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Background and objectives: The discovery of fibroblast growth factor-23 (FGF-23) and the elucidation of its function as a
phosphaturic and 1,25(0H),VitD counter-regulatory hormone provides a new conceptual framework for the understanding of the
pathogenesis of secondary hyperparathyroidism. This study aims to elucidate the complex associations between FGF-23, parathy-
roid hormone (PTH), 1,25(0H),D, and phosphate in patients with early-stage chronic kidney disease (CKD) and to provide clinical
evidence in favor of the new phosphate-centric paradigm for the pathogenesis of secondary hyperparathyroidism.

Design, setting, participants, & measurements: Serum biointact PTH and FGF-23, 25(OH)D, 1,25(0H),D, calcium, phosphate,
24-hour urine excretion of phosphate and calcium, and urinary fractional excretion of phosphate were determined in a
cross-sectional study including 125 patients with CKD stages 1 to 3.

Results: Serum phosphate levels showed an inverse association with estimated GFR (eGFR), but were within the normal
range in all but one patient. FGF-23 and PTH were inversely associated with eGFR, even in the subgroup of patients with CKD
stages 1 and 2. High FGF-23 levels were significantly more prevalent than high PTH levels. The urinary fractional excretion
of phosphate was highest in patients with both a high serum FGF-23 and PTH level. Increased FGF-23 and phosphate and
decreased 25(0OH)D were independently associated with decreased 1,25(0OH),D.

Conclusions: Our data are in favor of the new paradigm for the pathogenesis of secondary hyperparathyroidism according
to which a reduced phosphate excretion capacity is the principal abnormality that initiates secondary hyperparathyroidism.
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ney disease (CKD) is well-recognized (1). Recent clini-
cal studies demonstrate a high fractional renal phos-
phate excretion despite the presence of normophosphatemia in
early CKD (2-4). The increased renal phosphate excretion is
driven, at least partly, by parathyroid hormone (PTH) and
fibroblast growth factor-23 (FGF-23) (3,5-7).
The discovery of FGF-23 and the elucidation of its function as
a phosphaturic (8) and 1,25(0OH),VitD counter-regulatory hor-
mone (3,8,9) provides a new conceptual framework for the
understanding of the pathogenesis of secondary hyperparathy-
roidism (sHPT) (10). According to this new paradigm for the
pathogenesis of sHPT, a primary decrease in renal phosphate
excretion due to the loss of functioning kidney mass leads to
increased FGF-23 secretion from bone; increased FGF-23 levels
act on the kidney to inhibit phosphate reabsorption and to

T he complexity of phosphate metabolism in chronic kid-

Received November 18, 2009. Accepted April 1, 2010.
Published online ahead of print. Publication date available at www.cjasn.org.

Correspondence: Dr. Pieter Evenepoel, Dienst Nefrologie, Universitair Zieken-
huis Gasthuisberg, Herestraat 49, B-3000 Leuven, Belgium. Phone: +32-16-344591;
Fax: +32-16-344599; E-mail: Pieter.Evenepoel@uz.kuleuven.ac.be

Copyright © 2010 by the American Society of Nephrology

suppress 1,25(0OH),VitD levels. Phosphate homeostasis is re-
stored by the effects of both decreased 1,25(0OH),VitD levels,
which diminish gastrointestinal phosphate absorption, and in-
creased FGF-23 levels, which boost renal phosphate excretion.
As in the traditional paradigm, low 1,25(OH),VitD levels lead
to increased PTH production (either directly or indirectly via
diminished gastrointestinal calcium absorption), but this event
occurs later. Clinical studies in favor of this new paradigm are
scant and, moreover, limited either by small sample size (3,7,11)
or incomplete data set (e.g., lack of vitamin D levels and/or
urinary indices) (2,4,12).

The present cross-sectional study aims to elucidate the com-
plex associations between FGF-23, PTH, 1,25(0OH),VitD, and
phosphate in patients with early CKD (GFR >30 ml/min per
1.73 m®) and to provide clinical evidence in favor of the new
phosphate-centric paradigm for the pathogenesis of sHPT.

Materials and Methods
Study Population

We performed a cross-sectional observational study in 125 stable
patients with CKD stages 1 to 3. Patients were recruited from the
outpatient clinic at the Department of Nephrology, University Hospi-
tals Leuven, Leuven, Belgium, in the frame of an ongoing epidemio-
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logic trial (clinical trials registry NCT00441623). None of the patients
were renal transplant recipients. The study adhered to the principles of
the Declaration of Helsinki and was approved by the ethical committee
of the Catholic University of Leuven. All patients provided informed
consent.

Procedures, Assays, and Calculations

Serum samples (nonfasting) and 24-hour (24h)-urine samples were
collected during a routine follow-up outpatient visit. Serum full-length
FGEF-23 levels were determined with a sandwich enzyme-linked immu-
nosorbent assay (13). Serum 1,25(0OH),VitD (calcitriol) and 25(OH)VitD
(calcidiol) levels were measured using a RIA (14,15). Serum full-length
PTH levels were determined by an immunoradiometric assay (IRMA),
as described elsewhere (16). Serum creatinine, calcium (Ca), phosphate
(Phos), albumin, and urinary creatinine, calcium, and phosphate were
measured using standard assays. Measured serum Ca levels were
adjusted to albumin levels (Ca,) (17).

The estimated GFR (eGFR) was calculated using the Cockcroft and
Gault equation and normalized for body surface area. Data from a
recent large European study show reasonable accuracy of the Cock-
croft-Gault formula: approximately 70% of the GFR estimations were
within =30% of the renal inuline clearance (18). The 24h-fractional renal
excretion of phosphate (24h-FE;,,,) was calculated as follows:

UP/zus X P, Creat

24h — FEp,. = 100 X =
o P Phos X UCreal

where U and P are the urinary and plasma concentration of phosphate
and creatinine, respectively. The 24h-fractional excretion of Ca was
calculated similarly.

Statistical Analysis

Parametric and nonparametric parameters are expressed as mean =
SD and median (interquartile range), respectively. To clarify the rela-
tionship between kidney function and parameters of mineral metabo-
lism in patients with early CKD, we addressed kidney function both as

Table 1. Demographics and relevant therapy
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a continuous and categorical variable. Differences between groups
were analyzed using nonparametric one-way ANOVA, followed by
post hoc correction for multiple comparisons (Kruskal-Wallis) and x*
test, as appropriate. Correlations between eGFR and parameters of
mineral metabolism were studied by Spearmans’ test. Linear regression
analyses were used to examine the associations between demographics
and parameters of mineral metabolism and renal function. Nonpara-
metric distributed analytes, including FGF-23, PTH, and calcitriol, were
In-transformed to achieve normality for the regression analyses. The
SAS version 9.1 (SAS Institute, Cary, NC) software program was used
for the statistical analysis. Two-sided P < 0.05 was considered statisti-
cally significant.

Results
Patient Characteristics

Demographics and maintenance mineral metabolism therapy
are summarized in Table 1 . Primary renal disease was diabetes
(3.2%), glomerulonephritis/vasculitis (45.6%), interstitial ne-
phritis (4%), cystic/hereditary/congenital (12.8%), miscella-
neous (3.2%), and unknown or missing (31.2%). Patients with
CKD stage 3 (1 = 63) were older and treated more frequently
with active vitamin D as compared with patients with CKD
stages 1 to 2 (n = 62).

Biochemistry

Relevant biochemistry data are summarized in Table 2. The
mean estimated GFR was 56.9 = 20.8 ml/min per 1.73 m*. The
mean serum phosphate level was 3.2 * 0.6 mg/dl. Serum
phosphate levels were below the upper normal limit in all but
1 patient.

The median PTH level in the whole cohort was 17.2 (5.9 to
24.5) ng/L, which is comparable to what has been reported
previously in 94 healthy individuals (age 38 * 8, 57 men), i.e.,

All o =19 o= o= ) P
Demographics
Age, year 55.9 + 13.8 447 = 11.9° 51.7 £ 12.9% 62.0 £ 11.8° <0.0001
Gender, men, % 64 68 61 65 0.8
Height, cm 1711 +95 174.6 + 104 1719 = 8.3 169.5 + 8.9 0.23
Weight, kg 81.2 179 832+ 143 83.1 = 18.0 794 *+ 18.8 0.32
Mineral metabolism therapy
Phosphate binder, % 9.6 0.0 7.0 14.3 0.14
Cholecalciferol, % 8.8 10.5 7.0 9.5 0.9
Calcitriol or 1-a-calcidiol, % 2.4 0 0 4.8 0.2
Bisphosphonates, % 4.8 53 0 7.9 0.2
Bicarbonate supplements, % 8.0 0 0 15.9 0.005
Calcium supplements, % 9.6 15.8 47 11.1 0.3
Immunosuppressive therapy
Antimetabolite, % 4.8 5.3 4.7 4.8 0.99
Calcineurin inhibitor, % 4.0 0 4.7 4.8 0.6
Corticosteroids, % 11.2 21.1 9.3 9.5 0.3

CKD, chronic kidney disease.
“Parameters with the same suffix differ significantly.
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19.8 = 7.8 ng/L (range 3 to 40 ng/L) (16). Hyperparathyroid-
ism, defined by a PTH level >40 ng/L, was observed in only
9.7% of the patients.

The median FGF-23 level in the whole cohort was 58.5 (43.4
to 79.9) pg/ml. Hyperphosphatoninism, defined by a FGF-23
level >50 ng/ml, was present in 60.8% of the patients enrolled
in this study. Hyperphosphatoninism was significantly more
prevalent than hyperparathyroidism, both in patients with
CKD stages 1 to 2 and in patients with CKD stage 3.

The median calcitriol and calcidiol level amounted to 44.5
(35.4 to 53.3) and 26.9 (17.5 to 35.9) ng/ml, respectively. Blood
samplings were performed equally distributed over the winter
and summer season. The latitude of Belgium is 50°50'N of the
equator.

Significant differences were observed between patients with
CKD stages 1 to 2 and CKD stage 3 for most parameters of
mineral metabolism (Table 2). Serum phosphate, PTH, FGF-23,
and alkaline phosphatases levels were significantly higher,
whereas serum calcitriol levels were significantly lower in pa-
tients with CKD stage 3. A significant inverse correlation was
observed between serum phosphate, FGF-23, and PTH levels
and eGFR (Figure 1, A through C). Serum calcitriol levels,
conversely, showed a significantly direct association with eGFR
(Figure 1D). Finally, a significant inverse association was ob-
served between the fractional renal excretion of phosphate and
eGFR (Figure 2A).

For PTH and FGF-23, an inverse correlation with eGFR was
observed both in patients with CKD stages 1 and 2 and in
patients with CKD stage 3, whereas for serum phosphate, this
inverse correlation was observed in patients with CKD stage 3
only (subgroup analysis; data not shown).

Regression Analysis
Table 3 summarizes the results of the regression analysis.
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Figure 1. Phosphate (A), PTH (B), FGF-23 (C), and calcitriol
(D) levels according to eGFR. Dashed line denotes the upper
normal limit.
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Figure 2. Fractional excretion of phosphate according to eGFR
(A) and categorized according to serum FGF-23 and PTH level
(high denotes >40 ng/L for PTH and >50 pg/ml for FGF-23) (B).

Regulators of serum levels of FGF-23. In univariate anal-
ysis, increased serum alkaline phosphatases, PTH, and age and
decreased serum calcitriol and eGFR were each significantly
associated with increased serum FGF-23; calcitriol was the
strongest univariate predictor. In the multivariate model, de-
creased eGFR and calcitriol were found to be independently
associated with increased serum FGF-23. These variables ex-
plain 26% of the variation of FGF-23 (P < 0.0001).

Regulators of serum levels of calcitriol. In univariate anal-
ysis, decreased serum FGF-23 and phosphate and increased
serum calcidiol, eGFR, and age were all significantly associated
with increased serum calcitriol; FGF-23 was the strongest uni-
variate predictor. In multivariate analysis, increased calcidiol
and decreased phosphate and FGF-23 were observed to be
independently associated with increased serum calcitriol. These
variables explain 31% of the variation in calcitriol (P < 0.0001).

Regulators of serum levels of PTH. In univariate analysis,
increased age, increased serum alkaline phosphatase and FGF-
23, and decreased serum calcidiol and eGFR were all signifi-
cantly associated with increased PTH; eGFR was the strongest
univariate predictor. In the multivariate analysis decreased
eGFR and calcidiol were observed to be independently associ-
ated with increased PTH. These variables explain 26% of the
variation of PTH (P < 0.0001).

Regulators of 24h-FE;,,.. In univariate analysis, increased
age, serum FGF-23, and PTH and decreased eGFR were all
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significantly associated with increased 24h-FE;,,.; PTH was the
strongest univariate predictor. In the multivariate analysis, de-
creased eGFR and increased PTH were observed to be inde-
pendently associated with increased 24h-FE,,,. These vari-

ables explain 30% of the variation of 24h-FE ., (P < 0.0001).
Figure 2B shows the 24h-FE,,, in patients dichotomized
according to the serum level of FGF-23 (cutoff 50 pg/ml) and
PTH (cutoff 40 ng/L). There were no patients presenting with
low FGF-23 and high PTH levels. Significant differences in
24h-FE,,,, were observed among the remaining subgroups
(overall ANOVA P = 0008). Serum phosphate levels and 24h-
phosphaturia were similar across strata (data not shown).

Discussion

The most important finding of this cross-sectional study in
125 patients with CKD stages 1 to 3 is that serum phosphate
levels were inversely associated with eGFR in early CKD de-
spite the recruitment of compensatory mechanisms in which
FGF-23 seems to play a central role.

The inverse association between serum phosphate levels and
eGFR was statistically significant among patients with eGFR
below 60 ml/min per 1.73 m? only. This relationship between
kidney function and serum phosphate is in agreement with
observations made in recent large-scale epidemiologic studies
(19,20). It should however be of note that the rise in serum
phosphate levels occurred almost exclusively within the nor-
mal range.

Serum phosphate levels were increased in patients with early
CKD despite compensatory increments in renal phosphate ex-
cretion. Our data confirm and extend data from previous stud-
ies showing that an increased renal phosphate excretion in
patients with CKD is driven, at least partly, by PTH and FGF-23
(3,5-7). Both hormones were inversely associated with eGFR.
Contrary to others (11), we observed this inverse relationship
already in patients with CKD stages 1 to 2. FGF-23 levels in
patients with CKD stages 1 to 2 were significantly higher than
those observed in 20 healthy individuals (48.4 [30.6 to 61] versus
31.7 [27.1 to 39.2] ng/L, P < 0.0001). It should be of note that
FGF-23 levels above the upper normal limit were observed in
61% of the patients, as opposed to 10% for PTH. Although the
design of our study precludes formal conclusions concerning
temporal relationships, our data support the hypothesis that
elevations of FGF-23 precede elevations of PTH.

The prevalence of hyperparathyroidism observed in the
present cohort is substantially lower than that reported previ-
ously in patients with comparable kidney function (4,21). This
discrepancy may be explained by differences in case mix (e.g.,
race) and PTH assay (22,23). Contrary to others, we measured
whole PTH and thereby avoided bias caused by accumulation
of PTH fragments (23).

PTH and FGF-23 promote renal phosphate wasting through
internalization of the sodium phosphate cotransporter Ila and
Ilc from the proximal tubular apical membrane (6). In agree-
ment with data recently obtained in renal transplant recipients
(24), the fractional renal phosphate excretion was highest in
those patients with both a high FGF-23 and PTH level, which
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suggests that both hormones act synergistically to induce renal
phosphate wasting (Figure 2B).

As opposed to PTH, we failed to find an independent effect
of FGF-23 on the fractional excretion of phosphate. This intrigu-
ing observation contrasts with data reported by Gutierrez et al.
(3). It should however be of note that we assessed the 24h-
fractional excretion of phosphate, which much more than the
fasting fractional excretion of phosphate reflects the actual di-
etary phosphate exposure. The failure to find an independent
association between the 24h-fractional excretion of phosphate
and FGF-23 may thus be explained by the fact that FGF-23 as
opposed to PTH is not an acute regulator of dietary phosphorus
handling (25,26).

The variables assessed in this study moreover explain only
30% of the variation of the FE,,,. The effect of other variables
such as Klotho and magnesium (27) remains to be explored.
Recent evidence points to the existence of a gut-renal signaling
axis by which intestinal phosphate rapidly modulates renal
phosphate reabsorption independently of PTH and FGF-23
(28). The effect of (early) CKD on this gut-renal axis remains to
be studied.

Besides an increased urinary phosphate excretion, an im-
paired gastrointestinal phosphate absorption may help to
maintain phosphate homeostasis in early CKD. We observed a
significant direct association between serum calcitriol and
eGFR. Acknowledging that calcitriol stimulates sodium phos-
phate cotransport across the intestinal wall (29-31), it may be
hypothesized that the gastrointestinal absorption of phosphate
is already impaired in early CKD. However, this hypothesis
remains to be tested by formal (although complex) balance
studies in humans.

Low substrate availability and high serum levels of phos-
phate and FGF-23 were found to be independently associated
with low serum concentrations of calcitriol. These clinical as-
sociations confirm earlier experimental and animal data (8,32).
In addition to its direct inhibition of the renal 1-a-hydroxylase
(CYP27B1), FGF-23 increases the degradation of 1,25(OH),D by
the 24-hydroxylase (CYP24A1) (8). Finally, FGF-23 also acts
directly on the parathyroid gland to suppress PTH secretion
(33), which abolishes PTH-mediated stimulation of CYP27Bl1,
and further suppresses production of 1,25(0OH),D. This mech-
anism may become obsolete in advanced CKD because of
downregulation of the Klotho-FGFR1c receptor complex (34).

Low calcitriol levels also compromise intestinal calcium ab-
sorption, especially when dietary calcium intake is low (35-37).
Low calcitriol levels may thus contribute to the hypocalciuria,
observed in this study and in previous studies examining pa-
tients with mild-to-moderate renal insufficiency (2).

The complexity of sHPT physiopathology is well recognized.
Our data are in favor of the hypothesis that the FGF-23—-bone—
kidney axis might be the effector of a “phosphate trade-off” that
compensates for the limited renal phosphate excretion caused
by the reduced nephron mass (10). In this view, reduced renal
phosphate excretion leads to increased FGF-23 secretion from
the bone. Increased FGF-23 levels act on the kidney to inhibit
phosphate reabsorption and to suppress calcitriol levels. Low
calcitriol levels impair intestinal phosphate and calcium ab-
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sorption. Inadequate calcium absorption prompts adaptive re-
sponses by the parathyroid glands to maintain blood ionized
calcium concentrations (38). FGF-23 thus adds a new dimension
to the well-known 25-year-old trade-off theory, according to
which hyperparathyroidism is the price to pay for preventing
hyperphosphatemia and hypocalcemia (39).

There has been considerable interest recently in the relation-
ship between increasing serum phosphate levels and adverse
outcomes. Many epidemiologic studies have pointed to the
association between hyperphosphatemia and increased risk of
all-cause and cardiovascular death in CKD patients, indepen-
dent of calcium and PTH levels (40,41). Recent data demon-
strated that higher levels of serum phosphate are associated
with adverse outcomes even in the absence of kidney disease
and/or hyperphosphatemia (20,42-44). The mechanisms sub-
tending the risk associated with serum phosphate are unclear.
Investigators have suggested that phosphate may increase car-
diovascular risk through promoting vascular calcification
(45,46) or peripheral arterial stiffness (47). Others suggest that
higher serum phosphate levels exert their putative toxic effect
indirectly by increasing circulating FGF-23 and PTH levels
(48,49) or suppressing calcitriol levels (50). In this study, low
calcitriol levels were the only parameter found to be signifi-
cantly and independently associated with high serum phos-
phate levels (R* 0.13, P < 0.0001). Low calcitriol levels are
hypothesized to decrease cardiac contractility and to contribute
to arteriosclerosis and endothelial dysfunction (51,52). In addi-
tion, clinical and experimental data indicate that high serum
phosphate levels and phosphate loading may accelerate the
progression of CKD (12,53,54).

We acknowledge several limitations of this study. First, the
cross-sectional design limited our ability to examine longitudi-
nal changes in FGF-23, vitamin D, PTH, and mineral levels in
individual patients over time as renal disease progressed; thus,
we cannot infer causality or the direction of the associations
that we identified. Our observation that disturbances of mineral
metabolism occur very early in the course of CKD should
encourage investigators to enroll patients with CKD stages 1 to
2 in the yet-to-be-performed prospective study. A second lim-
itation is the lack of information on the exact time lag between
the last food intake and the blood sampling. This limitation
introduced the possibility that dietary variability influenced the
results. According to recent data from NHANES, the effect of
fasting is limited when the serum phosphate is measured in the
morning, as we did in this study (55). A major strength of our
study is the availability of an extensive mineral metabolism
data set (including urinary indices) in a relatively large cohort
of early CKD patients. In addition, we measured both PTH and
FGF-23 by full-length assays and thereby avoided any bias
caused by the variable retention of inactive C-terminal frag-
ments (13,56).

Conclusions

In conclusion, our data indicate that the rise of serum phos-
phate levels in progressive CKD is attenuated but not pre-
vented by homeostatic compensatory mechanisms in which
FGE-23 plays a central role. Furthermore, our data are in favor

Clin ] Am Soc Nephrol 5: 1268-1276, 2010

of the new paradigm for the pathogenesis of secondary hyper-
parathyroidism according to which a reduced phosphate excre-
tion capacity is the principal abnormality that initiates this
complication. A clinical implication of our study is that mea-
sures to restrict phosphate loading (diet and phosphate binder
therapy) should be considered at an earlier stage than is cur-
rently practiced (57).
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