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Abstract

Introduction— Fibroblast growth factor (FGF-23) is a novel phosphaturic factor. Current data
suggest that serum phosphate, dietary phosphate and 1,25 dihydroxyvitamin D regulate circulating
FGF-23 levels in vivo. We examined if hypogonadism-induced increases in serum phosphate are
associated with increases in circulating FGF-23 in healthy men in the absence of dietary
manipulation.

Materials and methods— 25 healthy men were administered goserelin acetate (GnRH analog)
3.6 mg subcutaneously every 4 weeks for 12 weeks to induce acute testosterone and estrogen
deficiency. Subjects consumed an ad libitum diet. Morning fasting blood and urine samples were
collected to measure serum phosphate, serum intact FGF-23, PTH, and the maximum tubular
reabsorption of phosphate (T,,P/GFR) at baseline, week 4 and 12. The changes in serum FGF-23
and phosphate at weeks 4 and 12 were compared to baseline using paired t-tests.

Results— Goserelin therapy decreased mean serum testosterone levels from 543 + 160 ng/dL to
33+ 15 ng/dL at week 4 (p < 0.001), and to 20 + 10 ng/dL at week 12 (p < 0.001). Serum phosphate
increased significantly from 3.4 + 0.6 mg/dL to 3.9 + 0.4 mg/dL at week 4 (p = 0.002), and to 4.3 +
0.4 mg/dL at week 12 (p < 0.001). T,P/GFR increased significantly from 3.2 £ 0.6 mg/dL to 3.6 +
0.5 mg/dL at week 4 (p < 0.004), and to 4.1 + 0.6 mg/dL at week 12 (p < 0.001). FGF-23 levels,
however, did not change during the 12-week study.

Conclusions— Gonadal steroid deprivation increased serum phosphate levels in men but did not
affect serum FGF-23 concentrations. The absence of any change in circulating FGF-23 suggests that
supraphysiologic levels of serum phosphate may be required to stimulate circulating FGF-23 or that
FGF-23 production is primarily sensitive to changes in dietary phosphate or 1,25 dihydroxyvitamin
D within this physiologic serum phosphate range.
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Introduction

Fibroblast growth factor 23 (FGF-23) is a novel phosphate regulating hormone originally
identified in patients with renal phosphate wasting disorders (1,16,38,49,51). Ablation of the
FGF-23 gene in mice results in hyperphosphatemia, increased 1,25 dihydroxyvitamin D levels
and increased mortality (37,42), while over-expression of the FGF-23 gene leads to
hypophosphatemia and inappropriately low 1,25 dihydroxyvitamin D levels (18,40). Together
these results suggest that FGF-23 is essential for normal phosphate and vitamin D metabolism.
FGF-23 is detectable in healthy individuals (8,10,16,19,51), and studies suggest that dietary
phosphate, serum phosphate and 1,25 dihydroxyvitamin D regulate its production (8,10,22,
29). The mechanism by which FGF-23 production is stimulated, however, is yet to be fully
defined.

Serum phosphate increases when gonadal steroids are withdrawn in both men (12,23,43,44,
48) and women (9,11,21,24,30,35). This increase in serum phosphate levels may be secondary
to increased bone resorption (7,11,43,48), increased renal reabsorption of phosphate (9,11,
21,25,30,35,43), or both. In this study, we sought to determine if the hypogonadism-induced
change in serum phosphate levels are associated with changes in serum FGF-23. Specifically,
we wished to test the hypothesis that GnRH-agonist therapy would increase serum phosphate
and serum FGF-23 levels in young healthy men in the absence of dietary manipulation.

Subjects and Methods

Study Subjects

25 subjects (ages 20-44) were recruited as part of a larger study investigating the effects of
androgens and estrogens on bone and mineral metabolism in men (20). Subjects were required
to have normal serum testosterone, estradiol, lutenizing hormone, and follicle stimulating
hormone levels. Additionally, they were required to have normal renal and hepatic function,
and normal bone mineral density of the lumbar spine, femoral neck, and total hip. Subjects
were excluded from participating if they had any history of congenital or acquired disorders
in mineral metabolism (osteomalacia, vitamin D deficiency, hyperparathyroidism, Paget’s
disease), recent fracture or immobilization, hyperthyroidism, cardiopulmonary disease,
malignancy, benign prostatic hyperplasia, major psychiatric disease, or drug or alcohol abuse.
Subjects were also excluded if they were using any drugs known to interact with the study
medications or any drugs known to affect mineral metabolism (such as anticoagulants, gonadal
steroids, glucocorticoids, anticonvulsants, and suppressive doses of thyroxine, lithium,
bisphosphonates, calcitonin, or sodium fluoride). The study was approved by the Human
Research Committee of Partners HealthCare Systems, and all subjects provided written
informed consent.

Study Protocol

Subjects received the GnRH analog goserelin acetate (Zoladex; AstraZeneca, Wilmington, DE)
3.6 mg by subcutaneous injection every 4 weeks for 12 weeks. The effect of this medication
was to induce acute and severe testosterone and estrogen deficiency. Subjects whose diets did
not include at least 1000 mg elemental calcium daily were encouraged to increase calcium
intake by either diet or calcium supplements. Otherwise, subjects consumed an ad libitum diet.
Subjects were seen on the Mallinckrodt General Clinical Research Center (GCRC) at 4-week
intervals for a total of 12 weeks (weeks 0, 4, 8, and 12). At each visit, a GCRC nurse
administered the goserelin injection. Morning fasting blood and second void urine samples
were collected before study medication was administered at each visit to assess hormone levels
and biochemical markers.
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Laboratory Methods

All testing was performed on previously unthawed samples that were stored at —80° F. Serum
testosterone was measured by radioimmunoassay (RIA) using a commercial kit (Diagnostic
Products, Los Angeles, CA) with a sensitivity of 4 ng/dL, and an intraassay coefficient of
variation (CV) of 5% within the normal range and 18% in the castrate range, and an interassay
CV of 7-12%. Serum estradiol was measured using an ultrasensitive competitive RIA after
extraction and chromatographic purification (Nichols Institute, San Juan Capistrano, CA). The
sensitivity of this assay is 2 pg/mL, and the intra- and interassay CVs are 5-6% and 6-13%,
respectively. Serum intact FGF-23 was measured with a commercial kit that detects only the
intact FGF-23 peptide (Kainos, Tokyo, Japan). This immunometric assay has a sensitivity of
3 pg/mL. The intra- and interassay CVs are <3% and <4%, respectively. Serum and urine
phosphate were measured by colorimetric method (Roche Diagnostics, Indianopolis, IN) with
intra- and interassay CVs of < 2 % and < 4%, respectively. Serum intact parathyroid hormone
(PTH) was measured by a two-site immunoradiometric assay (Nichols Institute) with
sensitivity of 1 pg/mL and intra- and interassay CVs of 2—-3% and 6%, respectively. Serum 25
hydroxyvitamin D was measured using an extraction double-antibody RIA (DiaSorin,
Stillwater, MN) with a sensitivity of 1.5 ng/mL and intra- and interassay CVs of 9-13% and
8-11%, respectively. Serum 1,25 dihydroxyvitamin D was measured by RIA (DiaSorin,
Stillwater, MN) with intra- and interassay CVs of 7-11% and 11-15%, respectively. Serum
N-telopeptide was measured using a competitive inhibition enzyme immunoassay (Osteomark,
Ostex International, Inc., Seattle, WA) with sensitivity of 1nm BCE and intra- and interassay
CVs of 6% and 9%, respectively. The maximum tubular reabsorption of phosphate corrected
for glomerular filtration rate (T,,P/GFR), a measure of renal phosphate excretion, was
calculated using the Bijvoet formula (6).

Study Endpoints

The primary study endpoints were the change in serum phosphate and serum FGF-23 levels.
Secondary endpoints included the change in serum PTH and 1,25 dihydroxyvitamin D levels,
and the change in T,P/GFR.

Statistical Analysis

Results

All data are expressed as the mean * standard deviation unless specified otherwise. For all
variables, the week 4 and 12 values were compared to the baseline visit using paired t-tests.
Pearson correlation coefficients were calculated to determine the relationship between serum
testosterone, estradiol, FGF-23, phosphate, and T,,P/GFR. P values less than or equal to 0.05
were considered statistically significant (two-sided).

The baseline characteristics of the 25 subjects are described in Table 1. Notably, the mean
serum testosterone level was at the mid-point of the eugonadal range. The mean serum intact
FGF-23 level was consistent with normative data from our group (8), and others (51) .

Gonadal steroids

Administration of goserelin induced severe gonadal steroid deficiency in all subjects (Figure
1). Specifically, mean serum testosterone decreased from 543 + 160 ng/dL to 33 £ 15 ng/dL
at week 4 (p < 0.001), and to 20 £ 10 ng/dL at week 12 (p < 0.001) (Figure 1a). Mean serum
estradiol decreased from 30 + 13 pg/mL to 4 + 2 pg/mL at both weeks 4 and 12 (p < 0.001)
(Figure 1b).
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Serum phosphate, T,P/GFR and FGF-23

After gonadal steroid withdrawal, mean serum phosphate increased from 3.4 + 0.6 mg/dL to
3.9 £ 0.4 mg/dL at week 4 (p = 0.002), and to 4.3 £ 0.4 mg/dL at week 12 (p < 0.001) (Figure
2a). Additionally, T,P/GFR increased from 3.2 + 0.6 mg/dL to 3.6 £ 0.5 mg/dL at week 4 (p
< 0.004), and to 4.1 = 0.6 mg/dL at week 12 (p < 0.001), reflecting increased renal phosphate
reabsorption (Figure 2b). FGF-23 levels, however, did not change (Figure 2c).

Serum calcium, N-telopeptide, PTH and 1,25 dihydroxyvitamin D

Mean serum calcium was unchanged at week 4 but increased from 9.5 £ 0.2 mg/dL t0 9.7 +
0.3 mg/dL by week 12 (p < 0.02). This change in serum calcium was associated with a
significant increase in serum N-telopeptide, a marker of bone resorption, at week 12 (p <0.001)
and decrease in serum PTH from 34 + 18 pg/mL to 23 + 11 pg/mL at week 12 (p = 0.003);
there was no significant change in either serum N-telopeptide or PTH at week 4 as compared
to baseline. Similarly, mean serum 1,25 dihydroxyvitamin D was unchanged at week 4 but
decreased from 41 + 15 pg/mL to 33 £ 13 pg/mL at week 12 (p = 0.02).

Univariate and multivariate analyses

We analyzed the relationship between serum phosphate and FGF-23 by univariate and
multivariate analysis. While we observed an association between serum phosphate and FGF-23
at week 4 of gonadal steroidal withdrawal (R = 0.52, p = 0.0072), this association disappeared
with multivariate analysis after controlling for calcium, PTH, 1,25 dihydroxyvitamin D and
testosterone. Interestingly, however, 1,25 dihydroxyvitamin D was a significant predictor of
circulating FGF-23 levels at week 4 (p = 0.0575) and at week 12 (p = 0.0357). We also observed
that with univariate analysis, serum testosterone was negatively associated with serum
phosphate levels at baseline (R = —0.44, p = 0.03) and estradiol was positively associated with
serum phosphate at week 4 (R =—0.41, p = 0.04). Finally, there was a positive association
between serum phosphate and T,P/GFR at each time point (R = 0.69, p = 0.0001 at baseline
and week 12, R = 0.60, p = 0.0015 at week 4). There were, however, no other statistically
significant associations amongst our variables of interest with univariate analysis.

Discussion

To our knowledge, this is the first study to examine the changes in circulating FGF-23 levels
associated with hypogonadism-induced increases in serum phosphate levels. Specifically,
these results demonstrate that acute gonadal steroid withdrawal increased serum phosphate
levels and renal tubular reabsorption of phosphate significantly but did not stimulate FGF-23
production.

Prior studies have shown that acute gonadal steroid withdrawal in men results in increased
bone resorption and increased serum phosphate levels, as noted in this study (20,43,48). Animal
studies have confirmed that hypogonadism-induced bone resorption results in loss of phosphate
from mineralized bone (7). Additionally, as shown in this study, gonadal steroid withdrawal
has also been associated with increased renal tubular reabsorption of phosphate (43), possibly
due to the observed concomitant decrease in serum PTH levels. It is also possible that the
increased serum phosphate levels associated with goserelin administration are secondary to
altered gastrointestinal absorption of phosphate or cellular redistribution of phosphate.

Secreted FGF-23 is a 227 amino acid peptide that is presumed to be a low-level transcript in
all tissues (1,39). In situ hybridization studies in patients with McCune-Albright syndrome and
fibrous dysplasia of the bone demonstrated that osteoprogenitor cells, osteoblasts and
osteocytes are the main cellular sources of FGF-23 (31). The molecular mechanisms that
explain FGF-23’s physiologic effects are under intense investigation (4,47,52); and the
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potential interplay between FGF-23 and other phosphaturic factors overexpressed in renal
phosphate wasting disorders is of great interest (5,15,27,32,33). Additionally, the primary
stimulus that triggers the production or release of FGF-23 is still largely unknown. Current
evidence suggests that in addition to 1,25 dihydroxyvitamin D, both serum phosphate and
dietary phosphate regulate circulating FGF-23 levels in vivo. In animal models of renal failure-
induced hyperphosphatemia, serum phosphate is positively associated with serum FGF-23
(34); and lowering serum phosphate with the use of phosphate binders suppresses circulating
FGF-23 (26). Studies by Perwad et al support the hypothesis that dietary phosphate regulates
circulating FGF-23 (29). In studies of mice lacking the renal sodium-phosphate cotransporter
and wildtype mice, they demonstrated an effect of dietary phosphate on circulating FGF-23
levels that was independent of alterations in serum phosphate. Finally, administration of 1,25
dihydroxyvitamin D to mice rapidly increases both circulating FGF-23 levels and FGF-23
transcription in bone (22), and notably in our multivariate analysis, 1,25 dihydroxyvitamin D
was the only significant predictor of circulating FGF-23 levels.

There is less consensus in human studies concerning the impact of serum and dietary phosphate
on circulating FGF-23 levels. In a study of 6 men, phosphate loading and deprivation did not
impact circulating FGF-23 levels (19). In two studies of men (n=29 and n=13), as compared
to the control diet, dietary phosphate deprivation decreased circulating FGF-23 levels
significantly, but dietary phosphate loading did not change FGF-23 levels (2,10). Serum
phosphate, however, was not associated with circulating FGF-23 (10). Finally, in our study of
66 men and women, dietary phosphate loading increased and depletion decreased circulating
FGF-23 levels significantly, and multivariate regression analysis suggested that both dietary
phosphate and serum phosphate were independent predictors of FGF-23 (8). Nonetheless, the
relationship between FGF-23 and serum phosphate in these dietary studies in humans is limited
by the fact that serum phosphate levels did not change with dietary phosphate loading in any
of the studies (2,8,10,19). Thus, the current model is the first protocol to describe serum FGF-23
levels in the context of acute increases in serum phosphate in humans with normal physiology.

The present study’s finding of stable FGF-23 levels with hypogonadism-induced increased
serum phosphate must be interpreted in light of a recent report by Gupta et al who demonstrated
that patients with chronic hypoparathyroidism have both elevated serum phosphate and
elevated circulating FGF-23 levels (13). The difference in these findings may be related to the
supraphysiologic levels of serum phosphate in subjects with hypoparathyroidism. Specifically,
it is possible that higher levels of serum phosphate are needed to stimulate an increase in
circulating FGF-23 levels than those achieved in our hypogonadal subjects whose mean serum
phosphate was 4.3 + 0.4 mg/dL, as opposed to 5.6 + 1.1 mg/dL in the hypoparathyroid patients
reported in Gupta et al. Alternately it is possible that dietary phosphate or 1,25
dihydroxyvitamin D is the main regulator of circulating FGF-23 when serum phosphate is in
the physiologic range as seen in our hypogonadal men. Finally, the different findings of these
studies may be secondary to the absence of PTH in patients with hypoparathyroidism. The
relationship between FGF-23 and PTH in normal human physiology is yet to be fully defined,
however most data (36,41,46,50) do not support that an association exists between the two
hormones. Of note, however, some animal data (3,18), but not all (36,40) suggest that there
may be a relationship between FGF-23 and PTH. There is also lack of consensus about the
relationship between calcium and FGF-23 in human studies, where some studies find an
association between FGF-23 and calcium (14,17) and others (28,45,46) do not. We did not
observe a relationship between calcium and FGF-23 or between PTH and FGF-23 with either
univariate or multivariate analysis.

There are limitations to our study. First, prior data suggest that the half life of serum intact
FGF-23 is 30 minutes (51). Thus it is possible that there were transient changes in serum
FGF-23 levels with withdrawal of gonadal steroids that were not detected due to the timing of
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our blood draws. However, since the serum phosphate levels were consistently higher than the
baseline values, we would anticipate that the FGF-23 levels would be consistently elevated if
serum phosphate was stimulating FGF-23 in this physiologic phosphate range. Second, we
only measured the maximum tubular reabsorption of phosphate corrected for glomerular
filtration rate and did not measure 24-hour urinary phosphate excretion. While it is possible
that there were more dramatic changes in 24-hour urinary phosphate excretion with withdrawal
of gonadal steroids, prior data suggest similar associations between changes in circulating
FGF-23 and either 24-hour urinary phosphate measures or single urinary measures of renal
tubular handling of phosphate (8,10). Third, we did not control dietary phosphate intake over
the intervention. Thus it is possible that increased or decreased dietary phosphate intake
between subjects could have obscured any change in circulating FGF-23 levels with the
withdrawal of gonadal steroids. However, we assessed the change in serum phosphate and
FGF-23 by paired t-tests and since most individuals maintain a relatively constant diet, the
impact of inter-subject variation in dietary phosphate would be minimized. Finally, in this
model, it is impossible to differentiate the impact of the increase in serum phosphate from that
of the decrease in 1,25 dihydroxyvitamin D on circulating FGF-23 levels. Given the data that
1,25 dihydroxyvitamin D stimulates increased FGF-23 transcription (22) it is possible that the
observed decrease in circulating 1,25 dihydroxyvitamin D in this model may have obscured
any potential increase in FGF-23 stimulated by the observed increase in serum phosphate.

In summary, this study demonstrates that hypogonadism-induced changes in serum phosphate
levels are not accompanied by changes in circulating FGF-23 levels. These data are surprising
and hypothesis generating given prior evidence that serum phosphate regulates circulating
FGF-23. Together with prior data, this observation suggests that the putative “phosphate
sensor”, which stimulates the release of circulating FGF-23, may either respond primarily to
changes in dietary phosphate or 1,25 dihydroxyvitamin D, or may require supraphysiologic
serum phosphate levels to affect FGF-23 production.
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FIG. 1.
Mean (x SE) (a) testosterone and (b) estradiol levels at weeks 0, 4 and 12.
*p < 0.001 as compared to week 0.
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FIG. 2.

Mean (£ SE) (a) serum phosphate, (b) serum FGF-23 and (c) maximum tubular reabsorption
of phosphate corrected for glomerular filtration rate at weeks 0, 4 and 12.

*p <0.01 as compared to week 0.

Bone. Author manuscript; available in PMC 2008 April 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Burnett-Bowie et al.

Baseline Characteristics
Age (years)
BMI (kg/m?)
Testosterone (ng/dL)
Estradiol (pg/mL)
FGF-23 (pg/mL)
Phosphate (mg/dL)
T,,PIGFR (mg/dL)
Calcium (mg/dL)
Parathyroid hormone (pg/mL)
25 hydroxyvitamin D (ng/mL)
1,25 dihydroxyvitamin D (pg/mL)
Creatinine (mg/dL)

TABLE 1

30.1+5.6
26+4
543 + 160
30+13
35+13
3.4+0.6
3.2+06
95+0.2
34+18
26+10
41+15
1.0+0.1

Page 12

Systeme International conversion factors: for testosterone (nmol/L) is 0.03467; for estradiol (pmol/L) is 3.671; for phosphate (mmol/L) is 0.3229; for
calcium (mmol/L) is 0.2495; for PTH (ng/L) is 1; for 25 hydroxyvitamin D (nmol/L) is 2.496; for 1,25 dihydroxyvitamin D (pmol/L) is 2.4; and for

creatinine (umol/L) is 88.4.
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