
 

Journal of Lipid Research

 

Volume 42, 2001

 

1923

 

Measurement of parameters of cholic acid kinetics 
in plasma using a microscale stable isotope dilution
technique: application to rodents and humans

 

Christian V. Hulzebos,* Lorraine Renfurm,* Robert H. Bandsma,* Henkjan J. Verkade,*
Theo Boer,* Renze Boverhof,* Hiroshi Tanaka,

 

1,†

 

 Igor Mierau,

 

2,†

 

 Pieter J. J. Sauer,*
Folkert Kuipers,* and Frans Stellaard

 

3,

 

*

 

Groningen University Institute for Drug Exploration,* Center for Liver, Digestive, and Metabolic Diseases, 
Laboratory of Pediatrics, University Hospital Groningen, Hanzeplein 1, 9700 RB Groningen, The 
Netherlands; and Snow Brand European Research Laboratory,

 

†

 

 Groningen, The Netherlands

 

Abstract A stable isotope dilution method is described that
allows measurement of cholic acid (CA) kinetics, that is, pool
size, fractional turnover rate (FTR), and synthesis rate in mice,
rats, and humans. Decay of administered [2,2,4,4-

 

2

 

H

 

4

 

]CA
enrichment was measured in time in 50-

 

m

 

l plasma samples
by gas-liquid chromatography/electron capture negative
chemical ionization-mass spectrometry, applying the penta-
fluorobenzyl-trimethylsilyl derivative. The kinetic data ex-
pressed species-dependent differences. The CA pool sizes
were 16.8 

 

6

 

 2.1, 10.6 

 

6

 

 1.2, and 2.4 

 

6

 

 0.7 

 

m

 

mol/100 g body
weight for mice, rats, and humans, respectively. The FTR
values were 0.44 

 

6

 

 0.03, 0.88 

 

6

 

 0.10, and 0.46 

 

6

 

 0.14 per day
for mice, rats, and humans. The corresponding synthesis
rates were 7.3 

 

6

 

 1.6, 9.3 

 

6

 

 0.1, and 1.0 

 

6

 

 0.2 

 

m

 

mol/100 g
body weight per day. The human data agreed well with liter-
ature data obtained by conventional isotope dilution tech-
niques. For rats and mice these are the first reported isotope
dilution data. The method was validated by confirmation of
isotopic equilibrium between biliary CA and plasma CA in
the rat. Its applicability was demonstrated by the observa-
tion of increased CA FTR and CA synthesis rate in rats fed
cholestyramine, which is known to increase fecal bile acid
excretion.  The presented stable isotope dilution method
enables the determination of CA kinetic parameters in
small plasma samples. The method can be applied in
unanesthetized rodents with an intact enterohepatic circula-
tion and may also be valuable when studying the develop-
ment of human neonatal bile acid kinetics.
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The active secretion of bile acids into the canaliculus
generates bile flow and biliary secretion of phospholipids

 

and cholesterol (1). Apart from their role in bile secre-
tion, bile acids enhance the intestinal absorption of di-
etary fats and cholesterol. The conversion of cholesterol
to bile acids is of crucial importance for maintenance of
cholesterol homeostasis (2). Cholic acid (CA) is a primary
bile acid in humans as well as in rodents and comprises
30% to 50% (humans) or 50% to 80% (rodents) of the total
bile acid pool. CA pool size, fractional turnover rate
(FTR), and synthesis rate are the kinetic parameters that
allow description of its production and conservation in
the body. Isotope dilution techniques applying radioactive
or stable isotopes (3–7) have been accepted as the pre-
ferred method to study bile acid kinetics in vivo and have
contributed significantly to the present knowledge of bile
acid (patho)physiology in humans (8–14). The tech-
niques allow for the simultaneous determination of the
CA pool size, FTR, and synthesis rate without interruption
of the enterohepatic circulation.

Several novel animal models, including transgenic and
knockout models, offer the opportunity to gain further in-
sight in the regulation of bile acid metabolism as well as in
the metabolic action of bile acids. Different methods have
been used to measure parameters of bile acid kinetics in
experimental animals, that is, analysis of the intestinal bile
acid content as a reflection of the pool size (15, 16) and
the “washout” method to estimate pool size and synthesis
rate (17, 18). The fecal balance method is commonly ap-
plied to determine the total bile acid synthesis rate in

 

Abbreviations: CA, cholic acid; FTR, fractional turnover rate; GLC-MS,
gas liquid chromatography-mass spectrometry; PFB-TMS, pentafluo-
robenzyl-trimethylsilyl.
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rodents (19). Finally, the activities or expression levels of
cholesterol 7

 

a

 

-hydroxylase and sterol 27-hydroxylase, the
rate-limiting enzymes in the classic and alternative path-
way of bile acid synthesis, respectively, are often used as a
reflection of bile acid synthesis rates (20, 21). However,
none of the described methods is suitable to measure all
relevant parameters of bile acid metabolism (i.e., pool
size, FTR, and synthesis rate) simultaneously in vivo in an-
imals with an intact enterohepatic circulation and most of
the methods cannot be used repeatedly in the same ani-
mal. These disadvantages are theoretically circumvented
by application of an isotope dilution procedure using blood
sampling. However, current stable isotope approaches re-
quire 5-ml blood samples to obtain accurate measure-
ments of isotope enrichment, which precludes use in ro-
dents and in small humans (infants and neonates).

Therefore, we have developed a microscale stable iso-
tope dilution procedure for CA, which allows for isotope
enrichment measurements in small volumes of plasma.
The method chosen is based on gas liquid chromatography
(GLC)/electron capture negative chemical ionization-mass
spectrometry (MS) applied to the pentafluorobenzyl-tri-
methylsilyl (PFB-TMS) derivative of CA (6). The technique
was applied in healthy humans to enable comparison with
literature data obtained by the conventional stable isotope
technique with plasma sampling. To demonstrate isotopic
equilibrium in the bile acid pool, CA kinetic data were de-
termined simultaneously in plasma and bile of male
unanesthetized Wistar rats with an exteriorized enterohe-
patic circulation (22). The applicability of the procedure
was tested in male Wistar rats after manipulation of CA ki-
netics by cholestyramine treatment, which is anticipated
to enhance CA turnover (23). The technique was also ap-
plied in male mice to be able to evaluate species depen-
dency of CA metabolism. The studies reported herein
show that the method allows for the measurement of bile
acid kinetic parameters in rodents and, because of the
small blood volumes, may also be useful in human neo-
nates and children.

MATERIALS AND METHODS

 

Materials

 

2,2,4,4-Tetradeuterated CA ([

 

2

 

H

 

4

 

]CA; isotopic purity, 98%)
was obtained from Isotec (Miamisburg, OH). Cholylglycine hy-
drolase from 

 

Clostridium perfringens 

 

(

 

welchii

 

) was purchased from
Sigma (St. Louis, MO). Pentafluorobenzylbromide was pur-
chased from Fluka Chemie (Buchs, Neu-Ulm, Switzerland). All
other chemicals and solvents used were of the highest purity
commercially available.

 

Animals and diets

 

Male Wistar rats (Harlan Laboratories, Zeist, The Nether-
lands) of 

 

,

 

350 g and male FVB mice (breeding colony at the
Animal Facility of the Academic Medical Center of Amsterdam)
of 

 

,

 

30 g were used in the experiments. The animals were
housed in a light- and temperature-controlled facility. They had
free access to tap water and standard lab chow, or, when indi-
cated, to chow supplemented with 1% (w/w) cholestyramine
(Sigma). Experimental protocols were approved by the Ethical

Committee for Animal Experiments, Faculty of Medical Sciences
(University of Groningen, Groningen, The Netherlands).

 

Human studies

 

Experimental protocols for studies in human volunteers were
approved by the Ethical Committee of the University Hospital
Groningen and were performed with the informed consent of
the participants.

 

Experimental procedures

 

Experiment 1: Measurement of [

 

2

 

H

 

4

 

]CA kinetics in humans.

 

CA ki-
netic parameters were measured in six healthy volunteers tak-
ing a normal Western-type diet (two females, four males; age,
25–58 years). Fifty milligrams of [2,2,4,4-

 

2

 

H

 

4

 

]CA was adminis-
tered orally in 200 ml of 0.5% NaHCO

 

3

 

 (5). Basal blood sam-
ples were collected before 

 

2

 

H

 

4

 

 administration. Subsequently
postprandial blood samples were taken twice daily for the next
3 days. Blood was centrifuged and plasma was stored at 

 

2

 

20

 

8

 

C
until analysis.

 

Experiment 2: Comparison of CA kinetics determined in rat plasma and 
bile.

 

Three rats were individually housed and equipped with per-
manent catheters in the bile duct, duodenum, and heart, using
techniques described previously (22). Catheters in bile duct and
duodenum were connected to maintain an intact enterohepatic
circulation. Animals were allowed to recover from surgery for 5
days. On day 5, 7 mg of [

 

2

 

H

 

4

 

]CA in a total volume of 250 

 

m

 

l of
0.5% NaHCO

 

3

 

 in PBS was slowly administered as a bolus via the
duodenal catheter. The amount of labeled CA administered was
estimated to equal 

 

,

 

10% of the endogenous bile acid pool (15).
Blood samples (250 

 

m

 

l) were collected via the heart catheter 1,
3, 4.5, 6, 9, 12, 21, 24, 48, 72, and 96 h after administration of
[

 

2

 

H

 

4

 

]CA. Bile (50 

 

m

 

l) was sampled simultaneously with the
blood samples from the bile duct catheter at 

 

,

 

2 min. After bile
sampling, the enterohepatic circulation was immediately re-
stored. Blood was centrifuged at 4,000 rpm for 10 min. Plasma
and bile samples were stored at 

 

2

 

20

 

8

 

C until analysis.

 

Experiment 3: Effects of cholestyramine treatment on CA kinetics in 
intact rats.

 

To characterize the effects on CA kinetics of 1% (w/w)
cholestyramine added to the diet of rats, 12 rats were individually
housed and equipped with a heart catheter (33). They were ran-
domly divided in two groups of six animals each. One group had
free access to normal chow (controls), and the other group re-
ceived normal chow supplemented with 1% (w/w) cholestyramine
for 7 days. On day 5, 5 mg of [

 

2

 

H

 

4

 

]CA in a total volume of 250 

 

m

 

l
of 0.5% NaHCO

 

3

 

 in PBS solution was slowly administered
through the heart catheter. Blood samples (250 

 

m

 

l) were col-
lected in heparinized test tubes via the heart catheter before and
3, 4.5, 6, 12, 24, 30, and 48 h after injection of [

 

2

 

H

 

4

 

]CA. Blood
was centrifuged at 4,000 rpm for 10 min. Plasma samples were
stored at 

 

2

 

20

 

8

 

C until analysis. Feces were collected in 24-h frac-
tions during the experiment to determine fecal bile acid output
as an independent reflection of bile acid synthesis, assuming
steady state conditions.

 

Experiment 4: Measurement of [

 

2

 

H

 

4

 

]CA kinetics in mice.

 

To deter-
mine bile acid kinetics in mice, six male mice were housed indi-
vidually. On day 7, 210 

 

m

 

g of [

 

2

 

H

 

4

 

]CA in a solution of 0.5%
NaHCO

 

3

 

 in PBS was slowly injected intravenously via the penile
vein under halothane anesthesia. At 6, 23, 48, and 72 h after ad-
ministration (n 

 

5

 

 3) or at 14, 34, 48, and 72 h (n 

 

5

 

 3), blood
samples (225 

 

m

 

l) were collected by tail bleeding under hal-
othane anesthesia. Samples used for baseline isotope abundance
measurements were obtained by heart puncture from a separate
group of mice. Blood was collected in microhematocrit tubes
containing heparin and centrifuged to obtain plasma. After cen-
trifugation (4,000 rpm for 10 min) plasma was stored at 

 

2

 

20

 

8

 

C
until analysis.
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Analytical techniques

 

Preparation of plasma and bile samples for isotope analysis.

 

Plasma
and bile samples were prepared for GLC-MS analysis as de-
scribed previously (24).

 

Gas-liquid chromatography-electron capture negative chemical ionization-
mass spectrometry.

 

All analyses were performed on a Finnigan
SSQ7000 quadrupole GLC-MS instrument (Finnigan MAT, San
Jose, CA). Gas-liquid chromatographic separation was per-
formed on a 30 m 

 

3

 

 0.25 mm column, with a film thickness of
0.25 

 

m

 

m (DB-5MS; J&W Scientific, Folsom, CA). One to 3 

 

m

 

l of
the final solution of derivatized bile acids was injected in the
splitless mode at an injector temperature of 290

 

8

 

C and a column
temperature of 150

 

8

 

C. The column temperature was then pro-
grammed to remain at 150

 

8

 

C for 1 min, to rise to 315

 

8

 

C at a rate
of 30

 

8

 

C/min, and then to remain at 315

 

8

 

C for 14 min. The inter-
face temperature was 290

 

8

 

C. The ion source was operated in the
negative ion chemical ionization mode at 150

 

8

 

C, applying meth-
ane as the moderating gas at a source pressure of 1,600 mTorr.
Isotope ratios were determined in the selected ion monitoring
mode on 

 

m/z

 

 623.3 (M0) and 627.3 (M4) for CA.
Optimal GLC-MS conditions were assessed by examining the

effects of mass spectrometric and selected ion monitoring pa-
rameters. Settings were adjusted for each set of samples to ob-
tain at least 30 data points on the gas chromatographic peak and
a peak intensity for the M0 cholate peak at 

 

m/z

 

 623.3 between 1 

 

3

 

10

 

6

 

 and 5 

 

3

 

 10

 

7

 

 instrument units. Within this range stable iso-
tope ratio values of M1/M0, M2/M0, M3/M0, and M4/M0 were
obtained. Injection volume and electron multiplier voltage were ad-
justed to obtain base peak intensities at the defined intensity pla-
teau, assuring accurate and reproducible M4/M0 isotope ratios.
Because bile acid concentrations are different in bile and plasma
and in plasma samples of different species, results have always
been obtained under these standardized conditions.

 

Fecal bile acids.

 

Total bile acid concentrations were measured
in an aliquot of freeze-dried homogenized feces and determined
by an enzymatic fluorimetric assay, as described previously (25).

 

Calculations

 

Isotope dilution technique.

 

The area ratio M4/M0 is calculated
after computerized integration of peak areas of M4 CA and M0
CA in the mass chromatograms for 

 

m/z

 

 627.3 and 623.3, using
LCQuan software (Finnigan MAT). Enrichment is defined as the
increase of M4/M0 after administration of [

 

2

 

H

 

4

 

]CA and ex-
pressed as the natural logarithm of the atom% excess (ln APE)
value (26). The decay of ln APE over time was described by lin-
ear regression analysis. From this linear decay curve the FTR and
pool size of CA were calculated. The FTR (per day) equals the
slope of the regression line. The pool size (micromoles per 100 g
body weight) is determined according to the formula:

where D is the administered amount of label, b is the isotopic
purity, and 

 

a

 

 is the intercept on the y axis of the ln APE-versus-
time curve. The CA synthesis rate (micromoles per 100 g body
weight per day) is determined by multiplying pool size and FTR (5).

 

Statistics

 

Values represent means 

 

6

 

 SD for the indicated number of
humans and animals per group.

Using SPSS (Chicago, IL) version 8.0 statistical software, the
significance of differences was calculated by using the two-tailed
Student’s 

 

t

 

-test for normally distributed paired data or a Mann-
Whitney U test for data that were not normally distributed. 

 

P

 

 

 

,

Pool size
D b 10033

ea
--------------------------------- D25

 

0.05 was considered significant. For the assessment of agreement
between the measurements in bile and plasma, the Bland-Altman
approach was used (27).

 

RESULTS

 

Accuracy and precision of M4/M0 isotope
abundance measurements

Table 1

 

 summarizes the measurements of M4/M0 natural
abundance of CA and the corresponding variations in
plasma and bile of rats, and in plasma of mice and humans.
The theoretical natural isotope abundance based on the ele-
mental and isotopic composition of the selected [M-PFB]

 

2

 

ion is also shown. All measured abundance values were
within 20% of the theoretical value, which is considered
to be accurate at the abundance level of 1.95%. The preci-
sion was good for CA in the rat and human specimens (SD 

 

,

 

0.1%), but for unknown reasons precision was less for
mouse plasma. There were small but consistent differ-
ences in the natural abundance (M4/M0) of plasma CA
between the different species. There was close agreement
between the measurements of natural abundance in
plasma and bile in rats.

 

Linearity of [

 

2

 

H

 

4

 

]CA enrichment measurements

 

To assess the linearity of the analyses, M4/M0 area ratio
values in CA calibration standards containing 0, 0.02,
0.04, 0.06, 0.08, and 0.1 molar ratios of [

 

2

 

H

 

4]CA, respec-
tively, were determined. A Pearson’s correlation coefficient
of .0.99 was obtained. The slope (1.09) was close to one
and the intercept (0.09) was close to 0. The coefficients of
variation of the M4/M0 area ratios in the calibration sam-
ples of [2H4]CA/[2H0]CA ranged from 0.2% to 1.2%.

CA kinetics in humans
In applying the technique to the group of healthy human

volunteers administered a normal Western-type diet the
CA pool size averaged 2.4 6 0.7 mmol/100 g body weight.
The FTR and synthesis rate values were 0.46 6 0.14 per
day and 1.0 6 0.2 mmol/100 g body weight per day, re-
spectively (Table 2). Data were in close agreement with
those described earlier for human volunteers, using a sta-
ble isotope dilution technique (6) and applying larger
plasma samples and GLC combined with electron impact

TABLE 1. Natural abundance of CA M4/M0 in rats, mice, and
humans as measured by gas-liquid chromatography/electron capture 

negative chemical ionization-mass spectrometry, using
the pentafluorobenzyl-TMS derivative

Species Matrix
Natural M4/M0

Abundance

%

Rat Plasma 1.69 6 0.03
Bile 1.69 6 0.09

Mouse Plasma 2.36 6 0.44
Human Plasma 1.76 6 0.03
Theoretical value 1.95

Values represent means 6 standard deviation (n 5 3 or 4) per group.
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mass spectrometry (CA pool size, 2.8 6 1.0 mmol/100 g
body weight; FTR, 0.44 6 0.13 per day; synthesis rate, 1.2 6
0.5 mmol/100 g body weight per day).

Comparison of kinetic data obtained
in rat bile and plasma

CA isotope enrichments between 1% and 60% were ob-
tained in bile and plasma samples of rats collected between
3 and 96 h after administration of label. Linear regression
analysis between plasma data and bile data yielded a slope
of 1.02, an intercept of 0.6%, and an r2 value of 0.9931
(Fig. 1A). Analysis by the Bland-Altman method showed
that the mean difference between enrichments found in
plasma and bile was 11.3% (range, 21.0 to 13.6%) over
the whole range of values (Fig. 1B), indicating a slight
overestimation of enrichment in plasma compared with
bile. This difference was not dependent on the degree
of enrichment. This phenomena may reflect the dilution
of biliary [2H]CA by newly synthesized unlabeled CA mol-
ecules at the time of sampling.

CA decay curves measured simultaneously in plasma
and bile of rats exhibited first-order kinetics (Fig. 2). The
average linear regression correlation coefficients were
0.9973 and 0.9975 for [2H4]CA decay in plasma and bile,
respectively. Mean values of the intercepts and slopes of
the ln APE-versus-time curves determined in plasma and
bile were not different. In accordance with this observa-
tion, also the CA pool sizes (mean difference, plasma 2
bile: 21.0 mmol/100 g body weight), FTR (20.01 per day),
and synthesis rates (20.5 mmol/100 g body weight per
day) determined via plasma sampling and bile sampling,
respectively, were similar. However, the absolute values for
pool size, FTR, and synthesis rates obtained in this experi-
ment have no physiological meaning because they are
strongly affected by the removal of bile during the experi-
ment. Bile sampling reflects a transient interruption of
the enterohepatic circulation and approximately 5% of the
CA pool is removed each time.

CA kinetics in intact rats and the effects 
of cholestyramine feeding

The CA pool size, FTR, and synthesis rate determined in
rats with intact enterohepatic circulation not affected by
catheterization and bile sampling are shown in Table 2.

The CA pool size was slightly (221%) but significantly
reduced in cholestyramine-treated rats (8.4 6 1.9 vs. 10.7 6
1.2 mmol/100 g body weight; P , 0.05). As expected, the

FTR and synthesis rate of CA were significantly higher in
rats treated with cholestyramine: 1.89 6 0.29 versus 0.88 6
0.11 per day (P , 0.005) and 15.7 6 3.4 versus 9.3 6 0.1
mmol/100 g body weight per day (P , 0.05), respectively.

TABLE 2. Pool sizes, fractional turnover rates, and synthesis rates
of CA obtained by [2H4]CA isotope enrichment measurements

in plasma of rats, mice, and humans

Species Pool Size FTR Synthesis Rate

mmol/100 g 
body weight per day

mmol/100 g 
body weight per day

Rat 10.6 6 1.2 0.88 6 0.10 9.3 6 0.1
Mouse 16.8 6 2.1 0.44 6 0.03 7.3 6 1.6
Human 2.4 6 0.7 0.46 6 0.14 1.0 6 0.2

Values represent means 6 standard deviation (n 5 6) for all species.

Fig. 1. Comparison of molar [2H4]CA enrichment in plasma and
bile of male Wistar rats 3–96 h after intravenous injection of label. A:
Expressed as linear regression. B: Expressed as a Bland-Altman plot.

Fig. 2. Decay of [2H4]CA in plasma (open circles, dashed trend
line) and bile (closed circles, solid trend line) after intravenous in-
jection into male Wistar rats. Values are expressed as means 6 SD
(n 5 3 per time point).
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In line with this result, an approximately 2.5-fold increase
in the total fecal bile acid excretion was observed in the
cholestyramine-treated group (26.6 6 3.1 vs. 10.9 6 2.2
mmol/100 g body weight per day; P , 0.05).

CA kinetics in mice
Also in male FVB mice kept on regular lab chow the de-

cay of label enrichment showed first-order kinetics (Fig. 3).
Kinetic data obtained are shown in Table 2. CA pool sizes
and synthesis rates were similar in rats and mice, but mark-
edly higher in these rodents than in humans. In contrast,
the FTR was markedly lower in mice compared with rats.

DISCUSSION

We have developed and evaluated a stable isotope dilu-
tion method using small plasma samples, applicable for
determination of bile acid kinetics in vivo in humans as
well as in rodents. To the best of our knowledge, this is the
first report describing a stable isotope dilution technique
applied in vivo in rodents with an intact enterohepatic cir-
culation. Application of this technique allows for determi-
nation of CA pool size, FTR, and synthesis rate in the in-
tact, unanesthetized animal and circumvents the specific
disadvantages of previously used methods outlined in the
introduction. The washout method requires biliary drain-
age for estimation of bile acid synthesis and bile acid pool
size. This method is invasive, requires laparotomy, and
cannot be repeated in the same animal. Moreover, anes-
thesia is most often required, which influences intestinal
motility and therefore may reduce intestinal bile acid ab-
sorption (22, 28). Estimation of the pool size via measure-
ment of intestinal bile acid content can obviously be per-
formed only after killing the animal. In experiments
involving the fecal balance method, feces are collected for
several days and the daily fecal bile salt excretion is mea-
sured. Under steady state conditions, fecal bile acid excre-
tion corresponds to hepatic bile acid neosynthesis. In this
way the method provides data for bile acid synthesis. How-
ever, no information about bile acid pool size and FTR is
obtained. Although the procedure is principally harmless

and can be repeatedly performed, sample preparation is
laborious, and requires determination of the extraction
efficiency, while the presence of unidentified fecal metab-
olites may affect the outcome (19, 29). Also, to ensure
that all feces are collected a stool marker is necessary as
well as individual housing of the animals in metabolic
cages. Measurement of cholesterol 7a-hydroxylase and
sterol 27-hydroxylase expression and/or activity requires
sampling of hepatic tissue. In addition, the degree of
change in enzyme activity does not by definition reflect
the actual change in bile acid synthesis (30). The isotope
dilution method is the accepted method to determine bile
acid pool sizes, FTR, and synthesis rates in humans. Devel-
opment of stable isotope technology and mass spectrome-
try enabling isotope enrichment measurements in plasma
has greatly improved the applicability of the method in
adult humans. However, the conventional electron impact
MS technique applied to the methyl TMS derivative lacks
sensitivity to allow measurements in sufficiently small
plasma samples to allow application in human neonates and
in rodents. From previous studies, it is known that applica-
tion of electron capture negative chemical ionization to
PFB-TMS derivates of bile acids yields high sensitivity (24).

Indeed, by applying this derivatization technique, the
blood sample size could be strongly reduced without loss
of quality of measurement. The isotope ratio measure-
ments for the natural isotope abundance resulted in values
near the theoretical natural abundance value that were
highly reproducible. This is a basic prerequisite because
natural abundance values are subtracted from the en-
riched values obtained after administration of labeled CA.
Small but consistent differences were found between values
obtained in rats, mice, and humans. The largest difference
is found in mouse plasma. Because of the larger interindi-
vidual variation this difference is not statistically signifi-
cant. Because the intraindividual variation is smaller, these
differences do not affect the measurement of isotope en-
richment. The method is accurate in measuring enrich-
ments, as could be demonstrated by the high degree of
linearity of the calibration curve and the low coefficients
of variation of the measurements.

The protocol for stable isotope dilution kinetic mea-
surements in humans is well established. We describe the
first experiments in rodents using the dosage of label and
time schedule as described. On the basis of this experi-
ence it can be concluded that the time schedule of 72 h is
well chosen for rodents. Also, the dose of 210 mg of
[2H4]CA is recommendable for mice because the calcu-
lated enrichment at time point 0 is below 10%, whereas at
72 h the enrichment is still above 1%. It is recommended
that the dose of [2H4]CA in rats be lowered to 2.5 mg to
meet the same criteria as described for the mouse.

The data obtained for CA kinetic parameters in humans
fitted well within the range of data reported in stable iso-
tope dilution studies applying plasma samples or bile sam-
ples (3–6). This indicates that downscaling of plasma sample
sizes and adaptation of the sample preparation procedure
and mass spectrometry technique did not affect the final out-
come, that is, values for pool size, FTR, and synthesis rate.

Fig. 3. Decay of [2H4]CA in plasma after intravenous injection
into male FVB mice. Values are expressed as means 6 SD (n 5 3
per time point).
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To demonstrate that, also in rodents, isotope enrich-
ment values measured in plasma (,1% of the total pool) re-
flect those determined in the enterohepatic pool (.99%
of the total pool), the [2H4]CA enrichment was measured
simultaneously in bile and plasma of unanesthetized rats.
The natural isotope abundance was similar in the two ma-
trices, that is, bile and plasma. A small but consistent dif-
ference in enrichment was found independent of the en-
richment itself. This difference cannot be explained by
inadequate isotopic equilibration, but may be due to the
steady influx of newly synthesized and unlabeled CA from
the hepatocyte. No significant differences were found be-
tween the decay of label enrichment in bile and plasma.
Isotopic equilibrium was thus quickly achieved after ad-
ministration of [2H4]CA. Moreover, no significant differ-
ences in CA pool size, synthesis rate, and FTR calculated
from plasma and bile measurements were found. There-
fore, in analogy to studies of humans (5), CA kinetics can
be determined reliably by stable isotope enrichment mea-
surements in plasma of rats. Interestingly, CA kinetic data
obtained in rats in which bile collections were performed
were clearly different from the data in rats without bile
collections. This may be explained by the pool depletion
due to bile sampling. In retrospect, we could have dimin-
ished this effect by collecting smaller bile samples. In hu-
mans Duane (31) compared different techniques for mea-
surement of bile acid synthesis in hypertriglyceridemia
patients and control subjects. The techniques included
isotope dilution using radioactive isotopes for CA and
chenodeoxycholic acid, fecal bile acid excretion, and the
release of 14CO2 after [26-14C]cholesterol administration.
They found systematically higher values when the isotope
dilution technique was used, applying radioactive tracers
and bile sampling. The authors hypothesized that artifi-
cial, cholecystokinin-induced gallbladder contraction used
for bile collection induces bile acid synthesis. This puts
further emphasis on the strength of our isotope dilution
method, which does not require bile sampling.

To determine whether manipulation of bile acid kinetics
can be detected by this method, an experiment was con-
ducted in which cholestyramine was added to the diet of
rats. Cholestyramine is a resin known to bind bile acids in
the small intestine, increasing the turnover of the bile
acid pool as well as bile acid synthesis and cholesterol
synthesis (23). In line with these data, cholestyramine
feeding of rats in this study resulted in an increased CA
synthesis rate and FTR. This observation is also in accor-
dance with the increased total fecal bile acid output in the
cholestyramine-treated rats compared with the control
group and it demonstrates that manipulations of bile acid
kinetics in vivo in rats can easily be detected via applica-
tion of this stable isotope procedure. Despite strongly in-
creased fecal bile acid loss, CA pool size was only slightly
reduced. This demonstrates the capability of the system to
upregulate CA synthesis under an induced condition of
increased fecal loss. From our data no direct comparison
can be made between CA synthesis data obtained with the
isotope dilution technique and the fecal loss data for total
bile acids. Total bile acid excretion is composed not only

of CA metabolites but also of metabolites derived from a,
b, and v muricholic acids.

This study shows, to the best of our knowledge, the first
data on CA kinetics in mice with an intact enterohepatic
circulation. It appears that the CA pool size in male FVB
mice, when expressed relative to body weight, is somewhat
larger than that of male Wistar rats whereas CA synthesis
rates are comparable in both species. The difference in
pool size may be explained by a more efficient conserva-
tion of the CA pool in the mouse as FTR values in mice
were almost 2-fold lower than in rats. This difference in
FTR may be caused by the fact that, in contrast to rats,
mice have a gallbladder. Obviously, it should be realized
that there may be considerable strain differences in bile
acid metabolism between different strains of mice (17,
32), which must be taken into account when comparing
data from different studies.

In general, a direct comparison with literature data on
bile acid kinetics in rodents is hampered by the large vari-
ation in reported values (15–19, 33–39). For example,
previous estimates of the total bile acid pool size vary over
a range of 12–60 mmol/100 g body weight in rats and 13–
89 mmol/100 g body weight in mice. Strain, sex, and size
differences between the animals, different dietary regi-
mens, as well as the applied method may all account for
the observed quantitative differences in total bile acid
pool size. When taking into account that CA comprises
50–80% of the total bile acid pool in rodents, and assum-
ing identical kinetics for all bile acids, our measurements
lead to mean estimates of total bile acid pool sizes of about
15 mmol/100 g body weight in male Wistar rats and 25
mmol/100 g body weight in FVB mice. These values are in
the lower range of data reported in the literature. Data on
CA synthesis rates specifically are scarce for rodents because
most studies report data on total bile acid synthesis rates.

Comparison of CA kinetics in rodents and humans ob-
tained by the same methodology now reveals for the first
time that rodents have a much larger CA pool size (about
three to seven times) than human adults when expressed
relative to body weight. Second, the FTR of CA is similar
in mice and humans (0.4–0.5 per day), implying that the
pool of CA is renewed by synthesis in about 48 h. CA syn-
thesis in rodents is seven to nine times higher than in
humans. Rodents also have a higher rate of cholesterol
synthesis than humans when data are related to body size
(40). Although the physiological consequences thereof
are beyond the scope of this article, a higher bile acid syn-
thesis may contribute to the relative resistance of rodents
against diet-induced hypercholesterolemia.

In conclusion, the development and validation of a mi-
croscale stable isotope dilution technique for measure-
ment of CA kinetics have been presented. It allows for use
of small plasma volumes and reliable determination of CA
kinetics in plasma of humans and small experimental ani-
mals with an intact enterohepatic circulation. The method
can be used repeatedly in the same animal. In particular,
the development of genetically modified mouse models
with altered cholesterol and bile acid metabolism has gen-
erated a wealth of applications for this technique. In addi-
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tion, this microscale method provides reliable data in
adult humans and may well be applicable in human neo-
nates and small children permitting study of the early de-
velopment of human bile acid metabolism.
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