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Abstract Parathyroid hormone-related protein (PTHrP)
is an anabolic skeletal agent in mice, rats and humans.
In previous studies, we have demonstrated that PTHrP
can be administered to osteoporotic postmenopausal
women at a dose of 6.56 ug/kg/day (or approximately
400 ug/day) for 3 months to yield a 4.7% increase in
lumbar spine BMD. This regimen was free of hyper-
calcemia or adverse effects. Moreover, PTHrP appeared
to stimulate bone formation selectively, without stimu-
lating bone resorption. This efficacy in the absence of
adverse effects, as well as the apparent ‘‘pure anabolic’’
action of PTHrP, prompted us to attempt to define the
complete therapeutic window for PTHrP. In this study,
we gradually escalated the dose of PTHrP(1–36) from 9
to 28 ug/kg (or approximately 570 ug to 1,946 ug)
administered as a single subcutaneous dose to 22 healthy
young adult subjects. PTHrP(1–36) was well tolerated
even at the highest dose, just under 2.0 mg, some five
times higher than we have previously demonstrated to be
effective in increasing bone mass, and some 100 times
higher than the maximal approved dose of PTH(1–34).

Despite the large dose of PTHrP, the highest serum
calcium achieved was 10.6 mg/dl, and this was observed
in only one subject at the highest dose. The mean serum
calcium in subjects receiving the highest dose was
9.6 mg/dl. Only one subject experienced adverse symp-
toms/signs, and this was at the highest dose. We con-
clude that subcutaneous PTHrP(1–36) is safe when
administered in single doses approaching 2.0 mg. These
findings indicate that the therapeutic window for
PTHrP(1–36) in humans is wide and permit the design
and implementation of longer safety and efficacy trials.
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Introduction

Parathyroid hormone (PTH) is a potent skeletal ana-
bolic agent. PTH(1–34) and PTH(1–84) when adminis-
tered on a daily subcutaneous basis result in increases in
both bone resorption and formation and lead to rapid
and quantitatively large increases in bone mineral den-
sity in postmenopausal women and in men with osteo-
porosis [1, 2, 3, 4, 5, 6, 7]. PTH treatment results in a
marked reduction in skeletal fracture rates [1]. The
availability of PTH represents the beginning of a new
era in the anabolic therapy of osteoporosis, comple-
menting more traditional anti-resorptive therapies such
as the bisphosphonates, estrogens and SERMs. The dose
of PTH(1–34) approved by the United States FDA is
20 ug/day. Higher doses result in increasing toxicity,
including nausea, headache, dizziness, muscle cramps
and other adverse events. Indeed, even the approved
dose of 20 ug/day may result in mild hypercalcemia. For
example, at the 20 ug/day dose, 11% of women devel-
oped hypercalcemia (defined as a serum calcium greater
than 10.6 mg/dl), and this increased to 28% in women
receiving the 40 ug/day dose [1]. Thus, despite the effi-
cacy and promise of PTH as a skeletal anabolic agent,
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increases in bone resorption, hypercalcemia and other
adverse effects occur.

Parathyroid hormone-related protein (PTHrP) was
initially identified as the humoral factor that causes
humoral hypercalcemia of malignancy. Recently, work
from the Miao, Karaplis and Goltzman group has
demonstrated that PTHrP is the endogenous ligand for
the PTH/PTHrP or PTH-1 receptor in bone, and is a
native anabolic factor for bone [8, 9, 10, 11]. For
example, mice haploinsufficient for PTHrP develop
osteoporosis [8], and conditional disruption of PTHrP
production by osteoblasts results in osteoporosis [9].
Conversely, mice null for PTH develop increases in bone
mass, and this increase in bone density results from a
local increase in PTHrP production [10]. Thus, whereas
both PTH and PTHrP can interact with the PTH-1
receptor in bone, one can reasonably argue that PTHrP,
and not PTH, is the native anabolic skeletal ligand.

Complimenting these observations in osteoporotic
PTHrP-deficient mice, we have shown that PTHrP
administration is capable of increasing bone mass in
postmenopausal women with osteoporosis. For exam-
ple, daily subcutaneous administration of PTHrP(1–36)
for 3 months to women with postmenopausal osteopo-
rosis resulted in a mean increase in lumbar spine density
of 4.7% [12]. Similarly, 6 months of daily administration
of PTHrP(1–36) to ovariectomized rats resulted in a
22% increase in bone mass [13]. While there are no
human PTHrP studies with a fracture endpoint, the rat
studies demonstrated that PTHrP leads to markedly
enhanced biomechanical properties in the femur and
vertebrae [13].

PTHrP administration in humans is associated with
four unique features. First, the doses required and tol-
erated are large. For example, we have shown that doses
ranging from 0.82 to 6.56 ug/kg, approximately equiv-
alent to 50 to 400 ug/day in a 60 kg postmenopausal
woman, are well tolerated [12, 14, 15], and that doses in
the range of 6.56 ug/kg are required for the anabolic
effect in humans [12, 15]. Second, despite the large doses
employed, PTHrP is well tolerated. Despite using doses
some 20 times higher than the approved dose of PTH(1–
34), subjects receiving PTHrP(1–36) have not displayed
subjective adverse effects, nor objective adverse effects
such as hypercalcemia [12, 14, 15]. Third, the increments
in spine BMD are large and rapid [12]. Indeed, some
subject receiving PTHrP(1–36) displayed increases in
spine BMD of 6–8% in 3 months [12]. And, fourth,
whereas PTHrP administration is associated with in-
creases in bone formation (as measured using bone
formation markers in humans [12, 15], and histomor-
phometric markers of bone formation in rats [13]), it is
not associated with increases in bone resorption [12, 13,
15]. Thus, PTHrP(1–36) in doses used to date appears to
be a pure skeletal anabolic agent.

Since PTHrP has beneficial effects on skeletal mass
and is well tolerated, even at large doses, we wondered if
even larger doses might be well tolerated, and if so,
whether larger doses might be more efficacious than the

6.56 ug/kg/day (or approximately 400 ug/day) dose
employed previously [12, 15]. In the current study,
therefore, we explored the maximal tolerable single dose
of PTHrP(1–36) in healthy young adults.

Materials and methods

Study subjects

Twenty-two subjects (7 males and 15 females) between
the ages of 24 and 45 years old (mean age =28.4±0.8)
were studied. All subjects were healthy, on no medica-
tions and had no cardiac, renal, hematological, endo-
crine or other diseases. The baseline blood pressure,
physical exam, serum calcium, phosphorus, creatinine,
25(OH)vitamin D and electrocardiogram were normal.
Pregnancy tests were negative in females.

Protocol design

The purpose of this study was to define the maximal
single subcutaneous dose of PTHrP(1–36) that can be
safely tolerated by healthy young adults. Subjects were
admitted for 10 h to the Adult General Clinical Re-
search Center at the University of Pittsburgh School of
Medicine after fasting overnight. An intravenous line
was inserted for blood sampling, and subjects were al-
lowed to have breakfast. PTHrP was administered at the
doses indicated below at approximately 8:00 a.m. Supine
and standing pulse and blood pressure were measured at
15-min intervals for the first hour, then at 30-min
intervals for the next hour, and then hourly. Serum
calcium, ionized serum calcium, serum phosphorus,
1,25(OH)2 D, plasma amino-terminal peptide of colla-
gen-1 (NTX), plasma carboxy-terminal peptide of pro-
collagen-1 (CTX), and procollagen-1 amino-terminal
peptide (P1NP) and urine for calcium, creatinine and
phosphorus, were obtained at the times indicated in
Figs. 1 and 2. An adverse effect questionnaire [12, 16]
was administered every 15 min for the first 60 min, then
every 30 min for 2 h, then every 2 h for the remainder of
the study. Informed written consent was provided by
each subject, and the studies were approved by the
University of Pittsburgh Human Subjects Institutional
Review Board.

Human PTHrP(1–36) was administered in sterile
saline in volumes between 0.4 and 0.8 ml into the sub-
cutaneous abdominal fat. The highest dose of PTHrP
employed in our prior studies [12, 15] was 6.56 ug/kg.
Therefore, the initial dose in this study was 9 ug/kg, and
the dose was then escalated to 12, 16, 21 and 28 ug/kg.
When expressed in ug/subject, the mean doses were 570,
879, 1,192, 1,499 and 1,946 ug per subject, respectively.
For the lowest four doses, each dose was administered to
groups of three different subjects, increasing the dose
serially if no adverse effects were observed. Finally, the
28 ug/kg dose was given to a group of ten additional
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subjects. Subjects were not aware of the dose they were
receiving. Study subjects were observed for 9 h following
the dose of PTHrP(1–36).

Peptide

Human PTHrP(1–36) was prepared and administered as
described in detail previously [12, 13, 14, 15, 16, 17, 18,
19]. Briefly, hPTHrP was synthesized by solid phase
synthesis, aliquotted into sterile vials under sterile

conditions, and lyophilized. Purity was confirmed using
analytical scale reversed-phase HPLC, and accuracy of
synthesis by amino acid analysis and mass spectroscopy.
Vials were tested for amino acid content to confirm the
quantity of PTHrP per vial, and were assayed for bio-
activity using the SaOS-2 adenylyl cyclase bioassay [16,
17, 18]. The PTHrP(1–36) preparation used in these
studies displayed comparable bioactivity to hPTH(1–34)
(Bachem, Torrance, Calif.) in the SaOS-2 adenylyl cy-
clase bioassay, and was comparable in potency to
PTHrP(1–36) employed in our prior studies [12, 13, 14,
15, 16, 17, 18, 19]. Sterility was confirmed by routine
bacterial culture, and pyrogenicity was assayed using a
standard endotoxin assay. The use of PTHrP was ap-
proved by the FDA under IND no. 49,175.

Analyses

Serum, plasma and urine for calcium, phosphorus and
creatinine was analyzed in the University of Pittsburgh
Clinical Chemistry Laboratory. Fractional calcium
excretion and the renal tubular maximum for phos-
phorus (TmP/GFR) were calculated as described previ-
ously [19]. Plasma NTX, CTX and P1NP were assayed
using commercially available kits (Osteomark ELISA,
Ostex International, Seattle, Wash.; Crosslaps ELISA,

(%
)

8.0

6.0

4.0

2.0

0

p < 0.05

p < 0.05 p < 0.001

Hours
0           1 3 5            7 9

Fractional Calcium Excretion

Plasma 1,25(OH)2D

(p
g

/d
l)

0 5 9 
Hours

p < 0.01

20

40

0

80

60

A

B

Fig. 2 Fractional calcium excretion and plasma 1,25(OH)2 D
responses to subcutaneous PTHrP. The symbols are the same as
in Fig. 1. See text for details
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Fig. 1 Total serum calcium, serum phosphorus and the renal
tubular maximum for phosphorus (TmP/GFR) responses to
PTHrP dose escalation. Open triangles: 9.0 ug/kg ( n =3, mean
dose 570 ug/subject); open squares 12 ug/kg (n=3, mean dose
879 ug/subject); · 16 ug/kg ( n =3, mean dose 1,192 ug/subject); x
symbol 21 ug/kg ( n =3, mean dose 1,499 ug/subject); filled black
circle and solid black line 28 ug ( n =10, mean dose 1,946 ug/
subject). The dotted line in the upper panel represents the upper
normal limit for serum calcium (10.5 mg/dl). Representative
standard error bars are shown. In each panel, the P value refers
to the changes as compared to baseline in the 28 ug/kg group

227



Nordic Bioscience Diagnostics, Inc., Herlev, Denmark;
Orion Diagnostics RIA, Espoo, Finland, respectively).
Plasma 1,25(OH)2 D was measured using the Diasorin
Kit (Stillwater, Minn.).

Statistics

Changes in the measured parameters in the group
receiving the highest PTHrP dose, 28 ug/kg, were eval-
uated using mixed modeling methods. Mixed modeling
was employed since it allows for a correlational structure
among the repeated measures other than compound
symmetric, which is the correlational structure assumed
for repeated measures analysis of variance. The level of
significance was pre-established at 0.05 for two-sided
hypothesis testing.

Results

The changes in total serum calcium are shown in
Fig. 1A. There was a mild, but statistically significant,
increase in total serum calcium over the 10 h of the
study. The subjects receiving the lower doses also dis-
played similar mild increases. No group approached the
upper limits of normal in our laboratory (10.5 mg/dl),
and only one subject in any group achieved a serum
calcium concentration over 10.0 mg/dl. This was a single
subject in the 28 ug/kg dose, who reached 10.6 mg/dl at
5 h. Similar results were observed for ionized calcium
(baseline in the 28 ug/kg group 4.5±0.04 vs.
5.0±0.04 mg/dl at 9 h, mean ± SE, P =0.0001). Serum
creatinine did not change significantly (baseline in the
28 ug/kg group 0.85±0.05 vs. 0.81±0.04 mg/dl at 9 h,
mean ± SE, P =ns).

As anticipated, each group displayed a transient de-
cline in serum phosphorous (Fig. 1B) and in the TmP/
GFR (Fig. 1C). Fractional calcium excretion increased
transiently, but reproducibly in each group at the first
(1 h) time point (Fig. 2A). Fractional calcium excretion
rapidly declined at 3 h, and then gradually increased
over the ensuing 6 h. Plasma NTX and CTX, markers of
bone resorption, remained stable during the study, as
did plasma P1NP (mean ± SE, CTX baseline=
17.9±9.2 vs. 9 h=18.5±7.8 ng/ml; NTX baseline=
16.9±1.0 vs. 9 h =16.3±1.5 nM BCE; P1NP baseline
68.6±10.5 vs. 9 h 61.2±10.1 ug/l). Plasma 1,25(OH)2 D
was measured in the subjects receiving the 28 ug/kg
dose, or approximately 2.0 mg of PTHrP(1–36). As can
be seen in Fig. 2B, plasma 1,25(OH)2 D increased pro-
gressively, approximately doubling over the 9 h of the
study.

Supine and standing systolic and diastolic blood
pressure and heart rate were measured throughout the
study. Baseline supine and standing systolic blood
pressures in the 28 ug/kg group were 111±5.9 and
115±4.4 mgHg, respectively. There was a transient,
45–60 min increase in systolic blood pressure of

approximately 15–20 mmHg, in both supine and
standing positions in the subjects receiving the 28 ug/kg
dose, and similar changes were observed in the subjects
receiving the lower doses. The highest systolic blood
pressure in any subject was 158 mmHg. No significant
changes were observed in standing or supine diastolic
blood pressure. Supine heart rate increased during the
study from a baseline of 63 to 78 bpm. Standing heart
rate also increased from a baseline of 77 to 90 bpm.
Both peaked at approximately 60 min and returned to
baseline by 120 min. The highest pulse in any subject
was 133 bpm.

In the subjects receiving the 9, 12, 16 and 21 ug/kg
doses, no significant adverse effects were observed.
Among the ten subjects who received the 28 ug/kg dose,
one subject experienced significant nausea, flushing and
diaphoresis, accompanied by postural dizziness (lowest
recorded supine BP was 93/63 mmHg, with a baseline
BP of 84/55 supine, and 99/66 standing) not accompa-
nied by tachycardia (pulse of 76 bpm with a baseline
pulse of 80 supine and 96 standing) between 4 and 5 h
following injection of PTHrP. She recovered without
specific treatment and was symptomatically and hemo-
dynamically normal within 9 h.

Discussion

These studies demonstrate that the maximum tolerable
single subcutaneous dose of PTHrP(1–36) is in the
approximate range of 2.0 mg. More specifically, the
maximal tolerable subcutaneous dose was at least 28 ug/
kg, or, on average, 1,946 ug (1.95 mg) in ten healthy
young adults. This dose is some five times higher than the
dose we employed previously in postmenopausal women
with osteoporosis [12, 15], and some 100 times higher
than that approved for hPTH(1–34) [1, 2, 3, 4, 5, 6, 7].

PTHrP administration increased circulating concen-
trations of 1,25(OH)2 D, as has been reported previously
[14, 15, 16, 18, 19, 20]. Despite the ten-fold higher dose
of PTHrP in the current study as compared to our ear-
lier study [14], the kinetics of plasma 1,25(OH)2 D were
almost identical. These results suggest either that PTHrP
absorption is limited, or that 1,25(OH)2 D synthesis was
already maximal at the lower dose. In prior studies, the
increase in 1,25(OH)2 D was transient, returning to
baseline values within 24 h [15]. The increase in
1,25(OH)2 D suggests that intestinal calcium absorption
could be elevated in the several hours following PTHrP
administration.

Fractional calcium excretion (FECa) increased in the
1st hour following the administration of PTHrP. This
transient increase has been reported previously both for
PTH and PTHrP [16, 18, 19, 21, 22] and is believed to
represent a proximal tubular PTH- or PTHrP-induced
calciuresis. This initial increment at 1 h was followed by
a subsequent decline at the 3-h time point that could
either reflect the waning calciuric effects of PTHrP, the
well-documented anti-calciuriuc effects of PTHrP
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[16, 19], or a combination of both. Between the 3- and 9-
h time points, there was a statistically significant increase
in FECa. This could, in theory, reflect an increase in
bone resorption or an increase in intestinal calcium
absorption mediated by the increase in circulating
1,25(OH)2 D.

The total serum calcium increased marginally in
quantitative terms, but significantly in statistical terms.
The mean serum calcium in the ten subjects receiving the
highest (28 ug/kg) dose rose from 8.9 mg/dl at baseline,
to 9.8 mg/dl at 9 h. A similar increase was observed in
the subjects receiving the four lower doses as well. The
increase in serum calcium does not appear to be related
to postural or fluid redistribution effects, since the ion-
ized serum calcium also increased comparably. In the-
ory, the mild increase in serum total and ionized calcium
could represent a diurnal change in serum calcium, but
this seems unlikely in that in our prior studies, subjects
receiving placebo treatment under the same conditions
on the same research center did not display such changes
[19]. The increase in serum calcium at 9 h is not likely
due to renal calcium retention mediated by PTHrP, for
subjects were more calciuric at 9 h than at baseline. It is
not likely reflective of bone resorption, since NTX and
CTX did not change. It seems likely, therefore, that the
mild increase in serum calcium reflects the substantial
and contemporaneous increase in plasma 1,25(OH)2 D
described above.

The primary outcome measures in this study were
safety measures. From a safety standpoint, the mean
serum calcium in the subjects receiving all of the doses of
PTHrP remained well within the normal range. Only one
subject of the 22 in the study reached the 10.5 mg/dl
upper normal limits value, and this subject rose only to
10.6 mg/dl. This is in accord with prior studies
employing subcutaneous PTHrP, none of which have
revealed significant increases in serum calcium [12, 15].

PTHrP and PTH are both well-described vasodila-
tory agents, and intravenous administration of either
PTH or PTHrP to laboratory animals causes essentially
immediate, dramatic but transient declines in systolic
and diastolic blood pressure [23, 24, 25]. This decline in
blood pressure is mediated by a direct vasorelaxant ef-
fect on arterial smooth muscle cells in small arterial
resistance vessels [23, 24, 25]. Intravenous administra-
tion of PTH and PTHrP to intact animals also leads to
an immediate increase in heart rate [23, 24, 25]. In part,
some of this may be a reflex tachycardia in response to
hypotension. However, Ogino et al. have demonstrated
that PTHrP has direct chronotropic effects in the iso-
lated perfused rat heart [25]. In humans, Wolzt et al.
have performed progressive intravenous infusions of
PTHrP(1–34) into healthy normal volunteers, up to a
maximal dose of 14.9 nmol/min, or approximately
900 ug, administered over 15 min [26]. Infusion of this
large dose resulted in increases in heart rate and renal
blood flow, but no important decline in mean arterial
pressure. Given these considerations, we had anticipated
that single subcutaneous doses of PTHrP(1–36) in the

range of 1 to 2 mg might cause systemic hypotension
due to vasodilatation. We also anticipated that if they
occurred, they would occur at the time of peak plasma
PTHrP(1–36) concentrations, which we had previously
demonstrated to occur at 15 min following a subcuta-
neous dose [14]. With this background, the hemody-
namic responses observed were surprising, for instead of
the anticipated decline in systemic blood pressure, we
observed a transient, but statistically significant increase
in systolic blood pressure. The heart rate also transiently
increased following administration of PTHrP(1–36),
perhaps reflecting a reflex tachycardia in response to
PTHrP-mediated vasodilatation, a direct chronotropic
response of PTHrP, or a response to the stress or anxiety
accompanying experimental hospitalization and/or drug
administration. From a safety standpoint, the changes
were of modest clinical significance.

At the highest dose employed, one of the ten subjects
experienced nausea, dizziness, diaphoresis, slight bra-
dycardia and postural hypotension some 4–5 h follow-
ing the dose, or some 4–5 h after the peak of PTHrP
absorption (15 min) [14]. The relative bradycardia was
more suggestive of a non-specific vagal reaction than a
specific PTHrP-related adverse event, for two reasons.
First, PTHrP administration in animals is associated
with tachycardia, not bradycardia. Second, as noted
above, the event occurred hours after PTHrP had likely
disappeared from the circulation.

In summary, these studies demonstrate that
PTHrP(1–36) can be administered to healthy young
volunteers in surprisingly large doses. Although these
large doses were safe when administered as a single dose,
it remains fully possible that sustained administration
over multiple days to weeks may very well elicit skeletal
resorptive responses and hypercalcemia, or other ad-
verse effects. Thus, the significant finding here is that the
optimal therapeutic window for PTHrP(1–36) likely lies
somewhere between 400 ug/day, the dose used in our
two previous studies, and 2,000 ug/day, the approximate
maximal dose employed in the current study. Future
studies can now be designed to define the pharmacoki-
netics of absorption of these large doses of PTHrP(1–36)
and the safety of doses in this window over longer
periods of time.
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