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Abstract-Cholesterol synthesis from acetate-2-W and mevalonate-2-W has been 
examined in rat liver slices, in the presence of a-methyl y-phenyl butyric acid, a potential 
hypocholesterolemic drug. The results show that cholesterol synthesis from labelled 
acetate is inhibited by final concentrations of the drug as small as 1aM. When acetate is 
replaced by mevalonate, inhibition occurs, though less strongly pronounced. Syntheses 
of squalene, lanosterol and cholesterol from mevalonate are inhibited by the same 
degree, although differences in the rate of labelling are found at high concentration of the 
drug (1 mM and 10 mM). The results indicate that a-methyl y-phenyl butyric acid 
probably affects some of the enzymic reactions which convert acetate into mevalonate 
and mevalonate into squalene, without inlkencing successive metabolic steps. 

PHENYL derivatives of 5-carbon branched chain acids have been reported to be 
h~ocholesterol~ic agents in various animals and man.1 The most active compounds 
in this series appeared to be &benzal butyric acid and a-methyl y-phenyl butyric acid 
(inhibition of cholesterol biosynthesis irt uivo and Triton hyperlipidemia test). Apart 
from some preliminary results,2 the phenyl derivatives of the 5-carbon chain acids 
have not been tested however as in vitro inhibitors of sterol synthesis nor has their 
mechanism of action been elucidated. The suggestion that the site of action of a- 
phenyl butyric acid is at the first steps of cholesterol biosynthesis,39 4 i.e. between 
acetate and mevalonate needs to be substantiated. 

The main purpose of the present paper is to find out whether the synthesis of 
cholesterol and squalene, in the presence of u-methyl y-phenyl butyric acid (MPBA), 
is inhibited in uitro only from acetate or also from mevalonate. The labelling of the 
principal sterol intermediates, i.e. of squalene, lanosterol and cholesterol, has been 
therefore examined in rat liver slices. Expe~men~l evidence will be given which shows 
that MPBA acts as a noticeable inhibitory agent of liver cholesterol synthesis, and that 
the inhibition is efficient both from labelled acetate and mevalonate. 

EXPERIMENTAL 
Chemicals and labelled substrates 

Benzene, chloroform, diethyl ether, pyridine, hexane, acetone, methyl alcohol and 
petroleum ether (b.p. SO-80°) were freshly distilled over calcium chloride and stored 
under nitrogen. All the other solvents were not further purified. 

MPBA was kindly provided by Istituto Biochimico Italiano (Milan, Italy). The 
compound (sodium salt), with an estimated covalent molecular weight of 19754 
(based on its chemical composition}, possessed three U.V. abso~~on maxima at 206, 
251 and 294 nqu, with correspon~ng values of t: equal to 519, 152 and 6.8. The frm 
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acid form had infrared absorption maxima at 2950, 1700, 1600, 1500, 1450, 1400 
1300, 1240, 1030,750 and 705 cm-l, which were very close to the predicted values. 

Cholesterol and dihydrocholesterol were from B.D.H. (London); the first compound 
was crystallized via the dibromide,s recrystallized with absolute ethanol and dried to 
constant weight under vacuum. ‘I-Dehydrocholesterol and AT-cholestenol were from 
Nutritional Biochemical Corp., Cleveland, Ohio. Methostenol (4-methyl-5a-cholest- 
7-en-3/3-ol), lanosterol (4,4,14u-trimethyl-5a-cholesta-8,24-dien-3/3-o1, contaminated 
with dihydrolanosterol), and squalene were products of Mann Res. Labs., Inc. Other 
products were of reagent grade. 

2-14C-acetate (26.3 mcjm-mole) and 2-I%-mevalonate (3.45 me/m-mole) were com- 
mercial products, which were diluted with inert substrates to a suitable specific 
activity. Before fluting, the ~,~-dibe~ylethylenediamine salt of the mevalonic acid 
was converted to the potassium salt. 

Tissue preparation and incubation 
Male Sprague-Dawley rats (150 & 25 g), fed with standard rat cubes, were fasted for 

6 hr and sacrificed in pairs. Liver slices (400 p of thickness, and weighing about 400 
mg) were quickly prepared in the cold with a Stadie-Riggs microtome (A. H. Thomas, 
U.S.A.). Only the slices removed from the same separate liver block were distributed 
among the flasks of the same experiment (about 20 slices per flask). They possessed a 
constant weight/surface ratio value of 0*40-044 mgjmms for all the experiments; this 
result indicates therefore a uniform value of the exchange surface 

The slices were ~cubated in Warburg flasks containing 118 mM NaCl, 4.7 mM 
KCI, 1 mM KHsP04, l-14 mM MgS04, 3.56 mM NaHCOs, 3.05 mM MgCls and 
9.2 mM NasHPOd-HCl bufl’er (PH. 7.40). The amounts of the precursors were as 
follows: 2-i*C-acetate, 9.20 @, 0.58 mM (sp. act., S.A., 3.96) or 2J*CmevaIonate, 
2+48 PC, 0.32 mM (S.A., 1.94). The Ringer solution was added before the slices and 
precursors, while MPBA was added last. The total volume was of 4 ml. The flasks 
were flushed with 0s and then shaken at 37” for 2 hr at about 80 strokes/nun. 

Separation and determination 
Digestion of lipid and extraction of the free sterols and squalene were carried out 

as described previously. Es 7 The subsequent precipitation with digitonin and further 
purification of the digitonides were performed by standard techniques. 

Prior to purgation by means of digitonin, a small aliquot of the ketone-ethanol 
(1 :l, v/v) solutionE* 7 was c~omatographed in quad~pli~te on 40 cm-long silica gel 
G plates pre-stained with 2,7-dichlorofluorescein, with benzene-ethyl acetate (20:1, 
v/v) as the solvent (24 hr in the dark under nitrogen).6 The u.v.-absorbing or fluore- 
scent zones were, (1) scraped from the plate for radioactivity assay, (2) eluted for 
sterol determination, (3) radioautographed, and (4) further rechromatographed, as 
explained later. 

The above reported chromatographicmethod clearly evidentiates labelledcholesterol 
and small amounts of radioactive squalene, lanosterol and methostenol, after 2-l%- 
acetate incorporation. Traces of labelled 7-dehydrocholesterol were sometimes present. 
When 2-l*C-mevalonate was the precursor, the products were radioactive A;l-chole- 
steno], large quantities of cholesterol presumably con~rni~t~ with traces of 
cholestanol), 7-dehydrocholesterol, methostenol, lanosterol and large amounts of 
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squalene. Some overlap was present however in this case between cholesterol, AT- 
cholestenol and 7-dehydrocholesterol. 

Rechromatography was therefore carried out on the three zones of cholesterol, 
A;l-cholestenol and 7-dehydrocholesterol, collected together. All the other spots were 
found in fact to be homogeneous on further separation, and therefore were not rechro- 
matographed. For rechromatography, the zones were accurately scraped from the 
plates, eluted into small sintered-glass columns twice with chloroform (6 ml) and then 
with 3 ml of chloroform-methanol (98:2 v/v), evaporated under nitrogen and 
quantitatively rechromatographed on silver nitrate-impregnated silica gel plates,Q 
with chloroform-acetone (95:5 v/v) as the solvent. The piates were run in the dark 
under nitrogen for 90-100 min at 4”, and then lightly sprayed with O-2 % 2,7-dichloro- 
fluorescein in absolute ethanol. A clear separationof the labelled 7-dehydr~holestero1, 
cholesterol and Archolestenol was obtained. Rechromatography was always carried 
out in triplicate, and the spots were, (I) removed for sterol determination, (2) scraped 
off for radioactivity estimation, and (3) radioautographed. The recovery of each of 
the sterols after rechromatography was over 85 per cent. Chromatography on the 
silver nitrate-plates has been also carried out on the free sterols regenerated from the 
purified digitonide precipitate. As a result, the values of the labelling rates of the 
radioactive sterols were very close either after rechromatography on the silver nitrate- 
plates of the initially separated sterol spots or after decomposition of the digitonide 
precipitate by heating in pyridine and successive argentation chromatography of the 
free sterols. For this reason, we have mainly adopted, for sterol pu~ficatio~, the 
technique of the r~hromatography on the silver nitrate-plates of the sterols initially 
separated on the long 40 cm-2,7-di~hlorofluorescein-silica gel G-plates. 

The amount of sterol was measured both on the purified digitonides and on the 
eluted chromatographic spots.10 The method of Zlatkis et al.11 was used. The recovery 
of standards from the plates approached 100 per cent. When estimation was carried 
out on the AgNOs-plates, the Zak et al.12 procedure was used, by replacing the ferric 
chloride reagent by ferric nitrate, to avoid cloudiness due to the silver chloride. 
Recovery was between 90-95 per cent. 

Radioactivity was determined by liquid scintillation counting on the purified 
digitonides or after elution from the Kieselgel with methanoI. The dichloroff uorescein 
dye and the AgNOs exerted a moderate effect by quenching the samples, which, how- 
ever, was properly corrected with calibration experiments carried out with standard 
radioactive lipids. In addition, silver nitrate concentration was scaled down in the 
plates to 4 per cent ,and this correction has avoided a stronger interference with the 
countings. The r*C-counting efficiency was over 78 per cent, and the recovery of label 
from the plates approached 100 per cent. 

RESULTS AND DISCUSSION 

In all the series of experiments, labelling has been determined only for those 
components which were detected in measurable amounts, were homogeneous and 
definitely identified. Identity and radiopurity of the final spots of the l4C-lipids has 
been confirmed by cochromatography with authentic lipid and cocrystalhzation, 
lanosterol and cholesterol as acetate derivatives, and squaIene as the hexahydro- 
chloride. Other t~hniques have been adopted, in order to check the radiopurity of 
the final sterol spots, as described elsewhere. 7 As a result, the final sterol spots, 
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separated by the techniques reported in the Experimental Section, turned out to be 
reasonably and sufficiently pure to allow accurate results. 

Obviously, the radioactivity and the sterol content of the chromatographic fractions 
have always been corrected, according to the recovery values obtained by cochro- 
matography with authentic material. This was important when rechromatography or 
elution for sterol assay were to be carried out, the recovery values of the applied 
sterols being in these two cases of the order of 85 per cent and 90-95 per cent, respect- 
ively (see Experimental Section). 

After acetate incorporation, determinations were carried out only on the cholesterol 
spot isolated on the 40 cm-long plates, and on the purified labelled digitonide precipi- 
tate. The two procedures gave always comparable results. Radioactivity was occasion- 
ally assayed on the squalene spot. In the case of mevalonate incorporation, countings 
were carried out on the squalene and lanosterol spots, both isolated on the 40 cm-long 
plates, and on the cholesterol, isolated by the silver nitrate impregnation method. 
Additional estimations were performed also on the cholesterol digitonide precipitate. 
When available in sufficient amounts, A;l-cholestenol and 7-dehydrocholesterol were 
also examined. 

The results of Figs. 1 and 2 clearly indicate that cholesterol biosynthesis is reduced, 
when incubation of the liver slices with labelled acetate or mevalonate is carried out in 
the presence of various concentrations of MPBA. MPBA is an efficient inhibitor of 
cholesterol synthesis from acetate in vitro (Fig. l), and 50 per cent inhibition is obtained 
with a final concentration of 7 x 10-s M. According to our result, MPBA also in- 
hibits the incorporation of 2-X!-mevalonate into cholesterol (Fig. 2), although not to 
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FIG. 1. The inhibition by a-methyl r-phenyl butyric acid of liver cholesterol synthesis from 2-“C- 
acetate. Incubation of the liver slices and isolation of cholesterol were carried out as described in the 
text. The results, expressed as per cent inhibition values (0 = control levels), were calculated as 
wmoles of cholesterol formed per hr per mg of liver cholesterol (mean control value f S.E.M. of 
O-78 f 0.13, in 9 experiments). For calculation, the millimicrocuries of 14C of the isolated cholesterol 
are divided by the specific activity of the precursor (3.96) x mg of the tissue free cholesterol x hr 
of incubation x C. C represents the number of the labelled 2-W-acetate molecules, which are 
comprised in 1 molecule of 1%~labelled cholesterol. As known, for 2-W-acetate, i.e. for the acetate 
labelled in the methyl position, C = 15. 
Eight experiments were carried out for each value of a-methyl y-phenyl butyric acid concentration. 
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Fm. 2. The inhibition by a-methyl y-phenyl butyric acid of liver cholesterol synthesis from WC- 
mevalonate. Incubation of the liver slices and isolation cf cholesterol were carried out as described 
in the text. The results are expressed as outlined in Fii. 1. FCK cakuhtion, the millimicroctie~ of IdC 
of the isolated ch&sterol are divided by the specisc activity of the precursor(l.94) x mg ofthetissue 
free cholesterol x hr of i~~batio~ x C. C represents thaw XNUX&X of the 2-W atoms of the labehi 
2-WLmevaIonate m&&es which are comprised in 1 mooch of the ‘4GtabeIied c~ok.ter~& 
Owing to the mecba&sms of squalene cycfisation and lanasterof ~~o~t~o~ into c~~~t~o~~ 
C = 5. As known, six mokcz&s of mevaionate. enter in fact the finaf sqtrafene structaue, but one 
originary 2-W atom is lost as a 4-methyl group, after lanosteroi fo~~o~~ 

E&X experiments were carried out for each vahie of the j~~~jtor ~0~~~~0~. 

the same exfent as it occurs when acetate is the sterol precursor. At a 1O-fi M cm- 
centration, MPBA has in fact no effect on the conversion of mevalonate into chole 
sterol, and a 50 per cent inhibition is obtained at a tial concentration of about 
4 x lo-3 M, The experiments reported in Figs. 1 and 2 were carried out by measuring 
the rate of labelhng of the cholesterol spot isolated through thin-layer procedures, No 
significant d~~re~~es were observed, at any valne of MPBA concentration, betwm 
these results and those obtained by carrymg out estimations on the pm-if&d Xabetied 
digitonide precipitate. 

Agree to the degrees of inhibition of chofesterof synthesis, at the dif.%rent levels 
of MPBA, we may isolates a&bough not conohtsively, that the drag inhibits more 
actively some of the enzymes v&i& convert acetate into mevalonate rather than those 
w&h carry out the conversion of mevaionate into cholesterol. This ~~idera~v~ is 
partidarly valuable at the high levels of MESA (Figs. I and 2). Two sites of inhi& 
tion at least can therefore be visualized along the entire pathway. If we postulate in 
fact tentatively that the inhibition from acetate takes place only after mevalonate, 
then we cannot explain, at least for the higher values of MPBA concentrations, the 
experimental data of Figs. 1 and 2. 

The ix&bit&n brought about by MPBA along the steps wbicb lie between meva- 
Ionate and sterols seems to be of noficeable interest, since our data indicate (Table: I) 
that the enzymic reactions which are afTe&ed along this pathway are very likely to be 
those connected with the conversion of mevafonate into squalene, and not w&h the 
sub~u~nt steps. Table I shows indeed that the degree of ~~b~t~on of cholestero1 and 
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lanosterol formation produced by MPBA is s~ffi~ently similar to that of squalene 
biosynthesis, some differences being observed only at very high concentration values.* 
The estimations of the Iabelling rates of 7-dehydrocholesterol and A.;r-cholestenol (not 
shown in the Table and occasionally carried out in the same incubation system under 
the same experimental condition) have given strictly comparable results. These find- 
ings may signify, although not necessarily, that no further effect of MPBA occurs along 
the metabolic steps between squalene and cholesterol. 

Few inhibitors acting between mevalonic acid and squalene have been described, and 
their mechanism of action is largely unsolved.14 According to our results, MPBA may 
be considered an example of inhibitory compound which acts on two desirable sites 
at which to attempt a specific inhibition of cholesterol synthesis, i.e. those laying 
between acetate and mevalonate and between mevalonate and squalene. It will be 
useful to compare the present results with experiments to be carried out on the inhibi- 
tion of sterol synthesis in animal species treated with MPBA, as well as to study the 
labelling rates of all the possible intermediates between squalene and cholesterol. 
Clearly, the mechanism of action of the drug and the specific sites of inhibition need 
to be completely elucidated with future work. 
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