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Abstract-AY-9944 1 tram- 1,4-bis-(2-chlorobenzylaminomethyl)-cyclohexane dihydrochloridel inhibits 
the conversion of sterol intermediates to cholesterol. The appearance of sterol intermediates, measured 
calorimetrically as “fast-acting” sterols, has been used as an estimate of hepatic cholesterogenesis in vivo after 
treatment with AY-9944. The appearance of fast-acting sterols as an estimate of cholesterogenesis was 
studied in the isolated rat liver. perfused in vitro in the presence of AY-9944, with or without oleic acid. Oleic 
acid elevated the appearance of fast-acting sterols in the liver and the perfusate. The secretion of fast-acting 
sterols by the perfused liver correlates with the activity of microsomal3-hydroxy-3-methylglutaryl coenzyme 
A (HMG-CoAi reductase, the rate-limiting enzyme of cholesterogenesis, and the synthesis of fast-acting 
sterols. The latter also correlates with the activity of HMG-CoA reductase. These observations are in 
agreement with previous reports of stimulation of the secretion and synthesis of cholesterol by liver perfused 
with oleic acid. Based on these findings. it is suggested that the level of fast-acting sterols after treatment with 
AY-9944 may be used as a calorimetric estimate for the synthesis and distribution of cholesterol in the 
isolated perfused rat liver. 

AY-9944 lfrans- 1,4-bis-( 2-chlorobenzylaminome- 
thyI)-cyclohexane dihydrochloridel. like triparanol, is 
an inhibitor of cholesterogenesis which leads to an 
accumulation of sterol intermediates in tissue. After its 
introduction [ 1, 21. it was found that the compound 
apparently inhibits the conversion of 7-dehydrocholes- 
terol to cholesterol [ 3, 41. The accumulation of sterol 
intermediates has been used as an estimate of cholester- 
ogenesis 1 1-5 I. Horton et al, [ 5 ] developed a method to 
estimate cholesterogenesis in the intact rat treated with 
AY-9944 by measuring the appearance of 7-dehydro- 
cholesterol as a “fast-acting” sterol in rat plasma. 
“Fast-acting” sterols refer to sterols which react with 
Liebermann-Burchard reagent to produce maximal 
color within 2 min in contrast to cholesterol, a “slow- 
acting” sterol, which produces maximal color after 
30 min 161. Horton et al. 151 reported a significant 
correlation between the concentration of fast-acting 
sterols in the blood and hepatic cholesterogenesis. esti- 
mated by the incorporation of 1 1 -‘“C Iacetate into digi- 
tonin-precipitable sterols by liver slices of the same 
animals. Measuring the level of fast-acting sterols in the 
blood as an indicator for changes in hepatic synthesis of 
cholesterol has been used extensively in studying the 
effects of c~~jnogenic compounds on hepatic choles- 
terogenesis 17-91. 

The possibility of using the appearance of fast-acting 
sterols after treatment with AY-9944 as an estimate of 
hepatic cholesterogenesis was tested in the isolated 
perfused rat liver. In previous work, it had been found 
that oleic acid stimulated the secretion and synthesis of 
cholesterol by the perfused liver 110, 1 il. The increase 
in hepatic cholesterogenesis was estimated both by the 
increase in the incorporation of tritium from tritiated 
water into cholesterol I 10 I, and separately I 111 by the 
increase in the activity of microsomal 3-hydroxy-3- _^_ 

methylglutaryl coenzyme A (HMG-CoA) reductase 
(EC 1.1.1.34). the rate-limiting enzyme of cholestero- 
genesis. 

It was observed in this study that the addition of AY - 
9944 resulted in the appearance of fast-acting sterols in 
the liver and the perfusate. In addition, oleic acid 
stimulated the accumulation of fast-acting sterols and 
the activity of microsomal HMG-CoA reductase. 

EXPERIMENTAL 

Male Sprague-Dawiey rats from Murphy Breeding 
Labs, Inc.. Plainfield. IN, were used in this study. The 
rats were housed. with lighting from 5:00 a.m. to 5:00 
p.m., and were fed Wayne Lab-blox and water ad lib. 
The livers were removed between 850 and 950 a.m. 
and were perfused in vitro using the apparatus and 
conditions described previously [ lO- 121. The perfu- 
sion medium consisted of Krebs-Ringer bicarbonate 
buffer (pH 7.4) 100 mg glucose/ 100 ml of solution. 
and 3% of purified bovine serum albumin 1 101. Follow- 
ing perfusion for a 20.min period of equilibration. a 
sample of the perfusate was taken for analysis: a solu- 
tion of AY-9944 in 0.9% NaCl was added to the 
perfusate pool to obtain a concentration of 1 x lo+ M 
AY-9944. and infusion into the perfusate was started. 
The infusate (pH 7.4) contained 0.9% NaCi, 
1 x 10m5 M AY-9944, and 3% purified bovine serum 
albumin alone or complexed with 14.16 pmoles oleic 
acid/ml of infusate. The infusate was delivered to the 
perfusate at a constant rate of 11.7 ml/hr far the 3-hr 
period of perfusion. 

At the termination of the experiments the livers were 
perfused with a single-pass of 20 ml of ice-cold 0.9% 
NaCl; adherent non-hepatic tissue was removed and the 
liver was blotted, weighed and minced in an ice-cold 
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beaker. The minced tissue was homogenized in 0.3 M 
sucrose and 10 mM 2mercaptoethanol I 131 to a final 
volume of 50 ml. and aiiquots were taken for saponifi- 
cation. The perfusate and liver homogenate were 
saponified with I ml of aqueous KOH (1 g/ml) and 
4 ml of ethanol for 60 min at 75”. The non-saponifiable 
fraction was extracted into hexane by the addition of 
5 ml of water and 5 ml of hexane followed by vigorous 
shaking for 1 min. Aliquots of hexane were removed, 
dried under N,, and analyzed calorimetrically for “fast- 
acting” (2 min) and “slow-acting” (33 min) sterols, as 
described by Moore and Baumann 161. The stable 
Liebermann-Burchard reagent reported by Kim and 
Goldberg I 141 was used. The amounts of fast-acting 
and slow-acting sterols were calculated. and corrections 
were made according to the procedure of Moore and 
Baumann 161. The constants used in the calculations 
described by Moore and Baumann were determined 
experimentally with 7-dehydrochoiesterol (Sigma, St. 
Louis. MO) and free cholesterol (Nu-Chek Prep., Ely- 
sian. MN). The remaining portion of liver homogenate 

was used for the isolation of microsomes as described 
previously [ I 11. Microsomal activity of HMG-CoA 
reductase was assayed by the conversion of 
I ‘%I IHMG-COA to 1 **C lmevalonic acid as before with 
the exception that LKSD thin-layer plates (Whatman, 
Clifton, NJ) were used for the separation of mevalonate 
lactone I 11 I. 
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Fig. 1. Cumulative secretion of fast-acting and slow-acting 
sterols by perfused rat livers treated with AY-9944. The data 
shown are mean values _t S.E.M. for the cumulative secretion 
of sterols by the perfused liver. Samples of perfusate were 
taken at time 0 and after 1. 2 and 3 hr of perfusion. The output 
of sterols at time 0 was subtracted from the cumulative 
secretion. Except for the secretion of slow-acting sterols after 
the first hour of perfusion. all other ‘comparisons between 
groups with or without oleic acid are significant at P < 0.05 
by Student’s f-test. Numbers in parentheses indicate the 

number of observations for each point. 
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Fig. 2. Relationship between the secretion of slow-acting and 
fast-acting sterols by perfused livers treated with AY-9944. 
The data shown are the molar ratios of slow-acting sterols 
(pmoles/g of liver) secreted~fast-acting sterois (iimoles/g of 
liver) secreted at different time periods of perfusion catculated 
from Fig. 1. Data are mean values & S.E.M., and differences 
between experiments with or without oleic acid at all three 
periods of determination are significant at P < 0.05. as deter- 
mined by Student’s l-test. Numbers in parentheses indicate 

the number of observations for each point. 

RESULTS 

The effect of oleic acid on the cumulative secretion of 
sterols by the perfused liver is shown in Fig. 1. In 
agreement with previous reports [ 10, 111, the addition 
of oleic acid elevated the secretion of sterols by the 
liver. The perfused liver secreted both the fast-acting 
and the slow-acting sterols. The secretion of both of 
these fractions was stimulated by oieic acid. The rela- 
tionship between the secretion of slow-acting and fast- 
acting sterols is shown in Fig. 2. As the secretion of the 
fast-acting sterols is increased, the secretion of slow- 
acting sterols is reduced. The ratio of slow-acting/fast- 
acting sterols decreases by about 50 per cent after each 
hour of perfusion. The final ratio after 3 hr of perfusion, 
15.9 + 1.5 for experiments without oleate and 
6.3 + 0.9 for experiments with oleate, is similar to the 
ratio of slow-acting/fast-acting sterols for the liver in 
the respective groups (B/A, Table 1). 

The effect of oleic acid on the amount of fast-acting 
and slow-acting sterols in the liver is shown in Table 1. 
In agreement with previous reports [ 10 1. the addition of 
oleic acid does not alter either the total amount of 
stcrols in the liver (A + B. Table 1) or the amount of 
cholesterol, slow-acting sterols (B. Table 1). The con- 
centration of fast-acting sterols in the liver. on the other 
hand, is elevated in experiments with oleic acid (A. 
Table 1). 
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Table 1, Concen~ation of fast-aping and slow-acting sterols in perfused liver treated with 
AY-9944 * 

Fast-acting Slow-acting 
sterols (A) sterols (B ) Total sterols Ratio 

Group Qonoles/g liver) (flmoles/g liver) (A + B) (B/A) 

(I) Oleic acid 
omitted (6) 0.32 li 0.29 3.81 i_ 0.19 4.08 + 0.23 12.24 i 1.08 

(II) Oleic acid 
added (6) 0.6 1 f 0.50 3.85 + 0.26 4.46 + 0.28 6.53 k 0.53 

Statistics 
I vs II < 0.005 NS NS < 0.005 

* Data shown are mean values i S.E.M. The values are obtained from livers after 3 hr of 
perfusion in the presence of 1 x lo-’ M AY-9944. Numbers in parentheses represent the number 
of observations. The significance ofdifferences was determined by Student’s r-test. NS represents 
a P value greater than 0.05. 

The relationship between the secretion of fast-acting 
sterols (y) and the activity of microsomal HMG-CoA 
reductase (x) can be described by the linear regression 
line y = -0.003 + 0.16x (r2 = 0.77,~ < 0.05). This is 
in agreement with the correlation between the secretion 
of cholesterol and the activity of HMG-CoA reductase 
reported previously ! 111. In addition, linear correlation 
between the secretion and the synthesis of fast-acting 
sterols (Fig. 3) and the latter with the activity of HMG- 
CoA reductase (Fig. 4) can be observed. 

DISCUSSION 

The addition of AY-9944 (1 x IO-’ M) resulted in 
the secretion and accumulation of fast-acting sterols in 
the isolated perfused rat liver. The concentration of AY- 
9944 used in this study is 10 times the amount required 
to inhibit, by 98 per cent, the conversion of sterol 
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Fig. 3. Correlation between synthesis and secretion of fast- 
acting sterols in perfused livers treated with AY-9944. The 
data shown are the individual experiments reported in this 
manuscript. The amount of fast-acting sterols secreted is the 
cumulative output of the liver after 3 br of perfusion (Fig. 1). 
The amount of fast-acting sterols synthesized is the sum ofthe 
cumulative output after 3 hr of perfusion (Fig. 1) and the 
amount found in the liver (Table 1, A) after perfusion. 

Correlation is determined by linear regression analysis. 

intermediates to cholesterol in liver homogenate I31. 
The action of AY-9944 on the appearance offast-acting 
sterols is fairly rapid; fast-acting sterols can be detected 
in the perfusate 20 min after the addition of AY-9944. 
These features and the solubility of AY-9944 in water 
make AY-9944 an attractive alternative to the use of 
triparanol as a tool in studying the cholesterogenesis of 
the perfused liver, by measuring the accumulation of 
sterol intermediates. 

On the basis of the mechanism of action of AY-9944 
f 3 f, the fast-acting sterols would represent 7-dehydro- 
cholesterol, which accumulates in the presence of the 
inhibitors. The amount of fast-acting sterols observed, 
however, may be an over-estimation for the amount of 
7-dehydrocholesterol, a 4’ sterol, especially in the liver. 
In addition to 7-dehydrocholesterol, other A’. A58 ’ 
sterols and peroxides of sterols may react similarly with 
Liebermann-Burchard reagent [ 6, 15. 161. The 
amount of sterols other than 7-dehydrocholesterol 
measured as fast-acting sterols may be small since the 
amount of fast-acting sterol in the rat liver before 
perfusion is 0.07 + 0.01 Fmole/g of liver (n = 6) as 
compared to 0.32 + 0.29 and 0.6 I + 0.50 f*mole/g of 
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Fig. 4. Correlation between the synthesis offast-acting sterols 
and the activity of microsomal HMG-CoA reductase. The 
data shown are the individual experiments reported in the 
manuscript. The calculation for the synthesis of fast-acting 
sterols is given in the legend of Fig. 3. Correlation is deter- 

mined by linear regression analysis. 
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liver after perfusion in the presence of AY-9944 with- 
out or with oleic acid respectively (Table I). Despite 
this, the increase in the secretion and in the synthesis of 
fast-acting sterols in the perfused liver by oleic acid is in 
agreement with the reported increases m the secretion 
and synthesis of cholesterol estimated by isotopic 
methods I IO. I I I. 

In the perfused liver, the appearance of fast-acting 
sterols would represent newly synthesized cholesterol. 
The slow-acting sterol. cholesterol. would represent 
cholesterol which is in the liver before the addition of 
AY-9944. Assuming the metabolism offast-acting ster- 
01s. or 7-dehydrocholesterol. is similar to that of choles- 
terol. then the level of fast-acting sterols can be used to 
indicate this distribution of newly synthesized choles- 
terol and the total mass of fast-acting sterols. as an 
estimate of cholesterogenesis. Consequently. oleic acid 
stimulated the secretion of both newly synthesized and 
preformed cholesterol (Fig. 1) and the proportion of the 
preformed cholesterol was reduced as perfusion contin- 
ued (Fig. 2 ). The total amount of fast-acting sterols. the 
sum of liver plus perfusate after 3 hr of perfusion, is 
0.33 rt 0.03 and 0.66 It 0.06 pmole/g of liver 
(P < 0.005) for experiments in the absence or presence 
of oleic acid respectively. Assuming that the total 
amount of fast-acting sterols. in these experiments. 
represents cholesterogenesis by the perfused liver. oleic 
acid stimulated hepatic cholesterogenesis by 100 per 
cent after 3 hr of perfusion. This is comparable to a 150 
per cent increase in cholesterogenesis measured by the 
incorporation of tritium (‘H,O) into cholesterol I IO1 
and, separately 1 I 1 I. by a 140 per cent increase in 
cholesterogenesis measured by the activity of HMG- 
CoA reductase. the rate-limiting enzyme of cholestero- 
genesis. In both of these experiments. livers were per- 
fused for 4 hr with the same amount of oleic acid added. 
In the present experiments. the activity of HMG-CoA 
reductase of microsomes isolated from the same liver 
also showed a 1 10 per cent increase in activity which 
correlates with the synthesis of fast-acting sterols (Fig. 
4). Apparently. the level of fast-acting sterols and the 
activity of microsomal HMG-CoA reductase can be 
used concurrently to estimate cholesterogenesis in the 
same perfused liver. 

Currently the most widely used method to measure 
the activity of HMG-CoA reductase is the isotopic 
method employing I “C IHMG-COA as substrate and 
I ‘H lmevalonic acid as internal standard I 171. While 
there are spectrometric methods of measuring the activ- 
ity of the enzyme I 18. 191. the sensitivity of these 
methods is low I I8 I. The isotopic method of measuring 
the activity of the enzyme makes it difficult to use. 
concurrently. the incorporation of another isotope. 
such as IZH lwater or I ‘T loctanoate 1201. into choles- 
terol, as an additional estimate of cholesterogenesis. 
Cholesterogenesis, when estimated by the isotopic 
measure of the activity of the enzyme and the incorpo- 
ration of radioactive precursors into cholesterol, has 

GOH 

been determined in duplicate samples of the tissue 
12 1. 221. The spectrometric analysis of sterol interme- 
diates after treatment with AY-9944 may be a useful 
alternative in cases where two different isotopic meth- 
ods were used to estimate cholesterogenesis I 2 I. 22 I. in 
cases where radioactive measurement of the activity of 
the enzyme disassociates from the incorporation of an 
isotope into cholesterol I 2 I. 22 I, and where the activity 
of the enzyme may be altered in the isolation of micro- 
somes I 131. 

Acknowledgemenfs-The AY-9944 was a generous gift from 
Dr. D. Dvornik. Associate Director of Research. Ayerst 
Research Labs. Montreal. Canada. This work was supported 
in part by a Pharmaceutical Manufacturers Association 
Foundation Starter Grant and by a Grant-in-Aid from the 
American Heart Association. with funds contributed in part 
by the American Heart Association. Indiana Affiliate. 

REFERENCES 

1. D. Dvornik. M. L. Givner and J. G. Rochefort. Circ~la- 

2. 

3 

4. 

5. 

6. 

I. 
8. 

9. 

10. 

I I. 

12. 

13. 

14. 
15. 
16. 
Il. 

18. 
19. 

20. 

21. 

22. 

lion 32 (suppl. II;. 10 (19653. 
M. L. Givner. J. G. Rochefort and D. M. Dvornik. 
Circulation 34 tsuppl. III). I2 (1966i. 
D. Dvornik in Progress in Endocrinology (Ed. Carlos 
Gual i. p. 803. Excerpta Medica Foundation. Amsterdam 
(1969). 
M. L. Givner and D. Dvornik. Biochem. Pharmac. 14. 
611 (19653. 
B. J. Horton. J. D. Horton and J. R. Sabine. Biochim. 
biophvs. Acta 239. 474 ( 197 1 i. 
P. R. Moore and C. A. Baumann.J. biol. Chem. 195.6 15 
t 1952). 
J. R. Sabine. Eur. J. Cancer 12. 299 (1976,. 
B. J. Horton and J. R. Sabine. Eur. J. Cancer 7. 459 
(19711. 
B. J. Horton. J. D. Horton and J. R. Sabine. Eur-. J. 
Cancer 9. 513 (1973). 
E. H. Goh and M. Heimberg. Biochem. biophw. Res. 
Commun. 55. 382 (1973). 
E. H. Goh and M. Heimberg. J. biol. Chem. 252. 2822 
(19771. 
M. Heimberg. I. Weinstein. H. Klausner and M. L. 
Watkins. Am. J. Ph>>siol. 202. 353 (1962). 
J. L. Nordstrom. V. W. Rodwell and J. J. Mitschelsen J. 
biol. Chem. 252. 8924 (1977;. 
E. Kim and M. Goldberg. Clin. Chem. 15. I I7 1 ( 1969 i. 
D. Dvornik and P. Hill. J. Lipid Rex 9. 587 (1968;. 
R. P. Cook. Ana~vst 86. 373 (1961 i. 
D. J. Shapiro. J. L. Nordstrom. J. J. Mitschelen. V. W. 
Rodwell and R. T. Schimke. Biochim. biophxs. Acta 370. 
369 (1974). 
Y. A. Baqir and R. Booth. Biochem. J. 164.508 ( 19771. 
F. H. Hulcher and W. H. Oleson. J. Lipid Res. 14. 625 
(1973J. 
J. M. Dietschy and M. S. Brown. J. Lipid Res. 15. 508 
(1974). 
W. R. Bensch. T. S. Ingebritsen and E. R. Diller. 
Biochem. biophp. Res. Commun. 82. 247 (197X ). 
D. Johnston. W. K. Cavenee. C. K. Ramachandran and 
G. Melnykovych. Biochim. biophys. Acta 572. 188 
(1979i. 


