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Abstract

High plasma fibroblast growth factor-23 (FGF23) concentration predicts the risk of death and poor outcomes in patients
with chronic kidney disease or chronic heart failure. We checked if FGF23 concentration could be modified in patients with
end stage liver disease (ESLD) and predict mortality. We measured plasma FGF23 in 200 patients with ESLD registered on a
liver transplant waiting list between January 2005 and October 2008. We found that median plasma FGF23 concentration
was above normal values in 63% of the patients. Increased FGF23 concentration was not explained by its classical
determinants: hyperphosphataemia, increased calcitriol concentration or decreased renal function. FGF23 concentration
correlated with the MELD score, serum sodium concentration, and GFR. Forty-six patients died before being transplanted
and 135 underwent liver transplantation. We analyzed the prognostic value of FGF23 levels. Mortality was significantly
associated with FGF23 levels, the MELD score, serum sodium concentration and glomerular filtration rate. On multivariate
analyses only FGF23 concentration was associated with mortality. FGF23 levels were independent of the cause of the liver
disease. To determine if the damaged liver can produce FGF23 we measured plasma FGF23 concentration and liver FGF23
mMRNA expression in control and diethyl-nitrosamine (DEN)-treated mice. FGF23 plasma levels increased with the apparition
of liver lesions in DEN-treated mice and that FGF23 mRNA expression, which was undetectable in the liver of control mice,
markedly increased with the development of liver lesions. The correlation between FGF23 plasma concentration and FGF23
MRNA expression in DEN-treated mice suggests that FGF23 production by the liver accounts for the increased plasma
FGF23 concentration. In conclusion chronic liver lesions can induce expression of FGF23 mRNA leading to increased FGF23
concentration, which is associated with a higher mortality in patients on a liver-transplant waiting list. In these patients
FGF23 concentration was the best predictor of mortality.
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amino acids 176-179 into two smaller peptides. The enzyme
responsible for FGF23 cleavage and its location remains to be
identified. FGF23 mRNA is mainly expressed in bone cells and the
liver [3,4]. FGF23 inhibits renal phosphate reabsorption and renal
phosphate transporter expression [10]. Infusion or overexpression
of FGF23 in animals or in humans results in the inhibition of 1-

Introduction

The liver expresses several fibroblast growth factors including
FGF1, FGF2, FGF19, FGF21, FGF23 [1,2,3,4]. Expressions of
FGF1 and FGF2 are increased during hepatic injury or
fibrogenesis and FGF8, which is expressed during liver develop-

ment, is up-regulated in human hepatocellular carcinoma and in
hepatitis C virus associated cirrhosis [5,6,7,8,9]. Although FGF23
mRNA is detected in fetal and adult liver alteration of its
expression in cirrhosis or in liver injuries has not been studied so
far. The aim of this study was to determine if plasma FGF23
concentration could be modified in end stage liver disease and the
consequences of these modifications. Fibroblast growth factor 23
(FGF23) is a circulating peptide whose role is to control phosphate
homeostasis and calcitriol levels [10]. It can be cleaved between
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alpha hydroxylase (CYP27B1) activity in the kidney and the
reduction of serum calcitriol concentration [11,12,13,14,15,16].
Physiological triggers of FGF23 synthesis are high blood
phosphate and calcitriol concentrations [11,17,18,19,20,21].
FGF23 concentration also increases early with the decline of
renal function [22,23]. FGF23 affinity for FGF receptors (FGFR)
1s low. At physiological concentration FGF23 action requires the
presence at the cell surface of a FGFR (type 1, 3 or 4) and the
protein named oKlotho whose expression is restricted to few
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tissues. However, when FGF23 concentration increases, as
observed when renal function declines or in chronic heart failure,
FGF23 can activate different signaling pathways that are Klotho-
independent. Hence at high concentration FGF23 could stimulate
cardiac hypertrophy even in the absence of aKlotho [24]. High
FGF23 concentration has been associated with elevated mortality
in patients with various stages of chronic kidney disease or chronic
heart failure or in community even in the absence of alteration of
renal function [25,26,27,28,29,30,31]. Plasma FGF23 levels also
predict the risk of progression of chronic kidney disease: the higher
FGF23 concentrations, the higher risk of decrease in renal
function [32]. All these data suggest that FGF23 concentration
could be a predictor of mortality or poor outcomes in various
disorders. To determine if FGF23 plasma concentration is
increased in patients with advanced liver disease and if it could
be a marker of prognosis, we measured FGI23 plasma levels in
patients on a waiting list for liver transplantation. The only
treatment of end stage liver diseases is liver transplantation
consequently it is important to have biomarkers related to adverse
outcome to allocate liver from deceased donors. In many countries
the allocation of livers from deceased donors for transplantation
uses the Model for End-Stage Liver Disease (MELD) score. This
score is based on objective laboratory tests: the international
normalized ration (INR) for the prothrombin time and the total
bilirubin concentration, which assess the severity of liver cell
dysfunction, and the serum creatinine concentration as an
estimation of renal function. MELD score ranges between 6 and
40 [33]. Higher MELD scores indicate more severe disease and
correlate with the risk of death within 3 months on the waiting list.
Introduction of MELD score in the allocation of liver grafts has
decreased the mortality of patients in the waiting list, however, in a
context of organ shortage, waiting list mortality remains a
challenging issue and various prognostic markers have been tested
to optimize allograft allocation. Hence, serum sodium concentra-
tion 1is also a predictive factor in patients with liver cirrhosis and its
combination with the MELD score has ameliorated the prediction
of mortality [34,35,36,37]. Other objective factors may contribute
to further improve the prevention of death in patients in the liver
transplant waiting list. FGI23 concentration can be measured
quite easily by enzyme link immunosorbent assay (ELISA) and
should be enter in routine in many diagnosis laboratories in the
next few years. In this context we measured FGF23 levels in
patients with end-stage liver disease on a liver transplantation
waiting list and found that FGF23 concentration was increased
even in the absence of renal insufficiency and was associated with
the risk of death on the waiting list. Using diethyl-nitrosamine
(DEN)-treated mice we demonstrated that chronic lesion of the
liver induced the synthesis of FGI23 the liver. The levels of FGF23
mRNA expression in the liver and plasma FGF23 concentration
increased with the severity of the liver lesion in mice, which may
explain that FGF23 was the best predictor of mortality in human.

Methods

We measured FGF23 concentration and glomerular filtration
rate (GFR) using reference methods in all patients eligible for a
first liver transplantation in the Department of Hepatology at
Beaujon hospital, Clichy, France, from January 2005 to October
2008. Patients with fulminant hepatitis, or hospitalized in intensive
care units or in dialysis were not considered in the study. Patient
eligibility for liver transplant was determined in accordance with
the guidelines by the Agence de la Biomédecine. From March
2007 a national score including the MELD score was introduced
for each patient to be registered on the waiting list. Patients were
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referred to the Department of Clinical Investigation at Necker-
Enfants Malades Hospital, Paris France, to measure their renal
function before being registered on the waiting list for liver
transplantation. At this time FGF23 plasma concentration was
measured using Immutopics c-terminal Elisa kits (Human FGF23
c-terminal Elisa kit, Immutopics International, San Clemente
California USA). We also used Kainos intact FGF23 Elisa kit
(Kainos Laboratories Japan) to measure plasma intact FGF23 in a
subgroup of patients. As reported by other groups we found a good
correlation between the FGF23 values obtained with these two
methods (Figure S1). Consequently only the c-terminal kit
(Immutopics Inc San Clemente CA), which measures both intact
FGF23 and its carboxyl terminal by-product, was used to measure
FGF23 concentration in all patients. For FGI23 plasma determi-
nation 5 ml of blood were drawn on EDTA and immediately
centrifuged at 4°C. The supernatant was stored at —80°C and
used for measurement within two weeks.

Plasma FGI23 concentration was also determined in patients
without acute or chronic liver disease (y-glutamyl transpeptidase,
aspartate aminotransferase, alanine aminotransferase and alkaline
phosphatase, INR within the normal ranges) who were referred to
the Department Explorations Fonctionnelles at Necker-Enfants
Malades hospital for the control of renal function from January
2005 to October 2008. These patients had either renal lithiasis, or
renal insufficiency or were eligible in the absence of altered renal
function for a treatment by cyclosporine for psoriasis.

Plasma FGF23 concentration and glomerular filtration rate
were measured with the same procedures in all patients.
Glomerular filtration rate was measured by two methods of
reference: inulin and iohexol clearance. The patients were injected
with inulin (Inutest 25% Serb Laboratoires, France) or iohexol
(Omnipaque 300 GE Healthcare). Urine and blood samples were
collected every hour for 5 hours for the measurements of inulin
and iohexol. Inulin was used when an allergy to iohexol was
suspected on the base of the patient’s medical record.

Biochemical parameters were measured using routine biochem-
istry laboratory methods.

The MELD score was calculated with the use of the standard
formula [38]. The MELD score ranges from 6 to 40 with higher

values indicating more severe disease.

Experimental Models

Mice were injected intraperitonealy with a single dose of
diethyl-nitrosamine (DEN) (20 pg/g diluted in PBS) between 10
and 15 days of age. Total RNA was isolated from the liver using
NucleoSpin  RNA II' columns (Macherey Nagel). RT-PCR
amplifications were performed using M-MLV (Invitrogen) accord-
ing to the manufacturer’s instructions. Real time PCR was
performed with intron-spanning specific primers (the sequences
are available upon request) using SyBr green chemistry (Thermo
scientific) on an ABI prism 7000 detection system. Expression
levels were normalized for pinin expression in the same sample.
Data were analyzed with the 97 AT method described by Livak
and Schmittgen [39].

Plasma intact FGF23 concentrations were assessed using a
commercial ELISA according to the manufacturer’s protocol
(Kainos Laboratories Inc.).

Ethic Statement

All the measurements performed in this study were included in
the routine procedures of patient follow-up except for FGF23
measurements. This study complied with the French rules
regarding research in humans. Patients provided informed written
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consents. The study was approved by the Institutional Review
Board Hépital Beaujon, Clichy, France.

Animal care and maintenance were provided through the
University Paris Descartes accredited Animal Facility at Necker
Faculty of Medicine (Paris). Mice were maintained on standard
rodent laboratory chow (Special Diet Services, UK). All proce-
dures were approved by the Animal Care and Use Committee of
the University Paris Descartes.

Statistical Analysis

As the variable FGIF23 concentration was not normally
distributed, we used its log transformation in the whole analysis.
Quantitative variables were described using mean * SD or
median (range).

Correlations of continuous variables with FGF23 were assessed
by the Pearson correlation coefficients. Student t-test was
performed to compare FGF23 between genders.

Survival time was defined as the time from the date of FGF23
measurement to death on waiting list, transplantation or last
follow-up. We used two methods to analyze the survival on the
waiting list. The first one considers transplantation as a censure
using Cox proportional hazard model [40]. Survival rates on the
waiting list were estimated by the Kaplan-Meier method [41]. The
second relies on the competing risk analysis, transplantation and
death before transplantation being two competing events. This
analysis relies on proportional hazards models fitted using the
method of Fine and Gray [42]. Both models gave very similar
results (data not shown) and only those obtained with the first
method (univariate and multivariate Cox proportional hazard
model with transplantation as a censure) are reported here.

All statistical analyses were performed using R software (http://
cran.r-project.org). P values below 0.05 were considered statisti-
cally significant.

Data obtained from animals were analyzed with non-parametric
tests as indicated in the legends of the figures.

Results

FGF23 Plasma Concentration in the Patients on the Liver-

transplant Waiting List

We measured plasma FGF23 concentration in 200 patients with
end stage liver disease at the time when they were considered as
eligible for liver transplantation. The main characteristics of these
patients are presented in Table 1. At registration on the waiting list
the median MELD score was 13.5 (range 6 to 40) and the median
serum sodium concentration was 137 mmol/L (range 122 to 146).
Twenty six percent of the patients (51 patients) had hyponatremia
(serum sodium concentration <135 mmol/L). Forty two percent
(84 patients) had hepatocellular carcinoma. The median FGF23
concentration was 241 RU/ml (range 5 to 17620). Plasma FGF23
concentration was above normal value (120 RU/ml) in 63% of
patients (126 patients). Since on physiological condition FGF23
production is stimulated by serum phosphate or calcitriol
concentration we measured these two parameters at the same
time that FGF23 concentration. The median phosphate serum
concentration was 0.95 mmol/L (range 0.53 to 1.86) at the time of
FGF23 concentration measurement and hyperphosphatemia
(serum phosphate concentration above 1.40 mmol/L) was present
in only 3 patients. Median plasma calcitriol concentration was
23 pg/ml (range 5 to 117) (Table 1) and was below the upper
normal value (50 pg/ml) in 185 (92.5%) of the patients.

Most patients (81%, 162 patients) had a measured GFR above
the lower normal limit (60 ml/min).
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Table 1. Characteristics of the patients on the liver-transplant
waiting list.

Number of patients 200

Gender n (%) Males : 145 (72)

Females : 55 (28)

Age years (median, min-max) 53 (20-69)
Causes of cirrhosis n (%)

Alcohol 81 (40.5)
Virus 76 (38)
other 43 (21.5)
MELD score (median, min-max) 14 (6-40)

Sodium serum concentration mmol/L 137 (122-146)

(median, min-max)

16 (4-55)

60 (30)

241 (5-17620)

MELD-Na score (median, min-max)
Refractory ascites n (%)

FGF23 RU/ml (median, min-max)
Normal value<<120 RU/ml

Phosphate mmol/L (median, min-max) 0.95 (0.53-1.86)

Normal values: 0.80-1.40 mmol/L

Glomerular filtration rate ml/min 93 (12-178)
(median, min-max)
Plasma calcitriol concentration pg/ml 26 (5-117)

(median, min-max)

Normal values: 15-50 pg/ml

doi:10.1371/journal.pone.0066182.t001

Correlations between FGF23 levels and clinical or biological
factors are presented on Table 2. FGF23 concentration did not
differ with gender (5.55%1.51 in men vs 5.50*1.28 in women,
p=0.86) and did not correlate with age (rho=—0.08, p=0.29).
Plasma FGF23 concentration was not correlated with phosphate
or ionized calcium serum concentration or fractional excretion of
phosphate in urine (Table 2) but was inversely correlated with
plasma calcitriol concentration.

Table 2. Correlation of FGF23 concentration.

Variable Correlation* P value

Gender Male=5.55+1.51 0.86
Female=5.50+1.28

Age -0.08 0.29

MELD score 0.30 <0.0001

MELD-Na score 0.39 <0.0001

GFR —0.42 <0.0001

Serum sodium —0.35 <0.0001

concentration

Serum phosphate —0.02 0.82

concentration

Plasma calcitriol —0.22 0.002

concentration

Serum ionized calcium —0.07 0.34

*correlation coefficients are indicated except for gender (mean *sd).

doi:10.1371/journal.pone.0066182.t002
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As observed in patients with normal liver function, we found an
inverse correlation between measured GFR and FGF23 (Table 2).
However, FGF23 concentration was above the normal value in
many patients with normal GFR values (figure 1): GFR was
normal 81% of the patients on the waiting list, but FGF23
concentration was increased in 63% of them, suggesting that a
decline in the GFR could not fully account for the increase in
FGF23 levels. To confirm this point we compared FGF23 plasma
concentration measured in the patients on the waiting list with that
measured in 384 subjects (222 males, median age 50 years, range
16-85 years) without liver disease investigated in our department
with the same procedure during the same period. GFR values
were not different between these two groups (patients on waiting
list 90*+34 ml/min; control group 87*38 ml/min, p=0.37.
figure 2A). FGF23 plasma concentration was significantly higher
in patients with cirrhosis  (patients on  waiting list
Ln(FGF23)=5.53%1.45; control group Ln(FGF23)=3.23+1.65;
mean ¥ sd, p<0.0001. figure 2B). This difference is still significant
after adjusting for age and GFR (linear regression model). These
results confirm that FGI'23 plasma concentration was significantly
higher in patients eligible for liver transplantation than in subjects
without liver dysfunction and similar GFR.

FGF23 concentration correlated with MELD score and sodium
serum concentration (Table 2) suggesting that it may be associated
with the severity of the liver disease.

Plasma FGF23 concentration was not different in the patients
with the viral or non-viral etiology of the liver disease (LnFGF23
mean * SD: 5.44*1.45 viral hepatitis —; 5.70%£1.42 wviral
hepatitis +; p=10.21) but was significantly higher in patients with
history of refractory ascites (LnFGIF23 mean * SD: 5.16%1.32
refractory ascites —; 6.40%1.37 refractory ascites +; p<<0.001).
The diagnosis of refractory ascites was made according to
described criteria [43]. Plasma FGF23 concentration was signif-
icantly lower in subjects with hepatocarcinoma (LnFGF23 mean
* SD: 5.80%1.52 hepatocarcinoma —; 5.17%1.27 hepatocarci-
noma +; p=0.0026). Patients with hepatocarcinoma had less
severe liver disease as suggested by better MELD-Na scores

12 1

10 1

Ln (FGF23)

0 25 50 75 100 125 150 175 200

GFR (ml/min)

Figure 1. FGF23 concentration according to glomerular
filtration rate (GFR) in patients with end-stage liver disease
(ESLD). Dashed lines indicate upper and normal values of FGF23 and
GFR respectively. FGF23 concentration was above normal values in
most of subjects with ESLD and normal renal function (GFR>70 ml/
min).

doi:10.1371/journal.pone.0066182.g001
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Figure 2. Comparison of FGF23 concentration between pa-
tients with end-stage liver disease (ESLD) or normal liver
function (control). (A) Glomerular filtration rate (GFR) was not
different between patients with ESLD and controls. (B) FGF23
concentration was significantly higher in patients with ESLD than in
control subjects (p<<0.0001). Results are mean = SD.
doi:10.1371/journal.pone.0066182.g002

(13.9%5.4 vs 18.3£7.7, p<<0.0001) and the lower frequency of
refractory ascites (11.7% vs 88.3% p<<0.0001).

FGF23 Plasma Concentration and Mortality

Since the increase in FGIF23 plasma concentration was
significantly associated with two known prognostic markers of
survival (MELD score and hyponatremia) in patients with liver
diseases, we examined the association between FGI23 plasma
levels and the risk of death in the patients on the transplant waiting
list.

During the time of the study, 135 patients underwent liver
transplantation, 43 died before being transplanted (22%) and 22
were still on the waiting list at the end of the study. During the
study period, none of the patients included in this study were
removed from the waiting list. Median follow-up was 201 days
(range 2 to 1347). Kaplan-Meier survival curve is shown on
figure 3A.

On univariate analysis (Table 3), the risk of death increased
significantly with FGF23 plasma concentration, MELD and
MELD-Na scores and decreased significantly with GFR and
sodium serum concentration. Gender and age were not prognostic
factors on the waiting list (T'able 3).

On multivariate analysis including FGF23, MELD-Na score
and GFR, refractory ascites history and the presence of
hepatocarcinoma, only FGF23 plasma concentration remained
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Figure 3. Patient survival according to plasma FGF23 concentration at the time of registration on the transplant waiting list. (A)
Kaplan-Meier survival-plot for patients on the liver-transplant waiting list. (B) Patient survival in relation to plasma FGF23 concentration measured at
the time of the registration on the transplant waiting list. Dashed line represents FGF23 concentration >241 RU/ml and plain line FGF23
concentration =241 RU/ml.

doi:10.1371/journal.pone.0066182.g003
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Table 3. Univariate analysis of prognostic factors on the
waiting list.

Hazard ratio Cl 95% P value
Gender 0.87 [0.45-1.68] 0.68
Age* 1.01 [0.97-1.04] 0.69
Ln(FGF23)* 2.03 [1.68-2.45] <0.0001
MELD score* 1.03 [1.01-1.05] 0.04
GFR* 0.98 [0.97-0.99] <0.0001
Serum sodium concentration* 0.84 [0.79-0.90] <0.0001
MELD-Na score* 1.04 [1.02-1.07] 0.002
Viral hepatitis 0.84 [0.43-1.61] 0.59
Refractory ascites 2.89 [1.59-5.26] 0.001
Hepatocellular carcinoma 0.49 [0.25-0.97] 0.04

Analyses were performed with the use of a Cox proportional-hazard analysis
considering transplant as a censor.

*HR for an increase of one unit of the variable.

GFR: glomerular filtration rate.

doi:10.1371/journal.pone.0066182.t003

significantly associated with an increased risk of death (hazard
ratio 2.21; 95% CI, 1.69 to 2.92, p<<0.001) (Table 4).

Survival was markedly lower in patients with serum FGF23
concentration above median value (>241 RU/ml) (figure 3B).

Production of FGF23 by the Liver

Our results in human with ESLD suggested that plasma FGF23
increase could be induced by the severity of chronic liver lesions.
To confirm this point we measured plasma FGF23 concentration
in control mice and in mice that received one injection of diethyl-
nitrosamine (DEN) and developed liver lesions. Nine months after
DEN injection plasma FGI23 concentrations were significantly
higher in DEN-treated mice (figure 4A) than in controls. To
determine if production of FGF23 by the liver could participate to
the increase in FGF23 concentration we measured by quantitative
rtPCR FGF23 mRNA expression in the liver of control mice and
DEN-treated mice 3 and 9 months after DEN injection. FGF23
mRNA was undetectable in control mice at any age but was
present in the liver of all DEN-treated mice (figure 4B). Because
liver lesions develop with time in DEN-treated mice we compared
the expression of liver FGF23 mRNA at 3 and 9 months after
DEN injection. Liver FGF23 mRNA expression significantly

Table 4. Multivariate analysis of prognostic factors on the
waiting list.

Hazard ratio Cl 95% P value
Ln(FGF23)* 2.21 [1.67-2.93] <0.0001
GFR* 1.00 [0.97-1.01] 0.67
MELD-Na score* 0.97 [0.94-1.01] 0.11
Refractory ascites 0.88 [0.40-1.94] 0.75
Hepatocellular 0.75 [0.34-1.67] 0.48
carcinoma

Analyses were performed with the use of a Cox proportional-hazard analysis
considering transplant as a censor.

*HR for an increase of one unit of the variable.

GFR: glomerular filtration rate.

doi:10.1371/journal.pone.0066182.t004
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increased between month 3 and month 9 (figure 4B). To assess if
the increase in FGF23 mRNA expression in the liver could
account for the increase in plasma FGF23 concentration we
plotted for each mouse the level of liver FGF23 mRNA expression
against FGI'23 plasma expression. The correlation between liver
FGF23 mRNA and plasma FGF23 concentration fitted best with a
second order polynomial (quadratic) curve (R” = 0.9993) (Figure 5).

Discussion

In this study we report for the first time that plasma FGF23
concentration is increased in patients with end stage liver disease
and we show that FGF23 plasma levels predict the risk of death in
patients on the liver-transplant waiting list. Multivariate analysis
indicates that FGF23 concentration was the best predictor of the
risk of mortality. Multivariate analysis indicates that FGI23
concentration is a predictor of mortality independent of renal
function in patients on the liver-transplant waiting list.

The sample on the liver-transplant waiting list did not differ by
its characteristic from those reported in other studies, regarding
the distributions of age, MELD and MELD-Na score, serum
sodium concentration, sex ratio, the causes of cirrhosis or the
number of deaths during the 44 months of the study
[44,45,46,47,48]. As reported in other studies we observed that
the MELD and MELD-Na scores and serum sodium concentra-
tion were associated with an increased risk of death in our patients.

Univariate analyses using transplant as a censor or considering
death and liver transplant as competing risks indicate that FGI23
concentration was markedly associated with patient survival.
Indeed, an increase in each unit of logarithm of FGI23 doubles
the risk of death. Survival curves show that FGF23 concentration
above 240 RU/ml is markedly associated with an increased risk of
death.

Multivariate analyses confirmed that plasma FGF23 concen-
tration measured at the time of registration on the waiting list
predicts the risk of death independently and better than the
commonly used parameters including MELD-Na score, or the
GFR value. Whether the combination of FGI23 concentration
with the MELD-Na score may further improve the prediction of
mortality in the waiting list remains to be determined.

We found an inverse correlation between FGF23 levels and
circulating calcitriol concentration suggesting that FGF23 was
biologically active. This correlation is in line with the results of the
measurements made with the kit that specifically measures intact
FGF23.

Several studies reported an association between FGF23
concentration and an increased risk of death, cardiac hypertrophy,
heart failure, atrial fibrillation in different population including
dialysis patients, patients with moderate alteration of kidney
function, subjects with normal GFR and in subjects with chronic
heart disease [29,30,31,49,50,51,52]. Our results show that high
plasma FGIF23 concentration are associated with an increased risk
of death also in patients with ESLD on a transplantation waiting
list. Recent data suggest that FGF23 may be directly responsible
for the increased risk of death because of toxic effects when its
concentration rises above physiological values [24]. Under
physiological conditions FGF23 binds to its receptor made of a
FGF receptor (FGFR type 1, 3 or 4) and the protein Klotho. Only
cells that co-express a FGFR and Klotho are sensitive to FGF23
signaling. However when FGF23 plasma levels increase above
physiological values FGI23 can exhibit off-target effects. It can
stimulate FGFR in the absence of Klotho and trigger new
signaling pathway in particular on cardiomyocytes [24]. This
mechanism participate to the left ventricular hypertrophy and the

June 2013 | Volume 8 | Issue 6 | €66182



180 1
®
A 160 A
£ 140 1
(o]
£
S 120 .
® —
..E. ®
S 100 -
o
5 °
o 80
&
™ L ]
‘.,.D_ 60
(1]
g
& 40 A
o L ]
20 1
0 T ,
control DEN
70
[ ]
60
T 50 1
o
2
3 401
<
4
['4
£
£ 30
£ d
\n' L]
Q
[T
2 201 .
10 A ¢
[ ]
0 — .
Control DEN 3M DEN 9M

Figure 4. FGF23 plasma concentration and FGF23 mRNA level
quantification in control and DEN- treated mice. (A) FGF23
plasma concentration in control mice (n=6) and in DEN-treated mice
(n=6). The bars represent the means, and the circles the individual
sample values. Samples were compared with the median test, p<<0.005.
(B) FGF23 mRNA expression was measured by qRT-PCR in the liver of
control (untreated) mice and DEN-treated mice at 3 (n=5) and 9 (n=5)
months after DEN injection. Since FGF23 mRNA was undetectable in
control mice the fold of increase were expressed by comparison to 3
month DEN-treated mice. The bars represent the means, and the circles
the individual sample values. Samples from DEN-treated mice were
compared with the median test, p<<0.005.
doi:10.1371/journal.pone.0066182.g004

increased risk of mortality associated with high FGF23 levels.
FGF23 may similarly increase the risk of death in patients with end
stage liver disease. However it is likely that FGI23 “off-target”
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Figure 5. Correlation of plasma FGF23 concentration with liver
FGF23 mRNA expression in DEN treated mice at month 9.
Plasma FGF23 concentration and FGF23 mRNA expression were
measured in 5 mice 9 month after a single injection of DEN. The best
fitting was obtained with a second order polynomial curve (R*=0.9993).
The best fitting equation was determined by GraphPad Prism 5 for mac.
doi:10.1371/journal.pone.0066182.g005

effects are not restricted to the heart. FGF23 may also increase the
sensitivity to infection. Indeed FGF23 inhibits calcitriol synthesis
and enhances the expression of CYP24Al, the enzyme that
degrades calcitriol and 250H vitamin D. Calcitriol induces innate
antimicrobial response, suppresses pro-inflammatory cytokine
response via endocrine, paracrine and autocrine activity. Low
calcitriol and 25 OH vitamin D concentrations have been
associated with an increase risk of infection and an increased risk
of death [53,54].

The increase in FGF23 concentration was not triggered by the
physiological stimuli of FGF23 production by bone cells. Indeed
plasma calcitriol concentrations were below the upper normal
range in most of the patients elevated FGF23. Similarly a decrease
in renal function cannot account for the increase in FGF23
concentration since first most subjects with ESLD and elevated
FGF23 concentration had normal renal function and second when
matched for GFR with control subjects, ESLD patients had higher
FGF23 concentrations. On physiological condition the main
source of FGF23 is the osteocyte [3]. In some studies low levels
of FGF23 mRNA have been detected in normal liver [3,12,55,56].
We found that FGF23 mRNA was present in the liver of mouse
fetuses (data not shown) but not in adults. Our results obtained in
an animal model with DEN-induced chronic liver lesions support
the view that chronic injury of liver cells induces a marked re-
expression of FGI23 that can account for the increase in plasma
FGF23 concentration as suggested by the correlation between
FGF23 mRNA levels in the liver and plasma FGF23 concentration
in DEN treated mice. The re-expression of FGF23 in the liver is
independent of the presence of a virus or a hepatocarcinoma but
seems to reflect the severity of liver dysfunction. We could not
assess FGIF23 mRNA expression in the liver of the patients
because we did not have liver biopsies or explanted livers available
for RNA extraction for the patients studied. Consequently we
studied FGF23 mRNA expression in the liver of DEN-treated
mice. We observed a correlation between FGF23 production and
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the severity of liver lesions. This is in line with the correlation we
observed between FGI23 concentration and the MELD score
whose two main components, INR and total bilirubin concentra-
tion, are related to liver cell functions.

In conclusion we report that plasma FGF23 concentration is
increased in patients with end stage liver disease on a waiting list
for liver transplantation and is markedly associated with an
increased risk of mortality. Our results suggest that circulating
FGF23 is due to FGIF23 mRNA re-expression by liver cells during
chronic liver lesions. In our patients in the liver-transplant waiting
list FGF23 was the best predictor of survival. Additional
multicentric studies enrolling a greater number of patients are
needed to confirm our findings and validate that plasma FGIF23
concentration, which can be easily measured using an ELISA,
could be used as a new marker, alone or in combination with

References

1. Nishimura T, Nakatake Y, Konishi M, Itoh N (2000) Identification of a novel
FGF, FGF-21, preferentially expressed in the liver. Biochim Biophys Acta 1492:
203-206.

2. Nagasaki T, Lieberman MA (1991) Liver contains heparin-binding growth
factors as the major growth factor for cultured fibroblasts. Hepatology 13: 6-14.

3. Mirams M, Robinson BG, Mason RS, Nelson AE (2004) Bone as a source of
FGF23: regulation by phosphate? Bone 35: 1192-1199.

4. Raimann A, Ertd DA, Helmreich M, Sagmeister S, Egerbacher M, et al. (2013)
Fibroblast Growth Factor 23 and Klotho Are Present in the Growth Plate.
Connective Tissue Research 54: 108-117.

5. Yu C, Wang I, Jin C, Huang X, Miller DL, et al. (2003) Role of fibroblast
growth factor type 1 and 2 in carbon tetrachloride-induced hepatic injury and
fibrogenesis. Am J Pathol 163: 1653-1662.

6. Jin-no K, Tanimizu M, Hyodo I, Kurimoto F, Yamashita T (1997) Plasma level
of basic fibroblast growth factor increases with progression of chronic liver
disease. J Gastroenterol 32: 119-121.

7. Shackel NA, McGuinness PH, Abbott CA, Gorrell MD, McCaughan GW
(2002) Insights into the pathobiology of hepatitis C virus-associated cirrhosis:
analysis of intrahepatic differential gene expression. Am J Pathol 160: 641-654.

8. Uematsu S, Higashi T, Nouso K, Kariyama K, Nakamura S, et al. (2005)
Altered expression of vascular endothelial growth factor, fibroblast growth
factor-2 and endostatin in patients with hepatocellular carcinoma.
J Gastroenterol Hepatol 20: 583-588.

9. Gauglhofer C, Sagmeister S, Schrottmaier W, Fischer C, Rodgarkia-Dara C, et
al. (2011) Up-regulation of the fibroblast growth factor 8 subfamily in human
hepatocellular carcinoma for cell survival and neoangiogenesis. Hepatology 53:
854-864.

10. Prie D, Urena Torres P, Friedlander G (2009) Latest findings in phosphate
homeostasis. Kidney Int 75: 882-889.

11. Saito H, Maeda A, Ohtomo S, Hirata M, Kusano K, et al. (2005) Circulating
FGF-23 is regulated by lalpha,25-dihydroxyvitamin D3 and phosphorus in vivo.
J Biol Chem 280: 2543-2549.

12. Shimada T, Mizutani S, Muto T, Yoneya T, Hino R, et al. (2001) Cloning and
characterization of FGI23 as a causative factor of tumor-induced osteomalacia.
Proc Natl Acad Sci U S A 98: 6500-6505.

13. Saito H, Kusano K, Kinosaki M, Ito H, Hirata M, et al. (2003) Human
fibroblast growth factor-23 mutants suppress Na+-dependent phosphate co-
transport activity and lalpha,25-dihydroxyvitamin D3 production. J Biol Chem
278: 2206-2211.

14. Shimada T, Hasegawa H, Yamazaki Y, Muto T, Hino R, et al. (2004) FGF-23 is
a potent regulator of vitamin D metabolism and phosphate homecostasis. ] Bone
Miner Res 19: 429-435.

15. Yamazaki Y, Okazaki R, Shibata M, Hasegawa Y, Satoh K, et al. (2002)
Increased circulatory level of biologically active full-length FGF-23 in patients
with hypophosphatemic rickets/osteomalacia. J Clin Endocrinol Metab 87:
4957-4960.

16. Yamazaki Y, Tamada T, Kasai N, Urakawa I, Aono Y, et al. (2008) Anti-FGF23
neutralizing antibodies show the physiological role and structural features of
FGF23. J Bone Miner Res 23: 1509-1518.

17. Ferrari SL, Bonjour JP, Rizzoli R (2005) Fibroblast growth factor-23 relationship
to dietary phosphate and renal phosphate handling in healthy young men. J Clin
Endocrinol Metab 90: 1519-1524.

18. Gupta A, Winer K, Econs MJ, Marx SJ, Collins MT (2004) FGF-23 is clevated
by chronic hyperphosphatemia. J Clin Endocrinol Metab 89: 4489-4492.

19. Kolek OI, Hines ER, Jones MD, LeSueur LK, Lipko MA, et al. (2005)
lalpha,25-Dihydroxyvitamin D3 upregulates FGF23 gene expression in bone:
the final link in a renal-gastrointestinal-skeletal axis that controls phosphate
transport. Am ] Physiol Gastrointest Liver Physiol 289: G1036-1042.

20. Burnett SAM, Gunawardene SC, Bringhurst FR, Juppner H, Lee H, et al.
(2006) Regulation of C-terminal and intact FGF-23 by dietary phosphate in men
and women. ] Bone Miner Res 21: 1187-1196.

PLOS ONE | www.plosone.org

FGF23 Predicts Mortality in Liver Disease

classical markers, to elaborate new rules to prioritize the allocation
of liver grafts on the basis of the risk of death for the patients.

Supporting Information

Figure S1 Correlation between Log of FGF23 levels
measured with the intact FGF23 assay (Kainos labora-
tories) and the C-terminal FGF23 assay (Immutopics).

(TTEF)

Author Contributions

Conceived and designed the experiments: DP AF CE IC DL FD GF.
Performed the experiments: DP AF IC MC DE. Analyzed the data: DP AF
CE FD GF. Contributed reagents/materials/analysis tools: DP AF CF CE
IC DL FD. Wrote the paper: DP CE FD GF.

21. Antoniucci DM, Yamashita T, Portale AA (2006) Dietary phosphorus regulates
serum fibroblast growth factor-23 concentrations in healthy men. J Clin
Endocrinol Metab 91: 3144-3149.

22. Gutierrez O, Isakova T, Rhee E, Shah A, Holmes J, et al. (2005) Fibroblast
growth factor-23 mitigates hyperphosphatemia but accentuates calcitriol
deficiency in chronic kidney disease. J] Am Soc Nephrol 16: 2205-2215.

23. Larsson T, Nisbeth U, Ljunggren O, Juppner H, Jonsson KB (2003) Circulating
concentration of FGF-23 increases as renal function declines in patients with
chronic kidney disease, but does not change in response to variation in
phosphate intake in healthy volunteers. Kidney Int 64: 2272-2279.

24. TFaul C, Amaral AP, Oskouei B, Hu M-C, Sloan A, et al. (2011) FGF23 induces
left ventricular hypertrophy. Journal of Clinical Investigation 121: 4393-4408.

25. Jean G, Terrat JC, Vanel T, Hurot JM, Lorriaux C, et al. (2009) High levels of
serum fibroblast growth factor (FGF)-23 are associated with increased mortality
in long haemodialysis patients. Nephrol Dial Transplant 24: 2792-2796.

26. Gutierrez OM, Mannstadt M, Isakova T, Rauh-Hain JA, Tamez H, et al. (2008)
Fibroblast growth factor 23 and mortality among patients undergoing
hemodialysis. N Engl J Med 359: 584-592.

27. Arnlov ], Carlsson AC, Sundstrom J, Ingelsson E, Larsson A, et al. (2012) Higher
fibroblast growth factor-23 increases the risk of all-cause and cardiovascular
mortality in the community. Kidney International.

28. Gruson D, Lepoutre T, Ketelslegers J-M, Cumps J, Ahn SA, et al. (2012) C-
terminal FGF23 is a strong predictor of survival in systolic heart failure. Peptides
37: 258-262.

29. Parker BD, Schurgers L], Brandenburg VM, Christenson RH, Vermeer C, et al.
(2010) The associations of fibroblast growth factor 23 and uncarboxylated matrix
Gla protein with mortality in coronary artery disease: the Heart and Soul Study.
Ann Intern Med 152: 640-648.

30. Isakova T, Xie H, Yang W, Xie D, Anderson AH, et al. (2011) Fibroblast growth
factor 23 and risks of mortality and end-stage renal disease in patients with
chronic kidney disease. JAMA 305: 2432-2439.

31. Kendrick J, Cheung AK, Kaufman JS, Greene T, Roberts WL, et al. (2011)
FGF-23 Associates with Death, Cardiovascular Events, and Initiation of Chronic
Dialysis. Journal of the American Society of Nephrology 22: 1913-1922.

32. Fliser D, Kollerits B, Neyer U, Ankerst DP, Lhotta K, et al. (2007) Fibroblast
growth factor 23 (FGF23) predicts progression of chronic kidney disease: the
Mild to Moderate Kidney Disecase (MMKD) Study. J Am Soc Nephrol 18:
2600-2608.

33. Kamath PS, Kim WR (2007) The model for end-stage liver disease (MELD).
Hepatology 45: 797-805.

34. Biggins SW, Kim WR, Terrault NA, Saab S, Balan V, et al. (2006) Evidence-
based incorporation of serum sodium concentration into MELD. Gastroenter-
ology 130: 1652-1660.

35. Biggins SW, Rodriguez HJ, Bacchetti P, Bass NM, Roberts JP, et al. (2005)
Serum sodium predicts mortality in patients listed for liver transplantation.
Hepatology 41: 32-39.

36. Heuman DM, Abou-Assi SG, Habib A, Williams LM, Stravitz RT, et al. (2004)
Persistent ascites and low serum sodium identify patients with cirrhosis and low
MELD scores who are at high risk for early death. Hepatology 40: 802-810.

37. Ruf AE, Kremers WK, Chavez LL, Descalzi VI, Podesta LG, et al. (2005)
Addition of serum sodium into the MELD score predicts waiting list mortality
better than MELD alone. Liver Transpl 11: 336-343.

38. Kamath PS, Wiesner RH, Malinchoc M, Kremers W, Therneau TM, et al.
(2001) A model to predict survival in patients with end-stage liver disease.
Hepatology 33: 464-470.

39. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

40. Cox DR (1972) Regression Models and Life-Tables. Journal of the Royal
Statistical Society Series B (Methodological) 34: 187-220.

June 2013 | Volume 8 | Issue 6 | €66182



41.

42.

43.

44.

46.

47.

48.

Kaplan EL, Meier P (1958) Nonparametric Estimation from Incomplete
Observations. Journal of the American Statistical Association 53: 457-481.
FIne JP, Gray RJ (1999) A Proportional Hazards Model for the Subdistribution
of a Competing Risk. Journal of the American Statistical Association 94: 496
509.

Arroyo V, Gines P, Gerbes AL, Dudley EJ, Gentilini P, et al. (1996) Definition
and diagnostic criteria of refractory ascites and hepatorenal syndrome in
cirrhosis. International Ascites Club. Hepatology 23: 164-176.

Kim WR, Biggins SW, Kremers WK, Wiesner RH, Kamath PS, et al. (2008)
Hyponatremia and mortality among patients on the liver-transplant waiting list.

N Engl ] Med 359: 1018-1026.

. Gotthardt D, Weiss KH, Baumgartner M, Zahn A, Stremmel W, et al. (2009)

Limitations of the MELD score in predicting mortality or need for removal from
waiting list in patients awaiting liver transplantation. BMC Gastroenterol 9: 72.
Northup PG, Wanamaker RC, Lee VD, Adams RB, Berg CL (2005) Model for
End-Stage Liver Disease (MELD) predicts nontransplant surgical mortality in
patients with cirrhosis. Ann Surg 242: 244-251.

Londono MC, Cardenas A, Guevara M, Quinto L, de Las Heras D, et al. (2007)
MELD score and serum sodium in the prediction of survival of patients with
cirrhosis awaiting liver transplantation. Gut 56: 1283-1290.

Luca A, Angermayr B, Bertolini G, Koenig F, Vizzini G, et al. (2007) An
integrated MELD model including serum sodium and age improves the
prediction of early mortality in patients with cirrhosis. Liver Transpl 13: 1174
1180.

PLOS ONE | www.plosone.org

49.

50.

51.

52.

53.

FGF23 Predicts Mortality in Liver Disease

Wolf M, Molnar MZ, Amaral AP, Czira ME, Rudas A, et al. (2011) Elevated
Fibroblast Growth Factor 23 is a Risk Factor for Kidney Transplant Loss and
Mortality. Journal of the American Society of Nephrology 22: 956-966.
Plischke M, Neuhold S, Adlbrecht C, Bielesz B, Shayganfar S, et al. (2011)
Inorganic phosphate and FGF-23 predict outcome in stable systolic heart failure.
European Journal of Clinical Investigation: no-no.

Seiler S, Cremers B, Rebling NM, Hornof F, Jeken J, et al. (2011) The
phosphatonin fibroblast growth factor 23 links calcium-phosphate metabolism
with left-ventricular dysfunction and atrial fibrillation. European Heart Journal.
Gutierrez OM, Wolf M, Taylor EN (2011) Fibroblast Growth Factor 23,
Cardiovascular Disease Risk Factors, and Phosphorus Intake in the Health
Professionals Follow-up Study. Clin J Am Soc Nephrol.

Zittermann A, Schleithoff' 8S, Frisch S, Gotting C, Kuhn J, et al. (2009)
Circulating calcitriol concentrations and total mortality. Clin Chem 55: 1163~
1170.

. Lang PO, Samaras N, Samaras D, Aspinall R (2012) How important is vitamin

D in preventing infections? Osteoporos Int.

Consortium A (2000) Autosomal dominant hypophosphataemic rickets is
associated with mutations in FGF23. Nat Genet 26: 345-348.

Shimada T, Muto T, Urakawa I, Yoneya T, Yamazaki Y, et al. (2002) Mutant
FGF-23 responsible for autosomal dominant hypophosphatemic rickets is
resistant to proteolytic cleavage and causes hypophosphatemia in vivo.
Endocrinology 143: 3179-3182.

June 2013 | Volume 8 | Issue 6 | €66182



