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ABSTRACT

Background. Recent studies suggest that the phosphaturic
hormone broblast growth factor 23 (FGF23) is involved in
regulation of renal sodium excretion and blood pressure. There
is evidence of both direct effects via regulation of the sodium-
chloride symporter (NCC) in the distal tubule, and indirect
effects through interactions with the renin–angiotensin–
aldosterone system. However, clinical data on the association
between FGF23 and renal sodium regulation is lacking.
Herein, we investigated the associations of FGF23 with renal so-
dium handling and blood pressure in non-dialysis CKD patients.
Methods. This was a cross-sectional study encompassing 180
CKD patients Stage 1–5, undergoing renal biopsy. Plasma intact
FGF23, 24-h urinary sodium excretion, fractional excretion of
sodium (FENa) and blood pressure were measured at baseline.
The association between FGF23 and renal sodium handling was
explored by multivariate regression analysis.
Results. The median age was 52.8 years, 60.6% were men and
the median estimated glomerular ltration rate (eGFR) was
50.6mL/min/1.73m2. In univariate analysis, FGF23 was posi-
tively associated with FENa (Spearman’s rho¼ 0.47; P< 0.001)
and systolic blood pressure (rho¼ 0.17, P< 0.05), but not with
plasma sodium, 24-h urinary sodium excretion or mean arterial
blood pressure. The association between FGF23 and FENa
remained signicant after adjustment for potential confounders
(multivariable adjusted b coefcient 0.60, P< 0.001). This asso-
ciation was stronger among the 107 individuals with eGFR
<60mL/min/1.73m2 (b¼ 0.47, P¼ 0.04) and in the 73 individ-
uals on any diuretics (b¼ 0.88, P< 0.001). Adjustment for
measured GFR instead of eGFR did not alter the relationship.
Conclusions. FGF23 is independently associated with increased
FENa in non-dialysis CKD patients. These data do not support
the notion that FGF23 causes clinically signicant sodium re-
tention. Further studies are warranted to explore the mecha-
nism underlying this association.

Keywords: cardiovascular disease, FGF23, hypertension, renal
sodium handling

INTRODUCTION

Fibroblast growth factor 23 (FGF23) is a bone-derived hormone
and a key regulator of mineral metabolism [1]. Intact, biologi-
cally active FGF23 forms a complex with FGF-receptor 1c
(FGFR1c) and aKlotho (hereafter referred to as Klotho) to acti-
vate intracellular signalling pathways [2, 3]. In the kidney,
FGF23 signalling leads to reduced levels of the phosphate
co-transporters NPT2a and -c, and suppression of 1-alpha-hy-
droxylase and stimulation of 24-hydroxylase, resulting in lower
serum levels of phosphate and active vitamin D, respectively
[4–6].

In patients with chronic kidney disease (CKD), serum con-
centrations of FGF23 rise rapidly as renal function declines,
presumably to increase fractional excretion of phosphate (FEPi,
that is, the proportion of filtered phosphate that is excreted in
urine) as the number of remaining functional nephrons falls [7,
8]. Although the initial rise in FGF23 is believed to be an adap-
tive response to prevent development of hyperphosphataemia,
higher concentrations of FGF23 have repeatedly been shown to
be associated with adverse outcomes, such as faster CKD
progression, left ventricular hypertrophy and overall mortality
[9–12]. The exact mechanism(s) underlying these associations
are still incompletely understood, but both direct and indirect
actions on the cardiovascular system have been suggested [13].
Importantly, there is growing evidence that FGF23 interacts
with the renin–angiotensin–aldosterone system (RAAS), which
would provide a link between FGF23 and worse outcome [14,
15]. Furthermore, recent experimental data suggest that FGF23
acts directly on the renal distal tubule to increase apical mem-
brane abundance of the sodium-chloride symporter (NCC),
leading to sodium retention, volume expansion, hypertension
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and cardiac hypertrophy, thus providing a novel potential ex-
planation behind the association between higher FGF23 and
cardiovascular morbidity and mortality [16]. Although an en-
ticing hypothesis, there are as yet no clinical data to support the
possibility of significant effects by FGF23 on renal sodium han-
dling. Previous clinical studies have demonstrated that patients
with progressive CKD have a remarkable capacity to maintain
normal sodium homeostasis by increasing their fractional ex-
cretion of sodium (FENa) [17]. This is corroborated by studies
in dogs with experimental CKD, where FENa was shown to
adapt in proportion to sodium intake and the number of
remaining nephrons [18, 19]. These observations implicate that
FENa increases in the face of rising FGF23 concentrations, and
that any potential FGF23-mediated effects to increase sodium
retention are superseded by opposing actions of pro-natriuretic
factors.

Against this background, we hypothesized that higher
FGF23 concentrations would be associated with increased
FENa in patients with CKD. To address this hypothesis, we in-
vestigated the potential association between plasma FGF23 con-
centration and renal sodium handling in a well-characterized
sample of patients with non-dialysis CKD.

MATERIALS AND METHODS

Study design

We measured plasma intact FGF23, serum aldosterone and
serum soluble Klotho concentrations in an ongoing prospective
cohort (KaroKidney—karokidney.org) comprised of patients
with CKD Stage 1–5 undergoing renal biopsy at the Karolinska
University Hospital in Huddinge, Sweden. Exclusion criteria
were age <18 years or unwillingness to participate. From
December 2010 to June 2017, 294 patients were recruited to the
cohort. Among these, baseline urine and plasma sodium, creati-
nine and cystatin C, and frozen plasma and serum samples
were available in 180 patients. Data on comorbidity and medi-
cations were collected from the medical records. The Ethics
Committee of Karolinska Institutet, Stockholm, Sweden, ap-
proved the study protocol (diary number 2010/579-31), and the
study adheres to the Helsinki Declaration of 1975, as revised in
2000. Informed consent was obtained from all study
participants.

Blood and urine sampling and biochemical analysis

Blood and urine samples were collected prior to the biopsy
and analysed immediately or centrifuged and stored at 70C.
Intact FGF23 was measured in plasma using a second genera-
tion enzyme-linked immunosorbent assay (ELISA)
(Immutopics, San Clemente, CA, USA). Soluble Klotho and al-
dosterone were analysed in serum using ELISA methods (IBL
International, Germany and DRG Diagnostics, Germany, re-
spectively). Routine blood and urine biochemical analyses were
performed at the Department of Clinical Chemistry at
Karolinska University Hospital, Huddinge. Estimated glomeru-
lar filtration rate (eGFR) was calculated in all patients using the
Chronic Kidney Disease Epidemiology Collaboration creatinine

and cystatin C-based equation, and GFR by iohexol clearance
were performed in 135 patients. FENa was calculated as (U-Na
 P-Cr)/(P-Na  U-Cr)  100 (where U ¼ urinary, P ¼
plasma). Measurements of blood pressure were performed in
supine position after 5min rest using a automatic sphygmoma-
nometer. Subjective global nutritional assessment (SGA) was
used to evaluate nutritional status. Malnutrition/protein-energy
wasting was defined as a SGA score >1. Body mass index
(BMI) was calculated as weight (kg)/height2 (m2).

Statistical analyses

Data were expressed as median [interquartile range (IQR)]
for continuous variables, or percentage of total for categorical
variables. FGF23 was log transformed to improve its distribu-
tion toward normal. Baseline characteristics were compared
across tertiles of FGF23 distribution by analysis of variance for
continuous variables and Pearson chi-square for proportions.
Spearman’s rank correlation analysis was used to explore rela-
tionships between FGF23, plasma sodium, 24-h urinary sodium
excretion, FENa, systolic blood pressure, diastolic blood pres-
sure and mean blood pressure. Multivariate regression analysis
was used to assess the correlates between FGF23 and the varia-
bles of interest. Data were expressed as regression coefficient
(b) and 95% confidence intervals (CI). We performed three ad-
ditional subgroup and sensitivity analyses: first, we tested the
associations of interest in patients with mild (eGFR>60mL/
min/1.73 m2) and moderate/advanced (eGFR<60mL/min/
1.73 m2) CKD separately (Supplementary data, Table S1); we
also tested multiplicative interaction between eGFR strata and
the study outcomes. Second, we tested patients with and
without medication with diuretics separately (Supplementary
data, Table S2). And finally, to eliminate possible confounding
by estimating GFR, we repeated multivariable regressions
adjusting for measured GFR (mGFR) (iohexol clearance) in the
population with this information available (Supplementary
data, Table S3). All statistical analyses were performed using
statistical software STATA version 15.0 (Stata Corporation,
College Station, TX, USA).

RESULTS

Baseline characteristics

General patient characteristics, laboratory values and medi-
cations are reported in Table 1. Out of the 180 patients included
in the study, 60.6% were men, median age was 52.8 (IQR, 38.7–
67.2) years, median plasma intact FGF23 was 86.8 (60.8–153.6)
pg/mL, median BMI was 26.6 (24.0–30.7) kg/m2, median eGFR
was 50.6 (28.4–78.3) mL/min/1.73m2, median urine albumin
was 982 (290–2380) mg/day, median N-terminal prohormone
of brain natriuretic peptide (NT-proBNP) was 129.0 (51.0–
423.5) pg/mL, median aldosterone was 101.8 (65.1–164.1) pg/
mL and median Klotho was 658.8 (542.2–812.7) pg/mL. The
most common diagnoses were IgA nephropathy (n¼ 59),
membranous glomerulonephritis [17], vasculitis [12], diabetic
nephropathy [11], focal segmental glomerulosclerosis [10] and
hypertensive kidney disease [9]. Of the patients, 15.5% had
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SGA >1, 15% had diabetes mellitus, 7.2% had ischaemic heart
disease and 40.6% patients were on diuretics. Across increasing
tertiles of FGF23, lower kidney function, higher plasma phos-
phate, higher NT-proBNP, higher aldosterone, lower levels of
serum 1, 25 dihydroxyvitamin D and use of diuretics were more
common. Age, sex, BMI, diabetes, history of ischaemic heart
disease, serum Klotho and urine albumin did not significantly
differ between the strata.

Associations between renal sodium handling, renal
function and established sodium regulating factors

At time of examination, 11 (6.1%) and 2 (1.1%) patients
were hypo- or hypernatraemic (<137 or >145mmol/L), re-
spectively. In univariate analysis, eGFR was associated with
FENa (Spearman’s rho ¼ 0.69; P< 0.001) and 24-h urinary
sodium excretion (rho ¼ 0.15, P¼ 0.049), but not with plasma
sodium (P> 0.05). The same was true using other kidney

Table 1. Baseline characteristics according to tertiles of FGF23 distribution

Variable Total FGF23 tertile 1 FGF23 tertile 2 FGF23 tertile 3 P-value

Number 180 60 60 60
FGF23, pg/mL, median (IQR) 86.8 (60.8–153.6) 53.4 (41.0–60.8) 86.8 (77.1–102.9) 203.7 (153.6–325.5) <0.001
Age, years, median (IQR) 52.8 (38.7–67.2) 48.7 (36.6–65.0) 52.2 (34.6–68.6) 56.3 (47.9–69.3) 0.059
Men, n (%) 109 (60.6%) 30 (50%) 37 (62%) 42 (70%) 0.079
BMI, kg/m2, median (IQR) (n¼174) 26.6 (24.0–30.7) 27.6 (24.2–30.6) 27.0 (23.4–31.0) 26.2 (24.2–30.2) 0.80
SGA>1, % (I¼163) 25 (15.5%) 4 (8%) 8 (14%) 13 (25%) 0.062
Ischemic heart disease, n (%) 13 (7.2%) 6 (10%) 3 (5%) 4 (7%) 0.56
Diabetes mellitus, n (%) 27 (15.0%) 9 (15%) 5 (8%) 13 (22%) 0.12
SBP, mmHg, median (IQR) (n ¼173) 138.0 (128.0–148.0) 134.0 (127.0–145.0) 138.0 (127.5–143.0) 142.5 (132.0–151.5) 0.065
DBP, mmHg, median (IQR) (n¼173) 81.0 (75.0–89.0) 80.0 (73.0–88.0) 82.0 (77.0–89.5) 81.0 (76.0–88.5) 0.50
MAP, median (IQR) (n¼173) 100.0 (94.0–108.3) 97.3 (92.7–105.7) 100.0 (95.3–107.0) 101.3 (95.7–109.0) 0.29
Laboratory data
P-Na, mmol/L, median (IQR) 141.0 (139.0–142.0) 141.0 (139.0–142.0) 141.0 (138.0–142.0) 141.0 (138.5–143.0) 0.61
Hyponatraemia
(<137 mmoL/L), n (%)

11 (6.1%) 5 (8%) 4 (7%) 2 (3%) 0.51

Hypernatraemia
(>145 mmoL/L), n (%)

2 (1.1%) 0 (0%) 1 (2%) 1 (2%) 0.60

P-K, mmol/L, median (IQR) 4.0 (3.8–4.3) 3.9 (3.7–4.1) 4.0 (3.7–4.3) 4.0 (3.8–4.5) 0.012
P-Ca, mmol/L, median (IQR) 2.2 (2.2–2.3) 2.2 (2.2–2.3) 2.2 (2.2–2.3) 2.2 (2.1–2.3) 0.89
P-Pi, mmol/L, median (IQR) 1.1 (1.0–1.3) 1.1 (0.9–1.2) 1.1 (1.0–1.3) 1.3 (1.1–1.4) <0.001
fP-PTH, median (IQR) (n¼168) 7.3 (4.2–28.5) 7.7 (3.8–31.0) 6.1 (4.2–24.0) 9.4 (5.1–23.0) 0.53
S-25-OH Vit D, nmol/L, median
(IQR) (n¼175)

38.0 (22.0–54.0) 46.0 (23.0–57.0) 35.0 (20.0–54.0) 37.0 (24.0–50.0) 0.41

S-1, 25 OH Vit D, ng/L, median
(IQR) (n¼112)

42.0 (29.0–55.0) 49.0 (37.0–63.5) 44.0 (34.0–55.0) 26.0 (15.0–34.0) <0.001

NT-proBNP, pg/mL, median (IQR) 129.0 (51.0–423.5) 65.0 (37.5–179.5) 124.5 (61.5–308.0) 353.0 (124.0–977.5) <0.001
Aldosterone, pg/mM, median (IQR) 101.8 (65.1–164.1) 78.2 (59.6–107.1) 101.8 (71.7–163.8) 141.6 (82.2–202.7) <0.001
Klotho, pg/mL, median (IQR) 658.8 (542.2–812.7) 697.7 (571.9–887.2) 645.3 (546.6–780.3) 633.8 (501.4–790.2) 0.080
P-Albumin, g/L, median (IQR) 31.0 (26.0–35.0) 32.0 (26.0–36.0) 32.0 (26.0–35.0) 30.5 (26.0–34.0) 0.56
eGFR CysþCrea, mL/min/1.73 m2 50.6 (28.4–78.3) 73.6 (52.2–91.5) 58.0 (41.3–80.6) 26.4 (17.5–38.3) <0.001
mGFR, mL/min/1.73m2 (n¼135) 55.0 (35.0–79.0) 76.0 (55.0–90.0) 63.0 (46.0–70.0) 30.0 (22.0–44.0) <0.001
Urine volume, L/day, median (IQR)
(n¼179)

2.0 (1.3–3.3) 1.6 (1.0–2.7) 2.0 (1.5–3.8) 2.3 (1.3–267.5) 0.013

U-Albumin/creatinine, mg/mmol/L,
median (IQR) (n¼171)

155.2 (40.2–378.5) 93.4 (33.1–323.3) 179.7 (48.1–401.7) 171.7 (28.6–378.5) 0.40

U-Albumin, mg/day, median (IQR)
(n¼177)

982.0 (290.0–2380.0) 757.0 (255.0–2110.0) 1130.0 (391.0–2500.0) 1280.0 (132.0–2790.0) 0.62

24-h urinary sodium excretion,
mmol/day, median (IQR) (n¼175)

168.0 (109.0–229.0) 180.0 (125.0–233.0) 176.0 (122.0–248.0) 154.0 (96.0–209.0) 0.17

FENa, %, median (IQR) 1.2 (0.7–1.8) 0.7 (0.6–1.4) 1.2 (0.7–1.6) 1.7 (1.2–2.6) <0.001
Medication, n (%)
Angiotensin-converting enzyme
inhibitor

85 (47.8) 28 (47) 30 (50) 27 (47) 0.91

Angiotensin II receptor blocker 45 (25.3) 12 (20) 10 (17) 23 (40) 0.008
Beta blocker 62 (34.8) 13 (22) 22 (37) 27 (47) 0.017
Alfa blocker 7 (3.9) 1 (2) 2 (3) 4 (7) 0.33
Calcium blocker 78 (43.8) 21 (35) 21 (35) 36 (62) 0.003
Any diuretics 73 (40.6) 17 (28) 21 (35) 35 (58) 0.002
Loop diuretics 68 (38.2) 16 (27) 21 (35) 31 (53) 0.009
Thiazide diuretics 7 (4.0) 1 (2) 0 (0) 6 (10) 0.009
Spironolactone 3 (1.7) 0 (0) 1 (2) 2 (3) 0.35

DBP, diastolic blood pressure; MAP, mean blood pressure; SBP, systolic blood pressure; 1, 25 OH Vit D, 1, 25 dihydroxyvitamin D; S, serum; P, plasma; U, urinary; PTH, parathyroid
hormone; f, sample collected after overnight fasting.
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function equations and methods, including mGFR (available in
135 patients). NT-proBNP was significantly associated with 24-
h urinary sodium excretion (rho¼0.17, P¼ 0.02) and FENa
(rho¼ 0.50, P< 0.001), whereas there was no association be-
tween aldosterone and parameters of sodium handling
(P> 0.05) (Supplementary data, Table S4). Of note, serum
Klotho was inversely correlated to FENa (rho¼0.37,
P< 0.001) in univariate analysis.

Univariate and multivariate associations between
FGF23, renal sodium handling and blood pressure

In crude analyses, whereas FGF23 was negatively associated
with eGFR (rho ¼ 0.65; P< 0.001) and 1, 25 dihydroxyvita-
min D (rho ¼ 0.55, P< 0.001), it associated positively with
phosphate (rho ¼ 0.40, P< 0.001), FENa (rho ¼ 0.47;
P< 0.001) and systolic blood pressure (rho ¼ 0.17, P¼ 0.04)
(Figure 1). FGF23 was not associated with plasma sodium, 24-
h urinary sodium excretion, diastolic blood pressure or mean
blood pressure (rho ¼ 0.06, 0.14, 0.03 and 0.12, respectively; all
P> 0.05) (Figure 1). The associations between FGF23, renal so-
dium handling and blood pressure were further investigated
through multivariate linear regression models (Table 2). After
inclusion of potential confounders, FGF23 remained directly
associated with FENa (b coefficient ¼ 0.60; P< 0.001). In

subgroup analysis, this association was most evident among the
107 individuals with eGFR <60mL/min/1.73m2 (b coefficient
¼ 0.47; P¼ 0.04) (Supplementary data, Table S1), and in the 73
patients using diuretics (b¼ 0.88, P< 0.001) (Supplementary
data, Table S2). Adjustment for mGFR (n¼ 135) instead of eGFR
did not alter the relationship (Supplementary data, Table S3).

DISCUSSION

In the current study of 180 non-dialysis CKD patients, plasma
intact FGF23 was positively associated with FENa. This is in
agreement with the previous but separate observations that
FENa and FGF23 both increase as renal function declines.
Importantly, our data do not support a clinically significant role
for FGF23 as a sodium-preserving hormone, at least not in the
setting of CKD. The fact that the relationship between FGF23
and FENa is independent of renal function and other potential
confounders, and of similar magnitude as the relationship be-
tween FGF23 and FEPi (data not shown), is consistent with the
possibility that FGF23 could be directly involved in maintaining
sodium homeostasis in patients with reduced renal function.
Notably, also the FGF23 co-receptor Klotho was significantly
associated to FENa. Similar to in other studies, we found a weak
correlation between FGF23 and systolic blood pressure, which
disappeared after multivariate adjustment.

FIGURE 1: Associations between FGF23 and plasma sodium, renal sodium handling and blood pressure. FGF23 was positively associated with
FENa (top right panel) and systolic blood pressure (bottom left panel), but not with other parameters of sodium homeostasis or blood
pressure.
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Renal excretion of sodium is a tightly controlled process that
adapts to match the dietary intake [20, 21]. In a person with
normal renal function,>500 g of sodium is filtered through the
glomeruli each day, but only around 4 g (or an amount equiva-
lent to the daily intake) reaches the final urine, meaning that
>95% is reabsorbed along the nephron. Although only 5–10%
of the total filtered sodium reaches the distal part of the neph-
ron [distal convoluted tubule (DCT), connecting tubule and
cortical collecting duct (CCC)], the reabsorption along these
segments is highly regulated, as evidenced from the fact that
inactivating mutations in sodium channels in the distal neph-
ron can lead to severe salt-wasting disorders [22, 23]. The
thiazide-sensitive NCC is responsible for sodium reabsorption
in the early part of the DCT, whereas sodium is reabsorbed by
the amiloride-sensitive epithelial sodium channel (ENaC) in
the late part of the DCT and in the CCC. Regulation of NCC
and ENaC is complex, and involves a number of stimulatory
and inhibitory factors including aldosterone, angiotensin-II, ar-
ginine vasopressin and atrial natriuretic peptide, as well as other
hormones such as insulin and endothelin [24]. In CKD, the loss
of nephrons and the accompanying decline in GFR imply that
the remaining nephrons would be required to excrete a propor-
tionally larger amount of sodium to maintain normal homeo-
stasis. This is, at least in part, achieved by an increased release
of natriuretic peptides, resulting in lower activity of NCC and
ENaC [25]. Additionally, current guidelines for hypertensive
non-dialysis CKD patients recommend a sodium-restricted
diet, and together these adaptive measures make most CKD
patients able to maintain normal sodium homeostasis until ad-
vanced stages of the disease [17, 26].

Several experimental and clinical studies have suggested possi-
ble interactions between FGF23-Klotho and RAAS [14, 15],
which potentially could extend to regulation of renal sodium
reabsorption. In the current study, FGF23 associated with aldo-
sterone, and inclusion of aldosterone in the multivariable regres-
sion model strengthened the association between FGF23 and
FENa. These findings are supportive of a putative interaction be-
tween FGF23 and aldosterone, although the cross-sectional na-
ture of the study prevents us from interrogating this further.

In a recent study from Andrukhova et al. the authors
reported that high concentrations of Fgf23, achieved either by
injections of recombinant protein into wild-type mice or by en-
dogenously increased Fgf23 concentrations in Hyp mice, in-
creased the activity of NCC in the DCT, leading to volume
expansion, hypertension and cardiac hypertrophy [16]. The
effects of FGF23 on NCC were shown to be mediated through a
ERK1/2-SGK1-WNK4 pathway, and were abrogated by treat-
ment with thiazide, an NCC inhibitor. Our study attempted to
translate this experimental observation to a clinical setting, and
we could not corroborate a role for FGF23 as a sodium-
preserving hormone. On the contrary, we found that FGF23
was associated with increased FENa in non-dialysis CKD
patients.

Although this issue has not been directly studied before,
there are some observations that support the notion that FGF23
does not have a clinically significant role as an important
sodium-retaining hormone causing hypertension. First, most
epidemiological studies (in both CKD and non-CKD popula-
tions) find no or only a weak independent association between
FGF23 and blood pressure [27–30]. However, one recent study
in individuals without hypertension or cardiovascular disease
found FGF23 to be independently associated with an increased
risk of incident hypertension [31]. In contrast, the associations
between FGF23 and indices of cardiac hypertrophy are robust
and independent of blood pressure and the use of antihyperten-
sive agents, including thiazides [10–12, 32, 33]. Secondly, in
patients with hypophosphataemic rickets caused by elevated
FGF23, neither hypertension nor disturbances in sodium ho-
meostasis are common features [34]. Thirdly, the effects of thia-
zide diuretics on fluid retention are generally considered to be
limited in patients with a GFR below 30mL/min/1.73m2, indi-
cating that NCCmight not be an effective target in patients with
advanced CKD despite their high FGF23 concentrations [26].

Interestingly, we found that serum concentrations of soluble
Klotho were significantly associated to FENa in unadjusted
analysis (Supplementary data, Table S4), although the associa-
tion was weaker than for FGF23. It could be hypothesized that
it is Klotho deficiency, rather than FGF23 excess, that is the true

Table 2. Multivariable regression models exploring the association between FGF23 and plasma sodium, renal sodium handling and blood pressure

Variable Crude Model 1 Model 2

b coefficient 95% CI b coefficient 95% CI b coefficient 95% CI

Plasma sodium, mmol/L (n¼180)
Per logFGF23 pg/mL increase 0.42 0.035 to 0.87 0.47 0.12 to 1.05 0.64 0.020 to 1.30

24-h urinary sodium excretion, mmol/day (n¼175)
Per logFGF23 pg/mL increase 2.32 20.6 to 15.9 1.70 23.9 to 20.5 0.78 24.3 to 25.9

FENa, % (n¼180)
Per logFGF23 pg/mL increase 1.15* 0.90–1.39 0.69* 0.40–0.99 0.60* 0.30–0.89

Systolic blood pressure, mmHg (n¼173)
Per logFGF23 pg/mL increase 2.69 0.17 to 5.56 0.38 3.13 to 3.89 0.65 3.07 to 4.37

Diastolic blood pressure, mmHg (n¼173)
Per logFGF23 pg/mL increase 0.13 1.69 to 1.94 0.14 2.08 to 2.36 0.63 3.10 to 1.85

Mean blood pressure mmHg (n¼173)
Per logFGF23 pg/mL increase 0.98 0.94 to 2.90 0.22 2.13 to 2.58 0.20 2.83 to 2.43

Model 1 adjusted for age, sex, BMI, eGFRCysþCrea.
Model 2 adjusted for age, sex, BMI, eGFRCysþCrea, urine albumin, NT-proBNP, aldosterone, ischaemic heart disease, diabetes, use of angiotensin-converting enzyme inhibitor/angio-
tensin receptor blocker and use of any diuretics.
*P< 0.001.
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mediator behind the observed association between FGF23 and
FENa in CKD patients. In support of this notion, Klotho-
hypomorphic mice suffers from renal salt wasting despite hav-
ing elevated aldosterone [35]. However, as current assays for se-
rum Klotho do not appear to adequately reflect the tissue levels
of Klotho, as evidenced by the lack of decrease in serum Klotho
across FGF23 tertiles in the present study, this issue warrants
further investigation by quantification of Klotho on the tissue
level.

Due to the cross-sectional nature of the current study, we are
not able to draw any conclusions about potential causation be-
hind the observed relationship between FGF23 and FENa. Also,
we acknowledge that there might be confounding factors not
fully adjusted for in our analysis that could obfuscate the rela-
tionship between FGF23 and FENa, such as the use of diuretics
in some patients during urine collection. Lastly, we do not
have data on expression or activity of the various renal sodium
transporters at the tissue level, and cannot therefore say which
transporter(s) it might be that is responsible for the increased
sodium excretion in patients with higher FGF23 concentra-
tions. To further our understanding of the relationship between
FGF23 and renal sodium handling, future studies should ex-
plore whether sodium homeostasis is altered in patients with
hereditary or acquired forms of FGF23 excess, such as X-linked
hypophosphatemic rickets and tumour-induced osteomalacia,
and FGF23 deficiency, such as tumoural calcinosis. Also, it
would be of interest to determine if there is a feedback loop be-
tween FGF23 and sodium, and whether FGF23 concentrations
change in response to short-term manipulations of dietary so-
dium intake. Some insights into the latter issue came from a re-
cent study of mice lacking NCC. The NCC knockout mice had
significantly higher concentrations of intact FGF23 than corre-
sponding wild-type mice, but this difference disappeared after
treatment with a mineralocorticoid receptor blocker, indicating
that the higher FGF23 in the knockout mice was induced by
high aldosterone rather than by changes in sodium metabolism
or blood volume [36].

In conclusion, we present the novel finding that FGF23 is
positively associated with FENa in patients with non-dialysis
CKD, and potentially contributes to maintaining normal so-
dium homeostasis. Further studies are warranted to elucidate
the mechanism behind this observed association.

SUPPLEMENTARY DATA

Supplementary data are available at ndt online.
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Yvonne Ekelöw for collection of samples, and Ann-Christin
Bragfors-Helin and Monica Eriksson for laboratory analyses.

FUNDING

This study was supported by grants from The Swedish
Kidney Foundation (no grant number). J-J.C. reports funding

from the Swedish Heart and Lung Foundation. X.H. is par-
tially supported by the Karolinska Institutet program for
postgraduate education (KID).

CONFLICT OF INTEREST STATEMENT

None declared.

(See related article by Wagner et al. Fibroblast growth factor
23 in chronic kidney disease: what is its role in cardiovascular
disease? Nephrol Dial Transplant 2019; 34: 1986–1990)

REFERENCES

1. ADHR Consortium. Autosomal dominant hypophosphataemic rickets is as-
sociated with mutations in FGF23.Nat Genet 2000; 26: 345–348

2. Urakawa I, Yamazaki Y, Shimada T et al. Klotho converts canonical FGF re-
ceptor into a specic receptor for FGF23.Nature 2006; 444: 770–774

3. Chen G, Liu Y, Goetz R et al. a-Klotho is a non-enzymatic molecular scaf-
fold for FGF23 hormone signalling.Nature 2018; 553: 461–466

4. Larsson T, Marsell R, Schipani E et al. Transgenic mice expressing broblast
growth factor 23 under the control of the alpha1(I) collagen promoter ex-
hibit growth retardation, osteomalacia, and disturbed phosphate homeosta-
sis. Endocrinology 2004; 145: 3087–3094

5. Shimada T, Mizutani S, Muto T et al. Cloning and characterization of
FGF23 as a causative factor of tumor-induced osteomalacia. Proc Natl Acad
Sci USA 2001; 98: 6500–6505

6. Shimada T, Kakitani M, Yamazaki Y et al. Targeted ablation of Fgf23 dem-
onstrates an essential physiological role of FGF23 in phosphate and vitamin
Dmetabolism. J Clin Invest 2004; 113: 561–568

7. Westerberg P-A, Linde T, Wikström B et al. Regulation of broblast growth
factor-23 in chronic kidney disease. Nephrol Dial Transplant 2007; 22:
3202–3207

8. Wolf M. Forging forward with 10 burning questions on FGF23 in kidney
disease. J Am Soc Nephrol 2010; 21: 1427–1435

9. Fliser D, Kollerits B, Neyer U et al. Fibroblast growth factor 23 (FGF23) pre-
dicts progression of chronic kidney disease: the Mild to Moderate Kidney
Disease (MMKD) Study. J Am Soc Nephrol 2007; 18: 2600–2608

10. Faul C, Amaral AP, Oskouei B et al. FGF23 induces left ventricular hyper-
trophy. J Clin Invest 2011; 121: 4393–4408

11. Gutiérrez OM, Januzzi JL, Isakova T et al. Fibroblast growth factor 23 and
left ventricular hypertrophy in chronic kidney disease. Circulation 2009;
119: 2545–2552

12. Mirza MAI, Larsson A, Melhus H et al. Serum intact FGF23 associate with
left ventricular mass, hypertrophy and geometry in an elderly population.
Atherosclerosis 2009; 207: 546–551

13. Faul C. FGF23 effects on the heart-levels, time, source, and context matter.
Kidney Int 2018; 94: 7–11

14. de Borst MH, Vervloet MG,Wee ter PM et al. Cross talk between the renin-
angiotensin-aldosterone system and vitamin D-FGF-23-Klotho in chronic
kidney disease. J Am Soc Nephrol 2011; 22: 1603–1609

15. Leifheit-Nestler M, Kirchhoff F, Nespor J et al. Fibroblast growth factor 23
is induced by an activated renin-angiotensin-aldosterone system in cardiac
myocytes and promotes the pro-brotic crosstalk between cardiac myocytes
and broblasts.Nephrol Dial Transplant 2018; 21: 308

16. Andrukhova O, Slavic S, Smorodchenko A et al. FGF23 regulates renal so-
dium handling and blood pressure. EMBOMol Med 2014; 6: 744–759

17. Wallia R, Greenberg A, Piraino B et al. Serum electrolyte patterns in end-
stage renal disease.Am J Kidney Dis 1986; 8: 98–104

18. Wen S-F, Wong NLM, Evanson RL et al. Micropuncture studies of sodium
tranport in the remnant kidney of the dog the effect of graded volume ex-
pansion. J Clin Invest 1973; 52: 386–397

19. Schmidt RW, Bourgoignie JJ, Bricker NS. On the adaptation in sodium ex-
cretion in chronic uremia. The effects of “proportional reduction” of so-
dium intake. J Clin Invest 1974; 53: 1736–1741

20. Palmer LG, Schnermann J. Integrated control of Na transport along the
nephron. Clin J Am Soc Nephrol 2015; 10: 676–687

2056 H. Xu et al.

D
ow
nloaded

from
https://academ

ic.oup.com
/ndt/article/34/12/2051/5127277

by
U
niversity

ofG
roningen

user
on
13
O
ctober

2022



21. Lerchl K, Rakova N, Dahlmann A et al. Agreement between 24-hour salt in-
gestion and sodium excretion in a controlled environment. Hypertension
2015; 66: 850–857

22. Gitelman HJ, Graham JB, Welt LG. A new familial disorder characterized
by hypokalemia and hypomagnesemia. Trans Assoc Am Phys 1966; 79:
221–235

23. Hanukoglu A. Type I pseudohypoaldosteronism includes two clinically and
genetically distinct entities with either renal or multiple target organ defects.
J Clin Endocrinol Metab 1991; 73: 936–944

24. Verouti SN, Boscardin E, Hummler E et al. Regulation of blood pressure
and renal function by NCC and ENaC: lessons from genetically engineered
mice. Curr Opin Pharmacol 2015; 21: 60–72

25. HörlWH. Natriuretic peptides in acute and chronic kidney disease and dur-
ing renal replacement therapy. J Investig Med 2005; 53: 366–370

26. KDIGO clinical practice guideline for the management of blood pressure in
chronic kidney disease. Kidney Int Suppl 2012; 2: 337–414

27. Fyfe-Johnson AL, Alonso A, Selvin E et al. Serum broblast growth factor-
23 and incident hypertension: the Atherosclerosis Risk in Communities
(ARIC) Study. J Hypertens 2016; 34: 1266–1272

28. Nilsson I-L, Norenstedt S, Granath F et al. FGF23, metabolic risk factors,
and blood pressure in patients with primary hyperparathyroidism undergo-
ing parathyroid adenomectomy. Surgery 2016; 159: 211–217

29. Gutiérrez OM, Wolf M, Taylor EN. Fibroblast growth factor 23, cardiovas-
cular disease risk factors, and phosphorus intake in the health professionals
follow-up study. Clin J Am Soc Nephrol 2011; 6: 2871–2878

30. Panwar B, Judd SE, Wadley VG et al. Association of broblast growth factor
23 with risk of incident coronary heart disease in community-living adults.
JAMACardiol 2018; 3: 318

31. Akhabue E, Montag S, Reis JP et al. FGF23 (broblast growth factor-23)
and incident hypertension in young and middle-aged adults: The CARDIA
Study.Hypertension 2018; 72: 70–76

32. Mitsnefes MM, Betoko A, Schneider MF et al. FGF23 and left ventricular
hypertrophy in children with CKD. Clin J Am Soc Nephrol 2018; 13: 45–52

33. Tanaka S, Fujita S-I, Kizawa S et al. Association between FGF23, a-Klotho,
and cardiac abnormalities among patients with various chronic kidney dis-
ease stages. PLoS ONE 2016; 11: e0156860

34. Takashi Y, Kinoshita Y, Hori M et al. Patients with FGF23-related hypo-
phosphatemic rickets/osteomalacia do not present with left ventricular hy-
pertrophy. Endocr Res 2017; 42: 132–137
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ABSTRACT

Background. Erythropoietin (EPO) has been reported as a
novel determinant of broblast growth factor 23 (FGF23) pro-
duction; however, it is unknown whether FGF23 is stimulated
by chronic exposure to EPO or by EPO administration in non-
polycystic chronic kidney disease (CKD) models.
Methods.We analyzed the effects of chronic EPO on FGF23 in
murine models with chronically high EPO levels and normal

kidney function. We studied the effects of exogenous EPO on
FGF23 in wild-type mice, with and without CKD, injected with
EPO. Also, in four independent human CKD cohorts, we evalu-
ated associations between FGF23 and serum EPO levels or ex-
ogenous EPO dose.
Results. Mice with high endogenous EPO have elevated circu-
lating total FGF23, increased disproportionately to intact
FGF23, suggesting coupling of increased FGF23 production
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