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as low as 35 mg/dl to 172 mg/dl ( 2 ). We have recently 
studied the HDL levels, composition, and some properties 
of the particles derived from C57BL6 (C57) and FVB/N 
(FVB) mice ( 3 ). These strains differ in apoA-I (two amino 
acid differences) and apoA-II (three amino acid differ-
ences). The inbred mouse strains C57BL6 and FVB/N 
have been widely studied owing to their differing sus-
ceptibilities to atherosclerosis, the C57 being one of the 
most athero-susceptible mouse strains, whereas the FVB 
is highly resistant ( 4 ). These two mouse strains differ 
greatly in their plasma cholesterol levels, with wild-type 
FVB mice having HDL levels 2-fold higher than those of 
wild-type C57 mice. FVB HDL contains about twice as 
much apoA-II as C57 HDL. Neither hepatic synthesis of 
apoA-I nor HDL turnover appears to account for the dif-
ference in cholesterol levels ( 3 ). 

 Plasma HDL-cholesterol is derived from two major 
sources: endogenously synthesized cholesterol, mostly in the 
liver, and HDL-cholesterol that is obtained from the intes-
tine and largely contributed by the diet. In humans, the 
diet contributes roughly 50% of the plasma cholesterol, 
whereas in mice, it is closer to 30% ( 5, 6 ). In recent years, 
much has been learned of the factors controlling the ab-
sorption of cholesterol in the intestine. In humans, choles-
terol absorption effi ciency varies greatly within a population 
( 7–9 ). The same has been found true among inbred strains 
of rabbits, rats, and mice, indicating genetic regulation of 
cholesterol absorption ( 10–18 ). Crosses of mouse strains 
that vary in their cholesterol absorption effi ciencies have 
shown that the genetic regulation is found at the entero-
cyte level ( 16, 17 ). Schwarz et al. ( 16 ) identifi ed seven 
quantitative trait loci that affect intestinal cholesterol ab-
sorption in mice; however, the identity of the specifi c 
genes is not known. Several genes are known to infl uence 
the multi-step process of cholesterol absorption, which in-
volves the deesterifi cation of cholesteryl ester and bile salt 
solubilization in the intestinal lumen. The transporters 
NPC1L1 and CD36 have been shown to be involved in the 
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  The factors that regulate plasma HDL-cholesterol levels 
have long been of great interest, inasmuch as elevated 
plasma HDL-cholesterol is a negative risk factor for cardio-
vascular disease ( 1 ). Plasma steady-state cholesterol levels 
vary greatly among wild-type inbred mouse strains. Unlike 
humans, wild-type mice have a plasma lipoprotein profi le 
that is predominantly made up of HDL. Among mice, in-
bred strains may have quite different HDL levels. The 
HDL-cholesterol levels among the inbred strains vary from 

 This work was supported by a grant from the LeDucq Foundation. 

 Manuscript received 13 May 2013 and in revised form 20 June 2013. 

  Published, JLR Papers in Press, June 27, 2013  
 DOI 10.1194/jlr.M040055 

 Differing rates of cholesterol absorption among inbred 
mouse strains yield differing levels of HDL-cholesterol  

  Timothy J.   Sontag,   1    Bijoy   Chellan ,  Godfrey S.   Getz , and  Catherine A.   Reardon  

 Department of Pathology, University of Chicago, Chicago, IL 

  1  To whom correspondence should be addressed.  
  e-mail: tsontag@bsd.uchicago.edu 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of one fi gure. 



2516 Journal of Lipid Research Volume 54, 2013

density solution was layered beneath NaBr solutions of decreas-
ing densities from the bottom to the top of the centrifuge tube: 
3.2 ml 1.21 g/ml, 3.6 ml 1.063 g/ml, 3.2 ml 1.019 g/ml, and 1 ml 
1.006 g/ml. Density gradients were centrifuged for 22 h with no 
brake at 178,000  g  and fractionated manually into 20 fractions. 
Isopropanol (1 ml) was added to each fraction, evaporated in a 
50°C oven for 12 h, and counted on a scintillation counter as 
described above. To assess lipid absorption into the intestinal 
cells, gavaged mice were euthanized at 7 or 24 h postgavage. The 
stomach, intestine, cecum, and colon were harvested from each 
mouse. The intestine was divided into four equal-length seg-
ments, and the lumen contents were collected by wash with 5 ml 
PBS IFT (intestinal fl ow-thru). Total feces were also collected 
at euthanization. Tissues and feces were dissolved in 1 ml 1N 
NaOH overnight with gentle shaking at 37°C. Tissues, feces, and 
IFT were resuspended in 5 ml UltimaGold scintillation fl uid 
(Perkin-Elmer) and counted on a scintillation counter. 

 [ 3 H]cholesterol-labeled chylomicrons 
 Chylomicrons labeled with [ 3 H]cholesterol were generated by 

gavaging each of seven LDL receptor-defi cient female C57 mice 
with 2  � Ci [ 3 H]cholesterol in 200  � l olive oil. After 7 h, the mice 
were exsanguinated and the plasma combined. The total volume 
of plasma (2 ml) was brought up to 6 ml in PBS and centrifuged 
for 1 h at 103,000  g  to bring chylomicrons to the top of the tube. 
The top chylomicron fraction was removed, brought up to 6 ml 
again in PBS, and recentrifuged as before. The top chylomicron 
fraction was removed and concentrated using a centricon-30 con-
centrator down to 1.6 ml. Ten microliters of the concentrate was 
counted on the scintillation counter, yielding 75,000 cpm/ml chy-
lomicron concentrate. 

 Two hundred microliters of [ 3 H]cholesterol-labeled chylomi-
crons were injected into C57 or FVB mice retro-orbitally. After 3 h, 
the mice were bled, and plasma was fractionated by density gradi-
ent ultracentrifugation as described above. Density fractions were 
analyzed for radiolabel as described above. 

 Enterocyte [ 3 H]cholesterol absorption and secretion 
 Primary enterocytes were prepared from nonfasted C57 and 

FVB female mice using a protocol modifi ed from Nassir et al. 
( 19 ). Briefl y, the intestine was washed with cold PBS followed by 
cold HBSS ( � Ca 2+ / � Mg 2+ ). The intestine was then divided into 
four equal-length segments from stomach to cecum (I1, I2, I3, 
I4), and segments I3 and I4 were discarded. Segments I1 and I2 
were minced into small pieces with a razor blade, and enterocytes 
were isolated by incubation at 37°C and shaking for 20 min in 
HBSS ( � Ca 2+ / � Mg 2+ ) + 3 mM EDTA + 0.5 mM dithiothreitol. 
The cells were fi ltered through a 70  � m cell fi lter and pelleted at 
1,000  g  for 5 min, after which they were resuspended in DMEM 
and measured for viability by trypan blue exclusion. Cell viability 
was greater than 90%. Cell protein was measured using BioRad 
protein reagent (BioRad; Hercules, CA), and 400  � g cell protein 
was added to each well of 12-well plates in 1 ml DMEM. Absorp-
tion studies were initiated by the addition of [ 3 H]cholesterol 
bile salt micelles (0.2  � Ci [ 3 H]cholesterol, 0.14 mM Na cholate, 
0.15 mM Na deoxycholate, 0.17 mM 1-palmitoyl-2-oleoylphos-
phatidylcholine, 0.44 mM oleic acid, and 0.19 mM rac-mono-olein 
in DMEM). At time points ranging from 5 to 120 min, cells and 
media were harvested, and cells were washed two times with 
DMEM. Media cholesterol was extracted with 1 vol isopropanol + 
8 vol hexane. Cell cholesterol was extracted two times with 3:2 
hexane-isopropanol. Extracts were dried and counted on a scin-
tillation counter as described above. 

 Secretion studies were done on mice that had fi rst been gav-
aged with 2  � Ci [ 3 H]cholesterol in 200  � l olive oil. Three hours 

uptake of cholesterol from the lumen into the enterocytes 
( 19–21 ). Inside the enterocytes, the cholesterol is reesteri-
fi ed by ACAT2, packaged with triglyceride and apoB-48 
into chylomicrons by microsomal triglyceride transfer pro-
tein (MTTP), and then secreted into the circulation ( 22 ). 
Additionally, the ATP binding cassette transporter pro-
teins ABCG5 and ABCG8 have been shown to be involved 
in resecretion of the enterocyte cholesterol back into the 
lumen ( 23, 24 ). Other factors, including the rate of gastric 
emptying, have been shown to alter the rate of cholesterol 
absorption between inbred mouse strains ( 25 ). 

 In further attempts to try to account for the difference 
in HDL levels in the two strains chosen for study, we here 
examine the cholesterol absorption differences between 
C57 and FVB mice and fi nd that the FVB mouse absorbs 
cholesterol at a higher rate, which is then found at higher 
levels in circulating HDL. This higher level of absorption 
of cholesterol is also associated with a higher rate of ab-
sorption of triglyceride. Quantitative PCR analysis of intes-
tinal mRNA indicates that several genes, including MTTP 
and ABCG8, may be involved in differences in rate of lipid 
absorption between the two strains. 

 MATERIALS AND METHODS 

 All chemicals were purchased from Sigma Chemical Co. (St. 
Louis. MO) unless otherwise noted. Female C57BL/6J, FVBN/J, 
and LDLR receptor-defi cient (LDLR  � / �  ) mice were purchased 
from Jackson Laboratory, Bar Harbor, ME. The mice were bred 
in a specifi c pathogen-free facility. The pups were weaned at 21–
28 days and maintained on chow diet #7913 from Harlan Labs 
(Indianapolis, IN). All other inbred strains were purchased from 
Jackson Laboratory and maintained on a chow diet, and female 
mice were used at 8–10 weeks of age for experiments. Body 
weights were slightly but not signifi cantly higher in FVB mice 
compared with C57 mice. All procedures performed on the mice 
were in accordance with National Institutes of Health and institu-
tional guidelines. 

 Cholesterol absorption 
 [ 3 H]cholesterol, [ 3 H]triolein, and [ 14 C]cholesterol were pur-

chased from Perkin Elmer (Waltham, MA). Female mice were 
either fed ad libitum throughout the experiments, or fasted over-
night prior to gavage and again through the remainder of the 
experiment. Either 2  � Ci [ 3 H]cholesterol, 2  � Ci [ 3 H]triolein, or 
a combination of 2  � Ci [ 14 C]cholesterol and 2  � Ci [ 3 H]triolein 
were gavaged into mice in 200  � l olive oil. The mice were then 
bled retro-orbitally into tubes containing EDTA at time points 
ranging from 0 to 24 h postgavage. At the fi nal time point, the 
mice were exsanguinated and euthanized, and the liver and in-
testine were collected. Plasma from each time point was mixed 
with 1 ml of isopropanol in scintillation vials, and this mixture 
was allowed to evaporate overnight at room temperature. Insta-
fl uor scintillation fl uid was added, and samples were counted on 
a Beckman 6895 scintillation counter. In the experiments involv-
ing tyloxapol (Triton WR1339) inhibition of lipoprotein catabo-
lism, mice were injected with 100  � l of a 10% solution of tyloxapol 
in PBS 5 min prior to gavage. Plasma from the fi nal time point 
was used for NaBr density gradient fractionation to isolate plasma 
lipoproteins. Plasma (250  � l) mixed with 750  � l 1.386 g/ml NaBr 
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HDL production ( 27, 28 ). It is possible that the differences 
in HDL production are due to differing HDL production 
levels at either of these sites. In one case, the HDL would 
be secreted at differing levels directly from the intestine. 
In the second case, cholesterol is absorbed and secreted 

postgavage, the enterocytes were harvested and plated as above. 
At time points ranging from 5 to 120 min, cells and media were 
harvested and separated by centrifugation (5 min at 12,000  g ). 
Media cholesterol was extracted with 1 vol isopropanol + 8 vol 
hexane. Cell cholesterol was extracted two times with 3:2 hexane-
isopropanol. Extracts were dried and counted on a scintillation 
counter as described above. 

 Intestinal quantitative PCR 
 C57 and FVB female mice were either fasted for 16 h prior to 

intestinal harvest, or chow-fed mice were gavaged with 200  � l 
olive oil followed by 7 h ad libitum access to chow prior to intes-
tinal harvest. The small intestine was harvested from mice from 
stomach to cecum. Intestine was divided into four equal-length 
segments designated I1, I2, I3, and I4, with I1 being the segment 
closest to the stomach. Each section was washed with 5 ml PBS, trans-
ferred into cryovials, and frozen in liquid N 2  for later RNA prepa-
ration. RNA was prepared for each intestinal section using the 
Trizol extraction method (Invitrogen), and cDNA was prepared 
from 4  � g RNA using Superscript III (Invitrogen) according to the 
manufacturer’s protocol. Two microliters of 1:100-diluted cDNA 
was subjected to real-time PCR in a total volume of 14 µl using 7  � l 
SYBR green mix (SA Biosciences) and 0.5  � l primer mix (SA Biosci-
ences). Gene expression was normalized to hypoxanthine phospho-
ribosyltransferase (HPRT)  , with the expression level of each gene 
expressed relative to intestinal segment I1 of a fed C57 mouse. 

 Statistical analysis 
 All statistical analyses were done using Student’s  t -test in MicroCal 

Origin Version 4.0 software. 

 RESULTS 

 The appearance of labeled cholesterol in the plasma 
was measured in C57 or FVB female mice over the 
course of 7 h following gavage of [ 3 H]cholesterol in olive 
oil  (  Fig. 1A  ). The appearance of radiolabeled choles-
terol in the plasma was nearly 5-fold greater in the FVB 
mouse after 7 h. Similar results were found in male C57 
and FVB mice (data not shown). This plasma choles-
terol was found mainly as HDL ( Fig. 1B ). Several other 
strains of mice were tested, and the C57 mouse was 
found to have among the lowest rate of appearance of 
radiolabeled cholesterol in the plasma following gav-
age, whereas the FVB mouse was among the highest 
( Fig. 1C ). Along with C57 and FVB, several strains (C3H, 
DBA, Balb/c) have HDL levels that refl ect their relative 
cholesterol absorption rates. On the other hand, SWR 
mice, which have reported plasma HDL levels that are 
among the lowest of inbred mouse strains ( 26 ), were 
among the highest in cholesterol absorption  (  Fig. 1C , leg-
end). Similarly, the NZB/BIN strain, which has reported 
HDL levels similar to those of the FVB, was much lower 
than FVB in cholesterol absorption. Thus, there may be a 
rough but imperfect correlation between cholesterol ab-
sorption and plasma HDL levels. However, the mecha-
nisms involved in effecting HDL homeostasis probably 
differ somewhat among all inbred mouse strains. 

 The liver and the intestine are the two major sites of 
HDL synthesis, with the liver accounting for 70–80% of 

  Fig.   1.  Cholesterol absorption rates in various inbred strains of 
mice following olive oil gavage. Nonfasted female mice were gav-
aged with 2  � Ci [ 3 H]cholesterol in 200  � l olive oil. A, C: Plasma 
samples were collected over the course of 7 h, and plasma radiola-
bel was measured by liquid scintillation counting. B: Plasma 
samples (7 h) were separated on a 3–20% NaBr gradient and frac-
tionated, and [ 3 H]cholesterol levels in each fraction were deter-
mined by liquid scintillation counting. C: Comparison of additional 
inbred mouse strains. Reported plasma HDL cholesterol levels 
for females of each strain are shown in parenthesis for compari-
son ( 26 ). Data represent mean ± standard deviation of triplicate 
mice.   
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This labeled cholesterol, however, was not found in the 
HDL lipoprotein fraction, but rather in the chylomicron 
fraction, with no labeled cholesterol being found in the 
HDL fraction of the plasma ( Fig. 2B ), as expected, because 
chylomicron catabolism is inhibited. This also indicates that 
the differences in HDL cholesterol shown in  Fig. 1  are not 
arising from direct HDL synthesis by the intestine but rather 
may be related to differences in the amount of cholesterol 
secreted in association with chylomicrons. The isolated chy-
lomicrons and the enterocytes from the two mouse strains 
did not differ in their unlabeled cholesterol/protein con-
tent (data not shown), indicating that any cholesterol al-
ready present in the intestine at the time of gavage was not 
differentially diluting the label between the two strains. 

 As further evidence that the difference in HDL is di-
rectly a result of differences in chylomicron cholesterol 
between the two mice, chylomicrons from C57 mice were 
prepared labeled with [ 3 H]cholesterol. Equal amounts of 
the labeled chylomicrons were injected into C57 and FVB 
mice. Within 3 h of injection, more than 95% of the in-
jected label was found in the HDL fraction ( Fig. 2C ). Im-
portantly, when the mice started with equal amounts of 
substrate (i.e., chylomicron [ 3 H]cholesterol), there was no 
difference in the amount of label in the resulting HDL, 
again indicating that it is the increased production of la-
beled chylomicron cholesterol that results in increased 
[ 3 H]cholesterol-labeled HDL in FVB mice. 

 Because triglyceride makes up the bulk of the lipid found 
in newly secreted chylomicrons, we thought that the absorp-
tion of triglycerides might also be greater in the FVB mouse 
than in C57. Indeed, when mice are gavaged with olive oil 
containing labeled [ 3 H]triolein after tyloxapol injection, 
more of the label appears in the plasma of the FVB mice 
over the 7 h time course  (  Fig. 3  ). This suggests a common 
mechanism infl uencing the differences in cholesterol and 
triglyceride absorption observed between the mouse strains. 

 Kirby, Howles, and Hui ( 25 ) have previously described 
large differences in the rate of cholesterol absorption 

from the intestine at similar rates between the two mouse 
strains, but the liver production differs. To test this, an ex-
periment similar to that shown in  Fig. 1  was conducted, 
but with the inclusion of an injection of tyloxapol prior to 
gavage to prevent the catabolism of any newly formed 
intestinal lipoproteins. Again, nearly 5-fold more of the 
labeled cholesterol appeared in the plasma of the FVB 
mice when compared with the C57 mice after 7 h  (  Fig. 2A  ). 

  Fig.   2.  Absorbed cholesterol is secreted in chylomicrons at different 
rates in C57 and FVB mice. Nonfasted female C57 and FVB mice were 
injected retro-orbitally with 100  � l tyloxapol (10% v/v) followed by 
gavage with 2  � Ci [ 3 H]cholesterol in 200  � l olive oil. A: Plasma sam-
ples were collected over the course of 7 h, and plasma radiolabel was 
measured by liquid scintillation counting. B: Plasma samples (7 h) 
were separated on a 3–20% NaBr gradient and fractionated, and [ 3 H]
cholesterol levels in each fraction were determined by liquid scin-
tillation counting. Data   represent mean ± standard deviation of tripli-
cate mice. C: Non-fasted mice were injected retro-orbitally with equal 
amounts of [ 3 H]cholesterol-labeled chylomicrons. Three h plasma 
samples were separated on a 3-20% NaBr gradient, fractionated, and 
[ 3 H]cholesterol levels in each fraction determined by liquid scintilla-
tion counting. Data represent mean ± SD of triplicate mice.   

  Fig.   3.  Triglyceride absorption rates in FVB versus C57 mice fol-
lowing olive oil gavage. Nonfasted female C57 and FVB mice were 
injected retro-orbitally with 100  � l tyloxapol (10% v/v), followed 
by gavage with 2  � Ci [ 3 H]triolein in 200, � l olive oil. Plasma sam-
ples were collected over the course of 7 h, and plasma radiolabel 
was measured by liquid scintillation counting. Data represent 
mean ± standard deviation of triplicate mice.   
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We compared the cholesterol absorption of the C57 and 
FVB mice in both a fed and fasted state prior to [ 3 H]cho-
lesterol/olive oil gavage. The cholesterol absorption of 
FVB mice fed a chow diet prior to gavage was several-fold 
greater than those fasted 16 h prior to gavage, whereas the 
effect of feeding was not particularly notable in the C57 
mice  (  Fig. 7  ). Although the difference in cholesterol ab-
sorption was more dramatic between the two mouse strains 
under the fed state, even under the fasted state, the differ-
ence was signifi cant. 

between SJL/J and 129P3/J mice. They also found that the 
appearance of triglyceride in the plasma was also greater in 
mice with the higher rate of cholesterol absorption. The 
higher levels of lipid absorption in SJL/J mice were found 
to be due to the rate of gastric emptying, which was slower 
in the 129 mice. However, due to the slower presentation of 
lipid to the enterocytes of the 129 mice, the 129 mice were 
then found to absorb greater levels of lipid over a 24 h time 
period, because the lipid retained in the stomach moved to 
the intestine and became available for uptake. In our ex-
periments with C57 and FVB mice, the FVB mice had higher 
plasma [ 3 H]cholesterol even after 24 h, suggesting that the 
rate of gastric emptying is not the major factor regulating 
lipid absorption by the enterocytes between these two 
mouse strains (see supplementary  Fig. I ). To examine this 
further, radioactivity remaining in the stomach and intes-
tine and radioactivity in the feces in the cage were exam-
ined over the course of 7 h post gavage. By 2 h, more than 
90% of the total gut radioactivity had exited the stomach of 
both mouse strains, demonstrating similar rates of gastric 
emptying  (  Fig. 4  ). No differences were noted in any of the 
gut segments at 2 or 4 h. However, by 7 h, the levels of [ 3 H]
cholesterol in segments 2, 3, and 4 of the FVB mouse (intes-
tinal cells + luminal contents) were signifi cantly lower than 
in the C57 mouse, indicating that in the FVB mouse, more 
of the absorbed cholesterol had passed through the entero-
cytes by this time ( Fig. 4C ). When the small intestine was 
washed of its luminal contents (7 h time point), the levels of 
cell-associated [ 3 H]cholesterol were found to be greater in 
the FVB mouse intestinal segments, particularly for segment 
2, indicating that the FVB enterocytes absorb more lipid 
from the lumen during that time frame, providing a greater 
lipid pool for chylomicron assembly and secretion into the 
circulation  (  Fig. 5  ). Unlabeled cholesterol levels were simi-
lar in the gut of the two mouse strains, suggesting that this 
mechanism is not affecting steady-state cholesterol levels 
within the intestine (data not shown). 

 Primary enterocytes from both mouse strains were used 
to examine cholesterol absorption in cultured cells. No sig-
nifi cant differences were noted in the percent [ 3 H]choles-
terol taken up by the enterocytes from intestinal segment I1 
from the two mice  (  Fig. 6A  ). However, as early as 5 min after 
adding [ 3 H]cholesterol-labeled micelles to primary entero-
cytes, the percent [ 3 H]cholesterol found in segment I2 of 
the FVB small intestine was higher than in C57, although 
this difference did not quite reach signifi cance in any of the 
repeated experiments. We also isolated primary enterocytes 
from mice gavaged with [ 3 H]cholesterol and measured the 
secretion of cholesterol from the cells over time ( Fig. 6B ). 
Similar to what we observed with uptake of cholesterol by 
the cells, there was no signifi cant difference in the percent 
of cellular radiolabeled cholesterol secreted by small intesti-
nal segments 1 and 2 in the two strains of mice. Taken to-
gether, these data suggest that the difference in cholesterol 
absorption between the two mouse strains lies in the absorp-
tion from the lumen into the intestinal cells rather than in 
the secretion rate from the intestinal cells into the lymph. 

 The factors infl uencing intestinal absorption of lipids 
may be infl uenced by the feeding state of the subject ( 29 ). 

  Fig.   4.  [ 3 H]cholesterol distribution throughout the gut of C57 
and FVB mice following olive oil gavage. Nonfasted female C57 
and FVB mice were injected retro-orbitally with 100  � l tyloxapol 
(7.5% v/v) followed by gavage with 2  � Ci [ 3 H]cholesterol in 200  � l 
olive oil. After 2, 4, or 7 h (panels A–C), the entire gut length 
(stomach to colon) and excreted feces were harvested and divided 
into segments, with the small intestine divided into four equal-
length segments (I1+ to I4+). Each segment was dissolved in 1 ml 
1N NaOH, and [ 3 H]cholesterol levels were measured by liquid 
scintillation counting. Signifi cant differences between strains are 
represented by *  P  < 0.05 or #  P  < 0.01.   
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reported differences in HDL between C57 and FVB inbred 
mouse strains. FVB mice have twice the level of HDL-cho-
lesterol, twice the apoA-II component, and an enrichment 
in apoC-III ( 3 ). Given the inverse relationship between 
plasma cholesterol levels and cardiovascular disease, it is 
important to understand the genetic factors that regulate 
these lipoprotein levels. The existence of a variety of in-
bred mouse strains that possess a wide range of steady-state 
plasma cholesterol levels provides a useful tool in investi-
gating the genetic causes. The low HDL-cholesterol C57 
mice are one of the inbred strains most susceptible to ath-
erosclerotic lesion development whether by means of an 
atherogenic diet or by knockout of genes that promote 
lesion development (e.g., LDL receptor or apoE). On the 
other hand, the high-HDL cholesterol FVB strain is one of 
the more-atherosclerosis-resistant strains ( 30 ). These dif-
ferences in atherosensitivity are seen even when HDL is 
not the major plasma lipoprotein, as, for example, in 
apoE-defi cient mice in each strain ( 31 ). This may be taken 
to suggest a difference in total lipid homeostasis be-
tween the two mouse strains. Although we report important 

 To begin to understand what factors may be regulating 
the differences in lipid absorption by the enterocytes, we 
measured the mRNA levels of likely candidates known to 
be involved in enterocyte lipid absorption throughout the 
length of the small intestine  (  Fig. 8  ). Of the mRNA known 
to be involved in chylomicron assembly (ACAT2, apoB, 
MTTP), MTTP was signifi cantly higher in intestinal sec-
tion 2 of the FVB mouse in both the fed and fasted state. 
Inversely, ACAT2 expression was higher in sections 2 and 
3 in the C57 mouse ( Fig. 8A ). No differences were seen in 
apoB expression. The genes known to be involved in cho-
lesterol transport into and out of the enterocytes were also 
tested. Expression of ABCG8, ABCA1, NPC1L1, and SRB1 
were all higher in intestinal sections I2 and I3 of the C57 
mouse, but the difference was only signifi cant for ABCG8 
and SRB1 ( Fig. 8B ). Intestinal segment 2 ABCG8 was sig-
nifi cantly lower in the FVB mouse under the fed state 
when compared with the fasted FVB. There were no differ-
ences between the mouse strains in expression of the FA 
transporter CD36 in any of the intestinal sections. The 
largest differences in expression between the two mouse 
strains were in apoA-IV, apoC-II, and apoC-III, which were 
all much higher in intestinal sections I2 and I3 of the FVB 
mouse ( Fig. 8C ). Interestingly, apoA-IV and apoC-III lie in 
the same gene cluster as apoA-I, whose expression in FVB 
intestine was not signifi cantly different from that in C57 in 
segments I2 or I3. Also, although apoC-II and apoE share 
the same gene cluster, there is an inverse pattern of ex-
pression when the two mice are compared. The effect of 
fasting on gene expression was most notable in MTTP, 
apoA-IV, ABCG8, and SRB1 expression levels. 

 DISCUSSION 

 In this manuscript, we set out to explore the potential con-
tribution of the intestine in accounting for the previously 

  Fig.   5.  Cholesterol absorption into C57 and FVB mouse intesti-
nal cells following olive oil gavage. Nonfasted female C57 and FVB 
mice were injected retro-orbitally with 100  � l tyloxapol (10% v/v) 
followed by gavage with 2  � Ci [ 3 H]cholesterol in 200  � l olive oil. 
After 7 h, the small intestine was harvested and divided into four 
equal-length segments. Each segment was washed with 5 ml PBS to 
remove luminal contents, dissolved in 1 ml NaOH, and tissue [ 3 H]
cholesterol levels measured by liquid scintillation counting. Seg-
ment I1 is closest to the stomach. Signifi cant differences between 
strains are represented by *  P  < 0.01.   

  Fig.   6.  Cholesterol absorption and secretion from C57 and FVB 
mouse primary enterocytes. A: Enterocytes from intestinal seg-
ments I1 and I2 harvested from nonfasted female C57 and FVB 
mice were incubated with bile salt micelles containing [ 3 H]choles-
terol for various times, and the cell-associated [ 3 H]cholesterol lev-
els were measured at several time points, as described in Materials 
and Methods. B: Nonfasted C57 and FVB mice were gavaged with 
2  � Ci [ 3 H]cholesterol in 200  � l olive oil. After 3 h, enterocytes from 
intestinal segments I1 and I2 were washed, harvested, and plated in 
DMEM, and secretion of the cell-associated [ 3 H]cholesterol levels 
were measured at several time points, as described in Materials and 
Methods. Data represent mean  +/ �   standard deviation of entero-
cytes from triplicate mice.  P  values compare C57 I2 to FVB I2.   
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( 17 ). In their study, the percent cholesterol absorption in 
the FVB mouse was not signifi cantly different from that in 
the C57 mouse. Although the reasons behind the differ-
ences between our study and theirs are not completely 
clear, it may be related to the methodologies used for cho-
lesterol delivery. In our study, the cholesterol is delivered 
in olive oil, which is mainly long-chain triglyceride, whereas 
their study used medium-chain triglycerides as a delivery 
vehicle. This is important, inasmuch as the delivery vehicle 
signifi cantly affects the amount of cholesterol that is ab-
sorbed ( 18 ). Indeed, even in our experiments, although 
the absorption was always greater in the FVB mice, the ex-
tent of this difference was modifi ed by the batch of olive 
oil that was used (data not shown). Additionally, their study 
looked at a single time point 3 days postgavage, whereas 
we have examined early time points (0–7 h), as well as 
throughout a 3 day duration (see supplementary Fig. I). 
When plasma [ 3 H]cholesterol levels are compared 3 days 
post gavage using our method, FVB levels are still higher 
than those of C57, but not as predominantly as at the ear-
lier time points, suggesting that the time frame of the ab-
sorption studies is an important consideration. 

 The mechanisms behind variations in cholesterol ab-
sorption between inbred mouse strains have not been 
elucidated. Although Wang, Paigen, and Carey ( 17 ) have 
shown that cholesterol absorption effi ciencies are not de-
termined by intestinal transit times, Kirby, Howles, and 
Hui ( 25 ) have shown that differences in cholesterol ab-
sorption in SJL/J and 129 mice are attributable to differ-
ences in the rate of gastric emptying. In that study, the 129 
mice have a slower rate of gastric emptying and a slower 
appearance of cholesterol in the plasma, similar to what 
we see with the C57 mice. However, over longer time peri-
ods (24 h), the 129 mice accumulated higher plasma cho-
lesterol from the gut. The authors suggest that the slower 
gastric emptying in the 129 mice presents less substrate for 
absorption initially, but the lower concentration presented 
to the lumen over the course of time allows for more cho-
lesterol to be taken up. This is not occurring in the case of 
C57 versus FVB, inasmuch as the FVB mouse shows higher 
plasma [ 3 H]cholesterol, not only at the initial time points, 
but also as far out as 72 h. The gastric emptying in the C57 
and FVB mice was similar ( Fig. 4 ), again indicating that 
the overall mechanism is different from that found in the 
SJL/J and 129 mice. 

 We attempted to ascertain whether some of the in vivo 
differences noted could be reproduced in cultured en-
terocytes. Though we cannot say that this was fully achieved, 
we did observe an increment in cholesterol uptake in the 
FVB enterocytes of the second intestinal segment, the seg-
ment most active in cholesterol absorption, derived from 
fed animals. This difference approached signifi cance ( P  < 
0.05) and agreed with the in vivo absorption data. We 
noted no signifi cant differences in the lipid secretion from 
any of the enterocytes. 

 Our analysis of transcript levels of proteins involved in 
lipid absorption highlighted several genes of interest. We 
have to note the caveat that transcript levels represent just 
one measure of overall protein product steady state. Our 

differences in lipid absorption and handling of absorbed 
lipids among the two strains, and suggest that these differ-
ences may contribute to the observed differences in HDL, 
we cannot offer a simple mechanistic correlation between 
these parameters, HDL levels, and atherosensitivity. It may 
be that primary intestinal lipoprotein particles delivered 
to the plasma are remodeled there, to give rise to plasma 
HDL, among other products. Another possibility is that 
the chylomicron remnants from the two mouse strains 
(having differing levels of cholesterol label) are taken up 
by the liver, and the absorbed cholesterol label is then se-
creted into the plasma within HDL particles. 

 Numerous studies have examined the variations in lipid 
absorption found among inbred mouse strains. Wang and 
Carey ( 18 ) have demonstrated that although different 
methods of measuring cholesterol absorption yield differ-
ent absolute values, the interexperimental differences 
were consistent. In our study, we were primarily interested 
in the appearance of cholesterol in the plasma postgavage. 
We report a much greater appearance of cholesterol radi-
olabel in the plasma of FVB mice following oral lipid gav-
age. This results from the higher levels of cholesterol in 
the newly secreted chylomicrons, as evidenced by the 
greater plasma [ 3 H]cholesterol levels in the FVB mouse 
when chylomicron catabolism is inhibited by tyloxapol. 
This difference in cholesterol absorption is refl ected in 
the levels of cholesterol found in the plasma HDL. This is 
especially interesting, inasmuch as the FVB mouse is a 
high-HDL cholesterol mouse, with HDL-cholesterol levels 
double those of the C57 mouse ( 3 ). When equivalent lev-
els of [ 3 H]cholesterol-labeled chylomicrons are injected 
into the two mouse strains, within 3 h, the label is found in 
the plasma almost entirely associated with HDL and at 
equal levels. This suggests that the genetic factors that reg-
ulate the amounts of cholesterol secreted in the chylomi-
crons may be directly infl uencing the cholesterol levels of 
the plasma HDL. 

 To our knowledge, only one other group has com-
pared the cholesterol absorption of the C57 and FVB mouse 

  Fig.   7.  The effect of feeding versus fasting on cholesterol absorp-
tion in C57 and FVB mice. Female C57 and FVB mice were kept for 
16 h with and without standard chow diet. The mice were then in-
jected retro-orbitally with 100  � l tyloxapol (10% v/v), followed by 
gavage with 2  � Ci [ 3 H]cholesterol in 200  � l olive oil. Plasma samples 
were collected over the course of 7 h, and plasma radiolabel was 
measured by liquid scintillation counting  . Data represent mean ± 
SD of replicate samples.   
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the factors that are causing higher apoA-IV mRNA levels in 
the FVB mice may also be causing higher apoC-III mRNA 
levels. However, apoA-I also exists in the same gene clus-
ter, but is expressed at similar levels in the intestine of 
both strains. Similarly, although apoE and apoC-II lie 
within the same gene cluster, apoC-II is expressed in the 
intestine at much higher levels in the FVB mouse, whereas 
intestinal apoE expression is slightly lower in FVB mice. 
The variation in level of the transcripts for these apolipo-
proteins between the two mouse strains is most probably 

transcript analysis is meant to provide a framework for future 
studies. That said, several of the genes expected to be in-
volved in chylomicron formation were signifi cantly higher 
in the FVB mouse, including those for the apolipoproteins 
A-IV, C-II, and C-III, as well as MTTP. Expression of the 
main apolipoprotein found on chylomicrons, apoB, was 
found at similar levels between the two mice, keeping in 
mind, however, that apoB, at least in the liver, is subjected 
to signifi cant posttranscriptional regulation ( 32 ). ApoC-III 
and apoA-IV exist on the same gene locus, suggesting that 

  Fig.   8.  Small intestine mRNA expression levels of various genes associated with lipid absorption/traffi cking. The small intestine was har-
vested from triplicate nonfasted female mice 7 h following a 200  � l olive oil gavage (Fed) and from triplicate female mice fasted 16 h with 
no gavage (Fasted). Upon harvest, the small intestine was divided into four equal-length segments I1-I4 beginning at the stomach end. Each 
segment was washed with 5 ml PBS. The values are relative to the I1 segment of one nonfasted C57 mouse. Signifi cant differences between 
strains are represented by *  P  < 0.05, #  P  < 0.005, and @  P  < 0.0005. Signifi cant differences between fed and fasted of the same strain are 
represented by $  P  < 0.05 and +  P  < 0.005.   
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ultimately provide new targets for regulation of lipid absorp-
tion. The relationship between these fi ndings and the re-
ported differences in HDL levels and atherosensitivity is 
complex. Further work will be required to elucidate these 
relationships.  
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