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Effects of fasting compared to low phosphorus diet on the kinetics of phosphate
transport by renal brush-border membranes

Stephen A. Kempson

Department of Physiology and Biophysics, Indiana University School of Medicine, 635 Barnhill Drive, Indianapolis, IN
46223 (US.A.)

(Received October 26th, 1984)

Key words: Phosphate transport; Na*-dependent transport; Diet; Kinetics; (Rat kidney)

Changes in the Kinetics of sodium gradient-dependent brush border P, transport in response to dietary
phosphorus deprivation were analysed using initial rate conditions. In rats adapted to low phosphorus diet the
apparent V.., determined from a double-reciprocal plot, was increased 2-fold but the apparent K, was not
different compared to control rats fed normal phosphorus diet. In contrast when renal adaptation to low
phosphorus diet was reversed by fasting the apparent V., was not significantly different but the apparent
K, was increased 5-fold. The results suggest that regulation of renal P, transport in vivo may occur not only
through changes in the apparent V., of the brush border P, transport system but also, in certain

circumstances, through changes in the apparent K .

Introduction

The sodium gradient-dependent P, transport
system in the renal brush-border membrane is
modified in response to the dietary P intake and to
several hormones and drugs administered in vivo
[1,2]. Kinetic studies are often employed in analy-
sis of alterations in renal brush border P, transport
to determine whether the changes involve the ¥, ,,
or the K, of the system. In almost all the situa-
tions analysed in this way the change in P, trans-
port was accompanied by an increase or decrease
in the V., without a significant change in the K ,,.
This includes the effects of low P diet [3-5],
parathyroid hormone [6], growth hormone [6],
nicotinamide [7], glucocorticoids [8], and thyroxine
[9]. A potential problem with most of these studies
is that the kinetic analyses are based on measure-

Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-
sulphonic acid.

ments of P, uptake under non-linear conditions,
using incubation times of 20 s or longer. In the
present study conditions were established for mea-
surement of true initial rates of sodium gradient-
dependent P, transport by rat renal brush-border
membrane vesicles. Under these conditions the
kinetic changes which occur during renal adapta-
tion to low P diet, an antiphosphaturic stimulus,
were re-evaluated. In the same way, reversal of this
adaptation during subsequent fasting, a phospha-
turic stimulus [10], was also analysed.

Methods

Brush-border membrane vesicles were prepared
from rat renal cortex by a magnesium precipita-
tion procedure and Mg2* was included in all
subsequent solutions [4,11]. The isolated brush-
border membranes were washed and suspended in
a solution of 300 mM mannitol, 1 mM MgSO,, 5
mM Tris, pH adjusted to 7.4 with Hepes. The
purity of the final membrane suspension was as-
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sessed by measurement of appropriate marker en-
zymes and was similar to that reported in previous
studies on rats [12,13]. Immediately after prepara-
tion the brush-border membrane vesicles were used
for uptake studies with a rapid filtration technique
[3,12-14]. Briefly, the vesicles were incubated at
20°C in a medium containing (final concentra-
tions) 100 mM NacCl, 100 mM mannitol, 1 mM
MgSO,, 5 mM Tris-Hepes (pH 7.4) and 0.1 mM
K,H *#PO, (about 3-10° counts/min per tube).
The uptake was initiated by adding 0.030 ml of
incubation medium to 0.015 ml of the membrane
vesicle suspension, and was terminated at various
times by rapid addition of ice-cold solution con-
taining 135 mM NaCl, 10 mM sodium arsenate, 1
mM MgSO,, 5 mM Tris-Hepes (pH 7.4), followed
by filtration through prewetted filters. The vesicles
were retained on the filters which were processed
for liquid scintillation counting. All data were
corrected by subtraction of the radioactivity re-
covered in blanks which were obtained by adding
the stopping solution to the membrane vesicles
prior to addition of the incubation medium.

When the incubation time was less than 10 s the
following procedure was used. The 0.015 ml sam-
ple of membrane vesicles was placed at the bottom
of a clear polystyrene tube. The tube was tilted to
the side and the 0.030 ml of incubation medium
was placed as a separate droplet on the wall of the
tube. Uptake was initiated by vortexing to mix the
droplets, and the incubation time was measured
with a metronome set at 1 s intervals. The uptake
was terminated in the usual way.

Adaptation to low P diet was monitored by
housing rats individually in metabolic cages and
collecting urine for 24 h. Initially all rats were fed
normal P diet while urinary P, excretion was de-
termined. The rats were then divided into two
groups which did not differ in mean urinary P,
excretion. One group was continued on normal P
diet while the other group was switched to low P
diet, and the groups were pair-fed for the next four
days. Food intake was monitored and rats eating
less than 5 g of food per day were excluded from
the experiment to avoid a possible starvation re-
sponse [10]. After the fourth day the urinary excre-
tion of P, in low P diet rats had declined to a level
which was significantly lower (p <0.005, group
t-test) compared to rats fed normal P diet. The

values in low P diet rats (n=3) were 1.0 + 0.3
compared to 283 +40 pmol P,/24 h per 100 g
body weight in normal P diet rats (n = 3). At this
point the kidneys were removed and processed for
brush-border membrane preparation.

The protocol for fasting rats which were adapted
to low P diet was the same as described previously
[10]. The rats were fed low P diet for five days,
then half of the rats were deprived of all food for
the next four days while the remainder were main-
tained on low P diet. Brush-border membranes
were prepared from these animals on day 9, at
which point urinary P, excretion in the fasted rats
(n =4) was 500 + 166 compared to 4.1 + 2.2 pmol
P./24 h per 100 g body weight in the fed animals
(n=4, p<0.025).

Protein determination, enzyme assays, and other
procedures were carried out as described before
[10,12,13]. The low P diet containing 0.03% P was
from ICN Nutritional Biochemicals (Cleveland,
OH). The normal P diet was Rodent Laboratory
Chow (Ralston Purina Co., St. Louis, MO) con-
taining 0.86% P.

Results and Discussion

In the presence of a transmembrane sodium
gradient and at a P, concentration of 0.1 mM, the
uptake of P, increased linearly as the amount of
brush-border membrane protein increased in the
range 0.01-0.09 mg. Further increases in the
amount of membrane protein up to 0.35 mg were
not accompanied by corresponding increases in P,
uptake, which may be due to the amount of P;
becoming a limiting factor. Membrane vesicles
from rats fed low P diet exhibited a significantly
higher rate of P, uptake ( p < 0.05, n = 3) at all the
protein concentrations which were tested except
the lowest (0.01 mg). In the subsequent experi-
ments the protein concentration was adjusted to
within the linear range observed here.

Sodium gradient-dependent uptake of P; in-
creased linearly with time in the range 1-7 s (Fig.
1). Deviation of P, uptake from linearity was ob-
served after 8 s in both normal and low P diet
groups, and appeared to be more pronounced in
the low P diet group where the rate of P, uptake
was increased at all time points compared to nor-
mal P diet rats. The non-linear uptake at times
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Fig. 1. Time dependence of sodium gradient-dependent P,
uptake by isolated renal brush-border membrane vesicles from
rats fed normal P diet (O) or low P diet (®). The lines were
drawn by regression analysis of the data obtained for times in
the range 2-6 s. The correlation coefficients for both lines were
0.99. The two groups were always compared in the same
experiment and the data are the mean+ S.E. of three experi-
ments, each analysed in triplicate. Each incubation tube con-
tained 0.09 mg of membrane protein. An asterisk (*) indicates
that P; uptake in the low P diet group was significantly greater
(P <0.01, group r-test) compared to the normal P diet group.

greater than 7 s may occur in part because the
coupling between the flux of sodium ions and the
flux of P, alters the transmembrane gradients of
both ions [15,16}. Thus, for measurement of a true
initial rate of transport it is necessary to use an
incubation time within the linear range indicated
in Fig. 1. This range of linearity is similar to that
reported for P; uptake at pH 8.5 by vesicles pre-
pared from rabbit kidney [17].

The initial rate conditions established in the
preceding experiments were used for kinetic analy-
sis of the increased rate of P; transport in low P
diet rats. The kinetic constants are referred to as
apparent K and apparent V,, , because the K,
and V_, for sodium gradient-dependent solute
transport may reflect not only the characteristics
of solute transport but also the interaction of the
solute transport system with cotransported sodium
ions. Transport of P, was measured with the trans-
membrane gradient of sodium set at 100 mM
extravesicular and 0 mM intravesicular at the start
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Fig. 2. Double-reciprocal plot of sodium gradient-dependent P,
uptake by renal brush-border membrane vesicles from rats fed
low P diet (O) and from rats fasted for four days after feeding
low P diet (@). The two groups were always compared in the
same experiment and the data are the mean+S.E. of four
experiments, each analysed in triplicate. The correlation coeffi-
cient for both lines was 0.99. The incubation time was 5 s and
0.09 mg of membrane protein were used. ¥ represents P,
uptake expressed in nmol/mg protein per 5 s, and the P,
concentration in the incubation medium is expressed as mM.

of the 5 s incubation period. Under these condi-
tions, the increase in sodium gradient-dependent
P, uptake by brush border membrane vesicles from
low P diet rats was characterised by a change in
the apparent V_, which was increased 2-fold
compared to normal P diet rats (Table I), as
determined by a linear double-reciprocal plot. The
apparent K, in these groups was not significantly
different (Table I).

Since the double-reciprocal plot tends to em-
phasize the data points obtained at low concentra-
tions of P, where the degree of error is likely to be
greatest [18], the data from these experiments were
analysed also by the linear Eadie-Hofstee plot
[16,20]. This transformation of the data yielded
similar findings, a significant increase in apparent
Vmax in the low P diet group without a change in
apparent K. As an additional check, the kinetic
constants were determined from a simple least-
squares fit of the untransformed data to a rectan-
gular hyperbola [21] described by the equation
V="VauPi/(Kyn+P;), where V is the phos-
phate uptake at 5 s and P, is the phosphate con-
centration in the incubation medium. This non-lin-
ear plot was constructed with the aid of a com-
puter program designed by Dr. Thomas L. Crox-
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TABLE 1

CHANGES IN KINETICS OF INITIAL RATE OF SODIUM
GRADIENT-DEPENDENT P, TRANSPORT AFTER
ADAPTATION TO LOW PHOSPHORUS DIET

Normal P diet and low P diet groups were always compared in
the same experiment. Transport of P; by isolated brush-border
membrane vesicles was determined using an incubation time of
5 s and 0.09 mg of membrane protein per tube. The apparent
Vinax (pmol/mg protein per s) and the apparent K, (pM)
were determined by regression analysis of double-reciprocal
plots of P; transport measured at various P, concentrations (in
the range 0.05-1.00 mM) in the incubation medium [8,9,13].
These plots gave straight lines with correlation coefficients
> 0.95. Data are the mean+ S.E. of three experiments, each
experiment was conducted in triplicate. n.s., not significant
(p > 0.05, group #-test).

Normal Low p

P diet P diet value
Vo 106+19 209+27 <0.05
K, 141+24 141 +15 ns.

ton in this department. The apparent V,,, values
were 258 + 38 in the low P diet group and 132 + 22
pmol/mg per s in the normal diet rats ( p < 0.05,
group t-test). The apparent K., in the low P diet
rats (183 + 35 pM) was not significantly different
from the apparent K (155 % 35) in the normal
diet group. Thus, all analyses of the data indicate
that adaptation to low P diet is accompanied by
an increase in the apparent V,,,, of the renal brush
border P, transport system.

These findings confirm the results of the previ-
ous studies [3-5] which were based on 20-s uptake
measurements, well outside the linear range (Fig.
1). This leads to the conclusion that measurement
of sodium gradient-dependent P, uptake at times
(e.g. 20 s) which are in the non-linear range, but
which represent the early ‘uphill’ part of the over-
shoot phase, may be adequate for determining
whether changes in brush border P, transport are
due primarily to a change either in apparent V, .
or apparent K.

Measurement of P, uptake at short incubation
times (e.g. 5 s) within the linear range probably
resembles more closely the in vivo situation where,
for example, the sodium gradient across the
brush-border membrane does not decline but is
maintained by the activity of the (Na®+ K™)-

ATPase-linked pump in the basolateral membrane.
Our previous studies [13] of the kinetics of brush
border P; transport noted the large difference be-
tween the apparent K, determined under non-
linear conditions, and the P, concentration (0.6-1.6
mM) in proximal tubular fluid. We suggested [1,13]
that it was unlikely that the rate of P, transport
could be regulated through changes in the ap-
parent K, because the P; transport system would
be fully saturated in vivo. In the present study,
using brush-border membrane vesicles from nor-
mal P diet rats, the apparent K, for sodium
gradient-dependent P, uptake at 5 s was 126 + 18
pM (mean + S.E., n = 3), and was 2--3 fold greater
than the value of 55 + 12 uM (n = 3) determined
from the P, uptake at 30 s ( p < 0.05, group t-test).
This raises the possibility that under in vivo condi-
tions the apparent K, for brush border P; trans-
port may be much closer to the prevailing P,
concentration in tubular fluid, indicating that in
some situations a change in the apparent K, may
serve to regulate the rate of P; transport.

A specific example of a change in brush border
P; transport which is accompanied by a change in
the apparent K, is provided by the effects of
fasting on rats adapted to low P diet. Fasting for
four days leads to a decrease in sodium gradient-
dependent brush border P, transport and an in-
crease in urinary P, excretion [10]. The kinetics of
this change in P; transport were analysed in the
present study using a double-reciprocal plot, and
the principal change was an increase in the ap-
parent K of the brush border P, transport system
(Fig. 2). In the fasted group the apparent K, was
increased more than 5-fold compared to the group
fed low P diet, while the apparent V_,, was not
significantly different (Table II).

Transformation of the same data to an Eadie-
Hofstee plot confirmed these findings, as did the
computer-assisted plot of the untransformed data.
The latter yielded the following values for the
kinetic constants. The apparent K, in the fasted
rats was 698 + 82 pM compared to 180 + 40 uM
in the fed group (p <0.005, group t-test). The
apparent V_,, in the fasted rats was 219 + 38, not
significantly different from the value of 226 + 58
pmol/mg per s in the fed group. Although the K
of the brush border P, transport system may be
altered in vitro in response to changes in pH and



TABLE 11

CHANGES IN KINETICS OF INITIAL RATE OF SODIUM
GRADIENT-DEPENDENT P, TRANSPORT AFTER FAST-
ING

All rats were fed low P diet for five days, then the fasted group
were deprived of all food for the next four days while the fed
group were maintained on low P diet. Sodium gradient-depen-
dent P, transport by isolated brush-border membrane vesicles
was determined using an incubation time of 5 s and 0.09 mg of
membrane protein. Other details as in Table 1. Data are the
mean+ S.E. of four experiments, each analysed in triplicate.
Fed and fasted groups were always compared in the same
experiment. n.s., not significant ( p > 0.05, group t-test).

Fed Fasted p-value
Vinax 199452 233+ 11 n.s.
K. 130+21 708 +194 <0.025

temperature [19,20], this is one of the first reports
of a maneuver which induces a change in the
apparent K in vivo without affecting the ap-
parent V...

It should be pointed out that the changes in
brush border transport of P, which occur during
adaptation to low P diet and during subsequent
fasting represent a specific change in the mem-
brane P, transport system. Low P diet and fasting
do not change P, uptake at equilibrium [5,10,12]
suggesting that the changes in initial rates of
sodium gradient-dependent P, uptake are not due
to differences in the intravesicular volume. Fur-
thermore, these maneuvers do not alter the sodium
gradient-dependent transport of other solutes such
as D-glucose and L-proline [5,10,12].

In summary, using conditions for measurement
of initial rates of sodium gradient-dependent P,
transport, it was demonstrated that the increased
renal P, transport in rats fed low P diet may be
due, in part, to an increase in the apparent V., of
the brush border P, transport system. In contrast,
it is likely that an increase in the apparent K, of
the P, transport system mediates, in part, the de-
crease in renal P; transport which occurs when low
P diet rats are fasted. The increase in the apparent
Vmax Of brush border P; transport during adapta-
tion to low P diet could occur either by an increase
in the number of P, transporters, as suggested by
the importance of protein synthesis {22], or through
an increase in the efficiency of existing P; trans-
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porters [5]. An additional possibility which could
account for altered kinetic constants is a specific
change in the interaction of the P, transporters
with the cotransported sodium ions.

We conclude that renal brush-border mem-
brane P; transport can be regulated in vivo not
only through changes in the apparent V,,, but
also, in certain situations, through changes in the
apparent K. The cellular mechanisms which
mediate these changes remain to be determined.
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