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ABSTRACT 
Background & aims: hepatobiliary secretion is generally believed to be an integral 
step in the pathway of cholesterol excretion from the body. Here we have 
investigated the validity of this paradigm in mice. Methods: cholesterol balance was 
assessed by measuring intake, excretion and biliary output in different mouse 
models. Direct secretion of cholesterol from the luminal side of enterocytes was 
studied by perfusion of isolated segments of the small intestine in mice. Results: 
cholesterol input and output measurements in different mouse models revealed 
that fecal neutral sterol excretion was higher than the sum of dietary cholesterol 
intake and biliary cholesterol secretion indicating the existence of an alternative 
pathway. Here, we show that substantial amounts of cholesterol can be secreted 
directly by enterocytes. Transintestinal cholesterol efflux is a specific process 
observed throughout the small intestine (proximal>medial>distal). Secretion 
depended on the presence of a cholesterol acceptor and was strongly stimulated 
by bile salts and phospholipids. The capacity of the pathway was sufficient to 
account for the missing cholesterol in the balance studies. The contribution of this 
pathway to cholesterol excretion in mice is approximately twice that of the biliary 
pathway. Conclusion: in mice, the intestine plays a significant role in removal of 
cholesterol from the body.  
 
INTRODUCTION 
In 1973, Glomset and Norum (1) introduced the term reverse cholesterol transport 
(RCT) to define the pathway responsible for excretion of excess cholesterol from 
the body. Since the initial definition of RCT, this pathway has been intensively 
investigated. RCT was defined as HDL-mediated transport of cholesterol from the 
periphery to the liver and subsequently into bile followed by fecal excretion. The 
liver is thought to play a primary role in RCT (2). The liver takes up cholesterol from 
lipoproteins at the basolateral side of the hepatocyte via a number of receptors and 
disposes the sterol at the canalicular pole by a complex process involving multiple 
ATP binding cassette transporters. Two of these form the heterodimer 
ABCG5/ABCG8 which mediates cholesterol secretion into bile (3). When the route 
of the RCT pathway is correct, inhibition of ABCG5/ABCG8, and hence, diminished 
hepatobiliary cholesterol transport, should result in a drastic lowering of fecal 
neutral sterol excretion. Surprisingly, Abcg5/Abcg8 double knockout mice, which 
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have extremely low biliary cholesterol secretion rates, do not show the expected 
low levels of fecal neutral sterols (4).  

A similar phenomenon was observed in Abcb4-/- mice. Abcb4 is a 
phospholipid floppase located at the canalicular membrane of the hepatocyte. 
Biliary phospholipid secretion is almost completely abrogated in Abcb4-/- mice and 
biliary cholesterol is virtually absent in these mice as well (5). Strikingly, Abcb4-/- 
mice have the same fecal neutral sterol output as their wild-type littermates (6). 
Kruit et al. (6) showed that in Abcb4-/- mice intravenously injected radiolabeled 
cholesterol can be recovered in feces. These findings indicate that biliary 
cholesterol secretion cannot be the only route to excrete cholesterol. At least, in 
mouse models with disturbed biliary secretion, there must be a direct transintestinal 
cholesterol efflux (TICE) pathway.  

The existence of such a pathway has been proposed already in the 
beginning of the 20th century but has never been proven directly. As early as 1927, 
Sperry (7) reported the surprising observation that dogs with a bile fistula, excreted 
over a period of almost 2 years, about 1 kg of cholesterol more into feces than 
would have been predicted by results obtained from control dogs. Pertsemlidis et 
al. (8) confirmed the data of Sperry almost half a century later, also in studies with 
dogs.  Likewise, fecal sterols of non-dietary origin are present in feces of patients 
with biliary obstruction (9) or rats with long-term bile diversion (10). A major 
drawback in such studies was the lack of biliary components in the enterohepatic 
cycle under these conditions. Particularly, the absence of bile salts will compromise 
cholesterol absorption, and consequently affect intestinal cholesterol synthesis, as 
well, as lipid absorption with unkown side-effects. This is probably the reason that 
these and similar studies have gone largely unnoticed in the literature. 

We speculated, based upon the above-mentioned findings, that the role of 
the intestine in cholesterol excretion is underestimated. Intestine perfusions in mice 
were performed to establish the contribution of TICE to total cholesterol excretion, 
and to determine the specificity of the process by which the intestine secretes 
cholesterol.  

 
MATERIALS AND METHODS  
Animals and Diet  
Male FVB mice (2 - 4 months) were purchased from Harlan or obtained from in 
house breeding. Abcg8-/- and +/+ mice (11) in a C57Bl6 background and Abcb4-/- 
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and +/+ mice in a FVB background (5) were obtained from in house breeding. Mice 
received standard mouse chow {CRM (E); Special Diets Services} containing 0.018 
% (w/w) cholesterol or, when indicated, Western-type diet (Diet W, 0.25 % 
cholesterol, Arie Blok BV) with reference diet (casein) (20 % casein diet, Arie Blok 
BV) as corresponding control. All experiments were performed with the approval of 
the local Ethical Committee for Animal Experiments.  
 
Cholesterol input – output measurements 
Daily food intake and fecal neutral sterol excretion of FVB (n=6), Abcb4-/- (n=4), 
C57Bl6 (n=6) and Abcg8-/- (n=4) were measured for a period of 4 days. Mice were 
housed in normal mouse cages, individually, or with one sibling, to mimic their 
natural situation as much as possible. Every day mice and remaining chow pellets 
were weighed and feces was collected. Fecal neutral sterols were determined as 
described below. 
 
Intestine perfusion procedures 
Mice were anaesthetized intraperitoneally with 0.1 ml FFD {Hypnorm 
(fentanyl/fluanisone; 1 ml/kg) and diazepam (10 mg/kg)}  / 5 g body weight and 
placed on a heat pad to maintain body temperature. In a selected set of 
experiments mice were intravenously injected with 10 �Ci [4-14C]cholesterol 
(Amersham) dissolved in 100 �l Intralipid (20 %; Sigma), via tail vein. 30 minutes 
after injecting the radiolabeled cholesterol the intestine perfusion was started. 
Meanwhile, the bile duct was cannulated, via the gallbladder, to divert biliary 
cholesterol and bile was collected in 15 min portions. Bile flow was determined 
gravimetrically assuming a density of 1 g/ml. The first fraction was used to measure 
biliary cholesterol secretion. Separate perfusions were performed in the proximal 
(first 10 cm), distal (last 10 cm) and medial (part between the first and last 10 cm) 
small intestine. Perfusions were performed by inserting a handmade inflow cannule 
attached to a syringe pump at the beginning of the selected intestinal segment and 
an outflow cannule at the end of the selected intestinal segment. Intestines were 
rinsed with 3 ml saline (37°C) and filled with perfusate (37°C), thereafter, the 
experiment was started immediately (= 30 minutes after injection with radiolabeled 
cholesterol). Perfusions were performed at a fixed flow rate (3 ml/h) during a period 
of 90 minutes. Perfusate fractions were collected every 15 minutes and stored on 
ice. At the end of the perfusion period, blood was collected by cardiac puncture 
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and serum was obtained. Intestinal segments were harvested and mucosa was 
scraped and snap-frozen in liquid nitrogen. Perfusate and serum were stored at -
20°C and mucosa at -80°C before further analysis. 
 
Perfusion fluid composition 
Perfusions were carried out with a modified Krebs solution (119.95 mM NaCl, 4.8 
mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4�7H2O, 15 mM HEPES, 1.3 mM 
CaCl2�2H2O and 10 mM L-glutamine; final pH 7.4) supplemented with 10 mM bile 
salt alone {10 mM taurodeoxycholate (TUDC)(Calbiochem)}, bile 
salt/phosphatidylcholine {10 mM taurocholate (TC) : 2 mM phosphatidylcholine 
(PC)} mixtures, or 2 mM PC alone. TC/PC mixtures were made as follows: 
taurocholate (Sigma) dissolved in methanol and egg yolk L-�-phosphatidylcholine 
(Sigma) dissolved in chloroform were mixed and solvents were evaporated under a 
mild stream of nitrogen at 45°C. After evaporation, films were lyophilized overnight. 
Lyophilized samples were stored under nitrogen gas at -20°C until the day of the 
intestine perfusions. Before the start of the intestine perfusions, the films were 
dissolved in perfusion buffer (room temperature). PC vesicles were made as 
described above, only TC was not added. On the day of the intestine perfusion the 
vesicles were dissolved in perfusate buffer by sonicating the PC in perfusate buffer 
on ice under a mild stream of nitrogen. The PC vesicles were filtered (0.22 �) to 
remove any contamination with titanium.  
 
LDH and APN activity in perfusate 
Perfusions of the proximal small intestine with, and without, TC/PC mixtures were 
performed as described above. After finishing the perfusion, mucosa of the 
perfused intestinal segment was scraped and weighed. Mucosa was sonicated 
(Sonicator processor, vibra cells, Sonics) in lysisbuffer (10 mM KCl, 1.5 mM 
MgCl2·6H2O, 10 mM Tris·HCl, pH 7.4, complete protease inhibitors) For all further 
analysis, except the protein determination, 0.1 % Triton X-100 was added after 
sonication. Aminopeptidase N (APN) activity, lactate dehydrogenase (LDH) activity, 
cholesterol content in mucosal homogenates and perfusate were determined as 
described in analytical procedures. Protein content of mucosa was measured to 
standardize the mucosa measurements. 
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Determination of mRNA Levels 
Total RNA was isolated from perfused proximal intestines using the Trizol reagent 
according to the manufacturer’s protocol (Invitrogen). Purified RNA was treated 
with RQ1 RNase-free DNase (1 units / 2 μg of total RNA, Promega) and reverse 
transcribed with SuperScript II Reverse Transcriptase (Invitrogen) according to the 
protocols supplied by the manufacturers. Gene expression analysis was performed 
by SYBR green method. Quantitative gene expression analysis was performed on 
a Biorad MyIQ. PCR primers were designed on the basis of Primer Express 1.7 
software with the manufacturer's default settings (Applied Biosystems) and 
validated for identical efficiencies. Primer sequences, used in these assays, are 
available on request. Hypoxanthine-guanine phosphoribosyl transferase (HPRT), 
cyclophilin, and acidic ribosomal phosphoprotein P0 (36B4) were used as standard 
housekeeping genes. 
 
Analytical procedures 
Biliary and perfusate cholesterol and perfusate phospholipids were measured by 
enzymatic methods as described previously (12;13). Lipids of mucosa were 
extracted using the Bligh & Dyer method (14). Free cholesterol and total 
cholesterol concentrations of intestinal lipid extracts and serum samples were 
determined using kits from Wako and Biomerieux. 14C-cholesterol in perfusate, bile, 
serum and intestinal lipid extracts was determined using a liquid scintillation 
counter. For fecal neutral sterol analysis, 1-day fecal samples were collected, 
lyophilized and grinded. Samples were prepared for fecal neutral sterol analysis by 
gas chromatography as described previously (15). LDH and APN activities in 
mucosal homogenates and perfusate were measured by fluorimetric methods 
(16;17). Protein content of mucosal homogenates was determined by the BCA 
method (18). DNA quantification of mucosal homogenates was performed by a 
method described by Labarca et al. (19). Alkaline phosphatase activity in perfusate 
was measured as described previously (20).  
  
Statistics 
All results are presented as mean ± SD. Group means, as depicted in the figures, 
were calculated by averaging the outcomes of all mice that got the same treatment. 
The values for the individual mice, used for the calculation of the group mean, were 
obtained by averaging the data of the last three perfusion time points. Differences 



TICE contributes to total sterol excretion 

61 
 

between the different groups were determined by one way ANOVA. Outcomes of p 
< 0.05 were considered to be significant. Analysis was performed using SPSS.  
 
RESULTS 
Cholesterol input and output measurements in mice of the FVB strain (table 1) 
revealed that these mice consume 7.0 ± 0.7 μmol cholesterol per day per 100 gram 
body weight via dietary intake and excrete 9.9 ± 2.7 μmol/day.100g body wt in the 
form of cholesterol and neutral sterol metabolites in feces. Daily biliary cholesterol 
secretion was calculated from the output during the first 15 minutes after bile duct 
cannulation and gives rise to 1.9 ± 0.8 �mol/day.100g body wt.  Hence, in these 
mice, total cholesterol influx into the intestinal lumen was at least 8.9 
μmol/day.100g body wt. Since fractional cholesterol absorption in FVB mice is 
approximately 40 % (21), an amount of 5 μmol/day.100g body wt of fecal sterols 
seems to be unaccounted for. A possible source of error in this calculation is the 
biliary contribution that was calculated from the rate of biliary cholesterol secretion 
determined in anaesthetized mice. Therefore, we also calculated cholesterol input 
and output in two mouse models with abrogated biliary cholesterol secretion i.e., 
the Abcg8 and Abcb4 knockout mice. As shown in table 1, also in these mouse 
models fecal excretion exceeds total intake, necessitating TICE. Since these 
animals excrete little or no cholesterol into bile, TICE should play a significant role 
in these animals and will have a capacity of at least 5 - 9 �mol/day.100g body wt. 
The Abcg8-/- mice were bred in a C57Bl6 background, we therefore also measured 
fecal neutral sterol output in these mice. No significant difference with the Abcg8-/- 
mice was observed (table 1). 
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Table 1. Cholesterol input and output measurements conducted with different mice strains. Dietary 
cholesterol intake and fecal neutral sterol excretion of FVB mice (n=6), Abcb4-/- mice in FVB 
background (n=4), C57Bl6 mice (n=4), and Abcg8-/- in C57Bl6 background mice (n=4) were 
determined. Values are represented as �mol/day.100 g body wt (mean ± SD). 
  

 
  Dietary cholesterol Biliary cholesterol  Fecal neutral sterol 
  intake   secretion  excretion 
 
FVB  7.0 ± 0.7   1.9 ± 0.8     9.9 ± 2.7 

Abcb4-/-  6.6 ± 0.9   0.1 ± 0.1   15.2 ± 2.3 

C57Bl6  8.4 ± 0.4   2.0 ± 1.9   14.2 ± 2.6 

Abcg8-/-  6.2 ± 1.3   0.8 ± 0.1   11.2 ± 2.2 

 
To investigate the origin of the “missing” cholesterol, isolated intestinal perfusions 
were performed in anaesthetized mice. Total perfusion time was 90 minutes. 
Figure 1A shows TICE in the proximal (10 cm) part of the small intestine. TICE was 
very low without addition of a cholesterol acceptor to the perfusate and was 
constant during the perfusion procedure. Addition of a mixture of taurocholate (TC) 
and phosphatidylcholine (PC) in slightly supra-physiological concentrations (10 
mM: 2 mM) to the perfusate resulted in a substantial increase in cholesterol 
secretion (fig. 1A). The rate of TICE increased during the first 45 minutes and 
remained stable thereafter. Prolongation of perfusion time up to 2 hours did not 
lead to further changes in cholesterol output (data not shown). In separate series of 
experiments 14C-cholesterol was injected intravenously, appearance of 
radiolabeled cholesterol was determined during the entire perfusion period. Figure 
1B shows that 14C-cholesterol could be detected already at the first perfusion time 
point. To quantify TICE in different parts of the small intestine, perfusions were 
carried out in three sequential segments in independent experiments (fig. 1C). 
Surprisingly, the highest secretion rate was observed in the proximal 10 cm of the 
small intestine, i.e., the region where cholesterol uptake is also supposed to take 
place (22). Only small amounts of cholesterol were secreted into perfusate that did 
not contain any cholesterol acceptor. TICE varied from 0.1 ± 0.1 nmol/min.100 g 
body wt in the distal small intestine to 0.2 ± 0.2 nmol/min.100 g body wt in the 
proximal small intestine. This rate was strongly increased in the presence of mixed 
micelles composed of TC/PC, which has been shown to greatly increase 
cholesterol solubility (23). Cholesterol secretion initiated by addition of TC/PC to 
the perfusate varied from 0.5 ± 0.2 nmol/min.100 g body wt in the distal small 
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intestine to a considerable value of 3.0 ± 1.0 nmol/min.100 g body wt in the 
proximal small intestine. Cholesterol was all in the free form and no measurable 
amounts of cholesterol metabolites were detected by GC/MS analysis (data not 
shown). Perfusion of the colon did not result in significant cholesterol secretion, 
even not in the presence of TC/PC.  To investigate the role of PC in this process, 
we studied cholesterol secretion to simple bile salt micelles and PC alone. Since 
taurocholate has cell-damaging properties in the concentration applied, we used 
the more hydrophilic bile salt tauroursodeoxycholate (TUDC) for this purpose.  
Figure 1D shows the effect of different luminal acceptors on TICE in the proximal 
small intestine. Addition of TUDC to the perfusate resulted in a cholesterol 
secretion rate that was intermediate between the rate without use of an acceptor 
and the rate invoked by TC/PC. TICE, however, seems not to be fully dependent 
on presence of bile salt, because 2 mM PC induced cholesterol secretion to a 
similar extent as TC/PC (10 mM: 2 mM).  
 To identify the source of intestinally secreted cholesterol, mice were 
intravenously injected with 14C-cholesterol. After injecting the mice with 
radiolabeled cholesterol, an equilibration time of 30 minutes was allowed, based on 
the fact that within this period of time radiolabeled cholesterol was well-equilibrated 
in blood and not yet incorporated to a high extent in the intestinal mucosa (data not 
shown). Thereafter, the perfusion procedure was initiated. By comparing specific 
radioactivity of cholesterol in serum, intestinal mucosa, and perfusate at the end of 
the intestinal perfusion, information was obtained about the origin of luminal 
cholesterol. Figure 2A shows that specific radioactivity of cholesterol was 10-fold 
higher in serum than in perfusate, while the latter was identical to that of mucosa. 
To address the question whether cholesterol release into the lumen occurs via a 
specific route, or via non-specific mechanisms, like i.e. cell shedding or membrane 
extraction, markers for cell shedding/membrane extraction were measured together 
with the cholesterol concentration in mucosa and perfusate. We took lactate 
dehydrogenase (LDH) activity as a cytosolic marker and aminopeptidase N (APN) 
activity as an apical membrane marker. Secretion of cholesterol in perfusate was 
expressed as a percentage of total cholesterol in mucosa of the perfused intestinal 
section (fig. 2B). 
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Figure 1. Transintestinal cholesterol 
efflux. (A) The proximal small intestine of 
FVB mice was perfused with Krebs only 
(n=6, open squares) or with Krebs 
supplemented with TC/PC (10 mM : 2 
mM) (n=8, closed squares). (B) FVB mice 
(n=6) were injected intravenously with 
14C-cholesterol. Bile flow was diverted by 
cannulation, via the gallbladder. Thirty 
minutes after receiving 14C-cholesterol, 
the proximal small intestine was perfused 
with Krebs supplemented with TC/PC. (C) 
Perfusions were performed in proximal, 
medial and distal small intestines of FVB 

mice, under the conditions described in (a) (n=3 - 8). (D) Perfusions in proximal small intestine were 
performed with Krebs containing different cholesterol acceptors: no acceptor (n=6), TUDC (10 mM) 
(n=6), TC/PC (10 mM : 2 mM) (n=8) and, PC (2 mM) (n=6). Samples of the perfusate were taken as 
indicated in the figure and the cholesterol content was measured. Values are depicted as mean ± SD. * 
indicates a significant difference in TICE between the different types of perfusate. 

A B

D 
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The same was done for LDH and APN activities. In mice that were perfused with 
perfusate containing no cholesterol acceptor, the percentages of LDH, APN and 
cholesterol secreted in perfusate were almost identical, indicating that perfusate 
cholesterol mainly originated from shed cells. When mice were perfused with 
perfusate containing TC/PC mixed micelles, however, the increase in TICE was 
significantly higher than that of LDH and APN secretion. Under these conditions, 
maximally 30 % of the cholesterol present in perfusate could be explained by cell 
shedding or membrane extraction (fig. 2C). Besides cell shedding/membrane 
extraction, cholesterol might also be secreted via surfactant like particles, which 
has been shown to line the apical side of enterocytes (24). Surfactant like particles 
(SLP) contain phospholipids, cholesterol and are high in activity of alkaline 
phosphatase (24;25). To establish the role of SLP as source for perfusate 
cholesterol we measured alkaline phosphatase activity in perfusate with (TC/PC) 
and without acceptor. Surprisingly, alkaline phosphatase activity in perfusate 
containing the cholesterol acceptor TC/PC was as low as the alkaline phosphatase 
activity of perfusate without any cholesterol acceptor (data not shown), whereas 
the amounts of cholesterol found in these perfusates are significantly different. In 
addition to alkaline phosphatase activity we also measured choline containing 
phospholipids in perfusate that did not contain a cholesterol acceptor (fig. 2D). The 
ratio of phospholipid/cholesterol was 2:1, similar to the phospholipid/cholesterol 
ratio present in enterocytes (26). To investigate whether TICE relate to the amount 
of cholesterol in the perfused intestinal segments, the amounts of cholesterol in the 
proximal, medial and distal small intestine were determined and related to the 
amount of DNA present in the intestinal segments. The amount of cholesterol is the 
lowest in the proximal small intestine (1.8 nmol cholesterol/�g DNA), followed by 
the medial small intestine (2.4 nmol cholesterol/�g DNA) and is high in the distal 
small intestine (6.3 nmol cholesterol/�g DNA). So there is a reciprocal relationship 
between the amount of cholesterol present in the intestine and the amount of 
secreted cholesterol. To examine whether cholesterol synthesized in enterocytes 
may be an important source of intestinally secreted cholesterol, mRNA levels of 
Hmg-CoA reductase in intestines of mice that were perfused without a cholesterol 
acceptor were compared to Hmg-CoA reductase mRNA levels in intestines of mice 
which were perfused with TC/PC micelles. In the medial and distal small intestine 
Hmg-CoA reductase expression was not influenced by the addition of TC/PC to 
perfusate (fig. 2E). In the proximal small intestine the addition of TC/PC to 
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perfusate even caused a significant downregulation of Hmg-CoA reductase 
expression. So, the rate of intestinally synthesized cholesterol does not correlate to 
expression of the rate-limiting enzyme in cholesterol synthesis. 
 To assess whether TICE is sensitive to dietary manipulation, we fed FVB 
mice for two weeks with a semi-purified Western-type diet. This diet increased 
TICE in the proximal small intestine two-fold compared to the control reference diet 
without cholesterol (fig. 3A). Possibly, the rise in serum cholesterol levels under 
these conditions is the driving force for the increase in TICE (fig. 3B). Figure 3C 
shows that the Western-type diet resulted in increased expression of key 
transporters supposed to be involved in transcellular cholesterol transport. 
 To investigate the potential role of the diet-induced sterol exporters Abcg5 
and Abcg8, we performed intestinal perfusions in the Abcg8-/- mouse. To increase 
the potential role of Abcg5 and Abcg8, the mice were fed a Western-type diet 
which has been shown to increase expression of these transporters. Interestingly, 
no significant effect of lack of Abcg8 on TICE in the proximal intestinal segment 
was observed (fig. 4). 
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Figure 2. Origin of intestinally 
secreted cholesterol. (A) Proximal 
small intestine of FVB mice (n=7) 
was perfused with Krebs 
containing TC/PC (10 mM : 2 mM), 
subsequently serum, mucosa, and 
perfusate were collected and 
specific radioactivity of cholesterol 
was determined. Specific 
radioactivities are expressed as 
DPM/nmol. (B) Perfusions were 
performed in the proximal small 
intestines of FVB mice, using 
Krebs without acceptor (n=4, open 
bars) or with Krebs containing 
TC/PC (n=4, closed bars). LDH 
activity, APN activity and 
cholesterol content of perfusate 

are expressed as percentage of the activity/total amount in mucosa of the perfused intestine. * indicates 
a significant difference in perfusate cholesterol versus LDH/APN activity (as percentage of total amount 
in mucosa). (C) The percentage of luminal cholesterol that can maximally be obtained via non-specific 
routes was calculated from the data in fig. 2B, by dividing APN activity (percentage of total) by perfusate 
cholesterol (percentage of total mucosal cholesterol content). (D) The proximal small intestine of FVB 
mice (n=4) was perfused with Krebs, subsequently cholesterol and choline containing phospholipids 
were measured in perfusate. (E) The proximal small intestines of FVB mice were perfused with Krebs, 
with (closed bars) or without (open bars) TC/PC (10 mM : 2 mM). After the perfusion procedure, 
intestines were harvested, RNA was isolated, and mRNA levels of Hmg-CoA reductase and 
housekeeping genes were analysed. Values are depicted as mean ± SD. * indicates a significant 
difference. 

A B 

C D 
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Figure 3. The influence of 
high dietary cholesterol 
intake on TICE. Mice 
received a semi-purified 
reference diet (n=8, open 
squares) or Western-type 
diet (n=8, closed squares) 
for 2 weeks. Perfusions 
were performed in the 
proximal small intestine of 
FVB mice using Krebs 
containing TC/PC (10 mM : 
2 mM) as acceptor for the 
time indicated in the figure. 
(A) TICE in the proximal 
small intestine. (B) Serum 
cholesterol levels. (C) 
Intestinal gene expression 
levels. Open bars: reference 
diet; closed bars: Western-
type diet. Values are 
depicted as mean ± SD. * 
indicates a significant 
difference between Western-      
type diet fed mice and    
reference diet fed mice. 

 
 
 
Figure 4. TICE in Western-type diet fed 
Abcg8-/- and +/+ mice. Abcg8-/- (n=5) and +/+ 
(n=5) mice received a Western-type diet for 2 
weeks. Perfusions were performed in the 
proximal small intestines of Abcg8-/- and +/+ 
mice using Krebs containing TC/PC (10 mM : 
2 mM)  as cholesterol acceptor. Values are 
depicted as mean ±  SD. 

A 

C 

B 

HMG-CR 
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DISCUSSION 
The main finding in this study is the unexpected high capacity of murine 
enterocytes to secrete cholesterol into the intestinal lumen. We unequivocally 
demonstrated that cholesterol is directly secreted throughout the entire length of 
the small intestine. Most surprising, to our opinion, is the finding that the highest 
secretion rate was observed in the proximal 10 cm of the small intestine, i.e., the 
region where cholesterol uptake is supposed to take place (22). Consequently, the 
net flux of cholesterol in the in vivo situation will be determined by the degree of 
cholesterol saturation in the intestinal lumen. In vivo, intestinal cholesterol solubility 
is determined by a complex mixture of lipids and bile salts (23). Such a mixture, 
capable of accepting cholesterol, was essential for initiating specific efflux. Only a 
small amount of cholesterol (0.31 ± 0.29 �mol/day.100 g body wt) was secreted 
into perfusate that did not contain any cholesterol acceptor. Bile salt and/or PC 
strongly stimulated the pathway probably by serving as direct acceptors but we 
cannot exclude that these compounds also directly activate cholesterol transport 
systems. Interestingly, this novel efflux pathway has no strict preference for bile 
salts as cholesterol acceptor, thus is also functional in the absence of bile. This 
may have been expected in view of the fact that under cholestatic or bile diverted 
conditions fecal neutral sterol secretion continues (9;10). Under slightly supra-
physiological conditions (addition of 10 mM TC : 2 mM PC to perfusate), the total 
rate of small intestinal cholesterol secretion was calculated to be 5.4 ± 1.8 
�mol/day.100 g body wt, in striking agreement with the amount of cholesterol (~5 
�mol/day.100 g body wt) “missing” in the cholesterol input - output measurements 
in wild-type FVB mice (table 1).  By adding the intestine itself as a secretory organ 
for cholesterol, the total intestinal cholesterol balance is in equilibrium.  It should be 
noted that fecal excretion is not the only route of sterol disposal from the body. A 
significant amount of cholesterol may be shed via sloughing of skin cells, but, 
accurate quantification of this amount is obviously very difficult (27). Moreover, the 
amount of cholesterol loss via the skin does not influence the intestinal cholesterol 
balance. The question arises from which sources the cholesterol excreted into 
feces originates. Figure 1B shows that intravenously injected 14C-cholesterol ends 
up in perfusate at the earliest time point measured. The direct cholesterol flow from 
blood to intestinal lumen route is in accordance with data from Kruit et al. (6) who 
showed that intravenously injected free cholesterol partly ended up in the feces as 
neutral sterol. Their experiments were performed in Abcb4-/- mice with abrogated 
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biliary phospholipid and cholesterol secretion thus providing evidence, at least in 
these mice, for a direct route from blood to intestinal lumen.  Despite the absence 
of biliary phospholipid in the intestine, fecal neutral sterol excretion was similar to 
that in wild-type mice. Apparently, the high biliary bile salt secretion (28;29) 
provides enough solubilizing capacity to maintain TICE at high levels. Since in 
addition to the phospholipids also cholesterol is absent from bile, micellar capacity 
can be used fully to take up cholesterol from the enterocytes. TICE may be induced 
in these mice to compensate for the decrease in biliary cholesterol secretion. In 
addition these mice show decreased cholesterol absorption (30) which will also 
lead to an increase in net secretion. 

In principle, the sterols excreted directly via the enterocytes could also 
originate from shed cells. It is well known that the turnover rate of enterocytes is 
high. Indeed, by comparing % of LDH and APN secretion in perfusate with TICE, 
we observed that without the use of an cholesterol acceptor, over 80 % of 
cholesterol in perfusate of the proximal small intestine is of non-specific origin, i.e., 
reflects cell shedding (fig. 2C). In earlier reports the contribution of shed 
enterocytes to the fecal neutral sterols has been estimated to be 10 - 15 % (31). 
The total amount of cholesterol we measured in perfusate that did not contain a 
cholesterol acceptor was about 15 % of the total amount of fecal neutral sterols. So 
it is very likely that, indeed, cholesterol found in perfusate without cholesterol 
acceptor originated from shed enterocytes. Although LDH and APN activities were 
somewhat elevated in TC/PC containing perfusate, cholesterol secretion increased 
to a substantially larger extent, reducing the (aspecific) contribution of shed cells to 
about 30 %. Another possible source for intestinally secreted cholesterol could be 
surfactant like particles (SLP) that have been shown to line the enterocytes. 
Although its presence has not been studied in mice, SLP are present throughout 
the small intestine of rats. However, since a fat load is needed to clearly observe 
SLP in rat small intestine (24), and substantial TICE in our experiments can be 
demonstrated already on normal chow diet the significance of its contribution is 
probably minor. It can be argued that TC/PC perfusion may increase the secretion 
of SLP, but we did not observe a difference in alkaline phosphatase activity in 
perfusate of mice that were perfused with and without an acceptor. Interestingly, a 
luminal pathway for the secretion of PC by rat intestine has recently also been 
described (32). These authors reported the highest rates of PC secretion in the 
ileum of rats but found no evidence for concomitant output of cholesterol. We have 
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also measured phospholipid secretion in perfusate. In the presence of TC/PC (10 
mM : 2 mM), no additional increase in phospholipids could be measured. In 
perfusate that did not contain a cholesterol acceptor phospholipids were present, at 
a choline phospholipid/cholesterol ratio of 2:1 (fig. 2D). Since this is the ratio 
observed in enterocyte plasmamembrane (26), the data suggest that 
phospholipids, as well, as cholesterol were derived via cell shedding. This is in line 
with the APN and LDH activity measurements under these conditions, indicating 
again that without presence of a cholesterol acceptor the lipids originate mainly 
from shed cells (fig. 2C).  

To examine whether cholesterol synthesized in enterocytes could be an 
important source of intestinally secreted cholesterol, mRNA levels of Hmg-CoA 
reductase in intestines of mice that were perfused without a cholesterol acceptor 
were compared to Hmg-CoA reductase mRNA levels in intestines of mice which 
were perfused with TC/PC micelles (fig. 2E). No correlation between Hmg-CoA 
reductase expression and TICE could be observed. This is in line with the data of 
Kruit et al. (6) who also did not observe a relationship between intestinal Hmg-CoA 
reductase expression and the rate of fecal neutral secretion even when this was 
strongly stimulated by treatment with an LXR agonist.   

Assuming that the major part of the secreted cholesterol originated from 
the blood compartment, the next obvious question is which pathways are involved 
in this process. Uptake via lipoproteins followed by endosomal/lysosomal 
processing would lead to equilibration of plasma cholesterol with the enterocyte 
cholesterol pool. Specific radioactivity of secreted cholesterol should then be 
similar to the specific radioactivity of the cholesterol pool in enterocytes. This was 
indeed observed (fig. 2A). Specific radioactivity in serum was 10 fold higher, 
excluding involvement of a paracellular or transcytotic pathway. We have not yet 
succeeded in delineating the type of lipoprotein involved in this process. 
Intravenous injection of 14C-cholesterol in different types of particles invariably led 
to very rapid exchange in the blood precluding assessment of differential 
contributions of specific lipoprotein species (data not shown).  

We wondered whether it would be possible to stimulate TICE by dietary 
means. Figure 3A shows that feeding mice with a Western-type diet stimulates 
TICE, suggesting upregulation of a dedicated transport system. Putative 
candidates such as Abcg5 and Abcg8 were indeed upregulated (fig. 3C). However, 
expression of these transporters along the length of the intestine 
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(proximal<medial>distal), did not follow the pattern of TICE 
(proximal>medial>distal) and, as shown in table 1, also Abcg8-/- mice showed the 
characteristic gap in cholesterol balance. Indeed, we found no decrease in TICE 
during perfusion experiments in Abcg8-/- mice (fig. 4). It should be noted that we 
cannot yet exclude that the higher cholesterol content in plasma of mice fed the 
Western-type diet has provided an increased driving force for TICE.  

Clearly, manipulation of the activity of direct TICE provides a very attractive 
avenue to increase the rate of reverse cholesterol transport. In mice, TICE plays a 
more prominent role in the excretion of cholesterol than hepatobiliary secretion 
does. On average, humans secrete about 1 gram neutral sterols per day. Dietary 
cholesterol intake is about 400 mg (33) and biliary cholesterol secretion amounts to 
1000 mg (34-36). Cholesterol absorption has been estimated to be about 50 % 
(37-39). Hence, the average TICE contribution in humans can be estimated to be 
around 300 mg/day.70 kg body weight, which is about one-third of the amount 
secreted into bile. Although the relative contribution of TICE apparently is smaller in 
humans than in mice, the magnitude of this flux is still considerable and activation 
of this pathway seems an attractive approach for treatment/prevention of 
atherosclerotic diseases. 
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