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The elevation of circulating fibroblast growth
factor 23 without kidney disease does not increase
cardiovascular disease risk
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High circulating fibroblast growth factor 23 (FGF23) levels
are probably a major risk factor for cardiovascular disease
in chronic kidney disease. FGF23 interacts with the receptor
FGFR4 in cardiomyocytes inducing left ventricular
hypertrophy. Moreover, in the liver FGF23 via FGFR4
increases the risk of inflammation which is also found in
chronic kidney disease. In contrast, X-linked
hypophosphatemia is characterized by high FGF23
circulating levels due to loss of function mutations of the
phosphate-regulating gene with homologies to an
endopeptidase on the X chromosome (PHEX), but is not
characterized by high cardiovascular morbidity. Here we
used a novel murine X-linked hypophosphatemia model,
the PhexC733RMhda mouse line, bearing an amino acid
substitution (p.Cys733Arg) to test whether high circulating
FGF23 in the absence of renal injury would trigger
cardiovascular disease. As X-linked hypophosphatemia
patient mimics, these mice show high FGF23 levels,
hypophosphatemia, normocalcemia, and low/normal
vitamin D levels. Moreover, these mice show
hyperparathyroidism and low circulating soluble aKlotho
levels. At the age of 27 weeks we found no left ventricular
hypertrophy and no alteration of cardiac function as
assessed by echocardiography. These mice also showed no
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activation of the calcineurin/NFAT pathway in heart and
liver and no tissue and systemic signs of inflammation.
Importantly, blood pressure, glomerular filtration rate and
urea clearance were similar between genotypes. Thus, the
presence of high circulating FGF23 levels alone in the
absence of renal impairment and normal/high phosphate
levels is not sufficient to cause cardiovascular disease.
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E nd-stage renal disease (ESRD), chronic kidney disease
(CKD), and also reduced renal function increase the risk
of mortality and cardiovascular disease.1 Left ventricular

hypertrophy (LVH) is likely the primary manifestation of
uremic cardiomyopathy.2 LVH affects approximately 70% of
patients during intermediate stages of CKD3 compared with
16% to 21% affected individuals in the general population.4

CKD patients show high circulating fibroblast growth factor
23 (FGF23), which likely participates in the pathogenesis of
left ventricular hypertrophy in these patients.5 FGF23
together with parathyroid hormone (PTH) and 1,25(OH)2
vitamin D (1,25(OH)2D) is responsible for the regulation of
phosphate homeostasis in the organism.6 FGF23 is synthe-
tized in bone, and after posttranslational modification the
active form is secreted into circulation. The action of FGF23 is
mediated by coupling to a fibroblast growth factor receptor
(FGFR) in the target cell or organ. At least in kidney the
presence of the coreceptor aKlotho is required for an effective
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FGF23-FGFR binding.7 aKlotho is also present in the circu-
lation as soluble Klotho. Its function is still not fully under-
stood, but together with the other major endocrine regulators
of phosphate homeostasis, its levels are altered in CKD:
FGF23 and PTH are elevated already in the first phases of
CKD, whereas soluble Klotho and 1,25(OH)2D are decreased.
Phosphate increases in plasma only in later stages of CKD.8

FGF23 has been suggested as the inductor of left ventricular
hypertrophy in chronic kidney disease, by binding to FGFR4
in myocytes in the absence of aKlotho.5,9 Other authors
suggest that aKlotho and phosphate rather than FGF23, PTH,
and 1,25(OH)2D levels correlate with the appearance of car-
diac hypertrophy and fibrosis.10 Therefore, we wanted to test
in an X-linked hypophosphatemia (XLH) mouse model that
has chronic high circulating FGF23 levels whether these an-
imals have a higher risk of cardiovascular disease. Of note,
FGF23 levels in XLH are comparable to levels in CKD.11,12

XLH (OMIM 307800) is the most common form of
hereditary rickets affecting 1 in 20,000 individuals.13,14 The
main feature of this disease is high circulating levels of the
hormone FGF23, which lead to hypophosphatemia due to
decreased renal phosphate reabsorption. Affected individuals
frequently present with bone pain, lower limb deformity,
dental anomalies, and muscular symptoms, although the
severity grade varies greatly between individuals and between
relatives. XLH is caused by mutations in the phosphate-
regulating gene with homologies to endopeptidases on the X
chromosome (PHEX).15 The exact physiological function of
PHEX is still unknown, but mutations in this gene lead to high
synthesis of FGF23 in the bone and secretion to the circulation.
A large variety of mutations have been identified in the PHEX
gene.16 These mutations include large and small deletions,
insertions, nonsense, missense, and splice site mutations.
Several XLH mouse models are available.17,18 The most used
mouse XLH model is the Hyp mouse.19 We have recently re-
ported 2 new mouse XLH models, C3Heb/FeJ-PhexBAP012,
and C3Heb/FeJ-PhexBAP024 (PhexC733RMhda).20 PhexC733R

mice have a missense mutation in the cysteine at position 733
causing a change to an arginine residue. This mutation has also
been described in 2 patients causing a change to a serine residue
or a stop codon,16,21 respectively. Here, we show that thesemice
are a good XLHmodel. Second, as the CVD risk increases with
age we studied the effect of the primary elevation of FGF23
levels in plasma on indicators of CVD and systemic inflam-
mation in 27-week-old PhexC733R mice.

RESULTS
The PhexC773R mouse line is an XLH model showing primary
high FGF23 blood levels
First we analyzed whether hemizygous PhexC733R/Y males and
heterozygous PhexC733R/þ females showed the typical features
of XLH patients. Indeed, PhexC733R/Y males and PhexC733R/þ

females had high circulating intact FGF23 levels at 12 and 27
weeks of age (Figure 1a; Supplementary Figures S1A and S2A
and B). C-terminal FGF23 levels were higher than intact
FGF23 levels and also elevated in PhexC733R/Y males when
2

compared with wild-type animals (Supplementary
Figure S2C). Moreover, PhexC733R/Y males and PhexC733R/þ

females were hypophosphatemic and normocalcemic
(Figure 1b and c; Supplementary Figures S1B and C and
2D–G). Only female PhexC733R/þ showed the hyper-
phosphaturia detected in XLH patients, whereas PhexC733R/Y

males were normophosphaturic (Figure 1d and e). This is
probably because male PhexC733R/Yexcreted less urine and had
higher urine creatinine levels (Supplementary Table S2). The
hyperphosphaturia observed in XLH patients is due to
downregulation of the sodium-phosphate transporter NaPi-
IIa (Slc34a1) protein expression in the proximal tubule pro-
voked by high FGF23 levels in blood. PhexC733R/Y males and
PhexC733R/þ females showed also clearly reduced NaPi-IIa
protein expression in renal brush border membranes
(Figure 1g and i; Supplementary Figure S1D and E).
PhexC733R/Y males and PhexC733R/þ females showed a ten-
dency to hypocalciuria (P ¼ 0.09 and 0.07, respectively;
Figure 1f and Supplementary Figure S1F). Next, we observed
that the protein renal expression of the coreceptor aKlotho
was lower in PhexC733R/Y males (Figure 1h and j). Plasma
soluble aKlotho was also decreased in PhexC733R/Y males
(Figure 1k). XLH patients show abnormally low to normal
1,25(OH)2D levels when considering their hypophosphatemic
state.14 PhexC733R/Y males also showed low 1,25(OH)2D levels
(Figure 1l), due to decreased synthesis rate and despite
increased inactivation (Supplementary Figure S3A–C). Inac-
tivation and synthesis of 1,25(OH)2D levels is mediated by the
renal enzyme 24-hydroxylase (Cyp24a1) and 1a-hydroxylase
(Cyp27b1), respectively. Female PhexC733R/þ had similar
1,25(OH)2D levels as their wild-type littermates (Figure 1m).
Despite the high FGF23 levels in blood, Cyp27b1 mRNA
expression and Cyp24a1 protein expression were similar be-
tween wild-type and PhexC733R/þ females (Supplementary
Figure S3D–F). Hyperparathyroidism is mostly seen in XLH
patients treated with phosphate supplements, but has also
been reported in untreated XLH patients.22 PhexC733R/Y males
and PhexC733R/þ females also presented with higher PTH
levels in plasma than their wild-type littermates (Figure 1n;
Supplementary Figure S1G). Finally, the PhexC733R mouse line
showed as XLH patients alterations in their bone structure
and bone mineral density. PhexC733R mice had lower bone
mineral density and lower cortical bone mineral density14,23

(Figure 1o and p; Supplementary Table S3). In conclusion,
the PhexC733R mouse line shows a phenotype resembling XLH
patients with very high FGF23 levels.

PhexC773R mice have normal kidney function
As high FGF23 levels lead to a higher risk of developing
cardiovascular disease in chronic kidney disease, we next
checked the renal function of PhexC733R mice. PhexC733R/Y

males and PhexC733R/þ females had a similar glomerular
filtration rate (GFR) (Figure 2a; Supplementary Figure S4A).
Urea and creatinine levels in plasma were also similar between
genotypes (Figure 2b and c; Supplementary Figure S4B
and C). Moreover, urea clearance showed no differences
Kidney International (2018) -, -–-



Figure 1 | The PhexC733R mouse line is an X-linked hypophosphatemia (XLH) mouse model. (a) PhexC733R/Y males (HEM) showed
significantly higher intact FGF23 circulating levels at 12 weeks of age. (b,c) HEM were hypophosphatemic and normocalcemic at 12 weeks of
age. (d) HEM excreted similar phosphate to creatinine concentration in urine when compared with wild-type (WT) animals at 12 weeks of age.
(e) PhexC733R/þ females (HET) were hyperphosphaturic at 12 weeks of age. (f) HEM had a tendency to hypocalciuria at 12 weeks of age. (g)
Representative Western blot image of NaPi-IIa and b-tubulin protein expression in the kidneys of HEM at 12 weeks of age. (h) Densitometry
analysis showed that NaPi-IIa protein expression normalized to b-tubulin protein expression was significantly reduced in the kidneys of HEM.
(i) Representative Western blot image of aKlotho and actin protein expression in the kidneys of HEM at 27 weeks of age. (j) Densitometry
analysis showed that aKlotho protein expression normalized to actin protein expression is significantly reduced in the kidneys of HEM. (k)
Plasma soluble Klotho is decreased in HEM. (l) HEM had lower 1,25(OH)2D levels in plasma at 27 weeks of age. (m) HET had similar 1,25(OH)2D
levels in plasma at 27 weeks of age. (n) HEM showed significantly higher parathyroid (PTH) circulating levels at 12 weeks of age. (o) Repre-
sentative micro computed tomography images of an HEM and a WT male at 27 weeks of age. The HEM animals showed differences in
mineralization; the femurs were thicker and shorter. The white scale bar at the right of the image represents 5 mm. (p) Bone mineral density
(BMD) was assessed by microCT. HEMs had less BMD than WT littermates at 27 weeks of age. Despite otherwise indicated the results presented
here have been obtained using male animals; similar results for female animals and older mice are depicted in Supplementary Figure S1 and S2.
n ¼ 7–12 animals per group. *P < 0.05, **P < 0.01, ***P < 0.001. Ca, calcium; Crea, creatinine; iFGF23, intactFGF23; P, phosphate. To optimize
viewing of this image, please see the online version of this article at www.kidney-international.org.
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between genotypes (Figure 2d). Periodic acid–Schiff staining
showed no apparent histological differences between geno-
types, and inflammatory changes were not seen (Figure 2e;
Supplementary Table S4). Despite the hyperparathyroidism
observed in PhexC733R mice, PhexC733R/Y animals did not
present nephrocalcinosis at 27 weeks of age (Figure 2f).

PhexC773R mice show no evidence for cardiovascular disease
As the CVD risk increases with age, we next studied the effect
of primary elevation of FGF23 levels in plasma on indicators
Kidney International (2018) -, -–-
of CVD in 27-week-old PhexC733R mice. Systolic blood pres-
sure was not increased in these mice; PhexC733R/Y males
showed lower and PhexC733R/þ females similar systolic blood
pressure compared with their wild-type littermates (Figure 3a
and b). PhexC733R/Y males and PhexC733R/þ females showed
similar cholesterol and high-density lipoprotein cholesterol
levels in blood as compared with their wild-type littermates
(Figure 3c and d; Supplementary Figure S5A and B). More-
over, van Kossa staining detected no calcifications in the aorta
from both the PhexC733R/Y and wild-type males (Figure 3e). As
3
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Figure 2 | No renal impairment observed in PhexC733R mice. (a) The glomerular filtration rate (GFR) was similar between PhexC733R/Y males
(HEM) and wild-type (WT) littermates at 27 weeks of age. BW, body weight. (b,c) Blood urea nitrogen (BUN) and creatinine in plasma were
similar between HEM and WT littermates as assessed at 12 weeks of age. (d) Urea clearance determined at 27 weeks of age was similar between
HEM and WT littermates. (e) Representative images of periodic acid–Schiff staining analysis of kidneys from WT and HEM littermates at 27
weeks of age showed no differences between genotypes and no inflammation. Bar ¼ 50 mm. (f) The calcium (Ca) content in the kidney was
similar between HEM and WT littermates at 27 weeks of age. The results presented here have been obtained using male animals; similar results
for female animals are depicted in Supplementary Figure S4. n ¼ 7–12 animals per group. Crea, creatinine. To optimize viewing of this image,
please see the online version of this article at www.kidney-international.org.
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the tibias of the mutant Phex mice were shorter, the heart-
tibia ratio, a frequently used marker of LVH,24 is not infor-
mative here (Supplementary Table S5). Further markers of left
ventricular hypertrophy are an increase in the mRNA
expression of atrial natriuretic peptide (ANP), brain natri-
uretic peptide (BNP), and b-myosin heavy chain (bMHC),25
Figure 3 | Blood pressure (BP) and lipid fractions in 27-week-old Phex
slightly reduced in PhexC733R/Y males (HEM). (b) PhexC733R/þ females (HE
(c,d) Total and high-density lipoprotein (HDL) cholesterol levels in plasma
in the aortic root (magnification x12, bar ¼ 50 mm). HEM and WT show
been obtained using male animals; similar results for female animals are
a–d and n ¼ 4 animals per group in e. *P < 0.05. To optimize viewing of
international.org.

4

and a decrease in medium chain acyl-coA dehydrogenase
(Mcad). Medium chain acyl-coA dehydrogenase regulates
fatty acid oxidation, and a decrease of its levels indicates
hypertrophy of cardiomyocyte as they shift their main energy
source from fatty acids to glucose.26 No statistically significant
difference in the expression of Anp, Bnp, and Mcad was
C733R and wild-type (WT) littermates. (a) Systolic blood pressure was
T) showed similar systolic blood pressure to their WT littermates.
were similar between HEM and WT littermates. (e) Van Kossa staining

ed no calcification in the aorta. The results presented here have
depicted in Supplementary Figure S5. n ¼ 8–10 animals per group in
this image, please see the online version of this article at www.kidney-
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observed in mutant PhexC733R/Y males and PhexC733R/þ

females compared with their wild-type littermates (Figure 4a–c;
Supplementary Figure S6A–C). bMhc mRNA expression was
similar between PhexC733R/þ and wild-type females, but
PhexC733R/Y males showed higher bMhc mRNA expression
than PhexWT males (Figure 4d and e). bMHC has been sug-
gested to be rather a fibrosis instead of an LVH marker;27

therefore, we next investigated the presence of fibrosis.
mRNA levels of the fibrosis markers fibronectin 1 (Fn1), TIMP
metallopeptidase inhibitor 1 (Timp1), collagen type I alpha 1
chain (Col1a1), and collagen type III alpha 1 chain (Col3a1)
revealed no differences between genotypes in male and female
animals (Figure 4f–i; Supplementary Figure S6D–G).
Histological examination of slides stained with Gomori’s
blue trichrome did not reveal any fibrotic changes in
PhexC733R/Y males (Figure 4j; Supplementary Table S4).
Transthoracic echocardiography showed that cardiac func-
tion (as assessed by ejection fraction and fractional short-
ening) and left ventricular mass index were comparable
among male PhexC733R/Y and wild-type littermates
(Figure 4k–m). Moreover, left ventricle (LV) anterior and
posterior wall thicknesses were similar between the 2 geno-
types (Figure 4n). Consistently, morphological analysis of the
heart revealed that the left ventricular wall thickness related
to the septum thickness was similar between genotypes
(Figure 4o and p). Lastly, histological examination of
hematoxylin and eosin did not reveal any inflammatory
changes (Figure 4o; Supplementary Table S4).

FGFR4 and inflammation in PhexC773R mice
FGF23 has been suggested to bind to the FGFR4 in myo-
cytes activating the calcineurin-NFAT pathway and leading
to cardiomyopathy.5,9 PhexC733R/Y males showed higher
and PhexC733R/þ females showed similar Fgfr4 mRNA
expression levels compared with wild-type littermates
(Figure 5a and b). Yet, in both sexes no increased mRNA
expression of the target genes of the calcineurin-NFAT
pathway, regulator of calcineurin 1 (Rcan1), and transient
receptor potential cation channel subfamily C member 6
(Trpc6) was observed (Figure 5c and d; Supplementary
Figure S7A and B).

CKD is often accompanied by systemic inflammation.28 A
recent report suggested that elevated FGF23 triggers proin-
flammatory cytokine production in the liver after activating
the FGFR4-calcineruin signaling pathway.29 As in the heart,
PhexC733R/Y males showed higher Fgfr4 expression in liver, but
the expression of Rcan1 was significantly decreased in
PhexC733R/Y males (Figure 5e and f). Moreover, no increased
expression of Trpc6 was observed in PhexC733R/Y males’ liver
tissue (Figure 5g). Additionally we did not observe any in-
flammatory signs in PhexC733R/Y males. Tnfa, Il-6 and Crp
mRNA expression in liver were similar between the genotypes
(Figure 5h–k). C-reactive protein (CRP) in plasma was lower
in PhexC733R/Y males (Figure 5l). Histological analysis of the
liver did not show any cellular infiltration and no morpho-
logical differences between genotypes (Figure 5m).
Kidney International (2018) -, -–-
DISCUSSION
FGF23 is highly associated with inflammation, cardiovascular
disease, and survival in patients with CKD.5,29 However,
whether FGF23 alone is sufficient to cause inflammation and
cardiovascular disease in the absence of kidney disease is an
important question and has not been sufficiently addressed to
date. Here we used a mouse model for XLH, a disease char-
acterized by a primary increase of intact FGF23. The
PhexC773R mouse line is a new XLH model. These mice bear a
mutation in the coding region for the large extracellular
catalytic domain of the PHEX protein, in a highly conserved
cysteine residue among other vertebrates, the p.Cys733.30

Mutations causing changes in the cysteine 733 residue have
been also reported in 2 XLH patients.16,21 As expected,
PhexC773R mice show high circulating FGF23 levels with
values in the nanogram range between 4 and 8 ngl/ml. Like
XLH patients,14 PhexC773R mice are hypophosphatemic,
normocalcemic, probably hyperphosphaturic and have a
tendency to hypocalciuria. As in XLH patients and Hyp
mice,14,31 the 1,25(OH)2D levels in PhexC773R mice are low
despite their hypophosphatemic state. We and others have
reported soluble aKlotho as normal in XLH patients.32,33

Here, in accordance with previous results in Hyp mice,34

the renal expression of aKlotho is reduced in PhexC773R

mice. Further we observed decreased soluble aKlotho levels.
In contrast to Hyp mice35 but in accordance with some XLH
patients,22 these animals present hyperparathyroidism. The
PhexC773R mice are a very valuable model to address the
question of whether primary high circulating FGF23 levels
lead to cardiovascular disease, as the mineral-regulating
hormone blood levels mimic those in CKD patients:
PhexC733R mutants have high FGF23 and PTH levels, low
1,25(OH)2D levels, and low soluble aKlotho.8

PhexC733R mutants showed normal systolic blood pressure,
total and high-density lipoprotein cholesterol levels, and no
calcifications in the aorta. Further, we did not observe clear
elevations in gene expression of LVH markers and higher
incidence of cardiac fibrosis, as observed in previous studies
using CKD models, aKlotho-deficient mice, FGF23-injected
mice, or normal mice with diet-induced elevation of
FGF23.5,9,10 Moreover, PhexC733R mutants did not show left
ventricular hypertrophy or altered cardiac function as
compared with wild-type littermates. Despite the fact that
PhexC733R mice have similar or higher FGF23 levels than these
models, there are some important differences. These models
showed normo- or hyperphosphatemia, whereas the XLH
model presented here is hypophosphatemic. Moreover, CKD
models and patients display hypertension, circulating uremic
toxins, and lipid dysregulation leading to oxidative stress
inflammation, problems probably not present in the
PhexC773R mice. FGF23 mediates cardiomyopathy in CKD
probably by binding to FGFR4 in cardiomyocytes.9 Here we
found that although both male and female PhexC733R mutant
mice have very high circulating FGF23 levels in blood, only
PhexC733R/Y males showed increased Fgfr4 mRNA expression
in the heart, but with no changes in the mRNA expression of
5



Figure 4 | Assessment of cardiovascular risk factors in the PhexC733R mouse line at 27 weeks of age. (a,b,c) PhexC733R/Y (HEM) and
wild-type (WT) males showed similar mRNA expression of the left ventricular hypertrophy (LVH) markers Anp, Bnp, and Mcad in the heart. (d)
HEM had higher mRNA expression of the LVH marker bMhc. (e) PhexC733R/þ females (HET) showed similar bMhc mRNA expression when
compared with their WT littermates. (f–i) HEM and WT males showed similar mRNA expression of the fibrotic markers Fn1, Timp1, Col1a1, and
Col3a1 in the heart. (j) Representative images of Gomori’s blue trichrome staining of hearts from WT and HEM littermates at 27 weeks of age
showed no differences in fibrosis appearance between genotypes. Bar ¼ 30 mm. (k,l) Transthoracic echocardiography showed similar
cardiac function between HEM and WT males as assessed by the ejection fraction and the fractional shortening. (m,n) Transthoracic echo-
cardiography showed no LVH between HEM and WT males as assessed by the left ventricle (LV) mass index and the wall thickness during the
diastolic phase for the anterior and posterior wall. (o) Representative images of hematoxylin and eosin staining analysis of the heart from WT
males and HEM littermates at 27 weeks of age showed no differences between genotypes. Bar ¼ 500 mm. (p) The left ventricular wall thickness
related to the septum thickness was similar between HEM and WT males. n ¼ 7–10 animals per group. *P < 0.05. To optimize viewing of
this image, please see the online version of this article at www.kidney-international.org.
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Figure 5 | FGFR4 and inflammation in PhexC733R/Y mice at 27 weeks of age. (a) PhexC733R/Y (HEM) showed higher Fgfr4 mRNA expression in
the heart when compared with wild-type (WT) animals. (b) PhexC733R/þ (HET) and WT females showed similar mRNA expression of Fgfr4 in
the heart. (c,d) HEM and WT males showed similar mRNA expression of the target genes of the calcineurin-NFAT pathway Rcan1 and Trpc6 in
the heart. (e) HEM males showed higher Fgfr4 mRNA expression in the liver when compared with WT animals. (f) HEM and WT males showed
lower mRNA expression of Rcan1 in the liver. (g) HEM and WT males showed similar mRNA expression of Trpc6 in the liver. (h,i) HEM and
WT males had similar mRNA expression of Tnfa and Il-6 in the liver. (j) Representative semiquantitative polymerase chain reaction gel of Crp and
Gapdh mRNA expression in the liver of HEM and WT males. (k) Densitometry analysis shows that Crp mRNA expression normalized to
Gapdh mRNA expression was similar in the liver from HEM and WT males. (l) HEM showed lower circulating C-reactive protein (CRP) levels in
plasma when compared with WT animals. (m) Representative images of hematoxylin and eosin staining analysis of liver from WT and HEM
littermates at 27 weeks of age showed no differences between genotypes. Bar ¼ 20 mm. n ¼ 7–10 animals per group. *P < 0.05, **P < 0.01. To
optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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selected target genes of the calcineurin-NFAT pathway.
Moreover, Fgfr4 mRNA expression was also elevated in the
liver of these mice. Yet, this increased Fgfr4 expression was
not associated with a higher expression of selected target
genes of the calcineurin-NFAT pathway and of selected
cytokines in the liver as reported for FGF23-injected mice and
5/6 nephrectomized rats.29 Moreover, PhexC733R/Y mice
appear to have no systemic inflammation because CRP levels
in blood were lower and no inflammation signs could be
detected in heart, liver, and kidney tissue. Inflammation is
commonly accompanying CKD.28 Yet, a recent prospective
study in the Chronic Renal Insufficient Cohort has revealed
that high circulating CRP and FGF23 are independent risk
factors for mortality in CKD.36

Other recent reports also support the hypothesis that
elevation of FGF23 per se may not be sufficient to cause or
modulate left ventricular hypertrophy and other factors are
needed. FGF23 has been suggested to have no impact on the
appearance of cardiac hypertrophy induced by pressure
overload.37 Moreover, the concerted action of aKlotho and
phosphate and probably other factors such as FGF23 has been
suggested to contribute to cardiac remodeling in CKD.10

Our data confirm a recent report that XLH patients do
not develop cardiovascular disease,38 although another
previous publication suggested the opposite.39 Nehgme
et al. studied 13 patients (children and young adolescents)
treated with vitamin D supplements and phosphate and
mild to moderate nephrocalcinosis.39 Left ventricular
hypertrophy was evident in 77%. The nephrocalcinosis in
these patients is probably a side effect of the XLH treat-
ment, as in many patients it provokes hyperparathyroidism
with the consequent appearance of nephrocalcinosis.22 In
contrast, Takashi et al.38 investigated 24 patients (between
19 and 76 years old) with FGF23-related hypophosphatemic
rickets, 10 XLH patients, 2 with autosomal recessive
hypophosphatemic rickets 2 (ARHR2) and 13 patients with
very high FGF23 levels due to tumor-induced osteomalacia.
Except for 2 patients, all were treated with phosphate,
vitamin D supplements, or both, and only 4 patients
showed estimated GFR levels matching filtration rates
observed in patients with CKD. Yet, none of these patients
with high circulating FGF23 levels showed any sign of left
ventricular hypertrophy. If the presence of renal impair-
ment, differences in vitamin D, and/or phosphate levels is
the cause for the differences observed between these human
studies remains elusive. Nevertheless, PhexC733R mice
showed no apparent renal function impairment: the GFR,
urea and creatinine in blood, and urea clearance were
normal. There were no signs of nephrocalcinosis, and
plasma phosphate levels were low.

In conclusion, primary elevation of FGF23 levels per se
does not cause cardiovascular disease. Probably the most
important difference between XLH and CKD patients is the
hypophosphatemia in XLH patients in contrast with normo-
or hyperphosphatemia found in later stages of CKD. Systemic
inflammation may further add to the risk. Our data reinforce
8

previous findings that phosphate levels play a crucial role in
pathological cardiac remodeling,10,40 although its role is
probably linked to alteration of other factors. Further differ-
ences between XLH and CKD are absence versus presence of a
functional PHEX protein, probably absence versus presence
of inflammation, probably absence versus presence of uremic
toxins, and absence versus presence of renal function
impairment. Further studies are required to investigate the
synergistic role of FGF23, phosphate, aKlotho, reduced renal
function, and systemic inflammation in cardiovascular disease
development in CKD.

METHODS
Mice, blood, and organ collection
The PhexC733RMhda mouse line was generated within the Munich
ENU Mutagenesis Project.20 For this study PhexC733R/þ females and
PhexWTmales, backcrossed to the C3Heb/FeJ genetic background for
at least 10 generations, were mated. The groups of animals used for
analyses are displayed in Supplementary Table S1. At 12 to 13 weeks
of age animals were placed in metabolic cages (Tecniplast Inc.,
Buguggiate, Italy) with a customized standard phosphate diet (0.6%
phosphorus, 1% calcium, and 600 IU/kg vitamin D3; ssniff Spe-
zialdiäten GmbH, Soest, Germany). After 48 hours of adaptation,
urine (under mineral oil) and feces were collected during 24 hours,
and water consumption, food intake, and body weight were moni-
tored (results in Supplementary Table S2). For blood and organ
collection mice were anesthetized with 2% isoflurane prior to
collection of blood and killed by cervical dislocation for collection of
organs. All procedures applied throughout this study were approved
by the Zurich Veterinary Office (Kantonales Veterinäramt) under the
reference numbers 05/2013 and 156/2016.

Urine and blood parameters
Creatinine in plasma, creatinine in 24-hour urine, calcium in
24-hour urine and plasma, phosphorus in 24-hour urine and
plasma, blood urea nitrogen, urine urea nitrogen, total cholesterol in
plasma, and high-density lipoprotein cholesterol was measured in
the Zurich Integrative Rodent Physiology (ZIRP) platform of the
University of Zurich using the UniCel DxC 800 Synchron System
(Beckman Coulter, Brea, CA). Intact FGF23, c-terminal FGF23,
PTH, and CRP levels in plasma were quantified by enzyme-linked
immunosorbent assay (ELISA) using the FGF23 ELISA Kit
(KAINOS, Sissach, Switzerland), the mouse FGF23 (C-Term) ELISA
kit (Immunotopics International, San Clemente, CA), the mouse
intact PTH ELISA kit (Immunotopics International), and the mouse
C-Reactive Protein ELISA kit (Life Diagnostics, West Chester, PA).
The 1,25(OH)2D3 levels were determined by radioimmunoassay with
the 1,25-Dihydroxy Vitamin D RIA (Immunodiagnostic System,
Frankfurt am Main, Germany). Soluble aKlotho was determined by
an IP-IB Klotho Assay as described previously41 at the Physiology
Core from the O’Brien Kidney Research Center (UT Southwestern
Medical Center, Dallas, TX).

Calcium content in the kidney
Kidneys from males 26 to 28 weeks of age were harvested and
decalcified with 1.0 M hydrogen chloride for 60 hours at room
temperature.42 Calcium was determined in the supernatants using
the QuantiChrom Calcium assay kit (BioAssay Systems, Hayward,
CA). Calcium levels were normalized to the kidney tissue weight.
Kidney International (2018) -, -–-
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mRNA analysis by real-time polymerase chain reaction
(RT-PCR) and semiquantitative RT-PCR
Isolation of total RNA was performed using the RNeasy Mini Kit
(Qiagen, Basel, Switzerland). cDNA was synthesized using the Mul-
tiScribe Reverse Transcriptase (Thermo Fisher Scientific, Reinach,
Switzerland). RT-PCR was performed with reverse transcript solu-
tion, the KAPA Probe Fast qPCR Kit (Kapa Biosystems, Wilmington,
MA), and sequence-specific primers and probes on the 7500 Fast
Real Time PCR System (Thermo Fisher Scientific). Cyp27b1 gene
expression was detected using the mouse Cyp27b1 primers from
Applied Biosystem (Foster City, CA). The sequences of the primers
and probes for the other genes investigated are listed in
Supplementary Table S6. Relative expression ratios to Hprt were
calculated as 2Ct(Hprt)-Ct(test gene), where Ct represents the cycle
number at a given threshold. Semiquantitative RT-PCR was run to
analyze CRP gene expression (Crp) following the description by
Singh et al.29

Western blot using renal homogenates and brush border
membrane vesicles (BBMV)
BBMV were prepared by an EGTA/Mg2þ precipitation method.43

20 mg of BBMV or 30 mg renal homogenate was loaded into a
10% polycrylamide gel and transferred electrophoretically, and the
blots were incubated with the respective primary antibodies over-
night at 4 �C and the corresponding secondary antibodies for 2
hours at room temperature (antibodies listed in Supplementary
Table S7). Antibody detection was performed with Immobilon
Western Chemiluminescent HRP Substrate (Millipore, Bedford,
MA). Images obtained with the Las-4000 Imaging Analysis System
(Fujifilm Medical Systems, Stamford, CT) were analyzed with Fiji44

to calculate the ratio intensity of the protein of interest and the in-
tensity of b-tubulin or actin.

GFR and blood pressure determination
The GFR was measured by a noninvasive-clearance transcutaneous
measurement based on the elimination kinetics of a fluorescent
exogenous marker, FITC-Sinistrin (Fresenius Kabi, Linz, Austria), in
awake mice, using the protocol and devices from NIC-Kidney
(Mannheim Pharma & Diagnostic GmbH, Mannheim, Ger-
many).45,46 Systolic blood pressure was analyzed using the tail-cuff
method47 and the BP-2000 Series II blood pressure analysis system
(Visitech Systems, Apex, NC). Blood pressure was measured during
5 consecutive days at the same time during the morning, and only
the last day records were taken for analysis.

Micro computed tomography
The Quantum FX microCT Imaging System (PerkinElmer, Waltham,
MA) was used for imaging isolated femurs. Whole femur and distal
epiphysis were imaged using 20-mm or 5-mm fields of view,
respectively, at a tube current of 100 mA, 90 kV tube voltage, and
3-minute scan time. A 1200 mg/cm3 hydroxy-apatite phantom
(Micro-CT HA Phantom, QRM GmbH, Moehrendorf, Germany)
was used to translate grayscales into bone mineral density (BMD).
BMD and bone volume data was assessed with Analyze 12.0 program
(AnalyzeDirect, Inc., Overland Park, KS). BMD was measured from
the end of the patellar surface of the distal epiphysis and 100 sections
into the diaphysis.

Transthoracic echocardiography
Mice were anesthetized with isoflurane (2-5%)/oxygen (1 L/min)
and placed supine on a soft electric warming pad. Temperature was
Kidney International (2018) -, -–-
monitored continuously and kept at 37�C. Echocardiographic vari-
ables were assessed by using a high-resolution Micro-Ultrasound
System (Vevo 3100, Visualsonics FujiFilm). Measurements were
obtained from grayscale M-mode and B-mode images, at the mid-
papillary level in the parasternal short-axis view. Short-axis M-mode
was obtained perpendicular to the midventricular level, confirmed
by 2-dimensional echocardiography.48 Corrected LV mass was
calculated considering the specific gravity of cardiac muscle and an
intrinsic correction factor.49 LV internal diastolic diameter as well as
anterior and posterior wall thicknesses was measured in the short-
axis M-mode view by using the LV trace mode. Three different LV
trace measurements were averaged for each animal. All images were
analysed by 2 expert operators using the VisualSonics software.

Histology
Calcifications in the aorta were investigated using van Kossa stain-
ing.50 Heart, liver, kidney, aortas, and brain were taken postmortem
and fixed in 4% paraformaldehyde for 24 of 48 hours, trimmed, and
routinely embedded in paraffin wax. Histological examination was
performed from heart, kidney, and liver on hematoxylin and eosin–
stained slides by a board-certified veterinary pathologist. Standard-
ized coronal sections of the heart were taken, and the relative
thickness of the left ventricular wall was measured. Some heart
sections of both genotypes were stained with a trichrome stain
(Gomori’s blue trichrome) for visualization of connective tissue.
Furthermore, periodic acid–Schiff staining of the kidneys was
performed.

Statistical analysis
Statistical analysis was performed using R 3.1.2.51 The Mann-
Whitney test was used to test statistical significance between geno-
types. Statistical significance was considered at P values < 0.05. Data
are represented as means � SEM.

DISCLOSURE
All the authors declared no competing interests.
ACKNOWLEDGMENTS
The study was supported in part by the Swiss National Center for
Competence in Research NCCR Kidney. CH funded by the Swiss
National Science Foundation. FP and GGC are the recipients of a
Sheikh Khalifa’s Foundation Assistant Professorship in Cardiovascular
Regenerative Medicine and Vascular Biology at the Faculty of
Medicine, University of Zürich. SC is supported by the Holcim
Foundation. We thank Prof. Orson Moe and the O’Brien Kidney
Research Center at the University of Texas Southwestern Medical
Center P30-DK079328 for their help with the soluble Klotho
determination in plasma. We kindly thank Prof. Fernando Santos
(University of Oviedo, Spain) for his comments about XLH and
hypophosphatemia diseases, Prof. Susanne Ulbrich and Alba Rudolf
Vegas (ETH, Switzerland) for helping with sections imaging, and Dr.
Nati Hernando (University of Zurich, Switzerland) for the fruitful
discussions. We gratefully thank Dr. Svende Pfundstein for helping
with the FITC-sinistrin tail injections, Dr. Petra Seebeck for helping
with the bone imaging, Dr. Alexander Akhmendov for helping with
the organization of the echocardiography experiments, Claudia
Meyer for helping with the tissue processing and staining, and Udo
Schnitzbauer for technical support at the University of Zurich
(Switzerland). The authors gratefully thank Sandra Hoffmann from the
Helmholtz Center in Munich (Germany) for the organization of the
animal shipment. The use of the ZIRP Core facility for Rodent
Phenotyping and the Histology Laboratory at the University of Zurich
is also acknowledged.
9



bas i c re sea r ch E-M Pastor-Arroyo et al.: Primary high-circulating FGF23 does not increase CVD risk
SUPPLEMENTARY MATERIAL
Figure S1. PhexC733R/þ female mice are an X-linked
hypophosphatemia mouse model. (A) PhexC733R/þ females (HET) show
significantly higher intact FGF23 circulating levels when compared
with their wild-type (WT) female counterparts. (B) HET are hypo-
phosphatemic when compared with their WT female counterparts.
(C) HET are normocalcemic as XLH patients. (D) Representative
Western blot image of NaPi-IIa and actin protein expression in the
kidneys of HET at 12 weeks of age. (E) Densitometry analysis showed
that NaPi-IIa protein expression normalized to actin protein expres-
sion was significantly reduced in the kidneys of HET. (F) HET show a
tendency to excrete less calcium in urine (P ¼ 0.07). (G) HET have high
PTH levels in plasma when compared with WT females. n ¼ 8–9
animals per group. *P < 0.05, ***P < 0.001.
Figure S2. The PhexC733RMhda mouse line is an X-linked
hypophosphatemia mouse model. (A,B) Both PhexC733R/Y males (HEM)
and PhexC733R/þ females (HET) show significantly higher intact FGF23
circulating levels when compared with their wild-type (WT) coun-
terparts at 27 weeks of age. (C) HEM show significantly higher
C-terminal FGF23 circulating levels when compared with their WT
counterparts at 27 weeks of age. (D–G) HEM and HET are hypo-
phosphatemic and normocalcemic when compared with WT animals
at 27 weeks of age. n ¼ 7–12 animals per group. ***P < 0.001.
Figure S3. Expression of metabolizing enzymes of 1,25(OH)2 Vitamin
D in the PhexC733RMhda mouse line at 27 weeks of age. (A) PhexC733R/Y

males (HEM) have lower Cyp27b1 mRNA expression normalized to
Hprt mRNA expression when compared with wild-type (WT) male
littermates. (B) Representative Western blot image of Cyp24a1 and
actin protein expression in the kidneys of HEM compared with WT
males. (C) Densitometry analysis of the Western blot image in S2B
shows that Cyp24a1 protein expression normalized to actin protein
expression is significantly higher in the kidneys of HEM when
compared with WT males. (D) PhexC733R/þ females (HET) have similar
Cyp27b1 mRNA expression normalized to Hprt mRNA expression
when compared with WT female littermates. (E) Representative
Western blot image of Cyp24a1 and actin protein expression in the
kidneys of HET compared with WT females. (F) Densitometry analysis
of the Western blot image in 2e shows that Cyp24a1 protein
expression normalized to actin protein expression is similar in the
kidneys of HET when compared with WT females. n ¼ 7–12 animals
per group. *P < 0.05, **P < 0.01.
Figure S4. No renal impairment observed in PhexC733R/þ female mice.
(A) The glomerular filtration rate (GFR) was similar between
PhexC733R/þ females (HET) and wild-type (WT) littermates at 27 weeks
of age. (B,C) Blood urea nitrogen (BUN) and creatinine in plasma were
similar between HET and WT littermates as assessed at 12 weeks of
age. n ¼ 8–10 animals per group.
Figure S5. Total and HDL cholesterol in PhexC733R/þ female mice
compared with PhexWT female mice. (A,B) PhexC733R/þ females (HET)
showed similar cholesterol and high-density lipoprotein cholesterol
levels compared with their wild-type (WT) female littermates. n¼ 8–10
animals per group.
Figure S6. Assessment of cardiovascular risk factors in PhexC733R/þ

female mice at 27 weeks of age. (A–C) PhexC733R/þ females (HET) and
wild-type (WT) females showed similar mRNA expression of the left
ventricular hypertrophy (LVH) markers Anp, Bnp and Mcad in the
heart. (D–G) HET and WT females showed similar mRNA expression of
the fibrotic markers Fn1, Timp1, Col1a1, and Col3a1 in the heart.
n ¼ 8–10 animals per group.
Figure S7. mRNA expression of selected target gene of the
calcinurin-NAFT pathway in PhexC733R/þ female mice at 27 weeks of
age. PhexC733R/Y (HEM) and wild-type (WT) males showed similar
mRNA expression of the target genes of the calcineurin-NAFT
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pathway (A,B) Rcan1 and (C,D) Trpc6 in the heart. n ¼ 8–9 animals per
group.
Table S1. Age at sacrifice, body weight, number of animals, and
analysis performed in each experimental group.
Table S2. Metabolic parameters of Phex mutant mice.
Table S3. Bone parameters obtained by micro computed
tomography from bones of Phex mutant and wild-type mice.
Table S4. Histological data from heart, liver, and kidneys of Phex
mutant and wild-type mice.
Table S5. The marker of left ventricular hypertrophy heart-tibia ratio
is not informative in Phex mutant mice.
Table S6. Primers and probes for real-time polymerase chain
reaction.
Table S7. Antibodies for Western Blot.
Supplementary References.
Supplementary material is linked to the online version of the paper at
www.kidney-international.org.
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