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Abstract Interruption of enterohepatic circulation (EHC) of 
bile salts in several species is known to cause a significant 
decrease in plasma concentrations of low density lipoprotein 
(LDL) cholesterol, but to have little effect on high density 
lipoprotein (HDL) cholesterol. The present study, for the first 
time, demonstrates that partial interruption of EHC dramati- 
cally reduces both plasma LDL and HDL cholesterol concen- 
trations in cattle. Five adult Holstein cows were surgically 
altered to allow controlled portions of bile flow to be diverted 
from the body. The animals were fed a low-fat, cholesterol- 
free diet. In two experiments, bile was diverted at 50% and 
22% of total flow rates. By day 8 of diversion, both rates 
reduced mean plasma cholesterol from baseline (85 mg/dl) 
to about 8 and 18 mg/dl, respectively. Cholesterol was re- 
duced in equal proportions in all lipoprotein fractions. In 
addition, plasma concentrations of triglycerides and phos- 
pholipids were also dramatically reduced. All of these plasma 
lipids returned to baseline within 1 week after restoration of 
bile flow. To determine the hepatic response to bile diver- 
sion, liver cholesterol concentrations, cholesterol synthesis 
rates, and LDL receptor-binding activities were determined 
in biopsy samples. In response to bile diversion, hepatic chc- 
lesteryl esters were markedly depleted while hepatic choles- 
terol synthesis rates were increased by more than 10-fold. 
Nevertheless, because the basal cholesterol synthesis rate was 
so low, it was estimated that the increase in synthesis would 
haye supplied no more than 5% of the sterols depleted during 
bile diversion (1.2 vs. 25 mmol/day). LDL receptor-binding 
activity was significantly elevated, suggesting an increased up- 
take of plasma lipoprotein cholesterol by the liver. 819 These 
results suggest that the unique sensitivity of bovine plasma 
cholesterol to enterohepatic circulation interruption might 
occur as a result of the inherently low rate of hepatic choles- 
terol synthesis in cattle. This hypocholesterolemic model 
might serve as an interesting tool for the study of factors 
regulating plasma HDL cholesterol.-Chen, Z., T. H. Herdt, 
J. S. Liesman, N. K. Ames, and R. S. Emery. Reduction of 
bovine plasma cholesterol concentration by partial interrup- 
tion of enterohepatic circulation of bile salts: a novel hypo- 
cholesterolemic model.]. Lipid Res. 1995. 36: 1544-1556. 
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Hepatobiliary excretion of cholesterol and its meta- 
bolites, the bile acids, is the major route for the elimina- 
tion of cholesterol from the body. Such excretion 
thereby plays an important role in regulating body 
cholesterol metabolism. Under normal conditions, 
more than 95% of the bile acids secreted by the liver are 
reabsorbed in the ileum by an active transport mecha- 
nism and return to the liver via the hepatic portal vein 
(1, 2). Therefore, to maintain a steady state, the liver is 
normally required to synthesize only small amounts of 
bile acids to replace the fecal loss (3). However, when 
the enterohepatic circulation (EHC) of bile acids is 
interrupted, either by direct biliary drainage (4,5) or by 
increasing fecal loss of bile acids (6-8), the rate of bile 
acid synthesis is augmented (4, 6, 9), leading to an 
increased requirement for cholesterol by the liver. The 
increase in cholesterol demand, in turn, leads to an 
increase in hepatic cholesterol synthesis rate (9-1 1). The 
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uptake and catabolism of plasma lipoprotein cholesterol 
by the liver is also enhanced (6,9, 11, 12). As a result of 
this, plasma cholesterol concentration is usually re- 
duced (6-12). The impact of interruption of EHC on 
cholesterol metabolism has been investigated in a 
number of species (6- 12), yet similar information has 
not been available for ruminant animals such as cattle. 

As in most mammals, the majority of the circulating 
cholesterol in cattle is carried by high density lipopro- 
tein (HDL) (13, 14). However, there appear to be many 
differences in plasma cholesterol metabolism between 
cattle and other species in which the effects of interrup- 
tion of EHC on plasma cholesterol metabolism have 
been studied. These differences include the lack of an 
apoE-like protein in bovine HDL particles (14, 15), very 
low level of cholesteryl ester transfer activity in bovine 
plasma (16), and a very low activity of hepatic 
triglyceride lipase (17,lS). Because of these differences, 
hepatic clearance of plasma cholesterol might be differ- 
ent in cattle than in other species. Thus, it would be 
interesting to examine the effect of interruption of EHC 
of bile acids on plasma cholesterol metabolism in cattle. 
In combination with the unique properties of bovine 
cholesterol metabolism, such studies might result in new 
information related to the general understanding of 
mechanisms regulating plasma cholesterol. As the first 
step to explore this possibility, the present study was 
carried out to determine the effects of controlled biliary 
diversion on plasma concentrations of cholesterol and 
other lipids and on hepatic cholesterol metabolism in 
cattle. Interestingly, we found that partial diversion of 
bile in this species caused a reduction of more than 90% 
in plasma concentrations of cholesterol and other lipids. 
Simultaneously, hepatic cholesterol synthesis rate and 
low density lipoprotein (LDL) receptor-binding activity 
were elevated. This study presents a unique animal 
model with which to investigate the regulation and the 
metabolic role of plasma lipoprotein cholesterol, espe- 
cially HDL cholesterol. 

MATERIALS AND METHODS 

Materials 

[3H]water (100 mCi/mmol) and sodium [1251]iodide 
(carrier free, pH 7-11) were purchased from New Eng- 
land Nuclear Corp. (Boston, MA). Minimum essential 
media (MEM 12000) was purchased from GIBCO 
(Grand Island, NY). Durapore filters (0.45 pm, 25 mm 
in diameter, catalogue number HVLP 02500) were ob- 
tained from Millipore Corp. (Bedford, MA). Bovine 
serum albumin (fraction V), newborn calf serum, and 
heparin (grade I; from porcine intestinal mucosa) were 
purchased from Sigma Chemical Co. (St. Louis, MO). 

All other chemicals used were of analytical grade ob- 
tained from commercial sources. 

Animals and diet 
Five healthy adult, nonpregnant, nonlactating Hol- 

stein cows (600-700 kg) were used. They were kept 
under environmentally controlled conditions (tempera- 
ture maintained at 20°C) in individual pens. Through- 
out the entire study, the animals were fed ad libitum an 
alfalfa hay-based diet and had free access to water and 
trace-mineralized salt. The diet was supplemented daily 
with 4 pounds of concentrate containing ground corn, 
oats, and vitamins. Based on tables of nutrient compo- 
sition of animal feeds (19), this diet contained less than 
3% fat. In addition, there was essentially no dietary 
cholesterol since no animal ingredient was used. The 
animals were weighed weekly. 

Surgical procedures and post-surgical maintenance 
The cows were surgically prepared and fitted with 

reentrant intestinal cannula using a modification of the 
procedure of Symonds, Matter, and Hall (20). Surgical 
anesthesia was induced by intravenous administration 
of guaifenesin and sodium thioamylal and maintained 
by inhalation of halothane. Under general anesthesia 
and using aseptic surgical technique, a 20-cm section of 
duodenum that included the insertion of the common 
bile duct was transected at each end. The ends were then 
closed to form an isolated segment. The remaining 
portions of the duodenum were joined to reestablish the 
patency of the intestine. A reentrant intestinal cannula 
(Fig. 1) was placed with one arm in the isolated intestinal 

of duodenum 

is 

Fig. 1. Diagram of surgical modification to the duodenum. The 
direction of bile flow through the reentrant cannula is indicated by 
the arrows. 
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segment and the other in the intact duodenum. During 
the surgery, a liver biopsy (pre-cannulation control) was 
obtained for the experiments described in the following 
sections. 

During the first 5 days after surgery, to minimize the 
internal pressure in the isolated segment of intestine, 
the reentrant cannula was interrupted and all bile flow 
was diverted from the isolated segment into a reservoir 
flask. Bile was infused via a peristaltic pump back to the 
cow, as it was collected, through the cannula arm con- 
nected to the intact duodenum. Infusion rates were 
adjusted occasionally so that only a small quantity of bile 
accumulated in the flask. Cows were gven oxytetracy- 
cline (3 gm) through the intestinal cannula twice a day 
during this period. Thereafter, the reentrant intestinal 
cannula was reestablished and biliary secretions flowed 
directly from the isolated segment into the intact duo- 
denum via the cannula. A one-way valve (Fig. 1) was used 
to prevent back-flow of ingesta into the cannula and 
isolated intestinal segment. Patency of the cannula was 
checked at least four times a day and the cannula was 
flushed once a day with physiological saline. The general 
health of the animals was monitored by physical exami- 
nation and routine clinical chemistry determinations. 

Experiment I 

After surgery, cows were allowed at least a 4-week 
recovery period before any experiments were started. 
After the recovery period, to obtain baseline values of 
bile flow and total bile acid concentration and to exam- 
ine the diurnal variations of these values, rates of bile 
flow were measured and bile samples were collected. For 
this purpose, the reentrant cannula was closed and all 
bile was collected in a flask. At 30-min intervals, bile 
volume was measured and 3-ml aliquots were taken. 
Collected bile was then infused into the duodenum at 
approximately the same rate as it was collected. Bile flow 
measurements were carried out for a period of 24 h. 
Twenty-four hours after the completion of bile flow rate 
measurement, bile diversion experiments commenced. 
Two bile diversion periods were studied. Initially, 50% 
of bile flow was diverted for 15 days. This was followed 
by a 21-day period of no bile diversion and completed 
by a 15-day period of 22% bile diversion. 

During the periods of bile diversion, the reentrant 
cannula was interrupted and all bile was collected into 
a flask. Bile was aspirated from the collection flask into 
two separate, flexible plastic tubes, each connected to 
the same peristaltic pump (Model 1210; Harvard Appa- 
ratus Inc., South Natick, MA). Thus, the same rate of 
peristaltic motion was applied to each tube. One tube 
was connected to the duodenal arm of the cannula and 
the other to a discard flask. During periods of 50% bile 
diversion, tubes of equal diameter were used, while 

during periods of 22% bile diversion, a discard tube with 
one-third the cross-sectional area of the reinfusion tube 
was selected. The pumping rate was adjusted so that 
there was always a small amount of bile in the collection 
flask. 

The volume of diverted bile was measured twice a day. 
A fresh bile sample (2-3 ml) was collected daily and 
stored at -20°C until analyzed. A coccygeal-vessel blood 
sample was collected into an EDTA-treated tube be- 
tween 10-12:OO AM daily throughout the experiment. 
Plasma was immediately collected by centrifugation and 
stored at -20°C. When required, a large volume (30 ml) 
of plasma was collected and stored at 4°C for lipoprotein 
isolation. 

Experiment I1 

After completion of Experiment I, the animals were 
allowed a 24-day period without bile diversion. At the 
end of this period, a second liver biopsy (post-cannula- 
tion control) was taken under local anesthesia. The cows 
were then allowed a further 10-day period without bile 
diversion. Following this baseline period, another 50% 
bile diversion was carried out for 14 days using the 
procedure as described for Experiment I. At the end of 
this bile diversion period, under regional anesthesia, 
final liver biopsies were taken. In addition, a 20cm 
segment of jejunum was removed, immediately flushed 
with ice-cold phosphate-buffered saline and the mucosa 
was scraped for measurement of cholesterol synthesis 
rate. Immediately after collection of the terminal sam- 
ples, the animals were euthanized by administration of 
an overdose of sodium pentobarbital. The liver and 
whole small intestine were dissected from the animals 
to determine the liver mass and total mass of small 
intestinal mucosa. 

Using the procedures described above, control small 
intestine biopsies were obtained from four adult, non- 
pregnant, non-lactating, noncannulated Holstein cows 
that were fed a diet similar to that of the principal 
animals. 

Determination of cholesterol synthesis rate 

Cholesterol synthesis rate was determined in liver 
tissues and intestinal mucosal samples by measuring the 
incorporation rate of tritium from [3H]H20 into digi- 
tonin-precipitable sterols (DPS) as described by An- 
dersen and Dietschy (2 1). Immediately after collection, 
intestinal mucosal scrapings or thin liver slices (approxi- 
mate 150 mg) were placed in screw-capped 20-ml glass 
vials containing 5 mCi of [3H]H20 in 1 ml of MEM 
under an atmosphere of 95% 0 2 4 %  Con. The vials 
were then incubated for 2 h at 37°C in a metabolic 
shaker or at 0°C in an ice bath. After incubation, 3 ml 
of 1.4 N KOH in 80% ethanol was added to the incuba- 
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tion mixture and incubated at 85°C for 3-4 h to saponify 
the lipids. Non-saponifiable lipids of the reactants were 
extracted into hexane and treated with digitonin to 
precipitate DPS (22). After precipitation, the resultant 
digitonides were washed with ethanol and diethyl ether 
and then split with pyridine. Thereafter, the free sterols 
were extracted into diethyl ether (22), dried, and assayed 
for radioactivity. According to thin-layer chroma- 
tographic analysis, about 90% of the radioactivity in DPS 
was associated with cholesterol. Rat liver slices were used 
as a positive control for the assays. Rat liver was obtained 
from adult Sprague-Dawley rats fed a commercial diet. 
All assays were performed in triplicate incubations. 

The incorporation rate of tritium into DPS was cor- 
rected for bound [3H]H20 (incorporated at OOC) and 
expressed as nmole of 3H incorporated per gram tissue 
per h (nmol/g h). To account for dilution with tissue 
water, the specific activity of the media water was deter- 
mined after incubation by direct assay of the media. 
Absolute rates of cholesterol synthesis were estimated 
from the incorporation of 3H assuming that 23 3H atoms 
are incorporated into each molecule of cholesterol (21, 
23). Thus, the nmole cholesterol synthesized/gram wet 
tissue per day = (nmol 3H incorporated/g h/23) x 24 h. 

Isolation and labeling of LDL 

LDL were isolated from the serum of a healthy lactat- 
ing cow by ultracentrifugation (24) and affinity chroma- 
tography on heparinSepharose as described (25). The 
LDL preparation was further purified by gel filtration 
chromatography using Bio-Gel A5-M (26) to remove 
very low density lipoprotein (VLDL) particles. The pu- 
rified LDL was radiolabeled with lz5I according to a 
modified McFarlane procedure (27) as described (28). 
The specific activities of '25I-labeled LDL ranged from 
350 to 520 cpm/ng protein. More than 95% of the lZ5I 
radioactivity in '25I-labeled LDL was precipitable by 
tricholoroacetic acid. The labeled LDL were sterilized 
through a 0.45-pm Durapore filter, stored at 4"C, and 
used within 2 weeks. 

Hepatic LDL receptor binding assay 

Within 1 h after liver biopsy, a portion (about 2.5 g) 
of the liver sample was homogenized in 10 ml of buffer 
A (NaCl, 50 mM; CaC12, 1.0 mM; Tris-HC1, 20 mM, pH 
7.5). The homogenates were flushed through a 19-gauge 
needle 10 times and thereafter stored at -70°C until 
assayed. 

LDL receptor-binding activities of the tissues were 
determined by measuring heparin-sensitive binding of 
lz5I-1abeled LDL to the liver homogenate as described 
(29). Fifty milligrams of homogenate protein was incu- 
bated on ice for 2 h in 150 pl of buffer B (NaC1,lOO mM; 
CaC12, 1 mM; BSA 20 mg/ml; Tris-HC1,50 mM, pH 7.5) 

containing a fured amount of 1251-labeled LDL (50 kg 
protein/ml). After incubation, aliquots (60 pl) of the 
binding reaction mixture were applied onto Durapore 
filters which were mounted on a sampling manifold 
(catalogue number: XX 2702550; Millipore Corp., Bed- 
ford, MA). The filters were washed eight times with 3 ml 
of icecold buffer C (100 mM NaCl, 0.5 mM CaC12, BSA 
0.1 mg/ml, 50 mM Tris-HC1, pH 7.5) by applying suction 
to the filters. After the final wash, the filters were 
incubated at 4°C for 20 min with 2 ml of buffer D (NaC1, 
50 mM; HEPES, 10 mM, pH 7.5) alone (for total binding) 
or with 10 mg/ml of heparin (for heparin-resistant 
binding). After incubation, suction was applied and the 
filters were washed twice with 3 ml of buffer C. 1251 
activity in the filters was determined in a gamma- 
counter. Heparin-sensitive binding of '25I-labeled LDL 
was calculated by subtracting the heparin-resistant bind- 
ing from total binding. All binding assays were per- 
formed in triplicate. 

Miscellaneous procedures 

Total cholesterol was measured enzymatically using a 
reagent kit (Sigma, St. Louis, MO). Plasma concentra- 
tions of phospholipids were determined by an enzy- 
matic method (WAKO Chemical Ltd., Dallas, TX). 
Plasma triglycerides were measured by a colorimetric 
procedure using a triglyceride reagent kit (Sigma, St. 
Louis, MO). Lipoprotein fractionation was performed 
by discontinuous density-gradient ultracentrifugation in 
a vertical-tube rotor as described previously (24). Total 
bile acids in bile were enzymatically determined with a 
reagent kit (Sigma, St. Louis, MO). Cholesterol in bile 
was measured enzymatically after treatment of bile with 
alcoholic KOH to remove the bile pigments and extrac- 
tion of the biliary cholesterol with hexane/isopropanol. 

Protein contents of liver homogenates and LDL were 
determined using a modified Lowry procedure (30). 
The concentrations of cholesterol and cholesteryl esters 
in the liver were determined enzymatically after lipid 
extraction (31) and isolation of unesterified cholesterol 
and cholesteryl esters by thin-layer chromatography us- 
ing silica gel HL Uniplates (Analtech Inc., Newark, DE) 
and a solvent system of hexane-diethyl ether-acetic acid 
85:15:1 (v/v/v). 

Calculations and statistics 

Values are presented as means f SEM. The data were 
analyzed by analysis of variance and differences ac- 
cepted as significant when P < 0.05. 
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RFSULTS 

Validity of thc experimental model 

The animals were healthy and maintained stable M y  
weights throughout  the  entire study. Plasma albumin 
and bilirubin concentrations were normal. indicating 
thitt hcptic protein synthc-sis and excretion functions 
were not impaired. Ihring the first 4 days after the 
surgery, hlcxd cholesterol concentrations w<*m dc- 
creased by 20%. compared to samples collccrcd before 
surgev. hut they r c t u r n c d  to near the presurgical v a l u e s  
by t he end of the f i r s t  psraurgical wcvk. When no bile 
HZS diverted. the aventgcul tb i ly  r a t e s  of tile flow and 
total hile acid secretion wcrc  132 f 1 I..5 ntl and 5.3 f 
0.82 mmol per t1 per I O 0  kg h c d y  weight.  respectively. 
Ihcse \aluc.s are comparahlc t o  those previously  rc- 
prtcd for adult cattle I)! other investigators (20). Raw4 
o n  the mc+a.surements ohtained at 30-min intcn.als 
throughout a 24-h p i c x i ,  no significant diurnal changes 
in bile flow and bile acid .secretion r a t e s  were ohsc~~cd 
(data not shown). ’Ihis is consistent with the pattern of 
continuous bile secretion that is typical of ruminant 
animals (‘LO. 3’2). probahlvduc to the  continuous parsage 
of  ingesta from the  rumen to the lower gut. Taken 
together. these data suggested that the surgical m(x1ifi- 
cation per sc had no cffects on plasma cholesterol 
concentrations  and EHC of bile acids of these animals. 

In addition. partial tile diversion did not appear to 
have a ncptive effect on f m l  intake and general health 
of the animals. So side effcsrs from the liver  biopsy 
pmccdurc were otnemcxl. 

Effects of controlled bile diversion on bile flow and 
bile acid secretion 

To examine  the elfects of interruption of EHC on 
plasma lipids, we initially diverted 50% of bile flow from 
the animals for a pcricd of 15 days. In response to this 
bile diversion tmttrnent. both bile flow and total bile 
acid .secretion droppd sharply during  the first 24 h and 
then stabilized at :ME% and 8%. mpcctivelv, of their 
initial \ - a I u c s .  The e t l u e s  normalized after  the termina- 
tion of bile diversion (Fig. 2). Total bile acid concentra- 
tions in bile were also rcduced by scveral fold during 
bile diversion (data not shown), thus  the  dramatic d e  
cline in bile acid output tate w c u d  a. a result of the 
combined effects of a reduced bile flow rate  and  the 
lowered concentration of bile acids. 

I t  has heen pmiouslv reported that the rhesus mon- 
key can increase its bile acid synthesis rate to compen- 
sate for the loss of biliary sterols when up to 24% of the 
bile is diverted (4). To compare cattle to this monogas- 
tric species. we have also examined the effects of “2% 
bile diversion on bile flow and bile acid secretion in 
t h e  cows. A s  shown by Fig. 2. diversion of 2296 of bile 
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m. 2. Fnms d c o n t w k l  hiliaw dinmion on r a t e  of bik Ikm (A) 
rtlcl I& arid output (R). Bile flcm cat- WIT rncawrd a3 dcscrihed 
in M;~tcrial* and S!etlwwi<. Total hilr acid concentration wa* deter. 
tninnl mrsmticallv. l ’ a l ~ m  r q m w n t  mcln* f SESt (n * 5). 

flow caud a marked decrenu in the r a t e s  of bile flow 
and bile acid output in a manner comparable to 50% 
bile diversion. The reduction in bile flow and bile acid 
scvretion r a t e s  was only slightly greater when 5096 of bile 
flow W;LC diverted, a. compared to 22% diversion. The 
data suggest that bovine liver ha. a smaller capacity than 
the rhesus monkey to increa-u its bile acid synthesis  in 
respnsc to the induced Io~s ofhitiary sterols. 

Effects of controlled bik d i d o n  on plasma Spkb 

A. a result of bile diversion. plasma total cholesterol 
concentration d e c m d  dramatically. reaching a stable 
level 8 days after bile diversion (Fig. 3). hsed on the 
stabilized levels, diversion of 50% of bile caused a sip 
nificantly p c e r  reduction than 2% bile divenion 
(9 1% \-s. 78% P < 0.00 I ,  n - 5). When the bile  diversion 
procedures were terminated. however.  plasma  choles- 
terol concentrations  returned towards the  hauline tal- 

In addition to the d- in blood cholesurol. 
partial bile diversion also multed in a  dramatic decline 
in plasma phospholipids and triglycerides. The changes 
in plama phospholipid concentration followed a pat- 
tern similar to that of cholesterol (Fig. 3). However, the 
differences in pla.sm phospholipid concentrations be- 
tween the 50% and 22% bile diversion periods were not 
significant (P’ 0.05). Plasma triglyceride concentrations 
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steady state was rcached. both bile diversion praccdures 
caused a 7096 recluction in triglvcerides compaml to 
pre-diversion values. The rapid declines in plasma 
rriglyeridcs and in bile acid secrc-tion appeared t o  occur 
in a ccmrdinated manner. This suggests that the dra- 
matic drop in plasma rriglyceridcs olwnd in this studv 
might tw clue t o  the mlticctl a\;rilahility of bile acids for 
lipid atmrption by the small intcstitw. 

To chitfitctcrizc the c h a n p  in cholesterol concentra- 
tions o f  cliflerent lipoprotcin fractions in response to 
hilc diversion. lipoproteins were isolatcd from plasma 
samplcs collecrc*d a t  0 h. 12 h. antl 14 days o f  bile 
tlivcrsion antl cholesterol concentrations in cach frac- 
tion were determined. As shown in Table 1, at 12 ti after 
bile diversion. i’1J)L cholesterol antl I.DL cholcstcrol 
were significantly ( P  < 0.0 1 ) reducctl by alwut 50% for 
hoth bile diversion pmcdurcs. whereas there were no 
significant changes in HDI, cholesterol. Rv day 14 of bile 
cliversion, howcver. like VLDI. and L I X  cholesterol, 
H I ) L  cholcsicrol was r u l u c d  by !NE4 and 85% for 50% 
iind 22% diversions. rcspcctivelv (Table 1 ). Thus, distri- 
bution of cholcsterol arnong different lipoproteins on 
<lit: 14 of‘ hilc diversion wits nor cliflercnt from initial 
\;dues (Tablc 1 ). 

Biliary sterol depletion .ad its deds on +tic 

_E* m m m e w  lal -e= I 

-- cholesterol profile 

w. 3. Masma comtmtions of ctx,htc.nd. ptw+tolipicts. and 
iriglvceridn txfnrc. ittiring. and rftrr pnid hilr tIi\vr*on. I1;Lrmr 
cimcciitr:ition* of tnt;11 ctiohtcroil. i r i g l ~ ~ i d m .  and plttnplia~li~~i~Ir 
nwr clrirrniinrcl hv r i i n i i d c  niciliod\. V:tltin arc incm* ! SLlI (n 
* J ). 

In no < ~ h e r  ~ p i e s  has in‘em~tion of ‘“C k n  
shown to mult in  such a dramatic rduction in plasma 
ct,olcsterol. T~, undentand why this (KCUrs in catrle, a 
second experiment was c a n i d  out to estimate the 
effects of hilc diversion an  the dynamics of cholcsterol 
metabolism in cattle. This experiment u . d  the same 
animals as in the first experiment, after a 2 T i y  recov- 
ery period during which no bile was diverted. Plasma 
cholcsterol concc*ntrations were stable at ahout 8.5 
m v d l  for 2 weeks bcfore this cxpcrinient b a n .  Fiftv 

dmppeA sharply after the initiation of bile diversion and 
stabilized within 24 h thercafter (Fig. 3). This is in 
contmt to plasma cholcsterol and pliwpholipid con- 
centrations which did not dcclinc so fiipidly. When 

TABLE I .  Fflccis of partial hilia? dnmion nn pl;r\ma concmimtims a d  dirihuiioru of lipnpmein chdmtrral 

Vl.l~lA”ffd 1 Dl AhJrurrrJ I~f~lrchcJcurml 

- - - ~ - _ ~  ~~ -~ 

1- Tlnr .m% lhi\+rrinn 22%lMmnkm .m 1- mDi\n.*ln .m 1- ppt lWnnim 

Oh 
~ - 

mwdl 3.04 f 0.22 3.03 f 0.33 I I . C i  r 0.58 13.79: 1.43 66.77 r 3. 13 72.73 r 1.48 
% 1.76 2 03!) 3..Wi r 0 2 7  I4.W r 0.W 15.31 r 1.24 H l . n 4  r 1.10 n i x 1  r 1.44 

mwdl 0.w f 0. I P  1.31 r 0.w 5.65 r 0.40. 8.n2 f 1.09 w.7n r 4.92 66.52 r 2.74 
T 1% r 0.29 1.70 r 0 . w  8.11 t 1.01. 11.59 r 1.51. !W).SI r 1.15 ff1.2 r 1.60 
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percent of bile flow was diverted and, as expected, 
plasma cholesterol concentrations again declined dra- 
matically, reaching a stable level of about 8 mg/dl in 
about 8 days. The pattern of decline (data not shown) 
was similar to the previous period of 50% bile diversion. 
During this bile diversion period, biliaiy sterol loss 
through bile diversion was 180 mmol during the first 24 
h (Fig. 4). Thereafter, the amount of diverted sterols 
sharply declined and stabilized at a steady-state level of 
about 25 mmol/day. The majority of diverted biliary 
sterols were bile acids, whereas biliary cholesterol ac- 
counted for less than 5% of the total biliary sterols (Fig. 

After 14 days of 50% bile diversion, liver content of 
esterified cholesterol was reduced by more than 90% ( P  
< 0.0001), as compared to the pre-cannulation or post- 
cannulation controls, whereas the unesterified choles- 
terol content remained unchanged ( P  > 0.05) (Fig. 5). 
No significant difference in hepatic cholesterol profile 
between the two controls was observed. These data 
demonstrate that 50% bile diversion depleted the liver 
of cholesterol stores. 

Hepatic and intestinal cholesterol synthesis and its 
response to biliary diversion 

During the control periods, incorporation rate of 
tritium from [3H]H20 into DPS was barely detectable in 
the bovine liver tissues. It was only about 10% of that of 
the bovine intestinal mucosa, or 5% of the rat liver 
tissues (Fig. 6). Nevertheless, as with intestinal mucosa 

4). 

A 160- c - e 
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Fig. 4. Depletion of biliary sterols induced by chronic diversion of 
50% of bile flow. Bile diversion was carried out as described in 
Materials and Methods. Total bile acid and biliary cholesterol concen- 
trations were determined by enzymatic methods. Each data point 
represents the mean + SEM (n = 5 ) .  
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- 
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Fig. 5. Effects of bile diversion on hepatic cholesterol and cholesteryl 
ester concentrations. Total lipids were extracted from liver biopsy 
samples and free cholesterol and esterified cholesterol were separated 
by thin-layer chromatography, re-extracted with ether, and then quan- 
tified by enzymatic methods. Each value represents the means + SEM 
(n = 5) .  
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Fig. 6. Time-course of incorporation of tritium from tritiated water 
into bovine and rat liver tissues and bovine intestinal mucosa. Liver 
biopsies were taken from the principal animals at the time of intestinal 
cannulation surgery. Intestinal (jejunum) mucosal biopsies were ob- 
tained from control animals. The tissue explants (150 mg) were 
incubated in 1 ml MEM containing 5 mCi tritiated water at 37°C for 
the indicated time periods. After incubation, the digitonin-precipi- 
table sterols (DPS) were isolated from the incubation mixture and the 
radioactivities of the DPS were determined. Incubations were per- 
formed in triplicate. Each data point represents the means + SEM of 
three separate experiments. 
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and the rat liver tissues. incorporation of tritium into 
DPS by the bovine liver tissues WXF essentially linear with 
rcspcct to timc over a ‘1.341 incutkition pricd (Fig. 6). 
Furthermore. tritium incorporation in to  IN’S wi~s also 
proportional t o  thc iimount of t l i c  bovine liver t isues 
incubated per vial. at Inst from .50 t o  200 m g  (data not 
shown). lo “ n i n e  whether the low incorporation rate 
was clue to  a liniitation of srilntrates in I I W  VEM, we 
comparcxl the i n c o r p o d o n  ~.itcs of tritium into DPS 
by txovinc liver slices incubated in 1 ml 5IEM alone or 
with 15 pmol acetate. propionate. lactate. cx-tanoate. or 
glucose. The tritium incoqwotxtion rates rangcd from 
f.2 * 1.2 t o  8.3 f 1.1 nmol/g h ( n  - 3 incubations) under 
these conditions and no significant diflc-rc-nce among 
thw \;llues HXI o t n c m d .  ‘I1ir-s~ d;it;r further conf inn 
an inherently low rate of cholesterol synthesis in hovinc 
liver. 

After 14 days of bile diversion. howcwr. the i n c o r p  
ration rate of tritium into DPS in the l iver WIJ increased 
by more than IO-fold ( P  < 0.0MH)l) (Fig. I), whereas there 
WXF no significant d i fkrcncc in the incorporation ~;ites 
between I he prc-cannalation and pos te t i t i u l i i t i on  con- 
trols (Fig. 7). This indiciites that the hepatic cholr5terol 
synthc-sis rate HX.. grcrirly i n c r c a w l  in response t o  t d c  
diversion. In contrrist t o  this, the inrorpot;ition rate of 
tritium into DPS of the intestinal mucoosii of thcsc cows 
following hilc diversion H ~ F  only slightly greater than 
thitt of the intestinal mucosa from thc control animals 
(35%. P < 0.05; Fig. I). 

R a d  on thc incorporation rate of tr i t ium from 
[W]l4& into tissue IWS and the weights of l i rc r  and 
small intestinal mucosa. the amounts of cholesterol 
synthcsircd by t h r  liver arid intc.stin;rl mucosa were 
cstimatcrl. h s  shown in Fig. 8, in the ha.wl state. the 
estimiltcd rate of small intt-stitral cholesterol synthesis 
WLF five times grcntcr I l i i i t i  Ihiit of liver. After bile 
diversion. as a result of the dr,lmiitic incrcmw in the 
hepatic cholesterol synthesis nte,  the apparent hepitic 
contribution t o  cholestcmol synthesis wits twice thilt of 
the small intc5tiniil mucow (I.Yg. 8).  Thc- estimated KIIC 

of hepatic cholesterol svn!hc.sis HW ;ippnoximatcly 1 2  
nimol per clay (Fig. a). This iimoutit of cholc.stcrol. 
howcwr. woiilcl provide no marc than .5% of thc stcmls 
lost during hilc divc-rsion ( 1.2 vs. 2.3 mmol/day). 

Responses in hepatic LDL receptodinding activity 

lo further untlerstand the possible c1iangc.s in Inwine 
hepatic cliolestcrol metabolism its ;I resirlt of bile divcr- 
sion, we hiwe also dctcniiinc.cl the m p o n s c  in hcpatic 
LDL receptor-hinding activity. Ihc binding of l?*DI-h- 
Iw-lrul twovinc I J X  t o  liver Iromogenatcs was in ;I S~IUGI- 

hle manner (Fig. 9). Scatrhiird plot analysis (33) of the 
binding data rc.vciiled a l i n c w  plot with ;in cyuil ihrium 
disscx-ciation constant (Kd) of 16 pg l.DI.protc*in/ml (Fig. 
9). rcbflc.cting a single class of L I M a  binding sites in this 
tissw. I l i c  LIM- rcccptor-binding iictivity of  the liver 

Fig. 7. Fffccis or hilc divmion on the incorpnmtion rate or tritium 
frcim tritiatrd nxtcr into cliKitonin.l,rrcipitrl~lr *trnil* (IM’S) Iw tnivinc 
liwr tiwm and intmtiml t i i i t c ~ n a .  l i \ r r  biqnifi wrrc ol,trinnl h i m  
tlir s ~ m c  princilwl animal* .it t l i w  clilTrrrnt timr Iwriamh. (i intrrd 
intc.ctin;il wniplm wcrr oliirinnl from < o n t r r , l  animal*. l n c  iqwiratitin 
rat- o f  t r i t i i ~ n i  into IWS wrrc clrterniinnl ;n c l r u r i l r t l  in \!;iwri;il* 
and M r t h c m h .  F k I i  piint ~ r p r m i i t s  tlir IIIGIII z SFN; 11 - J cxcrpt I t ~ r  
contrril intmtinrl miiicna (11 + I). 

Fig. R. Fstimatd qimntitim ofcludnterd svniltmiml lw tl ir whole 
liter rncl intmtiiml i n i i c w a  lrlorr ancl after hilc diwnion. ‘llw 
;ilnoltitr rnioitnt o f  nrvrlv *wtlimitnl cliolmtrrd cr-;nm~tnw~nl bawl 
o n  t l i r  incawpiration citr ol tritium into cliFt~inin.IirPciliit;,l,lr rlrrtih 
tlrwrilml in FIR. 5 ;tnd the tcit;il III:L<*OI thr Inrr ;inti tntnttn;i l  nittram. 
;I* clrsciilml iii \!;itrri;il* ;incl Slrilicuk. T I I I I I I ~ I  Incwlmw.iikin KIICI 

of ltvrr IIW)C\ from tlir princiiml ;in~mil* cliiring Innt~;itinihtion 
C C D I I ~ I ~  I r r h m l  wrrr IIMI Icir mtltnatttig 1i;~wI IEIIC o f  l i w r  t liok.\trrril 
w i t l i f i i s .  ( iintnil intnticxil tritiiiin in<iirpir:ition citn wcrr oilitainnl 
Iruni four ctintrol aninul< ;i* c l w i  t l r t l  i n  FIR. i .  F x l i  piin1 rqii-nt* 
t l i r  nir;in % SFN; II = 5. 
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Fig. 9. Binding of radiolabeled bovine LDL to bovine liver homo- 
genate as a function of '951-labeled LDL concentration. Liver homo- 
genates (53 mg proteins) were incubated in 150 pI of binding assay 
buffer (buffer B) with the indicated concentrations of 125I-labeled LDL 
for 2 h on ice. Specific bindings were determined by measuring the 
heparin-sensitive bindings. Each data point represents the means f 
SEM of three incubations. Inset: Scatchard plot of the specific binding. 
Bound/free represents the amount of specifically bound LDL 
(ng/mg) divided by the concentration of unbound LDLin the reaction 
mixture (pg/ml). 

tissue samples was then determined by measuring the 
heparin-sensitive binding of 1251-labeled LDL to liver 
homogenates under a fured concentration of 125I-labeled 
LDL. The results (Fig. 10) show that, by day 14 of bile 
diversion, liver LDL receptor-binding activity was in- 
creased by 40% (P < 0.001) as compared to precannula- 
tion and post-cannulation control samples, while there 
was no change in the binding activity between samples 
taken at the two control times (Fig. 10). These data 
implicate an enhanced uptake of LDL during bile diver- 
sion. 

DISCUSSION 

The role of EHC of bile acids in determining choles- 
terol homeostasis and the effects of its interruption on 
cholesterol metabolism have been studied in humans 
and in a number of other animal species (6-12). No 
similar study has been reported on ruminant animals, a 
species that uses HDL as the predominant form of 
circulating cholesterol carrier. The present study, for 
the first time, demonstrates that partial interruption of 
EHC dramatically reduces bovine plasma cholesterol 
concentration. Furthermore, we have also shown that 
bovine liver responds to partial interruption of EHC 

P<O.Ool 

1 

Pre-cannulation Post-caftnuktion Bils divorslon 

Fig. 10. Effects of bile diversion on hepatic LDL receptor-binding 
activity. LDL receptor-binding activities were determined on liver 
homogenates using a fured concentration of IZ5I-labeled LDL as de- 
scribed in Materials and Methods. Each value represents the mean i 
SEM (n = 5). 

with a depletion of cholesterol stores, a marked increase 
in cholesterol synthesis rate, and an enhanced hepatic 
LDL receptor-binding activity. 

The effects of EHC interruption on plasma choies- 
terol observed in this study are unprecedented. A 
greater than 90% reduction in plasma cholesterol con- 
centration was achieved by 50% bile diversion. In con- 
trast, no reductions of greater than 40% have been 
reported in other species (5-12), including humans (6, 
8), in response to either complete or partial interruption 
of EHC. In further contrast to our results, interruption 
of EHC has not been shown to significantly affect 
plasma cholesterol concentrations in other HDL mam- 
mals such as rats (5,9). In addition to plasma cholesterol, 
plasma concentrations of triglycerides and phos- 
pholipids were also markedly reduced after bile diver- 
sion. This also appears to be peculiar to the ruminant 
animal as no significant reduction in these two plasma 
lipids has been observed in other species in response to 
bile diversion. In fact, it has been shown in a number of 
monogastric species that interruption of EHC causes an 
increase in plasma triglyceride concentration (7, lo), 
probably due to an increase in hepatic VLDL produc- 
tion (34, 35). 

While both 22% and 50% bile diversion caused a 
dramatic decrease in plasma cholesterol in this study, 
diversion of 50% of bile flow produced a significantly 
greater reduction in blood cholesterol than 22% bile 
diversion. This suggests that the response in plasma 
cholesterol concentration is dependent on the amount 
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of bile diverted. Like 50% bile diversion, 22% diversion 
also resulted in a dramatic reduction in plasma phos- 
pholipids and triglycerides. However, as the 22% inter- 
ruption period was carried out after the 50% interrup- 
tion, it may have exaggerated the effects of 22% 
diversion on plasma lipids. Nonetheless, plasma choles- 
terol and other lipids and the secretion rates of bile acids 
had returned to initial values for more than a week 
before the initiation of the subsequent experiments. 
The confounding effects between each diversion period, 
if any, might be minimal. 

The underlying mechanism for the observed substan- 
tial hypocholesterolemia is not completely understood. 
However, our studies on the hepatic responses in cho- 
lesterol metabolism to bile diversion suggest that the 
inherently low rate of cholesterol synthesis in the bovine 
liver might be a possible explanation for this phenome- 
non. Cholesterol demand by the liver to replace sterol 
losses at steady state during 50% bile diversion should 
be at least equal to the amount of biliary sterols diverted, 
i.e., 25 mmol/day, because other losses of bile acids 
could be expected to be relatively small. The hepatic 
cholesteryl esters were almost completely depleted after 
bile diversion in our experiment, indicating that the 
reserve cholesterol supply was depleted. Thus, the liver 
must have relied on either newly synthesized choles- 
terol, an extrahepatic supply, or both to provide choles- 
terol for the increased bile acid synthesis during bile 
diversion. Our results suggest that both responses oc- 
curred. 

In response to bile diversion, the bovine hepatic 
cholesterol synthesis rate was augmented by a factor of 
10-fold. This is not unexpected because a decrease in 
cellular cholesterol level is known to up-regulate 3-hy- 
droxy-3-methylglutaryl CoA reductase activity (36). In 
addition, similar effects of EHC interruption have been 
reported for a number of other species (9-11, 36). 
However, as the basal rate of bovine hepatic cholesterol 
synthesis is so low, the absolute magnitude of this in- 
crease appears to contribute negligibly to the replace- 
ment of biliary sterol losses. It was estimated that the 
increase in newly synthesized cholesterol by the liver 
could provide no more than 5% of the sterols lost 
through 50% bile diversion. In the absence of a sterol 
balance study, this estimate was based on in vitro hepatic 
cholesterol synthesis rate. It might be possible that the 
in vivo cholesterol synthesis rates have been underesti- 
mated by the in vitro measurements. However, based on 
extensive studies of a variety of tissues from several 
species, a previous study (37) has reported that the in 
vitro cholesterol synthesis rate obtained by using 
[3H]water as labeled substrate represented 10-40% of 
the in vivo rate. Therefore, it is unlikely that the discrep 
ancy between the estimated and the actual in vivo cho- 

lesterol synthesis rate could explain the large difference 
between the rates of sterol depletion and'the hepatic 
cholesterol synthesis during bile diversion. 

Information on the relative importance of bovine 
liver and intestine to total body cholesterol production 
has not been previously available, yet earlier studies (38, 
39) on other ruminant animals have suggested that 
ruminant liver has a very low cholesterol synthesis rate. 
In the present study, we estimated that, at the organ 
level, the small intestinal mucosa synthesizes five times 
as much cholesterol as does the liver in the adult bovine 
female. Liver cholesterogenic activity appears to be 
much lower in cattle than in other mammalian species 
(37, 40). The reason for the inherently low rate of 
cholesterol synthesis in the ruminant liver is not known. 
However, it appears that this difference between rumi- 
nants and other species makes the bovine liver highly 
dependent on uptake of lipoprotein cholesterol for the 
increased biliary sterol formation during bile diversion. 
This increased dependence on plasma cholesterol 
could, thus, explain the dramatic decline in bovine 
plasma cholesterol, compared to other species in which 
bile diversion has been studied (6-12). As expected, bile 
diversion resulted in an increase in bovine hepatic LDL 
receptor-binding activity, providing evidence for the 
enhanced catabolism of lipoprotein cholesterol. 

It is possible that a decrease in intestinal triglyceride- 
rich lipoprotein production also contributes to the hy- 
pocholesterolemic effect of partial bile diversion. Inter- 
ruption of EHC has been shown to decrease the 
absorption of dietary lipids by the small intestine (10, 
41-43). The coordinated pattern of the rapid declines 
in plasma triglyceride concentrations and in bile acid 
secretion rate observed in our study after bile diversion 
suggests that the production rate of intestinal 
triglyceride-rich lipoproteins might be impaired by bile 
diversion. However, as our animals were fed a low-fat 
diet throughout the entire study, the basal rate of intes- 
tinal lipoprotein production could be expected to be 
very low. Hence, it is unlikely that the changes in chy- 
lomicron production played an important role in the 
development of the observed hypocholesterolemia. In 
fact, a slight increase, rather than a decrease, in intesti- 
nal cholesterogenesis was observed after bile diversion, 
as compared to the control animals. Furthermore, as a 
cholesterol-free diet was used in our study, the possible 
impairment in dietary cholesterol absorption resulting 
from EHC interruption could also be excluded as a 
mechanism for the observed hypocholesterolemia. 

It is important to reemphasize that the hypo- 
cholesterolemia observed in our study must have relied 
almost exclusively on the reduction in HDL-cholesterol. 
In species such as humans, in which LDL is the major 
carrier of plasma cholesterol (13), interruption of EHC 

Chen et al. Biliary diversion and bovine plasma cholesterol metabolism 1553 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


mainly reduces LDL-cholesterol while concomitantly 
causing a .slight increase in HDL-cholesterol (8, 10). 
Moreover, in high HDL-cholesterol species such as rats 
(13), bile diversion only produces a small decrease in 
plasma total cholesterol (5,9), suggesting that HDL-cho- 
lesterol was not affected significantly. It is not known 
whether the dramatic decline in HDL-cholesterol ob- 
served in our animals is due to an increase in HDL 
clearance rate or a decrease in HDL synthesis or both. 
Biliary diversion does not appear to affect intestinal 
HDL secretion in rats (42,44). However, the maturation 
of HDL particles in the plasma requires a constant 
supply of surface coat components including free cho- 
lesterol, phospholipids, and certain apolipoproteins 
from triglyceride-rich lipoproteins during lipolysis (44). 
Thus, a decrease in chylomicron secretion resulting 
from bile diversion could potentially influence plasma 
HDL synthesis. Further studies on HDL kinetics are 
required to fully elucidate the mechanism for the hypo- 
cholesterolemia observed in this study. 

Regardless of the exact mechanism(s) leading to the 
observed decrease in plasma HDL-cholesterol, it is clear 
that, due to the limited capacity of the bovine liver to 
increase its cholesterol synthesis, a large amount of 
HDL-cholesterol needs to be taken up by the bovine 
liver for biliary sterol formation during bile diversion. 
This suggests that HDL actively transports cholesterol 
from the extrahepatic tissues to the bovine liver for 
catabolism during bile diversion. The origins of this 
HDL-cholesterol are not clear. However, the majority of 
cholesteryl esters in ruminant plasma are generated 
through the 1ecithin:cholesterol acyltransferase system 
in the plasma (45, 46). It remains to be examined 
whether bile diversion stimulates the synthesis and ef- 
flux of cholesterol in the extrahepatic tissues such as 
adipose tissue, which is known to be a major site of 
cholesterol synthesis in ruminants (38). 

While an increased hepatic LDL receptor-binding 
activity was observed in our study, this increase might 
not necessarily lead to an increase in HDL-cholesterol 
uptake by the bovine liver. This is due to the lack of apoE 
in bovine HDL particles (14, 15) and the low cholesteryl 
ester transfer activity in bovine plasma (16), although it 
is not known whether the latter can be induced during 
bile diversion. It appears that HDL-cholesterol uptake 
by the bovine hepatocytes mainly depends on the "HDL 
pathways." Such pathways could include the selective 
transfer of cholesteryl esters from HDL to the cells, 
without the uptake the whole HDL particles (47-49). 
This process has been shown to operate in several cell 
types including hepatocytes (48-50). The molecular ba- 
sis of this process is yet to be elucidated, but it appears 
that it could be facilitated by hepatic lipase (51, 52). 
Although the role of hepatic lipase in HDL-cholesterol 

uptake during bile diversion remains to be determined, 
it is known that ruminant liver possesses very little 
hepatic lipase activity (17, 18). Alternatively, HDL can 
be taken up by the HDL-receptor pathway. This pathway 
involves binding of HDL to the putative HDL receptor 
on the cell surface, followed by the internalization of the 
whole HDL particle and the release of cholesterol with- 
out the HDL apoproteins necessarily being degraded 
(47, 50). Although a high affinity binding site for apoE- 
free HDL has been demonstrated in a variety of cell 
types and tissues (47, 5 3 )  including bovine liver plasma 
membranes (54), neither the identity nor the physiologi- 
cal significance of the putative HDL receptor has been 
established. However, this pathway might play an impor- 
tant role in the hepatic clearance of HDL-cholesterol in 
our animal model. 

In summary, the present study has revealed that par- 
tial interruption of EHC of bile acids can dramatically 
reduce plasma cholesterol concentration in cattle, a 
species in which HDL is the predominant circulating 
lipoprotein. It appears that a possible reason for this 
striking hypocholesterolemia is the inherently low rate 
of cholesterol synthesis in the bovine liver, rendering 
these animals more dependent on plasma cholesterol 
for bile acid synthesis. Nonetheless, further studies are 
required to fully understand the exact mechanism. With 
the unique characteristics of plasma cholesterol metabo- 
lism in this species, such studies might enhance our basic 
understanding of the regulation of HDL-cholesterol 
metabolism. I 
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