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Abstract 

Phosphate is an essential element for all animals and blood phosphate concentration is 
controlled strictly. Blood phosphate concentration is regulated by absorption from small 
intestine and excretion from kidney, and kidney plays an important role in maintaining the 
concentration. However, when renal function declines, phosphate excretion into urine is 
suppressed. Therefore, many patients with chronic kidney disease (CKD) and dialysis 
present with hyperphosphatemia. Phosphate binders that suppress phosphate absorption 
from the gastrointestinal tract are widely used for the treatment of hyperphosphatemia, but 
the development of new drugs for hyperphosphatemia is required in terms of dose, 
accumulation of metal adsorbents in the body, and gastrointestinal disorders of polymer 
adsorbents. 
Na-dependent phosphate transporter type IIb (Slc34a2, NaPi-IIb) is considered to be the 

main target for the treatment of hyperphosphatemia for phosphate absorption from the 
small intestine. However, in recent years, ASP3325, which was developed as a NaPi-IIb 
selective inhibitor, has not been confirmed to be effective in clinical trials for 
hyperphosphatemia. In addition to NaPi-IIb, type III (Slc20a1, PiT-1 and Slc20a2, PiT-2) 
has been reported to exist in the small intestine as a transporter involved in phosphate 
absorption. However, many of the phosphate absorption mechanisms in the gastrointestinal 
tract, such as the contribution rate of these transporters and fluctuations in biological 
conditions, are unknown. In addition, it is known that there is a large difference in the 
expression distribution of NaPi-IIb between mice and rats, and it is thought that there is a 
species difference in phosphate absorption from the small intestine, but it is optimal for 
extrapolation of humans. There has been little discussion of various animal species so far. It 
is important to clarify these points in the development of therapeutic drug for human 
hyperphosphatemia. In this study, I examined (1) species differences in the mechanism of 
small intestinal phosphate absorption in experimental animals, and (2) changes in the 
contribution rate of each transporter involved in small intestinal phosphate absorption due 
to physiological changes during aging and nephropathy. With aging, the demand for 
phosphate decreased and the expression level of NaPi-IIb also decreased. On the other 
hand, during renal injury, as the expression of NaPi-IIb in the small intestine decreased, the 
contribution of PiT-1, which had a lower affinity for phosphate than NaPi-IIb, for 
phosphate absorption in the small intestine increased. From these results, a new mechanism 
of small intestinal phosphate absorption different from that of NaPi-IIb derived from PiT-1 
was clarified. It is important to inhibit not only NaPi-IIb but also PiT-1 / 2 mediated 
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phosphate absorption in the suppression of phosphate absorption in the small intestine for 
the purpose of treating hyperphosphatemia.  
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Abbreviations 

ALP: alkaline phosphatase 
BBMV: brush border membrane vesicles 
CKD: chronic kidney disease  
FGF23: fibroblast growth factor 23 
LC-MS/MS: liquid chromatography-tandem mass spectrometer 
NaPi-IIb: Na-dependent phosphate transporter type IIb (Slc34a2) 
PiT-1: NaPi-IIb, type III (Slc20a1) 
PiT-2: NaPi-IIb, type III (Slc20a2) 
PTH: parathyroid hormone 
UN: urea nitrogen 
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General Introduction  

Phosphate is essential for all livings. It exists in tissues and cells in the body and is also a 
component of cell membranes and bones, and nucleic acid substances such as DNA and 
RNA. Changes in blood phosphate concentration always have a large effect on the body and 
need to be controlled to be constant. Blood phosphate concentration in healthy individuals 
is regulated by absorption from the small intestine, release and utilization from bone, and 
excretion from the kidney. Among them, the kidney plays an important role in maintaining 
its blood concentration. However, when renal function is severely reduced, phosphate 
excretion into urine is suppressed. Therefore, many patients with chronic kidney disease 
(CKD) and dialysis present with hyperphosphatemia. Hyperphosphatemia is accompanied 
by cardiovascular disorders associated with ectopic calcification, and its cardiovascular 
events are the leading cause of death in dialysis patients. A phosphate binder that suppresses 
phosphate absorption from the digestive tract is widely used for the treatment of 
hyperphosphatemia. However, since these drugs dose are high, there is a problem in 
compliance, and the development of new drugs is required from the viewpoint of 
accumulation of metal-type adsorbents in the body and gastrointestinal disorders of 
polymer-type adsorbents. 
Rodent studies have revealed that sodium-dependent phosphate transporter type IIb 

(Slc34a2, NaPi-IIb) plays a major role in small intestinal phosphate absorption, and it is 
considered as a target for the treatment of hyperphosphatemia. However, in recent years, 
ASP3325, which was developed as a selective inhibitor of NaPi-IIb, has not been confirmed 
to be effective in clinical trials for hyperphosphatemia in CKD patients. In addition to NaPi-
IIb, type III (Slc20a1, PiT-1 and Slc20a2, PiT-2) exists in the small intestine as transporters 
involved in phosphate absorption. However, many of the small intestinal phosphate 
absorption mechanisms, such as the contribution rate of these transporters are unknown. In 
addition, it is known that there is a large difference in the expression distribution of NaPi-
IIb between mice and rats, and it is thought that there is a species difference in small 
intestinal phosphate absorption, it is an optimal animal for extrapolation of humans. Little 
discussion has been made about species so far. It is important to clarify these points in the 
development of drugs for human hyperphosphatemia. In this study, I examined (1) species 
differences in the mechanism of small intestinal phosphate absorption in experimental 
animals, and (2) changes in the contribution rate of each transporter involved in small 
intestinal phosphate absorption due to physiological changes during aging and CKD. 
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Chapter 1. Significant Species Differences in Intestinal Phosphate Absorption between Dogs, 
Rats, and Monkeys. 
 
1. Introduction  
Blood phosphate levels are regulated by absorption in the intestines, release and utilization 
by bones, and excretion from kidneys. Among them, the kidney plays an important role in 
regulating blood phosphate concentration, which is maintained by adjusting the urinary 
excretion of phosphate (1). Phosphate excretion into urine is performed via reabsorption by 
NaPi-IIa and NaPi-IIc in kidneys, and FGF23 negatively regulates the translocation of 
NaPi-IIa and NaPi-IIc into the renal tubular epithelium (2). However, in patients with 
chronic kidney disease (CKD) and/or dialysis, urinary phosphate excretion decreases 
remarkably as kidneys fail to remove dietary phosphate from the body, leading to 
hyperphosphatemia (3). Hyperphosphatemia causes secondary hyperparathyroidism and 
vascular calcification, which are known risk factors for death or a decline in the quality of life 
(4, 5). Phosphate binders are used in patients with hyperphosphatemia to suppress 
phosphate absorption in the gastrointestinal tract (6-8). In patients with CKD and/or 
dialysis, blood phosphate levels are strongly influenced by uptake in the small intestine (9, 
10). 
Dietary phosphate is composed of organic phosphates and phosphoric acid, an inorganic 
phosphate. Organic phosphate is metabolized into phosphoric acid by alkaline phosphatase 
(ALP) in the digestive tract (11). In the gastrointestinal tract this phosphate is absorbed. 
There are two pathways of phosphate absorption in the small intestine, active transport via 
intestinal epithelial cells and passive transport via the tight junction between cells. Little is 
known about the contribution between passive flow from tight junction and active transport, 
but active transport has been thought to play an important role in maintaining phosphate 
absorption in the small intestine (12-14). In humans and rats, the active transport of 
phosphate mainly happens in the upper part of the small intestine where NaPi-IIb, a 
sodium-dependent phosphate transporter, is thought to have an important function (15-18). 
However, it was reported that the efficacy of a NaPi-IIb specific inhibitor was different 
between rats and humans (19). And NaPi-IIb is also active in mice, but mainly in the lower 
part of the small intestine (15, 16, 20). These reports indicate that there are species 
differences in the intestinal phosphate absorption system among rats, mice, and humans. 
NaPi-IIb which has a strong affinity for phosphate is highly expressed in the small intestine, 
and it is well known that NaPi-IIb is regulated by 1,25(OH)2D3 in rodents, 1,25(OH)2D3 
administration or 1,25(OH)2D3 receptor deletion causes the increase or decrease of NaPi-
IIb protein expression, respectively (21,22). However, the expression of PiT-1 and PiT-2, 
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together known as NaPi-III, in addition to NaPi-IIb have also been confirmed in the small 
intestine. As PiT-1 and PiT-2 are thought to be low affinity transporters for phosphate, 
while NaPi-IIb has high affinity, the characteristic difference of these transporters might be 
physiological meaning. (12, 23).  
Rats, dogs, and monkeys are widely used for the prediction of drug efficacy and toxicity in 
humans. In choosing an animal model to predict the effect of an inhibitor for phosphate 
absorption in the human small intestine, it is important to confirm the species difference. In 
this study, urinary and fecal phosphate excretion in vivo, phosphate uptake in the small 
intestine by brush border membrane vesicles (BBMV), and the expression levels of three 
intestinal sodium-dependent phosphate transporters were examined in rats, dogs and 
monkeys to confirm the species difference in phosphate absorption. 
 
2. Materials and Methods  
Animals. Animal procedures and protocols were in accordance with the Guidelines for the 
Care and Use of Laboratory Animals at Chugai Pharmaceutical Co. Ltd. and approved by 
the Institutional Animal Care and Use Committee (approval number: 17-073, 17-160, 17-
264). Nine weeks old rats (Wistar), 2 years old dogs (Beagle) and 5 years old monkeys 
(Cynomolgus monkey) were included in the study. Rats were fed a 10 g pellet diet (CE-2, 
Japan CREA, Japan), dogs were fed a 200 g pellet diet (CD-5M, Japan CREA) and monkeys 
were fed a 100 g pellet diet (Certified Primate Diet 5048, LabDiet, MO, USA) per day. 
Phosphate, calcium, and vitamins in these diets were derived from soybeans and whitefish. 
The contents are as follows; CE-2: phosphate 1.1 g, calcium 1.1 g, vitamin D3 275 IU/100 g, 
CD-5M: phosphate 1.2 g, calcium 1.5 g, vitamin D3 265 IU/100 g,  Certified Primate Diet 
5048: phosphate 0.6 g, calcium 1.0 g, vitamin D3 670 IU/100 g. The animals were 
euthanized by exsanguination under isoflurane or ketamine anesthesia. 
Biochemical analysis. For each animal species, urine was collected for 24 hours and feces 
was stored for 48 hours. Feces samples were suspended in 0.5 mol/L hydrochloric acid 
(HCl) and centrifuged to collect the supernatant (15 min, 1,630 × g, 4℃). Urine samples 
were diluted with an equal amount of 1 mol/L HCl and centrifuged to collect the 
supernatant (15 min, 1,630 × g, 4℃). Blood samples were centrifuged to collect serum (15 
min, 1,630 × g, 4℃). Concentrations of phosphate (IATRO LQ IP II, LSI Medical 
Corporation, Japan), calcium (IATROFINE Ca II, LSI Medical Co.), creatinine (L type 
Wako creatinine, Wako Pure Chemical Industries, Ltd., Japan) and urea nitrogen (L type 
Wako UN, Wako Pure Chemical Industries, Ltd.) were measured by TBA2000 (TOSHIBA 
Co., Japan). Serum were stored and measured for 1,25(OH)2D3 (FR, FUJIREBIO Inc., 
Japan) and FGF23 (FGF-23 ELISA Kit, KAINOS Laboratories, Inc., Japan).  
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Preparation of BBMV and analysis of intestinal phosphate absorption, determination of 
protein concentration and the activity of alkaline phosphatase. The duodenum was sampled 
from stomach pylorus to Triez's ligament, jejunum was 10 or 15 cm descending from Triez's 
ligament, and ileum was 10 or 15 cm ascending from the cecum. These samples were 
washed with saline, and mucosal tissue was scraped with a slide glass to acquire material for 
mRNA measurement, BBMV purification, kinetic analysis and ALP analysis. BBMV 
purification was performed using small intestinal mucosa collected from each individual. 
BBMV was prepared by partially modifying the previous method (24). The purification of 
BBMV was confirmed by enrichment of ALP activity, which was more than 7 fold compared 
with the homogenized tissue. The isolated BBMV were suspended in an experimental buffer 
to give a final protein concentration of about 1 mg/ml. The final experimental buffer 
consisted of either 60 mmol/L Mannitol, 110 mmol/L NaCl, 10 mmol/L HEPES-Tris, pH 
7.5 (Na buffer). Uptake in the absence of Na+ was measured by substituting NaCl with KCl 
(K buffer). Protein concentration of homogenized suspension was measured using the 
Bradford method. The ALP activity of the homogenized suspension was measured (L type 
Wako ALP J2, Wako Pure Chemical Industries, Ltd.) with an automatic analyzer. KH2PO4 
was added to the Na buffer for a final concentration of 1, 3, 10, 25, 50, 100 μmol/L. 
H333PO4 (PerkinElmer Co., Ltd., Waltham, MA USA) was further added to prepare a Na 
buffer or K buffer. BBMV suspension was added to above solution and incubated at room 
temperature for 1 minute. Immediately after the incubation, an ice-cold stop solution 
consisting of either 1.0 mmol/L KH2PO4, 150 mmol/L NaCl, or 10 mmol/L HEPES-Tris 
(pH 7.5) was added to terminate the reaction, and the whole amount was added to a 0.45 
μm membrane filter (Merck Millipore, Burlington, MA USA). Radioactivity was measured 
using a liquid scintillation counter (PerkinElmer Co., Ltd.) and sodium dependent uptake 
was calculated by deducting the uptake with K buffer.  
Gene expression. Using the small intestinal mucosa of each collected individual, mRNA was 
purified using RNeasy kit (RNeasy kit, QIAGEN, Venio, Netherlands). cDNA was prepared 
using SuperScript IV (Life Technology Japan, Ltd., Japan). Expression of mRNA was 
measured by real-time PCR (TaqMan Universal PCR Mix, Life technology Japan, Ltd., 
Advanced Universal Probes Supermix, Bio-Rad Laboratories, Inc., Hercules, CA USA). The 
cDNA fragments of the target sequences were generated by RT-PCR with specific primers 
from the total intestinal RNA of each species. Each cDNA fragment was ligated into the 
pcDNA3.1 vector (Life technology Japan, Ltd.). Reference sequence and gene localization 
of each cDNA fragment are shown in Table 1. The concentrations of the purified plasmid 
DNA were measured by spectrophotometry, and corresponding copy numbers were 
calculated. Serial dilutions of the respective plasmid DNA were used as standards to make 
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calibration curves. At that time, the plasmids containing the mRNA sequence corresponding 
to the real-time PCR probe (Life technology Japan, Ltd., Bio-Rad Laboratories, Inc.) of 
NaPi-IIb, PiT-1, PiT-2, and Villin-1 were used as a standard, and the absolute amount of 
mRNA of each gene was calculated from a calibration curve.  
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Table 1.  The amplified DNA sequences used for the analysis of NaPi-IIb, PiT-1, PiT-2, 
and Villin-1 mRNA expression level. 

 
  

cDNA 
target 

Reference 
sequence 

Gene 
localization 

Rat 

NaPi-IIb NM_053380 601 - 730 
PiT-1 NM_031148 511 - 740 
PiT-2 NM_017223 601 - 810 

Villin-1 NM_001108224 391 - 540 

Dog 

NaPi-IIb XM_022417261 387 - 478 
PiT-1 XM_540181 862 - 957 
PiT-2 XM_025993676 485 - 550 

Villin-1 XM_026002027 80 – 106 

Monkey 
and 

human 

NaPi-IIb NM_006424 1006 - 1175 
PiT-1 NM_005415 2279 - 2408 
PiT-2 NM_001257180 982 - 1171 

Villin-1 NM_007127 2331 - 2540 
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Statistical analysis. Statistical analysis was performed using Microsoft Office Excel 
(Microsoft Corporation, Redmond, WA USA). The Michaelis-Menten curve was generated 
based on substrate concentration (s) (s = 1, 3, 10, 25, 50, 100 μmol/L) and calculated 
velocity (v), and the apparent Michaelis constant (Km) and maximum velocity (Vmax) of 
phosphate uptake were calculated nonlinearly with JMP 11. 2. 1 (SAS Institute Japan Ltd., 
Japan). For biochemical and gene expression, statistical analysis was performed using one-
way ANOVA. Tukey–Kramer multiple comparison tests were used to compare data, with 
p<0.05 being considered statistically significant with JMP 11. 2. 1.  
 
3. Results  
Biochemical analysis of phosphate metabolisms in blood, urine, and feces 
Serum biochemical data are shown in Table 2. Serum phosphate concentration was the 
highest in rats and lowest in dogs. There was no species difference in calcium concentration. 
Serum FGF23 concentration in dogs was markedly high, followed by rats. Serum 
1,25(OH)2D3 concentration was the highest in monkeys. Urinary biochemical data are 
shown in Table 3. Compared to rats and dogs, urinary phosphate excretion was remarkably 
low in monkeys and calcium excretion was markedly high. Fecal biochemical data are shown 
in Table 4. The intestinal phosphate absorption rate calculated based on the ratio of dietary 
to fecal phosphate was remarkably low in monkeys and the highest in dogs. Fecal calcium 
excretion was also the lowest in monkeys. It was comparable in rats and dogs. 
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Table 2. Serum phosphate, calcium, urea nitrogen, creatinine, FGF23, and 1,25(OH)2D3 
levels in each species. 

Values are expressed as means ± SE, n=4. ap<0.05, significant different from rat, 
bp<0.05, significant different from dog by one-way ANOVA and followed by Tukey–Kramer 
multiple comparison tests. Human data is referenced from a previous study (29). 
  

 Rat Dog Monkey Human  

Phosphate (mg/dL) 8.0 ± 0.1 3.3 ± 0.2a 4.7 ± 0.5a, b 3.4 ± 0.5 

Calcium (mg/dL) 10.2 ± 0.1 10.1 ± 0.1 10.0 ± 0.2 9.3 ± 0.4 

BUN (mg/dL) 10.1 ± 1.0 10.8 ± 0.6 24.0 ± 2.0a, b   

Creatinine (mg/dL) 0.23 ± 0.01 0.52 ± 0.01a 0.64 ± 0.06a   

FGF23 (pg/mL) 167.7 ± 9.6 553.8 ± 17.3a 67.4 ± 14.7a, b 
69.7 (56.8 – 

92.7) 

1,25(OH)2D3 (pg/L) 94.2 ± 18.1 28.0 ± 4.7 218.8 ± 23.2 
39.9 (30.2 – 

49.6)  
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Table 3. Urinary phosphate, calcium, urea nitrogen excretion, and the fractional excretion of 
phosphate in each species.  

Values are expressed as means ± SE, n=4. 1FEPi = fractional excretion of phosphate. 
ap<0.05, significant different from rat, bp<0.05, significant different from dog by one-way 
ANOVA and followed by Tukey–Kramer multiple comparison tests. Human data is 
referenced from a previous study (29). 
  

  Rat Dog Monkey Human 

Phosphate (mg/mg cre)        3.0 ± 0.1 1.8 ± 0.1a 0.01 ± 0.00a, b  

Calcium (mg/mg cre) 0.04 ± 0.00 0.08 ± 0.01a 0.65 ± 0.09a, b  

BUN (mg/mg cre) 11.5 ± 1.3 13.3 ± 0.3 9.9 ± 0.9b  

FEPi1 (%) 8.6 ± 0.5 29.1 ± 1.3a 0.1 ± 0.1a, b 14.5 (11.9-20.1) 
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Table 4. Fecal phosphate and calcium excretion and phosphate absorption rate in each 
species.  

Values are expressed as means ± SE, n=4. 1Phosphate excretion, calcium excretion and 
phosphate intake were corrected by body weight. 2Phosphate absorption rate was calculated 
from phosphate in food and feces, as follows (phosphate intake - phosphate excretion) / 
phosphate intake * 100 (%). ap<0.05, significant different from rat, bp<0.05, significant 
different from dog by one-way ANOVA and followed by Tukey–Kramer multiple 
comparison tests. Human data is referenced from a previous study (30). 
  

  Rat Dog Monkey Human 

Phosphate excretion1 (mg/kg/day) 170 ± 4 128 ± 11a 120 ± 14a   

Calcium excretion1 (mg/kg/day) 303 ± 29 335 ± 33 58 ± 9a, b   

Phosphate intake1 (mg/kg/day) 322 ± 6 271 ± 3a 145 ± 20a, b   

Phosphate absorption rate2 (%) 47.1 ± 0.9 52.7 ± 4.3 13.2 ± 14.0a, b 60 - 70 
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Kinetics analysis of phosphate uptake in intestinal BBMV 
Figs. 1-3 show the Na+-dependent phosphate uptake concentration dependence curve in 
each vesicle prepared from duodenum, jejunum, and ileum of three species. Kinetic 
parameters are shown in Table 5. The apparent Km for phosphate uptake in duodenum, 
jejunum, and ileum was 39.9, 78.9, 367.3 μmol/L in rats, 46.9, 14.4, 8.9 μmol/L in dogs 
and 31.6, 102.3, 44.9 μmol/L in monkeys, respectively. Dogs showed high Vmax at any site 
in small intestine. The relative contribution rate (Vmax/Km) at each site was the highest in 
the ileum in dogs and monkeys, and in the duodenum in the rats.  
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Figure 1. Michaelis-Menten curves of phosphate uptake in rats intestinal BBMV. 
Values at each concentration are expressed as means ± SE, n=4. Phosphate uptake (v) was 
measured in the duodenum (A), jejunum (B), and ileum (C). BBMV treated with phosphate 
concentration (s) ranging from 1 to 100 μM for 1 min. Michaelis-Menten curves were 
analysed by JMP 11.2.1 using single kinetics model. 
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Figure 2.  Michaelis-Menten curves of phosphate uptake in dogs intestinal BBMV. Values at 
each concentration are expressed as means ± SE, n=4. Phosphate uptake (v) was measured 
in the duodenum (A), jejunum (B), and ileum (C). BBMV treated with phosphate 
concentration (s) ranging from 1 to 100 μM for 1 min. Michaelis-Menten curves were 
analysed by JMP 11.2.1 using single kinetics model. 
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Figure 3. Michaelis-Menten curves of phosphate uptake in monkey intestinal BBMV. Values 
at each concentration are expressed as means ± SE, n=4. Phosphate uptake (v) was 
measured in duodenum (A), jejunum (B), and ileum (C). BBMV treated with phosphate 
concentration (s) ranging from 1 to 100 μM for 1 min. Michaelis-Menten curves were 
analyzed by JMP 11.2.1 using single kinetics model. 
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Table 5. Michaelis-Menten kinetics parameters of intestinal phosphate uptake in BBMV in 
rats, dogs, and monkeys. 
Rat    
 Duodenum Jejunum Ileum 

Km (μM) 39.9 78.9 367.4 

Vmax (pmol/min/μg protein) 0.57 0.27 0.56 

Vmax/Km (pmol/min/μg protein/μM) 0.014 0.003 0.002 

 
Dog 

  Duodenum Jejunum Ileum 

Km (μM) 46.9 14.4 8.9 

Vmax (pmol/min/μg protein) 2.2 3.8 6.0 

Vmax/Km (pmol/min/μg protein/μM) 0.047 0.26 0.67 

  
Monkey 
 Duodenum Jejunum Ileum 

Km (μM) 31.6 102.3 44.9 

Vmax (pmol/min/μg protein) 0.49 1.4 5.9 

Vmax/Km (pmol/min/μg protein/μM) 0.015 0.013 0.13 

Data was analyzed by JMP 11.2.1 using velocity and phosphate concentration in each 
species. Vmax represents the maximum absorption velocity of phosphate, Km is the 
Michaelis-Menten constant, which were obtained by fitting the experimental data into 
nonlinear least squares regression. 
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mRNA expression of NaPi-IIb, PiT-1 and PiT-2 in intestine 
NaPi-IIb mRNA was expressed most highly in the ileum in dogs, but in the duodenum in 
rats (Fig. 4). In rats, PiT-1 mRNA was highly expressed in ileum, but PiT-2 mRNA was 
poorly expressed in all segments. In dogs, the mRNA expression of PiT-1 and PiT-2 was 
similar in all tissues. NaPi-IIb mRNA expression in monkeys was barely detectable in every 
part of the intestine, but contrastingly mRNA expression of PiT-1 and PiT-2 was confirmed 
(Fig. 4). In humans, expression of NaPi-IIb, PiT-1, and PiT-2 were evaluated using the 
Human Digestive System MTC ™ Panel (Clontech Laboratories, Inc., Mountain View, CA 
USA). NaPi-IIb was higher in the duodenum than in the rest of the human small intestine, 
but expression levels of PiT-1 and PiT-2 were similar (Fig. 5). 
  



２０ 
 

 
Figure 4. Intestinal NaPi-IIb, PiT-1 and PiT-2 mRNA expression in rats (A), dogs (B), and 
monkeys (C). The NaPi-IIb, PiT-1, and PiT-2 mRNA amount in each tissue was quantified 
by real-time PCR using the standard template DNA. cDNA were synthesized using mRNA 
purified from each tissue, and all values obtained were expressed as molecules per Villin-1 
amount. All cDNA copy numbers were derived based on the same standard dilutions. Values 
are expressed as means ± SE, n=4. * p<0.05, significant difference by one-way ANOVA 
and followed by Turkey–Kramer multiple comparison tests. 
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Figure 5. NaPi-IIb, PiT-1 and PiT-2 mRNA expression in each tissue measured by a 
commercial cDNA panel. Commercial pooled samples were used (duodenum pooled from 
30 male/female Caucasians, ages 17-75, jejunum pooled from 6 male/female Caucasians, 
ages 20-57, ileum pooled from 8 male/female Caucasians, ages 18-57; Human Digestive 
System MTC™ Panel, Takara Bio Inc., Japan). All values obtained were expressed as 
molecules per Villin-1 amount. All cDNA copy numbers were derived based on the same 
standard dilutions. 
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Intestinal ALP activity  
ALP activity in monkeys was lower than in dogs and rats (Fig. 6). In rats and dogs, organic 
phosphate is decomposed in the upper part of intestine, and thus ALP activity is high in the 
duodenum and jejunum. 
 

 
Figure 6. ALP activity in the duodenum, jejunum and ileum of each species. ALP activity of 
intestinal mucosa suspension was measured by a cyclic enzymatic amplification method. The 
values are expressed as means ± SE, n=4. * p<0.05, significant difference by one-way 
ANOVA and followed by Turkey–Kramer multiple comparison tests. 
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4. Discussion  
In this study, I confirmed significant differences between rats, dogs, and monkeys in the 
absorption of phosphate. NaPi-IIb would contribute largely to phosphate uptake by BBMV 
in the small intestine of dogs and rats, whereas PiT-1 or PiT-2 would play that role in 
monkeys. Although monkey intestine is at least capable of the absorption of phosphate, the 
in vivo absorption and ALP activity was surprisingly low compared with dogs and rats, 
suggesting that the use of phosphate is much lower in monkeys. 
BBMV analysis confirmed sodium-dependent phosphate uptake capacity in dogs, monkeys, 
and rats. In rats, NaPi-IIb was highly expressed in the duodenum, where the Vmax/Km ratio 
in BBMV was also the highest.  These results suggest that the uptake of phosphate by 
NaPi-IIb in rats is most common in the duodenum. In contrast, in dogs, the Vmax/Km ratio 
and high expression of NaPi-IIb mRNA suggests more uptake in the ileum. These results 
suggest that phosphate uptake mainly occurs in ileum and that NaPi-IIb primarily 
contributes to this in dogs. In monkeys, the ileum was mainly involved in phosphate uptake 
based on the value of Vmax/Km. However, unlike in dogs and rats, not NaPi-IIb but PiT-1 
and PiT-2 are mainly expressed in intestine in monkeys. This suggests that in monkeys, 
PiT-1 or PiT-2 contributes to phosphate uptake in the ileum.  
It is known that NaPi-IIb in the small intestine is controlled by 1,25(OH)2D3, and it has 
been reported that the expression of NaPi-IIb is increased by administration of 
1,25(OH)2D3 or ED-71 (21, 25, 26). However, in monkeys, despite having higher serum 
1,25(OH)2D3 than rats or dogs, PiT-1 and PiT-2 were highly expressed in each intestinal 
segment of monkeys, there is no correlation between BBMV phosphate uptake and the 
absolute mRNA amount of PiT-1 and PiT-2 in duodenum, jejunum and ileum. Another 
sodium-dependent phosphate transporter identified by Candeal et al. (27) may also be 
involved in monkeys. The verification of protein expression level and membrane localization 
of PiT-1 or PiT-2 will be required to confirm this in future studies.  
In monkeys, the phosphate absorption rate calculated from diet and fecal excretion was 
significantly lower than in dogs and rats. ALP activity in the small intestine was also lower. 
When ALP activity is low, organic phosphate cannot be sufficiently decomposed into 
phosphoric acid in enough amounts. This suggests that while monkeys are capable of 
phosphate uptake in the small intestine, only small amounts of phosphate can be absorbed in 
the physiological condition. It remains unknown if systemic phosphate is supplied from 
intestine in an inorganic or organic form. 
In addition to species differences in intestinal phosphate absorption, differences in the 
fractional urinary excretion of phosphate were also observed. Urinary phosphate excretion is 
mediated through reabsorption by renal NaPi-IIa and NaPi-IIc, and FGF23 negatively 
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regulates the internalization and degradation of NaPi-IIa and NaPi-IIc in the renal tubular 
epithelium (2). In dogs, urinary excretion of phosphate would be accelerated to regulate the 
large amount of phosphate absorbed in the small intestine as a result of high FGF23 
concentration in the blood. In monkeys, the absorption of phosphate in the small intestine 
was low, and it was confirmed that serum FGF23 was also low and that reabsorption in 
kidneys was enhanced. 
 In humans, phosphate is reported to be mainly absorbed in upper intestine (28). High 
phosphate uptake in the duodenal BBMV of rats suggests that, compared with monkeys and 
dogs, rats should be the first choice for predicting phosphate metabolism in humans. 
However, I confirmed differences between humans and rats in the mRNA expression of 
PiT-1 and PiT-2 in the small intestine. The contribution of PiT-1 and PiT-2 to phosphate 
absorption in the small intestine remains unknown. NaPi-IIb specific inhibitor ASP3325 
ameliorates the hyperphosphatemia in rats but is not effective in ESRD patients (19). It was 
suggested that not only NaPi-IIb but also PiT-1 and PiT-2 might relate with intestinal 
phosphate absorption. More research is necessary to confirm the validity of the rat model in 
predicting human responses. 
 In conclusion, dogs and monkeys absorb phosphate mainly in the lower intestine and rats 
in the upper part of the small intestine. NaPi-IIb mainly promotes uptake in dogs and rats, 
but other transporters besides NaPi-IIb do so in monkeys. Of the three species, dogs appear 
to absorb phosphate the most efficiently, and blood phosphate is maintained by high 
excretion in urine. Although monkeys possess active phosphate uptake mechanisms in the 
ileum, they could not utilize phosphate as much as the other species due to low ALP activity 
in the intestine. This study suggests that there are significant species differences among 
rats, dogs, and monkeys in the absorption of phosphate in the small intestine.   
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Chapter 2. Evidence of an intestinal phosphate transporter alternative to type IIb 

sodium-dependent phosphate transporter in rats with chronic kidney disease. 

 

1. Introduction  
Phosphate is absorbed in the small intestine by active transport via intestinal epithelial cells 
and passive flow via the tight junctions between cells (31). The sodium-dependent 
phosphate transporter NaPi-IIb, solute carrier family 34 member 2 (Slc34a2), was identified 
in the small intestine two decades ago (18). It is expressed mainly in intestine, lung, ovary, 
or testis and is thought to be involved in active intestinal phosphate absorption (17, 18, 32, 
33). NaPi-IIb-deficient mice exhibit decreased intestinal phosphate absorption, low urinary 
phosphate excretion, low serum FGF23 levels, and increased serum calcitriol, all of which 
are consistent with systemic reductions of phosphate (15, 34, 38). In addition, the 
expression level of NaPi-IIb is correlated tightly with the active phosphate transport in rat 
intestinal brush-border membrane vesicles (BBMV) (26). Taken together, NaPi-IIb is 
thought to be the dominant intestinal phosphate transporter in rodents.  
Hyperphosphatemia commonly develops in chronic kidney disease (CKD) due to impaired 
urinary phosphate excretion (35), and has been consistently associated with increased 
morbidity and mortality (5, 36, 37, 38). Phosphate binders are therefore recommended in 
such patients to reduce gastrointestinal phosphate absorption, since the intestinal 
absorption of phosphate is a major contributor to phosphate metabolism (7-10, 39). 
However, there is very little information about the intestinal expression level and activity of 
NaPi-IIb during kidney injury. Moreover, recent clinical trials in end stage renal disease 
patients revealed that the selective NaPi-IIb inhibitor ASP3325 neither inhibited intestinal 
phosphate absorption nor ameliorated hyperphosphatemia (19). Besides NaPi-IIb, there are 
other phosphate transporters in the intestine, specifically SLC20a family members PiT-1 
(Slc20a1) and PiT-2 (Slc20a2) (12, 40), but their precise role in intestinal phosphate 
absorption in health and CKD remains unknown. 
To resolve the above questions, I analyzed the correlation between the kinetics of active 
phosphate transport and the mRNA expression of NaPi-IIb, PiT-1, or PiT-2 in two rat 
models of CKD, namely adenine-induced nephropathy and anti-Thy1 nephritis.  In 
addition, I adapted a highly sensitive liquid chromatography-tandem mass spectrometer 
(LC-MS/MS) method for simultaneous quantification of membrane proteins to determine 
the expression of NaPi-IIb (41). 
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2. Materials and Methods  
Animal experiments 
Male Wistar rats and Fischer 344 rats were purchased from Charles River Laboratories Japan, 
Inc. (Tokyo, Japan). Animal procedures and protocols were in accordance with the Guidelines 
for the Care and Use of Laboratory Animals at Chugai Pharmaceutical Co. Ltd. and approved 
by the Institutional Animal Care and Use Committee. For the analysis of healthy rats, 4, 9, 
and 15 week old Wistar rats were used. The adenine-induced CKD model was established by 
orally administrating adenine at 300 mg/kg to 6 week old Wistar rats for 4 weeks (5 times 
/week), after which they were subjected to analysis. Anti-Thy1-induced CKD was induced in 
6 week old Fischer 344 rats as described (42). At 18 weeks after disease induction, animals 
were subjected to analysis. Rats had free access to food and to water. In the case of healthy 
rats and rats with anti-Thy1 CKD, they were fed CE-2 (CLEA Japan, inc., Tokyo, Japan), and 
CRF-1 (Oriental Yeast Co., Ltd., Tokyo, Japan) in the case of adenine CKD rats. The contents 
were as follows; CE-2: phosphate 1.1 g, calcium 1.1 g, vitamin D3 275 U per 100 g chow, 
CRF-1: phosphate 0.8 g, calcium 1.2 g, vitamin D3 643 U per 100 g chow. Alfacalcidol 0.2 
μg/kg (Chugai Pharmaceutical Co. Ltd., Tokyo, Japan) or its vehicle (medium chain 
triglyceride) was administered by a single subcutaneous injection for 7 days. As phosphate is 
predominantly absorbed in duodenum and upper jejunum in rats (43), small intestinal 
samples were prepared by dissecting 10 cm of upper intestine starting at the pylorus. 
Preparation of brush border membrane vesicles (BBMV) for analyzing protein and phosphate 
uptake was carried out by partially modifying a previous method (32). The animals were 
euthanized by exsanguination under isoflurane or ketamine anesthesia. 
 
Phosphate uptake in BBMV 
The uptake of H333PO4 (PerkinElmer Co., Ltd., Waltham, MA) by BBMV was measured by a 
rapid filtration technique as described previously (44). Briefly, 80 μL of buffer containing 
specified concentrations of 33P was added to 20 μL of membrane vesicles suspension. At the 
specified times the mixture was poured immediately onto Millipore filters (HAWP, 0.45 μm) 
and the radioactivity of the 33P trapped in membrane vesicles was determined using a liquid 
scintillation counter (PerkinElmer Co., Ltd.). The buffer consisted of either 60 mmol/L 
mannitol, 110 mmol/L NaCl, 10 mmol/L HEPES-Tris, pH 7.5. Sodium-dependent phosphate 
uptake was calculated by deducting the uptake in buffer substituting NaCl with KCl. The 
Michaelis-Menten curve was generated based on substrate concentration and calculated 
velocity, and the apparent Michaelis constant (Km) and maximum velocity (Vmax) of 
phosphate uptake were calculated by a non-linear regression method using JMP 11.2.1 (SAS 
Institute Japan Ltd., Tokyo, Japan). 
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Measurement of NaPi-IIb, PiT-1, PiT-2 and Villin-1 mRNA by qPCR 
Expression of mRNA was measured by qPCR using the Applied Biosystems 7900HT Fast 
Real-Time PCR System (Thermo Fisher Scientific K.K., Tokyo, Japan). The target sequences 
of NaPi-IIb, PiT-1, PiT-2, and Villin-1 for real-time PCR are listed in Table 6. The cDNA 
fragments of the target sequences were generated by reverse-transcribed PCR with specific 
primers from rat intestinal total RNA. Each PCR product was ligated into the pcDNA3.1 
vector (Life Technologies Japan, Ltd.) and transformed into competent DH5α cells. The 
concentrations of purified plasmid DNA were measured by spectrophotometry and 
corresponding copy numbers were calculated. Serial dilutions of the respective plasmid DNA 
were used as standards to make calibration curves. The absolute amount of mRNA of each 
gene was calculated from the calibration curve and normalized by Villin-1. 
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Table 6. The amplified DNA sequences used for the analysis of NaPi-IIb, PiT-1, PiT-2, and 
Villin-1 mRNA expression level.  

Molecule GenBank Acc. No. Location of amplification 

NaPi-IIb NM_053380 601 - 730 

PiT-1 NM_031148 511 - 740 

PiT-2 NM_017223 601 - 810 

Villin-1 NM_001108224 391 - 540 
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Measurement of NaPi-IIb and Villin-1 protein by LC-MS/MS 
BBMV of rat intestine was used to measure the protein of NaPi-IIb and Villin-1.  The 
method was based on previous reports (41, 45). Briefly, intestinal samples were reduced and 
alkylated. Then the S-carbamoylmethylated proteins were digested. After adding stable 
isotope labeled internal standard peptides, the digests were extracted using OASIS MAX 
μElution plates (Waters Corporation, Milford, MA) and were analyzed by an ACQUITY 
UPLC M-class system coupled to a Xevo TQ-S triple quad mass spectrometer equipped with 
an ionKey system (Waters Corporation). The sequences used for the analyses are shown in 
Table 7. 
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Table 7. The amino acid sequences used for the analysis of NaPi-IIb, and Villin-1 protein 
expression level. 

 
 
  

Molecule Sequence GenBank Acc. No. Location 

NaPi-IIb VITDPFTK NP_445832 266-273 

Villin-1 YNDEPVQIR NP_001101694 470-478 
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Biochemical analyses of rat serum 
Serum phosphate, calcium, creatinine and urea nitrogen (BUN) were measured by an 
automatic analyzer (TOSHIBA Co., Tokyo, Japan). Calcitriol (1,25(OH)2D3 RIA Kit FR, 
Fujirebio, Inc., Tokyo, Japan) and FGF23 (FGF-23 ELISA Kit, KAINOS Laboratories, Inc., 
Tokyo, Japan) were measured according to the manufacturer's instructions. 
 
Statistical analysis  
Statistical analysis was performed using JMP 11.2.1. The Tukey-Kramer test was used for 
the aging rats study, and the Student’s t-test for the CKD rats study.  
 
3. Results  
Intestinal phosphate uptake and transporters in healthy rats 
I first examined the intestinal expression of phosphate transporters and intestinal phosphate 
metabolism in normal rats. Figure 7 shows sodium-dependent phosphate uptake in BBMV 
obtained from 4, 9, and 15 week old rats. Eadie–Hofstee plot analyses indicated that sodium-
dependent uptake consisted of a single saturable component. Kinetic parameters calculated 
by the non-linear regression method are shown in Table 8. Km remained similar in rats aged 
4, 9 and 15 weeks and the values corresponded to the Km of NaPi-IIb as reported previously 
(28). Vmax of rat intestinal phosphate transport markedly decreased with age (3.24, 1.12, and 
0.47 pmol/μg protein/min, respectively). 
The mRNA expression levels of the 3 intestinal phosphate transporters are shown in Table 9. 
PiT-2 mRNA levels were much lower than NaPi-IIb or PiT-1 in upper intestine. NaPi-IIb 
mRNA markedly decreased with age and paralleled the reduction of serum phosphate and 
calcitriol concentrations (Table 10) and phosphate uptake Vmax in BBMV (Table 8). On the 
other hand, PiT-1 mRNA did not change with age. Expression of NaPi-IIb protein was readily 
detected by the LC-MS/MS method, and corresponded to mRNA expression (Figure 8).  
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Figure 7. Changes in phosphate uptake by rat intestinal BBMV with age ((A) 4 wks old, (B) 
9 wks old (C), 15 wks old). Dots represent the actual values and the Michaelis-Menten curve 
was generated using JMP11.2.1. Inset shows an Eadie-Hofstee plot of the uptake. Each point 
in the inset represents the mean of three measurement points. 
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Figure 8. Changes in NaPi-IIb mRNA (A) or protein (B) expression level in rat upper 
intestine with age. Values are normalized by villin-1 protein or mRNA, respectively. The 
actual values are represented as dots, and the columns represent mean + SE. *p<0.05, 
significant difference versus 4wks old, #p<0.05, significant difference versus 9 wks old 
(Tukey-Kramer test). 
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Table 8. Kinetic parameters of phosphate uptake in rat BBMV with increasing age. Values are 
expressed as an estimate from non-linear regression analysis (n=4).  

Values in parentheses are 95% confidence intervals. 
 
 

  

 4 wks old 9 wks old 15 wks old 
Km (μmol/L) 12.6 (9.4 - 15.8) 9.0 (7.1 – 11.0) 6.8 (4.6 – 8.9) 
Vmax (pmol/min/μg protein) 3.24 (3.00 - 3.47) 1.12 (1.05 – 1.18)   0.47 (0.42 – 0.50) 
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Table 9. Changes in NaPi-IIb, PiT-1, or PiT-2 mRNA expression level in upper intestine with 
age in normal rats.  

Values are expressed as mean ± SE (n=12). ap<0.05, significant difference versus 4 wks 
old, bp<0.05, significant difference versus 9 wks old (Tukey-Kramer test). 
 
  

 4 wks old 9 wks old 15 wks old 

NaPi-IIb (mmol/mol villin-1) 63.8 ± 3.9 18.9 ± 3.5a 7.6 ± 1.5a, b 

PiT-1 (mmol/mol villin-1) 12.4 ± 2.0 9.2 ± 1.7 14.9 ± 1.8 

PiT-2 (mmol/mol villin-1) 0.26 ± 0.05 0.17 ± 0.05 0.31 ± 0.12 
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Table 10. Serum biochemistry and phosphate-related hormones with age in normal rats. 

Values are expressed as mean ± SE (n=12). ap<0.05, significant difference versus 4 wks 
old, bp<0.05; significant difference versus from 9 wks old (Tukey-Kramer test). 

 
  

 4 wks old 9 wks old 15 wks old 

Phosphate (mg/dL) 9.6 ± 0.2 6.6 ± 0.2a 5.6 ± 0.1a, b 

Calcium (mg/dL) 10.5 ± 0.1 10.4 ± 0.1a 10.1 ± 0.1a, b 

BUN (mg/dL) 15.5 ± 0.5 18.1 ± 0.3a 17.9 ± 0.4a, b 

Creatinine (mg/dL) 0.04 ± 0.01 0.07 ± 0.01a 0.15 ± 0.01a, b 

FGF23 (pg/mL) 309 ± 34 457 ± 35a 689 ±60a, b 

Intact PTH (pg/mL) 370 ± 22 279 ± 73a 167 ± 8a, b 

Calcitriol (pg/mL) 311 ± 29 219 ± 16a 74 ± 12a, b 
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Intestinal phosphate uptake and transporters in rats with adenine-induced CKD 
Within 4 weeks, adenine-induced CKD in rats manifested as severe renal tubular injury 
accompanied by hyperphosphatemia, increased serum PTH and FGF23, and reduced 
calcitriol levels compared to normal rats (Table 11). Serum Ca did not change despite the 
calcitriol reduction at this point, but decreased as disease progressed further (data not shown). 
Figure 9 shows sodium-dependent phosphate uptake in intestinal BBMV prepared from 
normal and CKD animals. In contrast to healthy rats, where Eadie–Hofstee plot analysis 
indicated that intestinal phosphate uptake consisted of a single saturable component, it 
consisted of two saturable components in rats with adenine-induced CKD. Kinetic parameters 
calculated by the non-linear regression method are shown in Table 12. The Km values of 
normal rats and of the higher affinity component in CKD rats were 6.3 and 4.0 μmol/L, 
respectively, which is similar to the known Km of NaPi-IIb (46). The Km value of the lower 
affinity component in CKD rats was 166.1 μmol/L, similar to that of PiT-1 or PiT-2 as 
reported previously (47). The phosphate uptake Vmax of the higher affinity component in 
CKD rats was decreased compared to normal rats (0.23 versus 0.61 pmol/μg protein/min, 
respectively). 
The mRNA expression levels of the 3 transporters are shown in Table 13. Similar to findings 
in healthy rats (see above), PiT-2 mRNA levels were much lower than NaPi-IIb or PiT-1 in 
upper intestine. Whereas PiT-1 and PiT-2 mRNA did not change in CKD rats compared to 
normal rats, the mRNA and protein expression level of NaPi-IIb, considered to be the main 
intestinal phosphate transporter in rats, significantly decreased in CKD rats compared to 
normal rats, mirroring the decrease of phosphate uptake velocity in adenine-induced CKD 
(Figure 10). The injection of alfacalcidol into CKD rats increased NaPi-IIb mRNA and 
protein expression back to normal levels (Table 14, Figure 7). 
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Figure 9. Phosphate uptake by intestinal BBMV in adenine-induced CKD rats. Dots represent 
the actual values and the Michaelis-Menten curve was generated using JMP11.2.1. Inset 
shows an Eadie–Hofstee plot of the uptake. Each point represents the mean of three 
measurement points. Normal: normal rats, CKD: adenine-induced CKD rats. 
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Figure 10. Changes in NaPi-IIb mRNA (A) or protein (B) expression level in upper intestine 
of rats with adenine-induced CKD. Values are normalized by villin-1 protein or mRNA, 
respectively. The actual values are represented as dots, and the columns represent mean + SE. 
*p<0.05, significant difference versus Normal (Student’s t-test). Normal: normal rats, CKD: 
adenine-induced CKD rats. 
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Table 11. Serum biochemistry and phosphate-related hormones in rats with adenine-induced 
CKD.  

Values are expressed as mean ± SE (n=10). ap<0.05, significant difference versus normal 
control rats (Student’s t- test). Normal, normal rats; CKD, adenine-induced CKD rats. 
 
  

 Normal CKD 

Phosphate (mg/dL) 7.1 ± 0.1 9.0 ± 0.4a 

Calcium (mg/dL) 10.6 ± 0.1 10.7 ± 0.1 

BUN (mg/dL) 21.2 ± 0.5 109.8 ± 5.5a 

Creatinine (mg/dL) 0.26 ± 0.01 1.51 ± 0.09a 

FGF23 (pg/mL) 1291 ± 170 14765 ± 2826a 

Intact PTH (pg/mL) 143 ± 8 888 ± 117a 

Calcitriol (pg/mL) 128 ± 16 14 ± 6a 
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Table 12. Kinetic parameters of phosphate uptake in BBMV of rats with adenine-induced 
CKD.  

Values are expressed as an estimate ± SE from non-linear regression analysis (n=4). 
Normal, normal rats; CKD, adenine-induced CKD rats. 
 
  

 Normal CKD 

Km1 (μmol/L) 6.3 ± 0.5 4.0 ± 1.7 

Vmax1 (pmol/min/μg protein) 0.61 ± 0.01 0.23 ± 0.06 

Km2 (μmol/L) - 166.1 ± 232.0 

Vmax2 (pmol/min/μg protein) - 0.52 ± 0.32 
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Table 13. Changes in NaPi-IIb, PiT-1, or PiT-2 mRNA expression level in upper intestine in 
rats with adenine-induced CKD.  

Values are expressed as mean ± SE (n=10). ap<0.05, significant difference versus Normal 
(Student’s t-test). Normal, normal rats; CKD, adenine-induced CKD rats. 
 
  

 Normal CKD 

NaPi-IIb (mmol/mol villin-1) 8.1 ± 0.5 1.2 ± 0.3a 

PiT-1 (mmol/mol villin-1) 22.0 ± 2.0 22.7 ± 1.9 

PiT-2 (mmol/mol villin-1) 0.21 ± 0.02 0.26 ± 0.05 



４３ 
 

Table 14. Changes in NaPi-IIb, PiT-1, or PiT-2 mRNA expression level in upper intestine in 
rats with adenine-induced CKD after subcutaneous administration of alfacalcidol.  

Values are expressed as mean ± SE (n=10). ap<0.05, significant difference versus Normal,  
bp<0.05, significant difference versus CKD (Student’s t-test). Normal, normal rats; CKD, 
adenine-induced CKD rats, VitD, alfacalcidol via subcutaneous administration. Values were 
normalized via villin-1 mRNA. 
 
  

 Normal CKD VitD 

NaPi-IIb (mmol/mol villin-1) 8.1 ± 0.5 1.2 ± 0.3a 11.7 ± 1.86b 

PiT-1 (mmol/mol villin-1) 22.0 ± 2.0 22.7 ± 1.9 19.6 ± 2.5 

PiT-2 (mmol/mol villin-1) 0.21 ± 0.02 0.26 ± 0.05 0.23 ± 0.03 
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Intestinal phosphate uptake and transporters in rats with anti-Thy1-induced CKD 
Chronic anti-Thy1 nephritis, induced by anti-Thy1 antibody and uninephrectomy, was 
examined as another CKD model. Eighteen weeks after disease induction, serum creatinine, 
BUN, phosphate, intact PTH, and FGF23 significantly increased in diseased rats compared 
to sham-operated rats, whereas serum calcitriol decreased (Table 15). Similar to adenine-
induced CKD, serum Ca did not change despite of the calcitriol reduction at this point, but 
decreased as the disease progressed (data not shown). 
Figure 11 shows the sodium-dependent phosphate uptake in intestinal BBMV prepared from 
sham-operated and chronic anti-Thy1 CKD rats. As in adenine-induced CKD, Eadie–Hofstee 
plot analysis of anti-Thy1 induced rat CKD again revealed two saturable components (Table 
16). Km of the higher affinity component in anti-Thy1 CKD rats was 4.7 μmol/L, i.e. similar 
to the known Km of NaPi-IIb (46). The Km value of the lower affinity component in diseased 
rats was 103.2 μmol/L, which is equivalent to that of PiT-1 or PiT-2 (29). Vmax of phosphate 
uptake of the higher affinity component in diseased rats was apparently reduced compared to 
that of sham-operated rats (0.10 versus 0.33 pmol/μg protein/min, respectively). 
The mRNA expression levels of 3 transporters in the upper intestine are shown in Table 17. 
Similar to the findings in adenine-induced CKD rats, PiT-1 or PiT-2 mRNA did not change 
in anti-Thy1 CKD rats. But again NaPi-IIb mRNA and protein were significantly decreased 
in diseased rats compared to normal rats, mirroring the decrease of phosphate uptake velocity 
(Figure 12). Injection of alfacalcidol also increased NaPi-IIb mRNA and protein back to 
normal levels in these animals (Table 18, Figure 8). 
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Figure 11. Phosphate uptake by intestinal BBMV in rats with anti-Thy1 CKD. Dots represent 
the actual values and the Michaelis-Menten curve was generated using JMP11.2.1. Inset 
shows an Eadie–Hofstee plot of the uptake. Each point represents the mean of three 
measurement points. Sham: sham-operated rats, CKD: anti-Thy1 CKD rats. 
  



４６ 
 

 

Figure 12. Changes in NaPi-IIb mRNA (A) or protein (B) expression level in upper intestine 
of rats with anti-Thy1 CKD. Values are normalized by villin-1 protein or mRNA, respectively. 
The actual values are represented as dots, and the columns represent mean + SE. *p<0.05, 
significant difference versus Normal (Student’s t-test). Sham: sham-operated rats, CKD: anti-
Thy1 CKD rats. 
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Table 15. Serum biochemistry and phosphate-related hormones in rats with anti-Thy1 CKD. 

Values are expressed as mean ± SE (Sham: n=10, CKD: n=12). ap<0.05, significant 
difference versus normal control rats (Student’s t- test). Sham, sham-operated rats; CKD: 
anti-Thy1 CKD rats. 

 
  

 Sham CKD 

Phosphate (mg/dL) 4.4 ± 0.1 9.6 ± 0.5a 

Calcium (mg/dL) 10.3 ± 0.1 10.3 ± 0.1 

BUN (mg/dL) 22.5 ± 0.3 128.3 ± 4.8a 

Creatinine (mg/dL) 0.28 ± 0.00 1.83 ± 0.10a 

FGF23 (pg/mL) 315 ± 13 19628 ± 6599a 

Intact PTH (pg/mL) 4 ± 3 2782 ± 307a 

Calcitriol (pg/mL) 120 ± 11 11 ± 1a 
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Table 16. Kinetic parameters of phosphate uptake in BBMV of rats with anti-Thy1 CKD. 

Values are expressed as an estimate ± SE from non-linear regression analysis (n=4). Sham, 
sham-operated rats; CKD, anti-Thy1 CKD rats. 

 
  

 Sham CKD 
Km1 (μmol/L) 14.7 ± 3.0 4.7 ± 9.3 
Vmax1 (pmol/min/μg protein) 0.33 ± 0.02 0.10 ± 0.15 

Km2 (μmol/L) - 103.2 ± 169.8 
Vmax2 (pmol/min/μg protein) - 0.51 ± 0.20 
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Table 17. Changes in NaPi-IIb, PiT-1, or PiT-2 mRNA expression level in upper intestine in 
rats with anti-Thy1 CKD.  

Values are expressed as mean ± SE (Sham: n=10, CKD: n=12). ap<0.05, significant 
difference versus Sham (Student’s t-test). Sham, sham-operated rats; CKD, anti-Thy1 CKD 
rats.  

  

 Sham CKD 

NaPi-IIb (mmol/mol villin-1) 5.9 ± 0.7 2.2 ± 0.3a 

PiT-1 (mmol/mol villin-1) 19.8 ± 1.1 24.7 ± 2.8a 

PiT-2 (mmol/mol villin-1) 0.27 ± 0.03 0.21 ± 0.02 
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Table 18. Changes in NaPi-IIb, PiT-1, or PiT-2 mRNA expression level in upper intestine in 
rats with anti-Thy1 CKD after subcutaneous administration of alfacalcidol.  

Values are expressed as mean ± SE (n=10). ap<0.05, significant difference versus Sham, 
bp<0.05, significant difference versus CKD (Student’s t-test). Sham: sham-operated rats, 
CKD: anti-Thy1 CKD rats, VitD: alfacalcidol via subcutaneous administration. Values were 
normalized via villin-1 mRNA. 
 
  

 Sham CKD VitD 

NaPi-IIb (mmol/mol villin-1) 5.9 ± 0.7 2.2 ± 0.3a 25.8 ± 2.4b 

PiT-1 (mmol/mol villin-1) 19.8 ± 1.1 24.7 ± 2.8a 17.0 ± 1.2b 

PiT-2 (mmol/mol villin-1) 0.27 ± 0.03 0.21 ± 0.02 0.22 ± 0.03 
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4. Discussion  
NaPi-IIb is believed to be the dominant transporter involved in active intestinal phosphate 
transport (15-18, 31-34). In the present study, I confirmed this in normal rats. However, in 
rats with CKD intestinal NaPi-IIb protein levels and intestinal phosphate absorption via 
NaPi-IIb decreased. Thus, our study establishes fundamental differences between normal 
and CKD rats, as well as differences in the regulation of intestinal phosphate transporters in 
CKD. 
I analyzed the relationship between transporter expression and phosphate metabolism 
including intestinal phosphate absorption using healthy rats. In the present study, sodium-
dependent phosphate uptake in normal rat intestine consisted of a single saturable 
component and its Km value was similar to that of NaPi-IIb (46). In agreement with 
previous findings (26), phosphate uptake (Vmax) in BBMV decreased with age and 
correlated with lower mRNA and protein expression levels of NaPi-IIb, identifying NaPi-IIb 
rather than PiT-1 or PiT-2 as the dominant transporter responsible for active phosphate 
uptake in rat intestine. NaPi-IIb is regulated by calcitriol in rodents and is increased by 
cholecalciferol administration or decreased by vitamin D receptor deletion (21, 25, 26, 62). 
In older rats NaPi-IIb protein and intestinal phosphate uptake capacity markedly decreased, 
consistent with the reduction of serum calcitriol and decrease in serum phosphate with age. 
A likely explanation is that in growing rats more phosphate is needed for bone growth and 
this demand decreases as growth slows down. My results thus indicate that intestinal 
phosphate uptake via NaPi-IIb changes with the physiological demand for phosphate in rats.  
As the characteristics of intestinal phosphate absorption in CKD remain controversial, I 
analyzed the relationship between transporter expression and phosphate metabolism 
including intestinal phosphate absorption using 2 different CKD rat models. Both in 
adenine- and anti-Thy1-induced CKD in rats, serum phosphate significantly increased, and 
calcitriol significantly decreased, paralleled by a significant decrease in the intestinal mRNA 
and protein expression of NaPi-IIb. A strength of the present study is the consistency of the 
data in 2 fundamentally different CKD models: whereas adenine crystals directly injure 
renal proximal tubules (48), injection of anti-Thy1 antibody primarily damages glomeruli 
and tubular injury instead develops in a secondary fashion (49). As calcitriol is synthesized 
in renal proximal tubules, both models, despite being induced in different ways, resulted in 
reduced serum calcitriol levels. I confirmed the important role of calcitriol by showing that 
the injection of alfacalcidol restored intestinal NaPi-IIb mRNA and protein expression to 
normal even though kidney injury and hyperphosphatemia were not affected. Taken 
together, these data indicate that CKD-associated calcitriol deficiency suppresses intestinal 
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NaPi-IIb expression in rats with CKD. In contrast to calcitriol, cholecalciferol increased 
Na+-dependent phosphate uptake but only had a weak effect on NaPi-IIb expression (21). 
Unexpectedly, phosphate uptake into intestinal BBMV of rats in 2 CKD models consisted of 
two saturable components, which may reflect a compensatory response to the decreased 
NaPi-IIb mRNA and protein expression. The Km of the higher affinity component was 4.0 
or 4.7 μmol/L in adenine CKD and anti-Thy1 CKD, respectively, which are equivalent to 
NaPi-IIb values. The phosphate uptake (Vmax) of the higher affinity component was 
apparently decreased in both CKD models compared with normal rats, which corresponds to 
the observed reduction in NaPi-IIb expression. These results indicate that the contribution 
of intestinal phosphate uptake via NaPi-IIb decreased in CKD rats. Whereas the Km of the 
lower affinity component was 166 or 103 μmol/L, respectively, which was equivalent to 
that of PiT-1 or PiT-2 (46, 47), Km and Vmax were similar in the anti-Thy1 and adenine 
CKD models, suggesting that CKD affects intestinal phosphate transporters independently 
of its origin. As the expression level of PiT-1 mRNA was much higher than PiT-2 mRNA in 
rats, PiT-1 might be responsible for the low affinity transport. However, in the intestine in 2 
CKD rat models PiT-1 mRNA was not apparently increased compared with normal rats, 
which suggests PiT-1 protein is not regulated at the transcriptional level. However, I can not 
fully exclude that an as yet unknown transporter also contributes to intestinal phosphate 
absorption in rat CKD. Further studies are needed to better characterize the features of the 
lower affinity transporter(s) in rat CKD. 
My results should be interpreted in the context of some limitations. Phosphate is absorbed 
in the small intestine by active transcellular transport and passive flow. Although the relative 
contribution of active versus passive pathway remains unknown, a pan-phosphate 
transporter inhibitor markedly ameliorated hyperphosphatemia in adenine and Thy1 
induced CKD rats (49). Therefore, in the present study I focused on active transport. 
However, to understand the intestinal phosphate absorption rigorously, additional analyses 
e.g. using intestinal gut sacs would be needed. In addition, as my research is just based on 
rats, the question remains concerning extrapolation from rodents to humans. The 
expression levels of phosphate transporters in humans remain unknown and it will be 
necessary to study using human intestine to elucidate whether there are species differences 
in intestinal phosphate absorption. 
In conclusion, my study identifies major differences between normal and CKD rats in the 
intestinal phosphate absorption system. NaPi-IIb appears to be the dominant intestinal 
phosphate transporter in young and healthy rats, and its expression is markedly affected by 
renal disease in that the contribution of NaPi-IIb to intestinal phosphate absorption is 
decreased in CKD and low affinity transporters such as PiT-1 gain in importance. 
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General Discussion  

In the first part of this study (the chapter 1), there is a clear species difference in phosphate 
absorption in the small intestine, and it was considered that rats are the most suitable for 
extrapolating small intestinal phosphate absorption in humans from the viewpoint of 
phosphate absorption site. 
In the second part of this study (the chapter 2), in normal rats, NaPi-IIb is mainly responsible 

for phosphate absorption, but the demand for phosphate decreased with aging, and the 
expression level of NaPi-IIb also decreased. While, renal injury, as the expression of NaPi-IIb 
in the small intestine decreases, the contribution of PiT-1, which has a lower affinity for 
phosphate than NaPi-IIb, for phosphate absorption in the small intestine increased relatively. 
From these results, NaPi-IIb was conventionally considered to be important for small 
intestinal phosphate absorption in rats, but a new mechanism of small intestinal phosphate 
absorption different from that of NaPi-IIb derived from PiT-1 was clarified. Therefore, it is 
important to inhibit not only NaPi-IIb but also PiT-1 / 2 mediated phosphate absorption in 
the suppression of phosphate absorption in the small intestine for the purpose of treating 
hyperphosphatemia. 
The monkeys used in this study were characterized by phosphate metabolism compared to 

rats, dogs, and humans. The monkey used in this study, is a cynomolgus monkey, which is 
originally herbivore. Phosphate in plants is inorganic and does not require decomposition by 
ALP. In fact, the ALP activity in the small intestine of monkeys was low. In addition, it has 
already been reported that ALP activity is associated with NaPi-IIb expression level in the 
small intestine (49). And it is considered that the original diet of such species may be an 
important factor for phosphate transporters in the small intestine. 
On the other hands, EOS789 inhibit several sodium-dependent phosphate transporters 

(NaPi-IIb, PiT-1, and PiT-2). This inhibitor dose-dependently increased the fecal phosphate 
excretion rate and inversely decreased the urinary phosphate excretion rate in normal rats, 
suggesting inhibition of intestinal phosphate absorption. In rats with adenine-induced 
hyperphosphatemia, EOS789 markedly decreased the serum phosphate, fibroblast growth 
factor-23, and intact parathyroid hormone, as biological markers, below values found in 
normal control rats (50). 
 However, the mechanism of phosphate absorption in humans is still unknown. I consider it 

an issue to examine the contribution rates of NaPi-IIb, PiT-1 and PiT-2 in the small intestine 
of healthy subjects, CKD, and dialysis patients. It was clear that major species differences for 
the expression of intestinal phosphate transporters were identified between humans and rats. 
Unlike in rats, PiT-2 appears to be the dominant intestinal Pi transporter in humans and its 
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expression was unaltered in patients with CKD. Thus, it was suggested that PiT-2 is a 
promising pharmacological target for the treatment of hyperphosphatemia in dialysis and/or 
CKD patients (51).  

From the above examination, it was clarified that there are species differences in the 
phosphate absorption mechanism of the small intestine, and that the contribution rate of each 
transporter changes depending on aging or nephropathy. This indicates the existence of a 
different mechanism for the absorption of phosphate, which is important for living organisms, 
in the small intestine. And the inhibition of PiT is expected as therapeutic target for 
hyperphosphatemia. 
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