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Regulation of Hepatic Transport of Bile Salts

EFFECT OF PROTEIN SYNTHESIS INHIBITION ON EXCRETION OF BILE
SALTS AND THEIR BINDING TO LIVER SURFACE MEMBRANE FRACTIONS

MANUEL C. GONZALEZ, EILEEN SUTHERLAND, and FRANCIS R. SIMON,
Gastroenterology Division, University of Colorado Medical Center,

Denver, Colorado 80262

ABSTRACT Theoverall transport of bile salts across
the hepatocyte is characterized as a carrier-mediated
process whose rate-limiting step is biliary secretion.
Specific bile salt binding proteins have been identified
in liver surface membrane fractions and were postu-
lated to represent the initial interaction in bile salt
translocation across both the sinusoidal arnid canalicular
membranes. To test this hypothesis, cycloheximide
was administered to rats to inhibit hepatic protein
synthesis. 16 h after cycloheximide administration
[“C]leucine incorporation into hepatic protein was
inhibited by 93% at 1 h and 47% at 12 h. However,
values of liver function tests were not increased,
although serum albumin, serum alanine amino-
transferase, and alkaline phosphatase were significantly
decreased. Light and electron microscopy did not
demonstrate necrosis or fat accumulation. The latter
demonstrated minimal disorganization of rough endo-
plasmic reticulum and occasional lamellar whorls.
16 h after cycloheximide administration bile salt
independent bile flow, basal bile salt excretion, and basal
bile flow were unaltered, but the maximum bile salt
transport capacity was reduced to 62% of control and
24 h later to 38%. Decreased bile salt transport was
reversible, for it returned to control values after 48 h,
when hepatic protein synthesis was also normal.
Maximum bromosulfophthalein (BSP) transport, on the
other hand, was reduced after 16 h to only 85% of
control. Both bile salt and BSP maximum transport
capacities decreased with time during inhibition of
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protein synthesis, apparently following first order
kinetics. It was estimated that their half-lives are 20 h
for bile salt transport and 55 h for BSP transport. These
different turnover rates suggest that cycloheximide
does not decrease active transport through generalized
hepatic dysfunction or alteration of high energy
sources possibly required for transport. The maximum
number of [“C]cholic acid binding sites in liver
surface membrane fractions was determined by an
ultrafiltration assay. They were reduced to 68% of
contro] after 16 h of cycloheximide and to 25% after 24 h.
This reduction in the number of binding sites is
apparently selective, for the activities of the liver
surface membrane enzymes (Na*-K*)ATPase, Mg*+-
ATPase, and 5'-nucleotidase were not significantly
changed. The associated alterations in bile salt
transport and the maximum number of binding sites
after cycloheximide administration suggests that these
receptors may be the bile salt carriers.

INTRODUCTION

Bile salts are efficiently extracted from the portal blood
across sinusoidal membranes by hepatic parenchymal
cells (1-3) and after intracelluldr translocation are
transported across the canalicular membrane into bile
(4). Hepatic uptake capacity for conjugated bile acids
is 5-10 times greater than secretory capacity, and
therefore transport across the canalicular membrane
is generally assumed to be the rate-limiting step in
their hepatic transport (4, 5). The initial rate of bile
salt uptake is characterized by saturation kinetics,
competitive inhibition, and a requirement for sodium
(6-9). In contrast to the convincing evidence
supporting a carrier-mediated uptake process, the
excretory step is less well characterized. However, a
high ratio of biliary to hepatic bile acid concentration,
saturation kinetics, and competition with bile acids
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(10-14) also strongly indicate a carrier-mediated
process at the canalicular membrane.

Specific bile acid binding sites in liver surface
membrane fractions have been identified and char-
acterized by binding techniques, and we have
postulated that they represent the initial step in bile
acid translocation across both the sinusoidal and
canalicular membrane surfaces (15). The hypothesis
that these binding sites represent the putative bile acid
carrier is based on the following experimental obser-
vations: (a) specific bile acid binding is detected only
in membrane fractions from liver, ileum, and kidney,
tissues known to transport bile acids (15, 16), and
(b) kinetics of the binding reaction and competition
studies are consistent with the in vivo uptake
process (3, 15).

Inhibition of protein synthesis has been a useful
technique to study the physiologic role of rate-limiting
steps in transport of a number of substances. This
approach has been adopted in the present study to
examine the possible role of liver surface membrane
bile acid receptors in bile acid transport. This present
study indicates that after inhibition of protein synthesis
there is a reduction in both the maximum hepatic
excretory capacity of bile salt (Tm)! and the maximum
number of bile acid binding sites.

METHODS

Animals and materials. Male Sprague-Dawley rats (Charles
River Breeding Laboratories, Inc., Wilmington, Mass.)
weighing 150-250 g were used in all experiments. The
animals were maintained in a ventilated room at 24°C with
12 h of light and dark in cages with aspen wood chip bedding
(American Excelsior Co., Denver, Colo.). Rats were allowed
free access to water and laboratory chow (Ralston Purina Co.,
St. Louis, Mo.) except 12h before sacrifice to prevent
aspiration of gastric contents. Cycloheximide (Sigma Chemical
Co., St. Louis, Mo.) freshly dissolved in 0.9% NaCl to a final
concentration of 1.5 mg/ml was injected (150 ug/100 g body
weight [BW]) intraperitoneally, whereas control rats received
saline. A second injection of cycloheximide (150 ug/100 g BW)
was given at 10-12 h after the first injection in rats studied
longer than 16 h to maintain protein synthesis inhibition.

[24-carboxyl-*C]Cholic acid (45 mCi/mmol, >99% radio-
chemically pure) was obtained from New England Nuclear
(Boston, Mass.). Taurocholate was obtained from Maybridge
Research Chemicals, Cornwall, England. Purity (>95%) of
bile acids was confirmed by thin-layer chromatography (17),
AMP, ATP, ouabain octahydrate, bovine albumin fraction V
(96-99% purity), EGTA, Tris, D-glucose-6-phosphate (mono-
sodium salt), B-NADH (from yeast grade III), and hydroxy
steroid dehydrogenase type I were obtained from Sigma
Chemical Co. Azide (sodium salt), TCA, chloroform, ethanol,
acetone, methanol (scintillation grade), and ammonium
molybdate were obtained from Fisher Scientific Co. (Pitts-
burgh, Pa.). Hydrazine monohydrate (99-100% purity) was
obtained from J. T. Baker Chemical Co. (Phillipsburg, N. J.).

! Abbreviations used in this paper: BSIBF, bile salt inde-
pendent bile flow; BSP, bromosulfophthalein; BW, body
weight; Tm, maximum hepatic excretory capacity.

Hepatic bile salt and bromosulfophthalein (BSP) maximal
transport capacities. Maximal transport capacity for bile
salts was determined as previously described.? Taurocholate
was dissolved at a concentration of 45 mM in 0.9% NaCl
containing 3% albumin and adjusted to pH 7.4 with 1 N NaOH.
Bile salts were measured by using B-steroid dehydrogenase
(18). Bile salt Tm was determined as the mean of the two
highest consecutive values of bile salt secretion obtained
during a steady-state period observed usually between 30 and
60 min after the beginning of the infusion of taurocholate
and is expressed as micromoles per minute per 100 g BW.

Rats were anesthesized with pentobarbital (Nembutal,
4 mg/100 g BW, i.p.; Abbott Laboratories, North Chicago, Ill.),
and bile immediately collected for 30 min during the infusion
of only normal saline (basal period). Taurocholate was infused
immediately after the basal period at a rate of 1.2 wmol/min
per 100 g BW, with a Harvard pump (Harvard Apparatus Co.,
Inc., Millis, Mass.) through a femoral vein catheter (PE-50
polyethylene catheter, Clay Adams, Div. of Becton, Dickinson
& Co., Parsippany, N. ].). Greater infusion rates of taurocholate
decreased both bile flow and bile salt secretion, and failed
to raise Tm.

Bile was collected in preweighed tubes in 10-min periods
for 90 min through a PE-10 polyethylene catheter located
just proximal to the bifurcation of the common bile duct.
During the experiment, animals were keptat 37 = 0.5°C witha
heating lamp, and temperature was monitored with a rectal
thermometer. Bile salt independent bile flow (BSIBF), basal
bile flow, basal bile salt secretion, and bile salt Tm were
determined in controls and 10, 16, 20, and 24 h after the
administration of cycloheximide. In additional experiments,
bile salt Tm was determined 2 d after a single injection of
cycloheximide to determine reversibility of the drug effect.

Immediately after cannulation of the common bile duct, bile
was collected for 30 min while only saline was infused (basal).
To determine BSP Tm, BSP (20 mg/ml dissolved in 0.9%
NaCl) (Hynson, Westcott & Dunning, Inc., Baltimore, Md.)
was infused immediately after this basal period at 0.30
umol/min per 100 g BW through a femoral vein. A simul-
taneous infusion of bile salts to replace those lost by bile
drainage was not performed. Bile was collected in 10-min
periods and BSP was determined by addition of 0.1 N NaOH
to aliquots and read at 580 A wavelength. BSP Tm was
expressed as micromoles per minute per 100 g BW from the
mean of the two highest consecutive values during a steady-
state period of exretion between 30 and 60 min after the
beginning of the infusion. During this steady-state period, no
further increase in BSP excretion was obtained with increased
BSP infusion rates. Blood samples were taken at the end of the
experiments, and the serum concentration of BSP and the
percent conjugation determined. Conjugated and noncon-
jugated BSP were separated by thin-layer chromatography in
silica gel G (New England Nuclear) by using acetone:H,0O:
ammonium hyroxide (82:14:4 vol/vol) (19).

BSIBF determination. BSIBF is that volume of bile which
theoretically is secreted in the absence of bile salt secretion.
BSIBF was determined indirectly for each group of animals
by extrapolating the calculated linear regression of bile flow
(y-axis) vs. bile salt secretion (x-axis) to zero bile salt secretion
(21). Values of slope, y-intercept (BSIBF), and correlation
coefficient were calculated by using all the experimental
values of bile fiow and bile salt excretion obtained for each
group of rats.

Liver surface membranes preparation. Liver surface

2 Simon, F. R., M. C. Gonzalez, E. Sutherland, R. Davis, and
L. Accatino. Reversal of ethinyl estradiol-induced bile se-
cretory failure with Triton WR-1339. Submitted for publication.
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membranes were prepared as previously described (15)
according to the procedure of Neville through step 12 as
described by Pohl et al. (21, 22). Then liver surface
membrane fractions were washed once each with ice-cold
1 mM NaHCO; and 0.15M NaCl to remove sucrose and
loosely bound proteins. Liver surface membrane fractions
were then resuspended in 1 mM NaCHO; and stored at
=70°C for bile acid binding assays.

Enzyme and chemical assay. (Na*-K*)ATPase (ATP phos-
phohydrolase, EC 3.6.1.3) was determined in liver surface
membrane fractions as previously described (23). Total
ATPase was determined at pH 7.4 in a final volume of 2.0
ml and contained in millimolars: ATP, 5.0; Mg**, 5.0; Na*,
120; K*, 12.5; Tris, 125; Cl-, 137.5; azide, 5.0; and EGTA,
1.0. (Na*-K*)ATPase activity was determined by the differ-
ence between total ATPase and the activity inhibited by
1 mM ouabain. Mg**-ATPase (EC 3.6.3.5) was that activity
remaining after ouabain inhibition. Correction was made for
the nonenzymatic breakdown of ATP, measured as inorganic
phosphate. 5’-Nucleotidase activity (EC 3.1.3.5) was meas-
ured by the method of Song and Bodansky (24). Enzyme
activities were determined by the initial rate of release
of phosphorous (25) from appropriate substrates at 37°C and
expressed as micromoles of phosphorous released per milli-
gram of protein per hour. Protein was measured by the
method of Lowry et al. (26), with bovine serum albumin as
a standard.

Bile acid binding. The binding of ["*C]cholic acid (45 mCi/
mmol) to surface membrane fractions was measured in an
incubation medium containing 66 mM sodium phosphate buf-
fer, pH 6.0, and 1.8 mM cholic acid as previously described
(15). After incubating the tissue sample at 4°C for 20 min, the
binding reaction was terminated by vacuum filtration of tripli-
cate 0.05-ml aliquots through glass fiber disks (Whatman grade
GF/C, W&R Balston Ltd., Maidstone, Kent, England). Filters
retaining membrane [“*C]cholic acid complexes were placed
in scintillation vials, digested with 0.3 ml of Protosol (New
England Nuclear) for 12 h, and Toluene-Omnifluor (New Eng-
land Nuclear) containing [98% 2,5-diphenyloxazole and 2%
p-bis-(O-methyl styryl)-benzene] 4 g/liter of Toluene (New
England Nuclear) was added to each vial. Radioactivity of the
samples was determined in a Packard 2425 Tri-carb liquid
scintillation spectrometer (Packard Instrument Co. Inc.,
Downers Grove, Ill.). Quench was determined by automatic
external standardization. Results are reported as disintegra-
tion per minute per milligram protein.

Nonspecific binding of bile acid to membranes was de-
termined after preincubation of the tissue fractions at 37°C for
3 h to denature specific bile acid binding sites. We have pre-
viously shown that this method gives values identical to those
for nonreversible binding after addition of a 200-fold excess of
unlabeled cholic acid to untreated surface membrane fractions
(15). Specific bile acid binding is total binding measured in a
given experimental condition corrected for the nonspecific
value determined under the same condition.

Hepatic morphology. Morphologic studies were obtained
from control and cycloheximide-treated rats. Animals were
anesthesized with light ether anesthesia, the liver was rapidly
removed and washed in ice-cold saline. Small pieces of liver
were fixed in 10% formaldehyde buffer phosphate pH 6.0, and
sections stained with hematoxylin and eosin and with retic-
ulin. Additional liver samples were quickly frozen, sectioned,
and stained for fat with Oil Red O solution.

Tissue for electron microscope examination was obtained
from experimental and control animals within 30 s of death.
The tissues were finely minced, fixed in phosphate-buffered
4% glutaraldehyde, postfixed in phosphate-buffered 2% os-
mium tetroxide, and embedded in epon-Araldite (Ciba-Geigy
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Corp., Ardsley, N. Y.). Ultrathin sections were cut on an LKB
ultramicrotome (LKB Instruments, Inc., Rockville, Md.),
stained with uranyl acetate and lead citrate, and examined
in a JEM 100B electron microscope.

Liver function tests and serum lipids. Serum samples from
fasted control and cycloheximide-treated rats were drawn, and
bilirubin (27), alkaline phosphatase (by using p-nitrophenyl
phosphate buffered with AMP) (28), aspartate aminotransfer-
ase (2.6.1.1) (29), alanine aminotransferase (2.6.1.2) (30), gam-
ma-glutamyl transpeptidase (31), albumin (32), cholesterol
(33), and triglycerides (34) determined in the pediatric micro-
chemistry laboratory of the University of Colorado Medical
Center.

Measurement of protein synthesis. To determine whether
cycloheximide inhibited protein synthesis, L-[U-C]leucine
5 uCi (324 mCi/mmol; Amersham Corp., Arlington Heights,
I1l.) was administered i.p., and incorporation into liver protein
was determined 30 min later. The effect of cycloheximide
(150 ng/100 g BW, i.p.) was examined in sets of three rats
each, 1 and 12 h later and compared with controls (three rats).
After sacrifice, livers were perfused, homogenized in 1 mM
NaHCOj3; and approximately 1.5 mg of protein was precipi-
tated with an equal volume of ice-cold 10% TCA and collected
on glass fiber disks. Samples were serially washed with 5 ml
each of ethanol, ether, acetone, and TCA. The disks were
transferred to scintillation vials, and protein was digested with
Protosol. After 12 h, Toluene-Omnifluor was added to each
vial, and the radioactivity determined as previously described.

Statistics. Regression lines, slopes, and correlation coef-
ficients were determined according to the least squares
method. Student’s t test and analysis of variance were used
for statistical analysis of data (35). P values = 0.05 were con-
sidered significant. Values are expressed as mean+=SEM.

RESULTS

Effect of cycloheximide on body and liver weight.
Animals treated with cycloheximide (193+6 g) were
of comparable size to controls (206+7 g), and the ratio
of liver weight/BW was not significantly different from
control values (3.90.1 vs. 3.8+0.1 mg/100 g, respectively).

Protein synthesis. Although protein synthesis was
93% inhibited at 1 h, it was only 47% reduced at 12 h.
Therefore, a second injection of cycloheximide was
administered between 10 and 12 h later if study periods
>16 h were performed.

Effect of cycloheximide on liver function tests and
serum lipids (Fig. 1). Serum bilirubin, aspartate ami-
notransferase, and gammaglutamyl transpeptidase val-
ues were not changed from control values with
cycloheximide administration (Fig. 1), whereas the
mean values for serum albumin, alanine amino-
transferase, and alkaline phosphatase were significantly
lower than normal. Because inhibitors of protein synthe-
sis are known to alter intestinal lipid absorption
(36-39), serum cholesterol and triglycerides were also
determined. Serum cholesterol was reduced from 52
+3 mg/dl in controls to 34 +10 in treated rats (P < 0.05),
but triglycerides were not significantly changed (90
+15 vs. 80=18 mg/dl, controls vs. cycloheximide,
respectively).

Light and electron microscopy (Figs. 2 and 3). Ex-

M. C. Gonzalez, E. Sutherland, and F. R. Simon
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FIGURE 1 Effect on liver function studies 16 h after cycloheximide administration (150 ug/100 g
BW). Individual control values (O) are shown, and the stippled columns & indicate the mean
+1 SD. Individual cycloheximide determinations are shown by A. NS, not significant.

amination of liver tissue by light microscopy from rats
16 h after cycloheximide appeared unchanged from
controls. There was no evidence of cell necrosis or
accumulation of fat. Minimal changes seen by electron

microscopy were characterized by: loss of bound ribo-
somes, partial disorganization of the parallel arrays of
rough endoplasmic reticulum, and occasional lamel-
lar whorls (Fig. 2). On the other hand, no accumulation

FIGURE 2 (A) The ultrastructural changes observed in liver cells 16 h after cycloheximide ad-
ministration (150 xg/100 g BW). Minimal loss of bound ribosomes, partial disorganization of
rough endoplasmic reticulum (RER) and occasional lamellar whorls are seen (x6,000).
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FIGURE 3 Intact bile canaliculi are seen 16 h after cycloheximide administration (x20,000).

of fat was noted and the bile canaliculi were intact
(Fig. 3).

Effect of cycloheximide on bile salt excretion and
bile flow (Table 1). Cycloheximide significantly re-
duced bile salt Tm to 62% of control values 16 h after
administration. Decreased bile salt Tm was associated
with a significant reduction in both the maximum bile
salt concentration and maximum bile flow. In contrast,

basal bile salt excretion and basal bile flow were not
significantly changed. BSIBF was also not significantly
changed suggesting that cycloheximide may selectively
alter biliary secretory pathways.

To determine whether decreased bile salt Tm is the
result of mechanisms other than inhibition of protein
synthesis, measurements were also examined at a time
when protein synthesis is known to return to normal

TABLE 1
Effect of Cycloheximide on Bile Acid Excretion and Bile Flow

Basal bile acid

Maximal bile acid

Bile acid Tm excretion Basal bile flow concentration Maximal bile flow BSIBF
pumolimin/100 g  umol/min/100 g plimin/100 g pmoliml plimin/100 g plimin/100 g
Controls (9) 1.0+0.05 0.26+0.02 7.4+0.4 82.3+4.9 13.0+0.8 5.2+0.1
Cycloheximide, 16 h (5) 0.6+0.06 0.24+0.02 7.7+0.5 64+6.5 10.6+0.4 6.2+0.6
Percent difference -38 -8 +4 -22 -19 +19
P value <0.001 NS NS <0.05 <0.01 NS

Cycloheximide (150 ug/100 g BW) was administered and biliary secretory function measured as described in
Methods, 16 h later. Values are expressed as mean+SEM. Parentheses represent the number of separate experiments.
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TABLE II

Effect of Cycloheximide on BSP

Tm, Maximal Bile Flow, and BSP

Concentration in Bile and Serum

Maximal BSP Percent conjugated
BSP Tm Maximal bile flow concentration in bile BSP in serum
pmolimin/100 g BW wulimin/100 g BW pmoliml

Controls (3) 0.213+0.003 14.7+0.6 469+28 31+5

(3)
Cycloheximide (4) 0.185+0.003 12.4+0.3 416x17 59+9

(3)
Percent difference -15 -19 -13 +93
P value <0.01 <0.01 0.15 <0.025

BSP Tm was determined as described in Methods, 16 h after cycloheximide administration
(150 ug/100 g BW). Values are expressed as mean+SEM. Parentheses indicate the number

of separate experiments.

(40). 48 h after cycloheximide, reduced bile salt Tm
returned to control values (1.0+0.20 vs. 1.0+0.05
wmol/min per 100 g BW; controls vs. cycloheximide)
suggesting decreased transport results from altered pro-
tein synthesis, rather than generalized cell damage.

Effect of cycloheximide on BSP Tm. To examine
further whether the effect of cycloheximide is selective
on hepatic transport of bile salts, BSP Tm was also
determined. Although the change was not as great as
for bile salt Tm, cycloheximide significantly reduced
BSP Tm to 85% of control values 16 h after administra-
tion (Table II). Reduced BSP Tm was due primarily
to a reduction in maximal bile flow and a modest de-
crease in the maximum concentration of BSP in bile.
Although this decrease was not statistically significant
at 16 h, there was a significant reduction at 24 h
- after cycloheximide (385+17 vs. 469+28 umol/ml,
P < 0.025).

To determine whether BSP was infused at rates satu-
rating the biliary excretory capacity, the percent of con-
jugated BSP in serum was determined 16 h after cyclo-
heximide. Conjugated BSP was significantly greater
in treated rats (59+8) than controls (31+5) (Table II),
thus indicating that the defect in transport was prob-
ably at the level of excretion.

Kinetics of degradation of hepatic transport proc-
esses (Fig. 4). Bile salts and BSP are transported by
different mechanisms through the liver (41). In addi-
tion, BSIBF may in part depend on the hydrolysis of
ATP for active transport of sodium by (Na*-K*)-
ATPase (42, 43). Decreased transport capacities for bile
salts and BSP were measured at various times after
inhibition of protein synthesis (Fig. 4). These changes
appear to follow first order kinetics, permitting approxi-
mation of their half-lives. Bile salt half-life (t,;, = 20 h)
is significantly faster than that observed for BSP
(ty2 = 55 h), consistent with a differential effect on trans-

port which is dependent on the turnover of the specific
pathways. In contrast to its effect on organic anion trans-
port pathways, cycloheximide did not alter BSIBF.

!
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FIGURE 4 Time-course of change in bile salt independent
bile flow, BSP Tm, and bile salt Tm after cycloheximide
administration (150 ug/100 g BW). Biliary secretory function
parameters were measured as described in Methods. Each
point represents the mean+SEM for three to nine different
experiments at each individual point. Cycloheximide (CX)
was administered again when time periods >16 h were
studied. BSIBF did not change from 100%. The best fit linear
function was determined by least-squares regression. BSP Tm
(y = —0.0249 x +100,r = 0.995, P < 0.0025) and bile salt Tm
(y = —0.0251 x +101, r = 0.995, P < 0.0025) half-lives were
estimated to be 55 and 20 h, respectively.
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These heterogeneous changes in hepatocyte transport
mechanisms strongly suggest that the effect of cyclo-
heximide is specific to its effect on protein synthesis
and not a generalized nonspecific decrease in transport
capacity.

Effect of cycloheximide on bile salt binding and liver
surface membrane enzymes (Table I11). The possibil-
ity that decreased bile salt transport is the result of a
reduced number of putative bile acid “carriers” was
examined by measuring the maximum number of bile
acid binding sites in liver surface membrane fractions
isolated from cycloheximide-treated rats. 16 h after
cycloheximide, the maximum number of specific bile
acid binding sites was reduced 32% from control values
(Table III). This effect is apparently not because of
direct inhibition, for addition of cycloheximide in vitro
at concentrations from 0.01 to 1 uM did not alter bind-
ing. Reduction in the number of binding sites is ap-
parently selective, for activities of the liver surface
membrane enzymes (Na*-K+*)ATPase (sinusoidal loca-
tion), Mg** ATPase (canalicular location), and 5'-
nucleotidase (sinusoidal as well as canalicular) were
not significantly changed (Table III).

The inference that reduced bile salt binding sites
may account for the observed decrease in bile salt Tm
was explored further by analysis of the maximum num-
ber of binding sites present 24 h after cycloheximide
administration. At 24 h cycloheximide significantly re-
duced the number of specific bile salt binding sites
(8.2+1.5 nM/mg protein, P < 0.005) as well as bile
salt Tm (0.38+0.03 wmol/min per 100 g BW) com-

pared with controls (P < 0.005) and when tested against
values at 16 h (P < 0.005).

DISCUSSION

In the past few years increasing evidence has accumu-
lated from both eukaryotic (44-47) as well as prokary-
otic systems supporting the role of carriers in the trans-
location of substances across the surface membrane
(48-50). These studies demonstrate that carriers are
symmetrical proteins which span the lipid membrane
bilayer and that maximum rates of transport can be
regulated by the number of carriers, the lipid environ-
ment, and coupled energy (51, 52). Thus, membrane
transport processes may be potentially altered at three
distinct steps.

Carrier-mediated transport is composed of two dis-
tinct steps, recognition (binding) and translocation;
because the demonstration of specific bile acid binding
permits differentiation between these two processes,
it is currently possible to examine directly whether
reduced hepatic transport of bile acids is the result of
changes in the number of putative bile acid carriers.
The use of inhibitors of protein synthesis has under-
scored the importance of proteins in the transport of
sugars (53), amino acids (54-57), and lipids (36-39).
However, in these studies it was assumed that these
pharmacological agents decreased transport through
changes in the number of putative carriers. This study
shows that cycloheximide decreases bile acid transport
and also the number of bile acid receptors, and strongly

TABLE III
Number of Bile Acid Binding Sites and Enzymatic Activity of Liver Surface
Membrane Fractions from Control and Cycloheximide-Treated Rats

Enzyme activity

Specific cholic
acid binding

(Na+—-K+)ATPase

Mg++—ATPase  5'-Nucleotidase

nmollmg protein

Control 32.2+2.8
9

Cycloheximide 21.9+2.5
(8)

Percent difference -32

P value <0.01

umol Pilmg proteinlh

26.5+1.7 53.2%3.5 49.0+3.6
(16) (16) (6)
26.2+0.5 55.0+6.1 56.8+8.7
4) 4 4
-1 +3 +16
NS NS NS

Liver surface membrane fractions were prepared through step 12 of Neville (22)
and enzymatic activities determined as described in Methods. Surface membrane
fractions were incubated with [“C]cholic acid (initial concentration 1.8 mM) in
standard buffer, pH 6.0, for 20 min at 4°C. Specific cholic acid binding was
determined as described in Methods. Values are mean+*SEM. The numbers of
separate experiments are shown in parentheses. Rats were sacrificed 16 h after
cycloheximide administration (150 ug/100 g BW).
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suggests that these proteins are involved in membrane
transport.

The use of pharmacologic inhibitors of protein syn-
thesis (e.g. cycloheximide) for experimental models to
study hepatic transport processes may be difficult to
interpret because of the inherent toxicity of the drugs
employed. The effect of these drugs on hepatic mor-
phology, liver function tests, and bile secretory capacity
was therefore carefully examined. Although by light

microscopy, with a number of stains, the livers of
" treated rats were not different from controls, electron
microscopy demonstrated minimal changes in the
rough endoplasmic reticulum, primarily characterized
by their partial disorganization and formation of whorls.
Similar features have been noted by others (39, 58),
and appear to be related to the ability of cycloheximide
to selectively inhibit nascent peptide synthesis on
membrane-bound polyribosomes (39). Lack of cell ne-
crosis, fat accumulation, and alterations in bile canalic-
uli permit cycloheximide-treated rats to be excellent
models for the study of the molecular steps in bile
acid transport.

Although many agents known to inhibit protein syn-
thesis are known to cause cell damage, these changes
were not apparent after cycloheximide for serum in-
dicators of cellular necrosis (aspartate aminotransfer-
ase, alanine aminotransferase) and cholestasis (alkaline
phosphatase, gammaglutamyl transpeptidase) were not
elevated. The cause of reduced serum albumin, alanine
aminotransferase, and alkaline phosphatase values is
unknown, although impaired synthesis or release into
the serum may account for these small changes (59).

Further evidence against a generalized toxic effect
of cycloheximide on liver function is unaltered basal
bile flow, bile salt excretion, and BSIBF. Similar
observations have been made by others with even
higher doses of cycloheximide (60). Therefore, it is
concluded that during at least 16 h of protein synthesis
inhibition, cycloheximide produces selective changes
in hepatocyte function without causing hepatitis or
cholestasis.

Maximum hepatic bile salt transport capacity was
determined in control and experimental rats by the
infusion of taurocholate at rates above its Tm.
Others have observed that bile flow and bile
acid excretion decreased, presumably as a result
of a high bile acid infusion rate (61). However,
in the present study, there is no evidence of this toxic
effect because bile flow and bile salt excretion did not
decrease during the maximum infusion rate. Thus, we
believe that the reduced Tm value after cycloheximide
administration represents the maximum bile salt trans-
port capacity and may reflect a decreased number of
hypothetical membrane carriers. We propose that this
inhibitory effect of cycloheximide is mediated through

blockade of protein synthesis. The finding that bile
acid Tm and protein synthesis were the same as in
untreated rats 48 h after cycloheximide administration
is consistent with this suggestion.

If cycloheximide inhibition of transport is nonspe-
cific, resulting from blocked synthesis of high-energy
compounds or necessary membrane components re-
quired for transport of all organic anions, the maximum
transport capacities will be equally inhibited. On the
other hand, if one assumes that specific membrane
components mediate active transport of organic anions,
and these components differ for different pathways,
such as bile salt and BSP, the time-course of protein
inhibition should vary for bile acid and BSP transport.
This study demonstrates that the rates of transport
for both bile salts and BSP decreased progressively,
following apparent first order kinetics during the dura-
tion of protein inhibition. This decrease suggests that
existing transport components may be degraded with-
out replacement. The differential rates of inhibition
of transport observed for bile acids and BSP strongly
suggest that the effect of cycloheximide on bile salt
transport cannot be explained by a decrease in intra-
cellular enzymes involved in the production of high-
energy intermediates or membrane lipids possibly
necessary for transport. More likely, the effect is the
result of inhibition in the synthesis of specific mem-
brane transport components that exhibit different turn-
over rates.

Inasmuch as recognition (binding) is the initial step
in membrane translocation of ligands, and it is possible
to measure this step independently of the translocation
process, the maximum number of bile acid binding
sites were determined in liver surface membrane frac-
tions at 16 and 24 h after cycloheximide administration.
The number of [**C]cholic acid binding sites decreased
progressively with time (Fig. 5). This observation that
[**C]cholic acid binding sites and transport capacity for
bile acids are proportionately decreased is in accord
with the inference that bile acid receptors may
represent the putative membrane carriers. )

The reduction of bile acid binding sites after cyclo-
heximide administration is apparently not due to a
generalized toxic effect on membrane proteins, for
membrane enzyme markers of the sinusoidal [(Na*-K*)-
ATPase] as well as the canalicular (Mg**-ATPase)
surfaces were not significantly changed. In particular,
(Nat-K*)ATPase activity, which is believed to in part
regulate BSIBF, was not changed. Although this is
consistent with the lack of significant change in BSIBF,
it was a surprising observation. The estimated t,, of
(Na*-K*)ATPase from other studies was approximately
2.5d, and thus one would expect a reduction of
approximately 15% at 16 h. Because inhibitors of
protein synthesis may decrease degradation rates of
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FIGURE 5 Association between the change in percent of bile
salt Tm (O) and [**C]cholic acid binding (&). Liver surface
membrane fractions were prepared according to Neville (22)
from controls and rats treated 16 and 24 h previously with
cycloheximide as described in Methods. Bile salt Tm and
[**C]cholic acid binding were determined as described in
Methods. Columns represent the percent mean+SEM for the
number of separate experiments indicated. *, significantly
different (P < 0.005) from respective previous experimental
group as determined by analysis of variance.

selective enzymes as well as inhibit protein synthesis
(62), a decreased degradation rate may explain this
result. Failure of cycloheximide to change hepatic ac-
tivities of Mg**-ATPase and 5'-nucleotidase is not
known, but altered degradation rates or slow turnover
rates are possible explanations. Examination of these
alternatives will require measurement of isotopic
decay of purified protein components.

Proteins of the rat liver surface membrane are known
to undergo differential degradation as determined by
chemical and detergent fractionation techniques (63,
64). The turnover of (Na*-K*)ATPase by pharmaco-
logical time-course techniques and NAD glycohydro-
lase (t,;; = 18 d) measured by isotope incorporation
methods are the only surface membrane proteins
examined (22, 65). These observations, in addition to
the present observations of the bile salt receptor, lend
further support to the differential turnover of membrane
proteins.

Although the biochemical basis for heterogeneous
protein turnover is unknown, Berlin and Schimke (66)
have suggested that the levels of rate-limiting proteins
will have a rapid rate of turnover. This would permit
rapid response (either increase or decrease) to changes
in the environment such as substrate or hormonal
levels. That a substrate may alter biliary secretory
capacity has recently been demonstrated after pro-
longed bile acid infusions (67).

692

ACKNOWLEDGMENTS

The authors are grateful to Dr. William Cox for his assistance
in electron microscopy studies, and to Mrs. Janice Jacobson
for expert typing of the manuscript.

This work was supported by a Research Career Develop-
ment Award (AM-00347) to F. R. Simon and National
Institutes of Health Fogarty International Fellowship (F05-
2348) to M. C. Gonzalez. These studies were supported in
part by U. S. Public Health grant AM-15851.

REFERENCES

1. O’Maille, E. R. L., T. G. Richards, and A. H. Short. 1967.
The influence of conjugation of cholic acid on its uptake
and secretion: hepatic extraction of taurocholate and cho-
late in the dog. J. Physiol. (Lond.). 189: 337-350.

2. Glasinovic, J-C., M. Dumont, M. Duval, and S. Erlinger.
1975. Hepatocellular uptake of taurocholate in the dog.
J. Clin. Invest. 55: 419-426.

3. Reichen, J., and G. Paumgartner. 1975. Kinetics of tauro-
cholate uptake by the perfused rat liver. Gastroenterol-
ogy. 68: 132-136.

4. Wheeler, H. O. 1972. Secretion of bile acids by the liver
and their role in the formation of hepatic bile. Arch. In-
tern. Med. 130: 533-541.

5. Paumgartner, G. 1977. Physiology I: Bile acid-dependent
bile flow. In Liver and Bile. L. Bianchi, W. Gerok, and
K. Sickinger, editors. MTP Press Limited, Lancaster,
England. 45-53.

6. Glasinovic, J. C., M. Dumont, M. Duval, and S. Erlinger.
1975. Hepatocellular uptake of bile acids in the dog: evi-
dence for a common carrier mediated transport system.
Gastroenterology. 69: 973-981.

7. Schwarz, L. R., R. Burr, M. Schwent, E. Pfaff, and H.
Grein. 1975. Uptake of taurocholic acid into isolated rat
liver cell. Eur. J. Biochem. 55: 617-623.

8. Dietmaier, A., R. Gowser, J. Graff, and M. Peterlik. 1976.
Investigations on the sodium dependence of bile acid
fluxes in the isolated perfused rat liver. Biochim. Bio-
phys. Acta. 443: 81-91.

9. Reichen, J., and G. Paumgartner. 1976. Uptake of bile acids
by the perfused rat liver. Am. J. Physiol. 231: 734-742.

10. Wheeler, H. O. 1975. Secretion of bile. In Diseases of the
Liver. L. Schiff, editor. J. B. Lippincott Co., Philadelphia.
87-110.

11. Paumgartner, G., K. Sauter, H. P. Schwarz, and R. Herz.
1973. Hepatic excretory transport maximum for free and
conjugated cholate in the rat. In The Liver. Quantitative
Aspects of Structure and Function. G. Paumgartner and
R. Preisig, editors. S. Karger, Basel. 337-343.

12. Bradley, W. B. 1938. The effect of cinchophen and de-
hydrocholic acid in bile secretion. Am. J. Physiol. 123:
20-21.

13. Reinhard, J. G., and D. W. Wilson. 1934. The acid-base
composition of hepatic bile. Am J. Physiol. 167: 378-387.

14. Sperber, I. 1959. Secretion of organic anions in the forma-
tion of urine and bile. Pharmacol. Rev. 11: 109-134.

15. Accatino, L., and F. R. Simon. 1976. Identification and
characterization of a bile acid receptor in isolated liver
surface membranes. J. Clin. Invest. 57: 496-508.

16. Simon, F. R., E. Sutherland, L. Accatino, J. Vial, and D.
Mills. 1977. Studies on drug-induced cholestasis: effect
of ethinyl estradiol on hepatic bile acid receptors and
(Na*-K*)ATPase. In Bile Acid Metabolism in Health and
Disease. G. Paumgartner and A. Stiehl, editors. MTP
Press Ltd., Lancaster, England. 133-143.

17. Hofmann, A. F. 1962. Thin-layer adsorption chromatog-

M. C. Gonzalez, E. Sutherland, and F. R. Simon



18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

raphy of free and conjugated bile acids on silicic acid.
J. Lipid Res. 3: 127-128.

Talalay, P. 1960. Enzymatic analysis of steroid hormones.
Methods Biochem. Anal. 8: 119-143.

Whelan, G., ]. Hoch, and B. Combes. 1970. A direct assess-
ment of the importance of conjugation for biliary trans-
port of sulfobromophthalein sodium. J. Lab. Clin. Med.
75: 542-557.

Wannagat, F-J., R. D. Adler, and R. K. Ockner. 1978. Bile
acid-induced increase in bile acid-independent low and
plasma membrane Na-K ATPase activity in rat liver. J.
Clin. Invest. 61: 297-307.

Pohl, S. L., L. Bimbaumer, and M. Rodbell. 1971. The
glucagon-sensitive adenyl cyclase system in plasma mem-
branes of rat liver. I. Properties. J. Biol. Chem. 246:
1849-1856.

Neville, D. M., Jr. 1968. Isolation of an organ specific
protein antigen from cell surface membrane of rat liver.
Biochim. Biophys. Acta. 154: 540-552.

Simon, F. R., E. Sutherland, and L. Accatino. 1977. Stim-
ulation of hepatic sodium and potassium-activated adeno-
sine triphosphatase activity by phenobarbital. Its possible
role in regulation of bile flow. J. Clin. Invest. 59:
849-861.

Song, C. S., and O. Bodansky. 1967. Subcellular localiza-
tion and properties of 5'-nucleotidase in the rat liver. J.
Biol. Chem. 242: 694-699.

Fiske, C. A., and Y. Subbarow. 1925. The colorimetric
determination of phosphorous.J. Biol. Chem. 66: 375-400.
Lowry, O. H., N. F. Rosebrough, A. L. Farr, and R. L.
Randall. 1951. Protein measurement with the Folin phe-
nol reagent. J. Biol. Chem. 193: 265-275.

Malloy, H. T., and K. A. J. Evelyn. 1937. The determina-
tion of bilirubin with the photoelectric colorimeter. J.
Biol. Chem. 119: 481-490.

McComb, R. B., and G. N. Vower, Jr. 1972. Study of opti-
mum buffer conditions for measuring alkaline phospha-
tase activity in human serum. Clin. Chem. 18: 97-104.
Amador, E., and W. E. C. Wacker. 1962. Serum glutamic-
oxaloacetic transaminase activity. A new modification and
an analytical assessment of current assay technics. Clin.
Chem. 8: 343-350.

Henry, R. J., N. Chiomori, O. J. Golub, and S. Berkman.
1960. Revised spectrophotometric methods for the deter-
mination of glutamic oxaloacetic transaminase, glutamic-
pyruvic transaminase and lactic dehydrogenase. Am. J.
Clin. Pathol. 34: 381-398.

Szasz, G. 1969. A kinetic photometric method for serum
gamma-glutamyl transpeptidase. Clin. Chem. 15: 124-
136.

Kaplan, A., and J. Savory. 1965. Evaluation of a cellulose-
acetate electrophoresis system for serum protein fraction-
ation. Clin. Chem. 11: 937-942.

Abell, L. L., B. B. Levy, B. B. Brodie, and F. E. Kendall.
1952. A simplified method for the estimation of total cho-
lesterol in serum and demonstration of its specificity. J.
Biol. Chem. 195: 357-366.

Bucolo, G., and H. David. 1973. Quantitative determina-
tion of serum triglycerides by the use of enzymes. Clin.
Chem. 19: 476-482.

Snedecor, G. W., and W. G. Cochran. 1967. Statistical
Methods. Iowa State University Press. Ames, Iowa. 6th
edition.

Sabesin, S. M., and K. J. Isselbacher. 1965. Protein syn-
thesis inhibition: mechanism for the production of im-
paired fat absorption. Science (Wash. D. C.). 147:
1149-1151.

Glickman, R. M., K. Kirsch, and K. J. Isselbacher. 1972.

38.

39.

40.

41.

42

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Regulation of Hepatic Transport of Bile Salts

Fat absorption during inhibition of protein synthesis:
studies of lymph chylomicrosis. J. Clin. Invest. 51:
356-363.

Vahouny, G. V., M. Ito, E. M. Blenderman, L. L. Gallo,
and C. R. Treadwell. 1977. Puromycin inhibition of cho-
lesterol absorption in the rat. J. Lipid Res. 18: 745-752.
Glickman, R. M., and K. Kirsch. 1973. Lymph chylomicron
formation during the inhibition of protein synthesis. J.
Clin. Invest. 52: 2910-2920.

Hwang, K. M., L. C. Yang, C. K. Carrico, R. A. Schulz, J. B.
Schenkman, and A. C. Sartorelli. 1974. Production of
membrane whorls in rat liver by some inhibitors of protein
synthesis. J. Cell. Biol. 62: 20-31.

Alpert, S., M. Mosher, A. Shanske, and I. M. Arias. 1969.
Multiplicity of hepatic excretory mechanisms for organic
anions. J. Gen. Physiol. 53: 238-247.

Erlinger, S., D. Dhumeaux, and J. P. Benhamou. 1969.
Effect on bile formation of inhibitors of sodium transport.
Nature (Lond.). 223: 1276-1277.

Boyer, J. L., and G. Klatskin. 1970. Canalicular bile flow
and bile secretory pressure. Evidence for a non-bile salt
dependent fraction in the isolated perfused rat liver.
Gastroenterology. 59: 853-859.

Crane, R. K., P. Malathi, H. Preiser, and P. Fairclough.
1978. Some characteristics of kidney Na*-dependent glu-
cose carrier reconstituted into sonicated liposomes.Am. J.
Physiol. 234: E,-E;.

Kasahara, M., and P. C. Hinkle. 1977. Reconstitution and
purification of the D-glucose transporter from human
erythrocytes. J. Biol. Chem. 252: 7384-7390.

Shanahan, M. F., and M. P. Czech. 1977. Partial purifica-
tion of the D-glucose transport system in rat adipocyte
plasma membranes. J. Biol. Chem. 252: 6554-6561.
Bardin, C., and R. M. Johnstone. 1978. Sodium-dependent
amino acid transport in reconstituted membrane vesicles
from Ehrlich ascites cell plasma membranes. J. Biol.
Chem. 253: 1725-1732.

Fox, L. E., and E. P. Kennedy. 1965. Specific labeling
and partial purification of the M protein, a component
of the B-galactoside transport system of Escherichia coli.
Proc. Natl. Acad. Sci. U. S. A. 54: 891-899.

Lancaster, J. R., Jr., and P. C. Hinkle. 1977. Studies of the
B-galactoside transported in inverted membrane vesicles
of Escherichia coli. J. Biol. Chem. 252: 7657-7661.
Kaback, H. R. 1974. Transport studies in bacterial mem-
brane vesicles. Science (Wash. D. C.). 186: 882-892.
Crane, R. K. 1977. The gradient hypothesis and other
models of carrier-mediated active transport. Rev. Physiol.
Biochem. Pharmocol. 78: 101-159.

Lever, J. E. 1977. Neutral amino acid transport in surface
membrane vesicles isolated from mouse fibroblasts: in-
trinsic and extrinsic models of regulation. J. Supramol.
Struct. 6: 103-124.

Livingston, J. N., and D. H. Lockwood. 1975. Effect of
glucocorticoids on the glucose transport system of isolated
fat cells. J. Biol. Chem. 250: 8353-8360.

Phang, J. M., D. L. Valle, L. Fischer, and A. Granger.
1975. Puromycin effect on amino acid transport: differen-
tial rates of carrier protein turnover. Am. J. Physiol. 228:
23-36.

Yamada, Ch., A. J. Clark, and M. E. Swendseik. 1967.
Actinomycin D effect on amino acid absorption from rat
jejunal loops. Science (Wash. D. C.). 158: 129-130.
Elsas, L.]J.,and L. E. Rosenberg. 1967. Inhibition of amino
acid transport in rat kidney cortex by puromycin. Proc.
Natl. Acad. Sci. U. S. A. 57: 371-378.

. Elsas, L. ]., 1. Albrecht, and L. E. Rosenberg. 1968. Insulin

stimulation of amino acid uptake in rat diaphragm: re-

693



58.

59.

61.

62.

694

lationship to protein synthesis. J. Biol. Chem. 243:
1846-1853.

Verbin, R. S., P. J. Goldblatt, and E. Farber. 1969. The
biochemical pathology of inhibition of protein synthesis
in vivo. Lab. Invest. 20: 529-536.

Glickman, R. M., D. H. Alpers, G. D. Drummy, and K. J.
Isselbacher. 1970. Increased lymph alkaline phosphatase
after fat feeding: effects of medium chain triglycerides
and inhibition of protein synthesis. Biochim. Biophys.
Acta. 201: 226-235. :

. Gumucio, J. J., L. Accatino, A. M. Macho, and A. Con-

treras. 1973. Effect of phenobarbital on the ethinyl
estradiol-induced cholestasis in the rat. Gastroenterology.
65: 651-657.

Kern, F., Jr., H. Eriksson, T. Curstedt, and J. Sjovoll. 1977.
Effect of ethinyl estradiol on biliary excretion of bile
acids, phosphatidylcolines, and cholesterol in the bile
fistula rat. J. Lipid Res. 18: 623-634.

Epstein, D., S. Elias-Bishko, and A. Hershko. 1975. Re-
quirement for protein synthesis in the regulation of

63.

65.

67.

M. C. Gonzalez, E. Sutherland, and F. R. Simon

protein breakdown in cultured hepatoma cells. Biochem-
istry. 14: 5199-5204.

Dehlinger, P. J., and R. T. Schimke. 1971. Size distribu-
tion of membrane proteins of rat liver and their relative
rates of degradation. J. Biol. Chem. 246: 2574-2581.

. Simon, F.R,, 0. O. Blumenfeld, and I. M. Arias. 1970. Two

protein fractions obtained from hepatic plasma mem-
branes. Studies of their composition and differential turn-
over. Biochim. Biophys. Acta. 219: 349-360.

Bock, K. W., P. Siekevitz, and G. E. Palade. 1971. Lo-
calization and turnover studies of membrane nicotin-
amide adenine dinucleotide glycohydrolase in rat liver. J.
Biol. Chem. 246: 188-195.

. Berlin, C. M., and R. T. Schimke. 1965. Influence of turn-

over rates on the responses of enzymes to cortisone. Mol.
Pharmacol. 1: 149-156.

Adler, R. D., F. J. Wannagat, and R. K. Ockner. 1977. Bile
secretion in selective biliary obstruction. Gastroen-
terology. 73: 129-136.



