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Abstract 

We have studied the role of the intestine, kidney, and several hormones when adapting to changes in dietary P 
concentration. Normal and parathyroidectomized (PTX) rats were fed pH-matched diets containing 0.1%, 0.6%, and 1.2% P 
concentrations. 32 Pi uptake was determined in the jejunum and kidney cortex brush border membrane vesicles. Several 
hormone and ion concentrations were determined in the blood and urine of rats. Both jejunum and kidney cortex Pi 
transport was regulated with 5 d of chronic feeding of P diets in normal rats. Acute adaptation was determined by switching 
foods on day 6, which was only clearly observed in the kidney cortex of normal rats, with more statistical variability in the 
jejun um. Howev er, no paradoxical incr ease of Pi uptake in the jejun um w as r e pr oduced after the acute switch to the 1.2% P 
diet. Pi uptake in the jejunum was parathyroid hormone (PTH)-independent, but in the kidney, the chronic adaptation was 
reduced, and no acute dietary adaptations were observed. The NaPi2a protein was more abundant in the PTX than the 
sham kidneys, but contrary to the modest or absent changes in Pi uptake adaptation, the transporter was similarly 
r egulated by dietar y P, as in the sham rats. PTH and fibr ob last gr owth factor 23 (FGF23) were the only hormones regulated by 
all diet changes, even in fasting animals, which exhibited regulated Pi transport despite similar phosphatemia. Evidence of 
Pi appetite effects was also observed. In brief, our results show new c har acteristics of Pi adaptations, including a lack of 
correlation between Pi transport, NaPi2a expression, and PTH/FGF23 concentrations. 
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ntroduction 

s an essential component of all or ganisms, inor ganic phos-
hate (Pi) homeostasis is accurately maintained through the
r c hestr ated activity of sever al mec hanisms. 1–3 In complex
rganisms, these mechanisms consist of hormonal and non-
ormonal regulators that act on plasma membrane Pi trans-
orters, which are mainly located in the proximal tubules
f the kidney and in the small intestine. A modification of
he abundance of the Slc34 and Slc20 family members of Pi
ransporters in the plasma membrane is the most r elev ant

echanism of adaptation to changes in dietary Pi. The main
urpose of that mechanism is to keep the supply of phos-
hate constant. 4 , 5 For example, when the dietary Pi content

s reduced, the increased expression of Pi transporters in the
uminal membrane of the kidney proximal tubules success-
ull y pr ev ents the urinar y loss of pr ecious Pi. Conv ersel y, when
ietary Pi is increased, Pi transporters in the apical membrane
f the proximal tubules are internalized, thereby increasing
rine Pi loss and pr ev enting the toxic outcomes of hyperphos-
hatemia. 6 

The many regulators of Pi homeostasis do not act indepen-
ently, rather, they are interrelated and form a complex net-
ork of agents with positive and ne gative feedbac k, therefore
indering the study of Pi handling (see Ta b le 1 in Lucea et al. 7 ).
he kidney is the main organ r esponsib le for maintaining Pi
omeostasis when a fast response is necessary, and the PTH
nd fibr ob last gr owth factor 23 (FGF23) ar e the main known hor-
ones that act acutely on the Pi reabsorption r ate . How ever,

her e is str ong, r ecent evidence of additional r egulator(s) that
ct after an acute, high intake of Pi. 8 In the small intestine,
he paracellular route of absorption seems to be very impor-
ant and pr oportionall y r elated to the dietar y intake of Pi, 9 but
he mechanisms of regulation, if any, are still unknown. 10 In
ddition, another unclear finding is what has been observed
uring acute adaptation of the small intestine to a sudden

ncrease of P intake, which was described as a paradoxical
ncrease of Pi transport and the expression of Pi transporter
aPi2b in rat duoden um. 11 Subsequentl y, in addition to the

ntestinal response to an acute increase of dietary P, a sim-
lar change was observed in chronic feeding when the feed-
ng time w as r estricted to 4 h daily. 12 The change in the mag-
itude of transport was less than in the previous work, 11 but

t affected both the duodenum and the jejunum. 12 The abun-
ance of NaPi2b was always higher with the 0.1% P food and
 as inde pendent of the feeding time re gime . 12 The molecular
echanisms of this regulation and the intestinal responses are

till unclear, but the molecular and kinetic analyses of intesti-
al transport, as well as the effects of pH and phosphonoformic
cid, suggested the presence of new, additional Pi transport sys-
ems. 

While many physiolog ical ag ents are able to alter Pi home-
stasis when administered to experimental animals, not all of
hem ar e pr esuma b l y inv olv ed during the pr ocess of dietar y
daptations because their endogenous concentrations are not
odified when the dose of dietary Pi is changed. 13 These

gents include several hormones, the inositol hexakisphos-
hate kinases, 8 , 14 and the nicotinamide adenine dinucleotides
 AD 

+ and N ADH, whic h contr ol the dail y oscillations of phos-
hatemia. 15 These 2 compounds have also been described
s competiti v e inhibitors of r enal and intestinal Pi trans-
ort in vitro and in vi v o . 16 Howev er, that inhibition finall y
urned out to be an experimental artifact, 7 and the role
f those compounds during adaptation to dietary Pi is still
nclear. 

Changes in the concentrations of these physiological agents
n tissues or blood can be interpreted as either a cause or a
onsequence of the adaptation process. In the case of PTH and
GF23, their response times are different after a high P intake 13 

nd after their blood concentrations increase, but neither is fully
 esponsib le for the renal adaptation response. 8 With respect
o intestinal adaptation, the role of FGF23 as a direct modu-
ator is unlikel y, gi v en that the expression of the co-r ece ptor
lotho is v er y limited and that the only significant FGF activity is
hat of FGF15/19. 17 , 18 However, the intestine contains PTH recep-
ors that could be inv olv ed in some of the adaptation mecha-
isms. 19 , 20 

In this w ork, w e have tried to contribute to an understand-
ng of the intestinal and renal adaptations to modifications
f dietary Pi doses. We have analyzed the changes in sev-
r al par ameters, hormones, and nonhormone agents using sev-
ral feeding strategies and fodders with feasible concentra-
ions of Pi and using rats that were trained to eat at spe-
ific times. To better understand the role of PTH, we have
lso used parathyroidectomized (PTX) rats in some of the
 xperiments, there by confirming the pr edominant r ole of this
ormone. 

aterials and Methods 

nimals and Foods 

or the first part of the experimentation, 2-mo-old normal
ale Wistar rats were obtained from Janvier Laboratories

Saint Berthevin Cedex, F r ance). Sham-oper ated and PTX Wis-
ar rats, also 2 mo old, were obtained from Envigo RMS
pain (Barcelona). All animals were cared for in accordance
ith European and Spanish legislation, and all pr ocedur es
er e appr ov ed by the Ethical Committee for Animal Experi-
entation of the Uni v ersity of Zaragoza, with authorization

umber PI22/21. In the first experiment, 44 nonoperated rats
ere used, and in the second experiment (sham versus PTX

ats), 40 animals were used (see the “Statistics” section for
he distribution per group). For the ad libitum (AL) groups,
nly 3 animals were used because this condition has been
tudied extensi v el y. For the acute adaptations, 5 nonoper-
ted rats and 4 sham and PTX r ats w ere used in the respec-
i v e experiments. To pr ev ent the hungr y bone syndr ome, the
TX r ats w er e gi v en drinking w ater containing calcium glu-
onate (350 mg Ca 2 + /L). The feeding regime is explained in
igure 1 and in the “Results” section. 

The 3 fodders used in this study were obtained from SAFE
iets (Augy, F r ance). The concentr ation of P in AIN food was
chieved with a combination of NaH 2 PO 4 and K 2 HPO 4 so that
ll 3 fodders had a pH of 7.2. The main components and v aria b le
iffer ences ar e shown in Ta b le 1 . 

rush-Border Membrane Vesicle (BBMV) Preparation 

nd Transport Assays 

he r ats w ere anesthetized by an intraperitoneal injection
f pentobarbital. Subsequently, aortic blood samples were
btained, the jejunum and kidneys were removed, and the
eart was cut for exsanguination. Membrane vesicles were pre-
ar ed fr om kidney cortex and jejun um scrapings as described,
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Figure 1. Experimental design. The outline shows the AL-fed and the 4-h restricted feeding time groups. Ad libitum feeding only includes chronic adaptations, whereas 

the 4-h restricted feeding regime includes the chronic and acutely adapted groups. Acute adaptation was achie ved b y switching the food on the last day (oval shape). 
Some of the animals were also euthanized on the last day before feeding to c hec k the effect of overnight fasting. See the text for details. 

Table 1. Major Differences in Food Composition 

Components 0.1% P 0.6% P 1.2% P 

AIN minerals (no KH 2 PO 4 ), g/kg 35 .0 35 .0 35 .0 
K 2 HPO 4 0 18 .9 41 .3 
NaH 2 PO 4 0 8 .1 17 .7 
Sodium, % 0 .29 0 .29 0 .44 
Potassium, % 0 .96 0 .96 1 .97 
Phosphorus, % 0 .10 0 .62 1 .23 
Minerals, % 4 .2 4 .2 6 .5 
Pre gelatinized cornstar c h, g/kg 377 .9 370 .5 338 .5 
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sing the classic pr ocedur e of doub le ma gnesium pr ecipita- 
ion. 11 , 12 , 21 Total 32 P-Pi uptake was determined by rapid filtra- 
ion, as described, 22 at pH 7.4, using 0.05 m m Pi as the sub- 
trate (in the range of the K m 

from the jejunum and kidney cor- 
ex BBMV) and for 10 s, which corresponds to the limit of ini- 
ial velocity time. Uptake data are expressed as velocity (ie, per 
econd). 

iochemical Determinations 

he concentrations of phosphate, calcium, and creatinine in 

rterial blood plasma and urine were determined using the cor- 
 esponding QuantiChr om kits (DIPI-500, DICA-500, and DICT- 
00) from BioAssay Systems. Urine was collected for 24 h in 

eta bolic ca ges, and ther efor e acute food switches for 4 h were
ot analyzed. 

The plasma concentrations of several hormones were deter- 
ined by ELISA using the following kits and according to the 
an ufactur er’s pr otocols: rat intact PTH (Immunotopics, cat. 60- 

500), FGF-23 (Kainos Laboratories, CY-4000), Rat Klotho KLOT 

BlueGene, E02K0027), secreted frizzled-related protein 4 (SFRP4; 
iomatik, EKU07221), matrix extracellular phosphogl ycopr otein 

MEPE; Cloud-Clone Corp., SEB232Ra), dopamine (Cloud-Clone 
orp, CEA851Ge), rat CORT for corticoster one (Ela bscience, EL- 
160), rat thyroxine (T4) ELISA Kit (Cusabio, E05082r), General 
alcitriol ELISA Kit (EIAab, E0467Ge), and Insulin kit (Could- 
lone Corp, CEA448Ra). 

Total nicotinamide adenine dinucleotide was determined 

ith an N AD 

+ /N ADH Assay Kit (Abcam, ab65348) in 20 mg of 
idney cortex and jejunum scrapings, following the kit’s proce- 
ure. Optical density was determined at 450 nm with a DTX 880 
ultimode Detector (Beckman Coulter). 
estern Blot 

mm unob lots and detection were performed using kidney cor- 
ex BBMV, as described. 7 , 12 NaPi2a polyclonal antibody has been 

 har acterized pr eviousl y. 22 Secondar y, anti-ra bbit IgG antibody 
cat. 31460; Invitrogen, Carlsbad, CA, USA) was used at 1:20 000 
ilution. 

tatistics 

tatistical analyses of the data were performed using Prism 10 
GraphPad Softw ar e, Boston, MA, USA; www.graphpad.com ) for 

acintosh. In the first experiment, 44 nonoper ated r ats w ere 
sed with the following distribution: chr onicall y fed and AL, 3 
ats per gr oup; chr onicall y fed for 4 h per day and euthanized
efore feeding time (ie, fasting), 4 rats per group; chronically 
ed for 4 h per day, 5 rats with 0.1% P food, 5 rats with 1.2%
 food, and 3 with 0.6% P food. The 2 groups of rats acutely
witched on the last day from 0.1% to 1.2% P food and from
.2% to 0.1% P food, 5 rats per group. In the second experi-
ent, sham- versus PTX-operated rats, 4 rats per group were 

sed. The number of rats corresponds to the dots in the figure 
harts. 

Data ar e expr essed as the mean ± SEM. A normal/Gaussian 

istribution of data was c hec ked for all experiments using 
he Shapiro-Wilk test. The significances of comparisons were 
etermined using parametric methods, either with a t -test 
or 2 means or an analysis of variance (ANOVA) for more 
han 2 means. An ordinary ANOVA was used when homo- 
eneity of variance was shown using the Brown-Forsythe 
nd Barlett’s tests. Subsequently, difference significances of 
elected mean comparisons wer e anal yzed with Fisher’s Least 
ignificant Difference (LSD) post hoc test. When variances 

art/zqad063_f1.eps
http://www.graphpad.com
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ere not homogeneous, instead of an ordinary ANOVA, both
 elch’ s and Brown-Forsythe’s alternative ANOVAs were used,

ollowed by a comparison of selected means with an unpaired
 -test with W elch’ s correction post hoc. Differ ences wer e
onsidered significant when P < .05. See figure legends for
etails, as well as the statistical pr ocedur es used in each
ase. 

esults 

xperimental Design and the Consumption of Food and
hosphorus 

he basic experimental design is depicted in Figure 1 , similar to
revious studies. 12 Normal rats were fed for 5 d with one of the

ndicated fodders, containing either 0.1%, 0.6%, or 1.2% P. The
oods wer e form ulated with combinations of dihydr ogen phos-
hate [H 2 PO 4 ] − and hydrogen phosphate [HPO 4 ] 2 − salts so that
ll 3 would have the same pH of 7.2 (see Ta b le 1 ). Thr ee gr oups
f animals were fed AL with the corresponding food, and ani-
als of 3 additional groups were given the same food for only 4
 per day in the morning (8:00 am to 12:00 noon). On the last day,

he animals restricted to feeding for only 4 h received either the
ame food as the previous days, no food (ie, fasting for 20 h), or
he opposite food with respect to the P concentrations, meaning
hat some of the 0.1% P-fed animals r ecei v ed the 1.2% P food, and
ome of the 1.2% P-fed animals r ecei v ed the 0.1% P food ( Figure
 , oval shapes). 

As expected, the AL-fed animals ate more food than the 4-h
estricted animals, with no significant differences between the
mounts of the 3 fodders ingested within each feeding re gime ,
amely AL and 4 h ( Figure 2 A). On the sixth da y, howe ver, the

ood switch to study the acute adaptations had a critical effect
n consumption: The animals whose diet was changed from
.2% to 0.1% P fodder ate 1.7 times more food than the animals
hat were switched to the 1.2% P diet after 5 d of being fed with
he 0.1% P food ( Figure 2 B). This effect is most likely not due to
n unpleasant taste of the high P diet, gi v en that consumption
ad been identical for the 0.1% and 1.2% P diets during the 5
receding days for both groups: the 4-h restricted animals and
he AL-fed rats. Despite that unexpected effect, the animals that
er e acutel y switched to the 1.2% P diet ate 0.52 g of phosphorus
er kilogram of rat during the last day of the experiment (for 4
), compared to the animals that were acutely switched to the
.1% P diet, which consumed 0.07 g P/kg of rat ( Figure 2 C). Figure
 also shows the P consumptions of the other groups and the
ost r elev ant significant comparisons. 

ffects of Adaptations on Basic Homeostatic Parameters 

e measured the Pi transport in the jejunum and kidney cor-
ex BBMV, thereby confirming the described acute and chronic
daptations in the kidney to changes in dietary P concentrations
 Figure 3 ). In the jejunum, however, previous dietary adaptation
 esults wer e onl y partiall y confirmed. 

As expected, the highest Pi uptake rate in the kidney was
bserved with the 0.1% P food, in all feeding regimes ( Figure 3 B).
his was also the case of the jejunum during chronic adaptation
ith both AL and time-restricted feeding ( Figure 3 A), contrary

o previous studies in which either an acute change to a high-Pi
iet 11 , 12 or just feeding for 4 h per day paradoxically increased
i transport in the duodenum and jejunum BBMV. 12 

In both the kidney and jejunum, the notable effect of the P-
e pri v ed fodder (0.1% P) on Pi transport and the nondifference
etween the 0.6% and 1.2% P food in both tissues could be at least
artially due to the 6-fold difference in P concentration between
he 0.1% P (de pri v ed) and at 0.6% P (control) fodders, compared
o the only 2-fold difference between the food at 0.6% P and 1.2%
 (enriched), in addition to the fact that the P dose of the 0.6%
 food already fulfills all the nutritional P needs. With respect
o the acute adaptation from a low to a high concentration of P
n the food and vice versa, the kidney BBMV showed the classi-
al fast changes in Pi transport ( Figure 3 B). Jejunum Pi transport
daptation also occurred, and it was similar to that of the kid-
ey but with less intensity ( Figure 3 A). Also, in the switch from
 low to a high P fodder, Pi transport was reduced, but the effect
as not enough to be significantl y differ ent fr om the transport

n animals that were chr onicall y fed with the 0.1% P fodder. The
ejun um transport r esulting fr om the fodder change from 1.2%
o 0.1% P was, however, significantly higher than the jejunum
ransport in the animals that were chr onicall y fed the 1.2% P
iet. 

We also analyzed the consequences of the experimental fast-
ng of the rats used for the acute adaptations. The acute adap-
ation experiments r equir ed feeding the animals for only 4 h
er day for several days so that, at the same starting time, they
ould eat the specific diet to achieve the chronic adaptation
efore switching the food on the last day at the same feeding
ime. This meant that the food was withdrawn and that the ani-

als fasted for 20 h (from 12:00 noon to 8 am ). In order to know
he physiological status of the animals in these experiments
ust before feeding, we analyzed sever al par ameters related to
i homeostasis. With respect to Pi transport, panels A and B
f Figure 3 show that both the jejunum and the kidney cortex
BMV from these (fasting) animals maintained the Pi transport
ate adapted to the de pri v ed, 0.1% P food, for at least 20 h, that
s, the Pi tr ansport r ate w as significantl y higher than the rate of
asting animals that had been eating either the 0.6% or 1.2% P
ood. In the jejun um, howev er, the Pi transport rates of fasting
ats eating either 0.6% or 1.2% P food wer e significantl y higher
han the corresponding rates in the animals being fed the same
ood for 4 h. 

The purpose of adaptation to different dietary P concentra-
ions is to keep the Pi concentration in blood plasma at a con-
tant level through, mainly, changes in the intestinal absorp-
ion rate and thr ough r enal r ea bsorption/urinar y excr etion. To
earn if that constant level was successfully achieved during
daptation, we also measured the blood plasma Pi concentra-
ion. Figure 3 C shows that, as previously described by several
roups, the plasma Pi concentration varied according to the P
ontent of the food consumed in the groups of animals that were
hr onicall y fed, either AL or restricted to 4 h of feeding daily.
onsequently, a normal Pi concentration was not immediately
eached in the plasma after feeding, meaning that in the case of
nimals that were fed for 4 h only. For example, the animals that
ere fed the 0.1% P food showed a lower plasma P concentration

ompared to the animals that were fed the 1.2% P food. Rats that
r e fed AL mainl y eat during the night, meaning that there is
 longer time span until blood sampling and less pronounced
ifferences in plasma Pi concentration. In fact, after 20 h of fast-

ng, that is, when the time span from eating to blood collection is
aximal, differences in the plasma Pi concentrations among the
 gr oups wer e no longer observ ed, ev en when the Pi transport
ates maintained the adaptations to the low and high Pi con-
entrations in the food, as shown in Figure 3 A and B. Notably,
hile all 3 plasma Pi concentrations are similar in fasting ani-
als, when they are fed again with the corresponding foods for
 h, 3 differ ent r esponses ar e observ ed in the plasma Pi ( Figure
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F igure 2. F ood consumption of the experimental groups. (A) Food consumption of normal animals being fed AL versus 4-h restricted feeding. Consumption was 
significantly lower in the 4-h-fed animals compared to the AL-fed animals, for all 3 foods. For simplicity, statistics are only shown for the sixth day. An ordinary 

ANOVA ( P < .005) was used after c hec king for SD homogeneity, followed by a Fisher’s LSD post hoc test for comparing the consumption of the same food with the 2 
feeding patterns (AL versus 4 h). Asterisks ( ∗∗) indicate ANOVA P < .005. Individual P -values for the 3 diets are as follows: 0.1% P, P < .005; 0.6% P, P < .005; and 1.2% P, 
P < .05. (B) Food consumption of 0.1% P and 1.2% P in the 4-h restricted animals, which on the last day r ecei v ed the opposite food in terms of P concentration, to check 
for acute adaptations. ∗∗P < .01 with t -test, 6th day. (C) Phosphorus consumption per kg of rat during the last 24 h in all rat groups. Relevant comparisons are shown, 

using ANOVA ( P < .0001) and Fisher’s LSD post hoc for the indicated comparisons (see the “Materials and Methods” section): ∗∗∗∗P < .0001. 
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 C, which compares fasting and being fed for 4 h): The plasma 
i concentration in rats fed with the 1.2% P diet increases signif- 
cantly, as expected, while the plasma Pi concentrations remain 

 er y similar in the rats fed with the 0.6% P diet, and curiously,
 significantly lower plasma Pi concentration is observed in the 
ats fed with the 0.1% P diet. 

The plasma creatinine concentr ations w ere similar in all 
r oups, ther efor e discarding the possibility that the changes in 

he renal filtration rates could affect plasma Pi levels. Conse- 
uently, the renal excretion of Pi was also determined for 24 h 

 Figure 3 D). Unlike in blood plasma, the concentration of P in 

rine at 24 h varied dramatically according to the exposure to 
ietar y P. Nota b l y, despite a similar tr ansport r ate in the renal
BMV of the rats that were fed 0.6% and 1.2% P, the urine of 
he animals that were fed 1.2% P contained double the concen- 
ration of Pi than the urine of the animals that were fed with 

.6% P. Ther efor e, unlike what happens to the renal Pi transport 
 ate , the concentration of Pi in urine correlated perfectly with 

he amount of P eaten by the animals. 

hanges in the Concentr a tion of Pi Homeostasis 
egulators 

e also analyzed the likely changes in the concentrations of hor- 
ones and other agents known to control or modify Pi home- 

stasis in response to different exposures to dietary Pi ( Figure 
 ). The hormones most affected by the dietary Pi changes were 
TH and FGF23, which r esponded similarl y to the experimental 
aneuvers, as expected. Their plasma concentrations increased 

ith the dietary Pi concentration, even switching from the 0.6% 

 to the 1.2% P diets. However, in this case, the differ ences wer e
ot all significantly different, with the exception of PTH in the 
-h restricted animals. In Pi-deprived animals (0.1% P diet), the 
oncentrations of PTH and FGF23 were extremely low, in either 
he AL or the 4-h feeding re gime . 

The rats that were subject to the acute change of food from 

.1% to 1.2% P showed a marked increase in both PTH and FGF23 
ompared to rats given the 0.1% P diet for 4 h per day. In rats
hose food was switched from 1.2% to 0.1% P, the plasma con- 

entrations of PTH and FGF23 were lower than those chroni- 
ally fed with the 1.2% P food but were still higher than those 
hr onicall y fed with P-de pri v ed food (0.1% P), most likely as a
onsequence of the half-life of the hormones. Nota b l y, despite 
his moderate decrease of PTH and FGF23 concentrations in the 
cute change to 0.1% P food, both the jejunum and renal trans- 
orts of Pi had already increased compared to the chronic 1.2% 

 diet ( Figure 3 A and B). 
Also v er y nota b l y, in the animals that wer e subject to fasting

or 20 h, the differences in the plasma concentrations of PTH 

nd FGF23 among the 3 dietary groups remained. PTH concen- 
rations in the fasting animals adapted to the 0.6% and 1.2% P 
iets were similar but reduced, especially in the case of 1.2% P 
iets, compared to the corresponding animals being fed for 4 h 

 Figure 4 ). Despite the reduction, the PTH levels were still higher
han in the animals that were chr onicall y adapted to the 0.1%
 food in any condition, while similar plasma P concentrations 
emained for all 3 diets in the fasting animals ( Figure 3 C). The
ata dispersion of the PTH values in the 0.6% P diet of the fast-

ng and AL-fed animals pr ev ented a significance of the differ- 
nce with 0.1% P diet, despite the higher means. 

With respect to FGF23, the values in the fasting animals 
emained similar to the corresponding FGF23 concentrations in 

he nonfasting animals fed for 4 h ( Figure 4 ). Maximal levels
ere obtained in the AL-fed rats with eating the 0.6% and 1.2% P

oods. 
The abundance of MEPE only increased significantly with the 

igh Pi diets in the animals that were fed AL. No changes in
ther phosphaturic hormones were observed, including SFRP4, 
lotho, dopamine, and corticosterone concentrations. We also 
uantified N AD 

+ /N ADH in the jejun um m ucosa and kidney cor-
ex of all groups of animals, with no significant changes in 

he jejunum. In the kidney cortex, however, a low concentra- 
ion was found in the animals that were fed for 4 h with the
.1% P food, and the tissue concentration r ecov er ed in the ani-
als that were subjected to the acute change to the 1.2% P 

ood. 
Regarding hormones that retain Pi in the body and reduce 

rinary loss, no c hanges w er e observ ed in insulin or thyroid hor-
one blood plasma concentrations, and only calcitriol was sig- 

ificantl y incr eased by 25% in the animals that were fed AL with
he P-de pri v ed food. 

Gi v en that the nicotinamide nucleotides did not change in 

he jejunum tissue and that FGF23 seemed to act only in the 
ntestine through changes in circulating vitamin D (see the 
Introduction” section), we subsequently focused on the roles 
f PTH using PTX rats. 
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Figure 3. Effect of Pi diet changes on Pi transport and on blood and urine concentrations. (A) Pi transport in the jejunum BBMV from rats fed with food containing the 
indicated P concentration. SDs were not significantly different, and therefore an ordinary ANOVA was performed, followed by a comparison of selected means with 
Fisher’s LSD post hoc test (see the “Materials and Methods” section): ∗P < .05; ∗∗P < .01; ∗∗∗P < .001; ∗∗∗∗P < .0001. (B) Pi transport in the kidney cortex BBMV. Both 

Brown-Forsythe’s and Bartlett’s tests indicated significantly different SDs, and therefore an alternative ANOVA was used (Brown-Forsythe’s and Welch’s ANOVA tests, 
P < .0001), followed by a multiple comparison post hoc test with W elch’ s correction (see the “Materials and Methods” section): ∗P < .05; ∗∗P < .01; ∗∗∗P < .001. (C) Arterial 
blood plasma Pi concentrations in all groups of animals. Note the similar Pi concentrations in fasting animals, independently of the P diet. The ordinates measure Pi, 
and ther efor e the v alues ar e higher than just measuring phosphorus. A Brown-Forsythe’s test r ev ealed homogeneous SDs, and ther efor e an ordinar y ANOVA ( P < .0001) 

was used, followed by a Fisher’s LSD post hoc test for multiple comparisons. ∗∗∗P < .001; ∗∗∗∗P < .0001. (D) Pi concentrations in 24-h urine (except for the 20-h fasting 
animals, whose urine is for 20 h) with respect to creatinine concentrations in the indicated groups. In all panels, the fasting animals refer to those euthanized on the 
last day just before feeding with the indicated P fodder. Statistics are as in (C), with homogeneous SDs. ∗∗P < .005. 
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ood and Phosphorus Consumption in PTX Rats 

n order to reduce the number of animals, no AL-fed groups were
sed with PTX animals. PTX rats that were fed with the 0.6%
nd 1.2% P foods ate a low and constant quantity of grams of
odder per day, that is, the amount of food consumed did not
ncr ease significantl y during the 5 d of experimental feeding
 Figure 5 A). 

This was not the case of the sham animals that were fed
t any concentration of P or of the PTX rats eating the 0.1% P
ood: The food consumption of this P-restricted group was sim-
lar to that of the sham-oper ated r ats, including the fact that
ood consumption increased during the first 3 d, as observed
n the sham animals. As in the case of the nonoperated rats
 Figure 2 A), the sham-operated rats consumed similar amounts
f food, regardless of the P content ( Figure 5 A). During the acute
daptations, however, fodder consumption by the PTX rats that
ad been fed with 1.2% P fodder increased on the last day
hen they were fed with 0.1% P ( Figure 5 B). Conversely, in the

TX r ats c hr onicall y fed with 0.1% P fodder, the consumption
r opped significantl y when they r ecei v ed the 1.2% P food, simi-

arly to the nonoperated rats ( Figur e 5 A v ersus Figur e 2 A). The
onsumption of phosphorus on the last day by all groups of
ham and PTX rats is shown in Figure 5 C, and it is related (but
ot proportional) to the concentration of P in the food, even

hough the PTX rats on the 0.6% and 1.2% P diets ate less fod-
er. 

i Handling in PTX Rats 

i transport was determined in BBMV from the sham and PTX
ats. Using jejunum BBMV, Pi transport behaved very similarly
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Figure 4. Effect of dietary Pi concentr ation c hanges on the levels of regulators of Pi homeostasis. Plasma FGF23 and PTH were the most affected hormones, with 
significant responses to the different diets in most of the groups, but only relevant statistical comparisons are shown. MEPE was also increased in the chronic AL-fed 
rats only eating 0.6% and 1.2% P diets, compared to 0.1 P food. Significant changes are shown in total N AD + /N ADH in the kidney cortex of 4-h fed rats and in plasma 

calcitriol of the AL, Pi-de pri v ed rats. In PTH, significances of differences were determined with alternative ANOVAs ( P < .0001) because SDs were not homogeneous. 
The multiple comparison was done with unpaired t -test and W elch’ s correction: ∗P < .05; ∗∗P < .01; ∗∗∗P < .0005; ∗∗∗∗P < .0001. Ordinary ANOVAs were performed for 
all other regulators, which showed homogenous SDs. Other than FGF23 ( P < .0001), some significances were only observed for MEPE ( P < .01), total NAD in the kidney 
cortex ( P < .05), and calcitriol ( P < .005). A Fisher’s LSD post hoc was used for selected comparisons: ∗P < .05; ∗∗P < .01; ∗∗∗P < .001; ∗∗∗∗P < .0001. 
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F igure 5. F ood consumption and P exposur e in sham v ersus PTX rats fed for 4 h per day. (A) Food consumption of sham versus PTX animals with the 3 P concentrations. 
PTX rats eating the 0.1% P food ate a similar amount as the sham-operated animals. An ordinar y ANOVA w as used for comparisons on the 6th day ( ∗∗P < .005), and 
Fisher’s LSD post hoc test r ev ealed that PTX rats ate less 0.6% P ( P < .05) and 1.2% P foods ( P < .0005) than the corresponding sham rats. (B) Food consumption of the 4-h 
restricted PTX animals, which on the last day r ecei v ed the opposite food in terms of P concentration. ∗P = .033 with a t -test for the last day comparison. (C) Phosphorus 

consumption per kg of rat in all groups during the last 24 h. The most r elev ant comparisons are shown, using an alternati v e ANOVA ( P < .0001; SDs significantly 
differ ent fr om Br own-Forsythe’ s test) and the post hoc t -test with W elch’ s correction for the indicated comparisons: ∗P < .05; ∗∗P < .01; ∗∗∗P < .001. 
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n the sham and PTX rats, including the presence of chronic and
cute adaptations to a low or high diet ( Figure 6 A), as observed
n Figure 3 A. In this second experiment, however, the differences
er e onl y significant in the case of PTX r ats adapted c hr onicall y

o a P-de pri v ed diet (0.1% P). 
In contrast to the jejunum, Pi uptake in the kidney cortex

BMV r ev ealed clear differ ences between the sham and PTX rats
 Figure 6 B). The sham animals behaved as the nonoperated ani-

als for both chronic and acute adaptations to dietary P concen-
r ation c hanges (see F igur e 3 B, 4-h feeding time r estriction). The
TX r ats, how ev er, failed to adapt acutel y to the concentration of
 in their diet. In chr onicall y adapted PTX rats, small but signifi-
ant differ ences wer e observ ed between the animals eating the
.1% P diet compared to either the 0.6% or the 1.2% P diets. The
eason for this minimal difference was the high transport rate
n BBMV in the PTX rats that were chr onicall y eating the 0.6%
nd 1.2% P diets compared to transport in the sham rats, while
ransport in the case of the animals eating the 0.1% P diet was
imilar in both the sham and PTX animals. Ther efor e, PTH w as
ompletel y necessar y not onl y for acute adaptations to the high
nd low P diets but also for keeping a low Pi transport rate in the
idneys of animals that w ere c hr onicall y fed the 0.6% or 1.2% P
oods. 

The strikingly imperfect regulation of Pi transport in the kid-
ey of PTX rats led us to analyze the expression of the main Pi

r ansporter, NaPi2a ( F igure 6 C). In the sham animals, we found
he well-known and highly correlated c hanges betw een Pi trans-
ort and NaPi2a pr otein expr ession. Unexpectedl y, in the case
f the PTX animals, the changes in NaPi2a expression were very
imilar to those in the sham rats, meaning that NaPi2a protein
 bundance v aried inv ersel y to the concentration of Pi in the diet.
her efor e, NaPi2a expression in the PTX rats was not correlated
ith the expressed Pi transport shown in Figure 6 B. When the

xpression of NaPi2a was compared between sham and PTX rats
n the same blot ( Figure 6 D), there was once again evidence of the
 bsence of corr elation to Pi transport: The expr ession of NaPi2a
as 13.8 times higher in PTX rats eating the 0.1% P food than

n the sham rats eating the same fodder, whereas Pi transport
as similar. Also, NaPi2a protein was 16 times more abundant

n the kidney BBMV of PTX rats that ate the 1.2% P food, in com-
arison with the sham rats eating the same 1.2% P diet, while Pi
ransport was only 2 times higher in PTX rats than in sham rats,
ppr oximatel y. 
lood Plasma and Urine Concentr a tions of Pi in PTX 

ats 

egarding the plasma Pi concentration ( Figure 7 A), there were no
 elev ant differ ences betw een sham-oper ated and nonoper ated
 ats ( F igure 3 C). In the PTX rats, the plasma Pi concentrations
ncreased in all groups compared to the corresponding sham
ats, with the exception of the animals that w ere c hr onicall y fed
he 0.1% P fodder. For example, the plasma Pi concentration of
he PTX rats eating the 0.6% P diet was 1.6 times the plasma
i concentration of the sham rats eating the same food. This
ncr ease w as also observ ed in the PTX r ats c hr onicall y eating the
.2% P food and during the 2 acute adaptations (ie, from 0.1% to
.2% and from 1.2% to the low, 0.1% P diets). 

We also determined the concentration of ionized calcium in
he plasma of the sham and PTX animals ( Figure 7 B). The sham
ats had the same Ca 2 + concentration in plasma, regardless of
he P content of the food they had eaten and regardless of the
cute switches in foods. In the case of the PTX rats, however,
nd despite the calcium added to the drinking water, only the
ats eating the low, 0.1% P food had a similar calcium concentra-
ion as the corresponding sham-rat group. Yet in the rats eating
he 0.6% P and the 1.2% P foods, the plasma calcium concentra-
ions in the PTX animals dropped to half the concentrations in
he sham rats. This dr op w as also observed in the rats that were
ubjected to the acute adaptations (from high to low P concen-
rations in the diet, or vice versa), but the r eduction w as onl y
5%, appr oximatel y. 

The 24-h urinary excretion of Pi and calcium was also deter-
ined in the sham and PTX r ats ( F igure 7 C). As expected, the

xcretion of Pi was very high in the animals eating the 0.6% P
iet, and with the 1.2% P food the excretion was double in the
ham rats. In the PTX rats eating the 0.6% P food, the urinary
xcretion of Pi was 3.8 times less than that of the sham rats. The
i excr etion w as similar in the PTX rats fed with either the 0.6%
 or the 1.2% P diet, showing a 10-fold reduction in the v er y high
 diet (1.2% P) and the absence of PTH compared to the sham
ats. Calcium excretion was high and similar in both the sham
nd the PTX rats eating the deficient P diet (0.1%), and it was
 er y low but similar in animals eating the 0.6% and 1.2% P foods.
ith these 2 diets, however, the PTX rats excreted 4-5 times less

alcium than the sham rats, but the differences were not signif-
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Figure 6. Effect of dietary phosphate and feeding regime on Pi handling in the jejunum and kidney cortex BBMV of sham versus PTX rats. (A) Effect on Pi transport in the 
jejunum BBMV. No paradoxical adaptations ar e observ ed, and the PTH effect is absent. An ordinary ANOVA was used, followed by a comparison of selected means with 

Fisher’s LSD post hoc test ( ∗P < .05). (B) Pi transport in the kidney cortex BBMV. In contrast to sham rats, not only were no acute adaptations in PTX animals observed, 
but the differences in chronic adaptations were very small due to the high transport rate in BBMV from animals eating the 0.6% P and 1.2% P foods, in comparison 
with the sham animals. An alternati v e ANOVA w as performed ( P < .001) using Brown-Forsythe’s and Barlett’s tests, with selected comparisons using unpaired t -tests 
with W elch’ s corr ection ( ∗P < .05; ∗∗P < .005; ∗∗∗P < .001). (C) Re pr esentati v e imm unob lots of the NaPi2a transporter using aliquots of the same BBMV pr e parations 

from sham and PTX rat kidney cortex used in (B). The quantifications of band densities are shown below the imm unob lots, of 2 different western blots. Density values 
were normalized per ß-actin and are shown r elati v e to the 0.6% P diet. The statistical analysis was done as in (A) and (B), with ∗P < .05; ∗∗P < .01; ∗∗∗P < .0005; and 
∗∗∗∗P < .0001. (D) Comparison of NaPi2a abundance between sham and PTX rat kidney cortex BBMV. No statistical comparison is shown because only 2 bands are used 
per condition. The signals of NaPi2a in the 0.1% P samples from sham rats were 10 times denser than the bands from sham rats being fed 1.2% P food. In PTX rats, 

ther e w as an 8.4-fold differ ence in NaPi2a a bundance between the 0.1% and 1.2% P foods. When comparing sham and PTX rats, the samples from PTX rats being fed 
the 0.1% P food were 13.8 times denser than those of sham rats, and the expression in PTX rats eating the 1.2% P food was 16 times higher than the BBMV from sham 

rats eating the same diet. 
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Figure 7. Effect of dietary P content on blood plasma and urine Pi and Ca 2 + concentrations in PTX rats. (A) Effect on plasma Pi concentrations in sham and PTX rats. 

(B) Effect of dietary P content on plasma Ca 2 + concentrations. In (A) and (B), comparisons are made using an ordinary ANOVA ( P < .0001) since Brown-Forsythe’s test 
showed variance homogeneity. Multiple comparisons of selected means (all of them are shown) were done with uncorrected Fisher’s LSD test: ∗P < .05; ∗∗P < .01; 
∗∗∗P < .001; ∗∗∗∗P < .0001. (C) Effect of dietary P dose on 24-h urinary Pi excretions in sham and PTX rats. (D) Effect on 24-h urinary excretion of Ca 2 + . In (C) and (D), 

no acute adaptation groups are shown because the data correspond to the 24-h collection of urine in metabolic cages. Significances of comparisons in (C) and (D) 
wer e anal yzed with an alternati v e ANOVA for urine Pi and calcium, and an unpair ed t -test with W elch’ s corr ection w as used for the comparisons of selected means: 
∗∗P < .01; ∗∗∗P < .0005; ∗∗∗∗P < .0001. 

H

T  

p  

P  

t  

i  

a  

c  

f  

(  

c  

r  

i  

e  

a  

a  

e  

t  

c  

t  

t  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/function/article/5/1/zqad063/7419853 by Biblioteca U

niversidad de Zaragoza user on 17 January 2024
omeosta tic Regula tors of Pi in PTX Ra ts 

he levels of several hormones were also analyzed in the blood
lasma of the PTX rats after being fed with the different foods.
TH was not detected in these animals, thereby confirming
he complete PTX condition. MEPE, sFRP4, dopamine, calcitriol,
nsulin, and thyroid hormone were analyzed in the PTX rats,
nd there were no significant changes in blood plasma con-
entrations at any of the Pi concentrations or in any of the
eeding r egimes, ther efor e behaving as the nonoper ated r ats
 Figure 8 ). Changes in the plasma FGF23 concentr ation w ere
ompared between the sham and PTX rats. The sham-operated
 ats show ed FGF23 plasma levels and c hanges that w ere sim-
lar to the nonoperated rats ( Figure 4 ). In sham rats, the differ-
nce between both acute adaptations did not reach significance,
s it did in the nonoper ated r ats. How ever, in both nonoper ated
nd sham rats, ev er y acute adaptation w as significantl y differ-
nt in comparison with the original state: The FGF23 concen-
ration after the acute switch from 0.1% to 1.2% P was signifi-
antly higher than during the chronic 0.1% P situation; and with
he acute change from 1.2% to 0.1% P, the FGF23 plasma concen-
ration was significantly lower than in the chronic 1.2% P situ-
tion. In the PTX rats, the FGF23 levels were lower than in the
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Figure 8. Effect of dietary P content on phosphaturic and Pi-conserving hormones, in PTX rats. Sham rats wer e onl y anal yzed for FGF23. PTH hormone w as not detected 

in PTX rats. Major changes in blood plasma wer e mainl y observ ed for FGF23. The statistical anal ysis w as performed with an ordinary ANOVA for FGF23 ( P < .0001), 
MEPE, sFRP4, calcitriol, insulin, and T4. Only for FGF23, the multiple comparisons were performed with uncorrected Fisher’s LSD test because it was the only hormone 
significantly modified. In the case of dopamine, an alternative ANOVA also did not find significant differences. ∗P < .05; ∗∗P < .01; ∗∗∗P < .001; ∗∗∗∗P < .0001. 
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ham rats, even in the animals that were chr onicall y fed the 
.2% P fodder, with 4.3 times less FGF23 in their blood plasma 
han the sham rats. In fact, we did not observe significant dif- 
erences among the PTX rats that were chr onicall y eating the 
.1%, 0.6%, or 1.2% P diets ( Figure 8 ). In the case of acute adap-
ation to a high-Pi diet (1.2% P), the blood plasma FGF23 concen- 
ration increased significantly compared to the starting, chronic 
.1% P condition. The FGF23 level after the acute change to the 
-de pri v ed diet w as, howev er, not different than in the initial,
hronic 1.2% P diet condition, but it w as significantl y differ ent
rom the opposite acute adaptation. 

iscussion 

n this work, we have analyzed the homeostatic adaptation of 
ats to different concentrations of phosphorus in their diets, 
ither at constant (chronic) feeding with the same diet (with or 
ithout restriction of feeding time) or after changing the diet 
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o another fodder with a v er y differ ent concentration of phos-
horus on the last day of the experimental feeding. Such adap-
ation phenomena seek not only to guarantee a sufficient sup-
ly of Pi but also to prevent dangerous increases of Pi in the
lood plasma, which is especially relevant if such an increase
ere long-lasting, such as when urinary excretion is compro-
ised. The ongoing publications of several groups show that

hese adaptions are very complex physiological processes that
r e consistentl y initiated thr ough the inv olv ement of phosphate
ensors. This work was initially designed to study the paradox-
cal acute adaptations of the intestine to different concentra-
ions of Pi in the diet, 11 , 12 but the unexpected findings led us
o adjust the course of the experimentation. Below, we discuss
he most r elev ant new knowledge fr om our work, according to
he topic. 

F irst, re garding adaptations to dietary Pi concentr ations, w e
ave confirmed and expanded upon several of the well-known
hanges that occur during adaptation to a low or a high Pi con-
entration in food. These changes include transport rates, uri-
ar y excr etion, and the plasma concentrations of Pi, as well
s the plasma levels of PTH, FGF23, and other hormones. In
his work, we have focused on the transport of Pi in the kid-
ey and the small intestine while setting aside the impor-

ant paracellular route of intestinal absorption. 1 , 23 Neverthe- 
ess, it is important to keep in mind that, even if the paracel-
ular route seems to be nonregulated, 10 a percentage of each
ncrease in plasma Pi concentration as a consequence of a
igh P diet is, most likely, due to paracellular absorption. 24 As
oted in the “Introduction” section, all known mechanisms for
he control of Pi homeostasis act on Pi transporters, that is,
n Pi transport. The absence of a known regulatory mecha-
ism of paracellular intestinal absorption of Pi can be explained
ecause this route is passi v e and nontransporter mediated.
t is ther efor e missing the affinity ( K m 

) and saturation ( V max )
inetic c har acteristics, 25 whic h are the tr aditional targets for
omeostatic Pi regulators, mainly V max or, more specifically,
he number of active transporters (aside from the transport
ate). 

In the case of Pi de pri v ation (ie, 0.1% P in fodder), the adap-
ation response consists in a Pi transport rate increase in the
ntestine and the kidney to maximize the intestinal absorption
nd r enal r ea bsorption of Pi ( Figur e 3 A and B). Also, the plasma
evels of the 2 main phosphaturic hormones, FGF23 and PTH,
ecrease to a minimum in either chronic Pi consumption or
fter 4 h of acute Pi de pri v ation ( Figur e 4 ). In mice, the reduc-
ion in the plasma concentration of FGF23 in response to a low-
i diet is slower, gi v en that it has not been described even after
 h. 26 Renal adaptation to a low-Pi diet in mice also r equir es a
inimal dose of calcium, 27 an effect that could be related to

TH because, in the absence of calcium, the plasma PTH con-
entration increased. In the PTX rats, the plasma FGF23 con-
entration also increases after the acute switch from a chronic
.1% P diet to a 1.2% P diet ( Figure 8 ), but Pi transport is not
ignificantl y alter ed either in the jejun um or in the kidney
 Figure 6 A). During chronic feeding with any of the 3 foods, how-
ver, the concentration of FGF23 in the PTX rats is not mod-
fied. This finding shows not only that FGF23 does not com-
ensate for the absence of PTH but that the concentration of
GF23 in plasma is even significantly lower in PTX rats than
n sham rats, when the Pi plasma concentration is, however,
igher ( Figure 7 A). This str ongl y coincides with previous stud-

es showing that FGF23 depends on the presence of PTH, 28 

nd it confirms the importance of PTH in Pi homeostasis con-
13 
rol. m  
In the case of high Pi intake, the urine excretion of Pi also
ncreases due to the reduced renal Pi transport (ie, r ea bsorp-
ion, Figure 3 B), but this is not sufficient to pr ev ent a tempo-
ar y incr ease in the plasma Pi level. For example, plasma Pi dou-
les in animals chronically eating the 1.2% P diet for 4 h com-
ared to the 0.1% P diet, as well as during the acute change from
.1% to 1.2% P ( Figure 3 C). After 20 h of fasting, however, the
lasma Pi concentrations are similar among the 3 diets (fast-

ng gr oup, Figur e 3 C). Nev ertheless, the concentrations of PTH
nd FGF23 are still higher in these fasting animals fed with 0.6%
r 1.2% P food compared to the 0.1% P diet, as shown in Figure
 (in the case of PTH, the difference with respect to 0.6% P did
ot reach significance because of the dispersion of these spe-
ific data), and similarly, Pi transport in the jejunum and the
idney cortex remained increased in the fasting animals that
ad been fed with the 0.1% P food, despite normophosphatemia
 Figure 3 A-C). This means that neither the Pi transport rate nor
he concentrations of phosphaturic hormones depend directly
n the plasma Pi concentration, in a gr eement with a previous
athematical model of renal Pi adaptation based on a 100% (2x)

hange of Pi plasma concentration and transport rates during
cute adaptation. 29 Similarly, the changes in plasma concentra-
ion of Pi (2x) compared to the changes in the digesti v e lumen
6x-12x of the 0.6%-1.2% P foods compared to the 0.1% P food)
lso a gr ee with the view that it is not the plasma concentration
f Pi that signals to the kidney that it must adapt to dietary Pi
 hanges, r ather it is the Pi concentration in the intestine, accord-
ng to the indicated model 5 and a previous work evidencing a
imilar signaling axis. 30 

The normophosphatemia of fasting animals subjected to
hronic feeding for 4 h per day is lost when these animals are
ed again for 4 h with either the 1.2% or the 0.1% P food (
igure 3 C): The plasma Pi concentration is temporarily increased
ith the 1.2% P diet, it remains unaltered if the 0.6% P food

s gi v en, or it once a gain decr eases with the de pri v ed 0.1% P
ood. In the case of the 1.2% P and 0.6% P diets, excess Pi is
xcreted in the urine due to the sustained, decreased Pi trans-
ort in the kidney (r ea bsorption; Figur e 3 B), with the help of
he reduced intestinal Pi transport ( Figure 3 A) and the high lev-
ls of the phosphaturic hormones PTH and FGF23 ( Figure 4 ).
he hypophosphatemia observed in the animals after eating the
.1% P food for 4 h, having been normophosphatemic before
eing fed, cannot be caused by the urinary loss of precious Pi
ecause Pi transport remains upregulated in the kidney because
he loss of urine Pi is minimal and because phosphaturic hor-

ones continue to be deeply downregulated. Consequently, it
eems that Pi quickl y r edistributes to soft tissues, most likely
s intracellular polyphosphate stores. 31 Such an influx has been
elated to hyperinsulinemia after feeding in human patients, 32 

ut it is not apparent in our animals ( Figure 4 ). Clearly, this major
i flux unrelated to intestinal absorption or the renal handling
f Pi homeostasis deserves further resear c h. 

In the case of animals with free access to food (no feeding
ime restriction), the plasma Pi concentration of the rats eating
he 0.6% and 1.2% P food was only 1.4 times higher than that of
he rats eating the 0.1% P food, most likely because both inges-
ion and renal excretion extended over a longer period of time
and mainly overnight). 

Acute feeding with the 1.2% P food also increased the plasma
TH and FGF23 concentrations within 4 h ( Figure 4 ). This FGF23
ncr ease w as not observ ed in a pr evious work when Pi w as
dministered b y intra venous infusion or oral gavage, 13 but it did
ncrease in a very elegant study that also used PTH-deficient

ice with inhibited FGF23 signaling. 8 In that study, the authors
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oncluded that signals other than PTH and FGF23 were con- 
ributing to renal adaption to dietary Pi because the Pi trans- 
orters were still regulated by the dietary Pi content. While we 
av e observ ed the same unexpected finding using the PTX rats, 

ncluding the downregulation of the NaPi2a protein, 8 we have 
bserv ed an ev en mor e surprising finding, which is the fact 
hat, despite such NaPi2a regulation by the dietary Pi content, 
i transport in the kidney cortex BBMV is not acutely regulated 

n the PTX rats and is only minimally regulated in chronic feed- 
ng with the same diets ( Figure 6 B). Furthermore, while the con- 
ent of NaPi2a does increase in the PTX animals compared to the 
ham rats ( Figure 6 D), renal Pi transport does not increase ( Figure 
 B). These findings consequently suggest that, in the kidney cor- 
ex of animals without PTH, Pi transport does not depend on the 
imple r elati v e a bundance of the main Pi transporter, NaPi2a. All 
he other analyzed hormones were not modified, or the changes 
ere minimal and nonrelevant for the purpose of the study 

 Figures 4 and 8 ). Ther efor e, further r esear c h is necessary to
nderstand these findings: The noncorrelation between Pi trans- 
ort and NaPi2a expression could be due to the accumulation of 
i transporters in nonfunctional domains in the absence of PTH, 
her efor e impeding internalization; it could be due to the inter- 
ction with proteins containing PDZ domains that might alter 
he normal regulation of the transporter or internalization in the 
bsence of PTH; 33 it could be due to the role of membrane fluid- 
ty, 34 etc. The findings pr esented her e also open up new possi- 
ilities to understanding the effects of PTH in the renal handling 
f Pi homeostasis. 

Second, our results regarding intestinal Pi transport that 
how no paradoxical regulation also merit some discussion. In 

009, it was reported that, in rats that were acutely switched 

rom a low- to a high-Pi diet and that were also subject to sim- 
lar overnight fasting followed by feeding for 4 h in the morn- 
ng, there was an increase in both sodium-dependent Pi trans- 
ort and the expression of NaPi2b protein abundance in the 
uoden um, ther efor e causing an incr ease in serum Pi. 11 Later, 
ur group extended this observation to the jejunum, observing 
hat Pi uptake depended on the feeding regime 12 : When feed- 
ng chronic and AL, uptake was higher in the Pi-de pri v ed rats 
0.1% P), whereas if feeding was chronic but for only 4 h in the 

orning, higher uptake was observed in 1.2% P-fed rats. Conse- 
uently, an acute switch from low to high Pi in the diet, which 

nl y r equir es 4 h of daily feeding, also increased the Pi uptake in
he duodenum and jejunum BBMV. Nevertheless, during either 
hronic or acute adaptations to a low-Pi diet, and inde pendentl y 
f feeding re gime , the NaPi2b pr otein a bundance w as al w ays
igher in the 0.1% P-fed rats. In this work, we tried to clarify 
hese paradoxical di v ergences de pending on the feeding r e gime , 
s well as clarify the direct or indirect role of PTH in these adap- 
ations. Surprisingly, in this work and as Figures 3 A and 6 A sum- 

arize, the behavior in the intestine and the kidney was similar 
ither for chronic adaptations AL or for the 4-h feeding restric- 
ion, and the animals fed with the 0.6% or 1.2% P diets al w ays
xhibited a lower Pi uptake in the jejunum BBMV (and the kid- 
ey cortex) than the animals fed with the 0.1% P food. The same 
ehavior w as observ ed in the PTX rats ( Figure 6 A). Moreover, the
cute adaptation from a 0.1% to a 1.2% P diet also caused an 

ncomplete reduction of Pi uptake. To our knowledge, the only 
odification in this work with respect to previous studies has 

een the composition of the food. In former works, the con- 
entration of Pi in the food had been adjusted using different 
mounts of the acid, dihydrogen phosphate (monosodium and 

onopotassium), and ther efor e, the mor e P in the food, the mor e
cid in the diet (the acidity of high-P food was common in sev-
r al commer cial rodent foods). In this w ork, the same neutr al pH
f 7.2 in the 3 fodders containing either 0.1%, 0.6%, or 1.2% was
chiev ed thr ough a combination of potassium phosphate diba- 
ic and monosodium phosphate, similarly to what has been pre- 
iousl y r e ported 

35 (see the “Materials and Methods” section). An 

cidic food in experimental animals caused by a high acidic Pi 
ontent can cause the state of a low level of metabolic acidosis 
nd phosphaturia, even in the presence of an increased trans- 
ort rate and the expression of several Na/Pi cotransporters. 36 

his apparent discrepancy can be explained by the acid pH- 
ediated reduction of the pr eferr ed substrate (HPO 4 

2 −) of the 
ain Pi transporters in the kidney, NaPi2a and NaPi2c, in favor 

f the protonated dihydrogen phosphate ion (H 2 PO 4 
−), which is 

he pr eferr ed substrate of the less acti v e PiT1 and PiT2. 37 In the
mall intestine, however, a higher transport rate is at a low pH, 
her efor e fav oring the a bsorption of H 2 PO 4 

−. 12 , 38 Nevertheless,
ven if an acidic food could increase intestinal Pi absorption, 
his does not explain the changes in the intrinsic transport rate 
f duodenum and/or jejunum BBMV observed in vitro in previ- 
us works after acute adaptation to a high-Pi diet or when ani- 
als are fed for just 4 h per day. 11 , 12 Finally, endocrine disor- 

ers related to acidic food, ending in modest metabolic acido- 
is (eg, decr eased lev els of IGF-1 and PTH, mild h ypoth yroidism,
yperglucocorticoidism, increased calcitriol, etc.), could also 
ave effects on intestinal Pi transport, gi v en that most of such
isorders have effects on Pi homeostasis. Nevertheless, the 
eparate or combined effects of all these agents (if they are 
elated) in causing a paradoxical increase in intestinal Pi trans- 
ort, which has not been observed in this study, are difficult to 
nderstand. 

Third, and finally, another unexpected finding was the rejec- 
ion by normal animals to eat the high (1.2%) P food after the
witch from a low to a high P food ( Figure 2 B). During the previ-
us 5 d, all animals had eaten a similar amount of fodder ev er y
ay, and ther efor e unpleasant-tasting food is an unlikel y cause. 

n addition, the PTX rats not only exhibited the same food rejec- 
ion when the food was switched, but ev er y day they consumed
ess of the food containing 0.6% or 1.2% P than what they con-
umed of the 0.1% P food, as well as less than any of the 3 diets
aten by the sham-operated rats ( Figure 5 ). The reduced con- 
umption of P-rich fodder has been described pr eviousl y in sim- 
lar experiments of chronic and acute adaptations, but the inten- 
ity of the reduction was less than in our case. 8 , 39 In mice, a v er y
igh-P diet (2% P) impairs fatty acid metabolism, thereby reduc- 

ng synthesis and oxidation, as well as spontaneous locomotor 
ctivity, and while a reduced appetite could also be involved, the 
ood intake was not reported. 40 The taste receptors T1R2 and 

1R3 ar e inv olv ed in tasting phosphorus (including phosphates), 
nd r odents pr efer phosphate solutions ov er w ater. 41 Pr evious
orks have shown an inverse relationship between plasma Pi 

oncentration and Pi appetite in juvenile and adult rats. 42 , 43 It 
as also been suggested that the concentration of Pi in cere- 
rospinal fluid also plays a role because when the Pi concen- 
ration was experimentally raised in the third ventricle of rats 
eing fed a low-Pi diet, the Pi-ingesti v e behavior of the animals
eeking out a source of Pi was blunted. 44 

Our results also support these suggestions: Only a high Pi 
oncentration in plasma correlates to food rejection. In fact, food 

ejection does not occur in normal rats eating a high-Pi diet, 
i v en that the hyperphosphatemia is transitory (after 4 h of feed-
ng), and fasting rats show a normal Pi concentration indepen- 
ently of the food type ( Figure 3 C). In normal rats, food rejection
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nly occurs with a switch from a low to a high P diet, meaning
hen a chr onicall y low-P diet causes fast hyperphosphatemia

 Figure 3 C) as a consequence of the adaptation state: increased
ntestinal Pi transport rate, v er y low plasma concentrations of
TH and FGF23, and a high renal reabsorption r ate . In the PTX
 ats, how ev er, not onl y does the same switch fr om 0.1% P to 1.2%
 cause a rejection of 1.2% P food, but it also causes chronic con-
umption of the 0.6% and 1.2% P diets ( Figure 7 A). 

In conclusion, despite the pr ogr ess in understanding not only
he adaptation mechanisms of Pi homeostasis but also the sens-
ng of Pi and the intestinal and renal adaptations of Pi, we are
ar from having satisfactory knowledge. Recently, an excellent
ork has related Pi sensing in the kidney to FGF23 production

hrough the glycolytic synthesis of glycerol-3-phosphate. 45 For
ow, we do not know how these data relate to the evidently pre-
ominant role of PTH over FGF23 in acute regulation to high Pi

ntake. Similarly, a lack of acute adaptation of renal Pi transport
n the absence of PTH, even if the Pi transporters are regulated,
he independent response of the intestine to these hormones
hile still adapted to the dietary Pi concentration, and the role of

i fluxes fr om/tow ard intracellular stor es besides the bone r eser-
 oir ar e important questions that need to be addr essed. 
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