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Alkaline phosphatase (ALP) hydrolyzes a variety of monophosphate esters into inorganic phosphoric
acid and alcohol, but little is known about the physiological function of intestinal ALP. We investigated
the influence of a high-phosphorus or high-salt dietary intake on intestinal alkaline phosphatase activity
in rats. A total of 33 female Sprague-Dawley rats (6-weeks-old) were divided into four groups: control,
1.0% phosphorus (P 1.0%) group, 1.5% phosphorus (P 1.5%) group, and 1.0% sodium chloride (High Salt)
groups. At 56 days after the beginning of the experiment, intestinal segments from the duodenum, je-
junum, and ileum were obtained and used for enzyme assays. There was no significant difference in the
levels of intestinal ALP activity between the high-phosphorus groups (P 1.0% and P 1.5% groups) and
the control group. Interestingly, the levels of intestinal ALP activity in the duodenum and jejunum
from the High Salt group were significantly lower than those from the control group (p<0.05 and p
<0.01, respectively). These findings suggest that a high-salt dietary intake is one of the factors that de-
crease intestinal ALP activity. Further studies on the mechanism of the regulation of intestinal ALP ac-

tivity would provide useful data on the physiological function of intestinal ALP.
(Received May 15, 2006; Accepted in revised form October 7, 2006)
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INTRODUCTION

Alkaline phosphatase (ALP, EC 3.1.3.1) hydrolyzes a
variety of monophosphate esters into inorganic phos-
phoric acid and alcohol at a high optimal pH (pH 8-10).
In humans, studies on the genes of this enzyme have
revealed that there are at least four ALP isozymes:
tissue non-specific (TNSALP), intestinal, placental,
and germ cell types.”® Based on studies of
hypophosphatasia, which is a systemic skeletal disor-
der resulting from a TNSALP deficiency,®™
TNSALP was suggested to be indispensable for bone
mineralization.

In rats, ALP is classified into two types: TNSALP
and intestinal ALP. The strong activity of intestinal
ALP, which is located at the brush border of intestinal
epithelial cells, suggests the involvement of this en-
zyme in the transport of nutrients such as inorganic
phosphate (Pi) across the membrane, but little is
known about the physiological function of intestinal
ALP. Intestinal ALP appears to have an important
role in active metabolism by hydrolyzing phospho-
compounds to supply free inorganic phosphate.
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It is well known that intestinal ALP is affected by
several kinds of nutrients. Previously, we reported
that intestinal ALP activity was increased by fat or
lactose feeding.” ™ We also demonstrated that the in-
testinal ALP activities in both the duodenum and je-
junum from rats in a powdered green tea group were
significantly lower that those from control rats.”¥

Several studies on the effects of a high-phosphorus
or high-salt intake have been investigated.®®
However, there is little data concerning the influence
of a high-phosphorus or high-salt intake on intestinal
ALP activity.

In this study, we attempted to examine the influ-
ence of a high-phosphorus or high-salt dietary intake
on the activity of intestinal ALP. Our aim was to clar-
ify the physiological function of intestinal ALP using
the relationship between intestinal ALP and various
nutritional factors.

MATERIALS AND METHODS

Experimental animals
The care and use of the rats in the present study
followed the guidelines of governmental legislation in
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Japan on the proper use of laboratory animals. Thirty-
three six-week-old female Sprague Dawley rats were
acclimated for nine days prior to any study proce-
dure. Then, rats were separated into four groups: a
control group fed an AIN-93M diet containing 0.3% P
and 0.26% sodium chloride (Cont.),"” a 1.0% phospho-
rus diet (P 1.0%) group, a 1.5% phosphorus diet (P
1.5%) group, and a 1.0% sodium chloride diet (High
Salt) group. The experimental diets were modified
from AIN-93M, and both the control and High Salt
diets contained 0.3% phosphorus. The Ca, protein,
and lipid contents were identical in the four diets. The
animals were housed individually in wire cages with
free access to ion-exchanged distilled water. Twelve
hour light/dark cycles, a constant temperature (23+
1°C), and constant humidity (50+5%) were maintained.
All rats were observed each day. Their food intake
was monitored and body weights were obtained
every second day. At 56 days after the beginning of
the experiment, the animals were fasted overnight
and sacrificed by bleeding from the abdominal aorta
under anesthesia.
Preparation and measurement of intestinal
enzymes

We removed the small intestines from the pylorus
side to the beginning of the cecum and rinsed them
with ice-cold saline. From the pylorus, we took the
first 3 cm as the duodenum, and then separated the
remaining part into two: 10 cm from the pylorus side
of the upper half for the jejunum and the lower half
for the ileum. The segments were slit open longitudi-
nally, and the mucosa was scraped with a piece of
slide glass after being rinsed and stored at —30C
prior to use. The sample was homogenized with 10
mM Tris-buffered saline containing 1% TritonX-100
(pH 7.3) using a Polytron homogenizer (Kinematica,
Switzerland). The supernatant obtained via centrifu-
gation after 10,000X g for 5 min was used for the en-
zZyme assay.

Table 1.
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ALP activity was determined with 10 mm p-nitro-
phenylphosphate as a substrate in 100 mM 2-amino-2-
methyl-1,3-propanediole HCI buffer containing 5 mm
MgCl., pH 10.0, at 37°C, as previously reported.”” The
enzyme activity was determined by the rate of hy-
drolysis of p-nitrophenyl phosphate and expressed in
units (U= gmol p-nitrophenol formed/min). Protein
concentrations were determined using BCA protein
assay reagent (Pierce, Rockford, IL, USA).

Balance study of phosphorus

On days 28 and 54 of the dietary intervention, urine
and feces were collected using stainless steel meta-
bolic cages and a collection apparatus designed to
keep the urine and feces separate. The feces were
ashed and diluted with HNO;. Phosphorus was deter-
mined by the method of p-methlylaminophenol reduc-
tion® The apparent intestinal absorption and
accumulation of phosphorus were determined. The
absorption of phosphorus was calculated as the differ-
ence between the amount of oral intake and excretion
in feces, and the retention of phosphorus was calcu-
lated as the difference between absorption and excre-
tion in urine.

Biochemical analysis of serum

Sera were separated by centrifugation and stored
at —307C until being thawed for analyses. Phosphorus
contents were measured as described above. Ca con-
tents in the serum were measured by the o-
cresolphthalein  complexion color development
method,”” and the total amount of protein was mea-
sured by the biuret method.”

Statistical analysis

Values are shown as means+SE, and significance
was determined by Scheffé’s test after one-way analy-
sis of variance (ANOVA) (SPSS 13.0 J, SPSS Inc,, IL,
USA).

Body weight gain, food intake, and food efficiency

Body weight gain

Food intake

G .
roups n (@/day) (g/day) Food efficiency

Control 9 2.021+0.07 13.48+0.27 0.15%+0.00

P 1.0% 8 1.97+0.08 13.92+0.27 0.14%0.00

P 1.5% 8 1.50£0.09*** 13.27+£0.30 0.11£0.01***

High Salt 8 2.05+0.05 14.15£0.20 0.15+0.00

Food efficiency=body weight gain/food intake. Each value represents the mean=+SE. ***: Significant difference be-

tween the control and P 1.5% groups (p<0.001).
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RESULTS

Body weight gain and food intake

The body weight gain, food intake, and food effi-
ciency during the experiments are shown in Table 1.
There were no significant differences in weight gain,
food intake, and food efficiency [body weight gain
(g/day)/food intake (g/day)] among the control, P
1.0%, and High Salt groups, although the body weight
gain, food intake (g/day), and food efficiency in the P
1.5% group were significantly lower than those in the
control group (p<0.001).
Biochemical assays of serum

The levels of total protein, calcium, phosphorus, and

Duodenum

AT

Cont. P 1.0% P 1.5% High Salt
Specific ALP activity in the duodenum

£

w

ALP-specific activity
(U/mg protein)
- [

Fig. 1.

Each result is the mean+SE. ¥: Significant difference be-
tween the control and High Salt groups (p<0.05).
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Fig. 2. Specific ALP activity in the jejunum

Each result is the mean+SE. 8: Significant difference be-
tween the control and High Salt groups (p<0.01).

ALP activity in the serum are shown in Table 2.
There were no significant differences in the levels of
calcium, phosphorus, ALP activity, and total protein
among the four groups.
ALP activities in the intestine

As shown in Fig. 1, the ALP-specific activity (U/mg
protein) in the duodenum in the High Salt group was
significantly lower than that in the control group (p
<0.05), while the P 1.0% and P 1.5% groups were
lower, but this was not significant. In the jejunum, the
ALP-specific activity in the High Salt group was sig-
nificantly lower than in the control group (p<0.01),
but phosphate loading did not affect ALP activity in
the jejunum (Fig. 2). As shown in Fig. 3, there were no
significant differences in ALP-specific activity among
the four groups in the ileum.
Balance study of phosphorus

As shown in Fig. 4A and 4B, the apparent absorp-
tion or the accumulation of phosphorus in the P 1.0%
and P 1.5% groups were significantly higher than in
the control group (p<0.01, respectively). On the other
hand, the High-Salt diet did not affect the phosphorus
balance.

DISCUSSION

In this study, we examined the influence of a high-
phosphorus or high-salt dietary intake on intestinal
ALP activity. Interestingly, the ALP activities of the
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Fig. 3. Specific ALP activity in the ileum

Each result is the mean+SE.
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Table 2. The levels of serum total protein, Ca, P, and alkaline phosphatase

Total protein Calcium Phosphorus Alkaline phosphatase
Groups
(g/dl) (mg/dl) (mg/dl) (U/1)
Control 6.1£0.3 10.6+0.3 8.1+0.7 28.5+1.0
P 1.0% 5.7+0.2 10.0+0.2 6.91+0.3 33.3+2.4
P 1.5% 5.44+0.2 9.8+0.1 7.2£0.6 31.9+2.1
High Salt 6.2+0.3 10.1£0.3 8.3£0.6 28.0+1.8

Each value represents the mean=+SE.
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Fig. 4. Balance study of phosphorus
A: Absorption, B: Accumulation. **: Significant difference
between the control and P 1.0% groups (p<0.01). *:
Significant difference between the control and P1.5%
groups (p<0.01).

duodenum and jejunum in the High Salt group were
significantly lower than in the control group (Figs. 1
and 2).

A high-salt diet is known to induce or aggravate
hypertension in both animal models of hypertension
and humans. Several studies have reported the effect
of a high-NaCl diet (4.0%) on hypertension using a rat
model’®™® In our study, the high-salt diet contained
1% NaCl, and this NaCl amount was four-fold higher
than that of the control diet (0.26%).” Therefore, we
considered the 1.0% NaCl diet as a moderate high-salt
diet. As shown in Table 1, there were no significant
differences in weight gain, food intake, and food effi-
ciency between the High Salt and the control groups.

In vitro, the effect of salt concentration on ALP ac-
tivity depends on the pH of the reaction mixture, the
type of ions involved, and the source of the
enzyme.” Halford et al. suggested that conformational
changes were strongly influenced by the concentra-
tion of sodium chloride during the action of ALP on
substrates.”’ However, in vivo, the mechanisms under-
lying the kinetic effects of sodium chloride are not en-
tirely clear. Further study is necessary on the
regulation of the high-salt feeding effect on intestinal
ALP activity.

Moreover, we investigated the influence of high-
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phosphorus supplementation on intestinal ALP activ-
ity. As shown in Tables 1 and 2, there were signifi-
cant differences in weight gain, and food efficiency
between the P 1.5% and control groups. These results
suggested that the P 1.5% diet may have an inhibi-
tory effect on the weight gain of the experimental ani-
mals. However, there were no significant differences
in those parameters between the control and P 1.0%
groups (Tables 1 and 2).

Matsuzaki et al. reported the kidney mineral con-
centrations in rats given feed containing various
phosphorus levels: 0.6% P, 0.9% P, 1.2% P, and 1.5%
P diet groups.” As their results, the P concentrations
in the kidney were higher in rats given 0.6% P, 0.9%
P, 1.2% P, and 1.5% P diets than in those given 0.3%
P feed, while the final body weight and food intake
were lower in the rats given the 1.5% P feed, but not
in those given 0.6% P, 0.9% P, and 1.2% P feed.””

In our study, we demonstrated that the absorption
and accumulation of phosphorus in the P 1.0% and P
1.5% groups were significantly higher than the con-
trol group (p<0.01). Although there were no signifi-
cant differences in intestinal ALP activity between
the control and P 1.0% groups, elucidation of the cor-
relation between intestinal ALP and a high-
phosphorus dietary intake is helpful for elucidating
the role of this enzyme in phosphate metabolism.

The physiological role of ALP is still unclear; how-
ever, strong evidence for its role is provided by the
rare genetic disease hypophosphatasia (HOPS). HOPS
is an inherited disorder characterized by a defect in
skeletal mineralization due to TNSALP deficien-
cy.”™ Thus, TNSALP was thought to be indispens-
able for bone mineralization. Quite recently, we re-
vealed a significant association between the 787 T>C
(Tyr 246 His) TNSALP gene and bone mineral den-
sity among 501 postmenopausal women.”

As a result of studies on ¢cDNA encoding ALP
isozymes, it is known that the primary structure in
the catalytic region is well conserved in the ALPs of
humans, animals, and Escherichia coli,"’ suggesting
that both intestinal ALP and TNSALP play important
roles in active metabolism by hydrolyzing phospho-
compounds.

Recently, Narisawa et al. suggested that fat absorp-
tion was accelerated in intestinal ALP knockout mice,
and suggested that intestinal ALP participates in a
rate-limiting step regulating fat absorption.®

In conclusion, the present study indicated that a
high-salt intake is one of the factors that decrease in-
testinal ALP activity. Further studies on the
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mechanism of intestinal ALP would provide useful
data on its physiological function.
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