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RESEARCH ARTICLE Vascular Biology and Microcirculation
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Verkaik M, Juni RP, van Loon EP, van Poelgeest EM, Kwek-
keboom RF, Gam Z, Richards WG, ter Wee PM, Hoenderop JG,
Eringa EC, Vervloet MG; NIGRAM Consortium. FGF23 impairs
peripheral microvascular function in renal failure. Am J Physiol Heart
Circ Physiol 315: H1414–H1424, 2018. First published July 20,
2018; doi:10.1152/ajpheart.00272.2018.—Cardiovascular diseases
account for ~50% of mortality in patients with chronic kidney disease
(CKD). Fibroblast growth factor 23 (FGF23) is independently asso-
ciated with endothelial dysfunction and cardiovascular mortality. We
hypothesized that CKD impairs microvascular endothelial function
and that this can be attributed to FGF23. Mice were subjected to
partial nephrectomy (5/6Nx) or sham surgery. To evaluate the func-
tional role of FGF23, non-CKD mice received FGF23 injections and
CKD mice received FGF23-blocking antibodies after 5/6Nx surgery.
To examine microvascular function, myocardial perfusion in vivo and
vascular function of gracilis resistance arteries ex vivo were assessed
in mice. 5/6Nx surgery blunted ex vivo vasodilator responses to
acetylcholine, whereas responses to sodium nitroprusside or endothe-
lin were normal. In vivo FGF23 injections in non-CKD mice mim-
icked this endothelial defect, and FGF23 antibodies in 5/6Nx mice
prevented endothelial dysfunction. Stimulation of microvascular en-
dothelial cells with FGF23 in vitro did not induce ERK phosphory-
lation. Increased plasma asymmetric dimethylarginine concentrations
were increased by FGF23 and strongly correlated with endothelial
dysfunction. Increased FGF23 concentration did not mimic impaired
endothelial function in the myocardium of 5/6Nx mice. In conclusion,
impaired peripheral endothelium-dependent vasodilatation in 5/6Nx
mice is mediated by FGF23 and can be prevented by blocking FGF23.
These data corroborate FGF23 as an important target to combat
cardiovascular disease in CKD.

NEW & NOTEWORTHY In the present study, we provide the first
evidence that fibroblast growth factor 23 (FGF23) is a cause of
peripheral endothelial dysfunction in a model of early chronic kidney
disease (CKD) and that endothelial dysfunction in CKD can be
prevented by blockade of FGF23. This pathological effect on endo-
thelial cells was induced by long-term exposure of physiological
levels of FGF23. Mechanistically, increased plasma asymmetric dim-
ethylarginine concentrations were strongly associated with this endo-
thelial dysfunction in CKD and were increased by FGF23.

CKD-MBD; endothelial dysfunction; FGF23; microcirculation; nitric
oxide

INTRODUCTION

Chronic kidney disease (CKD) is a major public health
problem worldwide with a prevalence of ~10% in the United
Kingdom population and 14% in the United States population
(7, 45a). Of note, patients with CKD frequently die because of
cardiovascular complications before reaching end-stage renal
disease (39). In those progressing to end-stage renal disease, an
additional 50% also die from cardiovascular disease.

When correcting for classical cardiovascular risk factors
commonly seen in patients with CKD, renal failure itself
remains an important risk factor for cardiovascular events (20).
This suggests that other features of CKD contribute to the
increased cardiovascular risk. In patients with CKD, nontradi-
tional risk factors for cardiovascular diseases, like activation of
the renin-angiotensin system, endothelial dysfunction, oxida-
tive stress, and inflammation, frequently coincide. Fibroblast
growth factor 23 (FGF23) has emerged as an additional potent
biomarker for cardiovascular risk in patients with CKD, and
besides being a predictor of all-cause and cardiovascular mor-
tality, it has also been associated with CKD progression.
Interestingly, a causal role of FGF23 in the development of left
ventricular (LV) hypertrophy (LVH) has been suggested (16).
Several epidemiological studies have demonstrated strong as-
sociations between increased FGF23 concentration and LV
mass (21, 33), which was corroborated by the study by Faul et
al. (16) showing that FGF23 directly induces hypertrophy of
cardiomyocytes. Interestingly, FGF23 was also linked to im-
paired LV function, even in the absence of LVH (41), but
mechanistic data are lacking on how FGF23 might affect
cardiac function independent from LVH induction.

A possible link between increased plasma FGF23 concen-
tration and cardiac dysfunction might be an abnormal vascular
function, which is frequently observed in patients with CKD.
Under pathophysiological conditions, vasodilator reserve in
resistance arteries in the myocardium is decreased, conse-
quently limiting perfusion reserve of the coronary microcircula-
tion, contributing to heart failure (29, 53). In addition, peripheral
vascular dysfunction predicts the occurrence of cardiovascular
events (5), suggesting these two vascular abnormalities develop in
parallel. Serum FGF23 concentrations are associated with in-
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creased arterial stiffness and impaired vasoreactivity in both
experimental animal models or renal failure and patients with
CKD (32, 43, 50, 51).

In the present study, we tested the hypothesis that FGF23
directly impairs vascular function in CKD and whether this can
be restored by blocking FGF23 effects. To this end, we used
the gracilis artery of mice, which is a model resistance artery to
study regulation of microvascular perfusion and resistance. In
addition, vascular function in the heart was studied by visual-
izing and quantifying myocardial perfusion with myocardial
contrast echocardiography (MCE).

MATERIALS AND METHODS

Animals. All male C57BL/6 mice (Charles River Laboratories,
Leiden, The Netherlands) were housed under standardized conditions
and received water and food ad libitum. Chow diet (TD.2016, 0.7%
Pi) was provided to all animals unless mentioned otherwise. All mice
were placed into individual metabolic cages (Tecniplast, Milan, Italy)
at the end of the study period for the collection of 24-h urine samples.
All experiments were approved and conducted following guidelines of
the local animal ethical committee at the VU University Medical
Center (Amsterdam, The Netherlands) and complied with Dutch
government guidelines.

Induction of CKD. Seven-week-old mice were subjected to either
5/6 nephrectomy (5/6Nx), as previously described (10), or sham
surgery under isoflurane anesthesia and preoperative analgesia (bu-
prenorphine, Temgesic, Schering-Plough, 0.05 mg/kg im; Fig. 1A).
An abdominal dorsal midline incision was made, and the left kidney
was decapsulated, after which the upper and lower poles were re-
moved by a bipolar electrocoagulator. In the same procedure, the
complete decapsulated right kidney was removed after ligation of the
renal blood vessels and the ureter. After surgery, all mice received
subcutaneous injections of postoperative analgesia for 2 consecutive

days (ketoprofen, Ketofen, Merial, 5 mg/kg). In control mice, sham
surgery was performed, which included decapsulation of both kidneys
but no removal of kidney tissue. The rest of the protocol was followed
as described above. Six weeks after surgery, cardiovascular function
was examined.

Exogenous FGF23 supplementation. Thirteen-week-old mice were
injected intraperitoneally twice daily for 7 consecutive days with
either vehicle (PBS) or 160 �g·kg�1·day�1 recombinant mouse
FGF23 (8 �g/ml, R&D Systems, Minneapolis, MN, degradation
resistant; Fig. 1B) (14). After 7 days, cardiovascular function was
examined.

Intraperitoneal injections with FGF23 antibodies. To determine
the effective dose of anti-rat monoclonal FGF23 antibodies (kindly
provided by Amgen, Thousand Oaks, CA), 7-wk-old mice were
subjected to 5/6Nx, recovered for 2 wk, and received a single
intraperitoneal injection with either rat isotype control antibody
(IgG2a), 3 mg/kg FGF23 antibody, 10 mg/kg FGF23, or 30 mg/kg
FGF23 antibody. Blood was taken before surgery, before injection,
and 9, 24, and 48 h after injection, and plasma phosphate concentra-
tion was measured.

Seven-week-old mice were subjected to 5/6Nx, as described above,
and received either rat isotype control antibodies (IgG2a, 10 mg/kg)
with normal phosphate diet (TD.2016, 0.7% Pi) or received anti-rat
FGF23 monoclonal antibodies (10 mg/kg) with a low-phosphate diet
(TD.01582, 0.2% Pi) to avoid the development of hyperphosphatemia
(Fig. 1C). The first antibody suspension was given on the day of
surgery and was repeated with intraperitoneal injections (10 ml/kg)
every 48 h for the remainder of the study. Six weeks after surgery,
cardiovascular function was examined.

CKD-related parameters, electrolytes, FGF23, and asymmetric
dimethylarginine in plasma. Blood was centrifuged for 10 min at
3,000 rpm at 4°C, and plasma samples were stored at �80°C. Urea,
creatinine, and phosphate concentrations from EDTA-anticoagulated
plasma were determined by in-hospital services using automatic

Fig. 1. Mouse models used to assess vascular function and myocardial perfusion. A: 7-wk-old male C57BL/6 mice were subjected to either sham surgery or 5/6
nephrectomy (5/6Nx) surgery. After 42 days, vascular function and myocardial perfusion were assessed. B: 13-wk-old male C57BL/6 mice were injected
intraperitoneally twice daily for 7 consecutive days with either vehicle (PBS) or 160 �g·kg�1·day�1 recombinant mouse fibroblast growth factor 23 (FGF23; 8
�g/ml). After 7 days, vascular function and myocardial perfusion were assessed. C: 7-wk-old male C57BL/6 mice were subjected to 5/6Nx surgery and received
either control antibodies (10 mg/kg) with normal phosphate diet or received anti-FGF23-blocking antibodies (10 mg/kg) with a low-phosphate diet. The first
antibody suspension was given on the day of surgery and repeated with intraperitoneal injections every 48 h for the remainder of the study. After 42 days, vascular
function and myocardial perfusion were assessed.
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biochemical analyzers. Ca2� concentrations from heparin-anticoagu-
lated plasma or urine samples were determined using a commercial
serum standard (Precinorm U, Roche) and measured as previously
described (36). Circulating c-term FGF23 concentrations from
EDTA-anticoagulated plasma were measured in duplicate using a
rodent-specific ELISA (Immutopics, San Clemente, CA) according
to the manufacturer’s protocol. Asymmetric dimethylarginine
(ADMA) was measured by a novel ELISA (DLD, Diagnostika,
Hamburg, Germany) (40).

Ex vivo vascular function experiments. Vasoreactivity of resistance
arteries was characterized ex vivo in resistance arteries isolated from
the gracilis muscle of mice as previously described (30). In brief, after
dissection of the gracilis artery, arteries were placed into a pressure
myograph containing MOPS buffer that consisted of 145 mmol/l
NaCl, 4.7 mmol/l KCl, 2.5 mmol/l CaCl2, 1.0 mmol/l MgSO4, 1.2
mmol/l NaH2PO4, 2.0 mmol/l pyruvate, 0.02 mmol/l EDTA, 3.0
mmol/l MOPS, 5.5 mmol/l glucose, and 0.1% BSA at pH 7.4, after
which the diameter was monitored continuously. Arteries were incu-
bated for 45 min with KCl (25 mmol/l) to induce vasoconstriction.
Acute effects of acetylcholine on endothelium-dependent vasodilata-
tion of the gracilis artery were studied at five different concentrations
(ranging from 10�9 to 10�5 mol/l). Acute effects of sodium nitro-
prusside (SNP) on endothelium-independent vasodilatation were stud-
ied at six different concentrations (ranging from 10�9 to 10�4 mol/l).
Finally, acute effects of endothelin (Sigma-Aldrich, St. Louis, MO) on
endothelium-independent vasoconstriction were studied at five differ-
ent concentrations (from 10�11 to 10�7 mol/l). To determine the acute
effects of a high dose of FGF23 on endothelial function, 10 ng/ml
FGF23 (catalog no. 2629-FG-025/CF, R&D Systems) was added to
the pressure myograph 1 h before the first acetylcholine application.

Myocardial perfusion measurements. To evaluate the effects of
CKD on myocardial perfusion, mice were anesthetized with intraperi-
toneal injections of fentanyl, midazolam, and acepromazine. A venous
line was placed in the jugular vein for the infusion of both micro-
bubbles (for ultrasound contrast) and vasodilators. MCE was per-
formed with a Siemens-Acuson Sequoia 512 with a 17L5 transducer
(Siemens-Acuson, Mountain View, CA), as previously described (37).
In brief, microbubble were generated by a combination of 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC; Avanti Polar Lipids)
and polyoxyethylene stearate (PEG40, Sigma) at a molecular ratio of
3:1 and were solved in a 0.9% saline-glycerol (Life Sciences) mixture
(volume: 3:2) in a 2-ml tube with perfluorobutane gas [C4F10(g), F2
Chemicals, Lancashire, UK] in the capspace. Microbubbles were
produced by means of mechanical agitation using a VialmixTM
(Lantheus Medical Imaging, North Billerica, MA) high-speed shaker.
Subsequently, microbubble size distribution and concentration were
determined using a Multisizer 3 (Beckman Coulter Nederland, Wo-
erden, The Netherlands), after which microbubbles were diluted in
saline to a final concentration of 1 � 109 microbubbles/ml. Micro-
bubbles were infused at a rate of 7.5 �l/min for 2 min to reach a
systemic steady state. Four real-time inflow curves of �10 s each in
a long-axis view of the heart in the end-systolic phase of the cardiac
cycle were recorded after destruction of the microbubbles by a
sequence of eight high-energy pulses (mechanical index of 1.7).
Thirty minutes after baseline measurements were acquired, acetylcho-
line (5 �g·kg�1·min�1, 15 mg/l) was infused intravenously to assess
myocardial blood flow reserve. After 5 min of continuous infusion of
the vasodilator and 2 min infusion of microbubbles, four real-time
inflow curves were obtained as described above. Microbubble inflow
curves were analyzed offline using the Image Processing toolbox in
MATLAB (MathWorks, Natick, MA). Average intensity was mea-
sured in a region of interest, which was manually drawn on the
myocardial wall of the LV. No corrections had to be made, since
microbubble concentrations were equal across all mice and measure-
ments. Video intensities within the region of interest were then fitted
to the following exponential function: y � A(1�e��t), where y is the
signal video intensity at any given time, A is the plateau video

intensity representing the microvascular blood volume, � is the initial
slope of the curve representing microvascular filling velocity, and t is
the time after the start of the inflow curve.

Measurement of arterial blood pressure. After the induction of
anesthesia, the left carotid artery was cannulated, and arterial blood
pressure was continuously recorded using PowerLab software (Pow-
erLab 8/35, Chart 7.0, AD Instruments). Mean arterial blood pressure
was calculated after the induction of anesthesia but before MCE.

In vitro effects of FGF23 on human microvascular endothelial
cells. This study was executed in accordance with the Declaration of
Helsinki and was approved by the Medical Ethics Committee of the
VU University Medical Center. Human microvascular endothelial
cells (MVECs) were isolated from the foreskin (kindly provided by
the Department of Dermatology), cultured, and characterized (CD31,
von Willebrand factor, Ulex europaeus lectin-1 binding, and vascular-
endothelial cadherin) as previously described (46, 47). In brief, pooled
human MVECs (passage 6) from 13 donors were cultured on 1%
gelatin-coated culture plates in endothelial growth medium (EGM)-
2MV (CC-3203, Lonza) at 37°C in a 5% CO2-95% air atmosphere.
Upon confluency, cells were treated with culture medium without
human FGF2 (CC-4147, Lonza) for 24 h as a positive control for FGF
receptor (FGFR)1 activation. Cells were then treated with culture
medium without human FGF2 or with 4 ng/ml human FGF2 or 10 nM
recombinant human FGF23 (no. 2604-FG, R&D Systems) for 30 min.
Subsequently, the culture medium was discarded, and whole cell
lysates were obtained by scraping the cells in the presence of ice-cold
2� SDS sample buffer. Protein samples were loaded onto 8% SDS
gels, electrophoresed, and transferred to nitrocellulose membranes.
Protein analysis was performed by incubation of the nitrocellulose
membranes with primary antibody against phospho-ERK1/2 (1:500,
no. 9106S, Cell Signaling Technology). Blots were then stripped and
incubated with primary antibody against total ERK1/2 (1:1,000, no.
9102, Cell Signaling Technology). Protein bands were visualized
using enhanced chemiluminescence (Amersham/GE Healthcare) on
an AI600 machine (Amersham/GE Healthcare), and bands of both
ERK1 and ERK2 were analyzed.

Determination of endothelial nitric oxide synthase coupling. Low-
temperature SDS-PAGE and Western blot analysis were performed
for the detection of endothelial nitric oxide (NO) synthase (eNOS)
dimers as previously described (49). Briefly, total proteins of femoral
arteries of all groups were separated by 6% SDS-PAGE. Electropho-
resis was performed at 4°C. Proteins were transferred to PVDF
membranes, which were probed with an eNOS antibody (ab5589,
Abcam). Immunoreactive bands were detected with an appropriate
second antibody and visualized with a chemiluminescence kit (GE
Healthcare). 	-Actinine was used as a loading control.

Statistics. Data are presented as means 
 SE. The number of mice
in individual experiments is shown in the figures. Differences between
groups were assessed by a Mann-Whitney test and within groups by
a Wilcoxon test. The correlation between ADMA and maximum
response upon acetylcholine and between ADMA and FGF23 con-
centrations was analyzed by linear regression. For ex vivo vascular
function analysis, linear mixed models were used to test whether the
relation between relative increase (outcome/dependent variable) and
the vasoactive substance concentration (acetylcholine, SNP, or endo-
thelin) differed between groups. The mixed models included a random
intercept for mice and fixed effects for groups, vasoactive substance
concentration level indicator, and their interaction. Main interest was
in testing the interaction between groups and vasoactive substance
concentration. If the interaction was not significant, the interaction
was removed from the model, and the main effect of groups was
considered to see if groups differed in the relative increase (averaged
over the concentrations). Two-tailed P values of �0.05 were consid-
ered statistically significant. Outliers were removed from data sets
when samples were more than three times the interquartile range.
Tests were performed using SPSS version 22.
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RESULTS

5/6Nx surgery increases plasma FGF23 concentration.
5/6Nx surgery induced renal impairment as reflected by in-
creased plasma urea and creatinine concentration 6 wk after
surgery compared with sham controls (Table 1). The volume of
urine production was approximately five times higher in 5/6Nx
mice compared with sham mice 6 wk after surgery (0.4 
 0.1
vs. 1.8 
 0.2 ml/24 h, P � 0.001; Table 2). No significant
difference in plasma phosphate concentration was observed
between groups (Table 1). In contrast, urinary phosphate con-
centration was approximately six times higher and fractional
excretion of phosphate was approximately four times higher in
5/6Nx mice compared with sham mice. Compared with sham
surgery, 5/6Nx surgery caused a statistically significant 1.5-
fold increase in plasma c-term FGF23 concentration (Table 1).

FGF23 antibodies administered to 5/6Nx mice or FGF23
intraperitoneal injections in isolation did not change urea or
creatinine concentrations in plasma and urine (Table 3). As
a consequence of the low-phosphate diet, the plasma phos-
phate concentration increased only slightly in 5/6Nx mice
that received control antibodies compared with FGF23 an-
tibodies (2.66 
 0.12 vs. 2.32 
 0.09 mmol/l, respectively,
P � 0.043; Table 3), and urinary phosphate excretion was
approximately five times lower in 5/6Nx mice that received
FGF23 antibodies (96.11 
 2.43 vs. 21.18 
 1.81 �mol/24
h, P � 0.007; Table 3).

Both CKD and exogenous FGF23 impair endothelium-de-
pendent vasodilatation but not vascular smooth muscle cell
relaxation. Resistance arteries from 5/6Nx mice showed atten-
uated endothelium-dependent vasodilation upon acetylcholine
compared with sham mice (P � 0.05), indicating endothelial
dysfunction (Fig. 2A). At all tested concentrations of acetyl-
choline (10�9�10�5 mol/l), vasodilator responses of the gra-
cilis artery were attenuated compared with sham mice. In
addition, the maximum response to acetylcholine was de-
creased (84.2% vs. 54.8%, P � 0.003; data not shown). In
both control groups, i.e., sham surgery and PBS intraperi-
toneal injections, a similar response to acetylcholine was

observed. In turn, FGF23 intraperitoneal injections blunted
the vasodilatory response upon acetylcholine comparable to
5/6Nx mice (P � 0.05; Fig. 2A). Acute exposure to recombi-
nant FGF23 (1 h) of gracilis arteries from sham and 5/6Nx mice
showed no difference in the response to acetylcholine (Fig. 2D).
Vascular responses to SNP and endothelin showed no difference
between control and intervention groups (Fig. 2, B and C).

FGF23 blockade restores endothelial function in mice with
CKD. The optimal dose of FGF23 antibody was determined by
a single intraperitoneal injection with different concentrations
2 wk after 5/6Nx surgery. Injection with 10 or 30 mg/kg
FGF23 antibody increased plasma phosphate concentration to
the same extent, and it continued to be increased up to 48 h
(Fig. 3). Plasma phosphate concentration after injection with
control antibody or 3 mg/kg FGF23 antibody did not change
over time (Fig. 3). Based on these pilot data, a dose of 10
mg/kg was chosen for subsequent experiments, which was
repeated every 48 h.

Mice that received FGF23 antibodies after 5/6Nx surgery
showed restored arteriolar vasodilatory capacity upon incre-
mental concentrations of acetylcholine compared with 5/6Nx
mice that received control antibodies (P � 0.048; Fig. 4A).
SNP and endothelin did not show a different vascular response
between 5/6Nx mice that received control or FGF23 antibodies
(P � 0.445 for SNP and P � 0.552 for endothelin; Fig. 4, B
and C).

FGF23 stimulation does not induce signal transduction in
MVECs. MVECs were stimulated with vehicle (negative con-
trol), FGF2 (positive control), or FGF23 for 30 min, and total
and phosphorylated ERK protein expression was measured
(Fig. 5A). FGF2 stimulation increased ERK phosphorylation
compared with vehicle (1.95 
 0.24 vs. 1.00 
 0.19, P �
0.0159, respectively), whereas FGF23 stimulation did not in-
crease ERK phosphorylation in MVECs compared with vehicle
(0.95 
 0.19 vs. 1.00 
 0.19, respectively; Fig. 5B).

Endothelial dysfunction is associated with increased con-
centrations of ADMA and is not caused by eNOS uncoupling.
5/6Nx surgery and FGF23 antibody treatment in 5/6Nx mice
did not change plasma ADMA concentrations compared with
sham surgery or control antibody treatment (P � 0.372 and
P � 0.116, respectively; Fig. 6A). Recombinant FGF23 signif-

Table 1. 5/6Nximpairs kidney function and increases plasma
FGF23 concentration

Sham 5/6Nx

Plasma urea, mmol/l 12.7 
 0.3 22.1 
 1.1‡
Plasma creatinine, �mol/l 15.0 
 1.5 28.3 
 1.6‡
Urinary creatinine, �mol/24 h 2.62 
 0.23 3.33 
 0.15*
Creatinine clearance, �l/min 137.1 
 20.4 92.8 
 6.0
Plasma Pi, mmol/l 3.37 
 0.19 2.93 
 0.12
Urinary Pi, �mol/24 h 19.2 
 2.8 115.0 
 18.4‡
FEP, % 2.95 
 0.92 17.01 
 2.87†
Plasma c-term FGF23, pg/ml 210.2 
 13.1 315.2 
 27.6†
Plasma Ca2�, mmol/l 2.00 
 0.02 2.17 
 0.03‡
Urinary Ca2�, �mol/24 h 1.07 
 0.21 3.55 
 0.31‡
Plasma 1,25-dihydroxyvitamin D3, pmol/l 226.8 
 10.2 252.6 
 23.5
Plasma parathyroid hormone, pg/ml 255.6 
 51.8 555.4 
 83.8*

Data are means 
 SE. n � 9–14 for sham except for fractional excretion of
phosphate (FEP), fibroblast growth factor 23 (FGF23), and vitamin D, where
n � 6; and n � 18–21 for 5/6Nx except for creatinine clearance, FEP, FGF23,
and vitamin D, where n � 16, n � 15, n � 16, and n � 7, respectively. Renal
parameters of mice subjected to sham or 5/6Nx surgery are shown. Urinary
parameters were calculated from urine (Table 2). *P � 0.05; †P � 0.01; ‡P �
0.001 vs. sham, by Mann-Whitney test.

Table 2. Effects of induced chronic kidney disease, FGF23
antibodies, and increased FGF23 concentrations on general
physiological parameters

Body
weight, g

Food intake,
g/24 h

Water intake,
ml/24 h

Urine output,
ml/24 h

Sham 26.8 
 0.4 2.5 
 0.1 3.0 
 0.2 0.4 
 0.1
5/6Nx 25.4 
 0.4* 2.8 
 0.2 5.3 
 0.5‡ 1.8 
 0.2‡
5/6Nx � control antibody 23.3 
 0.2 2.8 
 0.1 5.2 
 0.2 2.2 
 0.3
5/6Nx � FGF23 antibody 25.3 
 0.5† 2.2 
 0.3 3.9 
 0.9 1.6 
 0.4
PBS injections 27.5 
 1.2 2.4 
 0.3 2.4 
 0.4 0.7 
 0.1
FGF23 injections 28.1 
 1.0 1.7 
 0.2 2.2 
 0.4 1.0 
 0.1

Data are means 
 SE; n � 13–14 for sham, n � 19–20 for 5/6 nephrectomy
(5/6Nx), n � 8–9 for 5/6Nx � control antibody, n � 8–9 for 5/6Nx �
fibroblast growth factor 23 (FGF23) antibody, n � 7 for PBS injections, and
n � 8 for FGF23 injections. Body weight, food intake, water intake, and urine
output of mice subjected to sham or 5/6Nx surgery, control or FGF23 antibody
after 5/6Nx, and PBS or FGF23 intraperitoneal injections are shown. *P �
0.05; †P � 0.01; ‡P � 0.001 compared with the matching control group, i.e.,
sham, 5/6Nx � control antibody, or PBS injections.
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icantly increased ADMA concentrations compared with vehi-
cle (PBS) injections (0.96 
 0.05 vs. 0.83 
 0.05 �mol/l,
respectively, P � 0.046). A strong correlation was observed
for a decreased acetylcholine response of the gracilis artery

with increased plasma ADMA concentrations in 5/6Nx mice
(R2 � 0.65, P � 0.0029; Fig. 6B).

eNOS uncoupling occurs when the eNOS dimeric form
shifts to a monomeric form. Monomer protein expression of

Table 3. FGF23 antibodies in 5/6Nx mice alter phosphate concentration but not FGF23 injections in isolation

PBS FGF23 Control Antibody FGF23 Antibody

Plasma urea, mmol/l 8.4 
 0.4 7.6 
 0.2 23.2 
 1.7 21.3 
 1.0
Plasma creatinine, �mol/l 9.4 
 0.9 8.4 
 0.6 28.2 
 2.0 21.9 
 1.3
Urinary creatinine, �mol/24 h 2.97 
 0.64 3.81 
 0.36 3.61 
 0.29 3.33 
 0.30
Plasma Pi, mmol/l 1.61 
 0.06 1.61 
 0.08 2.66 
 0.12 2.32 
 0.09*
Urinary Pi, �mol/24 h 68.93 
 12.67 86.76 
 6.09 96.11 
 2.43 21.18 
 1.81†

Data are mean 
 SE; n � 5–7 for PBS, n � 7–8 for fibroblast growth factor 23 (FGF23), n � 4–6 for control antibody except for urinary creatinine, where
n � 9, and n � 4–5 and n � 8–9 for FGF23 antibody for plasma and urine parameters, respectively. Renal parameters of mice subjected to PBS or FGF23
intraperitoneal injections and of 5/6 nephrectomy (5/6Nx) mice that received control or FGF23 antibody. Plasma was collected at the end of the experiment.
Urinary parameters were calculated from 24-h urine. *P � 0.05; †P � 0.01 compared with control antibody.

Fig. 2. 5/6 Nephrectomy (5/6Nx) impairs endothelial but not vascular smooth muscle function, which is mimicked by chronically increasing circulating fibroblast
growth factor 23 (FGF23) concentration. A: 5/6Nx attenuated endothelium-dependent vasodilator responses of the gracilis artery, and this effect was mimicked
by increasing FGF23 intraperitoneal injections. The pink line shows sham surgery (n � 12), the light blue line shows PBS intraperitoneal injections (n � 8),
the red line shows 5/6Nx surgery (n � 8), and the dark blue line shows FGF23 intraperitoneal injections (n � 7). B: 5/6Nx and increased FGF23 concentration
in isolation did not impair vasodilator responses of gracilis resistance arteries to the endothelium-independent vasodilator sodium nitroprusside (SNP). The pink
line shows sham surgery (n � 9), the light blue line shows PBS intraperitoneal injections (n � 8), the red line shows 5/6Nx surgery (n � 8), and the dark blue
line shows FGF23 intraperitoneal injections (n � 7). C: 5/6Nx and high concentration of FGF23 in the absence of chronic kidney disease do not impair
vasoconstrictor responses to endothelin. The pink line shows sham surgery (n � 6), the light blue line shows PBS intraperitoneal injections (n � 5), the red line
shows 5/6Nx surgery (n � 5), and the dark blue line shows FGF23 intraperitoneal injections (n � 7). D: arteries from sham and 5/6Nx mice were incubated
for 1 h with recombinant FGF23 and subsequently exposed to acetylcholine (ACh), but this did not change endothelial function compared with arteries without
incubation with FGF23. The light orange line shows sham surgery and ex vivo FGF23 incubation (n � 7), the dark orange line shows 5/6Nx surgery and ex
vivo FGF23 incubation (n � 7), the pink dotted line shows sham surgery (n � 12), and the red dotted line shows 5/6Nx surgery (n � 8). Data are means 
 SE.
*P � 0.05 vs. sham or PBS, by linear mixed models.
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eNOS in femoral arteries was not detected in sham and 5/6Nx
mice, PBS- and FGF23-injected mice, or in 5/6Nx mice that
received control or FGF23 antibodies (Fig. 7).

FGF23 does not explain the disturbed vasodilation in CKD
of the myocardial microcirculation. Mean arterial blood pres-
sure was not different between sham and 5/6Nx mice
(77.8 
 4.2 and 71.1 
 5.2 mmHg, respectively; Fig. 8A).
Acetylcholine increased myocardial microvascular blood vol-
ume in sham mice by 52% (P � 0.002 vs. baseline; Fig. 8B)
and in 5/6Nx mice by 28% (P � 0.040 vs. baseline). The
difference in microvascular blood volume after acetylcholine
infusion between groups did not reach statistical significance
(P � 0.068). Both groups that received PBS intraperitoneal
injections or FGF23 intraperitoneal injections increased their

myocardial blood volume upon acetylcholine infusion by 83%
and 74%, respectively (P � 0.005 for both groups compared
with baseline; Fig. 8B), but no difference was observed be-
tween groups. 5/6Nx mice that received control antibodies
increased their myocardial microvascular blood volume upon
acetylcholine by 47% (P � 0.017 vs. baseline; Fig. 8B), and
5/6Nx mice that received FGF23 antibodies increased their
microvascular blood volume by 28% (P � 0.043 vs. baseline).
No difference between groups in the response to acetylcholine
was detected.

The heart weight-to-tibia length ratio was not increased in
5/6Nx mice compared with sham mice (6.34 
 0.09 vs.
6.16 
 0.13 mg/mm, respectively; Fig. 8C) after 6 wk. Also,
FGF23 injections did not induce LVH compared with PBS-

Fig. 3. Fibroblast growth factor 23 (FGF23) blockade
increases plasma phosphate in 5/6 nephrectomized
(5/6Nx) mice. Plasma phosphate concentrations before
5/6Nx surgery (�2 wk), before a single dose injection
(0), and 9, 24, and 48 h after injection are shown.
Plasma phosphate did not increase after injection with
control antibody or after 3 mg/kg FGF23 antibody
injection. After a single dose injection with 10 mg/kg
FGF23 antibodies, plasma phosphate increased up to 48
h after injection. The same trend was seen for 30 mg/kg
FGF23 antibody injection. n � 4 per group. Data are
means 
 SE.

Fig. 4. Fibroblast growth factor 23 (FGF23)
blockade normalizes peripheral endothelial
function in mice with chronic kidney dis-
ease. A: FGF23 blockade restored endothe-
lium-dependent vasodilation of the gracilis
artery upon acetylcholine (ACh) in mice that
underwent 5/6 nephrectomy (5/6Nx) surgery
compared with the administration of control
antibodies (a.b.). The dark green line shows
5/6Nx surgery with FGF23 antibodies (n �
8) and the light green line shows 5/6Nx
surgery with control antibodies (n � 9). B:
FGF23 blockade did not restore the vasodi-
lator response of the gracilis artery upon
sodium nitroprusside (SNP) in 5/6Nx mice
that received control or FGF23 antibodies.
The dark green line shows 5/6Nx surgery
with FGF23 antibodies (n � 7) and the light
green line shows 5/6Nx surgery with control
antibodies (n � 8). C: vasoconstrictor re-
sponse upon endothelin between 5/6Nx mice
that received control or FGF23 antibodies.
The dark green line shows 5/6Nx surgery
with FGF23 antibodies and the light green
line shows 5/6Nx surgery with control anti-
bodies. Data are means 
 SE. *P � 0.05 vs.
FGF23 antibodies, by linear mixed models.
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injected mice (7.07 
 0.30 vs. 6.86 
 0.13 mg/mm, respec-
tively; Fig. 8C).

DISCUSSION

The main finding of our study is that increased levels of
FGF23 cause endothelial dysfunction in peripheral resistance
arteries in CKD. FGF23 blockade prevents this pathological
effect of FGF23 on endothelial cell function. Mice with CKD
also show impaired endothelial function in the myocardium;
however, in this vascular bed, increased FGF23 levels could
not explain this dysfunction.

Endothelial dysfunction was observed both in mice with
CKD and in mice that received exogenous FGF23 in vivo.
Vasodilator and contractile vascular smooth muscle cell func-
tion was not altered, pointing to a selective endothelial effect of
FGF23. The lack of an acute effect of FGF23 on endothelial
function in our ex vivo models can have several explanations.

First, vascular dysfunction could occur only after long-term
exposure to high FGF23 concentrations. Alternatively, the
effects of FGF23 are indirect by mechanisms triggered only by
in vivo FGF23 exposure (see below). A final explanation may
be that circulating factors are required that are absent in the ex
vivo setup (11). We did not detect signal transduction in
MVECs after FGF23 stimulation, and it therefore may be more
likely that our findings are explained by indirect effects of
FGF23 through nonendothelial mechanisms or the absence of
a cofactor that subsequently interfere with endothelial cell
function, as discussed below. Our finding that FGF23 blockade
prevents CKD-induced endothelial dysfunction supports a
causal role for FGF23 in thedisturbed microcirculation.

Although one study did not demonstrate an effect of FGF23
on endothelium-dependent and endothelium-independent vaso-
dilation (28), another study showed that FGF23 inhibited
endothelium-dependent vasodilation ex vivo, yet only at con-

Fig. 5. Fibroblast growth factor (FGF)23 stimulation does not increase ERK phosphorylation in microvascular endothelial cells (MVECs). A: MCEVs were
stimulated for 30 min with vehicle (negative control), FGF2 (positive control), or FGF23 alone. Total ERK1 and ERK2 (ERK) and phosphorylated ERK1 and
ERK2 (pERK) protein expression was quantified by Western blot analysis. B: FGF2 significantly (P � 0.0159) increased the pERK-to-ERK ratio compared with
vehicle, whereas FGF23 did not change the pERK-to-ERK ratio compared with vehicle. Differences between FGF2 and FGF23 stimulation were not significant
(P � 0.0556). n � 5 per stimulation. Data are means 
 SE. *P � 0.05, by Mann-Whitney test.

Fig. 6. Asymmetric dimethylarginine (ADMA) is related to fibroblast growth factor 23 (FGF23) concentration in vivo and to the maximal vasodilator response
in resistance arteries. A: 5/6 nephrectomize (5/6Nx) mice did not increase ADMA plasma concentration compared with sham mice. FGF23 antibodies failed to
significantly lower ADMA concentration in 5/6Nx mice, although a clear trend was observed in these mice compared with mice that received control antibodies.
Mice injected with recombinant FGF23 significantly increased ADMA concentration compared with PBS-injected mice. n � 5 for sham, n � 7 for 5/6Nx, FGF23
injections, and 5/6Nx � control antibodies, and n � 6 for 5/6Nx � FGF23 antibodies and PBS injections. Data are means 
 SE. *P � 0.05, by Mann-Whitney
test. B: endothelial function in the gracilis artery was measured ex vivo with acetylcholine (ACh). The maximum response to acetylcholine [Max ACh response
(in %)] was inversely related to ADMA concentration (P � 0.0029). Linear regression was used for analysis.
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centrations of 9,000 pg/ml (43). These studies and our results
strengthen the hypothesis that acute exposure of physiological
concentrations of FGF23 to the vasculature does not impair
endothelial function. Silswal et al. (43) showed impaired en-
dothelial function ex vivo in a mouse model with increased
FGF23 concentrations, although these FGF23 levels are con-
sidered supraphysiological. Our study also showed impaired
endothelial function ex vivo, but our 5/6Nx mouse model
resulted in FGF23 concentrations seen for this rather mild
degree of CKD.

Since we observed only endothelial dysfunction, assessed by
acetylcholine, and not vascular smooth muscle dysfunction
with elevated circulating FGF23 concentrations, this can only
be explained by disturbed NO formation, which is the most
important contributor to endothelium-dependent relaxation
(15). An important mechanism underlying decreased NO is
eNOS uncoupling (19). In the present study, however, we did
not observe FGF23-induced eNOS uncoupling as an explana-
tion for disturbed eNOS function but rather increased plasma
ADMA levels, which are an important cause of reduced endo-
thelium-dependent vasodilation (42). Moreover, increases in
ADMA concentrations have been previously reported in kid-
ney failure (52). In our study, 5/6Nx surgery did not signifi-
cantly increase plasma ADMA concentrations, although we
demonstrated a large variation in sham mice, as such given rise
to an unforeseen limited statistical power to detect a difference.
FGF23 injections did increase ADMA concentrations, and
when FGF23 antibodies were administered to 5/6Nx mice,
ADMA tended to decrease. In addition, ADMA was negatively
correlated with the maximum response of resistance arteries to
acetylcholine, indicating that increased plasma ADMA con-
centration contributes to the observed endothelial dysfunction
in our model of CKD. An association of FGF23 with plasma
ADMA concentration has been observed in previous studies
(45, 50), strengthening the hypothesis that FGF23-induced
endothelial dysfunction is at least partially caused by a de-
crease of NO bioavailability by ADMA. A recent study even
suggested that FGF23 and ADMA act jointly on eNOS (45).

ADMA is released by protein hydrolysis and is eliminated
by renal excretion but more so by metabolic degradation by
dimethylarginine dimethylaminohydrolases (DDAHs) (35). In-

hibition of DDAH is posttranscriptionally regulated by ROS,
and oxidative stress in endothelial cells can therefore increase
ADMA concentrations. Two recent studies have shown that
FGF23 induces ROS production in endothelial cells (38, 43),
which could link the increased ADMA levels observed with
high FGF23 concentrations. Further research is needed to
prove this hypothesis.

A previous study has indicated that peripheral vascular
dysfunction predicts the occurrence of cardiovascular events
(5). In the present study, in addition to peripheral endothelial
dysfunction, we observed a trend for myocardial endothelial
dysfunction in our mouse model of early CKD, independent
from LVH. Modulation of FGF23 concentrations, however, did
not change this microvascular blood volume reserve. This
difference in response in vascular beds may be explained by
different intrinsic properties of the microvascular beds (3, 4).
An alternative explanation for the discrepancy between periph-
eral and myocardial vascular responses upon increased FGF23
concentrations might be the difference in experimental setup.
Whereas peripheral vascular function was measured ex vivo,
myocardial perfusion was measured in vivo, and other vari-
ables like heart rate, blood pressure, and circulating factors
could have influenced the in vivo measurements. Another
reason for the discrepancy between endothelial function in
different vascular beds might be caused by a different activity
of DDAH. It has been shown in previous studies that DDAH
activity in the heart is five times higher than in skeletal muscle
(13), possibly indicating that the increased FGF23-induced
ROS production in these endothelial cells is not sufficient to
impair NO production. These results may indicate that also in
patients with CKD, endothelial dysfunction in the myocardial
vasculature may not be attributed to increased FGF23 concen-
trations but rather to other uremic toxins.

It is well known that patients suffering from CKD are at an
increased risk for cardiovascular events (2, 6, 9, 18, 22, 23, 26,
48). FGF23 has emerged as a potent biomarker for cardiovas-
cular risk in patients with CKD, and several clinical studies
have shown a relationship between increased FGF23 concen-
tration and endothelial dysfunction (8, 32, 44, 50, 51). Impor-
tantly, clinically even a mild increase of FGF23, in the range of
in our present model, is already detrimental (17, 32). In the
present study, we show that mice with early CKD develop
peripheral endothelial dysfunction, which is explained by in-
creased circulating FGF23 levels. By blocking FGF23, endo-
thelial dysfunction was prevented in this model of early CKD.
Lowering FGF23 would therefore qualify as a target in early
CKD to combat cardiovascular disease. Indeed, lower serum
FGF23 concentrations are associated with lower rates of car-
diovascular death and major cardiovascular events, which can
be explained by an improved endothelial function (12, 34).

Our study has several limitations. Serum phosphate concen-
tration did not differ between sham and 5/6Nx mice, but
urinary phosphate was highly increased. In concert, calcium
loss was also higher in 5/6Nx mice (Table 1). Increased
circulating parathyroid hormone (PTH) concentrations in our
5/6Nx mouse model might explain the calcium and phosphate
imbalance by increased bone turnover. In addition, we cannot
exclude that the improved endothelial function in 5/6Nx mice
that received FGF23 antibodies is caused by the low-phosphate
diet and the subsequent slightly lower plasma phosphate con-
centration (Table 3).

Fig. 7. 5/6 Nephrectomy (5/6Nx) and fibroblast growth factor 23 (FGF23)
injections do not induce endothelial nitric oxide synthase (eNOS) monomer
protein expression. eNOS protein expression was measured by low-tempera-
ture SDS-PAGE to detect both eNOS monomers and dimers. eNOS monomers
were not detected after 5/6Nx, 5/6Nx � control antibodies (a.b.), or FGF23
injections, whereas eNOS dimers were present in all groups. n � 8 per group
except for the 5/6Nx � control antibody group, where n � 7.
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We did not study the potential effects of FGF23 on
endothelial cells by other FGF receptors than subtype 1.
However, no study to date has demonstrated FGF23 effects
mediated by FGFR2, FGFR3, or FGFR4 on endothelial
cells. A study by Lim et al. (27) has demonstrated FGF23
signal transduction by ERK phosphorylation in vascular
cells, but depending on the presence of Klotho and FGFR1.
Richter et al. (38) also found Klotho-dependent activation of
FGFR1 by FGF23 in endothelial cells, resulting in Akt
phosphorylation. Here, we assessed ERK signal transduc-
tion, and we therefore cannot exclude that Akt phosphory-
lation was induced. However, ERK phosphorylation would
have been expected after FGF2 signal transduction mediated
by FGFR1. Extensive studies from our group, however,
have refuted the presence of functional Klotho in the vas-
culature (31).

We cannot exclude that in our ex vivo and in vitro setup the
lack of soluble Klotho in the medium caused an absence of
FGF23-induced signal transduction in vascular endothelial
cells. A recent study has shown that transmembrane or shed
Klotho is required for receptor activation, and future studies on
FGF23 function should therefore include soluble Klotho in ex
vivo and in vitro experimental setups (11).

Consistent with our results, others found that C57BL/6
mice that underwent 5/6Nx are resistant to blood pressure
increases and progression of renal disease (24, 25). Al-
though the lack of progressive kidney disease or develop-
ment of LVH in the rodent model we used is paradoxical, we
did demonstrate that the effects of FGF23 on the microcir-
culation in mice differ for different vascular beds. Species
differences therefore may account for differences in devel-
opment of end-organ damage. In addition, an important
difference with clinical CKD is the duration of exposure to
uremia and elevated FGF23 concentration. Also, it is pos-
sible that in clinical CKD, the additional burden of hyper-
tension, superimposed on uremia and elevated FGF23, is
mandatory for end-organ damage. For our model, however,
the lack of hypertension mitigates potential confounding
effects of superimposed hypertension and strengthens the
likelihood that observed abnormalities were endocrine, i.e.,
FGF23, and not hemodynamic in origin. The lack of hyper-
tension, LVH, or progression of renal disease in C57BL/6
mice implies that microvascular dysfunction, induced by
increased FGF23 concentrations, is an early step in the
development of cardiovascular disease in CKD.

Fig. 8. 5/6 Nephrectomy (5/6Nx) impairs cardiac microvascular blood volume reserve, which is independent from increased fibroblast growth factor 23 (FGF23)
concentration and left ventricular hypertrophy. A: mean arterial blood pressure was not different 6 wk after sham or 5/6Nx surgery. n � 5 for sham and n �
6 for 5/6Nx. B: all mice significantly increased their microvascular blood volume upon infusion of the endothelium-dependent vasodilator acetylcholine (ACh;
5 �g·kg�1·min�1) compared with baseline. Increments in 5/6Nx mice were lower compared with sham mice, although not significant (P � 0.068). n � 13 for
sham mice, n � 17 for 5/6Nx mice, n � 10 for 5/6Nx mice that received control antibodies, n � 5 for 5/6Nx mice that received FGF23 antibodies, n � 10 for
PBS-injected mice, and n � 11 for FGF23-injected mice. C: the heart weight-to-tibia length ratio was not increased in 5/6Nx mice compared with sham mice
(6.34 
 0.09 vs. 6.16 
 0.13 mg/mm, respectively) 6 wk after surgery. Also, the heart weight-to-tibia length ratio was not different between mice that received
PBS injections or FGF23 injections (6.86 
 0.13 vs. 7.07 
 0.30 mg/mm, respectively). n � 11 for sham mice, n � 16 for 5/6Nx mice, n � 15 for PBS-injected
mice, and n � 13 for FGF23-injected mice. Data are means 
 SE. #P � 0.05 vs. baseline and *P � 0.05 vs. 5/6Nx, by Mann-Whitney test between groups and
Wilcoxon test within groups.
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Although ex vivo vascular function was assessed in the
gracilis artery, tissue was too small to measure eNOS expres-
sion. The larger femoral artery was chosen, of which the
gracilis artery is a side branch, as this is anatomically close to
the gracilis artery.

In conclusion, our study shows that increased FGF23 con-
centrations cause peripheral endothelial dysfunction in a model
of early CKD and that FGF23 blockade can be beneficial to
combat cardiovascular disease in CKD.
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