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SUMMARY

At [Nat*], == 118 mM the concentrative transfzi of cholic and taurocholic
acid from the perfusate into the nsolated rat liver displays saturation kinetics (tauro-
cholate: ¥ = 299 nmol - min~! - g™, K, = 61 uM; chclate: ¥ ==327 nmol - min~! -

g™, K,, = 436 uM). Perfusion wnh an isotonic sodium-free medium did not change
ihe feature of a carrier-mediated transport but did markedly reduce ¥ without affect-
ing K,, (taurocholate: ¥ = 65nmol - min~1: g~ !, K,, = 78 uM; cholaie: V = 104
nmol » min~! - g™, K,,, = 354 pM).

Tt was experimentally assured that the observed reduction of bile salt uptake
was nota conscquence of regurgi(mion of bile salts or due to an excessive intracellufar

accumulation during ch is in the sodinm-free state.

The rate of taurocholate efflux is very 1ow wi:len compared with the rapid rate of
the uptake. A stimulatory action of extracell dium on this pathway was also
observed.

Inhibition of the (Na* +-K*)-ATPase by 1 mM ouabai ltedinad
of bile salt uptake. Activation of the enzyme by p jum readmission to a K*-

deprived liver enhanced bile salt uptake. The immediate response to alteration of the
enzyme aclivity suggests a close asscciation of a {Taction of bile acid active transport
with the sodium pump.

INTRODUCTION

Sodium-dependent transport processes [1, 2} have been implicated in the
stimulatory action of choleretic drugs on bile flow {3—5] Co-lransport of sodmm and
ouabain across the smusmdal pole of the h yte is believed to
flux in the si id-to i [3] This leads to stimulation of basal bile
flow which d ds on sodium net t port in the same direction [6, 7). In addition
to their well known osmotic effect, bile amds might influence hepatic fluid secretion by
a similar mechanism {4, 5. Simul of sodium influx during accumula-
tion of bile acids in the isolated liver [4, 5], and dependence of uptake Kkinetics on
extracellular sodium have been reported for cholate [8] and taurocholate [8,9].
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B of the possible rel of a sod um-linked transport to the choleretic effect
of bile acids, the sodium dependence of hepatic bile acid fluxes was investigated
further. The interaction of the (Na*--K.*)-ATPase with bile acid transport was also
studied because a role of this enzyme has been inferred in the sodiuvm-dependent
uptake of organic solutes in various epithelia [1, 2, 10, 1i] as well as in the stimulation
of basal bile flow [2].

MATERIALS AND METHODS

Animals. Muale Wistar rats (Mus Rattus AG, Brunnthal, Germany) weighing
from 180 to 250 g were used as liver donors. The animals were fed a rat chow and had
free access to water.

Liver perfusions. Surgical preparation and perfusion of the isolated liver were
done as described previously [3], Non-recirculating perfusion systems were used in all
experiments. Four groups of experimerts were performed: (a) Na* dependence of
bile acid uptake by the isolated liver, (b} Ma* dependence of bile acid efflux from the
liver, (c) inhibition of the (Na* +K*)-ATPase and bile acid uptake, (d) activation of
the (Na*+K™*)-ATPase and bile acid uptzke.

(a) Two perfusion systems were arranged in a temperature constant (37 °C)
box so that an immediate shift from ¢ne system to the other was possible. The
perfusate consisted of bovine erythrocytes washed and suspended in ejther solution A
or B. Solution A (“normal sodium™): 118.4 mM NaCl, 475 mM KCl, 2.57 mM
CaCl,, 1.19 mM KH,PO,, 1.18mM Mg50,, 25.0 mM Tris, 5.05mM glucose;
10 mg/1 Microcillin (Bayer, Germany). pH 7.4 was adjusted by addition of 1 M HCL
Solution B (sodium free): NaCl was replaced isotonically by choline chloride.

(b) The same experimental design wzs used as described under (a). Livers were
first Joaded with '*C-labelled taurocholic zcid (261-407 M in perfusate A) for 12
min and then perfused alternatively with two taurocholate-free “chase solutions”
(perfusate A and B). Taurocholete efflux from the liver was calculated from release of
radioactivity into the perfusate.

(c) Four experiments were performec. with an ervthrocyte-containing medivm
(perfusate A) as described bzfore, six experiments were done using the hemoglobin-
free perfusion system of Scholz [12] with Krebs-Her.seleit bicarbonate buffer as perfu-
sion medium. The first perfusion system contained the bile salts only, the second. one
bile salts and 1.0 mM ouvabain.

(d) The effect of (Na*4-K*)-ATPase activation on bile acid uptake was
studied by readmissién of K* to K*-deprived preparations in a hemoglobin-free
perfusion system [12], The sum of (Na*-+K*) in the parfusion medium was kept
constant [13]. After 70 min of K*-free perfusion 12-25 mM K* were readmitted.
Bile salts were infused into the portal cannula at a constant rate to achieve a concen-
tration of 8 uM cholate or 30 pM taurochclae in the inflowing perfusate.

and theds. Sodium cholate and taurocholate were

obtained from Fluka AG (Buchs, Switzerland) and from Serva (Heidelberg, Ger-

many). [Carboxy-**C]Cholic acid (sodium salt, 59.5 Ci/mol) and fcarbonyl-!*C}

tauracholic acid (51.2 Ci/mol, sodium salt) were from the Radiochemical Centre
(Amersham, England).

Radioactivity in perfusate samples or in single bile drops was counted in a
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2,5-diphenyloxazole/1,4-bis-(5-phenyl slyl-2)-b ftol cocktail by liquid
scintillation methods.

For thin-layer chromatography of bile acids ethanolic extracts were prepared
from evaporated samples of perfusate (3 ml) and from liver specimens ground undes
liquid N;. The adsorbent was silica gel G (Merck, Germany). The plates were developed
first for 6 cm with n-butanolfacetic acid/wate: (100:10: 10, v/v), air dried and then
developed with toluene/acetic acid/water (50: 50 : 5, v/v) for 15 cm. Radioactivity was
determined either directly on the plate with a gas flow thin-layer scanner {Berthold,
Germany) or by liquid scintillation counting after extraction of the adsorbent with
ethanol.

Calculations. Bile acid fluxes (v) were calculated from conczntraticns in tae
inflowing (¢;,) and the outflowing perfusate (c,,,) and from perfusate flow rate, and
are expressed as pmol/g wet weight per min. The average sinusoidal concentration
(¢av) was caloulated using the formula ¢,y = (€1, Cou)/(IN €1n—112 Coue)-

RESULTS

Sodium dependence of bile acid uptake

‘When isolated livers were perfused with a constant concentration of cholate or
taurocholate, respectively, in a non-recirculating perfusion system, the concentration
of bile acids in the effluent perfusate attamed a constant level after few minutes (Fig.
i), Switching to a sodium-fres medi d the effluent concentra-
tion indicating a reduction of bile acid uptake. Camparable results were obtained
when sodium was replaced by potassium instead of choline (not shown).

As previously shown, substitution of sodium by choline (ard other cations)
reduced bile secretion by the isolated liver [7). Total omission of sodium caused a
complete but reversible cholestasis (Fig. 1c). The possibility that the reduced bile acid
uptake during the sodium-free period is due to an intracellular bile acid overload
caused by the chol is was idered. Ho , calculation of the intracellul
bile salt content showed that there was no correlation between the rate of uptake and
the amount of bile salt already present in the cells: It is seen from Figs. 1a and 1b that,

although the intracellular taurocholate is conti y i ing, the uptake
velocity of taurocholic acid at normal extracellular sodium is not aﬁ'ected whereas
sodium-free perfusion results in an i di duction of taurocholate transport,
even when the intracellular content is low. Therefore, it is concluded that bile acid
uptake is directly infl d by the 1ul di concentranon, and the
decreased bile acid transport is not the ¢ 7 of i Jation of
bii¢ salts,

Regurgitation of conj d bile acids during chol is should be idered

as another reason for elevated bile acid lzvels during sodium-free perfusion. If this is
the case, appreciable amourits of tauroclholic acid should be detected in the effiuent
during perfusion with cholic acid, as it occurs after bile duct ligation [14]. As deter-
mined by thin-layer chromatography, only small amounts of taurocholate were
detecled in the effluent during sodium-free perfusion (Table 1) which certainly cannot
explain the reduced uptake of cholic acid under these conditions.

Sodium dependence of bile acid uptake was studied at perfusate concentrations
(cin) ranging from 17.8 uM to 1.76 mM cholate, and frora 27.3 uM to 0.69 mM
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Fig. 1. Bile salt uptake, i 11 and bile

TABLE I

APPEARANCE OF TAUROCHOLATE (PERCENT OF TOTAL BILE ACID CONCEN-
TRATION) IN THE EFFLUENT PERFUSATE DURING CHOLATE UPTAKE OF THE

ISOLATED LIVER IN THE SODJUM-FREE 5TATE

@M} o (M) %
Cholate Cholate Taurocholate
355 21 1.6 7.6
88.8 49.9 9.5 160
177 12 4.2 36
1776 1523 it 2.0

by the isolated perfused rat
liver during perfusion witih *normal sodium® (118 mM) and sodium-frec perfusion media. Tauro-
cholate concentration of the inflowing perfusate (¢y,) in this experiment was 139 uM. Similar patterns
were obtained for different ¢y, of taurccholate (four experiments) and cholate (six experiments).
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TABLE 11

LIVER/PERFUSATE CONCENTRATION RAT!OS OF BILE SALTS DURING PERFUSION
OF THE ISOLATED LIVER WITH “NORMAL SODIUM" (118 mM) AND SODIUM-FREE
PERFUSATES

At the :nd of the perfusion experiment (cf. Fig. 1) thei 1lul ion (¢} was

from the difference between total uptake and biliary excretion of radioactivity. In case of chulate the
obtained figure was corrected for the amount of conjugated bile saits which was determined by thin-
layer chromatography.

Bile salt Cin Cav € cufw
(nmol/ml) (nmo)/ml) (nmol/g)

Taurocholate

Na*]=118mM 273 50 95.3 19.1
139 46.8 1297 217
693 484 2199 45
[Na*] =0 mM 27.3 10.9 201 18.4
139 105 1325 12.6
694 652 2783 43

Cholate
[Nat)=118mM 178 8.5 2.8 62
355 176 1393 79
1776 1417 2708 i9
{Na*] = 0 mM 17.8 120 109 al
355 299 1408 . 4.7
1776 1662 3478 2.t

taurocholate. Both substances were accumulated in the isolated liver. Liver/perfusate:
ratjos greater than 1 were observed at various concantrations in the inflowing perfrsate
(Table II). Not unexpectud from these results, plotting of uptake rates at cifferent:
average si id jon fed saturability of the hepatic uptake of izoth
taurocholic and chohc acid (Fig. 2).

Substitution of perfusate sodium by choline markedly reduced the rate of
cholate and taurocholate uptake but did not abolish their concentrative transier into
the isolated liver. Also at zero [Na*], the hile salt content of the liver is still higher
than the perfusate concentrations (Table II) aad a depcadence of the uptake rates on
the sinusoidal concentration characteristic for a carrier-mediated process is still
preserved (Fig. 2).

The influence of extracetlular sodiu:n on the transport Kinetics of bile acids
was found exclusively on the imal transport velocily (V). ¥ of taurccholate
untake was reduced in the sodium-free state from 299 to 65 nmol/g per min, and of
cholate uptake from 327 to 104 nmol/g per min, The Michaelis-M

d virtually unchanged. For taurocholate uptake K, is 61 pM at
normal extraceilular sodium and 78 uM at zero perfusate sodium. The corresponding
figures for cholate are 436 and 354 uM, respectively,

Sodium dependence of bile acid eflux from the liver
Because cholate undergoes metabolic changes in the liver it is not a suitable
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Fig. 2. Rate of cholate (A) and taurochoelate (B) uptake by:thc isolated perfused liver al different
average sinusoidal concentrations (ca,).

candidate for studying pathways of bile acid eTlux from the liver. Therefore, only
taurocholate could be used in this typs of experiments,

Taurocholate efflux was first followed in the sodium-free state (Fig. 3).
Restoring the normal sodium concertration by switching to perfusate A increased
taurocholate efflux from the isolated organ. Bx]e sccretlon which was completely
arrested in the sodium-free phase, was diately d. The biliary excretion of
tauracholate contributed to the steady decline of the intracellular concentration
(Fig. 3). Therefore, the fractional efffux (percent of intracellular content per min) was
chosen for representation of the outward movement of taurocholate, Table I1I shows
that the efflux of taurocholate increases with rising intracellular concentration and is
stimulated further by rendering the exiraceflular sodium to normal. Thereby the
fractional efflux is enhanced 2-4-fold.

The efflux in both the sodium-free and the “normal sodium” state is low when

ipared to the corresponding uptake rares (Fig. 2). Atan intracellular concentration
of 1 umol/g taurocholate effux is 7.6 nmol/g per min (Table JII). At the same per-
fusate concentration the uptake of taurocholic acit would have reached the saturation
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Fig. 3. Efffux of taurocholate info the perfusate during perfusion of the isolated liver with “normal
sodium” (+Na*) and sodium-free (--INa*) perfusion media (one ont of three experiments).

TABLE III

STIMULATION OF TAUROCHOLATE EFFLUX FROM THE ISOLATED LIVER BY EX.
TRACELLULAR SODIUM

X o** Average hol Fractional ‘hol
M) (pmol/g) cfflux efftux
{nmol/g per min} (percent ¢, nin)
—Na* +Na* —Na* +Nat+
261 1.01 4.0 7% 0.40 0.76
284 145 1.7 13.3 0.59 138
407 2.50 140 51.7 0.56 240
* G in the inflowing perfusion medium during loading of the isolated liver with
taurocholate.

** Intracellular taurocholate content at the ead of the loading period.



®
o

= i CoeAN_ |
e

i

2

fo

g

a

glﬂ

&

%o

5,

o ° 20 30

4¢
TIME (mn)

Fig. 4. Influence of ouabain on bile salt uptake, exempliiad by perfusion of the liver with 23.2 uM
cholate. Additional experiments are listed in Table TV.

level by far (Fig. 2) and a rate close to ¥ = 299 nmol/g per mir can be assumed. The
corresponding figures for the sodium-free state are 4 and 65 nmol/g per min, respecti-
vely. Itis obvious that the efflux contributes orly minimally to taurocholate net trans-
port. Determination of the uptake velocity, therefore, gives a reasonable estimate of
bile acid influx.

Inhibition of the (Na* 4K *)-ATPase and bile acid uprake

Inhibitors of the (Na* +K.*)-ATPase nlsc inhibit sodium-dependent transport
processes [1, 10, 11]. Relatively high concentrations have “o be used to inhibit the rat
liver enzyme. 1 mM ouabain brings about a 19 %; inhibition in vitre [15). In the

TABLE 1V
INFLUENCE OF OUABAIN ON BILE SALT UPTAKE BY THE ISOLATED RAT LIVER

Bile salt Cin Rate of cholate uptzke Reduction by
(M) {nmol/g per min) witi: addition . fonabain  ouabain
¥
None 1.0 mM 7%
Cholate 35.5 211 1.7 16
355 14.7 13.2 io
35.5 170 16.6 2
35.5 12,9 124 4
23.2% 51.8 41.8 19
23.2% 67.1 439 35
Tavrocholate
55.8% 172.4 129.3 25
55.8% 165.4 1279 23
55.8% 165.0 63.5 61
55.8* 1520 79 47
* In these experiments the liver was perfused with h lobin-free perfi {for details sec

Materials and Methods).
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Fig. 5. Effect of po\nsslum rcndmlssm\\ on bile salt uptake by the xsolau-d perlused rat tiver (for ex-
i 1 details see and M=thods). Results of additional experiments with cholate and
taurocholate are given in Table V.

isolated perfused rat liver this concentration reduces bile acid uptake (Fig. 4). An
average decrease of the uptake of cholic acid by 14 7% and of taurocholic acid by
39 %, was observed (Table IV). The inhibitory effect on bile acid transport is complete-
ly reversible. Omission of onabaia from the perfusion medium restores the former rate
of bile acid uptake immediately.

Activation of the (Na* +K™*)-ATPzse and bile acid uptake

Readmission of K* to K.*-deprived isolated liver preparations activates the
(Na*+-K*)-ATPase {13]. When 12-25 mM K* were added to the perfusion medium
after 70 min of X*-free perfusion a trausitory increase of bile acid uptake was ob-
served (Fig. 5). The enhanceme:i over K*-free values was 16 % in the case of cholic
acid and 51 % in that of waurocholic acid (Table V).

TABLE V
EFFECT OF K* READMISSION TO A K*-FREE PERFUSATE ON BILZ SALT UPTAKE

Bile salt Perfusate K+ Uptake rate T-crease
after readmission  (omol/g per min)  (55)
M Pl ddi—
() ~K*  K*
Cholate 254 17.8 202 13.5
23.1 7.8 9.7 244
12.6 64 71 10.9
‘Taurocholate
25.0 342 66.5 9.4
25.0 190 28.5 5.0

12.5 81.3 816 7.7
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DISCUSSION

The liver/perfusate concentration ratios, which cannot be explained by a
diffusion-controlled entry of bile acids, together with the saturability of the uptake
Kkinetics suggest an active transport of bile acids in rat liver at [Na*], = 118 mM as
well as at zero perfusate [Na*]. Stimulation of the maximal transport velocity by
extracellular Na™* without affecting &7, provides a basis for the speculation, that Na*
might facilitate the movement of a substrate-carrier complex across the plasma mem-
brane rather than affects the binding of a transferred bile acid to its carrier. Thereby, a
fraction of bile acid active transport inight become sodium dependent. Consequently,
the necessary energy for the active uptake of bile acids might be derived not only from
metabolic sonrces but also from the action of the (Na*+-K*)-ATPase [1, 2, 10, 11].
Accorchng to the “sodium gradient™ hypothesis [16] this enzyme provides energy for

dent transport procesees by maintenance of the existing sodium gra-
dieat. The observed parallel changes of bile acid uptaks with activation or inhibition
of the (Na* 4-K*)-ATPase suggest = close relation of hepatic bile acld uptake with
the function cf the enzyme and thereby sut iate also the sodi pend ofa
fraction of bile acid transport.

From the symmetrical mode! of sodium-dependent substrate transport [16] it
would be expected that active influx and efflux of bile acids likewise are driven by an
electrochemical sodium gradient. Surprisingly, tavrocholate efflux is enhanced when
the outward sodium gradient, which ¢xists during sodium-free perfusion, is reversed by
1183 mM [Na‘l,. Although this effect of extracellular Na* on the effiux is difficult to
explain, it probably precludes a syminetrical mode of operation of sodium-d d
bile acid transport. In addition, the lack of a saturable component suggests that the
slow outward movement of taurocholate is by diffusion alone and casts some doubt on
the existence of an efficient extrusion of bile acids at the sinusoidal pole of the hepato-
cyte.
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