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Abstract The enterohepatic circulation of bile acids was stud- 
ied in 16 normal volunteers and 8 cholecystectomy patients 
during continuous liquid formula perfusion of the duodenum. 
The fasting bile acid pool size in the 16 normals (5.534 f 1.472 
mmol) exceeded the circulating pool size (3.643 f 1.126 
mmol) by 33.4% f 13.4. The difference between fasting and 
circulating pool sizes was significantly and inversely related to 
the percentage of the fasting pool that was emptied in the 
duodenum during the first perfusion hour (r  = -0.76; 
P < 0.001). No relation was found between the circulating 
bile acid pool size and the calculated rate of recycling of the 
pool, but a strong relation was found between the cycling pool 
and the basal hourly bile acid outputs (2.08 f 0.77 mmol/hr) 
in the duodenum (r  = 0.82; P < 0.001). In cholecystectomy 
patients the circulating pool size (3.30 k 1.39 mmol) and the 
basal bile acid output (1.65 f 0.98 mmol/hr) were slightly 
lower than in the normal volunteers. The bile acid pool size 
was not related to the cycling rate and there was a strong 
relation between pool size and bile acid secretion 
( r  = 0.85; P < 0.001). As the fasting pool, measured using the 
method of Duane et al. (1975. J.  Lzpid Res. 16: 155-158), is 
probably overestimated by f 14%, the remaining difference 
of f19% with the pool circulating during formula perfusion 
might be caused by incomplete gallbladder emptying. In these 
experimental conditions basal bile acid outputs reflect closely 
the size of the circulating bile acid pool in normals as well as 
in cholecystectomy patients.-Rutgeerts, P., Y. Ghoos, and 
G. Vantrappen. The enterohepatic circulation of bile acids 
during continuous liquid formula perfusion of the duodenum. 
J.  Lipid Res. 24: 614-619. 
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The  study of the regulation of the metabolism and 
the enterohepatic circulation of the bile acids is of great 
clinical importance. In steady state conditions, the pool 
size of the primary bile acids is determined by the syn- 
thesis rate in the liver and by the daily losses. Hepatic 
bile acid synthesis by conversion of cholesterol to cholic 
acid and chenodeoxycholic acid is regulated by a feed- 
back inhibition (1). The  size of the pool of the primary 
bile acids is inversely related to the turnover in health 
(2) and disease (3, 4), and in turn is controlled by the 

bile acid reabsorption during enterohepatic circulation. 
It has been suggested that the main factors determining 
the turnover and the synthesis of primary bile acids are 
gallbladder emptying and intestinal transit time. Indi- 
rect evidence is abundant. Delayed gallbladder empty- 
ing in celiac disease (5 ,  6) and with reduced intake of 
protein and fat (7) is associated with expansion of the 
bile acid pool. Cholecystectomy in contrast reduces the 
pool size (8). Bile diversion experiments in the rhesus 
monkey (9) designed to mimic differences in frequency 
of gallbladder emptying showed the importance of in- 
termittent partial interruption of the enterohepatic cir- 
culation on the regulation of the bile acid pool size. 
Increase or decrease of the intestinal transit time by 
pharmacological agents influences the size of the bile 
acid pool and bile acid secretion rates (10-1 2). 

Duane and Hanson (2) offered direct evidence of the 
role of gallbladder emptying and intestinal transit in the 
regulation of the bile acid pool size. Their studies sug- 
gested that gallbladder emptying was the main regulat- 
ing factor of the pool size of the primary bile acids, 
while the intestinal transit time seemed to be related to 
the synthesis of the primary bile acids. The  enterohe- 
patic circulation of bile acids can be studied directly by 
measuring bile acid secretion into the duodenum by 
means of duodenal perfusion and marker dilution tech- 
niques. The  Mayo Clinic Procedure (13) is based on 
duodenal marker perfusion and administration of three 
separate liquid meals into the stomach. The  method of 
Grundy and Metzger (1 4, 15, 18) used continuous in- 
fusion of a liquid test meal and a nonabsorbable marker 
into the duodenum. These methods have two main dis- 
advantages. The  recycling frequency is not determined 
directly but is calculated from measurements of the total 
bile acid pool size and the daily bile acid secretion (Q 
= P X n, where Q = daily secretion, n = recycling 
frequency, and P = pool size), assuming that the total 
bile acid mass (= pool) takes part in the enterohepatic 
circulation at every moment of the perfusion study. The  
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present investigations were designed to study some of 
the mechanisms that regulate the bile acid pool size and 
the enterohepatic circulation; more specifically, I) the 
relation between the fasting bile acid pool size and the 
size of the bile acid pool circulating during continuous 
liquid formula perfusion, and 2) the relation between 
the circulating bile acid pool, secretion rate, and cycling 
frequency in normals and in patients with cholecystec- 
tomy. 

METHODS 

Subjects 
Sixteen normal volunteers were studied (1 1 males 

and 5 females) with a mean age of 33 yr  (21-51 yr). 
None of the volunteers had evidence of hepatobiliary, 
intestinal, or metabolic disease. All subjects were on a 
diet of 80 g of fat for at least 1 week prior to the study. 
Eight patients, 5 females and 3 males, mean age 46 (32- 
58 yr) who had been submitted to a cholecystectomy 1- 
15 yr (mean 3 yr) previously were also studied. Six pa- 
tients had been operated upon for cholesterol gall- 
stones, two for pigment stones. The study was approved 
by the ethical committee and informed consent was ob- 
tained from all subjects studied. 

Radioactive material 
[Carb~xyl-'~C]cholic acid (sodium salt in 2% ethanol 

solution) was purchased from the Radiochemical Centre 
(Amersham, Buckinghamshire, England). [3H(G)]Glyco- 
cholic acid (2% ethanol solution) was obtained from 
New England Nuclear (Boston, MA). The products 
were checked for chemical purity by thin-layer chro- 
matography. The radiopurity as determined by radio- 
scanning (Berthold, model LB 2723, Wildbad, Ger- 
many) was found to be greater than 99.5%. The radio- 
activity measurements were carried out with a liquid 
scintillation counter (Packard Instruments 2450 Down- 
ers Grove, IL). Quenching was corrected by external 
standardization. 

Measurement of the total fasting bile acid pool size 
At 9 PM, 4 hr after a light evening meal, 5 WCi of 

[ '4C]~hol i~ acid was administered intravenously, ac- 
cording to the method of Duane et al. (16). The bile 
acid pool size was calculated using the mean 14C specific 
activity of the duodenal outputs obtained during the 
first perfusion hour the next morning. 

Infusion and aspiration procedures 
Duodenal liquid meal perfusion and marker dilution 

techniques of Grundy and Metzger (14) were used with 
a slight modification. After an overnight fast a triple- 

lumen tube was positioned under fluoroscopic control 
in the duodenum with the infusion outlet near the am- 
pulla of Vater and the aspiration outlet in the third part 
of the duodenum. A reinfusion outlet was positioned 
beyond the angle of Treitz. The liquid formula with 
marker solution was infused at a constant rate of 2 ml/ 
min with an infusion pump (model Infuso-mat, B. 
Braun, Melsungen). With these infusion rates reflux of 
duodenal formula back into the stomach is minimal (4). 
Aspiration of duodenal contents was carried out by si- 
phonage. After mixing, 5 ml of each sample was kept 
for analysis; the remainder was returned to the proximal 
jejunum through the reinfusion outlet in order to keep 
the interruption of the enterohepatic circulation to a 
minimum. The quantity kept for analysis represented 
less than 5% of the duodenal output so that the en- 
terohepatic circulation was not significantly interrupted. 
The rate of formula input was determined in such a 
way that each volunteer received 30 Kcal/kg body 
weight over a 12-hr period (1 7). The infusion solution 
contained 40% of the caloric intake as fat (corn oil), 
40% as carbohydrate (sucrose), and 20% as protein hy- 
drolyzate in emulsion. Phenol red was added as non- 
absorbable marker. Dilution techniques using phenol 
red have been shown to allow accurate measurements 
of bile acid excretion (1 8). Bile acid output was calcu- 
lated using the formula: 

(phenol red)p 
bile acid output = (BA)a X (phenol red)a X V , X t  

in which (BA)a = bile acid concentration of the aspirate, 
V, = volume of the perfusate, t = time in minutes and 
p and a = perfusate and aspirate. 

Measurement of the circulating bile acid mass 
The circulating bile acid mass was measured by the 

method of Grundy (1 9). After 4 hr of liquid perfusion, 
when basal bile acid outputs had been reached (1 4), 5 
pCi of [SH]glycocholic acid, mixed with 10 ml of rein- 
fusion liquid, was infused through the distal duodenal 
outlet. Duodenal contents were collected in 1 O-min frac- 
tions to monitor the appearance of this labeled conju- 
gated bile acid in the duodenum. At the end of the 
study 5 mg/ml patent blue (V-color index 42051) was 
mixed with the infusion solution and the time interval 
was measured between the appearance of the dye in the 
aspiration and the reinfusion tubes. 

Bile acid analysis 
To measure phenol red and bile acids, protein-free 

solutions of intestinal contents were prepared by adding 
0.8 ml of water, 0.6 ml of methanol, 0.2 ml of a 0.75 
M NaOH solution, and 0.2 ml of a solution of zinc sulfate 
(ZnS04 - 7 H 2 0 ,  10 g per 100 ml) to 0.2 ml of intestinal 
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contents. For the determination of the phenol red con- 
centration, this mixture (pH 9) was spun in the Beckman 
Spinco model centrifuge at 10,000 rpm for 10 min. One 
ml of the supernatant was diluted with 2 ml of 0.1 M 
sodium pyrophosphate (pH 10.0). The absorbance of 
the supernatant was measured at 560 nm in a Pye Un- 
icam SP 800 spectrophotometer, and the concentration 
of phenol red was read from a standard curve. The bile 
acid concentration was determined by the Sa-hydrox- 
ysteroid dehydrogenase method. (Worthington Bio- 
chemical Corp., Freehold, NY). 

Statistics 

All results were expressed as mean f SD. Linear 
regressions were calculated by the method of least 
squares, the correlation coefficient r was calculated and 
significances were tested by the t-test. Values between 
subgroups were compared for significance by Student's 
t-test (20). 

RESULTS 

Data on the enterohepatic circulation of bile acids in 
normal subjects during continuous liquid formula per- 
fusion of the duodenum are summarized in Table 1. 
The fasting bile acid pool size in normal subjects mea- 
sured by means of the Duane et al. method (16) aver- 
aged 5.534 f 1.472 mmol. The output of bile acids was 
high during the first hour of perfusion but basal outputs 
were reached within 4 hr of perfusion. The mean hourly 
output during the subsequent 8 hr was taken as the basal 
value. Fluctuations in hourly basal secretion rate were 

relatively small. These basal bile acid outputs averaged 
2.08 k 0.77 mmol/hr. Eight-hr bile acid outputs were 
calculated by multiplying the basal output by 8 as pro- 
posed by Mok, Von Bergmann, and Grundy ( 1  5) and 
averaged 16.6 k 6.2 mmol/8 hr. When ['H]glycocholic 
acid mixed with reinfusion liquid was infused into the 
distal duodenum, the first 'H activity appeared in the 
duodenum after 10-20 min in seven subjects, after 20- 
30 min in six subjects, and after 30-40 min in three 
subjects. The time interval for the duodenal contents 
to progress from the aspiration site to the reinfusion 
outlet, measured with the dye technique, averaged 2.8 
f 0.7 min. The peak of activity occurred after 40-50 
min in one subject, 50-60 min in four subjects, 60-70 
min in eight subjects, 70-80 min in two subjects, and 
80-90 min in one subject. The specific activity of 'H 
then gradually decreased to steady state levels, which 
were always reached within 4 hr after the injection of 
[3H]glycocholic acid into the duodenum. 

The circulating bile acid pool, calculated on the basis 
of the 'H mean specific activity (19) during the steady 
state perfusion hours, averaged 3.643 f 1.126 mmol. 
The fasting pool size exceeded the circulating pool size 
by an average of 33.4% f 13.4 (P < 0.05). The en- 
terohepatic recycling rate calculated on the basis of the 
circulating bile acid pool averaged 4.5 f 1.0 cycles/8 
hr. There was no correlation between the size of the 
circulating bile acid pool and the cycling rate (r = 0.09). 
When the pool size was calculated in pmol/kg, the cor- 
relation between the size of the circulating pool and the 
cycling rate remained poor (r = -0.30). The difference 
between the fasting and circulating bile acid pool was 
inversely related to the fraction of the fasting pool size 

TABLE 1. Data on the enterohepatic circulation of bile acids in normal subjects during continuous meal perfusion of the duodenum 

% of Fasting Pool Cycling Rate of 
Bile Acid Pool Bile Acid Pool % Difference Emptied during Basal Bile the Circulating 

Subjects Weight (Duane) (Grundy) between Pools First Hour Acid Output Pool 

kg mmol mmol mmol SD ~yclesld hr 

W.D. 68 4.28 3.53 17.5 114 2.24 (0.31) 5.1 

V.P. 75 4.85 1.95 59.8 56 1.58 (0.18) 6.5 
S.M. 75 6.34 4.86 23.3 92 2.18 (0.19) 3.6 

S.K. 62 5.68 3.30 42.0 69 1.87 (0.29) 4.5 

V.R. 55 5.95 3.01 49.4 84 1.99 (0.29) 5.3 
S.L. 61 3.20 1.99 37.9 86 0.97 (0.10) 3.9 

T.L.  75 7.08 4.72 33.3 84 3.27 (0.43) 5.5 

D.G. 61 7.49 4.52 39.7 69 2.46 (0.26) 4.3 

V.Ra. 54 6.83 6.1 1 10.5 92 3.69 (0.27) 4.8 

T.D. 73 4.10 3.29 19.8 86 1.97 (0.22) 4.8 

V.H. 69 6.75 4.17 38.1 52 1.38 (0.18) 2.6 
T.Lo. 77 6.51 4.30 34.0 76 2.46 (0.31) 3.0 
W.A. 65 3.21 2.77 14.0 101 1.05 (0.08) 3.0 
V.L. 61 7.40 4.15 44.0 57 2.99 (0.19) 5.8 
M.K. 63 4.96 3.12 37.1 78 1.52 (0.12) 3.9 
V.E. 76 3.92 2.52 35.7 70 1.60 (0.21) 5.1 

Mean f SD 5.53 f 1.47 3.64 f 1.13 33.4 f 13.4 7 9 2  17 2.08 f 0.77 4.5 f 1.0 
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Fig. 1. Relation between the differences (%) between the size of the 
pool on fasting and of the pool circulating enterohepatically and the 
portion (%) of the fasting pool size emptied in the duodenum during 
the first hour of continuous liquid formula perfusion in normal sub- 
jects. 

that was excreted during the first perfusion hour 
(r = -0.76; P < 0.001) (Fig. 1). There was no significant 
inverse relation between the difference between the 
fasting and the circulating bile acid pool sizes and the 
circulating pool size ( r  = 0.45; P < 0.1). The size of the 
circulating pool correlated well with the basal bile acid 
outputs and the 8-hr bile acid outputs ( r  = 0.82; 
P < 0.001) (Fig. 2). There existed no significant relation 
between the basal outputs of bile acids and the cycling 
rate of the circulating bile acid pool (r = 0.44; P < 0.1). 

Data on the enterohepatic circulation of bile acid in 
patients with cholecystectomy were obtained by contin- 
uous liquid formula perfusion of the duodenum and are 
summarized in Table 2. The bile acid pool measured 

by the Duane method (1 6) averaged 4.12 f 1.74 mmol, 
exceeding the pool measured by the method of Grundy 
(19) (3.30 f 1.39 mmol) by 18.6 f 8.8% in average. 
The circulating pool in cholecystectomy patients (3.30 
mmol * 1.39) was not significantly lower than the cir- 
culating pool in normal volunteers. The pool cycling in 
patients with cholecystectomy was however significantly 
lower than the pool on fasting in normal volunteers 
(5.534 f 1.472; P < 0.05). 

In cholecystectomy patients no relation was found 
between the difference in the pools measured with dif- 
ferent methods and the portion of the pool emptied in 
the first perfusion hour (r = 0.09). The basal outputs 
of bile acids averaged 1.65 f 0.98 mmol/hr, which was 
not significantly lower than the basal outputs of normals. 
The calculated rate of enterohepatic cycling of the cir- 
culating pool averaged 3.9 k 1.0 cycles/8 hr. 
[ SH]Glycocholic acid appeared in the duodenum after 

TABLE 2. Data on the enterohepatic circulation of bile acids in cholecystectomy patients during 
continuous meal perfusion of the duodenum 

36 of Fasting Pool Cycling Rate of 
Bile Acid Pool Bile Acid Pool % Difference Emptied during Basal Bile the Circulating 

Subjects Weight (Duane) (Grundy) between Pools First Hour Acid Output Pool 

t mmol mmol mmol SD cyclcsl8 hr 

H.D. 
C.A. 
H.M. 
C.G. 
V.J. 
B.J. 
V.K. 
V.D. 

51 
75 
48 
56 
56 
85 
78 
76 

2.07 
5.14 
3.41 
6.08 
1.58 
5.78 
5.53 
3.45 

1.83 
3.93 
2.32 
5.25 
1.50 
4.78 
3.99 
2.83 

11.7 
23.4 
31.9 
13.6 
5.1 

17.3 
28.0 
18.0 

62 
50 
43 
37 
37 

100 
69 
54 

1.03 (0.06) 
1.27 (0.12) 

3.60 (0.31) 
0.65 (0.12) 
2.63 (0.19) 
1.34 (0.17) 
1.55 (0.14) 

1.11 (0.22) 

4.5 
2.6 
3.8 
5.5 
3.5 
4.4 
2.7 
4.4 

Mean f SD 4.12 2 1.74 3.30 f 1.39 18.6 f 8.8 56 f 21 1.65 f 0.98 3.9 f 1.0 
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10-20 min in three patients, after 20-30 min in another 
three patients, and after 30-60 min in two patients. The 
peak activity occurred after 40-50 min in one patient, 
50-60 min in four patients, 60-70 min in two patients, 
and 70-80 min in one patient. In cholecystectomy pa- 
tients there was a very good inverse relation between 
the circulating bile acid pool size and the secretion rate 

No relation was found between pool size and recy- 
cling rate (r = 0.19). In the combined groups of normal 
volunteers and cholecystectomy patients there was a lin- 
ear relation between the circulating pool size and the 
basal bile acid output under conditions of liquid formula 
perfusion of the duodenum ( r  = 0.83; P < 0.001). How- 
ever, no relation was found between the cycling rate of 
the circulating pool and its size ( r  = 0.03), even if the 
pool size is calculated in pmols/kg body weight 

(r = -0.85; P < 0.001). 

( r  = -0.1 1). 

DISCUSSION 

Two major points about the enterohepatic circulation 
of bile acids resulted from the present investigations. In 
normal subjects the bile acid pool size (fasting) measured 
using the Duane method exceeded the circulating pool 
during continuous formula perfusion (Grundy) by a 
mean of 33.4%. Second, a high correlation was found 
between the circulating pool size and the basal bile acid 
secretion rate in normal subjects as well as in cholecys- 
tectomy patients. 

The differences found between the total fasting pool 
and the pool circulating during formula perfusion were 
important. Several factors are probably involved in the 
origin of these differences. As a large quantity of bile 
secreted during the night bypasses the gallbladder (2 1 ,  
22), losses of isotope overnight with the method of 
Duane et al. (16) may result in an overestimation of the 
fasting pool. In his original studies Duane et al. (16) 
found that the pool measured with his method over- 
estimated the pool obtained by the Lindstedt disap- 
pearance plot (23) by 13.7%. In our patients with func- 
tioning gallbladders, loss of isotope probably accounted 
for an overestimation of about 14% of the fasting pool 
size. In the cholecystectomy patients studied, the mean 
difference between the pool sizes measured by both 
methods amounted to 18.6%. In these patients the loss 
of isotope overnight should be greater than in patients 
with normal functioning gallbladders, and the 18.6% 
difference is probably entirely due to isotope loss. 

On the other hand, the circulating pool size could 
also have been overestimated by a disproportionate loss 
of labeled bile acid compared to the unlabeled endog- 
enous bile acids. About 5% could have been absorbed 

with the first cycle and another 5% aspirated on the first 
few passes when specific activity peaked. Lack of com- 
plete sequestration of isotope in the gallbladder over- 
night and incomplete mixing of the isotope with the bile 
acid pool would also result in different values for the 
pool measured by different methods. Still the fairly 
steady state specific activities for 14C and 'H suggest that 
good mixing had occurred at the moment of sampling 
for both methods. If an overestimation of +14% is ac- 
cepted for the size of the fasting pool, a difference of 
more than 19% still remains between the fasting pool 
size and the mass of bile acids circulating during formula 
perfusion. The significant inverse correlation of the 
differences between the fasting and the circulating pool 
sizes with the portion of the fasting pool that is excreted 
during the first perfusion hour suggests that the differ- 
ences between the two pool sizes might be due to in- 
complete gallbladder emptying, i.e., the more the gall- 
bladder emptied the less the discrepancy between the 
total fasting and circulating pool. These data are in 
agreement with the 20% sequestration of bile acids in 
the gallbladder calculated by Shaffer (24) for patients 
receiving liquid infusion meals to stimulate gallbladder 
contractions. 

Mok et al. (1  5) found a good inverse relation between 
the bile acid pool size and the calculated rate of en- 
terohepatic cycling during continuous liquid formula 
perfusion of the duodenum, a situation in which the 
gallbladder is thought to be excluded from the entero- 
hepatic circulation. In this study we did not find any 
relation between the circulating bile acid pool size and 
the cycling rate in normal volunteers, but a very good 
relation (r = 0.82; P < 0.001) between the pool size and 
the basal bile acid outputs. 

The present data suggest that during liquid formula 
perfusion of the duodenum the rate of bile secretion 
reflects the size of the circulating pool. The apparent 
contradiction with the data of Mok et al. (15) may be 
due to the fact that the group of subjects they studied 
was composed of a few normal subjects and a majority 
of patients with obesity and hyperlipoproteinemia; who 
are known to have large bile acid pools (8). Mok et al. 
( 1  5) found a good inverse hyperbolic relation between 
the bile acid pool size and the cycling rate in the whole 
group of 31 patients studied (r = -0.61; P < 0.01) and 
a less good linear relation between the bile acid pool 
size and the secretion rate (r = 0.50; P < 0.01). Recal- 
culations of their data for groups I and I1 (who had bile 
acid pool sizes of 1-3 g) indicate that the bile acid pool 
is not related to the cycling rate ( r  = -0.12) but to the 
bile acid secretion rates (r = 0.74). In contrast, the bile 
acid pool size of their groups I11 and IV (who had large 
pools of 3-6 g) was not related to the secretion rate (T 

= O.ll), but was inversely related to the cycling rate 
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( r  = -0.64). The normal volunteers we studied were 
not obese and most of these had pool sizes within the 
range of groups I and I1 of Mok et al. (15). Our results 
are in agreement with some data of Shaffer and Small 
(8 )  who also found a close relation between the circu- 
lating bile acid pool size and the bile acid secretion rate 
in patients with functioning gallbladders. 

It may be concluded that the bile acid pool circulating 
during continuous liquid formula perfusion of the duo- 
denum is lower than the fasting bile acid pool possibly 
due to incomplete gallbladder emptying. Under these 
conditions the basal bile acid output reflects closely the 
size of the circulating bile acid pool in both normal sub- 
jects and cholecystectomy patients.8 
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Rutten, Miss L. Swinnen, Mr. L. Verhaegen, and Mr. A. De- 
greef. This research was sponsored by grants from the Fonds 
voor Wetenschappelijk Geneeskundig Onderzoek Van Belgie, 
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