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The bone-derived hormone fibroblast growth factor-23

(FGF23) has recently received much attention due to its asso-

ciation with chronic kidney disease and cardiovascular disease

progression. Extracellular sodium concentration ([Na+]) plays a

significant role in bone metabolism. Hyponatremia (lower

serum [Na+]) has recently been shown to be independently

associated with FGF23 levels in patients with chronic systolic

heart failure. However, nothing is known about the direct

impact of [Na+] on FGF23 production. Here, we show that an

elevated [Na+] (+20 mM) suppressed FGF23 formation,

whereas low [Na+] (−20 mM) increased FGF23 synthesis in the

osteoblast-like cell lines UMR-106 and MC3T3-E1. Similar

bidirectional changes in FGF23 abundance were observed when

osmolality was altered by mannitol but not by urea, suggesting

a role of tonicity in FGF23 formation. Moreover, these changes

in FGF23 were inversely proportional to the expression of

NFAT5 (nuclear factor of activated T cells-5), a transcription

factor responsible for tonicity-mediated cellular adaptations.

Furthermore, arginine vasopressin, which is often responsible

for hyponatremia, did not affect FGF23 production. Next, we

performed a comprehensive and unbiased RNA-seq analysis of

UMR-106 cells exposed to low versus high [Na+], which

revealed several novel genes involved in cellular adaptation to

altered tonicity. Additional analysis of cells with Crisp-Cas9–

mediated NFAT5 deletion indicated that NFAT5 controls

numerous genes associated with FGF23 synthesis, thereby

confirming its role in [Na+]-mediated FGF23 regulation. In line

with these in vitro observations, we found that hyponatremia

patients have higher FGF23 levels. Our results suggest that

[Na+] is a critical regulator of FGF23 synthesis.

Fibroblast growth factor-23 (FGF23) was discovered as

markedly elevated ‘phosphatonin’ in patients with autosomal

dominant hypophosphatemic rickets (1). High levels of FGF23

were also found in X-linked hypophosphatemia, which is

caused by inactivating mutations in the Phex gene (2, 3).

Eventually, it was found that FGF23 regulates phosphate and

vitamin D homeostasis by inhibiting renal sodium phosphate

cotransporters and suppressing the process of vitamin D

biosynthesis, respectively (4). As a result, disruption of the

FGF23 endocrine axis plays a key role in the pathophysiology

of renal and bone disorders as well as aging (4). In recent years,

FGF23 has gained significant interest due to its strong asso-

ciation with poor prognosis in chronic kidney disease and

cardiovascular disease (reviewed in (5)). In mice, high FGF23

induces left ventricular hypertrophy (6). FGF23 is mainly

produced by osteoblasts and osteocytes. Upon secretion, it

undergoes cleavage, leading to the presence of both intact

(iFGF23) and C-terminal fragments (cFGF23) in the circula-

tion (7). Dietary phosphate (8, 9), vitamin D (8), insulin (10),

volume regulation (11, 12), aldosterone (13, 14), iron status

(15), and inflammation (16) have been identified as endoge-

nous regulators of FGF23 in bone. Dietary salt intake, which

does not impact plasma Na+ levels, is thought to regulate

FGF23 through aldosterone (13, 14, 17). Furthermore, mice

lacking Klotho (a coreceptor essential for FGF23 actions)

exhibited an extended lifespan when they were fed a high-salt

diet, while reduced salt intake had a modest effect on survival

(18). However, nothing is known regarding the direct role of

extracellular sodium ion concentration ([Na+]) or osmolality in

regulating FGF23 synthesis.

Both hyponatremia (serum [Na+] <135 mM) and hyper-

natremia (serum [Na+] >145 mM) can affect bone remodeling.

Several studies have provided compelling evidence linking

hyponatremia to bone loss, osteoporosis, and heightened bone
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fragility (19–24). Most hyponatremia cases are due to the

syndrome of inappropriate antidiuretic hormone secretion

(SIAD), which is characterized by high arginine vasopressin

(AVP) levels (reviewed in (25)). On a mechanistic level, both

high AVP (26, 27) and low [Na+] levels (19, 28) are postulated

to promote osteoclastogenesis and inhibit osteoblastogenesis,

leading to bone loss in hyponatremia. Correction of hypona-

tremia in hospitalized patients has a positive impact on oste-

oblast function (29, 30). On the other hand, high [Na+] may

also enhance bone loss through an increase in osteoclastic

resorption (31). When cells were exposed to high [Na+], the

expression of the RANKL decoy receptor osteoprotegerin

(Opg) increased in both osteoclast-precursor cells and osteo-

blasts (32), suggesting a direct effect of elevated [Na+] on bone.

The intracellular milieu is almost immediately affected by

changes in [Na+] or osmolality. Within cells, osmoregulation is

mainly governed by the tonicity-responsive transcription fac-

tor tonicity-responsive enhancer-binding protein, also called

the nuclear factor of activated T cells 5 (NFAT5) (33). Hy-

pertonic conditions induce the upregulation of NFAT5, lead-

ing to the transcription of numerous NFAT5 target genes

associated with adapting to high [Na+] (33). Nevertheless,

NFAT5 remains active even under isotonic conditions and can

be either upregulated or downregulated in response to changes

in tonicity (34). A recent genome-wide association study on

plasma [Na+] concentration identified genetic variants in

NFAT5 (35). This suggests that NFAT5 may participate in the

regulation of systemic [Na+]/water balance.

A recent study has shown that hyponatremia is indepen-

dently associated with FGF23 levels in patients with chronic

systolic heart failure (36). Given the important role of [Na+] in

osteoblast functions, we hypothesized that the altered [Na+]

levels may regulate the production of FGF23 through NFAT5.

By manipulating culture media, we studied whether altered

[Na+]-mediated tonicity or osmolality or both were responsible

for FGF23 secretion by osteoblasts. Additionally, we studied

the regulation of FGF23 by high AVP, which is often observed

in hyponatremic patients.

Results

Elevated [Na+] mediated hypertonicity suppresses FGF23

formation

NaCl, as an impermeable solute, creates a hypertonic envi-

ronment when its extracellular levels increase. NFAT5 is the

key transcription factor involved in the adaptation to hyper-

tonicity (33). As demonstrated in Figure 1, A–C, +NaCl

(20 mM) and mannitol (40 mM) significantly increased

A

E F G H

B C D

Figure 1. High NaCl suppresses FGF23 formation in UMR-106 cells. A, representative immunoblots of NFAT5 and β-actin upon addition of 20 mM NaCl,
40 mM mannitol, and 40 mM urea treatment for 16 h. B, quantification of NFAT5 protein normalized with β-actin (n = 3). C, fold change Nfat5 mRNA levels;
D, cFGF23 levels in cell media; E, fold change Fgf23 mRNA levels, after treating 20 mM NaCl, 40 mM mannitol, and 40 mM urea for 24 h (n = 3–4). F, lactate
dehydrogenase (LDH) release in the cells following 0, 40, 80, 120, and 140 mM +NaCl treatment for 24 h (n = 3). G, fold change Fgf23 and Nfat5mRNA levels
following 0, 2, 5, 10, 20, and 30 mM +NaCl treatment for 24 h (n = 4). One-way ANOVA summary for Nfat5: F = 13.39; p < 0.0001; R sq. = 0.79, and for Fgf23:
F = 56.19; p < 0.0001; R sq. = 0.94. H, fold change Fgf23 and Nfat5 mRNA levels after 20 mM +NaCl treatment over 0 to 48 h (n = 3). p value (using an
unpaired t test) indicates statistically significant difference between Nfat5 and Fgf23mRNA, when compared to 0 h (normalized to one, for each time-point).
All the values are expressed in arithmetic means ± SEM. cFGF23, C-terminal fragments FGF23; FGF23, fibroblast growth factor-23; iFGF23, intact FGF23.
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NFAT5 protein and mRNA expression in the rat osteoblast-

like cell line UMR-106. However, 40 mM urea did not affect

NFAT5 protein/mRNA expression since it elevates osmolality

rather than tonicity via cell membrane permeability. The

osmolality of normal Dulbecco’s modified Eagle’s medium

(DMEM) cell culture media was 300.7 ± 2.0 mOsm/Kg. There

was an almost similar increase in osmolality after the addition

of +NaCl, mannitol, and urea (Table S1). Importantly, the total

FGF23 (cFGF23) in the cell supernatant was markedly sup-

pressed by +NaCl and mannitol, but not by urea (Fig. 1D).

Similarly, in Figure 1E, Fgf23 mRNA in cells was also signifi-

cantly suppressed by +NaCl and mannitol, but not by urea.

iFGF23 was not detected due to its very low levels in the cell

supernatant (not shown). Consistent with previous reports

(32), we confirmed that +NaCl concentration up to �80 mM

does not affect cell survival (Figs. 1F and S4). The +NaCl effect

on both Fgf23 and Nfat5mRNA was concentration-dependent,

with as little as 10 mM +NaCl significantly suppressing Fgf23

mRNA (Fig. 1G). Time-course experiments showed that Nfat5

mRNA peaked at 8 h of high-NaCl treatment, while the nadir

of Fgf23 mRNA levels was observed at 24 h (Fig. 1H). The

impact of high NaCl on FGF23 was further replicated in

MC3T3-E1 cells. After 6 days of differentiation in osteogenic

media, these cells were subjected to a 24-h treatment with

NaCl, mannitol, and urea. High NaCl, mannitol, and urea

treatments induced similar changes in Fgf23 and Nfat5 mRNA

levels as observed in UMR-106 cells (Fig. S1, A and B). As a

negative control, cells cultured in nonosteogenic media did not

exhibit any Fgf23 mRNA expression.

Hypotonicity increases FGF23 production

We explored the possibility that hyponatremia might have a

direct effect on FGF23 formation. To mimic hyponatremia,

cells were cultured in low [Na+] media. To generate cell cul-

ture media with low [Na+] concentrations, custom-made

NaCl-free media was reconstituted with specific amounts of

NaCl to obtain media in which [Na+] were −5, −10, −15,

and −20 mM lower than in control media. As shown in

Figure 2A, we found that reducing [Na+] in the culture media

increased Fgf23 mRNA levels in a dose-dependent manner. To

understand the underlying mechanisms by which low [Na+]

stimulates FGF23 formation, we manipulated the low [Na+]

media (−20 mM) with and without correction of osmolality by

the addition of 40 mM mannitol or 40 mM urea. As shown in

Table S2, the osmolality of low [Na+] medium was 260.7 ± 1.5

mOsm/kg. There was an almost similar correction in osmo-

lality after the addition of mannitol and urea (�302 mOsm/

Kg). Interestingly, the addition of mannitol to the low [Na+]

medium reversed the increase in FGF23; however, the addition

of urea did not affect FGF23 formation. This effect was

observed at both mRNA and protein levels measured from

cells and cell supernatants, respectively (Fig. 2, B and C). These

findings suggested that low tonicity rather than low osmolality

was responsible for the increase in FGF23 upon reducing [Na+]

concentrations. Expectedly, upon reducing [Na+] concentra-

tion, Nfat5 mRNA was significantly lower, the effect, again,

was reversed by mannitol but not urea (Fig. 2D). Similar

changes were observed in MC3T3-E1 cells (Fig. S2).

No evidence for FGF23 regulation by AVP

Elevated AVP levels in hyponatremia could potentially affect

osteoblast function through its receptors. AVP exerts major

pathophysiological actions through three distinct receptor iso-

forms designated V1a, V1b, and V2. Both V1a and V2 receptors

have been found in murine osteoblasts and osteoclasts, where

they may take part in bone remodeling (26, 27). To this end, we

checked the expression pattern of AVP receptors in the rat

osteoblast-like UMR-106 cell line. Endpoint PCR was per-

formed on RNA isolated from rat liver (positive control for V1a

receptor), kidney (positive control for V2 receptor), and UMR-

106 cells. As shown in Figure 3A, V1a receptors were very

abundant in the liver, while also expressed in kidney tissue as

well as UMR-106 cells. However, V2 receptors were mostly

detected in kidney tissue with only slight expression in liver and

A B

C D

Figure 2. Hypotonicity elevates FGF23 formation in UMR-106 cells. A,
fold change Fgf23 mRNA levels upon treating NaCl-deficient culture media
by −5, −10, −15, and −20 mM NaCl for 24 h (n = 3). B, fold change Fgf23
mRNA; C, cFGF23 levels in media; D, Nfat5 mRNA, after treating cells
with −20 mM NaCl-deficient culture media. The osmolality was corrected by
adding mannitol (40 mM) or urea (40 mM) for 24 h (n = 3). All the values are
expressed in arithmetic means ± SEM. ns (not significant) p > 0.05. cFGF23,
C-terminal fragments FGF23; FGF23, fibroblast growth factor-23.
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UMR-106 cells. To further confirm that V1a is the major AVP

receptor expressed in UMR-106 cells, qRT-PCR was performed.

As shown in Figure 3B, V1a mRNA levels were �7 times higher

than V2 mRNA in UMR-106 cells. As expected, the pituitary-

specific V1b receptor (37) was undetectable in UMR-106 cells.

Next, we treated UMR-106 cells with AVP (1–1000 nM) for

24 h (Fig. 3C). However, this did not result in any significant

change in Fgf23 mRNA expression. Moreover, AVP (100 nM)

applied for various time points between 3 and 24 h also did not

affect Fgf23 mRNA levels (Fig. 3D). We found that the main

AVP receptor expressed in UMR-106 cells is V1a; however, AVP

binds more strongly to V2 than V1a receptors in rats

(Kd = 1.7 nm for the V1a; Kd = 0.4 nm for the V2) (37).

Therefore, next, we explored the effect of specific V1a agonist

([Phe2]OVT, [Phe2,Orn8]vasotocin) (38) and V2 agonist

(ddAVP) on Fgf23 synthesis. However, both V1a agonist and V2

agonist, at low and high concentrations, did not affect Fgf23

production significantly, when treated for a duration of 24 h

(Fig. 3, E and F). To investigate the impact of hyponatremia and

high AVP together on FGF23 production, we exposed cells to a

low-NaCl medium with a V1a agonist or AVP. However, this

combined treatment did not result in a significant alteration in

FGF23 formation when compared to cells exposed to low-NaCl

alone (Fig. 3G). Consistent with these in vitro data, the lack of

V1a receptors in mice had no effect on FGF23 levels in the

serum (Fig. 3H). Overall, based on these findings, we concluded

that although V1a receptors are adequately expressed in UMR-

106 cells, AVP does not modulate FGF23 formation.

A B C D

E F G H

Figure 3. No evidence for FGF23 regulation by AVP. A, agarose gel electrophoresis for detection of rat V1a and V2 receptor mRNA in rat liver, kidney, and
UMR-106 cells. The cDNA (2 μg) obtained by RT was amplified for 34 cycles by PCR. B, V1a, V2, and V1b mRNA expressions quantified by qRT-PCR in UMR-
106 cells (n = 3). ND: not detected. C, fold change Fgf23 mRNA abundance relative to Tbp in UMR-106 cells treated without (Ctrl) or with the indicated
concentrations of AVP for 24 h. (n = 3). D, fold change Fgf23 levels in UMR-106 cells treated without (Ctrl) or with 100 nM AVP for indicated durations (n = 3).
E, fold change Fgf23 levels in UMR-106 cells treated without (Ctrl) or with the indicated concentrations of V1a agonist, ([Phe

2]OVT, [Phe2,Orn8]vasotocin) for
24 h. (n = 3). F, fold change Fgf23 levels in UMR-106 cells treated without (Ctrl) or with the indicated concentrations of V2 agonist, ddAVP for 24 h (n = 3). G,
fold change Fgf23 mRNA in UMR-106 cells treated with −20 mM NaCl with or without AVP and V1a agonist (each 10 nM) for 24 h (n = 3). H, serum cFGF23
and iFGF23 levels in wildtype and V1a KO mice (n = 4–5, each group). AVP, arginine vasopressin; cFGF23, C-terminal fragments FGF23; FGF23, fibroblast
growth factor-23; iFGF23, intact FGF23.
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Tonicity-mediated FGF23 regulation is NFAT5 dependent

Our results show that elevated [Na+] levels (+20 mM)

suppressed FGF23 formation, whereas low [Na+] levels

(−20 mM) led to an increase in FGF23 synthesis. These bidi-

rectional changes in FGF23 were inversely proportional to

NFAT5 activity. In mice, Fgf23 is expressed only in limited

tissues such as the calvaria, spleen, and thymus, whereas Nfat5

is almost ubiquitously expressed, including in the organs that

produce Fgf23 (Fig. S3). Therefore, NFAT5 may regulate

FGF23 production. To test whether [Na+]-mediated FGF23

changes were mediated by NFAT5 or not, we used the Crispr-

Cas9 technology to knockout NFAT5 in UMR-106 cells

(NFAT5KO). A single-cell derived clone of NFAT5KO was

generated with a complete knockout, confirmed by immuno-

blotting (Fig. 4A) and qRT-PCR (Fig. 4B). Unlike in control

cells, +NaCl treatment did not affect NFAT5 protein or mRNA

expressions in NFAT5KO cells (Fig. 4, A and B). Moreover,

cellular damage measured by lactate dehydrogenase (LDH)

activity was more prominent in NFAT5KO cells than control

cells, when treated with very high NaCl levels (Fig. 4C). These

observations confirmed and validated successful NFAT5

deletion in UMR-106 cells. Importantly, Fgf23 mRNA

measured by qRT-PCR showed blunted response to tonicity in

NFAT5KO cells compared with control cells (Fig. 4D). How-

ever, the tonicity response to Fgf23 was not completely abol-

ished in NFAT5KO cells.

Next, we employed RNA-Seq to generate a comprehensive,

unbiased survey of genes regulated by low versus High [Na+] in

UMR-106 cells in control and NFAT5KO cells. The RNA-seq of

control versus NFAT5KO cells revealed differential gene regu-

lation upon -NaCl versus +NaCl treatment as depicted in Venn

diagrams (Fig. 4E). This suggested that transcriptionally active

NFAT5 alters the expression of numerous genes in response

to +NaCl (SI dataset ½). In the same line, in response to +NaCl

treatment, control cells exhibited significant changes in a total

of 5360 genes (p < 0.05), whereas NFAT5KO cells showed al-

terations in 4097 genes (Fig. S5). Block ¼/6 of the heatmap

(Fig. 4F) summarizes the genes that exhibit significant upre-

gulation or downregulation in response to +NaCl treatment in

control cells, while only slight or no alterations in NFAT5KO

cells. Therefore, we focused only on these unique sets of po-

tential NFAT5 targets (SI dataset 3). These NFAT5-target

genes (n = 2615) are further summarized in a volcano plot

(Fig. 4G). Slc14a2, Fxyd2, Sgk1, Pnpla6, Igfbp7, and Itga10 are

known NFAT5 targets (39), and our study confirmed this.

Importantly, only control cells showed statistically significant

downregulation of Fgf23 after +NaCl treatment. The gene

ontology analysis of the upregulated potential NFAT5 targets

indicated the activation of ‘ossification’ and ‘bone-mineraliza-

tion’ signaling pathways (Fig. 4H, SI dataset 4). After manually

screening the genes involved in these pathways, we found that

many of the identified genes regulate FGF23 and/or bone

mineralization (Fig. 4I). Genes like Phex, Mmp3, Nfkbia, Foxo1,

and Akt1 are known to regulate FGF23 formation (40). As

proof of concept, we analyzed Phex, a known suppressor of

FGF23, and found that Phex mRNA is significantly

upregulated by the treatment of +NaCl and mannitol but not

by urea (Fig. 4J). Interestingly, NaCl-mediated upregulation of

Phex, as confirmed by qRT-PCR, was not observed in

NFAT5KO cells (Fig. S6) confirming it is a tonicity or NFAT5

target. However, other known regulators of FGF23 such as

Ibsp, Enpp1, Ankh, Pth1r, Dmp1, Fgfr1, and Sost, were altered

in both control and NFAT5KO cells (Fig. S7), suggesting

NFAT5-independent mechanism in FGF23 regulation by

[Na+]. Fig. S8 summarized potential NFAT5-target genes,

which were previously postulated in [Na+] sensing and [Na+]

homeostasis. Figs. S9 and S10 illustrate the analysis of all the

KEGG and gene ontology pathways, respectively.

Hyponatremia patients have higher FGF23 levels

To test for the potential relevance of our findings in vitro for

the situation in vivo, we investigated in a pilot study the levels

of FGF23 in hyponatremic patients (with GFR>60 ml/min)

and compared them to the values of healthy subjects. The

description of matching healthy controls and patients,

including the etiology of hyponatremia, is provided in

Tables S3 and S4, respectively. Serum [Na+] levels in hypo-

natremic patients were significantly lower than in the control

group (Fig. 5A). Serum cFGF23 and iFGF23 isoforms were

measured by ELISAs. As shown in Figure 5B, hyponatremic

patients exhibited a significant increase in serum cFGF23

levels. Although there was a trend of increased serum iFGF23

in hyponatremic patients, the difference was not statistically

significant (Fig. 5C). To evaluate the impact of altered FGF23

levels on phosphate homeostasis in these patients, we

measured serum phosphate (Pi) levels. However, as shown in

Figure 5D, no significant difference was observed in serum

phosphate levels between the control and hyponatremic pa-

tients. To perform correlation analysis, we plotted serum [Na+]

against serum cFGF23 and iFGF23. Both cFGF23 and iFGF23

demonstrated a negative correlation with serum [Na+], but

only cFGF23 exhibited a statistically significant correlation

with [Na+] (Fig. 5E). Prior studies suggested that some of the

hyponatremia patients may have higher inflammatory cyto-

kines (reviewed in (41)). At least in theory, this could poten-

tially account for elevated FGF23 levels. To this end, we

measured TNFα and Il6 levels in hyponatremia patients

(Fig. S11). Nonetheless, there were no significant differences in

these cytokines between hyponatremic patients and healthy

subjects.

Discussion

Our experiments demonstrate that pathophysiologically

relevant changes in [Na+] directly regulate FGF23 formation by

osteoblasts. By manipulating the culture media using +NaCl,

mannitol, or urea we showed that the cellular adaptation to

tonicity, rather than osmolality, plays a significant role in

regulating FGF23 levels upon change in [Na+]. Additionally,

comprehensive RNA-seq analysis and NFAT5 knockdown

experiments defined the role of the osmosensitive transcrip-

tion factor NFAT5 in FGF23 regulation. We found no

Sodium regulates FGF23
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Figure 4. The [Na+]-mediated regulation of FGF23 in UMR-106 cells requires NFAT5. A, original immunoblot of NFAT5 and β-actin after -NaCl (−20 mM)
and+NaCl (+20mM) treatment for 24h in control andNFAT5KO cells. B,Nfat5mRNA levels in control andNFAT5KO cells after -NaCl and+NaCl treatment for 24h (n=
3). Nfat5mRNA levels in NFAT5KO cells were not detected. C, LDH release in cell supernatants treated with different NaCl concentrations (n = 3). p value (using an
unpaired t test) indicates statistically significant difference between LDH levels in control andNFAT5KO cell supernatant at that particular +NaCl concentration. The
two-wayANOVA reveals ap< 0.0001 for the treatment effect andp=0.0028 for the interaction.D, Fgf23mRNA levelsmeasured byqRT-PCR in control andNFAT5KO

UMR-106 cells after -NaCl versus +NaCl treatment for 24 h (n = 3, each group). E, venn diagrams showing a number of upregulated/downregulated genes in -NaCl
versus +NaCl treatment for 24 h. F, heatmap of gene expression levels in control and NFAT5KO cells upon -NaCl versus +NaCl treatment. G, volcano plot of upre-
gulated/downregulated genes in control cells upon -NaCl versus +NaCl treatment. These genes were differentially expressed in control, but not in NFAT5KO cells
upon -NaCl versus +NaCl treatment. H, GO analysis of the upregulated genes in control cells that remain unchanged in NFAT5KO cells upon -NaCl versus +NaCl
treatment. I, FGF23-regulating genes that are statistically significantly (p < 0.05) upregulated/downregulated in control cells but remain unchanged in NFAT5KO

cells upon -NaCl versus +NaCl treatment. J, PhexmRNA levels measured by qRT-PCR upon -NaCl versus +NaCl for 24 h in UMR-106 cells. Osmolality was corrected
to +NaCl by adding mannitol or urea (n = 4). FGF23, fibroblast growth factor-23; LDH, lactate dehydrogenase; NFAT5, nuclear factor of activated T cells 5.
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evidence that AVP, which increases in hyponatremia, regulates

FGF23 production in the osteoblast cell line UMR-106.

We found that FGF23 regulation by tonicity is bidirectional,

i.e., high [Na+] suppresses FGF23 while low [Na+] elevates

FGF23 production, which is dependent upon NFAT5 activity.

Under isotonic conditions, NFAT5 is both cytosolic and nu-

clear (34, 42). With an increase in tonicity, it translocates to

the nucleus, initiating the activation of a group of genes

responsible for protecting cells against osmotic stress. This

activation occurs through NFAT5 binding to a specific regu-

latory element called the osmotic response element or the

tonicity-responsive enhancer, which is located in the promoter

region of these genes (43–45). As a result, a tonicity-dependent

increase in nuclear NFAT5 is proposed as the key event in

driving its target genes. While hypertonic stress promotes nu-

clear translocation and activates enhancer activity of NFAT5,

hypotonicity induces its nuclear export supporting bidirec-

tional regulation in response to tonicity changes (34, 42, 46).

The c terminus of NFAT5 also contains a transactivation

domain and its activity varies directly with [Na+] concentration

(low to high) (46). NFAT5 regulates numerous gene

expressions through its nuclear translocation during hyperto-

nicity and nucleocytoplasmic export during hypotonicity.

The +NaCl treatment in UMR-106 cells likely triggered a

transcriptomics response via NFAT5, potentially impacting

FGF23 regulation. Our study identified previously known genes

that regulate FGF23 and bone mineralization as potential

novel targets of NFAT5. For instance, Phex was one of the

earliest genes identified to inhibit FGF23 formation (2, 3). Now,

we found that Phex is a NFAT5 target and gets remarkably

upregulated by tonicity. Although our results demonstrated

that FGF23 formation depends upon tonicity and NFAT5,

the exact mechanism responsible for this phenomenon is un-

clear. Moreover, the tonicity response to Fgf23 was not

completely abolished in NFAT5KO cells, suggesting that

NFAT5-independent mechanisms do also contribute to the

regulation of Fgf23 by [Na+].

Osmoregulation and [Na+] sensing mechanisms were

mainly studied for cells in the hypothalamus (reviewed in (47)).

In line with studies from others (29, 30, 32), we found that

osteoblasts can sense osmotically relevant changes in [Na+]

and respond with an altered expression of several genes

A

D E

B C

Figure 5. Hyponatremia patients have higher FGF23 levels. A–D, serum [Na+] (A), cFGF23 (B), iFGF23 (C), and phosphate (D) in healthy matching controls
and hyponatremic patients (n = 6, each group). E, correlation analysis between serum [Na+] and serum cFGF23/iFGF23. r= −0.6138, p value (two-tailed) =
0.0337 for [Na+] versus cFGF23; r = −0.4830, p value (two-tailed)= 0.1117 for [Na+] versus iFGF23. cFGF23, C-terminal fragments FGF23; FGF23, fibroblast
growth factor-23; iFGF23, intact FGF23.
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including Fgf23. Studies in RAW264.7 pre-osteoclastic cells

showed increased osteoclast formation and resorptive activity

in response to low [Na+] concentration (20, 21). The molecular

mechanism by which [Na+] is detected by bone cells is un-

known. The expression of the osmoprotective transcription

factor NFAT5 is regulated by local [Na+] content in many

organs (48, 49). Here, we demonstrate that the expression of

this transcription factor in UMR-106 osteoblast-like cells is

regulated by [Na+]. Previous studies focused on the effect of

major changes in [Na+] (e.g., 50–100 mM NaCl hypotonic and

hypertonic conditions) on NFAT5 regulation (33, 34, 42).

However, such drastic changes of [Na+] occur only in the renal

medulla, but not in bone. Now, our findings suggest that even

differences of 20 to 40 mM NaCl significantly regulate NFAT5

activity in osteoblasts and osteoclasts, which is consistent with

recent other studies (21, 32). Serum/glucocorticoid-regulated

kinase 1 (Sgk1) (50), transient receptor potential vanilloid

type 4 (Trpv4) (51), Na+/K+/ATPase (Atp1a1), and its associ-

ated protein such as sucrose nonfermenting-1-related serine/

threonine kinase-SIK1 (Snrk) (52) were previously postulated

to take part in [Na+] sensing in various cells. Second, Na+/H+

exchanger activity (53) (Slc9a1) and Na+/Ca2+ exchanger ac-

tivity (54) (Slc8a1) have been implicated in [Na+] homeostasis

in bone cells. Our RNA-seq data show that, except for TRPV4,

all these genes were significantly upregulated in control cells

but not in NFAT5KO cells upon +NaCl treatment, indicating

that these are NFAT5 targets (Fig. S8). Based on our findings

and considering the role of NFAT5 as a master regulator of

tonicity, it is tempting to speculate that changes in NFAT5

activation may be one of the earliest events in osteoblast

adaptation to [Na+] levels. Therefore, NFAT5 likely plays a

crucial role in [Na+] sensing in osteoblasts.

Our findings revealed that AVP does not take part in FGF23

formation. Most patients with chronic hyponatremia exhibit

elevated levels of AVP that are inconsistent with the osmotic

balance, even when SIAD is not the underlying cause of

hyponatremia (55, 56) (reviewed in (57)). The research group

of Zaidi conducted seminal studies that have established a

primary role for AVP signaling in bone mass regulation. Mice

injected with AVP exhibited reduced osteoblast formation and

increased osteoclast formation via the V1a receptor and ERK

signaling (26, 27) (reviewed in (58, 59)). Conversely, mice

injected with the V1a antagonist SR49059 or genetic V1a defi-

ciency showed enhanced bone mass (26). In contrast, the V2

receptor did not play a significant role in bone (27). In line

with these studies, we observed a significant expression of V1a

receptors but only a minimal expression of V2 receptors in

UMR-106 cells. However, there was no evidence that AVP, V1a

agonist, and V2 agonist regulate FGF23 production in UMR-

106 cells. Consistently, serum FGF23 levels in V1a KO mice

were unchanged when compared to wildtype mice. These

findings support a direct effect of [Na+] on FGF23 formation in

hyponatremia. For instance, Verbalis et.al. (19, 60). Employed

the SIAD model, where chronic hyponatremia induced by

ddAVP and water loading promoted water retention. When

water loading was not performed, the group of animals did not

develop hyponatremia, and their bone mass did not show a

significant reduction compared with the hyponatremia group.

Moreover, cultured cells subjected to low [Na+] concentration

exhibit increased bone resorption pathways and elicited gene

expression changes driving osteoclast differentiation and

functions (20, 21), implying a direct effect of low [Na+] in bone

loss. Overall, it seems that increased AVP levels play a sig-

nificant role in bone loss among certain SIAD patients, but it

may not take part in regulating FGF23 production.

We found a positive association between elevated FGF23

levels and hyponatremia in a pilot study conducted in humans.

However, it remains unclear whether the increased FGF23

levels in hyponatremic patients are primarily influenced by low

[Na+] and/or by the underlying cause of hyponatremia. While

elevated inflammatory cytokines in hyponatremia patients (41)

could potentially increase FGF23, we did not detect signifi-

cantly higher cytokine levels in the patient samples. Previously

it was shown that in multivariate linear regression analysis,

hyponatremia is independently associated with FGF23 level in

patients with chronic systolic heart failure (36). This further

suggests that FGF23 elevation in hyponatremic patients might

be due to low [Na+] levels.

A strength of our study is unfolding the novel role of [Na+]

and NFAT5 in FGF23 production using two osteoblast cell

lines. Nonetheless, we would like to acknowledge the limita-

tions. First, the precise mechanism by which NFAT5 governs

the regulation of FGF23 is currently unclear. Second, the hu-

man study is constrained by the limited number of patients

available for investigating the impact of hyponatremia on

FGF23 levels. This may have precluded observing statistically

significant changes in iFGF23. A larger sample size with

hyponatremic patients will be necessary to confirm and un-

ravel the possible relationship between [Na+] and FGF23 levels

in humans. In conclusion, our study identified a crucial

signaling between [Na+], NFAT5, and FGF23 formation, war-

ranting further investigation to confirm its clinical significance.

Experimental procedures

All the chemicals were purchased from Sigma Aldrich un-

less otherwise stated.

Culture of UMR106 cells

A rat osteoblastic cell line UMR-106 was originally pur-

chased from ATCC (CRL-1661) and cultured at 5% CO2 in a

growth medium consisting of ’’DMEM, low glucose, Gluta-

MAX (Gibco; Cat. #21885-025) supplemented with 10% heat-

inactivated FBS (Amimed; Cat. #2-01F30-I; lot nr: F07156P)

and 100 U/ml penicillin, and 100 μg/ml streptomycin (gibco;

Cat. #15140122). A single lot of FBS was utilized throughout

the entire study. Cells between passages 4 and 10 were used in

this study. When the cells reached near-confluency on 6-well

plates, the cell medium was replaced with the experimental

medium (2 ml/well) consisting of DMEM containing 1 nM of

1,25-dihydroxyvitamin D3 (Tocris; Cat. #2551), as described

previously (61). The cells were further treated with or

without +NaCl, mannitol, or urea for specified concentrations

and durations. For low-NaCl treatments, custom-made NaCl-
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free cell culture media were ordered commercially (Bio-

Techne, Cat. #CUST07ATLB). The media formulation was

developed to ensure that all the other components of the

media were exactly similar to DMEM (gibco; Cat. # 21885-

025), with the sole exception of the NaCl content. Thereafter,

NaCl was added to the medium to prepare a hypotonic me-

dium to study the effect of low [Na+] concentration. The

osmolality of all the culture media was measured on a Vapro

5600 (Wescor) vapor pressure osmometer (62). AVP (Tocris

Cat. #2935) and ddAVP (Tocris; Cat. #3396) were freshly

prepared by dissolving them in water and treated for a speci-

fied duration and concentration. The V1a agonist ([Phe
2]OVT,

[Phe2,Orn8]vasotocin) was a kind gift from Prof Maurice

Manning, The University of Toledo. Its pharmacological

properties in rat bioassay are reported earlier in a review (38)

by Manning et al.

For FGF23 measurement in cell media, cells were cultured

in a 100 mm Petri dish. After 24 h of treatment with +NaCl,

mannitol, and urea, cell media were concentrated using Pierce

Protein Concentrator PES, 10K MWCO (Thermo Fisher; Cat.

#88527). The resultant concentrate (150 μl) was used to

measure c-terminal FGF23 by ELISA (Quidel; Cat. #60-6300).

Culture of MC3T3-E1 cells

MC3T3-E1 Subclone four mouse preosteoblast cells were

maintained in α-Minimum Essential Medium supplemented

with nucleosides, 2 mM L-glutamine (Thermo Fisher, Cat.

#22571038), and 10% FBS, with 100 U/ml penicillin and

100 μg/ml streptomycin. Cells at passages 4 to 10 were seeded

onto 12-well plates and cultured for 24 h. Osteogenic differ-

entiation was initiated by culturing the cells in a medium

containing 50 μg/ml ascorbic acid and 10 mM β-glycer-

ophosphate for 6 days. Cells were then subjected to treatment

with high NaCl, mannitol, or urea for another 24 h in the

presence of calcitriol (10 nM). In experiments pertaining to

low-NaCl treatment, following a 6-days differentiation in α-

Minimum Essential Medium, the cells were subjected to 24 h

treatment with sodium-free DMEM (with ascorbic acid, β-

glycerophosphate and calcitriol) containing the specified

amounts of NaCl, mannitol, or urea, as detailed in the results

section.

Animal experiments

To check Fgf23 and Nfat5 mRNA expression, organs were

harvested from C57BL/6J wildtype mice (male, 8–12 weeks

old) according to Swiss law and were approved by the veteri-

nary administration of the Canton of Zurich (Kantonales

Veterinäramt), Switzerland. The V1a receptor KO mice were

generated as previously reported (63). The experiments with

V1a KO mice were conducted at the animal husbandry facility

of the Teikyo University of Science. Around 400 μl of blood

was drawn from 8- to 9-weeks-old WT and V1a receptor KO

male littermates. The intact-FGF23 and c-terminal FGF23

were measured by ELISAs (Quidel, Cat. #60-6800, Quidel, Cat.

#60-6300 respectively) according to the manufacturer’s

instructions.

LDH and MTT assay

UMR-106 cells (control and NFAT5KO cells) were plated in

a 12-well plate and cultured for 24 h. Next, different concen-

trations of +NaCl were added to the culture media for a

further 24 h. LDH was measured on aliquots of the +NaCl-

treated cellular supernatant using the CyQUANT LDH

Cytotoxicity Assay Kit (Thermo Fisher; Cat. #C20300). LDH

activity was measured by measuring absorbance at 490 nm.

The LDH release in +NaCl-treated cells is expressed in arbi-

trary units normalized to untreated cells. For MTT assay,

UMR-106 were plated in 96-well plate for 24 h followed by

24 h NaCl treatment. The CyQUANT MTT cell viability assay

(Thermo Fisher, Cat. #V13154) was performed according to

the manufacturer’s instructions. Absorbance measurements at

570 nm were made using a microplate reader.

Immunoblotting

Cells were homogenized in ice-cold RIPA lysis buffer

(Thermo Fisher, Cat. #89900). Then, cell lysates were centri-

fuged for 10 min at 2000g, and supernatants were used for

immunoblotting. Protein concentration was measured by

Bradford assay (CooAssay Protein Dosage Reagent; Uptima,

Cat. #UPF86421). Equal amounts of protein (30 μg) were

loaded in Laemmli buffer (pH 6.8) on 8% polyacrylamide gels.

Electrophoretically separated proteins were blotted to nitro-

cellulose membranes at 100 V for 2 h. Next, membranes were

blocked in Odyssey blocking buffer (LI-COR; Cat. # 927-

70001) for 1 h and incubated with the diluted NFAT5 primary

antibody (Thermo Fisher; Cat. #PA1-023) and β-actin (Santa

Cruz; Cat. #sc-47778X) overnight at 4 �C. On the following

day, secondary antibodies, goat-anti-rabbit IRDye 800 (LI-

COR; Cat. # 926-32211), goat-anti-mouse IRDye 680 (LI-COR;

Cat. # 926-68070), were added to the membranes in Casein

Blocking solution in deionized water (1:10) and incubated for

1 h at room temperature. Then membranes were repeatedly

washed with phosphate-buffered saline containing 0.1% Tween

20. The fluorescent signal was visualized using Odyssey IR

imaging system (LI-COR Biosciences). Optical densities were

quantified with ImageJ S5 and were normalized to β-actin.

qRT-PCR

The RNA was extracted from UMR-106/MC3T3-E1 cells

and mouse tissues using a Nucleospin RNA isolation kit

(Macherry Nagel; Cat. #740955). Rat tissue RNA was isolated

as described in our previous study (64). The RNA was tran-

scribed using a High-Capacity cDNA Reverse Transcription

Kit (Thermo Fisher; Cat. #4374966) and subjected to qPCR

with SybrGreen Master Mix (Roche; Cat. #4707516001) using

primers (Table 1). The relative quantification of gene expres-

sion based on double-delta Ct (threshold cycle) analysis was

performed after normalization to Tbp expression.

Generation NFAT5 knockout in UMR106 cells by CRISPR/Cas9

Single guide RNAs (sgRNAs) specifically targeting Rattus

norvegicus NFAT5 at exon 1 to 4 were designed using the

CRISPR designing tool (https://www.benchling.com/crispr).
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All sgRNA primers were synthesized by Microsynth AG, Bal-

gach, Switzerland. sgRNA primers were (Table 2) cloned into

BbsI-HF linearized pU6-(BbsI)_CBh-Cas9-T2A-mCherry

(Addgene, Plasmid Cat. #64324) or pX330-U6-Chimeric_BB-

CBh-hSpCas9 (Addgene, Plasmid Cat. #42230). Sanger

sequencing (Microsynth AG) was used to verify the correct

cloning of shRNA into the vectors. UMR106 cells were plated

at 4 × 105 per well in a 6-well plate and transfected with 2 μg of

NFAT5 gRNAs per well using the FuGENE HD Transfection

Reagent (Promega). Twenty-four hours posttransfection, cells

were trypsinized, and single cells were sorted into a 96-well

plate by FACS (BD BioSciences). A total of five clones

derived from single-cell were propagated. NFAT5 knockout

was confirmed by immunoblotting and qPCR. Following

primers were used to confirm Nfat5 deletion in NFAT5KO cells

by qPCR: Nfat5-KO Fwd: GCCCTCGGACTTCATCTCAT;

Nfat5-KO Rev: ACAGATTCTTCCAATAGTCCAGC.

RNA-sequencing and data analysis

Control and NFAT5KO cells were cultured as explained

earlier. Cells were treated with low-NaCl and high-NaCl (dif-

ference of 40 mM NaCl) for 24 h. RNA was isolated using a

Nucleospin kit as explained earlier. RNA-seq was performed

commercially by Novogene (UK) Company Limited. In brief,

amplified cDNA samples were subjected to different quality

control standards. RNA sample was used for library prepara-

tion using NEB Next Ultra RNA Library Prep Kit for Illumina.

Indices were included to multiplex multiple samples. Briefly,

mRNA was purified from total RNA using poly-T oligo-

attached magnetic beads. After fragmentation, the first strand

cDNA was synthesized using random hexamer primers fol-

lowed by the second strand cDNA synthesis. The library was

ready after end repair, A-tailing, adapter ligation, and size se-

lection. After amplification and purification, the insert size of

the library was validated on an Agilent 2100 and quantified

using quantitative qPCR. Libraries were then sequenced on

Illumina NovaSeq 6000 S4 flow cell with PE150 according to

results from library quality control and expected data volume.

We included 12 datasets in the RNA-Seq data analysis: three

biological replicates in each group (control with -NaCl, control

with +NaCl, NFAT5KO with -NaCl, and NFAT5KO

with +NaCl). The fold changes were calculated by dividing the

arithmetic mean of the normalized read counts by the number

of replicates. The statistical significance of differential gene

expression in RNA-Seq data was determined with p value

<0.05. The supporting datasets S1 and S2 contain all of the

genes identified upon +NaCl treatment in control and

NFAT5KO cells, respectively. While supporting datasets S3

contains unique genes, which were either significantly upre-

gulated or downregulated in control cells but unchanged in

NFAT5KO cells upon +NaCl treatment. Venn diagrams for the

sets of genes upregulated or downregulated were made by

intersecting the lists of gene names between control and

NFAT5KO cells (R package VennDiagram, version 1.71). The

heatmap of DEGs was made with the R package Complex-

Heatmap (version 2.4.3) using as input the full set of genes

differentially expressed between the normal and +NaCl con-

ditions (p value < 0.05) for both control and NFAT5KO cells.

The input expression matrix was normalized by row (gene) by

computing a z-score. Both experimental groups (columns) and

gene expression profiles (rows) were clustered using the

Euclidean distance and the hierarchical clustering algorithm.

Gene set groups were obtained by cutting the dendrogram in

eight slices with the cutree default implementation of the

Heatmap function. Functional over-representation analysis of

gene ontology biological processes was performed with the R

package clusterProfiler (version 3.16.1) using as input the

genes uniquely upregulated in the control cells upon +NaCl

treatment (p value < 0.05) and considering a significance q-

value cutoff of 0.05.

Clinical study

Samples of patients with hyponatremia were collected dur-

ing a prospective multicentric observational study (the Co-

MED study, NCT01456533) (65) conducted at the University

Hospital of Basel Switzerland, and the Medical University

Clinic Aarau, Switzerland, from June 2011 to August 2013.

The human study reported in this report abide by the Decla-

ration of Helsinki principles. Samples of healthy controls were

collected during a prospective double-blind, placebo-

controlled randomized crossover study (the DIVE Study,

Table 2

List of GuideRNA used for the generation of CRISPR/Cas9 knockout
of NFAT5

GuideRNA name Primer’s sequence

NFAT5-Exon
1-guideRNA1

Forward- CACCGAGCAATGAGATGAAGTCCGA
Reverse- AAACTCGGACTTCATCTCATTGCTC

NFAT5-Exon
3-guideRNA2

Forward- CACCGCATCAATGAGTCAGACAAG
Reverse- AAACCTTGTCTGACTCATTGATGC

NFAT5-Exon
4-guideRNA3

Forward- CACCGCGTGGGGGTAAGTAACAGAG
Reverse- AAACCTCTGTTACTTACCCCCACGC

NFAT5-Exon
4-guideRNA4

Forward- CACCGTTCCTACAATGATAACACTG
Reverse- AAACCAGTGTTATCATTGTAGGAAC

Table 1

List of primers used for qPCR

Gene name Primer sequence

Fgf23 (Rat) Forward- TTGGATCGTATCACTTCAGC
Reverse- TGCTTCGGTGACAGGTAG

Nfat5 (Rat) Forward- TCCTGGCTC ATCTCAGCAGAC
Reverse- ACCGAGGAGGCCAGTGGGGC

Phex (Rat) Forward- CAGGCATCACATTCACCAAC
Reverse- GGAGGACTGTGAGCACCAAT

Tbp (Rat) Forward- TGGGATTGTACCACAGCTCCA
Reverse- CTCATGATGACTGCAGCAAACC

V1a (Rat) Forward- AACGAACAGCACTGGGATGTG
Reverse- GGAATGAATCTGATGGATTTGGAA

V2 (Rat) Forward- TAGCATACCGCCATGGA
Reverse- CAAAGATGAAGAGCTGAGGCA

V1b (Rat) Forward- AGATTCTACCAATGTGGCTTTC
Reverse- ATGGTGGCTCAAGGAACG

Gapdh (Rat) Forward- AGGTCGGTGTGAACGGATTTG
Reverse- CATTCTCAGCCTTGACTGTGCC

Fgf23 (Mouse) Forward- TTTCCCAGGTTCGTCTAGG
Reverse- CTCGCAGGTGACTCTCAG

Nfat5 (Mouse) Forward- TGTTCAGCCATTTACGTACACTCC
Reverse- ACATTCAAAGCACCAGCTGCT

Tbp (Mouse) Forward- ACCCTTCACCAATGACTCCTATG
Reverse- TGACTGCAGCAAATCGCTTGG
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NCT02729766) (66) conducted at the University Hospital

Basel, Switzerland, from March to June 2016. Venous blood

samples were collected in the morning hours, between 8 AM

and 10 AM. The local ethics committee (Ethic Committee of

Northwest Switzerland (EKNZ)) approved the study protocols,

and written informed consent was obtained from all study

participants, including informed consent to further use of

biologic material. Patients and healthy controls were matched

based on age and BMI (n = 6 each group). Detailed charac-

teristics of the healthy controls and hyponatremia patients can

be found in Tables S3 and S4, respectively. The serum elec-

trolyte analysis [Na+] was performed immediately after

collection on a ABL800FLEX blood gas analyzer (Radiometer).

The serum was separated, and samples were stored at −80 �C

until use. Commercial ELISA kits were employed to measure

cFGF23 (Quidel, Cat. #60-6100), iFGF23 (Quidel, Cat. #60-

6600), TNFα (Thermo Fisher, Cat. #900-K25), and Il6

(Thermo Fisher, Cat. #900-K16) in the serum according to the

manufacturer’s instructions. Serum phosphate was measured

by QuantiChrom Phosphate Assay Kit (Bioassay systems Cat.

#DIPI-500).

Statistics

All the gene or protein expression values are expressed as

arithmetic means ± SEM, where n represents number of in-

dependent experiments (biological replicates). An unpaired

Student’s t test, one-way or two-way ANOVA was used for

comparisons between the groups using GraphPad Prism. In

cases where the p value is not mentioned, the following ap-

plies: ns (not significant) p > 0.05, *p ≤ 0.05, **p < 0.01, and

***p < 0.001.

Data availability

All the relevant data associated with the current study can

be found in the main text or supplementary material. The raw

RNA-seq data used in this publication have been deposited in

NCBI’s Gene Expression Omnibus and are accessible through

GEO Series accession number GSE235694 (https://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE235694). All data are

available from the authors upon request.
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