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Previous work from this laboratory has shown that isolated chick renal proximal tubule cells possess an 
Na+-dep endent Pi transport system and that Pi uptake is stimulated under gluconeogenic conditions. It is 
shown in the present paper that gluconeogenesis is associated with a rapid incorporation of Pi into 
membrane phospholipids, particularly phosphatidylinositol, and some evidence has been obtained for a 
change in the relative amounts of phosphatidylinositol polyphosphates under gluconeogenic conditions. 
There is no increase in the total phospholipid phosphate content however, suggesting that pyruvate-induced 
incorporation of Pi into phospholipids represents accelerated turnover rather than a net increase in 
synthesis. It is suggested that the stimulation of Na+-dependent Pi uptake by pyruvate is related to the 
increased rate of phospholipid turnover. Thus Pi transport may be a further example of a physiological 
system that is influenced by phosphatidylinositoi metabolism. The role of phosphatidylinositol phosphates 
could be to stimulate transfer of transporter molecules from internal stores to the brush-border membrane of 
the cell. 

Introduction 

Isolated proximal tubule cells from chick kid- 
ney take up Pi in a sodium-dependent process that 
is sensitive to inhibition by parathyroid hormone 
[1] and to stimulation by phosphate depletion [2]. 
In addition the cells are metabolically competent 
and actively produce glucose from pyruvate by 
gluconeogenesis [3]. As such they are suitable for 
studying biochemical events in the regulation of 
phosphate reabsorption by the kidney by various 
humoral agents. 

The isolated cells from chick kidney take up Pi 

Abbreviations: P,, inorganic phosphate; PI, phosphati- 
dylinositol; PC, phosphatidylcholine; PE, phosphatidy- 
lethanolamine; PS, phosphatidylserine; PA, phosphatidic acid; 
PIP, phosphatidylinositol 4-phosphate; PIP 2, phosphati- 
dylinositol 4,5-bisphosphate. 

at a greater rate in the presence of a gluconeogenic 
substrate such as pyruvate than when supported 
on glucose as the respiratory substrate. Also when 
gluconeogenesis is blocked by the metabolic in- 
hibitor 3-mercaptopicolinate [3], the stimulation 
of Pi uptake is also abolished [4]. The pyruvate-in- 
duced stimulation in P~ uptake occurs within two 
minutes, does not seem to originate from an 
elevated cellular ATP level, but may reflect in part 
a change in the intracellular organic phosphate/P~ 
ratio. The rapidity of the pyruvate effect suggests 
that a mechanism other than de novo synthesis of 
transporter molecules is responsible for the in- 
crease in Na+-dependent P~ transport capacity. 

There is growing interest in the role of phos- 
phatidylinositol metabolism in the expression of 
the physiological effects of many hormones and 
neurotransmitters [5]. Parathyroid hormone has 
been demonstrated to increase the levels of phos- 
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phatidic acid (PA), phosphatidylinositol (PI) and 
polyphosphoinositides in rabbit kidney cortex [6] 
and similar findings have been reported for rabbit 
kidney [7]. If PI metabolism is involved generally 
in regulating systems affecting phosphate reab- 
sorption by the kidney, we considered the possibil- 
ity that gluconeogenesis-induced potentiation of P~ 
uptake by chick kidney cells may also be accom- 
panied by phospholipid metabolism. An investiga- 
tion has been made therefore of membrane phos- 
pholipid turnover under conditions in which 
Na+-dependent uptake of Pi is known to be 
stimulated. 

Experimental 

Isolated cells. Proximal tubule cells from Light 
Sussex-Rhode Island Red cross-bred chicks 
(Orchard Farms Ltd.) were prepared when the 
chicks were 3-6 weeks old. The isolation proce- 
dure was based on a published method [8] with 
some modifications. The medium was buffered 
with Tris at pH 7.4 and contained glucose (10 
m m o l / d m  3) as the respiratory substrate [8]. The 
concentrations of Ca 2 + and Pi in the medium were 
1.2 and 1.0 m m o l / d m  3, respectively. 

Collagenase (8 mg) and hyaluronidase (5 rag) 
were placed in a screw-capped glass vial contain- 
ing 5 cm 3 medium. The vial and contents were 
kept at 37°C. Freshly removed chick kidneys were 
weighed and diced with scissors before transfer to 
the vial containing the enzymes. A further 5 cm 3 of 
medium (at 37°C) was added and digestion 
allowed to proceed while the contents of the vial 
were stirred continuously. After 15 rain of treat- 
ment, the gas phase above the digest was replaced 
by O2/CO 2 (95%/5%) to maintain aerobic condi- 
tions and aggregates of tissue were disrupted by 
passage through a pipette. The digestion was con- 
tinued for a further 15 rain before straining the 
suspension through nylon mesh (0.1 mm diameter) 
into a polythene tube. The volume was adjusted to 
100 cm 3 with medium at 37°C and centrifuged at 
1500 rpm in an M.S.E. Centaur 1 bench centrifuge 
for 30 s. The supernatant was discarded and the 
pellet resuspended in 100 cm 3 of medium and 
recentrifuged. This washing step was repeated 
twice more to ensure removal of adherent enzymes 
and contaminating cells such as erythrocytes. Fi- 
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nally the resultant pellet was suspended in medium 
to a protein concentration of 1 to 2 m g /cm  3 and 
maintained at 37°C. 

Extraction of phospholipids. The cell pellet was 
homogenised with 10 vols. of chloroform/metha-  
nol (1 : 1, v /v )  in a whirlimixer. A few glass beads 
were added to facilitate the homogenisation. All 
the organic phases containing phospholipids that 
accrued during the extraction procedure were 
mixed together and dried with a stream of nitro- 
gen gas. The residue was redissolved in chloro- 
form (300/zl) [9]. 

Incorporation of 3:p into phospholipids. Proximal 
tubule cells were suspended in medium (approx. 5 
cm 3) at pH 7.4 containing glucose and equi- 
librated for 10 min at 37°C in closed glass vials in 
which the air space had been purged with O2/CO 2 
(95%/5%). An aliquot of a pyruvate solution was 
added to give a final concentration of 1 m m o l /  
dm 3. Control incubations received a similar volume 
of medium. After 2 min of incubation in the 
presence of the added substrate [32p]p i was added 
to give a radioactivity of 1 /~Ci/cm 3 and incuba- 
tion was continued for a further 10 rain. The 
suspension was then washed twice by centrifuga- 
tion in a bench centrifuge using 100 cm 3 of medium 
for each wash. The final pellet was then used for 
extraction for phospholipids. 

Separation ofphospholipids. Separation by chro- 
matography involved the use of formaldehyde- 
treated paper [10]. Sheets (23 cm × 50 cm) of 
Whatman 1 paper were wrapped in a protective 
sheet of chromatography paper, tied gently with a 
cotton thread and soaked in 2.7 dm 3 of a mixture 
of 40% (w/v)  formaldehyde and ethanoic acid 
(20:1,  v /v )  in a domestic pressure cooker. The 
contents were boiled for approx. 5 h. After cool- 
ing, the papers were washed under running tap 
water overnight. The washing was repeated at 
least five times with deionised water after which 
they were allowed to stand in deionised water for 
4 h. The papers were then dried at room tempera- 
ture (20°C). 

The papers were used for descending chro- 
matography with a solvent prepared as follows. A 
mixture of b u t a n - l - o l / e t h a n o i c  a c i d / w a t e r  
(4 : 1 : 5, v /v )  was equilibrated for 48 h with 0.125 
vol. of diethyl ether. The upper layer of the mix- 
ture was used for chromatography. Samples were 
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applied in duplicate and chromatography con- 
ducted for 9-10 h at room temperature, after 
which the papers were removed and dried in a 
fume cupboard overnight. The dried papers were 
cut longitudinally into two equal halves. One half 
was stained by soaking in Nile blue solution for 30 
min and then washed in running tap water for 1 
min. 

Areas containing resolved phospholipids were 
marked on the unstained half by reference to the 
stained spots on the other paper. The areas were 
cut out and cut into small pieces before transfer to 
scintillation vials containing 8 cm 3 of scintillation 
cocktail. The radioactivity incorporated into dif- 
ferent phospholipids was determined in a Beck- 
man LS 6300 scintillation spectrometer. The ra- 
dioactivity remaining at the point of application 
on the chromatogram was also determined. Using 
known amounts of radioactivity, the recovery of 
activity was approx. 80% from chromatograms. 

In other experiments phospholipids extracted 
under acid conditions as described by Schacht [11] 
were separated by thin-layer chromatography on 
aluminium sheets (20 cm x 20 cm) coated with 
silica gel 60 (0.2 mm) obtained from Merck Ltd., 
Darmstadt,  F.R.G. The solvent system was chlo- 
r o f o r m /  e thanol /3 .3  N ammonia ( 4 3 : 3 8 :  12, 
v/v). 

Total phosphate content o f  phospholipids. An 
aliquot (150/~1) of phospholipid extract was dried 
at 100°C. To the dried lipids 0.6 cm 3 of perchloric 
acid (60%) plus 0.2 cm 3 of water was added and 
the mixture was digested at 160°C for approx. 2-3 
h until a clear solution was obtained. The clear 
solution was cooled to room temperature and then 
adjusted to 5 cm 3 with water before the addition 
of 0.5 cm 3 of 5% w / v  ammonium molybdate plus 
0.25 cm 3 of a solution containing 0.5 g 1-amino-4- 
sulphonic acid, 30 g sodium bisulphite and 6 g 
sodium sulphate in 250 cm 3 of water. After thor- 
ough mixing the solutions were allowed to stand 
for 30 rain at 20°C before determination of the 
absorbance at 660 nm. 

Protein. The protein content of cell prepara- 
tions was determined by the method of Lowry et 
al. [12] using bovine serum albumin as a standard. 

Results 

After resolution by chromatography and stain- 
ing, the phospholipid mixture extracted from chick 
proximal tubule cells appeared as dark-blue spots 
on a light-blue background but the individual 
components did not separate into sharp bands. 
There was no difficulty, however, in determining 
R v values of resolved lipids for comparison with 
and identification from standard phospholipid 
markers. Phosphatidic acid had the highest R F 
value, 0.82, followed by phosphatidylcholine (PC) 
and phosphatidylethanolamine (PE) with R~ val- 
ues of 0.78 and 0,76, respectively. Phosphati- 
dylserine (PS) with an R v of 0.56 and phosphati- 
dylinositol (PI) with R v = 0.43 were the slowest 
moving phospholipids. The migration rates were 
reproducible from separation to separation within 
a range of _+5%. 

Pyruvate, when used as a respiratory substrate 
for the proximal tubule cell, brings about a con- 
siderable increase in the rate of P~ uptake by the 
cells [4]. Table I shows the incorporation of 32p 
from [32P]P i into phospholipids when the cells 
were incubated with and without pyruvate. As 
indicated in Table I, there is a general enhance- 
ment of labelling of the phospholipids in the pres- 
ence of pyruvate. The greatest increase appears in 
the PI fraction where labelling is 80% higher than 
in the control. 

TABLE 1 

EFFECT OF PYRUVATE ON [32p]p i INCORPORATION 
INTO PHOSPHOLIPIDS OF CHICK PROXIMAL TUB- 
ULE CELLS 

Cell suspensions (1-2 mg protein/cm 3) were pre-incubated at 
37°C for 10 min before the addition of pyruvate (1 mmol/dm 3) 
to 'test' incubations. [32pIP i was added 2 rain later and incuba- 
tion continued for 10 min before separation of the cells and 
analysis of their phospholipids. The values shown are the 
means: S.E. of six different experiments performed in dupli- 
cate, each with a separate batch of cells. 

Phospholipid [32 P]Pi incorporated (cpm/20 #1 extract) 

control pyruvate-  percentage 
treated stimulation 

PI 416+48 7505:43 80 
PS 233+17 3785:16 62 
PA+PC+PE 785+26 13425:26 71 



Because uptake of radioactive phosphate is in- 
creased in the presence of pyruvate [4], some of 
the raised level of radioactivity in the phospholi- 
pids could simply reflect normal turnover of phos- 
pholipid phosphate from cellular P~ that has 
acquired a higher specific radioactivity. To check 
whether the increased level of radioactivity does 
truly represent accelerated rate of turnover in the 
presence of pyruvate, renal cells were pre-equi- 
librated in the presence of [32p]p~ before the 
addition of pyruvate to the incubation medium. 
The pre-incubation period of 10 min resulted in 
greater labelling of the phospholipids from an 
intracellular pool of radioactive Pi but, as shown 
in Table II, pyruvate stimulated the incorporation 
of label relative to control incubations. Tables I 
and II show that the several phospholipids tested 
all became labelled in these experiments but the 
labelling of PI was particularly noticeable both in 
the presence and absence of pyruvate. Consider- 
able label was also incorporated into PA, PC and 
PE but the lack of separation of the fractions 
prevented an estimate of the labelling of each 
component. 

The respiration rate increases from 3.64 to 4.7 
nmol Oz/min  per mg protein i.e. by 29%, when 
glucose is replaced by pyruvate as the respiratory 
substrate [4]. Assuming a P / O  ratio of 3, ATP 
production would therefore be increased from 22 
to 28 nm o l /min  per mg. This greater rate of ATP 

TABLE ii 

STIMULATION OF [32P]P i INCORPORATION INTO 
~HOSPHOL1PIDS OF TUBULE CELLS PRE-EQUI-  
LIBRATED WITH [32P]P i 

Cell suspensions were pre-equilibrated at 37°C with [32 P]Pi for 
10 min before the addition of pyruvate (2 mrnol /dm 3) to ' test '  
incubations. After 2 min the cells were separated for analysis 
of phospholipids. The values shown are mean + S.E. of four 
determinations in duplicate, each with different batches of 
cells. 

Phospholipid [32p]pi incorporated (cpm/20 ~1 extract) 

control pyruvate- percentage 
treated stimulation 

PI 3130 + 66 5511 + 49 76 
PS 493+67 575+72 17 
P A + P C + P E  2954+42 4404+33 49 
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TABLE Ill 

EFFECT OF PYRUVATE ON [32pIP i INCORPORATION 
INTO PHOSPHOLIPIDS OF TUBULE CELLS 

Cell suspensions were pre-incubated at 37°C for 10 min before 
the addition of pyruvate. [32P]P i was added 2 min later and 
after incubation for a further 10 min, the cells were separated, 
phospholipids were extracted and then analysed by thin-layer 
chromatography [1 I]. 

[ 32 P]Pi incorporated (cpm) 

PIP 2 PIP PI PA PC 

Control cells 166 41 42 33 104 
Pyruvate-treated cells 130 77 52 57 97 

formation is likely to bring about a raised specific 
radioactivity of the cellular ATP pool and 
increased labelling of phospholipids during nor- 
mal turnover of these compounds as a conse- 
quence. It is debatable however, whether the 29% 
change in ATP production can account for the 
observed 60-80% increase in the labelling of the 
phospholipids unless there is also some accelera- 
tion in the rate of turnover. When allowance is 
made for the amount of the extra ATP used for 
the production of glucose from pyruvate by these 
cells (estimated at 2.4 nmol A TP /m in  per mg [4] 
under these conditions), it is not unreasonable to 
conclude that the metabolic turnover of phos- 
pholipipds is accelerated in the presence of pyru- 
vate. 

Table III shows the result of a single experi- 
ment in which certain of the phospholipids were 
separated by thin-layer chromatography. The re- 
suits of this single experiment must be interpreted 
cautiously but there is some suggestion that pyru- 
vate may stimulate a change in the ratio of PIP 
and PIP 2. 

The total phosphate content of phospholipids 
extracted from pyruvate-treated cells was indis- 
tinguishable from that found for non-treated con- 
trois. The values obtained were 7.56 _+ 0.95/~g/100 
mg phospholipid and 7.57 + 0.89/~g/100 mg for 
controls and pyruvate-treated respectively (n = 24 
in each case). These results imply that the observed 
stimulation in 32P-labelling of phospholipids in 
the presence of pyruvate is not accompanied by a 
net increase in phospholipid synthesis de novo. 
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Discussion 

The gluconeogenic substrate pyruvate con- 
sistently increased Pi incorporation into phos- 
pholipids. The stimulation of incorporation into 
PI, however, was greater than into other phos- 
pholipids of the renal proximal tubule cells. The 
experiments in which cells were preequilibrated 
with [32P]P i before application of the pyruvate 
stimulus revealed that labelling of PS was rela- 
tively slight. Since this phospholipid is outside the 
phosphatidate-polyphosphoinositide cycle it is not 
surprising that PS remains relatively unlabelled if 
PI is the prime target for the labelled phosphate. 
The enhanced radioactivity measured collectively 
in PE, PC and PA may represent labelling of PA 
predominantly if the phosphatidate polyphos- 
phoinositide cycle is stimulated under gluconeo- 
genic conditions. Cortical tubules from rat kidney 
have been shown to incorporate [-~2P]P i into PI, 
PE and PC in the presence of lactate [13,14] but 
the greatest degree of incorporation was into PI. 

Stimulation of 32p incorporation into the phos- 
pholipids of chick renal cells was evident after 
incubating the cells with pyruvate for only 2 min. 
This rapid onset of stimulation compares well 
with previous reports which indicate that PI 
turnover is usually very rapid. The time of incor- 
poration ranges from 2 s in blood platelets to a 
few minutes in other tissues [5]. 

In many tissues application of a humoral 
stimulus results in an accelerated rate of turnover 
of PI. The increased turnover is thought to occur 
by a cycle of reactions linking PA and polyphos- 
phoinositides and the incorporation of phosphate 
[5]. Parathyroid hormone and cyclic 3',5'-AMP 
increase the levels of PA, PI and polyphos- 
phoinositide in rabbit kidney cortex [6,7] and the 
regulatory effect of this hormone on phosphate 
reabsorption by the proximal tubules of the kid- 
ney may require PI metabolism for its full expres- 
sion. 

When isolated chick proximal tubule cells and 
the renal epithelial cell line LLC-PK~ are depleted 
of phosphate there is a stimulation of Na+-depen - 
dent Pi uptake into these cells which is demonstra- 
ble within 30-60 min of the onset of the depletion 
[2,15]. The stimulation models the adaptation that 
occurs in whole animal studies of phosphate de- 

pletion where Pi excretion becomes considerably 
reduced. One explanation for the rapid onset is 
that the increased phosphate transport capacity 
results from a transfer of transporter molecules 
from an intracellular pool to a functional state in 
the brush-border membrane. A similar argument 
has been advanced to account for part of the 
stimulation of Pi uptake into chick proximal tub- 
ule cells under gluconeogenic conditions [4]. If 
membrane traffic is an important agent in the 
regulation of phosphate transport by stimuli such 
as parathyroid hormone, dietary restriction of 
phosphate and gluconeogenesis, phosphatidyl 
phosphate metabolism may play a part in initiat- 
ing the recycling of the Na+-dependent phosphate 
transporter. 
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