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Abstract In the present study, we investigated whether in-
testinal sterol efflux transporters Abcg5 and Abcg8 play a
major role in determining variations in cholesterol (Ch) ab-
sorption efficiency, and we compared the physiological
functions of the duodenal, jejunal, and ileal Abcg5 and
Abcg8 on the absorption of Ch and sitostanol in inbred
mice challenged with various amounts of Ch, sitostanol, hy-
drophilic, or hydrophobic bile acids. We found that Abcg5
and Abcg8 in the jejunum and ileum, but not in the duode-
num, were main factors in determining, in part, variations
in Ch absorption efficiency. The jejunal and ileal Abcg5 and
Abcg8 played a major regulatory role in response to high di-
etary cholesterol and were more sensitive in the regulation
of Ch absorption when compared with sitostanol absorp-
tion. These results, combined with different sterol uptake
rates, suggest that the absorption efficiency of Ch and sito-
stanol is determined by the net results between influx and
efflux of intraluminal Ch and sitostanol molecules crossing
the apical membrane of the enterocyte. Hydrophilic and hy-
drophobic bile acids influenced Ch absorption through me-
diating Ch solubilization and its physical-chemical state
within the small intestinal lumen.  We conclude that Ch
absorption is mainly regulated by the jejunal and ileal Abcg5
and Abcg8 in mice.

 

—Duan, L-P., H. H. Wang, and D. Q-H.
Wang.
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The small intestine is a unique organ that provides di-
etary and reabsorbed biliary cholesterol (Ch) to the body
and plays a critical role in the regulation of whole-body
Ch balance (1, 2). Because elevated plasma Ch concentra-
tions are important risk factors for cardiovascular diseases,

 

intensive studies have been carried out to search for phys-
ical-chemical, biochemical, and genetic determinants
of intestinal Ch absorption. Recently, two independent
groups (3, 4) used a microarray analysis of mouse intes-
tine and liver genes upregulated by a liver X receptor
(LXR) agonist, as well as a positional cloning approach to
identify mutations in sitosterolemia patients in either
member of an adjacent pair of genes, 

 

ABCG5

 

 and 

 

ABCG8

 

,
encoding ATP-binding cassette (ABC) transporters ex-
pressed in the liver and intestine. By studying their func-
tion and expression in some “manufactured” mouse
strains treated with or without LXR agonists (5–9), it has
been proposed that ABCG5 and ABCG8 could promote
efflux of Ch and sitosterol (plant sterol) from the entero-
cyte back into the intestinal lumen for elimination and
mediate biliary sterol secretion in the human. Although a
very large number of polymorphic variants in both 

 

Abcg5

 

and 

 

Abcg8

 

 among 20 strains of inbred mice have been
identified (10), none of these mice showed any detectable
levels of plasma sitosterol under chow diet (containing

 

�

 

0.01% sitosterol) conditions. Thus, whether the poly-
morphisms at the 

 

Abcg5

 

 and 

 

Abcg8

 

 genes and their expres-
sion levels in the intestine are an important determinant
of intestinal Ch absorption efficiency in healthy inbred
mice remains to be investigated. Furthermore, the autoso-
mal recessive disorder sitosterolemia (11–13) is mainly
characterized by hyperabsorption of Ch and sitosterol,
and reduced secretion of these sterols into bile. In pa-
tients with sitosterolemia (14–17), the intestinal absorp-
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tion of Ch is increased by 

 

�

 

30% (from 

 

�

 

46% to 

 

�

 

60%);
however, the intestinal absorption of sitosterol is greatly
increased by 

 

�

 

800% (from 

 

�

 

5% to 

 

�

 

45%). This suggests
that there may be different mechanisms in the regulation
of intestinal Ch and sitosterol absorption under normal
physiological conditions.

Both LXR

 

�

 

 and LXR

 

�

 

 are members of the nuclear re-
ceptor superfamily and are involved in regulation of Ch
and lipid metabolism (18, 19). LXRs bind to DNA as obli-
gate heterodimers with retinoid X receptors (RXR) and
are activated by oxysterols. The decreased fractional ab-
sorption of dietary Ch associated with RXR agonist treat-
ment was attributed initially to the action of Abca1 (20),
because levels of Abca1 mRNA increased markedly in the
small intestine of mice given a highly specific RXR ligand.
Subsequent characterization of mice expressing no Abca1
(

 

Abca1

 

�

 

/

 

�

 

 mice) (21), and of the Wisconsin hypoalpha
mutant chicken with spontaneously occurring ABCA1 dys-
function (22, 23), revealed no impairment in percent Ch
absorption, fecal neutral steroid excretion, or biliary Ch
secretion, even under the treatment of the synthetic LXR
agonist. Furthermore, using in situ hybridization tech-
niques, Abca1 is found predominately in cells present in
the lamina propria in mice (24) and occasionally in the
enterocyte in the primate (25). Recent data showed that
ABCA1 is localized in the basolateral membrane of the en-
terocyte in chickens (22, 23). Accordingly, it is most likely
that other intestinal sterol transporters may mediate an
LXR agonist-associated increase in fecal excretion of Ch
and reduction in Ch absorption.

It has been reported that there are significant variations
in Ch absorption efficiency, and genetic factors at entero-
cyte level may play a major role in determining intestinal
Ch absorption efficiency in inbred mice (26–28). Even
though it has been found that some dietary, biliary, en-
terocyte, and luminal factors could influence Ch absorp-
tion (1, 2), it remains poorly understood which step(s) in
the absorption process differ inherently among individu-
als in any population to explain variations in intestinal Ch
absorption efficiency. In the present study, we 

 

i)

 

 studied
whether the intestinal sterol efflux transporters Abcg5
and Abcg8 play a major role in determining variations in
Ch absorption efficiency in inbred mice; 

 

ii)

 

 compared the
physiological functions of the duodenal, jejunal, and ileal
Abcg5 and Abcg8 on the absorption of Ch and sitostanol;
and 

 

iii)

 

 investigated whether both transporters influence
intestinal Ch absorption in mice challenged with various
amounts of high dietary Ch with or without sitostanol, as
well as hydrophilic or hydrophobic bile acids.

MATERIALS AND

 

 

 

METHODS

 

Chemicals

 

Radioisotope [4-

 

14

 

C]Ch was purchased from NEN Life Sci-
ence Products (Boston, MA), and [5,6-

 

3

 

H]sitostanol was from
American Radiolabeled Chemicals (St. Louis, MO). Ch, sitos-
tanol, chenodeoxycholic acid, cholic acid (CA), 22(R)-hydroxy-
cholesterol, and 22(S)-hydroxycholesterol were purchased from

 

Sigma (St. Louis, MO). The synthetic LXR agonist 

 

N

 

-(2,2,2-triflu-
oro-ethyl)-

 

N

 

-[4-(2,2,2-trifluoro-1-hydroxy-1-trifluoromethyl-ethyl)
phenyl]benzenesulfonamide (T0901317) was purchased from
Cayman Chemical (Ann Arbor, MI). Ursodeoxycholic and de-
oxycholic acids were purchased from FalkGmbH (Freiburg,
Germany). Dehydrocholic, hyocholic, hyodeoxycholic, and
3

 

�

 

,7

 

�

 

,12

 

�

 

-trihydroxy-5

 

�

 

-cholan-24-oic (ursocholic) acids were
purchased from Calbiochem-Behring (San Diego, CA), and 

 

�

 

-,

 

�

 

-, and 

 

�

 

-muricholic acids were from Tokyo Tanabe (Tokyo, Ja-
pan). Grade I egg yolk lecithin was purchased from Lipid Prod-
ucts (Surry, UK). Medium-chain triglyceride was purchased from
Mead Johnson (Evansville, IN), and Intralipid (20%, wt/vol) was
from Pharmacia (Clayton, NC).

 

Animals and diets

 

Male strains of inbred A/J, AKR/J (AKR), DBA/2J (DBA),
C57BL/6J (C57BL), C57L/J (C57L), and SWR/J (SWR) mice
(6–8 weeks old) were purchased from the Jackson Laboratory
(Bar Harbor, ME). All animals were maintained in a tempera-
ture-controlled room (22 

 

�

 

 1

 

�

 

C) with a 12 h/day cycle (6:00
AM–6:00 PM). Mice were fed with normal rodent chow (Harlan
Teklad F6 Rodent Diet 8664, Madison, WI) containing trace
(

 

�

 

0.02%) amounts of Ch. All procedures were in accordance
with current National Institutes of Health guidelines and were
approved by the Institutional Animal Care and Use Committee
of Harvard University.

 

Measurement of absorption and lymphatic transport 
of Ch and sitostanol

 

After AKR and C57L mice (n 

 

	

 

 5 per group) were anesthe-
tized with pentobarbital, laparotomy was performed under ster-
ile conditions through an upper midline incision. To exclude the
effects of bile on intestinal absorption of Ch and sitostanol, a
mouse model with a chronic biliary fistula was established ac-
cording to published methods (29). To better expose the mesen-
teric lymphatic duct, the animal was dorsally arch-bridged over a
3 ml syringe. A PE-10 catheter was inserted into the mesenteric
lymph duct with magnification provided by a zoom stereomicro-
scope (Olympus America, Melville, NY). The catheter was exter-
nalized through the abdominal wall and connected with a hep-
arinized tube. The abdominal incision was closed tightly with 5-0
sutures. Exactly 2.5 

 




 

Ci of [

 

14

 

C]Ch and 5.0 

 




 

Ci of [

 

3

 

H]sitostanol
dissolved in 100 

 




 

l of medium-chain triglyceride containing
0.5% (wt/wt) taurocholate and 0.2% egg yolk lecithin were in-
stilled into the small intestine through a duodenal catheter. Mea-
surement of absorption and lymphatic transport of Ch and sitos-
terol was initiated, and fresh lymph was collected hourly into a
heparinized tube for a total of 12 h (30). The two radioactive iso-
topes in the lymph were extracted and counted. To maintain
lymph flow, a continuous intraduodenal infusion of 0.5% tauro-
cholate and 0.2% egg yolk lecithin in medium-chain triglyceride
was performed at 300 

 




 

l/h for 12 h. During surgery and lymph
collection, mouse body temperature was maintained at 37 

 

�

 

0.5

 

�

 

C with a heating lamp and monitored with a thermometer.
Continuous anesthesia was maintained with an intraperitoneal
injection of 25 mg/kg pentobarbital every 2 h.

 

Measurement of Ch absorption by fecal dual-isotope 
ratio method

 

Nonfasted and nonanesthetized mice of inbred A/J, AKR,
DBA, C57BL, C57L, and SWR strains (n 

 

	

 

 5 per group) were
given 1 

 




 

Ci of [

 

14

 

C]Ch and 2 

 




 

Ci of [

 

3

 

H]sitostanol in 150 

 




 

l of
medium-chain triglyceride intragastrically by gavage. Mice were
then transferred to individual metabolic cages with wire mesh
bottoms, where they continued to ingest the chow diet for the
next 4 days. During this period, mouse feces were collected daily.
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The radioactive isotopes from the 4-day pooled fecal samples
were saponified, extracted, and counted. The ratio of the two ra-
diolabels in the fecal extracts and the dosing mixture was used
for calculation of percent Ch absorption (30).

 

Ch balance analysis

 

Because high dietary Ch exerts the effect of the radioisotope
dilution on the specific activity of Ch in the upper small intes-
tine, we used Ch balance analysis (30) to determine Ch absorp-
tion efficiency in mice under high dietary sterol loads. Mice
housed in individual metabolic cages with wire mesh bottoms
were allowed to adapt to the environment for 2 weeks. When
body weight, food ingestion, and fecal excretion were constant,
i.e., an apparent metabolic steady state, food intake was mea-
sured and feces were collected daily for a continuous 7 days for
the balance study. AKR and C57L mice (n 

 

	

 

 5 per group) were
fed for 7 days with chow, or chow supplemented with 0.5% (by
weight), 1%, or 2% Ch. Additional groups of AKR and C57L
mice (n 

 

	

 

 5 per group) were fed for 7 days with chow, or chow
supplemented with 0%, 0.5%, 1%, or 2% sitostanol plus 1% Ch.
Following this procedure, animals were anesthetized with pento-
barbital. After cholecystectomy, the common bile duct was can-
nulated with a PE-10 cathether and hepatic bile was collected for
the first hour of biliary secretion. Bile Ch and Ch content in the
diet were measured by HPLC. Fecal neutral steroids were saponi-
fied and extracted, as well as being measured by HPLC (30). Per-
cent Ch absorption was calculated according to published meth-
ods (30).

 

Measurement of intestinal sterol uptake

 

After anesthesia, the duodenum was cannulated with a PE-10
catheter, and the catheter was externalized through the incision
and implanted subcutaneously (26). The abdominal incision was
closed tightly with 5-0 sutures. After a 24 h recovery from the sur-
gery and another 12 h of fasting (with water), exactly 2 

 




 

Ci of
[

 

14

 

C]Ch and 2 

 




 

Ci of [

 

3

 

H]sitostanol in 100 

 




 

l of medium-chain
triglyceride were injected into the nonanesthetized AKR and
C57L mice (n 

 

	

 

 5 per group) via the duodenal catheter. After
the injection, the mice were allowed to move freely in the cage.
Exactly 45 min after instillation, the animals were anesthetized
with pentobarbital. At laparotomy, the entire small intestine was
removed and flushed with taurocholate buffer. After being wet-
weighed, the small intestine was cut into three segments with
length ratios of 1:3:2 (duodenum-jejunum-ileum). The two radio-
labeled sterols were extracted and counted, and the radioactivity
was used to calculate intestinal sterol uptake in vivo, which is ex-
pressed as dpm/g tissue/45 min.

 

Quantitative real-time PCR assay

 

To observe the role of intestinal Abcg5, Abcg8, and Lxr

 

�

 

 in
Ch absorption, AKR and C57L mice (n 

 

	

 

 4 per group) were 

 

i)

 

fed chow, or chow supplemented with 0.5% (by weight) of each
cholic, chenodeoxycholic, dehydrocholic, deoxycholic, hyocholic,
hyodeoxycholic, 

 

�

 

-muricholic, 

 

�

 

-muricholic, 

 

�

 

-muricholic, urso-
deoxycholic, or ursocholic acids; 

 

ii)

 

 fed various amounts (0.02%,

 

0.5%, 1%, and 2%) of Ch or sitostanol; as well as 

 

iii)

 

 administrated
intragastrically by gavage daily with a vehicle control in propy-
lene glycol/Tween 80 (4:1, v/v) formulation, 22(R)-hydroxycho-
lesterol or 22(S)-hydroxycholesterol at a dose of 1 mg/day/kg
body weight, or the synthetic LXR agonist T0901317 at a dose of
10 mg/day/kg body weight.

Because the magnitude of gene regulation by orally adminis-
tered agents may vary as a function of time following dosing, we
fed the mice with the agents at 9:00 AM daily and harvested the
intestine tissues for the extraction of total RNA at 10:00 AM. Af-
ter the 7 day feeding, the mice were anesthetized with pentobar-
bital. The small intestine was removed, flushed with ice-cold sa-
line solution, and cut into three segments with length ratios of
1:3:2 (duodenum-jejunum-ileum). In the middle of each intesti-
nal segment, 1.5 cm of the duodenal, jejunal, and ileal tissues
were cut out, and the tissues from four mice per group were
pooled. Total RNA was extracted from the intestine using RNeasy
Midi (Qiagen, Valencia, CA). Reverse-transcription reaction was
performed using the SuperScript II First-Strand Synthesis System
(Invitrogen, Carlsbad, CA), with 5 

 




 

g of total RNA and random
hexamers, to generate cDNA. Primers and probes (

 

Table 1

 

) for

 

Abcg5

 

, 

 

Abcg8

 

, 

 

Lxr

 

�

 

, and 

 

Lxr

 

�

 

 were designed using Primer Express
Software (Applied Biosystems, Foster City, CA) based on se-
quence data available from GenBank. Real-time PCR assays (31)
were performed in triplicate on a GeneAmp 5700 Sequence De-
tection System (Applied Biosystems). Relative mRNA levels were
calculated using the threshold cycle of an unknown sample
against a standard curve with known copy numbers. To obtain a
normalized target value, the target amount was divided by the
endogenous reference rodent glyceraldehyde-3-phosphate dehy-
drogenase as the invariant control (Part No. 4308313, Applied
Biosystems).

 

Statistical methods

 

All data are expressed as means 

 

�

 

 SD. Statistically significant
differences among groups of mice were assessed by Student’s

 

t

 

-test or Mann-Whitney U test. If the F-value was significant, com-
parison among groups of mice was further analyzed by a multiple
comparison test. Analyses were performed with 

 

SuperANOVA

 

 soft-
ware (Abacus Concepts, Berkeley, CA). Statistical significance
was defined as a two-tailed probability of less than 0.05.

 

RESULTS

 

Absorption and lymphatic transport of Ch and sitostanol

 

To examine whether there are differences in intestinal
absorption between Ch and sitostanol, we studied the ab-
sorption and lymphatic transport of Ch and sitostanol (a
direct measurement of sterol absorption) in the higher-
absorbing C57L mice compared with the lower-absorbing
AKR mice. Because differences in biliary lipid outputs and
bile salt pool sizes between AKR and C57L mice have

 

TABLE 1. Primer and probe sequences used in mRNA quantification by real-time PCR

 

Gene
Accession 
Number Forward Reverse Probe

 

Abcg5

 

AF312713 5

 

�

 

-CCTGCAGAGCGACGTTTTTC-3

 

�

 

5

 

�

 

-GCATCGCTGTGTATCGCAAC-3

 

�

 

5

 

�

 

-AGCAGCCTCACTGTGCGCGAGA-3

 

�

 

Abcg8

 

AF324495 5

 

�

 

-TGGATAGTGCCTGCATGGATC-3

 

�

 

5

 

�

 

-AATTGAATCTGCATCAGCCCC-3

 

�

 

5

 

�

 

-CAAGCTGTCGTTCCTCCGGTGGTG-3

 

�

 

Lxr

 

�

 

NM_013839 5

 

�

 

-CGACAGAGCTTCGTCCACAA-3

 

�

 

5

 

�

 

-ACAGCTCGTTCCCCAGCAT-3

 

�

 

5

 

�

 

-CGGAAAAAGGGCCCAGCCCC-3

 

�
Lxr� NM_009473 5�-TTGCGACTCCAGGACAAGAA-3� 5�-CTACTCGTGCACATCCCAGATC-3� 5�-CTGCCGCCCTTGCTGTCCG-3�

LXR, liver X receptor.
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some effects on Ch absorption (26), we investigated mice
with chronic biliary fistula but in the setting of infusion of
0.5% taurocholate and 0.2% egg yolk lecithin. As ex-
pected (30), the intraduodenal infusion of the lipid emul-
sion produced a steady and continuous lymph flow in
both AKR and C57L mice for longer periods of time. Fig-
ure 1A shows that under these experimental conditions,
lymph flow rates (260–290 
l/h) were constant and simi-
lar in both mouse strains over the 12 h period. As shown
in Fig. 1B, cumulative radioactivity in lymph at 12 h after
instillation of [14C]Ch is 36 � 4% in the C57L strain,
which is significantly greater (P � 0.001) than those in the
AKR strain (22 � 3%), consistent with previous results
(30). Furthermore, cumulative radioactivities (12 h) of si-
tostanol in the lymph of C57L mice (3.7 � 0.5%) were sig-
nificantly greater (P � 0.05) compared with those in AKR
(2.1 � 0.5%). In comparison, absorption and lymphatic
transport of Ch was significantly greater than that of si-
tostanol.

Ch absorption efficiency and gene expression of intestinal 
sterol efflux transporters

Figure 2A shows Ch absorption efficiency determined
by the fecal dual-isotope ratio method in six strains of in-
bred male mice on chow. In agreement with the previous
study (26), as measured by the plasma dual-isotope ratio
method, we observed that there were marked differences
among mouse strains with respect to intestinal Ch absorp-

tion efficiency: AKR (27 � 3%) and A/J (28 � 3%) strains
showed the lowest Ch absorption; DBA (33 � 4%) and
SWR (34 � 3%) strains gave intermediate values; and
C57L (40 � 4%) and C57BL (42 � 4%) strains displayed
the highest values for Ch absorption. Figure 2B and C ex-
hibits expression levels of Abcg5 and Abcg8 in the jejunum
and ileum that are the highest in AKR and A/J mice. In
contrast, expression levels of the jejunal and ileal Abcg5

Fig. 1. Comparison of the absorption and lymphatic transport of
cholesterol (Ch) and sitostanol between AKR and C57L mice (n 	
5 per group) with chronic biliary fistula but in the setting of infu-
sion of 0.5% (wt/wt) taurocholate and 0.2% egg yolk lecithin. A:
The lymph flow rates (260–290 
l/h) are constant and similar in
both AKR and C57L mice over the 12 h period. B: By 12 h, 36 � 4%
of the instilled [14C]Ch dose is recovered in lymph of C57L mice
and 22 � 3% in AKR mice (P � 0.001). The absorption and lym-
phatic transport of [3H]sitostanol in C57L mice (3.7 � 0.5%) is sig-
nificantly greater (P � 0.05) than that in AKR mice (2.1 � 0.5%).
Furthermore, cumulative radioactivity (12 h) of sitostanol in the
lymph of mice was significantly lower (P � 0.00001) compared with
those of Ch.

Fig. 2. Relationship between Ch absorption efficiency and expres-
sion levels of Abcg5 and Abcg8 in the duodenum, jejunum, and il-
eum of six strains of male inbred A/J, AKR/J (AKR), DBA/2J
(DBA), C57BL/6J (C57BL), C57L/J (C57L), and SWR/J (SWR)
mice on the chow diet. A: The Ch absorption efficiency for each
strain (n 	 5 per group) was determined by the fecal dual-isotope
ratio method (30). Consistent with the previous study (26), as mea-
sured by the plasma dual-isotope ratio method, Ch absorption effi-
ciency varies from low to high among these inbred mice. Gene ex-
pression of Abcg5 (B) and Abcg8 (C) in the duodenum is essentially
similar in these mouse strains. The relative mRNA levels for the je-
junal and ileal Abcg5 and Abcg8 are the highest in AKR and A/J
strains. In contrast, expression levels of the transporter genes in the
jejunum and ileum are the lowest in C57L and C57BL mice. DBA
and SWR mice show intermediate values for Abcg5 and Abcg8
mRNA levels in the jejunum and ileum. Our results demonstrate
that there is a remarkably negative correlation between percent Ch
absorption and expression levels of the jejunal and ileal Abcg5 and
Abcg8 in chow-fed mice; however, they do not reach statistically sig-
nificant differences. Of note is that relative mRNA levels are calcu-
lated using the threshold cycle of an unknown sample against a
standard curve with known copy numbers. To obtain a normalized
target value, the target amount is divided by the endogenous refer-
ence rodent glyceraldehyde-3-phosphate dehydrogenase as the in-
variant control. Furthermore, total RNA was extracted from the
pooled intestine tissues (n 	 4 per group) and real-time PCR assays
were performed in triplicate from the same sample. As a result, the
error bars depict the technique variance rather than the biological
variance.
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and Abcg8 were the lowest in C57L and C57BL mice, with
DBA and SWR mice showing intermediate values for
Abcg5 and Abcg8 mRNA levels in the jejunum and ileum.
We noted that the relative mRNA levels for the duodenal
Abcg5 and Abcg8 were essentially similar in these mouse
strains with different Ch absorption efficiency. Further-
more, our results demonstrate that there is a remarkably
negative correlation between percent Ch absorption and
expression levels of the jejunal and ileal Abcg5 and Abcg8
in chow-fed mice; however, they do not reach statistically
significant differences.

Sterol uptake by the small intestine
To observe whether there are differences in the uptake

of Ch and sitostanol by the enterocyte, we compared their
uptake rates in AKR and C57L mice. Our results (Fig. 3)
show that at 45 min after dosing, the radiolabeled Ch and
sitostanol uptake by the enterocytes of the C57L mice was
1.5-fold higher (P � 0.05) compared with the AKR mice.
The small intestine absorbed significantly greater amounts
of [14C]Ch (P � 0.001) compared with [3H]sitostanol. To-
gether, these results suggest that there may be a selective
uptake mechanism between Ch and sitostanol in mice.

Responses of intestinal sterol efflux transporters to high 
dietary Ch and sitostanol

Table 2 summarizes the data for daily Ch intake, daily
biliary Ch output, daily fecal total neutral steroid excre-
tion, daily absorbed Ch, and percent Ch absorption in
AKR and C57L mice in the metabolic steady state. We
found that the lower-absorbing AKR mice and the higher-
absorbing C57L mice ate basically similar amounts of
food, whatever chow or high dietary Ch was fed. However,
on the chow diet (0.02% Ch), daily biliary Ch outputs
in C57L mice (2.11 � 0.08 mg/day) were significantly
higher (P � 0.0001) compared with AKR mice (1.14 �
0.08 mg/day) because C57L mice are a gallstone-suscepti-
ble strain (32). Because of higher biliary Ch secretion,
daily fecal total neutral steroid excretion was significantly
greater in C57L mice (P � 0.0001; 2.62 � 0.08 mg/day)
than in AKR mice (1.75 � 0.11 mg/day). Nevertheless, an
input-output analysis found that the absorbed mass of Ch
daily in C57L mice (0.31 � 0.02 mg/day) was significantly
higher (P � 0.001) compared with AKR mice (0.21 � 0.03
mg/day). The calculated percent Ch absorption in C57L
mice was 38 � 3%, being significantly greater (P � 0.01)
than that in AKR mice (26 � 4%). Under the higher di-
etary Ch feeding conditions (�0.5%), C57L mice pro-
duced significantly higher biliary Ch outputs (P � 0.01)
than AKR mice. Furthermore, Ch mass absorbed from the
small intestine was significantly greater in C57L mice (P �
0.01) than in AKR mice, because the latter excreted more
fecal neutral steroids compared with the former. Of note,
compared with the basal (0.02% Ch) diet, Ch absorption
efficiency measured by the mass balance method remains
unchanged in mice fed various amounts of high dietary
Ch. Taken together, these results suggest that C57L mice
absorb more Ch than AKR mice, whatever chow or high
dietary Ch is fed.

Because plant sterols have been used as Ch-lowering
agents (33–35), we examined their effects on intestinal Ch
absorption. Our results (Table 3) show that AKR and
C57L mice ate identical amounts of Ch, although various
amounts of sitostanol were fed. Sitostanol (
1%) feeding
did not cause significant changes in intestinal Ch absorption
(percentage and total mass), biliary Ch outputs, and fecal
steroid excretion. In contrast, increasing dietary sitostanol
to 2% induced a significant increase in fecal total neutral
steroid excretion (P � 0.05), as well as significant decreases
in biliary Ch outputs (P � 0.001), absorbed Ch mass (P �
0.01), and percent Ch absorption (P � 0.05) in both strains
of mice, favoring AKR mice more than C57L mice.

To further examine responses of intestinal sterol efflux
transporters to high dietary Ch and sitostanol, we studied
expression levels of Abcg5 and Abcg8 in AKR and C57L mice
fed various amounts of Ch or sitostanol. Compared with the
basal (0.02% Ch) diet, feeding 0.5% or higher dietary Ch
significantly increased expression levels of Abcg5 and Abcg8
in the jejunum and ileum (P � 0.01), but not in the duode-
num (Fig. 4A), which is associated with increased fecal neu-
tral steroid excretion (Table 2). Our results suggest that in
response to high dietary Ch (�0.5%), the jejunal and ileal
Abcg5 and Abcg8 may efflux more Ch from the enterocyte
back into the lumen and reduce its fractional absorption.
Furthermore, this kind of response was not observed in
mice fed sitostanol until its concentration in the diet was in-
creased to 2% (Fig. 4B). This suggests that the intestinal
Abcg5 and Abcg8 may be more sensitive in regulating Ch
absorption compared with sitostanol absorption.

Regulation of intestinal sterol efflux transporters by 
nuclear receptor LXR

To explore whether there is an “oxysterol-LXR-ABCG5/
G8” pathway for regulating intestinal Ch absorption, we

Fig. 3. Sterol uptake by the small intestine. To observe whether
there are differences in intestinal uptake between Ch (A) and sitos-
tanol (B), we compared their uptake rates in AKR and C57L mice.
At 45 min after dosing, the radiolabeled Ch and sitostanol uptake
by the enterocytes of C57L mice are 1.5-fold higher (P � 0.05)
compared to those in AKR mice. The small intestine absorbs signif-
icantly greater amounts of [14C]Ch (P � 0.001) than those of
[3H]sitostanol, suggesting that there may be a selective uptake
mechanism between Ch and sitostanol.
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fed AKR and C57L mice with diets under conditions in
which the Lxr gene is stimulated by the naturally occur-
ring oxysterols or the synthetic LXR agonist T0901317.
Figure 5 depicts that feeding T0901317 at a dose of 10
mg/day/kg significantly increases expression levels of
Lxr� (Fig. 5A), Abcg5 (Fig. 5B), and Abcg8 (Fig. 5C) in the
jejunum and ileum (P � 0.01) and, to a lesser extent, in
the duodenum. The relative mRNA levels for Lxr� were

very low in the mouse small intestine (data not shown).
Furthermore, the sterol balance studies revealed that fecal
total neutral steroid excretion (Fig. 5D) was significantly
increased (P � 0.05), and percent Ch absorption (Fig.
5E) was significantly reduced (P � 0.05) by the synthetic
LXR agonist feeding. This strongly suggests that the intes-
tinal transporters Abcg5 and Abcg8 may serve to efflux Ch
from the enterocyte into the intestinal lumen for elimina-

TABLE 2. Ch balance data in Ch-fed AKR and C57L mice during metabolic steady state conditions

Diet Ch Intake Biliary Ch Steroid Excretion Absorbed Cha Ch Absorptionb

 mg/day %

AKR mice
0.02% 0.82 � 0.01 1.14 � 0.08 1.75 � 0.11 0.21 � 0.03 26 � 4
0.5% 21.00 � 0.50c 1.75 � 0.17d 13.71 � 0.90c 5.54 � 0.49c 26 � 3
1.0% 41.40 � 1.14c 2.32 � 0.22c 28.88 � 0.77c 10.19 � 0.87c 25 � 3
2.0% 81.60 � 2.97c 3.41 � 0.26c 56.69 � 3.92c 21.50 � 1.67c 26 � 3

C57L mice
0.02% 0.82 � 0.02 2.11 � 0.08e 2.62 � 0.08e 0.31 � 0.02f 38 � 3g

0.5% 21.10 � 0.96h 3.07 � 0.13 f,h 10.20 � 1.08i,h 7.83 � 0.48g,h 37 � 3g

1.0% 41.20 � 0.84h 4.49 � 0.50g,j 20.88 � 1.26e,h 15.84 � 1.54g,h 38 � 3g

2.0% 82.80 � 3.03h 6.44 � 0.73g,j 46.28 � 4.96i,h 30.08 � 1.97g,h 36 � 3g

Ch, cholesterol.
a Absorbed Ch was determined by subtracting the daily fecal neutral steroid output from the daily Ch intake

and the daily biliary Ch output as measured by the HPLC methods (30).
b The percent Ch absorption was determined by the Ch balance analysis according to published methods (30).
c P � 0.0001 compared with 0.02% Ch feeding in AKR mice.
d P � 0.01 compared with 0.02% Ch feeding in AKR mice.
e P � 0.0001 compared with AKR mice fed the same amount of Ch.
f P � 0.001 compared with AKR mice fed the same amount of Ch.
g P � 0.01 compared with AKR mice fed the same amount of Ch.
h P � 0.0001 compared with 0.02% Ch feeding in C57L mice.
i P � 0.05 compared with AKR mice fed the same amount of Ch.
j P � 0.001 compared with 0.02% Ch feeding in C57L mice.

TABLE 3. Effects of sitostanol on intestinal Ch absorption in AKR and C57L mice in the metabolic steady state

Diet Ch Intake Biliary Ch Steroid Excretion Absorbed Cha Ch Absorptionb

 mg/day %

AKR mice
1.0% Ch alone 41.40 � 1.14 2.32 � 0.22 28.88 � 0.77 10.19 � 0.87 25 � 3
0.5% S � 1.0% Ch 40.20 � 1.92 2.25 � 0.23 27.32 � 1.52 10.63 � 1.33 26 � 3
1.0% S � 1.0% Ch 42.00 � 1.00 1.90 � 0.35 31.11 � 1.24 9.00 � 1.53 21 � 3
2.0% S � 1.0% Ch 39.00 � 3.24 1.14 � 0.15c 32.00 � 2.75d 5.85 � 0.91e 15 � 2f

C57L mice
1.0% Ch alone 41.20 � 0.84 4.49 � 0.50g 20.88 � 1.26h 15.84 � 1.54g 38 � 3g

0.5% S � 1.0% Ch 39.60 � 1.14 4.35 � 0.33h 20.44 � 1.24h 14.81 � 0.92g 37 � 3g

1.0% S � 1.0% Ch 42.20 � 1.92 3.80 � 0.36i 25.51 � 2.84g 12.89 � 1.41 31 � 4 j

2.0% S � 1.0% Ch 39.20 � 2.68 2.13 � 0.16h,k 28.96 � 2.15l 8.11 � 1.66 j,m 21 � 4 j,n

S, sitostanol.
a Absorbed Ch was determined by subtracting the daily fecal neutral steroid output from the daily Ch intake

and the daily biliary Ch output as measured by the HPLC methods (30).
b The percent Ch absorption was determined by the Ch balance analysis according to published methods (30).
c P � 0.0001 compared with 1% Ch feeding in AKR mice.
d P � 0.05 compared with 1% Ch feeding in AKR mice.
e P � 0.001 compared with 1% Ch feeding in AKR mice.
f P � 0.01 compared with 1% Ch feeding in AKR mice.
g P � 0.01 compared with AKR mice fed the same amounts of Ch and S.
h P � 0.0001 compared with AKR mice fed the same amounts of Ch and S.
i P � 0.001 compared with AKR mice fed the same amounts of Ch and S.
j P � 0.05 compared with AKR mice fed the same amounts of Ch and S.
k P � 0.001 compared with 1% Ch feeding in C57L mice.
l P � 0.0001 compared with 1% Ch feeding in C57L mice.
m P � 0.01 compared with 1% Ch feeding in C57L mice.
n P � 0.05 compared with 1% Ch feeding in C57L mice.
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tion. Several in vitro experiments (36–39) have shown
that trace amounts of the naturally occurring oxysterols
could influence the sterol efflux functions of ABC trans-
porters, such as ABCA1 and ABC8, by activating LXR.
However, we observed that feeding 22(R)-hydroxycholes-
terol and its isoform 22(S)-hydroxycholesterol (as a con-
trol) at a dose of 1 mg/day/kg did not influence the rela-
tive mRNA levels for Lxr�, Lxr�, Abcg5, and Abcg8 in the
small intestines of both AKR and C57L mice, fecal total
neutral steroid excretion, or percent Ch absorption (data
not shown).

Effect of bile acids on expression of intestinal sterol 
efflux transporters

Figure 6 shows expression levels of the Abcg5 and Abcg8
genes in the duodenum, jejunum, and ileum of AKR and
C57L mice fed chow, or chow supplemented with 0.5%
(by weight) bile acids for 7 days. Compared with the chow
feeding, expression levels of Abcg5 and Abcg8 in the je-
junum and ileum were essentially similar in mice fed the
hydrophilic bile acids, but were increased significantly by
CA feeding (P � 0.001), and to a lesser extent by deoxy-
cholic and dehydrocholic acid (DHCA) feeding. In con-
trast, the relative mRNA levels for Abcg5 and Abcg8 in the
duodenum were not influenced, whatever hydrophilic or
hydrophobic bile acids were fed.

DISCUSSION

In the present study, the most important findings are
that: i) sterol efflux transporters Abcg5 and Abcg8 in the
jejunum and ileum, but not in the duodenum, are major
determinants in determining, in part, variations in Ch ab-
sorption efficiency in inbred mice; ii) the jejunal and ileal
Abcg5 and Abcg8 play a main regulatory role in response
to high dietary Ch and sitostanol; iii) the absorption effi-
ciency of Ch and sitostanol in the small intestine is pre-
dominantly determined by the net results of a complex se-
ries between influx and efflux of intraluminal Ch and
sitostanol molecules crossing the apical membrane of the
enterocyte; iv) the intestinal Abcg5 and Abcg8 are in-
volved in LXR agonist-associated regulation of Ch absorp-
tion; and v) hydrophilic and hydrophobic bile acids influ-
ence Ch absorption by mediating Ch solubilization and its
physical-chemical state within the small intestinal lumen.

Sitostanol is a saturated form of sitosterol, and both are
structurally similar to Ch but differ in their side chain con-
figuration (40–42). In this study, using lymphatic sterol
transport approaches in animals with a chronic biliary fis-
tula, but in the setting of infusion of the lipid emulsion,
we observed that the higher-absorbing C57L mice dis-
played significantly higher Ch and sitostanol absorption
rates than the lower-absorbing AKR mice. Our study also

Fig. 4. To examine responses of intestinal sterol efflux transporters to high dietary Ch and sitostanol, we
studied expression levels of Abcg5 and Abcg8 in AKR and C57L mice fed various amounts of Ch and sitos-
tanol. A: Compared with the basal diet (0.02% Ch), feeding 0.5% or higher dietary Ch significantly increases
expression levels of Abcg5 and Abcg8 in the jejunum and ileum (P � 0.01), but not in the duodenum, which
is associated with increased fecal neutral steroid excretion (Table 2). These data suggest that the jejunal and
ileal Abcg5 and Abcg8 may play a major regulatory role in Ch absorption. B: However, this kind of response
is not observed in mice fed sitostanol until its concentration in the diet is increased to 2%, suggesting that
Abcg5 and Abcg8 may be more sensitive in regulating Ch absorption than sitostanol absorption. Because
real-time PCR assays were carried out in triplicate from the same sample of the pooled intestine tissues (n 	
4 per group), the error bars represent the technique variance rather than the biological variance.
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produced direct evidence demonstrating that at 12 h after
instilling radiolabeled Ch and sitostanol, cumulative ra-
dioactivity of sitostanol (2–4%) in the lymph was signifi-
cantly lower compared with that of Ch (22–36%) in both
mouse strains. Furthermore, compared with the basal diet
(0.02% Ch), higher dietary Ch (�0.5%) significantly in-
creased Abcg5 and Abcg8 mRNAs levels in the jejunum and
ileum, but not in the duodenum, favoring AKR mice more
than C57L mice. Of note is that compared with C57L

mice, AKR mice showed a significantly higher fecal total
neutral steroid excretion (Table 2). These data suggest
that in response to high dietary Ch, the jejunal and ileal
sterol transporters Abcg5 and Abcg8 may efflux more Ch
from the enterocyte back into the lumen and reduce its
fractional absorption in AKR mice than in C57L mice.
However, this kind of response was not observed in both
strains of mice fed sitostanol until its concentration in the
diet was increased to 2%, suggesting that there may be a
selective regulatory mechanism between Ch and sitostanol
absorption, and the intestinal Abcg5 and Abcg8 may be
more sensitive in the regulation of Ch absorption com-
pared with sitostanol absorption. Our findings suggest
that intestinal sterol efflux transporters Abcg5 and Abcg8
may provide a barrier to Ch and sitostanol accumulation
by promoting partial efflux of Ch and nearly complete ef-
flux of sitostanol from the enterocyte into the intestinal
lumen for elimination.

The differences in Ch absorption efficiency among
strains or individuals have been observed in animals (26–
28, 43–49) and humans (50–53). Recent studies (26–28)
suggest that such variability could result from the interac-
tion of multiple genes in the enterocyte. With inbred
mouse models, we studied whether intestinal Abcg5 and
Abcg8 influence the absorption of Ch under normal phys-
iological conditions. We found that the relative mRNA lev-
els for Abcg5 and Abcg8 in the jejunum and ileum were the
highest in AKR and A/J strains with the lowest Ch absorp-
tion efficiency. In contrast, expression levels of Abcg5 and
Abcg8 mRNAs in the jejunum and ileum were the lowest in
C57L and C57BL strains with the highest Ch absorption
efficiency. Moreover, DBA and SWR strains displayed in-
termediate mRNA levels for Abcg5 and Abcg8 in the je-
junum and ileum as well as intermediate values for Ch
absorption efficiency. Our results demonstrate that ex-
pression levels of Abcg5 and Abcg8 in the jejunum and il-
eum are reduced with increasing Ch absorption efficiency,
suggesting a strikingly reverse relationship between ex-
pression levels of the jejunal and ileal Abcg5 and Abcg8 and
percent Ch absorption in chow-fed mice; however, they do
not reach statistically significant differences. Nevertheless,
our results suggest that the jejunal and ileal sterol efflux
transporters Abcg5 and Abcg8 may determine, in part,
variations in Ch absorption efficiency among inbred mice.
Moreover, expression levels of the duodenal Abcg5 and
Abcg8 were essentially similar among these inbred mice
with diverse Ch absorption efficiency and were not influ-
enced in mice challenged with various amounts of Ch, si-
tostanol, hydrophilic bile acid, or hydrophobic bile acid.
Especially, the sterol uptake studies showed that the du-
odenum and jejunum accumulated the most radioactivity
following the administration of radiolabeled Ch and sitos-
tanol, which is 1.5-fold higher in the higher-absorbing
C57L mice than in the lower-absorbing AKR mice.

More recently, Altmann et al. (54) found that disrup-
tion of the NPC1L1 gene encoding the Niemann-Pick C1
Like 1 protein (NPC1L1) induces a significant decrease in
intestinal Ch absorption in mice. They (54) also observed
that ezetimibe lowered Ch absorption by �70% in the

Fig. 5. Regulation of intestinal Abcg5 and Abcg8 by nuclear re-
ceptor lipid X receptor (LXR). Compared with the vehicle control,
feeding the synthetic LXR agonist N-(2,2,2-trifluoro-ethyl)-N-[4-
(2,2,2-trifluoro-1-hydroxy-1-trifluoromethyl-ethyl)phenyl]benzene-
sulfonamide (T0901317) at a dose of 10 mg/day/kg significantly
increases expression levels of Lxr� (A), Abcg5 (B), and Abcg8 (C) in
the jejunum and ileum (P � 0.01) and to a lesser extent in the
duodenum. Of note is that because real-time PCR assays were car-
ried out in triplicate from the same sample of the pooled intestine
tissues (n 	 4 per group), the error bars represent the technique
variance rather than the biological variance. Furthermore, the ste-
rol balance analysis (30) reveals that fecal neutral steroid excretion
is significantly increased (D), but percent Ch absorption is signifi-
cantly reduced by the synthetic LXR agonist (E), suggesting that
Abcg5 and Abcg8 may serve to efflux Ch from the enterocyte into
the intestinal lumen and reduce its fractional absorption. * P �
0.05.
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wild-type mice, and this level of Ch absorption was similar
to that seen in NPC1L1 knockout mice not treated with
ezetimibe. Thus, NPC1L1 was proposed to be a sterol in-
flux transporter in the small intestine, which may be criti-
cal for intestinal uptake of sterols. Furthermore, the
expression levels of NPC1L1 mRNA and protein are rela-
tively higher in the proximal small intestine of rats and
relatively lower in the distal small intestine (54). There-
fore, our results support the concept that the main sites of
Ch absorption are the duodenum and proximal jejunum
(55–58). It is important to note that in the chow-fed
mouse, the expression levels of Abcg5 and Abcg8 in the
duodenum and jejunum are somewhat greater compared
with those in the ileum as measured by Northern blot
analysis (3, 5, 24). In this study, the relative mRNA levels
for Abcg5 and Abcg8 are slightly higher in the jejunum and
ileum than in the duodenum, as assayed by our highly
precise, quantitative real-time PCR methods. A possible
explanation for these differences is that other research
groups (3, 5, 24) extracted total RNA from the entire in-
testinal mucosa of three segments with length ratios of
1:1:1 (duodenum-jejunum-ileum). We cut the small intes-

tines into three segments with length ratios of 1:3:2
(duodenum-jejunum-ileum). Then, the middle 1.5 cm of
intestinal tissue in each segment from four mice per
group was pooled, which was used for total RNA extrac-
tion. Another reason is possibly due to different murine
genetic backgrounds.

“Uptake of cholesterol” refers to the entry of Ch into in-
testinal absorption cells (1, 2). To investigate whether
there are differences in intestinal uptake between Ch and
sitostanol, we compared their uptake rates in AKR and
C57L mice. Our results show that at 45 min after dosing,
radiolabeled Ch and sitostanol uptake by the enterocytes
of C57L mice was 1.5-fold higher compared with AKR
mice. Furthermore, the fact that Ch is absorbed more
than the structurally similar sitostanol in both strains of
mice suggests that there may be a selective uptake mecha-
nism between Ch and sitostanol, and a Ch transporter(s)
(54, 59–63) may be localized at the apical membrane that
facilitates selective Ch but not sitostanol uptake by the en-
terocyte. It is important to note that the techniques used
in the present study cannot determine the amounts of ste-
rols that are resecreted into the intestinal lumen by the

Fig. 6. The relative mRNA levels for Abcg5 and Abcg8 in the duodenum, jejunum, and ileum of AKR and
C57L mice fed chow, or chow supplemented with 0.5% (by weight) bile acids. Top arrows show increasing hy-
drophobicity indices of the biliary bile salt pools in mice fed the corresponding bile acids (31). Because of
distinct hepatic metabolism of some of the congener series, the hydrophobicity indices of the bile salt pools
are changed markedly as a result. Therefore, hydrophobicity indices of specific bile acids do not parallel
those of the secreted bile salts in the corresponding hepatic biles (31). Please note that expression levels of
the two transporter genes in the duodenum are not influenced by bile acid feeding. Furthermore, compared
with the chow feeding, the relative mRNA levels for Abcg5 and Abcg8 in the jejunum and ileum are similar in
mice fed hydrophilic bile acids, but are increased significantly by cholic acid (CA) feeding (P � 0.001) and
somewhat by deoxycholic and dehydrocholic acids (DHCAs). This response may be an indirect effect be-
cause intestinal Abcg5 and Abcg8 are very sensitive, through the oxysterol reporter LXR, to the mass of ab-
sorbed Ch and probably biliary (and dietary) oxysterols (65) induced by CA. Again, because real-time PCR
assays were carried out in triplicate from the same sample of pooled intestine tissues (n 	 4 per group), the
error bars represent the technique variance rather than the biological variance. CDCA, chenodeoxycholic
acid; DCA, deoxycholic acid; HCA, hyocholic acid; HDCA, hyodeoxycholic acid; MCA, muricholic acid;
UCA, ursocholic acid; UDCA, ursodeoxycholic acid.
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Abcg5 and Abcg8 pathway. However, in the previous study
of small intestinal transit in mice (26), we found that 30
min after the installation of radiolabeled sitostanol into
the small intestine through the duodenal catheter, the ra-
dioactivity can be detected at the end of small intestine,
i.e., in the ileum, but not in the cecum or large intestine.
Accordingly, we arbitrarily define that within 45 min the
intestinal sterol uptake is a predominant event, and there
is no more or less efflux of sterols from the enterocyte
back to the lumen. Furthermore, it is imperative to investi-
gate whether the newly identified intestinal sterol influx
transporter NPC1L1 (54) plays a critical role in determin-
ing Ch absorption efficiency and in regulating Ch and si-
tostanol absorption in healthy inbred mice.

To explore the role of “oxysterol-LXR�-ABCG5/G8 path-
way” in the regulation of Ch absorption, we challenged
mice with diets under conditions in which the Lxr� gene
is stimulated by the naturally occurring oxysterols or the
synthetic LXR ligand. Several in vitro experiments (36–
39) have showed that trace amounts of 22(R)-hydroxycho-
lesterol, but not its isoform 22(S)-hydroxycholesterol,
could influence the lipid efflux functions of ABC trans-
porters such as ABCA1 and ABC8 by activating LXR. We
observed that feeding these two oxysterols did not influ-
ence the expression levels of the intestinal Lxr�, Abcg5, or
Abcg8 in mice. Most likely, under chow feeding conditions
mouse small intestine contains large amounts of hydro-
philic bile salts secreted by the liver, which does not favor
their absorption by the enterocyte (31, 64). In contrast,
feeding the synthetic LXR ligand T0901317 upregulated

expression levels of the intestinal Lxr�, Abcg5, and Abcg8,
increased fecal neutral steroid excretion, and reduced
fractional absorption of Ch. Clearly, additional in vivo ex-
periments are required to evaluate the role of the natu-
rally occurring oxysterols in the regulation of Ch absorp-
tion.

Consistent with previous findings (31), we found that
the relative mRNA levels for the duodenal Abcg5 and
Abcg8 were not influenced by hydrophilic or hydrophobic
bile acid feeding. Furthermore, compared with the chow
diet, expression levels of the jejunal and ileal Abcg5 and
Abcg8 mRNAs were not influenced by the hydrophilic bile
acid feeding but were increased significantly by CA feed-
ing and slightly by deoxycholic and DHCAs. In an experi-
ment with a small number of mice (L-P. Duan, H. H.
Wang, and D. Q.-H. Wang, unpublished observations), we
found that CA-fed C57L mice display markedly higher Ch
absorption efficiency compared with AKR mice treated
with deoxycholic or DHCAs, although the relative mRNA
levels for Abcg5 and Abcg8 in the jejunum and ileum of
AKR mice fed deoxycholic and DHCAs are similar to
those in C57L mice fed CA. Taken together, this response
is most likely an indirect effect because gene expression of
these two sterol efflux transporters is highly sensitive to
the larger amounts of absorbed Ch that is augmented
mainly by fed CA. Another possible explanation is that CA
may promote intestinal absorption of biliary (and dietary)
oxysterols (65) that bind and activate the oxysterol recep-
tor LXR, a transcriptional regulator of the two sterol ef-
flux transporter genes (24). Our results did not exclude
the possibility that CA per se may have a specific enhanc-
ing effect on the expression of the Abcg5 and Abcg8 genes.
As inferred from the gene expression studies, our data
support the notion that hydrophilic and hydrophobic bile
acids may influence Ch absorption mainly by mediating
intraluminal micellar Ch solubilization and its physical-
chemical state (31).

In summary, our results show that under normal physio-
logical conditions, the absorption of Ch and sitostanol
may be mainly regulated by the jejunal and ileal Abcg5
and Abcg8 in mice challenged with high dietary Ch and si-
tostanol. Furthermore, our studies suggest that the ab-
sorption efficiency of Ch and sitostanol in the small intes-
tine of mice may be determined principally by the net
results between influx and efflux of intraluminal Ch and
sitostanol molecules crossing the brush border of the en-
terocyte (Fig. 7). More importantly, understanding the
molecular, genetic, and biochemical regulation of intesti-
nal Ch absorption may lead to novel targets and strategies,
through inhibiting intestinal Ch absorption, for the pre-
vention of these Ch-related diseases, such as atherosclero-
sis and Ch gallstones, that affect millions of people in
Westernized societies.

D.Q-H.W. is a recipient of a New Scholar Award from the El-
lison Medical Foundation (1999–2003). This work was sup-
ported in part by the Ellison Medical Foundation, as well as Re-
search Grant DK-54012 from the National Institutes of Health
(US Public Health Service).

Fig. 7. Intestinal Ch absorption is a multistep process that is regu-
lated by multiple genes. The Niemann-Pick C1 Like 1 protein
(NPC1L1), a newly identified sterol influx transporter, is located at
the apical membrane of the enterocyte (54), which may actively fa-
cilitate the uptake of Ch. ABCG5 and ABCG8 promote partial ef-
flux of Ch and nearly complete efflux of plant sterols from the en-
terocyte into the intestinal lumen. NPC1L1, ABCG5, and ABCG8
may play a critical role in modulating the amount of Ch that
reaches the lymph from the intestinal lumen. Also, several proteins
involved in other steps in the absorption process, e.g., LXR�, acyl-
CoA:Ch acyltransferase isoform 2 (ACAT2), apolipoprotein B48
(APO-B48), and microsomal triglyceride transfer protein (MTP) in
the enterocyte, may exert major influences on Ch absorption. Fur-
thermore, the absorption efficiency of Ch and sitostanol in the
duodenum, jejunum, and ileum may be different, which may be
mainly determined by the net results of a complex series between
influx and efflux of intraluminal Ch and sitostanol molecules cross-
ing the apical brush board membrane of the enterocyte.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1322 Journal of Lipid Research Volume 45, 2004

REFERENCES

1. Wang, D. Q-H. 2003. New concepts of mechanisms of intestinal
cholesterol absorption. Ann. Hepatol. 2: 113–121.

2. Turley, S. D., and J. M. Dietschy. 2003. Sterol absorption by the
small intestine. Curr. Opin. Lipidol. 14: 233–240.

3. Berge, K. E., H. Tian, G. A. Graf, L. Yu, N. V. Grishin, J. Schultz, P.
Kwiterovich, B. Shan, R. Barnes, and H. H. Hobbs. 2000. Accumu-
lation of dietary cholesterol in sitosterolemia caused by mutations
in adjacent ABC transporters. Science. 290: 1771–1775.

4. Lee, M. H., K. Lu, S. Hazard, H. Yu, S. Shulenin, H. Hidaka, H.
Kojima, R. Allikmets, N. Sakuma, R. Pegoraro, A. K. Srivastava, G.
Salen, M. Dean, and S. B. Patel. 2001. Identification of a gene,
ABCG5, important in the regulation of dietary cholesterol absorp-
tion. Nat. Genet. 27: 79–83.

5. Yu, L., J. Li-Hawkins, R. E. Hammer, K. E. Berge, J. D. Horton, J. C.
Cohen, and H. H. Hobbs. 2002. Overexpression of ABCG5 and
ABCG8 promotes biliary cholesterol secretion and reduces frac-
tional absorption of dietary cholesterol. J. Clin. Invest. 110: 671–680.

6. Yu, L., R. E. Hammer, J. Li-Hawkins, K. von Bergmann, D. Lutjo-
hann, J. C. Cohen, and H. H. Hobbs. 2002. Disruption of Abcg5
and Abcg8 in mice reveals their crucial role in biliary cholesterol
secretion. Proc. Natl. Acad. Sci. USA. 99: 16237–16242.

7. Yu, L., J. York, K. von Bergmann, D. Lutjohann, J. C. Cohen, and
H. H. Hobbs. 2003. Stimulation of cholesterol excretion by the
liver X receptor agonist requires ATP-binding cassette transporters
G5 and G8. J. Biol. Chem. 278: 15565–15570.

8. Plosch, T., V. W. Bloks, Y. Terasawa, S. Berdy, K. Siegler, F. Van Der
Sluijs, I. P. Kema, A. K. Groen, B. Shan, F. Kuipers, and M.
Schwarz. 2004. Sitosterolemia in ABC-transporter G5-deficient
mice is aggravated on activation of the liver-X receptor. Gastroenter-
ology. 126: 290–300.

9. Klett, E. L., K. Lu, A. Kosters, E. Vink, M. H. Lee, M. Altenburg,
S. Shefer, A. K. Batta, H. Yu, J. Chen, R. Klein, N. Looije, R. Oude-
Elferink, A. K. Groen, N. Maeda, G. Salen, and S. B. Patel. 2004. A
mouse model of sitosterolemia: absence of Abcg8/sterolin-2
results in failure to secrete biliary cholesterol. BMC Med. 2: 5–26.

10. Lu, K., M. H. Lee, H. Yu, Y. Zhou, S. A. Sandell, G. Salen, and S. B.
Patel. 2002. Molecular cloning, genomic organization, genetic
variations, and characterization of murine sterolin genes Abcg5
and Abcg8. J. Lipid Res. 43: 565–578.

11. Bhattacharyya, A. K., and W. E. Connor. 1974. �-Sitosterolemia
and xanthomatosis. A newly described lipid storage disease in two
sisters. J. Clin. Invest. 53: 1033–1043.

12. Shulman, R. S., A. K. Bhattacharyya, W. E. Connor, and D. S. Fred-
rickson. 1976. �-Sitosterolemia and xanthomatosis. N. Engl. J. Med.
294: 482–483.

13. Salen, G., G. S. Tint, S. Shefer, V. Shore, and L. Nguyen. 1992. In-
creased sitosterol absorption is offset by rapid elimination to pre-
vent accumulation in heterozygotes with sitosterolemia. Arterioscler.
Thromb. 12: 563–568.

14. Miettinen, T. A. 1980. Phytosterolaemia, xanthomatosis and pre-
mature atherosclerotic arterial disease: a case with high plant ste-
rol absorption, impaired sterol elimination and low cholesterol
synthesis. Eur. J. Clin. Invest. 10: 27–35.

15. Salen, G., V. Shore, G. S. Tint, T. Forte, S. Shefer, I. Horak, E.
Horak, B. Dayal, L. Nguyen, A. K. Batta, F. T. Lindgren, and P. O.
Kwiterovich, Jr. 1989. Increased sitosterol absorption, decreased
removal, and expanded body pools compensate for reduced cho-
lesterol synthesis in sitosterolemia with xanthomatosis. J. Lipid Res.
30: 1319–1330.

16. Lutjohann, D., I. Bjorkhem, U. F. Beil, and K. von Bergmann.
1995. Sterol absorption and sterol balance in phytosterolemia eval-
uated by deuterium-labeled sterols: effect of sitostanol treatment.
J. Lipid Res. 36: 1763–1773.

17. Gould, R. G., R. J. Jones, G. V. LeRoy, R. W. Wissler, and C. B. Tay-
lor. 1969. Absorbability of �-sitosterol in humans. Metabolism. 18:
652–662.

18. Edwards, P. A., M. A. Kennedy, and P. A. Mak. 2002. LXRs; oxy-
sterol-activated nuclear receptors that regulate genes controlling
lipid homeostasis. Vascul. Pharmacol. 38: 249–256.

19. Chawla, A., J. J. Repa, R. M. Evans, and D. J. Mangelsdorf. 2001.
Nuclear receptors and lipid physiology: opening the X-files. Sci-
ence. 294: 1866–1870.

20. Repa, J. J., S. D. Turley, J. A. Lobaccaro, J. Medina, L. Li, K. Lustig,
B. Shan, R. A. Heyman, J. M. Dietschy, and D. J. Mangelsdorf.

2000. Regulation of absorption and ABC1-mediated efflux of cho-
lesterol by RXR heterodimers. Science. 289: 1524–1529.

21. Plosch, T., T. Kok, V. W. Bloks, M. J. Smit, R. Havinga, G. Chimini,
A. K. Groen, and F. Kuipers. 2002. Increased hepatobiliary and fe-
cal cholesterol excretion upon activation of the liver X receptor is
independent of ABCA1. J. Biol. Chem. 277: 33870–33877.

22. Mulligan, J. D., M. T. Flowers, A. Tebon, J. J. Bitgood, C. Welling-
ton, M. R. Hayden, and A. D. Attie. 2003. ABCA1 is essential for ef-
ficient basolateral cholesterol efflux during the absorption of di-
etary cholesterol in chickens. J. Biol. Chem. 278: 13356–13366.

23. Attie, A. D., Y. Hamon, A. R. Brooks-Wilson, M. P. Gray-Keller,
M. L. MacDonald, V. Rigot, A. Tebon, L. H. Zhang, J. D. Mulligan,
R. R. Singaraja, J. J. Bitgood, M. E. Cook, J. J. Kastelein, G.
Chimini, and M. R. Hayden. 2002. Identification and functional
analysis of a naturally occurring E89K mutation in the ABCA1
gene of the WHAM chicken. J. Lipid Res. 43: 1610–1617.

24. Repa, J. J., K. E. Berge, C. Pomajzl, J. A. Richardson, H. H. Hobbs,
and D. J. Mangelsdorf. 2002. Regulation of ATP-binding cassette
sterol transporters ABCG5 and ABCG8 by the liver X receptors �
and �. J. Biol. Chem. 277: 18793–18800.

25. Lawn, R. M., D. P. Wade, T. L. Couse, and J. N. Wilcox. 2001. Local-
ization of human ATP-binding cassette transporter 1 (ABC1) in
normal and atherosclerotic tissues. Arterioscler. Thromb. Vasc. Biol.
21: 378–385.

26. Wang, D. Q-H., B. Paigen, and M. C. Carey. 2001. Genetic factors
at the enterocyte level account for variations in intestinal choles-
terol absorption efficiency among inbred strains of mice. J. Lipid
Res. 42: 1820–1830.

27. Schwarz, M., D. L. Davis, B. R. Vick, and D. W. Russell. 2001. Ge-
netic analysis of intestinal cholesterol absorption in inbred mice. J.
Lipid Res. 42: 1801–1811.

28. Jolley, C. D., J. M. Dietschy, and S. D. Turley. 1999. Genetic differ-
ences in cholesterol absorption in 129/Sv and C57BL/6 mice: ef-
fect on cholesterol responsiveness. Am. J. Physiol. 276: G1117–
G1124.

29. Wang, D. Q-H., F. Lammert, B. Paigen, and M. C. Carey. 1999. Phe-
notypic characterization of Lith genes that determine susceptibility
to cholesterol cholelithiasis in inbred mice: pathophysiology of bil-
iary lipid secretion. J. Lipid Res. 40: 2066–2079.

30. Wang, D. Q-H., and M. C. Carey. 2003. Measurement of intestinal
cholesterol absorption by plasma and fecal dual-isotope ratio, mass
balance, and lymph fistula methods in the mouse: an analysis of di-
rect versus indirect methodologies. J. Lipid Res. 44: 1042–1059.

31. Wang, D. Q-H., S. Tazuma, D. E. Cohen, and M. C. Carey. 2003.
Feeding natural hydrophilic bile acids inhibits intestinal choles-
terol absorption: studies in the gallstone-susceptible mouse. Am. J.
Physiol. 285: G494–G502.

32. Wang, D. Q.-H., B. Paigen, and M. C. Carey. Phenotypic character-
ization of Lith genes that determine susceptibility to cholesterol
cholelithiasis in inbred mice: physical-chemistry of gallbladder
bile. J. Lipid Res. 38: 1395–1411.

33. Miettinen, T. A., P. Puska, H. Gylling, H. Vanhanen, and E.
Vartiainen. 1995. Reduction of serum cholesterol with sitostanol-
ester margarine in a mildly hypercholesterolemic population. N.
Engl. J. Med. 333: 1308–1312.

34. Ostlund, R. E., Jr., S. B. Racette, A. Okeke, and W. F. Stenson.
2002. Phytosterols that are naturally present in commercial corn
oil significantly reduce cholesterol absorption in humans. Am. J.
Clin. Nutr. 75: 1000–1004.

35. Maki, K. C., M. H. Davidson, D. M. Umporowicz, E. J. Schaefer,
M. R. Dicklin, K. A. Ingram, S. Chen, J. R. McNamara, B. W. Geb-
hart, J. D. Ribaya-Mercado, G. Perrone, S. J. Robins, and W. C.
Franke. 2001. Lipid responses to plant-sterol-enriched reduced-fat
spreads incorporated into a National Cholesterol Education Pro-
gram Step I diet. Am. J. Clin. Nutr. 74: 33–43.

36. Janowski, B. A., P. J. Willy, T. R. Devi, J. R. Falck, and D. J. Mangels-
dorf. 1996. An oxysterol signalling pathway mediated by the nu-
clear receptor LXR�. Nature. 383: 728–731.

37. Costet, P., Y. Luo, N. Wang, and A. R. Tall. 2000. Sterol-dependent
transactivation of the ABC1 promoter by the liver X receptor/reti-
noid X receptor. J. Biol. Chem. 275: 28240–28245.

38. Venkateswaran, A., J. J. Repa, J. M. Lobaccaro, A. Bronson, D. J.
Mangelsdorf, and P. A. Edwards. 2000. Human white/murine
ABC8 mRNA levels are highly induced in lipid-loaded macro-
phages. A transcriptional role for specific oxysterols. J. Biol. Chem.
275: 14700–14707.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Duan, Wang, and Wang Regulation of intestinal cholesterol absorption 1323

39. Laffitte, B. A., J. J. Repa, S. B. Joseph, D. C. Wilpitz, H. R. Kast, D. J.
Mangelsdorf, and P. Tontonoz. 2001. LXRs control lipid-inducible
expression of the apolipoprotein E gene in macrophages and adi-
pocytes. Proc. Natl. Acad. Sci. USA. 98: 507–512.

40. Moghadasian, M. H., and J. J. Frohlich. 1999. Effects of dietary
phytosterols on cholesterol metabolism and atherosclerosis: clini-
cal and experimental evidence. Am. J. Med. 107: 588–594.

41. Nguyen, T. T. 1999. The cholesterol-lowering action of plant stanol
esters. J. Nutr. 129: 2109–2112.

42. Ling, W. H., and P. J. H. Jones. 1995. Dietary phytosterols: a review
of metabolism, benefits and side effects. Life Sci. 57: 195–206.

43. Bhattacharyya, A. K., and D. A. Eggen. 1980. Cholesterol absorp-
tion and turnover in rhesus monkey as measured by two methods.
J. Lipid Res. 21: 518–524.

44. Lofland, H. B., Jr., T. B. Clarkson, R. W. St. Clair, and N. D. M. Leh-
ner. 1972. Studies on the regulation of plasma cholesterol levels in
squirrel monkeys of two genotypes. J. Lipid Res. 13: 39–47.

45. Beynen, A. C., G. W. Meijer, A. G. Lemmens, J. F. C. Glatz, A. Ver-
sluis, M. B. Katan, and L. F. M. Van Zutphen. 1989. Sterol balance
and cholesterol absorption in inbred strains of rabbits hypo- or hy-
perresponsive to dietary cholesterol. Atherosclerosis. 77: 151–157.

46. Van Zutphen, L. F. M., and R. R. Fox. 1977. Strain differences in
response to dietary cholesterol by JAX rabbits: correlation with es-
terase patterns. Atherosclerosis. 28: 435–446.

47. Van Zutphen, L. F. M., and M. G. C. W. Den Bieman. 1981. Choles-
terol response in inbred strains of rats, Rattus norvegicus. J. Nutr.
111: 1833–1838.

48. Kirk, E. A., G. L. Moe, M. T. Caldwell, J. A. Lernmark, D. L. Wilson,
and R. C. LeBoeuf. 1995. Hyper- and hypo-responsiveness to di-
etary fat and cholesterol among inbred mice: searching for level
and variability genes. J. Lipid Res. 36: 1522–1532.

49. Carter, C. P., P. N. Howles, and D. Y. Hui. 1997. Genetic variation
in cholesterol absorption efficiency among inbred strains of mice.
J. Nutr. 127: 1344–1348.

50. Kesaniemi, Y. A., and T. A. Miettinen. 1987. Cholesterol absorption
efficiency regulates plasma cholesterol level in the Finnish popula-
tion. Eur. J. Clin. Invest. 17: 391–395.

51. McNamara, D. J., R. Kolb, T. S. Parker, H. Batwin, P. Samuel, C. D.
Brown, and E. H. Ahrens, Jr. 1987. Heterogeneity of cholesterol
homeostasis in man. Response to changes in dietary fat quality and
cholesterol quantity. J. Clin. Invest. 79: 1729–1739.

52. Sehayek, E., C. Nath, T. Heinemann, M. McGee, C. E. Seidman, P.
Samuel, and J. L. Breslow. 1998. U-shape relationship between
change in dietary cholesterol absorption and plasma lipoprotein
responsiveness and evidence for extreme interindividual variation
in dietary cholesterol absorption in humans. J. Lipid Res. 39: 2415–
2422.

53. Bosner, M. S., L. G. Lange, W. F. Stenson, and R. E. Ostlund, Jr.

1999. Percent cholesterol absorption in normal women and men
quantified with dual stable isotopic tracers and negative ion mass
spectrometry. J. Lipid Res. 40: 302–308.

54. Altmann, S. W., H. R. Davis, Jr., L-J. Zhu, X. Yao, L. M. Hoos, G.
Tetzloff, S. P. Iyer, M. Maguire, A. Golovko, M. Zeng, L. Wang, N.
Murgolo, and M. P. Graziano. 2004. Niemann-Pick C1 Like 1 pro-
tein is critical for intestinal cholesterol absorption. Science. 303:
1201–1204.

55. Swell, L., E. C. Trout, Jr., J. R. Hopper, H. Field, Jr., and C. R.
Treadwell. 1958. Mechanism of cholesterol absorption. II. Changes
in free and esterified cholesterol pools of mucosa after feeding
cholesterol-4-C14. J. Biol. Chem. 233: 49–53.

56. Borgström, B. 1960. Studies on intestinal cholesterol absorption in
the human. J. Clin. Invest. 39: 809–815.

57. Arnesjö, B., A. Nilsson, J. Barrowman, and B. Borgström. 1969. In-
testinal digestion and absorption of cholesterol and lecithin in the
human. Intubation studies with a fat-soluble reference substance.
Scand. J. Gastroenterol. 4: 653–665.

58. Sylvén, C., and C. Nordström. 1970. The site of absorption of cho-
lesterol and sitosterol in the rat small intestine. Scand. J. Gastroen-
terol. 5: 57–63.

59. Thurnhofer, H., and H. Hauser. 1990. Uptake of cholesterol by
small intestinal brush border membrane is protein-mediated. Bio-
chemistry. 29: 2142–2148.

60. Kramer, W., H. Glombik, S. Petry, H. Heuer, H. Schafer, W. Wendler,
D. Corsiero, F. Girbig, and C. Weyland. 2000. Identification of bind-
ing proteins for cholesterol absorption inhibitors as components
of the intestinal cholesterol transporter. FEBS Lett. 487: 293–297.

61. Hernandez, M., J. Montenegro, M. Steiner, D. Kim, C. Sparrow,
P. A. Detmers, S. D. Wright, and Y. S. Chao. 2000. Intestinal absorp-
tion of cholesterol is mediated by a saturable, inhibitable trans-
porter. Biochim. Biophys. Acta. 1486: 232–242.

62. Detmers, P. A., S. Patel, M. Hernandez, J. Montenegro, J. M. Lis-
nock, B. Pikounis, M. Steiner, D. Kim, C. Sparrow, Y. S. Chao, and
S. D. Wright. 2000. A target for cholesterol absorption inhibitors
in the enterocyte brush border membrane. Biochim. Biophys. Acta.
1486: 243–252.

63. Kramer, W., F. Girbig, D. Corsiero, K. Burger, F. Fahrenholz, C.
Jung, and G. Muller. 2003. Intestinal cholesterol absorption: iden-
tification of different binding proteins for cholesterol and choles-
terol absorption inhibitors in the enterocyte brush border mem-
brane. Biochim. Biophys. Acta. 1633: 13–26.

64. Wang, D. Q-H., F. Lammert, D. E. Cohen, B. Paigen, and M. C.
Carey. 1999. Cholic acid aids absorption, biliary secretion, and
phase transitions of cholesterol in murine cholelithogenesis. Am. J.
Physiol. 276: G751–G760.

65. Haigh, W. G., and S. P. Lee. 2001. Identification of oxysterols in
human bile and pigment gallstones. Gastroenterology. 121: 118–123.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

