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Abstract-Rats and monkeys treated orally with three new compounds showed 
decreased plasma and tissue cholesterol, but accumulation of a “fast-acting” sterol 
which was identified by U.V. absorption maximum. thin-layer chromatography, and 
gas chromatography as 7-dehydrocholesterol. The implications of this finding relative 
to the sequence of events in cholesterol synthesis are discussed. 

A RECENT report from the Ayerst Laboratories1 described the properties of an agent 
(AY-9944) that inhibits the biosynthesis of cholesterol, resulting in the accumulation 
of 7-dehydrocholesterol. We have been engaged in similar studies of three different 

classes of hypocholesteremic agents typified by the following structures : 

H 

A. 

\/\N / 
\__,-OCHzCHa-N(C2H&.HCl 

2[p-(2-diethylaminoethoxy)phenyl]benzimidazole monohydrochloride 

I’-[2-(I-napthylamino)ethyl]-1,4’-bipiperidine dihydrochloride 

C. CH@<I>-OCH,-CHCH,-Nz>-<--Cl 

I 
OH 

4-(2-chlorophenyl)-a-(p-methoxyphenoxymethyl)-l-piperazine ethanol 

Comparative studies in these laboratories have established that these compounds 
act in a qualitatively identical manner as in-~i~:o and in-zritro inhibitors of cholesterol 

synthesis, also resulting in an accumulation of 7-dehydrocholesterol. 
The present report describes the work on which these conclusions are based and 

supports the interpretation of the intermediary role of 7-dehydrocholesterol in choles- 
terol biosynthesis offered by several recent studies.lp4 
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MATERIALS AND METHODS 

Sterols used as reference standards were: cholesterol (Difco) purified by recrystal- 
lization from acetic acid and from ethanol;5 desmosterol* from General Biochemicals 
Co. ; AT-cholestenolt from Calbiochem Co. ; and 7-dehydrocholesterol: from Nutri- 

tional Biochemicals Co. Methostenol$ was kindly supplied by Dr. W. W. Wells; 
4a-methyl-bs-cholesten-3P-ol by Dr. A. Kandutsch; and zymosteroll by Dr. 0. N. 
Breivik. We are grateful to Dr. D. Dvornik of the Ayerst Laboratories for a supply 

of AY-9944. We are indebted to Drs. D. B. Capps and E. F. Elslager of these labora- 
tories for generous supplies of compounds A and B respectively. Compound C is a 
member of a series of related compounds made available to us by the late Professor 

Cash B. Pollard. 
Male Holtzman rats (200-250 g), on a Kockland mouse brat pcllct diet, were given 

daily oral doses of A, B, C, or AY-9944 at I.5 to 50 mg/kg body weight for 7. 14, ot 
21 days. Groups of ten animals were used for each dose level or time interval. with 
an equal number of control rats in each case. In addition. compound A was given 
orally to one male and one female rhesus monkey on a normal diet in daily doses of 
10 mg/kg for 6 weeks. Blood was collected for analysis of total plasma cholesterol”. i 
and “fast-acting” sterols.8 Several tissues were taken for sterol analysis from the 
groups treated for 21 days, and total livers were pooled for isolation and identification 
of individual sterols. Digitonin-precipitated sterols from the nonsaponifiable fraction” 

were regenerated with pyridine. lo All procedures during the isolation were carried 
out in an atmosphere of nitrogen, in absence of direct light. The recovered sterols 
were stored at -12” under nitrogen until analyses were complete. Cholesterol, 

“fast-acting” sterols, and substances showing U.V. absorption with a maximum at 281.5 
rn$l were determined. Aliquots of the regenerated sterols dissolved in ethanol were 
chromatographed on thin-layer silica gel G plates, essentially by the methods of 
Avigan et n/.13 For visua lization of sterol zones, spraying with water,l” exposure to 
iodine vapor, or U.V. fluorescence at 360 m/L allowed differentiation of the sterols 
present. 

For studies of the inhibition of cholesterol synthesis. rats treated with A or B for 
one week were given 1-5 PC sodium acetate-l-l% by i.p. injection 3 hr before sacrifice. 
The livers were saponified, and the nonsaponifiable material was precipitated with 
digitonin. Specific activities of the digitonides from control and treated livers, before 
and after purification of the cholesterol as the dibromide,‘” were determined with the 
Packard liquid scintillation counter. 

The effect of the compound in z.itro on the enzymatic conversion of 7-dehydro- 
cholesterol to cholesterol was determined by Kandutsch’s procedure.15 

The final identification of the liver sterols was carried out by a previously un- 

reported and more specific gas chromatographic technique. A liver sterol sample 
(1-2 mg) was dissolved in I drop of dry tetrahydrofuran. Trifluoroacetic anhydride 
(6-8 drops) was added. the resulting solution swept briefly with dry nitrogen, and 
then stoppered and kept at room temperature for at least 20 min before being injected 
onto the column. 

* _Is, ‘-l-Cholestadien-38-01. 
t .I?-Cholesten-3/3-ol. 
$ J.“, 7-Cholestadien-3~-ol. 
$ 4 a-Methyl-li-cholesten-3j3-ol. 

‘J A83 2-‘-Cholestadien-3p-ol. 
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The solution (0.1-0*2 pliter) was injected from a Hamilton pliter syringe directly 
onto the glass column of a Research Specialties Co. series 600 gas chromatograph 
fitted with a hydrogen flame ionization detector and a Brown Electronik 5-mV 
recorder. 

The separations reported here were rather sensitively dependent on operating 
conditions. Those found most useful follow. 

Column temp., 185-190”; flash-heater temp., 230”; detector temp., 200”. 
Gas flow rates: Ne, 26-30 ml~min; l-Is, 35 ml~min; air, 230 ml/min. 
Column size, 6 ft x 2.4 mm (i.d.). 
Column packing (purchased from Applied Science Laboratories, State College, 

Pa., and silanized in sitzGs with hexamethyldisilazane): support, Gaschrom P, 80/100 
mesh; coating, ECNSS-M, 1 “/,, Iot no. 542-3. 

Attenuation, 30-100 x. 

The success of the gas chromatographi~ method was largely dependent on the 
combined use of the trifluoroacetate (TFA) derivatives, the dilute ECNSS-M coating, 
and the 2*4-mm (i.d.) column. Many variations were tried, but until this combination 
was found, three of the four sterols that were of most interest emerged as a single, 
unresolved peak. 

The gas c~omatographic peaks were identified by comparison of retention times 
with those of authentic specimen TFA’s, both singly and in artificial admixture. 
Added confirmation of peak identities was provided by adding successively the 
reference sterols to the liver isolates, converting to TFA’s, and noting the unchanged 
shape of the accentuated peak. With experience, the chromatographic patterns 
become recognizable at a glance, despite some variation in retention times owing to 
slight changes in day-to-day operating conditions. Quantitation of the fug-induced 
changes in chromatographic pattern was considered unnecessary for the present pur- 
pose, especially since only the cholesterol/7-dehydrocholesterol ratio seems to be 
affected, and this to an unmistakable degree. 

The small column diameter and the low concentration of coating found necessary 
for the separations reported here occasionally led to problems which were due to 
column overloading, with attendant loss in resolution, skewness of peaks, and vari- 
ability in retention times. It was therefore often necessary to chromatograph several 
samples of the same material before arriving at a combination of attenuation and 
sample size that gave acceptable chromatograms while, at the same time, utilizing 
most of the scale of the recorder. 

RESULTS 

Plasma and tissue sterols 

After preliminary determination of the hypochoIesteremic effect of these compounds 
by means of the Zak color reagent, quite different results were obtained with Lieber- 
mann-Burchard reagent, indicating the presence of “fast-acting” sterols. The non- 
saponifiable material also showed the presence of compounds with U.V. absorption 
maximum at 2815 rnp, characteristic of A 5, 7-dienes (Table 1.) Analyses of sterols in 
five tissues from rats given A, B, or C showed striking accumulation of “fast-acting” 
sterols in all cases (Table 2). 
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Eflect or1 acetate-l% incorporation into liver sterols 

As anticipated after discovery of sterols other than cholesterol in plasma and 
tissues of rats treated with the compounds, very little cholesterol was synthesized 
from acetate-‘“C, but other sterol intermediates were present in the original digito- 
nides. These were removed by purification of the cholesterol as the dibromide, as is 

apparent in Table 3. 

TABLE I. PI.ASNA STEWI, LI:WLS 

Compound No. of Duration Dose Cholesterol Fast-acting ,Iz, 7 Sterols 
Animals (weeks) (mg/kg) (mg/lOO ml) sterols at 281.5 ~JL 

(mg/lOO ml) (mg/lOO ml) 

Rats 

Controls 4 

z 
AY-9944 

10 3 10 3 i 15 

10 10 3 3 1 I 20 50 
10 3 1 8 

Monkeys 
Controls 

: 

74 IL 9 0 0 
I6 It: 4 9 1~2 
27 !~7 

;: 
-2 

9 I-1 
24 1: 3 

49 I 2 4 20.1 3 
20.1 5 16 ‘_ 2 20 k 2 

206 + 19 0 

2:: :f 

Sterols isolated from lkers 
Analyses of the isolated sterols for cholesterol, “fast-acting” sterols, and material 

absorbing at 281.5 rnp are shown in Table 4. The sterol absorbing at 281.5 rnp, which 
correlated well with the “fast-acting” sterol, was present in amounts varying from 30 ‘;c 
to 80 % of the total, depending on the compound, dose, and length of time of admini- 
stration. It was shown by thin-layer chromatography that liver sterols contained 
material that resembled 35, 7-sterols in showing fluorescence in u.v. light (360 h), in 
giving a deep brown color with iodine vapor, and in having an Rf value characteristic 
of 7-dehydrocholesterol separated from those for AT-cholestenol or cholesterol on 
plates sprayed with AgNOs before development. 

Because of the adsorption at 28 1.5 rn/~, the “fast-acting” properties with Liebermann- 
Burchard reagent, and the resolution with thin-layer chromatography, it seemed 
probable that 7-dehydrocholesterol was the sterol accumulating in the livers of rats 
treated with A, B, or C. The difficulty of excluding the possible presence of traces of 
other sterols by use of these techniques was overcome by gas chromatography of the 
liver sterol isolates. 

GNS chromatography 
The clarity with which the necessary separations can be accomplished by the gas 

chromatographic method described is illustrated for an artificial mixture of sterol 



New cholesterol synthesis inhibitors 449 



450 GERTRUDE RWNEY, MARTIN L. BLACK and ORWN D. BIRD 

TFA’s in Fig. 1. It would have sufficed for the present purpose to separate only 

cholesterol and 7-dehydrocholesterol. since only these sterols are affected by the 
drug< under study. 

Some raggedness of the chromatograms was always encountered in the 7-dehydro- 

cholesterol region, even with a pure, authentic sample of this material alone. This 

TABLE 3. ACETATE-I-14C INCORPORATION INTO LIVER STEROLS 

Group 

I Controls* 
A, 15 mg/kg 

2. Controls+ 
B, 20 mg/kg 

Digitonidcs 
(dpm/mg stcrol) 

544 : 7.6 
85.4 39.5 

430 I36 
431 i 93 

Recovered 
from dibrcimidc 
(dpmimg sterol) 

64.1 ! 12.X 
7.4 0.6 

416 : 100 
123 34 

* Injected with I pc acetate-l-l ‘C. 
t Injected with 5 + acetate-l -I VI. 

TABLE 4. COMPOSITION OF STEROLS ISOLATED FROM LIVERS 

Fast-acting 
Compound Dose Duration Cholesterol sterol 

(mg/kg) (weeks) “‘/ 0 / .” /‘Cl 

Rats 
Controls 

;: 
AY-9944 

Monkeys 

100 0 0 

:z 3 3 34 17 83 75 76 82 
5 2 50 38 36 

Controls 
A; 
A, 

z f;’ 
75 

feature, appearing as one or more shoulders or secondary peaks. is considered to be 
artifactual because of the known17 . Incomplete stability of 7-dehydrocholesterol under 
gas chromatographic conditions approximating those reported here. The presence of 
these secondary peaks in the isolates from the control animals is taken as evidence 
for the presence of a steady-state concentration of 7-dehydrocholesterol too small to 
survive intact at the operating temperature. 

The presence of large amounts of 7-dehydrocholesterol in the livers of rats treated 
with compound B is clearly evident from the chromatogram in Fig. 2. Qualitatively 
identical patterns were shown by the gas chromatograms derived from livers of 
animals treated with compounds A and C, including the two monkeys treated with 
compound A. Quantitation of the gas chromatographic responses was not attempted, 
but visual estimation of relative peak areas ranked the activities of compounds A. B, 
and C as 7-dehydrocholesterol reductase inhibitors in the same order suggested by the 
“Liver, FA” column in Table 2. Comparison of these chromatograms, typified by 
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Fig. 2, with the chromatographic pattern shown by isolates from control animals 

(Fig. 3) indicated that, except for a compensatory decrease in cholesterol concentra- 
tion, the rest of the liver sterol pattern was essentially unaffected by these drugs. For 
this reason it was considered unnecessary to operate at the lower carrier gas-flow rate 
required to produce the degree of separation shown in Fig. 1. As a result, the small 

+6...... Artifacts 

0 4 8 12 16 20 24 28 32 

T/M.!- (M/N) 

FIG. I. Gas chromatogram: trifluoroacetates of cholesterol, 7-dehydrocholesterol, h7-cholestenol 
and desmosterol in artificial admixture. 

steady-state concentration of desmosterol presumably present in liver at any given 
mement is discernible only when the compensatory decrease in cholesterol concen- 
tration induced by the drug is large enough to permit the emergence of a postcholes- 
terol shoulder, as in Fig. 2. 

Figure 4, a chromatogram of TFA’s of a liver sterol isolate from rats treated in an 
identical manner with AY-9944, is included for comparison, since this compound is 
known1 to owe its hypocholesteremic effect to the inhibition of 7-dehydrocholesterol 
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reductase. Quantitative diRerences may exist, but the similarity of Fig. 4 to Fig. 2 
suggests, as does the rest of the present work, that AY-9944 and compounds A, B. and 
C inhibit the biosynthesis of cholesterol in qualitatively identical manners. 

The small precholesterol peak appearing in Figs. 2-4 is considered adventitious. 

since the material responsible is sometimes present and sometimes not, even in the 

1 

* 

\ 

*.,.... Artifacts 

7-Dehydro- 
cholesterol 

0 4 8 12 16 20 24 20 32 

T/ML- (M/N) 

FIG. 2. Gas chromatogram: trifluoroacetates of sterols from livers of rats treated with compound B. 

control animals. It is present in greater amounts before digitonin precipitation and, 
therefore, probably represents occluded nonsteroidal matter. 

The zymosterol reference sample (m.p. 107”-llO”, [a],) +42’ at 170 in CHCl:3) 
gave two peaks when chromatographed as the TFA. One of these coincided with the 
tentatively identified zymosterol peaks in Figs. 2--4. The validity of this identification 
rests, of course, on the assumption that the reference peak that corresponds does in 
fact represent intact zymosterol, while its companion represents either an impurity 
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or a pyrolytic artifact. This point could not be explored adequately because of the 
infinitesimal amount of reference material available. 

Enzymatic reduction of I-dehydrocholesterol 
As confirmation that the compounds were inhibiting the reduction of 7-dehydro- 

cholesterol, it was desirable to test the effects of A and B in vitro on the enzyme 

*......Artifacts 

Cholesterol 

0 4 8 12 16 20 

T/McC /M/N.) 

24 28 32 

FIG. 3. Gas chromatogram: trifluoroacetates of sterols from livers of control rats. 

system involved. Some difficulty was experienced in producing the extent of enzymatic 
conversion of 7-dehydrocholesterol reported by Kandutsch.15 However, both A and 
B at 1 x IO-3 M concentration inhibited the observed conversion (Table 5). Pre- 
sumably, the reduction of 7-dehydrocholesterol proceeded to form cholesterol, as 
proved by Kandutsch, although the procedure followed measured only the decrease 
in sterol absorbing at 2813 rnp. 
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The compounds had no effect on another NADPH-requiring system; at 1 x IOF’ 
M concentration of A or B, the reduction of oxidized glutathione by purified gluta- 
thione reductase (Calbiochem Co.), in the presence 1 x 10-s NADPH, proceeded at 
the maximal rate. This finding suggests that the inhibition of the 7-dehydrocholesterol 
reductase did not involve inactivation of NADPH. 

0 4 8 

*..,... Artifacts 

A Cholesterol 

24 2% 32 

FIG. 4. Gas chromatogram: trifluoroacetates of sterols from livers of rats treated with AY-9944. 

DISCUSSION 

The recent studies of Goodman ef a1.2 on the time-course of distribution of radio- 
activity in rat liver sterols, after the injection of 2-l% mevalonic acid, have indicated 
that zymosterol and desmosterol do not lie on the main pathway of normal cholesterol 
biosynthesis, and that the early appearance of AT-cholestenols, leading later to forma- 
tion of cholesterol, shows that reduction of the lanosterol side chain occurs at a 
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fairly early intermediate stage. The observations of Dempsey et a1.4 on the transforma- 
tion of AT-cholestenol via 7-dehydrocholesterol to cholesterol by rat liver homogenates 
are pertinent, as are those of Kandutsch and Russell3 working with sterols from a 
preputial gland tumor, in which a complete sequence from lanosterol to cholesterol 
was proposed, including 7-dehydrocholesterol as an intermediate. 

TABLE 5. EFFECT OF COMPOUNDS ON ENZYMATIC CONVERSION 

OF 7-DEHYDROCHOLESTEROL 

Treatment A O.D.zs1.5 

7-Dehydrocholesterol 
converted 

&moles x 103/2 hr) 
Reduction 

(‘A inhibition) 

1. Controls 0.100 65.0 
A, 1 x 1O-3 M 0.00 0 100 

2. Controls 0.113 65.1 
B, 1 x lo-” M 0.065 32.5 50 

Incubation mixtures contained 150 pmoles Tris-maleate buffer (pH 7.4), 60 pmoles nicotinamide, 
2.5 pmoles NADPH, 0.52 pmole 7-dehydrocholesterol, and 600-g supematant fraction of rat liver 
homogenate equivalent to 300 mg liver, in a total volume of 2 ml. Incubation was for 2 hr at 37”, 
under nitrogen. 

In the present studies with three new types of cholesterol synthesis inhibitors, as 
well as with AY-9944, 7-dehydrocholesterol has been shown to accumulate in large 
amounts in plasma and tissues of treated rats, by spectrophotometric and chemical 
analysis, thin-layer chromatography, and gas chromatography. The presence of this 
sterol in skin and intestinal mucosa has previously been noted.15 It would appear that 
it is intimately involved in cholesterol synthesis, with a rapid turnover in the normal 
animals, but subject to inhibition of further conversion to cholesterol by various 
hypocholesteremic agents. 
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