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ABSTRACT

Background. Experimental studies have shown fibroblast growth factor 23 (FGF23)-mediated upregulation of the distal tubule
sodium/chloride (NaþCl�) co-transporter leading to increased Na reabsorption, volume expansion and hypertension.
However, data on the associations of FGF23 with renal Na regulation and blood pressure (BP) are lacking in young CKD
patients.

Methods. FGF23 and other determinants of mineral metabolism, plasma renin activity (PRA), fractional excretion of Na (FENa)
and BP, were analyzed at a single center in 60 patients aged 5–22 years with CKD Stages 1 (n¼33) and Stages 2–3 (n¼27)
defined by cystatin C- and creatinine-based estimating equations (estimated glomerular filtration rate, eGFR). Associations
between FGF23 and renal Na handling were explored by regression analysis.

Results. Median FGF23 levels were higher in CKD Stages 2–3 versus CKD 1 (119 versus 79 RU/mL; P<0.05), with
hyperparathyroidism [parathyroid hormone (PTH) >69 pg/mL] in only few subjects with CKD Stages 2–3. Median FENa was
comparable in both subgroups, but with proportionally more values above the reference mean (0.55%) in CKD Stages 2–3
and 3-fold higher (1.6%) in CKD Stage 3. PRA was higher in CKD Stages 2–3 (P<0.05). Meanwhile in CKD Stage 1, FGF23 did
not associate with FENa, and in CKD Stages 2–3 FGF23 associated positively with FENa (r¼0.4; P<0.05) and PTH (r¼0.45;
P<0.05), and FENa associated with FE of phosphate (r¼0.6; P<0.005). Neither FGF23 nor FENa was associated with systolic
or diastolic BP in either subgroup. The negative association of eGFR by cystatin with FENa remained the strongest predictor
of FENa by multivariable linear regression in CKD Stages 2–3.

Conclusions. The elevated FGF23, FENa and PRA and the positive association of FGF23 with FENa do not suggest FGF23-
mediated increased tubular Na reabsorption and volume expansion as causing hypertension in young patients with
incipient CKD.
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INTRODUCTION

Patients with chronic kidney disease (CKD) have a high cardio-
vascular mortality [1, 2]. Hypertension is a frequent comorbidity
in both adults and children with CKD, contributing to CKD pro-
gression [3, 4] and cardiac-related morbidity and mortality [2].
Fibroblast growth factor 23 (FGF23), a phosphaturic hormone
that suppresses 1,25(OH)2 vitamin D [1,25(OH)2D, calcitriol] syn-
thesis, is a powerful predictor of adverse outcomes in patients
with CKD [5]. FGF23 concentrations reach levels several hun-
dred times the normal range in advanced CKD [6–8] and can ex-
ert direct stimulatory effects on the heart promoting left
ventricular hypertrophy and fibrosis [9]. Whether these cardiac
effects of FGF23 are the result of direct actions targeting the
myocardial cells, or indirectly by stimulation of traditional car-
diovascular risk factors like hypertension or activation of the re-
nin–angiotensin–aldosterone system (RAAS) remains ill-defined
and the subject of ongoing research [10]. Clinically, the associa-
tion of hypertension with elevated levels of FGF23 has not been
consistent, showing mostly a rather weak association in the ab-
sence of overt renal dysfunction [11], and hypertension may be
absent in experimental models where FGF23 levels are elevated
[12]. Of particular interest are the recent experimental data sug-
gesting direct effects of FGF23 on the NaþCl� co-transporter
(NCC) of the renal distal tubular epithelium resulting in Na re-
tention, blood volume expansion, hypertension and cardiac hy-
pertrophy, advancing a novel explanation for the association
between higher FGF23 and cardiovascular morbidity and mor-
tality [13]. However, this formulation is based on observations
in nonuremic models, and would imply a decrease in fractional
excretion of Na (FENa) as CKD progresses, a pathophysiological
sequence contradicting seminal studies clearly demonstrating
an increase in FENa proportional to the decline in GFR with lit-
tle, if any, increase in extracellular fluid or plasma volume in
patients with CKD [14, 15], and increased FENa following high
Na loads confirming that the changes in Na excretion are
mostly the result of adjustments in the tubular Na reabsorption
[16]. Furthermore, the use of thiazide diuretics that inhibit the
NCC for management of hypertension and volume overload in
CKD remains controversial [17]. However, more recent studies
have shown antihypertensive effects of chlorthalidone in adults
and children with CKD and resistant hypertension [18, 19].
Assessment of FENa, in a more pristine state prior to any di-
uretic usage, could further assist clinicians on the preferable
type of diuretic use in these patients. Although FGF23 was un-
known at the time the original studies were performed [14],
they would presuppose increased FGF23 concentrations as FENa
rose in the patients with progressive CKD. In one recent study
of patients with moderate CKD, FGF23 levels were indeed asso-
ciated positively with FENa, thus challenging the notion that
FGF23 causes clinically significant Na retention [20]. However,
the patients were older, mostly with chronic glomerulopathies
known to be associated with proteinuria, the study included
patients with diabetes mellitus and ischemic heart disease, and
nearly one-half were receiving diuretics. These characteristics,
particularly the use of diuretics, may confound the relation-
ships between FGF23, renal tubular handling of Na, hyperten-
sion and blood volume. The discrepancies between the
aforementioned experimental [13] and the clinical observations
[14, 15] led us to hypothesize that in younger patients with mod-
erate CKD, where chronic diuretic administration and other po-
tential confounding cardiovascular risk factors are usually
absent, FENa would not be reduced despite higher circulating
FGF23 levels. Thus, we investigated the potential associations of

circulating FGF23 and plasma renin activity (PRA) levels with tu-
bular handling of Na and blood pressure (BP) measurements in
a sample of young patients with mild to moderate incipient
CKD.

MATERIALS AND METHODS

Routine clinical and biochemical data were analyzed in 60 chil-
dren, adolescents and young adults with predialysis CKD at a
single center of the University of Miami in Miami, Florida, USA.
Eligible criteria for inclusion were CKD Stages 1–3 defined with
estimated glomerular filtration rate (eGFR) determined by creat-
inine (cr) and cystatin C (cys) equations. Exclusion criteria were
recipients of solid organ transplants, active nephrotic protein-
uria with edema, acute kidney injury in the preceding 3 months,
chronic tubulointerstitial nephritis and treatment with VDR
activators, inorganic phosphate (Pi)-chelating agents or diu-
retics. To avoid potential confounding effects of other cardio-
vascular risk factors frequently prevalent in older patients, we
excluded patients with diabetes, history of smoking, evidence
of peripheral vascular disease, clinical or echocardiographic evi-
dence of coronary heart disease and sustained poorly controlled
hypertension. Additional exclusion criteria were congenital car-
diomyopathy, primary myocardial disease or historic heart
transplantation.

In addition to routine anthropometric parameters, systolic
and diastolic BP (SBP and DBP) measurements were obtained
with an automated oscillometric device (Dynamap; GE
Healthcare, Waukesha, WI, USA) in the sitting position after
5 min of resting, and the average of three sequential measure-
ments was recorded. These readings were indexed to age, gen-
der and height percentile to define hypertension (>95th
percentile) [21]. In patients >18 years, BPs >130/80 were
recorded as >95th percentile. Plasma FGF23 was measured by a
second-generation C-terminal enzyme-linked immunosorbent
assay that recognizes both the intact FGF23 and its C-terminal
fragments (Immutopics). Values in 33 local children aged
5–21 years with normal GFR were: median 97 RU/mL, range
55–220 RU/mL, lower quartile 70 RU/mL [22]. Circulating immu-
noreactive parathyroid hormone (iPTH) (intact assay), 25(OH)
D (DiaSorin assay) and 1,25(OH)2D were measured as
previously described [17, 22], and PRA was measured by liquid
chromatography/tandem mass spectrometry (normal range
0.25–5.82 ng/mL/h). Fractional excretion of the analytes Na and
Pi were calculated as (U analyte � P cr)/(P analyte � U cr) � 100
(where U ¼ urinary; P ¼ plasma). Nonfasting tubular reabsorp-
tion of phosphate (TP) indexed to GFR (TP/GFR), a reliable and
reproducible indicator of the tubular threshold of phosphate in
young patients, was calculated as (SPi – UPi � Scr/Ucr) (where
S ¼ serum; normal value 4.01 6 0.53 mg/dL in ages >1 year) [23].

Statistical analyses

Data are expressed as mean 6 SEM or SD, median (interquartile
range) and log-transformed values for non-normally distributed
measurements. Two-tailed Student’s t-test or Mann–Whitney
(when not normally distributed) compared data between CKD
groups. Correlations were assessed by Spearman or Pearson
tests as appropriate, and multivariate linear regression analysis
for correlates between FENa and the variables of interest. Excel
(Microsoft Corp.) and Graph Pad Prism version 5.00 for Windows
(Graph Pad Software, San Diego, CA, USA) were used, and
P < 0.05 were considered significant.
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RESULTS
Cohort characteristics by CKD stage

The clinical and biochemical characteristics of all 60 patients
are displayed in Table 1. The patients were divided into two
groups: those with normal eGFR >90 mL/min/1.73 m2 (equiva-
lent to CKD Stage 1, n¼ 33), and those with eGFR >30 to <90 mL/
min/1.73 m2 (equivalent to CKD Stages 2 and 3, n¼ 27). The me-
dian ages were similar, the majority were male, white (Hispanic
and non-Hispanic) and most had non-glomerular forms of CKD.
Obesity [body mass index (BMI)>95th percentile] and short stat-
ure (height <10th percentile) were more prevalent in patients
with more advanced CKD stages. Systolic hypertension (values
>95th percentile) was similarly observed in 33% of CKD Stage 1
and in 28% of CKD Stages 2 and 3 groups, but diastolic hyperten-
sion was less prevalent. FGF23 concentrations in CKD Stage 1
(79 RU/mL) were similar to those in normal healthy controls (97
RU/mL), while FGF23 levels in CKD Stages 2–3 were nearly 50%
higher and significantly above those in CKD Stage 1 (P< 0.05).
Although median PTH values were higher in CKD Stages 2 and 3
versus CKD Stage 1 (P< 0.05), hyperparathyroidism (levels
>65 pg/mL) was detected in only four patients with CKD Stages
2 and 3 and in none with CKD Stage 1. The 1,25(OH)2 D concen-
trations were not significantly lower in CKD Stages 2 and 3, with
levels <50 pg/mL (the lowest quartile in the reference patients
with normal GFR) in nearly one-half of patients with CKD
Stages 2 and 3 (43%) but only in 23% of those with CKD Stage 1.
The 25(OHD) levels were similarly reduced (<30 ng/mL) in both
groups. Serum Na, Ca, age-adjusted Pi and albumin were nor-
mal, and none of the patients displayed hyponatremia (Na
<135 mEq/L) or hypoalbuminemia (albumin<3.5 g/dL). Values
of TP/GFR and fractional urinary excretion of phosphate (FEPi)
were similar in both subgroups (Table 1). However, FEPi >11.8%,
the 75th percentile in the reference group, was documented
nearly twice as much in CKD Stages 2 and 3 (33%) as in CKD

Stage 1 (18%), with the highest median values (25%, range
14–70%) in CKD Stage 3. Similarly, FENa median values
(Figure 1A) were comparable in both subgroups (0.54% versus
0.52% in CKD Stage 1 versus CKD Stages 2–3, respectively), but
with proportionally more values greater than the reference
mean (0.55%) and greater than the 75th percentile (0.8%) in CKD
Stages 2 and 3 patients, with values exceeding the 97th percen-
tile only in patients with GFR <60 mL/min/1.73 m2, and were 3-
fold higher (1.64%) than those with CKD Stage 1 (Figure 1A).
FENa values, potentially modifiable by dietary Na intake, were
comparable in patients of White and non-White ethnicity
(0.55 6 0.42 and 0.62 6 0.45%, respectively). PRA, an indicator of
plasma volume status (Figure 1B), was significantly higher in
the patients with reduced GFR compared with the values in
those with normal GFR (3.0 versus 2.0 ng/mL/h, respectively;
P< 0.05) and without any value <1.1 ng/mL/h, the 25th percen-
tile of the reference group.

Associations between renal Na handling, renal function,
Na regulating factors and BP

By initial analysis, in the patients with CKD Stages 2 and 3,
FENa displayed the strongest negative association with esti-
mated glomerular filtration by cystatin (eGFRcys) (P< 0.001)
(Figure 2A). Lower eGFRcr also showed an inverse relationship
with FENa (P< 0.05) (Figure 2B). Higher FENa displayed positive
associations with higher FGF23 levels (P< 0.05) (Figure 2C), se-
rum PTH (P¼ 0.05) (Figure 2D) and FEPi (P< 0.005) (Figure 2E).
FENa also correlated positively with logFGF23 (data not shown)
but did not correlate with serum Pi and Na, SBP and DBP percen-
tiles, BMI percentiles and PRA. Plasma FGF23 and log10FGF23
both correlated positively with PTH (both r¼ 0.45, both P< 0.05),
but they did not correlate with serum Ca, Pi, Na, eGFRs, FEPi, TP/
GFR, 1,25(OH)2D or PRA, and had no apparent effect on BP meas-
urements. FEPi was strongly and inversely associated with
lower eGFRcys (r ¼�0.6; P< 0.005), eGFRcr (r ¼�0.5; P< 0.005),

Table 1. Characteristics of the patients by CKD stage

Characteristic
CKD Stage 1 (n¼ 33) CKD Stages 2 and 3 (n¼ 27)

(eGFR >90 mL/min/1.73 m2) (eGFR >30–<90 mL/min/1.73 m2)

Age, years 15 (10–17) 16 (13–17)
Gender, % male/female 61/39 89/11
Ethnicity, % white/AA-other 52/48 41/59
BMI, kg/m2 (% obesity) 2365.4 (3) 2466.7 (33)
Systolic BP percentile (% above 95th percentile) 72.5628 (33) 61638 (28)
Diastolic BP percentile (% above 95th percentile) 68623 (10) 65626 (11)
eGFRcr, mL/min/1.73 m2 109 (81–131) 76 (65–102)*
eGFRcys, mL/min/1.73 m2 110 (99–118) 76 (60–83)**
Plasma FGF23, RU/mL 79 (66–125) 119 (90–164)***
Serum PTH, pg/mL 26 (19–35) (n¼ 30) 39 (23–58) (n¼ 23)***
Serum 1,25(OH)2D, pg/mL 61622 (n¼ 31) 53618 (n¼ 21)
Serum 25(OHD), ng/mL 2766.0 2969.0
Serum sodium, mEq/L 13960.4 13960.3
Serum calcium, mg/dL 9.760.4 9.760.5
Serum phosphorus, mg/dL 4.3860.7 4.4860.7
Serum albumin, g/dL 4.660.06 4.560.08
TP/GFR, mg/dL 3.84 (3.3–4.6) 3.71 (3.4–4.40)
Urine FEPi, % 9.2 (5.7–11.8) 9.6 (6.6–14.2)

Data are means6SD or medians (25–75th percentiles). AA-other, includes African-American and other non-White ethnicities; FEPi calculated as: (urine Pi � serum cr/

urine cr � serum Pi)�100; TP/GFR, tubular reabsorption of phosphate indexed to GFR; 25(OH)2D, 1,25-dihydroxyvitamin D; 25(OHD), 25-hydroxyvitamin D.

*P<0.005 versus CKD Stage 1.

**P<0.0001 versus CKD Stage 1.

***P<0.05 versus CKD Stage 1.
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TP/GFR (r ¼�0.6; P< 0.005) and 1,25(OH)2D levels (r ¼�0.7;
P< 0.05), and as stated above and in Figure 2, FEPi correlated
positively with FENa. The serum Pi correlated positively with
TP/GFR (r¼ 0.8; P< 0.005). The SBP percentile did not correlate
with BMI, eGFRs, blood concentrations of Na, Pi, 1,25(OH)2D,
PTH, FGF23 or PRA, or with urine FEPi, TP/GFR and FENa in any
of the two CKD subgroups. By multivariate linear regression
analysis with FENa as the dependent variable and factors capa-
ble of affecting FENa as independent variables, all significant
associations on the bivariate analysis were markedly attenu-
ated, whereas eGFRcys remained as the strongest predictor of
FENa in patients with CKD Stages 2 and 3 (Table 2). In patients
with CKD Stage 1, the only variable significantly associating
with FENa was the eGFRcr (r ¼�0.36; P< 0.05).

DISCUSSION

In this study, urine FENa associated strongly and positively with
FGF23 concentrations and negatively with a lower eGFR. In

addition, neither FGF23 nor FENa was associated with BP or
with PRA. These findings do not support renal Na-conserving
properties mediated by FGF23, and do not provide indirect evi-
dence of blood volume expansion, at least not in young patients
with early stages of CKD.

FGF23, a bone-derived potent phosphaturic hormone that
regulates Pi metabolism and 1,25(OH)2D metabolism, sup-
presses Pi resorption in proximal tubules by downregulating
Na-dependent phosphate co-transporter type II a/c (Npt2a/c)
[24]. The highest FEPi in our patients with higher FGF23 levels
and lower eGFR are in agreement with the rise of FGF23 levels
as the earliest change of mineral homeostasis in incipient CKD
[25] and with the known phosphaturic properties of FGF23
exhibited prior to the development of overt hyperparathyroid-
ism [26]. Similarly, the tendency toward lower levels of
1,25(OH)2D in patients with reduced eGFR and higher FGF23 lev-
els are in line with the suppressive effects of FGF23 on renal
1,25(OH)2D synthesis [24] and with the expected findings in
incipient CKD [26].

FGF23 may function not only as a phosphaturic hormone,
but, according to the aforementioned experimental studies, also
as an Na-conserving hormone [13]. The physiological signifi-
cance of the fact that FGF23 is bestowed with both phosphate-
wasting and Na-conserving activity simultaneously has not
been studied thoroughly in patients with CKD. In the present
study, FGF23 levels associated positively with FENa and nega-
tively with eGFR. These relationships, coupled with the strong
inverse relationships of both FENa and FEPi with the eGFR, the
positive relationship of FENa with FEPi and the highest FENa
values in patients with reduced GFR, suggest that both urinary
Na and Pi fractional excretion tend to increase as renal function
decreases without necessarily large fluctuations in Na and Pi in-
take [14, 27]. Although we did not quantify dietary phosphorus
and Na intake, urinary FENa values were comparable in patients
of different ethnicities with likely diverse dietary habitual Na
and Pi intakes, thus it is improbable that the patients with the
lower GFR, as a group, were selectively consuming larger
amounts of these ions to account for the higher fractional ex-
cretion values. Dietary Pi exposure and absorption are modifi-
able factors; however, studies of dietary interventions to reduce
Pi load seeking to modify FGF23 levels in patients with moder-
ate CKD have shown conflicting results. Some demonstrated a
positive effect, whereas others failed to show any influence;
hence, controlling circulating FGF23 levels by manipulating die-
tary Pi intake remains an unmet clinical challenge [28]. The
herein observed physiological adjustments are in agreement
with the original seminal observations highlighting the remark-
able ability of the failing kidneys to maintain Na and Pi homeo-
stasis in uremic patients [14, 27]. The lower the GFR, the greater
must be the fraction of solute excreted in a relationship such
that for every 50% reduction in GFR, FENa increased 2-fold while
on two different salt intake regimens [14]. We noted a similar
trend in patients with eGFR <60 mL/min/1.73 m2 having FENa
values about 3-fold the mean FENa of 0.5% of those with normal
eGFR (Figure 2). Although in the initial bivariate analysis FENa
correlated significantly with several physiological variables
such as FGF23 levels, log10FGF23 values, FEPi, PTH concentra-
tions and eGFR, the subsequent multivariable regression analy-
sis revealed that the strongest determinant of increased FENa
was the decline in GFR. The increased FENa in patients with in-
cipient CKD does not reflect increased tubular Na reabsorption
but, on the contrary, it is in agreement with experimental stud-
ies showing that in moderate renal insufficiency, the main
adaptive changes take place in the distal portions of the

FIGURE 1: Urinary FENa and PRA levels in different CKD stages. FENa overall val-

ues (A) were comparable in both subgroups, but with proportionally more values

greater than the median (0.54%) and greater than 75th percentile (0.80%) in CKD

Stages 2 and 3 patients, with values exceeding the 97th percentile (1.3%) only in

patients with reduced GFR. Solid lines represent median with interquartile

ranges, dashed line represents the reference 97th percentile. PRA measure-

ments (B) were significantly higher in the patients with CKD Stages 2 and 3, and

without any value <1.1 ng/mL/h, the 25th percentile of the reference group.

Solid lines represent median with interquartile ranges, dashed line represents

the 25th percentile of the reference group. *P<0.05 compared with CKD Stage 1.
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nephron resulting in augmented fractional urinary Na excretion
[29]. Na reabsorption in the distal nephron is highly regulated
by the thiazide-sensitive NCC and by the amiloride-sensitive
epithelial Na channel (ENaC). Regulation of the NCC and the
ENaC is complex, and involves a number of stimulatory and in-
hibitory factors including aldosterone, angiotensin-II, arginine
vasopressin and atrial natriuretic peptide, as well as other hor-
mones such as insulin and endothelin [30]. FGF23 signaling
could be yet an additional factor that leads to activation of
with-no-lysine kinase 4 (WNK4) in distal renal tubules acting

through the FGFR/Klotho receptor complex leading to increased
NCC expression resulting in renal Na retention and plasma ex-
pansion, with subsequent increased BP [13].

According to this formulation, FGF23-induced Na retention
would result in increased plasma volume during the earlier
stages of CKD. A priori changes of plasma volume and Na ho-
meostasis are usually accompanied by changes in the RAAS
[31], resulting in changes of PRA since the assay quantifies the
production of angiotensin-I, a functional measurement of renin
levels [31]. While volume contraction or decreased effective

FIGURE 2: Associations between FENa and markers of renal function and mineral homeostasis in patients with incipient CKD. FENa correlated inversely with eGFRcys

(A) and eGFRcr (B), and positively with FGF23 (C), circulating PTH (D) and FEPi (E).

Table 2. Multivariate regression analysis of determinants of FENa in patients with CKD Stages 2 and 3

Coefficients Standard error t-statistic P-value Lower 95% Upper 95%

Intercept 1.86 0.499 3.726 0.001 0.822 2.899
eGFRcys �0.02 0.006 �3.056 0.005 �0.033 �0.006
eGFRcr �0.001 0.002 �0.433 0.668 �0.006 0.004
FGF23 0.001 0 1.691 0.105 0 0.002
FEPi 0.009 0.006 1.478 0.154 �0.003 0.022

In the above model including potential modulators of FENa, eGFRcys remained as the strongest factor associated with FENa in patients with moderately reduced GFR.
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circulating volume results in strong Na retention with reduced
FENa and activation of the RAAS with elevations of PRA, volume
expansion is accompanied by natriuresis, increased FENa and
reduced PRA [32]. Similar changes were demonstrated in
patients with CKD following high Na loads [16]. Of relevance to
the present discussion, patients with Gordon syndrome or pseu-
dohypoaldosteronism type II, a Mendelian syndrome caused by
mutations in the WNK4-coding gene that results in NCC overac-
tivity, usually display increased Na reabsorption and hyperten-
sion with reduced PRA and aldosterone levels due to volume
expansion [33]. None of our patients with reduced GFR had evi-
dence of congestive heart failure or other causes of insufficient
effective circulatory volume such as acute nephrotic syndrome,
and as a group they showed significantly higher values of PRA
compared with those with normal GFR. Although a few patients
were receiving angiotensin-converting enzyme inhibitor (ACEI)
therapy, which may have contributed to elevate PRA values,
more importantly none of the values was <25th percentile of
the reference group and thus do not conform to a state of vol-
ume expansion. Previous studies evaluating PRA levels in
patients with CKD but without congestive heart failure are lim-
ited, and have consistently shown progressively higher PRA val-
ues with declining GFR levels [34] and a markedly increased
ratio of PRA to the simultaneously measured GFR compared
with normal subjects [35]. These findings suggest activation of
the RAAS as a result of the loss of functioning nephrons.
Progressive elevations of PRA levels have also been observed in
patients with heart failure and reduced renal function even
without ACEI or angiotensin-receptor blockers treatment [36],
and who concomitantly displayed higher FGF23 levels [37].
These observations raise the possibility that as a result of the
renal dysfunction, FGF23 could contribute to RAAS activation
[10] with subsequent increase in PRA [34, 35], and activation of
the intrarenal RAAS [38] may contribute to the progression of
CKD and hypertension. Our patients with reduced GFR demon-
strated significantly higher FGF23 and PRA levels, concurrent
with lower concentrations of 1,25(OH)2D, underscoring the com-
plex relationships between FGF23, vitamin D and the RAAS in-
dependent of overt volume changes, as observed in uremic
animals [39, 40] and in patients with genetically deficient
1,25(OH)2D secretion who display low or undetectable 1,25(OH)2D
levels, elevated FGF23 and increased PRA values [22]. Whether
a similar intricate cross-talk among the RAAS, vitamin D
and FGF23 at the tissue level in the kidney and cardiomyocytes
[39–41], may also operate at a systemic level involving the periph-
eral circulating RAAS and FGF23 independent of plasma volume
changes in patients with CKD has been suggested [42] and will
require additional investigations.

We documented overall systolic hypertension in about one-
third of the patients, similar to previous cohorts of young
patients with moderate CKD [43]. The relationship between ele-
vated BP and the development of left ventricular hypertrophy
(LVH) and other outcomes is not clear in young patients with
moderate CKD, some showing no significant associations [44],
and others reporting strong associations [45]. Whether the
associations of FGF23 levels with LVH in patients of all ages
with [6–8] or without known CKD [46, 47] are mediated through
predominantly direct effects of FGF23 on the myocardium inde-
pendent of hypertension [9] and renal impairment [12], or indi-
rectly through BP changes, remains debatable. Most studies
reported weak or no independent associations between FGF23
and BP [11] although recently higher FGF23 levels were indepen-
dently associated with incident hypertension in younger adults
without CKD [48]. We did not elicit significant associations

between FGF23 levels and either systolic or diastolic BP meas-
urements. Furthermore, none of the other traditional variables
capable of modulating BP including BMI, eGFR, blood concentra-
tions of Na, PTH, 1,25(OH)2D, Pi and PRA or tubular handling of
Pi showed significant correlations with BP percentiles in the
group with reduced eGFR.

Several observations suggest alternative FGF23-dependent
or -independent mechanisms that may lead to adverse cardio-
vascular outcomes: improved cardiac hypertrophy was ob-
served in young dialysis patients treated with paricalcitol
despite further elevations of FGF23 and persistently high BPs
[39]; LVH may progress even when BP is optimally controlled in
patients with moderate pre-dialysis CKD [49]; and comparable
BP reduction was observed in patients with CKD Stage 1 treated
with amlodipine or ramipril, although FGF23 levels declined
only in those given ramipril [50]. FGF23 also suppresses renal
expression of a-Klotho, and its deficiency is linked to uremic
cardiomyopathy through FGF23-independent mechanisms [51]
and Klotho participates in the tubular reabsorption of Na [13].

Of additional interest is the potential role of Pi as a possible
independent cause of hypertension. In healthy young adults,
high Pi diets increased Pi, FGF23 levels and BP, with persistent
hypertension after normalization of FGF23; the significant
increases of urinary metanephrine and normetanephrine indi-
cated Pi-mediated sympathetic activation as a contributing
mechanism of hypertension independent of FGF23 [52]. Of note,
in this latter study, changes of BP following the different phos-
phate diets occurred without changes in urinary Na, PRA or al-
dosterone levels, suggesting that factors other than FGF23 may
participate in the modulation of BP and myocardial hypertro-
phy. Additional supporting evidence for the role of Pi as an es-
sential cause of the cardiovascular toxicity that accompanies
FGF23 in more advanced CKD comes from the previously men-
tioned experimental murine hypophosphatemic model mimick-
ing human X-linked hypophosphatemic rickets showing
absence of hypertension, LVH and cardiac dysfunction in this
non-uremic hypophosphatemic model [12]. In our cohort, se-
rum Pi levels were normal and neither Pi, FEPi nor TP/GFR asso-
ciated with BP.

The present study has strengths and limitations. It is the
first systematic evaluation of renal tubular handling of Na and
Pi with simultaneously measured FGF23 levels and biomarkers
of volume overload and their relationships with hypertension
in young CKD patients. The studied cohort had little or no long-
term exposure to traditional cardiovascular risk factors, and all
patients were naı̈ve to diuretic therapy, an important con-
founder of renal Na handling. Since it is an observational cross-
sectional analysis, it does not allow us to draw conclusions
about causation between FGF23, FENa and hypertension, and
the observational nature of the study cannot rule out the possi-
bility that FGF23 may increase tubular Na reabsorption in other
non-uremic clinical conditions similar to those described in the
aforementioned experimental model [13]. While recombinant
FGF23 injection directly upregulated distal tubular NCC and re-
duced urinary Na excretion in the murine model, similar studies
are not feasible in humans. The number of patients studied is
not large, and our findings will require confirmatory and longi-
tudinal studies with a larger number of participants including
patients with more advanced stages of CKD and the use of novel
noninvasive body volume measurements and biomarkers
reflecting renal NCC expression [53] to help clarify the discrep-
ancies between the experimental studies linking FGF23 and the
NCC to Na retention and the findings in the current study. Such
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studies may conceivably contribute to substantiate the use of
thiazides in patients with CKD [18].

In conclusion, the elevated FGF23, FENa and PRA and the
positive association of FGF23 with urinary FENa values reported
in young patients with incipient CKD in the present study do
not support experimental findings bestowing FGF23 with tubu-
lar Na-retentive properties.
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