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Abstract In order to define the source of cholesterol for bile 
acid synthesis and biliary cholesterol, hamsters with an extracor- 
poreal bile duct received an intraperitoneal bolus of [3H]water 
labeling newly synthesized cholesterol. Thereafter the entero- 
hepatic circulation was interrupted and a nutrient solution was 
infused during the experimental period of 78 h. In a separate 
group, pravastatin was administered (54-78 h) to allow discrimi- 
nation of 3H-labeled cholesterol recycling from plasma and 
newly synthesized hepatic cholesterol late during the experi- 
ment. In controls, newly synthesized biliary cholesterol and 
primary bile acids derived from cholesterol newly synthesized 
during the experiment amounted to 5% and 12% immediately 
after depletion of the bile acid pool (6-9 h), respectively. After 
longterm bile diversion these proportions increased to 56-63%, 
whereas 71% of plasma cholesterol was labeled. Pravastatin in- 
hibited the secretion of biliary cholesterol, cholate, and 
chenodeoxycholate by 30, 50, and 44%, respectively. In contrast, 
the preinfusion tritium label was suppressed by a maximum of 
16%, 14%, and 26%, respectively, reflecting the contribution of 
cholesterol newly synthesized in the hepatocyte as opposed to la- 
beled cholesterol recycling from the plasma. m It is concluded 
that in the hamster newly synthesized cholesterol is of minor im- 
portance as substrate for bile acid synthesis as well as biliary 
cholesterol, both under near physiologic conditions and after 
long-term bile diversion. Moreover, the hepatic cholesterol pools 
subserving the synthesis of the primary bile acids are identical 
but appear to be different from that of biliary cholesterol directly 
after the depletion of the enterohepatic bile acids.- Scheibner, 
J., M. Fuchs, E. Hormann, G. Tauber, and E. F. Stange. 
Biliary cholesterol secretion and bile acid formation in the ham- 
ster: the role of newly synthesized cholesterol. J. Lipid Res. 1994. 
35: 690-697. 
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mated to be 5-28% for biliary cholesterol and 25-80% for 
bile acids. It is still under debate whether cholesterol and 
bile acids derive from the same (21, 22) or from separate 
cholesterol pools in the rat (10, 23-27). 

Although the rat has been used extensively for the in- 
vestigation of cholesterol and bile acid metabolism, the 
hamster seems to be a more adequate model. As a conse- 
quence of the relatively low capacity of hepatic cholesterol 
synthesis, variations in cholesterol balance are regulated 
by the modulation of LDL transport in hamsters (28-32) 
much like in humans. Moreover, excess dietary 
cholesterol intake results in an increase of biliary 
cholesterol output (33). Finally, the hamster has a gall- 
bladder and displays a bile acid pattern (34) similar to hu- 
mans. Therefore hamsters may be used as a model for the 
pathogenesis of cholesterol gallstones (35-38). 

However, there is no information on the quantitative 
importance of newly formed cholesterol as a substrate for 
bile acid synthesis in the hamster and only few data are 
available concerning the origin of cholesterol for biliary 
secretion in this species. In an elegant study, Turley, 
Spady, and Dietschy (39) showed that the bile acid- 
binding resin cholestyramine increased the proportian of 
newly synthesized cholesterol in bile from 5% in controls 
to 21% but the total secretion rate remained unchanged. 

We have recently developed a new model in the free- 
moving hamster with an extracorporeal bile duct allowing 
experiments in recovered animals and avoiding the 
postoperative stress period. The biliary lipid secretion in 
these animals was several-fold higher than reported previ- 

Amde evidence sunqests a close remlatorv linkaqe be- "" " " 
tween hepatic cholesterol and bile acid synthesis (1-9). In 
addition, several in vivo studies have investigated the role 

Abbreviations: HPLC, high performance liquid chromatography; 
LDL, low density lipoprotein; HMG-CoA, 3-hydroxy-3-methylglutaryl 
coenzyme A. 
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ously in animals with an acute bile fistula and probably 
reflects the physiologic rates (40). Using this model it 
could be shown that newly synthesized cholesterol plays a 
minor role as a source of both biliary cholesterol and bile 
acid synthesis, not only directly after the depletion of the 
bile acid pool but also after derepression of bile acid synthesis. 

MATERIALS AND METHODS 

Materials 

[24-14C]taurocholic acid (57.7 mCi/mmol), [3H]water 
(100 mCi/ml), and [4-14C]cholesterol (59 mCi/mmol) 
were obtained from Amersham Corp. (Braunschweig, 
Germany). Pravastatin sodium was a gift from Bristol- 
Myers Squibb GmbH (Regensburg, Germany). All 
chemicals used were of the highest grade available com- 
mercially. 

Animals and diet 

Female Golden Syrian hamsters (Mesocriteus aureutus) in 
the weight range of 110 to 130 g were purchased from the 
Zentralinstitut fur Versuchstierzucht, Hannover, Ger- 
many. The animals were kept under light-cycling (light: 
6:OO ~ ~ - 6 : 0 0  PM) conditions and fed a pelleted standard 
diet (Altromin 1314, Altromin, Lage, Germany) for an ad- 
justment period of at least 1 week prior to surgery. The 
experimental protocol had been approved by an official 
veterinary commission and complied with the national 
guidelines for the care and use of laboratory animals. 

Surgical procedures and experimental setup 

Under fluothane anesthesia (IC1 Pharma, Plankstadt, 
Germany) an extracorporeal bile duct was established as 
described in detail previously (40). After a postoperative 
recovery period of 1 week, the loop was interrupted and 
both ends were connected to polyethylene tubing. The in- 
fusate was administered intraduodenally and hepatic bile 
was collected in 3-h intervals using a fraction collector 
(1x0-Retriever 11, Colora, Lorch, Germany). 

After an intraperitoneal injection of 100 mCi 
[3H]water, an intraduodenal infusion was given to a con- 
trol group (n = 11) for 78 h at a rate of 1 ml per h (Preci- 
sion pump Unita Ib; B. Braun, Melsungen, Germany). It 
contained nutrients and minerals as described previously 
(41) and 0.09 pCi [24-14C]taurocholic acid per 100 g per 
h as well as tritiated water at the specific activity of body 
water. Another group of animals (n = 8) was supplied 
with the same solution, but received in addition 1 mg 
pravastatin sodium per 100 g per h during the final 24 h 
of the experiment. At the end of the infusion the animals 
were bled by puncture of the aorta to obtain EIYTA- 
plasma for measurement of plasma cholesterol. Gluta- 
mate dehydrogenase, alanine aminotransferase, and alka- 
line phosphatase activity were estimated using commer- 
cial kits (Boehringer, Mannheim, Germany). 

Analytical procedures 

Bile flow was measured gravimetrically. To estimate the 
specific activity of body water, 50 pl of every bile fraction 
was diluted and counted by liquid scintillation (Rackbeta 
1217, LKB, Freiburg, Germany). 

Four hundred fifty p1 of bile was evaporated under 
vacuum to remove the tritiated water from the hydrate 
shell of biliary cholesterol and bile acids, as described 
previously (10). Thereafter 14 nCi of [4-14C]cholesterol 
was added to 100 p1 of resuspended bile to calculate the 
recovery of biliary cholesterol. Using the method of Tietz 
et al. (42), bile acids and biliary cholesterol were extracted 
by isopropanol. The evaporated sample was extracted 
with methanol-petroleum ether to separate the bile acids 
from biliary cholesterol. 

The incorporated 3H from tritiated water and the ab- 
sorbed 14C from taurocholate were measured in the un- 
conjugated bile acids by HPLC with online liquid scintil- 
lation spectrometry (Ramona-&LS, RSM, Straubenhardt, 
Germany) after the preparation of the methanol extract, 
as described previously (10). The 14C activity was esti- 
mated in 25 pl of resuspended bile by liquid scintillation. 

The amount of incorporated 3H and added 14C of 
biliary cholesterol was quantitated by the preparation of 
the petroleum ether extract followed by HPLC separation 
as described previously (40). The plasma cholesterol was 
analyzed as described (10). The conjugated bile acids were 
measured in 100 pl of the resuspended bile by HPLC (43). 

Calculations and definitions 
The total synthesis rates of bile acids were calculated 

from the molar mass of conjugated bile acids. After the 
depletion of the bile acid pool, the synthesis rates of bile 
acids and biliary cholesterol corresponded to their secre- 
tion rates. 

The amount of newly synthesized (“de novo”) biliary 
and plasma cholesterol as well as of bile acids derived 
from newly synthesized cholesterol was calculated from 
the tritium label as detailed recently (10, 11, 13, 44). The 
calculation was based upon the actual specific activity of 
tritiated water in each bile fraction. The newly synthe- 
sized cholesterol and bile acids formed from newly syn- 
thesized cholesterol during the experiment may have in- 
cluded labeled cholesterol recycling from the plasma as 
well as from direct hepatic synthesis. The infusion experi- 
ment with pravastatin was performed to allow discrimina- 
tion between these two pathways. 

The synthesis from unlabeled cholesterol was calcu- 
lated from the difference of total and newly synthesized 
rates and was designated as synthesis from preformed 
cholesterol. 

1 SEM. The 
two-tailed Student’s t test for unpaired or paired samples, 
as applicable, was used to assess statistical significance. 

The results are given in mean values 
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RESULTS 

Food intake and body weight were similar in both treat- 
ment groups and did not change significantly during the 
experiments (data not shown). 

Control experiment 

As shown in Fig. lA, the specific activity of bile water 
rose rapidly after intraperitoneal injection of [3H]water. 
The bile flow ranged from 218 to 281 pl per h (Fig. 1B) 
and showed a minimal diurnal rhythm similar to that of 
bile acid secretion. 

The total synthesis of cholate (Fig. 2A) derepressed ap- 
proximately twofold from a basal rate of 818 nmol per 100 
g per h with a clearcut diurnal rhythm. The synthesis of 
cholate from newly synthesized cholesterol increased con- 
tinuously with a parallel diurnal rhythm. In contrast, the 
cholate synthesis from preformed cholesterol (Fig. 2B) 
decreased gradually, also with a flat diurnal rhythm. Fol- 
lowing pool depletion after 9 h, the proportion of cholate 
from newly formed cholesterol (Fig. 2C) amounted to 
12 % and increased continuously during derepression to 
approximately 63% after 75-78 h. 
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Specific 3H activity of bile water (panel A) and bile flow (panel 
Byof female hamsters. Hamsters recoveredfor 7 days from the operation 
and were given an intraperitoneal bolus of 100 mCi [SHIwater. There- 
after, the enterohepatic circulation was interrupted and an intraduo- 
denal infusion of 0.09 pCi [1*C]taurocholate per 100 g per h and tritiated 
water at the calculated specific activity of body water was administered 
for 78 h. The secreted bile was collected during 3-h intervals. Values 
represent the means 1 SEM of 11 animals. 
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Fig. 2. Cholate secretion of hamsters after interruption of entero- 
hepatic circulation. Panel A: From total (preformed plus newly synthe- 
sized) cholesterol and from newly synthesized cholesterol. Panel B: From 
preformed cholesterol. Panel C:  Relative proportions from newly synthe- 
sized cholesterol. Experimental setup was as described in the legend of 
Fig. 1. Values represent the means * 1 SEM of 11 animals. 

The total synthesis of chenodeoxycholate (Fig. 3A) in- 
creased from 185 to a maximum of 274 nmol per 100 g 
per h after 66 h. Similar to cholate, chenodeoxycholate 
synthesis from newly synthesized cholesterol (Fig. 3A) in- 
creased continuously with a flat diurnal rhythm. After the 
depletion of the bile acid pool, the chenodeoxycholate 
synthesis from preformed cholesteroi (Fig. 3B) decreased 
slightly, again with a minimal diurnal variation. The 
proportion of chenodeoxycholate from newly synthesized 
cholesterol (Fig. 3C) amounted to 12% at 9 h reaching a 
plateau of 56% after 54 h. 

In contrast to cholate and chenodeoxycholate, biliary 
cholesterol (Fig. 4A) was secreted with a pronounced di- 
urnal variation during the derepression of bile acid syn- 
thesis, increasing maximally 3.5-fold. The secretion rate 
of "de novo" cholesterol exhibited an early plateau up to 
30 h and increased with a diurnal rhythm thereafter. The 
amount of preformed cholesterol remained unchanged 
(Fig. 4B) with diurnal variation during the full ex- 
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Fig. 3. Chenodeoxycholate secretion of hamsters after interruption of 
enterohepatic circulation. Panel A: From total (preformed plus newly 
synthesized) cholesterol and from newly synthesized cholesterol. Panel 
B: From preformed cholesterol. Panel C: Relative proportions from 
newly synthesized cholesterol. Experimental setup was as described in 
the legend of Fig. 1. Values represent the means i 1 SEM of 11 animals. 

perimental period. The proportion of “de novo” 
cholesterol (Fig. 4C) varied from 5% (6-9 h) to a plateau 
reaching approximately 60% after 60 h. 

Taken together, biliary cholesterol was derived from “de 
novo” cholesterol to a significantly lower extent compared 
to cholate and chenodeoxycholate ( P  < 0.05 and 
P < 0.01, respectively) only during an early phase of the 
experiment. At the end of the experiment 71 f 6% of 
plasma cholesterol was newly synthesized, which was only 
slightly different from the tritium label of cholate, 
chenodeoxycholate, and biliary cholesterol after 75-78 h. 
The total plasma cholesterol level amounted to 3.2 0.2 
pmol per ml at this time point. 

Pravastatin experiment 

The bile flow during the pravastatin infusion (54-78 h) 
was not significantly different from that of controls (data 
not shown). Compared to the preinfusion period (51-54 
h), pravastatin suppressed the total cholate synthesis as 

well as formation from “de novo” cholesterol by 50% 
( P  < 0.01) and 54% ( P  < 0.01) after 63 h (Fig. 5A), 
respectively. Thus, the rate of cholate synthesis from 
preformed cholesterol also decreased similarly (from 896 
to 477 nmol per 100 g per h, P < 0.05). Before starting 
the pravastatin infusion, 51% of cholate was synthesized 
from “de novo” cholesterol; after 63-66 h this proportion 
was maximally reduced by 14% ( P  > 0.05). 

Compared to the reference value at 54 h, the 
chenodeoxycholate synthesis rates from total and “de 
novo” cholesterol were reduced by 44% ( P  < 0.01) and 
54% (P < 0.01) after 63 h, respectively (Fig. 5B). Accord- 
ingly, the synthesis from preformed cholesterol was simi- 
larly suppressed (167 to 92 nmol per 100 g per h) after 63 
h ( P  < 0.01). Immediately prior to the pravastatin infu- 
sion (51-54 h), the relative synthesis from “de novo” 
cholesterol amounted to 35%. With the onset of the 
pravastatin infusion, the proportion from “de novo” 
cholesterol decreased maximally by 26% ( P  < 0.01) after 
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Fig. 4. Biliary cholesterol secretion of hamsters after interruption of 
enterohepatic circulation. Panel A: Total (preformed plus newly synthe- 
sized) cholesterol and newly synthesized cholesterol. Panel B: Preformed 
cholesterol. Panel C: Relative proportions of newly synthesized 
cholesterol. Experimental setup was as described in the legend of Fig. 1. 
Values represent the means + 1 SEM of 11 animals. 
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Fig. 5. Secretion of cholate (A), chenodeoxycholate (B) and biliary 
cholesterol (C) of hamsters before and during pravastatin infusion. Ex- 
perimental setup was as described in the legend of Fig. 1. In addition, 
the animals received 1 mg of pravastatin/lOO g per h during the last 24 
h. Values represent the means -t 1 SEM of 8 animals. 

The biliary secretion of total and “de novo” cholesterol 
decreased by 30% (P < 0.05) and 39% (P < 0.05) after 
63 h, respectively, compared to the 54-h bile fraction of 
the pravastatin group (Fig. 5C). In contrast to bile acids, 
pravastatin reduced the secretion of preformed cholesterol 
only slightly (218 to 173 nmol per 100 g per h) ( P  < 0.01) 
at 60-63 h. In the pravastatin experiment the relative 
amount of “de novo” cholesterol secreted decreased from 
49% (51-54 h) by 16% to a nadir at 60-63 h (P > 0.05). 

The infusion of pravastatin reduced the proportion of 
“de novo” plasma cholesterol to 50 2% ( P  < 0.01 com- 
pared to controls), corresponding to the 3H label of cho- 
late and biliary cholesterol at the end of the experiment. 
The total cholesterol concentration was reduced to 
2.6 + 0.2 pmol per ml plasma. 

The liver enzymes glutamate dehydrogenase, alanine 
aminotransferase, and alkaline phosphatase were in the 
range of unoperated animals in both groups (data not 
shown). The control and pravastatin-treated hamsters 

secreted 103% and 110% of the intraduodenally infused 
[1*C]taurocholate in bile (54-78 h), respectively, suggest- 
ing that pravastatin had no effect on intestinal absorption 
and hepatic secretion of the bile acids. 

DISCUSSION 

In the past hamsters were used as a suitable model for 
the investigation of the pathogenesis of pigment and 
cholesterol gallstones (35-38). In this context, some rele- 
vant data are available about the role of hepatic 
cholesterogenesis in the secretion of cholesterol in hamster 
bile (39). In contrast, nothing is known in the hamster 
about the relative importance of newly synthesized versus 
preformed cholesterol for bile acid synthesis under phys- 
ioIogic conditions or after stimulation of the biosynthesis 
of bile acids by long term bile depletion. To clarify this 
point, female hamsters were fitted with an extracorporeal 
bile duct (40) and bile was diverted for 78 h. The propor- 
tions from newly synthesized and preformed cholesterol 
were defined for biliary cholesterol, cholate, and 
chenodeoxycholate by labeling “de novo” cholesterol with 
tritiated water (10, 13, 45-47). The HMG-CoA reductase 
inhibitor pravastatin was infused after derepression of bile 
acid synthesis to allow differentiation of the labeled 
proportion derived directly from hepatocytic cholestero- 
genesis versus recycling lipoprotein [3H]cholesterol. 

In the present study the bile acid pool was secreted 
within 9 h in controls, and immediately thereafter an ap- 
proximation of the physiologic rate of bile acid synthesis 
may be obtained (40, 41, 48). At this time point only 12% 
of cholate and chenodeoxycholate derived from “de novo” 
cholesterol. After a comparable short-term depletion of 
bile, male (10) and female rats (13) synthesized similar 
proportions of these bile acids from tritium-labeled “de 
novo” cholesterol (4-19%). This low contribution of 
cholesterol synthesis may appear to contrast with the 
coordinated regulation of cholesterol and bile acid synthe- 
sis observed under various conditions in the rat (1-9). On 
the other hand, during cholesterol feeding, both synthesis 
rates clearly dissociate (49) and their usual link does not 
necessarily imply a quantitative role of “de novo” 
cholesterol in bile acid formation. 

In contrast to both primary bile acids, only 5% of 
cholesterol secreted into bile was newly synthesized in the 
present study. This is in good agreement with data pub- 
lished by Turley et al. (359, also using female hamsters 
and a similar tritiated water method. In female rats, 18% 
of biliary cholesterol was labeled with 13H]water (ll), 
whereas in male animals only 8-976 of biliary cholesterol 
was newly synthesized (10, 39). A somewhat higher 
proportion (28%) of newly synthesized cholesterol was 
found in male rats by Long et al. (20) by inhibiting the 
terminal cholesterogenesis with triparanol. Thus, much 
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like in the rat (lo), in the hamster de novo cholesterol ap- 
pears to play only a minor role as a substrate for bile acid 
synthesis and biliary cholesterol secretion directly after 
depletion of the bile acid pool, Le., under rather physio- 
logic conditions. Furthermore, it is concluded that cholate 
and chenodeoxycholate are synthesized from a common 
or similar cholesterol precursor pool in the hamster, 
whereas the biliary secretion of “de novo” cholesterol prob- 
ably derives from a different cholesterol pool. This is sup- 
ported by the retarded secretion of the 3H-label of 
cholesterol until 30 h, compared to the bile acids. A com- 
mon precursor pool was also reported for the primary bile 
acids of humans (50) and the rat (21, 22), whereas we and 
others found separate pools in the rat (10, 23-27). 

After bile diversion for 78 h, bile acids and biliary 
cholesterol were labeled to approximately 60% in control 
hamsters. In comparison, 64% of cholate was labeled in 
the rat, but 84-88% of chenodeoxycholate, muricholate, 
and biliary cholesterol (10). Interestingly, in hamsters the 
flux of tritium-labeled cholesterol decreased in cholate 
and biliary cholesterol maximally by 15% and in 
chenodeoxycholate by 26% only during a short period of 
6-9 h after the start of the pravastatin infusion. This rapid 
effect may be assumed to reflect the limited amount 
formed directly from newly synthesized cholesterol in the 
liver because under these conditions plasma labeling re- 
mains high and the small intestine in the absence of lumi- 
nal fat does not secrete newly formed cholesterol, at least 
in the rat (51). Thus, after long-term exposure to tritiated 
water, labeled cholesterol and bile acids are mostly der- 
ived from labeled plasma lipoproteins and, to a limited 
extent, from hepatic synthesis. 

The hamster is known to compensate for its low 
cholesterol synthesis (52) by the up-regulation of the 
hepatic LDL uptake (30). As a consequence, the slight in- 
crease of the 3H-label at the end of the pravastatin ad- 
ministration may be explained by the enhanced uptake of 
tritium-labeled LDL-cholesterol, whereas the metabolism 
of intrahepatic preformed, unlabeled cholesterol probably 
remained unchanged. Alternatively, hepatic HMG-CoA 
reductase may have escaped the inhibitory action of 
pravastatin by an increase in enzyme synthesis (53). The 
dose of pravastatin used prevented the normal further in- 
crease in the labeling of biliary lipids between 54 and 78 
h and may therefore be assumed to have blocked 
cholesterol synthesis efficiently. This is also supported by 
the observed reduction of plasma cholesterol and by a 71% 
inhibition of hepatic sterol synthesis by a lower single oral 
dose of 1.33 mg pravastatin per kg body weight of rats (54). 

As shown by others in the rat (15, 17, 18), the applica- 
tion of a HMG-CoA reductase inhibitor resulted in a sup- 
pression of bile acid synthesis and biliary cholesterol 
secretion. The inhibition of 44-50% seen for bile acids in 
the hamster is comparable to data of Muraca et al. (16) 
in humans. At this point it is remarkable that not only 

substrate but also the enzyme mass (55) and mRNA levels 
(56, 57) of cholesterol 7a-hydroxylase were reduced by 
statins in the rat. As a consequence, it is not feasible to 
derive a dominant role of newly synthesized cholesterol 
for bile acid synthesis merely from the suppressive effect 
of an HMG-CoA reductase inhibitor (17) because a part 
of its action is due to direct inhibition of 7a-hydroxylase 
rather than HMG-CoA reductase. 

It may be concluded that bile acids and biliary 
cholesterol derive preferentially from preformed 
cholesterol pools after short-term bile depletion which 
may be assumed to be close to the physiological condition. 
This contribution does not dramatically increase after 
long-term interruption of the enterohepatic circulation 
probably because, in the hamster, bile acid synthesis does 
not derepress as much as in the rat. Furthermore, a com- 
mon cholesterol precursor pool for the primary bile acids 
that is distinct from that of biliary cholesterol is suggested. 
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