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Recent studies have indicated that direct intestinal secretion
of plasma cholesterol significantly contributes to fecal neutral
sterol loss in mice. The physiological relevance of this novel
route, which represents a part of the reverse cholesterol trans-
port pathway, has not been directly established iz vivo as yet. We
have developed a method to quantify the fractional and absolute
contributions of several cholesterol fluxes to total fecal neutral
sterol loss in vivo in mice, by assessing the kinetics of orally and
intravenously administered stable isotopically labeled choles-
terol combined with an isotopic approach to assess the fate of de
novo synthesized cholesterol. Our results show that trans-intes-
tinal cholesterol excretion significantly contributes to removal
of blood-derived free cholesterol in C57Bl6/] mice (33% of 231
pmol/kg/day) and that pharmacological activation of LXR with
T0901317 strongly stimulates this pathway (63% of 706 umol/
kg/day). Trans-intestinal cholesterol excretion is impaired in
mice lacking Abcg5 (—4%), suggesting that the cholesterol
transporting Abcg5/Abcg8 heterodimer is involved in this path-
way. Our data demonstrate that intestinal excretion represents a
quantitatively important route for fecal removal of neutral ste-
rols independent of biliary secretion in mice. This pathway is
sensitive to pharmacological activation of the LXR system.
These data support the concept that the intestine substantially
contributes to reverse cholesterol transport.

Reverse cholesterol transport (RCT)? is defined as the flux of
excess cholesterol from peripheral tissues toward the liver fol-
lowed by biliary secretion and subsequent disposal via the feces
(1). Accumulation of cholesterol in macrophages in the vessel
wall is considered a primary event in the development of ather-
osclerosis and, therefore, removal of excess cholesterol from
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these cells is of crucial importance for prevention and/or treat-
ment of atherosclerotic cardiovascular diseases. It is generally
accepted that HDL is the obligate transport vehicle in RCT and
that plasma HDL levels reflect the capacity to accommodate
this flux. In line herewith, HDL-raising therapies are currently
considered as a promising strategy for prevention and treat-
ment of atherosclerotic cardiovascular diseases (2). In the “clas-
sical” scenario, the liver has a central role in RCT (3). Biliary
secretion of free cholesterol, facilitated by the heterodimeric
ABC-transporter ABCG5/ABCGS (4), and hepatic conversion
of cholesterol into bile acids followed by fecal excretion are
referred to as the main routes for quantitatively important
elimination of cholesterol from the body. Fecal excretion of
sterols is stimulated upon whole body activation of the liver X
receptor (LXR, NR1H2/3), a member of the nuclear receptor
family for which oxysterols have been identified as natural
ligands (5). LXR regulates expression of several genes involved
in RCT and activation of LXR by synthetic agonists leads to
elevated plasma HDL-cholesterol levels, increased hepatobili-
ary cholesterol secretion, reduced fractional intestinal choles-
terol absorption and increased fecal sterol loss (6). LXR is thus
considered an attractive target for therapeutic strategies aimed
at stimulation of RCT, which, however, will require approaches
to circumvent potential detrimental consequences of LXR acti-
vation such as induction of lipogenesis.

Recent studies indicate that the classical concept of RCT may
require reconsideration. Studies in apoA-I-deficient mice
revealed that the magnitude of the centripetal cholesterol flux
from the periphery to the liver is not related to the concentra-
tion of HDL-cholesterol or apoA-I in plasma (7). Furthermore,
Abcal™’~ mice that completely lack plasma HDL show unaf-
fected rates of hepatobiliary cholesterol secretion and fecal ste-
rol loss (8). Additionally, mice lacking both Abcg5 and Abcg8 do
not show a reduction in fecal neutral sterol excretion to the
extent expected on the basis of their strongly reduced hepato-
biliary cholesterol secretion (9). Recent studies by Plosch et al.
(6) have revealed that increased fecal neutral sterol loss upon
general LXR activation cannot be attributed to the increased
hepatobiliary cholesterol secretion only, suggesting a major
contribution of the intestine in excretion of cholesterol. This
potential role of the intestine in cholesterol removal from the
body has been corroborated by Kruit et al. (10), who showed
that fecal sterol loss is not affected in Mdr2~'~ (Abcb4~'")
mice that have a dramatic reduction in biliary cholesterol secre-
tion (11). Moreover, intravenously administered [*H]choles-
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terol could be recovered in the neutral sterol fraction of the
feces in these mice and fecal excretion of neutral sterols was
stimulated upon treatment with an LXR agonist (10). However,
the exact quantitative contribution of the direct intestinal path-
way under physiological conditions has not directly been deter-
mined so far. Very recently, intestinal perfusion studies in mice
revealed that, in the presence of mixed micelles as cholesterol
acceptors in the intestinal lumen, murine enterocytes indeed
have a high capacity to secrete cholesterol via a specific process
that is most active in the proximal part of the small intestine
(12). In addition, it was shown that direct trans-intestinal cho-
lesterol excretion (TICE) could be stimulated by a high fat diet.
The existence of a non-biliary route for fecal neutral sterol
excretion is further supported by very recent studies by Brown
et al. (13) in mice with targeted deletion of hepatic ACAT2.

The present study provides insight into the relative and abso-
lute contributions of several cholesterol fluxes relevant to total
fecal sterol loss in mice, making use of a panel of stable isotope
tracers. Our results show that TICE is a major route for removal
of blood-derived free cholesterol and that pharmacological
LXR activation strongly stimulates this arm of the reverse cho-
lesterol transport pathway.

MATERIALS AND METHODS

Animals—Male C57Bl/6] mice (Charles River, L’Arbresle
Cedex, France) as well as male Abcg5™’~ mice and their wild-
type littermates (14) were kept in a light- and temperature-
controlled environment and fed a standard rodent diet
(RMH-B, Abdiets, Woerden, The Netherlands) and water ad
libitum. All experimental procedures were approved by the
local Ethical Committee for Animal Experiments of the Univer-
sity of Groningen. For the experiments with triglyceride (TG)-
rich particles, C57Bl/6] mice were fed a standard rodent diet.
The procedures for these experiments were approved by the
Ethical Committee for Animal Experiments of the Academic
Medical Center (University of Amsterdam).

Preparation of Emulsion Particles—TG-rich emulsion parti-
cles (80-nm sized) were prepared according to the sonication
and ultracentrifugation procedure of Redgrave and Maranhao
(15) as modified by Rensen et al. (16). Briefly, a mixture of 100
mg of total lipid was dispersed in NaCl buffer of density 1.10
g/ml. The lipid mixture consisted of triolein (~99%), egg
yolk phosphatidylcholine, (99%), L-a-lysophosphatidylcholine
(99%), cholesteryl oleate, cholesterol (>99%; Sigma-Aldrich)
and at a weight ratio of, respectively, 70.0:22.7:2.3:3.0:2.0. In
addition, 80 uCi of [*H]cholesteryl oleate ([*H]CO) or [*H]cho-
lesterol oleoyl ether ([*H]COEth; Amersham Biosciences) was
added to the lipid mixture. After sonification for 30 min
at 54 °C, the particles were obtained via density gradient
ultracentrifugation.

Hepatic and Intestinal Uptake—Mice were anaesthesized
intraperitoneal with 100 ul of FFD (Hypnorm (1 ml/kg) and
diazepam (10 mg/kg)) per 5 g of body weight and received
radiolabeled TG-rich particles (2 wCi/mouse) via tail vein injec-
tion. Bile was diverted via cannulation of the bile duct via the
gallbladder. Plasma samples were collected through tail-bleed-
ing at 1, 10, and 30 min after injection. Subsequently, after 3 h,
mice were sacrificed, and liver and intestine were collected. The
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total amount of radioactivity in the plasma was calculated based
on the estimated total plasma volume (4.5% of body weight,
Refs. 17, 18). To determine liver uptake, the livers were
weighed, and tissue samples were treated with soluene-350
(PerkinElmer Life Sciences). Total cholesterol in intestine sam-
ples was extracted using the Bligh and Dyer method (19), and its
concentration was determined with a kit from Biomerieux. For
all samples, radioactivity was determined using liquid scintilla-
tion counter.

Experimental Procedures—C57Bl6/] mice were fed either
standard laboratory chow or chow supplemented with the LXR
agonist T0901317 (0.015%, w/w; Cayman Chemicals, Ann
Arbor, MI) from 3 days before the onset of experiments (see
below) until termination of the experiments at day 8. Abcg5 ™'~
mice and their littermate controls were fed standard laboratory
chow only. Mice were fitted with a permanent catheter in the
heart via the right jugular vein as previously described (20) and
were allowed to recover from surgery for at least 4 days. Mice
received an intravenous dose of 0.3 mg (0.763 wmol) cholester-
ol-D, dissolved in Intralipid® (20%, Fresenius Kabi, Den Bosch,
The Netherlands) and an oral dose of 0.6 mg (1.535 pwmol) cho-
lesterol-D, dissolved in medium chain triglyceride oil. Imme-
diately thereafter, mice received a constant intravenous infu-
sion of [1-'CJacetate (Isotec, Miamisburg, OH) at a rate of 0.24
mmol/h for 6 h. The start of the experiment (¢ = 0) was defined
by the start of [1-'*C]acetate infusion (at 8:00 pm). Blood spots
were collected from the tail on filter paper before administra-
tion of labeled cholesterol and acetate and at hourly intervals
during the infusion period. After the infusion period, mice were
individually housed for 8 days during which feces and blood
spots were collected every 24 h. At the end of the experiment,
mice were sacrificed by cardiac puncture and livers and small
intestines were excised. A schematic representation of the
administration and sampling protocol is given in Fig. 1.

Separate groups of animals (n = 6) received an intravenous
dose of labeled cholesterol as described above. At 24 h after
administration, mice were anesthetized by intraperitoneal
injection with Hypnorm (fentanyl/fluanisone, 1 ml/kg) and
Diazepam (10 mg/kg). Bile was collected by cannulation of the
gallbladder for 30 min, during which body temperature was
stabilized using a humidified incubator.

Analytical Procedure—Cholesterol was extracted from blood
spots with 1 ml of 95% ethanol/acetone (1:1, v/v) for gas chro-
matography/mass spectrometric (GC/MS) analysis according
to Neese et al. (21). Biliary lipids were extracted according to
Bligh and Dyer (19). Unesterified cholesterol from both blood
spots and bile was derivatized using N,O-bis-(trimethyl)triflu-
oroacetamide with 1% trimethylchlorosilane at room tempera-
ture. Fecal neutral sterols were extracted as described by Arca et
al. (22) and were derivatized using N,O-bis-(trimethyl)trifluo-
roacetamide/pyridine (1:1 v/v) with 1% trimethylchlorosilane
at room temperature. Total biliary and plasma concentrations
of cholesterol were determined (6). For AbcgS™’~ mice and
their wild-type littermates, plasma cholesterol concentrations
were determined by gas chromatography (23). Enrichments of
fecal neutral sterols were measured in the cholesterol fraction,
whereas total fecal neutral sterols were determined as the sum
of fecal cholesterol and its bacterial metabolites, which were
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FIGURE 1. Schematic representation of the administration and sampling protocol. The asterisk indicates
sampling of bloodspots. The vertical arrow indicates the time point at which cholesterol-D, and cholesterol-D
are administered immediately followed by the start of [1-'*Clacetate infusion. The horizontal arrow indicates

the period of [1-'3Clacetate infusion.

assumed to have similar specific enrichments as cholesterol.
GC/MS measurement of mass isotopomer distribution is
described under supplemental Materials and Methods.

Calculations of Kinetic Parameters—From the decay curves
of iv-administered D7-cholesterol in blood spots, several
kinetic parameters were calculated. Equations used for these
calculations are given under supplemental Materials and
Methods.

Fractional Cholesterol Absorption Measurement—Fractional
cholesterol absorption was measured using an adapted plasma
dual isotope ratio method (24) using blood spots obtained at
72 h after intravenous and oral administration of stable isoto-
pically labeled cholesterol (25) (equation given in supplemental
Materials and Methods).

Mass Isotopomer Distribution Analysis (MIDA)—To deter-
mine de novo cholesterol synthesis, the MIDA approach was
used. The theoretical background of this technique has been
described in detail elsewhere (21, 26, 27). Calculation of the
synthesis rate of cholesterol is explained in supplemental Mate-
rials and Methods.

Determination of the Sources of Fecal Neutral Sterols—To
calculate fecal excretion of blood-derived cholesterol, we
adapted the method described for use in humans by Férézou et
al. (28). For this calculation, we measured the mean enrichment
of cholesterol-D., in feces from day 2-5 of the experiment,
which was divided by the enrichment of cholesterol-D., in blood
spots 24 h before the midpoint of the feces collection (i.e. day 2),
to take into account the intestinal transit.

To determine the fraction of biliary cholesterol that is
derived from the blood compartment, we measured the enrich-
ment of intravenously administered cholesterol-D, in blood
spots and bile samples at 24 h after administration. The ratio of
these enrichments represents the fraction of biliary cholesterol
that is derived from the blood compartment. The remaining
fraction of biliary cholesterol consists of cholesterol excreted
from the liver without having entered the circulation and is
assumed to be a newly synthesized fraction. Correcting these
values for the fractional cholesterol (re)absorption gives the
amount of blood-derived cholesterol that is excreted via the
biliary pathway. The difference between total blood-derived
cholesterol in the feces and the fecal blood-derived cholesterol
secreted via bile gives the amount of cholesterol in the feces that
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to calculate the amounts of newly
synthesized cholesterol excreted
into feces from different sources, i.e.
from the blood compartment,
directly from the liver or directly
from enterocytes.

Based on the dietary intake of
cholesterol and values of fractional
cholesterol absorption, the mass
of cholesterol that is not absorbed and eventually ends up in the
feces can be calculated. The fraction of total fecal neutral sterol
content that is not excreted via one of the above mentioned
pathways must be derived from shedding of enterocytes or
other sources.

RNA Isolation and Measurement of mRNA Levels by Quanti-
tative Real-time PCR—RNA isolation, cDNA synthesis, and
real-time quantitative PCR were performed as described by
Plosch et al. (6). PCR results of liver and intestine were normal-
ized to B-actin mRNA levels. Primer and probe sequences are
listed in supplemental Table S1.

Statistics—The statistical significance was assessed by using
the Mann-Whitney-U test. The level of significance was set at
p < 0.05. Analyses were performed using SPSS version 12 for
Windows software (SPSS, Chicago, IL).

feces feces

RESULTS

TG-rich Particles Are Rapidly Taken Up by the Liver but Not
by the Intestine—To investigate the fate of cholesterol in intra-
venous injected TG-rich particles, they were labeled with non-
degradable [*H]cholesterol-oleoyl-ether or [*H]cholesterol-
oleate. Upon intravenous injection, the TG-rich particles were
rapidly cleared from the circulation with a half-life of less than
5 min (Fig. 2A4). As has been reported before (16), over 60% of
these TG-rich particles are taken up by the liver as is demon-
strated here by the percentage of the non-hydrolyzable
[PH]COEth of injected dose found in the liver (Fig. 2B). After
uptake of TG-rich particles labeled with [’H]CO by the liver,
[*H]cholesterol can be liberated by hydrolysis and released back
into circulation. Hence, less activity was recovered in the liver
compared with animals treated with [*H]COEth-containing
particles. Part of this re-distributed [*H]cholesterol derived
from [®*H]CO is taken up by the intestine (Fig. 2C). In contrast,
almost no [*H]COEth activity could be detected in the intes-
tine, indicating that these TG-rich particles are not taken up
directly.

LXR Activation Increases Pool Size and Turnover of the Free
Cholesterol Pool, while Abcg5 Deficiency Has the Opposite
Effects—Plasma cholesterol turnover was studied by injecting
cholesterol-D., in intralipid intravenously. As shown above,
triglyceride-rich particles are rapidly taken up in the liver (29)
and subsequently, the labeled cholesterol is resecreted into the
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FIGURE 2. Plasma decay (A), hepatic uptake (B), and small intestinal uptake (C) of emulsions. [*H]CO (H)- or [*H]COEt ((J)-labeled TG-rich particles were
injected into mice (n = 4). The plasma decay was determined by taking plasma samples at 1, 10, and 30 min. After three and a half hours, the animals were
sacrificed, and radioactivity was determined in the liver and intestine. Values are means = S.D.
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FIGURE 3. Fractional enrichment of free cholesterol in blood spots upon intravenous administration of
cholesterol-D, during the course of the experiments in untreated (open circles) and T0901317-treated
(filled circles) C57Bl6/) mice (A) and in wild-type (open circles) and Abcg5~'~ (filled circles) mice (B). n =

5-6 per group. Values represent means = S.E.

TABLE 1
Kinetic parameters of cholesterol

Kinetic parameters of cholesterol were calculated by curve-fitting of the decay
curves of D_-cholesterol using SAAM II. Values are expressed as means = S.D. (n =
5 or 6 per group). Abbreviations: C**', total plasma cholesterol concentration; C",
concentration of administered D,-cholesterol in blood; D', dose of intrave-
nously administered cholesterol; V, volume of distribution; A'", total rapidly
exchangeable free cholesterol pool; ti, half-life time; R, turnover rate; MCR,
metabolic clearance rate.

Parameter C57Bl6/] T0901317 Abcgst' Abcgs™"~
Bodyweight (g) 26.9 * 0.4 258 +0.8 260+ 0.8 248 +03
C'°' (wmol/l) 2281 + 254 4730 = 1924 2522 + 136 1153 = 72°
C" (umol/l) 263 + 3.9 46,5 * 2.1 27.0 + 1.4 17.9 = 1.3%
D' (umol/kg) 11.8 + 0.2 124 + 0.4 123 + 0.4 129 + 02
V (I/kg) 0.487 = 0.065 0.268 + 0.011¢ 0.464 + 0.036 0.733 *+ 0.058%
At (umol/kg) 1046 *+ 39 1262 + 34° 1148 * 31 831 * 37
tin1y (h) 10.5 + 0.7 10.6 + 0.4 10.2 + 0.0 14.7 = 0.5%
t, (o) (h) 94.4 + 9.0 59.1 + 0.8" 1363 + 4.5 110.0 + 6.8
R, (umol/kg/h) 69.7 = 4.5 82.8 +2.3 77.7 = 2.1 39.4 +2.2°
R, (mol/kg/h) 8.0+ 0.9 14.8 + 0.3% 59+ 0.3 53+02
R™ (wmol/kg/h)  77.7 £ 5.0 97.6 * 2.4° 83.6 + 3.2 44.7 *2.1¢

MCR (I/kg/h) 0.035 = 0.004  0.021 = 0.000*  0.034 = 0.003  0.040 * 0.004

“ Significant difference between treated and non-treated C57Bl6/] mice or between
wild-type and Abcg5 ™~ mice.
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ous studies (14, 30), treatment with
T0901317 increased plasma choles-
terol concentrations because of ele-
vation of plasma HDL-cholesterol
(30), whereas these concentrations
were lower in Abcg5-deficient mice
compared with their controls. The
apparent volume of distribution of cholesterol-D., was reduced
upon LXR activation, and the total rapidly exchangeable unes-
terified cholesterol pool, consisting of plasma erythrocyte- and
hepatic-free cholesterol, was increased by 20%. The absence of
AbcgS had opposite effects, i.e. was associated with a markedly
increased volume of distribution and a 28% decrease in pool
size. Importantly, the calculated pool sizes are in the same order
of magnitude as the estimation proposed by Neese et al. (21).
The turnover of plasma cholesterol was higher in mice treated
with T0901317. This increase was mainly ascribed to an
increase in R,, which represents disposal of cholesterol. The
combination of an increased turnover and elevated plasma cho-
lesterol concentration led to a reduced metabolic clearance rate
upon LXR activation. In mice lacking Abcg5, cholesterol turn-
over was lower than in their wild-type littermates. Combined
with the lower plasma cholesterol levels, this led to similar met-
abolic clearance rates in mice of both genotypes. All kinetic
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FIGURE 5. Fractional cholesterol absorption in untreated (open bars)
and T0901317-treated (filled bars) C57BI6/) mice (A) and in wild-type
(open bars) and Abcg5~'~ (filled bars) mice (B). Fractional cholesterol
absorption was measured using the adapted plasma dual isotope method
making use of blood spots collected on filter paper (n = 5-6 per group).
Mice received an intravenous injection of cholesterol-D, and an oral dose
of cholesterol-D. Blood spots obtained 72 h after administration were
used for the calculation of fractional cholesterol absorption. Values repre-
sent means = S.E.
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TABLE 2
Secretion rates and enrichments of biliary cholesterol

Secretion rates and enrichments of cholesterol were measured in treated and non-
treated C57B1/6] mice and in wild-type and AbcgS™”~ mice. Values are expressed as
means * S.D. (n = 5-7 per group).
C57Bl6/]

574 *13.0

T0901317 Abcg5t' Abcg5™"~

7.61 + 1.28°

Parameter

Biliary cholesterol 108 + 21.6 27.9 + 3.26"
(nmol/kg/day)

f (D;) blood spot (%) 0.458 * 0.051 0.400 = 0.040 0.469 = 0.020 0.672 *+ 0.047

f (D) bile (%) 0.474 = 0.058 0.398 = 0.035 0.431 =0.015 0.503 = 0.052

Bile/blood spot 1.03 = 0.04 1.00 = 0.02 0.92 = 0.01 0.75 + 0.05”
“ Significant difference between untreated C57Bl6/] mice and wild-type littermates
of Abcg5™/~ mice.
® Significant difference between treated and non-treated C57Bl6/] mice or between
wild-type and Abcg5™/~ mice.

parameters showed comparable values in both control groups,
i.e. untreated C57Bl/6] mice and the wild-type littermates of
Abcg5™'™ mice.

No Effect of LXR Activation or AbcgS Deficiency on Fractional
Cholesterol Absorption Assessed by the Plasma Dual Isotope
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Abcg8

FIGURE 4. Intestinal (A and B) and hepat|c (C and D) gene expression levels in untreated (open bars) and
T0901317-treated (filled bars) C57BI6/J mice (A and C) and in wild-type (open bars) and Abcg5~'~ (filled
bars) mice (B and D), measured by real-time PCR. mRNA was prepared form individual mice (n = 5-6 per
group), and data are presented as means of 5-6 animals performed in duplicate * S.E. Expression values are
mice were both set at 1.00. The
asterisk indicates significant differences (Mann-Whitney-U test, p < 0.05). Abcg5/g8/a1, Abc-transporter g5, g8,

Abcat nal expression of NpcilI was unaf-

fected by either T0901317 treat-
ment or Abcg5 deficiency (Fig. 4A).
For mice treated with T0901317,
this unchanged absorption was in
contrast to previous studies in
which the fecal dual isotope ratio
methodology was used (10, 14, 32). Calculation of the absolute
amounts of cholesterol being absorbed, based on a dietary cho-
lesterol intake of 58 umol/kg/day and the actually measured
biliary secretion rates (see Table 2), revealed that C57Bl6/] mice
treated with T0901317 actually absorbed ~44% more choles-
terol than their untreated controls (54.1 = 6.84 umol/kg/day
versus 37.7 = 3.68 umol/kg/day, respectively). On the other
hand, Abcg5~’~ mice absorbed ~15% less cholesterol than
their wild-type littermates (20.8 = 0.73 wmol/kg/day versus
24.6 = 1.24 pmol/kg/day, respectively). These differences in
the absolute amounts of absorbed cholesterol were attributable
to differences in hepatobiliary cholesterol secretion rates. As
expected (6), hepatic expression of Abcg5 and Abcg8 was
strongly increased in mice treated with T0901317 (Fig. 4, Cand
D), leading to increased hepatobiliary secretion of cholesterol
in these mice. It should be noted that hepatobiliary cholesterol
secretion rates were significantly higher in control C57Bl6/]
mice (57.4 = 13.0 umol/kg/day) compared with the wild-type
littermates of Abcg5 /'~ mice with a mixed background (27.9 +
3.26 umol/kg/day).

Activation of LXR Stimulates de Novo Cholesterol Synthesis in
Mice—To quantify cholesterol synthesis in vivo, we infused
[1-'3Clacetate and calculated the fractional and absolute cho-
lesterol synthesis rates employing MIDA. We observed a 2.5-
fold increase in de novo cholesterol synthesis, which was
secreted into plasma upon treatment with T0901317 (236 =
75.8 umol/kg/day in controls versus 568 = 103 umol/kg/day in
T0901317-treated mice, Fig. 6A), corresponding to a 2-fold
increase in hepatic mRNA levels of Hmgr in these mice (Fig.
4C). There was no difference in cholesterol synthesis between
Abcg5~'™ mice and their wild-type littermates (217 = 38.6 ver-
sus 183 = 38.4 wmol/kg/day, respectively, Fig. 6B), although
hepatic Hmgr expression was reduced in AbcgS~'~ mice (Fig.

D). Neither treatment with T0901317 nor the absence of
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type controls. The portion of blood-
derived fecal cholesterol that is
delivered via the biliary pathway
was increased after treatment with
T0901317 (+88%; 39.02 wmol/kg/
day in control versus 73.51 wmol/
kg/day in T0901317-treated mice)
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FIGURE 6. de novo cholesterol synthesis rates in untreated (open bars) and T0901317-treated (filled bars)
C57BI6/) mice (A) and in wild-type (open bars) and Abcg5~/~ (filled bars) mice (B). [1-'>C]Acetate was
infused, and the absolute cholesterol synthesis rates were calculated employing MIDA. Values represent
means *= S.E. (n = 5-6 per group). The asterisk indicates significant differences (Mann-Whitney-U test, p <

Wild-type

wild-type versus 3.82 pumol/kg/day
in AbcgS™'~ mice). In untreated and
treated C57Bl6/] mice, there was no
preferential secretion of newly syn-
thesized cholesterol into bile, as
indicated by the ratios of cholester-
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FIGURE 7. Fecal loss of neutral sterols in untreated (open bars) and T0901317-treated (filled bars)
C57BI6/J mice (A) and in wild-type (open bars) and Abcg5~'~ (filled bars) mice (B). Feces were collected
every 24 h during the course of the experiment. Values represent means = S.E. (n = 5-6 per group). The asterisk

indicates significant differences (Mann-whitney-U test, p < 0.05).

Abcgh affected the enrichments (p values) of the acetyl-CoA
precursor pools from which de novo synthesized cholesterol
was derived (all ~8%, data not shown).

Direct Cholesterol Excretion via the Intestine Is Increased
upon LXR Activation and Reduced in AbcgS™’~ Mice—In
accordance with previous studies (6), fecal excretion of neutral
sterols, ~80% of which comprised of cholesterol, was 3-fold
increased upon activation of LXR (231 = 18.9 umol/kg/day in
control versus 706 £ 90.0 wmol/kg/day in T0901317-treated
mice, Fig. 7A). Fecal bile acid excretion was slightly increased
(+25%) upon LXR activation (177 * 14.7 umol/kg/day in con-
trol versus 220 = 53.4 wmol/kg/day in T0901317-treated mice,
data not shown). Deficiency of Abcg5 led to a 39% reduction in
fecal neutral sterol loss (175 = 6.12 umol/kg/day in control
versus 106 = 7.28 umol/kg/day in Abcg5~'~ mice, Fig. 7B).
Fecal excretion of bile acids was slightly increased (+25%) in
mice lacking Abcg5 (141 * 29.2 umol/kg/day in control versus
176 * 26.5 umol/kg/day in Abcg5™ '~ mice, data not shown).

Fig. 8 summarizes the contribution of different sources of
cholesterol to total fecal cholesterol output in both absolute (A
and B) and relative values (C and D). Calculation of the different
fractions revealed that fecal loss of cholesterol derived from the
circulation was 49.8% (115 wmol/kg/day) in C57Bl6/] mice and
increased to 73.0% (515 wmol/kg/day) upon LXR activation. In
Abcg5~'~ mice, this fraction was reduced to 18.7% (19.9 umol/
kg/day) compared with 35.7% (62.4 wmol/kg/day) in their wild-
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Abcg5~'~ mice of total fecal neutral
sterol loss. Comparably low values
were obtained for direct excretion
of newly synthesized cholesterol
from the enterocyte into the intesti-
nal lumen: 2.9% (6.65 umol/kg/day) and 3.4% (24.1 wmol/kg/
day) in non-treated and T0901317-treated C57Bl6/] mice,
respectively, whereas this fraction was virtually absent in
Abcg5~'" and their wild-type littermates. The most striking
results were observed for trans-intestinal cholesterol excretion.
This flux represents the movement of blood-derived choles-
terol into the feces directly via the intestine. This flux
accounted for 32.9% (76.0 umol/kg/day) of total fecal sterol
excretion in C57Bl6/] mice and was massively increased to
62.6% (442 pumol/kg/day) upon treatment with T0901317. In
Abcg5~'~ mice, the fecal contribution of this direct intestinal
excretion pathway was reduced to 15.1% (16.1 umol/kg/day)
compared with 25.4% (44.5 umol/kg/day) in their wild-type
controls. The remaining part of total fecal neutral sterol excre-
tion is likely derived from shedding of enterocytes, among oth-
ers, and varied between 17.7—-45.7% in the different groups.

DISCUSSION

The results of the current study enforce the notion that the
classical concept of RCT, i.e. HDL-mediated transport of excess
cholesterol from peripheral tissues to the liver followed by its
hepatobiliary secretion and disposal into the feces, requires
modification, at least for the situation in mice (6, 10, 12). The
use of differentially labeled cholesterol molecules and
[1-'3C]acetate allowed us to determine the relative and abso-
lute contributions of different cholesterol fluxes to total fecal
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FIGURE 8. Fractional contribution of different sources of cholesterol to total fecal cholesterol output in

untreated and T0901317-treated C57BI6/) mice and Abcg5~'~ mice and their wild-type littermates.

Absolute values are presented in A and B and relative values in Cand D.

neutral sterol loss. For this purpose, we have adapted the
method described for use in humans by Férézou et al. (28) and
combined this method with the MIDA approach (21, 27) to
quantify de novo cholesterol synthesis. Using this kinetic
approach, we were able to show that trans-intestinal excretion
of blood-derived cholesterol strongly contributes to fecal neu-
tral sterol loss, the obligatory end-point of RCT, in mice and
that this process is sensitive to pharmacological interference.
Our data demonstrate that pharmacological activation of
LXR increases the turnover of cholesterol in mice. T0901317-
treated mice excreted more cholesterol and converted more
cholesterol into bile acids or steroid hormones per day than
their untreated controls. The absence of Abcg5 had opposite
effects: turnover of free cholesterol was reduced compared with
their wild-type littermates. Additionally, the volume of distri-
bution was reduced upon treatment with T0901317, indicating
that the uptake of cholesterol into tissues is lower in these mice.
In accordance with previous studies (14, 32), the absence of
Abcg5 did not influence fractional intestinal cholesterol
absorption. However, these earlier studies showed that activa-
tion of LXR by T0901317 reduced fractional intestinal choles-
terol absorption (10, 14, 32), whereas the present study revealed
no effect of this treatment. This discrepancy may be explained
by the fact that in the aforementioned studies, fractional cho-
lesterol absorption was determined using the fecal dual isotope
method (33), while we made use of an adapted plasma dual
isotope method. Using the fecal dual isotope method, the
recovery in feces of labeled cholesterol relative to an unabsorb-
able plant sterol during 3—4 days after oral administration of
the sterol mixture, reflects the fractional cholesterol absorp-
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did. It is of importance to note that
this value is in the same order of
magnitude as the increase in fecal
sterol loss measured by independent methodology. Because
dietary intake as well as fractional intestinal absorption was not
affected upon treatment with T0901317, this means that body
stores of cholesterol are maintained. Yet, it should be realized
that cholesterol synthesis may occur in pools that do not equil-
ibrate with plasma within the experimental timeframe. The
increased de novo synthesis of cholesterol coincides with a
~2-fold increase in hepatic expression of Hmgr, while no
effects on intestinal Hmgr mRNA levels were found.

To address the proposed role of the intestine in RCT (6, 10,
12), we have developed a method to analyze the origin of fecal
neutral sterols. To our opinion, the most important finding of
this work is the major contribution of trans-intestinal excretion
of blood-derived cholesterol to total fecal neutral sterol loss in
the in vivo situation. In C57Bl6/] mice, this route accounted for
33% of fecal neutral sterol excretion, a value that is in the same
order of magnitude previously estimated for FVB mice (~20%)
(10). Notably, this trans-intestinal cholesterol excretion was
massively increased upon LXR activation. In T0901317-treated
mice, this pathway contributed up to 63% percent of total fecal
sterol loss, which means that in absolute terms 442 umol/kg of
cholesterol was excreted via this route every day. Obviously, the
pathways involved in this process now need to be identified: the
protein(s) that mediate this trans-intestinal cholesterol excre-
tion are currently unknown. Presumably, the last step of this
flux is in part mediated by Abcg5/Abcg8, because the presence
of this transporter heterodimer is required for increased fecal
neutral sterol excretion upon LXR activation (32). Yet Abcg5/
Abcg8 are not fully responsible for TICE activity. In Abcg5™ '~
mice, a significant amount of TICE could still be measured.
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Interestingly, intestinal perfusion studies revealed no distinct
effect of Abcg8 deletion on TICE (12). Differences in experi-
mental set-up may be responsible for these deviating results. In
the in vivo situation, the intestinal lumen contains a complex
mixture of diet- and bile-derived lipids and bile salts (34). Dur-
ing the intestinal perfusions, however, a selected intestinal seg-
ment is isolated, rinsed with saline to remove food and bile
components and then perfused with a perfusate containing tau-
rocholate and phosphatidylcholine (12). Both the absence of
food components and the distinct micellar composition of the
perfusate may influence the excretory capacity of enterocytes.
The question arises which transporter/receptor is responsible
for uptake of cholesterol at the basolateral pole of the entero-
cyte. So far, the carrier for cholesterol in this process is not
known. However, our data as well as previous studies (16) show
that the majority of radiolabeled CO in TG-particles is cleared
by the liver. Attenuated liver uptake of TG-rich particles in
animals pretreated with lactoferrin, resulted in reduced serum
decay. However this prolonged circulation of TG particles did
not result in increased uptake of [PH]CO by the intestine (16).
These results are indicative for no direct uptake TG particles by
intestine. If the carrier for TICE would be HDL, one possible
candidate could be SR-BI, which is implicated in bi-directional
flux of cholesterol and phospholipids (35). SR-BI is localized
both at the apical and basolateral membrane along the entire
length, but mostly in the proximal part, of the small intestine
(36). However, recent studies by van der Velde et al. (37) show
no reduction of TICE in mice lacking SR-BI, suggesting that this
transporter is not involved in trans-intestinal cholesterol excre-
tion. Recently, Brown et al. (13) confirmed the existence of a
non-biliary route for fecal sterol loss in mice with a targeted
deletion of hepatic ACAT2. They observed that recovery of
lipoprotein-associated [*H]cholesterol in intestinal wall and
lumen was higher when lipoproteins were derived from mice
with low levels of ACAT2 compared with when derived from
control mice, while recovery of [*H]cholesterol in liver and bile
was similar.

Cholesterol absorption by enterocytes has been shown to be
mediated by a vesicular pathway involving Nieman-Pick C1 like
1 protein (38). Rab proteins maybe involved in vesicular choles-
terol transport as well; Rab8a has been implicated in control of
apical protein localization in intestinal cells (39), and Rab9 has
been shown to modulate transport of cholesterol from the late
endosomes to the trans-Golgi network (40). Overexpression of
Rab9 in vitro induced transport of free cholesterol from late
endosomes/lysosomes to the endoplasmic reticulum where
cholesterol is esterified and also induced efflux of cellular ste-
rols into the medium (41). We observed no change in expres-
sion of Rab8a but an increase (~80%) in intestinal Rab9 expres-
sion was observed upon T0901317 administration (data not
shown). This might indicate its involvement in induction of
trans-intestinal cholesterol excretion.

In summary, this study describes a method to measure the
fractional and absolute contributions of distinct cholesterol
fluxes to total fecal neutral sterol loss in vivo and revealed that
trans-intestinal cholesterol excretion is a major route for
removal of blood-derived free cholesterol. Because stable iso-
topes are used, a simplified version of this method will also be
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suitable for studies in human subjects. This novel pathway
appears to contribute significantly to the process of reverse
cholesterol transport and to be sensitive to pharmacological
manipulation, as demonstrated for the LXR agonist T0901317.
Activation of LXR specifically aimed at the intestine could thus
be an attractive approach to stimulate reverse cholesterol trans-
port without inducing undesirable systemic side effects, such as
hepatic steatosis (30).
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