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Abstract

Intermittent administration of parathyroid hormone (PTH) stimulates bone formation by increasing
osteoblast number, but the molecular and cellular mechanisms underlying this effect are not
completely understood. In vitro and in vivo studies have shown that PTH directly activates survival
signaling in osteoblasts; and that delay of osteoblast apoptosis is a major contributor to the increased
osteoblast number, at least in mice. This effect requires Runx2-dependent expression of anti-
apoptotic genes like Bcl-2. PTH also causes exit of replicating progenitors from the cell cycle by
decreasing expression of cyclin D and increasing expression of several cyclin-dependent kinase
inhibitors. Exit from the cell cycle may set the stage for pro-differentiating and pro-survival effects
of locally produced growth factors and cytokines, the level and/or activity of which are known to be
influenced by PTH. Observations from genetically modified mice suggest that the anabolic effect of
intermittent PTH requires insulin-like growth factor-1 (IGF-I), fibroblast growth factor-2 (FGF-2),
and perhaps Wnits. Attenuation of the negative effects of PPARy may also lead to increased osteoblast
number. Daily injections of PTH may add to the pro-differentiating and pro-survival effects of locally
produced PTH related protein (PTHrP). As a result, osteoblast number increases beyond that needed
to replace the bone removed by osteoclasts during bone remodeling. The pleiotropic effects of
intermittent PTH, each of which alone may increase osteoblast number, may explain why this therapy
reverses bone loss in most osteoporotic individuals regardless of the underlying pathophysiology.
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INTRODUCTION

Daily injections of parathyroid hormone (PTH) amino-terminal peptide 1-34, or the full length
protein PTH(1-84), increase bone mass and reduce the incidence of fracture in postmenopausal
women, in elderly men, and in women with glucocorticoid-induced osteoporosis (reviewed in
[1]). The anabolic effect of intermittent PTH has also been extensively demonstrated in mice
and rats [2]. These effects are achieved by repeated transient exposure of the skeleton to PTH
as the hormone is cleared from the circulation within 2—3 hours after administration [3-5]. This
anabolic response of the skeleton to repeated cycles of systemic PTH elevation is quite distinct
from the effect of continuous PTH elevation and results from increased bone formation on the
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surfaces of cancellous, endocortical and periosteal bone of the appendicular and axial skeleton.
Though less studied, intermittent administration of parathyroid hormone related protein
(PTHrP) peptide 1-36, an amino-terminal fragment of the other principal ligand of the PTH
receptor, is also anabolic [6].

Accretion of bone mass in humans is most rapid during the first 6 to 12 months of PTH
administration, and the response tends to wane thereafter [1]. Increased bone formation is
manifested as early as 28 days as evidenced by a rise in the level of circulating markers of
osteoblast function, and an increase in tetracycline-labeled surface in transileal biopsies [7—
9]. By 6 months, indices of bone resorption have also increased [1,9]. Thus, the increased bone
formation occurs without increased bone resorption in the initial stages of the response, whereas
anabolism occurs within the context of increased remodeling after approximately 6 months.

Histologic studies have shown that the increase in bone formation is largely due to an increase
in the number of matrix-synthesizing osteoblasts [7,8,10-13]. Increased osteoblastogenesis,
attenuation of osteoblast apoptosis, and activation of quiescent lining cells have been proposed
as explanations for this effect of PTH (Fig. 1). This review addresses each of these mechanisms
in light of recent advances in the understanding of the control of osteoblast differentiation and
survival, the effect of short term exposure to PTH on the behavior of osteoblasts and osteoblast
progenitors in vitro and in vivo, and the efficacy of intermittent PTH in genetically modified
mice. The emphasis will be placed on regulation of osteoblast number in cancellous bone
because information about the effect of PTH on the behavior of osteoblasts has primarily been
obtained at this site. When informative, however, findings from periosteal bone will be
included.

BASIC ASPECTS OF THE CONTROL OF OSTEOBLAST NUMBER

Bone modeling and remodeling

Bone formation in adult cancellous bone takes place only at sites of bone remodeling. During
this process, old bone is replaced with new at discrete sites by the basic multicellular unit

(BMU), which comprises teams of osteoclasts and osteoblasts. Bone formation also occurs on
periosteal surfaces by a process called modeling since it does not require previous resorption.

Remodeling of cancellous bone begins with the retraction of lining cells that cover the bone
surface. Osteoclasts, which develop from hematopoietic progenitors, are recruited to the site
and excavate the calcified matrix. Then, the cavity is refilled by osteoblasts via a process that
occurs in three distinct phases: initiation, progression and termination [14]. During the
initiation phase, a team of osteoblasts arising from local mesenchymal stem cells assembles at
the bottom of the cavity and bone formation begins. As bone formation progresses, some
osteoblasts are entombed within the matrix as osteocytes but the majority die by apoptosis.
Bone formation terminates when the cavity has been refilled, at which time the few osteoblasts
that remain become the flat lining cells that cover the quiescent surfaces of bone. Once formed,
few osteocytes die. Their viability is likely maintained by physiological levels of mechanical
stimulation. When mechanical forces are reduced, for example in weightlessness, osteocytes
die by apoptosis. This event appears to act as a beacon for osteoclast recruitment and generation
of a new BMU, which in turn replaces the old bone containing dead osteocytes with new bone
containing viable osteocytes [15].

Unbalanced remodeling with either excess or deficiency of osteoblasts is due to alterations in
the commitment, proliferation, and differentiation of osteoblast progenitors, as well as the life
span of mature matrix-synthesizing osteoblasts (reviewed in [16] and [17]). Hence, each phase
of bone formation represents a potential site at which intermittent PTH could act to increase
osteoblast number (Fig. 1).
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Histomorphometric measurements made in cancellous bone of animals and humans receiving
intermittent PTH have demonstrated a 3-5 fold increase in mineralizing surface, which reflects
increased osteoblast number [7,8,10-13]. The expected rise in osteoblast number has been
quantified in rodents; and it is manifested in mice as early as after 2 daily injections [12]. PTH
also increases mineral apposition rate by approximately 50%, which indicates an increase in
osteoblast number, osteoblast vigor, or both [14]. Because the magnitude of the increase in
mineral apposition rate is smaller compared to the increase in mineralizing surface, increased
osteoblast number explains most of the PTH-induced increase in bone formation.

In humans receiving daily injections of PTH for 28 days [7], or for 12—-24 months [8], most of
the increase in bone formation occurred within pre-existing BMUs. New bone formation also
took place on surfaces adjacent to the BMU, perhaps due to spillage of osteoblasts outside the
boundary of the bone surface being actively remodeled. Thus, PTH over-rides the mechanisms
that normally limit the number of osteoblasts in the BMU to that needed to replace the bone
previously excavated by osteoclasts. The increase in bone mass that occurs under these
circumstances has been designated as bone anabolism [18]. By contrast, agents like alendronate
increase bone mass by halting bone resorption while allowing existing osteoblasts to refill the
resorption cavity, and this increase is called anti-catabolism.

The effects of intermittent PTH on the BMU are different from the effects of continuous
elevation of the hormone. In mild primary hyperparathyroidism, the rate of remodeling is
increased due to an increased number of new BMUSs (and therefore increased number of
osteoclasts and osteoblasts), but the work achieved within each BMU is balanced or may even
slightly favor bone formation, resulting in no loss of bone mass or even gain at trabecular sites
[19]. However, in severe primary hyperparathyroidism, or in secondary hyperparathyroidism
caused by dietary calcium deficiency, increased remodeling leads to loss of bone mass because
within each BMU the work is unbalanced in favor of resorption.

Birth and death as determinants of osteoblast number

The control of osteoblast number is determined by the balance between their production and
their death [17]. Multipotential mesenchymal stem cells of the bone marrow give rise to
osteoblasts as well as other cell types including marrow adipocytes [20]. Lineage specification
is achieved by expression of the transcription factors Runx2 and osterix in the case of
osteoblastogenesis, and PPARY in the case of adipogenesis. Osteoblast number is determined
in part by the lineage specification process as shown by the high bone mass phenotype of mice
haploinsufficient for PPARy, as well as mice lacking Alox15, the lipoxygenase responsible for
generating oxidized lipid ligands of PPARYy [21,22]. Thus, PPARY exerts a tonic suppressive
effect on osteoblast differentiation and bone formation, most probably by diverting
uncommitted progenitors into the adipocyte lineage at the expense of the osteoblast lineage.
In support of this contention, mice given the PPARy ligand rosiglitazone exhibited increased
marrow adipogenesis and decreased osteoblastogenesis associated with decreased bone
formation and bone loss [23].

As osteoblast differentiation proceeds, there is a gradual decrease in replication and
simultaneous acquisition of differentiated characteristics, culminating in the development of
post-mitotic matrix-synthesizing osteoblasts. The replication, differentiation and survival of
osteoblast progenitors is controlled by locally produced autocrine/paracrine factors including
members of the Wnt, Hedgehog and bone morphogenetic protein (BMP) families, as well as
transforming growth factor-p (TGF-B), insulin-like growth factor-1 (IGF-1), fibroblast growth
factor-2 (FGF-2) and interleukin-6 (IL-6) type cytokines [20,24,25]. Moreover, many of these
growth factors are deposited into the bone matrix by osteoblasts and are thought to be released
in active form during osteoclastic bone resorption.

Bone. Author manuscript; available in PMC 2007 October 1.
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It is increasingly appreciated that the Wnt antagonist sclerostin plays an important role in the
regulation of bone formation. This protein is made exclusively by osteocytes and prevents
binding of Wnt ligands to their receptors, which comprise Frizzled complexed with either LRP5
or LRP6 [26,27]. Importantly, defects in sclerostin production lead to the high bone mass
phenotype of Van Buchem’s disease, and LRP5 mutations associated with high bone mass lead
to decreased ability to interact with sclerostin [28]. Thus, sclerostin normally exerts a
restraining effect on osteoblast differentiation. Moreover, osteocytes may contribute to
regulation of osteoblast number via alterations in sclerostin production.

Apoptosis is also a critical determinant of osteoblast number [16]. However, apoptosis is a
fleeting event that leaves no trace after the process has been completed, which makes the
phenomenon difficult to recognize and quantify. Nevertheless, cells undergoing apoptosis
briefly exhibit unique histologic features before they die. Among these features, fragmented
DNA is frequently used to visualize apoptotic cells because it can be conveniently and
sensitively detected by deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL).
Even though TUNEL stained apoptotic cells are rare in regenerating tissues, it has been
calculated that all the cells of an organ would die in 20 days if the prevalence of apoptosis
detected by TUNEL was only 0.4% [29].

Parfitt determined that the majority of osteoblasts disappear between the initiation phase and
the termination phase of bone formation in human cancellous bone, and suggested that the
missing osteoblasts had died by apoptosis [14]. Consistent with this, apoptotic osteoblasts
exhibiting TUNEL staining have been detected in murine cancellous bone [16,30]. Based on
estimates of osteoblast life span in mice (10-12 days) and the length of time that apoptotic
cells exhibit histologic evidence of DNA fragmentation (which ranges from several hours to
1 day depending on the sensitivity of the reagents used), it was calculated that the majority of
osteoblasts in murine cancellous bone die, even though the apoptotic osteoblasts themselves
are rarely observed [16,30]. It is therefore evident that changes in the fraction of osteoblasts
that die would cause significant changes in the amount of the work accomplished by osteoblasts
within the BMU. Consistent with this notion, the reduced osteoblast number and bone
formation rate observed in mice and humans receiving glucocorticoids [31], as well as in aging
mice [32], is associated with increased osteoblast apoptosis. Conversely, the high bone mass
phenotype of mice expressing an activating mutation of LRP5 is associated with decreased
osteoblast apoptosis [33].

In contrast to the situation in murine cancellous bone, apoptotic osteoblasts in transileal
biopsies from normal subjects have been difficult to demonstrate [31]. However, this does not
mean that fewer osteoblasts die by apoptosis in humans. Rather, the chance to detect dying
osteoblasts in human bone specimens must be considerably lower due to a longer osteoblast
life span, and a lower bone formation rate in humans as compared to mice (A.M. Parfitt,
personal communication). The average osteoblast life span is about 12 days in normal mice
[31] and about 150 days in humans [34]. In normal mice, about 1 in 150 osteoblasts are
undergoing apoptosis at a given moment as determined by TUNEL in our original study [30].
If the duration of this morphologic feature of apoptosis is similar in the two species, the
proportion of apoptotic osteoblasts in human bone would be 1 in 1800. The average bone
formation rate in mice is about 55 um2/um/y [31] and the corresponding value in humans is
about 14 um?/um/y [35]. If the relationship between osteoblast number and bone formation
rate is similar in the two species, the probability of seeing an apoptotic osteoblast in a histologic
section is about 50 times smaller for human than for murine bone. Therefore, the lower
prevalence of apoptotic osteoblasts in human as compared to murine bone dictates that 50 times
more osteoblasts must be identified and characterized in human specimens before the
phenomenon can be accurately quantified.
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Apoptotic osteoblast progenitors have not been identified in adult cancellous bone because the
progenitors are difficult to detect in an unambiguous fashion. However, identifiable osteoblast
progenitors exhibiting TUNEL staining have been observed near the osteogenic front of
developing murine calvaria bone [36], and near the newly forming bone that develops during
distraction osteogenesis — a process in which long bones are cut and gradually stretched,
resulting in de novo bone formation within the expanding gap [37]. Hence, it is very likely that
osteoblast progenitors that supply the BMU in adult bone also undergo apoptosis.

MOLECULAR MECHANISM OF PTH ACTION: RECEPTORS, SIGNALING
CASCADES AND TRANSCRIPTION FACTORS

General aspects

The actions of PTH and PTHrP are mediated by a G protein coupled receptor, referred to as

PTH receptor 1 (PTHR1) [38]. Ligand binding to PTHR1 stimulates Gag-mediated activation
of adenylyl cyclase which stimulates CAMP production, and subsequent activation of protein
kinase (PKA). PTHR1 also stimulates Gaq-mediated activation of protein kinase C (PKC). In
addition, PTH activates p-arrestin-mediated activation of extracellular regulated kinase (ERK)
signaling [39,40]. B-arrestin is also involved in desensitization of CAMP signaling by PTHRL.

Osteoblast specific actions of PTH signhaling involved with anabolism

The differential stimulation of Gs- and G4-mediated signaling by various amino-terminal
fragments of PTH has permitted dissection of signaling pathways required for PTH-induced
anabolism. Daily injections of PTH(1-34) or PTH(1-31) produced an equivalent anabolic
effect in rats; however, whereas PTH(1-34) activates both cAMP production and PKC, PTH
(1-31) only activates cCAMP production [41]. On the other hand, PTH(3-38), which activates
PKC but not cAMP production, did not cause an anabolic effect [42]. Therefore, PTH-
stimulated cAMP production is sufficient for initiation of signaling cascades that increase
osteoblast number, but activation of PKC is not.

Intermittent PTH increased osteoblast number in vertebral cancellous bone of mice lacking -
arrestin-2, indicating that -arrestin-mediated ERK activation is not involved. However, PTH
did not increase bone mass in these mice due to an exaggerated osteoclastogenic response
[43]. The latter was likely caused by loss of B-arrestin-mediated attenuation of CAMP
production, which led to increased production of the pro-osteoclastogenic cytokine receptor
activator of NF-kB ligand (RANKL), and an increase in osteoclast number and bone resorption.
Interestingly, the anabolic effect of intermittent PTH on periosteal bone in B-arrestin null mice
was larger than that in wild type mice. This result suggests that -arrestin opposes the anabolic
actions of PTH in periosteal bone. A similar exaggerated osteoclastogenic response to
intermittent PTH may explain why deletion of CREM/ICER, a PTH-induced protein that
attenuates CAMP-mediated activation of gene transcription, prevented the anabolic effect of
PTH [44]. In that study it was shown that PTH increased osteoblast number and bone formation
rate in femoral bone of both wild type and CREM/ICER null mice, but the increase in
osteoclasts was much greater in the latter. The findings in these two mouse models of attenuated
negative feedback signaling support the notion that the degree of bone anabolism caused by
intermittent PTH can be limited by the ability of the hormone to also stimulate bone resorption
— a phenomenon that may contribute to the gradual loss of anabolism with continued
administration of the hormone [1,45].

Studies with osteoblastic cell models and cultured rat metatarsal bones indicated that PTH

rapidly and transiently increases Runx2 mRNA and protein levels, and also activates a PKA-
dependent increase in Runx2 activity [46]. Increased Runx2 levels may be secondary to CAMP-
dependent down-regulation of cyclin D1, which besides controlling the cell cycle, also targets
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Runx2 for proteasomal degradation [47]. PTH may also raise Runx2 activity by increasing the
synthesis of the cyclin-dependent kinase inhibitors p27X!P1 and p21CiP1 (which also cell cycle-
regulating proteins) in a cAMP-dependent fashion. In this mechanism, a rise in the levels of
p27XIP1 and p21CiPL cause in increase in the activity of retinoblastoma protein, which in turn
binds to and enhances Runx2 transactivation capacity [48,49]. As discussed below, the PTH-
activated signaling cascades involving cCAMP-dependent activation of PKA, and changes in
the expression of cyclins, cyclin dependent kinase inhibitors and Runx2, may play an important
role in both the pro-survival and pro-differentiating effects of PTH on cells of the osteoblast
lineage.

HOW DOES INTERMITTENT PTH INCREASE OSTEOBLAST NUMBER?

Advantages and limitations of in vivo and in vitro approaches to the study the actions of
intermittent PTH

Important information on the mechanisms by which intermittent PTH increases osteoblast
number has been obtained by studying the response in remodeling cancellous bone of rodents,
in which at least some aspects of the birth and death of osteoblasts can be quantified. However,
in vivo studies of effects of PTH on osteoblast progenitors have been limited by the difficulty
in identifying them, particularly in adults. Moreover, the complexity of bone tissue makes it
difficult to obtain detailed molecular information in a cell-specific manner. These problems
can be overcome with the use of primary cultures of osteoblast progenitors established from
fetal or neonatal calvaria or from the marrow of long bones of adult animals, as well as
osteoblast-like cell lines, but these in vitro systems cannot reproduce the architectural and
cellular complexity of bone tissue. Also, the only way to ensure that in vitro responses to PTH
are relevant to the in vivo effects caused by transient exposure to injected PTH is to study short
term effects of the hormone, or to expose cells to the hormone for a few hours per day during
longer term studies. This is because, unlike the in vivo situation, PTH is not substantially
degraded after addition to cultured osteoblastic cells, and remains fully active for at least 72
hours [12,50]. Although PTHR1 is desensitized and internalized within minutes after addition
of PTH, this phenomenon does not model the effects of transient exposure to the hormone.
Indeed, some type of continued PTHR1 signaling in the presence of the hormone seems likely
in view of the dramatic differences between the effects of continuous and intermittent PTH
elevation on the skeleton, as exemplified by the response of genes like RANKL to the two
forms of hormone administration [51]. Recycling of the PTHR1 to the membrane surface
following internalization may be one explanation for continued signaling in the presence of
the ligand [52].

Effect of intermittent PTH on osteoblast apoptosis

Studies from our laboratory showed that daily administration of 3 to 300 ng/g/d of PTH for 28
days to adult mice caused a dose dependent increase in the bone mineral density of the spine
and hindlimb that was associated with a reduction in osteoblast apoptosis at both skeletal sites
[12]. Histomorphometric measurements made in the secondary spongiosa of the distal femur
indicated that the same doses of PTH that inhibited osteoblast apoptosis also increased
osteoblast number, bone formation rate, and the amount of cancellous bone. Moreover, the
prevalence of osteoblast apoptosis (% of osteoblasts with TUNEL labeling) exhibited a strong
inverse correlation with circulating osteocalcin, bone formation rate and osteoblast number. A
decline in the number of apoptotic osteoblasts was detected after only 2 injections. After 4
injections, there was a 50% reduction in the prevalence of apoptotic osteoblasts, and osteoblast
number increased by 2-fold. These results strongly argue that increased survival is a major
contributor to the increase in osteoblast number caused by intermittent PTH.
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In contrast to the evidence for an anti-apoptotic effect of intermittent PTH on osteoblasts in
the remodeling secondary spongiosa of adult mice, Stanislaus et al reported a 50% increase in
apoptotic osteoblasts in the primary spongiosa of the distal femur of 1 month old rats after 7
and 21 days, but not after 28 days, of PTH injections [53]. The percentage of osteoblasts
exhibiting TUNEL staining was not reported, and the phenomenon was not examined in the
remodeling secondary spongiosa. Therefore, it is unknown if the number of apoptotic
osteoblasts in primary spongiosa is similar to that reported in secondary spongiosa of murine
bone [12]. Interestingly however, these investigators found that the activity of caspases 2, 3,
and 7 (several of the proteases that mediate apoptosis) was dramatically decreased in extracts
of the femoral metaphyseal bone, which included both primary and secondary spongiosa. This
result is consistent with an anti-apoptotic effect of daily hormone injections on osteoblasts in
the secondary spongiosa, and/or the pre-osteoblasts that are prevalent in the metaphysis during
growth [54].

Recent evidence from our laboratory indicates that the prevalence of apoptotic osteoblasts on
the surface of murine vertebral periosteal bone was very low, as compared to osteoblasts on
cancellous bone [55]. Assuming an equivalent life span at the two sites, this finding indicates
that only a small proportion of osteoblasts die during bone formation on periosteal bone.
Moreover, ablation of osteoblast progenitors blocked the increase in osteoblast number caused
by intermittent PTH on the surface of periosteal bone. Thus, unlike the situation in cancellous
bone, inhibition of apoptosis of matrix-synthesizing osteoblasts does not appear to substantially
contribute to the increase in osteoblast number caused by intermittent PTH in murine periosteal
bone.

Lindsey et al recently reported that 28 days of intermittent PTH increased the number of
apoptotic osteoblasts (expressed as the number of TUNEL-labeled cells per mm of osteoblast
surface) in cancellous bone of transileal biopsies in postmenopausal women [56]. These
investigators also found a positive correlation between osteoblast apoptosis and bone formation
rate, unlike the negative correlation seen in mice receiving intermittent PTH [12]. The opposite
effects of PTH on osteoblast apoptosis in mice versus humans could be due to a species
difference in the survival and death signaling activated by the hormone. Another possibility is
increased background staining related to osteoblasts but not to osteoblast apoptosis. Indeed,
experience has shown that TUNEL staining is prone to artifacts due to lack of standardization
of the staining procedure and the use of samples with only a limited number of cells available
for inspection [57]. Finally, because the number of osteoblasts per mm of bone surface is 2-3
fold higher at the initiation bone formation than at the termination of this process [14],
enumeration of the number of TUNEL-stained osteoblasts per mm of osteoblast surface may
not accurately reflect the percentage of osteoblasts that are apoptotic during PTH-induced
anabolism. These issues, together with the ascertainment difficulties caused by a 50-fold
difference in the prevalence of osteoblast apoptosis between mice and humans, mandates more
extensive studies of the effect of PTH on osteoblast survival in humans.

Consistent with the in vivo findings in mice, in vitro studies by us and others have demonstrated
that short term exposure to PTH or PTHrP inhibits the pro-apoptotic effects of the
topoisomerase inhibitor etoposide, serum withdrawal and dexamethasone in a variety of rat,
murine and human osteoblastic cell preparations [12,30,58]. The only in vitro study reporting
a PTH-induced increase in apoptosis of osteoblastic cells required overnight exposure of post-
confluent C3H10T1/2 or MC3T3-E1cells to PTH [58]. Thus, this observation does not seem
to be relevant to the effects of transient hormone exposure on osteoblast survival.

Mechanistic studies using cultured osteoblastic cells showed that PTH rapidly activated anti-
apoptotic signaling pathways that involve cAMP-mediated activation of PKA and subsequent
phosphorylation and inactivation of the pro-apoptotic protein Bad, as well as increased
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transcription of survival genes like Bcl-2 [12] (Fig. 2). Moreover, the increased synthesis of
survival genes required cCAMP response element-binding protein (CREB) and Runx2. Hence,
the ability of PTH to transiently increase the level and activity of Runx2 [46] may not only
promote differentiation but also enhance survival signaling in osteoblasts and perhaps
osteoblast progenitors. The PTH-stimulated increase in p21CiP1 that contributes to the increase
in Runx2 may also have a separate pro-survival effect as p21©iP1 can prevent activation of
caspases and block the pro-apoptotic effects of apoptosis signal-regulating kinase 1 [59].
Indeed, p21€1P1 mediates the pro-differentiating and pro-survival effects of 1L-6 type cytokines
on osteoblastic cells [60].

The anti-apoptotic effect of PTH lasts only about 6 hours when examined in vitro [12]. This
is due to Smurfl-activated proteasomal degradation of Runx2 as indicated by evidence that
survival signaling in OB-6 cells was prolonged to at least 24 hours by a proteasome inhibitor,
a dominant negative mutant of Smurfl that targets Runx2 for degradation, or a mutant Runx2
lacking the Smurf1 recognition site. Consistent with short-lived PTH-induced survival
signaling, osteoblast apoptosis was not affected by 6 days of continuous elevation of PTH in
mice by infusion, or by 2 days of hormone elevation caused by feeding a calcium deficient diet
[12].

These findings have led us to propose that intermittent PTH activates short bursts of survival
signaling resulting in repeated delays of apoptosis leading to a reduction in the prevalence of
dying osteoblasts and a corresponding increase in osteoblast number (Figure 2). On the other
hand, continuous PTH does not affect osteoblast life span because it causes sustained reduction
in Runx2 below the threshold needed for survival signaling. Unlike the situation in adult mice
with continuous PTH elevation, 2 week old mice expressing a constitutively active PTHR1 in
cells of the osteoblast lineage exhibited decreased apoptosis of osteoblasts, and this was
associated with increased proliferation of osteoblast progenitors [61]. Unlike the short-term
studies mentioned above, the long-term PTHR1 signaling in these mice may have increased
the level of growth factors that exert their own proliferative and pro-survival effects, which
could override the deleterious effects of any reduction in Runx2 induced by the constitutively
active PTHR1.

Effects of intermittent PTH on the replication and differentiation of osteoblast progenitors

The impact of intermittent PTH on the replication of osteoblast progenitors has been studied
in 16 month old rats following administration of 3H-thymidine to label dividing cells [62].
Seven daily injections of PTH increased osteoblast number in cancellous bone, but the
percentage of labeled osteoblasts that developed from the labeled progenitors was not affected.
Therefore, at least in the early stages of PTH-induced anabolism, the increase in osteoblast
number in cancellous bone is not due to stimulation of the proliferation of osteoblast
progenitors. Daily administration of PTH to young, adult, or aged mice for 4 weeks did not
affect the number of mesenchymal stem cells as measured by the number colony forming unit-
osteoblasts (CFU-OB) present in femoral marrow isolates [13,63,64]. Moreover, SAMP6 mice,
a strain with low CFU-OB number, gave an anabolic response to PTH that was equivalent to
that of control mice [13], suggesting that anabolism does not depend on actions of the hormone
on these uncommitted progenitors.

It is commonly accepted that differentiation requires exit from the cell cycle, and numerous
in vitro studies have shown that proliferation decreases as osteoblast differentiation proceeds.
Consistent with the possibility that PTH increases osteoblast differentiation by suppressing
proliferation, in vivo and in vitro studies have shown that short term exposure to PTH causes
exit of osteoblast progenitors from the cell cycle. Thus, intermittent PTH reduced the
expression of histone H4, a marker of the cell cycle [65], as well as expression of the cell cycle
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inhibitors p27K1P1 and p21iP1 [49], in metaphyseal bone of young rats, asite rich in replicating
osteoblast progenitors [54].

Short term exposure to PTH has also been shown to exert rapid suppressive effects on the
replication of osteoblastic cell lines [49] and osteoblastic cells isolated from the primary
spongiosa of growing rats [54]. Mechanistic studies have shown that the anti-mitotic effect of
PTH is due to decreased expression of cyclin D1, which is required for cell cycle progression,
as well as increased expression of cyclin-dependent kinase inhibitors p27KIP1, p21Cirl and
p16, which inhibit cell cycle progression [49,66]. Taken together with the ability of PTH to
rapidly and transiently increase Runx2 levels and activity, PTH-induced exit from the cell cycle
may be part of a mechanism that promotes osteoblast differentiation (Fig. 3). Locally produced
autocrine/paracrine growth factors, or growth factors released during bone resorption, are
probably required to complete any pro-differentiating events initiated by PTH. Consistent with
a PTH-induced increase in the number of differentiating osteoblast progenitors, marrow cell
cultures established from young ovariectomized rats receiving intermittent PTH exhibited an
increased ability to form a mineralized matrix compared to vehicle controls [67]. Moreover,
intermittent PTH accelerated the development of ossicles formed by murine bone marrow-
derived osteoblast progenitors following transplantation into immunocompromised mice
[68].

In contrast to the in vivo and in vitro evidence for a direct anti-mitotic action of short term
exposure of osteoblast progenitors to PTH, osteogenic cell replication was stimulated by 6
hours of exposure to PTH or PTHrP in cultures established from the bone marrow [69] or
calvaria [70] of young rats. In addition, treatment of embryonic chick periosteal cells with PTH
for 5-30 minutes stimulated proliferation [71]. Although pro-mitotic actions of PTH have also
been reported in cultures of osteoblastic cells maintained for 24 hours or longer in the presence
of PTH [72,73], these responses do not appear to be relevant to the anabolism caused by
repeated transient PTH exposure. In view of the available in vivo evidence against a substantial
contribution of increased osteoblast progenitor proliferation in response to intermittent PTH
[62], it seems reasonable to conclude that the proliferative effects of short term PTH exposure
seen in vitro reflects either a phenomenon that is highly favored in the tissue culture
environment, or the response of a progenitor that makes a comparatively small contribution to
the increase in osteoblast number in remodeling cancellous bone. That proliferative effects of
PTH may be important in other settings, however, is suggested by the finding that 4 daily
injections of the hormone increased proliferation of mesenchymal progenitors, and the
development of soft callus, in the early stages of fracture repair in the rat [74].

Attenuation of adipogenesis

Intermittent PTH may also increase osteoblast number by reducing the tonic negative effects
of PPARY on osteoblast differentiation (Fig. 3). In vitro studies have shown that activation of
the PTH receptor in pre-adipocytic cells with PTHrP caused phosphorylation of PPARy and
inhibition of its transactivation activity [75]. Further, culture of human mesenchymal stem cells
with PTH for 1 hour per day prevented the ability of a cocktail of dexamethasone, insulin,
isobutyl-methylxanthine and troglitazone to stimulate the development of adipocytes; and this
inhibitory effect of the hormone was mediated by cAMP-activated PKA [50]. Interestingly,
PTH inhibition of adipogenesis was not seen when cells were maintained in the continuous
presence of PTH in this study. More to the point, the anabolic effect of intermittent PTH in
monkeys was associated with a reduction in the number of adipocytes in the bone marrow
[76].
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Effect of intermittent PTH on lining cell activation

Leaffer et al reported that the increase in osteoblasts covering the surface of cancellous bone
of rats following intermittent PTH administration was accompanied by a reciprocal reduction
in the number of the flat lining cells that cover the surface of quiescent bone [77]. Following
cessation of hormone administration, osteoblast number declined while lining cells increased.
Based on this evidence, these investigators proposed that intermittent PTH caused lining cells
to revert to their osteoblast phenotype. The appeal of this hypothesis is that it provides a
potential explanation for the rapid appearance of osteoblasts on previously quiescent bone
surfaces in response to PTH. However, there are too few lining cells to account for the
osteoblasts needed to cover the expanded cancellous bone surface and the increased osteocyte
number and density observed in mice receiving daily PTH injections [13]. Moreover, the
reciprocal changes in osteoblast and lining cell number could also be explained if lining cells
were replaced by osteoblasts that overfill the resorption cavity and migrate onto adjacent
quiescent surfaces as suggested by the evidence from recent humans studies [7,8]. Lining cell
activation has also been invoked to explain the PTH-induced increase in osteoblasts when
remodeling is low or absent, but the ability of the hormone to stimulate osteoblast
differentiation could accomplish the same result. A better understanding of the biosynthetic
properties of lining cells, and their response to PTH or to factors affected by PTH, is needed
before the role of these cells in PTH-induced anabolism can be established.

THE ROLE OF AUTOCRINE/PARACRINE REGULATORS OF THE GENESIS
AND SURVIVAL OF OSTEOBLASTS

IGF-I

Besides direct activation of pro-differentiating and pro-survival signaling in osteoblastic cells,
PTH also affects the synthesis of many osteogenic growth factors and cytokines [78-81], as
well as their antagonists and proteolytic activators [4,81-83]. Hence, PTH may indirectly
stimulate the differentiation and survival of pre-osteoblasts and osteoblasts via regulation of
these autocrine/paracrine factors; and this response could complete the pro-differentiating
effects caused by exit of replicating progenitors from the cell cycle. Results from studies with
genetically modified mice have indicated a role for several of these factors in PTH-induced
bone anabolism.

PTH stimulated the synthesis of IGF-1 viaa cAMP-dependent mechanism, and this factor exerts
pro-differentiating and pro-survival effects on osteoblasts [78,84]. In rats, 4 weeks of daily
PTH injections increased IGF-I transcripts in osteoblasts as determined by in situ hybridization
[85]. Interestingly, however, mRNA levels were not affected by short term exposure of cultured
osteoblastic cells to PTH [86]. Therefore, the increase in IGF-1 seen in vivo after 4 weeks of
PTH administration may be mediated by another PTH-regulated factor; or it may reflect
increased synthesis of IGF-I with repeated exposure to PTH as has been seen for p21©iP1 as
well as several other genes [49,87].

Consistent with a role of IGF-I in the anabolic effects of intermittent PTH, daily hormone
injections for 14 days to IGF-I null mice failed to stimulate periosteal bone formation or to
increase cortical thickness at the tibiofibular junction, whereas wild type mice exhibited the
expected anabolic response [88]. For reasons that are unclear, intermittent PTH caused loss of
cancellous bone in proximal tibia in wild type mice in this experiment, but this response did
not occur in the IGF-1 null mice. In a separate study, it was found that 5 week old IGF-I null
mice failed to exhibit an anabolic response to 10 days of PTH injections at the distal femoral
metaphysis, whereas wild type mice gave a 40% increase in bone mass at this site [89]. Further
evidence for the involvement of IGF-1 in PTH-induced anabolism was provided by the
observation that 10 week old mice lacking insulin receptor substrate adapting molecule-1,
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which transmits IGF-I receptor signaling, failed to exhibit an anabolic response to 4 weeks of
intermittent PTH administration [90]. Finally, deletion of the IGF-1 gene from the liver did not
affect PTH-induced anabolism in cancellous bone, suggesting that locally produced IGF-I
mediates the response at this site [91]. Interestingly, however, the anabolic response was
reduced in cortical bone of these mice suggesting a site specific role of liver-derived IGF-I.

PTH rapidly increased FGF-2 transcripts in cultured murine osteoblastic cells via increased
cAMP production, and this factor exerts both proliferative and anti-apoptotic effects on
osteoblast progenitors [80]. FGF-2 may contribute to the anabolic effect of intermittent PTH
because the increase in cancellous bone volume was strongly attenuated in either 2 or 10 month
old FGF-2 null mice [92]. Daily injections of FGF-2 also induced bone anabolism, but unlike
intermittent PTH which thickened existing trabeculae, FGF-2 increased trabecular number and
connectivity [93]. The latter may result from the proliferative effect of FGF-2 on osteoblast
progenitors. Since the impact of intermittent FGF-2 on trabecular architecture did not mimic
the effect of intermittent PTH, either the increase in FGF-2 induced by intermittent PTH was
not big enough to increase trabecular number and connectivity, or the cellular response of
osteoblasts and osteoblast progenitors was modified by other growth factors affected by PTH,
or perhaps by the anti-mitotic effect of PTH itself.

Sclerostin and Wnt signaling

Administration of PTH to mice or rats caused a transient reduction in the level of sclerostin
MRNA, the product of the Sost gene that is expressed exclusively in osteocytes [4,94]. The
effect was rapid, consistent with direct activation of the PTHR1 that is known to be expressed
in osteocytes [95]. PTH also rapidly decreased the expression of the Wnt signaling antagonist
secreted frizzled related protein-2 in UMR-106 osteoblastic cells [81]. Hence, intermittent PTH
could increase osteoblast number via bursts of Wnt signaling, which would lead to increased
differentiation and survival of osteoblasts and osteoblast progenitors [25,96].

Three independent studies in mice lacking the Wnt co-receptor LRP5 have shown that the PTH-
stimulated increase in femoral cortical bone mass does not require Wnt signaling [97-99].
However, it might be involved in the anabolic response in cancellous bone. In one of the
aforementioned studies [99], administration of PTH every other day for 6 weeks increased
osteoblast number in vertebral bone of males and females of both wild type and LRP5 null
mice. However, whereas bone formation rate was elevated in females in both mutant and wild
type mice, this effect was sharply attenuated in LRP5 null males. PTH failed to increase
vertebral cancellous bone in either wild type or LRP5 null mice in this study, perhaps due to
the less frequent administration of PTH combined with the fact that manifestation of the
anabolic response is comparatively slow in murine vertebral bone [10,12]. Nevertheless,
another group of investigators reported that 30 days of daily PTH injections increased vertebral
cancellous bone in male wild type mice [97], but not in male LRP5 null mice [97]. It is possible
that Wnt signaling is not completely lost in LRP5 null mice because they still express LRP6,
which can also be activated by Wnts. Overall, these studies support the notion that LRP5-
mediated Wnt signaling may contribute to the anabolic effect of intermittent PTH in cancellous
bone, at least in male mice.

The involvement of osteocytes, the primary mechanosensory cell of bone, in the anabolic effect
of intermittent PTH may explain why weight bearing and intermittent PTH exert synergistic
effects on bone formation [63,100-102]; and why the anabolic response is greater in tibiae,
which experience high mechanical strain, than in the vertebra, which experience less strain
[103]. Moreover, like PTH, mechanical loading of murine bone causes a fall in the level of
sclerostin [104]. The potential involvement of osteocytes in PTH-induced anabolism is strongly
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supported by evidence obtained by our group demonstrating a dramatic increase in bone mass
in mice expressing a constitutively active PTHR1 in osteocytes [105].

Osteoclast-derived factors

Intermittent PTH provoked a transient increase in RANKL [51] that may result in a transient
increase in osteoclastic resorptive activity. The resulting release of osteoblastogenic growth
factors from the bone matrix may be an additional source of osteogenic signals that contribute
to PTH-induced anabolism (Figure 3). RANKL may also stimulate the secretion of an
osteoblastogenic factor from osteoclasts [106]. Evidence that bisphosphonates attenuated the
anabolic effect of intermittent PTH in animal models and humans is consistent with the
involvement of osteoclasts in the anabolic effect [107-111], but such inhibition was not seen
in other studies [45,112-114]. Indeed, both OPG and alendronate prolonged the duration of
the anabolic effect in ovariectomized mice, apparently by preventing the increased bone
resorption that occurs in the later stages of treatment [45]. Thus, the available evidence suggests
that the stimulatory effect of PTH on bone resorption may represent a two-edged sword in the
setting of anabolic therapy. Intermittent PTH may increase release of osteogenic growth factors
from the bone matrix or from osteoclasts, but this effect may be counterbalanced by increased
resorption, particularly in later stages of the therapy. However, the later may be overcome
administering PTH for short periods of time in a cyclic fashion to maximize the bone forming
effects and minimize the pro-resorptive effects [113,115].

DOES INTERMITTENT PTH INTENSIFY THE OSTEOGENIC EFFECTS OF
ENDOGENOUS PTHRP?

The anabolic effect of intermittent PTH has been puzzling because there seems to be no a
priori reason why a hormone so intimately involved in calcium homeostasis and bone
remodeling should also be anabolic, but only when given in an intermittent fashion. However,
recent evidence demonstrates that PTHrP, produced by early osteoblast progenitors [116] as
well as osteocytes [117], is an important member of the network of cytokines and growth factors
that regulate the differentiation and survival of osteoblasts [118,119]. Specific deletion of
PTHTrP in cells of the osteoblast lineage caused a reduction in bone mass that was associated
with decreased osteoblast progenitors, decreased osteoblast number and increased osteoblast
apoptosis [119]. In contrast, studies with mice lacking PTH indicated that the hormone is
mainly involved in the regulation of bone resorption, and thereby the rate of bone remodeling
[119].

Sustained elevation of PTHrP, as occurs in malignancy, causes increased osteoclastogenesis
and bone resorption via activation of RANKL synthesis. Therefore, under normal
circumstances, the exposure of bone cells to PTHrP must be intermittent in a way that ensures
that activation of PTHR1 results in osteogenic rather than catabolic effects [120]. In view of
the pro-differentiating and pro-survival role of locally produced PTHrP on osteoblasts and
osteoblast progenitors, and the similar effects of intermittent PTH as outlined in this review,
itis tempting to speculate that daily injections of PTH simply add to existing osteogenic signals
arising from PTHrP-induced activation of PTHR1.

THE THERAPEUTIC EFFICACY OF INTERMITTENT PTH ON THE
OSTEOPOROTIC SKELETON

Intermittent PTH activates several mechanisms that promote the development and survival of
osteoblasts. The pleiotropic effects of PTH, each of which alone might be sufficient to increase
osteoblast number, may explain the potent ability of intermittent PTH to increase bone mass
in most subjects with osteoporosis regardless of the underlying pathophysiology. Even if the
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nature of the disease process prevents activation, or reduces the importance, of one of the
mechanisms by which PTH increases osteoblast number, other mechanisms may remain which
are sufficient for anabolism. Furthermore, some of the pathways activated by the hormone may
antagonize pathologic mechanisms leading to bone loss.

In glucocorticoid-induced osteoporosis, osteoblast number is reduced due to deceased genesis
and increased apoptosis [31]. Yet, clinical studies have established that intermittent PTH causes
a dramatic increase in bone mass in established disease [121], albeit the anabolic response is
blunted in mice given prednisolone simultaneously with PTH [122]. In mice with osteoblast-
specific expression of 11p-hydroxysteroid dehydrogenase, an enzyme that inactivates
glucocorticoids, osteoblasts were protected against the pro-apoptotic effects of glucocorticoids
and the negative effects of glucocorticoids on bone formation were ameliorated [123]. These
findings indicate that attenuation of osteoblast apoptosis alone is a powerful mechanism for
increasing bone formation in the presence of glucocorticoids. Therefore, the prevention of
glucocorticoid-induced osteoblast apoptosis by intermittent PTH could contribute strongly to
the ability of this therapy PTH to reverse glucocorticoid-induced bone loss. However, the
contribution of increased osteoblast survival alone would be small at the beginning of therapy
because osteoblast number is low. The ability of PTH to reverse the anti-osteoblastogenic
effects of glucocorticoids has not been demonstrated, but such effects may also contribute to
the anabolic effects of PTH in the presence of excess glucocorticoids.

Interestingly, intermittent PTH increased osteoblast number and added more bone to the
vertebra of 18 month old mice with diminished bone mass than in 3 month old mice that are
at or near peak bone mass [64]. And, it was recently reported that the increase in vertebral bone
in humans receiving intermittent PTH was slightly greater in older subjects, albeit the reduction
in fracture risk was independent of age [124]. As mentioned earlier, osteoblast apoptosis
increases with advancing age in mice [32]. Osteoblastogenesis also declines with age, perhaps
due to diversion of the common progenitor toward the adipocyte lineage [23,125]. We have
obtained preliminary evidence that the tonic suppression of bone formation by PPARYy
increases with advancing age in mice as indicated by increased expression of Alox15 and
PPARY, as well as increased levels of oxidized lipid ligands of PPARy [126]. Recent evidence
from our lab also indicates that the increase in ROS that occurs with advancing age may cause
attenuation of Wnt signaling [127]. Thus, the increased efficacy of intermittent PTH to reverse
age-related bone loss at least in mice may be due to the pro-differentiating and pro-survival
effects of the hormone combined with a reduction in the negative effects of PPARy on
osteoblastogenesis.

CONCLUDING REMARKS

Invitro and in vivo evidence indicates that transient activation of the PTHR1 activates multiple
interconnected pathways leading to increased survival signaling, decreased replication of
osteoblast progenitors, increased differentiation, and the production and/or activation of
osteogenic growth factors. The result of these actions is an increase in osteoblast number
beyond that needed to refill the resorption cavity created by osteoclasts. Nevertheless, the new
knowledge raises several issues that need to be addressed. The relative importance of pro-
differentiating and pro-survival pathways to the ability of intermittent PTH to increase
osteoblast number remains to be determined in both cancellous and periosteal bone, as does
the potential contribution of pro-survival signaling in osteoblast progenitors, in both animals
and humans. In addition, conflicting evidence from animal versus human studies, particularly
regarding the role of PTH-induced survival signaling, needs to be resolved. Finally, ways must
be found to determine the potential contribution of lining cell activation and increased
differentiation of osteoblasts to the anabolic effect of intermittent PTH, particularly under
conditions when osteoblast number is low due to the underlying pathologic mechanism.
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Figure 1. Proposed cellular mechanisms involved in the anabolic effect of intermittent PTH

The 3 stages of bone formation are described in the text. Intermittent PTH has been proposed
to increase osteoblast number by (A) increasing the development of osteoblasts, (B) inhibiting
osteoblast apoptosis, and (C) reactivating lining cells to resume their matrix synthesizing
function.
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Figure 2. PTH-stimulated survival signaling in osteoblasts

The upper panel depicts PTH-activated survival pathways, and the negative feedback on these
pathways caused by stimulation of Runx2 degradation. The lower panel depicts the transient
anti-apoptotic signaling and the changes in Runx2 that occur upon each injection of PTH. The
net result is a temporary delay in osteoblast apoptosis. As injected PTH disappears from the
circulation, Runx2 returns to basal levels and the cells are positioned to generate another
episode of anti-apoptotic signaling in response to a subsequent injection. With sustained PTH
elevation, on the other hand, the negative feedback pathway remains active, and further anti-
apoptosis signaling is abrogated.
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Figure 3. Actions of intermittent PTH on osteoblast progenitors

PTH exerts anti-mitotic effects on replicating osteoblast progenitors, and may also inhibit their
apoptosis. The anti-mitotic effects may be necessary for differentiation in response to locally
produced autocrine/paracrine growth factors regulated by PTH, as well as factors released from
the bone matrix during bone resorption. PTH may also increase the number of osteoblast
progenitors by preventing the differentiation of adipocytes from multipotential progenitors.
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