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Abstract-The capacity of young and mature rats to incorporate injected 2-11C-acetate 
was determined in liver, lung, and brain cholesterol and fatty acids. Katcs of incorpora- 
tion were age dependent, particularly in liver and brain. 

A single oral dose of AY-9944 markedly depressed incorporation of the precursor 
into tissue cholesterol. Appearance of “fast-acting” sterols in brain and liver of treated 
animals suggests usefulness of AY-9944 in revealing rates of tissue cholcsterogencsis. 

The importance of age of laboratory animals in studies of cholesterol biosynthesis 
inhibitors is discussed. 

VARIOUS tissues are capable of biosynthesizing cholesterol i/z situ, and the idea has 
been expressed that this capacity may be a general property of growing cel1s.l It is 
believed that the enzymatic mechanisms constituting the biogenetic pathway of 
hepatic and extrahepatic cholesterol synthesis are the same. However, the degree to 
which local biosynthesis contributes to a given tissue cholesterol pool is usually 
unknown. With a given dietary cholesterol intake, rates of tissue cholesterol bio- 
synthesis may vary, may depend on age and may, furthermore, differ from species to 
species. Therefore, the effects of an inhibitor of cholesterol biosynthesis on tissue 
sterols may, depending on age, also differ from tissue to tissue and reflect species 
differences. 

We have recently reported on trmw-l,4-bis(2-chlorobenzylaminomethyl) cyclo- 
hexane dihydrochloride (AY-9944)’ an inhibitor of hepatics-5 and adrenal” chol- 
esterogenesis. In vitro, the compound blocked the conversion of 7-dehydrocholesterol 
to cholesterol by liver homogenates, +a in uiuo, the inhibition caused depressed sterol 

levels in the serum of laboratory animals.7 
In the present study we have investigated the acute efrect in young and mature 

rats of AY-9944 on tissue sterol levels and on the incorporation of injected 2J4C-acetate 

into liver, lung, and brain cholesterol and total fatty acids. 

MATERIALS AND METHODS 

Two groups of ten normal male hooded rats were used; the first consisted of 9-day- 
old and the second of 15month-old animals. Both groups were subdivided into con- 
trol and treated animals, five each. The rats were fasted for 4 hr and were then given 

* Part XIV, Proc. Sot. up. Biol. (N. Y.), 117, 3 1964. 
t With the technical assistance of SHEILA GOSSELIN. 
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by gavagc a single clobc 01‘50 /“moles (23.2 mg) AY-9944 hg. Control allimal~ rcccivcd 

saline. After 2 hr all rats wcrc injected i.p, with 2-l ‘C acetate (40 /‘c; 2.6 /‘C /Lllllllc 

Merck. Sharp and Ihhmc of Canada, Ltd.) and \\CI’C killed 2 hr later by decapitation 

and exsan~Llination. The individual organs (liver. lung and brain) were i~einowcl, 

weighed. washed ill isotonic saline, cut into small pieces, and saponilicd with ctha- 

nolic KOH (14 ml ca. IX N KOH. 4 ml ethanol. and 5 ml \vater) at 75 for I hr. .[hv 

nonsaponiliable neutral lipids were extracted repeatedly with hcuane. Aliquots wcrc 

taken for radioactivity and quantitative calorimetric determinations: in the rest. 

I lC-acti\ity in choleaterc>l mah nicasured. 

In the liver and brain tissues. cholesterol and “l’ast-acting”‘i’ 5tcroI5 wcrc dctcriiiinod 

by the Liebct-man-Bul-chard reagent according to Moore and B~LIIIXI~II.~~ In the scruni 

and lung tissues. total stcrol levels were determined by the reagent of Zlatkis cf l/l.” 

as modified for the Tcchnicon autoanalyLer (method Np-24). The amou~~t ot,I‘ 7- 

dchydrochloresterol was calculated from the absorption in the LI.v.~:~ I5 Since 7- 

dchydl-ocholestcl-ol produces with the reagent of Zlatkis 01 r/l. about 40 per cwt as 

1nucl1 color ax cbolcsterol, the amount of 7-debydrocholesterol calculated from the 

u.v. spectrum was multiplied by 0.4 and subtracted from the “total stcrol” value: ~IIC 

diRcrence is considered to represent the cholcstcrol content. 

7-l)eliydrocholestcrol was recrystallized three tinics from incthanol--ethyl acctatc 

bcforc use, El’,;,, 28 I .5 nip was 3 18. According to thin layer clilomatoEr~tl~Iiy 

(ethyl acctatcxarbon tctracbloridc, 4 : I) the puriticd compound was free from its 

ubual “fast-acting” contaminant, viz. its transaiuiular S.X-pcrouide::l this can albo bc 

dctccted by its absorption in 30 N IH2SOl: after 15 min at room tenzpcraturc its 

E )‘;,,, 503 Ill/’ was 432.5. 

Isoltrtioii wd amcry t!/ ’ 1 C‘-ltrhlc~rl cholc~stoY~l 
AY-9944 blocks the convcrsioli of 7-dehydrocholcster~)l. its normal prccurAor_,i.Ili 

to cholesterol and hcncc causes accumulation of 7-dehydrocholcstcrol.~ III order to 

nxxsure only the biosynthesizcd cholesterol, the 1 ‘C-labeled cholesterol was isolated 

by the addition of carrier cholesterol (150 mg). bronlinatcd’ 1.17.1s and the resulting 

s.(,-dibromocholcstan-.ip-ol purified; three crystallizations from niethanol~~eth~l 

acetate sulficcd to product constant radioactivity. Samples wcrc counted in a D-37 

gas-llow counter mountcci with a Mylar Micromill window (Nuclear Chicago Corp.). 

In order to ascertain the degree of possible contaiilination of the dibromo-dcrivatiLc 

with I ‘C-labclcd 7-dehyclrocholestcrc,l produced in rats trcatcd with AY-9944. iu a 

q~arate experiment, 4-l !C -7-dehydrocholesterolt was added to 200 mg cholcstcrol. 

The initial specific activity of the mixture was 657 dpm mg. After bromination and 

three crystallirations as described above, the specilic activity ol‘the ciibromo-cicriv~lti\,c 

was 2.1 dpm mg. A liquid scintillation system (Nuclear Chicago Corp., n~odcl 720) 

was used (counting eliiciency, 76 per cent). 

* The rates 01‘ rcxtion and the inten\iticb of colors devcl~qxd by dilliircn: stcrol\ 111 the Sch~rc~~- 
Iicimer-Sperry-Lichermann-Burchard test” depend on the structure of the \~croI. Thu\. at rtx,m 
tcmpcratiirc, 3Qenols reach maximal intawty only after 30-M min. In contrast. A:-atcnol\. 3.‘;. 
stenadienols, and compounds which are readily convertible into the latter produce a mauimum 
after 1: min and were therefore termed “faG-acting” sterols.+ I I 

I Prepared from 3-l ‘C-cholesterol according to Kulkarni et cd.‘!’ and hurl a hpccitic activity of O3i 
~~c/pmolc. We wi\h to thank Dr. .I. F. Bagli for the gift of 4”C-7- dehydrocholcsteroi. 
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Isolation and assay of 1Glabeled fatty acids. 
The residual aqueous layer after the extraction of the neutral nonsaponifiable 

lipids from the saponified mixture was acidified and the total fatty acids extracted,“” 
titrated,” and their radioactivity measured in a gas-flow counter. 

RESULTS 

Rats used in our studies were 9 days or 15 months old. In the brain of you~lg ani- 
mals the cholesterogenic activity, i.e. the capacity to incorporate 2-‘“C-acetate into 
cholesterol, was measured in a period of active myelination in the developing rat 
brain.Z”,t:S We have chosen 9-day-old rats because of the report’.l that the desmosterol’ 

cholesterol ratio in rat brain is unchanged from the fourth to ninth day but begins to 
rise rapidly after the tenth day of age. Accordingly, we had expected the radioactivity 
found in 5,6-dibromocholestan-3/j-01 derived from brain cholesterol of 9-day-old 
rats to account for about 90 per cent of the sterologenic activity of the brain. Actually, 
the detected radioactivity represented one seventh of that found in the nonsaponi- 
Gable neutral lipid fraction (Table 6). If it is assumed that the nonsaponifiable material 
isolated from the brain contained predominantly sterols, our results suggest that, 
under the experimental conditions, in the brain of 9-day-old rats the rate of formation 
of sterolic precursors of cholesterol was considerably greater than the rate of theil 
conversion to cholesterol. 

TABLE 1. EFFECT OF AGE ON THE DJSTRIBUTION OF I%-RADIOACTIVITY IN TISSUE CHOL- 

ES-II:ROI. AND TOTAL FATTY ACIDS TWO HOURS AFTERINTRAPERITONEAL ADMINISTRATION 

OF 2-"C-ACETATF TO NORMAL MALE HOODED RATS 

Age” Tissue 
Total radioactivity 

Cholcsterol~ Total fatty acids 
(cpm/organ) 

Days, 9 Liver 1,859 375c (100) 3,553 ‘~ 180 (100) 
Lung 513 ! 47 (28) 9,338 .~ 790 (263) 
Brain 6,404 260 (344) 68,504 4,000 (1928) 

Months, I5 Liver 28,624” 
Lung 1,072” :‘3”;; 

100,544 I 20,000 (100) 
10,417 m;m 2,400 (IO) 

Brain IO7(’ (0.4) 2,095 -21 115 (2) 

0 Five animals in each age group. 
I’ Isolated as 5,6-dibromocholestan-3,kl. 
C Standard error. 
d Pooled nonsaponifiable lipid (sterol) fractions. 

The fact that we have isolated radioactive cholesterol (in the form of its dibromo- 
derivative) from the brain of 1%month-old animals (Table 1) indicates active chol- 
esterol synthesis in the brain of mature rats. Kabara and Okitaz” have demonstrated 
active cholesterol biosynthesis in mice 9-16 weeks old. 

The effect of age in the distribution of radioactivity in tissue cholesterol and total 
fatty acids after i.p. injection of 2-‘“C-acetate is illustrated in Tables 1 and 2. The data 
obtained from our studies are in agreement with those of Pritchard”fi and of Kleine 
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and Schreier’J:i. As expected”~~~’ III mature rats the total radioactivity in brain chol- 
esterol was I,‘60 of that found in young animals (Tables I and 2) but only I ,639 il’ 
expressed in terms of specific activities (Table 4.) 

The effects of the inhibitor AY-9944 are presented in Table 3 (stcrol Icvcls), Table 
4 (~lC-labeling of cholesterol), Table 5 (“C-labeling of total fatty acids). and ‘Table 0 
(summary) respectively. 

TABLE 2. RATICE or: lT-~~~~~~~~~~~~~~ ro[INr) IN TISSLJI‘ CIIOLI~S-KROI_ AF.I) TO~AI 

I,AT’I Y A(‘IIX 01 YOIJNC; VS. MATURI‘ RATS ‘IWO 11Ol~RS AFl3.R INTRAr’1~RI1ONI Al Al)hllNI- 

SI‘RATION Oh 2-l ‘c-AC’I:I Al-l: 

Cholesterol” 

0,065 
0.5 

60 

Total fatty acids 

0.035 
09 

33 

____ 

I’ Ratios of total ’ ‘<‘-radioactivities, cpm/orgnn. 
I’ lsolnled. purilicd, and cotrnted a< S.(i-dibromocli(~l~st~~ii-~~~-01. 

TAHH 3. Erm:c~r OF A SINGLI: ORAL DOSI. or: 50 ~MOIJS AY-9944 PI R I;(, o\ SI I ROI 

1.I:VI:l.S IN RA I’S 9 IIAYS OR 1 .s MONTIIS 0l.I) 

(Expressed in mgjlO0 g tissue or q/l00 ml serum). 

DXYS, Control’ 
0 Treated’ 

Month\, Control” 
I5 Trcntcd’ 

fr Cholesterol. 

Liver 

244 I4 0 
25.1 IX 0.1 i 4.2 

(3.5 ‘I,,) 

Serum 

81 5 
SO 4 0.7 PO.4 

(09”,,) 

Ltlclg Drain 

“I:;lst 
J.>‘, A1’ xl ing“ 

I 96 9 447 27 0 
I.57 7 430 V 1O.S 4.0 

(2,5”,,) 

‘I Colour development in the I.icherm;m l3urch;ud reaction after I ! min 
o 7-Dehydrocholesterol. 
” No 7-dehydrochulestcr~~l dctcctctl. 
y Five animals per group. 
1 Standard error. 
” Per ccnl of total sterolc. 

“Fast-acting” sterols were detected in the liver and brain of both young and mature 
rats treated with AY-9944 (Table 3). In view of the site of inhibition of AY-9944”J 
we assume that the “fast-acting” sterols consisted mainly of 7-dehydrocholesterol.5 
Our assumption is based on findings in a group of ten 2-month-old male hooded rats 
which were given a daily oral dose of 10 pmoles AY-9944ikg; after seven days of 
treatment, levels of 7-dehydrocholesterol and of “fast-acting” sterols were determined. 
The results indicated that under these conditions, the “fast-acting” sterols in the 
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TABLE 4. EFFECT OF A SINGLE ORAL DOSE OF 50~~0~~s OF AY-9944 PER KG ON THE 

INCORPORATION OF 2-'4c-ACETATE INTO TISSUE CHOLESTEROL (As) IN RATS 9 DAYS OR 

15 MONTHSOLD 

Age (CPnlig)" 4"(cpm/mg) 

Days, 9 Controlh 
Liver 
Lung 
Brain 

Treatedh 
Liver 
Lung 
Brain 

Months, 1.5 ControP 
Liver 
Lung 
Brain 

Treated" 
Liver 
Lung 
Brain 

3,690 5 790’ 1,371 
1,571 $m 210 802 
8,002 * 380 1,790 

588 k 41 
86 + 32 

240 -t 26 

1,619” 663 
713 298 

50 2.8 

113 
122 
20 

231 

:: 

45 
53 

I.1 

a Counts/min in 5,6-dibromocholestan-38-01 per gram of wet tissue. 
b Five animals per group. 
C Standard error. 
Cl Pooled samples. 

TABLE 5. EFFECT OF A SINGLE ORAL DOSE OF 50 ~MOLES OF AY-9944 PER KG ON THE 

INCORPORATION OF 2-'4c-ACETATE INTO TISSUE TOTAL FATTY ACIDS IN RATS 9 DAYS OR 

15 MONTHSOLD 

Age Wq/g)n Cwd.3” Cm-hEq) 

Days, 9 Control” 
Liver 
Lung 
Brain 

Treated” 
Liver 
Lung 
Brain 

Months, 15 Control* 
Liver 
Lung 
Brain 

Treated* 
Liver 
Lung 
Brain 

66 sr 5 
684 2 
30 $ 2 

82 + 7 
60 1.4 
31 +2 

x5 
59 --I- 6 

102 f 8 9,877 
42 * 2 7,843 
54 i 12 995 

7,009 * 44oc 
28,472 ir 3,400 
85,294 rt 6,000 

11,795 k 1,600 
27,701 rt 4,900 
89,741 It 1,700 

5,797” 
6,95 1 

979 

107 
417 

2,820 

144” 
450 

2,920 

a Microequivalents or counts/min per gram of wet weight of tissue. 
b Five animals per group. 
c Standard error. 
d Statistically significant difference from control (P cO.05). 
e Pooled samples. 



616 M. L. GIVNLII and D. DVOIINIK 

TABLE 6. EFFECT OF A SINC;LII ORAL DOSI: OF 50 ~LMOLT.S OF AY-9944 PI:R KG ON MI: 

INCORPORATION ANI) DISTRIIIUTION OF 2-I XZ-A(I:‘TATE INTO ~SSL~I’ LIPIDS OF RATS 

9 DAYS OR 15 MOY'flIS Ol_I~ 

Age 

Day\. 0 C’ontrol” 
Liver 
ht1g 

Brain 

Trcutcd” 
Li\cl 
Lung 
Brain 

Month\. IS Conlr~~l” 
Liver 
Lung 
Bmin 

Treated’d 
Live1 
Lung 

Brain 

,4vcragc 
wet wt. of 

organ 
(g) 

0.517 2,256 2X0 
0,332 1.424 76 
0.80 I 45.036 2,342 

1.859 375t 
513 1 47 

6.403 260 

3.553 IX0 
9.338 790 

68,504 4.000 

0,460 2.508 593 267 lO( 86 “,,)” 5.34x 610’ 
0.35 I I.292 120 30 12 ( 94 ‘I,,) 9,656 1,500 
0.835 47.036 2,512 200 I IX ( 97”,,) 74.979 ~ ’ 400 -- 

17.680 29,659 6,075 24,624’ 
I.504 I .362 22s 1.072 
2.146 380 44 107 

00,544 
IO.417 
2.095 

18.580 2 I ,09x 8,400 
I .546 I.456 I71 
I 954 374 54 

2,100 ( 93 :‘,,, 
189 ( 82” ) 
39 ( ,:: 54” ) 

96,2X0’ 
I 1,682 

I .925 

‘~AIXI. 7. I.rVl 1-S OF b‘I~ASl--A(~TING“ STTROLS AND 01’ ~-1~1‘1IYI>l~O~‘I!OLliS7‘l~R~~l. IN T-111 

I<RAIN .A\ryl) I IIN(;S 01 RATS I Rl~Al‘lX~ \\‘ll-II 10 /IMOLI S OF AY-9944 1’l.R I;(; 1’1.R I)\’ 1.01~ 

A 1’1.11101) OF 7 DAYS 

“Fa\l-xl ing” 7-Dehydro- 
z(o‘ols ch~~lesler~~l 

(lllg/l00 g) 

Brain X8 261’ 67 : 5.3 
Lung 300 ; 22.3 27x I54 

” Sl;mtlarcl u-or. 

nonsaponifiable fractions of brains and lungs consisted predominantly of 7-dchydr-o- 

cholesterol (Table 7). 

DlSCUSSlON 

In the first part of this study we have examined the effect of age on the incorpora- 

tion of intraperitoneally injected 2-l ‘C-acetate into cholesterol and fatty acids in rat 

liver. ILIII~, and brain. In accordance with earlier conclusions,- . “R ‘Ici we consider that 

the labeled cholesterol isolated from the brain was biosynthesized i/l situ nnd that it 
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was not due to radioactive cholesterol transported into the brain from other organs25. 
i4-C-Labeled cholesterol isolated from the livers was mainly formed in the liver itself 
and the rest most likely in the intestinal tract.1 As far as the lung is concerned, avail- 
able experimental data 1,253 are not sufficient to decide whether the labeled cholesterol 
isolated from the lungs was biosynthesized locally or whether it was transported from 
other cholesterogenic tissues, e.g. liver or intestinal tract. 

As expected,asJs incorporation of 2-14C-acetate into cholesterol and into total 
fatty acids varied with age. The dependence on age is particularly striking if the 
brain/liver incorporation ratios are compared. Thus, young rats contained 3.4 times 
more radioactivity in brain than in liver cholesterol. In contrast, mature rats incor- 
porated 268 times more labeled acetate into the cholesterol in the liver than into 
cholesterol in the brain. The corresponding ratios for total fatty acids were 19 in 
young and 50 in mature rats. 

Administration of a single oral dose of 50 pmoles (23.2 mg) of AY-9944/kg, 4 hr 
before death and 2 hr before i.p. injection of 2-14C-acetate, caused interference with 
cholesterol biosynthesis. This was reflected (1) in the appearance of “fast-acting” 
sterols in the liver and notably the brain and appearance of 7-dehydrocholesterol in 
the serum; and (2) in a greatly depressed incorporation of 2-i4C-acetate into chol- 
esterol of all the examined tissues, particularly into brain cholesterol of young animals 
(-97 per cent). Since brain cholesterol is believed to be predominantly biosynthesized 
locally2sJs our finding may suggest the capacity of AY-9944 to be transported to the 
sites of cholesterol biosynthesis in the brain. The lower degree of inhibition of acetate 
incorporation (-64 per cent) into brain cholesterol of mature rats may be due to 
decreased permeability of the old brain membranes to the inhibitor.sQi In this respect 
it is of particular interest to note the rapid appearance of some “fast-acting” sterols in 
the brain of both young and mature rats treated with AY-9944. In view of the primary 
site of inhibition of AY-9944, it is probable that the “fast-acting” sterols produced 
by the inhibitory action of the agent consist mainly of 7-dehydrocholesterol. Since it 
is likely that 7-dehydrocholesterol does not readily penetrate into the brain, its 
presence may indicate the capacity of AY-9944 to enter the brain* and cause appear- 
ance of 7-dehydrocholesterol by preventing in situ its enzymatic conversion to chol- 
esterol. Hence, treatment with AY-9944, i.e. an inhibitor of cholesterol biosynthesis, 
appears to reveal more completely the cholesterogenic activity in brain tissues? than 
do other methods based on determination of radioactivity in brain lipids after intra- 
peritoneal injection of a labeled precursor,35 usually acetate.36 The low incorporation 
values found with this method in mature brain may reflect minimized penetration of 
the precursor(s) into the brain rather than decreased cholesterogenic activity.25 

With the experimental conditions of the present study, AY-9944 did not affect the 
incorporation of labeled acetate into lung or brain fatty acids. However, in the fatty 

* In this respect AY-9944 appears to differ from triparanol (MER-29), which caused an increase 
of 24-dehydrocholesterol (desmosterol) in the brain of young animals only, e.g. in mice.31-33 We have 
made a similar observation in a pig fed simultaneously AY-9944 and triparanol: whereas the liver 
contained d5*7J4-cholestatrien-3,%ol, the brain contained only d efr-cholestatrien-38-01 (Fdehydro- 
cholesterol), thus suggesting the inability of triparanol to pass the blood-brain barrier.16 This con- 
clusion is supported by the recent finding of desmosterol in the brain of adult rats after administration 
of 20,25-diazacholesterol, an agent with triparanol-like mechanism of inhibition of cholesterol 
biosynthesis.34 

t A similar suggestion was recently made by Fumagalli and Niemiro in a study of the effects on 
rat brain sterols of two other inhibitors of cholesterol biosynthsis, viz. 20,2Sdiazacholesterol and 
triparanol.34 

2s 
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acids of the livers of both young and mature animals treated with AY-9944 we have 
detected a statisticaily significant increase of radioactivity. 

The findings in the present investigation iIlustrate the importance of age of labora- 

tory animals used in experiments designed to study the effects of an inhibitor of 
cholesterol biosynthesis. The effects will largely depend on two factors: (1) the rate 
of cholesterol biosynthesis by a given cholesterogenic tissue, and (2) the capacity of 
the inhibitor to penetrate to the site of cholesterogenesis in a given tissue. Both the 

rate of topical cholesterogenesis and, possibly, the tratlsportability of the inhibitor 
are age dependent. Hence, in young, vigorously growing animals the consequences 
of suppressed cholesterol formation in a number of growing organs may differ con- 
siderably from those in mature, fully grown animals. It is obvious that mature labora- 
tory animals, whose rate of cholesterol biosynthesis is highest in the liver, are preferred 
in preclinical studies of inhibitors of cholesterol biosynthesis, particularly in studies 
of the effect on serum and tissue sterol levels. On the other hand, admitlistratioll of an 
inhibitor of cholesterol biosynthesis, such as triparanol” or AY-9944, which produces 
a readily determinable precursor, may be useful in determining the rate of biosynthesis 

in normal or abnormal, e.g. malignant, growth. 
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acknowledge with gratitude the collaboration of Mr. J. Dubtq M.Sc., and his staff. 

* This possibility was suggested by Dr. R. Paoletti from the Institute of Pharmacology, 
University of Milan. We wish to thank Dr. Paoletti for sending us a manuscript prior to its 
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