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Background and aims: Intralumenal bile acid (BA) concentrations have a profound effect on cholesterol
absorption. We performed studies to assess the effects of markedly reduced lumenal BA on cholesterol
absorption in children with inborn errors in BA synthesis and the role of micellar solubilisation of
cholesterol on its absorption in an animal model using human intestinal contents.
Methods: We studied five subjects: two with 3b hydroxy-C27 steroid dehydrogenase isomerase deficiency
(3-HSD), two with D4-3-oxosteroid 5b reductase deficiency (5b reductase), and one with 2-methylacyl
CoA racemase deficiency (racemase). Subjects were studied on supplemental BA therapy and three weeks
after withdrawal of supplements. During each treatment period a liquid meal was consumed. Duodenal
samples were collected and analysed, and cholesterol absorption and cholesterol fractional synthetic rates
were measured. Human intralumenal contents were infused in a bile diverted rat lymph fistula model to
assess micellar versus vesicular absorption of cholesterol.
Results: Without BA supplementation, intralumenal BA concentrations were below the critical micellar
concentration (CMC) whereas intralumenal BAs increased to above the CMC in all subjects on BA
supplementation. Lumenal cholesterol was carried primarily as vesicles in untreated subjects whereas it
was carried as both micelles and vesicles in treated subjects. Cholesterol absorption increased <55% in
treated compared with untreated subjects (p = 0.041), with a simultaneous 70% decrease in synthesis rates
(p = 0.029). In the rat lymph fistula model, minimal vesicular cholesterol was absorbed whereas vesicular
and micellar fatty acid and phospholipid were comparably absorbed.
Conclusions: Increasing micellar cholesterol solubilisation by supplemental BA in subjects with inborn
errors of BA synthesis leads to an improvement in cholesterol absorption and reduction in cholesterol
synthesis due to improved micellar solubilisation of cholesterol.

B
ile acids (BA) are synthesised from cholesterol.1 Within
the gut lumen, BA form macromolecular aggregates
with digested food products and other bile components,

including cholesterol, phospholipids, monoglycerides, and
fatty acids. The now aqueous soluble lipid aggregates diffuse
through the lumenal contents and unstirred water layer to
the intestinal epithelia where digested lipid products cross
the enterocyte membrane and enter the cells.2 3 Although
early studies indicated that the intestinal lumen contains
primarily micelles, more recent studies have demonstrated
the presence of a variety of different sized particles in the
lumen after a meal. Two major macromolecular aggregates
appear to be involved with lipid absorption within the
intestinal lumen. Unilamellar vesicles are larger BA poor
particles which are several hundred angströms in diameter
and contain phospholipids, fatty acids, monoglycerides,
cholesterol, and BA. Mixed micelles are much smaller BA
rich particles with diameters less than 100 angströms and are
comprised primarily of BA and cholesterol with lesser
amounts of phospholipids. BA also exist in very low
concentration as monomeric forms depending on the con-
centration of BA in solution.4 5 Different types of aggregates
appear to be present in a fluid equilibrium that shifts
between different sized particles as the concentration of BA
and other lipid components within the lumen changes.4

When BA concentrations exceed the critical micellar con-
centration (CMC), micelles form with some monomeric BA.
BA concentrations below the CMC result in equilibrium that
is preferential towards vesicle formation.

BA appear to be required for efficient cholesterol absorp-
tion. In the absence of BA, murine cholesterol absorption is

markedly reduced.6 Little is known about absorption of
cholesterol from vesicles in humans. Based on these in vivo
and in vitro results, we have proposed that poor lipid
absorption efficiency is due to poor micellar incorporation
of cholesterol. This hypothesis has not been directly tested
because of technical difficulties involved in obtaining
lumenal samples from both humans and mice, and because
healthy adult humans synthesise adequate levels of primary
BA.
In recent years, several inborn errors of BA metabolism

have been identified and characterised.7–11 In each of these
conditions, markedly reduced intralumenal primary and
secondary BA concentrations are observed and intermediary
metabolites accumulate with chemical structures character-
istic of the substrate for the deficient enzyme. The provision
of exogenous supplemental BA enhances lipid absorption and
downregulates the synthesis of the hepatotoxic atypical BA
leading to increased bile flow and resolution of cholestasis
and no residual liver disease.9 12 Using a recently tested
method to measure lumenal micellar and vesicular choles-
terol in human lumenal samples,13 the effect of markedly

Abbreviations: FSR, fractional synthetic rate; BA, bile acids; 3-HSD, 3b
hydroxy-C27-steroid dehydrogenase/isomerase; 5b reductase, D4-3-
oxosteroid 5b reductase; racemase, 2-methylacyl CoA racemase; CMC,
critical micellar concentration; CA, cholic acid (3a,7a 12a-trihydroxy-
5b-cholanoic acid); CDCA, chenodeoxycholic acid (3a,7a-dihydroxy-
5b-cholanoic acid); UDCA, ursodeoxycholic acid (3a,7b-dihydroxy-5b-
cholanoic acid); GCA, glycocholic acid; RBC, red blood cells; LDL, low
density lipoprotein; HDL, high density lipoprotein; ALT, alanine
aminotransferase; GC, gas chromatography; AUC, areas under the
curve
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reduced BA on cholesterol absorption and cholesterol
distribution between micellar and vesicular particles was
determined in individuals with various inborn errors in BA
synthesis. Additionally, we infused human lumenal contents
carrying cholesterol as either micelles or vesicles into the
small intestine of rats using the lymph fistula model with
endogenous bile diverted out of the body. In this model, the
relative importance of micellar and vesicular cholesterol
absorption could be determined without the interference of
other BA containing particles in the lumen.

METHODS
Human subjects
Subjects were aged 6–19 years with inborn errors of BA
synthesis previously diagnosed by FAB-MS analysis of urine
and bile (table 1). All subjects had been treated with cholic
acid (CA; 3a,7a 12a-trihydroxy-5b-cholanoic acid) daily or
ursodeoxycholic acid (UDCA) every other day since their
diagnosis. All subjects receiving CA were compliant although
it was clear that those receiving UDCA were less compliant
and may have been taking UDCA as infrequently as every 3–
4 days. All subjects were in good health with no other known
cardiac, pulmonary, renal, gastrointestinal, or pancreatic
disease. None was on any medications except BA supple-
ments. All subjects grew normally and were otherwise
healthy. Subjects were studied during two different treat-
ment phases. In the first phase, subjects were studied while
receiving their standard BA replacement therapy. During the
second phase, subjects were taken off of their BA treatment
for three weeks. All subjects were on unrestricted diets
because all came from locations distant from the study centre
and dietary control was not practical.
On day 1 of the study, subjects were seen after a 16 hour

fast at the General Clinical Research Center. Their last BA
dose had been given on the previous evening. Serum was
obtained for total, low density lipoprotein (LDL)- and high
density lipoprotein (HDL)-cholesterol and triglyceride con-
centrations and monocytes were obtained for HMG CoA
reductase and LDL receptor mRNA levels. After intravenous
sedation with midazolam and topical anaesthesia of the nare,
a nasoduodenal tube was placed with fluoroscopic guidance
with the tube tip placed at the ligament of Treitz. Subjects
ingested a previously described standardised meal.4 After a
15 minute baseline collection, duodenal drainage was col-
lected for 75 minutes. Samples were processed as described
previously.13 14 On day 2, oral and intravenous doses of stable
isotope labelled cholesterol were given to assess cholesterol
absorption, and blood was collected at baseline and at +24,
+48, and +72 hours. On day 5, baseline blood was drawn for
red blood cell (RBC) cholesterol isotope enrichment and
subjects were given oral deuterated water (D2O) to assess

cholesterol fractional synthetic rates (FSRs). On day 6, blood
was obtained at the same time as isotope administration to
determine FSR. The process was repeated as described above
three weeks after subjects discontinued BA supplements.
Serum tests of liver function were obtained on day 1 to assess
any evidence of liver injury while off BA therapy. The
Institutional Review Boards of the University of Cincinnati
and the Cincinnati Children’s Hospital Medical Center
approved the study. Informed consent was obtained from
the adult subject and from the parent for subjects less than
age 18 years who also gave assent to participate.

Analytical methods: humans
Serum and mononuclear cell measurements
Serum total, LDL-cholesterol, and HDL-cholesterol, and
triglyceride concentrations were measured using methods
validated by the NIH-Lipid Research Clinics. Copies of LDL
receptor mRNA and HMG CoA reductase mRNA in mono-
nuclear cells were measured as described previously.14

Duodenal aspirates
Intermicellar BA concentrations of each sample were
determined14 and used to make a buffer to separate micelles
and non-micellar particles, including vesicles, by size exclu-
sion chromatography.15 Cholesterol was measured in each
fraction by gas liquid chromatography using stigmastanol as
an internal standard.16 Phospholipid and free fatty acid
concentrations were measured as described previously.13 14

Serum chemistries
Serum ‘‘liver function tests’’, including total and direct
bilirubin, alanine aminotransferase (ALT), aspartate amino-
transferase, gamma glutamyl transpeptidase, total protein,
and albumin were measured in the Clinical Laboratory of the
Children’s Hospital Medical Center.

Cholesterol absorption
Analysis of cholesterol absorption was performed as pre-
viously described.14 Briefly, 15 mg of intravenous cholesterol-
D7 (Cambridge Isotopes, Andover, Massachusetts, USA) were
dissolved in 20% Intralipid and administered over 30 min-
utes, and 75 mg of cholesterol-13C2 (Mass Trace, Woburn,
Massachusetts, USA) orally were dissolved in corn oil and
added to an English muffin as part of a mixed meal. Blood
samples were collected for 72 hours, and free cholesterol was
extracted from RBCs. 13C enrichments of free cholesterol
were measured by differential isotope ratio mass spectro-
metry using an automated dual inlet system (SIRA 12,
Isomass, Cheshire, UK) and absorption calculated, as
described previously.17

Table 1 Statistics of subjects with inborn errors in bile acid metabolism

Measurement

Subject

A B C D E

Age at diagnosis 13 y 2 mo 2 y 3 mo 3 mo
Age at study 19 y 6 y 6 y 13 y 13 y
Sex M F M M M
Diagnosis 3-HSD Racemase 3-HSD 5b reductase 5b reductase
BA therapy CA CA CA UDCA UDCA
ALT on therapy (U/l)* ,3 7 21 24 25
ALT off therapy(U/l)* 140 19 61 23 25
GGT on therapy(U/l)* 45 23 29 28 21
GGT off therapy(U/l)* 37 15 24 ND 21

BA, bile acid; 3-HSD, 3b hydroxy-C27-steroid dehydrogenase/isomerase; 5b reductase, D4-3-oxosteroid 5b
reductase; racemase, 2-methylacyl CoA racemase; CA, cholic acid; UDCA, ursodeoxycholic acid; ALT, alanine
aminotransferase; GGT, gamma glutamyl transferase; ND, not determined.
*Age matched normal values for Children’s Hospital Clinical Laboratory: ALT 10–45 U/l, GGT 11–34 U/l.
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Cholesterol biosynthesis (FSR)
Endogenous cholesterol synthesis determination was per-
formed as described previously.14 18 On day 5, the subject was
dosed with 0.71 g D2O per kg by mouth, and continued to
consume water containing 0.7 g D2O/kg. Deuterium enrich-
ment was measured in RBC free cholesterol and plasma
water before and 24 hours after consumption of D2O, and
cholesterol FSR was calculated.

BA composition and concentration
Bile from lumenal samples collected at baseline (215 to
0 minutes), +15 to +30 minutes, and +45 to +60 minutes
after meal administration was analysed by gas chromato-
graphy (GC) for total and individual BA after addition of the
internal standard, nordeoxycholic, and extraction on solid
phase Bond Elut-C18 cartridges, as described elsewhere.9 19 20

Samples were solvolysed, hydrolysed, and underwent enzy-
mic hydrolysis with cholyglycine hydrolase. The unconju-
gated BA were extracted on a cartridge of octadecylsilane
bonded silica and passed through a small column of the
lipophilic anion exchange gel, diethylaminohydroxypropyl
Sephadex LH-20 (Lipidex DEAP), to remove neutral steroids
and sterols. After addition of a second internal standard
(coprostanol 0.1–10 mg), BA were converted to the methyl
ester trimethylsilyl ether derivatives for analysis by GC.

Gas chromatography (GC)
Me-TMS ether derivatives were separated by GC on
30 m60.4 mm DB-1 (film thickness 0.25 mm) fused silica
capillary column (J and W Scientific, Folsom, California,
USA) operated in a temperature programming mode from
225–295 C̊. BA were quantified from a comparison of their
peak area response with that obtained for the known amount
of the added internal standard, nordeoxycholic acid.

Rat lymph fistula model
Male Sprague-Dawley rats (300–350 g) were purchased from
Harlan (Indianapolis, Indiana, USA) and were fed Purina
rodent chow. Animals were fasted overnight. A lymph
cannula and duodenal feeding tube were implanted into
the animals under halothane anaesthesia, and the common
bile duct was cannulated for diversion of bile out of the body,
as previously described.21–23 The major intestinal lymph duct
lying just superior to the superior mesenteric artery was
cannulated. Additionally, a tube was placed through the
fundus of the stomach and extended 2.0 cm into the
duodenum. Finally, the common bile duct was cannulated
and bile diverted. Animals recovered overnight at ,30 C̊
while being infused with 5% dextrose saline (145 mM NaCl,
4 mM KCl, and 0.28 M dextrose) at 3 ml/h. The next day,
the dextrose solution was replaced with either 10 mM

taurocholic acid or saline at a rate of 3 ml/h. Lymph was
collected for one hour. Concurrent with the animal surgeries,
intralumenal contents were collected after a meal stimulus
from normal adult subjects, as described above. Samples
were mixed with either saline or 10 mM glycocholic acid
(GCA) and injected into the duodenum within 24 hours over
five minutes. Immediately following, rats were infused with
either saline or 10 mM taurocholic acid. Lymph was collected
from rats on an hourly basis for eight hours.

Table 2 Lumenal bile acid concentrations in subjects with different inborn errors in bile
acid metabolism

Bile acid

Untreated (mmol/l) Treated (mmol/l)

A B C D E A B C D E

CA 0.8 1.8 ND 2.2 1.7 4.6 8.0 14.8 2.5 10.2
CDCA – 0.9 3.0 1.3 – 2.8 – 2.1 11.5
DCA 0.2 0.4 1.0 0.4 – 1.0 – 0.9 0.7
UDCA – – 0.1 0.1 – – – 0.6 3.3
3b-delta 3.1 – – – 0.4 – 3.5 – –
Cholestanoic acid – 4.0 – – – 4.8 – – –

Lumenal samples were collected 15–30 minutes after a liquid meal. Subjects were the same as those described in
fig 1.
CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; UDCA, ursodeoxycholic acid; ND, not
determined; 3b-delta, 3b-delta 5 CDCA or CA.
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Figure 1 Lumenal bile acid concentrations with inborn errors in bile
acid metabolism. After bile acid withdrawal for three weeks (untreated
(A)) or while on bile acid treatment (treated (B)), lumenal samples were
collected from a nasoduodenal tube prior to consumption of a liquid
meal and every 15 minutes after the meal. Concentrations and
composition were measured for three different time points.
Concentrations for primary bile acids, secondary bile acids, and
ursodeoxycholic acid are shown. Each line depicts a single subject and
subject letter refers to table 1, which give subject descriptions.
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Analytical methods: animal studies
Lymph composition
Lymph was collected from rats on an hourly basis and
quantitated by assay kits for phospholipid (Wako Chemicals
USA, Richmond, Virginia, USA), cholesterol (Sigma-Aldrich,
St Louis, Missouri, USA), and triglyceride (Randox, San
Francisco, California, USA).

Statistics
Data are presented as means (SEM). Comparisons of human
data were performed using two tailed paired Student’s t tests
(cholesterol absorption, FSR, plasma lipid concentrations) or
Student’s t tests (lumenal lipids, rat lymph fistula lipids). For
intralumenal lipid measurements, areas under the curve
(AUC) were calculated using the trapezoidal rule, with
baseline drawn between values at time 0 and +75 minutes.
Only four pairs of data were compared because intralumenal
samples could not be obtained from one patient (C) when off
therapy. Lymph fistula triglyceride, phospholipid, and chol-
esterol comparisons were made between AUC using the
trapezoidal rule with baseline drawn between the 0 and
+8 hour data points. Comparisons between mean AUC for
phospholipids and triglycerides were made using unpaired
Student’s t tests. As AUC values were not normally
distributed for cholesterol, the Shapiro-Wilk statistic was
used. Log transformed data were normally distributed and
unpaired Student’s t tests were used for comparisons.

RESULTS
Subject characteristics
Subjects were studied while on BA treatment (table 1) and
three weeks after BA withdrawal. Subjects did not lose

weight while off BA treatment. ALT levels increased in two
subjects after BA withdrawal (table 1). Serum total choles-
terol was unchanged (p=0.31) during BA supplementation
(129.2 (13.5) mg/dl) versus when BA were not administered
(117.2 (8.2) mg/dl). There was a trend (p=0.15) for serum
LDL-cholesterol concentrations to be increased in treated
(61.6 (6.1) mg/dl) versus untreated (44.6 (8.6) mg/dl) subjects.

Lumenal lipid composition
Lumenal BA compositions and concentrations varied mark-
edly in subjects while supplemented with BA and when off
BA therapy. The type of inborn errors in BA metabolism also
had an impact on BA concentrations and compositions.
When untreated, all subjects had small quantities of primary
BA and some secondary BA in bile (table 2, fig 1). Additional
BA identified by GC included 3b,7a-dihydroxy- and
3b,7a,12a-trihydroxy-5-cholenoic acids in one of the patients
with 3b hydroxy-C27-steroid dehydrogenase/isomerase
(3-HSD) deficiency and cholestanoic acids in the subject
with 2-methylacyl CoA racemase (racemase) deficiency. As
seen in table 2, other intermediary metabolites of the BA
synthetic pathway were present in minor concentrations but
their definitive identification by GC-mass spectrometry was
not performed. During BA therapy the amount of abnormal
BA in the lumen decreased and supplemented BA increased.
Intralumenal primary, secondary, and ursodeoxycholic

acid concentrations were reduced in subjects with inborn
errors of BA metabolism in response to a meal stimulus when
not receiving BA therapy compared with when treated (fig 1).
Additionally, there was no increase in concentrations in
response to a meal, as during the treated phase. Lumenal
lipid concentrations were measured after a meal stimulus.
When untreated, there was a minimal increase in cholesterol
concentrations in the aqueous phase in the intestinal lumen.
When treated, subphase cholesterol concentrations increased.
Results from four subjects were compared with and without
BA supplementation. There was a marked difference
(p=0.007) in the subphase cholesterol AUC between
untreated (18.5 (7.3) mg/ml per 90 minutes) and treated
(30.3 (8.4) mg/ml per 90 minutes) phases (fig 2A). As with
cholesterol, the typical increase in subphase phospholipid
concentration in response to a meal stimulus was blunted
when subjects were off BA treatment compared with when
subjects were treated (fig 2B). AUC values of subphase
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phospholipid (B) concentrations were measured as described in
materials and methods.

0

20

40

60

80

100

–15–0 15–30 45–60

Time after meal (minutes)

*

Untreated

Treated

M
ic

e
lla

r 
ch

o
le

st
e
ro

l 
(%

)

Figure 3 Distribution of cholesterol in micelles of lumenal samples of
subjects after a liquid meal. Lumenal samples were separated into
micellar and non-micellar particles at three different time points during
the lumenal collection. Data are presented as mg cholesterol per sample
for subjects untreated or treated with bile acid therapy. Significant
difference between untreated and treated percentages (*p,0.05). Data
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phospholipid concentration were higher (p=0.028) in
subjects treated versus when not treated (358 (55) v 235
(63) mg/ml per 90 minutes, respectively). Free fatty acid
concentrations were similar regardless of treatment (data not
shown). As might be expected in lumenal contents with
enough BA to form micelles, a greater proportion of
cholesterol was carried as micelles at peak lumenal BA
concentration (15–30 minutes post-meal) in subjects treated
with BA compared with without BA therapy (14.5 (8.1) v 64.0
(18.3)% in untreated v treated subjects, respectively)
(p=0.049) (fig 3).

Cholesterol absorption/metabolism
Cholesterol absorption and cholesterol FSRswere determined in
all five subjects. In treated subjects, a significantly greater
(p=0.041; 37.4 (8.7)%) percentage of cholesterol was absorbed,
regardless of genetic defect, compared with no BA treatment
(21.5 (8.7)%) (fig 4A). Conversely, FSRs were significantly
lower (p=0.029) in subjects treated with BA (0.0262
(0.0133) pools/day) compared with on BA withdrawal (0.0856
(0.0192) pools/day) (fig 4B). In parallel with FSR changes, the
amount of mononuclear cell HMG-CoA reductase mRNA was
greater (p,0.001) in subjects without BA treatment (15131
(761) copies/ml) compared with when on BA treatment (7037
(454) copies/ml). Mononuclear cell LDL receptor mRNA was
also greater (p=0.001) in untreated (5198 (335) copies/ml)
versus treated (2811 (296) copies/ml) subjects.

Lymph fistula studies
Based on the findings of our experiments in humans, we
inferred that micellar cholesterol was the preferred source of
cholesterol for absorption in our patients with inborn errors

of BA metabolism and that this paradigm is likely to occur in
healthy children and adults. To test this hypothesis, lumenal
contents were collected from normal adults and mixed with
either saline, to ensure that essentially all cholesterol was
carried as vesicles, or with 10 mM GCA, to ensure that
cholesterol was carried as micelles.13 15 Cholesterol carrying
particle composition was confirmed by column chromato-
graphy (fig 5).
Micellar or vesicular human intralumenal contents were

infused into the rat lumen (with bile diverted) and the
amount of triglyceride, phospholipid, and cholesterol secreted
into the lymph was measured. Enterohepatic circulation of
BA was interrupted by bile diversion out of the body and thus
the BA present in the lumen would predominantly be from
those infused. The amount of triglycerides and phospholipids
secreted into the lymph increased dramatically after the
infusion for several hours and then decreased (fig 6A, B). The
amount of phospholipid and triglyceride secreted was similar,
regardless of the type of infusion: AUC was 15.8 (5.2) v 18.9
(6.5) mg/h per eight hours for vesicular versus micellar fatty
acid, respectively, and AUC was 3.2 (1.0) v 5.0 (2.0) mg/h per
eight hours for vesicular versus micellar phospholipid,
respectively (fig 5C). Unlike lymphatic triglyceride and
phospholipid outputs, there was no increase in the amount
of cholesterol secreted into the lymph in rats infused with
vesicles, with an AUC for cholesterol of 0.85 (0.22) mg/h for
eight hours, whereas a significant (p=0.042) increase did
occur in rats infused with micelles, with an AUC curve for
cholesterol of 2.05 (0.64) mg/h for eight hours.
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rates are shown for each subject while receiving bile acid treatment or
no bile acid supplement. Cholesterol absorption percentages (A) and
fractional synthetic rates (B) were determined with stable isotope. Data
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DISCUSSION
The results of the current study have demonstrated that
multiple years after diagnosis, patients with inborn errors of
BA metabolism have low intralumenal BA concentrations
with predominantly abnormal metabolites when removed
from supplemental BA therapy. With therapy, intralumenal
BA concentrations of the supplemented BA increased to
levels above their CMC and comparable with control
children.24 Concurrent with improved intralumenal concen-
trations, lumenal cholesterol that was solubilised increased
significantly as did micellar cholesterol. As a presumed
consequence of the improved solubilisation of cholesterol,
cholesterol absorption increased and the expected reduction
in cholesterol FSR and HMG-CoA reductase mRNA was
observed.

Children with inborn errors of BA metabolism commonly
present in infancy with cholestasis and fat and fat soluble
vitamin deficiencies.7 9 25 26 As the BA biosynthetic pathways
are compromised because of specific enzyme deficiencies,
minimal primary BA are produced and large quantities of
intermediary metabolites are produced which have been
shown to be cholestatic and hepatotoxic.27 28 As a conse-
quence, minimal amounts of BA are secreted into the
intestinal lumen in response to gall bladder contraction.

The amount of secreted BA can be corrected with exogenous
BA and the associated pathophysiology of bile salt deficiency
corrected. This group of subjects is particularly well suited to
study the role of micellar solubilisation of cholesterol on its
absorption.

The most significant observation of the current study
relates to the key role of micellar solubilisation in cholesterol
absorption. Cholesterol absorption has been presumed to be
dependent on the presence of bile and bile salts in animals for
as long as 50 years.6 29 Much of our current understanding of
the uptake of dietary lipids is derived from the pivotal work
of Hofmann and Borgstrom who identified and emphasised
the importance of micellar solubilisation in the uptake of
lipid digestive products by enterocytes.30–32 The validity of this
important concept was later challenged by Stafford and
colleagues who discovered the co existence of unilamellar
liposome vesicles with bile salt lipid mixed micelles in the
intestine.33 However, how the composition and structure of
the bile salt mixed micelle affect cholesterol uptake by
enterocytes was far from being well understood. A number of
investigators have demonstrated that trihydroxy BA are more
effective in promoting cholesterol absorption than dihydroxy
BA; however, the degree of solubilisation was not measured
in these experiments.34–36 Watt and Simmonds36 demon-
strated that micellar solubilisation is important in enterocyte
uptake by showing a linear relationship between the amount
of cholesterol taken up by the small intestine and micellar
cholesterol concentration. Although we know that micellar
solubilisation is important for cholesterol uptake by enter-
ocytes, we do not know if cholesterol in vesicles can be taken
up by rat or human enterocytes. To our knowledge, no direct
study of the role of BA solubilisation of cholesterol on its
absorption has been done in humans.
The current investigation provides additional proof that

cholesterol absorption is dependent on micellar solubilisation
in the human/rodent translational model. In the samples
collected in human subjects with inborn errors of BA
metabolism, low intralumenal levels of micelle forming BA
and minimal cholesterol were solubilised into micelles with
cholesterol mostly in vesicular form in the intestinal
contents. Although we presume the principal cause of
reduced absorption relates to poor micelle formation, it is
clearly possible that differences in expression of enterocyte
cholesterol transporters, including ABC G5/G8 and NPC1L1
recently described in mice, may have contributed to our
observed differences in cholesterol absorption.37 38

To confirm that the observed results were due to low
micellar cholesterol, we took advantage of a model in which
absorption of cholesterol and other lipids could be directly
assessed in lymph duct cannulated rodents with bile diverted
outside the body. In this model, human intestinal contents
from normal adults whose lipid components were incorpo-
rated into either vesicles or micelles were perfused intraduo-
denally into bile and lymph fistula rats. We found that there
was reduced cholesterol absorbed and secreted into the
lymph in animals infused with vesicles compared with those
infused with micelles. The type of solution infused had little
effect on triglyceride or phospholipid absorbed. It is interest-
ing to note that the intralumenal contents of subjects with
inborn errors without BA treatment had markedly reduced
subphase or solubilised cholesterol whereas phospholipids in
the subphase was less affected and fatty acid solubilisation
unaffected by the reduced BA within the lumen. Unlike our
findings, Nishioka et al found reduced fatty acid absorption in
bile diverted rats whose fatty acids were solubilised with
liposomes. There are significant methodological differences
between our studies and those of Nishioka et al, including our
use of human contents versus their use of liposomes, with
attendant differences in fatty acid composition and mode of
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recovery of triglycerides in serum in their study versus lymph
in our studies.39

In conjunction with the rat lymph fistula experiments, it
would be attractive to believe that the observed alteration in
cholesterol absorption compared with relatively preserved
fatty acid and phospholipid absorption may be directly
related to the vehicle carrying the solubilised cholesterol
(micellar versus vesicular). In the current investigation,
cholesterol absorption was markedly reduced when subjects
with inborn errors of BA metabolism did not receive BA
supplementation. The observed reductions were below the
broad range of fractional cholesterol absorption (29–80%)
found in a large group (n=94) of adults aged 17–80 years.40

BA therapy resulted in a significant increase in cholesterol
absorption leading to absorption rates similar to healthy
control adults in our previous studies (34–83%).14 The
observed increase likely underestimates the impact of BA
supplementation as the technique used measures fractional
absorption and does not take into account the effect of the
increased BA pool and biliary secretion with attendant influx
of biliary cholesterol associated with it.41

Pathological conditions such as cholestasis may compro-
mise fat and cholesterol absorption because reduced intralu-
menal BA concentrations are too low to support
macroaggregations into micelles; however, direct studies on
the effect of cholestasis on cholesterol absorption in humans
are limited. In disease states such as cirrhosis, in which the
bile salt pools are reduced in proportion to severity of hepatic
function impairment, cholesterol absorption correlates posi-
tively with the total bile salt pool, with the highest correlation
with the CA pool, while CA supplementation increases
cholesterol absorption.42 The cholesterol synthetic rate, as
assessed by deuterium incorporation, was inversely related to
cholesterol absorption. Without treatment, FSR was
increased (0.0856 (0.0192)/day) compared with previous
studies in adults (0.029 (0.05)/day), and with BA supple-
ments FSR (0.0262 (0.0133)/day) decreased to levels compar-
able with control adult values.14 Previous studies have
demonstrated an inverse relationship between FSR and
cholesterol absorption, as might be anticipated; when the
amount of exogenous cholesterol, as absorbed dietary
cholesterol, is high, the endogenous cholesterol, as synthe-
sised by the liver, is low.43 44 The results of our study provide
additional support for the inhibitory effect of increasing
absorption of dietary cholesterol on cholesterol synthesis.
Concurrent with decreasing FSR with increased cholesterol
absorption, there was a decrease in mononuclear HMG CoA
reductase mRNA, which is believed to be a reliable reflection
of liver HMG CoA reductase mRNA.45

With reduced cholesterol absorption, serum total and LDL-
cholesterol are reduced.46 In the current investigation, no
significant reduction in total serum cholesterol or LDL-
cholesterol was observed when not receiving BA supple-
ments. The small sample size may have precluded our ability
to show previously observed changes. Interestingly, NPC1L1
knockout mice, with associated reduced cholesterol absorp-
tion, do not have reduced plasma cholesterol compared with
wild-type animals.38 46

To summarise, this study demonstrated markedly reduced
cholesterol absorption rates in children with inborn errors of
BA synthesis with concomitant increases in cholesterol
synthetic rates when untreated. With BA treatment, choles-
terol absorption increases and cholesterol synthesis rates
decrease. Reduced cholesterol absorption was associated with
reduced intralumenal aqueous phase cholesterol and choles-
terol in micelles. In a series of translational studies we have
clearly demonstrated that cholesterol absorption from human
intestinal contents is dependent on the cholesterol being
incorporated into mixed micelles while other more polar

lipids such as fatty acids and phospholipids appear well
absorbed when solubilised in either vesicles or micelles.
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