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SUMMARY 

Short-term (O-l h) incubations of rat hepatocytes with oleate (2 mM) resulted 
in a decrease in the rate of cholesterol synthesis compared to controls incubated 
in the absence of fatty acid. However, during this period the activity of hydroxy- 
methylglutaryl coenzyme A (HMG-CoA) reductase was higher in the oleate-incubated 
cells. After longer incubation periods in the presence of oleate there was a 
higher rate of cholesterol synthesis than in the corresponding non-oleate controls 
and HMG-CoA reductase activity remained elevated. This biphasic effect provides an 
explanation for previous contradictory reports concerning the effect of exogenous 
fatty acids on the rate of cholesterol synthesis in liver. The present studies also 
suggest that in some physiological situations, the rate of cholesterol synthesis is 
determined by substrate supply rather than by HMG-CoA reductase activity. 

Exogenous free fatty acids (or their CoA derivatives) regulate hepatic fatty 

acid biosynthesis partly by controlling the activity of acetyl-CoA carboxylase 

(EC 6.4.1.2.) the enzyme which commits acetyl-CoA exclusively to fatty acid bio- 

synthesis (1,2). In addition, the supply of cytosolic acetyl-CoA itself is also 

decreased by the fatty acid-induced inhibition of pyruvate dehydrogenase (EC 1.2.2.2.) 

(3,4) and ATP citrate lyase (EC 4.1.3.8.) (5,6). However, cytosolic acetyl-CoA is 

also the precursor of cholesterol and any decrease in its rate of supply might be 

expected to influence the rate of hepatic cholesterogenesis. In fact, it has been 

reported on several occasions that free fatty acids decrease the rate of cholesterol 

synthesis in liver in vitro (7-9). -__ Whether this inhibition arises solely as a 

result of substrate withdrawal or whether exogenous fatty acid also inhibits 

hydroxymethylglutaryl CoA reductase (HMG-CoA reductase) (EC 1.1.1.34.), generally 

considered to be the rate limiting enzyme for cholesterol synthesis, is presently 

unknown. In other studies, however, exogenous oleate was reported to increase 
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the rate of cholesterol biosynthesis and the activity of HMG-CoA reductase in 

liver (10-12). The present work was undertaken partly in order to explain these 

apparently contradictory effects of fatty acid and also to investigate the 

precise effects of exogenous oleate on the availability of substrate for 

cholesterol biosynthesis. 

MATERIALS AND METHODS 

The housing and treatment of animals, preparation of isolated hepatocyte 
suspensions and incubation procedures have been described previously (13,14). 
The final cell preparation was suspended in a solution containing glucose (11.1 mM), 
amino acids (15) and bovine serum albumin (1.1%) in Krebs-Henseleit (16) calcium 
and bicarbonate buffer (pH 7.4). After addition of triparanol (final concentration 
2 PM) this was the standard incubation medium. Solutions of albumin-bound sodium 
oleate were prepared according to the method of Van Harken et al. (17) and added to 
the suspended hepatocytes such that the final oleate concentration was 2.0 mM. 

The absolute rate of sterol synthesis in the cells was determined by measuring 
the weight of desmosterol (cholesta-5,24-dien-36-01) which accumulates in the cells 
over a given period of time in the presence of triparanol as described previously 
(13,14). Manipulative losses incurred during the extraction and purification of 
desmosterol (isolated as desmostenone, cholesta-4,24-dien-3-one) were accounted 
for by the addition of [26,27-"Cldesmosterol (10,000 dpm) as internal standard. 
The relatively low mass (12-15 ng) associated with this added label was subtracted 
from the total mass of the desmosterol derivative measured by gas-chromatography. 

The activity of HMG-CoA reductase in the cells was determined using the whole 
cell homogenate (18). Before assay the cell homogenate was preincubated for 20 min 
at 37'C in the absence of cofactors and substrate. The rate of fatty acid synthesis 
by the hepatocytes was determined by measurement of incorporation of 3H into the 
fatty acid fraction isolated after incubation in the presence of 3H,0 (final 
specific radioactivity 146 dpm/nmol) (19). 

The sources of materials used in the present work have been described elsewhere 
(13,14). In addition, glucose 6-phosphate, glucose 6-phosphate dehydrogenase, NADP, 
sodium oleate and fatty acid-free bovine serum albumin were obtained from the Sigma 
Chemical Co, St. Louis, MO, USA. [26,27-'4C]desmosterol, 3RS-[3-'4C]hydroxymethyl- 
glutaryl-CoA and 3RS-[2-3H]mevalonic acid were obtained fromThe Radiochemical 
Centre, Amersham, Bucks, UK. 

RESULTS AND DISCUSSION 

Liver cells were incubated in the standard medium either in the presence or 

absence of oleic acid (2 mM). Aliquots (1.0 ml) of the cell suspensions were 

removed at hourly intervals for a total of 4 h and the mass of newly synthesised 

sterol was measured at each time interval. The results are shown in Figure 1. 

In both types of incubation, the rates of synthesis during the first hour were 

lower than those observed at subsequent hourly intervals. In addition, in the 
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1. Fig. Effects of oleate and time on the rate of sterol biosynthesis. 
Hepatocyte suspensions (6.9 mg protein/ml, total volume 15.0 ml) were incubated 
in the standard medium either in the absence or presence of oleate (2 mM). 
Portions (1.0 ml) of the cell suspensions were removed at hourly intervals and 
the rate of sterol synthesis was determined. 

presence of oleate, during the first hour of incubation, sterol synthesis was 

suppressed to a level only 25 % of that which occurred in its absence. During 

the second, third and fourth hours of incubation, however, sterol synthesis was 

stimulated to a greater extent in the presence of oleate so that at longer time 

periods the rate exceeded that observed in the corresponding control incubations. 

In a similar experiment, hepatocytes were incubated in the presence of 3H,0 

and samples were removed at hourly intervals to determine incorporation of 3H into 

fatty acids. The results are presented in Table 1 and show a continuing suppress- 

ion of fatty acid synthesis by oleate for at least 4 h of incubation. 

Other, similar experiments were carried out in which both the activity of 

HMG-CoA reductase and the rate of sterol synthesis were measured at hourly inter- 

vals in the presence or absence of oleate (2 mM). The results of these experiments 

are summarised in Figure 2. Changes in the rate of sterol synthesis observed in 

the presence of oleate during a particular hourly period are expressed as weights 

of sterol produced as a percentage of that formed during the same period in the 

absence of exogenous fatty acid. Changes in the activity of HMG-CoA reductase 

are expressed in a similar way. 
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Table 1. Effect of oleate on fatty acid biosynthesis. 

Suspensions of hepatocytes were incubated in the standard medium containing 
3H,0 (146 dpm/nmol) either in the absence or presence of oleate (2 mM). At 
hourly intervals, portions (1.0 ml) of the cell suspensions were removed and 
the incorporation of 3Hz0 into fatty acids was determined. The total volume 
of each incubation was 15.0 ml containing 4.0 mg of cellular protein per ml. 
The incubations were conducted for a maximum of 4 h at 37'C with shaking 
( -70 oscillations per min). 

Incubation Accumulated incorporation of 
time 'Hz0 (nmol) into fatty acids 
(W Oleate absent Oleate present 

Oleate present 
Oleate absent 

(%I 

1 163.8 16.5 10.1 

2 432.5 116.5 26.9 

3 710.1 111.0 15.6 

4 879.3 179.5 20.4 

The most striking feature of Figure 2 is the biphasic effect of oleate on 

the rate of sterol biosynthesis. This confirms the results expressed in Figure 1 

and provides evidence for a significant decrease in the rate during the first 

hour of incubation, whilst during the fourth hour of incubation the rate was 

increased compared to the non-oleate controls. This initial inhibitory effect of 

oleate is in agreement with previous reports concerning the effects of fatty acids 

on sterol synthesis in perfused liver (8), liver slices (9) and liver cells (7). 

The present results also show, for the first time, that this decrease in the rate 

of sterol synthesis is not accompanied by a corresponding decline in the activity 

of HMG-CoA reductase. It is probable therefore that during this period the rate 

of sterol synthesis is regulated exclusively by the supply of pre-mevalonate 

substrates. In this respect, the rate of production of cytosolic acetyl-CoA, the 

precursor of both fatty acids and sterols is decreased by exogenous fatty acids 

or their metabolic products. This is due to inhibition of pyruvate dehydrogenase 

(3,4) and ATP-citrate lyase (5,6) and is part of the complex process by which 

dietary fatty acids regulate endogenous hepatic fatty acid biosynthesis. Although 

the initial decrease in sterol synthesis could be explained in these terms alone, 

the effect of fatty acids on the activities of other enzymes which supply HMG-CoA 

reductase with substrate, namely HMG-CoA synthase and acetoacetyl-CoA thiolase, 
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Incubation me(h)- 

Fig. 2. Relative effects of oleate on the rate of sterol synthesis and 
HMG-CoAPeductase activitv after different ueriods of incubation. Heuatocvte 
suspensions (total volume; 15.0 ml) were in&bated in the standard medium. 
either in the absence or presence of oleate (2 mM). Portions of the cell 
suspensions were removed at hourly intervals and the rate of sterol synthesis 
and the activity of HMG-CoA reductase were determined. The activity of the 
reductase was also measured immediately before incubation (zero time). The 
results are expressed as rates of synthesis or enzymic activity in the presence 
of oleate as a percentage of the values observed at the same time in the absence 
of oleate. Each point represents the average of the results obtained from the 
liver cells of at least three separate animals together with the corresponding 
SEM. U BMG-CoA reductase - Sterol synthesis 

is currently unknown. The importance of these enzymes in the co-ordinated regul- 

ation of cholesterogenesis is becoming increasingly widely recognised (20-22). 

The stimulatory effect of oleate on the activity of HMG-CoA reductase, even 

during periods of low cholesterol synthesis, is enigmatic. It resembles, in some 

aspects, the contrasting effects of the fungal metabolite ML-236B, also known as 

compactin (23),on the activity of HMG-CoA reductase and the overall rate of sterol 

biosynthesis. This compound is a potent inhibitor of HMG-CoA reductase (24,25) 

which results in a decreased rate of cellular sterol biosynthesis. However, in 

cells or animals pre-treated with compactin the levels of HMG-CoA reductase were 

dramatically elevated (26-28). This effect has been ascribed to an induction of 
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synthesis of HMG-CoA reductase protein in response to a deprivation of terpenoid 

and steroid products of mevalonic acid metabolism which results from enzyme inhi- 

bition in the intact cells. Upon cell disruption, the inhibitor is diluted out 

and this latent activity becomes apparent. In the present work, oleate also gave 

rise to a temporary decrease in the supply of substrate for terpenoid and steroid 

synthesis and this was apparent from the early decrease in the rates of cholesterol 

synthesis (Figures 1 and 2). It appears that HMG-CoA reductase responds to this 

deprivation of post-mevalonate metabolites in a way similar to that observed with 

compactin. 

During longer incubation periods the short-term inhibitory effect of oleate on 

sterol synthesis was overcome to such an extent that during the fourth hour of 

incubation more sterol was synthesised in the presence of oleate than in its absence. 

This is consistent with those studies in which longer-term perfusions (upto 4 h) of 

rat liver with oleate gave rise to an increase in the rate of cholesterol synthesis 

and HMG-CoA reductase activity (10-U). Thus the precise effects of exogenous fatty 

acids upon the rate of sterol synthesis in liver depend upon the length of time 

during which the fatty acid is available to the liver cell. 

The mechanism by which cholesterol synthesis recovers over the longer term is 

obscure. That this is not due to a removal of the inhibitory effect by metabolism 

of the added oleate is clear from the continued suppression of fatty acid biosynth- 

esis (Table 1). Since HMG-CoA reductase activity in the oleate-incubated cells is 

at all times higher than in the controls, the recovery appears to be due to an 

increase in the availability of pre-mevalonate substrates of sterol synthesis. This 

amount will be determined by the relative activities of enzymes such as pyruvate 

dehydrogenase, ATP citrate lyase and acetyl-CoA carboxylase and by the primary meta- 

bolic pathway by which the bulk of substrate is produced. Under normal circumstances, 

the liver derives much of its acetyl-CoA by glycogenolysis (29,30). In the presence 

of exogenous fatty acid, however, a large proportion of the cellular acetyl-CoA is 

derived by B-oxidation. Changes in the rate of supply of substrate for cholestero- 
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genesis may reflect the time required for the cell to adapt enzymically to the 

utilisation of fatty acids rather than carbohydrate for acetyl-CoA production. 
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