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Uptake of phosphate by rat hepatocytes in primary culture: 
a sodium-dependent system that is stimulated by insulin 
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Primary cultures of rat hepatocytes take up phosphate by a saturable Na+-dependent process. Thus the plasma membrane 
possesses an Na+-Pi cotransporter of the type described for many cell types, e.g., kidney proximal tubular cells and enterocytes. 
Coupling to Na + overcomes the barrier to anion entry represented by the membrane potential. At 0.12 mM Pi, the effect of Na + 
is cooperative with a Hill coefficient of 1.7 suggesting two sodium sites per molecule of carrier. At 37°C, the K m (for Pi) and Vm~ 
for the sodium-dependent fraction of Pi uptake are approx. 1 mM and 0.35 nmol Pi/min per mg cell protein, respectively. Insulin 
stimulates Vma x four-fold with no significant effect on Km. Pi uptake in the absence of sodium is not affected by insulin. The 
stimulation by insulin could be of metabolic significance. Glucose phosphorylation at the expense of ATP is raised in liver 
following insulin stimulation, and thus, initially there may be an increased demand for Pi for oxidative phosphorylation until new 
steady-state conditions of hexose phosphate concentrations and of ATP turnover become established. 

Introduction 

The plasma phosphate concentration in mammals is 
normally maintained within narrow limits. The major 
point of control seems to operate at the kidney where 
alterations in the proximal tubular reabsorption rate 
occur in response to hormones, particularly parathyoid 
hormone, and to dietary availability of phosphate [1,2]. 

All cells require a continuous supply of Pi from 
plasma to meet the needs of cell metabolism. Cytosolic 
Pi is a component  of the phosphorylation potential 
which may be calculated from the (ATP)/(ADPXPi)  
ratio [3,4] and Pi is also a substrate a n d / o r  effector for 
a number of key cytosolic enzymes, e.g., glycogen phos- 
phorylase and phosphofructokinase 1. Whether  Pi has 
a direct regulatory role in metabolism is controversial, 
but considerable evidence has now accrued to indicate 
that cytosolic levels of Pi are normally closely buffered 
(see Ref. 5 for an up-to-date review of this subject). It 
seems probable therefore, that cellular control mecha- 
nisms will exist to maintain the cytosolic concentration 
within narrow limits. Such controls would be secondary 
to the 'gross' regulatory mechanisms operating to keep 
plasma Pi concentrations within the normal physio- 
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logical range. The central metabolic role of the liver 
suggests that Pi availability is likely to be particularly 
important for this tissue. 

Release of Pi from the relatively large amount of Pi 
stored within mitochondria [4,6] is probably of some 
importance in buffering cytosolic Pi but transport of Pi 
across the plasma membrane of liver cells is likely also 
to be significant in stabilising cytosolic levels [7]. It was 
shown 70 years ago that injection of insulin into rabbits 
caused a rapid fall in the blood Pi concentration [8] 
and it was suggested that the hormone increases the 
uptake of Pi by the tissues. This conclusion was borne 
out by a number of subsequent studies that indicate 
that insulin increases the accumulation of Pi in various 
cell types notably heart  muscle [9,10] and adipose tis- 
sue [11]. Medina and Illingworth [9,10] concluded that 
Pi accumulates in heart  muscle because insulin de- 
creases the efflux of Pi. A similar conclusion was 
reached for liver [12] but direct measurements of efflux 
rates from hepatocytes [13] do not support the theory 
that insulin affects effiux. 

The importance of insulin in regulating liver 
metabolism suggests that the hormone may also influ- 
ence Pi utilisation in this tissue. The increase in glucok- 
inase activity that results from insulin action could 
initially raise the demand for ATP, and thus, require 
an increase in the availability of P~ for oxidative phos- 
phorylation until new steady-state conditions for the 
concentrations of metabolites such as hexose phos- 
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phates and for ATP become established. Plasma mem- 
brane transport systems for P~ have been studied for 
several tissues, particularly intestine and kidney [1,2] 
but liver has received relatively little attention. Uptake 
of Pi by a cell line derived from hepatoma has been 
shown to be Na+-dependent and to involve a trans- 
porter that is sensitive to thiol-reactive reagents [15]. 

Using isolated hepatocytes in primary culture we are 
studying liver membrane transport systems for Pi and 
the means by which i t / they may be regulated. Our aim 
is to gain understanding of the part that transport plays 
in maintaining cytosolic Pi levels and in meeting the 
metabolic demand for Pi in liver. 

Materials and Methods 

Isolation and culture of hepatocytes. The cells were 
prepared by collagenase-hyaluronidase digestion of 
liver slices under sterile conditions in Hanks' medium 
essentially as described by Fry [16] but with the follow- 
ing modifications: During the digestion stage, extra 
buffering of the enzyme solution was achieved by the 
inclusion of 36.6 mM Hepes, as well as the components 
listed in the original method [16]. The solution was 
brought to pH 7.6 by the addition of NaOH and the 
concentration of MgCI 2 was 1.54 mM. At all stages of 
the preparation, pure oxygen was blown over the sur- 
face of the cell suspension contained in Coming dis- 
posable 25-cm 2 polystyrene cell culture flasks which 
were shaken continuously and maintained at 37°C. 

At the harvesting stage, the cells were pelleted by 
centrifugation in an MSE Centaur centrifuge that was 
accelerated rapidly to 2000 rpm, maintained at this 
speed for 30 s and then allowed to stop. Approx. 6" 107 
cells were obtained from 8 to 10 g liver and were 
cultured in four Coming disposable flasks under a 
humidified atmosphere containing 5% CO 2 [15]. The 
method differed from the published procedure in that 
dexamethazone was not used and insulin was present 
at 10 -7 M. After 2 to 3 h the medium was replaced by 
insulin-free medium and the cells were kept in culture 
for at least one day before use in transport experi- 
ments. Hepatocytes do not become firmly attached to 
plastic and can be removed by agitation. Treatment 
with trypsin is not required. The cells remained suit- 
able for transport experiments for up to 4 days follow- 
ing isolation. The viability of resuspended cells was 
tested with trypan blue and the fraction excluding the 
dye was greater than 95%. This was true for cells 
tested immediately after separation and for cells kept 
in culture conditions for up to 4 days. Hepatocytes do 
not proliferate in primary culture but appear to retain 
their biochemical features for about one week [15]. 

Measurement of uptake. A system developed for 
studying Pi uptake by proximal tubule cells [17] was 
applied to hepatocytes with further improvements. Up- 

take was initiated by the addition of carrier-free [32P]P i 
(approx. 5 /~Ci/3 ml to cells suspended in Krebs- 
Ringer-Bicarbonate (KRB) medium containing Pi, Na ÷, 
choline, etc., at the required concentrations (see Re- 
sults)). KRB is prepared fresh daily by mixing 0.154 M 
stock solutions of the following components in the 
proportions indicated in brackets: NaC1 (100), KCI (4), 
KH2PO 4 (1), MgSO 4 (1), NaHCO 3 (21). Three volumes 
of 0.11 M CaCI 2 are then added plus a few drops of a 
phenol red solution and the whole solution gassed with 
95% 02 /5% CO 2 for at least 20 min at 37°C to bring 
the pH to 7.4. Glucose was added to a final concentra- 
tion of 10 mM. After gassing, bovine serum albumin 
was added at a level of 1 mg/ml and the cell density 
was 2 to 4 mg cell protein/ml (2 mg/ml correspond to 
(1.5-2). 106 cells per ml). Triplicate 0.2-ml samples 
were removed at 45-s intervals up to 3 min and the 
cells separated from the bathing medium by microcen- 
trifugation for 1 min at 8700 ×g  through silicone 
oil/dinonyl phthalate (3:2) into HCIO 4. The micro- 
centrifuge tubes were fitted with inserts fashioned from 
large disposable pipette tips to prevent the radioiso- 
tope from coming into contact with the walls of the 
centrifuge tube to which Pi will adhere. The medium 
and the bulk of the oil were removed by aspiration and 
the inserts were discarded. The rest of the tube con- 
taining the cell pellet in HC104 was transferred to a 
vial containing Scintran cocktail for determination of 
the radioactivity by scintillation counting. In the origi- 
nal method [17], the tube needed to be sliced at the 
level of the oil so that the upper part that had been in 
contact with radioactive medium could be discarded. 
The use of a disposable insert makes slicing unneces- 
sary and in our experience, greatly improves the preci- 
sion of the transport assay. 

The initial rate of uptake is calculated from the 
slope of a computer-generated linear plot of uptake 
against time using simple least squares regression. 

For those experiments in which the concentration of 
Pi and/or  the univalent cations differed from the con- 
centrations normally present in KRB, a portion of the 
cells was washed twice in modified KRB immediately 
before the uptake experiment and the cells were then 
transferred to incubation media containing the re- 
quired concentration of Pi and Na ÷ ions. The modified 
KRB lacked Pi or was prepared by replacing Na ÷ ions 
by choline as appropriate for the particular experi- 
ment. The cells were exposed to the modified KRB for 
3 to 5 min in total. 

In experiments to test the effect of insulin on up- 
take, the hormone (10 -7 M) was included in all the 
media used for washing of the cells after harvesting 
and was also present at the same concentration during 
uptake measurements. Following the washing proce- 
dure (approx. 5 min duration) the cells were incubated 
for a further 5 min in the uptake medium containing 



insulin before initiating the uptake with the radioiso- 
tope. 

At early stages of the investigation, 3H-labelled in- 
ulin was included in some incubation mixtures to allow 
calculation of the volume of medium trapped by the 
cells during microcentrifugation. The amount of non- 
internalised Pi adhering to the cells which is made up 
of the fraction bound to the cell membrane plus that 
present in the trapped medium, was estimated by addi- 
tion of cells to medium containing 10 mM arsenate 
(stop solution) followed by immediate centrifugation 
through oil. The arsenate was present to inhibit any Pi 
transport by a specific carrier. 

Protein estimation. The biuret method [18] was used 
with bovine serum albumin as standard. 

Materials. Collagenase and hyaluronidase were ob- 
tained from Boehringer-Mannheim (Lewes, UK). Sili- 
cone oil AR200 was obtained from Wacker Chemie 
(Walton-on-Thames, UK) and other chemicals from 
Sigma or BDH (Poole, UK). Cell culture materials 
were obtained from ICN Flow (High Wycombe, UK) 
and from Gibco BRL (Uxbridge, UK). 

R e s u l t s  

Fig. 1 shows a typical uptake plot and confirms that 
Pi uptake by the cells is linear for up to 3 min, both in 
the presence and absence of insulin. The figure shows 
that under conditions where near maximal rates of 
uptake occur (in this case at 1.5 mM Pi in the presence 
of insulin) linear rates of uptake are still observed over 
a 3 min period. Uptake remains linear for up to 10 min 
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Fig. 1. Uptake of Pi by hepatocytes. The cells were incubated at 37°C 
in medium containing Pi at 1.19 mM (o) ,  or 1.5 mM Pi plus 10 -7  M 
insulin, (e). The points are the mean plus S.E. values of six determi- 
nations of the Pi accumulated by the cells. The rate of uptake is 
obtained from the linear regression coefficient (r  = 0.983 for ( o )  and 
0.978 for (e)). The intercept value indicates that 1.3 and 1.5 /zl of 
medium is trapped per mg of cell protein in the absence and 

presence of insulin, respectively. 
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Fig. 2. Effect of Na ÷ ions on the rate of Pi uptake. The rate of 
uptake was measured at various [Na ÷ ]. Choline chloride was added 
in sufficient quantities to ensure that the total Na + plus choline 
concentration was 143 mM in each case. (o) ,  Uptake at 0.12 mM Pi; 
(El), uptake at 0.12 mM Pi by insulin treated cells. Mean and S.E. 
values calculated from three separate experiments with different cell 

batches. 

with most cell preparations, but in some instances 
uptake plots curved upwards beyond 4 rain. This was 
particularly so for cells that had been cultured. The 
cause of the non-linearity was not investigated further 
but similar behaviour has previously been noted for Pi 
uptake measurements with cultured hepatocytes [15]. 
At least up to day 4, the number of days in culture had 
no detectable effect on transport behaviour of the 
cells, but no experiments were conducted with cells 
older than this. 

Experiments with labelled inulin indicated that at 
the cell concentration used, approx. 1-2/xl of medium 
was trapped in the cell pellet deposited in the HCIO4 
layer. When pelleting cells from normal KRB (contain- 
ing 1.19 mM Pi) the membrane bound (i.e., non-inter- 
nalised) Pi was negligible compared with the labelling 
present in the trapped medium and a reliable estimate 
for membrane-bound Pi could not be obtained. The 
use of stop solution to estimate the non-internalised 
plus trapped Pi showed that the value predicted for the 
quantity of labelled P~ in the cells at zero time (i.e., the 
intercept value in Fig. 1) agreed very closely with the 
value obtained by direct measurement. In the experi- 
ment shown in Fig. 1 for example, the intercepts indi- 
cate that 1.3-1.5 /zl of medium was trapped per mg 
cell protein; a result that is in good agreement with the 
earlier measurements using inulin. Therefore, as up- 
take was always determined from a time-course experi- 
ment, the practice of direct determination of the zero- 
time labelling was discontinued. 

Fig. 2 shows the effect of Na + ion concentration on 
the initial rate of uptake of Pi determined at 0.12 mM 
Pv The figure also shows some data obtained with cells 
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Fig. 3. [Na + ]/v against [Na + ] (Hanes) plot of of uptake at 0.6 mM 
Pt. The sodium-dependent component of uptake at each [Na + ], v, 
was calculated by subtracting the value of uptake rate at zero [Na* ]. 

that had been incubated for 10 min at 37°C in normal 
KRB containing 10 -7  M insulin. Subsequent washing 
of the cells and the uptake measurements were per- 
formed in media that also contained the hormone at 
the stated concentration. At 0.12 mM Pi the response 
of uptake to Na + concentration is sigrnoid, Insulin 
treatment did not affect the sigmoid shape of the plot 
but resulted in stimulation of the uptake at all Na ÷ 
concentrations. [Na]0. 5 is 65-80 raM. At 0.6 mM Pi, 
cooperativity is much less obvious and the relationship 
between uptake rate and [Na ÷] approximates to 
Michaelis-Menten kinetics. A plot of the Na÷-depen - 
dent component of uptake in the form of [S]/o against 
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Fig. 4. Hill plot of the uptake data at 0.12 mM Pi. l°g[(Vmax/v)- 1] 
is plotted against Io$[Na + ]. (<3), Untreated cells; ([]), insulin-treated. 
The Hill coefficients (maximum slope) were calculated by linear 
regression ignoring the highest and lowest data points for each line. 

[S] (Hanes plot) for 0.6 mM Pi is shown in Fig. 3. The 
plot is linear and calculation of the kinetic parameters 
by weighted regression analysis [19] gives an apparent 
K m for sodium of 41.7 + 15 mM with an apparent Vm~, 
of 0.21 + 0.026 nanomol PJmin  per rng cell protein, 
'Apparent' constants are obtained because the Pi con- 
centration is non-saturating. 

The sodium-dependent component of uptake at 0.12 
mM Pi is shown as a Hill plot in Fig. 4. For both basal 
cells and insulin treated, the data fit well to the plot 
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Fig. 5. Concentration dependence of Pi uptake. The hepatocytes were washed in Pi-free medium or choline medium as appropriate immediately 
before uptake measurements. For insulin-treated cells, the Pj-free or choline wash solution contained 10 -7 M int~Jlin and the cells were 
incubated for a further 5 min at 37°C in medium of the required Pi plus insulin before the addition of radiolabel to begin the uptake 
measurement. (a) (o), Uptake in presence of choline, ([]), uptake by untreated cells in the presence of Na +; ( • ) ,  uptake by insulin-treated cells 
in the presence of Na +. The data points are the mean 5: S.E. of triplicate estimations performed on four different batches of cells. The choline 
data are from four experiments with untreated cells plus three experiments with insulin-treated cells. As there was no detectable difference 
between them, the data were grouped and the errors calculated from the results of seven batches of cells, (b) Hanes [Pi]/v against [P~] plot of the 
Na +-dependent fraction of uptake shown in (a). The lines are drawn according to the kinetic constants quoted in the text that were calculated by 

a weighted regression fit to the Michaelis-Menten equation. (o), Untreated cells; (e), insulin-treated cells. 



(correlation coefficients are 0.94 and 0.93 for treated 
and non-treated, respectively) with mid point slopes of 
1.62 + 0.22 (insulin-treated) and 1.7 + 0.14 (non- 
treated) that did not differ significantly. Thus, there 
are likely to be two interacting sites for sodium per 
molecule of carrier. 

The effect of varying the concentration of Pi in the 
uptake medium on the initial rate of uptake by the 
cells is shown in Fig. 5. Uptake in the presence of 
choline was linear with Pi concentration and no differ- 
ence could be detected in the rate of uptake between 
untreated cells and those treated with insulin. Uptake 
in the presence of Na ÷ ions is saturable and is markedly 
stimulated by insulin. The calculated K m values [19] 
for the Na+-dependent component of uptake are 0.94 
_+ 0.18 mM and 0.7 + 0.33 mM for untreated and in- 
sulin-treated, respectively. The equivalent Vma x values 
are 0.354 + 0.04 nanomol/min per mg and 1.37 + 0.26 
nanomol/min per mg. Thus, insulin stimulates the rate 
of P~ transport four-fold with no significant effect on 
K m. The data are presented as Hanes plots in Fig. 5b. 

Li ÷ ions were found to be approximately 60% as 
effective as Na ÷ in supporting uptake at 2 mM Pi- 
Incubation of the cells for 10 min at 37°C with 1 mM 
ouabain prior to measuring the Pi uptake at 1.19 mM P~ 
inhibited uptake by 39% + 20% (3 determinations in 
duplicate with different batches of cells) relative to 
untreated controls. The lithium and ouabain results 
were obtained in the absence of insulin. 

Discussion 

At the start of our investigation we used freshly 
prepared hepatocytes for studying Pi transport and the 
sensitivity of the latter to hormones. The transport 
properties of each batch of cells varied greatly how- 
ever, and refining the transport parameters proved to 
be very difficult. We therefore decided to culture the 
cells for 1 to 4 days before using them for transport. 
Such treatment is reported to restore cellular ATP 
levels in hepatocytes [15] but can be disadvantageous in 
studies of hormonal effects on transport because the 
established culture procedures recommend the inclu- 
sion of insulin and dexamethazone in the culture 
medium. This difficulty was overcome by including 
insulin in the medium for only the first few hours of 
culture by which time the cells have adhered to the 
culture flask. 

Pi uptake is stimulated by Na ÷ ions and the Na +-de- 
pendence at low Pi concentrations exhibits sigmoid 
kinetics. A Hill plot of the data suggests that two Na + 
ions are tranported per phosphate ion. If the prime 
reason for Na÷-Pi cotransport is to overcome the un- 
favourable condition for Pi entry represented by the 
membrane potential, H2PO 4 is probably the preferred 
species for transport but HPO42- could be transported 
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electroneutrally. [Na]0. 5 is approx. 70 mM. A previous 
report [15] gives a value of 34 mM which is very similar 
to the result we obtained for the apparent K m at a Pi 
concentration of 0.6 mM where the cooperativity is less 
noticeable. 

The dependence of uptake of Pi on concentration is 
saturable in the presence of Na ÷ ions. There is signifi- 
cant uptake of Pi by the ceils when sodium is replaced 
by choline but the rate is first order with respect to [Pi]. 
K m for the Na+-dependent fraction is approx. 1 mM 
and Vm~ x is 0.35 nanomol/min per mg cell protein. At 
a concentration of 2 mM, a value close to the plasma 
concentration for rats, uptake in the presence of choline 
is 50% that of the Na÷-supported rate. This result is 
nearly identical with the figure given for a hepatoma 
cell line [14] and for a rat hepatocyte primary culture 
[15]. 

These results may cast doubt on the significance of 
sodium in P~ transport in liver until the effect of insulin 
is taken into account. Insulin stimulates Na+-depen - 
dent uptake four-fold with no significant effect on K m. 
Choline-supported uptake is not affected by insulin. 
Anabolic actions of the hormone are expected to in- 
crease the incorporation into organic metabolites of 
any Pi entering the cells. If Pi entry is critically depen- 
dent on the concentration gradient for the anion, any 
lowering of the cytosolic concentration by metabolic 
trapping would result in an increased accumulation of 
labelled Pi. The cytosolic P~ concentration is believed 
to be approx. 1 mM [4,5] and thus at an extracellular 
concentration of 2 mM, a favourable gradient appears 
to exist for Pi entry. This conclusion ignores the effect 
of the membrane potential however, which is estimated 
to range from -24  mV to -47  mV [20]. If Pi dis- 
tributes across the membrane passively, at a membrane 
potential of -40  mV, the In /Out  concentration ratio 
across the membrane at equilibrium would be 1 : 4.8 for 
singly-charged phosphate and 1 : 22.7 for HPO42-. The 
actual value for cytosolic Pi is therefore considerably in 
excess of the equilibrium value, and hence, it is un- 
likely that a fall in cytosolic Pi consequent to metabolic 
trapping can provide sufficient driving force to account 
for the large increase in Pi uptake in the presence of 
insulin. Similarly, dilution of cytosolic P~ accompanying 
insulin-induced swelling [21] can hardly contribute to 
the effect of insulin on Pi uptake. 

Preliminary experiments established that exposure 
of the cells to 10 -7 M insulin for 10 min elicited a 
maximum and reproduceable response. This hormone 
concentration seems high relative to physiological con- 
ditions but the level of hormone reaching the liver via 
the portal blood system is likely to be considerably 
higher than that which is detected in the general circu- 
lation. In addition the liver is a major site of insulin 
degradation and hepatocytes in culture have been 
shown to bring about significant breakdown of insulin 
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within 15 min of  incubat ion [22]. Insulin turnover  dur- 
ing our  t ranspor t  experiments  could account  to some 
extent for the relatively high ho rmone  concent ra t ion  
needed for maximum effect. The  possibility cannot  be 
ruled out, however,  that  at least par t  of  the observed 
insulin effect could have been  media ted  via st imulation 
of  the IGF-1  receptor .  Study of  the effects of  various 
growth factors on liver P~ t ranspor t  needs  to be under-  
taken. 

The  greatly enhanced  uptake  presumably  only be- 
comes possible by linking with sodium to overcome the 
unfavourable  condit ion for anion entry represen ted  by 
the m e m b r a n e  potential  (negative inside). I f  the cul- 
tured cells are a true reflection of  the liver in vivo, it is 
conceivable that  the Pi supply to liver cells is almost 
entirely dependen t  on insulin, presumably  by an in- 
crease in the number  of  t ranspor t  sites or by stimula- 
tion of  existing molecules  of  carrier. Insulin stimulates 
Na+-P~ cot ranspor t  in renal  proximal tubule and it has 
been  suggested that  the renal adapta t ion  to dietary 
deprivat ion of  Pi is insulin dependen t  [23]. Stimulation 
by insulin of  the N a ÷ K + - A T P a s e  could contr ibute  to 
the increased P~ uptake  by raising the concer~rat ion 
gradient  for Na  ÷ ions. Such action would be expected 
to lower the [Na]0. 5 value. Fig 4 shows that  any de- 
crease is small and is probably not  very significant. The  
activity of  Na  ÷ in the cytosol is 12.2 m M  [20], i.e., less 
than one tenth  of  extracellular, and so it is quest ion- 
able whe ther  fur ther  lowering of  the intracellular con- 
centrat ion could greatly accelerate the Na  +-P~ cotrans- 
port  system. 

The  liver cont inues  to need  Pi for A T P  synthesis 
and metabol ism under  g luconeogenic  condit ions that  
are associated with a lowered insu l in /g lucagon  ratio. 
Should an increased d e m a n d  for Pi arise in these 
circumstances,  agents o ther  than insulin must  be in- 
volved in the st imulation of  uptake.  Glucagon  has been  
shown to mobilise Pi f rom tissues into blood plasma in 
mice and it has been  suggested that  this ho rmone  plays 
a role in counterac t ing  the hypophospha taemia  associ- 
ated with fasting [24]. Thus,  insulin is probably only 
one of  a number  of  hormonal  agents that  control  Pi 
t ransport  in liver. 
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