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  Beginning in 1974, the identifi cation of sitosterolemia 
( 1 ), a rare recessive disorder characterized by elevated plasma 
and tissue concentrations of phytosterols, has focused at-
tention on the basic molecular processes that govern how 
the body normally absorbs animal-derived dietary choles-
terol while excluding all other similarly structured plant-
derived sterols, generally called phytosterols. Phytosterols, 
including campesterol, stigmasterol, and sitosterol, differ 
from cholesterol mainly in possessing one or two addi-
tional carbons in side chains at C24. The average North 
American diet contains about equal amounts of choles-
terol and phytosterols ( � 150–400 mg/day) ( 2–5 ), yet <5% 
of phytosterols are absorbed compared with  � 50% of cho-
lesterol ( 4, 6 ). Thus in healthy individuals, sensitive mech-
anisms exist that allow the body to distinguish among 
modestly different sterol structures. 

 In general, different species of sterols have different ab-
sorption effi ciencies; the closer the structural similarity to 
the cholesterol molecule, the higher the percentage ab-
sorption ( 4, 7 ). Even mildly hypercholesterolemic patients 
have serum concentrations of phytosterols that are 500 
(campesterol) to 20,000 (sitosterol) times lower than that 
of cholesterol. Patients with sitosterolemia have increased 
fractional sterol absorption rates and impaired biliary se-
cretion of neutral sterols, resulting in accumulations of 
these sterols in the blood and tissues ( 1, 8 ), premature ath-
erosclerosis, and tendon/skin xanthomatosis ( 8, 9 ). Sitos-
terolemia has been linked to mutations in either adenosine 
triphosphate-binding cassette transporter G5 or G8 
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led us to question what actually happens in animal models 
in vivo. 

 We hypothesized that sterols enter the enterocyte 
through the brush border membrane via a Niemann-Pick 
C1-like 1 (NPC1L1)-mediated process but that G5G8 can 
limit the substrate availability for ACAT2 esterifi cation by 
subsequently excreting newly absorbed phytosterols and 
cholesterol out of the cell, in the process possibly decreas-
ing the overall absorption effi ciency of both sterols. In 
addition, sterol esterification by ACAT2 may enhance 
absorption effi ciency by generating sterol esters that get 
packaged into chylomicron particles for secretion into 
lymph and, in the process, become unavailable to G5G8. 

 In this study, we investigated the relative contributions 
of G5G8 and ACAT2 in intestinal cholesterol absorption 
compared and contrasted with phytosterol absorption. 
Using the thoracic lymph duct cannulation (TLDC) tech-
nique, which allows for quantitative collection of newly 
absorbed sterols after a meal and characterization of chy-
lomicron particles, this study directly addressed the follow-
ing question: How does the absence of G5G8 affect 
cholesterol esterifi cation and absorption effi ciency during 
sterol metabolism in enterocytes of physiologically intact 
mice? 

 MATERIALS AND METHODS 

 Animals and diets 
 All mice used in these studies were housed in the animal facil-

ity at the Wake Forest School of Medicine (WFSM), which is ap-
proved by the American Association for Accreditation of Laboratory 
Animal Care; the Institutional Animal Care and Use Committee 
approved all protocols prior to execution. Male wild-type (WT), 
ACAT2  � / �  , G5G8  � / �  , and ACAT2  � / �  G5G8  � / �   (DKO) mice were 
colony mates with an identical mixed background (81.25% 
C57BL/6, 12.5% 129SvJae, 6.25% 129SvEv). ACAT2-defi cient mice 
were originally generated by Buhman et al. ( 20 ), using targeted 
deletion of a portion of the  Soat2  gene to remove the carboxy-
terminal 28% of the ACAT2 protein. G5G8-defi cient mice were 
generated as described by Yu et al. ( 24 ). Briefl y, the murine  Abcg5  
and  Abcg8  genes, similar to the human genes, are located in a 
head-to-head position within 400 bp of each other. To generate 
mice that were homozygous for disrupted  Abgc5  and  Abcg8  allele, 
the region spanning intron 2 of  Abcg5  and intron 3 of  Abcg8  was 
deleted, rendering dysfunctional proteins without the Walker A 
sequences at the ATP-binding site. Mice used in this study were 
the offspring of matings between mice heterozygous for dis-
rupted  Abgc5  and  Abcg8  alleles and mice heterozygous for a dis-
rupted  Soat2  allele. Mice were maintained on a rodent chow diet 
until 11–12 weeks of age, when feeding was begun with a semisyn-
thetic saturated fat diet (sat. diet) containing 20% of energy as 
palm oil and 0.2% (wt/wt) cholesterol for fi ve weeks. This diet 
was chosen because it is relatively low in plant sterol and more 
representative of a human-like diet than chow. In one study, mice 
(n = 9–10 mice/genotype) underwent TLDC surgery for direct 
measurement of sterol absorption from a meal using radioactive 
tracers, followed by plasma and tissue collection. In another 
study, a baseline blood sample was taken from mice (n = 7–8/
genotype) prior to study initiation, the sat. diet was then fed for 
fi ve weeks and an additional blood sample was taken, a three-day 
fecal sample was collected for measurement of fecal neutral sterol 
excretion ( 25 ), and fi nally, tissues were harvested after euthanasia 

(ABCG5 or ABCG8), which are expressed almost exclusively 
in hepatocytes and enterocytes forming a heterodimer 
(G5G8) typically localized to the plasma membrane ( 10, 11 ). 
Another protein that is expressed exclusively in the same 
two cell types is acyl CoA:cholesterol acyltransferase type 2 
(ACAT2), a cholesterol-esterifying enzyme residing in the 
endoplasmic reticulum (ER) membrane ( 12 ). 

 Mice lacking G5G8 have phenotypes resembling pa-
tients with sitosterolemia, including increased fractional 
absorption of noncholesterol sterols, marked accumula-
tion of sitosterol and campesterol in the blood and liver, 
reduced levels of biliary cholesterol, and various hemolytic 
disorders ( 7, 13   ). These fi ndings suggested that the physi-
ological role of G5G8 is to limit phytosterol accumulation 
in the body by limiting its absorption in the intestine and 
by promoting its secretion from the liver. Because sitoster-
olemic patients and G5G8 knockout (G5G8  � / �  ) mice can 
still maintain the same rank order of absorption effi ciency 
(cholesterol > campesterol > sitosterol), it has been sug-
gested that other proteins independent of G5G8 are re-
sponsible for the selectivity of cholesterol over phytosterol 
absorption ( 13, 14 ). 

 In the enterocyte, the esterifi cation of a free cholesterol 
(FC) molecule with a fatty acid from acyl-CoA to synthesize 
a cholesterol ester (CE) molecule changes the physico-
chemical state of cholesterol from a relatively membrane-
soluble lipid into a more insoluble CE molecule that must 
be packaged into the neutral lipid core of chylomicron 
particles for transport ( 15 ). Chylomicrons are secreted di-
rectly into the lymphatic system where they pool in the 
cisternae chyli, travel up the thoracic lymph duct, and en-
ter the circulatory system at the subclavian vein ( 15, 16 ). 
Although the cross-talk between G5G8 and ACAT2 is un-
known, it is possible that, together, the relative functions 
of G5G8 and ACAT2 in the enterocyte dictate the fate of 
newly absorbed cholesterol and phytosterols as they tra-
verse the enterocyte from the gut lumen. 

 The majority (70–92%) of the sterols exported into tho-
racic duct lymph of various animals, including rats, rabbits, 
monkeys, and humans, are esterifi ed ( 15–19 ). More par-
ticularly, the percentage esterifi cation of absorbed choles-
terol is constant regardless of the extent of absorption 
( 19 ). Lee et al. ( 12 ) showed that ACAT2, but not ACAT1, 
is exclusively expressed in hepatocytes and enterocytes. 
Buhman et al. ( 20 ) reported that the loss of ACAT2 activ-
ity in the intestine leads to a decrease in cholesterol ab-
sorption effi ciency despite unchanged cholesterol synthesis. 

 To date, the degree to which ACAT2 handles choles-
terol differently than phytosterols remains unclear. In 
vitro studies using CaCo-2 cells and rabbit intestinal mi-
crosomes have concluded that membrane sitosterol does 
not interfere or compete with cholesterol for esterifi cation, 
and it does not alter intracellular cholesterol traffi cking or 
CE secretion ( 21, 22 ). On the contrary, experiments per-
formed using microsomes isolated from Chinese hamster 
ovary cells overexpressing either ACAT1 or ACAT2 showed 
that ACAT2 displayed a greater capacity to differentiate 
cholesterol from sitosterol, with a preference for esterifying 
cholesterol over sitosterol ( 23 ). These confl icting reports 
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phytosterols (including campesterol, stigmasterol, and sitosterol) 
were measured using gas liquid chromatography (GLC) accord-
ing to previously published methods ( 28 ). 

 Liver and jejunum mRNA expression by real-time PCR 
 Separate groups of mice that were not cannulated were eutha-

nized for tissue harvest. Mice (n = 7–11/genotype) were fasted 
for 4 h then anesthetized with 2  � g/g body weight of 50 mg/ml 
ketamine 10 mg/ml xylazine solution by intramuscular injection. 
After the entire circulatory system was fl ushed with ice-cold 
saline, the small intestine (SI) was fl attened on an ice-cold glass 
plate and cut into fi ve segments of equal length (SI-1 to SI-5). 
The lumen of each segment was then fl ushed clean with cold 
saline. SI-2 and SI-3 (representing the jejunum) and the liver 
were snap-frozen in liquid nitrogen. Liver and jejunum mRNA 
expression analyses were performed as described ( 28 ). Ct values 
were calculated based on fl uorescence measurements and en-
tered into an equation (arbitrary unit = 1 × 10 9  × e (0.6931 × Ct) ) to 
determine arbitrary units (AU). All results were normalized to 
mRNA expression of cyclophilin as the housekeeping gene within 
the same sample. 

 Microsomal ACAT enzyme activity assay for intestine 
and liver tissues 

 Frozen jejunum (combined segments 2 and 3) and 200–300 mg 
of frozen liver (n = 5/genotype) were crushed using a mortar and 
pestle chilled in liquid nitrogen to prevent tissue thawing. 
Crushed tissue was homogenized in ACAT homogenization buf-
fer in the presence of protease inhibitor cocktail (20  � l for SI, 
10  � l for liver; Sigma). The microsomes were isolated, and the 
ACAT assays were performed as described ( 29 ) in the absence and 
presence of pyripyropene A (PPPA), an ACAT2-specifi c inhibitor, 
so that ACAT2 activity could be calculated. Relative ACAT enzyme 
activity was expressed as nanomole [ 14 C]CE synthesized per milli-
gram microsomal protein per minute (nmol/mg/min). 

 Jejunal mucosa and hepatic lipid analyses 
 Mice from each genotype were euthanized as described above. 

The intestinal mucosa of SI-2 and SI-3 were removed by scraping 
gently with glass slides and then were extracted immediately with 
chloroform:methanol (2:1). For liver lipid composition, about 
60–100 mg of liver was processed as previously described 
( 25, 30 ), with the fi nal cholesterol and phytosterol concentra-
tions being analyzed by gas chromatography (GC) ( 28 ). The dif-
ference in total sterol mass and free sterol mass was multiplied by 
1.67 to calculate sterol ester mass. All sterol concentrations were 
normalized to the protein concentration in the same tissue sam-
ple. To measure tissue protein mass, the delipidated tissue resi-
due was digested in 1N NaOH and analyzed by Lowry assay ( 31 ). 

 Statistical analyses 
 Using GraphPad Prism statistical software v4 (GraphPad Soft-

ware Inc.), the data were analyzed by one-way ANOVA with Tukey 
posthoc tests or two-way ANOVA with Bonferroni posthoc tests. 
Statistically signifi cant differences were considered at  P  < 0.05 
and are indicated by different superscript letters. 

 RESULTS 

 TLDC was used to directly measure [ 14 C]cholesterol ab-
sorption in the mice (n = 9–10/genotype) with ACAT2 
and G5G8 deletions (  Fig. 1A  ).  ACAT2 deletion was found 
to decrease the cumulative rate of [ 14 C]cholesterol absorp-
tion by about 50% at all time points throughout the study; 

and were snap-frozen in liquid nitrogen and stored at  � 80° until 
analysis. 

 Cholesterol absorption measurement by thoracic lymph 
duct cannulation (TLDC) 

 Using a modifi ed version of the surgical procedures previously 
described by Ionac ( 26 ), the thoracic lymph ducts (TLD) of mice 
(9–10/genotype) were cannulated. The procedure was per-
formed as previously described ( 27 ). 

 In brief, mice were gavaged with 25  � l soybean oil 30 min prior 
to surgery to facilitate visualization of the lymphatic vessels. Keto-
profen (5 mg/kg body weight) was injected subcutaneously as an 
analgesic. Mice were anesthetized with isofl urane (4% for induc-
tion, 2–3% for maintenance) during surgery. The proximal duo-
denum was cannulated approximately 5 mm below the pyloric 
sphincter through the stomach. A mixed micelle solution (3 mM 
egg lecithin, 16 mM oleic acid, and 54 mM NaTC in complete 
PBS) was constantly infused into the duodenum via the cannula 
at a rate of 300  � l per h using a syringe pump (Harvard Appara-
tus) for the duration of the experiment. The complete PBS con-
tained 6.75 mM Na 2 HPO 4 , 16.5 mM NaH 2 PO 4 , 115 mM NaCl, 
15 mM KCl, 10 mM glucose, and 1 mM CaCl 2  at pH 6.4 (Sigma). 
To begin the experiment, a bolus dose of radioactive micelle so-
lution (6  � Ci [ 3 H] � -sitosterol and 2  � Ci [ 14 C]cholesterol, 3.8 mM 
cholesterol, 0.7 mM sitosterol, 35.2 mM egg lecithin, 200 mM 
NaTC in complete PBS) was injected directly into the duodenum 
below the pyloric sphincter. Then, the TLD cannula was inserted 
into the TLD above the cisterna chyli between the transverse lum-
bar artery and the diaphragm. The time lapse between adminis-
tration of the radioactive micelle dose and thoracic lymph 
drainage varied between 5 and 10 min. Upon establishment of 
lymph fl ow, the abdomen was closed, and isofl urane anesthesia 
was removed. Mice were immediately restrained on an exercise 
wheel in a conscious state to allow free body movement. Lymph 
was drained into a tube containing 5  � l protease inhibitor cock-
tail (Sigma) plus 5% EDTA and 5% sodium azide for 8 hourly 
collections. Percentage sterol absorption was quantitatively as-
sessed in each animal during active lipid absorption by measur-
ing the dpm of [ 14 C]cholesterol and [ 3 H]sitosterol in an aliquot 
of whole lymph from each hourly collection and then dividing by 
the total dpm in the bolus dose injected into the duodenum. The 
absorption effi ciency of each individual animal was calculated as 
the cumulative percentage of radioactive dose in thoracic duct 
lymph by the end of 8 h. 

 Chylomicron isolation and particle composition analyses 
 Chylomicrons were isolated by ultracentrifugation of whole 

lymph, and chylomicron particle analyses were performed as de-
scribed previously ( 27 ). The chylomicron diameter (n = 9–10/
genotype) was measured by dynamic light scattering using the 
Zetasizer Nano (Malvern Instruments), following the manufac-
turer’s instructions. Chylomicrons isolated from the hours 3 and 
4 collections were used because these fractions corresponded 
with the peak times of cholesterol absorption during the 8 h time 
course. Chylomicron size from the hours 7 and 8 collections was 
also measured; no statistically signifi cant differences were found 
between Z-averages of either measurement set. 

 Plasma lipid analyses 
 Plasma cholesterol concentrations were analyzed while the 

mice were on rodent chow and again after 5 weeks of sat. diet 
feeding. After a 4 h fasting period, blood was collected by super-
fi cial submandibular vein puncture, and total plasma sterol 
concentrations were measured using colorimetric assay as de-
scribed previously ( 25 ). Concentrations of plasma cholesterol and 
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mice (n = 7–8/genotype) that had not been cannulated. 
These data appeared to refl ect the expected complimen-
tary outcome to the decreased percentage cholesterol 
absorption in ACAT2  � / �   mice as seen in  Fig. 1A, B . How-
ever, the recovery of cholesterol in the feces of G5G8  � / �   
and DKO mice was lower than would be predicted from 
the percentage absorption outcome. This fi nding has 
been reproduced in a separate experiment and suggests 
that other factors in addition to the cholesterol absorp-
tion (measured directly in  Fig. 1A, B ) come into play. 
The lower fecal cholesterol excretion in G5G8  � / �   mice 
( Fig. 1C ) may be attributable to decreased hepatobiliary 
cholesterol secretion when G5G8 is absent, which is con-
sistent with published reports ( 32 ). With G5G8 deletion, 
sterols accumulate in the liver, as indicated by dramatic 
increases in hepatic CE, free phytosterol (FP), and phy-
tosterol ester (PE) concentrations in G5G8-defi cient 
mice (supplemental Fig. II-B–D). Because fecal neutral 
sterol content is critically dependent on biliary sterol se-
cretion ( 33 ), it is conceivable that G5G8-defi cient mice 
did not effectively secrete sterols into bile and therefore 
had lower fecal neutral sterol levels than WT mice did. 
An additional pathway for excretion of sterols is the 
transintestinal cholesterol excretion pathway, and it may 
also be defective in mice without the ABCG5/G8 trans-
porter   ( 34 ). A clear explanation for this discrepancy is 
yet to be determined. 

a similar decrease was also seen when G5G8 was deleted 
together with ACAT2 in the DKO mice. Interestingly, the 
deletion of G5G8 alone resulted in a smaller but statisti-
cally signifi cant 21% decrease in [ 14 C]cholesterol absorp-
tion compared with that in WT mice, which was opposite 
of what was expected and was not additive to the decrease 
seen with ACAT2 deletion. Given that G5G8  � / �   mice have 
altered sitosterol absorption, fecal dual-isotope measure-
ments (involving fecal [ 3 H]sitosterol and [ 14 C]cholesterol 
tracers to estimate fractional cholesterol absorption) were 
not attempted in this study. Nevertheless, we have found 
excellent agreement between the percentage of choles-
terol absorption obtained by TLDC, as done here, and the 
values derived from fecal dual-isotope method in mice 
with intact G5G8 [in the presence or absence of ACAT2](27). 
Individual animal plots of cholesterol absorption effi ciency 
(n = 9–10/genotype) at hour 8 of the experiment show 
limited scatter among individual mice within each geno-
type ( Fig. 1B ); accordingly, all differences between WT and 
ACAT2  � / �  , G5G8  � / �  , or DKO mice were found to be statis-
tically signifi cant. The average values (± SEM) for the absorp-
tion of [ 14 C]cholesterol at 8 h were 40.55 ± 0.76%, 19.41 ± 
1.52%, 32.13 ± 1.60%, and 21.27 ± 1.35% for WT, ACAT2  � / �  , 
G5G8  � / �  , and DKO mice, respectively. 

 The recovery of cholesterol in the feces of ACAT2  � / �   
mice was higher than in WT mice ( Fig. 1C ).  Fig. 1C  shows 
fecal recovery of cholesterol mass in separate groups of 

  Fig.   1.  Sterol absorption effi ciency and fecal neu-
tral sterol excretion. (A) Direct assessment of per-
centage cholesterol absorption effi ciency by thoracic 
lymph duct cannulation was reported as cumulative 
percentage of [ 14 C]cholesterol dose appearance in 
lymph over 8 hourly collections. The data represent 
mean ± SEM, n = 9–10/genotype. These data were 
analyzed by two-way ANOVA with Bonferroni post-
hoc test. Unlike letters designate statistically signifi -
cant differences of  P  < 0.05 at the hour 8 time point. 
(B) Individual animal data for percentage of total 
[ 14 C]cholesterol dose recovered in lymph after 8 h 
lymph collection. Lines represent the means, n = 
9–10/genotype. (C) Fecal cholesterol and choles-
terol derivatives measured in lipid extracts of dried, 
crushed feces from three-day collection. The data 
represent mean ± SEM, n = 7–8/genotype. These 
data were analyzed by one-way ANOVA with Tukey 
posthoc tests. Unlike letters indicate statistically sig-
nifi cant differences of  P  < 0.05. (D and E) Data were 
obtained and analyzed as described for panels A and 
B with the use of [ 3 H]sitosterol to represent phytos-
terol absorption. (F) Fecal phytosterols and phytos-
terol derivatives analyzed as described in panel C.   
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cholesterol accumulating in the SI beyond levels found 
in mice lacking ACAT2. In all genotypes, very little [ 14 C]
cholesterol was found in the cecum and colon, although 
somewhat more (up to  � 10%) was found in these loca-
tions in ACAT2  � / �   mice. 

 The [ 3 H]sitosterol distribution pattern ( Fig. 2B ) along 
the length of the intestine was strikingly different from 
that observed for [ 14 C]cholesterol ( Fig. 2A ). Less than 
2% of the remaining [ 3 H]sitosterol dose was found in 
each SI segment of SI-1 through SI-4, whereas more of the 
[ 3 H]sitosterol was found in the distal portion of the GI 
tract in the terminal ileum (SI-5), cecum, and colon, with 
no statistically signifi cant differences among all four geno-
types. The data clearly show that G5G8-defi ciency did not 
lead to the accumulation of [ 3 H]sitosterol in the SI. This 
pattern held true whether the data was analyzed for radio-
active sitosterol in the whole SI segments, as shown here, 
or in only the SI wall alone (data not shown). To our 
knowledge, this study is the fi rst to demonstrate the dra-
matic differential handling of [ 14 C]cholesterol versus [ 3 H]
sitosterol down the length of the GI tract, and the data 
strongly suggest that separate processing occurs for these 
two sterols. [ 14 C]cholesterol appeared to exchange among 
membranes and label the many pools of cholesterol in the 
gut, whereas [ 3 H]sitosterol did not participate in this be-
havior. The possibility exists that during absorption, the 
[ 3 H]sitosterol never effi ciently gets into the intracellular 
membranes of the enterocyte even when G5G8 is absent, 
perhaps due to selection against uptake by a factor such as 
NPC1L1. 

 The effi ciency of phytosterol absorption was also docu-
mented in these studies as [ 3 H]sitosterol was given in the 
bolus dose. The cumulative absorption of [ 3 H]sitosterol 
was much lower than cholesterol in WT and ACAT2  � / �   
mice (only reaching just over 2% at 8 h), whereas G5G8  � / �   
and DKO mice displayed signifi cantly higher rates of [ 3 H]
sitosterol accumulation reaching 6.8% ( Fig. 1D ). The dif-
ferences in cumulative appearance rates were present 
throughout the experiment ( Fig. 1D ) and also appeared 
in percentage absorption of [ 3 H]sitosterol for individual 
animals at 8 h of lymph collection ( Fig. 1E ). The average 
(± SEM) percentages at 8 h were 2.33 ± 0.11%, 2.25 ± 
0.16%, 6.54 ± 0.37%, and 6.79 ± 0.65% for WT, ACAT2  � / �  , 
G5G8  � / �  , and DKO mice, respectively ( Fig. 1E ). The sig-
nifi cantly higher percentage of sitosterol absorption in 
G5G8-defi cient mice was consistent with outcomes pre-
dicted in the literature ( 1, 7, 24, 32 ). Fecal phytosterol ex-
cretion ( Fig. 1F ) was equally low ( � 1.5 mg/day/100 g 
body weight) across all genotypes and did not indicate the 
anticipated decrease of phytosterol excretion in G5G8-
defi cient mice. One would expect that mice lacking the 
G5G8 inside-out sterol transporter would absorb more 
phytosterol and excrete less phytosterol into feces than 
those with functional G5G8. Our data did not refl ect this 
expectation. This may have been related to the fact that 
phytosterols made up only a small portion of the total ste-
rols in the gut lumen, given that the sat. diet contained 
signifi cantly less phytosterol than cholesterol (1:7 w/w ra-
tio). But with limited mass combined with the very limited 
effi ciency of plant sterol absorption among all groups, any 
differences will be hard to detect. 

 After 8 h of lymph collection, the mice were euthanized, 
and the distributions of the remaining radioactive [ 14 C]
cholesterol and [ 3 H]sitosterol were assessed in the intesti-
nal wall plus luminal content of the stomach, in fi ve con-
secutive segments of the small intestine, in the cecum and 
the colon, as well as in the liver (  Fig. 2  ).  In data not shown, 
we observed a similar radioactive sterol distribution pat-
tern when we analyzed data from the walls of SI-1 to SI-5 
without the luminal content. Less than 1% of the radioac-
tive dose was found in the plasma in all mice (data not 
shown), confi rming that the TLDC provided quantitative 
lymph collections. Furthermore, very little [ 14 C]choles-
terol (<3%) was present in plasma and liver together, 
suggesting that cholesterol entry into the blood via intes-
tine-derived HDL particles is quite limited with the tho-
racic lymph duct fi stula. 

 [ 14 C]cholesterol recovered in the wall and luminal 
content of the GI tract revealed a distinct pattern from 
that of [ 3 H]sitosterol ( Fig. 2 ). The bolus dose was in-
jected intraduodenally, and no radioactive cholesterol 
was detected in the stomach. [ 14 C]cholesterol was distrib-
uted throughout the SI with the highest proportion 
found in SI-2 and SI-3 (the jejunum). Within each seg-
ment of the intestine, there was 2- to 3-fold more [ 14 C]
cholesterol in ACAT2  � / �  , G5G8  � / �  , and DKO mice com-
pared with WT mice, with this difference reaching statis-
tical signifi cance in many cases. The absence of G5G8 in 
the proximal SI did not appear to result in more [ 14 C]

  Fig.   2.  Radioactivity recovery in the liver and gastrointestinal 
tract (tissue wall and lumen content) after thoracic lymph duct 
cannulation. After the 8 h experiment, [ 14 C]cholesterol (A) and 
[ 3 H]sitosterol (B) were quantifi ed in the liver (LIV), stomach 
(STOM), fi ve equal-length segments of the small intestine (SI-1 to 
SI-5), cecum (CEC), and colon (COL). The data are expressed as 
percentage of the radioactive dose administered during thoracic 
lymph duct cannulation surgery and represent mean ± SEM, n = 5/
genotype. Unlike letters indicate statistically signifi cant differences 
( P  < 0.05) within the same tissue as determined by two-way ANOVA 
analyses and Bonferroni posthoc tests.   
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FP concentrations were equivalently low ( � 1  � g/mg pro-
tein) in SI mucosa of mice with intact G5G8 ( Fig. 3C ) but 
were almost 6-fold higher in G5G8  � / �   mice (5.7 ± 0.4  � g/mg 
protein). The deletion of ACAT2 in addition to G5G8 in 
the DKO mice signifi cantly attenuated this elevation to 
3.9 ± 0.2  � g/mg protein. Even though PE concentrations 
were >50% lower than FP, a similar trend by genotype ex-
isted. WT and ACAT2  � / �   mice had minimal PE (0.2 ± 0.1 
and 0.5 ± 0.1  � g/mg protein, respectively) in the SI mu-
cosa, but G5G8  � / �   mice had 2.5 ± 0.5  � g/mg protein, and 
DKO had signifi cantly less (1.0 ± 0.3  � g/mg protein). 
Sterol mass data of the SI mucosa suggest that some phy-
tosterols accumulate in the enterocyte in the absence of 
G5G8, although it does not appear that the source is from 
the intestinal lumen ( Fig. 2 ). The lack of [ 3 H]sitosterol 
labeling suggests that any accumulated phytosterol mass 
may be derived from the liver via the blood. 

 In agreement with Turley et al. ( 35 ), ABCG5 mRNA was 
slightly elevated in ACAT2  � / �   mice relative to WT mice 
( Fig. 4B ). Diminished ABCG5 mRNA expression in 
G5G8  � / �   and DKO mice is shown in  Fig. 4B , where the 
small amount of ABCG5 message detected was most likely 
due to amplifi cation of a downstream start codon forming 
a nonfunctional mRNA fragment. To evaluate G5G8 func-
tion, we measured plasma phytosterol concentrations in 
mice lacking G5G8 (supplemental Fig. I-E, F). Although 
plasma cholesterol concentrations were comparable among 
genotypes (supplemental Fig. I-C, D), a highly signifi cant 
enrichment of phytosterol concentrations in the plasma of 
G5G8-defi cient mice was found (supplemental Fig. I-E, F), 
clearly indicating that G5G8 was dysfunctional. On the ba-
sis of the signifi cant enrichment of plasma phytosterol 
concentrations, we are confi dent that our G5G8  � / �   mouse 
model does not have functional G5G8 protein as had been 
earlier shown by Yu et al. ( 7, 24 ), who originally generated 
this line of mice. 

 We assessed the functionality of ACAT2 in the jejunum 
by measuring enzyme activity with microsomal ACAT as-
says. The relative ACAT2 versus ACAT1 enzyme activities 

 To further understand how the SI handles sterols, we 
used separate groups of mice that had not been cannu-
lated to  i ) analyze sterol concentrations in SI mucosa of 
the jejunum (  Fig. 3  ),   ii ) evaluate the mRNA expression of 
various genes in the jejunum (  Fig. 4A , B   and supplemental 
Table I), and  iii ) measure ACAT1 versus ACAT2 enzyme 
activity in the jejunum ( Fig. 4C, D ). 

 Sterol concentrations were expressed as average (± SEM) 
micrograms sterol per milligrams protein in SI mucosa 
from SI-2 and SI-3 combined. FC was roughly 25% higher in 
ACAT2  � / �   and DKO mice (64.8 ± 6.5 and 62.1 ± 3.8 µg/mg, 
respectively) than in WT and G5G8  � / �   mice (51.3 ± 2.8 
and 45.2 ± 2.7 µg/mg, respectively) ( Fig. 3A ). ACAT2 de-
fi ciency with or without G5G8 resulted in higher FC accu-
mulations in the SI mucosa, whereas G5G8 defi ciency 
alone did not alter FC concentration. On the other hand, 
CE concentrations were lower when both ACAT2 and 
G5G8 were deleted ( Fig. 3B ). Compared with CE in mu-
cosa of WT mice (18.8 ± 2.0 µg/mg), there was about 40% 
less CE in SI mucosa from ACAT2  � / �  , G5G8  � / �  , and DKO 
mice (12.8 ± 2.2, 11.5 ± 1.1, and 11.1 ± 2.5 µg/mg, respec-
tively). The relative FC and CE mass in the SI mucosa of 
ACAT2  � / �   mice compared with WT mice were consistent 
with those reported by Turley et al. ( 35 ). Interestingly, FC 
existed in higher concentrations in the SI mucosa than CE 
even when ACAT2 was present, a pattern quite different 
from that found in the liver (supplemental Fig. II-A, B). 
There were dramatically higher concentrations of CE in 
the liver (supplemental Fig. II-B) than in the SI mucosa 
( Fig. 3B ). WT mice had about 10-fold higher CE in the 
liver than in the SI mucosa, and this value was about 
30-fold higher in G5G8  � / �   liver than in G5G8  � / �   SI mu-
cosa. CE appeared to accumulate in the livers of G5G8  � / �   
mice but did not accumulate in the SI mucosa, suggesting 
that the impact of G5G8 on hepatic cholesterol metabo-
lism is different from that in the SI. 

 We also measured phytosterol concentrations in the SI 
mucosa across all four genotypes ( Fig. 3C, D ). Phytosterols 
only accumulated in the SI mucosa of mice lacking G5G8. 

  Fig.   3.  Sterol concentrations in the mucosa of small 
intestine jejunum. Mice were fasted for 4 h prior to 
euthanasia. The small intestine was fl ushed clean 
with saline and divided into fi ve equidistant sections. 
The mucosa of the second and third segments was 
gently scraped with glass slides and extracted with 
chloroform:methanol (2:1). The total lipid extract 
was subjected to GC analyses for (A) free cholesterol, 
(B) cholesterol ester, (C) free phytosterols, and (D) 
phytosterol esters. All values were normalized by pro-
tein concentration in the same sample. The data rep-
resent mean ± SEM, n = 8–10/genotype. Unlike 
letters denote statistically signifi cant differences 
( P  < 0.05) as determined by one-way ANOVA analyses 
and Tukey posthoc tests.   
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 Collectively, the data demonstrate that ACAT2 esteri-
fi ed signifi cantly more [ 14 C]cholesterol than [ 3 H]sitos-
terol in chylomicrons regardless of presence or absence of 
G5G8 in the enterocyte and that less ACAT2 esterifi cation 
occurred for both sterols when G5G8 was deleted. 

 The data on percentage radioactivity distribution into 
free sterols versus sterol esters ( Fig. 5 ) was further sup-
ported by chylomicron sterol mass quantifi cations (  Fig. 6  ), 
 which expressed chylomicron particle mass composition 
[FC, CE, phospholipid (PL), triglyceride (TG), and 
protein] as cumulative mass ( � g) per hourly collection 
(mean ± SEM) throughout the 8 h experiment. FP and PE 
data are not shown here, because they were not detected 
in WT or ACAT2  � / �   chylomicrons and constituted a negli-
gible portion (0.13–0.25%) of the total chylomicron mass 
when G5G8 was deleted. 

 By the end of 8 h, ACAT2  � / �   mice produced chylomi-
crons with more cumulative FC mass (563 ± 39  � g) than 
WT mice (376 ± 30  � g), whereas G5G8  � / �   mice produced 
less chylomicron FC (213 ± 7  � g) ( Fig. 6A ). Despite this 
large reduction in FC mass secretion in G5G8  � / �   chylomi-
crons, the percentage of chylomicron particle composi-
tion as FC was comparable between WT (1.7 ± 0.1%) and 
G5G8  � / �   (1.3 ± 0.0%) chylomicrons (  Table 1  ).  No statisti-
cally signifi cant difference was seen between cumulative 
FC masses from WT and DKO chylomicrons (363 ± 98  � g), 
which made up 3% or less of the total particle mass in 
these two genotypes. 

 The most contrasting data are shown in  Fig. 6B . Cumu-
lative secretion of CE mass was minimal when ACAT2 was 
deleted, totaling only 25 ± 11  � g and 33 ± 11  � g in 
ACAT2  � / �   and DKO chylomicrons, respectively, at 8 h. CE 
was secreted into chylomicrons of WT mice in an almost 
linear fashion, reaching 2,089 ± 238  � g CE after 8 h. By 
contrast, G5G8  � / �   mice secreted about 70% less CE mass 
(641 ± 42  � g CE at 8 h) than WT mice ( Fig. 6B ), despite 
having comparable ACAT2 mRNA expression and enzyme 
activity as WT mice ( Fig. 4A, C ). In terms of percentage 
particle mass composition, CE made up 10.0 ± 1.0% of the 

were measured ( Fig. 4C, D ). Despite having slightly ele-
vated ACAT2 mRNA expression compared with WT mice 
( Fig. 4A ), G5G8  � / �   mice had the same level of ACAT2 en-
zyme activity as WT mice ( Fig. 4C ). Neither ACAT2 mRNA 
( Fig. 4A ) nor ACAT2 enzyme activity ( Fig. 4C ) was detect-
able in ACAT2-defi cient mice. ACAT1 activity was minimal 
in all four genotypes, and the relative ACAT1 enzyme ac-
tivity was not higher in the absence of ACAT2 ( Fig. 4D ). 
Thus, normally ACAT2 provides the majority of total 
ACAT enzyme activity in the SI. 

 As the newly absorbed sterols are transported in chylo-
microns as sterol esters, we also measured the percentage 
of radioactivity distributed into free versus esterifi ed ste-
rols in isolated chylomicron particles. The results showed 
a major decrease in chylomicron [ 14 C]CE when ACAT2 
was deleted (  Fig. 5B  ).  WT chylomicrons possessed 82.9 ± 
2.0% of total [ 14 C]cholesterol as CE ( Fig. 5A ), whereas 
G5G8  � / �   chylomicrons had signifi cantly less [ 14 C]choles-
terol (70.2 ± 4.7%) in the ester form ( Fig. 5C ). In contrast, 
about 85–88% of [ 14 C]cholesterol was incorporated onto 
chylomicron particles in the unesterifi ed form when 
ACAT2 enzyme activity was absent ( Fig. 5B, D ). Only 
12–15% of the [ 14 C]cholesterol in ACAT2  � / �   and DKO 
chylomicrons was found in the ester form. The source of 
this material is currently unidentifi ed, and its identity as 
true cholesterol ester is not proven, but we suspect it was 
not derived from ACAT1, because ACAT1 enzyme activity 
is low in the SI ( Fig. 4D ) and ACAT1 protein is not ex-
pressed in the enterocyte ( 12 ). 

 Although ACAT2 effi ciently esterifi ed the majority of 
[ 14 C]cholesterol in chylomicrons, the percentage of [ 3 H]
sitosterol esterifi cation by ACAT2 was signifi cantly lower. 
Only 44.8 ± 2.9% and 30.5 ± 2.9% of the [ 3 H]sitosterol 
was esterifi ed in WT and G5G8  � / �   chylomicrons, respec-
tively ( Fig. 5A, C ). The majority of [ 3 H]sitosterol in WT 
and G5G8  � / �   mice was packaged into chylomicrons in 
the unesterifi ed (free) form. When ACAT2 was deleted, 
about 97% of the [ 3 H]sitosterol remained unesterifi ed 
( Fig. 5B, D ). 

  Fig.   4.  ACAT2 and ABCG5 mRNA expression and 
ACAT enzyme activity in the jejunum. Real-time PCR 
analyses were done on SI-2 and SI-3, combined, to 
quantify relative gene expressions for ACAT2 (A) 
and ABCG5 (B) in the jejunum. The data are pre-
sented as arbitrary units (AU) normalized to cyclo-
philin gene expression. (C and D) In vitro ACAT 
assays were performed on microsomes isolated from 
the jejunum of mice. Pyripyropene A, an ACAT2-spe-
cifi c inhibitor, was added to assess ACAT1 enzyme 
activity (D) in each sample, and ACAT2 enzyme activ-
ity (C) was calculated by subtracting values of ACAT1 
activity from the total ACAT activity in each sample. 
The data represent mean ± SEM, n = 5/genotype. 
Unlike letters indicate statistically signifi cant differ-
ences ( P  < 0.05) as determined by one-way ANOVA 
analyses and Tukey posthoc tests.   
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relatively consistent across all four genotypes, with 11.4–
12.8% as PL, 71.6–80.6% as TG, and 4.9–6.0% as protein 
( Table 1 ). These data suggest that G5G8-defi cient mice 
produced fewer numbers of chylomicron particles of rela-
tively normal composition. 

 To further evaluate the possibility of abnormal chylomi-
cron assembly in G5G8-defi cient mice, we measured gene 
expression of microsomal transfer protein (MTP) and apo-
lipoprotein B (apoB) but found no downregulation of ei-
ther gene (supplemental Table I). Further, there was no 
indication of ER stress, evidenced by the fact that we found 
no perturbation in gene expressions of various ER-stress 
markers, such as X-box binding protein 1 (Xpb-1), X-box 
binding protein 1 spliced variant (Xbp-1p), activating tran-
scription factor 6 (Atf-6), and DNA damage-inducible tran-
script 3 (Ddit-3), in the jejunum of G5G8  � / �   mice compared 
with other genotype groups. These data, together with the 
similar size and compositions of the chylomicron particles 
from all genotypes, suggest that the G5G8-defi cient mice 
made normal but fewer chylomicron particles. The reason(s) 
for this outcome remain unknown. 

 DISCUSSION 

 In previous studies on ABCG5 and/or ABCG8 ( 37, 38 ), 
fecal sterol excretion data suggested that G5G8 functions 
as an inside-out sterol transporter because G5G8 defi -
ciency decreased sterol excretion and G5G8 overexpres-
sion increased sterol excretion. However, the decrease in 
fecal sterol excretion could be a result of reduced sterol 
secretion into bile when G5G8 is deleted. In this study, we 
investigated how G5G8 defi ciency affects sterol absorption 
effi ciency, with a focus on cholesterol metabolism and chy-
lomicron transport using the TLDC technique. The ab-
sence of G5G8 resulted in a statistically signifi cant 21% 
decrease in cholesterol absorption effi ciency in G5G8  � / �   
mice relative to WT mice ( Fig. 1A, B ). This decrease in 
percentage cholesterol absorption was associated with re-
ductions in CE accumulation in the SI mucosa ( Fig. 3B ), 
in the percentage of chylomicron [ 14 C]CE ( Fig. 5C ), in 

total particle mass in WT chylomicrons, but this value was 
decreased to only 3.9 ± 0.3% in G5G8  � / �   chylomicrons 
( Table 1 ). Taken together, these results clearly demon-
strate that chylomicron CE is mostly derived from ACAT2 
and that G5G8 defi ciency reduces cholesterol availability 
for chylomicron transport, so that transport of both FC 
and CE (the latter through decreased cholesterol esterifi -
cation by ACAT2) in G5G8  � / �   chylomicron particles was 
reduced ( Fig. 6 ). 

 For chylomicrons of ACAT2  � / �   and DKO mice, the dif-
ference between the 12–15% radioactivity as CE ( Fig. 5B, 
D ) compared with the considerably lesser amount of CE 
mass transport ( Fig. 6B ) seemed to be more apparent than 
real. The chylomicron CE mass was measured by GLC as 
the difference between total cholesterol before and after 
saponifi cation, whereas the material appearing as radioac-
tive CE was separated by thin layer chromatography (TLC). 
The [ 14 C]cholesterol tracer recovered in the CE position 
by TLC might not refl ect true CE mass. In both cases, the 
esterifi cation of cholesterol was signifi cantly reduced in 
ACAT2-defi cient mice. The majority of our data do not 
support the likelihood that real CE mass was as high as 
12–15%. The enzymatic source of any ester that could 
have been formed by the intestine of ACAT2-defi cient 
mice is unknown. It could be ACAT1, but this seems un-
likely because ACAT1 has not been found in the entero-
cyte ( 12 ). It is possible that some of the wax esterases 
reported by Turkish et al. ( 36 ) made a contribution, but 
the mass of material present in this fraction was too low to 
identify the fatty acid profi le. 

 In addition to lowering CE secretion, G5G8 defi ciency 
also appeared to reduce chylomicron PL, TG, and protein 
mass secretion as measured after 8 h ( Fig. 6C, E ). How-
ever, light scatter measurements showed that chylomicron 
particle size was similar ( � 145 nm in diameter) across all 
four genotypes (data not shown). Although the mass trans-
port values for phospholipid, triglyceride, and protein ap-
peared to be signifi cantly lower in chylomicrons from 
G5G8  � / �   and DKO mice relative to WT mice, their per-
centages as part of the total particle composition remained 

  Fig.   5.  Percentage radioactivity distribution into 
free sterols and sterol esters in isolated chylomicrons. 
Chylomicrons were isolated from lymph of wild-type 
(A), ACAT2  � / �   (B), G5G8  � / �   (C), and DKO (D) 
mice by ultracentrifugation, and the total lipid ex-
tracts were separated into free sterols and sterol es-
ters by thin layer chromatography. [ 14 C]cholesterol 
dpm and [ 3 H]sitosterol dpm were measured in both 
sterol fractions, and the data are shown as percent-
ages of total dpm distributed into free sterols and 
sterol esters. The data represent mean ± SEM, n = 5/
genotype.   
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 � -sitosterol or sitostanol. It measures the ratio of the radio-
active labels in the starting mixture and in feces and as-
sumes that there will be negligible absorption of the 
sitosterol tracers. However, in mice with altered sitosterol 
absorption, such as G5G8-defi cient mice, sitosterol is not a 
nonabsorbable marker. These mice absorbed 3-fold more 
[ 3 H]sitosterol than mice with intact G5G8 ( Fig. 1D, E ). 

 Our original hypothesis was that sterols enter the entero-
cyte through the brush border membrane via an NPC1L1-
mediated process, with G5G8 subsequently limiting substrate 
availability for ACAT2-mediated sterol esterifi cation by 
transporting unesterifi ed cholesterol and phytosterols back 
out of the cell before ACAT2 esterifi cation can occur, in the 
process decreasing the absorption effi ciency of both sterols. 
To some extent, our results supported this hypothesis for 
phytosterols but not for cholesterol. 

 Although there was no surprise that the lack of sterol 
esterifi cation in ACAT2  � / �   mice would reduce cholesterol 

cumulative CE mass secretion into chylomicrons ( Fig. 6B ), 
and in the percentage of total chylomicron particle mass 
as CE ( Table 1 ). Altogether, the data strongly suggest that 
cholesterol esterifi cation in the enterocyte, primarily from 
the activity of ACAT2, was dampened in the absence of 
G5G8. The intestine also appeared to exhibit differential 
handling of [ 14 C]cholesterol versus [ 3 H]sitosterol along 
the length of the GI tract ( Fig. 2 ). In addition, the pattern 
of CE accumulation in the SI mucosa ( Fig. 3B ) was differ-
ent compared with that in the liver (supplemental Fig. 
II-B), suggesting that G5G8 exerts different effects on cho-
lesterol metabolism in the two tissues. 

 Data in the current study also differed from other re-
ports in the literature, which used the fecal dual-isotope 
method to estimate fractional cholesterol absorption in 
mice with altered G5G8 expression ( 14, 24 ). This indirect 
method involves using a single oral dose of labeled cho-
lesterol and a nonabsorbable reference marker, such as 

  Fig.   6.  Chylomicron particle mass composition throughout 8 h of lymph collection. Chylomicrons were 
isolated from lymph of WT, ACAT2  � / �  , G5G8  � / �  , and DKO mice by ultracentrifugation. After Bligh-Dyer 
extraction, free cholesterol (A) and cholesterol ester (B) masses were quantifi ed by gas chromatography. 
Phospholipid mass (C) was measured by inorganic phosphorous colorimetric assay. Triglyceride mass (D) 
was measured by an enzymatic triglyceride kit from Wako as instructed by the manufacturer. Protein mass 
(E) was measured by a modifi ed Lowry assay. The data show the average cumulative mass (± SEM, n = 5/
genotype) of free cholesterol, cholesterol esters, phospholipids, triglycerides, and protein throughout the 8 
h experiment. The data were analyzed by two-way ANOVA with Bonferroni posthoc tests. Unlike letters des-
ignate statistically signifi cant differences of  P  < 0.05 at the hour 8 time point.   
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higher amounts of [ 3 H]sitosterol would have accumulated 
in the gut wall of mice, particularly when G5G8 was not 
available to act as the sterol excretion pump. Instead, no 
appreciable amount of [ 3 H]sitosterol was detected in the 
proximal SI. Most of the [ 3 H]sitosterol was found in the 
distal GI tract, and the amount of [ 3 H]sitosterol detected 
distally was similar among all four genotypes. By contrast, 
[ 14 C]cholesterol was well incorporated throughout the 
proximal SI, and the levels found in G5G8-defi cient mice 
did not exceed those found in mice lacking ACAT2. Alto-
gether, the data demonstrate that phytosterols are not 
effi ciently taken up into the gut wall, regardless of the 
presence or absence of G5G8. These results indicate that 
the primary discriminators between cholesterol and phy-
tosterol absorption may be present at the levels of NPC1L1-
mediated sterol uptake and ACAT2 sterol esterifi cation, 
not necessarily at G5G8-mediated sterol excretion. Per-
haps in alignment with recent fi ndings of in vitro studies 
( 42, 44, 46, 48 ), NPC1L1 is the initial gatekeeper that fa-
cilitates cholesterol uptake into the enterocyte, while at 
the same time limiting phytosterol uptake. To the extent 
that this system could be potentially leaky, G5G8 may serve 
as a secondary “clean-up” mechanism for removing the 
phytosterol molecules that make it past NPC1L1. When 
this “clean-up” mechanism is lost with G5G8 disruption, 
then even the small 6–7% of phytosterol absorption in si-
tosterolemic mice ( Fig. 1D, E ) and humans ( 1 ) can lead to 
signifi cantly more accumulation of phytosterols over time. 
The assumption is that without G5G8, phytosterols cannot 
be effi ciently excreted from the enterocytes of the SI or 
the hepatocytes of the liver. 

 We hypothesize that the preference for absorbing cho-
lesterol, but not phytosterols, involves a multistep process. 
Our data support the notion that NPC1L1 at the brush 
border membrane discriminates against phytosterols and 
allows predominantly cholesterol into the enterocyte. Any 
phytosterols that escaped the primary screening by 
NPC1L1 may then be shuttled out of the cell by a second-
ary pathway involving G5G8. The remaining sterols from 
NPC1L1 uptake (mostly cholesterol and some phytoster-
ols) enter the putative substrate pool for ACAT2 by either 
vesicular or nonvesicular transport ( 48–51 ). In the ER, 
ACAT2 adds another layer of selectivity by preferentially 
esterifying cholesterol rather than phytosterols. When 

absorption effi ciency, we were surprised to observe a de-
crease in percentage cholesterol absorption when G5G8 
was deleted ( Fig. 1A, B ). On the basis of previous publica-
tions ( 37, 39 ) and the indirect fi nding that G5G8  � / �   mice 
displayed decreased fecal cholesterol excretion ( Fig. 1C ), 
we anticipated that G5G8 disruption would be associated 
with more effi cient cholesterol absorption. However, this 
result was not seen when TLDC was performed to directly 
measure percentage cholesterol absorption. G5G8  � / �   
mice had a statistically signifi cant 21% reduction in cho-
lesterol absorption effi ciency. A combination of factors 
may have led to this outcome. In the absence of G5G8, 
there was some phytosterol accumulation in SI mucosa 
( Fig. 3C, D ). It is possible that the enrichment of phytos-
terols in the cell membrane may have led to NPC1L1 dys-
function, thus reducing cholesterol uptake into the 
enterocyte ( 40–43 ). Ge et al. ( 44, 45 ) and Zhang et al. ( 46 ) 
have shown that NPC1L1-mediated cholesterol uptake at 
the plasma membrane involves lipid raft proteins, fl otill-
ins, and that NPC1L1 fl otillin-containing cholesterol-en-
riched membrane microdomains are internalized into the 
cell via a clathrin-coated pit pathway. These researchers 
found that NPC1L1 selectively binds cholesterol but not 
phytosterols, and more particularly they found that phy-
tosterols do not bind the NPC1L1 N-terminal domain or 
induce NPC1L1 endocytosis. The incorporation of phytos-
terols into a phospholipid membrane has also been shown 
to weaken the stability of the membrane ( 47 ). Taken to-
gether, a possible consequence may be reduced choles-
terol availability for ACAT2 esterifi cation, as evidenced by 
the reduction in percentage [ 14 C]cholesterol as esterifi ed 
sterols ( Fig. 5 ) and the decrease in chylomicron CE mass 
secretion ( Fig. 6B ). Furthermore, a possible reduction in 
cholesterol uptake, resulting from phytosterol membrane 
enrichment, may have triggered upregulation of NPC1L1 
mRNA expression in G5G8  � / �   jejunum (supplemental 
Table I), in effect changing the capacity to handle in-
creased cholesterol uptake into the enterocyte ( 46 ). 

 Interestingly, there was obvious differential handling of 
[ 14 C]cholesterol and [ 3 H]sitosterol throughout the length 
of GI tract ( Fig. 2 ). Very little [ 3 H]sitosterol was present 
the SI wall, even in the absence of G5G8. If NPC1L1 had 
facilitated effi cient uptake of both cholesterol and phytos-
terols as previously suggested ( 14 ), one would suspect that 

 TABLE 1. Percentage composition of chylomicron particle mass 

% Particle Mass

Protein PL FC TG CE Surface to Core

WT 4.9 ± 0.3  a  11.8 ± 0.3  a  1.7 ± 0.1  a  71.6 ± 1.7  a  10.0 ± 1.0  a  0.225
ACAT2  � / �  5.6 ± 0.2  a,b  11.4 ± 0.3  b  2.4 ± 0.1  a,b  80.6 ± 0.5  b  0.1 ± 0.0  b  0.240
G5G8  � / �  5.3 ± 0.3  a  12.8 ± 0.2  c  1.3 ± 0.0  a  76.5 ± 0.3  c  3.9 ± 0.3  c  0.243
DKO 6.0 ± 0.5  b  11.5 ± 0.2  a,b  3.0 ± 0.1  b  78.8 ± 0.7  b  0.3 ± 0.1  b  0.260

Mass ( � g) of protein, phospholipids (PL), free cholesterol (FC), triglycerides (TG) and cholesterol esters 
(CE) was measured in chylomicrons isolated from eight hourly collections for each animal. The percentage 
composition was calculated by dividing each component mass by the sum of all masses for each chylomicron sample 
from each time point. The mean percentages of all eight time points from one individual animal were calculated 
for each particle component. The data were expressed the overall mean ± SEM for each genotype (n = 5/genotype). 
The surface-to-core ratio was calculated by dividing the sum of protein, PL, and FC by the sum of TG and CE.

  a,b,c   Unlike letters denote statically signifi cant difference (P < 0.05) within the same column as measured by 
one-way ANOVA and Tukey posthoc tests.
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players in the enterocytes as well as in hepatocytes. The 
data generated from this study is merely a preliminary 
glimpse into the complex but fascinating black box of in-
testinal sterol absorption.  
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