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a b s t r a c t

In an effort to develop potent and selective inhibitors toward ACAT2, structure–activity relationship
studies were carried out using derivatives based on pyripyropene A (PPPA, 1). In particular, we investi-
gated the possibility of introducing appropriate 1,11-O-benzylidene and 7-O-substituted benzoyl moie-
ties into PPPA (1). The new o-substituted benzylidene derivatives showed higher selectivity for ACAT2
than PPPA (1). Among them, 1,11-O-o-methylbenzylidene-7-O-p-cyanobenzoyl PPPA derivative 7q and
1,11-O-o,o-dimethylbenzylidene-7-O-p-cyanobenzoyl PPPA derivative 7z proved to be potent ACAT2
inhibitors with unprecedented high isozyme selectivity.

� 2013 Elsevier Ltd. All rights reserved.
Acyl-CoA:cholesterol acyltransferase (ACAT) plays an important
role in cholesterol metabolism in mammals. Recent molecular bio-
logical studies revealed the presence of two ACAT isozymes, ACAT1
and ACAT2, which have different functions in mammals.1–4 ACAT1
is ubiquitously expressed in tissues and cells such as sebaceous
glands, steroidogenic tissues, and macrophages, whereas ACAT2
is predominantly expressed in the liver and intestine.5 Conse-
quently, ACAT2-selective inhibitors could be employed as effective
cholesterol-lowering or anti-atherosclerotic agents, with fewer
side-effects than ACAT1-selective inhibitors. A newly developed
cell-based assay using ACAT1- or ACAT2-expressing CHO cells6,7

confirmed that pyripyropene A (PPPA, 1) is a potent and selective
inhibitor of ACAT2. Recent clinical studies showed that synthetic
avasimibe and pactimibe, which can inhibit both ACAT1 and
ACAT2, do not attenuate the progression of atherosclerosis.8,9 This
may be because the inhibition of ACAT1 in vascular cells, including
macrophages, causes the excessive accumulation of free choles-
terol in the cells and thus cytotoxicity.9 Very recently, 1 was pro-
ven to be orally active in an in vivo atherogenic mouse
model.10,11 Therefore, our group re-investigated the synthesis of
ACAT2-selective inhibitors based on PPPA derivatives for the devel-
opment of cholesterol-lowering or anti-atherosclerotic agents.

We have previously described structure–activity relationship
(SAR) studies of PPPA derivatives with a variety of substituted ben-
zoyl groups at the 7-position12 and 7-O-p-cyanobenzoyl PPPA
derivatives with various acyl groups at the 1- and 11-positions.13

As shown in Figure 1, 7-O-p-cyanobenzoyl PPPA derivative 2,
which exhibited higher ACAT2-innibitory activity (77 times) and
isozyme selectivity (4.6 times) than PPPA (1), was developed based
on results from our previous SAR studies. To the best of our knowl-
edge, 2 is the most potent ACAT2-inhibitor known, with higher iso-
zyme selectivity than 1.

For the current SAR study, we focused on new 1,11-O-benzyli-
dene-7-O-monosubstituted benzoyl PPPA derivatives. The ACAT2
inhibitory activity of 1,11-O-benzylidene acetal derivatives 3 and
4 synthesized during earlier SAR studies14,15 was comparable to
1, whereas the PPPA derivatives showed lower isozyme selectivity
than 1. Herein, we report SAR studies of 1,11-O-benzylidene-7-O-
monosubstituted benzoyl PPPA derivatives, as well as the discov-
ery of new PPPA derivatives with more potent ACAT2 inhibitory
activity than 1 and unprecedented high isozyme selectivity.

The 1,11-O-benzylidene-7-O-monosubstituted benzoyl PPPA
derivatives 7 were prepared from pyripyropene tetraol 5 in two
steps as shown in Scheme 1.14
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Figure 1. Structures of PPPA (1), 7-O-p-cyanobenzoyl PPPA derivative 2, and 1,11-
O-benzylidene-7-O-p-pentanoyl PPPA derivatives 3 and 4 (⁄Selectivity Index (SI):
IC50 (ACAT1)/(IC50 (ACAT2)).

Table 1
ACAT1 and 2 inhibitory activity and isozyme selectivity of 1,11-O-benzylidene-7-O-
monosubstituted benzoyl PPPA derivatives 7a–p (R2 = Ph)

Compound IC50 (lM)

No. R3 ACAT1 ACAT2 SI*

7a p-CN 2.80 0.0060 466.7
7b p-F 6.20 0.0070 885.7
7c p-Cl 5.80 0.0090 644.4
7d p-Br 6.90 0.0100 690.0
7e m-F 3.00 0.0130 230.8
7f p-OMe 6.90 0.0140 492.9
7g m-Cl 2.70 0.0190 142.1
7h m-CN 2.20 0.0300 73.3
7i m-Br 4.30 0.0300 143.3
7j p-CHO 5.50 0.0300 183.3
7k o-F 2.70 0.0500 54.0
7l p-NO2 13.90 0.0600 231.7
7m m-OMe 4.30 0.0700 61.4
PPPA (1) — >80 0.0700 >1000.0
7n o-Cl 1.78 0.1100 16.2
7o o-CN 0.79 0.3200 2.5
7p o-OMe 3.40 0.3200 10.5

The PPPA derivatives are sorted in descending order based on ACAT2 inhibitory
activity.
* Selectivity Index (SI): IC50 (ACAT1)/IC50 (ACAT2).
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The ACAT2 inhibitory activity (IC50 values) and isozyme selec-
tivity (SI values) of 1 and synthetic derivatives 7a–p are listed in
Table 1. Most 1,11-O-benzylidene-7-O-monosubstituted benzoyl
derivatives 7 showed higher ACAT2 inhibitory activity than 1, ex-
cept 7n–7p, which have an ortho-substituent on the phenyl group
in the benzoyl moiety. Among PPPA derivatives 7a–m, 7-O-p-cya-
nobenzoyl derivative 7a provided the best ACAT2 inhibitory activ-
ity (IC50 = 0.0060 lM). 7-O-p-Halobenzoyl derivatives 7b–d, and
especially 7-O-p-fluorobenzoyl derivatives 7b, also showed high
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Scheme 1. Reagents and conditions: (a) corresponding aldehydes or dimethylace-
tals, PPTS, DMF, rt; (b) corresponding aromatic carboxylic acids, EDCI, cat. DMAP,
CH2Cl2, rt, 7a–aa: 20–67%.
isozyme selectivity (SI = 885.7) comparable to that of 1. The results
indicate that 7-O-p-cyanobenzoyl and 7-O-p-halobenzoyl groups
are requisite for high ACAT2 inhibitory activity and isozyme selec-
tivity, and that the position of the substituent on the phenyl group
in the benzoyl group is also critical: the ACAT2 inhibitory activity
decreased in the order of para-, meta-, and ortho-substitution.
These trends are consistent with those observed in our previous
SAR study.12

The new 1,11-O-benzylidene-7-O-monosubstituted benzoyl
derivatives 7a–m exhibited higher ACAT2 inhibitory activity than
1, but their SI value was lower. Therefore, the phenyl group in
the benzylidene acetal was chemically modified and additional
SAR studies were conducted. These studies lead to the selection
of the p-cyanobenzoyl and p-fluorobenzoyl groups as the 7-O-
substituent.12

Table 2 shows the ACAT2 inhibitory activity and isozyme selec-
tivity of new PPPA derivatives 7q–aa, synthesized as described in
Scheme 1. Derivatives 7q–v, with a methyl group on the phenyl
moiety in the benzylidene acetal, showed higher ACAT2 inhibitory
activity than 1, although only 1,11-O-o-methylbenzylidene-7-O-p-
cyanobenzoyl PPPA derivative 7q16 showed higher isozyme selec-
tivity (SI >6161) than PPPA (1) and 2. We assumed that the
Table 2
ACAT1 and 2 inhibitory activity and isozyme selectivity of 1,11-O-o-substituted
benzylidene-7-O-monosubstituted benzoyl PPPA derivatives 7q–aa

Compound IC50 (lM)

No. R2 R3 ACAT1 ACAT2 SI*

7q o-MePh p-CN >72.8 0.0118 >6161
7r o-MePh p-F 13.9 0.0230 604.3
7s m-MePh p-CN 3.73 0.0078 478.2
7t m-MePh p-F 9.51 0.0476 199.8
7u p-MePh p-CN 8.11 0.0097 836.1
7v p-MePh p-F 5.54 0.0151 366.9
7w o-MeOPh p-CN >71.0 0.0368 >1929
7x o-FPh p-CN 0.33 0.0068 48.5
7y o,p-diMePh p-CN 10.0 0.0066 1515
7z o,o-diMePh p-CN >71.2 0.0072 >9916
7aa a-Naphthyl p-CN >69.1 0.0232 >2978
PPPA (1) — — >80 0.0700 >1000.0

* Selectivity Index (SI): IC50 (ACAT1)/IC50 (ACAT2).
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Figure 2. Summary of our earlier and our latest SAR studies on synthetic PPPA derivatives.
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presence of the o-substituent on the phenyl group in the benzyli-
dene acetal plays an important role in high isozyme selectivity
and thus synthesized other 1,11-O-o-substituted benzylidene-7-
O-p-cyanobenzoyl PPPA derivatives. Unfortunately, all attempts
to synthesize derivatives with substituents other than methyl,
methoxy or fluoro groups failed due to steric hindrance at the ortho
position. Although derivative 7x, with an o-fluoro group, showed
low isozyme selectivity, derivative 7w, with an o-methoxy group,
exhibited higher isozyme selectivity than 1, as expected. In
addition, we designed and synthesized new derivatives 7y (with
o,p-dimethyl groups) and 7z (with o,o-dimethyl groups). Both
derivatives exhibited better ACAT2 inhibitory activity and isozyme
selectivity than 1. In particular, o,o-dimethylbenzylidene deriva-
tive 7z proved to be a potent ACAT2 inhibitor with the highest iso-
zyme selectivity (SI >9916) observed to date. The a-naphthyl
derivative 7aa also showed higher isozyme selectivity than 1.
These results show that the o-substituent on the phenyl group in
the benzylidene acetal, and especially a methyl group, contributes
significantly to high isozyme selectivity.

Figure 2 summarizes all our ACAT2 inhibitory activity and iso-
zyme selectivity SAR results on synthetic PPPA derivatives. Our ini-
tial SAR study demonstrated that the 3-pyridinyl, a-pyrone, and
13-hydroxy groups are essential. The study also showed that some
acyl groups at the 7-hydroxy position, and diacetyl groups and
benzylidene acetal at the 1,11-dihydroxy position, augment ACAT2
inhibitory activity, but decrease isozyme selectivity. These groups
are shown in plain text encircled by pale color (Fig. 2). In contrast,
our latest SAR study revealed that the p-cyanobenzoyl group at the
7-hydroxy position and o-substituted benzylidene acetal at the
1,11-dihydroxy position are superior to other substituents, and
are shown in bold text encircled by pale color (Fig. 2).

In conclusion, novel 1,11-O-benzylidene-7-O-monosubstituted
benzoyl PPPA derivatives were prepared and evaluated in cell-
based assays to measure ACAT1 and ACAT2 inhibition.17 Most of
the synthetic PPPA derivatives showed more potent ACAT2 inhib-
itory activity than natural PPPA (1). Among them, four derivatives
(7q, 7w, 7z, and 7aa) with an o-substituent on the phenyl group
in the benzylidene acetal exhibited higher isozyme selectivity
than 1. In particular, 1,11-O-o-methylbenzylidene-7-O-p-cya-
nobenzoyl PPPA derivative 7q and 1,11-O-o,o-dimethylbenzylid-
ene-7-O-p-cyanobenzoyl PPPA derivative 7z proved to be potent
ACAT2 inhibitors with unprecedented high isozyme selectivity
(SI: >6161 and >9916, respectively). The in vivo antiatherosclerot-
ic activity of these derivatives will be reported elsewhere. Further
SAR studies of the PPPA analogues are currently underway in our
laboratory.
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