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Abstract Under most experimental conditions, the activities of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA reductase)
and cholesterol 7a-hydroxylase, change together in parallel di-
rections. It has been suggested that newly synthesized cholester-
ol may be the preferred substrate for cholesterol 7a-hydroxylase,
which may account for the observed synchronous behavior of the
two enzymes. To test this hypothesis, mevinolinic acid, a potent
competitive inhibitor of HMG-CoA reductase, was adminis-
tered as a single intravenous bolus (10 mg/kg) to rats with a
chronic bile fistula. Bile acid synthesis was determined following
inhibition of HMG-CoA reductase by mevinolinic acid over a
27-h time course and specific activities of HMG-CoA reductase
and cholesterol 7a-hydroxylase were determined in liver micro-
somes. At 3, 6, and 27 h after a bolus dose of mevinolinic acid,
bile acid synthesis was reduced by 54 + 5%, 42 + 8%, and
23 + 13%, respectively, from preinfusion baseline. Within 30
min after administration of mevinolinic acid, HMG-CoA reductase
activity was inhibited by at least 87%. At 0.5, 15, 3, 6, and 27
h after mevinolinic acid injection, cholesterol 7a-hydroxylase ac-
tivity was decreased by 6%, 25%, 54%, 41%, and 17%, respec-
tively. By 27 h, the activities of both enzymes had returned to
baseline levels. The reduction of bile acid synthesis correlated
closely with the observed changes in the activities of cholesterol
7a-hydroxylase. In vitro addition of mevinolinic acid (up to 20
#M) to rat liver microsomes failed to inhibit cholesterol 7a-hy-
droxylase activity, suggesting no direct effect of mevinolinic acid
on enzyme activity. When a bolus dose of mevinolic acid was
coupled with a continuous infusion of mevalonate, the product
of the reaction catalyzed by HMG-CoA reducatse, the mevinoli-
nic acid-induced decrease in cholesterol 7a-hydroxylase activity
and bile acid synthesis was prevented. il The results of this
study provide evidence that, under the experimental conditions
described, there is a linkage between the rates of cholesterol syn-
thesis and the activities of cholesterol 7a-hydroxylase. The data
also emphasize the importance of the newly synthesized choles-
terol in the regulation of cholesterol 7a-hydroxylase activity. —
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It has been generally agreed that flux of bile salts circu-
lating in the enterohepatic circulation up- or down-regu-
lates cholesterol 7a-hydroxylase, the rate-limiting enzyme
in the bile acid biosynthesis pathway (1, 2). The concept
of negative bile acid biofeedback of bile acid synthesis by
bile salts originated from the experiments in which com-
plete or partial interruption of the enterohepatic circula-
tion was associated with up-regulation of cholesterol 7a-
hydroxylase activity and, consequently, in an increase of
bile acid synthesis (3). Bergstrom and Danielsson (4)
demonstrated that duodenal infusion of taurochenode-
oxycholic acid in rats with chronic bile fistula restored bile
acid synthesis to normal. These original data were later
confirmed by others (5-7). More recent studies in human
subjects have shown that prolonged administration of
cholic and chenodeoxycholic acids resulted in profound
inhibition of bile acid synthesis (8, 9). While all these ob-
servations were consistent with the concept of negative
bile acid biofeedback, the molecular basis for the regula-
tion of cholesterol 7a-hydroxylase activity by bile salts re-
mained uncertain. More recently, several investigators
reported that bile salts at physiologically relevant concen-
trations neither inhibit cholesterol 7a-hydroxylase activity
in in vitro assays (10), nor decrease bile acid synthesis
rates in freshly suspended or cultured hepatocytes (11-13).
Because of these and other inconsistencies, we (14, 15) and
others (11, 16), proposed that bile acid synthesis may be
regulated by bile acid-induced changes in a critical micro-
somal regulatory pool of free cholesterol. This hypothesis

Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl CoA;
HPLC, high performance liquid chromatography; ACAT, acyl
CoA:cholesterol acyitransferase; CEH, cholesteryl ester transferase.
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was attractive because of the reports that suggested that
cholesterol 7a-hydroxylase may not be fully saturated in
in vivo; consequently the availability of cholesterol sub-
strate could affect the activity of this enzyme (17), a claim
that has not been universally agreed upon (18).

Under most physiologic and experimental cenditions,
the activity of HMG-CoA reductase, the rate-limiting en-
zyme in the cholesterol biosynthesis pathway, changes in
the same direction as cholesterol 7a-hydroxylase, the rate-
limiting enzyme in the bile acid biosynthesis pathway (19-
23). The most plausible explanation for the co-variation
between the two enzymes is that increased HMG-CoA re-
ductase activity leads to an increased supply of substrate
for cholesterol 7a-hydroxylase (17). The findings of at
least one study suggest that changes in HMG-CoA reduc-
tase might precede those of cholesterol 7a-hydroxylase ac-
tivity (24). This attractive hypothesis was recently
questioned by Bjorkhem and his colleagues (18, 25-27),
who concluded that microsomal cholesterol concentra-
tion, degree of substrate saturation, and HMG-CoA re-
ductase are not major regulators of cholesterol 7a-hydroxy-
lase activity.

The purpose of the present study was to characterize
the link between the activities of HMG-CoA reductase
and cholesterol 7a-hydroxylase in short-term acute exper-
iments. This was accomplished by studying the effects of
a single bolus of mevinolinic acid, a known potent com-
petitive inhibitor of HMG-CoA reductase, on cholesterol
7a-hydroxylase and on the rates of bile acid synthesis in
rats with a chronic bile fistula. The results of the study
demonstrate that acute inhibition of HMG-CoA reduc-
tase with mevinolinic acid was followed by a rapid and pro-
found decrease in both cholesterol 7a-hydroxylase activity
and bile acid synthesis. This rapid decrease in cholesterol
7a-hydroxylase activity and bile acid synthesis was pre-
vented by maintaining the supply of newly synthesized cho-
lesterol with a constant infusion of mevalonate, in the face
of continued inhibition of HMG-CoA reductase activity
with mevinolinic acid. These data provide additional evi-
dence for the close interrelationship between the cholesterol
and bile acid biosynthesis pathways, and point out the im-
portance of newly synthesized cholesterol in the regulation
of cholesterol 7a-hydroxylase activity.

MATERIALS AND METHODS

Chemicals

Mevinolin (Jovastatin) was obtained through a generous
gift of Merck Sharp and Dohme Research Laboratories
(Rathway, NJ). [4-"*C]Cholesterol (59.4 mCi/mmol), DL-
3-|glutaryl-3-'*Clhydroxy-3-methylglutaryl coenzyme A
(57.6 mCi/mmol), [**C]taurocholate (46.7 mCi/mmol),
and DL-[*H]mevalonate (30 Ci/mmol) were obtained from
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New England Nuclear (Boston, MA). DL-Mevalonolactone,
dithiothreitol, glucose-6-phosphate and glucose-6-phos-
phate dehydrogenase, HMG-CoA, NADP*, and NADPH
were obtained from Sigma Chemical Company (St. Louis,
MO,). All other chemicals were of the highest grade available
commiercially. Silica gel chromatography plates were obtained
from Fisher Scientific (Springfield, NJ). Intramedic poly-
ethylene tubing (P50) and Dow-Corning silastic tubing were
obtained from American Scientific (Columbia, MD).

Animals

Male Sprague-Dawley rats (Charles River, Cambridge,
MA) weighing between 250 and 400 g were housed under
controlled lighting conditions (0600-1800 h light phase).
Groups of age- and weight-matched animals were used in
all experiments. Under brief methoxyflurane anesthesia,
biliary fistulas and internal jugular cannulas were placed.
For biliary fistulas, the common duct was exposed and
cannulated with silastic tubing (Dow-Corning, #602-135;
ID 0.020-OD 0.037 inches). For intravenous infusion, a
polyethylene infusion cannula (P-50) was placed into the
right internal jugular vein. Cannulas were tunneled sub-
cutaneously to the back of the head and brought out via
a spring harness sutured to the skin overlying the occiput.
This allowed the rats free movement and was well toler-
ated. After the surgery, the animals were placed in indivi-
dual metabolic cages with free access to water and labo-
ratory chow (Prolab RMH 3000, Agway Corp.). All rats
received intravenous infusion of glucose-electrolyte solu-
tion at the fixed rate of 1.07 ml per h via a syringe pump
(Harvard Biosciences, Boston, MA). Each liter of glu-
cose—electrolyte solution contained 100 meq sodium
chloride, 30 meq sodium acetate, 6 meq potassium chlor-
ide, and 50 g of glucose. In addition, each liter of animal
drinking water was supplemented with 50 meq sodium
chloride, 15 meq sodium bicarbonate, 3 meq potassium
chloride, and 50 g of sucrose. This electrolyte replacement
was carried out in order to restore water and electrolyte
losses in the bile. Diverted bile was allowed to drain freely
and was collected in timed increments with a pro-
grammed fraction collector. Throughout the experiments,
the animals were carefully monitored for appearance and
activity. Chow, water consumption, urine, bile, and stool
outputs were determined daily. Rats consuming less than
10 g of chow, drinking less than 15 ml of water, producing
less than 5 ml of urine per 24 h, or exhibiting inconsistent
bile flow were not analyzed in this study.

After a 3-day recovery period, the experimental proto-
cols outlined in Fig. 1 were followed. In the morning on
the fourth postoperative day, a 10-mg/kg IV bolus of me-
vinolinic acid or a control vehicle, dimethyl sulfoxide
(DMSO), was administered. Bile was collected in timed
increments for 2 h before and up to 27 h after the bolus
injection. In some experiments, constant infusion of mev-
alonolactone (180 umol/h) was administered intravenous-
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Fig. 1. Experimental protocol for in vivo studies of the ef-
fects of mevinolinic acid and mevalonolactone on bile acid

synthesis and biliary lipid secretion. Time zero refers to the l— %(:r:itxl —1

administration of mevinolinic acid or control vehicle via in-
travenous bolus injection 72 h after creation of a chronic bili-
ary fistula. Bile was collected continuously for 2 h before and
up to 27 h after administration of mevinolinic acid. When

Experimental Design
Mevalonolactone continuous Infusion (180 pmol/hr) ——‘

Mevinolinic Acid bolus infusion (10mg/kg)

% = animal sacrificed

given, mevalonolactone was administered by continuous in-
travenous infusion beginning at — 30 min and continued
throughout the course of the experiment.

ly together with electrolyte solution beginning 30 min
before the mevinolinic acid bolus infusion. A trace dose
of [**C]taurocholate (0.04 uCi; sp act 50 pCi/mmol) was
administered intravenously 2 h before the mevinolinic
acid bolus (internal control period), and again 1 h after
mevinolinic acid administration to test for the presence or
absence of impaired bile flow. At 0 (control), 0.5, 1.5, 3,
6, or 27 h after administration of mevinolinic acid, four
to six rats at each time interval were killed and their liver
were obtained and used for the determination of the mi-
crosomal activities of 3-hydroxy-3-methylglutaryl coen-
zyme A reductase and cholesterol 7a-hydroxylase, as well
as for the determination of total microsomal cholesterol.

Test agent preparation and administration

Mevinolin (lovastatin) belongs to the family of substi-
tuted hexahydronapthalene lactones. Mevinolinic acid,
which was used in these experiments, is the corresponding
hydroxy acid (opened lactone) structure of mevinolin but
with higher inhibitor activity (Fig. 2). Mevinolinic acid
was prepared from mevinolin by incubation for 1 h with
an equal volume of aqueous sodium hydroxide, as de-

CH3

Mevinolin
(Lovastatin)

Fig. 2. Structures of mevinolin (lovastatin) (1) and its active metabolite mevinolinic acid (2).

* * * % %k

I A Y I O O 7 7

-1 0 1 2 3//6 r 27
Time (hours)

scribed by Alberts et al. (28). The pH was then neutralized
with HCI, and normal saline was added to bring the final
concentration to 3 mg/ml. Mevinolin in its lactone form
cannot be infused intravenously as it is insoluble in an
aqueous medium, whereas mevinolinic acid is water-solu-
ble. The 10-mg/kg bolus infusion of mevinolinic acid was
administered through the internal jugular venous cannula
followed by normal saline to flush the cannula. Mevalon-
olactone (100 mg/ml of water) dissolved in the intravenous
electrolyte solution was administered intravenously, at a
rate of 180 pmol/h (calculated replacement dose accounts
for approximate degradation of cholesterol to biliary cho-
lesterol and bile acids, lipoprotein formation and synthe-
sis of hormones). Dimethylsulfoxide, which served as the
solvent in the preparation of mevinolinic acid, was incu-
bated in the absence of mevinolin for 1 h with sodium hy-
droxide and used as the control vehicle solution. ["*C]-
Taurocholate (2 pCi/ml) in a tracer dose of 0.04 uCi was
administered through the internal jugular cannula.

Chemical analysis

Bile was extracted according to the method of Folch,
Lees, and Sloane Stanley (29). Phospholipid phosphorus

H
HO—-\—‘/\ c %0
AN
OH
. OH
0
H H
/\K‘K o
H '
P H H
¢ CH3
CH3 =
Mevinolinic
Acid
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was determined using the method of Bartlett (30), and to-
tal cholesterol was determined by a modified cholesterol
oxidase method (31). Conjugated bile acids were analyzed
by reverse phase HPLC using a modification of the meth-
od of Nakayama and Nakagaki (32). In rats with complete
biliary fistulas, bile acid synthesis is equivalent to biliary
bile acid secretion, and was therefore quantified by
HPLC determination of the mass of bile salts secreted
into bile. Microsomal proteins were determined by the
method of Bradford (33).

Preparation of microsomes

Animals were killed by decapitation. Livers were re-
moved immediately, rinsed in iced normal saline, homo-
genized in buffer A (sucrose, 100 mM; KCl, 50 mM; EDTA,
30 mM; potassium phosphate (pH 7.4) 100 mM; DTT, 3
mM; 3 mM) at 4°C. Homogenates were then centrifuged
for 20 min at 12,000 g at 4°C. The resultant supernatant
fluid was centrifuged at 105,000 g for 90 min at 4°C, and
the sedimented membranes were washed by resuspension
and recentrifugation. The final microsomal pellet was sus-
pended in buffer A to a protein concentration of approxi-
mately 20 mg protein/ml, and frozen in aliquots until
analyzed.

Microsomal HMG-CoA reductase activity was assayed
by the procedure of Whitehead et al. (34). Two methods
were used to determine the activities of cholesterol 7a-hy-
droxylase. Cholesterol 7a-hydroxylase activity of all micro-
somes was assayed using exogeous cholesterol as substrate
by a radioisotope incorporation method of Shefer, Hauser,
and Mosbach (35). In some in vivo and in vitro experi-
ments, cholesterol 7a-hydroxylase activity was also deter-
mined by a modified HPLC method originally described
by Ogishima and Okuda (36) as modified by Hylemon et
al. (37).

80
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Microsomal cholesterol

Microsomal free cholesterol was extracted with ace-
tone-ethanol 1:1, and quantified after digitonide precipi-
tation by the method of Abell et al. (38).

RESULTS

The data in Fig. 3 demonstrate the effects of adminis-
tration of a 10-mg/kg intravenous bolus of mevinolinic
acid on rates of bile acid synthesis and biliary cholesterol
and phospholipid secretion. In the bile fistula model, in
which complete interruption of enterohepatic circulation
takes place, bile acid synthesis is equal to bile acid secre-
tion. Bile acid synthesis at 3, 6, and 27 h after administra-
tion of mevinolinic acid was reduced by 54 + 5%, 43 +
13%, and 23 + 13%, respectively, from preinfusion base-
line (P < 0.01). Inhibition of bile acid synthesis became
apparent 1 h after administration of a bolus dose of mevi-
nolinic acid, was maximal at 3 h, and remained relatively
unchanged until 6 h. A slow recovery began after 6 h with
the return to almost normal rates of bile acid synthesis by
27 h. At the same time periods, biliary cholesterol and
phospholipid secretion were reduced by 39 + 13%,
27 + 13%, and 26 + 13%, and 63 + 3%, 30 + 9%,
and 8 + 9% from the preinfusion baseline (£ < 0.01),
respectively. In contrast, bile flow remained essentially
unchanged in spite of the marked decrease in bile acid se-

cretion.
The data in Fig. 4 demonstrate clearance of an IV bo-

lus of [**C]taurocholic acid (0.04 pCi), administered 2 h
before and ! h after mevinolinic acid administration.
Peak secretion of '*C radioactivity in bile was observed
60 + 5 min after each bolus with >90% of the total dose
secreted within 2 h, This 60-min delay represents the dead

Fig. 3. Effect of mevinolinic acid on bile flow (A---A),
bile acid synthesis (secretion) (Hl---#), biliary cholesterol
(©- - -0), and phospholipid (O—UJ) secretion. In rats
with chronic bile fistula, bile acid secretion is equal to bile
acid synthesis. The data are expressed as percent change
from the mean pre-drug infusion baseline mean. Each point
represents the mean + SE of six determinations. The actual
baseline values (mean t SE) are: bile flow = 0.64 + 0.02
ml/h; bile acid synthesis = 2.45 + 0.5 pmol/106 g-h™;
biliary cholesterol secretion = 0.08 + 0.01 pmol/100 g-h™*;
biliary phospholipid secretion = 0.32 + 0.02 pmol/100
g-h™.
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Fig. 4. Effects of mevinolinic acid on biliary excretion of
[“Cltaurocholate. ["*C]Taurocholate was administered
twice as a single intravenous bolus ie., 2 h before and 1
h after mevinolinic acid. In each case, greater than 90%
of the total radioactivity administered was secreted into
the bile within 2 h. Each point represents the mean + SE
of four individual determinations.

space in the biliary collection system. Prompt secretion of
[**C]taurocholate after infusion of mevinolinic acid sug-
gests that administration of mevinolinic acid did not
cause cholestasis. Liver function tests (aspartate amino-
transferase and alanine aminotransferase) of animals in-
fused with mevinolinic acid and/or mevalonolactone were
not elevated over controls (data not shown).

The percent decrease of chenodeoxycholic acid and its
biotransformation products, a- and B-muricholic acids
(A + B + C), were somewhat greater than that of cholic
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Fig. 5. Effects of mevinolinic acid on synthesis of individual bile acids.
Conjugated bile acids were analyzed by reverse phase HPLC; (l—),
cholic acid synthesis in the control setting; (3J-—0J), cholic acid synthesis
after mevinolinic acid intravenous bolus; (@---@), chenodeoxycholic acid
and its products of metabolism, o- and B-muricholic acid in the contro] set-
ting; (O---O), chenodeoxycholic acid and its products of metabolism, a- and
B-muricholic acid after mevinolinic acid intravenous bolus. Data are ex-
pressed as percent change from the pre-drug infusion baseline mean. Each
point represents the mean t+ SE of six determinations.
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acid (Fig. 5). The reduction of A + B + C, was 46%, 50%,
and 37% at 3, 4, and 5 h post infusion as compared to
38%, 45%, and 32% for cholic acid. During the maximal
inhibition of bile acid synthesis (3-5 h post infusion of me-
vinolinic acid), there was a significant increase in the ratio
of cholic acid to A + B + C acids. The mean ratio of cholic
to A+B+C acids in control animals was 0.64 as com-
pared to 0.81 in mevinolinic acid-treated rats. This repre-
sents a 27% increase which is statistically significant
(P < 0.05).

HMG-CoA reductase activity at 0.5, 1.5, 3, 6, and 27
h after mevinolinic acid infusion was suppressed by 87%,
74%, 67%, 17%, and 9%, respectively (Fig. 6). These are
minimal values for the inhibition in HMG-CoA reductase
activities since some of the inhibitor (mevinolinic acid)
might have been washed out during the preparation of
microsomes. The maximal inhibition of HMG-CoA re-
ductase activity (87 %) was observed at 30 min after ad-
ministration of mevinolinic acid. At the same time points,
the suppression of cholesterol 7a-hydroxylase activity was
6%, 25%, 54%, 41%, and 17%. These data demonstrate
a delay (about 1 h) in down-regulation of cholesterol
7a-hydroxylase activity after profound inhibition of
HMG-CoA reductase. The existence of this delay consti-
tutes strong evidence against direct inhibition of choles-
terol 7a-hydroxylase by mevinolinic acid.

The data in Fig. 7 compare the percent decrease in
cholesterol 7a-hydroxylase activity with the percent de-
crease in bile acid synthesis for the duration of the study
(27 h). The data on bile acid synthesis rates were cor-
rected for the 60-min lag period, considered as dead space
in the indwelling catheter. There was a very close correla-
tion between the measured rates of bile acid synthesis by
HPLC and the cholesterol 7a-hydroxylase activities de-
termined by the isotope incorporation method (35). In ad-
ditional experiments, cholesterol 7a-hydroxylase activity
was determined on these same samples using an HPLC

Pandak et al.  Regulation of bile acid synthesis 83
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Fig. 6. Effects of mevinolinic acid on the activities of HMG-CoA reduc-
tase and cholesterol 7a-hydroxylase. Profound inhibition of HMG-CoA re-
ductase ((J---0J) occurs at 30 min after administration of mevinolinic acid.
By contrast, onset of down-regulation in cholesterol 7a-hydroxylase activity
{(O—O) was delayed for approximately 1 h. Maximal down-regulation of
cholesterol 7a-hydroxylase activity was between 3 and 6 h. Data are expressed
as percent change from controls. Each point represents the mean + SE of
6 determinations.

spectrophotometric method (36, 37). This method, which
uses endogenous cholesterol substrate, showed similar in-
hibition when the results were expressed as percent of the
control values (data not shown).

When a bolus dose of mevinolinic acid was coupled
with the admistration of continuous intravenous infusion
of mevalonolactone (180 pmol/h), the decrease in bile acid
synthesis was prevented (Fig. 8). The mevalonolactone
infusion was initiated 30 min before administration of a
single bolus of mevinolinic acid and was continued for 6
h. The difference in bile acid synthesis at 2 to 6 h between
the administration of mevinolinic acid alone and mevino-
linic acid plus mevalonolactone was highly significant (P <
0.01). Similarly, the reduction of biliary cholesterol and
phospholipid secretion that followed administration of mevi-
nolinic acid alone was prevented by a concurrent mevalono-
lactone infusion (data not shown).

The effects of mevinolinic acid, mevinolinic acid plus me-
valonolactone, and mevalonolactone alone on cholesterol
7a-hydroxylase activity at 6 h after administration of mevi-
nolinic acid are shown in Fig. 9. Mevalonolactone infused
alone decreased HMG-CoA reductase activity by 50%
(data not shown), but had no effect on cholesterol 7a-hy-
droxylase activity. Cholesterol 7a-hydroxylase activity was
significantly inhibited (43%) at 6 h (P < 0.02) after mevi-
nolinic acid administration. This inhibition seen with mevi-
nolinic acid alone was prevented by simultaneous constant
infusion of mevalonolactone.

84 Journal of Lipid Research Volume 31, 1990

Neither mevinolinic acid alone, mevalonolactone alone,
or a combination of both altered microsomal cholesterol
content as compared to values in control animals (Table 1).
Serum cholesterol levels 6 h after mevinolinic acid and/or
mevalonolactone infusions were not significantly different
from those of controls (data not shown).

In vitro addition of mevinolinic acid at concentrations of
0.5, 1, 5, 10, and 20 uM caused a 49%, 81%, %4%, 95%,
and 92% inhibition of HMG-CoA reductase activity, re-
spectively. In contrast, mevinolinic acid in concentrations as
high as 20 uM failed to inhibit cholesterol 7a-hydroxylase
activity (Fig. 10). The concentration of mevinolinic acid at
the hepatocytes in in vivo experiments is not known since
the distribution of the compound after intravenous adminis-
tration is uncertain. It is apparent that profound inhibi-
tion of HMG-CoA reductase occurred at very low con-
centrations of mevinolinic acid (0.5 uM, 49% inhibition),
whereas no inhibiton of cholesterol 7c-hydroxylase activi-
ty occurred at a 40-fold higher concentration (20 uM).
This would suggest that mevinolinic acid does not directly
affect cholesterol 7a-hydroxylase activity. More impor-
tantly, in in vivo experiments, addition of mevalonolac-
tone to mevinolinic acid (Fig. 9) prevented the decrease
in the activity of cholesterol 7a-hydroxylase seen with ad-
ministration of mevinolinic acid alone. This could not
have happened if mevinolinic acid inhibited cholesterol
7a-hydroxylase activity directly.

20

% Change from Control
8

-100 PR J 1 4 1 i 1 | PO | ,//LJ A J
1 0 1 2 3 4 S 6 26 27
Time (hours)

Fig. 7. Effect of mevinolinic acid on cholesterol 7o-hydroxylase and bile
acid synthesis. After administration of mevinolinic acid, an excellent corre-
lation between the decrease in bile acid synthesis ((J--[0) and cholesterol
7o-hydroxylase activity is seen (O—O). Data for cholesterol 7a-hydroxylase
activity are expressed as percent change from controls and represent
mean + SE of six determinations at each point. Bile acid synthesis data are
expressed as percent change from pre-drug infusion baseline mean. The
data on bile acid synthesis were corrected for the 60-min lag period which
corresponds to the “dead space” in the indwelling catheter. Each point repre-
sents the mean + SE of six determinations.
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Fig. 8. Effects of a bolus of mevinolinic acid (M- -W),
constant infusion of mevalonolactone alone (@- - -®), and
mevinolinic acid plus mevalonolactone (O-—J) on bile acid
synthesis (secretion) as compared to controls (O---O). Data

are expressed as percent change from pre-drug infusion -60

baseline. Each point shown is the mean + SE of four deter-
minations. Actual baseline values (mean + SE) are: control,

1.98 + 0.1 pmol/100 g-h™; mevalonolactone, 2.81 + 0.24 -80

umol/100 g-h™'; mevinolinic acid, 2.45 + 0.15 umol/100
g -h™'; mevinolinic acid plus mevalonolactone, 2.35 + 0.17
pmol/100 g-h™!

DISCUSSION

The purpose of the present study was to determine, in
closely monitored experiments, the interrelationship be-
tween the cholesterol and bile acid biosynthesis pathways.
Specifically, we were interested in establishing the tempo-
ral relationship and the magnitude of changes in the ac-
tivity of cholesterol 7a-hydroxylase after the administra-
tion of a bolus dose of mevinolinic acid, a known compe-
titive inhibitor of HMG-CoA reductase. Profound inhibi-
tion of HMG-CoA reductase with mevinolinic acid was
followed by a >50% decrease in cholesterol 7a-hydroxy-
lase activity and bile acid synthesis. A decrease in choles-
terol 7a-hydroxylase activity became apparent after 90
min, with maximal down-regulation occurring at 3 h. Bile
acid synthesis similarly declined in response to mevinolin-
ic acid administration. When cholesterol 7a-hydroxylase

Mevinolinic Acid IV T T T
Bolus (10mg/kg)

\'!.!,.?,!.f

|<—:— Mevalonolactone Infusion (180umoles/h) —->|
PSS VRN R S SN SUPUN DU S SR SRR
-2 -1 0 1 2 3 4 5 6

Time (hours)

activity and bile acid synthesis rates were expressed as
percent change from baseline, changes in the two mea-
surements as a function of time were essentially identical.
Thus, the observed changes in bile acid synthesis are en-
tirely explained by the decreases in cholesterol 7a-hy-
droxylase activity. Reduction of bile acid synthesis after
administration of mevinolinic acid was coupled with simi-
lar declines in biliary cholesterol and phospholipid secre-
tion. Similar interrelationships between bile acid, biliary
cholesterol, and phospholipid secretion have been previ-
ously reported by Kempen et al. (39) after administration
of compactin, another known inhibitor of HMG-CoA re-
ductase.

Alteration of cholesterol 7a-hydroxylase activity after
administration of mevinolinic acid does not appear to re-
sult as a consequence of direct inhibition of the enzyme
with mevinolinic acid, or as a result of nonspecific toxici-

3 — Fig. 9. Cholesterol 7a-hydroxylase activity after administra-
- tion of mevinolinic acid alone (10 mg/kg intravenous bolus),
mevalonolactone (180 pumol/h continuous intravenous infu-
25— sion), and mevalonolactone (180 umol/h continuous infusion)
- plus mevinolinic acid (10 mg/kg intravenous bolus) at 6 h after
L initiation of experiment. Each point is the mean + SE of
four determinations.
a l | |
C7aH |
pmol/mg-hr 15— I
(thousands) I
' —+
S
0
Control Mevalono- Mevinglinic  Mevalono-
lactone Acid lactone &
Mevinolinic
Acid
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TABLE 1. Effect of mevinolinic acid (intravenous bolus) and/or mevalonolactone (constant infusion)
on microsomal cholesterol

Time after Administration of
Bolus (Mevinolinic Acid) or

Microsomal Cholesterol

Condition Control Vehicle n amol/g of Microsomal Protein”
h
Control 0 6 47.8 + 8.24
Mevinolinic acid 0.5 6 45.6 + 4.01
Mevinolinic acid 3 6 42.0 + 17.60
Mevinolinic acid 6 6 53.2 + 12,20
Mevinolinic acid 27 6 42.8 + 13.60
Mevalonolactone 6 4 59.6 + 12,90
Mevinolinic acid 6 6 54.4 3+ 10.70
Both 6 5 58.7 + 7.54

“Results given as mean t SD.

ty. Direct inhibition of cholesterol 7a-hydroxylase by
mevinolinic acid is unlikely for the following reasons: a)
cholesterol 7a-hydroxylase remained unaffected in the
first hour after injection of mevinolinic acid, at the time
when maximal inhibition of HMG-CoA reductase had
occurred; 4) addition of high concentrations of mevinoli-
nic acid to rat liver microsomes markedly inhibited HMG-
CoA reductase activity without affecting cholesterol
7a-hydroxylase activity; ¢) constant infusion of mevalo-
nate, an intermediate in the cholesterol biosynthetic path-
way, prevented the reduction of cholesterol 7a-hydroxylase
activity and bile acid synthesis in the face of inhibition of
HMG-CoA reductase activity with mevinolinic acid; and
d) there was no evidence of nonspecific toxicity of mevino-
linic acid as the bile flow, liver function tests, and clearance
of ["*C]taurocholate all remained normal for the duration
of experiments. Therefore, we believe that the decrease in
cholesterol 7a-hydroxylase activity and bile acid biosynthe-
sis after mevinolinic acid administration occurred as a re-
sult of alterations in the rates of cholesterol synthesis.
The molecular basis responsible for the down-regula-
tion of cholesterol 7a-hydroxylase after mevinolinic acid

administration remains uncertain. The regulation of cho-
lesterol 7a-hydroxylase activity could involve changes in
the differential rates of synthesis or degradation of a specif-
ic cytochrome P-450 catalyzing the 7a-hydroxylation of
cholesterol, as a consequence of alteration of the size of
cholesterol substrate pool available to the enzyme, or as a
result of covalent modification of the enzyme. The rapidity
of decline of cholesterol 7a-hydroxylase activity after inhi-
bition of HMG-CoA reductase suggests, but does not pro-
ve, that reduction of specific activity did not result from
changes in enzyme synthesis or breakdown. This possibili-
ty will remain viable until it becomes possible to measure
the amount of specific cytochrome P-450 by means other
than determining the specific activity.

The most likely explanation of our results is that the de-
crease in cholesterol 7a-hydroxylase activity took place as
a result of depletion of newly synthesized cholesterol sub-
strate which was caused by inhibition of HMG-CoA re-
ductase with mevinolinic acid. It has been suggested that
a critical microsomal pool enriched in newly synthesized
free cholesterol may regulate the activity of cholesterol
7a-hydroxylase (40, 41). Such an explanation makes sense

100 Fig. 10. In vitro data on the effects of mevinolinic acid on
the activities of HMG-CoA reductase ((---0J) and cholester-
ol 7a-hydroxylase (O—O). Data are expressed as percent
_ 60 change from control. Each point is the mean of two determi-
) nations.
£
S
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in light of the observation that newly synthesized choles-
terol may be the preferred substrate for cholesterol 7a-
hydroxylase, at least in the rat (40, 41). The assumption
underlying this possibility is that cholesterol 7a-hydroxy-
lase is not fully saturated in vivo. This indeed may have
been the case in our experimental model, in which the en-
terohepatic circulation was completely interrupted and
cholesterol synthesis was markedly inhibited. The impor-
tance of newly synthesized cholestrol in the regulation of
cholesterol 7a-hydroxylase is emphasized further by the
experiments in which continuous administration of meva-
lonolactone was coupled with a single bolus dose of mevi-
nolinic acid. As a result of constant infusion of mevalo-
nolactone, a constant flow of newly synthesized cholester-
ol was established, which in turn was associated with the
prevention of down-regulation of cholesterol 7a-hydroxy-
lase activity observed with the administration of mevinoli-
nic acid alone. Lack of measurable changes in the content
of microsomal free cholesterol does not necessarily ex-
clude this possibility, since we and others have shown no
correlation between the microsomal free cholesterol pool
and cholesterol 7a-hydroxylase activity (15, 18). It should
be pointed out that, in the present study, the fractional
changes in cholesterol 7a-hydroxylase were comparable
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HMG-CoA
HMG-CoA-R # ==~~~ ==~ ~ @
~

N
I Mevalonate \\
Y

Dimethylailyl-p- Isoprenylated
Geranyl-p-p
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Fig. 11. The pathways of cholesterol and bile acid synthesis denoting ma-
jor intermediates in both pathways. HMG-CoA reductase and cholesterol
7a-hydroxylase are two rate-limiting enzymes. Putative intermediates of the
cholesterol synthesis pathway are known to down-regulate HMG-CoA re-
ductase. It is postulated that the same (or different) intermediates of choles-
terol synthesis pathway may up-regulate cholesterol 7a-hydroxylase activity.

Regulato
o | Metabolite(s)
of
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regardless of whether exogenously added cholesterol or
endogenous microsomal cholesterol was used as substrate
in the cholesterol 7a-hydroxylase assay system. Conse-
quently, reduction of cholesterol substrate cannot fully ex-
plain the observed decrease in cholesterol 7a-hydroxylase
activity. An alternative explanation is that mevalonate or
a metabolic product of mevalonate, rather than newly
synthesized cholesterol, plays a role in the regulation of
cholesterol 7a-hydroxylase. This hypothesis has merit,
particularly in light of the observations of Brown and
Goldstein (42) who provided convincing evidence that
mevalonate or a metabolic product of mevalonate down-
regulates HMG-CoA reductase. Conceivably, such an in-
termediate in the cholesterol biosynthesis pathway could
have a role in regulation of cholesterol 7a-hydroxylase as
well (Fig. 11).

The rapidity of down-regulation of cholesterol 7c-hy-
droxylase after inhibition of cholesterol synthesis could in-
dicate that a decrease in the enzyme activity might have
occurred as a result of covalent alteration of the enzyme.
There are several studies suggesting that cholesterol 7o-
hydroxylase activity may be activated by phosphorylation
and deactivated by dephosporylation (43-45). Moreover,
phosphorylation has been reported to be an important
mechanism for regulating the catalytic activities of other
enzymes involved in hepatic cholesterol metabolism in-
cluding HMG-CoA reductase (46-49), acyl-CoA:choles-
terol acyltransferase (ACAT) (50-52), and possibly
cholesteryl ester hydrolase (CEH) (53, and 8. Ghosh, per-
sonal communication). Scallen and Sanghvi (54) postu-
lated that phosphorylation-dephosphorylation may explain
the coordinate activities of HMG-CoA reductase, cholester-
ol 7c-hydroxylase, and ACAT. In this regard, we have ob-
served rapid and synchronous changes in ACAT and CEH
activities in mevinolinic acid-treated rats (55). If the above
interpretation of the data is correct, this would suggest
that the rate of cholesterol synthesis may be metabolically
linked to changes in the activities of specific protein ki-
nases or phosphatases which recognize the above enzymes
as substrates. This possibility is now being tested in our
laboratories.

Our conclusions regarding the linkage between HMG-
CoA reductase and cholesterol 7c-hydroxylase differ
somewhat from those of Bjorkhem (56). Bjorkhem re-
ported that feeding mevinolin in the diet for 3 days at con-
centrations as high as 0.2% led to a modest decrease in
cholesterol 7a-hydroxylase activity (35%) while inducing
a substantial increase in microsomal HMG-CoA reduc-
tase activity. The observed decrease in cholesterol
Ta-hydroxylase was attributed to the direct inhibitory ef-
fect of mevinolin on the enzyme. The nature of interac-
tion between mevinolin and the cholesterol 7a-hydroxy-
lase was not defined in their studies. Based on these data,
Bjérkhem concluded that no coupling exists between the
induction of synthesis of HMG-CoA reductase with mevi-

Fandak et al.  Regulation of bile acid synthesis 87

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

nolin and the activity of cholesterol 7a-hydroxylase (56).
It should be pointed out that his experiments were chron-
ic in nature and were associated with compensatory
changes in hepatic cholesterol metabolism that could af-
fect cholesterol 7o-hydroxylase activity in many unpre-
dictable ways. The current report specifically avoids this
problem by focusing on events in the initial 6 h after the
administration of the inhibitor of HMG-CoA reductase
before compensatory changes such as an increase in
HMG-CoA reductase synthesis could occur.

The possibility of a metabolic linkage between the path-
ways of cholesterol and bile acid biosynthesis is physiolog-
ically appealing. It has long been appreciated that HMG-
CoA reductase and cholesterol 7a-hydroxylase activity
vary in parallel under a variety of conditions, particularly
with regard to changes in the enterohepatic circulation of
bile salts (biliary drainage, bile acid feeding). We have re-
cently shown a close positive linear correlation between
HMG-CoA reductase and cholesterol 7¢-hydroxylase in
the rat after 14 days feeding of seven different bile acids
(57). Only hydrophobic bile salts (cholic, chenodeoxycho-
lic, and deoxycholic) inhibited cholesterol 7a-hydroxylase,
but these bile salts also inhibited HMG-CoA reductase.
Based on the data presented in this communication, it is
possible that a decrease in cholesterol 7a-hydroxylase ac-
tivity by hydrophobic bile salts can occur secondary to
changes in HMG-CoA reductase activity. A decrease in
HMG-CoA reductase activity by bile salts could result
from the direct effects of bile acids on enzyme synthesis or
degradation, or due to the indirect effect of bile acids on
the enzyme via alteration of the rate of cholesterol absorp-
tion from the intestines and/or cholesterol flux across the
hepatocyte. Recent experiments in our laboratories are
consistent with the latter explanation (58).

The results of the current study demonstrate that the
regulation of cholesterol 7a-hydroxylase activity and
hence bile acid synthesis can occur in response to metabo-
lic signals other than bile acid flux across the liver, a basic
postulate of the “negative bile acid biofeedback” hypothe-
sis. Although this study does not identify the underlying
mechanism or mechanisms responsible for the regulation
of cholesterol 7a-hydroxylase, it clearly shows that the
availability of newly synthesized cholesterol plays an im-
portant role in the regulation of cholesterol 7ce-hydroxy-
lase activity and bile acid biosynthesis. Further studies
aimed at identifying the mechanisms involved in the regu-
lation of both HMG-CoA reductase and cholesterol 7a-
hydroxylase are currently under way in our laboratory. il
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