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Abstract Dietary supplementation with the peroxisome
proliferator-activated receptor o (PPARw) ligand WY 14,643
gave rise to a 4- to 5-fold increase in the expression of mRNA
for the ATP binding cassette transporter Al (ABCALl) in the
intestine of normal mice. There was no effect in the intes-
tine of PPARa-null mice. Consumption of a high-choles-
terol diet also increased intestinal ABCA1 expression. The
effects of WY 14,643 and the high-cholesterol diet were not
additive. WY 14,643 feeding reduced intestinal absorption
of cholesterol in the normal mice, irrespective of the di-
etary cholesterol concentration, and this resulted in lower
diet-derived cholesterol and cholesteryl ester concentra-
tions in plasma and liver. At each concentration of dietary
cholesterol, there was a similar significant inverse correlation
between intestinal ABCA1 mRNA content and the amount
of cholesterol absorbed. The fibrate-induced changes in the
intestines of the normal mice were accompanied by an in-
creased concentration of the mRNA encoding the sterol-
regulatory element binding protein-1c gene (SREBP-1c), a
known target gene for the oxysterol receptor liver X recep-
tor o (LXRa). There was a correlation between intestinal
ABCAl1 mRNA and SREBP-1c¢ mRNA contents, but not be-
tween SREBP-1c mRNA content and cholesterol absorp-
tion.Hill These results suggest that PPAR« influences choles-
terol absorption through modulating ABCALI activity in the
intestine by a mechanism involving LXRa.—Knight, B. L.,
D. D. Patel, S. M. Humphreys, D. Wiggins, and G. F. Gibbons.
Inhibition of cholesterol absorption associated with a PPAR«-
dependent increase in ABC binding cassette transporter Al
in mice. J. Lipid Res. 2003. 44: 2049-2058.
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The ATP binding cassette transporter Al (ABCAL) is a
membrane-bound protein that is thought to facilitate the
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transport of cholesterol and phospholipids out of cells
(1). Deficiency of ABCA1 gives rise to Tangier disease and
familial HDL deficiency, both of which are characterized
by a low concentration of HDL in plasma (2-5). In Tan-
gier disease, cholesteryl esters accumulate in macrophage-
derived foam cells present in tonsils, liver, and intestinal
mucosa (6). Consistent with this observation, it has been
shown that primary and transformed macrophages in-
crease ABCA1 mRNA content and cholesterol efflux in
response to cholesterol loading and oxysterols (5, 7-9).
Thus, ABCAI1 could be an important component of the
apolipoprotein Al-mediated reverse cholesterol transport
pathway for the removal of cholesterol from macrophages
and other peripheral cells and its return to the liver as HDL.

Further evidence using ABCAl-null mice suggests that
ABCAI may have an additional role in maintaining whole-
body cholesterol homeostasis by transporting dietary cho-
lesterol out of intestinal absorptive cells and returning it
to the intestinal lumen (10). However, this conclusion is
somewhat controversial, because a second study has re-
ported that ABCA1 deficiency gave rise to a decrease in
cholesterol absorption (11). Nevertheless, in normal
mice, administration of a synthetic ligand for retinoid X
receptor (RXR) markedly stimulated intestinal ABCAI1
mRNA content while abolishing net absorption of dietary
cholesterol (8). The heterodimeric partner for RXR in
regulating ABCA1 transcription in the gut was liver X re-
ceptor (LXR), which had previously been shown to medi-
ate the effects of oxysterols on ABCAI mRNA levels in
macrophages (7, 12).

A second partner of RXR, peroxisome proliferator-acti-
vated receptor (PPAR), has also been implicated in the
control of expression of ABCAI in macrophage foam cells
(13), although the mechanism remains obscure and it is
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not known if it operates in other cell types. PPARs regu-
late a number of important genes involved in lipid and
glucose metabolism and are activated by unsaturated fatty
acids and their derivatives (14). The fibrate group of
drugs, used extensively as lipid-lowering agents, are phar-
macological activators of PPAR«, the form found mainly
in liver, muscle, and intestine (15). A role for PPAR«a in
modulating intestinal cholesterol metabolism was sug-
gested by the observation that gemfibrozil, a pharmaco-
logical ligand of PPARa, suppressed cholesterol absorp-
tion from the gut into mesenteric lymph in rats (16).
Elucidation of the physiological role of PPAR« in the con-
trol of lipid metabolism has been simplified by the avail-
ability of a PPARa knockout mouse in which the ligand
binding domain has been disrupted (17). These animals
have an increased plasma HDL concentration (18) and re-
duced mitochondrial B-oxidation (19), with an impaired
response to fasting (20, 21) and a disturbed circadian
rhythm of genes regulating fatty acid and cholesterol syn-
thesis (22). In this report, we have used normal and
PPARa-null mice to examine whether PPAR«a is involved
in the regulation of cholesterol absorption through
changes in intestinal ABCAL.

MATERIALS AND METHODS

PPARc-null mice (17) bred onto a SV/129 genetic back-
ground were kindly provided by Dr. |. Peters and Dr. F. ]J. Gonza-
lez (National Institutes of Health, Bethesda, MD). Wild-type SV/
129 mice were used as controls. All mice were male, and were
used between the ages of 14 and 20 weeks. Animals were main-
tained in temperature-controlled rooms (22-24°C) on a 12 h
light/12 h dark cycle (22). When required, the commercial high-
carbohydrate pelleted diet containing 0.02% cholesterol (Spe-
cial Diet Service, Witham, Essex, UK) was supplemented with 2%
cholesterol (>99% purity; Sigma-Aldrich, Dorset, UK) or 0.1%
WY 14,643 (Chemsyn Science Laboratories, Lenexa, KS) and fed
for 7 days. Food, and thus cholesterol consumption, was mea-
sured on a daily basis, and was similar for each genotype. Mice
were anaesthetized with pentobarbital, and samples of blood
were taken from the descending vena cava. The proximal intes-

tine between approximately 5 and 15 cm from the stomach was
removed, rinsed with ice-cold Dulbecco’s phosphate-buffered sa-
line, and frozen in liquid nitrogen. All procedures were con-
ducted with the appropriate ethical approval.

The frozen tissues were ground to a powder under liquid ni-
trogen, and total RNA was extracted from portions of powder us-
ing the RNAzol kit (Biogenesis, Poole, UK). The amount of
mRNA was assayed by reverse transcription (23) followed by real-
time PCR using the ABI PRISM Sequence Detection System (PE
Applied Biosystems, Foster City, CA) using the primers and
probes as given previously (22) or as shown in Table 1. Reactions
were carried out in triplicate in 30 pl of TagMan Universal PCR
Master Mix with B-actin as internal standard (22). All values were
related to a curve generated by a standard liver or intestinal
preparation and were corrected for B-actin mRNA content.
ABCAI protein was detected by immunoblotting the intestinal
membrane fraction (24) using a specific antipeptide polyclonal
antibody raised in rabbits to residues 1,201-1,211 of the human
ABCALI protein (ab7360, from Abcam, Cambridge, UK). Blots
were scanned to give a semiquantitative estimate of changes in
intensity.

A previously described method using the nonabsorbed plant
sterol marker sitostanol (25) was adapted to measure cholesterol
absorption in the present work. Trace quantities of [4-1*C]cho-
lesterol and [5,6-*H]sitostanol were incorporated into the appro-
priate diet (~20 pnCi and ~25 uCi, respectively, per 100 g chow)
and fed for the final 2 days of the 7 day regimen. Portions of the
different types of diet were used for measurement of the exact
SH/1C sterol ratios following lipid extraction. For the chow,
chow + WY 14,643, high-cholesterol, and high-cholesterol + WY
14,643 diets, these values were 0.84, 0.82, 0.74, and 0.75, respec-
tively. The feces were collected after the final 2 day period, fro-
zen in liquid nitrogen, ground to a powder, and an aliquot used
for total lipid extraction (26). A part of the extract was used to
determine the *H/!C ratio by scintillation counting. The re-
mainder was subjected to thin-layer chromatography (27) to sep-
arate the esterified and nonesterified sterol fractions.

Plasma and tissue lipid concentrations were assayed as de-
scribed previously (22) following solvent extraction. Labeled es-
terified and nonesterified sterols were separated by thin-layer
chromatography of total lipid extract (27) and their radioactivi-
ties assayed by scintillation counting using a Beckman LS 6500
scintillation counter. Tissue protein content was determined by
the method of Lowry et al. (28). Statistical analysis was carried
out using Student’s #test for unpaired data.

TABLE 1. Sequences of oligonucleotides used as primers and labeled probes for real-time PCR (TaqgMan) assays

cDNA Primer or Probe Oligonucleotide Sequences

ABCAl Forward 5-TTGGCGCTCAACTTTTACGAA-3'
Probe 5'-FAM-CCCAACTTCTGGCACGGCCTACATC-TAMRA-3'
Reverse 5'GAGCGAATGTCCTTCCCCA-3’

SREBP-2 Forward 5'-CAAGTCTGGCGTTCTGAGGAA-3’
Probe 5'-FAM-CCATTGATTACATCAATATCTGCAGCAGGTCAA-TAMRA-3’
Reverse 5-ATGTTCTCCTGGCGCAGCT-3’

SREBP-1a Forward 5'-AGGCGGCTCTGGAAACAGA-3’
Probe 5'-FAM-TGGCCGAGATGTGCGAACTGGA-TAMRA-3’
Reverse 5-ATGTCGTTCAAACCGCTGTGT-3'

SREBP-1¢ Forward 5-ATCGGCGCGGAAGCTGTCGGGGTAGCGTC-3'
Probe 5'-FAM-CGGAGCCATGGATTGCACATTTGA-TAMRA-3'
Reverse 5-ACTGTCTTGGTTGTTGATGAGCTGGAGCAT-3'

LXRa Forward 5'-CTGCACGCCTACGTCTCCAT-3'
Probe 5'-FAM-ACCACCCCCACGACCGACTGATG-TAMRA-3'
Reverse 5'-AAGTACGGAGGCTCACCAGCTT-3’

ABCALI, ATP binding cassette transporter Al; LXRa, liver X receptor a; SREBP, sterol-regulatory element

binding protein.
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RESULTS

Intestinal ABCAL1 and cholesterol absorption

Wild-type and PPARo-null mice were fed for 7 days with
diets containing high and low concentrations of choles-
terol, either alone or in combination with the potent fi-
brate, WY 14,643. Changes in the abundance of intestinal
ABCAI mRNA were then compared with changes in cho-
lesterol absorption from the gut. In these experiments, all
animals were killed during the light phase of the diurnal
cycle, when stimulation of ABCAI mRNA expression by
the PPARa ligand was greatest. The animals were appar-
ently unaffected by the dietary supplements, as evidenced
by a similarity in food intake and overall weight. The high-
cholesterol diet produced a slight increase in hepatic tri-
acylglycerol content in the normal animals (29.6 * 6.1
pmol/g to 41.3 = 4.3 pmol/g; P < 0.05), but not of the
already raised level in the PPARa-null animals (50.5 = 3.0
pmol/g to 58.7 = 12.8 pmol/g). No other evidence of ste-
atosis was observed.

Feeding the high-cholesterol diet alone increased the
intestinal expression of ABCA1 mRNA to the same extent
in both the normal and the PPARa-null mice (Fig. 1A). In-
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Fig. 1. The effects of fibrate and a high-cholesterol diet on intesti-
nal ATP binding cassette transporter Al (ABCA1) expression. Per-
oxisome proliferator-activated receptor o (PPARa)-null (knockout)
and wild-type mice were fed a diet with (+) or without (—) 0.1%
WY 14,643, or a high-cholesterol (2%) diet for 7 days, and were
killed at the midpoint of the light phase of the cycle. A: Intestinal
ABCAI mRNA was assayed and the tissue content expressed relative
to a standard preparation. Results are shown as mean = SEM for
four animals in each group. Values marked *** showed significant
(P<0.001) effects of WY 14,643, and * indicates a significant (P <
0.01) effect of cholesterol. B: Intestinal membranes from four mice
were pooled and subjected to Western blotting, developed with a
polyclonal antibody against ABCAL. Values above the blots are the
fold change from the wild type on the standard diet.

clusion of WY 14,643 in the low-cholesterol diet increased
ABCA1 mRNA expression several-fold in the wild-type ani-
mals, but there was no response in the knockouts. Immu-
noblotting confirmed that these changes in mRNA level
gave rise to similar changes in ABCAI protein (Fig. 1B).
In normal mice, inclusion of WY 14,643 in the high-cho-
lesterol diet further increased the expression of intestinal
ABCAI mRNA, but only to a value similar to that with WY
14,643 alone (Fig. 1A). In PPARa-null mice, inclusion of
WY 14,643 in the high-cholesterol diet did not further in-
crease intestinal ABCA1 mRNA expression (Fig. 1A).

To measure cholesterol absorption, both the high- and
low-cholesterol diets were labeled with trace amounts of
[14C]cholesterol and [*H]sitostanol. Because sitostanol is
not absorbed from the intestine and is excreted quantita-
tively with the feces, comparison of the 3H/1*C ratio of the
fecal nonesterified sterols with that of the dietary sterols
provided a measure of the proportion of the dietary cho-
lesterol that was absorbed (25). Addition of WY 14,643 to
both the low-cholesterol and high-cholesterol diets signifi-
cantly reduced the proportion of dietary cholesterol ab-
sorbed by the wild-type mice but had no effect on the
PPARo-null mice (Table 2). When expressed for each in-
dividual mouse, there was a significant inverse correlation
between cholesterol absorption and the intestinal ABCA1
mRNA content at both high and low dietary cholesterol
concentrations (Fig. 2A). A given increase in ABCAI mRNA
content was associated with a similar fall in absorption,
irrespective of the amount of cholesterol in the diet

(Fig. 2B).

Cholesterol concentrations in liver and plasma

To confirm the observed changes in cholesterol absorp-
tion, the amount of total and dietary-derived [!*C]choles-
terol was determined in both liver and blood plasma. Un-
der no conditions could we detect any tritium in the
plasma, confirming that none of the dietary [®H]sito-
stanol had been absorbed. Thin-layer chromatography of
the extracted lipids showed that in each case, the [*C] la-
bel was associated almost entirely with esterified and non-
esterified cholesterol.

Changes in dietary ['*C]cholesterol absorption were re-
flected by parallel changes in the concentration of [*C]-
labeled sterols in the liver. Feeding WY 14,643 to the nor-
mal mice, but not the PPARa-null mice, was accompanied
by a 50% decrease in the amount of hepatic free [*C]cho-
lesterol and a 65% decrease in [!*C]cholesteryl ester (Ta-
ble 3). Feeding cholesterol increased the proportion of
[14C]cholesterol that became esterified. Inclusion of WY
14,643 in the high-cholesterol diet decreased the amount
of diet-derived free and, particularly, esterified [!*C]cho-
lesterol in the livers of normal mice, so that there was a
significant reduction in the proportion that was esterified.
These changes in supply of dietary cholesterol in the nor-
mal mice gave rise to significant changes in the total he-
patic cholesterol content (Table 3). Cholesterol feeding
doubled the amount of cholesterol in the liver, and inclu-
sion of fibrate in the low- and high-cholesterol diets re-
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TABLE 2. Effects of WY 14,643 on absorption of dietary cholesterol

Dietary

Cholesterol Absorption

Genotype Cholesterol WY 14,643 (Absorbed/Ingested) Total Cholesterol Absorbed
mg/day

Wild type Low - 0.690 £ 0.033 0.51 = 0.02
Low + 0.568 £ 0.048 0.42 = 0.03¢
High - 0.124 £ 0.014 11.36 = 1.31
High + 0.096 £ 0.006¢ 7.83 *+ 0.50

PPARa-null Low - 0.723 = 0.031 0.56 = 0.02
Low + 0.759 = 0.039° 0.59 = 0.03¢
High - 0.138 £ 0.010 11.82 = 0.88
High + 0.143 £ 0.011¢ 12.01 = 0.91¢

PPAR, peroxisome proliferator-activated receptor. Normal and PPARa-null mice were fed a low- (0.02% w/w)
or high- (2.0% w/w) cholesterol diet supplemented (+) or not supplemented (—) with WY 14,643 (0.1% w/w) for
7 days. Values are expressed as the mean (n = 4 in each group) = SEM.

“Significantly different (P < 0.05) from those obtained from mice fed the corresponding diet without WY

14,643.

® Significantly different (P < 0.05) from the wild-type animals fed the corresponding diet.
“Significantly different (P < 0.01) from the wild-type animals fed the corresponding diet.

duced it by 30% and 50%, respectively. The hepatic cho-
lesterol content of the PPARa-null mice was higher than
that of the wild type on the low-cholesterol diet, and was
not affected by WY 14,643. The proportion of the liver
cholesterol derived from the diet was about 5% for ani-
mals on the low-cholesterol diet and 80% for those on the
high-cholesterol diet (Table 3). These proportions were
reduced by fibrate in the wild-type but not in the PPARa-
null animals.

Blood plasma showed changes similar to although less-
pronounced than those in liver, with significant reduc-
tions in [!*C]cholesterol content after feeding WY 14,643
(Table 4). Cholesteryl ester content was particularly resis-
tant to change, although small significant effects of fibrate
were observed in the normal animals on the high-choles-
terol diet. In the absence of cholesterol or fibrate, the
PPARa-null animals retained significantly more of the di-
etary-derived cholesterol in the plasma than did the wild
type (Table 4).

The content of total [!*C]cholesterol in the intestinal
wall showed no significant difference between PPARa-null
mice and normals, on either the low-cholesterol diet
(619 = 147 dpm X 1073/g vs. 647 = 191 dpm X 1073/g)
or the high-cholesterol diet (72 = 13 dpm X 10’3/g VS.
110 = 20 dpm X 10’3/g), and was not significantly in-
creased by WY 14,643 in the normal mice (values of 691 *
110 dpm X 1073/g and 80 * 12 dpm X 1073/g on low-
and high-cholesterol diets, respectively).

Involvement of intestinal LXR«

If PPARa acts via LXRa in the intestine, as it does in
macrophages (13), it might be expected that activation by
WY 14,643 would enhance the mRNA concentration of
other LXRa-responsive genes, such as sterol-regulatory el-
ement binding protein-1c (SREBP-1c¢) (29). To examine
this, we assayed the intestinal mRNA content of SREBP-1c
and compared it to that of the other SREBP isoforms. In-
clusion of WY 14,643 in the diet produced a small increase
in the mRNA content of SREBP-1a and SREBP-2, but had
a much larger effect on SREBP-1c (Fig. 3). This response to
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the drug was absent in the intestines of the PPARa-null mice.
The patterns of SREBP mRNA expression were reflected
by changes in the mRNA content of their own target
genes, fatty acid synthase and acetyl-CoA carboxylase for
SREBP-1c¢, and HMG-CoA reductase for SREBP-2 (Fig. 3).
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Fig. 2. Relationship between intestinal ABCA1 mRNA content
and cholesterol absorption. A: Total ABCA1 mRNA content was
compared with the proportion of the dietary cholesterol that was
absorbed. Each point represents values from an individual mouse
fed the low-cholesterol (0.02%) (open circles) or the high-choles-
terol (2%) (closed circles) diet. B: Values for absorption were ex-
pressed as a percentage of the maximum for each diet, determined
from the intercepts on the y axis in panel A.
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TABLE 3. Effects of WY 14,643 on diet-derived and total cholesterol in the liver

[1*C] in Liver Cholesterol

Liver Cholesterol

Proportion of

Dietary [14C]cholesterol Proportion Dietary-Derived
Genotype Cholesterol WY 14,643 Free Esterified as Ester Total as Ester Cholesterol
dpm X 1073/g  dpm X 1077 /g % umol/g % umol/g
Wild type Low - 449.3 + 47.1 1222 + 6.1 217+ 1.3 12.23 + 0.97 11.4 £ 25 0.538 £ 0.049
Low + 241.4 = 45.8¢ 45.8 = 6.0°¢ 16.9 £ 3.2 8.51 = 0.41¢ 17.6 = 9.9 0.271 = 0.044°
High - 80.8 =49 112.9 = 9.5 58.1 29 22.32 + 1.77 35.4 + 4.1 18.267 = 0.866
High + 39.3 = 2.1¢ 179 *+ 3.2¢ 30.7 = 3.7¢ 10.99 * 0.85% 30.4 £ 5.7 5.401 £ 0.420°
PPARa-null Low - 605.6 £ 94.6 194.5 = 23.24 22.1 = 3.2 17.24 + 0.41¢ 17.6 = 9.2 0.765 = 0.112
Low + 587.5 + 40.54 144.3 = 16.4¢ 19.7 = 2.0 15.07 = 0.91/ 15.5 £ 12.1 0.690 = 0.045¢
High - 85.2 =35 118.9 = 13.7 57.7 + 3.4 24.22 *+ 4.26 45.8 = 13.5 19.242 = 1.222
High + 85.1 = 7.1/ 136.4 = 12.5/ 61.4+29/ 28.39 + 5.32d 44.5 = 22.3 20.876 + 1.348/

For details of the feeding schedule, see the legend to Table 2. All values are expressed as the mean (n = 4 in each group) = SEM.
“ Significantly different (P < 0.05) from those obtained in mice fed the corresponding diet without WY 14,643.

! Significantly different (P < 0.01) from those obtained in mice fed the corresponding diet without WY 14,643.

¢Significantly different (P < 0.001) from those obtained in mice fed the corresponding diet without WY 14,643.

4 Significantly different (P < 0.05) from the wild-type animals fed the corresponding diet.

¢ Significantly different (P < 0.01) from the wild-type animals fed the corresponding diet.

/Significantly different (P < 0.001) from the wild-type animals fed the corresponding diet.

Feeding a high-cholesterol diet increased intestinal
SREBP-1c mRNA content 3- to 4-fold in both wild-type
and PPARa-null mice (Fig. 4B). It had no effect on the
mRNA levels for SREBP-1a (mean values = SEM, for wild-
type mice, of 0.863 * 0.102 arbitrary units, without and
1.014 = 0.118 with cholesterol) or SREBP-2 (0.945 =
0.091 without and 0.919 = 0.196 with cholesterol). As for
ABCA1, the effects of cholesterol and fibrate on SREBP-1c¢
mRNA levels in wild-type animals were not additive (Fig.
4B). Over the whole range of diets and genotypes tested,
there was a strong correlation between the intestinal con-
tent of SREBP-lc mRNA and that of ABCA1 (Fig. 5A).
This suggests that the mechanism by which these com-
pounds affect SREBP-1¢ may be the same as that by which
they influence ABCA1l. However, there was no indication
that changes in SREBP-1c mRNA levels had any direct ef-
fect on cholesterol absorption. There was no significant

correlation, with either the high- or low-cholesterol diet,
between SREBP-1c mRNA content and the proportion of
dietary cholesterol absorbed (Fig. 5B).

Intestinal LXRa mRNA content was the same in the
normal and the PPARa-deficient mice, and was not af-
fected by dietary manipulation (Fig. 4A).

DISCUSSION

The experiments presented here establish the existence
of a strong inverse relationship between the expression of
intestinal ABCA1 mRNA and the transfer of dietary cho-
lesterol from the intestinal lumen into the body (Fig. 2).
This observation provides strong support for the concept
of ABCAL acting as an intestinal gatekeeper to prevent ex-
cessive entry of exogenous cholesterol (30). Additionally,

TABLE 4. Effects of WY 14,643 on diet-derived and total cholesterol in the plasma

[14C] Label in Plasma

Proportion of

Plasma Cholesterol

Dietary ['*C]cholesterol Proportion Dietary-Derived
Genotype Cholesterol WY 14,643 Total as Ester Total as Ester Cholesterol
dpm X 107 /mi % mmol/l % umol/ml
Wild type Low - 115.3 = 4.8 70.1 = 1.7 2.78 = 0.07 594 1.6 0.088 £ 0.008
Low + 71.9 * 14.8¢ 70.0 = 1.0 2.26 = 0.23 54.6 = 1.4 0.062 £ 0.028
High - 19.1 1.3 73.4 = 0.5 3.03 = 0.18 62.0 = 0.5 1.677 = 0.243
High + 12.9 = 1.0° 67.2 = 1.5¢ 3.00 = 0.11 53.2 = 2.2¢ 1.110 = 0.158¢
PPARa-null Low - 174.6 = 11.8¢ 70.7 £ 1.8 3.27 £ 0.31 61.1 =24 0.146 £ 0.035¢
Low + 161.4 = 14.34 70.7 £ 2.4 3.03 = 0.09¢ 59.7 + 4.4 0.128 £ 0.045°¢
High - 18.4 = 2.7 74.0 = 0.5 3.41 = 0.34 61.2 = 1.1 2.154 £ 0.864
High + 20.8 = 0.6° 73.8 = 0.8¢ 3.45 = 0.06¢ 63.7 = 1.2¢ 1.838 + 0.1694

For details of the feeding schedule, see the legend to Table 2. Values are expressed as the mean (n = 4 in each group) = SEM.
“ Significantly different (P < 0.05) from those obtained in mice fed the corresponding diet without WY 14,643.

! Significantly different (P < 0.01) from those obtained in mice fed the corresponding diet without WY 14,643.

¢Significantly different (P < 0.05) from the wild-type animals fed the corresponding diet.

¢ Significantly different (P < 0.01) from the wild-type animals fed the corresponding diet.

¢ Significantly different (P < 0.001) from the wild-type animals fed the corresponding diet.
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Fig. 3. The effect of fibrate on the intestinal mRNA content for sterol-regulatory element binding proteins
(SREBPs), HMG-CoA reductase (HMGR), fatty acid synthase (FAS), and acetyl-CoA carboxylase (ACCA).
PPARa-null (KO) and wild-type (WT) mice were fed a diet with (+) or without (—) 0.1% WY 14,643 for 7
days, and were killed at the midpoint of the light phase of the cycle. Results are shown as mean * SEM for
between four and eight animals in each group. Values are given relative to a standard preparation and
showed significant (* P < 0.05, ¥* P << 0.01, and *** P < 0.001) effects of WY 14,643.

it provides firm evidence that activation of intestinal
PPARa decreases dietary cholesterol absorption by a
mechanism that involves an increase in intestinal ABCA1
mRNA and protein levels. This conclusion is supported by
the antiparallel effects of the PPARa ligand WY 14,643 on
cholesterol absorption and ABCAl mRNA levels in mice
in which the PPARa gene was intact, but a complete lack
of either effect in mice in which the PPARa gene was de-
leted. The physiological consequences of an inability to
upregulate intestinal ABCAl mRNA expression in a
PPARa-dependent manner include a continuing high rate
of dietary cholesterol flux to the liver in PPARa-null mice
on a high-cholesterol diet, resulting in an almost 10-fold
increase in hepatic cholesteryl ester compared with the
wild type fed WY 14,643, and a significant increase in diet-
derived and total cholesteryl ester in the blood plasma.

It is unlikely that PPARa affects ABCA1 gene transcrip-
tion directly, because the sequences of the ABCAIl pro-
moter region that are conserved between human and
mouse do not contain a typical PPARa response element
(31). However, the present results provide some clues as
to the mechanism of the linkage between PPAR« activa-
tion and intestinal ABCAI mRNA expression. It is known
that activation of the oxysterol receptor LXRa in the intes-
tine gives rise to an increase in ABCA1 expression and a
reduction in cholesterol absorption (8). The most potent
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natural LXRa ligands in vitro are monohydroxy-choles-
terol derivatives with the hydroxyl group at position 22 or
24 on the side chain (32). The physiological importance
of these ligands in vivo is yet to be established (33). How-
ever, it has been shown that the concentration of potential
oxysterol ligands, in particular 24S-hydroxycholesterol,
can be increased in the liver by increased dietary choles-
terol (34). Thus, it seems probable that it was oxysterols
derived from dietary cholesterol, acting through LXRa,
that were responsible for the increased ABCA1 mRNA lev-
els in the intestines of mice fed the high-cholesterol diet.
The effects of cholesterol and WY 14,643 on ABCAI
mRNA levels in the intestine were not additive, suggesting
that activation of PPARa also increased ABCA1 mRNA by
a mechanism that involved LXRa. To examine this possi-
bility, we used SREBP-1c, a known LXRa target gene (29,
35, 86), as a reporter for LXRa-mediated responses. The
results showed that activation of PPARa by WY 14,643 in-
creased expression of mRNA for SREBP-1c and its target
genes in the intestines of the normal mice. This was not
related to any general changes in cholesterol flux, be-
cause SREBP-2 mRNA levels were not similarly increased
and were not affected by cholesterol feeding. WY 14,643
had no effect on SREBP-1c mRNA when the PPARa gene
was deleted, consistent with the idea that LXRa had not
been activated in these animals. The closeness of the rela-
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tionship between the expression of ABCAI and SREBP-1c
mRNA also argues for the operation of a common mecha-
nism. Despite this relationship, there was no correlation
between SREBP-lc mRNA content and cholesterol ab-
sorption, indicating that SREBP-1c was probably not di-
rectly involved in any regulation of absorption by ABCAI.
In the intestine, we could find no evidence for a direct
interaction between PPARa and LXRa that inhibited tran-
scription, as has been observed on promoter reporter con-
structs in vitro (37, 38), or for any apparent antagonism of
LXRa activation (39) or function (40, 41) by PPARa
ligands, as observed in hepatoma cells. Furthermore, in
contrast to the reported increase in LXRa mRNA in re-
sponse to WY 14,643 and other fatty acid-derived PPARa
ligands in human macrophages (13) and liver cells (42) in

vitro, we could detect no change in LXRa mRNA expres-
sion in response to dietary WY 14,643 in the intestine.
Thus, if LXRa is involved in transducing the PPARo-medi-
ated signal in the intestine, it must result from activation
of existing LXRa. This conclusion is supported by the ob-
servation that cholesterol was unable to potentiate further
the increase in expression of the ABCAl or SREBP-1c
genes after PPARa activation by WY 14,643 in the intes-
tines of the normal animals. Such a nonadditive response
is characteristic of a mechanism that is saturated, consis-
tent with the presence of limiting amounts of LXRa in the
intestine.

Although the evidence suggests that cholesterol and fi-
brate ultimately influence ABCA1 expression through ac-
tivation of LXRa, the activators need not be the same. In-
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Fig. 5. Relationship between intestinal SREBP-1c mRNA content
and (A) ABCA1 mRNA content or (B) cholesterol absorption.
PPARa-null and wild-type mice were treated as described in Fig. 1.
Each point represents values from an individual mouse fed the low-
cholesterol (0.02%) (open circles) or the high-cholesterol (2%)
(closed circles) diet.

deed, the different origins of the responses would imply
that they are not. The increase in ABCA1 mRNA content
on cholesterol feeding is likely to be an adaptive response
mediated by oxysterols derived from cholesterol in the
diet. It occurs in PPARa-deficient animals, and any in-
crease in the return of cholesterol to the lumen does not
prevent a net increase in cholesterol absorption. WY
14,643, on the other hand, is likely to be a causative agent,
acting through a PPARa-dependent pathway to increase
ABCALI expression and so affect absorption. The nature of
the putative LXRa ligands produced by PPARa activation
is not known, although the evidence suggests that they
could be particularly potent. Generally, the origins and
mechanisms of formation of physiological oxysterols that
could act as ligands for LXRa remain obscure, but mem-
bers of the cytochrome P-450 superfamily are involved in
the natural production of such compounds (43-45), and
some, such as members of the CYP4A group, are known to
be PPARa target genes (14).

There was little, if any, difference in the basal levels of
intestinal ABCA1 mRNA expression between the wild-type
and PPARa-null mice consuming the low-cholesterol diet
alone. There was also no difference in intestinal choles-
terol absorption. Therefore, differential cholesterol ab-
sorption cannot explain the net increase in diet-derived
cholesterol and cholesteryl ester observed in the plasma
and liver of the PPARa-null mice compared with the nor-
mal mice fed the low-cholesterol diet (Tables 3 and 4). Al-
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though PPARa deficiency had little direct effect in intes-
tine, it is known to lead to a number of changes in other
tissues and in whole-body cholesterol metabolism that
could explain the accumulation of cholesterol in these an-
imals. These include a significantly decreased expression
of ABCA1 mRNA in liver (data not shown), a redistribu-
tion of hepatic cholesterol between the esterified and
nonesterified forms (22), and an impaired regulation of
de novo cholesterol synthesis (22, 46).

In the present work, there was a decrease in plasma tri-
acylglycerol concentration on feeding the wild-type mice
with fibrate (from 646 * 93 wmol/1 to 324 = 37 pmol/1).
It is known that PPARa reduces CYP7A1 transcription in
vitro (47) and that cipofibrate decreases bile acid synthe-
sis in rats, leading to a decline in fecal bile acid output
(48). Thus, although it is probable that the decrease in tri-
acylglycerol content mainly reflected an increase in he-
patic fatty acid oxidation, it could, at least in part, have re-
sulted from a decrease in absorption. On the basis of
these results, a reduced intestinal bile acid content cannot
be completely excluded as a factor contributing to the ob-
served decrease in cholesterol absorption.

LXRa activation has no effect on intestinal ACAT and
microsomal triglyceride transfer protein expression (49),
suggesting that there was little change in the enzymes and
other proteins involved in chylomicron assembly. Expres-
sion of ABCG5/G8 can also be regulated by LXRa. (50),
although, because the exact specificity of this plant sterol
transporter is not known, it is not possible to predict the
contribution that it could make to the effects presented
here. Likewise, we cannot rule out a role for the unknown
targets of the cholesterol absorption inhibitor ezetimibe,
which has recently been shown not to act through a stimu-
lation of ABCA1 or ABCG5/G8 (51).

In conclusion, these results provide strong evidence for
a physiological role for ABCALI in regulating the intestinal
absorption of dietary cholesterol. This “gatekeeper” role is
enhanced by PPARa activation, which results in a de-
creased absorption of dietary cholesterol, a decreased de-
livery of cholesterol to the liver, and a lower plasma con-
centration of total and diet-derived cholesterol. The
evidence indicates that the effects of PPAR« activation on
ABCALI transcription are mediated by changes in the avail-
ability of ligands that activate LXRa, but not by changes in
LXRa concentration per se. Thus, it is possible that an in-
crease in intestinal PPARa activation by physiological
ligands such as dietary unsaturated fatty acids, particularly
those of the w-3 class (52), could contribute to the de-
creased intestinal uptake of cholesterol from diets rich in
fish oil or oleic acid observed in nonhuman primates
(53), and that this is mediated via an increased expression
of ABCAI. The recent report that a specific activator of
PPARS was a potent stimulator of ABCAI transcription in
macrophages (54) indicates that ligands for PPARS could
also play a role in regulating cholesterol absorption. Pre-
vention of dietary cholesterol absorption makes a signifi-
cant contribution to strategies designed to reduce plasma
cholesterol levels (55), so pharmacological regulation of
ABCALI activity could be important not only for reducing
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the lipid content of macrophage foam cells but also for
controlling the concentration of cholesterol in plasma. i
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