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Longevity is increasing the burden of fractureghAugh antiresorptive therapy slows remodeling,
it does not prevent or repair microstructural detation. The challenge is to reconstruct the
skeleton. The more advanced the patient’s agentre likely that microstructural deterioration is
severe and so the more rational the choice of abhditc agent as first-line therapy. PTH(1-34)
(teriparatide) reduces vertebral and nonvertebaatdre risk, in part, by increasing bone matrix
volume. Abaloparatide has also recently been refddd reduce morphometric vertebral fracture
risk™? and is thus a most welcome addition to the therageof bone fragility. Abaloparatide is
claimed to produce its anabolic effect with a mledser effect on bone resorption than occurs with
teriparatide. In this Commentary, we query theslgbroposition, which we suggest contains two
misconceptions: first, that with teriparatide treaht an anabolic window exists during which bone
formation predominates but then is offset by bas®rption, which follows later, and second that
less bone resorption occurs with abaloparatidejrigeahe “window” open longer and allowing
more bone formation.
Anabolic Therapy With Parathyroid Hormone (PTH) and Abaloparatide



To understand the fallacies in these two notidms mythical anabolic window and the purported
lesser resorptive effect of abaloparatide, it isassary first to discuss the mechanisms of acfion o
PTH. The idea that intermittent injection of PTHgimi promote bone formation was proposed more
than 80 years ago by Albridfitand shown in rats by Sel{f& Progress was slow, with no attempt to
study PTH treatment clinically until the 1970s. Tst clinical trial was published in 2061and

was stopped after 18 months because of a toxittidyshat showed dose-dependent development
of osteosarcoma in rats treated throughout thess{f’ With the total number of subjects in the
clinical trial reduced to 1600 and the duratioriretment being only 18 months, no potential anti-
hip fracture efficacy could be demonstrated, buteleral and nonvertebral fracture risk was
reduced and bone mineral density (BMD) increased.

The efficacy of teriparatide as an anabolic themdgyends on intermittent injections, each
achieving a sharp peak of PTH in the bl&ddVhen teriparatide therapy is begun, circulatingebo
formation markers increase rapidly, with a delaggpdearance of resorption markers, giving rise to
the concept of the “anabolic windoW:® This was based on the idea that the initial pesiod
increased anabolic markers reflects an early peridmbne formation relatively “unopposed” by
resorption but then superseded by subsequent segéa bone resorption. This theory was not
based on histomorphometric evidence of changingmet of bone formation and resorption but
rather inferred from finding an early increase amé “formation” markers, followed by a later
increase in bone “resorption” markers.

Abaloparatide is a 34-amino acid peptide actingwupe PTH/PTHrP receptor (PTHR1) that has
been reported in a new study to be comparableteiiparatide in reducing morphometric vertebral
fractures in postmenopausal wontefi It is claimed to act with a lesser effect on resion

markers than that with teriparatité:*® The first 21 residues are identical with paratftro
hormone-related protein (PTHrP), and the remaindeatain a number of substitutions that were
planned to improve stability**? These structural features of abaloparatide havlé being

called a PTHrP analog that is a selective activatdine PTHRl‘.lO_lZ)Abanparatide and
teriparatide have now been reported to have corbfmeativertebral fracture efficacy with a
possible earlier and greater effect of abalopagatideducing major osteoporotic fractures, an
effect suggested to be the result a greater net fmymation due to a lesser effect on bone

resorption than teriparatide®*?



The anabolic effect of teriparatide is predominargmodeling based in human subjétts® The
delay in resorption marker increase after stafdiél treatment can be explained by the principles
of basic multicellular unit (BMU)-based remodelifig*¥ BMUs remodeling bone are in their
resorptive, reversal, or formative phases. At angtthere are more BMUs in their formation
phase at various locations than there are BMUBair tesorption phase at other locations (because
the duration of the formation phase is longer tthenresorption phaséy’

Teriparatide acting on BMUs in their reversal anfiation phase promotes differentiation of
osteoblast lineage cells into mature osteoid-produorms, while inhibiting osteoblast
apoptosis?? The net effect is the deposition of a volume afdand an increase in P1NP. If the
volume of bone deposited exceeds the volume of beoavated (weeks to months earlier),
trabecular and cortical thickness increase atitication*>??The early rise in PANP may also be
the result of a direct modeling-based effect dpteatide as welt*? (Fig. 1).{FIG1}

Teriparatide also acts on BMUs in their resorppii@se and generates new BMUs that must first
enter their resorptive phase; this results fronpéeatide promotion of osteocyte and osteoblast
precursor production of receptor activator of RE-ligand (RANKL), osteoclastogenesis, and bone
resorption. When enough matrix has been resorbedt@ally resorption markers reach a
measurable level in the circulation. This providasexplanation for the delay in the increase in
resorption markers relative to formation marketsrahe start of teriparatide treatment, withowt th
need to invoke a “window” of exclusively anabolatian.

Increased resorption markers are unlikely to sigimalend of bone formation because these newly
generated BMUs in their resorption phase procekxdtheir reversal phase during which coupling
facilitates bone formation, a process taking sévaomths. An end of the anabolic effect of
teriparatide is what the term “window” implies. Dpster and colleagues suggest the contrary with
continued bone formation produced by teriparatiglend) 2 years, well after the increase in bone
“resorption” marker$?>

Why Consider PTHrP asan Anabolic Ligand?

The development of abaloparatide draws much on sHatown of the actions of PTHrP(1-36), the
aminoterminal portion of PTHrP. Although PTHrP veascovered as a circulating factor that
causes the humoral hypercalcemia of malignanciges not circulate as a hormone postnatally but
is produced by many tissues in the body, wheret# as an autocrine and paracrine regufé‘fc’uf’?

This includes bone, where it is produced by celtbiw the osteoblast linead@>? PTHrP



homology with PTH is restricted to the amino-teratiregion, equipping them to act with
equivalent potencies on the common receptor, PTERRY PTHIP has other actions mediated by
unigue regions within the molecule beyond the art@rminal region that is homologous with
PTH®?

Studies in genetically manipulated mice have beedial in informing us of the roles of PTHrP in
bone. Mice in which the PTHrP gene was ablated Wwere with severe skeletal abnormalities,
indicating a requirement for PTHrP in endochonbiaie formatiort*® Haploinsufficient

PTHrP(+/-) mice that were phenotypically normabisth were found to be osteopenic by 3 months
of age!®” a phenotype recapitulated in mice with an ostesttsipecific knockout of PTHrf>

These genetic experiments revealed that PTHrlg/siologic regulator of bone formation that
stimulates bone formation by promoting the diffeéi@ion of committed osteoblast precursors and
by inhibiting apoptosis of mature osteoblasts asteacyte$?**® These actions of PTHrP are
known pharmacological effects of teriparatide.

With the recognition that PTHrP is the paracrigatid for the PTHR1 in bone, several truncated
forms were investigated as anabolic agents, ineu&THrP(1-34), PTHrP(1-36), and PTHrP(1-
74). From the earliest of these studfékit was evident that PTHrP is significantly lesseua as an
anabolic agent in vivo than PTHIthough the two are equally active in promotindviiA

production in target cells. This was anticipatedduse PTHrP has many target sequences within its
structure that are particularly susceptible to gotysis®**33%0One of the most susceptible of these
sequences is #R20R21-, % which is located within both PTHrP(1-36) and apal@tide. Thus, it is
plausible that inactivation after subcutaneouscing@ would reduce the amount of agonist
presented to receptor targets. In other wordspabgdtide is likely to function as a weaker agonist
of the PTHR1 receptor.

Are PTHrP(1-36) and Abaloparatide Anabolic and Resor ption Sparing?

The anabolic action of PTHrP(1-36) in human sulgjéets been investigated extensively by Stewart
and colleagues, who suggested it was relativelydfea resorptive effect as determined by
measuring bone formation and resorption markéfs*3n these studies of PTHrP(1-36), the daily
injection dose in human subjects required to irswdavels of formation markers was many-fold
higher than the dose of teriparatide needed tesetthese marker levefé:*¥

As discussed below and elsewhere, resorption antbtmn “markers” are not accurate surrogates

of volumes of bone matrix resorbed or forn¥€d> whether PTHrP(1-36) and teriparatide produce



a similar anabolic effect but PTHrP(1-36) produless bone resorption than teriparatide was not
evaluated; no histomorphometry was performed. Hewexrecent large study of iliac crest
biopsies from the Miller and colleagues sttheported no differences in static or dynamic iedic
of bone formation or resorption between the twaydff

The possibility that PTHrP(1-36) is anabolic wisfgaring of resorption would be intriguing but
difficult to explain given resorption is an inesaaje first phase of bone remodeling. One possible
explanation for a resorption-sparing anabolic effeight be that the higher dose requirement is
owing to a difference in pharmacokinetics, with RPPHL.-36) being degraded more rapidly after
injection and thus not so widely distributed to\atie BMUs. However, if less agonist is available
to the receptor, then this should lead to less@iaand resorptive effects.

Data reported by Miller and colleagiféand in the related article in this issueIBMR? identify
abaloparatide as an effective approach to fractsikereduction. The study by Miller and
colleague?’ used 8Qug per day of abaloparatide and 2§ of teriparatide. These differing doses
were probably chosen as a consequence of the erperwith PTHrP(1-36), where much higher
doses were required to produce an anabolic effbet.dosage equivalence of these agents remains
uncertain. The incidence of hypercalcemia was Bagmitly higher with teriparatide (6.4%) than
with abaloparatide (3.4%,= 0.006) In examining this further, the question of relatilosage

will need to be resolved.

Miller and colleagues report thiabth resorption and formation markers increased lefis wi
abaloparatide than with teriparatide. However ahthors claim that abaloparatide has a seemingly
more favorable net formation-resorption marker iigoNamely, the increase in resorption markers
was lesselative to the increase in formation markers than thdixgahanges in formation-
resorption markers observed in the teriparatidegrdhe authors infer that this may account for
the 1% higher BMD at proximal femur sites. Leded anlleague'$® make similar inferences; the
relative changes in the “resorption” and “formatiomarkers may account for the 2% difference in
BMD, a study of 24 weeks’ duration.

If serum biochemical markers are to be used asgaites for volumes of bone matrix resorbed and
formed, then the formation marker data for abalafide in Miller and colleagu&8predict less

bone formation, despite the fracture risk reductfem alternative interpretation of the data is that
less of the undegraded abaloparatide peptide redlcbd*THR1 in appropriate cells in bone.

Greater susceptibility to inactivation of injectedterial could be predicted, as discussed above,



leading to abaloparatide functioning a®ss potent agonist than teriparatide but nevertheless
capable of achieving fracture reduction, as inaba&loparatide clinical trial.

Receptor Interaction and Clearance of Abaloparatide

Another explanation has been proposed for thisesstgd difference between abaloparatide and
PTH, based on studies of interaction with the PTHdRteriparatide and PTHrP(1-36). In cells
engineered to overexpress PTHILR, teriparatide aittf(1-36) differed in their initial receptor
interaction mechanisms; although they increased RAWth comparable potencies, the action of
PTHrP(1-36) was restricted to the cell surface,ieae teriparatide was more readily internalized
and brought about a somewhat more prolonged inei@asyclic AMP in the target celf$” The
authors suggested that such a differential respangiet explain why daily injection of teriparatide
exhibits a resorption response, whereas PTHrP(13€3 so to a lesser extent. The same argument
has been applied to abaloparaffdf@which behaves like PTHrP(1-36) in the study ofiai
interaction with receptdil.z) These findings of differing initial interaction$ the peptides with
receptor provide interesting cell biology, but eplating them to explain the purported in vivo
effects is questionable given the lack of evidewicdifferences in cellular effects beyond cAMP
generation.

Abaloparatide Isan Anabolic Agent, but IsIt Relatively Resor ption-Free?

Also published in this issue dBMR is the first preclinical study of the anabolicesff of
abaloparatid&'® This was carried out in rats, a mammalian spebismodels its skeleton
throughout life with minimal remodeling of metapbkgstrabecular bone. Claims of a lesser
resorptive effect of abaloparatide are problemagicause the authors used the aged osteopenic rat
that undergoes an anabolic response to PTH witmpievidence of a remodeling effect.

In this animal model, it has been shown repeatiiyanabolic therapy through the PTH/PTHrP
receptor is achieved without any evidence of rasmmpactivation. This has been assessed using
both biochemical markers and histomorphometry amglies that the induced formation is taking
place predominantly on quiescent surfd¢&s”

The same outcome is reported by Varela and colesgfiwhere aged osteopenic rats were treated
with three doses of abaloparatide (1, 5, andd@¥%g), resulting in substantial dose-responsive
increases in BMD and bone formation, assesseddbgrhorphometry, without any significant

increase in resorption parameters. It is interggtiat such low doses of abaloparatide were used in



this study, given the choice in the clinical tiedla dose 4 times higher than that of teriparatihel,
the known very much higher dose of PTHrP(1-36) iregin mice and in human subjects.

These doses of abaloparatide are in the same cdnigse-dependent effects observed in studies of
PTH(1-34) in aged osteopenic rats, where similaed@sponsive anabolic effects with PTH(1-34)
were achieved at 0.1, 0.3, 3, andi@pkd*® and with 5 and 1fig/kg®® In these latter two studies
and many other studies in aged ovariectomized (O, some using low PTH doses, others
using relatively high doses (1p@/kg) ®*"the anabolic effect was achieved without any iasee

in osteoclast surface or resorption markers.

The lack of remodeling is also apparent in vehickated OVX controls in the study by Varela and
colleague$’® There was no decrease in total or regional BMDramihcrease in activation
frequency or osteoclast-covered surfaces after ONXbecular numbers decreased, but there was
no evidence of reduced cortical width or area oraased endocortical eroded surface.
Abaloparatide was indeed anabolic. Bone formatmmneiased upon trabecular, endocortical, and
periosteal surfaces and bone formation markergeased. This is a modeling-based anabolic
effect—it proceeds without increasing eroded s@$aosteoclast numbers, or bone resorption
markers. Although this is the outcome of abalopdeatreatment in the present st the

findings cannot be used to argue for a differentlmaaism of action of abaloparatide. Nothing can
be claimed of the relative effects on resorptioalmdloparatide and teriparatide in the rat witleout
direct comparison in the same experiment. Moroeseexperimental model other than the aged,
osteopenic rat is required to address the hypathieat abaloparatide will increase bone formation
without increasing bone resorption in human subjedtere the response to teriparatide treatment is
predominantly remodeling based.

Varela and colleagues write in detail of an “anabaindow” and even calculate it from

differences between “resorption” and “formation”nkexs in rats “to evaluate treatment-related
changes in the relative balance of bone formatimhrasorption.*® despite the response of the rats
to PTH being a modeling one in which resorption forchation are not coupled; they do not
become “unbalanced”—they proceed at different iooat

TherelsNo Anabolic Window to Open or Close

The difference in the volumes of matrix resorbed #en formed by each BMU determine whether
there isnet loss or gain in matrix volume. There are formi@attallenges in determining whether

less bone is resorbed using abaloparatide thgratatide when remodeling markers are used as



surrogates of these cellular eveffs®

)The biochemical measurements correlate weakly with
radiokinetic measurements of remodeling or theagarextent of bone remodeling determined
using histomorphomet§?°¥ No correlations with measures of the volumes ofeb@sorbed or
deposited upon a skeletal surface have been reporte

The early formation marker increase in respong€lidR1 activation is a relatively rapid cell
response. After sufficient matrix production hdeetaplace, resorption markers such as CTX
eventually reach levels measurable in the ciroutafproviding a ready explanation for the delayed
increase in resorption markers. Moreover, diffeesnia concentration of the markers in a blood
sample are determined more by differences in retmggate and so the surface extent of
remodeling rather than differences in BMU balameither of the surface extents of resorption and
formation inform as to whether therenet removal of, or deposition upon, the periosteal,
intracortical, endocortical, or trabecular surfaces

In addition, the use of differences in “resorpti@md “formation” markers to estimate the change in
femoral neck BMD in a 24-week clinical stdtor total body bone mineral content (BMC) in the

rat study’

® takes no account of the many mechanisms thatibaterto a rise in BMD. Indeed,

BMD often decreases during teriparatide therapyoee matrix volume increases, in part, because
of an increase in porosity and the replacementd#rpmore mineralized bone with a larger volume
of younger, initially less mineralized bone matf®.The rise in BMD is the net result of an
increase in bone matrix volume, any modeling-bdsete formation, and the mineralization of that
matrix that is independent of the remodeling or eliog) activity captured by the remodeling
marker.

Do Abaloparatide and Teriparatide Differ in Their Antifracture Efficacy?

Abaloparatide is claimed to produce “early increaseBMD and earlier fracture protection” as a
consequence of “earlier and greater net bone faométan resorption” than teriparatide. The claim
of earlier fracture protection is partly the resaflvomen randomized to teriparatide or placebo
having fractures within weeks of initiation of tireal, whereas those allocated to abaloparatide did
not. Were these early fractures the result of t#afficacy of teriparatide and the absence of
fractures attributable to efficacy of abalopara?iddéne more likely explanation is that these early
fractures are fortuitous because mechanisms bédli@veeduce fracture risk are unlikely to be
operative. Nevertheless, these events were includée analysis and contributed to finding

significantly fewer major fragility fractures inghabaloparatide group € 4) than the teriparatide



group f = 13). Between 6 and 12 months, there were 5urastin the abaloparatide and 4
fractures in the teriparatide groups. Between IRI8hmonths, there were 1 and 6 events in the
respective groups. Identifying an advantage ofameg over another is challenging, particularly
when events are uncommon and when uneven losg @ri¢kption cohort may compromise the
fidelity of randomization.

Conclusion

Even if there were convincing evidence that abaiade stimulates bone formation with a lesser
accompanying increase in resorption markers thémtetiparatide, the hypothesis has a significant
drawback. There is compelling evideftéé*?35hat the anabolic effect of PTH through PTHR1 in
human subjects is mainly (70%) through increadimegrtumber and activity of BMUs, as well as
recent evidené® that there is also some modeling effect on thiopteal surface. Therefore, if
abaloparatide is acting through the PTHR1 and ffté Rnabolic” pathway, remodeling is

required, and of course resorption is an inescapatdompaniment of that process, because the
PTH anabolic mechanism requires the recruitmentaatidation of new BMUSs. Logically, if there

is less remodeling, there will be a lesser analvebponse.

We are entering the era of anabolic therapy. Azkmjde can be a contribution to the therapeutics
of bone fragility, as can romosozum&B.It is an essential step given population demogcapind
the increasingly recognized limitations of antingdives. We are also entering an era where we can
quantify bone’s material composition and microdwee. This is also an essential step, away from
the “one treatment fits all” approach of the lastttiry and much of this one, and away from the
vagaries of BMD that obscure concomitant and ogpagianges in matrix mineral density and
matrix volume, creating confusion. The more rati@gproach is toward defining mechanistic and
morphological targets responsible for bone fragilit

The mechanism of action of abaloparatide is ofrése whether or not it is identical to that of
teriparatide, and even if it is simply a less potetivator of the PTH anabolic pathway. Any
proposal that abaloparatide has a greater modefiagt than teriparatide would need to take into
account the fact that the two are acting throughstime receptor. Resolution of this will require
much more work, which should include challengingeriments such as using quantitative
histomorphometry of bone in dose-response studies femodeling species and from treated
human subject‘é?'“’m)This will continue as part of the unfolding stafyhow an anabolic effect

on the skeleton is achieved through the PTHR1 tecep
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Figure caption
Fig. 1. Sites of action of teriparatide and abaloparafldhese agents produce remodeling-based

bone formation by acting on the reversal or fororaphases of existing basic multicellular units
(BMUs) and initiating new BMUs. They also act orie@gcent bone surfaces producing a

modeling-based bone formation. See text for details
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