












PTH levels, NaPi-IIa protein expression was increased while
Klotho protein expression and FRS2a phosphorylation levels
were decreased (Figure 6).

Albuminuria Does Not Directly Increase Phosphate
Uptake by Proximal Tubule Cells
Because albumin may directly compete with NaPi-IIa for endo-
cytosis, leading to increased apical NaPi-IIa abundance and
phosphate reabsorption,we tested the effect of apical albuminon
phosphate uptake by proximal tubule-like OK cells. Albumin
(10 g/L) did not alter sodium-dependent phosphate uptake
under basal conditions. Similarly, sodium-dependent phos-
phate uptake was inhibited by 1 nMPTH (30-minute challenge)
to the same extent in the absence or presence of albumin
(Figure 7).

DISCUSSION

We demonstrate in the present study that albuminuria is an
independent predictor of higher plasma phosphate concen-
trations in nondiabetic and diabetic patients with CKD. In
addition, children with acute glomerular proteinuria display
increased tubular reabsorption of phosphate despite elevated

plasma FGF-23 levels. Experimentally pro-
teinuria interferes with FGF-23 signaling
via decreased Klotho expression, impairing
apical NaPi-IIa degradation in two animal
models of nephrotic-range proteinuria.

During glomerular proteinuria, plasma
phosphate concentration increases inde-
pendently ofGFR in nephrotic children and
patients with CKD. We demonstrate a cor-
relation between albuminuria and elevated
plasma phosphate concentration despite
high FGF-23 and PTHplasma levels in a large
CKD cohort. This effect is independent of
mGFR and other confounding variables
and is most apparent in patients with a
mGFR of # 45 ml/min per 1.73 m2. The
lower correlation between albuminuria
and plasma phosphate concentration in
patients with preserved renal function is
probably due to the lower number of pro-
teinuric patients with preserved GFR and
to compensation of phosphate handling
by a sufficient number of healthy neph-
rons.

Results obtained in nephrotic children
and patients with CKD suggest that tubular
handling of phosphate may be altered by
proteinuria. Our results obtained in animal
models confirm that proteinuria alters
tubular handling of phosphate because at
the molecular level total cortical NaPi-IIa

expression was increased after induction of proteinuria. This
observation contrasts with results obtained in the nonproteinuric
5/6 nephrectomy CKDmodel, in which NaPi-IIa expression was
decreased.23 Unchanged NaPi-IIa mRNA levels strongly suggest
that increasedNaPi-IIa expression relies on a post-transcriptional
mechanism. NaPi-IIa is mainly regulated through plasma mem-
brane insertion, retrieval, and degradation, which may be im-
paired under conditions of FGF-23 resistance. The absence of
significant change in TmP/GFR or FePO4

2 despite the higher
NaPi-IIa expression in animal models might be due to the use
of values obtained from 24-hour urine to calculate these indices.
Indeed, urinary phosphate measured on 24-hours urine strongly
depends ondietary phosphate intake,while it ismostlydependent
on tubular handling whenmeasured inmorning urine after over-
night fasting. In addition, the observed downregulation of the
minor phosphate transporter NaPi-IIc may compensate partly
for the upregulation of NaPi-IIa.

Both in nephrotic children and adult proteinuric patients
with CKD, phosphate levels were higher despite elevated FGF-
23 levels. Similarly, we found that TmP/GFR was increased
despite high FGF-23 plasma levels in nephrotic children. These
observations suggest that the decreased biologic activity of
FGF-23 may play a role in proteinuria-induced phosphate
retention. Similar observations were recently made in a cohort

Figure 4. Klotho expression is decreased in proteinuric rats. Klotho and NCC ex-
pression were assessed by Western blot in cortical lysates from control (Ctl) and PAN
rats under a normal diet (A and B). (A) Representative Western blot of Klotho and NCC
(left panel: 3 animals per group). b-Actin was used as loading control. Bars (right panel)
show densitometric quantification of Western blots (n=6 per group). Results are ex-
pressed as the mean ratio of individual values over the mean value obtained in
Ctl6SEM. (B) Klotho expression was analyzed by immunohistochemistry. (Original
magnification 320) *P,0.05.
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of children with CKD.27 This interpretation fits with results
showing a decreased cellular response to FGF-23 in animal
models of nephrotic proteinuria. Indeed, despite high plasma
levels of FGF-23, phosphorylation of FRS2a, a major down-
stream target of FGF receptor,19 was decreased in proteinuric
animals. This altered FGF-23 signaling appears to be mainly
related to decreased Klotho expression by proteinuria, but
other factors acting downstream of FGF-23 may also play a
role. In addition, in POD-ATTAC mice and adults patients
with CKD, PTH levels were also higher under proteinuric con-
ditions. This finding suggests that, in addition to FGF-23

resistance, glomerular proteinuria may also induce PTH resis-
tance or directly alter NaPi-IIa internalization and degradation.
We found no evidence for a competition between NaPi-IIa
and albumin for megalin-dependent endocytosis: Megalin
expression was preserved and remained apically located in
proteinuric animals; sodium-dependent phosphate uptake
and its inhibition by PTH were not altered by albumin pre-
treatment in cultured proximal tubule OK cells. This, how-
ever, does not exclude that factors other than albumin and
contained in proteinuric urines may directly act on the prox-
imal tubule and alter phosphate transport and NaPi-IIa ex-
pression in addition to FGF-23 resistance.

Altogether, we demonstrate that proteinuria impairs tubu-
lar phosphate excretion induced at least in part by inhibiting
tubular effects of FGF-23 on NaPi-IIa expression. This ob-
servation has major clinically relevant consequences. Because
high plasma phosphate concentration, high FGF-23, and low
FePO4

2/FGF-23 ratio are related to cardiovascular mortal-
ity,24,36–38 the proteinuria-induced FGF-23 resistance may
explain, at least in part, the association of proteinuria to cardio-
vascular disease. This underlines the importance of controlling
proteinuria in CKD as a multifactorial cause of increased car-
diovascular disease risk. To our knowledge this study is the first
to demonstrate a pathophysiologic link between proteinuria and
phosphate handling. Proteinuria should therefore not be con-
sidered as a simple marker of cardiovascular disease in CKD but
as an active player in its pathophysiology.

CONCISE METHODS

Further details regarding the methods can be found in the Supple-

mental Material.

Patients with Acute Nephrotic Syndrome
We conducted a prospective study in the Pediatric Nephrology Unit of

the UniversityHospital of Geneva and the University Hospital Center of

Lausanne, Switzerland, from 2011 to 2013. This study was approved by

the Ethical Committee for Human Studies of the University Hospital of

Geneva and performed according to the Declaration of Helsinki.

Adult Patients with CKD from the NephroTest study
The NephroTest study is a prospective hospital-based cohort that

began in 2000. By the endof 2010, 1835 adult patientswith all stages of

CKD and all nephropathy types referred by nephrologists to any of

three departments of physiology for repeated extensive workups were

included. Patients on dialysis or with kidney transplant and pregnant

women were excluded. All patients signed written informed consents

before inclusion in the cohort. The NephroTest study design was

approved by an ethics committee (DGRI CCTIRS MG/CP09.503).

Measurements of FGF-23 Levels in Nephrotic Children
and NephroTest cohort
FGF-23 levelsweremeasured inbatch in serumsamplesusing aKainos

human intact FGF-23 ELISA kit (maximum intra-assay and interassay

coefficients of variation, 2.6%–3.8%).

Figure 5. FGF-23 signaling pathway is downregulated in pro-
teinuric rats. Protein expression of FRS2a and its phosphorylation
level (p-FRS2a) as well as PKA substrates phosphorylation (p-PKA
substrate) levels were assessed by Western blot of cortical lysates
in control (Ctl) and PAN rats submitted to a normal- (A) or high-
phosphate (HP) diet (B). Representative Western blot of FRS2a,
p-FRS2a, and p-PKA substrate (upper panel: 3 animals per group).
Bars (lower panel) show densitometric quantification of Western
blots (n=6 per group in A) and (n=9 per group in B). Results are
expressed as the mean ratio of individual values over the mean
value obtained in Ctl6SEM. *P,0.05.
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PAN-Induced Nephrotic Syndrome
All animal experiments were approved by the Institutional Ethical

Committee of Animal Care in Geneva and Cantonal authorities. Male

Wistar rats weighing 200–250 g were subjected to a single intraperi-

toneal injection of puromycin-aminonucleoside (Sigma-Aldrich,

St. Louis, MO) at a dose of 130 mg/kg diluted to 25 mg/ml in 0.9%

NaCl on day 0 or to 0.9% NaCl alone. Ten days after the injection,

rats were housed in separate metabolic cages and allowed free access

to rat chow (Provimi Kliba AG, Kaiseraugst, Switzerland). Daily

urine protein and phosphate excretion were determined, and rats

were euthanized on day 14. Rats were pair-fed

during these 3 days. In a subgroup of control or

PAN nephrotic rats, candesartan, 2 mg/kg per

day, was administered via subcutaneous os-

motic mini-pumps (Alzet) for 14 days. For

phosphate-loading experiments, rats were of-

fered the same amount of phosphate-enriched

diet (KLIBA NAFAG 21880.2% Ca, 1.5% P) on

the last experimental days. Blood was taken for

measurement of plasma electrolytes and evalu-

ation of renal function bymeasurement of BUN

and plasma creatinine.

POD-ATTAC Mice
POD-ATTACmice were generated as previously

described.35 Briefly, these mice express amutant

FKBP caspase-8 fusion protein under control of

the human podocin promoter (Nphs2). Injec-

tion of a dimerizing agent (AP20187; Clontech

Laboratories, Inc.) specific to the fusion protein

induces immediate caspase-8–mediated apo-

ptosis in podocytes, with the result mimicking

human minimal-change disease.35 Mice were

treated with a single dimerizer dose of 0.5 mg/g

body wt and euthanized after 5 or 7 days. These

mice displayed marked proteinuria without sig-

nificant reduction of GFR.35

Statistical Analyses
For experimental data, results are given as the

mean6SEM from n independent experiments.

Comparisons between two groups were per-

formed by unpaired t test if not stated otherwise.

For nephrotic children, comparison between

the nephrotic and remission phases was per-

formed using paired t test. Comparisons be-

tween more than two groups were performed

by ANOVA.

In the NephroTest cohort, we first described

patient characteristics according to ACR level in

3 classes (,3 mg/mmol, 3–30 mg/mmol, .30

mg/mmol) and tested associations with ACR

treated continuously or in categories using

Spearman correlation-rank test for continuous

variables, Cochran-Armitage test for binary var-

iables, and chi-squared test for categorical variables. We also compared

characteristics of patients with and without FGF-23 measurements us-

ing nonparametric tests (Wilcoxon or chi-squared test). Crude relation-

ships of plasma phosphate concentration (or log-PTHand log-FGF-23)

with mGFR and log-ACR were tested using Pearson correlation coeffi-

cients. We then performed linear regression analyses to estimate regres-

sion coefficients of plasma phosphate concentration with log-ACR

before and after adjustment for log-PTH and the following potential

confounders: age, sex, sub-Saharan Africa origin, body mass index, di-

abetes, mean BP, mGFR, vitamin 1,25(OH)2D3 (log transformed),

Figure 6. Transgenic mice harboring glomerular proteinuria display increased NaPi-IIa
and decreased Klotho expression. Biochemical parameters measured in control wild-
type (open bars) and POD-ATTAC proteinuric mice (closed bars) (A) (n=5 per group).
*P,0.05. P04, plasma phosphate concentration. All parameters were measured in the
same set of mice except for PTH, which was measured on a separate set for technical
reasons (n=5 and 10). NaPi-IIa, Klotho, FRS2a, and its phosphorylated form (p-FRS2a)
were detected by Western blot of kidney lysates in wild-type (WT) and littermate POD-
ATTAC mice (B). Representative Western blots of NaPi-IIa, Klotho, FRS2a, and p-FRS2a
(3 animals per group) are shown. Bars (right panel) show densitometric quantification of
Western blots (n=6 per group). Results are expressed as the mean ratio of individual
values over the mean value obtained in control6SEM. *P,0.05.

1616 Journal of the American Society of Nephrology J Am Soc Nephrol 26: 1608–1618, 2015

BASIC RESEARCH www.jasn.org



ferritin, fractional excretion of phosphate, and protein intake estimated

from24-hour urinary urea.39 Because there was a significant interaction

between mGFR and log-ACR, analyses were stratified according to the

mGFR levels. Similar analyses were performed in the subgroup of 397

patients with FGF-23measurement with additional adjustment for log-

FGF-23. Multicollinearity diagnostics were performed for adjustment

covariates in previously described multiple regressions: correlated var-

iables were added together only when |r|,0.6 and variance inflation

factors were ,2.5. Finally, we carried out three sensitivity analyses:

One used ACR in 3 classes instead of log-ACR, the second tested the

effect of various mGFR thresholds, and the third tested the effect of

diabetes status on the relationship between ACR and phosphate.

Statistical analyses were performed using SAS software, version 9.3

(SAS Institute, Inc., Cary, NC).
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