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CHAPTER 1

GENERAL INTRODUCTION

1.1 MOTIVATION OF THE STUDY

Coronary and peripheral vascular diseases are major health problems in Western
Society. In 1986, 42% of all deaths in The Netherlands were attributable to these
diseases (1). Vascular diseases are mainly caused by atherosclerosis. One of the
important risk factors for coronary heart disease morbidity and mortality is an
elevated serum cholesterol concentration (2). In blood, cholesterol is transported in
lipid-protein complexes, called lipoproteins. These lipoproteins can be divided into
four major classes according to their density: chylomicrons, very low density
lipoproteins (VLDL), low density lipoproteins (LDL) and high density lipoproteins
(HDL). Epidemiological studies have established that LDL cholesterol is the main
contributor to the relationship between serum cholesterol concentration and coronary
heart disease, while HDL cholesterol levels are inversely related to the incidence of
this disease (3,4).

The only quantitatively significant way by which the body can excrete cholesterol is
via the bile, either by excretion of the sterol in unchanged form or after its conversion
into bile acids. The secretion of cholesterol into bile is coupled to the secretion of
bile acids (5). Consequently, remedies which accelarate bile acid synthesis should lead
to enhanced removal of cholesterol, in the form of bile acids and of the steroid itself,
from the body. Such tools can therefore be expected to be effective in lowering serum
cholesterol, and to be valuable for the prevention and/or treatment of atherosclerosis.
The validity of this concept has been proven in studies in which bile acid synthesis in
man was augmented by interruption of the enterohepatic circulation of bile acids,
either by ileal bypass surgery or by treatment with a resin which binds bile acids in
the intestine (such as cholestyramine). As a result, plasma LDL levels dropped, while
HDL levels remained unchanged (6). A large clinical trial with cholestyramine has
shown that this treatment indeed resulted in a reduction of the incidence of coronary
heart disease mortality and non-fatal myocardial infarction (7).

However, the magnitude of the effect of cholestyramine on serum LDL level is
limited (usually in the range of 20-35% reduction (6,8)) and the drug has a poor
patient acceptability. Possible side effects are constipation, heartburn and nausea
and the drug is is unpalatable (6,7,8). More detailed knowledge of the cellular
mechanisms of the regulation of bile acid synthesis might reveal new possibilities for
the development of pharmaca, which accelarate the catabolism of cholesterol to bile
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acids. Therefore, a study of the factors which regulate bile acid synthesis at the
cellular level was undertaken. For this purpose, monolayer cultures of pig hepatocytes
were used.

In the following sections the current knowledge of bile acid formation and its
regulation are briefly reviewed and the progress in the use of isolated hepatocytes to
study this liver function is discussed.

1.2 BILE FORMATION AND LIVER MORPHOLOGY

Bile acids are synthesized exclusively in the liver and secreted together with
cholesterol, phospholipids and electrolytes into bile. The bile is delivered via the
hepatic and common bile ducts into the duodenum. In some species (such as man and
pig but not the rat), bile is stored in the gallbladder interdigestively arnd discharged
into the intestine postprandially. In the intestine, bile acids play a role in the
emulsification and absorption of lipids. The majority of bile acids (93 - 99%) is
reabsorbed from the intestine and subsequently transported to the liver via the portal
vein (9). The cyclical movement of bile acids from liver to intestine and back is
termed the enterohepatic circulation.

The liver is composed of polygohal lobuli (10), with at the corners portal canals
consisting of small branches of the portal vein, the hepatic artery and the bile duct
(fig. 1). In a lobule, the parenchymal liver cells (the main liver cell type, also denoted
as hepatocytes) are arranged in plates which are disposed radially to the terminal
branches of the hepatic vein. These plates are interconnected and form a three
dimensional network. On either side of the plates, blood is flowing through sinusoids
from the portal canal to the central vein (the terminal branch of the hepatic; vein).
The wall of these sinusoids consists of fenestrated endothelium. In these sinusoids
are located Kupffer cells, which belong to the mononuclear phagocyte system, while
fatstoring cells are found in the spaces between the sinusoids and the parenchymal
cells (the perisinusoidal spaces).

Bile acids are synthesized in the parenchymal cells, and are secreted into bile
canaliculi which run between each adjacent pair of hepatocytes. These canaliculi are
formed by the membranes of the adjacent parenchymal cells and are sealed off from
the sinusoidal blood by tight junctibns. They form a network around the parenchymal
cells and are connected, via bile ductules and bile ducts, to the hepatic duct.
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Fig. 1. Diagrammatic representation of the radial disposition of the parenchymal cell plates and sinusoids
around the central vein, showing the centripetal blood flow from the branches of the portal vein and
hepatic artery to the central vein and the centrifugal flow of bile to the small bile duct (from ref. 10).

1.3 THE BIOSYNTHESIS OF BILE ACIDS

The reaction sequence.

Bile acids are formed by a sequence of metabolic reactions in the liver parenchymal
cells from cholesterol. The main pathway for bile acid synthesis in the rat was
established by the late 1960’s (11) and is depicted in fig. 2. The numbering of the
carbon atoms in cholesterol and other steroids is shown in fig. 3. Experimental work
in humans in vivo and with preparations from human liver has shown that pathways
of bile acid synthesis in man are qualitatively similar to those in rat.

The first step in bile acid formation is the 7a-hydroxylation of cholesterol, which is
catalyzed by the enzyme cholesterol 7a-hydroxylase. This enzyme is located in the
endoplasmatic reticulum (12). The product of this reaction, 5-cholestene-38,7a diol
(7a-hydroxycholesterol), is converted to 7a-hydroxy-4-cholestene-3-one. Cytosolic
oxido-reductases saturate the A4-double bond and the 3-oxo group is reduced into a
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Fig, 2. Major pathways for biosynthesis of primary bile acids, I, cholesterol; II, 5-cholestene-38,7a-diol;
I, 7a-hydroxy-4-cholesten-3-one; IV, 58-cholestane-3a, 7a-diol; V, 7a,12a-dihydroxy-4-cholesten-3-one;
VI, 58-cholestane-3a,7a,12a-triol; VII, 58-cholestane-3a,7a,12c,26-tetrol; VIII, 58-cholestane-3a,7a,26-
triol; IX, 3a,7c,12a-trihydroxy-58-cholestan-26-al; X, 3a,7a-dihydroxy-58-cholestan-26-al; X1, 3a,7c,120-
trihydroxy-58-cholestanoic acid; XII, 3a,7a-dihydroxy-58-cholestanoic acid; XIII, 3a,7c,12cr,24€-
tetrahydroxy-58-cholestanoic acid; XIV, 3a,7a,24 ¢-trihydroxy-58-cholestanoic acid; XV, cholic acid; X VI,
chenodeoxycholic acid (from ref. 18).
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3a-hydroxyl group. In human liver are synthesized the bile acids chenodeoxycholic
acid and cholic acid. The latter contains a 12e-hydroxyl group which can be intro-
duced in both 7a-hydroxy-4-cholestene-3-one and 5s-cholestane-3a,7a-diol (fig. 2). Side
chain cleavage starts with 26-hydroxylation, which occurs in the mitochondria. The 26-
hydroxylated products are oxidized to the corresponding acids and the side chain is
degraded by a g-oxidation process, which mainly takes place in the peroxisomes (13-
16). This results in the formation of bile acids with 24 C-atoms and in the elimination
of propionic acid. Detailed descriptions of all these reactions can be found in recent
reviews (17,18).

Fig. 3. The numbering of the carbon atoms of cholesterol.

An alternative mechanism for side chain degradation has been proposed by Shefer
et al (19), involving 25-hydroxylation and elimination of acetone instead of
propionate. Recent investigations on the production of radioactive acetone from [26-
“C]cholesterol both in rat and man have, however, led to the conclusion that this
pathway accounts for no more than 5% of total bile acid synthesis (20,21).
Furthermore, an alternative pathway has been described involving initial 26-
hydroxylation instead of 7a-hydroxylation (22,23). Labelled 26-hydroxycholesterol can
indeed be converted into bile acids in rat (24), hamster (24), rabbit (25) and man (26-
28), but the relative importance of this pathway has not been definitely established.
Based on comparison of the conversion of radiolabelled 26-hydroxy- and 7e-
hydroxycholesterol to bile acids (27,28), it is generally thought that it plays under
normal conditions only a minor role.



A number of mammalian species synthesize bile acids not found in man. In rat and
mouse, o- and g-muricholic acids are formed by 6s-hydroxylation of chenodeoxycholic
acid (18). The pig synthesizes hyocholic acid (3a,6a,7a-trihydroxy-5g-cholanoic acid)
by 6a-hydroxylation of chenodeoxycholic acid. (29,30).

Prior to their secretion into bile, the carboxyl group of the bile acids is conjugated
with either glycine or taurine. Additional forms of bile acid conjugation are sulfation
(of the hydroxylgroups) (31) and glucuronidation (of the hydroxylgroups and possibly
also of the carboxylgroup (32,33)). These conjugation reactions are of minor
importance under non-pathological conditions.

The bile acids which are synthesized in the liver are termed primary bile acids. By the
action of intestinal bacteria, secondary bile acids are formed from the primary ones.
The major bacterial transformation yielding secondary bile acids is 7a-dehydroxylation,
which gives deoxycholic acid from cholic acid and lithocholic acid from chenodeoxy-
cholic acid. Besides, bile acids are in part deconjugated by intestinal bacteria.

The enzyme cholesterol 7a-hydroxylase.

Cholesterol 7a-hydroxylase is considered to be the main site of regulation of bile acid
synthesis (see paragraph 1.4). This enzyme belongs to the cytochrome P-450 super-
family and is a mixed function monooxygenase (34). These enzymes catalyze oxidative
reactions in which one atom of a molecule of O, is introduced into the substrate, the
other atom being reduced to water (35). Cholesterol 7a-hydroxylase uses NADPH as
electron donor; the electrons are transferred to the cytochrome P-450 by NADPH-
cytochrome P-450 reductase (34). The enzyme has been purified to near homogeneity
(36,37). The apparent molecular weight upon polyacrylamide gel electrophoresis was
reported to be 52-53 kD. Purification of the enzyme was, however, hampered by
considerable loss of activity (36). During the time the study described in this thesis
was performed, no antibodies against cholesterol 7a-hydroxylase were available, so
that the enzyme could only be measured by activity determinations. Likewise, no
DNA coding for the enzyme was cloned. Only very recently, a specific polyclonal
antibody against rat cholesterol 7a-hydroxylase has been obtained (38). By the use of
this antibody preparation, a cDNA clone encoding for the enzyme was isolated from
a cDNA library prepared from liver poly (A*)RNA of cholestyramine-treated rats
(38). The isolated clone contained a 1509 base pairs open reading frame encoding for
503 amino acid residues (Mr = 56880). The low similarity of the amino acid
sequence, as deduced from the nucleotide sequence, to other P-450’s, indicates that
the enzyme constitues a novel cytochrome P-450 family.

The substrate for bile acid synthesis.
The possible sources of substrate for bile acid synthesis include cholesterol which is
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newly synthesized in the hepatocyte, and pre-existing cholesterol delivered by
lipoproteins to the hepatocyte. Based on experiments with radioactive precursors and
inhibitors of cholesterol synthesis, it was concluded that in rats with a bile fistula 50
to 70% of the bile acids are formed from de novo synthesized cholesterol (39,40).
However, this is probably not the case in animals with an intact enterohepatic
circulation, since shortly after creation of a bile-fistula, the greater part of bile acids
originates from pre-existing cholesterol (41,42). Moreover, the opposite acinar
localization of the rate-limiting enzyme of cholesterol synthesis, HMG-CoA reductase
(periportal) (43) and the first enzyme in the bile acid synthesis pathway, cholesterol
Ta-hydroxylase (perivenous) (44) in rats with an intact enterohepatic circulation,
probably restricts direct linkage between the two processes to a small zone of the
acinus.

Although, in man at least, acceleration of bile acid synthesis leads to a lowering of
plasma LDL cholesterol level (as described above), the nature of the coupling
between lipoprotein uptake by the liver and bile acid synthesis is as yet unresolved.
Studies in which human (45,46) and rat (47) LDL was labelled in the cholesterol ester
moiety, have revealed that in the rat uptake of LDL is not efficiently coupled to bile
acid secretion. Excretion of the label into bile was slow as compared to hepatic
uptake. However, induction of LDL receptors on the parenchymal cells by administra-
tion of ethinyl-oestradiol, led to an accelerated appearance of radioactivity in biliary
bile acids (45,46). Likewise, studies in man suggested that lipoprotein cholesterol
esters make only a small contribution to bile acid synthesis (48,49). Studies on the
fate of labelled unesterified cholesterol in lipoproteins were hampered by rapid
exchange of the unesterified cholesterol between lipoprotein classes and membrane
surfaces, but suggested that in both man and rat HDL unesterified cholesterol may
be used preferentially to LDL unesterified cholesterol for the formation of bile acids
(50,51).

14 THE REGULATION OF BILE ACID SYNTHESIS

Feedback regulation,

The synthesis of bile acids is in some way inhibited as a consequence of the
enterohepatic circulation of bile acids. In the 1950’s it was already recognized that in
rats diversion of bile via a bile fistula leads to a marked stimulation of 'the rate of
bile acid synthesis (34). Reported increases vary from 2 to 13 times (17,52-54). From
experiments showing that bile acid synthesis in bile-diverted rats could be restored to
a normal rate by intraduodenal (52) and intravenous (55) infusions of taurocholate,
it was concluded that the bile acids returning to the liver are responsible for the
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inhibition in animals with intact enterohepatic circulation.

By three different approaches it was shown that the 7a-hydroxylation of cholesterol

is the major site of feedback regulation:

a. Biliary drainage and cholestyramine treatment were found to stimulate cholesterol
To-hydroxylase activity 5 to 8 fold, while the activities of enzymes catalyzing
subsequent steps in bile acid formation were either much less or completely not
affected (56,57).

b. Incorporation of radiolabelled mevalonate and cholesterol, but not of 7a-hydroxy-
cholesterol, into bile acids was increased in perfused livers of cholestyramine
treated rabbits, as compared with untreated rabbits (58).

c. Conversion of radiolabelled mevalonate and cholesterol, but not of 7a-hydroxy-
cholesterol, into bile acids in bile-diverted rats, was inhibited by intraduodenal
infusions of taurocholate (59).

It was concluded that no steps beyond the 7a-hydroxylation of cholesterol are subject
to feedback inhibition by bile acids. These experiments do, however, leave open the
possibility that HMG-CoA reductase, which is also inhibited by bile acids (17,60) may
be a secondary regulation site of bile acid synthesis. However, the different acinar
localization of HMG-CoA reductase and cholesterol 7a-hydroxylase, as mentioned
above, seems to exclude that bile acids regulate bile acid synthesis mainly by
modulation of HMG-CoA reductase activity.

In man too, bile acid synthesis is thought to be regulated by a feedback suppression

(61,62), which is exerted on cholesterol 7a-hydroxylase (63).

The concept of feedback control of bile acid synthesis by bile acids returning to the

liver via the portal vein was generally accepted, until it was reported by three

different research groups that bile acids, in concentrations even exceeding those found
in portal blood, failed to inhibit bile acid synthesis in rat hepatocytes in suspension

(64) and monolayer culture (65,66). This prompted sevaral research groups to re-

evaluate the effects of intravenous and intraduodenal bile acid infusions on bile acid

synthesis in bile-diverted rats. These experiments were for the greater part performed
with taurocholic acid and are summarized in table 1. The results are quite puzzling.

Some authors reported suppression of bile acid synthesis upon intraduodenal or

intravenous taurocholate infusions, while others found no effect. The reasons for these

discrepancies are not clear. Negative results cannot be explained by too low bile acid
infusion rates, since absence of inhibition was also observed in experiments with
infusion rates which were within the range of physiological bile acid fluxes over the

liver. The differences in results may be related to the fact that it is technically difficult
to measure endogenous bile acid synthesis in the presence of an infusion of
exogenous bile acids. In such experiments endogenous bile acid synthesis may account
for only 3 - 20% of the total biliary bile acid output (67-69). Furthermore, bile acids
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Table 1. Effect of intravenous and intraduodenal bile acid infusions on bile acid synthesis in the rat.

first author infusion infused bile acid inhibition

rate

(pmol/kg/h)

intraduodenal infusions
Shefer (52) 180 taurocholic acid +
Shefer (59) 210-260 taurocholic acid +
Davis (67) 200 taurocholic acid -
Spady (68) 100-300 taurocholic acid +
Stange (69) 1-300 taurocholic acid -
Stange (70) 1-300 taurocholic acid -
100 taurochenodeoxycholic acid -
15-50 (tauro)deoxycholic acid +

intravenous infusions

Pries (55) 30-100 taurocholic acid +
Davis (67) 110-250 taurocholic acid -
Duane (71) 100 taurocholic acid -
Spady (68) 100-300 taurocholic acid +
Heuman (72) 240-360 taurocholic acid +
Stange (69) 0-300 taurocholic acid -
physiological

bile acid flux 250-480

over liver (53,72,74)

infused into another vein than the portal vein, may have, because of dilution in the
circulation, less pronounced effects on the liver than bile acids reaching the liver only
via the portal vein. This possible explanation is supported by a report on the effect
of construction of a porto-caval anastomosis. This treatment resulted in an increase
of cholesterol 7a-hydroxylase activity (75). Finally, it has been suggested that the
actual regulators of bile acid synthesis are not the primary bile acids (such as
taurocholic acid), but secondary bile acids. Recently, Stange et al (70) reported that
in the rat intraduodenal infusion of deoxycholic and taurodeoxycholic acids, even at
low rates (15 - 50 pmol/kg/h), significantly inhibited bile acid synthesis, while
infusion of taurocholic acid had no effect in his experiments. Furthermore, Hall et al
(73) found that in the rabbit, oral administration of cholic or deoxycholic acids failed
to down-regulate bile acid synthesis, while intravenous injection of lithocholic or 38-
hydroxy-5-cholenoic acids led to lower endogenous bile acid synthesis.

Thus, although there is no doubt that diversion of bile components by bile duct
canulation or administration of cholestyramine results in increased bile acig synthesis,
it is presently a matter of discussion whether the inhibition with intact enterohepatic
circulation is exerted by a direct effect of bile acids on the liver or whether this
inhibitory effect is mediated by other factors.



Besides a dispute on the mechanism of feedback inhibition, quite different hypotheses
are found in the literature with regard to the relative effectiveness of bile acids in
regulating bile acid synthesis. It has been suggested that secondary bile acids are the
actual regulators (as mentioned above). Moreover, it has been stated that the
hydrophobicity of bile acids is determining their inhibitory potential (72,76). This
hypothesis was supported by data showing that oral administration of bile acids which
are relatively hydrophobic, as defined by their mobility in reverse phase high-
performance liquid chromatography (cholic, chenodexoycholic and deoxycholic acids),
resulted in an inhibition of cholesterol 7a-hydroxylase in rats, while the enzyme was
not suppressed upon administration of more hydrophilic bile acids (ursocholic,
ursodeoxycholic, hyocholic and hyodeoxycholic acids) (76).

Diurnal variation of bile acid synthesis.

In the rat, the rate of bile acid synthesis and the activity of cholesterol 7a-hydroxylase
varies diurnally, reaching a maximum during the night and falling to a minimum
during the day (34). In man, bile acid synthesis does not peak during the night but
during the day (9 a.m.), probably related to an opposite waking and feeding pattern
in man as compared to the rat (77). The diurnal variation persists after bile diversion
or cholestyramine administration in the rat (78), and after oral bile acid administra-
tion in man (79) and thus seems to be regulated independently from feedback
suppression. It has been proposed that the diurnal rhythm of bile acid synthesis is
regulated by glucocorticoids, since the observed variation follows the circadian pattern
of plasma corticosterone levels in the rat (34). Three authors have indeed reported
(partial or total) loss of the diurnal rhythm of cholesterol 7a-hydroxylase activity in
rats after bilateral adrenalectomy (34) but this could not be confirmed by other
investigators measuring bile acid synthesis in adrenalectomized rats with a bile fistula
(80,81).

Regulation by hormones.

Insight into the role of the endocrinological system in the regulation of bile acid
synthesis is limited. As mentioned above, there is some evidence suggesting that
glucocorticoids may play a role in the regulation of the diurnal rhythm of cholesterol
Ta-hydroxylase. Administration of corticosteroids to rats did indeed lead to a rise of
cholesterol 7a-hydroxylase activity (34,81). Recently, Princen et al (82) demonstrated
that glucocorticoids stimulate bile acid synthesis and cholesterol 7a-hydroxylase
acitivity in cultured rat hepatocytes. Furthermore, it has been suggested that these
hormones may play a role in the postnatal development of bile acid synthesis.
Cholesterol 7a-hydroxylase activity is low in suckling rats. It increases after weaning
and the diurnal variation is established in this period. This developmental pattern
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coincides with the postnatal development of a diurnal rhythm in glucocorticoid
secretion (83).

It has been reported that thyroxine administration stimulates cholesterol 7o-
hydroxylase in rats (34). However, the rate of bile acid synthesis is normal in
hypothyroid (84,85) and even diminished in hyperthyroid humans (86). The activity
of cholesterol 7a-kydroxylase was found to be increased in diabetic rats and humans
and to be returned to normal upon insulin administration (87,88). Conversely,
glucagon administration resulted in a higher rate of bile acid synthesis in rats (89) and
this hormone slightly stimulated bile acid synthesis in suspensions of rat hepatocytes
(90). Pharmacological doses of ethinyl-oestradiol were found to inhibit bile acid
synthesis and cholesterol 7a-hydroxylase activity in rats (91), but this hormone had no
direct effect on bile acid synthesis in cultured fat hepatocytes (82).

Regulation by substrate availability.

There is some evidence that delivery of lipoprotein cholesterol to the liver can induce
bile acid synthesis. Supplementation of cholesterol to the diet has been found to
stimulate bile acid synthesis (34) and cholesterol 7a-hydroxylase activity (78, 92) in
the rat. Furthermore, bile acid synthesis in cultured rat hepatocytes was reported to
be susceptible to supply of lipoprotein cholesterol. This is discussed more extensively
in paragraph 1.5. The effect of dietary cholesterol on bile acid synthesis in man is not
yet conclusively determined. Both stimulation (93) and absence of effect (34,94) have
been reported.

De novo synthesis of cholesterol may also influence bile acid synthesis in the rat.
Inhibition of cholesterol synthesis leads to reduced bile acid synthesis (40,67) and
cholesterol 7a-hydroxylase activity (95). Conversely, infusion of mevalonic acid
stimulates cholesterol 7a-hydroxylase activity (96). Similar results were obtained in
experiments using rat hepatocytes in suspension and monolayer culture (see paragraph
1.5). .

The idea of regulation of bile acid synthesis by cholesterol supply is an attractive one
from the viewpoint that the hepatocyte controls cholesterol homeostasis in the body,
but at present the insight in its mechanism and physiological significance is limited.

Molecular basis of the regulation of cholesterol 7a-hydroxylase activity.

Since the increase of activity of cholesterol 7a-hydroxylase after interruption of the
enterohepatic circulation and during the dark period could be prevented by
actinomycin D (34,97), it is thought that these changes are mediated by regulation of
synthesis of the enzyme. Due to the fact that specific antibodies against the enzyme
were not available until very recently, this idea has not been investigated by enzyme
protein determinations. Very recently, it was shown by the use of an antibody directed

11



against another cytochrome P-450 species, but cross-reacting with cholesterol 7a-
hydroxylase, that cholestyramine treatment of rats resulted in the induction of a 54
kD protein in liver microsomes (98). On the basis of the molecular weight of the
induced protein, it was concluded that feedback regulation indeed involves
modulation of the amount of cholesterol 7o-hydroxylase protein.

Quite another mechanism of feedback regulation was proposed by Davis et al (99)
to account for the absence of a direct effect of infused taurocholate on bile acid
synthesis in bile-diverted rats in their experiments. They suggested that bile acids
regulate bile acid synthesis by modulation of availability of substrate for cholesterol
Ta-hydroxylase. They reasoned as follows: since bile acids are required for intestinal
cholesterol absorption, their presence in the intestine promotes production of
chylomicrons, which in turn inhibit HMG-CoA reductase activity in the liver. This
leads to a shortage of newly synthesized cholesterol, which is the preferred substrate
for bile acid synthesis. This idea was substantiated by the observation of a significant
correlation between liver microsomal unesterified cholesterol concentrations and
cholesterol 7a-hydroxylase activities in control and bile-diverted rats (99). However,
these observations could not be confirmed by Einarsson et al (100), who found no
changes in microsomal cholesterol concentrations upon bile diversion. Moreover,
Bjorkhem et al (101) reported that the increase of cholesterol 7a-hydroxylase activity
after biliary drainage was not affected by infusion of cholesterol-enriched Intralipid,
which depressed HMG-CoA reductase activity. Apparently, upregulation of bile acid
synthesis after bile diversion is not simply a consequence of increased supply of newly
synthesized cholesterol to cholesterol 7a-hydroxylase, but rather mediated by induction
of the amount of cholesterol 7e-hydroxylase protein.

A similar dispute is found in the literature with regard to the mechanism by which
lipoprotein cholesterol modulates bile acid synthesis. Some authors feel that this
tegulation is a consequence of differences in supply of substrate to cholesterol 7a-
hydroxylase (78,102,103) while others argue that modulation of the amount of enzyme
plays a role (92,101).

As a third mechanism it has been proposed that modulation of cholesterol 7a-
hydroxylase activity can be brought about by physico-chemical changes in the
‘membrane in which the enzyme is embedded. Such a mechanism was suggested to
play a role in the non-competitive inhibition of cholesterol 7a-hydroxylase activity by
ethinyl oestradiol (91).

Finally, there is some evidence from studies with microsomal preparations and
partially purified enzyme preparations that the activity of cholesterol 7a-hydroxylase
can be modulated by alterations in its phosphorylation state (104-106). Other
investigators could, however, not confirm these observations (107-109) and it is not
known whether this mechanism plays any role in the intact parenchymal cell.
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1.5 THE USE OF ISOLATED HEPATOCYTES FOR THE STUDY OF BILE ACID
SYNTHESIS

Since 1969, when Berry and Friend (110) published a method for the isolation of rat
liver parenchymal cells in high yield, many hepatocyte functions have been studied
in isolated hepatocyte preparations. For the study of bile acid synthesis such an in
vitro system has potentially several advantages. Firstly, bile acid production by the
hepatocytes can be determined directly, which is difficult in vivo, due to interference
of bile acids from the enterohepatic circulation. Secondly, the direct effects of
regulatory agents on the parenchymal cell can be examined in isolation from the
influences of other cells or factors. Thirdly, many experiments can be performed with
cells from one animal, avoiding interfering interindividual differences. A disadvantage
is the loss of tissue architecture which forms in the case of hepatocytes the basis for
the segregation of the biliary and the sinusoidal compartments.

In 1979, Botham et al (111) began a study of cholesterol 7a-hydroxylase act1v1ty in
isolated rat hepatocytes in suspension culture. The results were not encouraging:
although activity of the enzyme in freshly isolated hepatocytes was comparable with
that in liver microsomes, it decreased to 50% of its original value within 2 hours of
incubation.

Subsequently, a number of research groups (112,113), including our own (114),
determined bile acid synthesis in suspensions of rat hepatocytes and found that
production rates during the first 1 to 3 hours were within the range of those in vivo
in the rat, but declined rapidly afterwards. However, changes induced by in vivo
manipulations of bile acid synthesis were retained in the isolated hepatocytes. Thus,
interruption of the enterohepatic circulation in the donor rats resulted in higher bile
acid production in the suspension cultures (64,112-115) and production rates in
hepatocytes isolated at different points in the diurnal cycle varied according to the
circadian variation in vivo (64,113,115).

Kempen et al (116) showed that in hepatocytes, isolated from cholestyramine treated
rats, bile acids were mainly synthesized from pre-existing cholesterol during the first
bour of incubation, while during the second and third hour of incubation newly
synthesized cholesterol became a quantitatively significant substrate.

Bile acid synthesis and cholesterol 7a-hydroxylase activity in these short-term
hepatocyte suspensions were not affected by addition of bile acids to the incubation
medium (64,111). On the other hand, bile acid synthesis was found to be slightly
stimulated by dibutyryl cAMP (117,118). In response to glucagon, intracellular cAMP
level increased and this rise correlated significantly with the increase in bile acid
synthesis (90). Therefore, it was suggested that cAMP might act as a second
messenger in the stimulation of bile acid synthesis by glucagon.

13



Since parenchymal liver cells in suspension are short-lived, this experimental system
can be only used for study of rapid regulatory phenomena. To investigate long-term
regulatory mechanisms, such as those resulting in changes of transcription or
translation rate, monolayer cultures in which hepatocytes can be maintained for
several days, are theoretically more suitable. Unfortunately, published rates of bile
acid synthesis in hepatocytes isolated from untreated rats (65,119,120), and cultured
in serum-free media, appeared to account for only 3 to 8% of the in vivo bile acid
synthesis rates in the rat (see chapter 4, table IV). Hepatocytes isolated from
cholestyramine treated rats synthesized, in monolayer culture, bile acids at 3 to 10
fold higher rates (65,120,121). Cholesterol 7a-hydroxylase acitvities in microsomes
isolated from these cultured parenchymal cells (121) were, however, reported to be
about 50 times lower than the activity of the enzyme in microsomes directly prepared
from livers of cholestyramine treated rats (122). Thus under the applied culture
conditions, rat hepatocytes apparently lose a great part of their original capacity to
synthesize bile acids. Probably, this phenomenon has to do with the cytochrome P-
450 nature of cholesterol 7a-hydroxylase. Loss of individual and total cytochrome P-
450 activities is a well known problem in the use of cultured hepatocytes for the study
of cytochrome P-450 enzymes (123).

Two research groups reported that bile acid synthesis in their rat hepatocyte culture
systems was not suppressed by exogenous bile acids (65,66), thereby casting doubt
upon the concept of feedback inhibition of bile acid synthesis. On the other hand, bile
acid synthesis in cultured rat hepatocytes was found to be susceptible to supply of
lipoprotein cholesterol and manipulation of de novo cholesterol synthesis.
Stimulation was observed after addition of mevalonic acid (119, 124), a lipoprotein
fraction from cholesterol fed rats containing VLDL and chylomicron remnants (119),
apo E rich HDL (125) and HDL2 (126). Administration of an inhibitor of HMG-
CoA reductase led to decreased bile acid synthesis (65,119).

Recently, Princen et al (82) showed that bile acid synthesis in cultured rat hepatocytes
was induced by glucocorticoids. These hormones specifically stimulated cholesterol
Ta-hydroxylase activity in the cells. Furthermore, Princen et al initiated the use of rat
hepatocyte cultures for investigation of the effects of clinically used drugs on bile acid
synthesis; bile acid synthesis in cultured rat hepatocytes was found to be inhibited by
the antimycoticum ketoconazole (127).

1.6 INTENT OF THIS STUDY

The current knowledge of the regulation of bile acid synthesis, as summarized in the
previous paragraphs, points to bile acids, hormones and supply of cholesterol (either
by lipoproteins or by de novo synthesis in the hepatocyte) as possible factors

L}
14



regulating bile acid synthesis. However, the present insights in the regulation by
hormones and cholesterol supply are limited and with regard to feedback regulation
a lot of conflicting data and hypotheses are found in the literature. It is particularly
unclear which of these-factors affect bile acid synthesis by a direct attack on,the liver
parenchymal cells. Therefore, in 1980, in the Gaubius Institute a research programme
was initiated aimed to investigate at the cellular level which factors are able to
modulate bile acid synthesis directly. For that purpose, suspension and monolayer
cultures of liver parenchymal cells were used. When such regulation factors have been
identified, the availability of in vitro systems may make it possible to investigate
subsequently the molecular mechanisms of the regulation processes. Ultimately, the
in vitro sytems can be used for the development and screening of agents which mimic
the effects of stimulatory or antagonize the effects of inhibitory factors. Such agents
may have the potential of lowering serum cholesterol.

In the study presented in this thesis, as an alternative for rat hepatocytes, the

suitability of cultured pig hepatocytes for investigating the regulation of bile acid

synthesis was examined. Particularly, for the study of the link between lipoprotein
metabolism and bile acid synthesis, pig hepatocytes might offer a model which
properties correspond better with those of the human system than rat hepatocytes do.

Firstly, as in man, the plasma LDL level in swine decreases after treatment with

cholestyramine (128). This does not occur in the rat (129). Moreover, both in pig and

man LDL is a major lipoprotein species, while it is only present in a low amount in
the rat (130). Thirdly, hepatocytes from neonatal pigs in monolayer culture, have been

shown to express receptor mediated LDL uptake and degradation (131,132)

comparable with that observed in cultured human hepatocytes (133-135).

The work described in this thesis was concentrated on the following subjects:

1. The development of a in vitro system of cultured pig hepatocytes, suitable for the
study of regulation of bile acid synthesis and cholesterol 7a-hydroxylase. Attention
had to be paid to the maintenance of the activity of cholesterol 7a-hydroxylase
under the in vitro conditions, since published data pointed to a rapid loss of
activity of this enzyme in cultured hepatocytes.

2. The establishment of sensitive methods for the determination of the mass of bile
acids produced by cultured hepatocytes and for the measurement of the activity
of cholesterol 7a-hydroxylase in cultured hepatocytes.

3. The study of feedback regulation of bile acid synthesis in the cultured hepato-
cytes. Particulary, the following questions were studied: Do bile acids have a
suppressive effect on bile acid synthesis in cultured pig hepatocytes? If yes, which
is the site of inhibition? Are there any differences in the relative effectiveness of
bile acids in regulating bile acid synthesis and can a relation be found between
bile acid structure and the efficacy of inhibition?
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CHAPTER 2

RESULTS AND CONCLUSIONS

RESULTS

In this chapter, the results of and conclusions from the study are presented. The
complete experimental work with all details is described in the chapters 3 - 8.

Development of a method to to determine cholesterol 7a-hydroxylase activity in
homogenates of cultured hepatocytes.

For the determination of cholesterol 7a-hydroxylase activity in microsomal prepara-
tions of cultured hepatocytes, large amounts of cells (40 - 70 million) are needed (1).
A method to determine the activity of this enzyme in homogenates of cultured
hepatocytes, without subcellular fractionation, would allow determinations in smaller
amounts of cells and therefore facilitate studies on the regulation of this enzyme in
cultured hepatocytes. For this reason, an assay method was developped, initially for
rat hepatocytes, based on the measurement of the amount of radioactive cholesterol
converted into 7a-hydroxycholesterol by hepatocyte homogenates, in the presence of
a NADPH-regenerating system (chapter 3). Blank values were determined in parallel
incubations without the NADPH-regenerating system. The reaction products were
separated from cholesterol by thin-layer chromatography. Two products were formed
NADPH-dependently, 7a-hydroxycholesterol and 26-hydroxycholesterol. Furthermore,
cholesterol was oxidized NADPH-independently to 25-hydroxycholesterol, 7-keto-
cholesterol, 7g-hydroxycholesterol, 38,5a,6-trihydroxycholestane and a small amount
of 7a-hydroxycholesterol. No further conversion of the formed 7a-hydroxycholesterol
was noticed under the experimental conditions. Optimal assay conditions were
established for rat (chapter 3) and subsequently for pig hepatocytes (chapter 4). To
saturate the enzyme, 105 sM exogenous cholesterol (solubilized in Tween 80) was
added to the assay mixture. From the mass of 7a-hydroxycholesterol formed
(measured by quantitative acetylation with [*H]acetic anhydride) it was concluded
that, under the applied conditions, besides the exogenous cholesterol, approximately
70% of the unesterified endogenous cholesterol participated in the reaction.
Therefore, for calculation of the enzyme activity in terms of picomoles formed 7a-
hydroxycholesterol, the amount of exogenous cholesterol plus 0.7 times the amount
of endogenous cholesterol was considered as substrate. By this assay method, activity
of the enzyme could be measured in as little as 1 to 2 million parenchymal cells.
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Activity of the enzyme in freshly isolated rat hepatocytes was slightly higher than
activity in corresponding liver homogenates (2), which demonstrates that during
hepatocyte isolation no loss of activity occurred. Rat hepatocytes, routinely cultured
in Williams E medium supplemented with 10% fetal bovine serum, 50 nM
dexamethasone and 135 nM insulin, lost 60% of their initial cholesterol 7a-
hydroxylase activity during the first 24 hours of culture. Decline of cytochrome P-450
activity during culture is a well known problem in the use of cultured hepatocytes for
the study of cytochrome P-450 enzymes (3). However, under the culture conditions
applied in this study, the activity of cholesterol 7a-hydroxylase in rat hepatocytes was
restored during the second culture day to the value found in freshly isolated
hepatocytes. During the third culture day, activity of the enzyme declined again (-
60%). This was the first report demonstrating cholesterol 7a-hydroxylase activities in
cultured hepatocytes, which are comparable to those in vivo.

Development of a system of cultured pig hepatocytes for the study of regulation of
bile acid synthesis.

Initial attempts to bring hepatocytes of four months old swine into culture failed, due
to poor attachment of the cells to the culture dish plastic (chapter 4). More successful
was the use of hepatocytes isolated from 2 to 7 weeks old piglets. As other groups
have reported (4,5,6), it was possible to maintain these cells in monolayer culture for
several days. A marked difference was observed in cholesterol 7a-hydroxylase
activities between hepatocytes isolated from unweaned (2 to 3 weeks old) and newly
weaned (7 to 8 weeks old) piglets. Activities of the enzyme in homogenates of freshly
isolated hepatocytes from unweaned piglets were very low (on the average 18 times
lower than in rat hepatocytes), approaching the detection limit of the assay method.
Fortunately, activities of cholesterol 7o-hydroxylase in hepatocytes of newly weaned
piglets were at the average 16 times higher than the values in unweaned piglet
hepatocytes. The observed increase after weaning (which occurred at 4 weeks after
birth) was confirmed by determinations of cholesterol 7a-hydroxylase activity in
microsomes prepared from livers of 2 to 30 weeks old piglets (chapter 5). Microsomal
cholesterol 7a-hydroxylase activity in 6 to 8 weeks old piglets was at the average 12
times higher than activity in 2 to 4 weeks old piglets. A simultaneous increase was
observed in the activities of HMG-CoA reductase and squalene synthetase, two
enzymes participating in cholesterol synthesis, the first being rate-limiting in this
pathway. HMG-CoA reductase activity increased thirty-fold and squalene synthetase
activity five-fold. It is suggested that the rise at weaning of the activities of the latter
enzymes may be caused by the change from a cholesterol-rich diet (sow milk which
contains 0.22% cholesterol) to a diet with low cholesterol content (pig chow, which
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contained 0.016% cholesterol). The elevation of cholesterol 7a-hydroxylase activity
may be due to a cholestyramine-like effect of the pig chow or may be related to the
ontogeny of the activity of the hypothalamo-pituitary-adrenal axis. These hypotheses
were not subjected to’ further research. Interestingly, activities of all three enzymes
were decreased again in pubertal (16 to 30 weeks old) piglets to similar values as
before weaning.

During the culture of hepatocytes from unweaned piglets in the same culture medium
as used for rat hepatocytes, cholesterol 7e-hydroxylase activity remained low (chapter
4). Hepatocytes from weaned piglets, which immediately after isolation had 2 high
cholesterol 7a-hydroxylase activity (12.6 + 5.7 pmol/h/ug DNA), lost 90% of the
initial activity during the first 24 hours in monolayer culture. However, activity was
restored to the values found in freshly isolated hepatocytes during the next two
culture days. Subsequently, during the fourth and fifth culture day, activity of the
enzyme declined slowly (-50% in 48 hours). It appeared that the supplementation of
fetal bovine serum to the culture medium was essential for the recovery of cholesterol
Ta-hydroxylase activity in these hepatocytes. When the serum was omitted from the
medium, enzyme activity was not restored. When the hormones dexamethasone and
insulin were omitted from the culture medium, restoration of enzyme activity still
occurred, but was not complete. In hormone-free medium, cholesterol 7a-hydroxylase
activity was approximately two-fold lower during the second and third culture day as
compared to the values in hepatocytes cultured in medium supplemented with these
hormones. Moreover, in the absence of these hormones, enzyme activity declined
more rapidly after the third culture day and was completely lost at the fifth day of
culture. Possibly, the inductive effect of the hormone supplementation on cholesterol
Ta-hydroxylase activity was owing to dexamethasone. Princen et al (7) recently showed
that glucocorticoids stimulated the activity of this enzyme in cultured rat hepatocytes.
Subsequently, bile acid synthesis by pig hepatocytes cultured in the complete medium
was characterized and quantified. Hepatocytes from both unweaned and weaned
piglets converted radiolabelled cholesterol (solubilized in fetal bovine serum) into 11
different water-soluble metabolites, of which 95% was found to be conjugated. The
bile acids synthesized were not only conjugated with-glycine and taurine but also for
a part with sulphate and glucuronic acid. The most prominent product after
deconjugation and solvolysis was identified as hyocholic acid, a bile acid specific for
the pig. Five other metabolites migrated upon thin-layer chromatography as dihydroxy
bile acids, among which chenodeoxycholic, hyodeoxycholic and murocholic acid were
identified. Five metabolites migrated in the area of monohydroxy bile acids; one of
these was identified as lithocholic acid.

In order to be able to determine rate of mass production of bile acids by cultured
hepatocytes, a very sensitive capillary gas chromatographic method was set up.
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Detection limit of this method was 1 ng. Mass production of bile acids by hepatocytes
from weaned piglets, cultured in the complete medium mentioned above, increased
during the second and third culture day, in accordance with the increasing cholesterol
Ta-hydroxylase activity. Rate of bile acid synthesis during the third culture day
amounted on the average 138 pmol/h/mg protein which is comparable to the in vivo
rate in the pig (180 + 54 pmol/h/mg protein) (8). This rate is 7 times higher than the
reported bile acid production rates in rat hepatocytes cultured in serum-free media
(9,10). On the other hand, when the fetal bovine serum was omitted from the culture
medium, bile acid production in the pig hepatocytes was 7 times lower, in agreement
with the the low cholesterol 7e-hydroxylase activities in serum-free medium, and
similar to the synthesis rates reported for rat hepatocytes cultured in serum-free
media.

Hepatocytes from unweaned piglets, cultured in the complete medium, synthesized
bile acids at a 3 times lower rate than hepatocytes from weaned piglets. The rate of
bile acid synthesis in cultured hepatoctyes from unweaned piglets was 4 times higher
as would be predicted by their cholesterol 7a-hydroxylase activities, suggesting that
part of the bile acids produced by these cells in culture may be synthesized by a route
bypassing cholesterol 7a-hydroxylase. Possibly, a pathway starting with 26-hydroxyla-
tion of cholesterol accounted for part of the bile acid synthesis in these cells.
Because of their high cholesterol 7a-hydroxylase activities and high rates of bile acid
production in culture, hepatocytes of young weaned pigs, cultured in the presence of
fetal bovine serum, dexamethasone and insulin were judged to be most suitable for
the study of feedback regulation of bile acid synthesis.

Feedback regulation of bile acid synthesis in hepatocytes from young weaned pigs in
monolayer culture.

In order to investigate whether bile acid synthesis in cultured pig hepatocytes was
susceptible to feedback inhibition by bile acids, the hepatocytes were incubated with
bile acids (100 uM) during the second and third culture day, and bile acid synthesis
from exogenous radiolabelled cholesterol was determined over the third culture day
(chapter 6). Formation of radiolabelled bile acids was indeed found to be inhibited
upon addition of taurocholic acid and several other amidated and non-amidated bile
acids in a concentration of 100 gM to the culture medium. The concentration used
is within the physiological range of bile acid concentrations of portal blood in the pig
(60 - 134 M) (11). The bile acids, in this concentration, did not affect plasma
membrane integrity (as assessed by measurement of the release of lactate dehydro-
genase to the medium) or the metabolic state of the cells (as assessed by ATP
measurement). Upon the addition of taurocholic acid (50 or 100 xM) to the culture
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medium, also mass production of bile acids was suppressed (65% during the second
culture day and 85% during the third culture day) (chapter 7). There was no
difference in suppressive effects of 50 and 100 sM exogenous taurocholate. The rate
of formation of bile acids from radiolabelled 7a-hydroxycholesterol was not affected
by taurocholic acid, indicating that the inhibitory effect probably was exerted on
cholesterol 7a-hydroxylase. Measurements of the activity of this enzyme in homoge-
nates of pig hepatocytes incubated for 48 hours with different concentrations of
taurocholic acid, showed a concentration dependent suppression of the enzyme, which
was maximally (-80%) at 50 to 100 M of exogenous bile acid. Incubations of the
hepatocytes with 100 uM taurocholic acid for different times revealed that the decline
of enzyme activity followed first-order kinetics, with a half-life period of 11 hours.
The observed suppression of cholesterol 7a-hydroxylase activity represented not
merely a repression of the induction of activity by the hormones which were included
in the culture medium, since the phenomenon was also observed in hormone-free
cultures.

Addition of taurocholic acid to the cholesterol 7a-hydroxylase assay mixture did not
affect the activity of the enzyme, suggesting that bile acids modulated either the
synthesis or breakdown of the enzyme. The changes in cholesterol 7a-hydroxylase
activity cannot be explained by changes in substrate availability, since activity of the
enzyme was determined in an assay with saturating exogenous cholesterol concentra-
tions.

To investigate whether bile acids differed in relative effectiveness in regulating
cholesterol 7a-hydroxylase, hepatocytes were incubated with 9 different bile acids.
Like taurocholic acid, glycochenodeoxycholic and glycohyodeoxycholic acids,
unconjugated cholic, chenodeoxycholic, hyodeoxycholic and deoxycholic acid inhibited
activity of cholesterol 7a-hydroxylase. On the other hand, hyocholic acid had no
influence and ursodeoxycholic acid only weakly inhibited activity of the enzyme. Thus,
the ability to suppress cholesterol 7a-hydroxylase is, in pig hepatocytes as least, not
confined to secondary bile acids, as has been proposed by Stange et al (12,13). The
results show some similarity with those obtained in rats in vivo by Heuman et al (14),
who postulated that the ability of bile acids to inhibit cholesterol 7a-hydroxylase is
related to their hydrophobicity. However, this hypothesis is not supported by the
inhibitory effect of hyodeoxycholic acid, which is relatively hydrophilic, as defined
by mobility in reverse phase high-performance liquid chromatography (15).

There are two possible explanations why feedback inhibition of bile acid synthesis was
observed in this in vitro sytem of cultured pig hepatocytes, but could not be
demonstrated by two other research groups in cultured rat hepatocytes (16,17). Firstly,
in contrast to the rat hepatocytes used by these groups, the cultured pig hepatocytes
expressed high cholesterol 7a-hydroxylase activities and rates of bile acid synthesis
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which equalled those in the pig in vivo, owing to the presence of fetal bovine serum
in the culture medium. Secondly, cultured rat hepatocytes rapidly lose the capacity
to take up and accumulate exogenous bile acids intracellularly, while in pig
hepatocytes the capacity to accumulate bile acids is retained for the greater part
during the first few culture days. In a comparative study (chapter 8), maximal
capacities to accumulate taurocholic acid intracellularly were assessed for pig, rat and
human hepatocytes cultured for no more than 24 hours. Accumulation capacities were
saturated at extracellular taurocholic acid concentrations of 100 - 500 uM. At these
concentrations, hepatocytes of the three species concentrated taurocholic acid
intracellularly to the same extent (13 to 17 nmol per mg cell protein). However, with
proceeding culture age, the accumulation capacities of rat and human hepatocytes
declined steeply (-80% and -60%, respectively during the second culture day). In
contrast, pig hepatocytes had retained even 60% of their original capacity to
concentrate taurocholic acid intracellularly after three days of culture. The
intracellular bile acid accumulation was not due to an impaired capability to secrete
it, since upon change to bile acid-free medium, pig hepatocytes secreted intracellular
taurocholate almost completely within 60 min.

CONCLUSIONS

In this study, an in vitro system of pig hepatocytes in monolayer culture with high
cholesterol 7a-hydroxylase activities and bile acid production rates has been realized.
For that purpose, the following conditions were found to be important:

1. The use of young, newly weaned donor animals. Hepatocytes isolated from piglets
of this age-group expressed a high initial cholesterol 7a-hydroxylase activity and
attached well to the culture dish plastic.

2. The inclusion of fetal bovine serum into the culture medium, which resulted in a
restoration of cholesterol 7a-hydroxylase activity in the cultured hepatocytes after
an initial decline. Consequently bile acid production rates comparable to those in
the pig in vivo were realized in vitro.

This in vitro system is suitable for the study of regulation of bile acid synthesis. By
the use of this model, it was shown that bile acid synthesis is regulated by feedback
inhibition by bile acids. The inhibition is exerted by a direct action of bile acids on
the parenchymal cell, and not mediated by other factors. The feedback regulation is
directed to one enzyme in the metabolic pathway from cholesterol to bile acids,
namely to cholesterol 7a-hydroxylase. Most probably, bile acids regulate activity of
this enzyme by modulation of the amount of enzyme protein. There are differences
in the relative effectiveness of various bile acids in inhibition of cholesterol 7a-
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hydroxylase activity, but a clear relation with bile acid structure could not be
conclusively determined.

PERSPECTIVES

The in vitro system described in this thesis provides an excellent model to study the
molecular mechanism of the inhibition of cholesterol 7a-hydroxylase by bile acids. For
that purpose it is necessary to dispose of specific antibodies against this enzyme in
order to be able to quantify the amount of enzyme protein, and of a DNA probe in
order to be able to study gene expression. Insight into the cellular events coupled to
this regulation process, might provide the opportunity of antagonizing feedback
inhibition of bile acid synthesis. The described in vitro system is suitable for screening
of agents expected to have such an effect. Such compounds may act in vivo as
cholesterol lowering drugs and may be valuable for therapy of hypercholesterolemia.
Furthermore, because of the resemblance of pig hepatocytes to human hepatocytes
with respect to LOL cholesterol metabolism, the model may be suitable to study the
link between lipoprotein metabolism and bile acid synthesis.
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CHAPTER 3

ASSAY OF CHOLESTEROL 7a-HYDROXYLASE ACTIVITY IN RAT
HEPATOCYTES IN PRIMARY MONOLAYER CULTURE

Hans M.G. Princen, Piet Meijer, Jaap Kwekkeboom, and Herman Jan M. Kempen
Gaubius Institute TNO, P.O. Box 612, 2300 AP Leiden, The Netherlands

SUMMARY

A sensitive and precise method is described to assay cholesterol 7a-hydroxylase
activity in homogenates of rat hepatocytes cultured in monolayers for up to 76 h.
The assay is based on measurement of the amount of radioactive cholesterol
converted into 7o-[**Clhydroxycholesterol. Since no subcellular fractionation was
applied to measure enzyme activity, this method is rapid and can be performed with
cell protein, corresponding to as little as 1 to 2 million hepatocytes. Optimal assay
conditions were determined and the reproducibility of this cholesterol 7a-hydroxylase
determination was established. Exogenous cholesterol (105 sM), solubilized in Tween
80, was added to saturate the enzyme, giving an apparent K,, of 56 uM. Under these
conditions, 70% of the cholesterol present in the homogenates is directly accessible
to the cholesterol 7a-hydroxylase. The detection limit of the assay was found to be
about 10 pmol per incubation. A time course of the cholesterol 7a-hydroxylase activity
in cultured hepatocytes revealed that after an initial loss of approximately 60% of the
activity as compared with 287 pmol/h/mg for freshly isolated cells, the enzyme
activity was increased to the initial level in hepatocytes cultured for 52 h. This result
and the finding that the cholesterol 7a-hydroxylase activity was diminished by 94%
after a 24-h incubation with 5 uM cycloheximide suggest that the enzyme activity is
associated with de novo protein synthesis. Since the cholesterol 7a-hydroxylase activity
was a good reflection of the bile acid synthesis rate in hepatocytes during 76 h in
culture, we conclude that this method may be a valuable tool in the study of the
regulation of bile acid synthesis.

INTRODUCTION

The liver plays an important role in the synthesis and catabolism of cholesterol (1).
Conversion of cholesterol into bile acids takes place exclusively in the liver and
represents the major pathway for elimination of cholesterol from the body. The
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microsomal cholesterol 7o-hydroxylase (EC 1.14.13.17) is the first and major rate-
limiting enzyme in the bile acid synthesis pathway (1-4). The 7a-hydroxylase activity
is believed to be regulated by the amount of bile acids returning to the liver via the
portal vein and by nutritional and hormonal factors (3,4). Other studies revealed that
cytosolic proteins (5-8) and phosphorylation-dephosphorylation (7,9,10) may be
involved in the regulation of the cholesterol 7a-hydroxylase activity. Most of the
information concerning regulation of bile acid synthesis has been obtained from
experiments using intact animals. In recent years, primary monolayer cultures of rat
hepatocytes have been shown to be a valuable model for studying a variety of
metabolic functions in the liver, including bile acid synthesis (11-14). This in vitro
system offers the opportunity to investigate the effects of mediators thought to be
involved in cholesterol and bile acid metabolism (e.g., bile acids (15,16), lipoproteins
(11,17), or hormones) directly on hepatocytes in a controlled and chemically defined
environment. Moreover, the (side-)effects of several drugs, currently applied in
clinical practice, on the synthesis of bile acids may conveniently be determined using
monolayer cultures of hepatocytes (14,15).

Most studies on the regulation of bile acid synthesis in hepatocyte monolayers,
however, have been hampered by the difficulty in measuring the activity of the rate-
limiting cholesterol 7a-hydroxylase in cultured cells. Although two reports (12,18)
have been published, describing the measurement of enzyme activity in microsomes
isolated from cultured rat hepatocytes, in these investigations large amounts of cells
were needed (40-70 x 10°) or hepatocytes were kept in suspension culture for only 5
h (18). In the present paper, we report a rapid and sensitive assay method for
cholesterol 7a-hydroxylase in homogenates of 1-2 x 10° rat hepatocytes, cultured for
76 h, using measurement of “C radioactivity. In this work, the contribution of
endogenous free cholesterol as substrate for the enzyme was also studied.

MATERIALS AND METHODS

Chemicals and animals.

[4-"*C]Cholesterol (60 mCi/mmol), [*HJacetic anhydride (50 mCi/mmol), and
Enhance spray were purchased from New England Nuclear (Boston, MA). Culture
medium and fetal bovine serum were from Flow Laboratories (Irvine, Scotland).
Collagenase type I, soybean trypsin inhibitor, bovine serum albumin, dexamethasone,
pyruvic acid, dithiothreitol (DTT), butylated hydroxytoluene (BHT), and Tween 80
were obtained from Sigma Chemicals (St. Louis, MO). 7-Ketocholesterol (38-hydroxy-
5-cholesten-7-one), 7e- and 7g-hydroxycholesterol, and 38,5a,68-trihydroxycholestane
were from Steraloids (Wilton, NH). Glucose 6-phosphate, NADP, glucose-6-phosphate
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dehydrogenase, NADH, and lactate dehydrogenase (from rabbit muscle) were
purchased from Boehringer (Mannheim, FRG). Insulin (Actrapid, 40 IU/ml) was
from Novo Industri (Copenhagen, Denmark). Trypan blue was from BDH Chemicals
(Poole, Dorset, Englahd). Cholesterol, Hepes, TLC precoated silica gel 60, and
aluminium oxide (type E) plates (0.25 mm thickness) and all salts and solvents were
obtained from E. Merck (Darmstadt, FRG). X-Omat AR films for autoradiography
were purchased from Eastman-Kodak Company (Rochester, NY).

Radioactive markers 7a- and 7g-[4-**C]hydroxycholesterol were prepared from 7-[4-
“Clketocholesterol, which is the most pronounced impurity in commercially available
[4-C]cholesterol, by-reduction with sodium borohydride (19). 26-Hydroxycholesterol
was a gift from Dr. N.B. Javitt, Division of Hepatic Diseases, New York University
Medical Center (New York, NY). Male Wistar rats 250-350 g were used throughout
and maintained on standard chow (Hope Farms, Woerden, The Netherlands) and
water ad libitum. For preparation of hepatocytes animals were killed between 9 and
10 AM.

Rat hepatocyte preparation and culture.

Rat liver cells were isolated by perfusion with 0.05% collagenase and 0.005% trypsin
inhibitor as described previously (20). Viability, as determined by trypan blue (0.11%)
exclusion, was higher than 86%. The cells were seeded on 60-mm-diameter plastic
tissue culture dishes (Costar, Cambridge, MA) at a density of 1 x 10° cells/cm? and
were routinely maintained in Williams’ E medium supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM L-glutamine, 20 mU/ml insulin, 50 nM dexame-
thasone, 100 IU/ml penicillin, and 100 ug/ml streptomycin at 37°C in a 5% CO,/95%
air atmosphere. For each time point three to four dishes were plated. After a 4-h
attachment period and every 24 h thereafter, medium was refreshed with 2.5 ml of
culture medium. Hepatocytes were cultured for 3 days under these conditions and
remained viable, as judged by trypan blue exclusion (more than 90% after 76 h) and
leakage of the cytoplasmic enzyme lactate dehydrogenase to the culture medium.
Lactate dehydrogenase activity (determined as described in Ref. (21)) in culture
medium was less than 10% of cellular content and decreased during culture time, in
agreement with others (22).

Cholesterol 7a-hydroxylase assay.

Under Results and Discussion we will describe the various experiments leading to
the selection of optimal conditions for the cholesterol 7a-hydroxylase assay.
Immediately after isolation and cell count, a part of the hepatocyte suspension was
centrifuged at 4°C for 5 min at 75g. Cells were resuspended and washed three times
in cold Hanks’ buffer without Ca**and Mg?*, the cell pellet was then quickly frozen
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in liquid nitrogen in portions of 5-10 x 10° cells, and stored at -80°C routinely (t =
0 h sample). Cultured hepatocytes were harvested at indicated time points in the
above buffer, washed three times, scraped using a rubber policeman, and frozen as
described for ¢ = 0 h samples. For determination of the cholesterol 7a-hydroxylase
activity cell pellets were thawed rapidly and resuspended in 250 ul of cold hypotonic
buffer containing 20 mM potassium phosphate, pH 74, S mM DTT, and 1 mM
EDTA. Cells were disrupted at 4°C by 25 downward passes in a hand-driven 2-ml
Potter-Elvehjem homogenizer equipped with a Teflon pestle. One milliliter of 100
mM potassium phosphate buffer, pH 74, plus 5 mM DTT was added and the
homogenate was homogenized a further 15 strokes. Samples were taken for
determination of protein and cholesterol, which were measured according to Lowry
et al (23) and Gamble et al (24), respectively. An aliquot of the homogenate,
containing 1-2 mg of protein, was used to assay cholesterol 7a-hydroxylase activity.
Homogenates in duplicates were preincubated for 10 min at 37°C in a medium
containing 50 mM potassium phosphate, pH 7.4, 2.5 mM DTT, 105 M [4-"*C]chole-
sterol (0.3 xCi, purified before use), and 1.5 mg/ml Tween 80. Enzyme activity at
the end of the preincubation time was assayed by addition of a NADPH regenera-
ting system containing 20 mM glucose 6-phosphate, 2 mM NADP, 4 mM MgCl,, and
1.4 IU glucose-6-phosphate dehydrogenase to a final volume of 1.0 ml. After 30 min
at 37°C in a shaking water bath with exclusion of light the reaction was stopped by
addition of 10 ml chloroform/methanol 2:1 containing 0.019% BHT. The organic layer
was washed with 2 ml 0.9% NaCl and evaporated under nitrogen. The residue was
applied to a thin layer of silica which was twice developed with toluene/ethylacetate
2:3, using 7a- and 7p-[4-"*CJhydroxycholesterol as radioactive markers. Usually, plates
were autoradiographed for 6 to 8 days at -80°C to visualize 7a-hydroxycholesterol and
cholesterol; however, exposure times could be reduced to 2-3 days after spraying the
plates with Enhance. For rapid determinations 30-50 g 7o- and 78-hydroxycholesterol
and cholesterol were added as markers to the residue after evaporation and visualized
with Rhodamine 6B. Spots containing 7a-hydroxycholesterol and cholesterol were
scraped off and counted, using the [4-**C]cholesterol input as recovery standard.
Blank values, determined by running parallel incubations without a NADPH
generating system, were subtracted before calculating enzyme activity.
Measurement of the mass of 7a-hydroxycholesterol formed was performed by the
double isotope derivative procedure, as previously described by Mitropoulos and
Balasubramaniam (25) and Shefer et al (26), using the conditions of Shefer et al.

Bile acid synthesis in cultured hepatocytes.
Synthesis of bile acids in primary cultures of hepatocytes was determined by
measuring conversion of 0.15 xCi [4-*C]cholesterol per 10 cm? of cells into bile acids,
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accumulated during 24-h periods after 28, 52, or 76 h of incubation as previously
reported (14).

RESULTS AND DISCUSSION

Properties of the enzyme system.

To achieve equilibration of exogenous with endogenous cholesterol, serving as a
substrate for the enzyme, incubation mixtures were preincubated for various time
intervals. Maximum enzyme activity was reached after a 10-min incubation, in
agreement with others (7). Using this preincubation time, optimal assay conditions
were determined. These are illustrated in Fig, 1. The rate of formation of 7a-hydroxy-
cholesterol was linear with respect to total cell protein concentration up to 2.5 mg/
ml (2.5 mg per assay, Fig. 1A). In this figure also the absolute requirement for
NADPH in the reaction medium is shown. The reaction rate was proportional to the
incubation time during the first 45 min after addition of the NADPH regenerating
system (Fig. 1B). Therefore, in standard incubations the amount of protein did not
exceed 2 mg and reactions were performed for 30 min to assure optimal assay
conditions. Under similar conditions using rat liver microsomes, we observed that
formation of 7a-hydroxycholesterol was linear for at least 90 min and up to 1.5 mg
added microsomal protein (14).

As depicted in Fig. 1C endogenous cholesterol in hepatocytes (10.2-18.0 g/mg, Table
2) was not sufficient to saturate the enzyme. In the presence of Tween 80, however,
the enzyme appeared to be saturated at about 120 sM, a concentration well below
the amount of cholesterol usually available to the enzyme in the standard assay (130-
170 xM). With the graphical method of Lineweaver-Burk an apparent K,, for the
enzyme of 56 yuM was found. The difference between this value and the K, for
cholesterol in an assay with microsomes (105 sM, Ref. (14)) may be explained by the
presence of cytosolic activators in the homogenates fortifying the formation of 7a-
hydroxycholesterol (5-8). It has been suggested that one of these proteins, the
cytosolic sterol carrier protein, facilitates introduction of substrate to the membrane-
bound cholesterol 7a-hydroxylase (27,28).

Participation of endogenous cholesterol to the enzymatic reaction was determined by
quantitative acetylation of the assay mixture or the biosynthetic 7a-hydroxycholes-
terol, separated on TLC after incubation, with [*H]acetic anhydride to measure the
mass of 7a-hydroxycholesterol formed (25,26).

Under the conditions applied, it was estimated that approximately 70% of cholesterol
present in the homogenates was directly accessible to the enzyme. This value is
comparable with the percentage of cholesterol in 9000g supernatants of rat liver
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available as substrate for the enzyme (60-70%, Refs. (29,30)). For calculation of the
amount of cholesterol participating in the enzyme reaction, we utilized the amount
of endogenous cholesterol x 0.7 plus the amount of added exogenous cholesterol, both
in nanomoles.
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FIG. 1. Effect of increasing amounts of homogenate (A), time (B), and substrate concentration (C) on
cholesterol 7a-hydroxylase activity in homogenates of hepatocytes after isolation (f = 0 h samples).
Standard assay conditions were employed, except for protein concentration in (A), incubation time in
(B), and substrate concentration in (C). Protein in (B) and (C) was 1.66 mg/ml. (A) Incubations in the
presence (@) and absence (o) of NADPH regenerating system (blank). Values of incubations without
NADPH were corrected for nonspecific autoxidation as observed in incubation mixtures without
homogenates (see Results and Discussion). Similar findings were observed with homogenates of
hepatocytes cultured for various times.

Blank values, obtained by running parallel incubations without NADPH regenerating
system, were 60 to 70 pmol 7a-hydroxycholesterol per 30-min incubation (under
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standard assay conditions). Similar values were observed after incubation of
exogenous cholesterol without homogenate or after addition of boiled homogenates
to reaction mixtures supplied with NADPH generating system. This obervation
indicates that 60 to 70 pmol of 7a-hydroxycholesterol was formed by nonspecific
autoxidation of cholesterol and that no NADPH was present or biosynthesized in cell
homogenates during the reaction. Subtraction of zero time blanks, as employed by
several investigators, led to an overestimation of the reaction rate, since we found
that 30 to 40 pmol of 7a-hydroxycholesterol originated during the 40-min preincuba-
tion and incubation. The sensitivity of the method is such that 10 pmol of 7a-
hydroxycholesterol can be detected.

Cells were routinely cultured (14,32) in Williams’ E medium supplemented with 10%
FCS and insulin and dexamethasone. These hormones greatly increase cell viability
in primary monolayer cultures of rat hepatocytes (33,34).

A representative autoradiograph of a TLC of extracts of 7a-hydroxylase assays with
homogenates of cultured rat hepatocytes is shown in Fig. 2. By comparison of lanes
containing metabolites of reactions carried out with or without NADPH, it can be

FIG. 2. Autoradiographs of thin-layer chromatograms of the extracts from cholesterol 7c-hydroxylase
assays with homogenates of rat hepatocytes. Incubations were performed with homogenates of hepatocytes
cultured for 0 h (lanes 1 and 2), 28 h (lanes 3 and 4), 52 h (lanes 5 and 6), and 76 h (lanes 7 and 8) with
(+) or without (-) NADPH generating system (blanks). Enzyme activities in this experiment, in which
one of a duplicate incubation is shown, were for ¢ = 0 h 217 + 3 pmol/h/mg, for t = 28 h 94 + 11
pmol/h/mg, fort = 52h341 + 11 pmol/h/mg, and for ¢ = 76 h 140 = 3 pmol/h/mg. The autoradiograph
was exposed for 9 days without using Enhance spray. The positions of reference compounds (b-g) are
indicated. a, start; b, 38,5a,65-trihydroxycholestane; c, 7a-hydroxycholesterol; d, 78-hydroxycholesterol;
€, 7-ketocholesterol; f, 25- and 26-hydroxycholesterol; and g, cholesterol.
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seen that during incubation [4-C]cholesterol was autoxidized (5,25,30) giving the
following products: 38,5q,6s-trihydroxycholestane, 78-hydroxycholesterol, 7-ketochole-
sterol, and 25-hydroxycholesterol as identified by TLC, and several unidentified
nonpolar compounds. In addition, a small amount of 7a-[4-"*C]hydroxycholesterolwas
present in added [4-"C]cholesterol and formed nonspecifically during the 40-min
preincubation and incubation (see remarks above). However, two metabolites were
NADPH-dependently synthesized, 7a-hydroxycholesterol and a product running
together with 25-hydroxycholesterol. This compound was identified using another TLC
system (hexane/ethylacetate/aceton/2-propanol 85:15:2:3.5) and GLC-MS as 26-
hydroxycholesterol, thought to be formed by a mitochondrial 26-hydroxylase (1) in a
NADPH-dependent manner. It is clear from this autoradiograph that no metabolites
of 7a-hydroxycholesterol originate, as might be expected, since the next step in bile
acid synthesis, the formation of 7a-hydroxy-4-cholesten-3-one, needs NAD* as a
cofactor (1,4). Furthermore, no radioactivity was detected in the methanol-water layer
after extraction.

Effect of storage, CO, and potassium fluoride on enzyme activity.
No cholesterol 7a-hydroxylase activity was lost during freezing and storage for 5 to
10 montbhs, using the procedure described under Materials and Methods (Table 1).

Table 1. Cholesterol 7a-hydroxylase activities in hepatocytes after storage and after incubation under CO
and with 50 mM KF.

Cholesterol 7a-hydroxylase activity (pmol/h/mg)

Time of 2 5 10

storage: 0h? 1 week months months months
Experiment 1° 152 + 13 143 + 14 164 + 11
Experiment 2 206 + 4 312 + 17 299 + 14 263 + 2*
Experiment 3 457 + 43 443 + 31 435 £ 9
Experiment 4 217 = 3 28+ 5 232 + 17
Experiment 4°

+ CO 15 4 0

+ 50 mM KF 201+ 9 228+ 7

“Cholesterol 7a-hydroxylase activitics were determined immediately after hepatocyte isolation. Freezing
in hqmd nitrogen and rapid thawing (as described under Materials and Methods) did not change activitics.
Expenments 1-4 were performed with ¢ = 0 h samples, Similar results were obtained in several
exgenmcnts with hcpatocytes cultured for 28, 52, and 76 h.
A representative experiment out of two (CO) or three (KF) different experiments is given. Values
shown are means (+ SD) of experiments with hepatocytes of one isolation with duplicate incubations.
* Significant difference (P < 0.05) between freshly isolated cells and cells stored for the indicated

period.
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Usually enzyme activity was determined within 2 weeks after hepatocyte isolation.
Incubation under a CO atmosphere completely inhibited the formation of 7a-hydroxy-
cholesterol. In agreement with others (8,31) no indication was obtained about
involvement of phosphorylation-dephosphorylation regulation for cholesterol 7a-
hydroxylase (7,9,10). Enzyme activity did not differ upon homogenization and
incubation in the presence or absence of 50 mM KF (Table 1).

Cholesterol 7a-hydroxylase activity in rat hepatocytes.

Figure 2 also indicates that there is a difference in cholesterol 7a-hydroxylase activity
in rat hepatocytes cultured for various times. Measured values of the specific rat
hepatocyte culture shown in Fig. 2 and mean results of eight cultures are given in the
legend of Fig. 2 and in Table 2, respectively. There was considerable variation in
specific activity of the enzyme in hepatocytes from different animals, especially in ¢
= 0 h samples. Similar variations have been reported by Hylemon et al (12) in micro-
somes of rat hepatocytes prepared immediately after isolation and by us in rat liver
microsomes (35). It is possible that this variation represents interindividual
differences, since no correlation was found between good and less optimal hepatocyte
isolations (viability ranging from 86 to 95%). The existence of large interindividual

Table 2. Cholesterol 7a-hydroxylase activities, cellular cholesterol concentrations, and bile acid synthesis

in cultured rat hepatocytes
Age of Cholesterol Free
culture Ja-hydroxylase cholesterol
Bile acid synthesis
h n pmol/h/mg % oft = 0 (pg/mg) n  (dpm/24 h/mg)
Control
0 10 287 + 153 102 £ 13
28 8 105 £ 46 37 134 + 18 9 4870 * 1390
52 8 250 £ 67 87 171 £ 1.7 9 8690 = 2010
76 8 102 + 46 36 18.0 = 36 9 6250 = 1800
Cycloheximide
1M 52 2 69 + 16 157+ 29
5 M 52 3 15+ 4 134 = 14

Note. Cholesterol 7a-hydroxylase activities and cellular free cholesterol concentrations were determined
in cells harvested at the indicated times. Bile acid synthesis was measured by determination of
radioactivity in bile acids, accumulated in cells and medium during the 24-h period preceding the indicated
time. Cycloheximide was present during a 24-h period preceding the mentioned time. Values shown are
means (+ SD) of experiments with hepatocytes of n different rats with duplicate incubations and are
expressed per milligram of total cell protein. Cholesterol 7a-hydroxylase activity in ¢ = 0 h samples ranged
between 153 + 6 and 592 + 51 pmol/h/mg.
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variations in the rat of drug metabolism, particularly by the mixed-function oxidase
system as a result of genetic factors, has been described (36,37). Since cholesterol 7a-
hydroxylase is a cytochrome P-450-dependent enzyme (1,3,4) a similar phenomenon
may occur with this enzyme.

Hepatocytes lost cholesterol 7a-hydroxylase activity during culturing for 28 h (63%).
However, enzyme activity was restored to initial levels after 52 h and decreased
afterwards. Loss of total cytochrome P-450 has been well established as one of the
phenotypic changes associated with adaptation of hepatocytes to conditions of
monoalyer culture (for a review, see Ref. (38)), but there may be marked hetero-
geneity in the rates at which individual P-450 forms are lost in culture (39). Here we
report that, after an initial loss, there is again an increase of this specific cytochrome
P-450 activity in primary monolayer cultures. A similar pattern has been found by
Hylemon et al (12). This observation, together with the fact that after addition of 5
uM cycloheximide to the culture medium the 7a-hydroxylase activity dramatically
decreased (Table 2), suggests that cholesterol 7a-hydroxylase activity results from de
novo protein synthesis during the 76-h culture period.

Cholesterol 7a-hydroxylase activity perfectly paralelled bile acid synthesis as measured
by conversion of [4-'*C]cholesterol into bile acids (Table 2). With respect to this, it
should be realized, that measurement of enzyme activity gives an instantaneous
reflection of bile acid synthesis rate, whereas determination of bile acids formed over
a 24-h period is a2 cumulative process.

In conclusion, we have described an accurate and sensitive method to measure
cholesterol 7a-hydroxylase activity in hepatocytes cultured for up to 76 h. In contrast
with previously described methods (12,18), the procedure is rapid and can be
performed with a small amount of cells (1 to 2 x 10°), since enzyme activity is
determined directly in homogenates.

Our results indicate that measurement of cholesterol 7a-hydroxylase in primary
monolayers of cultured hepatocytes is a reliable method and, in addition to measu-
ring bile acid biosynthetic rates, is a useful extension to the study of regulation of
bile acid synthesis.
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CHAPTER 4

CHOLESTEROL 7a-HYDROXYLASE ACTIVITY AND BILE ACID
SYNTHESIS IN HEPATOCYTES OF UNWEANED AND WEANED PIGS
IN MONOLAYER CULTURE

Jaap Kwekkeboom, Hans M.G. Princen, Eline M. van Voorhuizen, and
Herman Jan M. Kempen
Gaubius Institute TNO, P.O. Box 612, 2300 AP Leiden, The Netherlands

SUMMARY

Activity of cholesterol 7a-hydroxylase (EC 1.14.13.17) in freshly isolated hepatocytes
from unweaned piglets (2-3 weeks old) was 16 times lower as compared to
hepatocytes from weaned piglets (7-8 weeks old). The monolayer culture activity of
the enzyme remained low in unweaned piglet hepatocytes. In contrast, in cultured
hepatocytes from weaned piglets cholesterol 7a-hydroxylase activity declined during
the first day of culture, but was restored during the next two culture days, provided
that fetal bovine serum (10%) was added to the culture medium. Addition of
dexamethasone (50 nM) and insulin (135 nM) to the medium further enhanced
cholesterol 7a-hydroxylase activity to values similar to those in freshly isolated
hepatocytes and retarded the decline of enzyme activity after the third culture day.
Cultured hepatocytes from weaned and unweaned piglets synthesized similar types of
bile acids from [**C]cholesterol, among which hyocholic acid (the most prominent),
hyodeoxycholic acid, chenodeoxycholic acid, murocholic acid and lithocholic acid
could be identified. Ninetyfive percent of radiolabelled bile acids synthesized was
conjugated, mainly with glycine, but also with taurine, sulfate and glucuronic acid. The
rate of mass production of bile acids by cultured hepatocytes of weaned piglets (as
measured by gas chromatography) parallelled cholesterol 7a-hydroxylase activity, and
was low in the absence of serum, but increased in medium containing fetal bovine
serum, dexamethasone and insulin to a rate lying in the range of 75% of the in vivo
bile acid production during the third culture day. Bile acid production by unweaned
piglet hepat(;cytes was 3 times lower under these conditions.

It is concluded that hepatocytes from young weaned pigs cultured in' medium
containing 10% fetal bovine serum, offer a suitable in vitro model for the study of
bile acid synthesis, in view of the high cholesterol 7a-hydroxylase activities and bile
acid production rates.
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INTRODUCTION

Bile acid synthesis is the major pathway for elimination of cholesterol from the body.
Our knowledge of its regulation is still incomplete. Bile acids are believed to exert
feedback inhibition on their own synthesis, at the level of the rate-limiting enzyme
cholesterol 7a-hydroxylase (EC 1.14.13.17) (1). There is some evidence for effects of
hormones on bile acid synthesis (1,2). Furthermore, in vivo studies suggest a link
between bile acid synthesis on the one hand and de novo synthesis of cholesterol and
lipoprotein degradation by the liver on the other hand (3,4).

In recent years, monolayer cultures of rat hepatocytes have been used to study
regulation of bile acid synthesis at the cellular level. Effects of bile acids (5-7), drugs
(8,9), enzyme inhibitors (10,11), and also cholesterol supply by lipoproteins (8,12,13)
on bile acid synthesis have been examined. Recently our group started to study the
regulation of cholesterol 7a-hydroxylase in cultured rat hepatocytes (14) and observed
induction of the enzyme by glucocorticoids (15).

With regard to atherosclerosis, the link between bile acid synthesis and lipoprotein
metabolism is of special interest. For this purpose hepatocytes of the rat seem,
however, not to be the best choice. First, in the rat, in contrast to man, low-density
lipoprotein (LDL) is only a minor lipoprotein (16). Second, decrease of plasma LDL
after feeding cholestyramine as observed in man (17) has not been found in rat (18).
Hepatocytes of the pig might supply a better model. LDL is a major lipoprotein in
this animal (16) and interruption of the enterohepatic circulation results in a decrease
of plasma LDL (19) as in man. Furthermore, cultured hepatocytes from neonatal pigs
have been shown to internalize and degrade LDL through a saturable process (20,21),
as cultured human hepatocytes do (22-24).

These considerations led us to investigate the possibility of using pig hepatocytes in
monolayer culture for the study of bile acid synthesis. Initial attempts to culture
hepatocytes of four months old pigs failed in our laboratory. Since other groups
reporting on cultivation of pig hepatocytes (20,21,25) used young piglets, we then
decided to examine this possibility. In the present study bile acid synthesis and
cholesterol 7a-hydroxylase activity in cultured hepatocytes from unweaned and weaned
piglets were characterized and compared, and the influences of serum and hormone
additions to the culture medium on these hepatocyte functions were examined.

MATERIALS

Materials used for isolation and culturing of pig hepatocytes, determination of bile
acid synthesis from radiolabelled cholesterol and cholesterol 7a-hydroxylase activity
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were obtained from sources described previously (14). Suppliers of reference bile
acids were given in Refs. 26 and 27. Taurohyocholic acid was synthesized from
hyocholic acid and taurine by the method described in Ref. 28. Hexafluoro-2-propanol
and trifluoroacetic anhydride were obtained from Serva (Heidelberg, FRG); pronase
from Calbiochem (Behring Diagnostics, La Jolla, USA) and mithramycine from Pfizer
(Rotterdam, The Netherlands). Heparin was from Leo Pharmaceutical Products B.V.,
Weesp, The Netherlands. Hexokinase and glucose-6-phosphate dehydrogenase were
from Boehringer (FRG). '

METHODS

Pig hepatocyte isolation and culture.

Unweaned (2 to 3 weeks old) and weaned (7 to 8 weeks old) female domestic pigs
(hybrid of Large Yorkshire and Nederlands Landvarken) were obtained from the
Veterinary Department of the State University of Utrecht (Netherlands). All pigs
were sacrified between 8.30 and 9.30 a.m. Pigs were administered iv. 10 mg/kg
hypnodyl (anaesthesia) and 10000 U heparin to prevent blood clotting. After opening
of the abdomen the vena porta was cannulated, the vena cava cut, and the liver was
immediately perfused under hydrostatic pressure with 1 litre of solution (0°C)
containing 10 mM Hepes (pH 7.4), 132 mM NaCl, 6.7 mM KCl, 20 mM D-glucose
and 0.5 mM EGTA (solution 1) and subsequently with 1 litre of the same buffer
without EGTA (solution 2) supplemented with 20 U/ml heparin. During perfusion
the liver was excised. After this preperfusion, aimed to prevent blood clotting during
transport, the liver was immersed in solution 2 with heparin and transported on ice
to the site of hepatocyte isolation within 60 minutes. For cell isolation, a piece of the
lobe that was best blanched, was cut off. All solutions used for subsequent perfusion
of the liver lobe were oxygenated by bubbling 95% O,/5% CO, and temperature was
kept at 37°C. Non-recirculating perfusion with S00 ml solution 1 at a rate of 120
ml/min was started after insertion of four polyethylene catheters (18 gauge) in
vascular orifices at the cut surface. Perfusion was continued with respectively 1 litre
of solution 2 and 200 ml of a solution containing 100 mM Hepes (pH 7.6), 67 mM
Na(l, 6.7 mM KCl and 5 mM CaCl, (solution 3). Subsequently, the liver lobe was
perfused with solution 3 containing 0.5 mg/ml collagenase and 0.05 mg/ml trypsin
inhibitor in a recirculating mode for 20 min and with 0.1% collagenase for 30 min,
followed by non-recirculating perfusion with 200 ml collagenase-free solution 3.
Liver tissue was dissociated in Williams E medium (0°C) supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 IU/ml penicillin and
100 pg/ml streptomycin. Cells were filtered through a 250 um filter, centrifuged for
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1 min at 50 xg and washed three times in the above-mentioned medium.
Hepatocytes were seeded at a density of of 1.5 x 10° viable cells per cm? on 28 cm?
plastic culture dishes or on 10 cm? wells in 6 well trays in Williams E medium with
the above-mentioned supplements and 135 nM insulin and 50 nM dexamethasone (by
analogy with our standard medium for rat and human hepatocyte cultures (9,14,24,26,
27,29)) and maintained at 37°C in a 5% CO,/95% air atmosphere. The medium was
renewed after 4 h, and every 24 h thereafter. In some experiments, hormone or serum
supplements were omitted after 4 h, as will be indicated in the Results section.

Assay of cholesterol-7a-hydroxylase in hepatocyte homogenates and liver microsomes.
Cholesterol 7a-hydroxylase activities in homogenates of freshly isolated and cultured
hepatocytes and in liver microsomes were determined as has been described for rat
hepatocytes and microsomes before (9,14). Liver microsomes were prepared
essentially as has been described in (9), except that no KF was added to the buffers.
Enzyme activities in hepatocyte homogenates were expressed as pmol 7a-hydroxy-
cholesterol.h™.sg DNA™ and in liver microsomes as pmol.h™.mg protein™, Formation
of 7a-hydroxycholesterol by pig hepatocyte homogenates was linear with respect to
DNA concentration between 20 and 100 ug per ml assay buffer. Reaction rate was
proportional to incubation time up to 60 min after addition of the NADPH-generating
system.

Determination and characterization of bile acid synthesis from [“C]cholesterol.

Bile acid formation from radiolabelled exogenous cholesterol was determined by
measurement of radioactivity in bile acids accumulated in cells and medium during
24 h incubations with 0.2 xCi [“C]cholesterol/mlmedium. [*C]Cholesterolwas added
to the medium after solubilization in fetal bovine serum. After addition of [*H(G)]-
taurocholic acid as recovery standard, bile acids were separated from lipids by
extraction with chloroform and methanol and further isolated using a C18-cartridge
(Sep-Pak C18, Water Associates, Milford, USA) as described before (30). Bile acids
were then either directly separated according to conjugation class by thin-layer
chromatography (TLC) or first enzymatically deconjugated by incubation with 12 U
cholylglycine hydrolase and 3000 U g-glucuronidase (Helix pomatia, Sigma) (31) for
18 h at 37°C in 10 mM sodium acetate, 10 mM EDTA, 0.15% mercaptoethanol (pH
5.6), and solvolyzed in dioxane with 1 mM HCI and 3% water (Princen H.M.G. et al,,
manuscript in preparation). Separation by TLC of the bile acids according to
conjugation class was done using chloroform/methanol/glacial acetic acid/water
(15:5:1:1) denoted below as system A (32). R values for reference bile acids
(visualized by spraying with 10% sulphuric acid and heating) were: taurocholic acid
3a-sulphate, 0.04; taurochenodeoxycholic acid 3a-sulphate, 0.06; taurohyocholic acid,
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0.18; glycolithocholic acid 3a-sulphate, 0.23; taurochenodeoxycholic acid, 0.24;
deoxycholic acid 3e-glucuronide, 0.26; chenodeoxycholic 3a-sulphate, 0.29; glycocholic
acid, 0.34; glycochenodeoxycholic acid, 0.52; hyocholic acid, 0.78; chenodeoxycholic
acid, 0.98. Evidently, no complete separation of taurine, sulphate and glucuronide
conjugates was achieved in this TLC system. Therefore, silica zones with'unconju-
gated, glycine conjugated and bile acids more polar than glycine conjugates were
scraped off, and radioactivity counted.

Deconjugated bile acids were separated by TLC in toluene/dioxane/glacial acetic acid
(20:10:2) (33) (system B). Plates were autoradiographed and silica areas containing
radioactive bile acids scraped off. *H and “C radioactivities were determined by
liquid scintillation counting in Picofluor (Packard), using a double-label programme.
Identification of bile acids was achieved by comparison of R values toi those of
reference bile acids applied at the edges of TLC plates and after recovery from the
silica by their retention times upon gaschromatography (GLC).

R¢ values of reference bile acids in system B: deoxycholic acid 3a-glucuronide, 0.00;
chenodeoxycholic acid 3a-sulphate, 0.03; lithocholic acid 3a-sulphate, 0.05; hyocholic
acid, 0.20; hyodeoxycholic acid, 0.31; chenodeoxycholic acid, 0.38; murocholic acid,
0.38; lithocholic acid, 0.53. Chenodeoxycholic acid and murocholic acid comigrated
in this TLC system, but could be separated by double development in trimethyl-
pentane/isopropanol/glacial acetic acid (30:10:1) (33).

The degree of bile acid sulfation was quantitated by processing parts of media and
cell samples with and without the solvolysis step after deconjugation with cholylglycine
hydrolase and comparing radioactivity in free bile acids. Similarly the degree of
glucuronidation was estimated by analyzing parts of samples processed with and
without the g-glucuronidase treatment.

Quantification of mass production of bile acids.

Mass production of bile acids was determined by GLC of bile acids accumulated in
cells and medium of two 28 cm? culture dishes during 24 h periods, essentially as
described by Davis et al (8). At the end of a 24 h culture period medium was
aspirated and cells were washed twice with Hanks’ buffered salt solution, (the first
wash was added to the medium). Cells were scraped off with a rubber policeman and
suspended in water. After addition of 2,66 ug sodium taurodeoxycholate (equivalent
with 2 g deoxycholic acid) as recovery standard, the cell suspensions and media were
diluted with an equal volume 0.1 M NaOH, incubated for 15 min at 60°C, cooled and
then extracted using a C18 cartridge. Bile acids were deconjugated with cholylglycine
hydrolase and g-glucuronidase, again extracted with a C18 cartridge and subjected to
solvolysis. The bile acid containing residue was dissolved in alkaline water (pH 9.3),
shaken three times with hexane, acidified to pH 2.8 and bile acids were extracted in
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dichloromethane. After evaporation of solvent, bile acids were derivatized with
trifluoroacetic anhydride and hexafluoroisopropanol for 1 h at 60°C. The solvent was
evaporated and the residue dissolved in 10 sl hexane. Samples of 1 sl were subjected
to GLC separation using a Chrompack-Packard 438S gaschromatograph equipped
with a CPSil-19 (CB) column (25 m x 0.32 mm i.d.) and flame ionisation detector.
Hydrogen was used as carrier gas. Samples were splitted with a 1:10 ratio. Injector
and detector temperatures were 280°C. Initial oven temperature was 210°C and was
raised after 0.1 min by 1°C/min and after 20 min by 20°C/min to 290°C.

Retention time of deoxycholic acid (internal standard) was 10.70 min. Chenodeoxy-
cholic acid, murocholic acid, hyodeoxycholic acid and hyocholic acid had relative
retention times of 1.23, 1.28, 1.34 and 1.45 with respect to deoxycholate.

Bile acids were quantified using peak area ratios. Relationships between weight and
peak area were similar for all bile acids synthesized by pig hepatocytes. Detection
limit was 1 ng. Due to the presence of bile acids in fetal bovine serum, serum-
supplemented culture medium contained cholic acid (0.035 ug/ml), chenodeoxycholic
acid (0.162 ug/ml), and lithocholic acid (0.023 ug/ml). Net bile acid synthesis was
calculated as the amount in medium and cells (corrected for the amount of bile acids
in the medium before incubation) minus the amount in cells 24 h earlier.

Miscellaneous methods.

DNA was measured using mithramycine (34) with calf thymus DNA as standard,
protein according to Lowry (35) with BSA as standard, cholesterol according to
Gamble (36) and LDH activity in media and cells after lysis of cells with 0.2% Triton
X-100 (37). ATP was determined in perchloric acid extracts of hepatocytes. Briefly,
for extraction of ATP, 0.3 ml ice-cold 14% perchloric acid was added to 1 ml
medium, hepatocyte dishes were placed on ice and after 10 min the contents of the
dishes were transferred to a centrifuge tube and kept for another 20 min at 0°C to
complete ATP extraction. The tubes were centrifuged for 5 min at 6000 xg, 1 mi
supernate was transferred to a clean tube, neutralized with approximately 200 ,l, 3
M KOH/0.3 M 3-[N-morpholino]propane-sulphonic acid to pH 7.5, frozen in liquid
nitrogen and stored at -80°C until ATP determination. At the day of the ATP
measurement the samples were thawed, the precipitated KClO, removed by
centrifugation, and ATP determined using the hexokinase/glucose-6-phosphate
dehydrogenase method (38).

Statistical analysis.

Statistical differences were assessed using Student’s t-test (two-tailed) for paired data,
unless otherwise stated. Values of p < 0.05 were considered significant.
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RESULTS

Hepatocyte culture and viability.

Hepatocytes freshly isolated from livers of unweaned (2 to 3 weeks old) and weaned
(7 to 8 weeks old) piglets had a viability, based upon trypan blue exclusion, of 90 +
5% (n = 10) and 63 *+ 16% (n = 9), respectively. This difference is probably due to
the extensive stroma development in the pig liver during growth, which troubles
hepatocyte isolation.

In the cell preparation, besides solitary cells, also clusters of cells were present. Most
viable cells attached within 4 h to the culture dish plastic. Twenty-four h later most
hepatocytes had spread, except for cells in the centre of clusters. Flattening of these
cells took another 24 h. After two days, monolayers reached confluency.

Cellular ATP content was low in hepatocytes immediately after isolation (Table 1),
which has also been described for rat hepatocytes (39), but ATP was restored to a
physiological level (38) during the first two culture days, both in hepatocytes from
weaned and unweaned piglets.

LDH leakage to the medium (Table 1) was in agreement with values reported for
cultured rat hepatocytes (40), except on the first culture day, indicating the presence
of non-viable cells that had not attached to the plastic.

Table 1. Cellular ATP and leakage of LDH to medium,

Leakage of lactate dehydrogenase to medium and cellular ATP content during culture of pig hepatocytes
in Williams E medium with 10% fetal bovine serum, 50 nM dexamethasone and 135 nM insulin. Values
represent means + S.D, of three culture experiments with duplicate incubations, and were similar for
hepatocytes isolated from unweaned and weaned piglets.

Culture age ATP LDH

(h) (pmol.ug DNA™) ' (% in medium)
0 65 50

24 605 + 185 244 * 64

48 810 + 300 11.7 = 1.8

2 960 + 215 72 + 34

96 1000 = 40

120 945 + 115

Cholesterol 7a-hydroxylase activity in hepatocytes and liver microsomes from
unweaned and weaned piglets.
Cholesterol 7a-hydroxylase activities in freshly isolated hepatocytes from weaned
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piglets appeared to be on the average sixteen times higher as compared to activities
in hepatocytes from unweaned piglets (Table 2). This difference in expression of
cholesterol 7a-hydroxylase was confirmed by determination of cholesterol 7a-
hydroxylase activities in liver microsomes, which were 166 + 156 (mean * S.D.)
pmol.h™.mg protein™ for unweaned (n = 4) and 1714 + 1150 pmol.h™.mgfor young
weaned piglets (n = 7) (p < 0.01 in unpaired t-test). The considerable variations in
enzyme activities are due to interindividual differences, which also were observed in
the rat (14,41,42).

When hepatocytes of unweaned piglets were cultured, cholesterol 7a-hydroxylase
activity remained low (Table 2). In contrast, enzyme activity in hepatocytes of weaned
piglets, cultured in the same medium, declined by 90% during the first day of culture,
but then increased again, reaching values similar to those in freshly isolated
hepatocytes at the third day of culture. These high cholesterol 7a-hydroxylase
activities were maintained during the fourth culture day, and activity amounted still
to 60% of the initial value after five days.

Table 2. Comparison of cholesterol 7a-hydroxylase activities in hepatocytes from unweancd and weaned
piglets.

Cholesterol 7a-hydroxylase activities were determined in homogenates of hepatocytes, either freshly
isolated, or cultured in Williams E medium with 10% fetal bovine serum, 50 nM dexamethasone, and 135
oM insulin and harvested at the indicated time points. Values shown are means (+ S.D.) of 5 different
culture experiments with hepatocytes from unweaned piglets and 4 different culture experiments with
hepatocytes isolated from weaned piglets.

Culture age Cholesterol 7a-hydroxylase activity
(h) (pmol.h'l g DNAT)
unweaned weaned
0 08 £ 04 126 £ 5.7
24 0103 1.3 =09
48 05 + 06 18 + 4.6
(2 04 + 06 140 = 6.8
9% 02 = 0.7 125 = 20
120 00 = 0.6 71+ 11

Effect of serum and hormones on cholesterol 7a-hydroxylase activity in cultured
hepatocytes from weaned piglets.

We then investigated the effects of serum and hormone additions to the medium on
cholesterol 7a-hydroxylase activity in hepatocytes from weaned piglets. Fig. 1 shows
that the inclusion of fetal bovine serum was essential for the recovery of enzyme
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Fig. 1. Influence of fetal bovine serum and hormones on cholesterol 7a-hydroxylase activity in cultured
hepatocytes from weaned piglets.
Hepatocytes were plated in Williams E medium (WE) supplemented with 10% fetal bovine serum (FCS)
and with or without 50 nM dexamethasone (DEX) and 135 nM insulin (INS). After a 4-h attachment
period, medium was renewed with one of the three media indicated below. At the indicated time points
cells were harvested and cholesterol-7a-hydroxylase activity was determined. Values represent means +
S.D. of three different culture experiments with duplicate determinations, except for the data at 24 and
48 h in medium without serum, which were obtained in two culture experiments.
®: WE + FCS + DEX + INS; 0: WE + FCS; o: WE + DEX + INS (no FCS)

activity between culture day one and three. In the presence of serum, rise of enzyme
activity was also observed when dexamethasone and insulin were omitted from the
medium but then enzyme activity did not reach the level found in freshly isolated
cells. Besides enhancing cholesterol 7e-hydroxylase activity during the recovery period,

these hormones partially prevented the fall of enzyme activity during the next two
culture days.

Bile acid synthesis by cultured piglet hepatocytes.

a) Formation of labeled bile acids from [*C]cholesterol

Bile acid formation was first characterized by following the conversion of [“Clchole-
sterol to bile acids during three subsequent days of culture in the presence of 10%
fetal bovine serum, 135 nM insulin and 50 nM dexamethasone. There were no
significant differences concerning types of formed bile acids and conjugation pattern
between hepatocytes isolated from unweaned or weaned piglets. '
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Separation of formed radiolabelled bile acids' by TLC system A (see Materials and

Methods) learned that 95% was conjugated, mainly with glycine (38 + 6% of total bile
acids synthesized during the first culture day to 61 + 5% on the third culture day (n
= 3)). Part of the formed bile acids was sulfated, since, upon incubation of
hepatocytes with sodium [¥S]sulfate, radioactivity was incorporated into bile acids,
which were more polar than glycine conjugates upon TLC. [*S]Radioactivity was lost
upon solvolysis of bile acids.

Solvolysis of parts of bile acid samples learned that on the average 20% of formed
bile acids was sulfated, predominantly metabolites migrating in TLC as monohydroxy
bile acids. Additional treatment with g-glucuronidase increased recovery of
unconjugated bile acids with 2 to 9% (depending on culture age).

Table 3. Characterization of bile acids formed from exogenous [14C]cholesterolby piglet hepatocytes.

Bile acids synthesized from [14C]cholesterol (0.2 sCi per ml medium) by hepatocytes from unweaned and
weaned piglets during three subsequent 24 h culture periods were extracted from cells and medium,
deconjugated by incubation with cholylglycine hydroxylase and S-glucuronidase, solvolyzed and separated
by TLC in system B (see Materials and Methods section). Ratios of formed bile acids were comparable
for hepatocytes from weaned and unweaned piglets, and were combined. Values are expressed as
percentage of total radiolabelled bile acids formed during 24-h periods, and are means + S.D. of 5
independent culture experiments (three with hepatocytes of unweaned and two with hepatocytes of
weaned piglets) with duplicate incubations. Mean incorporations were 195 + 56,263 + 127 and 353 + 132
dpm.24 b ug DNA™ for the three consecutive days, respectively.

culture period (h): 4-28 28-52 52-76
% of total bile acids

polar metabolites @ 191 14z 2 13z 2*
hyocholic acid 305 41 % 10 50 = 11t
hyodeoxycholic acid 8+3 9+ 4 6% 3
chenodeoxy- + murocholic acid ®) 9+3 12z 6 10+ 4
dihydroxy bile acids © 14+38 8+ 4, 8t 5
monohydroxy bile acids @ 207 16+ 6 14+ 5t

(@) Radioactive material with Rf value < 0.20 (i.e. Rf of hyocholic acid).

) Chenodeoxycholic acid and murocholic acid were not separated in TLC system B, but could be
separated in another TLC system (see Materials and Methods section); 90% of radioactivity then
appeared as chenodeoxycholic acid. ’

© ’I‘wg unidentified metabolites, migrating in the area of dihydroxycholanoic
acids.

@ Five metabolites migrating as monohydroxy cholanoic acids, one of these

being lithocholic acid.

denotes significant difference compared to the preceeding time period.

* denotes significant difference with the first 24-h culture period.
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After subjecting media and cell samples to deconjugation with cholyl glycine hydrolase
and g-glucuronidase and subsequent solvolysis, most of the radioactivity was found
upon TLC in system B in 11 metabolites (Table 3). The most prominent radioactive
product was identified as hyocholic acid, accounting for 50% of total radioactivity
incorporated in water-soluble metabolites during the third culture day. Another five
metabolites migrated in the area of dihydroxy bile acids, among which were hyodeoxy-
cholic acid, chenodeoxycholic acid and murocholic acid. Five metabolites migrated as
monohydroxy bile acids. Rates of synthesis of these products declined with culture
age. One of these was identified as lithocholic acid. The identity of radiolabelled
material which resided on the origin of TLC (designated polar metabolites in Table
3) could not be established. Formation of this material declined with culture age.
b) Mass production of bile acids

Bile acid synthesis by cultured pig hepatocytes was further investigated by mass
determinations of formed bile acids by gas-liquid chromatography (GLC). Also in
terms of mass, hyocholic acid was by far the major bile acid synthesized. Since in
serum-containing medium a considerable amount of chenodeoxycholic acid was
present, and this bile acid is converted to hyocholic acid by pig liver cells (43), the
amounts of chenodeoxycholic acid and hyocholic acid were added and corrected for
chenodeoxycholic acid in serum. Together, these bile acids accounted for more than
85% of total bile acid synthesis. Furthermore hyodeoxycholic acid (comprising on the
average 7% of bile acid synthesis) and murocholic acid (no more than 3% of bile acid
synthesis) were detected. On the average, 20% of formed bile acids was found inside
the cells.

Figure 2 shows mass production of bile acids by cultured hepatocytes obtained from
suckling and weaned piglets during three consecutive days. Hepatocytes from weaned
piglets synthesized only small amounts of bile acids when cultured in serum-free
medium. However, inclusion of 10% fetal bovine serum resulted in a 7 times higher
bile acid production. In accordance with cholesterol 7=-hydroxylase activities, bile acid
synthesis in the presence of serum and hormones increased during the second and
third day of culture. Mean rate of bile acid production by four different weaned piglet
hepatocyte preparations during the third culture day amounted to 66 ng.24h™..g
DNA™, _

Conversely, hepatocytes from unweaned piglets synthesized considerably smaller
amounts of bile acids when cultured in the same conditions. Bile acid synthesis rate
by these cells was linear from 28-76 h and amounted on the average 21' ng.24 h™.ug
DNA™.,

51



1507
100+

50+ [

"

4 28 52 76
culture age (h)

bile acid synthesis (ngyug DNA Y

Fig. 2. Mass production of bile acids by hepatocytes of weaned and unweaned piglets in monolayer
culture.
Hepatocytes isolated from weaned and unweaned piglets were plated in Williams E medium
supplemented with 10% fetal bovine serum, S0 nM dexamethasone and 135 nM insulin, After a 4 h
attachment period, medium was replaced by fresh medium with or without serum. At the indicated time
points, cells and medium were harvested or cells were supplied with fresh medium. Bile acids in cells and
medium of two dishes were enzymatically deconjugated, solvolyzed and determined by GLC. Net synthesis
during each 24-h period was calculated. Values are means + S.D. of three independent culture
experiments with duplicate incubations of unweaned piglet hepatocytes, of four culture experiments with
weaned piglet hepatocytes in the presence of serum and means (bar indicating the range) of two culture
experiments with weaned piglet hepatocytes in absence of serum. Net synthesis rates are plotted
cumulatively.
®: Weaned piglet hepatocytes in Williams E medium + 10% fetal bovine serum + 135 nM insulin +
50 nM dexamethasone.
O: Weaned piglet hepatocytes in Williams E medium + 135 nM insulin + 50 nM dexamethasone (no
serum).
a: Unweancd piglet hepatocytes in Williams E medium + 10% fetal bovine serum + 135 oM insulin
+ 50 nM dexamethasone.

DISCUSSION

Hepatocytes isolated from unweaned piglets have been shown to express in monolayer
culture several hepatocyte specific functions, e.g. synthesis and secretion of VLDL,
urea and albumin and gluconeogenesis (20,25). In this paper we show that activity of
cholesterol 7a-hydroxylase however, was very low both in homogenates of isolated
hepatocytes and in liver microsomes of unweaned piglets. In contrast, in microsomes
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and hepatocyte-homogenates from weaned piglets, activity of this enzyme was much
higher, and comparable to activities in microsomes and isolated hepatocytes of
normal, adult rats (14,41). Thus, cholesterol 7=-hydroxylase seems to be induced upon
weaning. Data on development of this enzyme in other species are sparse. In the rat,
a similar induction has been observed, shortly after weaning (44). Likewise,
cholesterol 7a-hydroxylase activity in suckling guinea pigs has been reported to be
lower than in adult animals (45). A more extensive study from our laboratory on this
interesting phenomenon will be reported in a separate paper.

The difference in expression of cholesterol 7a-hydroxylase activity was maintained in
hepatocytes brought into monolayer culture. Enzyme activity in hepatocytes from
weaned piglets, cultured in the presence of fetal bovine serum, dexamethasone and
insulin was restored, after an initial fall, to the values found in freshly isolated
hepatocytes, whereas it remained low in unweaned piglet hepatocytes. In addition,
bile acid production was lower in cultured unweaned piglet hepatocytes than in
weaned piglet hepatocytes. This difference (3-fold) was, however, considerably smaller
than the difference between cholesterol 7a-hydroxylase activities (15 to 35 times at
a culture age of 48 and 72 h, respectively). The mean value of cholesterol 7a-
hydroxylase activities at 48 h and 72 h in the four different preparations of weaned
piglet hepatocytes in which mass production of bile acids was determined, was 9
pmol/h/ug DNA. Extrapolation of this value to bile acid production by the living cell,
leads to an expected rate of bile acid synthesis of 86 ng/24 h/ug DNA. This is in
reasonable agreement with the actually measured rate (66 ng/24 h/ug DNA). In
contrast, the rate of bile acid synthesis in unweaned piglet hepatocytes predicted by
their cholesterol 7a-hydroxylase activities (5 ng/24 h/ug DNA) is 4 times lower than
the actually measured rate (21 ng/24 h/ug DNA). This suggests that part of the bile
acids formed by these cells in culture, may be formed by a route, bypassing
cholesterol 7a-hydroxylase. The existence of such a pathway, in which the initial step
is 26-hydroxylation of cholesterol has been demonstrated in rat, hamster, rabbit and
man (46-48). In this context, it is interesting that homogenates from both weaned and
unweaned piglet hepatocytes were well able to convert ['*C]cholesterol to 26-hydroxy-
cholesterol in the presence of NADPH (Kwekkeboom et al., unpublished results),
as homogenates of rat hepatocytes do (14).

Cholesterol 7a-hydroxylase is a cytochrome P-450 enzyme. A well known problem in
the use of hepatocytes for the study of cytochrome P-450 enzymes, is the rapid loss
of these enzymes in culture (49). This phenomenon was also observed with cholesterol
Ta-hydroxylase activity in cultured hepatocytes from weaned piglets, but in the
presence of fetal bovine serum, enzyme activity was restored again. We have made
the same observation in cultured rat hepatocytes (14). Which factors in fetal bovine
serum are responsible for the effect is as yet unknown.
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The hormones insulin and dexamethasone were included in our standard medium
because of their beneficial effects on cell viability and maintenance of differentiated
cell functions (50). We observed that these hormones further induced cholesterol 7a-
hydroxylase activity during the second and third culture day to values equal to those
in freshly isolated hepatocytes, and partially prevented decline afterwards. Further
research is needed to elucidate which of these hormones (or perhaps both) is/are
responsible for these effects. Induction of bile acid synthesis by dexamethasone has
been observed in rat liver cell hybrids (51) and in cultured rat hepatocytes by our
group (15).

The composition of bile acids synthesized by cultured pig hepatocytes agrees well with
bile acids synthesized by pig liver in vivo. Hyocholic acid, hyodeoxycholic acid and
chenodeoxycholic acid were found to be secreted by bile fistula pigs (43) and to be
present in bile of germ-free pigs (52) and are considered to be the primary pig bile
acids.

Just like in vivo (53), bile acids synthesized by piglet hepatocytes were mainly
conjugated with glycine. Sulfation of bile acids by cultured hepatocytes has already
been described for Hep G2 cells (54) and rat hepatocytes (27,55), but to our best
knowledge, this is the first report giving evidence for conjugation of bile acids with
glucuronic acid by cultured hepatocytes. Bile acid glucuronides have been found in
urine, serum and bile (31), and are formed by microsomal UDP-glucuronyltransferase
activity (see e.g. Ref. 56).

In table 4 a comparison is made between rates of bile acid synthesis in vivo and in
cultured hepatocytes of different species. Published bile acid synthesis rates by rat
hepatocytes (cultured in serum-free media) accounted only for 3 to 8% of the in vivo
rate in the rat. Comparable low bile acid production was found in this study in pig
hepatocytes cultured in serum-free medium. In contrast, rates of bile acid synthesis
by weaned piglet hepatocytes in the conditions in which cholesterol 7a-hydroxylase
was comparable to the values in freshly isolated hepatocytes (i.e. during the third day
of culture in medium with fetal bovine serum, dexamethasone and insulin), were
considerably higher. Mean bile acid synthesis rate of 4 preparations of weaned piglet
hepatocytes accounted for 75% of the previously reported in vivo rate. Such a high
rate of bile acid synthesis has recently also been observed in cultured rabbit
hepatocytes (62), surprisingly in serum-free medium.

In conclusion, in view of the high cholesterol 7a-hydroxylase activities and bile acid
synthesis rates, hepatocytes from weaned, young pigs cultured in the presence of 10%
fetal bovine serum, offer a suitable in vitro system for the study of bile acid synthesis.
Recently, we observed that the ability to accumulate bile acids intracellularly, was
much longer maintained in cultured pig hepatocytes than in rat and human
hepatocytes (29). Moreover, in a preliminary publication (26) we reported that the
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Table 4. Comparison of rates of bile acid synthesis in cultured hepatocytes and in vivo.

All rates have been converted to pmol/h/mg cell protein, based on the assumptions that the liver
represents 4% of the body weight, 1 g liver contains 180 mg protein, and 1 mol bile acid is equivalent with
400 g. To convert rates of bile acid synthesis obtained in this study, protein/DNA ratio in pig hepato-
cytes was measured (50 fig protein/ug DNA (n = 3)). Only rates obtained with normal animals or
hepatocytes from normal animals are included. :

species experimental system rate of synthesis references
(pmol/h/mg protein)

rat in vivo (faecal loss) 300 - 750 57-59
monolayer culture 20-23 8,60
(serum-free medium)

pig in vivo (faecal loss) 180 + 54® 61
monolayer culture 15-24 this study
(serum-free)
monolayer culture 138 this study
(10% fetal bovine serum) (62 - 263)

rabbit in vivo (faccal loss) 240 62
monolayer culture 170 62
(serum-free)

® mean + S.D.

rate of bile acid synthesis in cultured pig hepatocytes can be suppressed by addition
of exogenous bile acids, attesting the suitability of this in vitro model for the study of
regulation of bile acid synthesis.
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CHAPTER §

POSTNATAL DEVELOPMENTAL PROFILE OF 3-HYDROXY-3-
METHYLGLUTARYL-CoA REDUCTASE, SQUALENE SYNTHETASE
AND CHOLESTEROL 7a-HYDROXYLASE ACTIVITIES
IN LIVER OF DOMESTIC SWINE

Jaap Kwekkeboom, Herman Jan Kempen, Eline M. van Voorthuizen,
Marieke Griffioen and Louis H. Cohen
Gaubius Institute TNO, Post Box 612, 2300 AP Leiden, The Netherlands

SUMMARY

Activities of 3-hydroxy-3-methylglutaryl-CoA reductase, squalene synthetase and
cholesterol 7a-hydroxylase, measured in liver microsomal preparations from domestic
swine between birth and adolescence, correlated strongly in individual animals. A
synchronous increase was observed between 4 and 6 weeks after birth, i.e., immediate-
ly after weaning. Rise in activity was highest for' HMG-CoA reductase (thirty-fold),
and smallest for squalene synthetase (five-fold). In pubertal (16 to 30 weeks old) pigs,
activities of these enzymes had the same low values as in suckling piglets. The
increase of both HMG-CoA reductase and squalene synthetase activities may be
caused by the shift from high-cholesterol milk intake to a chow diet with low-chole-
sterol content. The rise in cholesterol 7a-hydroxylase activity might be due'to other
dietary or hormonal factors.

INTRODUCTION |

The developmental profile of the rate-limiting enzymes of cholesterol and bile acid
synthesis, has been studied only in the rat and fragmentary in the guinea pig! Activity
of rat liver HMG-CoA reductase (EC 1.1.1.34), the rate-limiting enzyme in
cholesterol biosynthesis, is high in late fetal rats, declines to low values during the
suckling period and increases at weaning, overshooting adult levels (1-3). Conversely,
no changes in HMG-CoA reductase activity were observed during postnatal
development in the guinea pig (4). Activity of cholesterol 7o-hydroxylase (EC
1.14.13.17), the rate-limiting enzyme in bile acid synthesis, was found to be low in
fetal and newborn suckling rats, but at weaning the enzyme activity rapidly increased
and a circadian rhythm was established (5,6). Data for activity of this enzyme in
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developing guinea pigs are contradictory: cholesterol 7a-hydroxylase activity in
suckling animals has been reported to be lower (4), equal to (7) or even higher than
in adults (8).

Apparently, marked changes in activities of these enzymes occur in the developing rat
liver, but it is not clear whether these also take place in other species. This is
particularly interesting, because during postnatal ontogeny, pronounced variations in
serum cholesterol levels have been observed in all animal species so far examined.
Serum cholesterol rapidly rises after birth, and during the suckling period a
hypercholesterolemia is developed. After weaning serum cholesterol drops sharply
(2,9-11).

In the present study we have examined activities of these enzymes during postnatal
development of a third animal species, the domestic swine (Sus domesticus). In
addition, the developmental profile of squalene synthetase (EC 2.5.1.21) was studied,
since this enzyme has been mentioned as a secondary regulation site in cholesterol
biosynthesis, probably playing a role in the metabolic targeting of mevalonate to non-
sterol metabolites (12-14).

The pig is considered to be more comparable with man in respect to its cholesterol
metabolism, than the rat. First, its plasma cholesterol is transported for a large part
in LDL, whereas in the rat HDL is the major lipoprotein class (15). Second, its
hepatocytes express active receptor mediated LDL uptake and degradation (16).
Moreover, the pig is an omnivorous and diurnal animal.

METHODS

Piglets (F;-hybrids of Large Yorkshire and Nederlands Landvarken) were bred at the
pig farm of the Veterinary Department, State University of Utrecht, The Netherlands.
From the third week after birth, piglets had ad libitum access to piglet chow
(Brokking B.V., Utrecht) and water. They were removed from their sows at 4 weeks
after birth.

Enzyme activities were determined in liver microsomes from 21 female swine, varying
in age from 2 to 30 weeks. Livers were excised at 9 a.m. after anaesthesia with
Stressnil and Hypnodil (Janssen Pharmaceuticals, Beerse, Belgium), and imme-
diately cooled on ice. In most cases, microsomes were prepared from fresh liver
tissue. In five cases, pieces of liver were frozen in liquid nitrogen and stored at -80°C
prior to microsome preparation.

Liver tissue was put through a stainless steel press yielding pulp which was free of
connective tissue (17) and homogenized in 100 mM sucrose, 100 mM potassium
phosphate (pH = 7.4), 2 mM EDTA and 5 mM DTT in a Potter-Elvehjem
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homogenizer with motor-driven pestle. Microsomes were prepared as previously
described (18), resuspended in the buffer mentioned above, frozen in liquid nitrogen
and stored at -80°C. Microsomal protein and cholesterol were determined by the
methods of Lowry (19) and Gamble (20), respectively.

The assays for HMG-CoA reductase squalene synthetase and cholesterol 7o-
hydroxylase activities, as previously described for rat liver microsomes (13,18,21) were
adapted to determination of enzyme activities in pig liver microsomes.

Pilot experiments with the HMG-CoA reductase assay showed that formation of
[*C]mevalonicacid by pig liver microsomes was linear with incubation time up to 50
min and with microsomal protein concentration up to at least 2.5 mg/ml at a
substrate concentration of 0.5 mM. Therefore, the assay was performed for 40 min
with 1.5 mg microsomal protein per ml.

Squalene synthetase activity in pig liver microsomes was saturated at a substrate
concentration of 40 uM, while slight substrate inhibition occurred at :substrate
concentrations above 90 sM as was previously reported by Krishna et al. (22).
Reaction rates were linear with microsomal protein up to 0.4 mg per ml and with
incubation times up to 20 min. Squalene synthetase activities were assayed as
described in ref. (13) with 80 xM [“C]farnesylpyrophosphate, and 0.3 mg microsomal
protein per ml during 15 minutes incubations.

Cholesterol 7o-hydroxylase activities were measured with 0.5 mg microsomal protein
in one ml assay mixture and an incubation time of 30 min. Formation of 7a-hydroxy-
cholesterol by pig liver microsomes was linear with respect to microsomal protein up
to 0.6 mg/ml, and proportional to incubation time up to 60 min. For calculation of
enzyme activity (in terms of pmoles 7a-hydroxy-cholesterol formed), it was, assumed
that 70% of the endogenous microsomal unesterified cholesterol had access to the
enzyme (23).

The effect of freezing of liver tissue prior to microsome preparation on enzyme
activities was investigated by comparison of enzyme activities in microsomes prepared
from three different livers prior to, or after, storage of whole liver tissue at -80°C.
Cholesterol 7a-hydroxylase and squalene synthetase activities were not significantly
different in both sets of microsome preparations, but HMG-CoA reductase! activities
were 78 + 12% (n = 3) lower in the microsomes prepared from frozen liver tissue
compared with activities in the microsomes prepared from the same livers before
freezing. Therefore, only the values of the HMG-CoA reductase activities. obtained
with microsomes prepared from fresh liver are presented.
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RESULTS AND DISCUSSION

Figure 1 shows that activities of HMG-CoA reductase, squalene synthetase and
cholesterol 7a-hydroxylase were markedly elevated in most piglets which were 6 to 8
weeks old, i.e. immediately after weaning. In pubertal (16 to 30 weeks old) swine,
activities were decreased again.

According to this variation, three age-groups were formed: suckling animals (2 to 4
weeks old) weaned animals (6 to 8 weeks old) and pubertal animals (16 and 30 weeks
old). One-way analysis of variance showed that differences in activities between these
age-groups were significant for each enzyme (Table 1). The increase in activity at
weaning was significant for each enzyme and was most prominent for HMG-CoA
reductase (thirty-fold). Cholesterol 7a-hydroxylase activity was elevated twelve-fold
and squalene synthetase five-fold. In pubertal swine activities of these enzymes were
similar to those in suckling animals.

Table 1. Comparison of HMG-CoA reductase, squalene synthetase and cholesterol 7a-hydroxylase
activities in suckling (2 to 4 weeks old), weaned (6 to 8 weeks old) and pubertal (16 and
30 weeks old) swine.

From the data depicted in Fig. 1, means + S.E.M. for each age-group of n animals were calculated. Data
were analysed according to this classification with one-way analysis of variance (ANOVA). F-values are
presented in the last column. Significancy of differences between the age-groups was tested for cach
enzs};me with Fischer’s LSD test. Values with different superscripts (a,b) are significantly different (p <
0.05).

age groups ANOVA
suckling weaned pubertal F

HMG-CoA reductase 23+ 13* 708 = 210° 17 = 10° 1191 (p < 0.005)
(pmol/min/mg) (n = 6) (n=35) (=5

Squalene synthetase 347 = 125° 1759 + 257° 652 + 143* 13.51 (p < 0.005)
(pmol/min/mg) @=7 @=9 @=9

Cholesterol 7a-hydroxylase 168 + 72° 1941 + 554 177 + 542 6.49 (p < 0.01)
(pmol/h/mg) @=7 @=9) @=5

Fig. 1 (next page). HMG-CoA reductase, squalene synthetase and cholesterol 7a-hydroxylase activities
during postnatal development of swine.

Activities of HMG-CoA reductase, squalene synthetase and cholesterol 7e-hydroxylase were determined
in liver microsomes from swine varying in age from 2 to 30 weeks. Each point represents the mean of
duplicate determinations of the enzyme activity in microsomes of one animal. Since loss of HMG-CoA
reductase occurred during freezing and thawing of liver tissue prior to microsome preparation, merely
the values for this enzyme obtained with microsomes prepared from fresh liver are presented.
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The postnatal developmental patterns of HMG-CoA reductase and cholesterol 7o-
hydroxylase in domestic swine liver as reported here, are similar to those in rat liver
(1-3,5,6). The increase of squalene synthetase activity at weaning has not been
previously reported, and is a new example of covariation of this enzyme and HMG-
CoA reductase. Just like the induction of these two enzymes by cholestyramine
treatment (13), the variation in HMGCoA-reductase activity is much higher than that
in squalene synthetase activity. A marked rise of squalene synthetase activity during
the middle of the nursing period, as suggested for rats (24), was not observed in
swine. These changes classify these enzymes, with regard to their ontogeny, to the late
suckling cluster, as defined by Greengard (25).

Table 2 shows that the activities of HMG-CoA reductase, squalene synthetase and
cholesterol 7a-hydroxylase were correlated significantly in the individual animals.
Together with the parallel changes during the postnatal period, this suggests that
these enzymes may be regulated by (a) common factor(s) or that changes in one of
them are causal for changes in the others. Suckling animals, including pigs, have high
serum cholesterol levels (2,9-11), mainly due to the high cholesterol content of the
milk (10). After weaning to a low cholesterol diet, serum cholesterol decreases
sharply. Therefore the low HMG-CoA’reductase activities in suckling rats, and the
increase in activity of this enzyme after weaning have been attributed to the opposite
variations in serum cholesterol (2,9). This may also be the case in swine. It has been
reported that in swine supplementation of the diet with cholesterol results in an
increase of serum cholesterol and a decrease of liver HMG-CoA reductase activity

Table 2. Correlations of the activities of HMG-CoA reductase, squalene synthetase and cholesterol
Ta-hydroxylase and correlations between enzyme activitics and microsomal unesterified
cholesterol in n individual animals.

Correlation statistics on the values depicted in Fig. 1 and the assessory microsomal free cholesterol values
were performed with the Spearman’s rank correlation test.

Correlated parameters Spearman’s rank
correlation coefficient

HMG-CoA reductase - squalene synthetase 089 (n = 16)*
HMG-CoA reductase - cholesterol 7a-hydroxylase 052 (n = 16)*
squalene synthetase - cholesterol 7a-hydroxylase 0.78 (n = 21)*
HMG-CoA reductase - microsomal cholesterol 0.19 (n = 16)
squalene synthetase - microsomal cholesterol 014 (n = 21)
cholesterol 7a-hydroxylase - microsomal cholesterol 004 (n=21)

*denotes significant correlation (p < 0.05)
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(26). Since the pig chows used in this study contained, as measured by gas-liquid
chromatography, merely 0.016% (wt) cholesterol, while sow’s milk contains 0.22% on
solid basis (11), it is conceivable that the observed increase in HMG-CoA reductase
activity upon weaning was caused by a decreased delivery of cholesterol to the liver.
In this up-regulation of HMG-CoA reductase an intracellular sterol pool is probably
involved.

Strikingly, there was virtually no correlation between the activities of the three
enzymes and microsomal unesterified cholesterol content (Table 2). However, the
regulatory sterol pool may not correspond with the microsomal cholesterol.
Changes in serum cholesterol could also lead to the observed variations in squalene
synthetase activity, since in vitro studies with Hep G2 cells showed that activity of this
enzyme is inhibited by sterols (14).

On the other hand, cholesterol seems not to be the regulating factor in the postnatal
variation of cholesterol 7a-hydroxylase activity. In the pig, cholesterol feeding has no
effect on activity of this enzyme, notwithstanding increase of serum cholesterol
concentration (26,27). In the rat, supplementation of the diet with cholesterol even
stimulates cholesterol 7a-hydroxylase activity (28). Possibly, the pig chow exerts a
cholestyramine-like effect on the intestinal absorption of bile acids, resulting in a
reduced feedback inhibition of cholesterol 7a-hydroxylase. Such an effect has been
ascribed to dietary fibers, but experimental data are not quite consistent (29). Alter-
natively, the changes of cholesterol 7a-hydroxylase activity in the postnatal period may
be connected to the ontogeny of the activity of the hypothalamo-pituitary-adrenal axis
(5)- Recently we showed that glucocorticoids induce this enzyme in cultured rat
hepatocytes (30). Possibly, the hypercholesterolemia in newborns is enhanced by the
relative underdevelopment of bile acid synthesis in this life period.

It is remarkable that activities of all three enzymes are decreased again in the
pubertal period. Decline of HMGCoA-reductase and cholesterol 7a-hydroxylase
activities during the first year of life has also been observed in the rat (2,5,31,32), but
in this species enzyme activities did not return to the low suckling values. Whether
gonadal hormones play any role in this phenomenon is unknown. Further research is
needed to establish whether the factors suggested above are actually responsible for
the observed changes in the neonatal period.
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CHAPTER 6

FEEDBACK INHIBITION OF BILE ACID SYNTHESIS IN CULTURED PIG
HEPATOCYTES

Jaap Kwekkeboom, Eline M, van Voorthuizen, Hans M.G. Princen,
Herman Jan Kempen
Gaubius Institute TNO, P.O. Box 612,
2300 AP Leiden, The Netherlands

SUMMARY

Bile acid synthesis by cultured pig hepatocytes, as measured by conversion of
[“Cjcholesterol to bile acids, increased during the second and third day of culture.
This rise was inhibited after addition of various conjugated and unconjugated bile
acids in a concentration of 100 uM. It could be completely prevented by: cyclohexi-
mide, indicating that de novo protein synthesis is required for the increase in bile acid
formation. No effect of exogenous bile salts on LDH release to the medium or on
cellular ATP content was observed, demonstrating that hepatocyte viability was not
affected. During the period in which bile acid synthesis was inhibited, pig hepatocytes
were able to accumulate taurocholic acid (100 xM) up to 7-18 nmol per mg cell
protein (decreasing during culture time). It is concluded that feedback regulation of
bile acid synthesis is exerted by direct action of bile acids on the hepatocyte.

INTRODUCTION

The catabolism of cholesterol to bile acids is the predominant pathway through which
cholesterol is eliminated from the body. An important regulatory mechanism of this
process is thought to be exerted by the bile acids returning to the liver via the
enterohepatic circulation. This concept of negative feedback control is based on in
vivo studies in which increased bile acid synthesis following biliary diversion and
restoration of synthesis rates to normal after intraduodenal infusion of bile acids
were observed (1).

However, in recent years in experiments with cultured rat hepatocytes no;: inhibition
of bile acid synthesis by its end products could be demonstrated (2-4). This casted
doubt upon the theory that bile acids act directly on the liver to repress bile acid
synthesis.
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In this paper we describe experiments with cultured pig hepatocytes, and show that
in these cells bile acid synthesis can directly be inhibited by incubation of these cells
with bile acids.

MATERIALS AND METHODS

Materials.

Williams E culture medium and fetal bovine serum were purchased from Flow
Laboratories, Irvine, Scotland. [4-'*C]Cholesterol, [’H(G)]taurocholic acid and [24-
“Cltaurocholic acid were obtained from New England Nuclear, Dreieich, FRG.
Taurocholic acid was obtained from Sigma Chemicals, St. Louis, MO, USA;
glycohyodeoxycholic, hyocholic and hyodeoxycholic acid were from Steraloids Inc.,
Wilton, NH, USA; chenodeoxycholic acid from Serva, Heidelberg, FRG and
glycochenodeoxycholic acid from Supelco, Bellefonte, PA, USA. Taurohyocholic acid
was synthesized from hyocholic acid and taurine as described in reference 5.

All bile acids used were pure (> 99%), as verified by gas-liquid chromatography,
except chenodeoxycholic and glycochenodeoxycholic acid which contained respectively
6% and 7% impurities, consisting of other bile acids.

Methods.

Pig hepatocyte isolation and culture. Hepatocytes were isolated from livers of seven
weeks old female pigs (hybrid of Large Yorkshire and Nederlands Landvarken) by
subsequent perfusion with a Ca®*-free buffer supplemented with EGTA and with
collagenase solution.

Hepatocytes were seeded at a density of 1.5 10° viable cells/cm® on 60 mm diameter
plastic culture dishes (Costar, Cambridge, MA) in Williams E medium supplemented
with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 135 nM insulin, 50
nM dexamethasone, 100 IU/ml penicillin and 100 ug/ml streptomycin and incubated
at 37°Cin a 5% CO,/95% air atmosphere. The medium (2.5 ml/dish) was renewed
after 4 h, and every 24 h thereafter. Non-conjugated bile acids used for regulation
studies were administered in ethanol: 0.9% NaCl (1:1) to the culture medium.
Conjugated bile acids in a mixture of ethanol and 0.9% NaCl (1:4). Ethanol
concentration never exceeded 0.1%, which had no influence on bile acid synthesis
from [“C]cholesterol.

Conversion of labeled cholesterol into bile acids. Bile acid formation from [4-
“C]cholesterol was determined by adding 0.5 xCi [4-"*C]cholesterol solubilized in
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fetal bovine serum to each culture dish, and harvesting cells and medium 24 hours
later (3,6).

After addition of 0.01 xCi [*H(G)]taurocholic acid as recovery standard, bile acids
were separated from lipids by extraction with chloroform and methanol (7) and
further isolated using a Sep-pak C18 cartridge as described before (8). The bile acids
were recovered from the cartridge with methanol. *H and C radioactivity in part of
the methanol eluate were determined by liquid scintillation counting in Picofluor®
(Packard) using a double label program with external standardization for quench
correction.

Added bile acids in the concentrations used in these experiments did not influence
cellular uptake of labeled cholesterol, as determined by counting the radioactivity in
the chloroform phase after extraction of the cells with chloroform/methanol.

Bile acid uptake. Uptake of [“CJtaurocholicacid was studied in culture dishes of 35
mm diameter with 1.5.10° hepatocytes and 1 ml culture medium essentially as
described in (9). At 24, 48 and 72 h culture time 20 ul of a solution of 2.5 mM
[*Cltaurocholic acid (0.1 4Ci) in Williams E medium was added to each dish.
Hepatocytes were incubated at 37°Cin 5% CO,/95% air. At the indicated time points
dishes were placed on ice, the medium was aspirated and cells were washed five times
with ice-cold Hank’s balanced salt solution. Cells were then scraped off with a rubber
policeman and suspended in water. An aliquot was taken for protein determination
and radioactivity in part of the sample was determined by liquid scintillation counting
in Picofluor®. Uptake was expressed as nmol taurocholic acid/mg cell protein. Non-
specific binding was measured at 0°C and was substracted from values obtained at
37°C.

Protein and DNA determination. Protein was determined by the method of Lowry
(10) and DNA using mithramycin (11) with calf thymus DNA as a standard.

LDH and ATP determination. LDH activity was determined in media and cells, after
lysis in 0.2% Triton X-100, as described (12). ATP was extracted with perchloric acid
and determined using the hexokinase/glucose-6-phosphate dehydrogenase method

(13).
RESULTS

Effect of added bile acids on bile acid synthesis.
Bile acid synthesis was determined by measurement of conversion of [4-*C]chole-
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sterol to methanol/ water soluble materials during 24-h periods (6,25), consisting of
conjugated bile acids. After enzymatic deconjugation with cholylglycine hydrolase,
hyocholic acid (the main bile acid), hyodeoxycholic acid, chenodeoxycholic acid and
lithocholic acid could be identified by thin layer and gas-liquid chromatography as will
be reported extensively elsewhere (J. Kwekkeboom, H.M.G. Princen, E.M. van
Voorthuizen, H.J.M. Kempen, submitted). Since in incubations without exogenous bile
acids, on the average 25% of bile acids was detected inside the cells, radioactivity in
medium and cells was added. Fig. 1 shows that conversion of [4-"*C]cholesterol to bile
acids increased during three subsequent 24-h culture periods. This rise was completely
abolished by the addition of 5 uM cycloheximide during the second and third 24-h
culture period, indicating that de novo protein synthesis is required for the elevation
of bile acid formation. However, this rise was also inhibited by 100 sM taurocholic
acid present in the culture medium from 28-76 h. This concentration approximates
portal bile acid concentration in the pig (on the average 84 sM with maximal concen-
trations of 134 uM postprandially (14). To find out whether this inhibitory effect was
also elicited by other bile acids, we incubated hepatocytes with several other
conjugated and un-conjugated bile acids in a concentration of 100 sM. All inhibited
bile acid synthesis during the third 24-h culture period, suppression ranging from 26
to 59% (Table 1).

Uptake of taurocholic acid.

Since in experiments with rat hepatocytes in which no feedback inhibition was
observed, cellular uptake of added bile acids was poor (3,4), the capacity of pig
hepatocytes in culture to accumulate added bile acids was assessed. Fig. 2 shows the
time course of uptake of 50 uM [“C]taurocholic acid by hepatocytes cultured for 24,
52 and 76 h. Taurocholic acid concentration reached a plateau after 2 h. Hepatocytes
cultured for 24 h were able to concentrate 50 sM taurocholic acid up to 13 nmol.mg
protein. Assuming that the cellular volume of pig hepatocytes is the same as for
cultured rat hepatocytes (2.5 ul/mg protein) (15,16), this is equivalent to an apparent
intracellular taurocholic acid concentration of 5.2 mM, which is in the same order of
magnitude as values reported for freshly isolated (17,18) and 27 h cultured (9) rat
hepatocytes incubated with taurocholic acid. Three hour incubations with 100 M
taurocholic acid resulted in an intracellular concentration of 18 nmol.mg protein, 14
nmol.mg protein™ and 7 nmol.mg protein™ at 24, 48 and 72 h, respectively. Therefore,
although taurocholic acid concentrating capacity declined during culture time, pig
hepatocytes remained able to concentrate taurocholic acid intracellularly during the
time in which feedback studies were performed.
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Fig. 1. Influence of taurocholic acid and cycloheximide on the time course of bile acid synthesis from
[*Clcholesterol by cultured pig hepatocytes. Four, 28 and 52 h after plating medium was replaced by
fresh medium containing [*Ccholesteroland 24 h later media and cells were harvested and **C-labeled
bile acids determined. Values represent the sum of intracellular and extracellular bile acids, and figures
of subsequent 24-h periods were plotted cumulatively. Cycloheximide (CHX; 5 4M) and taurocholic acid

(TC; 100 uM) were added from 28 to 76 h culture time. Values are expressed as means of triplicate
determinations + S.D.

Effect of bile acids on cell viability.
Table 2 shows that LDH release to the medium was not enhanced in incubations with
bile acids in the concentration used in feedback experiments and that ATP

concentration remained ‘the same as in the control, in good agreement with the
physiological level (19).
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Fig. 2. Intracellular accumulation of taurocholic acid by pig hepatocytes. Hepatocytes were at three
different culture times incubated with 50 uM [“*CJtaurocholicacid at 37°C. At the indicated time points
taurocholic acid uptake was determined and expressed as nmol.mg cell protein™. Plots represent means
% $.D. of three different culture experiments with duplicate incubations.

Table 1. Effect of added bile acids on bile acid synthesis.

Indicated bile acids were added to the medium at 28 h and along with tracer at 52 h culture time. Cells
and media were harvested at 76 h. The data are expressed as percent of bile acid synthesis by control
hepatocytes (41244 + 9925 dpm. 100 ug DNAL. 24 bl in 3 different experiments with duplicate
incubations).

addition n* bile acid synthesis
(100 sM) (% of control)
taurocholic acid 3 51 + 16
glycohyodeoxycholic acid 2 62+ 3
glycochenodeoxycholic acid 2 50 £ 15
taurohyocholic acid 1 71
hyocholic acid 1 74
chenodeoxycholic acid 1 53
hyodeoxycholic acid 1 41

*n = number of different culture experiments with duplicate incubations.
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Table 2. Effect of bile acids on leakage of LDH to medium and cellular ATP content.

Hepatocytes were incubated from 28 to 76 h with 100 uM of the indicated bile acids. Medium was
rencwed at 28 and 52 h. LDH activity in cells and media and cellular ATP content were determined as
described under Materials and Methods. Data represent means of duplicate determinations in two
different cultures + S.D.

additions percent LDH ATP (nmol.mg ccll
in medium protein™)

control (0.1% ethanol) 60 = 37 210 £ 23

taurocholic acid 5723 21+29

glycohyodeoxycholic acid 31+£20 nd.*

glycochenodeoxycholic acid 5419 nd.

hyocholic acid 38+ 18 258 £ 45

chenodeoxycholic acid 50 £ 05 240 £ 1.5

hyodeoxycholic acid 4116 n.d.

*n.d. = not done.

DISCUSSION

Since there is a time lag between the interruption of the enterohepatic circulation and
the increase in bile acid synthesis and cholesterol-7a-hydroxylase activity (20-22), and
since this increase is prevented by treatment of the animals with actinomycini D (23)
it has been concluded that feedback inhibition of bile acid synthesis occurs at the
level of protein synthesis (1). Clearly, in our pig hepatocyte cultures, bile acid
synthesis was partly dependent on protein synthesis, as can be concluded from the
abolishment of the increase in bile acid formation by cycloheximide. It seems likely
therefore, that synthesis of enzyme, which is thought to be suppressed by bile acids
in feedback regulation, takes place in the conditions of our cell culture.

We have shown here, that this increase of bile acid synthesis was inhibited by a
number of different conjugated and unconjugated bile acids.

The reasons for the lack of feedback inhibition of bile acid synthesis in cultured rat
hepatocytes reported by other groups (2-4), may be of two kinds. First, their data
show constant, instead of increasing rates of bile acid synthesis (2,24,25) and
decreasing cholesterol-7a-hydroxylase activities (25) during the time they studied the
effect of added bile acids. Therefore it is questionable whether de novo synthesis of
bile acid forming enzymes took place in these hepatocytes. Second, in their
experiments cellular bile acid uptake was probably seriously impaired. Kubaska et al.
reported that cholic acid (100 sM) was concentrated by hepatocytes to only 0.21
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nmol.mg protein™ (3), ursocholic acid (100 xM) to 0.25 nmol.mg protein™ and
ursodeoxycholic acid (100 xM) to 0.4 nmol.mg protein™ (4) at 48 h culture time.
These figures are 35 or more times lower than those reported in this paper for
cultured pig hepatocytes. Loss of bile acid uptake during hepatocyte culture has been
reported by several authors (26-28). Stabilization of this cell function could be
achieved by coculture with liver epithelial cells (26) or by addition of dexamethasone
and tocopherol to the medium (27). The presence of both these agents in our culture
medium may be the reason for the relative stability of this process in our pig
hepatocyte culture system.

In conclusion, we have demonstrated that bile acids inhibit an increase in the rate of
bile acid synthesis in cultured pig hepatocytes by direct action on the hepatocyte.
It is necessary to establish whether this inhibition is exerted by a direct effect on
expression of cholesterol-7a-hydroxylase as suggested before. Therefore further
research will concentrate on the effect of bile acids on cholesterol-7a-hydroxylase
activity in cultured hepatocytes, using the sensitive assay for activity of this enzyme
in cultured hepatocytes we recently described (29).
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CHAPTER 7

BILE ACIDS EXERT NEGATIVE FEEDBACK CONTROL ON BILE ACID
SYNTHESIS IN CULTURED PIG HEPATOCYTES BY SUPPRESSION OF
CHOLESTEROL 7¢-HYDROXYLASE ACTIVITY

Jaap Kwekkeboom, Hans M.G. Princen, Eline M. van Voorthuizen and
Herman Jan M. Kempen

Gaubius Institute TNO, P.O. Box 612,
2300 AP Leiden, The Netherlands.

SUMMARY

Feedback regulation of bile acid synthesis by its end products was studied in cultured
hepatocytes of young weaned pigs. We previously showed that conversion of
exogenous [“C] cholesterol into bile acids was suppressed by addition of bile acids to
the culture medium (Kwekkeboom et al., Biochem Biophys Res Commun 155, 850-
856). In the present study, the effects of bile acids on bile acid mass production and
cholesterol 7a-hydroxylase activity were examined. Mass production of bile acids was
strongly inhibited by addition of taurocholic acid (50 and 100 M) to the culture
medium. The inhibitory action was exerted specifically on activity of cholesterol 7a-
hydroxylase, since conversion of [**C] 7a-hydroxycholesterol to bile acids by pig
hepatocytes was not affected, Suppression of cholesterol 7a-hydroxylase activity after
incubation of the hepatocytes with taurocholic acid was concentration- and time-
dependent. Maximum suppression (-80%) was achieved after a 20 to 30-h incubation
of hepatocytes with 100 sM of this bile acid. Decline of enzyme activity caused by 100
uM taurocholic acid followed first order kinetics with a half-life of 11 h. Taurocholic
acid had no direct effect on cholesterol 7a-hydroxylase activity in homogenates of
hepatocytes, as assessed by addition of the bile acid to the assay mixture. .

The effects of several other bile acids in a concentration of 100 uM on cholesterol 7a-
hydroxylase activity, were examined in 48 h incubations. Glycochenodeoxycholic and
glycohyodeoxycholic acids, which are the major bile acids in pig bile, their.unconju-
gated forms and also deoxycholic and cholic acid pronouncedly inhibited activity of
the enzyme. In contrast, hyocholic acid failed to inhibit, while ursodeoxycholic acid
was a weak inhibitor.
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It is concluded that bile acids, in physiological concentrations (i.e. as observed in
portal blood), inhibit bile acid synthesis in cultured pig hepatocytes, by suppression
of cholesterol 7a-hydroxylase activity through a direct effect on the hepatocyte.

INTRODUCTION

Hepatic conversion of cholesterol to bile acids is a major pathway for removal of
cholesterol from the body. The most important form of regulation of this process is
thought to be exerted via the enterohepatic circulation. Interruption of it, either by
biliary drainage or feeding of bile acid binding resins, leads to a several-fold increase
of bile acid synthesis (1). The major site of regulation was found to be the 7a-
hydroxylation of cholesterol (1). Since intraduodenal and intravenous infusions of
taurocholate and cholate into bile diverted rats were observed to inhibit bile acid
synthesis (2,3), it was concluded that the bile acids returning via the portal vein to the
liver are responsible for the inhibition found with intact enterohepatic circulation.
However, recent attempts to demonstrate an inhibitory effect of infused taurocholate
yielded not only positive (4,5), but also negative results (6-8). Furthermore, it was
reported that bile acids in concentrations even exceeding those in portal blood, failed
to inhibit bile acid synthesis in suspension or monolayer cultures of rat (9-11) and
rabbit (12) hepatocytes. These findings challenged the concept of negative feedback
regulation of bile acid synthesis by its end products. Alternatively, it was shown that
not taurocholic acid, but intravenously infused deoxycholic and taurodeoxycholic (13),
or lithocholic and 3-hydroxy-S-cholenoic acids (14) inhibited bile acid synthesis in rat
and rabbit respectively. This suggests that not the primary, but the secondary bile
acids would regulate bile acid synthesis.

Recently, we reported that taurocholate and several other conjugated and unconju-
gated bile acids, in a concentration comparable to that found in portal blood,
depressed formation of bile acids from [*C]cholesterol in cultured hepatocytes of
young weaned pigs (15). None of these bile acids affected hepatocyte viability, as
assessed by cellular ATP content and release of lactate dehydrogenase into the
culture medium, in the concentration used in that study. Thus, in cultured pig
hepatocytes, bile acid synthesis, at least from exogenous cholesterol, is regulated by
its end products.

Further characterization of this model learned that these pig hepatocytes in
monolayer culture expressed, after a recovery period of two days, cholesterol 7a-
hydroxylase activities comparable with the values found in freshly isolated hepato-
cytes, provided that fetal bovine serum and the hormones insulin and dexamethasone
were included in the culture medium (16). In these conditions, rate of bile acid
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synthesis was in the range of the in vivo bile acid production in the pig. Furthermore,
we found that cultured pig hepatocytes retained their capacity to concentrate bile
acids intracellularly for at least three days. In contrast, rat and human hepatocytes in
monolayer culture lost this ability already during the second culture day (17).
Thus, monolayer cultures of pig hepatocytes offer a suitable in vitro system for the
study of feedback regulation of bile acid synthesis. In this study, we examined the
effects of exogenous bile acids on bile acid mass production and cholesterol 7a-
hydroxylase activity in cultured pig hepatocytes.

MATERIALS

Materials used for isolation and culturing of pig hepatocytes and determination of
cholesterol 7a-hydroxylase activity were obtained from sources described previously
(18). Hexafluoro-2-propanol, triflucroacetic anhydride and deoxycholic acid were
obtained from Serva, Heidelberg, FRG; pronase from Calbiochem (Behring
Diagnostics, La Jolla, USA); mithramycine from Pfizer, Rotterdam, The Netherlands.
Heparin was from Leo Pharmaceutical Products B.V., Weesp, The Netherlands and
Sep-pak C18 cartridges were from Water Associates, Milford, USA.

Taurocholic acid sodium salt, glycochenodeoxycholic acid sodium salt, hyocholic acid,
chenodeoxycholic acid and hyodeoxycholic acid were purchased from Sigma, St. Louis,
MO, USA. Ursodeoxycholic acid, glycohyodeoxycholic acid and 7a-hydroxycholesterol
were from Steraloids Inc., Wilton, NH, USA. All bile acids used were pure (> 98%),
as verified by gas-liquid chromatography, except chenodeoxycholic acid which
contained 7% impurities, consisting of other bile acids. [’H(G)]taurocholic acid was
obtained from New England Nuclear, Dreieich, FRG. [4-1C] 7a-hydroxycholesterol
was prepared from [4-*C]7-ketocholesterol, which is the most abundant impurity in
commercially available [4-C]cholesterol, by reduction with sodium borohydride (19).

METHODS

Pig hepatocyte isolation and culture

Female domestic pigs (7 to 8 weeks old, hybrid of Large Yorkshire and Nederlands
Landvarken) were obtained from the Veterinary Department of the State University
of Utrecht (Netherlands). All pigs were sacrified between 8.30 and 9.30 a.m. Pigs
were administered iv. 10 mg/kg hypnodyl (anaesthesia) and 10000 U heparin to
prevent blood clotting. After opening of the abdomen the vena porta was cannulated,
the vena cava cut, and the liver was immediately perfused under hydrostatic pressure
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with 1 litre solution (0°C) containing 10 mM Hepes (pH 7.4), 132 mM NaCl, 6.7
mM KCl, 20 mM D-glucose and 0.5 mM EGTA (solution 1) and subsequently with
1 litre of the same buffer without EGTA (solution 2) supplemented with 20 U/ml
heparin. All solutions were sterilized by passage through 0.2 u filters. During
perfusion the liver was excised. After this preperfusion, aimed to prevent blood
clotting during transport, the liver was immersed in solution 2 with heparin and
transported on ice to the site of hepatocyte isolation within 60 minutes. For cell
isolation, a piece of the lobe that was best blanched, was cut off. All solutions used
for subsequent perfusion of the liver lobe were oxygenated by bubbling 95% O,/5%
CO, and temperature was kept at 37°C. Non-recirculating perfusion with 500 ml
solution 1 at a rate of 120 ml/min was started after insertion of four polyethylene
catheters (18 gauge) in vascular orifices at the cut surface. Perfusion was continued
with respectively 1 litre of solution 2 and 200 ml of a solution containing 100 mM
Hepes (pH 7.6), 67 mM NaCl, 6.7 mM KCl and 5 mM CaCl; (solution 3). Sub-
sequently, the liver lobe was perfused with solution 3 containing 0.5 mg/ml colla-
genase and 0.05 mg/ml trypsin inhibitor in a recirculating mode for 20 min and with
0.1% collagenase for 30 min, followed by non-recirculating perfusion with 200 ml
collagenase-free solution 3.

Liver tissue was dissociated in Williams E medium (0°C) supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 IU/ml penicillin and
100 pg/ml streptomycin. Cells were filtered through a 250 um filter, centrifuged for
1 min at 50 xg and washed three times in the above-mentioned medium,
Hepatocytes were seeded at a density of of 1.5 x 10°viable cells/cm? on 28 cm? plastic
culture dishes or on 10 cm* wells in 6 well trays in Williams E medium with the
above-mentioned supplements and 135 nM insulin and 50 nM dexamethasone and
maintained at 37°C in a 5% CO,/95% air atmosphere. The medium was renewed
after 4 h, and every 24 h thereafter. In some experiments, the hormone supplements
were omitted after 4 h, as is indicated in the Results section.

For regulation studies, bile acids were dissolved to the required concentration in
culture medium and added to the hepatocytes with medium change. Alternatively,
bile acids were added from 100 times concentrated stocks in culture medium.

Quantification of mass production of bile acids

Bile acids, accumulated in cells and medium of two 28 cm? culture dishes during 24
h periods, were determined by gas-liquid chromatography (GLC), essentially as
described by Davis et al. (20). At the end of a 24 h culture period medium was
aspirated and cells were washed twice with Hanks’ buffered salt solution (both washes
were added to the medium). Cells were scraped off with a rubber policeman,
suspended in water and a sample was taken for DNA determination. After addition
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of 2.66 ug sodium taurodeoxycholate (equivalent with 2 ug deoxycholic acid) as
recovery standard, the cell suspensions and media were diluted with an equal volume
of 0.1 M NaOH, incubated for 15 min at 60°C, cooled and then extracted using a C18
silica cartridge. Bile acids were deconjugated with cholylglycine hydrolase, extracted
again with a C18 silica cartridge and subjected to solvolysis. The bile acid containing
residue was dissolved in alkaline water (pH 9.3), shaken three times with hexane,
acidified to pH 2.8 and bile acids were extracted in dichloromethane. After
evaporation of solvent, bile acids were derivatized with trifluoroacetic anhydride and
hexafluoroisopropanol for 1 h at 60°C. The solvent was evaporated and the residue
dissolved in 10 to 20 ul hexane. Samples of 1 ul were subjected to GLC separation
using a Chrompack-Packard 438S gaschromatograph equipped with a CPSil-5 (CB)
column (25 m x 0.22 mm i.d.) and flame ionisation detector. Hydrogen was used as
carrier gas. Samples were splitted with a 1:10 ratio. Injector and detector tempera-
tures were 280°C. Initial oven temperature was 230°C and was raised after 0.1 min
by 1°C/min and after 20 min by 20°C/min to 290°C.

Retention time of deoxycholic acid (internal standard) was 10.30 min. Cholic acid,
hyocholic acid, chenodeoxycholic acid and hyodeoxycholic acid had relative retention
times of 1.02, 1.07, 1.13 and 1.22 with respect to deoxycholate.

Bile acids were quantified using peak area ratios. Relationships between weight and
peak area were similar for all bile acids synthesized by pig hepatocytes. Detection
limit was 1 ng. Due to the presence of bile acids in fetal bovine serum, culture
medium contained cholic acid (0.035 xg/ml), chenodeoxycholic acid (0.162 pg/ml),
and lithocholic acid (0.023 ug/ml) resulting in a total bile acid concentration of 0.5
sM. Net bile acid synthesis was calculated as the amount in medium and cells
{corrected for the amount of bile acids in the medium before incubation) minus the
amount in cells 24 h earlier.

Determination of bile acid synthesis from [ C]7a-hydroxycholesterol

Bile acid formation from radiolabelled 7o-hydroxycholesterol was determined as
described (21) by measurement of radioactivity in bile acids accumulated in cells and
medium during 1 to 8 h incubations with 3 nCi [*C] 7a-hydroxycholesterol/ml
medium supplemented with non-radioactive 7a-hydroxycholesterol to 1 sM. [*C] 7a-
Hydroxycholesterol was added to the medium after solubilization in fetal bovine
serum. After addition of [’H(G)]-taurocholic acid as recovery standard, bile acids were
separated from lipids by extraction with chloroform and methanol and further isolated
using a C18-cartridge as described before (22). The bile acids were recovered from
the cartridge with methanol. *H and "*C radioactivity in a sample of the methanol
eluate were determined by liquid scintillation counting in Picofluor (Packard) using
a double label program and external standardization for quench correction.
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Assay of cholesterol-7a-hydroxylase in hepatocyte homogenates

Cholesterol 7a-hydroxylase activities in homogenates of cultured pig hepatocytes were
determined as has been described before for rat hepatocytes (18). Enzyme activities
in hepatocyte homogenates were expressed as pmol 7a-hydroxycholesterol.h™. ug
DNA™. Formation of 7a-hydroxycholesterol by pig hepatocyte homogenates was linear
with respect to DNA concentration between 20 and 100 pg per ml assay buffer and
with incubation time up to at least 60 min after addition of the NADPH-generating
system. Therefore, the assay was performed with 20-100 g DNA per ml assay mixture
and an incubation time of 30 min.

Miscellaneous methods
DNA was measured using mithramycine (23) with calf thymus DNA as standard, and
cholesterol according to Gamble (24).

Statistical analysis
Statistical differences were assessed using Student’s t-test (two-tailed) for paired data.

RESULTS

Effect of taurocholic acid on mass production of bile acids by cultured pig
hepatocytes

Pig hepatocytes in monolayer culture synthesize mainly hyocholic and chenodeoxy-
cholic acids (> 85% of total bile acid synthesis) and furthermore minor amounts of
hyodeoxycholic and murocholic acids, but not cholic acid (16). Thus, addition of
taurocholic acid to the culture medium does not interfere with determination of total
mass production of bile acids by these cells. Taurocholic acid was added to the
culture medium during the second and third day of culture in concentrations of 50
and 100 M. These concentrations are within the range of portal bile acid concentra-
tions in the pig (25) and do not have adverse effects on cell viability as reported
before (15). Figure 1 shows that mass production of bile acids in control hepatocytes
increased during the second and third culture day. This is in accordance with the rise
of cholesterol 7a-hydroxylase activities (16). Addition of 50 sM taurocholic acid
inhibited bile acid synthesis, repression amounting to 65% during the second and even
to 85% during the third culture day. Administration of 100 sM taurocholate did not
result in further suppression. :
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Effect of taurocholic acid on formation of labelled bile acids from [* C]7a-
hydroxycholesterol

In order to define the site of inhibition, hepatocytes were preincubated for 40 h with
100 uM taurocholic acid, and conversion of [**C] 7a-hydroxycholesterol to bile acids
by these hepatocytes and control hepatocytes was compared during a subsequent 8-
h period. As shown in Fig. 2, taurocholate did not affect formation of bile acids from
Ta-hydroxycholesterol. In contrast, as we showed previously (15), conversion of c)
cholesterol to bile acids by pig hepatocytes is pronouncedly suppressed by taurocholic
acid and several other bile acids. This suggests that the inhibition of bile acid
synthesis in pig hepatocytes, like in vivo, takes place at the 7a-hydroxylation of
cholesterol.
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Fig. 1. The effect of taurocholic acid on mass production of bile acids by cultured pig hepatocytes.
Taurocholic acid (50 or 100 sM) was added to the culture medium during the second and third culture
day. At each time point, cells and media were harvested, or cells were supplied with fresh medium. Bile
acids in cells and media were enzymatically deconjugated, solvolyzed and determined by GLC. Net
synthesis rates during subsequent 24 h periods were calculated, and cumulatively plotted. Values are the
means of duplicate incubations + range.

®: control; O: 50 uM taurocholic acid; a: 100 sM taurocholic acid.
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Fig. 2. Effect of taurocholic acid on conversion of [C]7a-hydroxycholesterol into bile acids by cultured
pig hepatocytes.

Pig hepatocytes were cultured from 24 to 64 h in the presence or absence of 100 uM taurocholate. At
64 h medium was aspirated, fresh medium with 3 nCi [4— C]7a-hydroxycholesterol per m), supplemented
with non-radioactive 7a-hydroxycholesterol to a concentration of 1 zM, was supplied to the cells, and 100
#M taurocholic acid was added to the appropriate dishes. At the indicated time points, cells and media
were harvested and radiolabelled bile acids were determined as described in the Mcthods section. Values
are deplcted as means * range of two culture experiments with duplicate incubations. After 8 h, 83% of
the added [14q) Ta-hydroxycholesterol was converted to bile acids.

®: control; m: 100 uM taurocholic acid.

Effect of taurocholic acid on cholesterol 7a-hydroxylase activity in cultured pig
hepatocytes

Addition of 100 zM taurocholic acid to the culture medium from 24 to 72 h resulted
in five separate culture experiments in an 80% + 9% (p < 0.01) inhibition of
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cholesterol 7a-hydroxylase activity at 72 h (2.2 + 1.3 (mean * S.D.) pmolh™. ug
DNA™ vs. 10.6 + 3.2 pmol.h™. yg DNA? in control hepatocytes).

Figure 3 shows that the inhibition of cholesterol 7a-hydroxylase by exogenous
taurocholic acid was concentration-dependent. Suppression was already observed at
an extracellular concentration of 10 xM. Maximum inhibition was achieved at 50 to
100 xM exogenous taurocholate. The time course of inhibition at 100 xM taurocholate
(Fig. 4) shows that maximum inhibition was reached after an incubation period of 20
to 30 h. The relationship between the logarithm of enzyme activity and incubation
time was linear, indicating that the decline of enzyme activity followed first order
kinetics with a half-life of 11 h.
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Fig. 3. Concentration dependency of suppression of cholesterol 7a-hydroxylase activity in cultured pig
hepatocytes by taurocholic acid.

Taurocholic acid (10 to 100 zM) was added to the culture medium during the second and third culture
day. At the end of this period cells were harvested and cholesterol 7a-hydroxylase activity-determined.
The data are expressed as percentage of the enzyme activity of controls (no bile acid added), and are
means * S.D. of three different culture cxgenments Cholesterol 7a-hydroxylase activities in control
hepatocytes amounted to 10.5 + 4.5 pmolh™, ug DNA™ (mean * S.D.).

In all these experiments, hepatocytes were cultured in the presence of dexamethasone
and insulin, in order to achieve cholesterol 7a-hydroxylase activities in the cultured
hepatocytes comparable to those in freshly isolated hepatocytes (16). To exclude the
possibility that the observed inhibition of the enzyme represented only a repression
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of induction of cholesterol 7a-hydroxylase by (one of these) hormones, the effects of
exogenous bile acids in hepatocytes cultured in hormone-free medium were examined
in an additional set of experiments. Table 1 shows that omission of the hormones
resulted in a 30% lowered enzyme activity and that taurocholic and glycocheno-
deoxycholic acid suppressed cholesterol 7a-hydroxylase activity also under these
culture conditions.

Table 1. Effect of bile acids on cholesterol 7a-hydroxylase activity in pig hepatocytes cultured in presence
or absence of hormones.

After an attachment period of 4 h, pig hepatocytes were cultured in Williams E (WE) medium containing
10% fetal bovine serum (FCS) and with or without 50 nM dexamethasone (DEX) and 135 nM insulin
(INS). Bile acids were added to the culture medium during the second and third culture day and
cholesterol 7a-hydroxylase activity was measured at the end of the third day. Values represent means
* range of two different culture experiments.

cholesterol percent

culture medium Ta-hydroxylase activity inhibition by
+ additions (pmol.h!. ug DNA™) bile acids
WE + FCS + DEX + INS 160 * 35
WE + FCS + DEX + INS

+ taurocholate (100 xM) 28 = 04 83
WE + FCS + DEX + INS

+ glycochenodeoxycholate (100 sM) 70 = 14 56
WE + FCS 108 = 04

WE + FCS + taurocholate (100 zM) 59 £ 08 45
WE + FCS + glycochenodeoxycholate (100 sM) 47 £ 04 56

To determine whether taurocholic acid exerted its effect by direct inhibition of
cholesterol 7a-hydroxylase, the bile acid was added to the cholesterol 7a-hydroxylase
assay mixture. Cultured pig hepatocytes are able to accumulate 100 M exogenous
taurocholate intracellularly up to 17 nmol per mg cell protein (17). The maximum
amount of cell protein put into the assay mixture is 5 mg per ml (equivalent with 100
ug DNA per ml). Thus, when cholesterol 7e-hydroxylase activity is determined in
homogenates of hepatocytes cultured in the presence of 100 sM taurocholate, bile
acid concentrations up to 85 sM can be estimated to occur in the assay mixture.
Therefore, the direct effect of taurocholate in concentrations up to 100 M on
cholesterol 7a-hydroxylase activities in homogenates of freshly isolated hepatocytes
was examined. No significant inhibition of enzyme activities was observed (data not
shown).
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Effects of different bile acids on cholesterol 7a-hydroxylase activity in cultured pig
hepatocytes

In order to find out whether feedback inhibition of cholesterol 7a-hydroxylase was
specific with respect to bile acid structure, pig hepatocytes were incubated for 48 h
with several conjugated and unconjugated bile acids, and cholesterol 7a-hydroxylase
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Fig. 4. Time course of suppression of cholesterol 7a-hydroxylase activity in cultured pig hepatocytes by
taurocholate.

Taurocholate (100 sM) was added to the culture medium between 24 h and 72 h of culture age so that
cells exposed for different times to the bile acid were harvested simultaneously. Values were obtaincd in
two different culture experiments and are depicted as percentage of the enzyme activity of controls (no
bile acid added). Insert: same data plotted semi-logarithmically. The line was fitted to the points by the
methods of least squares (r = -0.95).

activities were determined at the end of these incubations (Table 2). Glycohyodeoxy-
cholic and glycochenodeoxycholic acids, the most prominent bile acids found in pig
bile (26), their unconjugated forms and also deoxycholic and cholic acid were found
to be strong inhibitors. In contrast, hyocholic acid almost failed to inhibit the enzyme.
Ursodeoxycholic acid elicited only weak suppression.

DISCUSSION

This study shows that bile acid synthesis in cultured pig hepatocytes is inhibited by
a direct effect of bile acids on the hepatocyte. Like in vivo (1,27-29), the suppressive
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action was exerted specifically on cholesterol 7a-hydroxylase and not on enzymes
catalyzing subsequent steps in the pathway from cholesterol to bile acids. The time
course of inhibition of cholesterol 7a-hydroxylase is in agreement with the time course
of inhibition of bile acid synthesis observed upon bile acid infusion into bile diverted
rats (5,27). Maximal inhibition was observed over the whole range of the physiological
portal bile acid concentrations in the pig over the day (60-130 xM) (25). This does
not imply that under physiological conditions cholesterol 7a-hydroxylase is maximally
suppressed in all hepatocytes. At normal bile acid load, only periportal hepatocytes
are involved in bile acid uptake (30,31), while perivenous hepatocytes are exposed to
only low bile acid concentrations. As a consequence, cholesterol 7a-hydroxylase
activity is suppressed in periportal, but not in perivenous hepatocytes, at least in the
rat (32).

Table 2. Effect of different bile acids on cholesterol 7a-hydroxylase activity in pig hepatocytes.

Cultured pig hepatocytes were incubated with different bile acids (100 sM) during the second and third
culture day. Cells were harvested at 72 h and cholesterol 7a-hydroxylase activities were determined. Data
are expressed as percent enzyme activity as compared to control (no bile acid added), and are means +
S.D. or range (for n = 2) of experiments with n different hepatocyte preparations.

added bile acid cholesterol 7a-hydroxylase activity
(100 M) n (% of control)
taurocholic acid 5 21+ 9
cholic acid 2 25+ 15
glycochenodeoxycholic acid 3 4 + 22
chenodeoxycholic acid 3 39+ 8
glycohyodeoxycholic acid 2 34 +17
hyodeoxycholic acid 3 21 + 12
deoxycholic acid 2 41 £ 10
hyocholic acid 3 92+3
ursodeoxycholic acid 3 70