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requirement for receptor affinity suggests the hypothesis 
that the C8 substituent of a xanthine antagonist is binding 
in the same region as is the N6 substituent of an adenosine 
agonist. In our dihydroimidazopurine, the R enantiomer 
(C-8) preferred A1 receptor binding. If a C-8 substituent 
in the dihydroimidazopurine of 4,8, and 9 recognizes the 
same space as does the N6 substituent of an adenosine 
agonist or the C-8 substituent of an xanthine antagonist, 
a new receptor binding mode for this ligand has to be 
suggested. On the other hand, Quinn's hypothesis18 sug­
gests that the dihydroimidazole moieties of enantiomers 
(8 and 9) might recognize a ribose binding domain and 
produce different activities in adenosine binding. More 
detailed analysis of the binding mode for this new class 
of A1 antagonists will be the subject of a future report. 

Water-soluble A1 antagonists will be widely applicable 
in biochemical and pharmacological studies. 

Acknowledgment. We thank M. Takahashi, C. Ta-
kashima, and J. Ushiki for technical assistance and K. 
Takada for preparation of the manuscript. We are grateful 
to Dr. T. Hirata for encouragement. 

Supplementary Material Available: Detailed experimental 
procedures for the preparation of 4-9, the binding assay, and the 
pharmacological assays (7 pages). Ordering information is given 
on any current masthead page. 

(17) Shiozaki, S.; Ishii, A.; Shuto, K. Effects of KW-6055, A Novel 
Benzylpyridine Derivative on Various Experimental Amnesia 
Models. In Basic, Chemical, and Therapeutic Aspects of 
Alzheimer's and Parkinson's Diseases; Nagatsu, T., Ed.; Ple­
num, New York, 1990; Vol. 2, pp 449-452. 

(18) Dooley, M. J.; Quinn, R. J. The Three Binding Domain Model 
of Adenosine Receptors: Molecular Modelling Aspects. J. 
Med. Chem. 1992, 35, 211-216. 

* To whom all correspondence should be addressed. 

Fumio Suzuki,* Junichi Shimada, Hiromi Nonaka 
Akio Ishii, Shizuo Shiozaki 

Shunji Ichikawa, Eikichi Ono 
Pharmaceutical Research Laboratories 

Kyowa Hakko Kogyo Co., Ltd. 
1188 Shimotogari 

Nagaizumicho, Sunto-gun 
Shizuoka-ken 411, Japan 

Received June 16,1992 

2V-( l-Oxododecyl)-4a,10-dimethyl-8-aza-trafl* -de-
cal-3/9-ol: A Potent Competitive Inhibitor of 
2,3-Oxidosqualene Cyclase 

Inhibition of the enzyme HMG-CoA reductase is an 
effective approach for the inhibition of de novo cholesterol 
biosynthesis and the treatment of hypercholesterolemia.1 

HMG-CoA reductase catalyzes the rate-limiting step in 
cholesterol biosynthesis; however, its inhibition can lead 
to an increase in enzyme synthesis.lb The enzymes 
squalene synthase,2'3 squalene epoxidase,4 and 2,3-oxido-
squalene cyclase (OSC)5 are attractive targets for drug 
development since they are positioned in the biosynthetic 
pathway at a point where sterol synthesis is committed. 
Therefore, selective inhibition should not interfere with 
essential non-sterol pathways or result in the accumulation 
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HMG CoA Reductase and Cholesterol Biosynthesis. Cardi­
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Related Compounds as Potential Cholesterol-Lowering Agents 
that Inhibit HMG-CoA Reductase. J. Med. Chem. 1985, 28, 
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of steroidal precursors.2'6 Recently, it has been demon­
strated that inhibitors of OSC can regulate HMG-CoA 
reductase via a putative feedback mechanism involving the 
formation of C25-oxysterols.7 Our approach to the design 
of inhibitors of OSC was initially based on the use of 
amines as mimics (e.g. 2b-d) of high-energy intermediate 
carbocations involved in the cyclization of 2,3-oxido-
squalene (Scheme I) as previously described.8-11 However, 
we have determined that the amine functionality is not 
necessary for potent OSC inhibition. Furthermore, in 
HepG2 cells, the 8-azadecalins are more potent inhibitors 
of other enzymes in the cholesterol biosynthesis pathway 
than OSC. In this communication, we report the synthesis 
and activity of an amide derivative of 2c, 2V-(l-oxodo-
decyl)-4a,10-dimethyl-8-aza-£rans-decal-3/8-ol (la), which 
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Biller, S. A.; Sofia, M. J.; DeLange, B.; Forster, C; Gordon, 
E. M.; Harrity, T.; Rich, L. C; Ciosek, C. P. The First Potent 
Inhibitor of Squalene Synthase: A Profound Contribution of 
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is a potent, competitive inhibitor of 2,3-oxidosqualene 
cyclase (EC 5.4.99.7) in vitro and inhibits cholesterol 
biosynthesis in HepG2 cells by blocking this enzyme ac­
tivity. 

Chemistry, Enzymology, and Cell Culture. Com­
pounds 2b-d (Chart I) were prepared from 2a as described 
previously with minor modifications.1011 Amide la was 
prepared by acylation of 2a, followed by hydrogenation and 

(6) (a) Panini, S. R.; Everaon, G. T.; Spencer, T. A. Effects of 
Specific Inhibition of Sterol Biosynthesis on the Uptake and 
Utilization of Low Density Lipoprotein Cholesterol by HepG2 
Cells. J. Lipid Res. 1991,32,1657-1665. (b) Cattel, L.; Ceruti, 
M.; Viola, F.; Delprino, L.; Balliano, G.; Bouvier-Nave, P. The 
Squalene-2,3-Epozide Cyclase as a Model for the Development 
of New Drugs. Lipids 1986, 21, 31-38. 
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Metabolism in Cultured Mammalian Cells and Repression of 
3-Hydroxy-3-methylglutaryl-CoA Reductase. J. Biol. Chem. 
1986, 261, 15039-15044. 
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Rahier, A. Potent Inhibition of Cholesterol Biosynthesis in 3T3 
Fibroblasts by N-[l,5,9-Trimethyldecyl]-4a,10-dimethyl-8-
aza-trans-decal-30-ol, A New 2,3-Oxidosqualene Cyclase In­
hibitor. Biochem. Pharmacol. 1988, 37, 1955-1964. 

(9) (a) Delprino, L.; Balliano, G.; Cattel, L.; Benveniste, P.; Bou-
vier, P. Inhibition of Higher Plant 2,3-Oxidosqualene Cyclase 
by 2-Aza-2,3-dihydrosqualene and its Derivatives. J. Chem. 
Soc, Chem. Commun. 1983, 381-382. (b) Duriatti, A.; Bou­
vier-Nave, P.; Benveniste, P.; Schuber, F.; Delprino, L.; Bal­
liano, G.; Cattel, L. In Vitro Inhibition of Animal and Higher 
Plants 2,3-Oxidosqualene-Sterol Cyclases by 2-Aza-2,3-di-
hydrosqualene and Derivatives, and by Other Ammonium 
Containing Molecules. Biochem. Pharmacol. 1985, 34, 
2765-2777. (c) Ceruti, M.; Balliano, G.; Viola, F.; Cattel, L.; 
Gerst, N.; Schuber, F. Synthesis and Biological Activity of 
Azasqualenes and Bis-azasqualenes and Derivatives. Eur. J. 
Med. Chem. 1987, 22, 199-208. 

coupling of the resulting amine with lauroyl chloride. 
Saponification with 1.0 M LiOH in methanol gave la as 
a viscous oil.12 Thioamide lb was prepared from the 
acetate of la with Lawesson's reagent followed by sapo­
nification. 

Rat liver oxidosqualene cyclase was purified and assayed 
as described.13 For the determination of IC50 values, 
inhibitors (in 5 t̂L of 2-propanol) were added to an enzyme 
assay mixture (final volume, 200 /xh) that contained 
[^!oxidosqualene (10 MM), EDTA (0.5 nM), dithiothreitol 
(0.5 MM), Tween 80 (0.1%), and phosphate buffer (50 /M, 
pH 7.4). The reaction was initiated by adding enzyme (10 
Hg) solubilized in lauryl maltoside (final assay concentra­
tion is 0.25%), and the formation of [3H]lanosterol was 
determined by HPLC after a 20-min incubation. For the 
determination of K^ values, Tween 80 was omitted from 
the assay and substrate (2.5, 5,10,15, 25, 33, and 50 nM) 
was dispersed in 0.15% lauryl maltoside (final concen­
tration). Enzyme was assayed in the presence of several 
different inhibitor concentrations, and the resulting hy­
perbolic v vs [S] curves were evaluated with EZ-Fit En­
zyme Kinetic Model Fitting software (Perrella Scientific). 

IC50 values for the inhibition of cholesterol biosynthesis 
in human heptoblastoma cells (HepG2) in culture were 
determined as described.4b Inhibitor selectivity for cellular 
OSC and sterol A14-reductase was determined by moni­
toring the accumulation of oxidosqualene (OS) and di-
oxidosqualene (DOS) for OSC inhibition and A8u-cho-
lestadienol (4) (identified by independent synthesis14 and 
spectral analysis) for sterol A14-reductase inhibition.15 

Results and Discussion. While investigating inhib­
itors of OSC based on the 8-azadecalin system, we found 
that the potent inhibition of cholesterol biosynthesis in 
HepG2 cells from [14C]acetate by 2b and 2c resulted from 
the inhibition of sterol A14-reductase rather than OSC as 
evidenced by the accumulation of diene 4 at inhibitor 
concentrations equal to the IC50 (Table I). At greater 
concentrations (~10 nM), 2b and 2c blocked OSC, causing 
OS and DOS to accumulate. Because the neutral decalin 

(10) Rahier, A.; Taton, M.; Schmitt, P.; Benveniste, P.; Place, P.; 
Anding, C. Inhibition of A8-*A7-Sterol Isomerase and of Cy-
cloeucalenol-Obtusifoliol Isomerase by N-Benzyl-8-aza-4a,10-
dimethyl-irarw-decal-3/S-ol, An analogue of a Carbocationic 
High Energy Intermediate. Phytochemistry 1985, 24, 
1223-1232. 

(11) Taton, M.; Benveniste, P.; Rahier, A. N-[1,5,9-Trimethyl-
decyl]-4a,10-dimethyl-8-aza-tra/is-decal-3/S-ol, A Novel Potent 
Inhibitor of 2,3-Oxidosqualene Cycloartenol and Lanosterol 
Cyclases. Biochem. Biophys. Res. Commun. 1986, 138, 
764-770. 

(12) AU new compounds were characterized by NMR, MS, IR, and 
combustion analysis. 

(13) Moore, W. R.; Schatzman, G. L. The Purification of 2,3-
Oxidosqualene Cyclase from Rat Liver. J. Biol. Chem. 1992, 
in press. 
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Oxidation of A7-Stenols with Selenium Dioxide. J. Am. Chem. 
Soc. 1953, 75, 4404-4414. 

(15) Van Sickle, W. A.; Wilson, P. K.; Wannamaker, M. W.; Flan­
agan, M. A.; Cooper, J. R.; McCarthy, J. R.; Bey, P.; Jackson, 
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Table I. IC60 Values for Cholesterol Biosynthesis Inhibitors 

inhibitor 
la 
lb 
Ic 
2b 
2c 
2d 
2e 
2f 
3 

OSC inhibition: 
IC60 UM) 

0.11 
50 
0.21 
2» 
0.55 
d 
30 
>100 
9« 

HepG2: 
IC50 OdH) 

0.70° 
>100° 
2.0° 
0.07c 

0.01c 

19* 
2.8° 
52" 
28° 

"Diene 4 not detected. 'Data for inhibition of microsomal OSC 
taken from ref 11. "IC50 at which diene 4 accumulates. dIn a mi­
crosomal assay, 2d fails to inhibit OSC. See ref 9b. 'Data taken 
from ref 9b. 

TMD (3) blocks cholesterol biosynthesis in HepG2 cells 
by the selective inhibition of OSC,16,17 we hypothesized that 
the inhibition of the sterol Au-reductase by 2b-d is a 
function of the charge18 or tetrahedral geometry of the 
basic nitrogen atom and proposed that the neutral and 
planar amide la might inhibit OSC selectively.19 

Indeed, la is a potent inhibitor of purified OSC (Table 
I1IC60 = 0.11 MM). In contrast, the less lipophilic iV-acetyl 
analogue lb was a 450-fold less potent inhibitor (IC50 = 
50 uM). An IC value of 0.55 uM was obtained for the 
amine 2c. Kinetic studies indicated that la and 2c are 
competitive inhibitors of the cyclase having K1 values of 
28 and 40 nM, respectively.20,21 In contrast to 2c, la 
inhibited cholesterol biosynthesis in HepG2 cells (IC60 = 
0.7 MM) without accumulation of the diene 4, indicating 
that la is a more potent inhibitor of OSC than of the sterol 
Au-reductase. Thus, la is the most potent competitive 
inhibitor of OSC in HepG2 cells reported to date. 

We also prepared and assayed thioamide Ic, sulfoxamide 
2c,22 and sulfonamide 2124 As with amide la, compounds 
Ic, 2e, and 2f contain an electronically neutral nitrogen; 
however, 2e and 2f lack the planar geometry of la.26 

Interestingly, thioamide Ic was nearly equipotent to la 
at inhibiting OSC and cholesterol biosynthesis.26 Fur­
thermore, cells incubated with Ic did not accumulate the 
diene 4. The sulfoxamide 2e also blocked cholesterol 
synthesis (IC60 = 2.8 /*M) in HepG2 cells, but was a 270-
fold less potent inhibitor of purified OSC than la. The 

(16) (a) Nelson, J. A.; Czarny, M. R.; Spencer, T. A. A Novel In­
hibitor of Steroid Biosynthesis. J. Am. Chem. Soc. 1978,100, 
4900-4902. (b) Chang, T-Y.; Schiavoni, E. S.; McCrae, K. R.; 
Nelson, J. A.; Spencer, T. A. Inhibition of Cholesterol Biosyn­
thesis in Chinese Hamster Ovary Cells by 4,4,100-Trimethyl-
tro/w-decal-3/S-ol. J. Biol. Chem. 1979, 25,11258-11263. 

(17) We thank Dr. T. A. Spencer for generously providing a sample 
TMD. 

(18) At physiological pH, 2b-d would be protonated. 
(19) (a) 1H NMR spectra of la show signals characteristic of hin­

dered rotation around the N-C(O) bond, indicating a planar 
B ring. Variable-temperature NMR studies show no change 
in the spectra of la until 65 0C. (b) Amides designed to mimic 
the cation I have been prepared and weakly inhibit OSC. See 
ref 5d and 9b. 

(20) The discrepancy between K1 and IC60 values is likely due to 
differences in the detergent composition and concentration of 
the two assays. 
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sulfonamide 2f only weakly inhibited cholesterol biosyn­
thesis and the purified cyclase. Finally, neither 2e nor 2f 
caused an accumulation of the diene 4. 

In summary, we have described the synthesis and ac­
tivity of a new class of OSC inhibitors exemplified by the 
amide la which inhibits cholesterol biosynthesis in HepG2 
cells by selectively blocking 2,3-oxidosqualene cyclase. 
Kinetic data indicate that la binds tightly to the active 
site of the purified cyclase and has a 460-fold greater af­
finity for the enzyme than the structurally similar but 
noncompetitive inhibitor TMD (Ki = 13 (M).9h The ac­
tivity of la, while not fully understood at this time, may 
be a consequence of both lipophilicity and an inhibitor 
conformation imposed by introduction of the amide 
functionality. Detailed structure-activity studies are in 
progress and should aid in the understanding of the ac­
tivity of la and in the development of therapeutic agents 
which inhibit 2,3-oxidosqualene cyclase. 
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