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Effects of hPTH(1-34) Infusion on Circulating Serum Phosphate,
1,25-Dihydroxyvitamin D, and FGF23 Levels in Healthy Men
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ABSTRACT: Fibroblast growth factor 23 (FGF23) promotes phosphaturia and suppresses 1,25-dihydroxyvitamin
D [1,25(OH)2D] production. PTH also promotes phosphaturia, but, in contrast, stimulates 1,25(OH)2D
production. The relationship between FGF23 and PTH is unclear, and the acute effect of pharmacol-
ogically dosed PTH on FGF23 secretion is unknown. Twenty healthy men were infused with human
PTH(1-34) [hPTH(1-34)] at 44 ng/kg/h for 24 h. Compared with baseline, FGF23, 1,25(OH)2D, ionized
calcium (iCa), and serum N-telopeptide (NTX) increased significantly over the 18-h hPTH(1-34) infusion
(p < 0.0001), whereas serum phosphate (PO4) transiently increased and then returned to baseline. FGF23
increased from 35 ± 10 pg/ml at baseline to 53 ± 20 pg/ml at 18 h (p = 0.0002); 1,25(OH)2D increased from 36 ±
16 pg/ml at baseline to 80 ± 33 pg/ml at 18 h (p < 0.0001); iCa increased from 1.23 ± 0.03 mM at baseline to 1.46
± 0.05 mM at hour 18 (p < 0.0001); and NTX increased from 17 ± 4 nM BCE at baseline to 28 ± 8 nM BCE at
peak (p < 0.0001). PO4 was 3.3 ± 0.6 mg/dl at baseline, transiently rose to 3.7 ± 0.4 mg/dl at hour 6 (p = 0.016),
and then returned to 3.4 ± 0.5 mg/dl at hour 12 (p = 0.651). hPTH(1-34) infusion increases endogenous
1,25(OH)2D and FGF23 within 18 h in healthy men. Whereas it is possible that the rise in PO4 contributed to
the observed increase in FGF23, the increase in 1,25(OH)2D was more substantial and longer sustained than
the change in serum phosphate. Given prior data that suggest that neither PTH nor calcium stimulate
FGF23 secretion, these data support the assertion that 1,25(OH)2D is a potent physiologic stimulator of
FGF23 secretion.
J Bone Miner Res 2009;24:1681–1685. Published online on April 27, 2009; doi: 10.1359/JBMR.090406

Key words: fibroblast growth factor 23, phosphate, 1,25-dihydroxyvitamin D, PTH

Address correspondence to: Sherri-Ann M. Burnett-Bowie, MD, MPH, 50 Blossom Street, Thier 1051, Boston, MA 02114,
USA, E-mail: sburnett-bowie@partners.org

INTRODUCTION

FIBROBLAST GROWTH FACTOR 23 (FGF23) is a phosphate-
regulating hormone that was identified through the study

of acquired and inherited forms of rickets/osteomalacia,
characterized by renal phosphate wasting, hypophosphate-
mia, and inappropriately low 1,25-dihydroxyvitamin D
[1,25(OH)2D] levels.(1–4) The regulation of FGF23 in vivo,
and how FGF23 fits in the physiological regulation of phos-
phate metabolism, is currently of great interest. Whereas
human studies have yielded sometimes conflicting re-
sults, 1,25(OH)2D, dietary phosphate, and serum phos-
phate seem to stimulate FGF23 release.(5–10) The rela-
tionship between FGF23 and PTH, however, remains
unclear.(11–14) We thus sought to address this question by
assessing the impact of infusing pharmacologically dosed
human PTH(1-34) [hPTH(1-34)] in young healthy men. By
assessing the response of circulating FGF23 levels, as well
as other potential mediators of FGF23 such as 1,25(OH)2D
and serum phosphate levels, we hoped to gain a better
understanding of how FGF23 fits into the overall regula-
tion of mineral metabolism.

MATERIALS AND METHODS

Study subjects

Twenty subjects (20–45 yr of age) were randomly se-
lected from a cohort of healthy volunteers that had com-
pleted a larger study investigating the effects of androgens
and estrogens on bone and mineral metabolism in men.(15)

Subjects were required to have normal serum testosterone,
serum calcium and renal and hepatic function. Subjects
were excluded if they had congenital or acquired bone
disease (e.g., osteomalacia, hyperparathyroidism, or Pa-
get’s disease); a disorder known to affect bone metabolism
(e.g., hyperthyroidism, Cushing’s disease or hyperprolac-
tinemia); recent fracture or immobilization; a history of
significant cardiopulmonary, oncologic, prostatic, or psy-
chiatric disease; or a history of significant drug or alcohol
abuse or use of any drug known to interact with the study
drugs or to alter bone turnover markers (e.g., antico-
agulants, sex steroids, glucocorticoids, anticonvulsants,
suppressive doses of thyroxine, lithium, bisphosphonates,
calcitonin, sodium fluoride, or statins). The study was ap-
proved by the Human Research Committee of Partners
HealthCare Systems, and all subjects provided written
consent.
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Study protocol

Subjects were admitted to the Mallinckrodt General
Clinical Research Center (GCRC) of Massachusetts Gen-
eral Hospital (a tertiary academic center in Boston, MA,
USA) where they underwent a 24-h intravenous infusion of
hPTH(1-34) (Bachem, Torrance, CA, USA) at a dose of 44
ng/kg/h (10.7 pmol/kg/h). In a 24-h infusion, a 70-kg subject
would have thus received ;3.5 times the currently mar-
keted dose of subcutaneous hPTH(1-34). This dose of PTH
was chosen because we had previously shown that it reli-
ably stimulates bone resorption, increases ionized calcium,
and clearly overwhelms any endogenous variation in
PTH.(16) Whereas these subjects were enrolled in a pro-
tocol assessing the effects of androgens and estrogens on
skeletal sensitivity to hPTH(1-34),(15) the hPTH(1-34)
infusions described here were all performed at baseline
(before any gonadal steroid hormonal manipulation).

Blood ionized calcium levels were measured every 6 h
until the 18-h time point (0, 6, 12, and 18 h) and then every
2 h (20, 22, and 24 h). The infusions were discontinued if
the ionized calcium exceeded 1.5 mM. Subjects were fast-
ing for the baseline blood draw but were allowed to con-
sume an ad libitum nonstandardized GCRC diet.

Laboratory methods

All testing was performed on previously unthawed
samples that were stored at 2808C. Serum intact FGF23
was measured with a commercial kit that detects only the
intact FGF23 peptide (Kainos, Tokyo, Japan). This
immunometric assay has a sensitivity of 3 pg/ml. The intra-
and interassay CVs are �3% and �4%, respectively. Se-
rum phosphate was measured by colorimetric method
(Roche Diagnostics, Indianapolis, IN, USA) with intra-
and interassay CVs of <2% and <4%, respectively. Serum
PTH was measured by a two-site immunoradiometric assay
(Nichols Institute) with a sensitivity of 1 pg/ml and intra-
and interassay CVs of 2–3% and 6%, respectively. Serum
25-hydroxyvitamin D [25(OH)D] was measured using an
extraction double-antibody RIA (DiaSorin, Stillwater,
MN, USA) with a sensitivity of 1.5 ng/ml and intra- and
interassay CVs of 9–13% and 8–11%, respectively. Serum
1,25(OH)2D was measured by RIA (DiaSorin) with intra-
and interassay CVs of 7–11% and 11–15%, respectively.
Serum N-telopeptide (NTX) was measured using an au-
tomated chemiluminescent immunoassay (Ortho-Clinical
Diagnostics, Rochester, NY, USA) with an interassay CV
of 7%.

Study endpoints

The primary study endpoints were change in serum
phosphate and FGF23 levels. Secondary endpoints in-
cluded change in 1,25(OH)2D, ionized calcium, and serum
NTX.

Statistical analysis

All data are expressed as the mean ± SD unless specified
otherwise. For all variables, the 0-, 6-, 12-, and 18-h values
were compared by repeated-measures ANOVA to assess

whether there was a statistically significant change with
time. If a statistically significant difference was detected by
ANOVA, paired t-tests were performed to compare the 6-,
12-, and 18-h time points to baseline. p � 0.05 was con-
sidered statistically significant.

RESULTS

The baseline characteristics of the 20 subjects are de-
scribed in Table 1. The mean serum intact FGF23 level was
consistent with normative data from our group and
others.(6,9,17) Six of the 20 subjects had 25(OH)D levels <20
ng/ml; however, only 2 subjects had PTH levels >60 pg/ml.

Serum ionized calcium, NTX, 1,25(OH)2D,
phosphate, and FGF23

Figure 1 shows the change in serum ionized calcium,
1,25(OH)2D, phosphate, and FGF23 with hPTH(1-34) in-
fusion. Consistent with the known effects of PTH infusion
on bone and renal calcium metabolism, mean ionized cal-
cium increased steadily over 18 h (p < 0.0001; Fig. 1A), and
serum NTX increased from 17 ± 4 nM BCE at baseline to a
peak level of 28 ± 8 nM (p < 0.0001). Similarly, consistent
with the known PTH stimulation of 1a-hydroxylation,
1,25(OH)2D levels increased significantly over the 18-h
infusion (p < 0.0001; Fig. 1B). Serum phosphate levels,
however, were stable over the 18 h, with the exception of a
transient rise at 6 h (p = 0.016 versus baseline; Fig. 1C). In
contrast to the observed changes in serum phosphate and
similar to the observed changes with ionized calcium and
1,25(OH)2D, FGF23 levels increased significantly over 18 h
(p < 0.0001; Fig. 1D). FGF23 was 35 ± 10 pg/ml at baseline
and stable at 6 h (p = 0.9), but increased to 41 ± 14 pg/ml at
12 h (p = 0.023) and 53 ± 20 pg/ml at 18 h (p = 0.0002).

As a secondary analysis, to determine whether there was
an effect of hyperparathyroidism and/or vitamin D defi-
ciency [defined as 25(OH)D < 30 ng/ml] on the response to
PTH infusion, we assessed the baseline and 18-h ionized
calcium, 1,25(OH)2D, serum phosphate, and FGF23 levels
in subjects with or without hyperparathyroidism/vitamin D

TABLE 1. Baseline Characteristics

Mean ± SD Normal range

Age (yr) 30 ± 8

Weight (kg) 75 ± 9

Ionized calcium (mM) 1.23 ± 0.03 1.14–1.30

Serum phosphate (mg/dl) 3.3 ± 0.6 2.6–4.5

Creatinine (mg/dl) 1.0 ± 0.1 0.6–1.5

FGF23 (pg/ml) 35 ± 10 *

25-hydroxyvitamin D (ng/ml) 32 ± 17 †

1,25-dihydroxyvitamin D (pg/ml) 36 ± 16 22–67

PTH (pg/ml) 41 ± 26 10–60

Systeme international conversion factors: serum phosphate (mM), 0.2495;

creatinine (mM), 88.4; 25-hydroxyvitamin D (nM), 2.496; 1,25-dihydrox-

yvitamin D (pM), 2.6; and parathyroid hormone (ng/liter), 1.

* This FGF23 range is consistent with normative data from our group and

others.(6,9,17)

† The normal range for 25-hydroxyvitamin D increased from >15 ng/ml at

the time of subject recruitment to >30 ng/ml currently.
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deficiency at baseline [defined as PTH > 60 pg/ml or
25(OH)D < 30 ng/ml, n = 10; Fig. 2]. The only between-
group differences identified were in the change in
1,25(OH)2D and consequently the 18-h value, with both
being larger in the men with normal values (Fig. 2B).

DISCUSSION

In this study, we showed that, within 18 h, infusion of
pharmacologic levels of PTH first increases endogenous
1,25(OH)2D and then FGF23 levels. Additionally, consis-
tent with the known effects of PTH to stimulate bone re-
sorption and increase urinary calcium reabsorption, PTH

infusion induced hypercalcemia and increased serum NTX.
In contrast to some prior studies,(18,19) however, significant
hypophosphatemia did not develop. The reason for this
difference is not clear, because we used a dose of hPTH(1-
34) that was similar to the dose used in one study(18) and
much lower than the dose used in another.(19) It is unlikely
that our sampling times contributed to us missing a de-
crease in serum phosphate because, in prior studies, such a
decrease was observed from hour 11 or 12 onward of the
infusion.(18,19) Instead, we observed a transient rise in se-
rum phosphate that might have been secondary to the in-
fluence of meals.(18,20) Finally, we observed similar changes
in ionized calcium, serum phosphate, and FGF23 with
hPTH(1-34) infusion in the subjects with normal 25(OH)D

FIG. 1. Mean (±SE) (A) ionized calcium,
(B) 1,25-dihydroxyvitamin D, (C) serum
phosphate, and (D) FGF23 at 0, 6, 12, and 18
h with hPTH(1-34) infusion. *p value assesses
change over time by repeated-measures
ANOVA compared with baseline. ns, not
significant. Systeme International conversion
factors: 1,25-dihydroxyvitamin D (pM), 2.6;
phosphate (mM), 0.2495; and parathyroid
hormone (ng/liter), 1.

FIG. 2. Individual data for (A) ionized cal-
cium, (B) 1,25-dihydroxyvitamin D, (C) se-
rum phosphate, and (D) FGF23 at 0 and 18 h
with hPTH(1-34) infusion for subjects with
hyperparathyroidism/vitamin D deficiency
[PTH > 60 pg/ml and 25(OH)D < 30 ng/ml
(n = 2) or PTH� 60 pg/ml and 25(OH)D < 30
ng/ml (n = 8)] (u) vs. those with normal PTH
and vitamin D levels [PTH < 60 pg/ml and
25(OH)D � 30 ng/ml (n = 10)] (j). For each
variable, the top panel shows the individual
data and the bottom panel shows the mean
(±SE) for the two groups. *p value assesses a
between-group difference at either hour 0 or
18. Systeme International conversion factors:
25-hydroxyvitamin D (nM), 2.496, 1,25-
dihydroxyvitamin D (pM), 2.6; phosphate
(mM), 0.2495; and parathyroid hormone (ng/
liter), 1.
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and PTH levels compared with those with either hyper-
parathyroidism or vitamin D deficiency.

The relationship between PTH and FGF23 is complex.
Prior studies have shown that FGF23 induces renal phos-
phate wasting and suppression of the 1a-hydroxylase
enzyme in the absence of PTH,(21) and recent studies
suggested that FGF23 suppresses PTH mRNA and protein
both in vitro and in vivo.(22,23) Conversely, animal and
human studies differ in how elevated PTH levels affect
FGF23 when renal function is normal. In an animal model
of primary hyperparathyroidism, FGF23 levels are ele-
vated and decrease after parathyroidectomy.(14) In human
studies, there is not a consensus regarding the relationship
between elevated PTH levels and FGF23.(11–13) Thus, the
effect of PTH on circulating FGF23 remains unclear. In
contrast to these prior studies where PTH is chronically
elevated, this protocol assessed the effects of an acute in-
crease in circulating PTH likely before a new steady state
was achieved.

Dietary phosphate, serum phosphate, and 1,25(OH)2D
have all been proposed as physiologic regulators of circu-
lating FGF23. In the majority of animal and human studies,
dietary phosphate has been shown to stimulate FGF23
secretion.(8,9,24,25) Discordance exists in the literature,
however, with respect to whether serum phosphate stimu-
lates FGF23 secretion. Most human studies,(6,8,24) but not
all,(10) show no association between serum phosphate and
circulating FGF23, whereas animal and in vitro studies
show the converse.(26,27) In contrast, in both animal and
human studies, 1,25(OH)2D has been found to stimulate
FGF23 secretion or be associated with higher serum
FGF23 levels.(6,8,24,26,27) Our observation that 1,25(OH)2D
and FGF23 levels increased, whereas serum phosphate
levels remained essentially stable, is consistent with the
prior findings, by us and others, that 1,25(OH)2D stimu-
lates FGF23 secretion but that, in the physiologic range,
serum phosphate does not seem to do the same. This study
also provides key insight into how quickly an increase in
endogenous 1,25(OH)2D may increase FGF23. Our study
confirms the findings of Collins et al.(5) regarding the ap-
parent stimulation of FGF23 by 1,25(OH)2D in patients
with hypoparathyroidism or pseudohypoparathyroidism
and extends the findings to healthy subjects with increased
endogenous 1,25(OH)2D.

The following limitations deserve mention. We are un-
able to exclude the possibility that the increase in circu-
lating FGF23 is caused by the effects of calcium or PTH.
However, in prior in vitro studies, calcium did not stimulate
FGF23 promoter activity, whereas 1,25(OH)2D did,(26)

arguing against calcium being a physiologic regulator of
FGF23. In vivo data argue that PTH is not critical for the
stimulation of FGF23 because FGF23 levels actually in-
crease in parathyroidectomized rats administered phos-
phate or 1,25(OH)2D.(21,27) Furthermore, FGF23 levels are
elevated in patients with hypoparathyroidism, arguing that
physiologic levels of PTH are not required for FGF23
stimulation.(10) In this study, whereas the initial serum
measurements were performed on fasting subjects, subse-
quent measurements were nonfasting. Additionally, the
timing and content of meals were not standardized.

Importantly, prior data suggest that eating does not acutely
affect circulating FGF23,(20) and a recent report suggests
that both serum phosphate and FGF23 are stable for 6 h
after a meal of varying phosphate content.(28) Nonetheless,
despite not controlling dietary phosphate, which would
bias our findings toward the null, we observed a dramatic
increase in endogenous FGF23. Another limitation is the
lack of a control group of normal volunteers who did not
receive PTH infusion. Notably, however, previous data
suggested that FGF23 levels in healthy volunteers do not
change in a diurnal pattern, and thus, our main finding
cannot be explained by such a mechanism.(4)

In summary, in this study, we showed that hPTH(1-
34) infusion stimulates a 3-fold increase in endogenous
1,25(OH)2D levels and a 2-fold increase in circulating
FGF23 levels. Whereas we cannot exclude the possibility
that the increase in FGF23 may also be influenced by
transient changes in serum phosphate, these results clearly
support the role of 1,25(OH)2D as a potent stimulator of
FGF23 in human physiology.
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