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Abstract

Fibroblast growth factor-23 (FGF-23) has been implicated in the renal phosphate wasting in X-
linked hypophosphatemia, tumor-induced osteomalacia, and autosomal dominant
hypophosphatemic rickets. Recently, we demonstrated that Hyp mice have greater urinary PGE,
levels compared with C57/B6 mice and that indomethacin administration in vivo and in vitro
ameliorates the phosphate transport defect in Hyp mice. To determine further whether altered
prostaglandin metabolism plays a role in the renal phosphate transport defect in Hyp mice, we
incubated renal proximal tubules with arachidonic acid. We find that PGE, production was higher
in Hyp mice than in C57/B6 mice. Incubation of C57/B6 mouse renal proximal tubules with
FGF-23R176Q, an active mutant form of FGR23, increased tubular PGE, production, an effect
that was inhibited by 50 uM PD-98059 and 10 uM SB-203580, inhibitors of the MAP kinase
pathway. C57/B6 mice injected with FGF-23R176Q had a ~10-fold increase in PGE, excretion 24
h after intraperitoneal injection of FGF-23R176Q compared with vehicle-treated controls. Finally,
we show that PGE; inhibited both phosphate and volume absorption in mouse proximal
convoluted tubules perfused in vitro and reduced brush-border membrane vesicle NaPi-2a protein
abundance from renal cortex incubated in vitro with PGE,. In conclusion, FGF-23 increases
urinary and renal tubular PGE; production via the MAP kinase pathway and PGE; inhibits
proximal tubule phosphate transport.
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Tumor-induced osteomalacia, X-linked hypophosphatemia, and autosomal dominant
hypophosphatemic rickets are characterized by hypophosphatemia, hyperphosphaturia,
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inappropriately normal 1,25(0OH), vitamin D levels for the degree of hypophosphatemia, and
defective bone mineralization. Serum fibroblast growth factor-23 (FGF-23) levels are
increased in these three disorders. In tumor-induced osteomalacia, a rare paraneoplastic
disorder seen in patients with mesenchymal tumors, there is renal phosphate wasting due to
increased FGF-23 production (8, 9, 17, 37) and likely the secretion of other phosphaturic
peptides previously known as phosphatonins (9). Tumor resection results in a reduction in
FGF-23 to normal levels with concomitant correction of the disordered phosphate
metabolism (39). X-linked hypophosphatemia is due to a mutation in the PHEX gene (11,
15, 24, 31). The PHEX gene is a phosphate-regulating gene with endopeptidase activity,
which is located on the X chromosome. X-linked hypophosphatemia may be due to failure
to inactivate normal circulating FGF-23 (7). However, others have found that FGF-23 is not
a PHEX substrate (13, 20) and that in some way inactive PHEX results in increased
production of FGF-23 (20). Most patients with X-linked hypophosphatemia have
inappropriately high levels of FGF-23 (18, 33, 40), whereas patients with autosomal
dominant hypophosphatemic rickets have a R176Q mutation in FGF-23 that resists
proteolytic cleavage resulting in increased FGF-23R176Q serum levels (3, 7, 30, 36, 37).

We recently provided evidence that there is altered prostaglandin production in Hyp mice
(5). We found that Hyp mice have higher urinary PGE; excretion than C57/B6 mice. In
addition, administration of indomethacin in vivo and in vitro normalized the phosphate
transport defect in Hyp mice to levels comparable to those of C57/B6 mice. The present
study examines whether Hyp mouse tubules have higher rates of PGE, production than
C57/B6 mice and whether this is mediated, at least in part, by FGF-23. We also examine
whether PGE> can inhibit phosphate transport in mouse proximal tubules.

METHODS

In vivo studies

We previously found that Hyp mice have higher urinary PGE,/creatine (Cr) levels than
C57/B6 mice (5). To examine whether this was mediated by FGF-23, FGF-23R176Q (250
ng) was injected intraperitoneally and urine PGE; and creatinine were measured 24 h later.
FGF-23R176Q disrupts a consensus proteolytic cleavage motif but has the same action as
FGF-23 (3, 27). Hyp mice are on the same genetic background as C57/B6 mice. These
studies were approved by IACUC at the University of Texas Southwestern Medical Center
and adhered to the APS's principles for the use of animals.

Proximal tubule isolation

C57/B6 and Hyp proximal tubules were prepared using the same protocol previously used
by our laboratory (25, 26) and by others (32, 34, 35). Briefly, adult mice were sedated,
killed, and their kidneys were removed and the cortex was dissected, minced, and placed in
Krebs solution (4°C) that contained (in mM) 105 NaCl, 24 NaHCO3, 5 KCl, 1.5 CaCl,, 1.0
MgSQy, 2.0 NayPOy, 5.0 glucose, 1.0 alanine, 4.0 lactate, 10.0 HEPES, 0.2% bovine serum
albumin that was adjusted to 300 mosmol/kgH»0O and gassed with 95% CO,-5% O, (pH
7.4). The minced cortex was then incubated in a shaker bath for 45 min at 37°C after adding
150 mg/100 ml collagenase (Boehringer, Mannheim, Indianapolis, IN). Each prepa ration

AmJ Physiol Renal Physiol. Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Syal et al.

Page 3

was comprised of the renal cortex from at least two mice. The solution was incubated in a
shaker bath at 37°C for 45 min. The reaction was arrested by the addition of ice-cold Krebs
solution (4°C), and the solution was filtered through four layers of gauze. The pellet was
then washed three times and resuspended in a 45% Percoll solution (Pharmacia, Piscataway,
NJ) containing (in mM) 100 NaCl, 26 NaHCOs3, 3.4 KCI, 1.2 KoHPQy, 1.2 MgSQy, and 2.6
CaCl, and centrifuged at 14,500 rpm for 30 min at 4°C to separate the proximal tubules
(fourth layer) from glomeruli and distal nephron segments. The proximal tubules were
washed and resuspended in a one-to-one mixture of Ham's F-12 and DMEM that contained
1075 M arachidonic acid at a protein concentration of 2—4 mg/ml (1, 12, 16). Heparin (10
ug/ml) was added to all FGF-23R176Q incubation studies (and as vehicle in control studies)
as it has been show to facilitate binding of FGF-23 to its receptor (22, 23). In addition, we
found that the inhibition of FGF-23R176Q on proximal tubule phosphate transport requires
heparin (6). Protein content was estimated using the BCA protein assay (Pierce, Rockford,
IL). Tubules were incubated for 15 min in a rotary incubator at 37°C. After incubation, the
reaction mixture was frozen in liquid nitrogen and thawed and sonicated three times to
disrupt the cells. The number of individual tubule incubations is presented in the figures.
There were at least three different tubule preparations for each group of experiments. PGE»
was measured using an ELISA assay (Amersham, Piscataway, NJ).

In vitro microperfusion flux studies

Isolated segments of C57/B6 mouse proximal convoluted tubules were perfused as
previously described (5). Briefly, tubules were dissected in Hanks' balanced salt solution
containing (in mM) 137 NaCl, 5 KCl, 0.8 MgSQOy, 0.33 NagHPOy, 0.44 KH,POy4, 1 MgCl,
10 Tris (hydroxymethyl) aminomethane hydrochloride, 0.25 CaCls, 2 glutamine, and 2 -
lactate at 4°C. Dissected tubules were then transferred to a 1.2-ml temperature-controlled
bath chamber and perfused using concentric glass pipettes at 38°C.

Proximal tubules were perfused at ~10 nl/min. The perfusion solution was an ultrafiltrate-
like solution containing (in mM) 115 NaCl, 25 NaHCOg3, 4.0 NayHPOy4, 10 Na acetate, 1.8
mM CaCl,, 1 MgSQy, 5 KCI, 8.3 glucose, and 5 alanine. The bathing solution contained 6
g/dl bovine serum albumin. The osmolality of all solutions was adjusted to 295 mosmol/
kgH,0O. The pH and osmolality of the bathing solution were maintained constant by
continuously changing the bath at a rate of at least 0.5 ml/min. Net volume absorption (Jy,
in nlemm~Lemin=1) was measured as the difference between the perfusion (Vp) and
collection (V) rates (nl/min) normalized per millimeter of tubular length (L).
[Methoxy-3H]inulin was added to the perfusate at a concentration of 75 puCi/ml so that the
perfusion rate could be calculated. Inulin was dialyzed every 2 wk to eliminate dissociated
[3H]methanol and then dried and stored at —20°C. The collection rate was measured with a
50-nl constant-volume pipette. The length (in mm) was measured with an eyepiece
micrometer. Phosphate transport was determined using the following equation:

Tpos= [(VOCO* - CL*) /L] PO/CO>k
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where Py, is the phosphate concentration in the perfusate and Co* and C|_ * were the
phosphate concentrations in the perfusate and collected fluids, respectively, in counts per
minute per nanoliter.

Proximal tubules were incubated for at least 20 min before the initiation of the control
period. Collections in the experimental period were initiated after 15 min of incubation.
There were at least four collections in each period and the mean of these collections was
used as the value for that tubule. In the experimental period, 1078 M PGE, was added to the
bathing solution to determine whether PGE; inhibits mouse proximal convoluted tubule
phosphate transport. Previous studies demonstrated that 107> M PGE, inhibits phosphate
transport in the rabbit proximal straight tubule (10).

Tubule preparation and brush-border membrane vesicle isolation

C57/B6 mouse kidneys were used to determine whether PGE, causes a reduction in NaPi-2a
brush-border membrane abundance using a NaPi-2a-specific antibody, a generous gift from
Dr. J. Biber (University of Ziirich, Switzerland). C57/B6 mouse kidneys were removed, and
the cortex was minced finely with a razor blade and then incubated in the above ultrafiltrate-
like solution containing 0.5 g/dl albumin and 1.5 mg/ml collagenase (Worthington,
Lakewood, NJ) for 45 min at 37°C. The resultant tissue was washed and then placed in
DMEM containing 2 mM lactate and 2 mM butyrate and incubated in a 5% CO» incubator
with 1076 M PGE,. The cortical tissue was continuously gently shaken for 3 h. The tissue
was then placed in isolation buffer containing 300 mM mannitol, 16 mM HEPES, and 5 mM
EGTA titrated to pH 7.4 with Tris. The isolation buffer contained aprotinin (2 pg/ml),
leupeptin (2 pg/ml), and phenyl-methylsulfonyl fluoride (100 pg/ml). The cortical tissue was
homogenized with 20 strokes of a Potter Elvehjem homogenizer at 4°C. Brush-border
membrane vesicles (BBMV) were then isolated by differential centrifugation and
magnesium precipitation as described previously (14). The final BBMV fraction was
resuspended in isolation buffer. Protein was assayed using the Lowry method with
crystalline BSA as the standard (21). The brush-border membrane preparation had about
ninefold enrichment of the brush-border enzyme leucine amino peptidase over the initial
renal cortical tissue.

SDS-PAGE and immunoblotting

Brush-border membrane proteins (25 pg/lane) were denatured and then separated on a 7.5%
polyacryl-amide gel using SDS-PAGE as previously described (4, 5). The proteins were
transferred overnight to a polyvinylidene diflouride membrane at 120-140 mA at 4°C. The
blot was blocked with fresh Blotto (5% nonfat milk and 0.1% Tween 20 in PBS, pH 7.4) for
1 h followed by incubation with primary antibody to NaPi-2a. NaPi-2a antibody was added
at 1:1,000 dilution overnight at 4°C. The blot was then washed extensively with Blotto. The
secondary antibody, horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin,
was added at 1:10,000 dilution and incubated in room temperature for 1 h. The blot was
again washed with Blotto, and enhanced chemiluminescence was used to detect bound
antibody (Amersham Life Science). The NaPi-2a protein abundance was quantitated using
densitometry. Equal loading of the samples was confirmed using an antibody to p-actin at a
1:5,000 dilution (Sigma, St. Louis, MO).
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Data are expressed as means + SE. ANOVA with post hoc Student-Newman-Keuls was
used to determine statistical significance in experiments with more than two groups. Paired
Student's t-tests were used in microperfusion studies.

In the first series of experiments, we examined the effect of FGF-23R176Q on urinary PGE,
excretion. FGF-23R176Q (250 ng) or vehicle was injected intraperitoneally in C57/B6 mice
and urine was obtained 3, 6, and 24 h later. The results of urine PGE,/Cr are shown in Fig.
1. FGF-23R176Q increased urinary PGE,/Cr levels in C57/B6 mice after 6 and 24 h.

We previously demonstrated that Hyp mice have higher urinary PGE,/Cr ratios than C57/B6
mice. To examine whether proximal tubules of Hyp mice had higher rates of PGE,
production than C57/B6 mice, we incubated proximal tubules with 107> M arachidonic acid.
As shown in Fig. 2, proximal tubules from Hyp mice had a higher PGE, production after 15
min of incubation than proximal tubules from C57/B6 mice. PGE, production was inhibited
by indomethacin in both groups of tubules, P < 0.05.

In the next series of experiments, we examined whether incubation of proximal tubules from
C57/B6 mice with 20 ng/ml FGF-23R176Q would result in an increase in PGE, production.
This dose of FGF-23R176Q was chosen as it was comparable to the dose shown to produce
maximal inhibition of phosphate transport in OKP cells and it is comparable to the level
measured in patients with renal failure (19, 38). As shown in Fig. 3, incubation of proximal
tubules from C57/B6 mice with FGF-23R176Q increased PGE, production, an effect
inhibited by indomethacin.

Previous studies demonstrated that the inhibition of phosphate transport by FGF-23 in OK
cells was via the MAPK pathway and blocked by both PD-98059 and SB-203580. To
examine whether the FGF-23-mediated increase in tubular PGE, production is via the
MAPK pathway, we incubated proximal tubules from C57/B6 mice with 50 uM PD-98059
(Fig. 4) or 10 uM SB-203580 (Fig. 5) with or without FGF-23R176Q. PGE, production in
the presence of both inhibitors was comparable to that in control C57/B6 proximal tubules.
The FGF-23R176Q-mediated increase in PGE, production was inhibited by both
compounds.

We previously demonstrated that incubation of Hyp proximal tubules but not C57/B6 mouse
proximal tubules with indomethacin resulted in an increase in phosphate transport consistent
with endogenous PGE; production mediating the inhibition in phosphate transport in Hyp
mice (5). To examine directly whether PGE, inhibits phosphate transport in mouse proximal
tubule, we perfused C57/B6 mouse proximal tubules in vitro. During the experimental
period, 107 M PGE, was added to the bathing solution. As shown in Fig. 6, PGE inhibited
phosphate transport in mouse proximal tubules from 12.6 + 3.7 t0 10.8 + 3.3
pmol-mm~1.min~1, P < 0.05. PGE; also inhibited volume absorption from 1.30 + 0.20 to
1.00 + 0.17 nl-mm~L.min~1, P < 0.05. A vehicle time control showed no change in volume
absorption with time 0.83 + 0.11 to 0.77 + 0.27 nlmm~1min~1 (n = 6). There was actually a
small increase in phosphate transport with time 14.3 + 3.1 to 16.1 + 3.2 pmol-mm~1-min1,
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P <0.05 (n=6). Thus PGE; inhibits phosphate and volume reabsorption in the mouse PCT
as previously shown in the rabbit PST (10).

In the final series of experiments, we examined whether incubating a cortical tubular
suspension with PGE, would result in a reduction in BBMV NaPi-2a protein abundance.
The results are shown in Fig. 7. PGE; resulted in a 30% reduction in NaPi-2a/B-actin protein
abundance (3.4 £ 0.3 vs. 2.4 + 0.3, n=7, P =0.05). These results are consistent with PGE,
reducing phosphate transport, at least in part, by decreasing apical membrane NaPi-2a
protein abundance.

DISCUSSION

The present study demonstrated that Hyp mice proximal tubules have higher rates of PGE,
production than control mice. Injection of FGF-23R176Q into control mice resulted in an
increase in PGE; excretion and addition of FGF-23R176Q to proximal tubules in vitro
increase the rates of PGE, production, an effect mediated via the MAP kinase pathway.
Finally, we demonstrate that PGE, inhibits phosphate transport in proximal tubules by
reducing apical expression of NaPi-2.

We recently provided evidence that Hyp mice have altered prostaglandin production that is
involved in the defective proximal tubule phosphate transport (5). We found that urinary
PGE, was higher in Hyp mice compared with C57/B6 mice. Furthermore, indomethacin
administered in vivo decreased urinary phosphate excretion and increased serum phosphate
levels. This was accompanied by a normalization of BBMV NaPi-2a protein abundance.
Finally, in Hyp tubules perfused in vitro, addition of indomethacin to the bathing media
resulted in an increase in the rate of phosphate transport.

This study extends these findings. We find that administration of FGF-23R176Q results in
an increase in urinary PGEj/creatinine excretion. In our previous study, we found that Hyp
mice had a twofold greater urinary to PGE,/Cr level compared with C57/B6 mice (5). In this
study, we show that 24 h after administration of FGF-23R176Q, there was a 10-fold increase
in urinary PGE,/Cr level. This difference in magnitude is likely due pharmacological serum
levels of FGF-23R176Q after intraperitoneal injection of 250 ng of FGF-23R176Q. In the
present study, we also demonstrated that proximal tubules from Hyp mice produce more
PGE; than that of C57/B6 mice and that administration of FGF-23R176Q to C57/B6 mouse
proximal tubules increases PGE, production to levels comparable to that of Hyp mice. These
observations further link FGF-23 to altered phosphate transport mediated by an increase in
PGE; production.

The time required for FGF-23 to mediate an increase in PGE, production and inhibit
phosphate transport is different in vivo and in vitro. We previously demonstrated that
FGF-23R176Q inhibits phosphate transport in perfused tubules within 15-30 min after
addition of the hormone to the bath (6), a similar time frame used in the perfused tubule
studies examining the effect of PGE; in these studies and for FGF-23R176Q to increase
PGE, production. Shimada et al. (28) found that 9 h after the intravenous injection of 4.5 pg
of FGF-23, there was an increase in fractional excretion of phosphate and lower phosphate
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serum level in mice in vivo, a time comparable to our findings with an increase in PGE,
excretion. The causes for the difference in time in vivo and in vitro are unknown, but it may
be due to other compensatory factors that regulate phosphate transport in vivo.

Previous studies in the rabbit showed that PGE, can regulate transport in this segment; 107>
M PGE; has been shown to inhibit both volume absorption and phosphate transport in the
rabbit proximal straight tubule (10). In this study, we confirm these findings and provide a
further link between phosphate transport and prostaglandin production. In addition, we
demonstrate that incubation of proximal tubules with PGE, results in a reduction in BBMV
NaPi-2a protein abundance.

We also examined the effect of 20 ng/ml of FGF-23R176Q on tubular PGE, production in
vitro. This dose of FGF-23R176Q was comparable to that used by others to produce
maximal inhibition of phosphate transport when added to OK cells in vitro; however, lower
concentrations of FGF-23 can inhibit phosphate transport in OK cells (38). We recently
demonstrated that this concentration of FGF-23R176Q inhibits phosphate transport in rabbit
proximal tubules perfused in vitro and causes a reduction in mouse BBMV NaPi-2 protein
abundance from mouse cortex incubated in vitro (6). These levels of FGF-23R176Q may
have physiological relevance as normal values or FGF-23 range between 10 and 50 ng/l (39)
and are increased 100- to 1,000-fold in patients with end-stage renal disease (19). It should
be noted, however, that the levels of FGF-23 in Hyp mice are only 10-fold higher than
control mice (2).

FGF-23 inhibits phosphate transport in OK cells, a cell line with characteristics of the
proximal tubule (7, 38). This effect of FGF-23 is mediated via an FGF receptor 3c which is
linked to the MAPK pathway (38). The inhibition of phosphate transport by FGF-23 is
blocked by PD-98059 and SB-203580 (38). In this study, we demonstrate that the
FGF-23R176Q-mediated tubular production of PGE-2 is also inhibited by PD-98059 and
SB-203580 without having an effect on basal PGE, production.

The effect of FGF-23 on proximal tubular transport appears to be specific for phosphate
transport. Injection of recombinant FGF-23 into mice resulted in a reduction in serum
phosphate levels and an increase in urinary excretion of phosphate but did not cause an
increase in glucose or amino acid excretion (29). In rabbit proximal tubules perfused in
vitro, we found an inhibition of 20 ng/ml FGF-23R176Q on phosphate transport but not on
glucose transport.

In conclusion, this study shows that FGF-23R176Q increases PGE; excretion and tubular
PGE, production. The effect of FGF-23R176Q to increase FGF-23 is totally inhibited by
blocking the MAPK pathway. Furthermore, we provide additional evidence that the increase
in cellular PGE, may mediate the inhibition in phosphate transport by FGF-23.
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Fig. 1.
Effect of FGF-23R176Q on urinary PGE; excretion: 250 ng of FGF-23R176Q or vehicle

were injected into the peritoneum of C57/B6 mice and urinary PGE,/creatine (Cr) was
measured 3, 6, and 24 h after injection. FGF-23R176Q increased urinary PGE,/Cr (top), P <
0.05.
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Fig. 2.
Tubular PGE; production in Hyp and C57/B6 mice: comparison of tubular PGE, production

in Hyp and C57/B6 mice. Proximal tubules were incubated in vitro in DMEM containing
1075 M arachidonic acid for 15 min. PGE, production was higher in Hyp than C57/B6
mouse proximal tubules (P < 0.05). PGE» production was inhibited by indomethacin (P <
0.05).
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Fig. 3.

Ef?‘ect of FGF-23R176Q on tubular PGE, production in C57/B6 mice: comparison of
tubular of 20 ng/ml FGF-23R176Q on tubular PGE; production in C57/B6 mice. Proximal
tubules were incubated in vitro in DMEM containing 10> M arachidonic acid for 15 min.
PGE, production was higher in proximal tubules incubated with FGF-23R176Q (P < 0.05).
PGE, production was inhibited by indomethacin (P < 0.05).
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Fig. 4.
Effect of FGF-23R176Q on PGE, production in the presence of PD-98059. Proximal

tubules were incubated in vitro in DMEM containing 10> M arachidonic acid and 20 ng/ml
of FGF-23R176Q for 15 min. PD-98059 blocked the FGF-23R176Q-mediated increase in
PGE, production.
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Fig. 5.
Effect of FGF-23R176Q on PGE, production in the presence of SB-203580. Proximal

tubules were incubated in vitro in DMEM containing 10> M arachidonic acid and 20 ng/m
of FGF-23R176Q for 15 min. SB-203580 had no effect of PGE, production but blocked the
FGF-23R176Q-mediated increase in PGE, production.
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Fig. 6.
Effect of PGE, on phosphate transport in C57/B6 mice: proximal convoluted tubules were

perfused with an ultrafiltrate-like solution and bathed in a serum-like albumin solution.
During the experimental period, 108 M PGE, was added to the bathing solution which
resulted in a decrease in phosphate transport (P < 0.05).
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Fig. 7.
Effect of PGE;, on brush-border membrane vesicle (BBMV) NaPi-2a expression. Renal

cortex from C57/B6 mice was minced and then incubated with vehicle or 1076 M PGE; for
3 h in tissue culture media. NaPi-2a and p-actin expression were determined from BBMV
using immunoblot. The figure shows data from 2 different immunoblots. There was
significantly less BBMV NaPi-2a expression in cells incubated with PGE,.
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