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Abstract

In rodents, severe dietary P restriction increases active phosphate absorption by the intestine. However, it remains

unknown if moderate dietary P restriction has a similar effect. Weanling pigs (n = 32; body weight 7.4 6 0.55 kg) were

used in a 2 3 2 factorial design and fed dietary available P (aP) concentrations of 0.23 or 0.40% and Ca concentrations of

0.58 or 1.00% for 14 d. Diets were formulated on an aP basis instead of a total P basis, because pigs are unable to absorb

phytate-P present in corn and soybean meal. Jejunal segments were mounted in modified Ussing chambers for

determination of Na+-dependent nutrient transport. Intestinal mucosal scrapings were taken for RNA isolation and brush

border membrane (BBM) vesicle isolation. Na+-dependent phosphate uptake and gene expression of Na-phosphate

cotransporter IIb (NaPi-IIb), SGLT-1 (sodium/glucose cotransporter-1), and calbindin D(9k) and protein expression of NaPi-

IIb were evaluated. Na+-dependent phosphate transport increased (P , 0.05) 46% as dietary aP concentration was

decreased. However, increased Na+-dependent phosphate uptake was not accompanied by increased NaPi-IIb mRNA

expression. Expression of NaPi-IIb protein in the BBM increased (P , 0.01) 84% in pigs fed low-P diets compared with

pigs fed adequate-P diets. No dietary Ca effects or aP3 Ca interactions were detected for Na-dependent P uptake, mRNA

or protein expression of NaPi-IIb, or mRNA expression of calbindin D(9k). These data suggest that restricting dietary aP

concentration by only 43% stimulates Na+-dependent phosphate uptake and expression of the NaPi-IIb protein in the BBM

of the small intestine and through a post-transcriptional mechanism. J. Nutr. 140: 731–736, 2010.

Introduction

Phosphate absorption in the small intestine is a combination of
both paracellular and transcellular pathways (1). When dietary P
concentrations are lowered below the requirement, transcellular
absorption dominates, accounting for 78% of the total transport
(2,3). Transcellular absorption occurs through secondary active
transport, because it is coupled to the flux ofNa and is dependent
upon the presence of an inside-negative membrane potential of
the cell (4,5). Three families of Na-phosphate (Na-Pi)4 cotrans-

porters have been identified in vertebrates: type I, II, and III. The
brush border membrane (BBM) of enterocytes express the type-
IIb Na-Pi cotransporter, which is a high affinity, pH-dependent
phosphate transport system (6).

Dietary phosphate deprivation is an important physiological
regulator of intestinal phosphate uptake as observed in BBM
vesicles (BBMV) in rats, mice, and chickens (7–9). Kinetic
parameters indicate increases in Na-dependent phosphate up-
take are due to a 50% increase in maximal capacity for
absorption (Vmax) with no change in affinity, indicating the
maximal capacity for phosphate transport is increasing and not
the affinity of the transporter for phosphate (10). The increase in
Vmax in mice fed a low-P diet has been accompanied by an
increase in abundance of membrane-bound NaPi-IIb cotrans-
porter protein in the small intestine (8,10). However, mixed
results have been reported on the effect of low-P diets on NaPi-
IIb mRNA expression and it appears to be dependent upon both
the severity and length of dietary P deprivation.

In an attempt to determine the mechanism through which
dietary P regulates intestinal P absorption, diets almost devoid of
P [,10% of the total P (tP) requirement] were utilized in rodent
models. Severe dietary P deficiency is rare in humans and

1 Author disclosures: K. L. Saddoris, J. C. Fleet, and J. S. Radcliffe, no conflicts of

interest.

* To whom correspondence should be addressed. E-mail: jradclif@purdue.edu.

4 Abbreviations used: aP, available P; 0.40% available P and 1.00%, control

dietary treatment representing an adequate-P and -Ca, corn and soybean

meal-based diet; 0.23% available P and 1.00% Ca, dietary treatment represent-

ing a low-P, adequate-Ca, corn and soybean meal-based diet; 0.23% available P

and 0.58% Ca, dietary treatment representing a low-P, adequate-Ca, corn and

soybean meal-based diet; 0.40% available P and 0.58% Ca, dietary treatment

representing an adequate-available P, low-Ca, corn and soybeanmeal-based diet;

BBM, brush border membrane; BBMV, brush border membrane vesicle;

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NaPi-IIb, Na-phosphate

cotransproter IIb; tP, total P; SGLT-1, sodium/glucose cotransporter-1.

0022-3166/08 $8.00 ã 2010 American Society for Nutrition.

Manuscript received May 13, 2009. Initial review completed June 3, 2009. Revision accepted December 7, 2009. 731
First published online February 17, 2010; doi:10.3945/jn.109.110080.



typically only occurs in situations of severe starvation. However,
P deficiency can occur in alcoholics, individuals with malab-
sorption syndromes, and those taking excessive amounts of Ca
supplements (11–13). However, even in these cases, it is unlikely
that individuals would be consuming diets almost devoid of
dietary P. The severity of dietary P restriction in rodent studies
raises questions as to whether the NaPi-IIb is an important
factor under physiologically relevant situations. Additionally,
severe P deprivation is often conducted without consideration for
the dietary ratios of Ca:tP, leading to ratios as extreme as 20:1,
which could artificially stimulate Na+-dependent uptake and
expression of the NaPi-IIb cotransporter in intestinal BBM
compared with feeding a moderately low-P diet with an adequate
Ca:tP. In rodent studies, purified diets were fed that contain highly
available P (aP) sources and are almost devoid of phytate-P, which
is unavailable P to monogastric animals. However, swine diets are
often corn-soybean meal based and contain 0.22–0.25% phytate-
P and diets must be formulated on aP rather than tP to meet the P
needs of the animal. Our objectives were to determine whether
modest reductions in dietary aP (~50% reduction) results in
stimulation of Na-dependent phosphate and glucose transport
and mRNA expression of NaP-IIb, SGLT-1, and calbindin-D9k in
the small intestine of weanling pigs. Additionally, the dietary Ca
concentration was altered to achieve a Ca:aP of 1.25–4.3 to
evaluate the effects of the Ca:aP on Na-dependent phosphate and
glucose transport, mRNA expression, and abundance of the
NaPi-IIb protein in the jejunal BBM.

Materials and Methods

Animals and treatments. Thirty-two crossbred pigs (equal barrows

and gilts) of 7.46 0.55 kg body weight were blocked by bodyweight and

sex, randomly assigned to dietary treatments (Table 1), and fed for 14 d.
Each block consisted of 4 pigs of the same sex for a total of 4 blocks per

sex. Pigs were weaned at ~17 d of age and placed onto a commercial

nursery diet (22.2% crude protein, 14.5 MJ/kg, 0.83% Ca, 0.77% P,

0.55% aP) for 5–12 d before being given treatment diets. After an initial
adaptation to the commercial diet for 5 d, the first block was placed on

test with a new block starting on test for each of the next 8 consecutive

days. Each block was fed the dietary treatments for a total of 14 d.

Dietary treatments consisted of: 1) control diet (0.40% aP and 1.00%
Ca); 2) low P-adequate Ca diet (0.23% aP and 1.00% Ca); 3) low P-low

Ca diet (0.23% aP and 0.58% Ca); and 4) adequate P-low Ca diet

(0.40% aP and 0.58%Ca). Diets were formulated on an aP basis instead

of a tP basis, because pigs are unable to absorb the phytate-P present in
both corn and soybean meal. Pigs were individually housed in pens (0.5

m2) and allowed ad libitum access to feed and water. The study was

conducted at the Purdue University Swine Center and all protocols were
approved by the Purdue Animal Care and Use Committee.

Intestinal segments. On d 14, pigs were killed by CO2 asphyxiation.

Jejunal samples (200 cm posterior to the pyloric junction) were taken for
flux rate measurements in modified Ussing chambers (Physiologic

Instruments). Segments taken for the Ussing chambers were immediately

placed in a buffer solution (50 mmol/Lmannitol, 2 mmol/LTris-HCl, pH

7.4) and continuously aerated at 48C until mounting in Ussing
Chambers. Mucosal scrapings were also taken for RNA and BBMV

isolation. Samples for RNA isolation were rinsed with ice-cold sterile

saline (0.90%NaCl, wt:v), scraped with a glass slide, and ~2.0 g mucosa
was flash frozen with liquid nitrogen. In addition, ~4.0 g of mucosal

scrapings were placed on ice in a buffer solution (50 mmol/L mannitol, 2

mmol/L Tris-HCl, pH 7.4) for BBMV preparation.

BBMV isolation. Samples for BBMV isolation were homogenized and

isolated by the polyethylene glycol method (14,15). Final membranes

were suspended in 1 mL of a solution of 300 mmol/L mannitol and 2

mmol/LTris-HCL, pH 7.4, 2.0 mg/L leupeptin, 2.0 mg/L soybean trypsin

inhibitor, and 1.25 MIU/L apoprotein and immediately frozen in liquid
nitrogen and stored at 2808C. Protein content was determined using a

BCA Protein Reagent kit (23224, Pierce). The activity of alkaline

phosphatase was used as a BBM marker (Sigma, MT-1000 Starbright

Alkaline Phosphatase kit) and the activity of ATPase was used as a BLM
marker (16). The ratio of enzyme per gram of protein in the BBMV

preparation to the original homogenate was used to assess enrichment

and purity.

Ussing Chambers. Techniques assessing gastrointestinal function

through ion flux measurements in modified Ussing chambers have been

previously described (17,18). Jejunal segments were stripped of the
external serosal layer and mounted in Ussing chambers equipped to

measure transmural potential difference, short-circuit current, and

resistance. The area of tissue exposed was 1.00 cm2. Tissues were

mounted in duplicate and placed in modified Ussing chambers (Physi-
ologic Instruments). Tissues were bathed in 8 mL of modified Krebs

buffer solution containing 124mmol/LNaCl, 5 mmol/L KCl, 1.2mmol/L

MgSO4, 1.2 mmol/L CaCl2, 26 mmol/L NaHCO3, and 5 mmol/L

glucose. Tissues were maintained at 378C with a circulating water bath
and oxygenated in 95% O2/5% CO2. Basal transepithelial short-circuit

current and resistance were measured after a 15-min equilibration

period. Na-dependent nutrient transport was determined by measuring

changes in short-circuit current induced by the addition of 10 mmol/L
inorganic phosphate (Na2HPO4) or glucose to the mucosal side and was

osmotically balanced on the serosal side by 10 mmol/L mannitol.

Chloride secretion was induced by the addition of 10 mmol/L carbachol
to the serosal side and was osmotically balanced by the addition of 10

TABLE 1 Composition of dietary treatments

Dietary treatments

aP, %: 0.40 0.23 0.23 0.40

Ca, %: 1.00 1.00 0.58 0.58

Ingredients g/kg

Soybean meal, 48% 393.4 385.0 382.3 392.2

Corn 329.5 345.4 360.4 343.1

Whey 200 200 200 200

Monosodium phosphate 7.9 — — 7.9

Choice white grease 40 40 40 40

Limestone 19.7 19.8 7.4 7.4

Salt 3.5 3.5 3.5 3.5

Vitamin premix1 2.5 2.5 2.5 2.5

Trace mineral premix2 1.3 1.3 1.3 1.3

Lysine-HCl 0.5 0.5 0.5 0.5

Na selente premix3 0.5 0.5 0.5 0.5

L-Threonine 0.3 0.3 0.3 0.3

D,L-Methonine 0.9 1.0 1.0 1.0

Calculated composition

ME, MJ/kg 15.00 15.10 15.36 15.20

P, % 0.66 0.49 0.50 0.67

aP4, % 0.40 0.23 0.23 0.40

Ca, % 1.00 1.00 0.58 0.58

L-lysine, % 1.50 1.50 1.50 1.50

Analyzed composition

P, % 0.69 0.46 0.45 0.70

Ca, % 1.15 1.19 0.64 0.67

Dry matter, % 89.2 89.5 89.6 90.1

1 Vitamin premix provided the following guaranteed minimums per kg diet: retinyl

acetate, 17.5 mg; cholecalciferol, 24.2 mg; a-tocopheryl acetate, 44 mg; menadione,

2.0 mg; vitamin B-12, 34.98 mg; riboflavin, 7.08 mg; d-pantothenic acid, 21.9 mg;

niacin, 32.93 mg.
2 Trace mineral premix provided the following guaranteed minimums per kg diet: iron,

84.7 mg; zinc, 84.7 mg; manganese, 10.5 mg; copper, 7.87 mg; iodine, 0.32 mg.
3 Premix provided 0.3 mg Se/kg diet.
4 Calculated as tP-phytate bound P.
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mmol/L mannitol to the mucosal side of the tissue. The modified Ussing
chambers were connected to dual channel voltage/current clamps (VCC

MC2; Physiologic Instruments) with a computer interface allowing for

real-time data acquisition and analysis (Acquire and Analyze software,

Physiologic Instruments).

Real-time PCR. Total RNAwas isolated from jejunal mucosa using Tri-

Reagent per the manufacturer’s directions (Molecular Research Center).
Total RNA (1.0 mg) was reverse transcribed into first-strand cDNAwith

an oligo-dT primer using Moloney murine leukemia virus transcriptase

(Invitrogen) as previously described (19). Real-time PCR was conducted

on samples using the Bio-Rad My iQ RT-PCR system containing SYBR
green (Bio-Rad). NaPi-IIb, SGLT-1, calbindin D9k, and glyceraldehyde

3-phosphate dehydrogenase (GAPDH) mRNA concentrations were

determined from the threshold cycle value (20) and were normalized

to the expression of GAPDH within the sample. These values were then
standardized such that a value of 1.0 was assigned to the control group.

Primers and annealing temperatures (Ta) were: NaPi-IIb, forward:

59-CTCTGTAGCTGCCTGGTCCTAA-39, reverse: 59-ggtcagagtcgacga-
gaacac-39, Ta = 538C; SGLT-1, forward: 59-cgtgctgtttccagatgatg-39,
reverse: 59-atcagctccatgaccagctt-39, Ta = 558C; calbindin D9k, forward:

59-CAAACCAGCTGTCGAAGGA-39, reverse: 59-TAGGGTTCTCG-

GACCTTTCAG-39, Ta = 548C; GAPDH forward: 59-TCACCATCTTC-
CAGGAGCG-39, reverse: 59-CTGCTTCACCACCTTCTTGA-39,
Ta = 548C.

PCR were conducted for 42, 35, 35, and 32 cycles for NaPi-IIb,

SGLT-1, calbindin D9k, and GAPDH, respectively, to ensure amplifica-
tion efficiency in the linear range of each primer set. Product identities

were confirmed by melting curve analysis. Gene expression was

quantified relative to a standard curve generated from a serially diluted

sample.

Western blotting. The protein content of the jejunal BBMV samples

was quantified using BCA assay (Pierce) and frozen at 2808C until
analysis. Samples of the BBMV and control samples (pool of jejunal

BBMV from pigs fed adequate P and Ca concentrations) were placed in

Laemmli buffer (Sigma-Aldrich) and boiled for 5 min at 958C. Briefly,
300 mg of BBMV protein (300 mg) was loaded in lanes and separated on
9% polyacrylamide gels and electrotransfered onto nitrocellulose paper.

Western blots were performed with a custom-designed affinity purified

NaPi-IIb pig anti-rabbit polyclonal antibody (GenScript). Membranes

were probed with the primary antibody (9000 mg/L) for 1 h at room
temperature. Primary antibody binding was visualized using goat anti-

rabbit Ig G-horseradish peroxidase antibody (Pierce) at 1:50,000 for 1 h

at room temperature. Blots were developed using chemiluminescence
(SuperSignal West Pico Chemiluminescent Substrate kit) and the

membrane was exposed to X-ray film/imaging instrument and densi-

tometry of the protein was determined (Kodak 1D analysis software).

Protein expression is expressed relative to the control sample, which was
included to verify equal protein loading and transfer.

Chemical analysis. Diet samples were ground to pass through a 1-mm

screen. Dry matter content of diets was determined at 1058C according

to standard AOAC (21) procedures. Diet samples were digested using a
1:3 ratio (v:v) of 60% perchloric acid and 70% nitric acid in tubes at

1008C for 1.5 h and 2008C for 3.5 h. The P content was determined

colorimetrically using a molybdovandate assay (21). Ca and Cr con-

centrations were determined with an atomic absorption spectrophotom-
eter (Spectra AA 220Z, Varian).

Statistical analysis. The experimental design was a 23 2 factorial and
the main effects of P, Ca, and the P3 Ca interaction were analyzed using

the GLM procedure in SAS (22). Data were analyzed with the pig as the

experimental unit. Differences were considered significant at P , 0.05

and trends were considered at P , 0.10. Normality was assessed using
the proc univariate procedure in SAS and homogeneity of the variance

using residual plots. All data are reported as means 6 SE.

Results

Animal performance. Pigs consuming the adequate-P diet
grew 50 g/d faster and were 640 g heavier (P , 0.10) at the end
of the trial (Table 2). Feed intake did not differ between
treatment groups. Feed efficiency improved (P, 0.05) 26.3% as
the concentration of P was increased in the diet. However, as the
concentration of Ca was increased in the diet from 0.58 to
1.00%, feed efficiency declined (P , 0.05) 19.3%. As expected,
daily P intake was reduced (P , 0.0001) 34% in pigs fed the
low-P diet compared with pigs fed the adequate-P diet. In pigs
fed the P-adequate diets, decreasing dietary Ca level increased P
intake. However, in pigs fed the P-deficient diets, decreasing the
dietary Ca level decreased P intake (P 3 Ca, P , 0.10).

Transepithelial ion transport measurements. Transepithe-
lial resistance and short-circuit current were measured in in-
testinal samples as a direct assessment of ion transport. Initial
transepithelial R, a measure of total passive ion transport, was
not different among treatment groups (data not shown). Basal
Isc, a measure of total active ion transport, also did not differ
among treatment groups.

Na-dependent nutrient transport. Na-dependent phosphate
and glucose transport were measured in intestinal samples and
results are reported as the change in short-circuit current relative
to baseline values. No P3Ca interactions were detected, so only
the main effects are reported. Na-dependent phosphate trans-
port increased 46% as the P concentration in the diet was
lowered from 0.40 to 0.23% (P , 0.05) (Fig. 1A). Ca
concentration in the diet did not affect Na+-dependent phos-
phate uptake. Na-dependent glucose uptake was also altered by
the feeding of a low-P diet and increased (P , 0.10) 36% as the
concentration of P in the diet was lowered (Fig. 1B). Similar to

TABLE 2 Effects of dietary P and Ca concentrations on pig performance1

Item

Dietary treatment

P, %: 0.40 0.40 0.23 0.23 P-value

Ca, %: 1.00 0.58 1.00 0.58 P effect Ca effect P x Ca

Initial body weight, kg 7.38 6 0.15 7.37 6 0.14 7.44 6 0.14 7.50 6 0.14 0.641 0.893 0.894

Final body weight, kg 10.92 6 0.38 11.50 6 0.36 10.33 6 0.34 10.92 6 0.38 0.086 0.122 0.910

Weight gain, kg/d 0.250 6 0.03 0.294 6 0.02 0.206 6 0.02 0.250 6 0.03 0.078 0.115 0.906

Feed intake, kg/d 0.537 6 0.04 0.567 6 0.03 0.610 6 0.03 0.573 6 0.02 0.330 0.601 0.170

Gain:feed 0.461 6 0.04 0.527 6 0.04 0.329 6 0.04 0.453 6 0.05 0.027 0.028 0.498

P intake, mg/d 3.75 6 0.24 4.02 6 0.22 2.82 6 0.21 2.23 6 0.24 ,0.0001 0.500 0.071

1 Means 6 SE, n = 8 except P 0.40%, Ca 1.00%, n = 7.
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phosphate uptake, this change occurred independently of the
dietary Ca concentration.

Jejunal gene expression. Neither dietary P nor Ca concen-
tration had a significant effect on NaPi-IIb mRNA expression
(Fig. 2A). Pigs fed the low-P diet did not have greater expression
of NaPi-IIb compared with pigs fed the adequate-P diet,
indicating the change in Na-dependent phosphate uptake
occurred independent of alterations in gene expression. Pigs
fed the adequate-Ca diet had a 41% greater expression of NaPi-
IIb compared with pigs fed the low-Ca diet; however, due to
large variation, this difference was not significant (P = 0.15).
Similarly, SGLT-1 (Fig. 2B) and calbindin D9k (Fig. 2C) mRNA
expression did not differ among dietary treatments.

Western blots. Expression of the NaPi-IIb cotransporter
protein was determined in BBMV isolated from the jejunum.
Pigs fed the low-P diet had an 84% greater expression of the
NaPi-IIb protein on the BBM compared with pigs fed the
adequate-P diet (P , 0.01; Fig. 3). Expression was not affected
by the dietary Ca concentration.

Discussion

The efficiency of intestinal phosphate absorption is greatest
when dietary concentrations of phosphate are limiting and
efficiency declines as the requirement is met and exceeded (23).
Increases in intestinal phosphate absorption in the presence of
low dietary P intakes have been reported in mice, rats, and
chickens (6–8). The increase in absorption efficiency in the
presence of low dietary concentrations was due to a 55–70%
increase in Na+-dependent phosphate uptake (8,9). Analysis of
kinetic parameters of isolated BBMV indicate the adaptive

response was due to an increase in Vmax and not the affinity of
phosphate for the NaPi-cotransporter (7,8). Net phosphate flux
experiments conducted in modified Ussing chambers with rat
small intestines reported active phosphate transport was 4-fold
greater in rats fed a low-P diet (0.03%) compared with rats fed a
control diet containing 0.30% P (24). Our results confirm these
earlier findings on the impact of dietary P restriction and extend
them by showing an increase in active-phosphate transport with
only a modest, 43% reduction in dietary P concentration. The

FIGURE 1 Effects of dietary P and Ca concentrations on Na-

dependent phosphate (A) and glucose (B) transport as measured by

change in short-circuit current in weanling pigs. Changes in Na-

dependent phosphate transport induced by the addition of 10 mmol/L

phosphate or glucose to the luminal buffer. Values are means 6 SE,

n = 8. Means without a common letter differ, P , 0.05, for the main

effect of dietary aP level.

FIGURE 2 The effect of dietary P and Ca levels on jejunal NaPi-IIb

(A), calbindin D9k (B), and SGLT-1 (C) mRNA in weanling pigs. Values

are means 6 SE, n = 8.

FIGURE 3 Jejunal NaPi-IIb protein expression in weanling pigs fed

various concentrations of dietary aP and Ca. Values are means 6 SE,

n = 4 for 0.40% P, 1.00% Ca and 0.40% P, 0.58% Ca; n = 7 for 0.23%

P, 1.00% Ca and 0.23% P, 0.58% Ca. Means without a common letter

differ, P , 0.01, for the main effect of dietary aP level.
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greater increase in active P uptake in rats is most likely due to
differences in the severity of P restriction. Dietary P intake was
reduced 53% in pigs fed the low-P diet and resulted in a
decreased feed efficiency and tended to reduce weight gain and
final body weight. As expected, reducing dietary P intake
resulted in a stimulation of active P uptake; however, this was
not enough to maintain similar performance to pigs fed the
adequate-P diet. This indicates that only moderate P restriction
is necessary to stimulate Na+-dependent phosphate transport in
the small intestine.

Studies investigating the ability of dietary P to alter Na+-
dependent phosphate transport have been conducted with severe
phosphate restriction and without regard to dietary Ca:aP, as
dietary Ca was fed at the Ca requirement. As a result, Ca:aP
ratios varied from 5.5–35:1,which are greater than the
recommended ratio of 2:1–3:1 (25). High concentrations of
dietary Ca are reported to reduce P absorption due to the
formation of insoluble tricalcium phosphate in the intestinal
tract (26–28). Whereas wide Ca:aP are not typical in human
nutrition, they can occur in patients with hyperphosphatemia
treated with Ca carbonate as a dietary phosphate binder (29).
We hypothesized that feeding a marginal dietary P concentration
without altering the Ca concentration, and hence resulting in the
Ca:aP exceeding 4:1, would further stimulate Na+-dependent
phosphate transport due to binding of the remaining dietary P by
excess Ca. However, our results indicate that Na+-dependent P
uptake was not altered by the Ca:aP in the diet. This indicates
that altering dietary Ca concentration to achieve a Ca:aP as wide
as 4.3:1 does not impact Na+-dependent phosphate uptake.
However, this data does not imply that feeding a Ca:aP ratio as
wide at 35:1 would not cause a reduction in P absorption and
hence further stimulate Na+-dependent P uptake.

Severe dietary P restriction in both mice and rats has resulted
in a 30–40% increase in expression of the NaPi-IIb cotrans-
porter protein from small intestine BBMV compared with
control-fed animals (8,10). Mixed results have been reported on
the effect of low-P diets on NaPi-IIb mRNA expression. Studies
in mice have resulted in no alterations in NaPi-IIb mRNA to a
66% increase in NaPi-IIb mRNA expression in response to
consumption of a low-P diet compared with animals fed a high-P
diet (8,30). In the present study, NaPi-IIb mRNA expression did
not differ in pigs fed a low-P diet compared with pigs fed an
adequate-P diet. These data are in agreement with Katai et al.
(9), who reported no differences in NaPi-IIb mRNA in rats fed a
low-P diet compared with rats fed a control diet. It is possible
that the stimulation of transcription occurred at a point prior to
tissue harvesting and had returned to baseline levels at the time
of slaughter. In the present study, the abundance of the NaPi-IIb
protein in the BBM increased 84% in pigs fed the moderate-P
diets compared with pigs fed the adequate-P diets. Severe dietary
P restriction in mice and rats resulted in a 30–40% increase in
abundance of the NaPi-IIb protein in BBMV isolated from the
small intestine compared with control-fed animals (8,10). The
greater increase in abundance of NaPi-IIb in the present trial
compared with the rodent studies in response to consumption of
a low-P diet may be due to the age of the animals, i.e. adult
compared with weanling animals. Expression of the NaPi-IIb
transcript has been shown to decrease with age. Kirchner et al.
(31) reported that mRNA expression of the NaPi-IIb in 20-d-
and 2-mo-old rats was 20 and 3%, respectively, of that in 10-d-
old rats (31). In the present trial, animal age between blocks
varied by 1–7 d; however, no block effects or block by treatment
interactions were detected. These data imply that stimulation of
P uptake in the jejunum of weanling pigs fed a low-P diet is not

occurring through a transcriptional mechanism and is likely
occurring via an increase in translation of the NaPi-IIb
cotransporter protein or translocation of NaPi-IIb from a
subapical pool to the apical surface. However, the severity of
dietary restriction and length of time over which restriction is
imposed may affect the mechanism through which intestinal
Na+-dependent phosphate uptake is stimulated.

Restricting dietary Ca and P by 50–98% of the requirement
has been reported to stimulate calbindin D9k mRNA expression
in the duodenum of chicks and in both the duodenum and ileum
of rats (32,33). In the present experiment, moderate dietary P
and Ca restriction did not affect (P . 0.10) calbindin D9k

mRNA expression in the jejunum of weanling pigs. We focused
on the jejunum in the present trial, because it is the primary site
of active P absorption (2), whereas the primary site of Ca
absorption is the duodenum (34), so sampling location could
explain our failure to detect a difference in calbindin D9k mRNA
expression. Studies conducted with intestinal BBMV isolated
from rats and chickens reported no alteration in Na+-dependent
glucose uptake in response to feeding a low-P diet compared
with control animals (7,9). Surprisingly, pigs fed the moderate-P
diet had a 36% increase in Na+-dependent glucose uptake
compared with pigs fed the control diet. Unlike previous studies,
we utilized modified Ussing chambers instead of an isolated
BBMV , which could account for the different results.

Weanling pigs adapt to moderate dietary P restrictions by
increasing absorption efficiency of phosphate through stimula-
tion of Na+-dependent phosphate uptake in the small intestine.
This adaptation occurs independent of dietary Ca concentra-
tions as low as 0.58% and a Ca:aP as wide as 4.3:1. However,
increases in absorption efficiency are not enough to maintain
performance to that of pigs fed adequate-P diets. Additionally,
stimulation of Na+-dependent phosphate uptake in weanling
pigs fed a moderate-P diet corresponds with an increase in
expression of the NaPi-IIb protein in the BBM. Na-dependent
phosphate uptake is stimulated post-transcriptionally, because
there were no alterations in NaPi-IIb mRNA expression as the
concentration of P decreased in the diet. Further research is
necessary to determine if NaPi-IIb is regulated at the transla-
tional or post-translational level following consumption of a
moderate-P diet. Additionally, the level of dietary P restriction
required to stimulate active P transport in the intestine has yet to
be determined.
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