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Context: PTH is the only approved skeletal anabolic agent for the treatment of human osteopo-
rosis. Unlike PTH, which is a mixed anabolicand catabolicagent, PTHrP displays features suggesting
that it may be a pure anabolic agent when intermittently administered. The full dose range of
PTHrP is unknown.

Objectives: The primary objective of the study was to define the complete therapeutic window and
dose-limiting toxicities of PTHrP. The secondary objective was to determine whether PTHrP retains
a pure anabolic profile at the highest usable doses.

Design: This was a single-blinded, two-part, dose-escalating clinical trial.
Setting: The study was conducted in a university academic setting.

Patients or Other Participants: Participants included 41 healthy postmenopausal women between
the ages of 45 and 75 yr.

Intervention: Interventions included PTHrP(1-36) or placebo in a dose-escalating design for 3 wk.

Main Outcome Measures: Safety measures (hypercalcemia, nausea, vomiting, hemodynamics,
flushing, miscellaneous) and bone turnover markers were measured.

Results: Intermittent PTHrP was administered safely and without serious adverse events in subjects
receiving 500 and 625 ug/d for 3 wk. Subjects receiving 750 ug/d developed mild hypercalcemia.
Bone turnover markers suggested that even at the highest doses, daily sc PTHrP may not activate
bone resorption, i.e. may be purely anabolic. Interestingly, when hypercalcemia occurred, it may
have resulted not from bone resorption but from activation of intestinal calcium absorption by 1,25
dihydroxyvitamin D.

Conclusions: In doses as high as 750 pg/d, in contrast to PTH, intermittently administered PTHrP
appears to act as a pure skeletal anabolic agent. Surprisingly, PTHrP in the high doses studied
activates 1,25 dihydroxyvitamin D production. Dosing information obtained herein can be used to
design a longer term head-to-head comparative efficacy trial of PTHrP vs. PTH. (J Clin Endocrinol
Metab 95: 1279-1287, 2010)
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he paradigm for skeletal anabolic drugs is PTH, which
T can stimulate osteoblasts to form new bone and in-
crease bone mineral density (BMD) to a greater extent
than the antiresorptives (1-7). Optimally, skeletal ana-
bolic agents would reduce fracture risk more than antire-
sorptives. However, dosing of the PTH family members
has been limited by hypercalcemia, nausea, flushing, mus-
cle cramping, and other adverse effects (1-7). The hyper-
calcemia is associated with increases in osteoclast-driven
bone resorption (1-7). Thus, PTH is a mixed skeletal an-
abolic and catabolic agent.

PTHrP is homologous with PTH but differs in several
respects, including being products of separate genes, se-
quence divergence at the amino acid and nucleotide level,
and fundamentally differing normal physiology (8, 9).
PTHrP is a normal product of osteoblasts and acts, like
PTH, via the common PTH-PTHrP receptor (also called
the PTH-1 receptor or PTHIR) to activate osteoblast
function and, indirectly, recruit osteoclast precursors (9—
13). Elegant studies in mice lacking PTH and/or PTHrP
have shown that PTHrP is a naturally occurring skeletal
anabolic agent and that PTH cannot complement or re-
place this natural anabolic function (9-13).

PTHrP (1-36), referred to hereafter as PTHrP, can be
administered intermittently safely to healthy young adults
and postmenopausal women for periods ranging from 1 d
to 3 months in doses ranging from 50 to 2000 pg/d (14—
17). In the two prior studies in which formation markers
were studied (18, 19), PTHrP led to an increase in markers
of bone formation. In the single study of sufficient dura-
tion (3 months) to assess changes in BMD (16), daily sc
PTHrP at a dose of 400 pg/d increased lumbar spine BMD
by approximately 5%, comparing favorably with PTH
(4-9). Remarkably in each prior study, PTHrP consis-
tently appeared to differ from PTH in that markers of bone
resorption were never activated (15, 16). Moreover, in
contrast to studies with PTH, even minor hypercalcemia
was not observed (14-17). These observations are con-
sistent with the possibility that intermittently adminis-
tered PTHrP may be a pure skeletal anabolic agent. They
also suggest that doses higher than the 400 wg/d used in the
prior 3-month study, if tolerated, might enhance BMD to
a greater extent than the 400 ug/d dose and also more than
maximally tolerated doses of PTH peptides.

Here we report the maximal tolerable dose and the
complete therapeutic window of PTHrP for future, longer-
term osteoporosis studies. Surprisingly, even at doses
associated with hypercalcemia, bone resorption did not
appear to be activated, suggesting that intermittently ad-
ministered PTHrP may be a pure skeletal anabolic agent.
Equally surprisingly, serum 1,25 dihydroxyvitamin D
[1,25(OH),D] increased in response to PTHrP and was
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accompanied by increases in 24-h urine calcium, raising
the possibility that when hypercalcemia occurs with high-
dose PTHrP, it may not result from bone resorption but
from intestinal hyperabsorption of calcium. These studies
lay the foundation for definitive long-term studies com-
paring the efficacy and safety of PTH and PTHrP as skel-
etal anabolic agents.

Subjects and Methods

Study subjects

Forty-one healthy Caucasian, Hispanic, or Asian postmeno-
pausal women between the ages of 45 and 75 yr were recruited
(Table 1). All provided written informed consent. Because the
study was too brief to assess BMD outcomes, osteoporosis was
not an inclusion criterion and BMD was not measured. Exclu-
sion criteria were prior treatment with antiresorptives, estro-
gens, or raloxifene; or PTH family members; recent (1 yr) frac-
tures; vascular, cardiac, hypertension, pulmonary, kidney or
liver disease; anemia; or cancer or other illnesses. Subjects with
baseline serum calcium values greater than 10.5 mg/dl, 25 hy-
droxyvitamin D values less than 15 ng/ml, or PTH values greater
than 65 pg/ml were excluded. The study was approved in ad-
vance by the University of Pittsburgh Institutional Review Board.
All subjects provided written informed consent. The trial was
registered (with clinical trials.gov, no. NCT00222872).

Study design

This was a single-blinded, two-part, dose-escalation trial. The
primary outcome measures were safety measures (hypercal-
cemia, cardiovascular homeostasis, renal function). Second-
ary outcome measures were markers of bone turnover and
1,25(OH),D. The first 20 d of the study were performed on an
outpatient basis. All laboratory test results were collected im-
mediately before the daily injection except on d 21. On d 21,
subjects were hospitalized for 24 h for more intensive monitoring
of safety measures at 6, 12, 18, and 24 h after injection. The first
20 subjects were randomized to receive either placebo (saline,
n = 10) or PTHrP (1-36) 500 ug/d (n = 10) as sc injections for
21 d. Thereafter the protocol required progressive dose incre-
ments of 125 pg (625, 750, 875, 1000 ug/d, etc.) in groups of
three subjects until either a dose of 1500 pg/d was reached or
until dose-limiting toxicity (DLT) occurred. No subject was stud-
ied at more than one dose. DLT was defined as one or more
major, or two or more minor, adverse events (AEs). Major AEs
included a symptomatic decline in systolic blood pressure (BP)
greater than 30 mm Hg; development of hypertension (systolic
BP >160 mm Hg) on two occasions; tachycardia greater than
120 bpm; development of a serum calcium of 11.0 mg/dl or
greater; or development of a serum phosphorus less than 1.5
mg/dl. Minor criteria were defined as flushing, nausea/vomiting,
abdominal cramps, muscle cramps, dizziness/lightheadedness,
palpitations, or other minor symptoms. The study was termi-
nated immediately in any subject in whom DLT occurred. If no
DLT occurred in a group of three subjects at a given dose, dosing
progressed to the next level in a cohort of three subjects. If one
major AE or two minor AEs occurred, three additional subjects
were allowed to accrue at that dose. If two or more major AEs
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TABLE 1. Baseline demographics and biochemical analyses

Placebo PTHrP 500 pg/d PTHrP 625 pg/d PTHrP 750 pg/d

(n = 15) (n = 10) (n =10) (n=6)
Age (yr) 58 + 2.1 57 £2.2 55+ 1.6 60 = 3.0
Height (cm) 162 £ 1.4 159+ 2.4 165 + 2.2 162 =+ 1.8
Weight (kg) 66 + 2.5 64 + 3.1 68 = 2.6 70 +2.8
BMI 25+ 0.7 25*+1.0 25+1.2 27 =09
Years after menopause 10 = 2.7 719 7*x15 10x£25
Baseline calcium intake (mg/d) 1037 = 194 1047 = 124 861 = 95 1316 = 444
Intact PTH (1-84) (pg/ml) 36.7 £ 4.0 37.1 59 43.6 = 4.3 450 *+ 6.1
Serum 25 vitamin D (ng/ml) 39+4 29+ 4 31+3 34 +3
Serum 1,25 vitamin D (pg/ml) 385 *+39 389 =35 39.2 25 42.1 =39
Serum calcium (mg/dl) 9.3 +0.1 9.3+ 0.1 9.5+ 0.1 9.8 = 0.1
Serum creatinine (mg/dl) 0.82 = 0.04 0.83 = 0.03 0.80 = 0.06 0.83 = 0.03
Fasting FECa (%) 2.1*x0.2 3.7*1.0 29*07 3.7 0.8
Serum osteocalcin (ng/ml) 10.6 = 0.7 12.83 0.9 10.34 £ 0.5 1.0+ 1.0
Serum PTNP (ug/liter) 52.7 =59 68.2 £ 9.6 46.0 = 4.1 64.0 +7.9
Serum BSAP (ug/liter) 158+ 1.2 19.7 £ 2.8° 11.8 +1.3° 14417
Serum NTX (nm BCE) 16.3+1.9 175+ 15 15.1 1.3 19.9 + 3.9
Serum CTX (ng/ml) 0.77 * 0.1 0.92 +0.1° 0.48 = 0.1° 0.57 = 0.1

BSAP, Bone-specific alkaline phosphatase; BCE, bone collagen equivalent.

2 Serum BSAP was significantly (P < 0.05) different between the PTHrP 500 and 625 ug/d groups, but there were no differences between the

PTHrP groups and placebo.

b Serum CTX was significantly different between the PTHrP 500 and 625 ug/d groups (P < 0.05), but there were no differences between the

PTHrP groups and placebo.

occurred, additional subjects were studied at the previous lower
dose, in groups of three, until a total of 10 subjects were accrued.
PTHrP was self-administered sc in the anterior abdomen in vol-
umes between 0.34 and 0.70 ml by the study subjects, and vials
were returned for compliance assessment. Dietary calcium in-
take before enrollment was assessed by recall as shown in Table
1, and subjects were instructed not to exceed a total calcium
intake of 1000 mg/d, including diet and calcium supplements,
throughout the study.

Some subjects developed a local dermatological reaction after
the injection (see Results). To determine whether this reaction
might have been a result of the acetic acid used to aliquot the
PTHrP (see next section), a second placebo group of five subjects
was added for whom the placebo consisted of saline suspended
invialsin which 1.0 ml of 10 mm acetic acid had been lyophilized.
No significant differences in baseline demographics were ob-
served between the original placebo group of 10 subjects and this
second acetic acid placebo group of five, so the data from the two
placebo groups were combined into a single placebo group of 15.

Preparation and administration of PTHrP

PTHrP (1-36) was synthesized using solid-phase synthesis,
cleaved, purified, aliquotted, and assessed for purity and bioac-
tivity as described in detail previously (14-23) as approved by
the Food and Drug Administration (Investigation New Drug no.
49,175). Placebo vials contained either no PTHrP and no acetic
acid (first 10 subjects) or contained 10 mMm acetic acid that was
then frozen and lyophilized exactly as the PTHrP-containing
vials (five subjects).

Analyses

Serum and urine were analyzed for total calcium, ionized
calcium, phosphorus, creatinine, intact PTH (1-84) (Advia Cen-
taur; Seimens, Deerfield, IL), and 25 hydroxyvitamin D (IDS,
Fountain Hills, AZ) in the Clinical Chemistry Laboratory at the

University of Pittsburgh Medical Center. Fasting calcium excre-
tion (FECa) was calculated as described (21). 1,25(OH),D was
assayed using an RIA as described (24). Bone turnover markers
were measured in single batches, and the intraassay coefficients
of variation (CVs) are indicated below. Plasma osteocalcin was
measured by RIA as described previously (25) (CV 4.5%). The
amino-terminal telopeptides of procollagen 1 (PINP) (CV
3.2%), the serum amino-terminal telopeptide of collagen-1
(NTX) (CV 5.4%), and carboxy-terminal telopeptide of collagen
1 (CTX) (CV 7.0%) were measured using commercial kits from
Orion Diagnostics RIA (Espoo, Finland), Osteomark ELISA
(Ostex International, Seattle, WA), and Crosslaps ELISA (Nor-
dic Bioscience Diagnostics, Inc., Herlev, Denmark), respectively.

Sample size estimate

This study was a dose-finding study designed to examine the
primary end points of dose-limiting toxicity of escalating doses
of daily sc PTHrP. The primary outcomes were therefore safety
measures with markers of bone turnover and calcium metabo-
lism secondary outcomes. The group sample size of 10 at the
maximal tolerated dose was selected based on safety data in our
previous phase 1 studies (16, 17).

Statistics

A detailed description of the statistical methods are pro-
vided in the Supplemental Material, published as supplemen-
tal data on The Endocrine Society’s Journals Online web site
at http://jcem.endojournals.org.

Results

Study enrollment and demographics
All 15 placebo subjects and nine of 10 500 ug/d subjects
completed the protocol (one subject receiving 500 ug/d
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was discontinued on d 16 for protocol reasons, but her
data through d 16 are included), as did the first three 625
pg/d subjects. The dose was then escalated, per protocol,
to 750 pg/d. Of the initial six subjects receiving 750 ug/d,
three developed mild hypercalcemia (see below). Study
drug was terminated in these subjects. Per protocol, seven
additional subjects were then studied at the next lower
dose, 625 pg/d. Thus, there were 15 placebo subjects, 10
500 pg/d subjects, 10 625 pg/d subjects, and six 750 pg/d
subjects. Compliance with study drug was 100% as as-
sessed by count of used of vials. The average age, years
after menopause, and baseline serum and urine chemis-
tries, vitamin D metabolites, and markers of bone turn-
over for these subjects are shown in Table 1. As can be seen
in the table, there were no significant baseline differences
between the placebo subjects and the subjects treated with
PTHrP. There were statistical differences between the 625
and 500 pg/d groups for bone-specific alkaline phospha-
tase and serum CTX.

Effects on markers of bone formation

All three PTHrP groups displayed statistically signifi-
cant increases in osteocalcin (Fig. 1A). In contrast, the
placebo group showed no changes. Interestingly, there
was no apparent PTHrP dose effect on osteocalcin. Un-
expectedly, at the 750 pg/d dose, osteocalcin increased

Serum Osteocalcin (% change)

Serum PINP (% change)
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FIG. 1. Bone turnover markers In subjects treated with PTHrP for 3 wk:
selective activation of bone formation. Error bars indicate st of individual
data points. In this and subsequent figures, when error bars are not
visible, they are small and hidden within the corresponding symbol. The
color code is shown in A. A, Serum osteocalcin measurements in the four
groups. The changes at 500, 625, and 750 ug/d were statistically
significant (P < 0.05 vs. placebo). B, Serum P1NP measurements. The
changes at 500 and 625 ug/d were statistically significant (P < 0.01 vs.
placebo and over time). C, Serum NTX measurements. There were no
statistically significant differences over time. D, Serum CTX measurements.
There were no statistically significant differences. Note that PTHrP
treatment activated both of the two markers of bone formation but had
no effects on resorption.
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initially (P = 0.03 ond 10 and 15) and then declined as the
study progressed (P = ns at d 21). Bone-specific alkaline
phosphatase did not change in any of the treatment groups
(not shown), as reported previously (15, 16).

As observed with osteocalcin, PINP measurements
also remained stable in the placebo group. In contrast,
PINP increased in a statistically significant manner in the
500 and 625 ug/d PTHrP groups (Fig. 1B). The increment
in the 750 pg/d did not achieve statistical significance.
Interestingly, there was a statistically significant transient
decline in PINP at 625 and 750 pg/d atd 5.

Effects on markers of bone resorption

Bone resorption markers failed to increase in subjects at
each of the three doses of PTHrP: serum NTX and CTX
values in the 500, 625 and 750 pg/d groups were not signif-
icantly different from the placebo group (Fig. 1, C and D).

Effects on calcium, PTH, and vitamin D

Total and ionized serum calcium values on d 0-21 are
shown in Fig. 2, A and B. There was no significant change
in the mean serum calcium values in the placebo or 500
ng/d PTHrP groups. In the 500 ug/d group, none of the 10
subjects had a serum calcium above normal (>10.5 mg/
dl). The highest serum calcium at any time in the study in
this group was 10.4 mg/dl. The incidence of hypercalcemia
was thus 0% in this group. In the 625 ug/d group, one of
10 subjects (11.1 mg/dl) exceeded the safety limit (>11.0
mg/dl) and was terminated on d 5. One additional subject
developed a serum calcium of 10.7 mg/dl on d 5 but re-
mained in the study without serum calcium going above
the upper limit of normal at any later time points. The
incidence of hypercalcemia in this group was thus either 10
or 20%, depending on the definition of hypercalcemia.
The increase in mean serum calcium in the 625 ug/d group
did achieve statistical significance (P < 0.04 vs. placebo d
5and 10, P < 0.005 over time). The mean serum calcium
also rose in the 750 ug/d group (P < 0.004 vs. placebo d
10), with three of the six subjects (50%) developing hy-
percalcemia (11.0, 11.1,and 11.2 mg/dl atd 5, 9, and 10)
requiring that they discontinue the study before d 21.
There was no significant change in ionized calcium in the
500 pg/d group, but both the 625 and 750 pg groups did
develop statistically significant hypercalcemia (P < 0.03).

Serum total and ionized calcium values were studied in
greater detail during an inpatient hospitalization on d 21
at the end of the study (Fig. 2, C and D). This included all
of the placebo subjects, nine of 10 subjects receiving
PTHrP at 500 pg/d, nine of 10 subjects at 625 ug/d, and
three of six subjects at 750 pg/d. Only one subject in the
750 ug/d group had a serum calcium above the upper limit
ofnormal ond 21. None of the subjects in the placebo, 500
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FIG. 2. Total and ionized serum calcium on d 1-21 and at multiple times
throughout d 21. Error bars and group symbols/colors are as in Fig. 1. A, Total serum
calcium over the 21 d of the study. PTHrP treatment had no statistically significant
effect on total serum calcium in the 500 wg/d group but transient and mild effects
on the 625 pg/d group (P < 0.04 vs. placebo d 5 and 10, P < 0.005 over time).
Three of six subjects in the 750 group became mildly hypercalcemic (P < 0.004 vs.
placebo on d 10) and were discontinued on d 5-10 according to protocol.
Accordingly, values for the 750 wg/d shown on d 15-21 in this and subsequent
figures do not include these three subjects. See text for details. B, lonized serum
calcium over the 21 d of the study. Again, there was no statistically significant
change in the 500 pg/d group, but both the 625 and 750 g groups did develop
statistically significant hypercalcemia (P < 0.03). C, Total serum calcium over the
final 24 h of the study. There was a statistically significant increase in the 750 pg/d
group at 6 and 12 h after dose (P < 0.05 vs. placebo) but no statistically significant
changes over time in the other groups. D, lonized serum calcium over the final 24 h
of the study. There were no statistically significant changes over time in any of the
groups. Multiply total and ionized calcium values by 0.25 to convert milligrams per
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rolled. Subjects who were terminated before d
21 hada24-hurine collected at the termination
visit. Collectively, in the absence of evidence of
bone resorption (Figs. 1, C and D, and 3C),
these unexpected postabsorptive findings sug-
gest that when hypercalcemia and postabsorp-
tive hypercalciuria occur in response to PTHrP,
they may result from intestinal calcium hypera-
bsorption, rather than bone resorption.

Serum phosphorus declined (nadir 3.2 = 0.5
mg/dl at d § in the 750 pg/d group) but re-
mained within the normal range in all subjects.
There were no changes in serum creatinine.

Effects on cardiovascular homeostasis

Supplemental Fig. 1 displays the mean
changes in systolic and diastolic blood pressure
and pulse, supine and standing, during the last
day of the study. No significant cardiovascular
hemodynamic changes were observed. As shown
in Table 2, one subject did develop postural hy-
potension and dizziness (systolic BP 73/45 mm
Hg) when awakened and asked to stand at
0300 h, but vital signs were normal before and
after.

Other AEs

A mild, local, erythematous, pruritic, and
raised reaction developed at the site of injection
in 12 subjects 3-5 d after injection (Table 2). The
local reactions were mild, and no subject re-
quested that the study be terminated. They re-

deciliter to millimoles per liter.

pg/d,or 625 pug/d had a serum calcium above normal (10.5
mg/dl) at any time on d 21. The mean total serum calcium
rose in the 750 pg/d group at 6 and 12 h (P < 0.05 vs.
placebo). Total mean serum calcium did not change during
the course of the day in the subjects receiving placebo, 500
pg/d, or 625 pg/d. Similarly, there were no significant
changes over time in any group for ionized calcium on d 21.

PTH (1-84) declined in all three PTHrP groups (P <
0.01 ws. baseline), and 1,25(OH),D unexpectedly in-
creased over time in all three PTHrP groups (P < 0.03)
(Fig. 3, A and B). Fasting FECa did not rise over time (Fig.
3C). In contrast, 24 h calcium excretion (Figs. 3D and 4)
appeared to rise in a PTHrP dose-related manner from d
1 to d 21 but was significantly different from control only
in the 625 ug/d group (P < 0.0001 vs. baseline, P < 0.05
vs. placebo). It is of note that only 10 of 15 placebo sub-
jects and five of 10 subjects in the 500 ug/d had 24-h urine
calcium measurements because these markers were added
to the protocol after the initial 10 subjects had been en-

solved within 2-5 d but recurred in some cases

after subsequent injections. No systemic allergic
symptoms occurred. The reaction was not related to dose or
batch of PTHrP. The pattern suggested a local, possibly
chemical or toxic, reaction. To determine whether it was due
to nonlyophilized acetic or triflouroacetic acid used in the
synthesis and aliquotting of the PTHrP, the pH of the PTHrP
vials after suspension in saline (as performed by the study
subjects) and also the synthetic lots of PTHrP were measured.
The pH was in the 3.2 range, in contrast to saline (5.5) and
in contrast to the isoelectric point of the PTHrP (1-36) pep-
tide (7.2). Furthermore, sterile vials that contained only ly-
ophilized 10 mMm acetic acid, but no PTHrP, had a pH after
suspension with saline of 5.0. None of five additional pla-
cebo subjects (105 injections) developed a local reaction.

Discussion

PTHrP is a hormone produced in the mature osteoblast
(8=13).PTHrP (but not PTH) is essential for attainment of
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result instead from increases in 1,25(OH),D.

Serum PTH (pg/ml}

[ Serum 1,25(0H),D (pa/mi}

Most importantly, this study provides essen-
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tial dosing information for the design and
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performance of a direct head-to-head effi-

cacy and safety study of PTHrP vs. approved

doses of PTH.
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We anticipated that PTHrP administration

2 would increase markers of bone formation be-
cause we had previously shown that PTHrP is

o s 10 15 21 0 5 10 15
Day of Study Day of Study
& 1 B . 1 B A m
Fasting F Calcium (%) | 24 Hr. Urine Calcium Excretion (mg/gCr) |
[ 300
o] ! 200 ?
| -l
_—"’__'_'_'—
2| 1—_.____;,_._-——-1"__ 100
ol ) O | i i
o 5 10 15 z PBO PTHP PTHP PTHrP
Day of Study 500 825 750

FIG. 3. Serum PTH, 1,25(0H),D, and urinary calcium excretion in the four groups.
Error bars and group symbols are as in Fig. 1. A, Endogenous PTH (1-84) declined in
all three PTHrP groups (P < 0.01 vs. placebo). To convert picograms per milliliter to
picomoles, divide by 10. B, 1,25(0OH),D increased in each PTHrP group during the
study (P < 0.03 over time). To convert to picomoles per liter, multiply by 2.6. C,
Fasting fractional calcium excretion. Whereas the four groups began the study with
different values, reflecting the small numbers of subjects, there was no significant
change over time in any of the four groups during the study. D, Twenty-four-hour
calcium excretion on d 0 and d 21 of the study. Note that whereas fasting fractional
calcium excretion did not increase with treatment (C), 24-h urine calcium excretion
did tend to increase during the study, although these changes achieved statistical
significance only in the 625 wg/d group (P < 0.0001 over time, P < 0.05 vs.
placebo). Also note that only 10 of 15 placebo subjects and five of 10 subjects in the
500 ng/d and placebo groups had these measurements because they were added to

the protocol after the initial 10 subjects were enrolled.

normal adult bone mass because haploinsufficiency or tar-
geted disruption of the PTHrP gene within osteoblasts
leads to osteoporosis (10-13). Intermittent administra-
tion of PTHrP to animal models of osteoporosis results in
increments, exceeding normal, in BMD, trabecular bone
volume, osteoblast number, and bone mineralization rates
as well as biomechanical strength at the spine, femur, and
tibia (20). Synthetic PTHrP can safely be administered to
humans (14-19, 21-23) and achieves increments in BMD
comparable with those elicited by PTH (19). In doses ex-
plored previously, this occurs without the development of
either hypercalcemia or the other adverse effects associated
with PTH (15-17). In contrast to PTH, therapeutically ef-
fective doses of PTHrP fail to activate bone resorption (15—
17). This suggests that intermittently administered PTHrP, in
contrast to PTH, may be a purely anabolic skeletal agent.
The current study extends these prior studies. We report:
1) the maximum tolerable dose of PTHrP (1-36) in hu-
mans; 2) that even at the highest tolerable doses of PTHrP,
bone turnover markers of osteoclast activity are not sig-
nificantly increased; and 3) that whereas, as anticipated,
hypercalcemia ultimately does occur with high doses, sur-
prisingly, it may not result from bone resorption but may

askeletal anabolic agentin rats and humans: in
1 rats using BMD and bone histomorphometry
' (20) and in humans in two studies, using bone
turnover markers (15, 16). The current study
confirms and extends these observations by us-
ing higher doses of PTHrP and the two current
most widely used markers of bone formation,
osteocalcin and P1INP. The absence of clear
dose responsiveness for osteocalcin or P1NP
may reflect the large intersubject variance in
turnover markers (26, 27), the small numbers
of subjects studied, and/or the limited magni-
tude of difference between the 500 pg/dose and
the 625-750 ug doses. It is possible that the
formation markers even declined with the
highest (750 ug) dose of PTHrP on d 21 (Fig.
1). Unfortunately, toxicity at this dose pre-
vented accrual of sufficient numbers of sub-
jects to make firm interpretations.

Importantly, in this small study, PTHrP
failed to activate bone resorption, as measured
by significant changes in CTX and NTX, at any dose stud-
ied (Fig. 1). Because PTHrP was originally discovered as a
result of its pathological (indirect) activation of osteoclas-
tic bone resorption in humoral hypercalcemia of malig-
nancy when secreted in a continuous manner (28, 29), we
had assumed that as the PTHrP dose escalation pro-
gressed, we eventually would observe activation of bone
resorption. In contrast to these expectations, PTHrP did
not appear to activate bone resorption using the same bio-
chemical markers. This contrasts with PTH, which rou-
tinely leads to activation of bone resorption markers
(1-7). This unanticipated observation may relate to dif-
ferences in how PTH and PTHrP interact with the com-
mon PTH-1 receptor (30) or may reflect the more rapid
appearance and disappearance pharmacokinetics of
PTHrP vs. PTH after scinjection (14). In the final analysis,
however, it is possible that intermittently administered
PTHrP may be a pure skeletal anabolic agent, in contrast
to PTH, which is mixed skeletal anabolic and catabolic
agent.

Whether intermittently administered PTHrP will acti-
vate bone resorption over the longer term remains unde-
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FIG. 4. Individual changes in 24-h urine calcium in the four groups. Symbols and
colors are as in Fig. 1. Samples were collected at baseline on d 21 or termination of
the study in subjects reaching DLT. Horizontal bars represent the mean for each time
point. A, Individual placebo subjects (n = 10). B, Individual subjects receiving PTHrP
500 pg/d (n = 5). C, Individual subjects receiving PTHrP 625 ug/d (n = 10). D, Individual

subjects receiving PTHrP 750 pg/d (n = 6).

fined. On the one hand, one can hypothesize that PTHrP
does not, and will never, indirectly activate osteoclasts
when administered intermittently in the doses reported
and that if PTHrP were to activate osteoclasts, it would
have been observed in the earlier 2-wk study (18), the
current 3-wk study, and/or the previously reported
3-month study (16). Additionally, skeletal histomor-
phometry of rats treated with intermittent PTHrP for 6
months fails to reveal increases in osteoclast activity (20).
In further support of this hypothesis, studies with PTH
display increases in bone resorption as early as 2 (7) to 4
wk (1-6). On the other hand, it remains possible that
PTHrP may activate bone resorption in human studies

TABLE 2. DLT and serious AEs in the study population

PTHrP PTHrP PTHrP
Placebo 500 ng 625 png 750 pg
(n=15) (n=10) (n=10) (n=26)

Flushing

Nausea
Vomiting
Abdominal cramps
Dizziness
Diaphoresis
Palpitations
Hypertension
Hypotension
Bradycardia
Tachycardia
Hypercalcemia
Hypercalcuria
Dermal reaction
Other

[l

OONOOOOODODODODODOOOO
[epE lcoloNololololololoNoNoNe]
OO’\b—‘OO—Q‘JOOO—‘OOOO
ONWWOOOODODODODODODOOOO

2 Both of these AEs occurred in the same subject when awoken and
asked to stand at 0300 h.

Day 21
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lasting more than 3 months. Having defined
the complete therapeutic window of PTHrP, a
direct head-to-head comparison of approved
doses of PTH with therapeutically effective
doses of PTHrP over longer periods of time can
now be designed to address this important
question.

Significant hypercalcemia (total serum Ca >
11.0 mg/dl) requiring discontinuation of the
study drug was observed in three (50%) of the
750 pg/d subjects and one (10-20%) of the 625
pg/d subjects with one additional subject at 625
pg/d developing a single episode of mild hyper-
calcemia (serum Ca = 10.7 mg/dl on d 5). The
incidence of hypercalcemia at 750 ug/d likely
precludes this as a therapeutic dose in future stud-
ies (with one provision discussed below). In con-
trast, the 10—20% incidence at 625 pg/d is sim-
ilar to that reported in the studies using the
approved dose of PTH (1-34) (1-6), making this
dose a candidate for future studies. Hypercalce-
mia did not occur in any of the 10 subjects at the 500 ug/d
dose or in any of the eight subjects in the prior 3-month study
at 400 pg/d (16). Thus, because the 400 pg/d dose has pre-
viously been shown to be effective in increasing BMD and
because both the 400-500 pg/d doses are free of adverse
effects and hypercalcemia, these are particularly attractive

Day 21

doses for future studies.

The increase in 1,25(OH),D is particularly unexpected
because1,25(OH),D is reduced in humoral hypercalcemia
of malignancy (28) and because we recently documented
that it also responds poorly in humans infused continu-
ously with PTHrP (22, 23). This contrasts with patients
with hyperparathyroidism (28) and subjects infused with
PTH who display clear and rapid increments in
1,25(OH),D (22, 23). This discrepant responsiveness of
PTH and PTHrP on the human kidney led Gardella and
colleagues (30) to a recent reexamination of the binding
kinetics of PTH and PTHrP to the human PTH-1 receptor.
This demonstrated that although PTH and PTHrP asso-
ciate with the receptor with similar kinetics, they dissoci-
ate with strikingly different kinetics, with PTHrP dissoci-
ating greater than 10 times more rapidly (30). We thus
hypothesize that the large doses of PTHrP (500750 ug/d)
in the current study, compared with the much lower doses
of PTH (20 ug/d) used for osteoporosis treatment, may
override the rapid receptor dissociation and account for
the increase in 1,25(OH),D observed herein. The increase
in 1,25(OH),D also suggests that the direct anabolic ef-
fects of PTHrP on the skeleton may be indirectly supple-
mented via additional actions of 1,25(OH),D to augment
osteoblastic bone formation as well as intestinal calcium
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absorption (31, 32). Interestingly, in preliminary form,
1,25(OH),D concentrations also have been reported to
increase in at least one PTH-osteoporosis treatment study
(33). It is possible that 1,25 (OH), D increases may me-
diate the hypercalcemia observed with higher doses of in-
termittent PTHrP.

One final observation regarding 1,25(OH),D may be
important: 1,25(OH),D concentrations appeared to de-
cline over time (Fig. 3B). This was also observed with PTH
treatment of osteoporosis (33). These observations sug-
gest that if hypercalcemia and hypercalciuria were to oc-
cur, they may attenuate over time, as 1,25(OH),D con-
centrations decline. Future studies should be designed to
examine this possibility because even higher doses or
PTHrP may be tolerated over longer time frames.

The mostimportant adverse effect of PTHrP was a local
erythematous reaction. For several reasons, this was likely
a response to the low pH of the PTHrP formulation used.
First, there were no systemic allergic symptoms (wheezing,
anaphylactic symptoms or signs, rashes distant from the
site of injection, arthralgias, etc.). Second, the appearance
was typical of a local toxic reaction. Third, most of the
local reactions took several days to develop, even after 2-3
wk of receiving the injections, instead of instantaneously
after injection. Fourth, PTHrP is not a foreign material but
a normal peptide hormone: a 50% incidence of reaction
would be very high for an allergic phenomenon. Fifth, we
have not observed such a reaction in multiple prior studies
(14-19, 21-23). Sixth, we found that the peptide used in
the current studies, when dissolved in saline or water, dis-
played a markedly acid pH, in contrast to placebo vials
and saline vehicle and to the isoelectric point of PTHrP
(1-36). Thus, we attribute the local reaction to incomplete
removal of acid contaminants in the PTHrP preparation
used. Future studies will need to use an optimized PTHrP
synthetic formulation.

With the exception of the local dermal reaction, PTHrP
was remarkably well tolerated. There were no important
hemodynamic adverse effects, and none of the 26 subjects
receiving PTHrP in the current study or 20 subjects re-
ceiving 500-1500 pg/d of PTHrP in prior studies (15-17)
developed nausea, vomiting, flushing, or muscle cramp-
ing, adverse effects occasionally reported in association
with PTH therapy (1).

Collectively, these and prior studies suggest that PTHrP
may hold promise as a pure skeletal anabolic agent for the
treatment of osteoporosis. Certain attributes of PTHrP (its
possible pure anabolic effects with lack of bone resorp-
tion; its lack of nausea, muscle cramps, flushing, and hy-
percalcemia with doses up to 500 pg/d; and its lack of
methionine residues that might be oxidized, thereby lim-
iting stability of PTH) suggest that it may have advantages

J Clin Endocrinol Metab, March 2010, 95(3):1279-1287

over PTH in the treatment of osteoporosis. These studies
now permit effective design of a direct comparator study
of PTH vs. PTHrP.
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