Research article

Intestinal ABCA1 directly contributes
to HDL biogenesis in vivo
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Plasma HDL cholesterol levels are inversely related to risk for atherosclerosis. The ATP-binding cassette,
subfamily A, member 1 (ABCA1) mediates the rate-controlling step in HDL particle formation, the assem-
bly of free cholesterol and phospholipids with apoA-I. ABCAL1 is expressed in many tissues; however, the
physiological functions of ABCA1 in specific tissues and organs are still elusive. The liver is known to be
the major source of plasma HDL, but it is likely that there are other important sites of HDL biogenesis. To
assess the contribution of intestinal ABCA1 to plasma HDL levels in vivo, we generated mice that specifi-
cally lack ABCA1 in the intestine. Our results indicate that approximately 30% of the steady-state plasma
HDL pool is contributed by intestinal ABCA1 in mice. In addition, our data suggest that HDL derived
from intestinal ABCAL1 is secreted directly into the circulation and that HDL in lymph is predominantly
derived from the plasma compartment. These data establish a critical role for intestinal ABCA1 in plasma

HDL biogenesis in vivo.

Introduction
HDL particles mediate the transport of cholesterol from periph-
eral tissues to the liver in a process termed reverse cholesterol
transport (1, 2), which is postulated to explain, at least in part,
their ability to protect against foam cell formation and athero-
sclerosis. Despite the widespread interest in HDL as a potential
therapeutic target (3), the origins of plasma HDL are still elu-
sive. The ATP-binding cassette, subfamily A, member 1 (ABCA1)
mediates the rate-controlling step in HDL particle formation by
promoting the efflux of cholesterol and phospholipids to apoA-I
(4, 5). Mutations in ABCA1 cause Tangier disease (6-8), charac-
terized by near absence of HDL cholesterol and increased risk
for atherosclerosis (9-11). ABCAL1 is widely expressed through-
out the body (12, 13); however, the contributions of ABCA1 in
specific tissues to HDL levels and reverse cholesterol transport
are still being unraveled, and only recently the role of hepatic
ABCA1 in homeostasis of HDL levels was elucidated.
Overexpression ofhepaticABCA1 raises HDL cholesterollevels (14, 15),
and liver-specific deletion of ABCALI results in a substantial (~80%)
decrease in plasma HDL cholesterol in chow-fed mice (16). Similarly,
a 50% knockdown of hepatic ABCA1 expression by adenovirus-medi-
ated RNA interference in mice is associated with a 40% decrease in
HDL cholesterol (17). These results indicate that the liver is the single
most important source of plasma HDL in vivo but also suggest the
existence of additional, extrahepatic sites of HDL biogenesis.
Theintestine, along with the liver,is an importantsite for the syn-
thesis and secretion of apoA-I, the principal apoprotein of HDL,
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and contributes approximately 50% of total plasma apoA-I(18).
In humans, approximately 1.5 g of dietary and biliary choles-
terol enters the intestinal lumen each day (19). Cholesterol
that is absorbed or synthesized locally in the enterocytes (20) is
thought to be either expelled into the intestinal lumen through
the actions of the ABCG5/ABCGS8 heterodimeric transporter
for eventual excretion via the feces (21), or esterified by the
action of ACAT and packaged into chylomicrons and VLDL
particles for transport into the body (22). Cholesterol transport
from the intestine is thought to occur almost exclusively by the
lymphatic system (23).

A potential role for the intestine in HDL particle assembly
was initially inferred from studies in hepatectomized dogs (24)
and studies describing the presence of HDL of distinct com-
position and morphology in mesenteric lymph of rats (25-28).
More recent studies in cultured cells have identified an apoB-
independent pathway of cholesterol secretion from intestinal
epithelial cells (29-31). However, the physiological contribution
of the intestine to HDL levels is unknown, and the molecular
mechanisms involved in intestinal HDL assembly are obscure.
In addition, the origin of mesenteric lymph HDL has been a
subject of considerable controversy (32-36), raising the ques-
tion of whether HDL in mesenteric lymph is in fact derived
from the intestine.

To specifically assess the role of intestinal ABCA1 in HDL
metabolism in vivo, we have generated mice that lack ABCA1
exclusively in the intestine (Abcal=/~ mice). Our results show
that intestinal ABCAL1 is importantly involved in HDL biogen-
esis and contributes approximately 30% to steady-state plasma
HDL cholesterol levels in mice. Furthermore, our data suggest
that intestinal ABCAL1 participates in HDL assembly via a direct
mechanism into the circulation.
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Figure 1

Generation of ABCAT1 intestine-specific knockout mice (Abca7-/). (A) Southern blot of genomic liver (L) and intestine (I) DNA from mice with
WT (+/+) or floxed (—i/—i) alleles in the presence of Cre recombinase. DNA was digested with EcoRV and hybridized with a probe to the genomic
region between exons 44 and 45 in the Abca1 gene to produce the 6-kb WT, 7.3-kb floxed, and 4.2-kb knockout bands. (B) Quantitative real-time
PCR of RNA isolated from mouse intestine. Reverse-transcribed RNA was amplified with oligos specific for Abca? and Gapdh. (C) Western blot
of tissue lysates from control (+/+) and Abca7-#- (-i/—i) mice with antibodies against ABCA1, and GAPDH as loading control. (D) Quantitative
real-time PCR of RNA isolated from livers of Abca7++ and Abcal-#- mice. Reverse-transcribed RNA was amplified with oligos specific for Abca1
and Actin. (E) Representative Western blot of liver lysates from Abca7++ and Abca1-/- mice.

Results

To evaluate the role of intestinal ABCA1 in HDL biogenesis in vivo,
we generated mice that specifically lack ABCA1 in enterocytes by
crossing Abcal floxed mice (16) with mice expressing Cre recom-
binase under the control of the intestinal epithelium-specific Villin
promoter (37). The Villin promoter drives robust expression of Cre
through the length of the small and large intestine from 12.5 dpc
(37). Abcal~/~' mice were born at the expected Mendelian frequen-
cies, were fertile, and did not differ significantly in weight from lit-
termate controls. Figure 1A shows Southern blot analysis of EcoRV-
digested genomic DNA from livers and intestines of Abcal”* and
Abcal " littermates probed with a DNA fragment corresponding
to intron 44. Cre-mediated deletion of Abcal was evident in the
intestine of Abcal~/~ mice, but not in the liver of these mice, or in
the intestine or liver of Abcal** controls (Figure 1A).

Recombination of the floxed Abcal allele resulted in a significant
decrease in intestinal ABCA1 mRNA (Figure 1B) and protein levels
(Figure 1C). ABCA1 protein expression in other tissues was unal-
tered (Figure 1C), indicating that Abcal=/~" mice specifically lack
ABCAL1 in the intestine.

Hepatic ABCA1 levels are a critical determinant of plasma HDL
cholesterol concentration (16). Figure 1D shows hepatic Abcal
mRNA levels as determined by quantitative real-time PCR, reveal-
ing no alteration in expression of hepatic ABCA1 in Abcal V"
mice compared with controls. Figure 1E shows a representative
immunoblot of liver lysates from Abcal~ mice and controls, indi-
cating that hepatic ABCA1 protein expression was normal. There-
fore, hepatic ABCA1 levels are unaltered by deletion of intestinal
ABCAL1 and do not exhibit compensatory changes.

Figure 2 shows ABCA1 expression in mouse small intestine as
detected by immunofluorescence. Ten-micron sections of fixed
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mouse intestine were stained with a polyclonal antibody against
ABCAL1 (12) (green), and counterstained with DAPI for cell nuclei
(blue). ABCA1 protein was found to be highly expressed in entero-
cytes of the ileum (Figure 2, A-C) and jejunum (Figure 2D). ABCA1
expression was primarily observed in the intestinal villi, with less
expression in crypts, consistent with a role in the absorptive regions
of the intestine. ABCAL1 expression was not detectable in the duo-
denum, cecum, or colon of WT mice (data not shown). ABCA1
appeared to be present both intracellularly and at the plasma mem-
brane, including the basolateral membrane (Figure 2D), consistent
with previous reports of ABCA1 localization (38, 39). Abcal /- mice
had undetectable ABCAL1 protein expression in all sections analyzed
(Figure 2, E-G), indicating complete ablation of ABCA1 protein
expression in these mice. Figure 2H shows a section of WT jejunum
stained with a random IgG to control for nonspecific staining.
Fasting plasma lipid and apolipoprotein concentrations in
Abcal”*, Abcal*/' and Abcal~ mice are shown in Table 1. Total
plasma cholesterol was significantly reduced by approximately
30% in Abcal /- compared with Abcal** mice, primarily because
of a significant reduction in plasma HDL cholesterol (~30%,
P <0.001). Plasma levels of apoA-I and apoA-II were significantly
decreased by approximately 25% and 35%, respectively (P < 0.05;
Table 1). Plasma apoB was also significantly reduced in Abcal/~ mice
compared with controls by approximately 30% (P < 0.01; Table 1).
Notably, a gene-dosage effect was evident, with Abcal*/~ hetero-
zygotes showing total plasma cholesterol and HDL cholesterol
levels intermediate between those of WT and knockout mice and
significantly reduced compared with those of WT mice (P < 0.05;
Table 1). Plasma apoA-I concentrations in Abcal”~" heterozygotes
tended to be reduced compared with those in controls, but this
difference was not statistically significant.
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Fast protein liquid chromatography (FPLC) analysis confirmed
the significant decrease in HDL cholesterol concentration in
Abcal=/~ mice (Figure 3A). No shift in particle size was evident,
indicating that the reduction in HDL cholesterol primarily
reflected a reduction in the number of similarly sized particles.
Quantification of the cholesterol concentration in the FPLC-
separated lipoprotein classes confirmed that HDL cholesterol
was reduced by approximately 30% in Abcal - homozygotes
(P < 0.05; Figure 3B) and also revealed a significant decrease in
LDL cholesterol concentration (P < 0.05; Figure 3B), similar to
that observed in Tangier disease patients and in ABCA1 total
knockout mice (40, 41).

To determine the cumulative contribution of intestinal and
hepatic ABCAL1 to plasma HDL cholesterol levels, we bred mice
that carry both the Villin-Cre and the Albumin-Cre trans-

Table 1

Figure 2

Expression of ABCA1 in mouse intestine. Ten-micron sections of
mouse intestine were stained with an antibody against ABCA1 (green),
or with DAPI (blue) or phalloidin (red). (A—C) lleum, x20 magnification
(A) and x40 magnification (B and C), from Abca7++ mice. (E-G) Cor-
responding sections from Abca1-#- mice. (D) Jejunum, x60 magnifi-
cation, from Abca7++ mouse. (H) Jejunum, x60 magnification, from
Abca1+* mouse stained with random mouse IgG as negative control.

genes, such that ABCA1 is deleted from both liver and intestine
(Abcal-/-L). Figure 4A shows plasma HDL cholesterol levels
in control mice, and mice lacking intestinal ABCA1, hepatic
ABCAL, or both. Compared with mice lacking hepatic ABCA1,
mice lacking both intestinal and hepatic ABCA1 displayed a
further significant decrease in plasma HDL cholesterol levels,
indicating that the contribution of intestinal ABCA1 to HDL
cholesterol levels was independent of hepatic ABCA1. Figure 4B
shows HDL cholesterol levels as a percentage of respective age-
and strain-matched controls. The combined deletion of both
hepatic and intestinal ABCA1 resulted in an approximately
90% decrease in plasma HDL cholesterol levels, similar to that
seen in ABCA1 total knockout mice. Therefore, the intestine
and liver are the 2 major sites of initial HDL particle assembly,
and ABCAL1 in other tissues cannot compensate for the loss of
hepatic and intestinal ABCAL.

To study the metabolic effects of loss of intestinal ABCA1 on
intestinal cholesterol transport, we fed Abcal”* and Abcal™/~
mice [*H]cholesterol and measured the appearance of the choles-
terol tracer in plasma, liver, and intestine after 2 hours. Figure SA
shows the appearance of [3H]cholesterol in plasma, HDL, and
non-HDL 2 hours after oral gavage. Mice lacking intestinal
ABCAL1 had a significant approximately 35% reduction in the level
of [*H]cholesterol in plasma and HDL after 2 hours (P < 0.05).
[*H]cholesterol appearance in non-HDL was not significantly dif-
ferent between genotypes. Figure 5, B and C, shows the amount
of [3H]cholesterol recovered in the liver and in the intestine after
a luminal rinse, at 2 hours after the oral gavage. Abcal/~ mice
displayed significantly less [*H]|cholesterol in the liver (P < 0.05;
Figure 5B) as well as significant retention of [3H]cholesterol in
the small intestine compared with controls (P < 0.05; Figure 5C).
These data indicate that cholesterol uptake from the intestinal
lumen is not impaired in mice lacking intestinal ABCA1, but that
the transport of absorbed cholesterol into plasma is significantly
reduced. The reduced appearance of radiolabeled cholesterol in
plasma is unlikely to be secondary to the reduced plasma HDL
cholesterol pool in these mice, because it has previously been
shown that raising plasma HDL levels does not prevent decreased
appearance of a gavaged cholesterol tracer in plasma in a chicken
model of total ABCA1 deficiency (42).

Plasma lipid and apolipoprotein values for ABCA1 intestine-specific knockout mice consuming a standard laboratory chow diet

Abca1 genotype TPC (mg/dl) HDL-C (mg/dl) TG (mg/dl)
+/+ 116 £5 (21) 75+2(31) 10512 (9)
+/—i 96 +6 (13)A 63 £5 (12)A 91+9(8)
—i/—i 81 +7 (14)8 49 +6(10)8 10510 (6)

ApoA-l (mg/dl)  ApoA-ll (mg/dl)  ApoClil (mg/dl)  ApoB (mg/dl)

81+4(9) 1529 (9) 58+ 7 (9) 21+1(9)
766 (8) 128+ 15 (8) 51+7(8) 182 (8)
6110 (6)r 101 +17 (6) 43+ 4 (6) 1541 (B)A

Blood was obtained from mice after a 4-hour fast. Values are mean + SEM. The number of mice is indicated in parentheses. TPC, total plasma cholesterol;
HDL-C, HDL cholesterol; TG, triglyceride. AP < 0.05, BP < 0.001 compared with +/+.
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To further assess the role of enterocyte ABCA1 in the uptake of
luminal cholesterol, we measured fractional cholesterol absorp-
tion by the fecal dual-isotope method. Figure 5D shows frac-
tional cholesterol absorption in Abcal** and Abcal"/~ mice. We
found no effect on this parameter in the absence of intestinal
ABCAL1, indicating that enterocyte ABCA1 does not influence
luminal cholesterol absorption.

Figure 6 shows intestinal and hepatic cholesterol content in con-
trol mice and mice lacking intestinal ABCA1. Mice lacking intesti-
nal ABCAL1 displayed a trend toward increased total and free cho-
lesterol in the small intestine, and a significant 10-fold increase in
intestinal cholesterol ester content (P < 0.05; Figure 6A). There was
no difference in hepatic cholesterol content (Figure 6B). Figure 6C
shows the relative amounts of mRNAs involved in sterol metabo-
lism in intestines of control and Abcal/~ mice. Mice lacking intes-
tinal ABCA1 had significantly increased levels of AbcgS and Abcg8
(P <0.05) as well as a trend toward reduced levels of HMG-CoA
synthase (Hmges) mRNA (P = 0.06). These gene expression changes
are consistent with increased sterol content in enterocytes, leading
to activation of liver X receptor target genes such as ABCG5 and
ABCGS (43), and suppression of cholesterol synthesis genes. No
change was observed in the levels of Npc1ll mRNA, the putative
cholesterol absorption protein (44, 45), consistent with our finding
of normal cholesterol absorption in Abcal /- mice (Figure SD).

Figure 4

Tissue-specific contributions of ABCAT1 to plasma HDL cholesterol lev-
els. (A) Plasma HDL cholesterol levels in control mice, and mice lack-
ing intestinal ABCA1 (—i/—i), hepatic ABCA1 (-L/—L), or both (—iL/—iL).
Mice lacking both hepatic and intestinal ABCA1 had a further signifi-
cant decrease in plasma HDL cholesterol compared with mice lacking
hepatic ABCA1. (B) Plasma HDL cholesterol levels as a percentage
of those of strain-matched controls. The percentage decrease com-
pared with strain-matched controls is indicated over each bar. Dele-
tion of hepatic and intestinal ABCA1 results in an approximately 90%
decrease in plasma HDL cholesterol, similar to that in mice lacking
ABCAT1 globally (—/-). n = 4 mice per group. *P < 0.01.
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Figure 3

Analysis of plasma lipoproteins by FPLC. (A) Equal volumes of plasma
from Abcat++, Abca1+-, and AbcaT-- mice fasted for 4 hours were
pooled and fractionated by FPLC. Total cholesterol in each fraction
was determined by enzymatic assay. (B) Plasma from individual mice
fasted for 4 hours was fractionated, and cholesterol concentration was
determined online by FPLC. n = 6-9 mice per group. *P < 0.05.

To further characterize the mechanism by which intestinal
ABCAL1 influences plasma HDL cholesterol levels and intesti-
nal lipid transport, we investigated cholesterol secretion by
primary enterocytes isolated from Abcal"* and Abcal/~ mice.
This system has previously been shown to accurately model the
secretion of cholesterol into both apoB-containing chylomi-
cron and VLDL-sized particles, as well as non-apoB-containing
particles in the size range of HDL (29, 30). Primary enterocytes
were isolated and incubated with [*H]cholesterol and then
chased for 2 hours in the presence of micelles. Figure 7, A and B,
shows [*H]|cholesterol levels in cells and media, respectively,
after 2 hours. Enterocytes from Abcal™~ mice contained sig-
nificantly more [3H]cholesterol (Figure 7A) and secreted less
[*H]cholesterol into the media over 2 hours (Figure 7B).

The media were subsequently subjected to density gradient ultra-
centrifugation, and [*H|cholesterol was determined in the isolated
fractions. Figure 7C shows [*H|cholesterol levels in the isolated frac-
tions. Enterocytes lacking ABCA1 secreted 40% less [*H]cholesterol
specifically into the highest-density fractions in the density range of
HDL, which contain most of the secreted apoA-I (29, 30) (P < 0.001;
Figure 7C). In contrast, there was no difference in cholesterol secre-
tion into the lower-density fractions representing chylomicrons
and VLDL (fractions 1-3), which contain most of the apoB (29, 30).
These in vitro results therefore recapitulate the findings in vivo
that absence of enterocyte ABCALI results in accumulation of cel-
lular cholesterol, and reduced secretion of cholesterol. These data
further indicate that ABCA1 is directly involved in the secretion of
cellular cholesterol into HDL from enterocytes.

Cholesterol secretion by the intestine is thought to occur
almost exclusively via the lymphatics (23). As Abcal~/~ mice had

A 80
B 70- 1
o
S o= *
@
B = 1T
35 %
g2
[=]
I 304 P=0.02
2
104 I;__I
c L) L) L) L)
++ —if=i -L-L  —LMHL
B
1004 ——
= ~30%
O — 80+
23 —
%‘g 60-
2o
O 5 40+
=
2 2 204 ~80% 905
~90%
] ~95%
e L) L) L) L] L)
++ —i/-i -L/~L —-iL/-L /-
Volume 116 ~ Number4  April 2006 1055



research article

A B Liver Figure 5
25001 30000+ Intestinal cholesterol transport in mice
€ 20004 Bl Aocar = lacking intestinal ABCA1. (A) Appear-
§ [ Abcat g ance of [®H]cholesterol in whole-plasma,
S 1500 * :o’ HDL, and non-HDL fractions after 2
o & hours. Mice were gavaged with 0.2 uCi
3 10004 . a of [®H]cholesterol, and the appearance
2 E of the tracer was assessed after 2 hours.
O 500- @] (B) [®H]cholesterol in liver 2 hours after
oral gavage. (C) [3H]cholesterol in small
0- v T T _ intestine 2 hours after oral gavage. The
Plasma HDL Non-HDL Abcat** Abcal™ small intestine was rinsed with PBS to
. remove luminal contents. (D) Fractional
C Intestine D . ;
50000- 0.74 cholesterol absorption determined by
s S o6+ fecal dual-isotope method. n = 6 mice per
€ 40000 b4 group. *P < 0.05.
o3 = 0.5
= o} []
= a n n®
S 30000- 8 044 | "
o = "y ]
2 S 0.3 . .
& 200001 5
2 5 0.24
- IS
O 10000 S od
0- 0.0
Abcat++ Abcat-- Abcat+ Abcat-

impaired transport of dietary cholesterol into plasma, we exam-
ined whether this was due to decreased transport of cholesterol
via lymph. The mesenteric lymph ducts of Abcal** and Abcal=/~
mice were cannulated, and lymph was collected during an intra-
duodenal infusion of 4% Intralipid containing [!*C]cholesterol
and [3H]oleate. Lymph production rates were similar in both
groups of mice (approximately 0.10-0.15 ml/h). Figure 8, A and B,
shows the rate of transport of cholesterol and triglyceride into
mesenteric lymph in Abcal** and Abcal=/~ mice. There were no
significant differences in lipid transport rate between genotypes,
indicating that total lymphatic lipid transport is not altered by
the absence of intestinal ABCA1. Monitoring the appearance of
[**C]cholesterol and [*H]oleate in lymph (Figure 8C) revealed that
the rate of appearance of ['“C]cholesterol in lymph as a fraction of
[*H]oleate was not significantly differentin Abcal** compared with
Abcal"~ mice (0.53 + 0.2 versus 0.65 + 0.2 after 4 hours, P =0.7),
indicating that intestinal ABCA1 does not participate in the
transport of dietary cholesterol into lymph.

Lymph collected from mice of each genotype was pooled
and subjected to FPLC separation. Lymph from Abcal*/* mice
showed a major cholesterol peak corresponding to chylomicron/
VLDL-sized particles and a minor peak in the size range of HDL,
confirming that HDL cholesterol was present in the mesenteric
lymph of WT mice (Figure 8D). Surprisingly, lymph from Abcal =/~
mice showed a similar cholesterol profile to that of WT mice.
A slight reduction was evident in the amounts of cholesterol in
chylomicron/VLDL-sized fractions. However, measurement of
cholesterol in chylomicrons isolated by density gradient ultra-
centrifugation revealed that this difference was not statistically
significant (0.70 + 0.07 versus 0.59 = 0.06 mM, P = 0.3). Notably,
Abcal/~ and Abcal** mice had equivalent amounts of choles-
terol in HDL-sized fractions (Figure 8D). This finding indicates
that lymph HDL arises independently of intestinal ABCAL.
Assessing the distribution of [*C]cholesterol across the FPLC-
separated lipoprotein fractions showed that virtually all of the
radiolabeled cholesterol secreted into lymph was associated with
1056

The Journal of Clinical Investigation

http://www.jci.org

the chylomicron/VLDL-sized fractions in both and Abcal”* and
Abcal™/~ mice, with essentially no [*#C]cholesterol detectable in
HDL-sized fractions (Figure 8E).

We reasoned that HDL cholesterol present in mesenteric lymph
could either arise from the intestine in an ABCAl-independent
manner, or be derived from the plasma, as some reports have
suggested (32-36). To determine whether lymph HDL originates
from plasma, we collected mesenteric lymph from mice in which
ABCAL1 is deleted in the liver but is present in extrahepatic tissues,
including the intestine (Abcal %/~ mice) (16). Abcal /- mice have
an approximately 80% reduction in plasma HDL cholesterol levels,
and any alteration in lymph lipoprotein concentration detected
in Abcal™/F mice should be directly attributable to the action
of hepatic ABCAL. Lymph from Abcal/-* mice had no detect-
able HDL cholesterol (Figure 8F), whereas the distribution of
[**C]cholesterol among FPLC fractions was unchanged (Figure 8G).
In addition, the HDL-sized fractions from Abcal-/-t lymph con-
tained only trace amounts of apoA-I in comparison to the equiva-
lent fractions in lymph from WT and Abcal=/~' mice (Figure 8H).
These data indicate that HDL present in mesenteric lymph of mice
is not secreted by the intestine and suggest that it originates from
the plasma compartment.

Discussion
Using a novel mouse model in which ABCA1 is specifically inac-
tivated in the intestine, we have shown that intestinal ABCA1
is critically involved in HDL biogenesis, contributing approxi-
mately 30% to the steady-state plasma HDL cholesterol pool.
Intestinal ABCA1 acts by directly mediating cholesterol transfer
toward plasma HDL, and absence of intestinal ABCA1 is asso-
ciated with decreased transport of intraluminally administered
cholesterol into plasma. The absence of intestinal ABCA1 was
shown to have no effect on the transfer of luminal cholesterol
into lymph and on lymphatic HDL particle content, suggest-
ing that secretion of HDL by the intestine occurs into plasma.
Finally, analysis of lymph from liver-specific ABCA1-deficient
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mice with very low plasma HDL levels provides evidence that
HDL present in mouse lymph originates from plasma.

Since the discovery of the highly significant inverse relationship
between HDL cholesterol concentration and risk for coronary
heart disease (46), the origin of plasma HDL has been a subject
of intense study. Successful development of therapeutic strategies
to raise HDL levels relies crucially on knowledge of the molecular
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Figure 6

Tissue cholesterol levels and gene expression. (A) Intestinal choles-
terol levels in control mice and mice lacking intestinal ABCA1.n =3
mice per group. (B) Hepatic cholesterol levels in control mice and
mice lacking intestinal ABCA1. n = 3 mice per group. (C) Relative
amounts of various mRNAs in intestines from control mice and mice
lacking intestinal ABCA1. Values are relative to the mRNA amount
in control mice, which is arbitrarily set as 1. n = 4-8 mice per group.
*P < 0.05. *P = 0.06.

nature of HDL particle formation as well as the cellular origin of
these particles. However, it has not been until recently that we have
had the tools necessary to address these questions.

The original conceptualization of the reverse cholesterol trans-
port theory, as described by Glomset (1, 2), postulated that HDL
cholesterol would be mainly of peripheral origin and would be
transported to the liver for removal from the body by excretion
into bile. The discovery of ABCAL1 as the cause of Tangier disease
(6-8), and the finding that the ABCA1 gene product is indis-
pensable for the maintenance of plasma HDL cholesterol levels
in mice (39, 41, 47), have shed new light on the molecular mech-
anisms of HDL biogenesis. ABCAL1 is expressed widely through-
out the body (12, 13), but only the liver and the intestine are
known to synthesize apoA-I (18, 48). However, coexpression in
the same tissue does not constitute evidence for a functional
relationship. Overexpression of ABCA1 in the liver of mice via
adenoviral delivery (14, 15) or by transgenesis under the control
of either its endogenous (49) or an Apoe (50) promoter raises
HDL levels and protects against atherosclerosis in mice with the
Apoe”~ background (51). We have recently described mice with
liver-specific deletion of hepatic ABCA1 (16), demonstrating the
essential role of hepatic ABCA1 in both the biogenesis and the
maintenance of plasma HDL. Here we report that deletion of
intestinal ABCA1 results in a significant reduction in plasma
HDL cholesterol in mice, establishing the intestine as a second
crucial player in HDL biogenesis.

Absence of intestinal ABCA1 was shown to result in decreased
transport of dietary cholesterol into HDL in vivo and in vitro,
along with accumulation of cellular cholesterol. However,
our data indicate that, in chow-fed mice, absence of intestinal
ABCAI1 does not affect fractional cholesterol absorption as
determined by the fecal dual-isotope method. Previous stud-
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Analysis of lymph lipoproteins in Abca7++ and Abca1-/ mice. (A) Lymph cholesterol transport rate in Abca1++ and Abca1-- mice. (B) Lymph
triglyceride transport rate in Abca++ and Abca1-- mice. (C) Appearance of ['“C]cholesterol in lymph during intraduodenal infusion as a fraction
of [*H]oleate. (D) FPLC analysis of lymph from Abca7++ and Abca1-/- mice. (E) Distribution of ['“C]cholesterol in FPLC fractions of Abca1++ and
Abcat- mice. (F) FPLC analysis of lymph from Abca7++ and Abca1-t/-- mice. (G) Distribution of ['*C]cholesterol in FPLC fractions of Abca1++
and Abca7-t-L mice. (H) Western blot of apoA-I in HDL-sized fractions from lymph of Abca1++*, Abca1--, and Abca1-t-L mice. n = 6 mice per

group. dps, disintegrations per second.

ies assessing intestinal cholesterol absorption in mice lacking
ABCALI globally have yielded conflicting results (41, 52, 53),
suggesting that the overall effect of ABCA1 on absorption is at
most minor (54). Our findings indicate that the primary func-
tion of enterocyte ABCAL1 is to mediate the basolateral efflux
of cholesterol and, presumably, phospholipids into plasma,
a model that is supported by studies in CaCo-2 cells (29, 55,
56) and chickens lacking ABCA1 globally (42). Structural and
functional polarity is a fundamental feature of enterocytes, and
indeed of a variety of epithelial cell types involved in vectorial
transport (57). It is therefore perhaps not surprising that while
absence of intestinal ABCA1 impairs the basolateral transport
of cellular cholesterol into plasma (Figure SA), fractional cho-
lesterol absorption as measured by fecal dual isotope, which
assesses only luminal uptake, is not affected (Figure SD). These
results also indicate that the reduction in HDL cholesterol in
plasma of Abcal=/~ mice is the direct consequence of a secretory
defect in enterocytes.

Results obtained in ABCA1-deficient enterocytes were similar to
those observed in primary enterocytes lacking apoA-I (30), indicat-
1058
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ing that ABCA1 and apoA-I are obligate partners for the secretion
of HDL cholesterol from the intestine. While these data suggest
that the intestine, along with the liver (16), is essential for the
biogenesis of HDL particles, likely by initial lipidation of newly
secreted apoA-I, it remains to be determined whether the bulk of
cholesterol carried by these lipoproteins originates from the intes-
tine and the liver, or, as implicated by the reverse cholesterol trans-
port hypothesis, from peripheral tissues.

Cholesterol that is absorbed or synthesized locally in the
intestine is thought to be secreted almost exclusively via the
lymphatics, mostly in the form of cholesterol ester in chylomi-
crons and VLDL (23). Studies of the HDL of mesenteric lymph
of rats also suggested that a portion of cellular cholesterol is
secreted as HDL into lymph (25-27). Rat mesenteric lymph
contains both discoidal and spherical HDL particles that are
enriched in phospholipids and protein compared with plasma
HDL (25, 26), suggesting a distinct origin of these particles. We
therefore hypothesized that Abcal=/-" mice would have reduced
HDL cholesterol in lymph, underlying the reduction in HDL
cholesterol in plasma.
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Surprisingly, our lymph cannulation experiments showed that
lymph HDL cholesterol and apoA-I contents were essentially
unaffected in Abcal=/= mice, and furthermore that transport
of luminal cholesterol into lymph is independent of enterocyte
ABCAL. The fact that lymph HDL did not appear to decrease in
Abcal /- mice in proportion to their reduction in plasma HDL
cholesterol may simply reflect an inability to detect small differ-
ences in the very small amounts of HDL present in mouse lymph.
In addition, plasma lipid values were determined in fasted mice,
whereas lymphatic analysis was performed on nonfasted, anes-
thetized mice, and it cannot be excluded that transudation of
HDL from plasma into lymph, or lipolysis of lymph chylomi-
crons and VLDL, may be altered under these conditions. Impor-
tantly, the finding that absence of intestinal ABCA1 impairs the
transport of luminal cholesterol into plasma (Figure 5A), but not
into lymph (Figure 8C), suggests the existence of an alternative
lipid transport system in enterocytes, by which ABCA1-mediated
cholesterol efflux to form HDL occurs selectively into capillaries,
while chylomicrons are secreted predominantly into lymphatics.
The intestinal epithelium is in close contact with both capillar-
ies and lymphatic vessels of the lamina propria, and indeed other
nutrients, such as medium-chain fatty acids, are transported
directly into the portal circulation (23). To our knowledge, intes-
tinal transport of cholesterol into the circulation in mammals
has not been previously demonstrated.

In contrast to Abcal/~ mice, lymph HDL cholesterol and apoA-I
were virtually absent in Abcal™/-L mice, suggesting that the HDL
present in the lymph of WT mice is dependent on the activity
of hepatic ABCA1 and enters the lymph via the plasma. Consis-
tent with this, orally administered ['#C]-labeled cholesterol was
recovered only in chylomicron/VLDL-sized fractions in Abcal”,
Abcal~ and Abcal™™t mice, indicating that in the time course
of our experiments the intestine did not secrete cholesterol into
lymph HDL. The origin of HDL particles in mesenteric lymph
has been a subject of considerable controversy. Bearnot et al.
demonstrated that, following i.v. injection of [12°I]apoA-I-labeled
HDL, the specific activity of lymph HDL-associated apoA-I did
not exceed approximately 30% of that of plasma HDL-associated
apoA-I, suggesting intestinal secretion of HDL apoA-I into lymph
(28). In addition, Forester et al. reported that after duodenal infu-
sion of [3H]cholesterol the specific activity of lymph HDL was
much higher than that of plasma HDL, although the same study
also reported significant transfer of free cholesterol between dif-
ferent lipoprotein classes (26). Other studies have suggested that
transudation from plasma represents the major origin of lymph
HDL (32-36). Because of the rapid exchange of apoproteins and
lipid constituents among lipoprotein classes (58, 59), radiolabel-
ing experiments may not be able to correctly determine the origin
of the radiolabeled particles. The reasons for the discrepancies
between our results and those suggesting secretion of intestinal
HDL into lymph (25, 26, 28, 60) remain unclear. In most of the
studies performed in rats, lymph was collected in the presence of
an inhibitor of lecithin cholesterol acyltransferase, which we did
not use, and some of these discrepancies may also be due to species
differences between mice and rats. In addition, the small amounts
of apoA-Iin lymph HDL fractions of Abcal™"/-' mice may represent
intestinally derived HDL that arises independently of ABCA1. Our
data showing near absence of lymph HDL cholesterol and apoA-I
in Abcal /"L mice are most consistent with a model in which lymph
HDL is predominantly derived from the plasma.
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Patients with Tangier disease have long been recognized to
have reduced LDL cholesterol and altered LDL composition, in
addition to nearly absent HDL cholesterol (61). The mechanisms
by which ABCA1 impacts the metabolism of apoB-containing
lipoproteins are unclear (62). One mechanism involves an inabil-
ity of HDL to supply cholesterol esters to LDL via cholesterol
ester transfer protein (CETP) (63). However, this is unlikely to be
the sole mechanism, since patients with apoA-I deficiency also
lack plasma HDL cholesterol but do not exhibit the reduction in
LDL cholesterol observed in Tangier disease (64), and mice that
lack ABCA1 globally or in the liver have reduced LDL cholesterol
but do not have CETP (16, 41). Abcal/~ mice have significantly
reduced LDL cholesterol and apoB despite their more modest
decrease in HDL cholesterol, suggesting that the reduced HDL
cholesterol may not entirely underlie the reduction in plasma
LDL cholesterol. In addition, lymph chylomicron/VLDL cho-
lesterol was slightly decreased in Abcal /- mice, though this
difference was not significant when lymph chylomicron levels
were compared after isolation by density gradient ultracentrifu-
gation. Our studies in primary enterocytes from Abcal=/= mice
suggest that secretion of cholesterol into apoB-containing par-
ticles is not impaired (Figure 7C), as it similarly is not impaired
in enterocytes isolated from mice lacking apoA-I (30); this con-
trasts with enterocytes in which microsomal transfer protein is
inhibited (29). These results suggest that intestinal ABCA1 and
hepatic ABCA1 may have direct effects on plasma LDL choles-
terol that are not entirely dependent on their effects on HDL
cholesterol concentration.

In summary, our results establish that the intestine is crucial-
ly involved in the maintenance of plasma HDL levels through
the actions of ABCAL1 and, in addition, suggest that intestinally
derived HDL may enter the circulation directly rather than via the
lymph. Additional studies are necessary to determine whether dele-
tion of intestinal ABCA1 confers increased risk of atherosclerosis
and thus whether the intestine plays an atheroprotective role as a
component of its normal physiological function.

Methods

Animals. Abcal floxed mice were generated by insertion of loxP sites into
introns 44 and 46 of the murine Abcal gene in a 129Sv/Ev embryonic stem
cell that was injected into a C57BL/6 blastocyst, as previously described
(16). Mice with intestine-specific deletion of ABCA1 were generated by
crossing of Abcal floxed mice with Villin-Cre transgenic mice, generously
provided by Deborah Gumucio (University of Michigan, Ann Arbor, Mich-
igan, USA) (37), to generate Abcal*~" heterozygotes. Intercrossing led to
the Abcal"*, Abcal”~, and Abcal /- mice used in this study. Control mice,
collectively designated Abcal*, consisted of littermates carrying floxed
Abcal alleles in the absence of Cre, or WT Abcal alleles in the presence or
absence of Cre, and plasma HDL cholesterol levels between these 2 groups
were not different (see Supplemental Figure 1; supplemental material
available online with this article; d0i:10.1172/JCI27352DS1). ABCAL liver-
specific knockout mice (Abcal~'/*) have been previously described (16).
Mice lacking hepatic and intestinal ABCA1 were generated by breeding
of Abcal™"/-1 and Abcal "/~ mice, and genotypes with regard to Villin-Cre
or Albumin-Cre transgenes were determined by promoter-specific PCR.
ABCA1 global knockout mice (Abcal”~) were generously provided by
Omar Francone (Pfizer Global Research and Development, Groton, Con-
necticut, USA) (41). Animals were housed under 12-hour light/dark cycles
and received a standard laboratory chow diet. These studies were approved
by the University of British Columbia Animal Care Committee.
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Southern analysis. Southern blotting was performed as previously
described (16). Briefly, genomic DNA was isolated from indicated tissues,
digested with proteinase K, and incubated with EcoRV restriction enzyme
(Promega). Digested DNA was separated on a 0.8% agarose gel and trans-
ferred to Nytran SuPerCharge nylon membrane (Schleicher & Schuell Bio-
Science Inc.). Southern blots were hybridized with a probe spanning intron
44 to yield the 6-kb, 7.3-kb, and 4.2-kb fragments corresponding to the
WT, floxed, and knockout alleles, respectively.

Western analysis and real-time PCR. Western blotting was performed as pre-
viously described (12). Briefly, tissues were homogenized and sonicated in
20 mM HEPES, 5§ mM KCl, 5 mM MgCl,, 0.5% (vol/vol) Triton X-100, and
complete protease inhibitor (Roche Diagnostics Corp.), and protein con-
centration was determined by the Lowry assay. Equivalent amounts of total
protein were separated by SDS-PAGE, transferred to PVDF membranes,
and probed with anti-ABCA1 (12) or anti-GAPDH (Chemicon Interna-
tional) antibodies. For lymph samples, equal volumes of FPLC fractions
were separated by SDS-PAGE and probed with an anti-apoA-I antibody
(Chemicon International).

RNA was isolated using TRIzol reagent according to manufacturer’s
instructions (Invitrogen Corp.). Three micrograms of RNA was reverse-
transcribed with SuperScript II (Invitrogen Corp.) to generate cDNA for
real-time PCR using SYBR Green PCR Master Mix (Applied Biosystems)
in an ABI PRISM 7700 Sequence Detection system. The following primer
sequences were used: mAbcA1F CGTTTCCGGGAAGTGTCCTA, mAb-
cAIR CTAGAGATGACAAGGAGGATGGA, mGapdhF TGCACCAC-
CAACTGCTTAG, mGapdhR GATGCAGGGATGATGTTC, mNpcll1F
TGGACTGGAAGGACCATTTCC, mNpcll1R GCGCCCCGTAGTCAGC-
TAT, mAbcgSF TGGCCCTGCTCAGCATCT, mAbcgSR ATTTTTA-
AAGGAATGGGCATCTCTT, mAbcg8F CGTCGTCAGATTTCCAATGA,
mAbcg8R GGCTTCCGACCCATGAATG, mHmgesF GCCGTGAACT-
GGGTCGAA, and HmgesR GCATATATAGCAATGTCTCCTGCAA.

Immunofluorescence. Mouse intestines were fixed in 3% paraformaldehyde
for 3 hours, and unfrozen 10-um sections were cut and mounted on
slides. Samples were blocked in 10% normal goat serum for 30 minutes
in 0.1% BSA/0.1% Tween-20/PBS, incubated with a polyclonal antibody
directed against ABCA1 (12) at a concentration of 10 ug/ml, followed by
a goat anti-rabbit IgG secondary antibody, and then washed and coun-
terstained with DAPI or phalloidin prior to coverslipping. Images were
captured with a Zeiss Axioplan 2 camera and analyzed using MetaMorph
software (Molecular Devices).

Plasma and tissue lipid analysis. Plasma lipid concentrations were deter-
mined in mice fasted for 4 hours as previously described (51). Briefly,
cholesterol and triglyceride concentrations were determined by enzy-
matic assays using commercially available reagents (bioMérieux).
Plasma HDL cholesterol levels were determined after precipitation of
apoB-containing lipoproteins with phosphotungstic acid (Roche Diag-
nostics Corp.). Plasma levels of apoA-I, apoA-II, apoB, and apoC-III
were measured by an immunonephelometric assay using specific mouse
polyclonal antibodies as described previously (65). FPLC was pre-
formed as previously described (65). This system allows separation of
the 3 major lipoprotein classes — VLDL plus IDL; LDL; and HDL — in
individual animals. Cholesterol concentrations were determined in the
eluted fractions. Accumulated data were analyzed by the Millennium
2010 program (Waters Corp.).

Intestinal and hepatic free and total cholesterol was determined by gas-
liquid chromatography, as previously described (66).

Enterocyte studies. Mouse primary enterocyte studies were performed
according to published protocols (29, 30). Briefly, freshly isolated entero-
cytes were incubated with 1 uCi/ml of [3H|cholesterol in DMEM at 37°C
with constant shaking, and cell suspensions were gassed with 95% O, 5%
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CO,. After 1 hour, enterocytes were centrifuged at 15 g for 5 minutes, and
the cell pellets were washed twice with DMEM (Invitrogen Corp.), and incu-
bated at 37°C with micelles containing 0.14 mM sodium cholate, 0.15 mM
sodium deoxycholate, 0.17 mM phosphatidylcholine, 1.2 mM oleic acid,
and 0.19 mM monopalmitoylglycerol. At the end of the incubation, entero-
cytes were centrifuged (15 g, 5 minutes), and radioactivity in media was
counted directly or in fractions following density gradient ultracentrifu-
gation, performed as previously described (29). Total lipids were extracted
from cells with isopropanol and counted by liquid scintillation, and pro-
teins were dissolved in 0.IN NaOH and measured by the Bradford method
(67). Data represent 6 mice per genotype.

Cholesterol absorption. Acute cholesterol absorption was determined as
previously described (30). Briefly, mice fasted overnight were gavaged with
0.2 uCi [*H]cholesterol (New England Nuclear) and 0.2 mg unlabeled cho-
lesterol in 15 ul olive oil. After 2 hours, plasma, liver, and small intestine
(first 20 cm from pylorus) were harvested, and [3H] content was determined
by liquid scintillation counting. Data for liver represent dpm per tissue
mass multiplied by total liver mass, and data for plasma represent dpm per
milliliter plasma multiplied by total mouse plasma volume (estimated by
mass of animal). Data represent 3-6 mice per genotype.

For fecal dual-isotope studies to quantify fractional cholesterol
absorption, mice were gavaged with 0.1 uCi ['*C]cholesterol and 0.2 uCi
[3H]sitosterol (American Radiolabeled Chemicals Inc.) in 0.2 ml soybean
oil (Sigma-Aldrich), and feces were collected for 72 hours. Lipids were
extracted from feces and counted by liquid scintillation spectroscopy. Frac-
tional cholesterol absorption was calculated by the formula (dose [**C]:[*H]
- fecal ['*C]:[*H])/dose [““C]:[*H].

Mesenteric lymph collection. Mesenteric lymph cannulation was per-
formed as previously described (68) with minor adjustments. Nonfasted
mice were anesthetized by i.p. injection of fentanyl/fluanisone (1 ml/kg)
and diazepam (10 mg/kg) and remained anesthetized over the course
the experiment. After extra-abdominal displacement of the intestine,
the main mesenteric lymph duct was punctured and cannulated with a
0.305 x 0.635 mm (inner diameter x outer diameter) silicone tubing,
which was primed with a heparin sodium solution (1,000 U/ml). A
second cannula was inserted into the duodenum. Both cannulas were
secured with tissue adhesive and externalized through the abdominal
wall. After repositioning of the intestine, the abdominal incision was
closed with 8-10 sutures. The animals received an infusion of 4% Intra-
lipid (0.3 ml/h; Pharmacia) through the duodenal cannula during lymph
collection. After 1 hour of lymph collection, animals received a lipid
bolus via the duodenal cannula, containing 1 uCi of [**C]cholesterol
and 0.1 uCi of [3H]Joleate in 0.1 ml of 4% Intralipid. Lymph was col-
lected by gravity for 4 hours in total. Body temperature was stabilized
using a humidified incubator. Cholesterol and triglyceride concentra-
tions in lymph were determined as described for plasma. Pooled lymph
samples of each group were used for lipoprotein separation by FPLC
on a Superose 6B 10/30 column (Amersham Biosciences). The [*H] and
[1*C] content of lymph was measured by liquid scintillation counting.
Data represent 6-8 mice per genotype.

Statistics. Differences between groups were compared with 1- or 2-tailed
Student’s ¢ test, as appropriate, or 1-way ANOVA using GraphPad Prism
software (GraphPad Software), with a P value of 0.05 or less being consid-

ered statistically significant. Data are presented as means + SEM.
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