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Cardiovascular disease is the leading cause of death in the
Western industrialized world and claims more lives than the
next four causes combined.[1] A major risk factor for this
disease is elevated cholesterol levels.[2, 3] The current predom-
inant therapy prescribes the use of statins, which lead to
inhibition of cholesterol biosynthesis in the liver.[3, 4] However,
half of all patients undergoing current lipid-lowering treat-
ments fail to reach their cholesterol goals,[3,5] and thus a clear
need for the development of new cholesterol-lowering agents
remains. Ezetimibe (1, Scheme 1) is a recent exciting example
of a new class of drugs operating by a different mechanism
involving inhibition of intestinal cholesterol absorption.
Ezetimibe (1) was developed solely by using animal studies.[6]

The rapid identification and optimization of new inhibitors
would be greatly facilitated with an in vitro assay. In this
communication, we introduce the use of intestinal brush
border membrane vesicles[7] for the convenient in vitro testing
of small molecules for inhibition of cholesterol absorption.
We demonstrate the validity of the assay by comparison of the
observed in vitro efficacies with published in vivo data
(Scheme 1). Moreover, the assay allows us to identify new
nonhydrolyzable glycosides as potent cholesterol absorption

inhibitors and an oxazolidinone as an effective replacement of
the b-lactam scaffold of ezetimibe (1).

The actual identity of the intestinal cholesterol transport
proteins is still actively debated, with evidence suggesting the
involvement of the scavenger receptors SR-BI[7e, f,8] and
CD36,[7f, 9] the Niemann–Pick C1-like 1 protein,[10] and an
Annexin 2/Caveolin 1 complex.[11] Regardless of which pro-
teins are involved, prior work has demonstrated that choles-
terol absorption takes place in brush border membrane
vesicles made from human or animal small intestines.[7] We
thus set out to investigate whether brush border membrane
vesicles could be used in the development of an in vitro assay
for small-molecule cholesterol absorption inhibitors. For the
successful implementation of such an assay, we needed to
validate it by synthesizing and examining a number of known
ezetimibe analogues for which the corresponding in vivo data
were available.

Rabbit brush border membrane vesicles are prepared by
shearing the enterocyte brush border membrane region and
allowing its reassembly into vesicles with a diameter of
180 nm (Figure 1).[7a, 12] Such a preparation can be carried out
conveniently in hours, and the vesicles produced can be stored
for months. In the experiments, cholesteryl ester is delivered
to the brush border membrane vesicles by incorporation into
egg phosphatidyl choline small unilamellar vesicles (25 nm
diameter) that act as donor particles.[7,13] Direct application of
the small-molecule candidates in 1% aqueous dimethylsulf-
oxide was complicated by their low solubility in water.
However, key to the development of the assay was the
discovery that these molecules, like the cholesteryl ester,
could also be incorporated into the phospholipid small

unilamellar vesicles.[14] At a fixed concentration of 9 mol%,
corresponding to a nominal concentration of 6 mm, the test
substrates were readily incorporated into the vesicles and
used in routine inhibition experiments. The cholesterol
transfer from donor particles to brush border membrane
vesicles was quantified by using radiolabeled [1a,2a(N)-
3H]cholesterol oleyl ether (37 Cimmol�1).[15]

We selected ezetimibe (1),[16] b-lactam (� )-2,[17, 18] and the
O-glycosides 3–5[19] as convenient benchmark substrates of
the in vitro assay, because in vivo results were available for
these compounds (Table 1). In the brush border membrane
vesicle assay with rabbit intestine, ezetimibe (1) was shown to
inhibit cholesteryl ester uptake by 16% when the convenient
9-mol% concentration in the vesicles was used. b-Lactam

Scheme 1. Correlation between in vitro and in vivo activities with various
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(� )-2 was inactive, a result consistent with the corresponding
reported low activity in vivo.[18] Furthermore, the same
correlation was observed for theO-glycosides as that reported
for in vivo studies,[19] wherein cellobioside 5 was significantly
more active than glucuronide 3 and
glucoside 4. In the development of
ezetimibe (1) by using animal stud-
ies, the benzylic hydroxy group was
shown to be of prime importance
for activity.[6c] Likewise in our
assay, removal of this hydroxy
functionality in 5 to give 6 resulted
in a drastic decrease in the in vitro
inhibitory activity (3% inhibition
for 6 versus 27% for 5). This
molecular editing experiment[21]

provides yet another correlation
with the in vivo data.

With a validated in vitro assay
in hand, we started to address two
key issues: 1) the role of glycosy-
lation in inhibitory activity and
2) the use of other ring scaffolds
to replace the b-lactam. In vivo,
ezetimibe (1) has been shown to be
rapidly glucuronidated in the intes-
tine to form glucuronide 3 before
entering the portal plasma.[22]

Rapid metabolic hydrolysis of the
O-glycosides 3–5 and subsequent
interconversion between ezetimibe
(1) and the glucuronide 3 cannot be
completely ruled out in the
reported animal experiments. Con-
sequently, we designed, synthe-
sized, and examined the structur-
ally related glycosides 7–9 with
nonhydrolyzable linkages[23]

(Scheme 2). These were prepared

by Mitsunobu reactions of 10 with the appropriate primary
alcohols, as shown for cellobioside 9 in Scheme 3.

When 7–9 were evaluated in the brush border membrane
vesicle assay, the glucosides 7 and 8 displayed inhibitions of
13% and 15%, respectively (Scheme 2). The cellobioside 9
(28 % inhibition) was clearly more active and was as active an
inhibitor as the corresponding O-cellobioside 5 (27 % inhi-
bition). The activities of the nonhydrolyzable glycosides 7–9
indicate that glycosides of ezetimibe (1) are indeed capable of
being potent cholesterol absorption inhibitors.

Figure 1. Preparation of brush border membrane vesicles.

Table 1: Activities in the brush border membrane vesicle assay compared to in vivo data.

Inhibitor In vivo
inhibition
[mgkg�1day�1][a]

In vitro
inhibition [%][b,c]

(� )-2 :

low activity[d][18] 2

1: R=H

0.04[6] 16

3 : R=
0.09[19] 19

4 : R=
0.08[19] 14

5 : R=

0.01[19] 27

6 :

– 3

[a] Reported effective dose values for 50% reduction of liver cholesteryl ester level (ED50) in the seven-
day cholesterol-fed hamster model.[20] [b] Inhibition in the brush border membrane vesicle assay with
rabbit intestine at nominal concentrations of 6 mm. [c] Average standard deviations were �3%
inhibition. [d] At 50 mgkg�1day�1, no ED50 value was determined.

Scheme 2. Nonhydrolyzable glycosides evaluated in the brush border
membrane vesicle assay.
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The in vitro assay also allowed us to conveniently examine
whether the b-lactam is an integral and essential pharmaco-
phore, as concluded in the early development of ezetimibe
(1),[18, 25] or simply a ring scaffold to appropriately position the
required substituents. Thus, oxazolidinone 16, which closely
resembles ezetimibe (1) with respect to the positioning of the
ring substituents,[25] was synthesized in enantiomerically pure
form as outlined in Scheme 4. We were pleased to observe
that oxazolidinone 16 showed a similar activity (19%
inhibition) to ezetimibe (1; 16 % inhibition) in the brush
border membrane vesicle assay. The notable activity for 16
suggests that an oxazolidinone ring scaffold substituted with

the appropriate side chains could effectively replace ezeti-
mibe (1).

In summary, we have used brush border membrane
vesicles in the first in vitro assay to evaluate small-molecule
cholesterol absorption inhibitors. In comparison with pub-
lished in vivo data of identical and closely related compounds,
consistent in vitro results were obtained. These indicate that
both ezetimibe (1) and a variety of ezetimibe glycosides are
all potent cholesterol absorption inhibitors. The salient
feature of the assay is that it permits rapid identification of
other useful ring scaffolds for the synthesis of novel choles-
terol absorption inhibitors, as exemplified by the oxazolidi-
none 16. It should thus be possible to replace tedious,
expensive, and lengthy animal experiments by convenient
evaluation in the brush border membrane vesicle assay when
investigating diverse libraries of small-molecule cholesterol
absorption inhibitors.
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