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ORIGINAL ARTICLE
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ABSTRACT
Relative abundance of fibroblast growth factor-23 (FGF23) measured by the C-terminal (cFGF23, which measures both intact FGF23
and C-terminal fragments) versus intact (iFGF23, measures only intact hormone) assays varies by kidney function in humans. Differ-
ential kidney clearancemay explain this finding.Wemeasured cFGF23 and iFGF23 in the aorta and bilateral renal veins of 162 patients
with essential hypertension undergoing renal angiography. Using multivariable linear regression, we examined factors associated
with aorta to renal vein reduction of FGF23 using both assays. Similar parameters and with addition of urine concentrations of cFGF23
and iFGF23 were measured in six Wistar rats. Mean � standard deviation (SD) age was 54 � 12 years, 54% were women, and mean
creatinine clearance was 72 � 48 mL/min/100 g. The human kidney reduced the concentrations of both cFGF23 (16% � 12%) and
iFGF23 (21% � 16%), but reduction was higher for iFGF23. Greater kidney creatinine and PTH reductions were each independently
associated with greater reductions of both cFGF23 and iFGF23. The greater kidney reduction of iFGF23 compared to cFGF23
appeared stable and consistent across the range of creatinine clearance evaluated. Kidney clearance was similar, and urine concen-
trations of both assays were low in the rat models, suggesting kidney metabolism of both cFGF23 and iFGF23. Renal reduction of
iFGF23 is higher than that of creatinine and cFGF23. Our data suggest that FGF23 is metabolized by the kidney. However, the major
cell types involved in metabolization of FGF23 requires future study. Kidney clearance of FGF23 does not explain differences in C-
terminal and intact moieties across the range of kidney function. © 2022 American Society for Bone and Mineral Research (ASBMR).

KEY WORDS: CHRONIC KIDNEY DISEASE; FGF23; MINERAL METABOLISM; PARATHYROID

Introduction

Fibroblast growth factor (FGF)-23 is a 32 kilodalton (kDa) cir-
culating peptide that is produced mainly by osteocytes.(1) It

plays a central role in phosphate homeostasis through its influ-
ences on the kidney to promote phosphate excretion and limit
calcitriol production.(2) Beyond its physiologic effects on the kid-
ney, FGF23may also induce pathological cardiac myocyte hyper-
trophy.(3) The FGF23 polypeptide has a complex biology
including transcription, posttranslational modification, and
cleavage, which regulate circulating FGF23 concentrations. After

transcription and translation, FGF23 can be shuttled into differ-
ent posttranslational modification pathways involving O-glyco-
sylation, or phosphorylation by the extracellular serine/
threonine protein kinase FAM20C.(4) FGF23 that is not modified
by O-glycosylation is cleaved within the osteocyte near the
carboxy-terminus.(5) Thus, the balance between posttransla-
tional glycosylation and phosphorylation may determine the
net amount of full-length FGF23 versus C-terminal FGF23 frag-
ments that are produced and subsequently secreted into circula-
tion. There are two main types of assays used to measure FGF23
in humans. Intact assays utilize antibodies that capture epitopes
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on amino-terminus and carboxy-terminus on either side of the
cleavage site; thus, they capture only intact, biologically active
FGF23.(6) In contrast, the C-terminal assay recognizes two epi-
topes on the C-terminus aspect of the hormone, capturing both
intact FGF23 and its smaller C-terminal fragments that are
formed when the active hormone is cleaved.(7)

We and others have shown that higher FGF23 concentrations
are linked with risk of cardiovascular disease and mortality in
multiple large epidemiological studies, both in the general pop-
ulation and in chronic kidney disease (CKD) populations.(8-11)

However, strengths of associations differ dramatically by the
assay used to measure FGF23. Relationships of FGF23 with clini-
cal endpoints including heart failure and mortality are stronger
when a C-terminal FGF23 assay is used compared with the intact
FGF assay.(12,13) We recently demonstrated that kidney function
completely extinguished the relationship of intact FGF23 with
mortality independent of other key effectors of FGF23 cleavage
including iron status and inflammation. The effects of adjust-
ment for kidney function were much less when the C-terminal
FGF23 assay was used.(14) Thus, understanding the kidneys’
influence on the concentrations of both the intact and C-
terminal FGF23 assays is critical to determine mechanisms of
clearance and provide understanding to mechanisms linking
FGF23 with clinical endpoints.

Relative abundance of C-terminal fragments versus the intact
FGF23 hormone varies by the level of kidney function in humans.
In individuals with normal kidney function, concentrations of
both C-terminal and intact FGF23 are relatively low and the
resulting ratio of intact and C-terminal FGF23 is simply consistent
with their baseline FGF23 transcription and cleavage. However,
as kidney function declines in CKD, there is a dramatic albeit
unequal increase in both intact and C-terminal FGF23. Although
concentrations of both C-terminal and intact FGF23 increase
with progressive CKD, their relative abundance becomes more
similar as estimated glomerular filtration rate (eGFR) declines.(15)

The reasons for these changes in relative abundance in relation
to eGFR is uncertain. Some have hypothesized that uremia leads
to accumulation of a heretofore undiscovered inhibitor of FGF23
cleavage.(16) Alternatively, we hypothesized the kidney itself may
have differential clearance of the intact FGF23 hormone versus
its C-terminal fragments. These hypotheses have not previously
been evaluated.

Prior studies in animals and humans demonstrate that the kid-
ney clears intact FGF23 and may be a key organ involved in reg-
ulation of its blood levels.(17,18) Yet whether the kidney is more or
less efficient in clearing C-terminal FGF23 from circulation, as
compared to the intact hormone, is unexplored. These differ-
ences in kidney clearance may explain different concentrations
of the two FGF23 moieties in different stages of CKD, and may
also provide insights into why associations of C-terminal and
intact FGF23 with clinical endpoints differs dramatically when
adjusted for kidney function.(14) To directly investigate the
effects of the kidney on renal reduction of C-terminal and intact
FGF23, here wemeasured both assays in 162 humans specimens
obtained from the aorta and bilateral renal veins. We investigate
the renal reduction of both, and how they differ across the range
of renal function. A priori, we hypothesized that kidney clearance
of intact FGF23 would be less than that of C-terminal FGF23
given its larger size, and that this effect would be more pro-
nounced at lower levels of kidney function, accounting for more
similar intact to C-terminal FGF23 plasma concentrations in
those with lower GFR, reported in prior studies. In addition, as
our study in humans did not have available urine data, we

repeated experiments to evaluate renal reduction and excretion
of FGF23 in rats.

Patients and Methods

Human studies

Study participants and setting

Details on this protocol have been published.(19) Patients with
suspected renal artery stenosis (RAS) were referred for angiogra-
phy to Maastricht University Hospital, the Netherlands, and were
asked about participation in an observational research protocol.
Eligibility required one or more of the following criteria: difficult-
to-treat hypertension (blood pressure remaining above goal
despite use of three or more adequately dosed antihypertensive
medications) or clinical suspicion on renovascular abnormalities
(eg, the presence of an abdominal bruit, peripheral vascular dis-
ease, or a rise in serum creatinine >20% during treatment with
renin angiotensin inhibitors). For this study, we included all par-
ticipants who were found to have only essential hypertension at
time of angiography and excluded those with RAS. All anti-
hypertensive medications were halted 21 days before the inves-
tigation, thus providing reliable estimates without confounding
effects of fixed renal artery lesions or medication effects. None
of the participants were using vitamin D supplements, calcitriol,
or phosphate binders. During the angiography study to evaluate
for RAS, simultaneous catheterization of the aorta and both renal
veins was performed, with blood samples drawn at the same
time and stored at�80�C until subsequent thawing for determi-
nation of intact and C-terminal FGF23 along with PTH, α klotho,
calcium, and phosphorus.

Subsequently, renal blood flow was measured selectively in
both kidneys by the 133Xenon washout technique as
described.(20) Mean renal blood flow was calculated from the ini-
tial slope analysis and expressed as mL/min/100 g renal tissue.

Measurements

We measured intact FGF23 in previously unthawed serum utiliz-
ing the Kainos ELISA (Kainos Laboratories, Tokyo, Japan) with
reported interassay coefficients of variation (CVs) of ≤4%.(21)

Wemeasured C-terminal FGF23 in EDTA plasma using the Immu-
topics C-terminal FGF23 ELISA (San Clemente, CA, USA), with an
interassay CV of 3.4% to 6.5%. Serum PTH was measured using
an intact PTH immunoassay (Beckman DxI 800, Beckman Coulter,
Le Brea, CA, USA), with interassay CV of 2.7% to 4.2% and an ana-
lytical measurement range of 1 to 3100 pg/mL. Measurements
were made at the University of Washington (Seattle, WA, USA).
Serum α Klotho was determined by immunoprecipitation-
immunoblot assay as described,(22,23) with intraassay and inter-
assay CVs of 4.8% to 16.6% at the O’Brien Kidney Research Center
at the University of Texas Southwestern Medical Center (Dallas,
TX, USA).

Animal studies

Six adult maleWistar rats weighing 200 to 300 g (purchased from
Envigo, Indianapolis, IN, USA) were included in the study. The rats
were housed in a temperature-controlled environment with a
12-hour light/dark cycle with free access to water and food, a
standard diet containing 2.0% calcium, 1.0% phosphorus, and
3.0 IU/g vitamin D. The rats were anesthetized with Inactin
(100 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) intraperitoneally.
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3H-inulin was infused to measure GFR. Renal artery and vein
sampling was performed by left femoral artery and left renal vein
puncture three times, separated by two 45-minute urine collec-
tions (using a bladder catheter) per rat. Renal plasma flow was
computed from inulin extraction by the Fick equation.

EDTA plasma was used to measure both intact FGF23 and C-
terminal FGF23 using rodent intact FGF23 and C-terminal ELISA,
respectively (Quidel, San Diego, CA, USA). Urine intact and C-
terminal FGF23 concentrations were measured according to
the manufacturer’s instructions using the same assays. We calcu-
lated renal reduction of intact and C-terminal FGF23 by two
methods: (i) product of renal plasma flow with renal reduction
[(metabolite concentration in the artery minus its concentration
in the vein)/concentration in the artery]; because femoral artery
and renal vein measurements were made three times per rat,
the clearance was calculated and averaged across these three
measurements to improve precision, and (ii) clearance = UV/P
where U is the urine concentration of themetabolite, V is the vol-
ume of urine excreted per time, and P is the plasma concentra-
tion of the metabolite.

Study approvals

The human renal angiography studies were approved by the
medical ethical committee of the Maastricht University Hospital
and adhered to Declaration of Helsinki principles; all participants
provided written informed consent prior to inclusion in the
study. Animal studies were performed in accordance with the
National Institutes for Health’s Guide for Care and Use of Labora-
tory Animals, and the experimental protocols had gained
approval by the Veterans Affairs San Diego Health Care Systems
and conducted under their guidelines.

Statistical analyses

We calculated renal reduction (%) of intact and C-terminal
FGF23 = [(Ao � RV)/Ao]*100, where Ao is the metabolite concen-
tration in the aorta and RV is concentration in renal vein (average
of both right and left).We examined correlations between reduction
of the two FGF-23 assays with one another, and with the reduction
of creatinine, phosphate, calcium, α Klotho, and parathyroid hor-
mone (PTH) using Spearman correlation coefficients. We used mul-
tivariate linear regression to evaluate factors associated with the
reduction of intact and C-terminal FGF23. Our predictors of interest
included the reduction of creatinine, PTH, calcium, phosphate, and
α Klotho. Missing data for calcium (n = 102) and α Klotho
(n = 104) were imputed with multivariate imputation by chained
equations that were combined using Rubin’s rules to account for
variability in the imputation procedure.(24,25)All covariates from the
fully adjusted model were used in the imputation.

All analyses were performed using R Core Team (2019)
(R Foundation for Statistical Computing, Vienna, Austria;
https://www.r-project.org/) and SPSS statistical software (IBM
SPSS Statistics for Windows, Version 26.0; IBM Corp, Armonk,
NY, USA). A two-sided p value <0.05 was considered statistically
significant for all analyses.

Results

Among the 162 study participants who were hypertensive, but
found not to have RAS at the time of angiography, the mean
age was 54 � 12 years, 46% were male, and the mean � stan-
dard deviation (SD) arterial blood pressure was 120 � 14 mmHg.

The mean creatinine clearance was 72 � 48 mL/min/100 g and
27% had CKD (eGFR < 60 mL/min/1.73 m2). Mean � SD values
of serum creatinine, calcium, and phosphate in the renal artery
were as follows: 0.86 � 0.26 mg/dL, 8.8 � 0.4 mg/dL, and
2.7 � 0.5 mg/dL, respectively. Median (interquartile range
[IQR]) values of C-terminal FGF23, intact FGF23, and PTH in the
renal artery were 82 (59, 105) relative units (RU)/mL, 47 (37, 65)
pg/mL, and 56 (42, 76) pg/mL, respectively. Finally, mean α
Klotho was 15.6 � 4.4 pM (Table 1).

The renal reduction of creatinine in a single pass from aorta to
renal vein was 17% � 10%. The renal reduction of intact FGF23
was significantly higher at 21% � 16% (p < 0.001) compared to
renal reduction of creatinine. Intact FGF23 reduction was also
found to be higher than that of C-terminal FGF23 (16% � 12%;
p < 0.001). PTH had the highest renal reduction of all metabolites
evaluated, at 35% � 17% (Table 2). The mean concentration of
calcium and phosphate were similar in the renal vein compared
to the aorta whereas α Klotho concentration was 6% higher in
the renal vein relative to the aorta, a finding that approached
but did not reach statistical significance (p = 0.06).

Renal reduction of intact and C-terminal FGF23 in humans

We found that the % creatinine reduction correlated moderately
with renal reduction of FGF23, and that this effect appeared sim-
ilar using either the intact or C-terminal FGF23 assays (r = 0.389
and 0.392, respectively). The percent reduction of intact and C-
terminal FGF23 reduction themselves were moderately corre-
lated with one another (r = 0.45). Finally, the percent reduction
of intact and C-terminal FGF23 reduction with PTH reduction
were r= 0.44 and 0.45, respectively, whereas the percent reduc-
tion of calcium and phosphate were only weakly correlated with
FGF23 reduction (Table 3). These univariate relationships may
have been driven by mutual effects of GFR on the parameters,
so we evaluated multivariable models to identify independent
predictors of FGF23 renal clearance.

In the univariate model, variables associated with greater
intact FGF23 reduction were greater creatinine reduction and
PTH reduction. Both of these variables remained statistically sig-
nificantly associated with greater intact FGF23 reduction in the
multivariable model, demonstrating that the relationship of
PTH reduction with intact FGF23 reduction was independent of
creatinine reduction and vice versa (Table 4).

Table 1. Baseline Characteristics of Participants Who Underwent
Renal Angiography

Demographics (n = 162) Values
Age (years), mean � SD 54 � 12
Males, n (%) 75 (46)
Cardiovascular and kidney risk factors
BMI (kg/m2), mean � SD 27.7 � 4.6
Mean arterial blood pressure (mmHg), mean � SD 120 � 14
Serum creatinine (mg/dL), mean � SD 0.86 � 0.26
Creatinine clearance (mL/min/100 g), mean � SD 72 � 48
C-terminal FGF23 (RU/mL), median (IQR) 82 (59, 105)
Intact FGF23 (pg/mL), median (IQR) 47 (37, 65)
Calcium (mg/dL), mean � SDa 8.7 � 1.0
Phosphate (mg/dL), mean � SD 2.7 � 0.5
Intact PTH (pg/mL), median (IQR) 56 (42, 76)
α Klotho (pM), mean � SDa 15.6 � 4.4

RU = relative units.
aIndicates missing values for variables.
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Variables associated with C-terminal FGF23 reduction were
similar to that of intact FGF23. Again, greater creatinine reduc-
tion and PTH reduction were associated with C-terminal FGF23
reduction both in univariate and mutually adjusted models
(Table 4).

Next, given prior studies demonstrating plasma C-terminal
FGF23 concentrations are higher than intact FGF23

concentrations in persons with normal kidney function, but
approach similar concentrations in persons with advanced
CKD, we were interested in the relative reduction of intact versus
C-terminal FGF23 in individual patients, and whether kidney
function influenced it. We created an empirical ratio of the %
reduction of intact to C-terminal FGF23 using conventional clin-
ical units for each participant, and examined whether creatinine
reduction or other variables was related to this ratio. We found
that neither creatinine reduction, nor reduction of PTH or the
other mineral biomarkers were related to the relative reduction
of intact to C-terminal FGF23 (Table 4). Consistent with this,
although reduction of both intact and C-terminal FGF23 were
heavily influenced by creatinine reduction (Fig. 1), the relative
renal reduction of intact to C-terminal FGF23 appeared stable
and consistent across the range of creatinine clearance that
was evaluated (Fig. 2).

Clearance of intact and C-terminal FGF23 in rats

Our findings in humans suggest that the kidney extracts both
intact and C-terminal FGF23 from the circulation. We next inves-
tigated whether FGF23 was metabolized by the kidney or
excreted in urine. Our study in humans provided blood in the

Table 2. Renal Reduction of Metabolites Among 162 Participants
Who Underwent Renal Angiography

Metabolite Renal reduction% (SD)a

Creatinine 17 (10)
Intact FGF23 21 (16)
C-terminal FGF23 16 (12)
PTH 35 (17)
α Klotho �6 (16)
Calcium 1.4 (4.1)
Phosphate �0.1 (4.6)

aPositive percentages reflect a lower concentration in the renal vein
compared to the renal artery, and negative percentages reflect a higher
concentration in the renal vein compared to the renal artery.

Table 3. Correlations Between Renal Reduction of Creatinine and Mineral Metabolism Markers in Humans

Parameter Creatinine Calcium Phosphate Intact PTH α Klotho Intact FGF23 C-terminal FGF23

Creatinine 1.00 �0.185 0.212* 0.375* �0.038 0.389* 0.392*
Calcium 1.000 �0.614* �0.197** 0.104 �0.173 �0.230**
Phosphate 1.000 0.200** 0.011 0.140 0.153
Intact PTH 1.000 �0.052 0.441* 0.451*
α Klotho 1.000 �0.123 �0.206**
Intact FGF23 1.000 0.455*
C-terminal FGF23 1.000

*Correlation is significant at the 0.01 level (two-tailed).
**Correlation is significant at the 0.05 level (two-tailed).

Table 4. Univariate and Multivariate Factors Associated With Renal Reduction of Intact FGF23, C-Terminal FGF23, and Intact to C-
Terminal Ratio

Intact FGF23 reduction
Univariate analysis Multivariate analysis

Variable β (95% CI) p β (95% CI) p

Creatinine reduction 4.84 (2.47, 7.21) <0.001 3.08 (0.93, 5.24) 0.005
Intact PTH reduction 9.15 (7.11, 11.19) <0.001 8.47 (6.43, 10.52) <0.001
Calcium reduction �1.48 (�4.38, 1.42) 0.313 �0.01 (�2.99, 2.98) 0.996
Phosphate reduction 1.77 (�0.69, 4.24) 0.159 0.45 (�2.09, 2.99) 0.729
α Klotho reduction �0.07 (�0.25, 0.10) 0.405 �0.54 (�3.43, 2.36) 0.714

C-terminal FGF23 reduction
Creatinine reduction 4.64 (2.92, 6.36) <0.001 3.14 (1.66, 4.61) <0.001
Intact PTH reduction 7.56 (6.12, 9.00) <0.001 6.89 (5.50, 8.28) <0.001
Calcium reduction �1.75 (�4.18, 0.69) 0.158 �0.34 (�2.29, 1.61) 0.735
Phosphate reduction 1.24 (�0.61, 3.08) 0.191 �0.16 (�1.87, 1.56) 0.858
α Klotho reduction �2.05 (�4.45, 0.34) 0.092 �1.05 (�2.65, 0.55) 0.198

Intact/C-terminal FGF23 reduction
Creatinine reduction 0.07 (�1.20, 1.35) 0.912 �0.05 (�1.42, 1.32) 0.94
Intact PTH reduction 0.07 (�1.25, 1.35) 0.913 0.04 (�1.28, 1.36) 0.955
Calcium reduction �0.45 (�1.73, 0.84) 0.497 �0.59 (�2.25, 1.07) 0.485
Phosphate reduction 0.35 (�0.93, 1.62) 0.595 0.07 (�1.50, 1.63) 0.935
α Klotho reduction 0.06 (�0.07, 0.18) 0.369 0.66 (�0.67, 1.99) 0.331

β* reflects % change in FGF23 clearance per 1-SD higher of each variable.
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aorta and renal veins, but urine specimens were not available.
Thus, we repeated experiments in a rodent model, measuring
both intact and C-terminal FGF23 in the femoral artery, renal
vein, and urine, in six healthy rats. Mean renal plasma flow was
13.6 � 6.9 mL/min and GFR was 2.5 � 0.4 mL/min, for a mean
filtration fraction of 0.2 � 0.05. Mean intact FGF23 reduction
was 21.5% � 12.6% and mean C-terminal FGF23 reduction was
32.0% � 13.5%. Both C-terminal and intact FGF23 concentra-
tions were very low in the urine, and calculated intact and C-
terminal FGF23 clearance using UV/P was at least an order of

magnitude lower than what we measured using the product of
renal reduction and renal plasma flow (Table 5). Thus, most of
the intact and C-terminal FGF23 removed by the kidney is likely
metabolized by the kidney rather than excreted unchanged in
the urine in rats.

Discussion

Our aim was to assess the role of the human kidney in clearance
of both intact and C-terminal FGF23, and to investigate whether

Fig. 1. Intact and C-terminal FGF23 reduction across the range of creatinine clearance evaluated; red dots indicate intact FGF23 reduction and blue dots
indicate C-terminal FGF23 reduction.

Fig. 2. Relative concentration of intact to C-terminal FGF23 across the range of creatinine clearance evaluated.
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differences in kidney function explain why the relative concen-
trations of intact and C-terminal FGF23 become more similar in
persons with lower GFR. Using blood samples directly obtained
from aorta and bilateral renal veins among participants with
hypertension and a range of kidney function from normal to
moderate CKD, we found that the human kidney extracts both
C-terminal and intact FGF23 from the circulation. However, the
kidney appears to be similarly efficient at removing intact and
C-terminal FGF23 across the range of kidney function evaluated.
Furthermore, in a rodent model, we found that the vast majority
of extracted intact and C-terminal FGF23 are not found in the
urine, suggesting that most of the extracted intact and C-
terminal FGF23 is metabolized by the kidney. Finally, we found
that, independent of creatinine clearance, the human kidney’s
ability for both intact and C-terminal FGF23 reduction was corre-
lated with howmuch PTH it removed. These findings give impor-
tant new insights to the kidney’s role in regulating blood FGF23
concentrations.

The recognition of FGF23’s central role in regulating phos-
phate and vitamin D metabolism, its potential role in promoting
left ventricular hypertrophy,(3) and its strong associations with
heart failure(8,10) and mortality risk(26,27) have led to considerable
interest in understanding its regulation. Although much is
known about FGF23 production in bone, and processes that reg-
ulate its cleavage, very little is known about intact FGF23 clear-
ance from circulation, and even less is known about the
kidney’s role in clearance of C-terminal FGF23 fragments. Under-
standing the regulation of circulating C-terminal FGF23 and its
similarities or differences from intact FGF23 is becoming increas-
ingly important, because epidemiologic studies evaluating

relationships of FGF23 with clinical endpoints provide different
results when evaluating intact versus C-terminal FGF23 assays.
We recently reported that kidney function is the key factor
responsible for this difference.(14) C-terminal FGF23 appears
much more strongly associated with clinical endpoints than
intact FGF23 once kidney function is accounted for. This is sur-
prising, because most existing literature on FGF23 suggests that
intact FGF23 is the biologically active hormone. However,
emerging data suggest that the C-terminal fragments may have
their own biological role in regulating iron utilization,(28) and
possibly as a natural competitive inhibitor of full-length FGF23
binding to its FGFR1-Klotho co-receptors.(29)

Beyond the important role that kidney function has in
influencing associations of the two FGF23 measurements with
clinical outcomes, other studies suggest that the kidney may
have an important role in regulation of both C-terminal and
intact FGF-23. Smith and colleagues(15) studied healthy volun-
teers, persons with stage 3 to 5 CKD, and dialysis patients and
found that, whereas both intact and C-terminal FGF23 concen-
trations were elevated in those with more advanced CKD, C-
terminal FGF23 concentrations were much higher relative to
intact FGF23 in healthy controls. In another study among
humans with acute kidney injury, C-terminal FGF23 fragments
were detected in the urine whereas intact FGF23 was not, consis-
tent with potential renal catabolism. Higher urine concentrations
of FGF23 fragments predicted death after acute kidney injury,
suggesting that this catabolic pathway may be clinically impor-
tant.(30) These studies led us to explore the role of the human kid-
ney in C-terminal FGF23 clearance, and to compare it to that of
intact FGF23.

Our findings are consistent with, and expand on, prior studies
conducted in experimental animals.(17) By injecting recombinant
FGF23 and blocking FGF23 receptors, investigators estimated
that renal reduction of intact FGF23 was responsible for about
40% of its clearance. Although they could not rule out the possi-
bility of renal FGF23 excretion and did not compare renal reduc-
tion of intact versus C-terminal FGF23, they found clearance of
intact FGF23 to be unrelated to calcium, phosphate, or FGF
receptor signaling in their rodent acute uremia model.

To our knowledge, only one prior study has directly evaluated
the role of the human kidney in clearance of intact FGF23. Van
Ballegooijen and colleagues(18) evaluated 17 humans undergo-
ing angiography and demonstrated that intact FGF23 concentra-
tions were 17% lower in the renal vein relative to the aorta,
similar to our study. C-terminal FGF23 was not evaluated in that
study. Importantly, we were able to investigate clearance of both
C-terminal and intact FGF23 and found that the relative renal
reduction of both were similar across a wide range of GFR evalu-
ated. As summarized, prior studies demonstrate that both C-
terminal and intact FGF23 are increased in persons with lower
GFR, persons with normal renal function have higher C-terminal
FGF23 relative to intact FGF23, a relationship that becomes less
apparent in persons with more advanced CKD. Our findings sug-
gest that this change in relative abundance may not be
explained by differential renal clearance. Instead, it is plausible
that FGF23 cleavagemay be downregulated or impaired second-
ary to dysregulation of cleavage enzymes as renal function
declines causing an increase in intact FGF23.(15)

Our study also provides insights to mechanism of renal reduc-
tion of FGF23. The aforementioned study by Van Ballegooijen
and colleagues(18) demonstrated a 17% reduction of intact
FGF23 by a single pass through the kidney. They also measured
intact FGF23 in urine, finding very low concentrations, thereby

Table 5. Intact and C-Terminal FGF23 Clearance in Rats

Variable Value

Intact FGF23
Renal artery intact FGF23 (pg/mL),
mean � SD

203 � 48

Renal vein intact FGF23 (pg/mL),
mean � SD

160 � 44

Urine intact FGF23 (pg/mL), mean
� SD

2 � 0

Renal reduction intact FGF23 (%),
mean � SD

21.5 � 12.6

Renal clearance of intact FGF23
(renal artery versus renal vein)
(μL/min), mean � SD

3.0 � 1.3

Renal clearance of intact FGF23
(UV/P) (μL/min), mean � SD

0.2 � 0.4

C-terminal FGF23
Renal artery C-terminal FGF23
(pg/mL), median (IQR)

1589 (420, 4794)

Renal vein C-terminal FGF23
(pg/mL), median (IQR)

901 (225, 3706)

Urine C-terminal FGF23 (pg/mL),
median (IQR)

3.8 (2.0, 8.3)

Renal reduction C-terminal FGF23
(%), mean � SD

32.0 � 13.5

Renal clearance of C-terminal FGF23
(renal artery versus renal vein)
(μL/min), mean � SD

4.3 � 1.4

Renal clearance of C-terminal FGF23
(UV/P) (μL/min), mean � SD

0.01 � 0.01
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suggesting that most was metabolized in the kidney.(18) Based
on their published data, we estimated intact FGF23 clearance
using UV/P to be only �0.2 mL/min, much lower than antici-
pated by a 17% renal reduction assuming a typical renal plasma
flow. We lacked urine data in our human studies, but confirm this
finding for intact FGF23 using our rodent model. We expand on
this finding in important ways. First, we demonstrate that C-
terminal FGF23 is also removed by the human and rodent kid-
ney, and that very little C-terminal FGF23 is found in the urine
in rodents. This suggests that C-terminal FGF23 is also likely to
be metabolized by the kidney. Our larger sample size provides
greater precision in the estimates of FGF23 reduction. Finally,
the larger sample size allowed us to explore how the relative
clearance of intact versus C-terminal FGF23 may differ across
the spectrum of kidney function, providing insights to mecha-
nisms responsible for the more similar concentrations observed
in persons with lower GFR.

We found that the relative renal reduction of intact FGF23 was
significantly higher than for C-terminal FGF23 in humans.
Because the C-terminal FGF23 assay measures both the intact
hormone and cleaved C-terminal fragments, this finding sug-
gests that the human kidney may be more effective at clearing
the intact FGF23 hormone than smaller fragments, which is con-
trary to our a priori hypothesis. Potential mechanisms by which
intact FGF23 reduction is greater than C-terminal FGF23 frag-
ment clearance may involve differences in protein binding, or
in tubular uptake mechanisms and subsequent metabolism.
Intact FGF23 may be reabsorbed by cubilin mediated endocyto-
sis in the proximal tubule as noted by Nielsen and colleagues.(31)

Although FGF23 acts chiefly on the proximal tubule and reduces
renal absorption of phosphate by downregulating the sodium-
phosphate cotransporter Npt2a, immunofluorescent analyses
following FGF23 injection in mice show robust staining for
FGF23 bioactivity within the distal tubule.(32) Therefore, it is also
plausible that the intact hormone is reabsorbed in the distal
tubules, which would also be consistent with our data wherein
the relative levels of C-terminal FGF23 are higher in the renal vein
compared to the intact hormone.

An unexpected, but important, finding of this study is that the
renal reduction of both C-terminal and intact FGF23 were related
to renal reduction of PTH, and that this was independent of cre-
atinine reduction. This finding was not a prespecified hypothesis
and requires confirmation. However, if confirmed, it may provide
new insights into a complex regulatory feedback loop between
FGF23 and PTH. FGF23 is known to decrease PTH gene expres-
sion and secretion.(33) On the other hand, PTH increases FGF23
gene expression in bone.(34) This has led to recognition of a clas-
sic negative feedback loop between the parathyroid gland and
bone. Our findings suggest that the degree of renal reduction
of FGF23 may be dependent upon the degree of PTH reduction
or vice versa, and that this effect is independent of creatinine
clearance. In a study testing the effect of PTH on renal clearance
of intact FGF23 in a rodent model, investigators demonstrated
that intact FGF23 clearance was similar in animals after parathy-
roidectomy.(17) Therefore, we hypothesize that intact FGF23 may
drive PTH reduction rather than the opposite. It is possible that
additional factors such as 1,25-dihydroxyvitamin D may be
involved in this pathway, as reported during PTH infusion in
healthy human subjects.(35) However, the direction of these
effects remains unclear. The cross-sectional nature of our data
does not allow us to determine if greater FGF23 reduction may
induce greater PTH reduction, the opposite, or whether a third
factor may induce greater reduction of both. Nonetheless,

because both PTH and FGF23 are key regulators of phosphate
homeostasis, and because this relationship was independent of
creatinine clearance, this finding suggests that the feedback
loops involved between FGF23 and PTH may be more complex
than simply between bone and the parathyroid gland. This excit-
ing new hypothesis requires future study.

Our findings are also consistent with prior human and animal
studies demonstrating robust renal clearance of PTH. Among
nine patients with hyperparathyroidism, the mean reduction of
PTH was 44% in the liver, 34% by the kidney, and 16% across
the lower extremity.(36) Experimental dog models have been
used to understand PTH reduction mechanisms. Glomerular fil-
tration was halted by ureteral obstruction, after which mean cre-
atinine reduction decreased from 20% to 4%, whereas PTH
reduction only decreased from 22% to 15%, indicating that the
kidney still appears to extract PTH from the circulation even
when the GFR is acutely halted. This suggests tubular metabo-
lism of PTH.(37)

We found a modestly higher concentration of α Klotho in the
renal vein compared to the aorta in humans. This finding is con-
sistent with rodent data demonstrating that the kidney secretes
α Klotho into the circulation(38,39) and studies in humans demon-
strating increased klotho concentrations in the infrarenal com-
pared to suprarenal venous system.(38) Because α Klotho is
passed from blood to urine, taken up and metabolized by the
kidney, and synthesized by the kidney and released into the
blood, the net effect on the plasma concentration from travers-
ing the kidney is complex. Without knowledge of the renal
venous plasma flow, our data do not allow definitive evaluation
of the net effects of the kidney on systemic α Klotho concentra-
tions, but our data are compatible with net addition of α Klotho
into the renal vein by the kidney.

This study has several strengths. We leveraged the unique
Maastricht Renal Artery Stenosis Study, which allowed us to
assess renal clearance of multiple metabolites including both
C-terminal and intact FGF23 by obtaining blood samples directly
during renal angiography in a large number of participants. Thus,
we had ample statistical power to test differences in renal reduc-
tion of total and intact FGF23 and to compare how these param-
eters are influenced by level of kidney function. Participants had
a 3-week washout from anti-hypertensive medications at the
time of angiography, diminishing any influence of these drugs
on renal hemodynamics at the time of blood collection. The con-
current measurement of PTH, α Klotho, and other metabolites
provided unique new discoveries which will open exciting new
areas of investigation.

The study also has several important limitations. We lack data
on urine concentrations of FGF23 among humans in our study.
On the basis of the observational nature of our study, we cannot
determine whether greater FGF23 cleavage by a renal proteo-
lytic apparatus or differences in receptor mediated endocytosis
is the key driver responsible for less renal reduction of C-terminal
versus intact FGF23 by the human kidney. Therefore, additional
experiments are required to understand the exact mechanisms
by which the presumed tubular metabolism of intact and C-
terminal FGF23 occurs. Finally, we did not study participants with
advanced CKD; all were European, reflecting the predominant
race of persons in the Netherlands; and all had essential hyper-
tension. Generalizability of our findings to other populations is
uncertain.

In conclusion, we directly demonstrate that the human kidney
extracts both C-terminal and intact FGF23 from the circulation
and the renal reduction of intact FGF23 is higher than that of
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creatinine. In parallel, we demonstrate that the rat kidney also
extracts both intact as well as C-terminal FGF23 and very low
quantities of intact FGF23 were found in the urine. Both of these
findings suggest that intact FGF23 is metabolized and cleared
through the human kidney tubules, above and beyond the glo-
merular filtration. Although persons with lower GFR have lower
renal clearance of both C-terminal and intact FGF23, the relative
clearance efficiency of C-terminal and intact FGF23 appears sim-
ilar across the range of GFR we evaluated here. Thus, differential
kidney clearance of FGF23 does not explain why persons with
normal kidney function have higher C-terminal compared to
intact FGF23, whereas those with lower renal function havemore
similar blood concentrations.
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