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Abstract The mechanism for the reduced hepatic produc- 
tion of triacylglycerol in the presence of eicosapentaenoic 
acid was explored in short-term experiments using cultured 
parenchymal cells and microsomes from rat liver. Oleic, 
palmitic, stearic, and linoleic acids were the most potent 
stimulators of tria~yl[~H]glycerol synthesis and secretion by 
hepatocytes, whereas erucic, a-linolenic, y-linolenic, arach- 
idonic, docosahexaenoic, and eicosapentaenoic acids (in 
decreasing order) were less stimulatory. There was a linear 
correlation (r= 0.85, PcO.01) between synthesis and secre- 
tion of tria~yl[~H]glycerol for the fatty acids examined. The 
extreme and opposite effects of eicosapentaenoic and oleic 
acids on triacylglycerol metabolism were studied in more 
detail. With increasing number of free fatty acid molecules 
bound per molecule of albumin, the rate of synthesis and 
secretion of tria~yl[~H]glycerol increased, most markedly for 
oleic acid. Cellular uptake of the two fatty acids was similar, 
but more free eicosapentaenoic acid accumulated intracel- 
lularly. Eicosapentaenoic acid caused higher incorporation 
of ['Hlwater into phospholipid and lower incorporation into 
triacylglycerol and cholesteryl ester as compared to oleic 
acid. No difference was observed between the fatty acids on 
incorporation into cellular free fatty acids, monoacylglycerol 
and diacylglycerol. The amount of some 16- and 18-carbon 
fatty acids in triacylglycerol was significantly higher in the 
presence of oleic acid compared with eicosapentaenoic acid. 
Rat liver microsomes in the presence of added 1,2-dioleoyl- 
glycerol incorporated eicosapentaenoic acid and eicosapen- 
taenoyl-CoA into triacylglycerol to a lesser extent than oleic 
acid and its CoA derivative. Decreased formatiop of triacyl- 
glycerol was also observed when eicosapentaenoyl-CoA was 
given together with oleoyl-CoA, whereas palmitoyl-CoA, 
stearoyl-CoA, linoleoyl-CoA, linolenoyl-CoA, and arachi- 
donoyl-CoA had no inhibitory effect. I In conclusion, 
inhibition of acyl-CoA: 1,2-diacylglycerol O-acyltransferase 
(EC 2.3.1.20) by eicosapentaenoic acid may be important for 
reduced synthesis and secretion of triacylglycerol from the 
liver.-Rustan, A.C., J.0. Nossen, E.N. Christiansen, and 
C.A. Drevon.Eicosapentaenoic acid reduces hepatic synthe- 
sis and secretion of triacylglycerol by decreasing the activity 
of acyl-coenzyme A: 1,2diacylglycerol acyltransferase.]. Lipid 
Res. 1988. 29~1417-1426. 
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Plasma levels of triacylglycerol and very low density 
lipoprotein (VLDL) are lower in Eskimos than in healthy 
Danes, although both populations have a quantita- 
tively similar intake of dietary fat (1). This is due to a 
high amount of saturated fatty acids in the Danish 
diet, whereas the Eskimos consume much polyunsa- 
turated fatty acids of the n-3 family (2). Results of 
clinical trials with both hyper- and normolipidemic 
subjects support the idea that these fatty acids have a 
li pid-lowering effect (3,4). 

Humans consuming diets rich in vegetable polyun- 
saturated fatty acids (the n-6 family) have plasma 
triacylglycerol levels between those observed in Eski- 
mos and Danes (5). Dietary studies reveal that n-6 
fatty acids also have a triacylglycerol-lowering effect, 
although they are less potent than marine (n-3) fatty 
acids (5-8). 

The mechanism for lowering plasma triacylglycerol 
by polyunsaturated fatty acids may be explained by 
increased removal andor diminished production of 
lipoprotein particles (9-13). At present, most evidence 
supports the notion that n-3 fatty acids decrease hepatic 
production of VLDL. In human turnover studies, it 
has been shown that polyunsaturated n-3 fatty acids 
decrease formation of VLDL-triacylglycerol ( 12), 
VLDL-apolipoprotein B (8), and LDL-apolipoprotein 

Abbreviations: VLDL, very low density lipoprotein; CoA, coen- 
zyme A (CoASH); LDL, low density lipoprotein; TLC, thin-layer 
chromatography. 
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B (13). Moreover, purified eicosapentaenoic acid (20:5, 
n-3) has recently been reported to inhibit secretion 
of VLDL-triacylglycerol from cultured rat hepatocytes 
by decreasing cellular triacylglycerol synthesis (14,15). 
Reduced VLDL-triacylglycerol secretion was not an 
effect of this fatty acid on the secretory pathway per se 
(14). Data suggest that eicosapentaenoic acid is a poor 
substrate for triacylglycerol synthesis, and it reduces 
the stimulatory effect of oleic acid on synthesis and 
secretion of triacylglycerol(l4). The goal of the pres- 
ent study was to elucidate the mechanism for reduced 
synthesis of triacylglycerol in the presence of eicosa- 
pentaenoic acid during short-term incubations. The 
effects of eicosapentaenoic (20:5, n-3) and oleic acid 
(1 8: 1, n-9) on some aspects of cellular lipid metabo- 
lism were extensively studied to explore what level of 
triacylglycerol synthesis is affected by eicosapentae- 
noic acid. In addition, we have compared the effects 
of eicosapentaenoic acid and some other fatty acids 
on synthesis and secretion of triacylglycerol by cul- 
tured rat hepatocytes. We present data indicating that 
eicosapentaenoic acid per se inhibits the activity of acyl- 
CoA: 1,2-diacylglycerol acyltransferase (EC 2.3.1.20) 
and thereby decreases synthesis of triacylglycerol. 

MATERIALS AND METHODS 

Chemicals 
Arginine-free Dulbecco's modified Eagle's medium, 

newborn calf' serum, and gentamicin (10 mg/ml) were 
obtained from Flow Laboratories, Irvine, Ayrshire, 
U.K. The medium was supplemented with ornithine 
(0.5 mM), 4-(hydroxyethyl)-l-piperazine-ethanesul- 

chemicals and solvents were high purity commercial 
materials. 

Preparation of cultured hepatocytes 
Hepatocytes were prepared from male a!bino rats 

(200-300 g, Wistar) fed an ordinary pellet diet and 
water ad libitum. In short, the rats were anesthetized 
with barbiturates, and the hepatocytes were isolated 
by collagenase perfusion, washed, and plated in Dul- 
becco's modified Eagle's medium containing newborn 
calf serum (20%), insulin, and gentamicin (16). 

Experiments with cultured hepatocytes 
After 20 hr incubation, the cells were changed to 

serum-free Dulbecco's modified Eagle's medium con- 
taining glucose (12.5 mM), fatty acids bound to albu- 
min, and the compounds indicated in legends to fig- 
ures and tables. The protein content of each culture 
dish was determined using bovine serum albumin as 
standard (17). 

Triacylglycerol measurement; isotope studies 
It has been shown that more than 95% of the tria- 

~yl[~H]glycerol secreted into the medium by cultured 
rat hepatocytes is recovered in the VLDL fraction 
(d< 1.006 g / d )  (18). Triacyl[SH]glycerol in the medium 
was therefore used as an estimate for VLDL-triacyl- 
glycerol secretion. Moreover, when [3H]glycerol and 
oleic acid (1 mM) are added to the culture medium, 
hepatocytes secrete tria~yl[~H]glycerol in a linear man- 
ner for at least 2 hr (18). Medium and cellular tria- 
~yl[~H]glycerol were measured after extraction and 
separation as described elsewhere (18). 

fonic acid (HEPES) (lo m')? and NaHC03 (Z4 niM) Measurement of i n ~ c e l l u ~  labled lipids 
from Sigma Chemical Co., St. Louis, MO. [1,2,3- 
3H]Glycerol (200 Ci/mol), [3H]water (18 Cihol), [U- 
1 4 ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~  acid (2 12 cymol), [ u - I ~ c I ~ ~ ~ ~ ~  
acid (goo cymol), and [ I ~ c ] ~ ~ ~ ~ ~ ~ - c ~ A  (58.7 cilmo1) 
were obtained from New England Nuclear, Dreieich, layer (TLC)* 

Incorporation of [3H]water and ["C] fatty acid into 
cell-associated lipids was determined by liquid scintil- 
lation after extraction (19) and separation by thin- 

F.R.G. 1,2-Di-[ 1 -14C]oleoyl-s~glycerophosphocholine 
(105 Ci/mol) was purchased from Amersham Inter- 
national, Amersham, Bucks., U.K. Collagenase (type 
l), bovine insulin, oleic acid, eicosapentaenoic acid (ca. 
90% pure; as evaluated by gas-liquid 'chromato- 
graphy the main impurities were stearic and oleic acid), 
the other fatty acids, 1,2-dioleoylglycerol, 1,2-dioleoyl- 
sn-glycerophosphocholine, and bovine serum albumin 
(essentially fatty acid-free) were from Sigma Chemical 
Co. Phospholipase C (grade I) from Bacillus cereus (EC 
3.1.4.3.) was obtained from Boehringer Mannheim, 
Mannheim, F.R.G. Tissue culture ' dishes were sup- 
plied by Costar, Cambridge, MA. Thin-layer chro- 
matography plates (Silica gel F 1500) were purchased 
from Schleicher & Schuell, Dassel, F.R.G. All other 

Fatty acid pattern of cells and media 
Triheptadecanoin (20 pg) was added to cells and 

media as internal standard before extraction (19) and 
isolation of triacylglycerol. The triacylglycerol spots 
on TLC plates were visualized by fluorescein, scraped 
into vials, redissolved in 2 ml benzene, and methylated 
by overnight incubation in 2 ml methanolic HCl(3 N) 
and 200 ~12,2dimethoxypropane. The mixtures were 
neutralized by 4 ml NaHC03 (0.7 M) and extracted 
twice with 2 ml n-hexane. After evaporation of the 
solvent, the lipids were redissolved in 2.0 ml n-hexane, 
and an aliquot was injected into the gas-liquid chro- 
matograph (Carlo Erba Strumentazione, Fractovap 
Series 2 150), which was equipped with an apolar cap- 
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illary column (CP Si1 19 CB, length 50 m, diameter 
0.2 mm); the carrier gas was helium (flowrate: 0.5 mV 
min). The oven temperature was programmed to rise 
from 200°C to 260°C at 0.5 "C/min. Retention times 
and peak areas were automatically computed by a 
Hewlett-Packard 3390 A integrator. Identification of 
the individual methyl esters was performed by fre- 
quent comparison with authentic standard mixtures 
analyzed under the same conditions. 

Uptake of fatty acids by hepatocytes 
Cellular uptake of radioactive eicosapentaenoic and 

oleic acids was determined after trichloroacetic acid 
precipitation as outlined elsewhere (14). 

Assay of acyl-CoA: 1,t-diacylglycerol 
acyltransferase 

Rat liver microsomes were prepared as described 
elsewhere (20) and stored at - 70°C. Three different 
methods were used to measure esterification of dia- 
cylgl ycerol. 

Method 1, using labeled fatty acid, was based on an 
acyl-CoA generating system (21,22). The incubations 
were performed at 37°C in 200 p1 of potassium phos- 
phate buffer (0.1 M, pH 7.4) containing 1,2-dioleoyl- 
glycerol (150 p ~ )  dissolved in ethanol (lo%, v/v, final 
concentration), dithiothreitol (2 mM), ATP (2 mM), 
MgCl, (4 mM), CoA (0.2 mM), microsomes, and [I4C]fatty 
acid (0.5 pCb"1, 100 p ~ )  bound to defatted bovine 
serum albumin (90 p ~ ) .  

Method 2, using preformed labeled acyl-CoA (23), 
was performed as described elsewhere (24). Enzyme 
activity was assayed at 23°C in 500 pl of Tris-buffer 
(175 mM, pH 7.8) containing 1,2-dioleoylglycerol(l25 
p ~ )  dissolved in ethanol (lo%, v/v, final concentra- 
tion), bovine serum albumin (15 p ~ ) ,  MgCI2 (8 mM), 
microsomes, and [14C]acyl-CoA. 

Method 3, using labeled diacylglycerol, was per- 
formed as outlined in Method 2. 1,2-Di[l- 
14C]oleoylglycerol was prepared from 1,2-di[ 1 - 
L4C]oleoyl-sn-glycerophosphocholine by treatment with 
purified phospholipase C as described elsewhere (25). 
More than 90% of the labeled phosphatidylcholine 
was converted to 1,2-dioleoylglycerol by this method. 
The dioleoylglycerol was isolated and purified by thin- 
layer chromatography (n-hexane4iethyl ether-acetic 
acid 80:20: 1, (v/v/v), redissolved in absolute ethanol 
and stored at -70°C. Greater than 98% of the I4C- 
labeled material migrated similar to 1,2-dioleoylgly- 
cerol. Acyl-CoA: 1,2-diacylglycerol acyltransferase 
activity measured by this method closely agreed with 
method 2, and was linear with protein up to 20 Fg 
and with time up to 15 min when oleoyl-CoA was used 
as substrate (data not shown). The incubations were 
terminated by adding 20 volumes of chloroform- 

methanol 2:l (v/v) (19). Serum (20 p1) was added to 
supply triacylglycerol as unlabeled carrier. After 
extraction, the residual lipids were redissolved in n- 
hexane and applied to TLC plates. Radioactivity in 
triacylglycerol was measured by liquid scintillation 
spectrometry. 

Presentation of results 
Results are presented as mean 2 SD of at least 

triplicate samples representative for three or more 
separate experiments. Radioactivity incorporated into 
triacylglycerol (and other lipid classes) was divided by 
the specific radioactivity of the precursor in the incu- 
bation medium. The counting efficiencies for 3H and 
I4C were 54 and BO%, respectively, and quenching was 
similar in all experiments. 

statistics 
The data were analyzed by the Mann-Whitney non- 

parametric test (one-tailed) (MINITAB statistical pro- 
gram, Minitab, Inc., State College, PA). Linear least 
squares analysis was determined using MINITAB. 

RESULTS 

Effects of different fatty acids on synthesis and 
secretion of tria~yl[~H]glycerol 

We first examined the effect of different fatty acids 
on the incorporation of [SH]glycerol into synthesized 
and secreted triacylglycerol. Oleic (18: 1, n-9), palmi- 
tic (16:0), and linoleic (18:2, n-6) acids had a stimu- 
latory effect (300-600%) on synthesis and secretion 
of tria~yl[~H]glycerol as compared to fatty acid-free 
albumin (Fig. 1). On the other hand, eicosapentaenoic 
acid (20:5, n-3) promoted only a very small and insig- 
nificant increase in triacylglycerol synthesis and secre- 
tion as compared to albumin. Stearic (18:0), a-lino- 
lenic (18:3, n-3), y-linolenic (18:3, n-6), arachidonic 
(20:4, n-6), erucic (22: 1, n-9), and docosahexaenoic 
(22:6, n-3) acids increased synthesis as well as secre- 
tion of triacylglycerol by 200-300%. A significant lin- 
ear relationship ( r=  0.85, P < O . O l )  was found between 
synthesis and secretion of triacylglycerol for the fatty 
acids examined (Fig. 1, insert). Since oleic and eico- 
sapentaenoic acids had the most extreme effects on 
synthesis and secretion of triacylglycerol, we focused 
our further studies on these two fatty acids. 

Mass quantitation and fatty acid pattern of cellular 
and secreted triacylglycerol 

Oleic acid was incorporated into cellular and secreted 
triacylglycerol to a larger extent than eicosapentaenoic 
acid as determined by gas-liquid chromatography 
(Table 1). Compared to oleic acid, eicosapentaenoic 
acid decreased cell-associated and secreted triacylgly- 
cerol by approximately 45%. Eicosapentaenoic acid 
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Fig. 1 Effect of different fatty acids on synthesis (A) and secretion 
(B) of triac$fa&S&$ycerol. Hepatocytes were incubated in Dulbecco's 
modified Eagk's medium containing glucose (12.5 mM), [SH]glycerol 
(5 @i/ml,SpM), bovine serum albumin (0.24 mM), and one of the 
indicated fatty acids (0.6 mM). The ratio of fatty acids to albumin 
was 2.5: 1 .  After 2 hr incubation, medium and cells were harvested 
and a n a l y d  for tria~yl[~H]glycerol. Results are presented as mean 
f SD of '6 ro 18 individually handled dishes, where control values 
(BSA, bovine serum albumin) are in the range 27-43 and 2.6-4.8 
pmol/mg cell protein for synthesized and secreted tria- 
~yl[~H]glycerol, respectively. All values, except for eicosapentaenoic 
acid, are different from control values at P<0.006. Insert: Linear 
correlation b e e n  synthesis and secretion of triacylglycerol. 
Regression equation: Secretion = 73.7 + 0.721; Synthesis, r=0.85, 
PcO.01. Values are given as % x 11100. 

increased cellular content of triacylglycerol by 60%, 
whereas secretion was slightly reduced (IO%), when 
compared to a fatty acid-free control (albumin, 0.24 
mM). On the other hand, oleic acid increased synthesis 
and secretion of triacylglycerol to 282 and 165% of 
control, respectively (data not shown). 

The amount of palmitic (16:0), stearic (18:0), oleic 
(18:1, n-9), cis-vaccenic (18:1, n-7), and linoleic (18:2, 
n-6) acids in cell-associated triacylglycerol was signif- 
icantly bwer in the presence of eicosapentaenoic acid 
than in the presence of oleic acid (Table 1). The fatty 

acid pattern of secreted triacylglycerol reflected the 
pattern of cellular triacylglycerol. Eicosapentaenoic 
acid promoted a significant reduction for palmitic 
(16:0), palmitoleic (16: 1, n-7), stearic (18:0), and oleic 
(1 8: 1, n-9) acids in secreted triacylglycerol as com- 
pared to oleic acid (Table 1). 

Effect of the ratio between fatty acids and albumin 
At 0.6 mM fatty acid bound to 1.2 mM albumin (ratio 

= 0.5: I), oleic acid promoted higher synthesis (160%) 
and secretion (40%) of triacylglycerol than did eico- 
sapentaenoic acid (Fig. 2). As compared to 1.2 mM 
albumin alone, oleic acid increased synthesis of tria- 
cylglycerol by 130%, whereas eicosapentaenoic acid 
had no significant effect. When the concentration of 
albumin was reduced while fatty acid concentration 
was kept constant (0.6 mM), oleic acid promoted a 
much higher incorporation of [3H]glycerol into cel- 
lular and secreted triacylglycerol than eicosapentae- 
noic acid. At a binding ratio of fatty acid to albumin 
of 7.5: 1, oleic acid increased synthesis and secretion 
of triacylglycerol 18- and 10-fold, respectively, whereas 
eicosapentaenoic acid increased synthesis 2-fold and 
showed only a slight increase in secreted triacylgly- 
cerol. 

Uptake of radiolabeled eicosapentaenoic and oleic 
acid 

Eicosapentaenoic and oleic acids (0.6 mM) were taken 
up by the hepatocytes to the same extent (Fig. 3). 
Cellular uptake of ['4C]oleic acid (0.6 mM) was not 
affected by the presence of unlabeled eicosapentae- 
noic acid (0.6 mM) (Fig. 3 B). 

Distribution of radiolabeled eicosapentaenoic and 
oleic acids in cell-associated and medium lipids 

Labeled fatty acids were used to examine intracel- 
lular metabolism. The  incorporation of 
[ '*C]eicosapentaenoic acid into cellular phospholipid 
was increased by 90%, whereas incorporation into 
cholesteryl ester was 50% lower relative to ['4C]oleic 
acid (Table 2). The incorporation of eicosapentaenoic 
acid and oleic acids into diacylglycerol and triacylgly- 
cerol was similar. Cell-associated free eicosapentae- 
noic acid was 110% higher than oleic acid (Table 2). 
There was no significant difference between eicosa- 
pentaenoic and oleic acids in medium phospholipid, 
triacylglycerol, and acid-soluble radioactivity (Table 
2). Most of the radioactivity added to the hepatocytes 
was found in the medium free fatty acids (66-71%); 
results for eicosapentaenoic and oleic acid were simi- 
lar. ['4C]Eicosapentaenoic acid was incorporated into 
triacylglycerol to the same extent as ['4C]oleic acid. 
This is inconsistent with data obtained by mass mea- 
surement (Table l )  and incorporation of [3H]glycerol 
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TABLE 1. Fatty acid pattern of cellular and secreted triacylglycerol 

Fatty 
Acid 

Cellular Trhcylglycerol Secreted Triacylglycerol 

Eicosapentaenoic Oleic Acid Eicosapentaenoic Oleic Acid 
Acid Acid 

16:O 
16:l (n-7) 
18:O 
18:l (n-9) 
18:l (n-7) 
18:2 (n-6) 
20:3 (n-6) 
20:4 (n-6) 
20:5 (n-3) 
22:6 (n-3) 

Total 

31.424.8 
11.72 1.3 
8.3 2 1.0 

32.42 5.9 
9.32 1.7 

35.9 2 6.6 
1.020.3 
8.3 2 1.3 

35.955.5 
9.3 2 2.4 

183.5 

nmol fatty acidlmg cell protein 

2.5220.38 46.5&3.1* 
14.1 23.1 0.59k0.21 
12.120.7* 5.66k 1.20 

162.7 2 4. I *  1.59 2 0.41 
16.2 2 1.7* 0.93 2 0.24 
46.8+2.4* 0.48 z t  0.24 

1.020.3 nd 
8.3 2 0.7 nd 
2.8 2 0.3* 0.2420.17 

10.620.7 nd 

321.1 11.77 

4.90 2 0.38* 
1.07 2 0.21* 
9.00 2 0.93* 
5.762 0.38* 
1.0720.10 
1.21 k0.75 

nd 
nd 
nd 
nd 

22.92 

Hepatocytes were incubated in Dulbecco's modified Eagle's medium containing glucose (12.5 mM), bovine serum albumin (0.24 mM), and 
eicosapentaenoic (0.6 mM) or oleic (0.6 mM) acid. The fatty acid-albumin ratio was 2.5:l. After incubation for 2 hr, the medium was 
discarded and the cells were reincubated in identical medium for 4 hr. The fatty acid pattern of triacylglycerol was determined by gas- 
liquid chromatography. Data represent mean * SD from six individual culture dishes. Asterisks (*) show differences from eicosapentaenoic 
acid at fW0.006; nd, Qot detectable. 

(Figs. 1 and Z), and may be explained by different pool 
sizes of these fatty acids in the hepatocytes. We found 
that there was about a 10-fold higher content of oleic 
acid compared to eicosapentaenoic acid in cell-asso- 

ciated triacylglycerol of hepatocytes incubated with 
0.24 mM albumin only (data not shown). This means 
that added [14C]oleic acid is diluted more (lower spe- 
cific activity) than added [14C]eicosapentaenoic acid. 
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Fig. 4. Effect of increasing ratio of free fatty acid to albumin on synthesis (A) and secretion (B) of tria~yI[~H]glycerol. Hepatocytes were 
incubated in Dulbecco's modified Eagle's medium containing glucose (12.5 mM), [3H]glycerol (5 pCi/ml, 25 p ~ ) ,  eicosapentaenoic or oleic 
acid (0.6 mM) and various concentrations of bovine serum albumin (range 0.08-1.2 mM) for 2 hr. Open bars represent eicosapentaenoic 
acid, hatched bars represent oleic acid. Data are presented as mean f SD of six individually handled dishes. All values for eicosapentaenoic 
and oleic acids are different at P<0.006. Control values (pmoVmg cell protein) are: 

Bovine Serum albumin Triacy1[3Hlglycerol Ratio 
concentration mM Synthesized Secreted Fatty Acid: Albumin 

0.08 3022.5 7.320.2 7.5: 1 
0.24 
0.60 
1.20 

26 2 2.0 5.3 rf: 0.5 2.5: 1 
295  1.6 3.920.8 1:l 
3153.7 2.620.4 0.5: 1 
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Fig. 3. Cellular uptake of eicosapentaenoic and oleic acid. Hepatocytes were incubated in Dulbecco's 
modified Eagle's medium containing glucose (12.5 mM), bovine serum albumin (0.08 mM), and either: A) 
['4C]eicosapentaenoic (0.05 pCihnl,O.6 mM) (0) or [14C]oleic acid (0.05 pci/ml, 0.6 mM) (e), or: B) ["C]oleic 
acid (0.05 FCi/ml, 0.6 mM) with or without unlabeled eicosapentaenoic acid (0.6 mM) for 2 hr. Cellular 
content of acid-insoluble radioactivity (A) and ['4C]oleic acid (B) was measured. The ratio between fatty 
acid and albumin was kept constant at 7.5:l. 

Incorporation of [JH]water into cellular lipids 
['HIWater is incorporated into lipids through hydride 

transfer reduction. Thus, potential problems encoun- 
tered with labeling precursor pools should be avoided, 
and [SH]water incorporation closely reflects actual rates 
of synthesis (26). Incorporation of [3H]water into cell- 
associated phospholipid was significantly higher (30%) 
in the presence of eicosapentaenoic acid as compared 
to oleic acid, whereas incorporation into cellular tri- 
acylglycerol and cholesteryl ester was markedly lower 
(40-6076) (Table 3). The lower incorporation of 
['Hlwater into cellular triacylglycerol in the presence 
of eicosapentaenoic acid agreed with the data obtained 
by mass quantitiation (Table 1). Eicosapentaenoic acid 

had no effect on incorporation of ['HJwater into cel- 
lular free fatty acid, monoacylglycerol, and diacylgly- 
cerol as compared to oleic acid (Table 3). These data 
suggest that eicosapentaenoic acid decreases triacyl- 
glycerol synthesis primarily by affecting the last step 
in formation of triacylglycerol. This possibility was 
furlher evaluated by studying acyl-CoA: 1,2-diacylgly- 
cerol acyltransferase activity in isolated rat liver micro- 
somes. 

Activity of ac yl-CoA: 1,f-diacylglycerol 
acyltransferase 

Microsomes to which were added 1 ,Bdioleoylgly- 
cerol incorporated 40- 100% more [14C]oleic acid than 

TABLE 2. Distribution of [14C]eicosapentaenoic acid and [14C]oleic acid in cells and medium 

Cellular 
Lbids 

~ 

Cellular Radioactivity Medium Radioactivity 

Eicosapentaenoic Eicosapentaenoic 
Acid Oleic Acid Acid Oleic Acid 

Free fatty acid 
Diac ylgl ycerol 
Phospholipid 
Triac ylgl ycerol 
Cholesteryl ester 

cpmlmg cell protein 

6,1282 1,014 2,896 ? 309* 1 12,455 2 9,114 118,041 2 12,348 
647 ? 74 691 t 29 nd nd 

10,613r 1,441 5,468?779* 648 2 279 353 k 88 
30,282 f 1,617 28,371 ?3,381 1,176188 1,205 k 59 

279- 15 544k74 * nd nd 

TCA-soluble radioactivity nd nd 7,6591280 7,5562 147 
Recovered radioactivity 169,887 (96%) 165,125 (94%) 

Hepatocytes were incubated for 2 hr in Dulbecco's modified Eagle's medium containing glucose (12.5 mM), bovine serum albumin (0.08 
mM), and ['4C]eicosapentaenoic acid or ['4Cloleic acid (0.05 kCi/ml, 0.6 mM). The fatty acid-albumin ratio was 7.5:l. Asterisks (*) show 
differences from eicosapentaenoic acid at P<0.03; nd, not detectable. 
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TABLE 3. Incorporation of [3H]water into cellular lipids 

Cellular 
b i d s  Eicosapentaenoic Acid Oleic Acid 

nmoUmg cell protein 
Free fatty acid 14.22 1.6 13.6&0.5 
Monoacylgly cerol 8.72 1.1 9.8r1.6 
Diacy Igl ycerol 34.3 2 3.3 38.623.8 
Phospholipid 62.7 23.3 47.9*2.2* 
Triac y lgl ycerol 100.829.8 215.8*7.1* 
Cholesteryl ester 4.4 2 0.5 8.22 1.1* 

Hepatocytes were incubated for 10 hr in Dulbecco’s modified 
Eagle’s medium containing glucose (12.5 mM), rH]water (2 mCd 
mi), bovine serum albumin (0.08 mM), and eicosapentaenoic (0.6 
mM) or oleic acid (0.6 mM). The fatty acid-albumin ratio was 7.5:l. 
Asterisks (*) show differences from eicosapentaenoic add at Pc0.03. 

[ ‘‘C]eicosapentaenoic acid into triacylglycerol in the 
presence of ATP, CoA, Mf’, and dithiothreitol (DTT) 
(Fig. 4). In the absence of cofactors the enzyme activity 
was very low (Fig. 4C). 

The content of labeled triacylglycerol in microsomes 
increased threefold in the presence of [ *4C]oleoyl-CoA 
after 15 min of incubation or at the highest concen- 
tration of microsomes tested, compared to incubation 
with [14C]eicosapentaenoic-CoA (Figs. 5A and 5B). 
When increasing the concentration of acyl-CoA, oleoyl- 
CoA increased triacylglycerol formation far more than 
eicosapentaenoyl-CoA did (Fig. 6). Triacylglycerol 
formation achieved saturation at 20-40 p~ acyl-CoA. 
At these concentrations triacylglycerol formation was 
two- to threefold higher with oleoyl-CoA than with 
eicosapentaenoic-CoA (Fig. 6). Furthermore, unla- 
beled eicosapentaenoic-CoA decreased incorporation 
of [14C]oleoyl-CoA into triacylglycerol (Fig. 7). By using 
20 p~ labeled oleoyl-CoA in the presence of increas- 
ing concentrations of unlabeled eicosapentaenoyl-CoA, 
there was noted a significant reduction of triacylgly- 
cerol synthesis already at 2 PM added eicosapentae- 
noyl-CoA. With 20 JLM eicosapentaenoyl-CoA added 
to the incubation mixture, the enzyme activity was 
decreased to approximately 30% of the activity observed 
in the presence of oleoyl-CoA only. Similar observa- 
tions were noted when using [ I4C J 1,2-dioleoylglycerol 
as labeled substrate (Fig. 7). At the highest concentra- 
tion of eicosapentaenoyl-CoA examined (20 pM), 
microsomal triacylglycerol formation was reduced by 
60%. The other acyl-CoA derivatives tested (palmi- 
toyl-CoA, stearoyl-CoA, linoleoyl-CoA, linolenoyl-CoA, 
arachidonoyl-CoA) did not inhibit triacylglycerol for- 
mation in the presence of oleoyl-CoA (Table 4). 

DISCUSSION 

This study demonstrates that during short-term 
incubation with cultured rat hepatocytes, eicosapen- 

taenoic acid promotes lower synthesis and secretion 
of triacylglycerol than many other fatty acids (Fig. 1). 
Oleic acid increased synthesis and secretion of tria- 
clglycerol more than any other fatty acid examined 
(15, 27, 28). A linear correlation between synthesis 
and secretion was found, which suggests that triacyl- 
glycerol secretion is dependent on triacylglycerol syn- 
thesis (availability) within the hepatocyte (28). 

It has previously been shown that eicosapentaenoic 
acid inhibits VLDL-triacylglycerol secretion by reduc- 
ing triacylglycerol synthesis within the hepatocytes (14, 
15). The fatty acid pattern of synthesized and secreted 
triacylglycerol showed that eicosapentaenoic acid was 
incorporated into triacylglycerol to a smaller degree 
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Fig. 4. Microsomal incorporation of [‘4C]eicosapentaenoic and 
[ “Cloleic acid into triacylglycerol. Assays were performed using 
method 1 .  Microsomes were preincubated for 5 min at 37°C in 
potassium phosphate buffer (0.1 M) containing 1,2-dioleoylglycerol 
(150 PM), dithiothreitol (DTT)(2 mM), ATP (2 mM), MgCls (4 mM) 
and CoA (0.2 mM) before [14C]eicosapentaenoic (0) or [“C]o~eic acid 
(0) (0.5 (*Ci/ml, 100 PM) bound to bovine serum albumin (90 &M) 
was added. Panel A: Incubated with microsomal protein (1 mglml) 
for the indicated time periods. Panel B: Incubated with the indi- 
cated amounts of microsomal protein for 8 min. Panel C: Incubated 
with microsomal protein (1 mg/ml) with or without the cofactors 
for 8 min. Open bars represent eicosapentaenoic acid and hatched 
bars represent oleic acid. 
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Fig. 5. Activity of acyl-CoA:diacylglycerol acyltransferase in 
microsomes incubated with [14C]eicosapentaenoyI-CoA (0) and 
[14C]oleoyl-CoA (a). Assays were performed using method 2. Panel 
A: After preincubation for 5 min in Tris-buffer (175 mM) containing 
bovine serum albumin (15 JIM), MgCI, (8 mM) and [14C]acyl-CoA 
(0.056 pCi/ml, 30 JIM), microsomes (10 pg/ml) and 1,2-dioleoylgly- 
cerol (125 p ~ )  were added and the mixtures were reincubated for 
different time periods. Panel B: After 5 min preincubation, differ- 
ent amounts of microsomal protein were added to Tris-buffer con- 
taining the components indicated under A, and reincubated for I O  
min. 

than oleic acid (Table 1). Furthermore, eicosapentae- 
noic acid caused lower incorporation of some fatty 
acids with 16 and 18 carbon atoms into triacylglycerol 
as compared to oleic acid. These observations indicate 
that eicosapentaenoic acid itself is not a good promoter 
of triacylglycerol synthesis, and indeed inhibits incor- 
poration of other fatty acids into triacylglycerol. It has 
previously been shown that eicosapentaenoic acid 
decreases the stimulatory effect of oleic acid on syn- 
thesis and secretion of triacylglycerol (14). These 
observations may explain the reduced production of 
triacylglycerol in the presence of eicosapentaenoic acid. 
Moreover, compared to oleic acid, a higher amount 
of unesterified eicosapentaenoic acid accumulated 
intracellularly, indicating that this fatty acid is not as 
rapidly metabolized as oleic acid (Table 2). 

I I I 1 I 
0 5 10 20 30 40 60 80 

FATTY ACYL- COA (pM) 
Fig. 6. Effect of [14C]eicosapentaenoyI-CoA (0) and [14C]oleoyl- 
CoA (0) concentration on acyl-CoA:diacylglycerol acyltransferase 
activity. Assays were performed using method 2. The incubation 
mixture contained Tris-buffer (175 mM), bovine serum albumin (15 
JIM), MgCl? (8 mM), and different amounts of["C]acyl-CoA. After 
5 min preincubation, microsomes (10 pgiml) and 1,2-dioleoylgly- 
cerol (125 p ~ )  were added and the incubation was continued for 
10 min. 

The observed effects of eicosapentaenoic and oleic 
acid on triacylglycerol synthesis and secretion depended 
on the ratio between the fatty acids and albumin in 
the incubation mixture (Fig. 2). At a molar ratio of 

EPA-CoA (pM) 

Fig. 7. Effect of eicosapentaenoyl-CoA on acyl-CoA:diacylglycerol 
acyltransferase activity in the presence of oleoyl-CoA. Assays were 
performed using either method 2 (0) or method 3 (e). Method 2: 
the incubation mixture contained Tris-buffer (175 mM), bovine 
serum albumin (15 JIM), MgCl, (8 mM), [14C]oleoyl-CoA (0.1 pCi/ 
ml, 20 JIM) and different concentrations of unlabeled eicosapentae- 
noyl-CoA. After 5 min preincubation, microsomes (10 pg/ml) and 
1,2-dioleoylglycerol (1 25 JIM) were added and the incubation was 
continued for 10 min. Method 3: the incubation mixture contained 
Tris-buffer (175 mM), bovine serum albumin (15 JIM), MgCI, (8 
mM), oleoyl-CoA (20 JIM), and different concentrations of eicosa- 
pentaenoyl-CoA. After 5 min preincubation, microsomes (10 pg/ 
ml) and ['*C] 1,2-dioleoylglycerol(O. 1 1 @i/ml, 125 PM) were added 
and incubation was continued for 10 min. 
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TABLE 4. Activity of acyl-CoA:diacylglycerol acyltransferase in 
microsomes incubated with oleoyl-CoA in the 
presence of different acyl-CoA derivatives 

Acyl- C o A Synthesized Triacylgly cerol 

nmoUmg microsomal protein 
Control 45.1 24.5 
Palmitoyl-CoA (16:O) 43.82 1.2 
Stearoyl-CoA (18:O) 40.62 1.3 
Oleoyl-CoA ( 18: 1, n-9) 48.02 4.1 
Linoleoyl-CoA (18:2, n-6) 39.02 2.3 
Linolenoyl-CoA (18:3, n-3) 44.2 2 6.4 

39.5 2 4.9 
Eicosapentaenoyl-CoA (20:5, n-3) 20.5 2 3.0* 

Assays were performed using method 3. The incubation mixture 
contained Tris-buffer (175 mM), bovine serum albumin (15 p), 
M&In (8 mM), oleoyl-CoA (20 FM) without (control) or with differ- 
ent acyl-CoA derivatives (20 FM). After 5 min preincubation, micro- 
somes (10 pg/ml) and 1,2-di-["C]oleoylglycerol (0.1 1 FCdml, 125 
WiA) were added and incubation continued for 10 min. The asterisk 
(*) shows difference from control at PeO.03. 

Arachidonoyl-CoA (20:4, n-6) 

fatty acid to albumin in the physiological range of 0.5 
to 2, when fatty acids are bound to high affinity bind- 
ing sites on albumin (29, 30), there was a significant 
difference between the effects of eicosapentaenoic and 
oleic acids on triacylglycerol metabolism. When the 
flux of fatty acids into the cells was increased by a 
higher ratio of fatty acid to albumin and medium 
viscosity was reduced (31), oleic acid promoted a marked 
increase in synthesis and secretion of triacylglycerol, 
whereas eicosapentaenoic acid had little stimulatory 
effect. Although the difference between eicosapentae- 
noic and oleic acids on synthesis and secretion of tria- 
cylglycerol was smaller at a low binding ratio, the less 
stimulatory effect still persisted. 

Since cellular uptake of oleic and eicosapentaenoic 
acid was similar, this could not explain the difference 
in synthesis of triacylglycerol (Fig. 3). No competition 
between these fatty acids during uptake was found. 
Furthermore, incorporation of [3H]water into free fatty 
acids, monoacylglycerol, and diacylglycerol was simi- 
lar for eicosapentaenoic and oleic acid, suggesting that 
synthesis and activation (acyl-CoA synthetase) of fatty 
acids was not impaired by eicosapentaenoic acid (Table 
3). In addition, incorporation of tritiated water into 
cellular phospholipid, which also depends on acyl- 
CoA, was increased in the presence of eicosapentae- 
noic acid (Table 3). Increased phospholipid synthesis 
in the presence of eicosapentaenoic acid has previ- 
ously been observed (1 5 ) ,  and it may be due to reduced 
triacylglycerol synthesis and/or increased Iysophos- 
pholipid acylation. 

The observations discussed so far may suggest that 
eicosapentaenoic acid primarily affects the final step 
of the triacylglycerol synthetic pathway. This reaction 
involves the conversion of 1,2-diacylglycerol into tria- 
cylglycerol catalyzed by acyl-CoA: l ,2-diacylglycerol 

acyltransferase. Incubation with isolated microsomes 
revealed that eicosapentaenoic acid is a poorer sub- 
strate for acyl-CoA: 1 ,Z-diacylglycerol acyltransferase 
than oleic acid. In the presence of microsomes, oleic 
acid was incorporated into triacylglycerol to a larger 
extent than eicosapentaenoic acid, both when the fatty 
acids were added as free fatty acids or as acyl-CoA 
(Figs. 4,5, and 6). Eicosapentaenoyl-CoA also decreased 
microsomal triacylglycerol formation when given 
together with oleoyl-CoA (Fig. 7). This observation is 
in agreement with data from hepatocytes which show 
decreased triacylglycerol synthesis when eicosapen- 
taenoic acid is given together with oleic acid (14), and 
may explain the reduced incorporation of some other 
fatty acids into triacylglycerol in the presence of eico- 
sapentaenoic acid (Table 1). The other acyl-CoA 
derivatives examined had little or no effect on micro- 
somal triacylglycerol formation when given in com- 
bination with oleoyl-CoA (Table 4). Although the fatty 
acid specificity of acyl-CoA synthetase is demonstrated 
in glomeruli (32) and liver microsomes (33) from rats, 
one might assume that production of acyl-CoAs is not 
the rate-limiting step in triacylglycerol Synthesis, since 
the capacity of acyl-CoA synthetase is estimated to be 
5- to 10-fold above the capacity of triacylglycerol pro- 
duction in our microsomes. 

The results of this study suggest that eicosapentae- 
noic acid decreases hepatic triacylglycerol formation 
primarily by inhibiting the activity of microsomal acyl- 
CoA: 1,2-diacylglycerol acyltransferase. Eicosapentae- 
noic acid itself is a poor substrate for this enzyme, and 
it decreases incorporation of other fatty acids (e.g., 
oleic acid) into triacylglycerol by inhibiting this reac- 
tion. Lower hepatic synthesis of triacylglycerol due to 
decreased activity of acyl-CoA: 1,2-diacylglycerol acyl- 
transferase (34) may be one important reason for the 
reduced VLDL secretion and lower plasma triacylgly- 
cerol levels observed when diets rich in marine 
polyunsaturated fatty acids are consumed. 

We have recently shown that eicosapentaenoic acid 
also decreases cholesterol esterification in cultured rat 
hepatocytes and microsomes by reducing the activity 
of acyl-CoA:cholesterol acyltransferase. This subse- 
quently causes reduced secretion of VLDL cholesteryl 
ester (35). Thus, it is possible that eicosapentaenoic 
acid decreases VLDL-cholesterol and VLDL-triacyl- 
glycerol via a similar mechanism by inhibiting enzymes 
responsible for synthesis of VLDL core lipids. Bp 
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