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In an effort to develop potent and selective inhibitors toward ACAT2, structure–activity relationship stud-
ies were carried out using derivatives based on pyripyropene A (PPPA, 1). We have successfully developed
novel PPPA derivatives with a 7-O-substituted benzoyl substituent that significantly exhibit more potent
ACAT2 inhibitory activity and higher ACAT2 isozyme selectivity than 1.

� 2013 Elsevier Ltd. All rights reserved.
Acyl-CoA:cholesterol acyltransferase (ACAT) is known to have
an important role in cholesterol metabolism in mammals. Accord-
ingly, numerous synthetic ACAT inhibitors such as ureas, imida-
zoles, and amides have been reported.1,2 Unfortunately, these
efforts have failed to lead to new types of cholesterol-lowering or
anti-atherosclerotic agents.

Subsequently, since the 1990s, we have searched for ACAT
inhibitors of natural origin to obtain ACAT inhibitors with novel
chemical structures. Among the various natural ACAT inhibitors
examined,3 pyripyropenes of fungal origin exhibited the most po-
tent ACAT inhibitory effects in enzyme assays using rat liver micro-
somes.4–6 Accordingly, a primary structure–activity relationship
(SAR) study was carried out by preparing approximately 200 semi-
synthetic derivatives of pyripyropene A (PPPA, 1). Several deriva-
tives exhibited higher in vitro potency than the parent
compound 1.7–12

Recent molecular biological studies revealed the presence of
two ACAT isozymes with different functions in mammals,
ACAT1 and ACAT2.13–16 ACAT1 is ubiquitously expressed in tissues
and cells such as sebaceous glands, steroidogenic tissues, and
macrophages, while ACAT2 is predominantly expressed in the liver
and intestine.17

To evaluate the isozyme-selectivity of ACAT inhibitors, cell-
based assays using ACAT1- and ACAT2-expressing Chinese hamster
ovary (CHO) cells have been developed.18,19 Most known ACAT
inhibitors of synthetic and natural origins inhibited both ACAT1
and ACAT2 or selectively inhibited ACAT1, but only pyripyropenes
showed potent and selective inhibition toward ACAT2. Further-
more, among 200 semisynthetic PPPA derivatives, 1 was found to
be the most ACAT2-selective inhibitor.20,21

Recently, synthetic avasimibe and pactimibe, which can inhibit
both ACAT1 and ACAT2, failed to inhibit the progression of athero-
sclerosis in clinical studies.22,23 One of the reasons may be that
inhibition of ACAT1 in vascular cells, including macrophages, is
cytotoxic because of the excessive accumulation of free cholesterol
in these cells.23 However, the in vivo efficacy of ACAT2 selective
inhibitors had not been studied. Very recently, 1 was proven to
be orally active in an in vivo atherogenic mouse model.24 There-
fore, our group re-investigated the synthesis of ACAT2-selective
inhibitors based on PPPA derivatives for the development of cho-
lesterol-lowering or anti-atherosclerotic agents. Herein, we report
the discovery and SAR studies of 7-O-substituted benzoyl PPPA
derivatives, a new group of PPPA derivatives, with better potency
and higher selectivity against ACAT2 than 1.
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Figure 1. Summary of the primary SAR study of the synthetic PPPA derivatives.
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Scheme 1. Reagents and conditions: (a) DBU, aq MeOH, 0 �C, 52%; (b) correspond-
ing aromatic carboxylic acids, EDCI, cat. DMAP, CH2Cl2, rt, 3a–g: 92–96% (Table 1),
3h–ai: 65–98% (Table 2), 3aj–aq: 73–79% (Table 3).

Table 1
ACAT1 and 2 inhibitory activities and isozyme selectivity for 7-O-aromatic acyl PPPA
derivatives 3a–g

Compound IC50 (lM)

No. R1 ACAT1 ACAT2 SIa

3a Phenyl 0.68 0.0100 68.0
3b 4-Biphenyl 0.70 0.0095 73.7
3c p-Methylphenyl 0.27 0.0009 300.0
3d 2-Naphthyl 0.71 0.0190 37.4
3e 2,2-Difluoro-1,3-benzodioxole-5-yl 0.46 0.0200 23.0
3f 1-Naphthyl 3.20 0.2700 11.9
3g 2-Benzo[b]thio-phenyl 3.80 0.0400 95.0
1 Methyl >80 0.0700 >1000.0

a Selectivity index (SI): IC50 (ACAT1)/IC50 (ACAT2).

Table 2
ACAT1 and 2 inhibitory activities and isozyme selectivity for 7-O-monosubstituted
benzoyl PPPA derivatives 3h–ai
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3h-aq

R2

Compound IC50 (lM)

No. R2 ACAT1 ACAT2 SIa

3h p-OMe 0.51 0.0008 637.0
3i p-CN 4.16 0.0009 4622.0
3c p-Me 0.27 0.0009 300.0
3j m-F 0.23 0.0009 256.0
3k p-Cl 0.69 0.0010 690.0
3l p-Et 0.19 0.0010 190.0
3m m-Br 0.12 0.0012 100.0
3n p-F 0.79 0.0017 465.0
3o p-Br 0.83 0.0020 415.0
3p p-SMe 0.54 0.0027 200.0
3q p-I 1.17 0.0040 292.5
3r p-NO2 7.41 0.0050 1482.5
3s p-Vinyl 0.71 0.0050 142.0
3t m-Me 0.65 0.0050 130.0
3u m-I 0.25 0.0050 50.0
3v o-I 0.19 0.0050 38.0
3w p-N3 0.66 0.0050 132.0
3x m-Cl 0.21 0.0070 30.0
3y m-SMe 0.11 0.0090 12.2
3z m-CN 2.23 0.0100 223.0
3a H 0.68 0.0100 68.0
3aa o-Me 0.42 0.0100 42.0
3ab m-Vinyl 0.15 0.0110 13.6
3ac m-OMe 0.15 0.0150 10.0
3ad o-F 1.00 0.0300 33.3
3ae o-Cl 1.00 0.0600 16.7
1 >80 0.0700 >1000.0
3afb p-NH2 5.10 0.2000 25.5
3ag o-OMe 2.69 0.2300 11.7
3ah o-CN 1.62 0.2900 5.6
3aib p-OH 2.80 0.2700 10.4

The PPPA derivatives were sorted in descending order of ACAT2 inhibitory activity.
a Selectivity index (SI): IC50 (ACAT1)/IC50 (ACAT2).
b See Ref. 26.

1286 M. Ohtawa et al. / Bioorg. Med. Chem. Lett. 23 (2013) 1285–1287
Figure 1 summarizes the ACAT2 inhibition results from a SAR
study of previously synthesized PPPA derivatives. In brief, (1) the
3-pyridinyl, a-pyrone, and 13-hydroxy groups are necessary; (2)
the diacetyl and acetal groups at the 1,11-dihydroxy position are
suitable for modification; and (3) the acyl group on the 7-O-hydro-
xyl position is necessary—the effect of the R group follows i-pen-
tyl > phenyl = n-pentyl > methyl� others.

The present SAR study focused on PPPA derivatives with various
aromatic substituents on the 7-O-acyl group that have not yet been
sufficiently synthesized.25 The 7-O-aromatic acyl PPPA derivatives
3a–g were prepared from 1 in 2 steps as shown in Scheme 1.9

The ACAT2 inhibitory activity (IC50 values) and isozyme selec-
tivity (SI values) for 1 and synthetic derivatives 3a–g are listed in
Table 1. Surprisingly, all of the new derivatives except 3f exhibited
higher ACAT2 inhibitory activity than 1 (IC50, 0.07 lM). Among
them, the 7-O-p-methylbenzoyl derivative 3c had the most potent
ACAT2 inhibitory activity, with a 77-fold higher potency than 1
(IC50, 0.0009 lM). Although the SI values of 3a–g were lower than
that of 1, these results encouraged further investigations by pre-
paring various 7-O-monosubstituted benzoyl derivatives.

7-O-Monosubstituted benzoyl derivatives 3h–ai were synthe-
sized in 65–98% yield according to the procedures described in
Scheme 1.9 Remarkably, as shown in Table 2, the monosubstituted
benzoyl groups contributed to significantly higher ACAT2 inhibi-
tory activities. Results indicated that the position of the substituent
on the phenyl group was critical: the ACAT2 inhibitory activity de-
creased in order of para-, meta-, and ortho-substitution. In contrast,
differences between the electron-withdrawing and -donating sub-
stituents on the phenyl group did not affect the ACAT2 inhibitory



Table 3
ACAT1 and 2 inhibitory activities and isozyme selectivity for 7-O-di- and trisubsti-
tuted benzoyl PPPA derivatives 3aj–aq

Compound IC50 (lM)

No. R2 ACAT1 ACAT2 SIa

3aj m-F, p-Br 0.49 0.0050 98.0
3ak m-F, p-NO2 4.14 0.0060 690.0
3al m-F, p-OMe 0.96 0.0061 157.4
3am m-F, p-Me 0.43 0.0063 68.3
3an o-F, p-Br 1.15 0.0070 164.3
3ao m-F, p-CN 0.65 0.0078 83.3
3ap o, m, p-F 1.43 0.0081 176.5
3aq o-I, p-Cl 0.89 0.0390 22.8
1 >80 0.0700 >1000.0

The PPPA derivatives were sorted in descending order of ACAT2 inhibitory activity.
a Selectivity index (SI): IC50 (ACAT1)/IC50 (ACAT2).
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activity. The p-cyanobenzoyl (3i) and p-nitrobenzoyl (3r) deriva-
tives showed not only more potent ACAT2 inhibitory activity but
also higher isozyme selectivity than 1. To the best of our knowl-
edge, 3i27 is the most potent ACAT2 inhibitor with the highest iso-
zyme selectivity.

Our investigations also included 7-O-di- and tri-substituted
benzoyl derivatives (Table 3, 3aj–aq). Although such di- or tri-
substituted derivatives, which were prepared following Scheme 1,
possess higher ACAT2 inhibitory activity than 1, their isozyme
selectivities fell short of our expectations.

In conclusion, novel PPPA derivatives with a 7-O-substituted
benzoyl substituent were prepared and evaluated in cell-based as-
says for measuring ACAT1 and ACAT2 inhibition. Among them, 21
derivatives showed ACAT2 inhibitory activity with selectivity in-
dexes (SI) of >100, and 4 derivatives strongly inhibited ACAT2 with
pico molar IC50 values. It is important to note that 7-O-p-cya-
nobenzoyl (3i) and 7-O-p-nitrobenzoyl (3r) derivatives exhibited
higher isozyme selectivity than 1.28 The in vivo antiatherosclerotic
activity of these derivatives will be reported elsewhere. Further
SAR studies of the PPPA analogues are currently underway in our
laboratory.

Acknowledgments

This work was supported by the Program for Promotion of Fun-
damental Studies in Health Sciences of the National Institute of
Biomedical Innovation (NIBIO) (H.T.), and by a grant-in-aid for Sci-
entific Research (B) 18390008 (H.T.). The authors thank the follow-
ing groups: Meiji Seika Pharma Co., Ltd. for their extensive
cooperation; ChemGenesis and PharmaDesign, Inc. for their valu-
able advice; and Chemical Analysis Center (Kitasato Univ., Ms. Sato
and Dr. Nagai) for kindly measuring NMR and MS spectra. The
authors also thank Professor Takahashi (Tokyo Institute of Technol-
ogy) and Professor Doi (Tohoku Univ.) for their helpful suggestions.

References and notes

1. Roth, B. D. Drug Discovery Today 1998, 3, 19.
2. Kathawala, F. G.; Heider, J. C. In Antilipidemic Drugs; Witiak, D. T., Newman, H.

A. I., Feller, D. R., Eds.; Elsevier: New York, 1992; p 159.
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Ōmura, S. J. Antibiot. 1996, 49, 1133.
10. Obata, R.; Sunazuka, T.; Kato, Y.; Tomoda, H.; Harigaya, Y.; Ōmura, S. J. Antibiot.
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