space’ deficit in bone matrix 
produced by a reduction in the number of resorption cavities 
excavated, partial refilling of resorption sites excavated before 
treatment and completion of mineralization of matrix resident 
in bone for a long enough period of time in the face of reduced 
bone remodeling17 so that the slow process of completion of 
mineralization can take place.

Until recently, no therapeutic approach was available to re-
store compromised bone mass and microarchitecture. That sit-
uation changed with the development of PTH as an anabolic 
therapy for the skeleton, despite its better-known action as a re-
sorptive hormone, and also the development of neutralizing 
antibody against sclerostin, the osteocyte-derived protein that 
is a powerful inhibitor of bone formation.31-33 As a result of the 
advances made in understanding of PTH, the approved thera-
pies in several countries are PTH (1–34) and PTH (1–84), and 
more recently abaloparatide,34 which is structurally related to 
both PTHrP and PTH (vide infra).

WHAT IS PTHrP?

PTHrP was discovered during studies of the syndrome of 
humoral hypercalcemia of malignancy in which the biochemi-
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cal features parallel closely those of PTH excess (primary hy-
perparathyroidism). This was reflected in the fact that for many 
years the syndrome had been considered to be due to “ectopic” 
PTH production by those cancers,35 until in the 1970’s, when 
immunological methods revealed that the cancer-derived activ-
ity, although it mimicked PTH actions, differed from PTH im-
munochemically and must therefore differ in structure.36,37

Cloning and sequence analysis revealed PTHrP as the cause 
of the humoral hypercalcemia of malignancy, and to be closely 
structurally related to PTH, in that 8 of the first 13 residues in 
each molecule are identical. Beyond that, there are no more 
identities between PTH and PTHrP than would be expected by 
chance. This sequence homology in the first 13 amino acids is 
sufficient to explain why these molecules act equally through 
the same G protein-coupled receptor PTH 1 receptor (PTH1R). 
Despite the close homology, it nevertheless did not prove diffi-
cult to generate antibodies to the amino-terminal domains that 
distinguish between the two. This became evident from the first 
antipeptide antibodies produced.38 Furthermore, consistent 
with the activity being restricted to the N-terminus, PTHrP re-
combinant proteins of 84, 108, and 141 residues are all equipo-
tent on a molar basis with shorter amino-terminal peptides of 
either PTH or PTHrP in activating adenylyl cyclase in target 
cells.39,40 In addition, abaloparatide, which is also based on the 
N-terminus, is equipotent with teriparatide in the same biolo-
giocal assay.41,42

PTHrP cannot be detected convincingly in postnatal plasma 
in healthy subjects using assays based on the N-terminal do-
main,43,44 a major contrast with PTH, which is a hormone se-
creted only by the parathyroid glands. Evidence accumulated 
rapidly that PTHrP is produced in many normal tissues includ-
ing keratinocytes, endothelial cells, bone, smooth muscle cells, 
lactating mammary tissue, and neuroendocrine tissues includ-
ing pancreas. In these tissues, PTHrP was found to have multi-
ple actions, including relaxation of vascular and other smooth 
muscle beds, including gastrointestinal and uterine, as well as 
promoting transplacental calcium transport, and stimulating 
bone remodeling.45-47 These findings indicated that PTHrP, un-
like PTH, functions as a paracrine regulator of cell function. 
The only non–tumor-associated circumstances in which PTHrP 
is found in the circulation and can therefore act as a hormone, 
are in the fetus and in the maternal circulation during lactation. 
Indeed, the role of PTHrP in bone remodeling is a local one, 
and the use of PTH pharmacologically is likely to make use of 
the local physiological function of PTHrP as a promoter of bone 
formation.47

Revelations provided by the structure of PTHrP pointed to 
new ways of presentation to the PTH receptor, given the equal 
potencies of PTH (1–34) and PTHrP (1–34) in promoting cy-
clic AMP (cAMP) production in target cells. From the first in 
vivo experiments though,48 it was evident that the anabolic effi-
cacy of PTHrP was much less than that of PTH (1–34). Such a 
lesser potency in vivo could be anticipated because even these 
truncated forms of PTHrP have many target sequences that are 
susceptible to proteolysis.49 The same applied to studies in hu-
man subjects. The daily dose of PTHrP (1–36) in human sub-
jects required to increase bone formation markers was many-
fold higher than the dose of teriparatide needed to achieve these 
marker levels,50 likely due to the proteolytic cleavage described 
above. The higher dose requirements might thus be due to a 
difference in pharmacokinetics, with PTHrP (1–36) degraded 
more rapidly following injection, and so not as widely distrib-
uted to activate BMUs. The result would be that lesser amounts 
of active agonist would be available to the receptor.

Early studies by Stewart and colleagues suggested that PTHrP 
(1–36) action was relatively free of a resorptive effect as deter-
mined by measuring serum biochemical markers of bone re-
modeling. Similar claims have been made for abaloparatide,34,51 
which is a 34-amino acid peptide in which the first 21 residues 
are identical with PTHrP. Abaloparatide also contains a num-
ber of substitutions that were planned to improve stability,41,52 
though the most susceptible of the PTHrP cleavage sites (–R19 

R20R21-) is located within both PTHrP (1–36) and abaloparatide. 
Abaloparatide (80 μg per day) and teriparatide (20 μg per day) 
have been reported to have comparable antivertebral fracture 
efficacy, with claims that this is achieved with a lesser effect on 
bone resorption markers with abaloparatide than with teripara-
tide.34,51 However, in the same data, the formation marker level 
was also less with abaloparatide, so the claim of a lesser effect 
on resorption is not well founded. There remains no informa-
tion on the cellular basis by which PTHrP (1–36) or abalopara-
tide could have a lesser effect on bone resorption than forma-
tion, so abaloparatide remains as a peptide analogue with effects 
similar to those of teriparatide.

MECHANISMS IN THE ANABOLIC 
EFFECT OF PTH

Although early concepts of the pathogenesis of osteoporosis 
related estrogen deficiency to postmenopausal bone loss, rapid 
advances were achieved with the development of ovariectomized 
(OVX) rat and mouse models of bone loss. These arose from 
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the work of Kalu53 and were made use of in many studies of the 
anabolic action on bone of daily PTH injections.48,54

These unequivocal demonstrations of the anabolic action of 
PTH had come unexpectedly, since it was widely believed that 
PTH acted strictly as a hormone that regulates extracellular cal-
cium levels. This had been accepted since the mid-1920’s , when 
the first biologically active extracts of parathyroid tissue were 
found to raise blood calcium when injected into animals.55 It 
had required the development as much as 50 years later, of such 
methods of demonstrating an anabolic action of PTH, using 
the new OVX rodent response, to re-establish interest in the 
findings of Albright et al.56 and Selye.57 What they had found 
was that daily injection of PTH (in those days a tissue extract) 
resulted in an increase in the amount of bone in rats.

It provides an interesting comment on the rate of progress of 
medical research in that era, that further work on the anabolic 
action of PTH took such a long time to follow. Much research 
interest in PTH was generated following the purification, se-
quence and cloning of PTH and the finding that the amino-ter-
minal domain appeared to have the full activity of the hormone 
(reviewed in55). This led to a limited clinical study of adminis-
tration of PTH (1–34) to postmenopausal women, in which 
circulating marker effects appeared consistent with an anabolic 
response.58

That clinical study58 used a PTH (1–34) dose that was calcu-
lated as low, but it still appeared that any excess of injected PTH 
was accompanied by a resorptive effect. This was noted regular-
ly in the experimental studies that followed, in that PTH treat-
ment was often accompanied by a resorptive response, featured 
by hypercalcemia that resulted from increased osteoclast for-
mation and bone resorption.59 Such a resorptive response could 
be enhanced when PTH levels were maintained high by infu-
sion in vivo over a period of time.60

From the clinical therapeutic point of view the major advance 
was the double-blind, placebo-controlled clinical trial of PTH 
(1–34) (teriparatide), showing declines of vertebral fractures of 
65% and nonvertebral fractures by 53% in women with post-
menopausal osteoporosis.61 This led to acceptance of teripara-
tide by the U.S. Food and Drug Administration, and to their 
approval of peptides acting through the PTH receptor, includ-
ing PTH (1–84) and a new analogue abaloparatide, that are ac-
cepted treatments in some countries.

The difference between pharmacologic effects of intermittent 
and sustained treatment with PTH was demonstrated in a study 
in rats in which it was shown that when PTH was administered 
either by intermittent subcutaneous injection or infusion, but 

using the same daily dose for each method, intermittent injec-
tion yielded an anabolic effect, whereas continuous infusion re-
sulted in skeletal loss due to osteoclastic resorption.59 Other work 
showed that subcutaneous injection of PTH resulted in a tran-
sient stimulation of expression in osteoblasts of RANKL, where-
as maintaining PTH serum levels elevated over 4 hours resulted 
in persistence of the increased RANKL expression, with the im-
plied increased production of active osteoclasts and resorption.60

Direct information on the action of intermittent PTH thera-
py on human bone is very limited in comparison with the ex-
perimental data, because of the difficulty in obtaining human 
biopsy material before and after treatment. The human material 
available is derived by biopsy from the iliac crest, which is not a 
weightbearing bone and therefore does not show the bone-build-
ing effect of weightbearing. Having said that, those studies in 
which biopsy material has been studied by histomorphometry 
after PTH treatment have agreed that the anabolic effect is the 
result predominantly of stimulating remodeling by increasing 
the number and activity of BMUs, with a net increase. In the 
amount of bone at each BMU.62-65 There is some effect on mod-
eling also, some of this related to what is described as “overfill-
ing” of BMUs, where bone is formed on surfaces extending be-
yond the resorption pit.63,66 Making a distinction between re-
modeling and modeling effects of PTH anabolic treatment might 
become important when considering use of PTH in subjects 
treated with maximally effective resorption inhibitors, where 
the osteoclast formation and activity essential for remodeling 
are prevented.

Thus any effect of PTH on modeling provides an attractive 
way of making use of the direct action of PTH on the osteoblast 
lineage, where the chief actions relevant to a modeling effect are 
the promotion of differentiation of committed osteoblast pre-
cursors,67 inhibition of osteoblast apoptosis,68 and action upon 
osteocytes to inhibit the production of sclerostin, a powerful 
inhibitor of bone formation.69

With the use of PTH injection to promote bone formation, 
the blood levels of formation markers (e.g., P1NP [procollagen 
type I N-terminal propeptide]) are rapidly increased at the out-
set, and progressively increase thereafter,61 whereas any increase 
in bone resorption markers (e.g., CTX [C-terminal telopeptide 
of type I collagen]) begins to take place only several weeks later. 
The likely explanation of this is that the formation marker re-
sponse represents an acute cellular response to PTH; the matrix 
accumulated after several weeks would constantly be resorbed 
as a result of osteoclast activity, and would eventually reach a 
level that would be detectable in serum and/or urine.
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When it was recognised that PTHrP is the paracrine ligand 
for PTH1R in bone,70,71 several truncated forms of PTHrP that 
include the PTH1R—interacting portion of the molecule have 
been investigated as anabolic agents. These include PTHrP (1–
34), PTHrP (1–36), and PTHrP (1–74). The anabolic action of 
PTHrP (1–36) in human subjects, as assessed by measurement 
of bone formation markers, has been suggested to be relatively 
free of the resorptive action that is an essential component of 
the remodeling action of PTH.50,72,73 In these studies of PTHrP 
(1–36) daily injection, the doses required to increase levels of 
anabolic markers are many-fold higher than those of PTH. The 
higher dose requirement might reflect a pharmacokinetic dif-
ference because of the greater proteolytic susceptibility of PTHrP, 
as discussed earlier in the review.

PTH AND PTHrP – DIFFERENCES IN 
RECEPTOR INTERACTIONS

Another explanation has been offered for the different action 
of amino-terminal PTHrP, based on differing interactions with 
PTH1R of the amino-terminal domains of PTH and PTHrP. In 
studies of initial interactions at the plasma membrane, the action 
of PTHrP (1–36) was found to be restricted to the cell surface, 
while PTH (1–34) was internalized and brought about a more 
prolonged increase in cAMP in the target cells.74 The authors 
suggested that such a differential response might explain why 
daily injection of PTH (1–34) elicits a resorption response, while 
PTHrP (1–36) does so to a much lesser extent. The same argu-
ment has been applied to the new analogue, abaloparatide, which 
is identical to PTHrP in its first 21 residues, but has 8 residues dif-
ferent from PTHrP between 22 and 34,52 and which behaves in a 
similar manner to PTHrP (1–36) in its initial interaction with 
PTH1R.41 Abaloparatide has also been suggested to have a lesser 
effect on resorption markers than teriparatide in patients,51 al-
though the 2 peptides have indistinguishable effects on bone in 
mice.75 These reported differences in internalization and cAMP 
formation41 are of some interest, but extrapolating them to ex-
plain in vivo effects is questionable without any evidence beyond 
cAMP generation, and without undisputed differences in clinical 
data between formation and resorption outcomes.

COMBINATION THERAPY – 
ANTIRESORPTIVES WITH 
INTERMITTENT PTH

A question that has commonly arisen in discussing PTH ana-

bolic action is whether there is anything to be gained by treat-
ing with PTH combined with an antiresorption drug? Quite the 
reverse was suggested in an early study that found the anabolic 
effect of PTH was significantly reduced in sheep cotreated with 
the bisphosphonate, tiludronate.76 Some, but not all studies in 
rats , as well as some clinical studies77,78 have also shown impaired 
anabolic responses with such combined treatments. The advent 
of the even more powerful resorption inhibitor, denosumab, led 
to further studies of combined therapy.30 An additive effect on 
BMD has been observed in patients receiving high dose PTH 
that was then supplemented with denosumab.79-81

However, a deficiency of these studies is the use of BMD as 
the endpoint, which should not be taken as a measure of bone 
mass.30 No real outcomes on bone mass, or antifracture efficacy 
have yet been reported in the denosumab/teriparatide combi-
nation studies. Ultimately, studies of fracture incidence are need-
ed, but they present such difficulties that it is not easy to see 
them being undertaken. The question remains therefore, and 
presents an attractive proposition. If PTH combined with virtu-
ally complete osteoclast blockade (using denosumab) does in-
deed result in a useful anabolic effect, it points to an osteoclast-
free anabolic effect of PTH, that is, an effect through promotion 
of modeling of bone.

It is appropriate to emphasise in this context, that the genera-
tion and resorptive activity of osteoclasts is an essential feature 
of bone remodeling, and inseparable from the process.6,82 Thus 
the distribution of PTH anabolic effect between remodeling 
and modeling is an important matter that impinges upon any 
therapeutic changes that might require predominant actions 
through one or the other mechanism. Anabolic action using 
the PTH pathway in the absence of osteoclasts surely would use 
the direct action of PTH on the osteoblast lineage, which is well 
established. It would then use either a stimulation of bone mod-
eling, or direct action upon osteoblastic cells that were within 
BMUs when osteoclast formation and activity was blocked, and 
perhaps also inhibition of sclerostin production by osteocytes.

Thus, in the absence of osteoclasts, PTH can still exert an an-
abolic action to some extent, although it is not yet clear how ex-
actly it would do so. It could possibly be a direct action on os-
teoblast lineage cells within BMU’s that were existing at the time 
of RANKL blockade, through a direct modeling action of PTH, 
and/or PTH inhibition of sclerostin production by osteocytes.13,66,69 
Whether such combination treatment approaches will have fa-
vourable effects on structure or on fracture incidence will be a 
difficult question to answer, largely because there will be great 
reluctance to undertake the large clinical studies needed to as-



Pathway Differences in Osteoporosis ManagementMartin TJ, et al.

https://doi.org/10.14245/ns.2346966.4831104  www.e-neurospine.org

sess fracture risk.

WNT SIGNALING TARGETS – SCLEROSTIN

Research of the last few decades has led to a focus on activa-
tion of the canonical Wnt signaling pathway in promoting of 
formation, providing another prospect in anabolic therapy for 
the skeleton. The link between Wnt signaling and human bone 
disease came from studies in rare monogenic disorders, the os-
teoporosis, the osteoporosis-pseudoglioma syndrome (OPPG, 
OMIM 259770) caused by loss-of-function of LRP-5 and char-
ecterised by severely decreased bone mass, and a syndrome of 
high bone mass found to be caused by a gain-of-function muta-
tion of LRP5 (OMIM 601884). The Wnt/β-catenin signaling 
pathway has a number of inhibitors and activators that offered 
several targets suitable for pharmacological intervention,32,33,83 
aiming to increase Wnt/β-catenin canonical signaling in order 
to increase bone mass. Sclerostin, the protein product of the 
Sost gene, is produced primarily by osteocytes and powerfully 
inhibits bone formation through inhibition of Wnt signaling, 
sparking great interest in roles for the osteocyte in bone model-
ing and remodeling. Sclerostin null mice have very high bone 
mass, and conversely, severe osteopenia occurs in transgenic 
mice overexpressing sclerostin in osteocytes.84 Loss of function 
Sost mutations cause the greatly increased bone mass of scleros-
teosis and van Buchem disease.85 Physiologically, rapid reduc-
tions in sclerostin could mediate the reduction in refilling of an 
excavated resorption site so that it does not overfill.31 Initial 
success in animal models was reported with the inhibition of 
DKK1 (dickkopf related protein 1), GSK-3 (glycogen synthase 
kinase 3), and sclerostin,33,86,87 but the most advanced in clinical 
development is blockade of the action of sclerostin by treatment 
with a neutralizing antibody. A 12-month randomized, place-
bo-controlled, multidose study of 410 women was carried out 
with the humanised monoclonal antibody (Romosozumab) re-
capitulated the rapid increase in BMD seen in the preclinical 
studies.88 In the Romosuzomab trial there was a statistically sig-
nificant increase in cardiovascular events, requiring a limitation 
on Romosuzomab use.

In discussing the PTH anabolic action we drew attention to 
the fact that cessation of treatment is followed by bone loss and 
increased resorption markers. The same occurs in the case of 
Romosuzomab treatment also, and the question of using that 
anabolic therapy concurrently with an antiresorptive has been 
discussed. In a study of sequential alendronate and antiscleros-
tin in OVX rats, this cotreatment did not blunt the anabolic ef-

fects of anti-sclerostin on bone formation. In clinical studies, 
BMD increases were greater when Romosuzomab was used be-
fore antiresorptive treatment with denosumab.89

FRACTURE RISK REDUCTION – WHY, 
WHO, WHEN, WHAT DRUG?

Fragility fractures are a public health burden because they 
occur in 1 in 3 women and 1 in 5 men. Fractures increase mor-
bidity, mortality and cost to the community.90 Fractures are the 
result of bone fragility produced by age-related deterioration in 
bone remodeling which compromises bone’s material composi-
tion and microarchitecture and increasing risk of falling.1

Identification of persons at risk before the first fracture is achi
eved by measurement of BMD. This approach identifies those 
at high risk with ‘osteoporosis’ (BMD T score ≤ -2.5 standard 
deviation), but over 70 percent of women and men having fra-
gility fractures have the modest BMD deficits of osteopenia 
(BMD T score: -1 to -2.5 SD).19,20 The risk of fracture in these 
individuals is due to cortical and trabecular microarchitectural 
deterioration. Identification of individuals is achieved using 
high resolution computed tomography, a new noninvasive im-
aging method that has now become available.91 Assessment of 
clinical risk factors using a fracture risk assessment score (FRAX),92 
trabecular bone score93 and the use of biochemical markers of 
bone remodeling to identify persons losing bone rapidly, also 
assist in risk assessment.94

The choice of therapy depends on the quality of evidence of 
antifracture efficacy against all 3 major classes of fracture—ver-
tebral, hip and nonvertebral fracture. Only 4 antiresorptive drugs 
are proven to reduce these fractures—risedronate, zoledronic 
acid, denosumab, and hormone replacement therapy. The drugs 
reduce the risk of vertebral and hip fractures by 50%–60% and 
nonvertebral fractures by 30%–40%. In the fracture interven-
tion trial, alendronate reduced vertebral and hip fractures but 
not nonvertebral fractures. Whether one antiresorptive has great-
er antifracture efficacy than the others is not known. Any of 
these 3 drugs are suitable first line approaches to treatment with 
choices modified according to potential adverse events and pa-
tient preference. The antifracture efficacy of calcium supple-
ments, vitamin D alone or with calcium has not been demon-
strated.95

Treatment is long term, and probably needs to be permanent 
(like treatment of hypertension and cardiovascular disease). One 
possible exception is the use of bisphosphonates because these 
drugs are adsorbed into bone matrix remain resident in matrix 
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for many years. When stopped, bisphosphonates are resorbed 
from bone as remodeling continues, some drug is excreted in 
the urine or readsorbed into bone matrix and continues to act 
so that a drug ‘holiday’ is feasible because treatment is effective-
ly continuing. If remodeling and bone loss recur, treatment should 
be restarted. Cessation of denosumab is challenging for reasons 
explained above. If cessation is desired, weaning should be slow 
with replacement by another antiresorptive therapy. How this is 
to be done is still a matter of contention. The concern about os-
teonecrosis of the jaw or brittle bone disease is often a basis for 
stopping therapy but these adverse events are uncommon and 
occur with both bisphosphonates and denosumab (but not with 
weak antiresorptives like calcium supplements and raloxifene).

Anabolic agents are usually reserved for patients with preva-
lent fractures or evidence of severe bone loss and microarchi-
tectural deterioration. However, if anabolic therapy has better 
antifracture efficacy than antiresorptive therapy then a case can 
be made for anabolic therapy as first line treatment, a currently 
‘fashionable’ approach that warrants close interrogation. Teripa-
ratide, abaloparatide, and romososumab have all been convinc-
ingly shown to reduce the risk of vertebral fractures and there is 
indeed evidence for greater antivertebral fracture efficacy of 
teriparatide over risedronate96 and romososumab over alendro-
nate.17

However, 80% or more of all fractures are nonvertebral (fore-
arm, proximal humerus, ankle, rib, pelvis) or hip. Evidence for 
anti-hip fracture efficacy is not available for teriparatide relative 
to placebo, perhaps because the pivotal trial was stopped pre-
maturely due to concerns about the occurrence of osteosarco-
mas in rats. Nor is there evidence for anti-hip fracture efficacy 
of abaloparatide or romosozumab. There was evidence for anti-
hip fracture efficacy of romosozumab when followed by alen-
dronate for 2 years. Antinonvertebral fracture efficacy has been 
reported using teriparatide (but only in one of several studies), 
not for abaloparatide and not for romosozumab except when 
followed by alendronate or denosumab. Absence of evidence is 
not evidence of absence of course. These trials were brief and 
sample sizes may have been insufficient to demonstrate superi-
ority of one effective agent over another. Whatever the case, if 
anabolic therapy is to be used, it must be followed by antire-
sorptive therapy for the benefits in BMD and microstructure to 
be sustained.

NOTES

Conflict of Interest: TJM declares no competing interests. ES 

declares that he receives remuneration as Medical Director of 
Curvebeam AI and is entitled to future royalties and as a share-
holder.

Funding/Support: St. Vincent’s Institute of Medical Research 
is supported by the Victorian Government’s Operational Infra-
structure Support Programme. TJM and ES were supported by 
the National Health and Medical Research Council of Australia.

Acknowledgments: The authors thank Mary Louise Fac for 
preparation of the Figure.

Author Contribution: Conceptualization: TJM, ES; Funding 
acquisition: TJM, ES; Project administration: TJM; Writing - orig-
inal draft: TJM; Writing - review & editing: TJM, ES.

ORCID
Thomas John Martin: 0000-0002-8953-1291
Ego Seeman: 0000-0002-9692-048X

REFERENCES

1.	Seeman E, Delmas PD. Bone quality--the material and struc-
tural basis of bone strength and fragility. N Engl J Med 2006; 
354:2250-61.

2.	Hattner R, Epker BN, Frost HM. Suggested sequential mode 
of control of changes in cell behaviour in adult bone remod-
elling. Nature 1965;206:489-90.

3.	Frost HM. Dynamics of bone remodeling. In: Frost HM, 
editor. Bone biodynamics. Springfield (IL): Charles C Thom-
as Company; 1964. p. 315-33.

4.	Parfitt AM. Hormonal influences on bone remodeling and 
bone loss: application to the management of primary hyper-
parathyroidism. Ann Intern Med 1996;125:413-5.

5.	Parfitt AM. The coupling of bone formation to bone resorp
tion:a critical analysis of the concept and of its relevance to 
the pathogenesis of osteoporosis. Metab Bone Dis Relat Res 
1982;4:1-6.

6.	Sims NA, Martin TJ. Osteoclasts provide coupling signals to 
osteoblast lineage cells through multiple mechanisms. Annu 
Rev Physiol 2020;82:507-29.

7.	Eriksen EF. Normal and pathological remodeling of human 
trabecular bone: three dimensional reconstruction of the re-
modeling sequence in normals and in metabolic bone dis-
ease. Endocr Rev 1986;7:379-408.

8.	Mizoguchi T, Muto A, Udagawa N, et al. Identification of 
cell cycle-arrested quiescent osteoclast precursors in vivo. J 
Cell Biol 2009;184:541-54.

9.	Muto A, Mizoguchi T, Udagawa N, et al. Lineage-commit-



Pathway Differences in Osteoporosis ManagementMartin TJ, et al.

https://doi.org/10.14245/ns.2346966.4831106  www.e-neurospine.org

ted osteoclast precursors circulate in blood and settle down 
into bone. J Bone Miner Res 2011;26:2978-90.

10.	Eriksen EF, Eghbali-Fatourechi GZ, Khosla S. Remodeling 
and vascular spaces in bone. J Bone Miner Res 2007;22:1-6.

11.	Kristensen HB, Andersen TL, Marcussen N, et al. Increased 
presence of capillaries next to remodeling sites in adult hu-
man cancellous bone. J Bone Miner Res 2013;28:574-85.

12.	Martin TJ, Gooi JH, Sims NA. Molecular mechanisms in 
coupling of bone formation to resorption. Crit Rev Eukaryot 
Gene Expr 2009;19:73-88.

13.	Ansari N, Ho PW, Crimeen-Irwin B, et al. Autocrine and 
paracrine regulation of the murine skeleton by osteocyte-
derived parathyroid hormone-related protein. J Bone Miner 
Res 2018;33:137-53.

14.	Suda T, Takahashi N, Udagawa N, et al. Modulation of os-
teoclast differentiation and function by the new members of 
the tumor necrosis factor receptor and ligand families. En-
docr Rev 1999;20:345-57.

15.	Dougall WC, Glaccum M, Charrier K, et al. RANK is essen-
tial for osteoclast and lymph node development. Genes Dev 
1999;13:2412-24.

16.	Bucay N, Sarosi I, Dunstan CR, et al. Osteoprotegerin-defi-
cient mice develop early onset osteoporosis and arterial cal-
cification. Genes Dev 1998;12:1260-8.

17.	Seeman E, Martin TJ. Antiresorptive and anabolic agents in 
the prevention and reversal of bone fragility. Nat Rev Rheu-
matol 2019;15:225-36.

18.	Liberman UA, Weiss SR, Broll J, et al. Effect of oral alendro-
nate on bone mineral density and the incidence of fractures 
in postmenopausal osteoporosis. The Alendronate Phase III 
Osteoporosis Treatment Study Group. N Engl J Med 1995; 
333:1437-43.

19.	Reid IR, Horne AM, Mihov B, et al. Fracture prevention with 
zoledronate in older women with osteopenia. N Engl J Med 
2018;379:2407-16.

20.	Siris ES, Chen YT, Abbott TA, et al. Bone mineral density 
thresholds for pharmacological intervention to prevent frac-
tures. Arch Intern Med 2004;164:1108-12.

21.	Cummings SR, San Martin J, McClung MR, et al. Denosum-
ab for prevention of fractures in postmenopausal women 
with osteoporosis. N Engl J Med 2009;361:756-65.

22.	Rogers MJ, Crockett JC, Coxon FP, et al. Biochemical and 
molecular mechanisms of action of bisphosphonates. Bone 
2011;49:34-41.

23.	Bone HG, Bolognese MA, Yuen CK, et al. Effects of deno-
sumab treatment and discontinuation on bone mineral den-

sity and bone turnover markers in postmenopausal women 
with low bone mass. J Clin Endocrinol Metab 2011;96:972-
80.

24.	Cummings SR, Ferrari S, Eastell R, et al. Vertebral fractures 
after discontinuation of denosumab: a post hoc analysis of 
the randomized placebo-controlled FREEDOM trial and its 
extension. J Bone Miner Res 2018;33:190-8.

25.	Genant HK, Wu CY, van Kuijk C, et al. Vertebral fracture 
assessment using a semiquantitative technique. J Bone Min-
er Res 1993;8:1137-48.

26.	Trajanoska K, Schoufour JD, de Jonge EAL, et al. Fracture 
incidence and secular trends between 1989 and 2013 in a 
population based cohort: the Rotterdam Study. Bone 2018; 
114:116-24.

27.	Nevitt MC, Ettinger B, Black DM, et al. The association of 
radiographically detected vertebral fractures with back pain 
and function: a prospective study. Ann Intern Med 1998;128: 
793-800.

28.	Cooper C, Atkinson EJ, Jacobsen SJ, et al. Population-based 
study of survival after osteoporotic fractures. Am J Epide-
miol 1993;137:1001-5.

29.	Wustrack R, Seeman E, Bucci-Rechtweg C, et al. Predictors 
of new and severe vertebral fractures: results from the HO-
RIZON Pivotal Fracture Trial. Osteoporos Int 2012;23:53-8.

30.	Seeman E, Martin TJ. Co-administration of antiresorptive 
and anabolic agents: a missed opportunity. J Bone Miner 
Res 2015;30:753-64.

31.	van Bezooijen RL, ten Dijke P, Papapoulos SE, et al. SOST/
sclerostin, an osteocyte-derived negative regulator of bone 
formation. Cytokine Growth Factor Rev 2005;16:319-2.

32.	Krishnan V, Bryant HU, Macdougald OA. Regulation of bone 
mass by Wnt signaling. J Clin Invest 2006;116:1202-9.

33.	Ke HZ, Richards WG, Li X, et al. Sclerostin and Dickkopf-1 
as therapeutic targets in bone diseases. Endocr Rev 2012;33: 
747-83.

34.	Miller PD, Hattersley G, Riis BJ, et al. Effect of abaloparatide 
vs placebo on new vertebral fractures in postmenopausal 
women with osteoporosis: a randomized clinical trial. JAMA 
2016;316:722-33.

35.	Lafferty FW. Pseudohyperparathyroidism. Medicine (Balti-
more) 1966;45:247-60.

36.	Powell D, Singer FR, Murray TM, et al. Nonparathyroid hu-
moral hypercalcemia in patients with neoplastic diseases. N 
Engl J Med 1973;289:176-81.

37.	Benson RC Jr, Riggs BL, Pickard BM, et al. Immunoreactive 
forms of circulating parathyroid hormone in primary and 



Pathway Differences in Osteoporosis ManagementMartin TJ, et al.

https://doi.org/10.14245/ns.2346966.483 � www.e-neurospine.org   1107

ectopic hyperparathyroidism. J Clin Invest 1974;54:175-81.
38.	Moseley JM, Kubota M, Diefenbach-Jagger H, et al. Parathy-

roid hormone-related protein purified from a human lung 
cancer cell line. Proc Natl Acad Sci U S A 1987;84:5048-52.

39.	Martin TJ, Allan EH, Caple IW, et al. Parathyroid hormone-
related protein: isolation, molecular cloning, and mechanism 
of action. Recent Prog Horm Res 1989;45:467-502; discus-
sion 502-6.

40.	Hammonds RG Jr, McKay P, Winslow GA, et al. Purifica-
tion and characterization of recombinant human parathy-
roid hormone-related protein. J Biol Chem 1989;264:14806-
11.

41.	Hattersley G, Dean T, Corbin BA, et al. Binding selectivity 
of abaloparatide for PTH-type-1-receptor conformations 
and effects on downstream signaling. Endocrinology 2016; 
157:141-9.

42.	Ricarte FR, Le Henaff C, Kolupaeva VG, et al. Parathyroid 
hormone(1-34) and its analogs differentially modulate os-
teoblastic Rankl expression via PKA/SIK2/SIK3 and PP1/
PP2A-CRTC3 signaling. J Biol Chem 2018;293:20200-13.

43.	Burtis WJ, Fodero JP, Gaich G, et al. Preliminary character-
ization of circulating amino- and carboxy-terminal fragments 
of parathyroid hormone-related peptide in humoral hyper-
calcemia of malignancy. J Clin Endocrinol Metab 1992;75: 
1110-4.

44.	Grill V, Ho P, Body JJ, et al. Parathyroid hormone-related 
protein: elevated levels in both humoral hypercalcemia of 
malignancy and hypercalcemia complicating metastatic breast 
cancer. J Clin Endocrinol Metab 1991;73:1309-15.

45.	Philbrick WM, Wysolmerski JJ, Galbraith S, et al. Defining 
the roles of parathyroid hormone-related protein in normal 
physiology. Physiol Rev 1996;76:127-73.

46.	Martin TJ, Moseley JM, Williams ED. Parathyroid hormone-
related protein: hormone and cytokine. J Endocrinol 1997; 
154 Suppl:S23-37.

47.	Martin TJ, Sims NA, Seeman E. Physiological and pharma-
cological roles of PTH and PTHrP in bone using their shared 
receptor, PTH1R. Endocr Rev 2021;42:383-406.

48.	Hock JM, Fonseca J, Gunness-Hey M, et al. Comparison of 
the anabolic effects of synthetic parathyroid hormone-relat-
ed protein (PTHrP) 1-34 and PTH 1-34 on bone in rats. En-
docrinology 1989;125:2022-7.

49.	Diefenbach-Jagger H, Brenner C, Kemp BE, et al. Arg21 is 
the preferred kexin cleavage site in parathyroid-hormone-
related protein. Eur J Biochem 1995;229:91-8.

50.	Horwitz MJ, Tedesco MB, Sereika SM, et al. Safety and tol-

erability of subcutaneous PTHrP(1-36) in healthy human 
volunteers: a dose escalation study. Osteoporos Int 2006;17: 
225-30.

51.	Leder BZ, O'Dea LS, Zanchetta JR, et al. Effects of abalopara-
tide, a human parathyroid hormone-related peptide analog, 
on bone mineral density in postmenopausal women with 
osteoporosis. J Clin Endocrinol Metab 2015;100:697-706.

52.	Dong J, Shen Y, Culler M, et al. Highly potent analogs of hu-
man parathyroid hormone and human parathyroid hormone-
related protein. In: Houghten RA, Lebl M, editors. Peptides: 
the wave of the future. Columbus (OH): American Peptide 
Society; 2001. p. 668-9.

53.	Kalu DN. The ovariectomized rat model of postmenopausal 
bone loss. Bone Miner 1991;15:175-91.

54.	Fox J. Developments in parathyroid hormone and related 
peptides as bone-formation agents. Curr Opin Pharmacol 
2002;2:338-44.

55.	Potts JT. Parathyroid hormone: past and present. J Endocri-
nol 2005;187:311-25.

56.	Albright F, Bauer W, Ropes M, et al. Studies of calcium and 
phosphorus metabolism: IV. The effect of the parathyroid 
hormone. J Clin Invest 1929;7:139-81.

57.	Selye H. On the stimulation of new bone formation with 
parathroid extract and irradiated ergosterol. Endocrinology 
1932;16:547-58.

58.	Reeve J, Hesp R, Williams D, et al. Anabolic effect of low doses 
of a fragment of human parathyroid hormone on the skele-
ton in postmenopausal osteoporosis. Lancet 1976;1:1035-8.

59.	Frolik CA, Black EC, Cain RL, et al. Anabolic and catabolic 
bone effects of human parathyroid hormone (1-34) are pre-
dicted by duration of hormone exposure. Bone 2003;33:372-9.

60.	Ma YL, Cain RL, Halladay DL, et al. Catabolic effects of con-
tinuous human PTH (1--38) in vivo is associated with sus-
tained stimulation of RANKL and inhibition of osteoprote-
gerin and gene-associated bone formation. Endocrinology 
2001;142:4047-54.

61.	Neer RM, Arnaud CD, Zanchetta JR, et al. Effect of parathy-
roid hormone (1-34) on fractures and bone mineral density 
in postmenopausal women with osteoporosis. N Engl J Med 
2001;344:1434-41.

62.	Misof BM, Roschger P, Cosman F, et al. Effects of intermit-
tent parathyroid hormone administration on bone mineral-
ization density in iliac crest biopsies from patients with os-
teoporosis: a paired study before and after treatment. J Clin 
Endocrinol Metab 2003;88:1150-6.

63.	Ma YL, Zeng Q, Donley DW, et al. Teriparatide increases 



Pathway Differences in Osteoporosis ManagementMartin TJ, et al.

https://doi.org/10.14245/ns.2346966.4831108  www.e-neurospine.org

bone formation in modeling and remodeling osteons and 
enhances IGF-II immunoreactivity in postmenopausal wom-
en with osteoporosis. J Bone Miner Res 2006;21:855-64.

64.	Dempster DW, Brown JP, Fahrleitner-Pammer A, et al. Ef-
fects of long-term denosumab on bone histomorphometry 
and mineralization in women with postmenopausal osteo-
porosis. J Clin Endocrinol Metab 2018;103:2498-509.

65.	Compston JE. Skeletal actions of intermittent parathyroid 
hormone: effects on bone remodelling and structure. Bone 
2007;40:1447-52.

66.	Dempster DW, Chines A, Bostrom MP, et al. Modeling-based 
bone formation in the human femoral neck in subjects treat-
ed with denosumab. J Bone Miner Res 2020;35:1282-8.

67.	Jilka RL. Molecular and cellular mechanisms of the anabolic 
effect of intermittent PTH. Bone 2007;40:1434-46.

68.	Jilka RL, Weinstein RS, Bellido T, et al. Increased bone for-
mation by prevention of osteoblast apoptosis with parathy-
roid hormone. J Clin Invest 1999;104:439-46.

69.	Keller H, Kneissel M. SOST is a target gene for PTH in bone. 
Bone 2005;37:148-58.

70.	Miao D, Li J, Xue Y, et al. Parathyroid hormone-related pep-
tide is required for increased trabecular bone volume in para-
thyroid hormone-null mice. Endocrinology 2004;145:3554-
62.

71.	Martin TJ. Osteoblast-derived PTHrP is a physiological reg-
ulator of bone formation. J Clin Invest 2005;115:2322-4.

72.	Horwitz MJ, Tedesco MB, Sereika SM, et al. Direct compari-
son of sustained infusion of human parathyroid hormone-
related protein-(1-36) [hPTHrP-(1-36)] versus hPTH-(1-34) 
on serum calcium, plasma 1,25-dihydroxyvitamin D con-
centrations, and fractional calcium excretion in healthy hu-
man volunteers. J Clin Endocrinol Metab 2003;88:1603-9.

73.	Horwitz MJ, Tedesco MB, Garcia-Ocana A, et al. Parathy-
roid hormone-related protein for the treatment of postmeno-
pausal osteoporosis: defining the maximal tolerable dose. J 
Clin Endocrinol Metab 2010;95:1279-87.

74.	Ferrandon S, Feinstein TN, Castro M, et al. Sustained cyclic 
AMP production by parathyroid hormone receptor endocy-
tosis. Nat Chem Biol 2009;5:734-42.

75.	Le Henaff C, Ricarte F, Finnie B, et al. Abaloparatide at the 
same dose has the same effects on bone as PTH (1-34) in 
mice. J Bone Miner Res 2020;35:714-24.

76.	Delmas PD, Vergnaud P, Arlot ME, et al. The anabolic effect 
of human PTH (1-34) on bone formation is blunted when 
bone resorption is inhibited by the bisphosphonate tiludro-
nate--is activated resorption a prerequisite for the in vivo ef-

fect of PTH on formation in a remodeling system? Bone 1995; 
16:603-10.

77.	Black DM, Greenspan SL, Ensrud KE, et al. The effects of 
parathyroid hormone and alendronate alone or in combina-
tion in postmenopausal osteoporosis. N Engl J Med 2003;349: 
1207-15.

78.	Finkelstein JS, Hayes A, Hunzelman JL, et al. The effects of 
parathyroid hormone, alendronate, or both in men with os-
teoporosis. N Engl J Med 2003;349:1216-26.

79.	Ramchand SK, David NL, Lee H, et al. Effects of combina-
tion denosumab and high-dose teriparatide administration 
on bone microarchitecture and estimated strength: the DA-
TA-HD HR-pQCT study. J Bone Miner Res 2021;36:41-51.

80.	Leder BZ, Tsai JN, Uihlein AV, et al. Two years of denosumab 
and teriparatide administration in postmenopausal women 
with osteoporosis (The DATA Extension Study): a random-
ized controlled trial. J Clin Endocrinol Metab 2014;99:1694-
700.

81.	Tsai JN, Uihlein AV, Lee H, et al. Teriparatide and denosum-
ab, alone or combined, in women with postmenopausal os-
teoporosis: the DATA study randomised trial. Lancet 2013; 
382:50-6.

82.	Sims NA, Martin TJ. Coupling signals between the osteo-
clast and osteoblast: how are messages transmitted between 
these temporary visitors to the bone surface? Front Endo-
crinol (Lausanne) 2015;6:41.

83.	Baron R, Rawadi G. Targeting the Wnt/beta-catenin path-
way to regulate bone formation in the adult skeleton. Endo-
crinology 2007;148:2635-43.

84.	Loots GG, Kneissel M, Keller H, et al. Genomic deletion of a 
long-range bone enhancer misregulates sclerostin in Van 
Buchem disease. Genome Res 2005;15:928-35.

85.	Balemans W, Ebeling M, Patel N, et al. Increased bone den-
sity in sclerosteosis is due to the deficiency of a novel secret-
ed protein (SOST). Hum Mol Genet 2001;10:537-43.

86.	Clement-Lacroix P, Ai M, Morvan F, et al. Lrp5-indepen-
dent activation of Wnt signaling by lithium chloride increas-
es bone formation and bone mass in mice. Proc Natl Acad 
Sci U S A 2005;102:17406-11.

87.	Kulkarni NH, Halladay DL, Miles RR, et al. Effects of para-
thyroid hormone on Wnt signaling pathway in bone. J Cell 
Biochem 2005;95:1178-90.

88.	McClung MR, Grauer A, Boonen S, et al. Romosozumab in 
postmenopausal women with low bone mineral density. N 
Engl J Med 2014;370:412-20.

89.	Cosman F, McMahon D, Dempster D, et al. Standard versus 



Pathway Differences in Osteoporosis ManagementMartin TJ, et al.

https://doi.org/10.14245/ns.2346966.483 � www.e-neurospine.org   1109

cyclic teriparatide and denosumab treatment for osteoporo-
sis: a randomized trial. J Bone Miner Res 2020;35:219-25.

90.	Sanders KM, Nicholson GC, Watts JJ, et al. Half the burden 
of fragility fractures in the community occur in women with-
out osteoporosis. When is fracture prevention cost-effective? 
Bone 2006;38:694-700.

91.	Chapurlat R, Ferrari S, Li X, et al. Deep learning using high-
resolution images of forearm predicts fracture. eLife 2023; 
12:RP87990.

92.	Kanis JA, Cooper C, Rizzoli R, et al. European guidance for 
the diagnosis and management of osteoporosis in postmeno-
pausal women. Osteoporos Int 2019;30:3-44.

93.	Shevroja E, Reginster JY, Lamy O, et al. Update on the clini-
cal use of trabecular bone score (TBS) in the management 
of osteoporosis: results of an expert group meeting organized 
by the European Society for Clinical and Economic Aspects 
of Osteoporosis, Osteoarthritis and Musculoskeletal Diseas-

es (ESCEO), and the International Osteoporosis Foundation 
(IOF) under the auspices of WHO Collaborating Center for 
Epidemiology of Musculoskeletal Health and Aging. Osteo-
poros Int 2023;34:1501-29.

94.	Clowes JA, Eastell R. The role of bone turnover markers and 
risk factors in the assessment of osteoporosis and fracture 
risk. Baillieres Best Pract Res Clin Endocrinol Metab 2000; 
14:213-32.

95.	LeBoff MS, Chou SH, Ratliff KA, et al. Supplemental vita-
min D and incident fractures in midlife and older adults. N 
Engl J Med 2022;387:299-309.

96.	Kendler DL, Marin F, Zerbini CAF, et al. Effects of teripara-
tide and risedronate on new fractures in post-menopausal 
women with severe osteoporosis (VERO): a multicentre, dou-
ble-blind, double-dummy, randomised controlled trial. Lan-
cet 2018;391:230-40.


