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A B S T R A C T This investigation was undertaken in
order to (a) characterize the postprandial inflow of
individual bile acids to the liver and (b) determine if
peripheral venous bile acid levels always adequately
reflect the portal venous concentration, or if saturation
of hepatic bile acid uptake can occur under physio-
logical conditions. In five patients with uncomplicated
cholesterol gallstone disease, the umbilical cord was
cannulated during cholecystectomy, and a catheter
was left in the left portal branch for 5 to 7 d. The
serum concentrations of cholic acid, chenodeoxycholic
acid, and deoxycholic acid in portal venous and sys-
temic circulation were then determined at intervals
of 15 to 30 min before and after a standardized meal.
A highly accurate and specific gas chromatographic/
mass spectrometric technique was used.
The sum of the fasting concentrations of the three

bile acids averaged 14.04±4.13 Amol/liter in portal
venous serum, and 2.44±0.31 Amol/liter in peripheral
venous serum. The estimated hepatic fractional uptake
of cholic acid was -90%, and those of chenodeoxy-
cholic acid and deoxycholic acid were 70-80%. This
resulted in an enrichment of systemic bile acids in the
dihydroxy bile acid species. In response to a standard-
ized meal, portal venous bile acid concentrations in-
creased two- to sixfold, with a peak seen 15-60 min
after the meal. The maximum postprandial portal ve-
nous bile acid concentration averaged 43.04±6.12
,umol/liter, and the corresponding concentration in
peripheral serum was 5.22±0.74 A.mol/liter. The es-
timated fractional uptakes of the individual bile acids
were not affected by the increased inflow to the liver.
The peripheral venous concentrations of individual as
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well as total bile acids were well correlated with those
in portal venous serum.
The results (a) give a quantitation of postprandial

bile acid inflow to the liver and (b) indicate that the
hepatic uptake system for bile acids in healthy man
cannot be saturated during maximal inflow of endog-
enous bile acids. Measurement of peripheral serum bile
acids can thus give important information on the status
of the enterohepatic circulation.

INTRODUCTION

In man, the two primary bile acids, cholic acid (C)'
and chenodeoxycholic acid (CD), together with the
secondary bile acid, deoxycholic acid (D), undergo an
efficient enterohepatic circulation (1). Secreted as gly-
cine or taurine conjugates by the liver, the bile acids
are reabsorbed in the small intestine and returned to
the liver in the portal vein. The portal venous inflow
of bile acids is of regulatory importance for the hepatic
bile secretion, and for the conversion of cholesterol to
bile acids (1-4). Due to the efficient hepatic uptake,
fasting serum bile acid concentrations are generally
low in peripheral circulation, in spite of a significant
inflow of bile acids to the liver in the portal vein (5).
In response to a meal, peripheral venous levels of
serum bile acids increase severalfold (6, 7). This is
presumed to be the consequence of an increased ab-
sorption of bile acids, and thus an elevated portal ve-
nous load to the liver.
By direct measurement of the individual bile acids

in portal venous and systemic circulation we have
shown that there are differences in intestinal uptake
and hepatic clearance of individual bile acids in fasting
man (5). The relation between individual bile acid
concentrations in portal venous and systemic circula-

' Abbreviations used in this paper: C, cholic acid; CD,
chenodeoxycholic acid; D, deoxycholic acid.
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tion during a meal has not been studied previously in
man. Thus it is not known if peripheral venous bile
acid levels always adequately reflect the portal venous
concentration, or if saturation of hepatic bile acid up-
take can occur under physiological conditions. To ad-
dress these questions, we have determined the con-
centrations of C, CD, and D, using an accurate gas
chromatographic/mass spectrometric technique, in
portal venous and systemic blood serum of cholecys-
tectomized subjects fed a standardized meal.

METHODS
Patients. Five patients, one male and four females, were

included in the study. They were all referred to the hospital
because of uncomplicated gallstone disease. The stones con-
sisted of >70% cholesterol in all cases. None of the patients
had a history of common duct stones, and they all had a
normal operative cholangiogram. Histological examination
of operative liver biopsies was normal in all cases. Basal data
on the patients are presented in Table I. None of them had
clinical or laboratory evidence of diabetes mellitus, hyper-
lipidemia, or diseases affecting kidney or thyroid function.
Except for a slightly elevated serum bilirubin concentration
in one of the patients, they all displayed normal liver func-
tion tests. None of the patients were on treatment with drugs.
Experimental procedure. All patients had an uneventful

cholecystectomy under standardized conditions as described
(5, 8). During laparotomy, the umbilical vein was identified
and cannulated as described (9). The catheter was inserted
into the left portal branch, close to the main stem, and filled
with a heparin solution. There was no evidence of compli-
cations in any of the patients, and they all had a normal
postoperative recovery and mobilization. A detailed descrip-
tion of the surgical procedure, together with a discussion of
the prevention of possible complications, has been published
recently (9).

After 5-7 d, when the patients had been given oral meals
for 3-4 d, and their bowel habits were normal, they were
studied in the morning after a 12-h fast. At 7:30 a.m., an
indwelling needle was inserted into an antecubital vein, and
two to three blood samples were drawn from peripheral and
portal venous circulation in the fasting state. At 8:00 a.m.,

the patients were given a standardized breakfast, consisting
of 2 dl milk, two cheese sandwiches, and 2 dl coffee. The
energy content of this meal is equivalent to 1,750 kJ with
carbohydrate, fat, and protein accounting for 33, 44, and
23% of total, respectively. 5 ml of blood were then drawn
from the peripheral venous and portal venous catheters at
intervals of 15 min for 150-240 min. The portal venous cath-
eter could then be withdrawn without complications, and
the patients were discharged from the hospital on the fol-
lowing day.

All patients had given their informed consent before sur-
gery, and the ethical aspects of the study had been approved
by the Ethical Committee of Karolinska Institutet.

Analytical procedures. After clotting of blood at room
temperature, serum was obtained by centrifugation and fro-
zen at -20°C for subsequent analysis. To 0.50 ml of pe-
ripheral and 0.10 ml of portal venous serum, 2.5 ug of
[2,2,3,4,4,-2H5] C, 2.5 jig of [2,2,3,4,4-2H5] CD, and 5.0 Ag
of [11,11,12-2H3] D, dissolved in acetone, were added. The
serum, with the added internal standards, was hydrolyzed
with 1 M KOH at 110°C for 12 h. The alkaline solution was
extracted three times with diethyl ether to remove most of
the neutral steroids. The bile acids were then extracted from
the acidified water phase with ethyl ether, methylated with
diazomethane, and converted into trimethylsilyl ether de-
rivatives. The derivatives were analyzed by gas chromatog-
raphy-mass spectrometry using an LKB 9000 instrument
equipped with a multiple ion detector (MID) unit. A 1.5%
SE-30 column was used, and the operating temperature was
2300-2700C.
Our described mass fragmentographic technique (10) for

determination of the individual serum bile acids, C, CD, and
D, has been modified, using more specific ions for each bile
acid derivative. As a consequence, however, each bile acid
must be determined separately with our instrument (LKB
9000). Thus, C was analyzed with two of the channels fo-
cused on m/e 623 and m/e 628, corresponding to the M-15
peak in the mass spectrum of trimethylsilyl derivative of
unlabeled and deuterium-labeled C, respectively. CD was
analyzed with two of the channels focused on mle 370 and
373, corresponding to the M-2 X 90 peak in the mass spec-
trum of trimethylsilyl derivative of unlabeled and deute-
rium-labeled CD, respectively. D was analyzed with two of
the channels focused on m/e 255 and 258, corresponding to
the base peak in the mass spectrum of trimethylsilyl deriv-

TABLE I
Basal Data on the Patients

Patient no. Sex' Age RBWI Bilirubini ASAT§ ALAT§ API

grmo1/liter Mkat/liter

1 M 68 115 28.0 0.33 0.41 2.6
2 F 67 103 11.0 0.40 0.48 3.0
3 F 64 117 4.4 0.50 0.36 3.6
4 F 58 99 9.0 0.37 0.37 2.5
5 F 55 88 11.0 0.41 0.42 4.4

Mean±SEM 62±3 104±5 11.1±2.5 0.40±0.03 0.41±0.02 3.2±0.4

M, male; F, female.
Relative body weight, calculated as weight (kg)/[height (cm) - 100] x 100%.

§ Normal range: bilirubin, 3.4 to 20.5; ASAT (aspartate aminotransferase) < 0.70; ALAT (alanine aminotrans-
ferase) < 0.70; AP (alkaline phosphatase) < 5.4.
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ative of unlabeled and deuterium-labeled D, respectively.
The concentrations of the individual bile acids were thus
calculated from the ratios C/[2,2,3,4,4-2H5]C (tracing at m/
e 623/tracing at m/e 628), CD/[2,2,3,4,4-2H5]CD (tracing
at m/e 370/tracing at m/e 373), and D/[11,11,12-2H3]D
(tracing at m/e 255/tracing at m/e 258). Standard curves
were used for each bile acid. The relative standard deviation
of the method, as calculated from duplicate samples,
was 2-3%.

RESULTS

The sum of the fasting concentrations of C, CD, and
D averaged 14.04±4.13 gmol/liter (mean±SEM) in
portal venous serum, and 2.44±0.31 ,umol/liter in pe-
ripheral venous serum. With the exception of patient
4, who had a relative dominance of C in both portal
venous and peripheral serum, the concentrations of the
three bile acids were roughly similar in the portal vein
(Table II). In all cases, the ratio between portal venous
and peripheral venous concentration was higher for
C than for CD or D, indicating a more efficient hepatic
uptake of the trihydroxy bile acid. Patient 1, who dis-
played a slightly elevated serum bilirubin concentra-
tion, also had the lowest ratios between portal venous
and peripheral venous concentrations for all three bile
acids. However, the fasting serum bile acid concen-
trations of this patient were not increased (Table II).

In response to the meal, there was a rapid rise in the
portal venous as well as the peripheral venous con-
centration of all three bile acids. In all patients, there
was a tendency to an earlier rise of the bile acid con-
centration in the portal vein than in the peripheral
circulation. Two representative examples are seen in
Figs. 1 and 2 (patients 2 and 4). A first peak concen-
tration occurred simultaneously for all three bile acids
within 15 to 60 min after the meal (Table III). Bile
acid concentrations then decreased somewhat over a

30-60-min period, whereafter a second peak (gener-
ally lower) occurred - 90 min after the initial one.
The sum of the concentrations of C, CD, and D at

the maximum of the first peak averaged 43.04+6.12
Mmol/liter in portal venous and 5.22±0.74 ;Lmol/liter
in peripheral venous serum, respectively (Table III).
The ratio between portal venous and peripheral venous
concentration was higher for C than for CD or D also
during maximal inflow of bile acids. Again, patient 1
displayed lower ratios, whereas his peripheral venous
bile acid levels were not clearly distinguishable from
those of the others.
The data thus indicated an efficient uptake of all

three bile acids both in the fasting and in the post-
prandial state. To make an estimation of the fractional
uptake of the individual bile acids, we have to assume
that the concentration of the bile acids in hepatic ve-
nous blood serum is similar to that in the peripheral
circulation. This assumption was validated by studies
in five healthy volunteers, undergoing hepatic venous
catheterization as part of an investigation on carbo-
hydrate metabolism (cf. 11). As seen in Table IV, si-
multaneously determined hepatic venous and arterial
concentrations of C, CD, and D were in all cases except
one almost identical. Furthermore, as we could not
directly determine blood flow, we have to assume a
constant ratiQ of 1:3 between the hepatic arterial and
the portal venous flow (cf. 5). In the fasting state, this
estimated uptake was -85% for C and lower, -70%,
for CD and D (Table V). Patient 1 had a clearly re-
duced fractional uptake of all three bile acids. The
corresponding values were similar-or even slightly
higher-for all three bile acids during maximal post-
prandial inflow. The estimated fractional uptake of C
was again higher than that of CD or D.

Although there was some scattering of the data
points, the peripheral venous concentration of an in-

TABLE II
Fasting Concentrations of Individual Bile Acids in Portal Venous and Peripheral Venous Serum

of Five Cholecystectomized Patients'

Cholic acid Chenodeoxycholic acid Deoxycholic acid

Patient no. P V P/V P V P/V P V P/V

pmol/liter prnol/liter

0.40
0.55
0.12
1.60
0.40

3.5
11.8
18.8
9.8

11.9

1.25
3.65
2.90
5.00
2.25

0.62
0.53
0.78
0.80
0.48

2.0 1.50
6.9 8.75
3.7 2.75
6.3 6.60
4.7 4.90

0.85
1.23
1.10
1.20
1.55

1.8
7.1
2.5
5.5
3.2

Mean±SEM 6.13±2.57 0.61±0.26 11.2±2.5 3.01±0.63 0.64±0.06 4.7±0.9 4.90±1.30 1.19±0.11 4.0±1.0
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1
2
3
4
5

1.40
6.50
2.25
15.75
4.75

a P, portal venous concentration; V, peripheral venous concentration; P/V, ratio between portal venous and peripheral venous serum
concentration.
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FIGURE 1 Concentrations of (A) cholic acid, (B) chenodeoxycholic acid, and (C) deoxycholic
acid in portal venous (-) and peripheral venous (0) serum in response to a standardized meal
given at time 0 (patient 2). Bile acid concentration (micromoles/liter).

dividual bile acid reflected the simultaneous portal
venous concentration (Fig. 3 A-C). As a consequence

of the lower uptake of the bile acids in patient no. 1,

3.i

the relationship was somewhat different in this case.

The relative composition of the individual bile acids
varied both between the different subjects and as a
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FIGURE 2 Concentrations of (A) cholic acid, (B) chenodeoxycholic acid, and (C) deoxycholic
acid in portal venous (0) and peripheral venous (-) serum in response to a standardized meal
given at time 0 (patient 4). Bile acid concentration (micromoles/liter).
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TABLE III
Maximal Postprandial Concentrations of Individual Bile Acids in Portal Venous and Peripheral Venous

Serum of Five Cholecystectomized Subjects'

Cholic acid Chenodeoxycholic acid Deoxycholic acid

Patient no. Time P V P/V P V P/V P V P/V

min jmol/liter jumol/liter prmol/liter /umol/liter umol/liter pmol/liter

1 30 8.50 1.70 5.0 8.15 2.32 3.5 5.90 2.03 2.9
2 15 16.00 0.90 21.1 10.40 0.80 13.0 22.25 1.70 13.1
3 60 16.60 0.60 27.7 10.50 1.22 8.6 9.40 1.75 5.4
4 30 33.85 2.78 12.2 11.50 1.55 7.4 12.00 1.70 7.1
5 45 17.15 1.75 9.8 8.00 1.77 4.5 25.00 3.55 7.0

Mean±SEM 18.42 1.55 15.2 9.71 1.53 7.4 14.91 2.15 7.1
±4.17 ±0.38 ±4.1 ±0.70 ±0.26 ±1.7 ±3.71 ±0.36 ±1.7

Time, time of maximal concentration (first peak) in relation to meal; P, portal venous concentration; V, peripheral venous concentration;
P/V, ratio between portal venous and peripheral venous serum concentration.

consequence of the meal. Nevertheless, the sum of C,
CD, and D ("total bile acids") in peripheral circulation
correlated with the total concentration in the portal
vein (Fig. 4).

DISCUSSION

The technique used for determination of the serum
concentrations of C, CD, and D used in the present
work is very similar to the one described previously
by us (5, 7, 10). The inclusion of one deuterium-labeled
internal standard for each of the three bile acids, as
well as the monitoring of specific ion pairs for each
bile acid, would theoretically further improve the ac-
curacy of the method (10). It should be pointed out

TABLE IV
Fasting Concentrations of Individual Bile Acids in Hepatic

Venous and Peripheral Arterial Blood Serum
of Five Healthy Subjects'

Chenodeoxycholic
Cholic acid acid Deoxycholic acid

Subject
no. HV A HV A HV A

pmol/liter gmnol/liter lAmollliter

1 2.05 2.08 0.63 0.64 2.30 2.30
2 0.39 0.42 1.13 1.34 0.94 1.17
3 0.20 0.23 0.45 0.50 0.90 0.75
4 0.38 0.35 2.25 2.55 0.70 0.62
5 0.20 0.72 0.43 0.55 0.73 0.75

Hepatic venous (HV) and arterial (A) blood was withdrawn si-
multaneously during an investigation of carbohydrate metabolism
in healthy volunteers (cf. 11). Bile acid concentrations were deter-
mined as described in Methods.

that, under the present conditions, no information is
achieved with respect to the degree and nature of con-
jugation or sulfation of the serum bile acids. This pos-
sible limitation of the methodology used is discussed
below.

In the present work, fasting and postprandial levels
of C, CD, and D were determined in portal venous
and peripheral venous circulation of patients with cho-
lesterol gallstone disease 5-7 d after cholecystectomy.
Even if the patients were fully recovered from the
operation, it is reasonable to assume that the bile acid
pool is acutely depleted by cholecystectomy, and that
compensatory changes may not have taken place com-
pletely as soon as 1 wk after surgery. This probably
explains why the fasting concentrations of the bile
acids, particularly CD, were somewhat lower than
those previously reported (5, 7, 10). In agreement with
previous work (6, 12), our study of cholecystectomized
subjects showed an earlier and less distinct peak in
peripheral serum bile acid concentrations in response
to a meal compared to what is seen in subjects with
an intact gallbladder (6, 7, 12). This is presumably due
to the localization of the bile acid pool to the intestine,
resulting in a more prompt response to feeding. It is
reasonable to speculate that the second peak often seen
represents absorption of resecreted bile acids.
This study demonstrated a considerable increase in

portal venous bile acid concentration during a meal.
The increment in bile acid inflow to the liver is actually
still higher because the splanchnic circulation is also
increased in response to feeding (13). If hepatic blood
flow is presumed to be 1,000 ml/min in the fasting
state, and 1,500 ml/min during a meal, the present
values would correspond to a hepatic uptake (and se-
cretion) of -300 ,mol/h in fasting and maximum
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TABLE V
Estimated Hepatic Fractional Uptake of Individual Bile Acid Classes

in Five Cholecystectomized Patients"

Cholic acid Chenodeoxycholic acid Deoxycholic acid

Patient no. Fasting Postprandial Fasting Postprandial Fasting Postprandial

1 65 75 43 65 36 59
2 89 93 82 90 82 90
3 93 95 67 85 53 77
4 87 89 80 83 77 82
5 89 87 73 73 62 82

Mean±SEM 85±5 88±4 69±7 79±4 62±8 78±5

Calculated as 0.75 X P + 0.25 X V - Vx 1%, where P is portal venous and V peripheral venous
0.75 X P + 0.25 X V

concentration. See reference 5 for details.

1,400 ,umol/h during a meal. The former figure is
slightly lower than the calculated nocturnal bile acid
secretion in healthy man, 350-900 gmol/h (14-17).
The latter figure is in reasonable agreement with the
reported values for stimulated bile acid secretion in
cholecystectomized man, l1,100 ,umol/h (18).

In spite of increases in the portal venous bile acid
concentration up to almost 60 ,umol/liter, we did not
observe any signs of saturation of the hepatic uptake
system. Thus, the portal venous/peripheral venous ra-

tio and the estimated fractional uptake remained con-
stant-and higher for C than for CD or D-during
maximal inflow of bile acids. It should be emphasized
that, although the calculation of fractional uptake as-
sumes a constant proportion between hepatic arterial
and portal venous blood flow, the possible error that
could be introduced by variation of this flow ratio is
very limited. As mentioned above, unconjugated bile
acids are not separated from conjugated with the
methodology used in this work. Although the propor-
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patients. Samples were taken before and during a standardized meal. Patient 1, who had a

slightly elevated serum bilirubin level, is shown with open circles. The correlation coefficients
(r) were (values calculated excluding patient 1 within parentheses) for cholic acid +0.80 (+0.87),
for chenodeoxycholic acid +0.45 (+0.62), and for deoxycholic acid +0.75 (+0.77). The cor-

relations were in all cases significant at the P < 0.001 level. Systemic and portal venous con-

centrations (micromoles/liter).

Hepatic Uptake of Bile Acids in Man 729

3
c
.2
o
c
0

9 1

E
-

(0

10 20 30



6

U
I

0
4

0

E
S

'I)

0

0 * 0
0

0

0.

0
go 0 0

0o *

0
0 o eo

0 0 0S

20 40
Portal venous concentration

0

0

60

FIGURE 4 Relation between portal venous and peripheral
venous serum concentrations of "total bile acids" (sum of
cholic acid, chenodeoxycholic acid, and deoxycholic acid)
in five cholecystectomized patients. Symbols as in Fig. 3.
The correlation coefficient (r) was +0.64 (excluding patient
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tion of unconjugated bile acids in the portal vein is
probably small (cf. 19), the fractional uptake of these
bile acids is less than that of conjugated bile acids (20).
Unconjugated bile acids are always returning to the
liver from the intestine, and the fraction of portal bile
acids in unconjugated form might be greater in cho-
lecystectomized patients. It might also be greater dur-
ing the fasting state, which may explain why, at least
for D, the average fractional uptake values tended to
be higher in the postprandial state. Thus, the frac-
tional hepatic extraction estimates in Table V repre-
sent the geometric means of the hepatic fractional ex-
traction values for the individual species (unconju-
gated, glycine conjugate, taurine conjugate) of each
of the bile acid classes. Even with this reservation,
however, it is reasonable to assume that the difference
in uptake between tri- and dihydroxy bile acid classes
is related to a different affinity of the hepatic transport
system for different bile acids, as has been demon-
strated in the rat (21), and/or to differences in protein
binding (22). The additional possibility of a difference
in the lymphatic transport between trihydroxy and
dihydroxy bile acid has been raised by Lindblad et al.
(23). However, recent studies on lymphatic bile acid
transport in man demonstrated that <0.1% of bile acid
enterohepatic circulation occurs via this route.2

Thus, the present results show that saturation of the
hepatic bile acid uptake cannot be reached under

2 Ewerth, S., I. Bjorkhem, K. Einarsson, and L. Ost. 1982.
J. Lipid Res. In press.

physiologically occurring conditions in man. This con-
cept is in agreement with data obtained from studies
in the dog (24-26) and in the rat (21, 27). The esti-
mated fractional uptake of bile acids was reduced in
one of our patients (No. 1). It is of interest to note,
that this subject did not display increased levels of
peripheral bile acids in the fasting or in the postpran-
dial state. This underscores the difficulty to identify
subjects with a moderately reduced hepatic bile acid
uptake by analysis of serum bile acids even after a load
of endogenous bile acids (cf. 28).
A major new finding of the present work was that

peripheral venous concentrations of individual bile
acids reflect the simultaneous portal venous concen-
tration. There was also a fair correlation between total
bile acids at the two sampling sites. The latter finding
supports and extends the reports by Lindblad et al.
(23) and Pare et al. (29). Using less specific techniques,
these authors found parallel increases in portal venous
and peripheral venous concentrations of total bile acids
in response to feeding or to cholecystokinin adminis-
tration in patients with malignant disease or with al-
coholic liver disease. The present data strongly support
the concept that variation in the intestinal "input" of
bile acids is the major determinant of peripheral
serum bile acid concentrations in healthy man (5-7,
30). Furthermore, the portal venous inflow of bile acids
can be monitored indirectly with some certainty by
analysis of peripheral venous samples. This assumption
has been made in several recent studies on the en-
terohepatic circulation of bile acids, but has never been
directly validated in man previously (cf. 1).

In conclusion, our study confirms the presence of an
efficient enterohepatic circulation of bile acids in man.
The presence of a highly efficient hepatic uptake pro-
cess, which has higher affinity for trihydroxy than for
dihydroxy bile acids, and which cannot be saturated
under physiological conditions, is demonstrated. Mea-
surement of peripheral serum bile acid concentrations
reflect portal venous levels, and can thus give impor-
tant information on the status of the enterohepatic
circulation.
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