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Invcmgation of the Biogenetic Reaction Sequence of 

Cholesterol in Rat Tissues, Through Inhibkion wkh AY-9944 
R. FUMAGALLI, R. NIEMIRO 1 and R. PAOLETTI 
Institute of Pharmacology, University of Milan, Italy 

Abstract  

An inhibitor of AT-reductase, AY-9944 (trans- 
1,4-bis (2-dichlorobenzytaminomethyl eyelohexane 
dihydrochloride) ,  was used to investigate the last 
steps of cholesterol formation in brain and liver 
of adult  and newborn rats. The accumulation of 
different sterols in the two tissues of the same 
animals was observed. A~,7-Cholestadien-3fl-ol, 
AT'24-eholestadien-3fl-ol and A'~,7,2*-cholestatrien- 
3fl-ol, which are not present in detectable amounts 
in control brains, were identified in brains of 
growing rats treated with AY-9944. An accuifl- 
ulation of A5,7-eholestadien-3fl-ol only was found 
in adult  ra t  tissues. 

These differences in sterol accumulation are 
discussed in relation with the possible in vivo 
pathways of cholesterol biosynthesis. 

Introduct ion 

M ANY STEROLS, either found in mammalian tissues 
or shown to be incorporated into cholesterol, 

are considered as possible intermediates in the con- 
version of lanosterot to cholesterol (1-9) .  Avigan and 
Steinberg (10) suggested two possible series of sterol 
precursors of cholesterol, one with a double bond in 
the side chain between the carbon atoms in position 
24 and 25 and the other with a saturated side chain. 
Uncer ta inty  still exists on the predominant  physio- 
logical sequence leading to cholesterol. The reduction 
of A 24, an obligate step in cholesterol formation, is 
probably irreversible (11) and it is independent  of 
s t ructure  of the the steroid nucleus (11,12) ; it seems 
to occur predominantly,  at least in adult  ra t  liver, 
at the stage of C 28 sterols (13). 

In recent years pharmacological means have been 
used to investigate this problem. Drugs able to block 
selectively the Ae%reductase, such as Triparanol  (14), 
20,25-diazacholesterol (15,16), 22,25-diazoeholestanol 
(17,18), induce in tissues an accumulation of desmo- 
sterol (5,24-cholestadien-3fl-ol), the last possible cho- 
lesterol precursor with a double bond in the side chain. 

A specific inhibitor of the 7-dehydroeholesterol-± 7- 
reduetase has also been described. This compound, 
trails 1-4-bis (2-diehlorobenzylaminomethyl) eyelo- 

1 Visi t ing Scientist from the Depar tment  of Biochemistry, Academy 
of Medicine, Gdansk, Poland. 

hexane dihydroehloride (AY-994~), was shown to in- 
hibit this enzyme at low concentrations (19,20) and 
to be 100 times more active than Tr iparanol  in this 
respect (21). In agreement with these data, 7-dehy- 
droeholesteroi was detected in plasma and liver (19, 
22) of rats t reated with AY-9944. The simultaneous 
administration of Triparanol  and AY-9944 induces, 
in pig liver, an accumulation of 5,7,24-cholestatrien- 
3fl-ol (23), a sterol already considered as a possible 
precursor of cholesterol (7,24). 

I t  is interesting to observe that different cholesterol 
precursors are present in different mammalian tis- 
sues: 7-dehydrocholesterol in the small intestine of 
guinea pig (9),  methostenol in several tissues of ra t  
(1),  desmosterol in brain of growing rat  (25,26) and 
in fetal  brain of guinea pig and man (26). A large 
number of sterol precursors of cholesterol were also 
found in skin of normal adult  ra t  (27). 

Such observations suggest tissue-dependent differ- 
ences in the activity of enzymatic systems involved 
in the conversion of lanosterol to cholesterol; these 
findings also indicate that  the use of specific enzyme 
inhibitors may be helpful  in elucidating the physio- 
logical sequence leading to cholesterol, par t icular ly  
when the effects on different tissues are compared. 

In  our  experiments an a t tempt  has been made to 
obtain evidence for possible differences in sterol com- 
position of tissues in growing and mature rats af ter  
t reatment  with AY-9944. 

TABLE I 

Steroid Number Contributions for Functional Groups on Nonselective 
(SE-30) and Selevtive Phase  (CNSi)  

SE-30 CNSi 
Functional  Steroid pa ren t  

gro11pS a b e 

A / B  cis Coprostane/cholestane ~0 .2  --0.2 
A / B  cis Cioprostan ol/cholestanol ~0 .3  --0.4 --0.55 

3 fl-ol ( eq. ) Cholestanol/cholestane 2.4 2.4 5.90 
A 5 Cholesterol/cholestanol --O.1 --0.1 0 
A T L athost erol/cholestanol O .4 0.4 0.60 
As,~ 7~D ehydr ocholesterol/ 

cholestanol .... 0.3 0.95 
A s Zymosterol/  

cholestanol + A °~ .... 0.7 0.70 
A ~ D esmosterol/cholesterol 0.3 0.3 0.70 

4,4',14-methyl Lanosterol/zymosterol .... 0.8 0.30 

a Yandenheuvel, W. J .  A., and E. C. H o m i n g ,  Biochim. Biophys: 
Acta 64, 416, 1962. 

B Our da ta - -cond i t ions :  2 m X 3 mm glass spiral  tube, 1% SE-30 
on 100-140 mesh Gas-Chrom P ;  211C; N~ 1.7 kg/cm~;  cholestane t ime 
18.1 rain. 

c Our d a t a ~ c o n d i t i o n s :  4 m X 3 mm glass spiral  tube, 1% CNSi 
on 100-120 mesh Gas-Chrom P ;  213C; 1.8 kg/cm2;  cholestane t ime 
7.0 rain. 
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T A B L E  I I  

I t e la t ive  Re ten t ion  T i m e s  to Choles tane  of Sterols  P r e s e n t  in  N e w b o r n  
Rat, B r a i n  a n d  L i v e r  A f t e r  T r e a t m e n t  w i t h  AY-9944 

F r e e  s terols  T M S i  d e r i v a t i v e s  

Brain 
1st  steroI 5.08 2.15 
2nd  s terol  6.09 2.53 
3rd  sterol  6.46 2.67 
4 th  sterol  7.07 3,03 
5th  sterol  7.77 3.18 

L i v e r  
1st  s terol  5.08 2.15 
2nd  sterol  5.39 2.24 
3 rd  sterol 6.46 2.67 

E x p e r i m e n t a l  condi t ions  as  in  Table  I ( C N S i ) .  

Materials and Methods 

Experiments have been carried out in vitro and 
in vivo using normal adult, pregnant and newborn 
rats. Drugs employed were: AY-9944 (trans-l,4-bis 
(2-dichlorobenzylaminomethyl) -cyelohexane dihydro- 
chloride, kindly supplied by Dr. D. Dvornik, Ayerst 
Labs., Montreal, Canada ; and Triparanol [1-p-(fl-di- 
ethyl aminoethoxy) - phenyl - 1 - ( p - tolyl) - 2 - (p - choloro- 
phenyl) ethanol] supplied by Wassernlan Co., Milan, 
Italy. 

The Experimental Conditions 

Treatment  of A d u l t  Animals  wi th  AY-9944. 
Sprague-Dawley male rats weighing 150 ~ 30 g were 
given AY-9944 in water solution, at the daily doses 
of 2, 5 and 25 ~nloles/kg by gastric intubation, while 
the controls received equal volumes of distilled water. 
After 1, 4, 7 and 28 days of treatment, the animals, 
fasted for 8 hours, were sacrificed by decapitation 
and blood, brain, aorta and liver rapidly removed. 

Treatment of Adult  Animals with AY-994~f a~d 
Triparanol. Adult male rats of the same strain and 
weight were used. 

Animals were treated by gastric intubation at the 
following doses: AY-9944, 5 1zmoles/kg/day (dis- 
solved in distilled water) ; Triparanol, 50 /~moles/kg/ 
day (dissolved in olive oil). 

The animals were divided in 4 groups: vehicles 
alone for 5 days (1st group) ; Tripararml for 5 days 
(2nd group) ; AY-9944 for 4 days (3rd group) ; the 
first day of treatment, rats were given Triparanol 
alone, during the following 4 days they received Tri- 
paranol as well as AY-9944 (4th group). 

At the end of treatment all animals were fasted 
for 8 hr, sacrificed by decapitation and brain and 
liver rapidly removed. 

Treatment of Pregnant Ra, ts. Pregnant rats were 
given 5 /xmoles of AY-9944/kg/day by stomach in- 
tubation, during, respectively, the 3 and 6 days pre- 
ceding delivery. Newborn rats were sacrificed by de- 
capitation during the first day of life and brain and 
liver removed. 

Tissue Preparation. Blood and tissues obtained from 
sacrificed animals were saponified in KOH 10% in 

TABLE III 
Stero id  N u m b e r  of N e w b o r n  l~at B r a i n  a n d  L i v e r  Sterols  on a 

Select ive S t a t i o n a r y  P h a s e  ( C N S i )  

T i s sue  Stm'oid n u m b e r  R e f e r e n c e  compounds  

B r a i n  a 
1. Sterol  A 32.90 Cholesterol  
2. Sterol B 33.60 Desmos te ro l  
3. Sterol  C 33.80 7-Dehydroeholcs tero l  
4. Sterot D 34.15 
5. Sterol  E 34.50 

L i v e r  a 
1. Sterol F 32.90 Cholesterol 
2. Sterol  G 33.10 
3. Sterol H 33.80 7-Dehydrocholes tero l  

a Sterol  p a t t e r n s  a f t e r  t r e a t m e n t  w i t h  AY-9944,  

BI~ENETIC REACTION SEQUENCE 1019 

T A B L E  I~ 
Ste ro id  N u m b e r  of Newborr~ R a t  B r a i n  and  L i v e r  Sterols  on a 

Nonse lec t ive  S t a t i on~ry  P h a s e  ( S E - 3 0 )  

T i s s u e  Steroid  n u m b e r  I¢eference  compounds  

B r a i n  
:1. Sterol  A 29.3 Cholesterol  
2. S tereI  B -{- C 29.7  Desmos te ro l  d- 

7-dehydrocholesterol  
3. Sterol  D ~ E  30.0 

L i v e r  
1. Sterol  F 29.3 Choles~eroI 
2. Sterol  G a 29.3 
3. Sterol  H 29.7 7-Dehydreeboles te ro l  

a I t  shows  as a shoulder  of cholesterol peak .  

ethanol-water 1:1 for 90 min at 70C. The unsapon- 
ifiable material was extracted with low-boiling petrol 
ether. The ether extract, washed with distilled water 
and dried over anhydrous Na2SO4, was used for qual- 
itative and quantitative sterol analysis. 

7-Dehydrocholesterol-AT-Reductc~se Determina~tion. 
In liver from adult animals receiving 2 /~moles/kg/ 
day of AY-9944 H, 7-dehydroeholesterol-AV-reduetase 
activity was measured according to the method of 
Kandutsch (28) as previously described in detail (21). 

Sterol Determination: Determination of total sterols 
in plasma and tissues was carried out according to 
Zlatkis et al. (29). 

This eolorimetric procedure gives, at 560 ~ (cor- 
responding to the maximal light absorption for cho- 
lesterol), an optical density for 7-dehydrocholestero] 
equal to one fifth of that of cholesterol. Therefore 
sterol concentrations were calculated from the colori- 
metric data corrected on the basis of cholesterol and 
7-dehydroeholesterol percent composition of each sam- 
ple, determined by gas chromatography. 

Total sterol concentrations in tissues of newborn 
rats have been determined directly by gas chroma- 
tography adding to the samples known amount of 
5-androsten-3fl-ol-17-one (Southeastern Bioehem. Inc., 
Georgia), as an internal standard. 

Gas Chromatographic Determination of Sterols. The 
gas chromatograph used was Faetovap Model C (C. 
Erba, Italy),  equipped with a flame ionization detec- 
tion system. The columns were glass spiral tubes (4 m 
x 3 mm and 2 m × 3 ram). Packing materials were 
prepared according to Horning ct al. (30). The sup- 
port was Gas-Chrom P 100-120 mesh (Applied Sci- 
ence Laboratories, Inc.), the stationary phases were 
SE-30 (dimethyl-siloxane polymer, General Electric 
Co.) and CNSi (cyanoethyl methyl silicone, General 
Electric Co.). All columns were coated with 1% of 
stationary phase. Working conditions are stated in 
Table I. 

The SE-30 column was used for identification pur- 
poses only, CNSi column for routine work as well as 
for identification. The CNSi column showned 5,000 
theoretical plates for cholesterol This high column 
efficiency is required to separate stero]s with very 
similar chemical structure, accumulated in the tissues 
after the above-mentioned treatments. Sterols were 

T A B L E  Y 

7-Dehydrocholesterol..A~-l~edwctase Act iv i ty  in  L i v e r  t t o m o g e n a t e s  of 
R a t s  T r ea t ed  Ora l ly  wi th  A ¥ - 9 9 4 4  ( 2 / z m e l e s / k g / d a y )  

7 -Dehydrocholes tero l  
Trea tment .  metabol ized (~moles :Perce~ltage of 

/ g  f r e sh  t i s s u e / h r )  inh ib i t ion  

Controls  (5)  0.890 ~ 0.13 
1 dose 0.0'70 92 
1 dose 0 .160 82 
1 dose 0 .160 82 
1 dose 0.100 89 
1 dose 0.0 I 0 0  
1 dose 0.0 100 
4 doses (5 )  0.0 100 
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TABLE VI 

Cholesterol and Total Sterol Content (mg/100 g fresh t issue or mg/100 ml) of Adult ]~at 
Tissues After Oral Treatment with AY-9944 for 7 nays 

A Y - 9 9 4 4  
t m l o l e s / k g / d a y  2 5 25  

Tissue Cholesterol Total sterols Cholesterol Total sterols Cholesterol Total sterols  

S e r u m  contro ls  ( 5 )  75 ± 2 75 ± 2 ( 5 )  76  ~ 8 76  ± 8 ( 5 )  75 ± 2 75  + 2 
T r e a t e d  ( 5 )  65  +- 5 a 67 +- 5 ~ ( 4 )  45  ~ 2 ~J 60  ~ 4 b ( 5 )  15  ~--- 4 b 35  + 9 b 

L i v e r  cont ro ls  ( 5 )  3 0 4  + 19 3 0 4  + 19 ( 5 )  3 0 6  - -  22  3 0 6  ± 22 ( 5 )  3 0 4  - -  28  3 0 4  ± 28  
T r e a t e d  ( 5 )  3 2 0 + - - 2 3  3 4 8 + - 2 3  ( 4 )  206-----+'15 ~ 2 7 6 - - + 1 2  ( 5 )  105+---11 b 367---~ 38 

Aor t a  controls  ( 5 )  152  ~ 7 1 5 2  ± 7 ( 5 )  182 ± 6 182  - -  6 
T r e a t e d  ( 4 )  120  - -  8 b 135  +- 9 b ( 5 )  122  ± 61~ 1 5 4  ± 9 s 

B r a i n  controls  ( 1 0 )  1 1 2 0  ~ 211  1 1 2 0  ± 211  ( 1 0 )  1 1 5 0  ± 111  1 1 5 0  ± 111  
T r e a t e d  ( 4 )  1 0 6 0  ~ 75 1093  +- 75 ( 5 )  1 0 5 0  ~ 21 1 1 2 0  ~_ 20 

~p < 0.05. 
b p < 0.001. 

run both in free form and as tr imethyl-si lylether 
derivatives (TMSi) ,  p repared  according to Luukka-  
inen et al. (31). Sanlples were dissolved in CS2 for 
the gas chromatographic  analyses. 

Identification of the Sterols 

The identification of the sterots present  in biolog- 
ical sanlples was carried out using a gas-chromato- 
graphic procedure, according to Vandenheuvel  and 
Horn iug  (32) on nonselective (SE-30) and selective 
(CNSi)  s ta t ionary  phases. 

Steroid nmnber  (SN) of sonle available sterols, 
known to be precursors of cholesterol, were determined 
both on SE-30 and CNSi, and SN-contributions for 
functional groups were then established (Table I ) .  

The clear deerease in relative retention times to 
cholestane, shown by the compounds under  investi- 
gation, when run as TMSi derivatives on CNSi, sug- 
gests the presence of alcoholic functions. Their  gas- 
chromatographic  behaviour was tha t  of sterols (Table 
I I ) .  W h e n e v e r  poss ib le ,  s t e ro l  i den t i f i c a t i on  was 
achieved by using known reference compounds. In  
this way we could denlonstrate that  adul t  ra t  tissues 
contain cholesterol and 7- dehydroeholesterol a f t e r  
AY-9944 t reatment ,  and cholesterol and desmosterol 
a f te r  Tr iparanol  t reatment .  

In the case of newborn rats, l iver and brain con- 
trols contain Olfiy cholesterol and cholesterol and des- 
nlosterol, respectively. Af te r  adminis t ra t ion of AY- 
9944, other sterols, which do not correspond to any  
of the available reference eonIpounds, were observed. 
A tentative identification of these unknown sterols 
is suggested on the basis of their  gas-chromatographic 
behavior. The SN of the newborn ra t  brain and 
liver sterols was calculated fronl data  obtained with 
CNSi, which has selective retention effects for the 
functional  groups (Table I I I ) .  The three first peaks 
show SN corresponding to those of cholesterol, des- 
mosterol and 7-dehydrocholesterol, respectively. The 
last two peaks (D and E)  a r t  due to unknown sterots 
with SN 34.15 and 34.50, respectively. When brain 

2 o  

z s ;~ 2 s 2s MICROMOLES / ~ l O a ~  

Fie .  1. 7-Dehydrocholesterol  content  in  adu l t  r a t  t i ssues  a f t e r  
AY-9944 t r e a t m e n t  (as  pe r cen t age  of to ta l  s t e r o l s - 4 - S E ) .  

sterols are run  on SE-30, a s ta t ionary  phase able to 
separate  compounds mainly  on the basis of molecular 
size with small retention effects for  funct ional  groups, 
only three peaks are obtained (Table IV) .  

The thi rd  peak on SE-30 (SN 30.0) corresponds 
to the sterols D and E separated on CNSi and which 
are not resolved on this phase. Of these two sterols, 
E is quant i ta t ively  the most impor tan t  and a t tempts  
have been made to ident i fy  its structure.  An  SN 
30.0 on SE-30 excludes the possibility tha t  E may  
correspond to lanosterol (SN 31.2), 24-dihydrolanos- 
terol (30.9), zymosterol (30.4) and lathosterot (29.8). 

Par t ia l ly  demethylated sterols f rom lanostero] and 
f rom 24-dihydrolanosterol are ruled out because the 
corresponding SN should be greater  than  those of 
zymosterol (30.4) and zymostenol (30.]),  respectively. 
C 28 and C 29 sterols with double bonds in position 
7 and 24 are excluded because their  SN should be 
greater  than 30.1, calculated for 7,24-cholestadien- 
3fl-ol. Sterols with 29 carbon atoms and a double 
bond in position 7 are also excluded because their  
SN should be greater  than  30.0, which is the SN of 
methostenol (4~ methyl-7-cholesten-3fi-ol) on SE-30. 
Therefore methostenol remains the only possibility 
to be considered among the C 28 and C 29 sterols 
known to be precursors  of cholesterol. 

When the SN are calculated also for  the CNSi 
column the following s t ructures  nmy account for  the 
unknown sterols D and E :  

CNSi SE-30 CNSi SE-30 
Nucleus  27.00 27.0 Nucleus  27.00 27.0 
3fl-ol (eq.) 5.90 2.4 3fl-ol (eq.) 5.90 2.4 
A ~ 0.60 0.4 A 5'~ 0.95 0.3 
A ~ 0.70 0.3 A 2' 0,70 0.3 

34.20 30.1 34.55 30.0 

7,24-eholestadien-3fl-ol 5,7,24-cholestatrien-3fl-pl 

Nucleus  27.00 27.0 
3fl-ol (eq.) 5.90 2.4 
A s 0.70 0.7 

33.60 30.1 

8-cholesten-3fl-ol (zymostenol )  

Nucleus  27.00 27.0 
3fl-o] (eq.) 5.90 2.4 
A 7 0.60 0.4 
4a-methyl  0 . I 0 ( ? )  0 .2 (? )  

33.60 30.0 

4a-methyl ,  7-cholesten-3fl-o] 
(methos teno l )  

The SN obtained f rom the two phases exclude zy- 
mostenoI and methostenot, while the data calculated 
for  7,24-cholestadien-3fl-ol and 5,7,24-cholestatHen- 
3fl-ol correspond to the SN of compounds D and E, 
respectively. 

On the basis of the gas-chromatographic analysis, 
it may be therefore concluded that  the five sterols 
present  in newborn ra t  brain af ter  AY~9944 (Table 
I I I )  are as follows: cholesterol (A) ,  desmosterol (B) ,  
7-dehydrocho]esterol (C) and, tentatively,  7 ,24-cho- 
lestadien-3fl-ol (D) ,  5,7,24-cholestatrien-3fl-ol (E ) .  
The sterols present  in newborn ra t  l iver a f ter  AY-9944 
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t rea tment  have been identified as follows: F as cho- 
lesterol, H as 7-dehydrocholesterol. Sterol G is im- 
perfect ly  resolved f rom cholesterol on SE-30 and has 
an SN of 33.10 on CNSi. I ts  behaviour on SE-30 
indicates that  G is a C 27 sterol, but its chemical 
s t ructure  cannot be postulated on the basis of the 
available SN. 

In  order to obtain addit ional evidence on the struc- 
ture of the sterols present  in our biological samples, 
a mass-spectrometric analysis was carr ied out using 
an Atlas CH4 mass-spectrometer modified in order 
to allow a direct combination with a gas chromato- 
g raph  (33). The injection of relat ively large sam- 
ples resulted in slightly less chromatographic  reso- 
lution than  in a conventional column using smaller 
samples. 

Using a 6 f. 1% SE-30 column only two par t ia l ly  
resolved peaks were obtained f rom the liver sterol 
fraction. Mass-spectra of these two peaks were re- 
corded in such a way as to minimize the interference 
by the neighbouring peaks. 

The f ragmenta t ion  pa t t e rn  of the first peak com- 
pared  with the mass-spectrum of an authentic sam- 
ple of cholesterol confirmed the identification of this 
sterol. The mass-spectrum of the second peak shows 
a molecular ion of mass 384 which is in accord with 
the proposed GLC identification of this compound as 
7-dehydroeholesterol. Other peaks in the spectrum 
suppor t  this identification; in par t icular  the frag- 
ments m / e  271 and 225 can be tenta t ively  assigned 
to 3/[-113 and M-( l13 + 18), respectively, and corre- 
spond to the loss of the side chain and to the loss of 
the side chain + water. This indicates that  the side 
chain is saturated.  

Three par t ia l ly  resolved peaks were obtained fronl 
newborn rat  brain sterols. The mass-spectra were re- 
corded in such a way as to minimize the overlapping 
of spectra f rom adjacent  GLC peaks. The mass-spectra 
of the first two peaks were identical to those of the 
peaks obtained f rom the liver sterols, confirming that  
the first peak is due to cholesterol and the second one 

B I O G E N E T I C  R E A C T I O N  S E Q U E N C E  

TABLE VII 

Total  sterol  Content  of N e w b o r n  R a t  Tis sues  

10'21 

T r e a t m e n t  Tota l  sterols 

L i v e r  
Controls  (10 )  227 4-4- 6 ( a )  
T r e a t e d  3 days  ( 1 0 )  183 4-4- 9 (b)  

6 days  (9)  200 4- 7 (c)  
B r a i n  

Controls  (10 )  412 4- 13 (d)  
T r e a t e d  3 days  (10 )  370 ~ 13 (e)  

6 days  (9)  370 4- 12 ( f )  

a - b  p ~ 0.OOl 
a - e  p = 0.01 
d e p ~ 0 . 0 5  
d - f  p ~ 0.05 
F i g u r e s  into pa ren these s  r e p r e s e n t  the  n u m b e r  of an imals .  
D a t a  are  expressed  in r a g / 1 0 0  g of f r e sh  t i s sue  ~ SE.  
P r e g n a n t  mo the r s  t r ea t ed  wi th  AY-9944  (5 / x m o l e s / k g / d a y  by stom- 

ach i n tuba t i on )  3 and  6 days  before  del ivery.  

is mainly  due to 7-dehydrocholesterol. A positive 
identification of the third peak through the mass- 
speerum was not possible because of the par t ia l  su- 
perimposit ion of two sterols, one of which, moreover, 
is present  in large excess over the other. Because of 
the occurrence of a certain degree of pyrolysis  in 
the t ransfer  system between GLC and mass-spectrom- 
eter and because of the presence of two substances 
in this peak, the molecular ion could not be positively 
identifed.  However,  the peak of highest mass in this 
region is the m/e  382, excluding the possibility tha t  
the peak corresponds to a C 28 sterol and suggesting 
that  the main component  is a C 27-triene sterol, in 
accord with the gas-chromatographic identification. 

The only sterol, other than cholesterol, present  in 
brain of unt rea ted  newborn rats, was confirmed as 
desmosterol by  comparison of its mass-spectrum with 
that  of an authentic sample of desmosterol. 

Results 

Exper iments  were carried out in vivo by  admin- 
istering AY-9944 to adult  rats  by stomach intubation 
for short periods of time, and by giving the same 
compound to p regnan t  rats. The sterol composition 
and the total sterol content of tissues of adult  ani- 
mals as well as of newborn rats were evaluated. Other 
experiments  were designed to show the effect of treat-  
ment  with two drugs (Tr iparanol  + AY-9944) on 
brain and liver sterols of adul t  rats. 

E f f e c t  o f  A Y - 9 9 4 4  i n  A d u l t  R a t s  

At the dose selected, AY-9944 inhibits completely 
the 7-dehydroeholesterol ±7-reduetase act ivi ty in ho- 
lnogenates of livers obtained f rom treated rats. Over 
85% blocking of this enzyme system is obtained af ter  
a single dose, this is constantly 100% af ter  4 doses 
(Table V) .  The inhibition of 7-dehydrocholesterol- 
AT-reductase act ivi ty occurs also in r ive  as shown by  
the determinations of total  sterol concentration and 
cholesterol percentage in ra t  tissues af ter  a 7-day 
t rea tment  with AY-9944 at different dose levels. Total 

T A B L E  V I I I  

Sterol Composi t ion  of N e w b o r n  R a t  B r a i n  and  L i v e r  

7,24-Cholestadien-  5,7,24- 
T r e a t m e n t  Oholesterol 7-dehydro- Desmos te ro l  Choles ta t r ien-  

cholesterol  3fl-ol 3fl-ol 
U n k n o w n  
C 27 sterol  

B r a i n  
Controls  ( 1 0 i  72.6 4- 0.5 0 27.4 -4- 0.5 0 0 
Trea t ed  3 days  ( 1 0 )  46.6 ~ 0.7 25.1 ---+ 0.7 10,8 4- 0.3 4.0 4- O.1 13.5 + 0.4 
T rea t ed  6 day  (9)  29.0 4-_ 1.1 37.2 --~ 1.3 4.7 -4- 0.2 4.3 4-4- 0.1 24.8 4-4- 0.5 

L i v e r  
Controls  ( 1 0 )  100 0 0 0 0 
Trea t ed  3 days  ( 1 0 )  60.0 ± 1.9 40.0 --~ 1.3 0 0 O 
Trea t ed  6 days  (10 )  25.6 4- 1.0 59.8 4- 0.8 0 0 0 

0 
0 
0 

0 
t r .  

14.6 4- 1.2 

P r e g n a n t  mo the r s  were  t r ea t ed  by s tomach  i n tuba t i on  w i t h  AY-9944  (5 # m o l e s / k g / d a y )  for  3 and  6 days  before  del ivery.  
F i g u r e s  r e p r e s e n t  the  pe r cen t age  composi t ion  of total  s terols  ~ SE.  
I n  paren thes i s ,  the  n u m b e r  of an ima l s .  
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FIG. 3. S t e ro l  c o m p o s i t i o n  o f  n e w b o r n  r a t  l iver .  L o w e r  ehro-  
m a t o g r a m ,  con t ro l  r a t s ;  u p p e r  c h r o m a t o g r a m ,  A ¥ - 9 9 4 4  r a t s  
( 6 - d a y  t r e a t m e n t - - s e e  t e x t ) .  P e a k  1, c h o l e s t e r o l ;  p e a k  2, un- 
k n o w n  s t e ro l  w i t h  27 c a r b o n  a t o m s ;  p e a k  3, 7 -dehydrocho les -  
te ro l .  S t e ro l s  w e r e  r u n  in  the  f r e e  f o r m  on C N S i  co lumn ,  a t  
the  e x p e r i m e n t a l  cond i t i ons  s t a t e d  in T a b l e  I .  

sterols are sharply  decreased in serum and aorta, but  
pract ical ly unchanged in liver and brain. Cholesterol 
percentage is even more clearly decreased with the 
exception of brain, indicating that  sterol precursors 
of cholesterol do accumulate in the tissues (Table VI  ). 
Af te r  t rea tment  for 7 days with 25 ~moles /kg /day  
of AY-9944, serum total sterols decrease for about 
50%, aud in addition cholesterol decreases f rom 100% 
to about 40% of total sterols. As a consquenee, total 
cholesterol concentratioll decreases f rom 75 to 15 mg 
per  100 ml. 

Total sterols in liver do not change significantly, 
but cholesterol decreases agaiu f rom 100% to about 
30%. 

The decrease of cholesterol percentage corresponds 
to an  a c c u m u l a t i o n  of 7 - d e h y d r o c h o l e s t e r o l  in 
per ipheral  tissues, in agreement  with the observations 
of Dvornik et al. (19) and Chappel et al. (22) (Fig. 
1). I t  must  be emphasized that  even with the highest 
dose of AY-9944, a prolonged t rea tment  is necessary 
to induce some accumulation of 7-dehydrocholesterol 
in the nervous tissues of the adult  animals (Fig. 2). 
These findings are consistent with the very low rate  
of cholesterol biosynthesis (34). In  addit ion to this, 
it was shown in this laboratory that  even in the ease 
of Tr iparanol  and 20,25-diazacholesterol t reatments ,  
10 days were required to induce an accumulation of 
desmosterol in mature  ra t  brain, corresponding to 
4% and 8% of total sterols, respectively (16). 
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E f f e c t  of  A Y - 9 9 4 4  in N e w b o r n  R a t s  

Brain  and liver sterol composition is affected in 
a different way when AY-9944 is administered to 
rats  dur ing the last days of pregnancy  and the new- 

born animals are sacrificed immediately  af ter  birth. 
Total sterols are slightly decreased in liver and prac- 
t ically unchanged in brain (Table V I I ) .  In  the brain 
of control newborn ra t  (Table V I I I ) ,  cholesterol rep- 
resents 73% of total sterols, the remainning 27% be- 
ing desmosterol, as a l ready observed in this labora tory  
(26). 

After a 6-day treatment with AY-9944 of the preg- 
nant rat, cholesterol represents only 29% of total 
sterols and desmosterol less than  5% in the brain of 
newborn rats. 7-Dehydroeholesterol is the major  com- 
ponent  of brain sterols (37%) and two other sterols, 
nonpresent  in measurable amounts in brain of con- 
trol animals, are detectable. The first, identified as 
7,24-cholestadien-3fl-ol, is a minor component, less 
than 5% of total sterols. The second, identified as 
5,7,24-cholestatrien-3fl-ol, represents  about 25% of the 
total sterols. 

Sterol composition of the livers f rom the same an- 
imals shows a different pat tern.  

Cholesterol in control livers is the only sterol pres- 
ent in measurable amounts, but  af ter  t rea tment  for  
6 days of the pregnant  mother  with AY-9944, its pro- 
port ion falls to 26%, while 7-dehydrocholesterol rep- 
resents 60% of total  sterols (Table V I I I  and Fig. 3). 

A third sterol is also present  in considerable 
amounts ( 1 5 % ) ;  its ident i ty  is still unknown. 

E f f e c t  of  C o m b i n e d  T r e a t m e n t  of  A d u l t  R a t s  W i t h  Triparanol 
and A Y - 9 9 4 4  

Brain  and liver sterols have also been examined in 
adult  rats, a f te r  combined t rea tment  with Tr iparanol  
and AY-9944. The accumulat ion of 7-dehydrocholes- 
terol in liver (expressed as percentage of total  sterols) 
is not ch~lnged in comparison with rats  t rea ted  with 
AY-9944 alone (Table I X ) ,  but  the percentage of 
desmosterol is great ly  decreased in comparison with 
liver of rats  t reated with Tr iparanol  alone (6.5% 
against  43%) .  

Af te r  the combined t rea tment  the sterol pa t te rn  in 
adult  ra t  liver is comparable to that  observed in the 
brain of newborn animals, delivered by rats  t reated 
with AY-9944 alone. The sterol 7,24-cholestadien-3fl- 
ol, is present  in trace amounts, but  5,7,24-cho]esta- 
trien-3fl-ol, represents  33% of total  sterols. 

Brain  sterols of adult  ra ts  t reated with both drugs, 
contain only trace amounts of desmosterol and 7- 
dehydrocholesterol (Table I X ) ,  indicating a greater  
stabil i ty of the sterol composition in comparison with 
growing brain and per iphera l  tissues of growing and 
adul t  animals. 

Discussion 

The two possible series of sterol intermediates be- 
tween lanosterol and cholesterol with unsa tura ted  and 
saturated lateral  chain respectively, may  be repre-  
sented as follows (Fig. 4). 

TABLE IX 

Sterol Composition of Adult Rat  Brain and Liver (as Percentage of Total Sterols 4- SE) 

5,7,24-Cholestatrie~- Treatment  Cholesterol Desmosterol 7-dehydrocholesterol 3~-oi 

Brain 
Controls (10) 100.0 ...... . . . . . . . . . . . .  
]~er-29 (5) 94.9 4- 0.2 5.1 4- 0.2 ...... ...... 
AY-9944 (4) 100.0 tr  . . . . . . .  
2~[er-29 -~ A¥-9944 (5) lO0.0 "t~".' t r  . . . . . . .  

Liver  
Controls (10) 100.0 ...... . . . . . . . . . . . .  
Met-29 (5) 56.8 4- 2.7 43.2 ~ 2.7 ...... ...... 
AY-9944 (4) 81.7 -4- 1.7 18.3 -4- 1.7 
Mer-29 -[- AY-9944 (5) 43.1 4- 4.2 6.5 -4- 0.5 17.2 4- 1.0 33.2 4- 3.6 

Treatments:  ?¢[er-29 50 ~moles/kg'/day per 5 days (stomach intubation).  AY-9944 5 /~moles/kg/day per 4 days (stomach intubation).  
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The series of sterols with unsa tura ted  side chain 
( I )  is cer ta inly present  in mammal ian  tissues, be- 
cause lanosterol represents the first product  of squa- 
lene cielyzation (35) and the last possible compound 
of the series, desmosterol, is accumulated in blood 
and tissues a f te r  t rea tment  with inhibitors of the 
A24-reduetase (14-18).  

Each sterol of the series with sa tura ted  lateral  chain 
( I I )  may  derive f rom the corresponding compound 
of the first series; however, the main site of satura-  
tion of the A 24 bond may  well occur before the for- 
mation of A ~,7. Several experimental  data  indicate 
this possibili ty: A5,7 is a sterol normal ly  present  in 
the small intestine of guinea pig (9) ; its immediate 
precursor  with sa tura ted  lateral  chain, lathosterol, is 
present  in large amounts in normal  ra t  skin (5) and 
it is i rreversibly converted to cholesterol through the 
format ion of A 5,7 (36,4,6) ; A5,7 itself is readi ly  trans-  
formed into cholesterol (28). 

In  addition to this, Goodman et al. have shown tha t  
the main pa thways  of ±24 saturat ion in ra t  liver may  
occur, before the complete demethylat ion of ]anosterol 
(13). 

The two squences exposed in F igure  4, explain 
many  findings repor ted a f te r  t rea tment  with drugs  
in terfer ing with the last steps of cholesterol biosyn- 
thesis. When the A24-reductase is blocked with Tri- 
paranol,  an accumulat ion of A 5,7,24 in addit ion to tha t  
of A 5,24 takes place in the small intestine of guinea 
pig (24). In  pig liver, a f te r  combined t rea tment  with 
Tr iparanol  and AY-9944, Dvornik et al. (23) showed 
an accumulation of A 5,7,24. Our experimental  results 
are also consistent with the possibility tha t  the A 24 
reduction may  occur before the format ion  of ±5,7. 

Trea tment  of adult  rats  with AY-9944 induces a 
decrease of total sterols in serum and aorta, but  not 
in the liver, where only cholesterol is decreased, but  
a compensatory accumulat ion of A 5,7 occurs. 

In  brain of newborn rats, where desmosterol is 
normal ly  present,  AY-9944 adminis t ra t ion ~nduces a 
decrease of cholesterol and desmosterol content and 
a simultaneous accmnulat ion of ±5,7 A7,24 and A ~,7,24. 
F rom these findings it may  be deduced that  in new- 
born ra t  brain in vivo cholesterol precursors of both 
series are synthesized. In  mature  brain, even a f te r  
a prolonged t rea tment  with AY-9944, accumulat ion 
of A 5,7 only is observed, indicating tha t  the in vivo 
cholesterol biosynthetic pa thway  in ra t  bra in  is age- 
dependent.  

In  liver of newborn rats, AY-9944 t rea tment  in- 
duces only accumulat ion of A 5'7 and not of A 5'7,~. 
This is a direct  demonstrat ion that  bra in  and liver 
of the same animals accumulate different sterols a f ter  
in vivo t rea tment  with a d rug  blocking a specific 
enzyme active in cholesterol biosynthesis. In  adul t  
rats, submit ted to a combined t rea tment  with AY- 
9944 and Triparanol ,  an accumulat ion of A ~,7, A~,7,~4 
and, to a lesser extent, A 5,24 sterols is observed, con- 
firming tha t  both biosynthetic routes are possible in 
the adult  mammal ian  liver. 

The two series of compounds proposed in F igure  
4 are both significant for  cholesterol biosynthesis in 
the intact  animal, but  it is still uncer ta in  at what  
step the reduction of A 24 double bond occurs. 

I t  may  be supposed tha t  in tissues where the A24 
reductase act ivi ty  is relat ively more efficient, as in 
ra t  liver, the saturat ion may  take place earlier in 
the sterol intermediate  sequence. In  other tissues, 
such as growing ra t  brain, ~he A24-reductase seems 
to be relat ively less efficient and an accumulat ion of 

I )  LANOSTEROL A 7,2~ A~,~,~--- (2)--------A ~,e4 
t (7,24- (5,7,24- (desmosterol) 
[ cholesta- cholesta- ] 

dien- trien- 

1 
I 3~-ol) 3~-ol) 
I 

(1) (1) 1 (1) (1) (1) 

$ (2) 
I I )  24,25-dihydrolanosterol-- - - -  A 7 ---As, ~- ~ CHOLESTEROL 

(lathosterol) (7-dehydro- 
cholesterol) 

FIG. 4. ~n th is  f igure ,  1 i n d i c a t e s  s i tes  o f  a c t i o n  o f  A 24- 
reduetase; 2, site of action of A 7 reductase; dotted lines refer 
to intermediates from C 30 sterols to A 7 and A 7'2~ sterols with 
27 carbon atoms. 

the latest precursors  of cholesterol with unsa tura ted  
side chain occurs normally.  

Keeping in mind the relative differences in A 24- 
reductase act ivi ty in bra in  and liver of growing rats, 
it will be not surpr is ing to observe an accumulat ion 
of different sterols in different tissues of the same 
animals, t reated with an inhibitor of other specific 
enzymes of cholesterol biosynthesis. 
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