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Abstract Uncertainties exist regarding whether FGF-23

production is influenced by PTH and its involvement in

bone formation. We evaluated FGF-23 response and its

relation to changes in biomarkers of bone formation fol-

lowing intermittent PTH treatment. Twenty-seven women

with a mean [SD] age of 75.8 [5.4] years with postmeno-

pausal osteoporosis were treated with PTH(1–34) for

18 months. Bone mineral density (BMD) was measured at

6 and 18 months at the lumbar spine (LS) and total hip

(TH). Blood samples were obtained at baseline, 1–3, 6–9,

and 12–18 months. Serum calcium, phosphate, PTH,

25(OH)vitamin D, 1,25(OH)2vitamin D, markers of bone

turnover, FGF-23, and sclerostin were measured. BMD

increased at both the LS (11.6%, P \ 0.001) and TH

(2.5%, P \ 0.01). The bone formation marker P1NP

increased early (baseline mean [SD] 39.9 [24.4] lg/l,

1–3 months 88 [37.9] lg/l; P \ 0.001) and remained

higher than baseline throughout 18 months. FGF-23 also

increased, with a peak response at 6–9 months (increase

65%, P = 0.002). Serum phosphate remained stable. A

significant increase in 1.25(OH)2vitamin D (P = 0.02) was

seen at 1–3 months only. A small but significant reduction in

sclerostin was seen at 6–9 (P = 0.02) and 12–18 months

(P = 0.06). There was a positive correlation between

changes in P1NP and FGF-23 (6–9 months r = 0.78,

P \ 0.001). FGF-23 is increased by intermittent PTH(1–34).

This is related to early changes in P1NP, suggesting that the

skeletal effects of PTH may involve FGF-23. Further studies

are required to elucidate this.

Keywords FGF-23 � PTH � Osteoporosis � Bone

formation

Fibroblast growth factor-23 (FGF-23) is a phosphaturic

factor, implicated in several phosphate disorders [1, 2]. It is

produced by osteoblasts and osteocytes [3]. Both phosphate

and 1,25(OH)2 vitamin D have been shown to regulate its

production [4–7]. FGF-23 downregulates the activity of the

sodium/phosphate cotransporters NaPi2a and NaPi2c, which

promotes urinary phosphate excretion [8]. 1,25(OH)2 Vita-

min D upregulates FGF-23, which then acts in a regulatory

loop to reduce the synthesis of 1,25(OH)2 vitamin D [9]. The

regulation of FGF-23 by 1,25(OH)2 vitamin D may be

phosphate-independent [6].

It is unclear whether PTH has a direct role in the reg-

ulation of FGF-23 production [10, 11]. In pathological

states including primary and secondary hyperparathyroid-

ism, such as in chronic kidney disease (CKD) [11–13],

PTH concentrations have been associated with increases in
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FGF-23 in some, but not all, studies [13, 14]. Both factors

are thought to act synergistically to promote urinary

phosphate loss [6]. The marked elevations in circulating

FGF-23 observed in CKD are consistent with increasing

FGF-23 expression in bone [15] and are associated with

PTH concentrations, suggesting that the expression of

FGF-23 in bone, at least in CKD, may be regulated par-

tially by a PTH-dependent pathway [16]. Large population-

based studies have shown a positive correlation between

serum FGF-23 and PTH in subjects without CKD [17].

PTH injection in mice has been shown to increase FGF-23

[18]. Furthermore, in a study of healthy men, PTH infusion

at pharmacological doses increased serum FGF-23 con-

centrations and endogenous 1,25(OH)2 vitamin D [19].

However, the authors were unable to determine whether the

increases in FGF-23 were due to a direct effect of PTH,

independently of 1,25(OH)2vitamin D.

Uncertainties also remain about the effect of FGF-23 on

bone formation and remodeling. FGF-23 expression in

bone is closely related to bone formation in vivo and in

vitro [20, 21]. Overexpression of FGF-23 during osteoblast

development had no effect on osteoprogenitor proliferation

but markedly suppressed differentiation and matrix min-

eralization [21]. Severe mineralization defects have been

observed in vivo in a mouse model deficient in both FGF-

23 and NaPi2a genes, suggesting that FGF-23 is required

for mineralization, independently of its systemic effects on

phosphate homeostasis [22]. In children and young adults

with end-stage renal disease (ESRD), increased circulating

FGF-23 and bone expression have been related to improved

bone mineralization indices [23]. Although these data

suggest a possible role for FGF-23 in the local regulation of

skeletal mineralization in renal bone disease, further stud-

ies on the effect of FGF-23 in skeletal remodeling are

needed.

Intermittent PTH treatment increases osteoblast num-

bers [24] and affects osteoblast differentiation [25]. Recent

data also indicate that the bone formation activity of PTH

involves the osteocytes [26]. PTH administration in mice

has been shown to downregulate sclerostin expression [27],

which is an antagonist of the Wnt signaling pathway and an

inhibitor of osteoblast formation and differentiation. Acti-

vation of PTH-R1 signaling in osteocytes inhibits sclerostin

and increases bone formation [28]. It therefore appears

plausible that the production of FGF-23, another factor

produced by osteocytes, may be influenced by intermittent

PTH.

In order to address the uncertainties regarding the role of

(1) PTH in FGF-23 production/secretion and (2) FGF-23 in

bone formation, we evaluated the regulation of FGF-23 and

its relation to changes in markers of bone formation fol-

lowing intermittent PTH treatment in postmenopausal

osteoporosis.

Materials and Methods

Subjects

Thirty-five women with established postmenopausal oste-

oporosis who met the criteria for treatment eligibility with

intermittent PTH were invited to take part in the study.

Twenty-seven women with a mean [SD] age of 75.8 [5.4]

years agreed and were enrolled in the study. All were eli-

gible for treatment with the PTH analogue (1–34) accord-

ing to the guidance set out by the National Institute for

Clinical Excellence (NICE), which included previous fra-

gility fracture, insufficient response, intolerance to oral

bisphosphonate, and low BMD (T score \–4.0 or \–3.0

plus 2 or more fractures) and at least one independent risk

factor. All patients had osteoporosis and previous fragility

fractures. All had received previous treatment with an oral

bisphosphonate with a duration of (mean [SD]) of 4 [2]

years. Fifteen patients were receiving alendronate 70 mg

weekly, and the rest (n = 12) were on risedronate 35 mg

weekly. Oral bisphosphonates were stopped prior to teri-

paratide treatment as detailed below. Twelve patients

(43%) had become intolerant of oral bisphosphonates and

developed clinically significant upper gastrointestinal

symptoms, and 15 (57%) had had an unsatisfactory

response to oral bisphosphonates as defined by a fall in

BMD or a new fragility fracture despite treatment with

bisphosphonate. Sixteen patients had previously sustained

at least one vertebral fracture, and 24 patients had a pre-

vious history of peripheral fractures. The patient demo-

graphics and baseline biochemical parameters are

summarized in Table 1. The study was approved by the

Local Research Ethics Committee of Guy’s and St. Tho-

mas’ Hospital NHS Trust, and all patients gave informed

consent. This was a prospective study of treatment with

intermittent PTH in the clinical setting of a routine meta-

bolic bone clinic.

At the time of study entry, all patients stopped oral

bisphosphonates and were started on teriparatide (20 lg/

day subcutaneously) for 18 months. There was no washout

period. They were asked to continue the calcium

(1,000 mg/day) and vitamin D3 (800 IU/day) supplements

in addition to teriparatide. Random nonfasting blood and

spot urine samples were collected at baseline. Routine

biochemical parameters were analyzed immediately, while

additional serum and plasma samples were frozen and

stored at –70�C for subsequent analysis of FGF-23,

1,25(OH)2 vitamin D, and the bone turnover marker total

procollagen type 1 amino-terminal propeptide (P1NP).

Blood samples were obtained at least 6 hours after sub-

cutaneous injection of teriparatide. Samples were taken at

subsequent clinic visits and grouped as 1–3, 6–9, and

12–18 months. Data were grouped in this manner to
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account for variability within 1 month in the dates of

outpatient appointments. Bone mineral density (BMD) was

assessed at the total hip (TH) and lumbar spine (LS). This

was measured at baseline and at 6 and 18 months following

teriparatide treatment.

FGF-23 was also measured in 20 postmenopausal

women aged 66.1 [6.8] years who were taking part in a

study looking at the effects of discontinuation of oral bis-

phosphonates for 12 months, after long-term use, on bone

metabolism. The subjects had been on bisphosphonates for

5.0 [1.8] years. All subjects gave informed consent. All

were asked to continue with the calcium and vitamin D

supplements as above. Half (n = 10) of the subjects had

been on alendronate, and the rest were receiving risedro-

nate. Their serum 25(OH) vitamin D and PTH concentra-

tions at the time of bisphosphonate withdrawal were 71.6

[23] nmol/l and 31 [12] ng/l, respectively.

Laboratory Measurements

Routine biochemical tests including serum calcium, albu-

min, phosphate, and creatinine were measured by standard

laboratory methods on Roche Modular analyzers (Roche

Diagnostics, Burgess Hill, UK). Estimated glomerular

filtration rate (eGFR) was derived using the Modification of

Diet in Renal Disease (MDRD) formula [29]. Serum intact

PTH was measured by electrochemiluminescence immu-

noassay on the Roche Elecsys 2010 analyzer (Roche

Diagnostics, Indianapolis, IN). 25-Hydroxyvitamin D

(25[OH] vitamin D) was measured by radioimmunoassay

(RIA) (Diasorin, Stillwater, MN). Interassay coefficient of

variation (CV) was \10% at serum 25(OH) vitamin D

concentrations of 40 and 131.0 nmol/l. 1,25(OH)2 Vitamin

D was measured by RIA (Immunodiagnostic Systems,

Boldon, UK) as previously described [30].

The bone formation marker P1NP was measured on the

Elecsys 2010 automated platform by an electrochemilum-

inescence immunoassay. The intra-assay CV was\2.5% at

concentrations of 66, 358, and 707 lg/l. Bone-specific

alkaline phosphatase (BALP) was measured by an immu-

noenzymetric assay (Immunodiagnostic Systems). Assay

CV was 1.9 and 9% at BALP concentrations of 10.6 and

42.7 lg/l, respectively. Intact osteocalcin was measured by

the Metra Osteocalcin immunoassay (Quidel, San Diego,

CA, USA). Between-batch CVs were \10% at osteocalcin

concentrations of 6.2, 7.4, and 16.6 ng/ml. Urine CTX was

measured on a single random urine sample by ELISA

(Urine Crosslaps; Nordic Bioscience Diagnostics, Herlev,

Denmark). The premenopausal reference range was

45–1,035 lg/mmol creatinine. Interassay CV was \10%.

FGF-23 was measured by a two-site enzyme-linked

immunosorbent assay (ELISA) (Immunotopics, San Cle-

mente, CA), which detects both the intact FGF-23 and the

C-terminal fragments. A strong linear correlation has been

observed between the C-terminal and the intact assays.

Intra-assay CVs were 8.9 and 8.6% and interassay CVs

were 7.7 and 8.3% at serum concentrations of 37 and 370

RU/l, respectively. The detection limit of the assay was 3.0

RU/l. Sclerostin was measured by ELISA (prelaunch ver-

sion; Biomedica Gruppe, Vienna, Austria). The assay range

was 0–80 pmol/l. Inter- and intra-assay CVs were 4% at a

serum concentration of 17.2 pmol/l. The detection limit of

the assay was 2.0 pmol/l. To minimize variability, samples

obtained from the same patient at the different time points

were analyzed for FGF-23 and sclerostin in the same batch.

BMD

BMD at the LS and TH was measured by dual-energy X-ray

absorptiometry (Discovery-A QDR Series; Hologic, Wal-

tham, MA). The CV for the BMD measurements was 0.35%.

Statistical Analyses

Statistical analysis was performed using SPSS 17.0 for

Windows (Leadtools; LEAD Technologies Inc, Charlotte,

NC, USA). All values are represented as mean ± SD unless

Table 1 Summary of demographics and biochemical variables

Characteristic Mean [SD]

Age (years) 75.8 [5.4]

BMI (kg/m2) 22.7 [4.6]

LS BMD (g/cm2) 0.631 [0.078]

TH BMD (g/cm2) 0.615 [0.127]

T score LS –3.76 [0.730]

T score TH –2.61 [0.840]

% Fractures [n]

Vertebral 59 [16]

Peripheral 89 [24]

Family history of osteoporosis or maternal

fracture

26 [7]

Length of total bisphosphonate treatment (years) 4.0 [2.0]

Laboratory parameters Mean [SEM] Reference range

Serum total calcium (mmol/l) 2.37 [0.02] 2.15–2.55

Serum phosphate (mmol/l) 1.27 [0.03] 0.9–1.4

eGFR (ml/min/1.73 qm) 75 [16.5] [60

Serum PTH (ng/l) 40.7 [4.4] 10–65

25-Hydroxyvitamin D (mmol/l) 72.8 [6.2] [60

Hemoglobin (g/dl) 13.0 [1.3] 12–15

Serum P1NP (lg/l) 39.9 [4.7] 15–60

Serum BALP (lg/l) 16.4 [2.1] 3.0–14.5

Serum osteocalcin (lg/l) 8.8 [1.4] 3.7–10

Urine CTX (lg/mmol creat) 188 [27.4] 45–1,035
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stated otherwise. Values for FGF-23, 1,25(OH)2 vitamin D,

and sclerostin are shown as mean [SEM]. The paired t-test

was used to compare the biochemical data at the different

time points to baseline values. The unpaired t-test was used to

compare data between two groups. Nonparametric data were

log-transformed. Univariate analysis (Pearson’s correlation

coefficient) was performed to look for correlation between

FGF-23 and P1NP. P \ 0.05 was considered significant.

Results

BMD

BMD at the LS increased significantly at 6 months (mean

[SEM] 6.5% [0.8%]). In contrast, a small early decline in

BMD at the TH was seen at 6 months, although this was not

significant (–0.5% [0.7%]). LS BMD increased further at

18 months, with increases of 11.6% [0.9%] compared to

baseline. A significant increase in TH BMD was seen at

18 months (2.5% [0.65%]), although the increase was less

than that observed at the LS. There was a significant dif-

ference in percent change in BMD at the LS only at

6 months between the group previously treated with

alendronate and the risedronate-treated group (alendronate

4.72 [0.8] vs. risedronate 8.54 [1.4], P = 0.03). No signif-

icant difference in the BMD response was seen between the

two groups after 18 months’ treatment with teriparatide.

Changes in Serum Calcium, Phosphate, PTH,

and 25(OH) Vitamin D

Serum total calcium increased significantly from baseline

at 1–3 (P = 0.016) and 6–9 (P \ 0.001) months, although

the mean serum concentrations remained within the normal

range. This is summarized in Table 2. Mild transient

hypercalcemia (albumin-adjusted calcium [2.55 mmol/l)

was observed in three patients at 1–3 months (mean [SEM]

2.64 [0.03] mmol/l) and in six patients at 6–9 months (2.65

[0.01] mmol/l). The calcium supplements were reduced for

3 months until their next clinic visit. Only one patient

was noted to still have mild hypercalcemia at 12 months.

PTH decreased significantly from baseline at 1–3 and

6–9 months (P \ 0.01). No significant change in serum

phosphate and eGFR was seen at any time points. GFR was

79.4 [3.7] ml/min at baseline and 75.7 [4] ml/min at the end

of the study. Serum 25(OH) vitamin D decreased signifi-

cantly at all time points compared to baseline (Table 2).

Changes in the Biochemical Markers of Bone Turnover

P1NP increased significantly as early as 1–3 months by

121% with a peak response seen at 6–9 months (274%) and

remained higher than at baseline at 12–18 months (Table 3).

There was no significant difference in P1NP at 6–9 months

and at 12–18 months (mean [SEM] 6–9 months 149 [17],

12–18 months 121.4 [11] lg/l). At 1–3 months, all patients

had an increase in P1NP of[10 lg/l. Early increases in the

other markers of bone formation, osteocalcin and BALP,

were seen in the whole study population (Table 3). The

marker of bone resorption urine CTX showed a delayed

increase compared to the bone formation markers. No sig-

nificant difference in the increase in P1NP was observed at

any time points between the patients previously on alendr-

onate compared to those on risedronate.

Changes in Serum 1,25(OH)2 Vitamin D, FGF-23,

and Sclerostin

Serum 1,25(OH)2 vitamin D increased early at 1–3 months

(baseline 114.6 [10.7], 1–3 months 132.4 [11] pmol/l,

P = 0.02) and stayed elevated at 6–9 months (140 [17.8]),

although this was not significant (P = 0.1) (Fig. 1). FGF-

23 increased significantly from baseline at 1–3 months

(33%, P = 0.007), 6–9 months (63%, P = 0.002), and

12–18 months (58%, P = 0.03) and paralleled the increase

in P1NP (Fig. 2). No significant difference in FGF-23

response was seen between the previously alendronate-

treated group compared to the risedronate-treated group.

Four patients had an elevated baseline FGF-23 concentra-

tion (628.4 [94.4] RU/l). FGF-23 concentrations increased

in these four patients following teriparatide, with a mean

percent rise of 45% seen at 6–9 months. The baseline

serum phosphate, 25(OH) vitamin D, 1,25 (OH)2 vitamin

Table 2 Changes in biochemical variables at different time points following treatment with teriparatide: mean [SD]

Baseline 1–3 months 6–9 months 12–18 months

Serum calcium) (mmol/l) 2.37 [0.02] 2.43 [0.02]* 2.47 [0.02]# 2.41 [0.02]

Serum phosphate (mmol/l) 1.27 [0.03] 1.291 [0.02] 1.26 [0.03] 1.24 [0.03]

25(OH) vitamin D (mmol/l) 72.75 [6.18] 56.65 [4.77]* 54.56 [2.85]# 54.55 ± 3.96*

Serum PTH (ng/l) 40.69 [4.35] 32.71 [4.23]** 33.11 [4.77]# 38.31 [5.04]

1,25(OH)2 vitamin D (pmol/l) 114.5 [57.5] 132.4 [58.5]* 140.4 [89] 134 [58]

* P \ 0.05 compared to baseline, ** P \ 0.01 compared to baseline, # P \ 0.001 compared to baseline
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D, PTH, and eGFR of the four patients did not differ sig-

nificantly from the rest of the study group. However, we

observed a lower hemoglobin concentration (mean [SD]

11.6 [1.6] g/dl) and low serum iron concentration (5.0 [1.8]

lmol/l, normal range 5.4–28.8 lmol/l) in these four

patients. In contrast to FGF-23, a small reduction in scle-

rostin was observed at 6–9 months (P = 0.02) and at

12–18 months, although the results just failed to reach

significance (P = 0.06) (Fig. 3).

Circulating FGF-23 concentrations did not change sig-

nificantly from baseline in the group who discontinued

bisphosphonate but did not go on teriparatide (control

group FGF-23 [RU/l] mean [SEM]: baseline 109.6 [27.5],

6 months 86.7 [23], 12 months 140 [28.3]).

Relationship Between Changes in FGF-23 and P1NP

Significant correlations were found between changes in

FGF-23 and P1NP during treatment with teriparatide at 1–3

and 6–9 months (1–3 months r = 0.39, P \ 0.05;

6–9 months r = 0.78, P \ 0.001). A significant correlation

was also seen between changes in FGF-23 and ALP at

6–9 months only (r = 0.43, P \ 0.05). No significant

correlation was observed between change in FGF-23 or

osteocalcin and 1,25(OH)2 vitamin D at any time point.

Discussion

Data from this small prospective study are in keeping with

the findings of larger randomized controlled trials [24]. We

observed significant increases in P1NP and BMD at the LS

Table 3 Early changes in the biochemical markers of bone turnover following treatment with teriparatide: mean [SEM]

Baseline 1–3 months 6–9 months Reference range

Serum P1NP (lg/l) 39.9 [4.7] 88.0 [7.3]## 149.1 [16.5]** 15–60

Bone-specific alkaline phosphatase (lg/l) 16.4 [2.1] 20.3 [2.0]** 27.0 [2.8]# 3.0–14.5

Serum osteocalcin (lg/l) 8.8 [1.4] 11.9 [1.3]# 13.2 [1.9]* 3.7–10.0

Urine CTX (lg/mmol creat) 188.0 [27.4] 282.5 [33.2]** 579.0 [113.1]* 45–1,035

FGF-23 (RU/l) 127.8 [43] 170.6 [62]** 208.6 [72.7]**

* P \ 0.05 compared to baseline, ** P \ 0.01 compared to baseline, # P \ 0.001 compared to baseline, ## P \ 0.0001 compared to baseline

Fig. 1 Changes in serum FGF-23 (RU/l) and 1,25(OH)2 vitamin D

(pmol/l) following treatment with teriparatide. Values represent the

mean [SEM]. A significant increase in 1,25(OH)2D was seen at

1–3 months. FGF-23 increased significantly at all time points.

* P \ 0.05, # P \ 0.01 compared to baseline

Fig. 2 Changes in FGF-23 (RU/l) and serum P1NP (lg/l) following

treatment with teriparatide P1NP increased significantly at all time

points, with a peak at 6–9 months. There was a parallel increase in

FGF-23. * P \ 0.05, # P \ 0.01, ## P \ 0.0001 compared to baseline

Fig. 3 Changes in serum sclerostin and FGF-23 following treatment

with teriparatide. A significant reduction in serum sclerostin was seen

at 6–9 months (P = 0.02). * P \ 0.05, # P \ 0.01 compared to

baseline
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and TH, with the increases at the TH seen later than those

at the LS. We found an earlier significant increase in the

bone formation markers compared to the resorption mar-

ker, in accordance with the ‘‘anabolic window’’ hypothesis

[31]. A larger increase in LS BMD following PTH(1–34)

for 6 months was seen in those patients who had had prior

treatment with risedronate compared to those on prior

alendronate. The BMD response, however, was similar in

both groups after 18 months. Previous studies have indeed

shown that the response to teriparatide may differ as a

function of the previous type of bisphosphonate used [32,

33].

The patients were changed to anabolic treatment imme-

diately after bisphosphonates had been ceased. This did not

affect the responsiveness as we observed changes in BMD

and bone turnover of the same order of magnitude as pre-

viously reported in treatment-naive patients [24]. Indeed,

recent data imply that bisphosphonate washout does not

appear to influence the treatment effect of teriparatide [34].

Some patients developed mild transient hypercalcemia, as

previously documented [24]. Endogenous PTH decreased

significantly throughout the 18 months compared to pre-

treatment serum concentrations. Serum phosphate did not

change significantly following PTH(1–34) and remained in

the normal range. This is consistent with previously

reported data following PTH infusion [19]. Serum 25(OH)

vitamin D decreased significantly at 3 months and remained

lower than baseline concentration. A contributing factor

may have been reduction in the intake of vitamin D as the

patients who developed mild hypercalcemia were asked to

reduce their calcium/vitamin D supplements. However,

only one study participant reduced her calcium and vitamin

D supplement throughout the study period. A possible

explanation is accelerated catabolism of 25(OH) vitamin D

by increased 1,25(OH)2 vitamin D as observed in patients

with primary hyperparathyroidism [35].

Serum 1,25(OH)2 vitamin D increased early and paral-

leled the increase in FGF-23 at 1–3 months, suggesting that

FGF-23 production may have been upregulated by

1,25(OH)2 vitamin D, at least at the early time point. Indeed,

1,25(OH)2 vitamin D is a powerful regulator of FGF-23 and

acute increases in serum FGF-23 have been observed fol-

lowing calcitriol [6]. However, the elevations in circulating

FGF-23 concentrations following PTH persisted throughout

the 18 months. We did not see any difference in FGF-23

concentrations at 6–9 months between the group previously

treated with alendronate compared to the risedronate group,

although a significant difference in percent change in BMD

at the LS was observed between the two groups. This may be

due partly to the small number of subjects in each group and

the variability in FGF-23 response.

Although FGF-23 increased, we did not observe a

reduction in serum phosphate. This may be due, in part, to

the observed reduction in endogenous PTH production as it

is now thought that both PTH and FGF-23 are needed for

the maximal phosphaturic effect of FGF-23. However,

although PTH declined, the concentrations were higher

than those seen in patients with hypoparathyroidism [6];

therefore, this cannot entirely explain our findings. In a

recent study of healthy men, PTH infusion led to elevations

in FGF-23 but, as in our study, no change in serum phos-

phate was observed [19]. One explanation is that the ran-

dom measurement of serum phosphate is not sensitive

enough to detect the transient changes in phosphate balance

following intermittent PTH. Another explanation for the

findings may be related to increases in 1,25(OH)2 vitamin

D, which helped to maintain normal serum phosphate.

Circulating FGF-23 concentrations, as measured by the

C-terminal FGF-23 immunoassay, are elevated in patients

with iron-deficiency anemia [36]. All four patients who had

an elevated baseline FGF-23 in our study were noted to

have low serum iron. These patients did not have evidence

of hypophosphatemia. The increase in FGF-23 in these

patients may be related to the accumulation of biologically

inactive fragments in iron deficiency.

The issue of whether PTH modulates FGF-23 remains

largely unresolved [37]. It may well be that at physiolog-

ical concentrations PTH does not regulate FGF-23. How-

ever, when used intermittently, the anabolic effects of PTH

on osteoblasts may lead to increased production of FGF-23.

This may represent a different aspect of the effect of PTH

on osteoblasts and/or osteocytes. In support of this concept

is the observation that FGF-23 is elevated in patients with

fibrous dysplasia [38], a disorder which mimics activation

of the PTH pathway, due to increased production by

osteogenic cells. Further evidence from recent studies

demonstrates that constitutive activation of PTHR1 in

osteocytes leads to upregulation of FGF-23 [39]. Plasma

levels of FGF-23 have also been found to be high in a

patient with Jansen metaphyseal dysplasia, which is due to

constitutively active PTHR1 [40]. It is unlikely that the

changes in FGF-23 are related to changes in bone turnover

or phosphate metabolism following bisphosphonate with-

drawal in the study participants as there was no change in

FGF-23 in the subjects who discontinued oral bisphosph-

onate but were not treated with teriparatide. There have

been reports, however, of a dose-dependent effect of bis-

phosphonate, disodium etidronate [41, 42], on the renal

handling of phosphate by mechanisms which may be

independent of the hormonal regulation of phosphate

metabolism. It is possible that the newer nitrogen-con-

taining bisphosphonates do not have the same effect on

phosphate metabolism, particularly at the relatively small

doses used in postmenopausal osteoporosis. Moreover, in a

recent study [43], baseline circulating FGF-23 and

increases in FGF-23 following PTH(1–34) infusion for
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46 h did not differ between patients on dialysis with ady-

namic/normal bone histology and those with high turnover

bone histology, suggesting that previous reduction of bone

turnover with bisphosphonate is unlikely to affect the FGF-

23 response to PTH.

Another area of uncertainty is whether the production of

FGF-23 has a local effect on bone formation and miner-

alization. Several in vitro and in vivo studies have shown

that FGF-23 may have an effect on bone formation/min-

eralization, independently of its effect on phosphate

homeostasis [20, 22]. We observed a significant correlation

between changes in FGF-23 and the bone formation marker

P1NP. Previous studies have shown that continuous PTH

infusion increases FGF-23 [19, 43]. Our data suggest that

FGF-23 is also upregulated following intermittent PTH for

18 months. This stimulatory effect may be related to

increases in osteoblastic activity. In support of this

hypothesis, a previous report demonstrated a significant

correlation between mineralization indices and high levels

of FGF-23 in children with ESRD [23]. Interestingly, there

is recent evidence to indicate that FGF-23 is regulated by

osteoblastic bone formation and bone turnover rate [44]. In

contrast to our study, the authors found that exogenous

PTH administration reduced circulating concentrations of

FGF-23. One explanation for the differences in their find-

ings may be related to the timing of sampling. The

reduction in FGF-23 was seen at one early time point only

(day 20), and indeed, the reduction in FGF-23 was no

longer significant at 3 months in their murine model. It is

also possible that the reduction in FGF-23 in their animal

model may be linked to suppression by 1,25(OH)2 vitamin

D in an endocrine feedback loop between FGF-23 and

1,25(OH)2 vitamin D. Nevertheless, the data point to

changes in FGF-23 during changes in bone remodeling and

the possible involvement of this factor in mediating the

bone anabolic effect of PTH. It is now becoming estab-

lished that intermittent PTH suppresses the osteocytic

expression of the bone formation antagonist sclerostin [45].

In our study, the increase in FGF-23 was paralleled by a

decrease in circulating sclerostin. It is conceivable, there-

fore, that PTH may exert its cellular anabolic effects, at

least partly, by stimulating the production of FGF-23.

However, the effect of PTH on FGF-23 production should

be viewed in a larger context with the possible involvement

of a complex feedback loop between osteocytes, PTH,

phosphate homeostasis, and possibly bone turnover. Fur-

ther studies are required to investigate this possibility.

The findings of our study should be interpreted within

their clinical context. The study was not a randomized con-

trolled clinical trial and, thus, has its limitations compared to

the controlled setting of animal models, described above

[43]. It is also acknowledged that the association between

changes in FGF-23 and P1NP does not prove causality.

In summary, our results show that in humans circulating

concentrations of FGF-23 are increased by PTH, when

given intermittently. A significant correlation was seen

between FGF-23 and the bone formation marker P1NP,

which raises the interesting possibility that FGF-23 may

play a role in mediating the skeletal anabolic effects of

PTH. However, further studies are required to investigate

this novel potential physiological mechanism.
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