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Serum lipids, hepatic glycerolipid metabolism and peroxisomal
fatty acid oxidation in rats fed -3 and -6 fatty acids
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Institute for Nutrition Research, University of Oslo, Oslo, Norway

Rats were fed, for 3 weeks, high-fat (20% w/w) diets containing sunflower-seed oil, linseed oil or fish oil. Chow-fed rats

were used as a low-fat reference. The high-fat diets markedly reduced non-fasting-rat serum triacylglycerol as compared

with the low-fat reference, and the highest reduction (85 %) was observed with the fish-oil group, which was significantly
lower than that of the other high-fat diets. The serum concentration ofphospholipids was significantly reduced (30 %) only

in the fish-oil-fed animals, whereas serum non-esterified fatty acids were reduced 40-50% by both the fish-oil- and linseed-

oil-fed groups. The liver content of triacylglycerol showed a 1.7-fold increase with the fish-oil diet and 2-2.5-fold with the
other dietary groups when compared with rats fed a low-fat diet, whereas the hepatic content of phospholipids was

unchanged. Peroxisomal fatty acid oxidation (acyl-CoA oxidase) was 2-fold increased for the rats fed fish oil; however
this was not significantly higher when comparison was made with rats fed the linseed-oil diet. There was no difference in
phosphatidate hydrolysis (microsomal and cytosolic fractions) among animals fed the various diets. Acyl-

CoA: diacylglycerol acyltransferase activity was increased by all high-fat diets, but the fish-oil-diet-fed group showed a

significantly lower enzyme activity than did rats fed the other high-fat diets. A linear correlation between acyl-
CoA diacylglycerol acyltransferase activity and liver triacylglycerol was observed, and the microsomal enzyme activity
was decreased 40-50 % by incubation in the presence of eicosapentaenoyl-CoA. CoA derivatives of arachidonic, linolenic
and linoleic acid had no inhibitory effect when compared with the control. These results indicate that dietary fish oil may
have greater triacylglycerol-lowering effect than other polyunsaturated diets, owing to decreased triacylglycerol synthesis
caused by inhibition of acyl-CoA: diacylglycerol acyltransferase. In addition, increased peroxisomal fatty acid oxidation
and decreased availability of non-esterified fatty acids could also contribute by decreasing the amounts of fatty acids as

substrates for triacylglycerol synthesis and secretion.

INTRODUCTION

Fish oils are enriched in long-chain polyunsaturated fatty
acids of the -3 series, especially eicosapentaenoic acid (EPA;
C205 (,.3) and docosahexaenoic acid (C226 ,, 3). Dietary intake of
these fatty acids is effective in lowering plasma triacylglycerol
[1,2]. Metabolic experiments in humans and rats have indicated
that these fatty acids inhibit the production of very-low density
lipoproteins (VLDL) by the liver [3]. The mechanism for this
effect has been further evaluated by using cell cultures [4,5], and
results indicate that decreased triacylglycerol synthesis is a major
cause for the reduced secretion of VLDL triacylglycerol.
There have been attempts to identify points of regulatory

potential in the esterification sequence. Glycerol-3-phosphate
acyltransferase (EC 2.3.1.15), catalysing the initial esterification
step, could not be identified as mediating the observed effects of
fish oil [6]. Furthermore, it has been shown that feeding fish oil
to rats reduces the plasma concentration of triacylglycerol and

causes accumulation of triacylglycerol in the liver when compared
with low-fat-diet-fed rats. The reduced plasma triacylglycerol
correlated with decreased activity of phosphatidate phospho-
hydrolase (EC 3.1.3.4) [7].
We have previously shown that EPA decreases synthesis and

secretion of triacylglycerol in cultured rat hepatocytes. This

short-term effect was probably caused by inhibition of acyl-
CoA: 1,2-diacylglycerol acyltransferase (EC 2.3.1.20), an enzyme

catalysing the last esterification step forming triacylglycerol [8].
This is the only enzyme exclusively involved in triacylglycerol
synthesis and therefore has a considerable potential for specific

regulation [9,10]. The present investigation was undertaken to

further explore the long-term effects of feeding a fish-oil diet on
hepatic lipid metabolism, especially on synthesis of triacylglycerol
and phospholipids. We have compared a diet enriched in fish oil
with other high-fat diets containing C183, 3 or C182 6 fatty
acids. Chow-fed rats were used as a low-fat reference. It was

particularly worthwhile to compare the effects of C18.3 ,(, (linseed-
oil diet) against C20:5226 ,.3 (fish-oil diet) to evaluate the imp-
ortance of fatty-acid chain length for glycerolipid metabolism
and to evaluate the specific effects of feeding a fish-oil diet.

EXPERIMENTAL

Materials

The fish oil (Japanese) was a gift from DeNoFa and Lilleborg
Fabriker A/S, Fredrikstad, Norway, and linseed-oil and
sunflower-seed oil was from Rett-trading, Oslo, Norway. Vitamin
and salt mixtures for the semisynthetic diets were from ICN

Pharmaceuticals, Cleveland, OH, U.S.A. The standard chow diet

(R3-Ewos-Alab) was delivered from Ewos AB, S0dertilje,
Sweden. [1-14C]Oleoyl-CoA (58.7 Ci/mol) was obtained from

New England Nuclear, Dreieich, Germany. Oleoyl-CoA,
linolenoyl-CoA, palmitoyl-CoA, L-a-phosphatidic acid, 1,2-
dioleoylglycerol and horseradish peroxidase (type II) were

purchased from Sigma Chemical Co., St. Louis, MO, U.S.A.

Leuco-DCF (2,7-dichlorofluorescein) was from Eastman-

Kodak, Rochester, NY, U.S.A. Other fine chemicals were from

Sigma Chemical Co.

Abbreviations used: LF, low-fat; LO, linseed oil; SO, sunflower-seed oil; FO, fish oil; EPA, eicosapentaenoic acid; VLDL, very-low-density
lipoprotein; LDCF, leuco-2',7'-dichlorofluorescein; ADGAT, acyl-CoA: 1,2-diacylglycerol acyltransferase.

* Present address and address for correspondence: Department of Pharmacology, Institute of Pharmacy, University of Oslo, P.O. Box 1068,

Blindern, 0316 Oslo 3, Norway.
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Animals and diets

Adult male Wistar rats weighing 150-160 g were purchased
from M0llegaard Breeding Laboratory, Ejby, Denmark. The
animals were fed a standard chow (R3-Ewos-Alab) for 5-9 days.
After this period, the rats were separated into four dietary groups

of six animals each, and the experimental diets were administered
for 3 weeks. The composition of the semisynthetic diet was (%,
w/w): sucrose, 20; cornstarch, 33; casein (with 2 % methionine),

20; cellulose, 1; vitamin mixture, 2.2; salt mixture; 4; dietary
oils, 20. The low-fat chow diet consisted of (%, w/w): crude
protein, 22; pepsin-digestible protein, 21; carbohydrates, 52, and

fat, 5. The composition of the different diets was: low-fat (LF)
(R3-Ewos-Alab) containing 5% fat and the other experimental
diets containing 20% dietary oils: linseed/sunflower (99:1) (LO,
62% C18l3,,3), linseed/sunflower (21:79) (SO; 52% C18:2,&,-6)
and fish/sunflower (92:8) (FO, 20% C20:5 andC226,,_3). The
total fatty acid composition of these diets is given in [11].
The rats were housed in grid-bottomed cages, two in each

cage, and they had free access to food and water. The animals
were subjected to a light period of 12 h (07:00 to 19:00 h), and the
climatic conditions were: 24°C with 60% relative humidity.

After 3 weeks of dietary modification the rats were killed
between 09:00 and 11:00 h, and post-prandial blood and liver
samples were taken for further analysis.

Preparation of subcellular fractions

The liver was excised for preparation of microsomes, per-

oxisomes and cytosol. Whole liver homogenate was used for
measurement of triacylglycerol and phospholipid concentrations.

A 15 % liver homogenate was prepared at 4°C in a 250 mm-
sucrose solution, containing 10 mM-Hepes pH 7.4, by using a

Potter-Elvehjem homogenizer. The homogenate was centrifuged
at 750 g [2500 rev./min for 10 mn in a Sorwall RCSC high-

speed centrifuge (du Pont, Wilmington, DE, U.S.A.) using rotor

SS34]. The postnuclear fraction was centrifuged at 5100g

(6500 rev./min) for 10 min to precipitate mitochondria. The
supernatant was further centrifuged at 30900 g (16000 rev./min)
for 10min, and the pellet of this centrifugation is the light

mitochondrial fraction enriched with peroxisomes. The

supernatant from this step was further centrifuged at 63000 g

(29000 rev./min) for 60 min in a Sorwall OTD 55B ultracentri-

fuge (rotor TFT 70.38) to obtain microsomes (pellet) and cytosol
(supernatant). Light mitochondrial and microsomal fractions
were resuspended in 250 mM-sucrose/10 mM-Hepes solution.
Subcellular fractions were stored at -70 "C before analysis.
Protein was determined by the method of Lowry et al. [12], with

BSA as standard.

Enzyme assays

Acyl-CoA (palmitoyl-CoA) oxidase. This was assayed at 25°C
as described by Small et al. [13] and modified by F. Leighton

(personal communication). This method is based on the de-
termination of H202 production, which is coupled to the oxi-
dation of LDCF (leuco-2',7'-dichlorofluorescein) in a reaction
catalysed by exogeneous peroxidase. The reaction mixture (1 ml)
contained Tris/HCI (0.1 M, pH 8.5), horseradish peroxidase type

II (EC 1.11.1.7; 0.08mg), BSA (0.6mg/ml), Triton X-100

(0.02%), FAD (0.015 mM), LDCF (0.05 mM) and protein (L-
fraction) (10 g). The reaction was started by addition of the
substrate, palmitoyl-CoA (30 gM) and the enzymic reaction rate

was determined by monitoring the oxidation of LDCF to 2',7'-
dichlorofluorescein spectrophotometrically at 502 nm. Reaction
rates were corrected for substrate blank.

Phosphatidate phosphohydrolase. This was measured essentially

by the method of Mavis et al. [14]. Enzyme activity was assayed

at 37°C in 200,ul of Tris/maleate buffer (0.05M, pH 7) and
microsomes (60,ug of protein). After 5 min preincubation the
reaction was started by adding L-a-phosphatidate (1 mM), which
was solubilized by sonication in10% (v/v) ethanol before use.
After 15 min incubation the reaction was terminated by adding
0.8ml of a solution containing SDS (0.13%), ascorbic acid
(1.25%), ammonium molybdate (0.32%) and H2S04 (0.375M).
The phosphomolybdate colour was developed at 45°C for
20 min, and absorbance was measured at 820 nm. The concen-
tration of Pi was determined with a standard phosphate solution.
All samples were corrected for non-enzymically produced phos-
phate by incubation without substrate.
Acyl-CoA: 1,2-diacylglycerol acyltransferase (ADGAT). This

was measured by the method of Coleman & Bell [15], slightly
modified [8], using [14C]oleoyl-CoA and 1,2-dioleoylglycerol as
substrates. The optimal concentrations of oleoyl-CoA and
dioleoylglycerol were 30 and 125mM respectively (saturation
level). The microsomal protein concentration was 20,ug/ml
(linear dependency), and the reaction was linear for at least
20 min (results not shown).

Enzyme activity was assayed at 23°C in 500,ul of Tris buffer
(175 mm, pH 7.8) containing BSA (15 ,tM), MgCl2 (8 mM) and
[14C]oleoyl-CoA (0.1,uCi/ml; 30 /tM). After 5 min preincubation,
microsomes (20,ug/ml) and 1,2-dioleoylglycerol (125 #M)
dissolved in ethanol (10 %, v/v, final concn.) were added and
incubation continued for 10 min. The incubation was terminated

by adding 20 vol. of chloroform/methanol (2:1, v/v). Serum

(20 ul) was added to supply triacylglycerol as unlabelled carrier.
After extraction [16], the residual lipids were redissolved in n-
hexane and applied to t.l.c. plates. Radioactivity in triacylglycerol
was measured by liquid scintillation. Eicosapentaenoyl-CoA was

prepared as described by Kawaguchi et al. [17], and the con-
centration was assayed by using partially purified carnitine
palmitoyltransferase as described elsewhere [18].

Chemical analysis

Serum triacylglycerol, phospholipid and non-esterified fatty
acids were determined using enzymic, colorimetric methods
obtained either from Bio Merieux (Marcy-I'Etoile, France) and
from Boehringer Mannheim Biochemica (Mannheim, Germany)
(non-esterified fatty acids).

Liver triacylglycerol and phospholipids were measured by

g.l.c. as fatty acid methyl esters [19]. The lipid spots on t.l.c.

plates were visualized by fluorescein, scraped into vials, re-
dissolved in 1 ml benzene and methylated by overnight incubation
in 2 ml of methanolic HCI (3 M) and 200 m1l of 2,2-dimethoxy-

propane [20]. The mixtures were neutralized with 4 ml of

NaHCO3 (0.7M) and extracted twice with 2 ml of n-hexane.
After evaporation of the solvent, the lipids were redissolved in n-
hexane, and an aliquot was injected into the gas-liquid chromato-

graph (Carlo Erba Strumentazione, Fractovap Series 2150),

equipped with an apolar capillary column (CP Sil 19CB, length
50 m, diameter 0.2 mm), and using helium as carrier gas (flow
rate 0.5 ml/min) [20]. The oven temperature was programmed to
rise from 180 to 215 °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 frequent comparisons with authentic standard
mixtures analysed under the same conditions. Triheptadecanoyl-
glycerol and diheptadecanoylphosphatidylcholine were used as
internal standards for the quantification of triacylglycerol and
phospholipids respectively.

Presentation of data and statistics

Unless otherwise stated., results are means + S.D. of duplicate
measurements in six animals of each group. Results were analysed
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Table 1. Effect of diets on non-fasting serum and liver lipids

Results are means+ S.D. (n = 5 for serum lipids; n = 6 for liver lipids). Values without a common superscript are significantly different at
P < 0.05.

Lipid

Serum (mM) Liver (,umol/g of liver)

Non-esterified
Diet Triacylglycerol Phospholipids fatty acids Triacylglycerol Phospholipids

LF 3.0+0.5a
LO 1.1 +0.4O
SO 1.0+0.30
FO 0.4+0.1C

2.2+ 0.2a
1.9+0.28
2.2 + 0.3a
1.5+0.1l

0.29 + 0.08a
0. 17 +0.02
0.24 + 0.05a
0.13+0.02

4.2+ 0.7a
10.1 + 2.50
1.0+ 1.9"
6.3+ 1.28

29.7+ 2.3a
34.8 + 5.68
28.3 + 2.28
30.2+ 2.8a

Table 2. Effect of diets on fatty acid composition of liver triacylglycerol (a) and phospholipids (b)

Fatty acid composition was determined by g.l.c. as described in the Experimental section. Results are means + S.D. (n = 6). nd, not detectable; tr,
trace, amounts (less than 1% of total fatty acids). Values without a common superscript are significantly different at P < 0.05.

(a)
Triacylglycerol (4umol/g of liver)

Fatty acid Diet... LF LO SO FO

C182 -6 0.78 +0. IW' 1.88 +0.29" 5.28 +0.36c 1.18 +0.17a

C18:3,-3 nd 3.17+0.468 0.74+0.08b 0.16+0.12'
C20:3,-6 tr tr tr tr

C20:4,w-6 . ..tr tr 0.14+0.04 tr

C20:5,G,-3 tr 0.18+0.121 0.10+0.03 0.51 +0.15

C22:5ow-3 tr 0.13+0.08a tr 0.27+0.09a
C22:6,-3 0.14 + 0.05a tr tr 0.73 + 0.25b

Saturated 1.57+0.14a 1.98+0.39 1.87+0.30' 1.59+0.38a
Monoenes 1.64+0.09a 2.61 +0.53 2.52+0.30C 1.79+0.16a
Polyenes

o) 3 0.19+0.10' 3.55+0.49P 1.03+0.12c 1.69+0.39"
o-6 0.80+0.12a 1.93+0.32b 5.52+0.46c 1.22+0.18a

(b)
Phospholipids (,umol/g of liver)

Fatty acid Diet... LF LO SO FO

C18:2,o-6
C18:3,o-3
C20:3,o-6
C20:4,o-6
C20:5,o-3
C22:5,&-3
C22:6,o-3
Saturated
Monoenes
Polyenes
(o-3(o-63

4.54 + 0.28a
0.63 + 0.03a
0.37 + 0.05a
4.68 + 0.51a
0.33 + 0.04a
0.28 + 0.068
1.26+ 0.21a

13.75 +0.51a
3.74+ 0.61a

2.58 +0.10'
9.22 + 0.17a

6.07+0.51b
0.75+0.19'
0.45 +0.09'
4.15 + 1.13a
2.43 + 0.37b
0.62+0.120
1.38 + 0.438

16.09 + 1.940
2.42 + 0.75b

5.38+ 1.220
10.48 + 1.64

4.38 +0.37
nd

0.21 + 0.10'
7.07 + 0.530
0.51+0.028
0.21 +0.03a
1.07+0.168

13.30 + 0.73a

1.44+0.20'

1.90+0.26a
11.50+o0.9s

2.43 + 0.34C
nd

0.26 + 0.0T
3.25 + 0.36C
2.21 +0.21l
0.66 +0.08
3.06 + 0.340

16.02 + 0.940
2.05 + 0.2(P

6.20+0.90P
5.68 + 0.70P

by the Mann-Whitney non-parametric test (two-tailed)
(MINITAB statistical program; Minitab Inc., State College, PA,
U.S.A.).

RESULTS

had a slightly higher consumption (P < 0.05) (in g/day):
2Y9+ 1.4 (LF), 19.1 + 1.4 (LO), 18.4+ 1.1 (SO) and 17.6+2.3
(FO). No significant difference in body-weight gains was noted
(in g): 310+2 (LF), 311+ 18 (LO), 296+ 15 (SO) and 301+24
(FO). Liver weights were also unaffected by the amount and

composition of dietary fat (results not shown).
All animals appeared healthy after the 3-week experimental

period. There were no significant differences in food consumption Serum and liver lipids
between the high-fat-diet-fed groups, but the pellet-fed group Intake of high-fat diets, with different amounts of o- 3 and
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Table 3. Effect of diets on peroxisomal «oxidation (acyl-CoA oxidase), phosphatidate-dependent hydrolysis and ADGAT activity in rat liver homogenates

Activity

Enzyme Diet... LF LO SO FO

Acyl-CoA oxidase*
Phosphatidate hydrolysist
Microsomes
Cytosol

ADGATI

28 +4a

8.5+ 1.2
5.8 +0.4

0.92 + 0.07a

44+ 13a,b

8.6+ 1.6
8.0+2.1

1.45 + 0.08b

37+ 11a

8.9+0.9
5.9+0.9

1.50 + 0.15b

59+ 13b

7.5 +0.7
6.7 + 1.2
1.22+0.07

* Activities are expressed as nmol/min per mg of peroxisomal protein (light mitochondrial fraction). Results are means + S.D. (n = 6). Values without
a common letter are significantly different at P < 0.01.

t Activities are expressed as nmol of phosphate released/min per mg of protein. Results are means + S.D. (n = 6). P > 0.05 among the various diets.
t Enzyme activities are expressed as nmol of ['4C]trioleoylglycerol synthesized/min per mg of microsomal protein at 23 'C. Results are means + S.D.

(n = 6). Values without a common letter are significantly different at P < 0.01.

w -6 fatty acids markedly reduced non-fasting serum concen-
tration of triacylglycerol as compared with intake of the low-fat
diet (LF) (Table 1). The highest reduction was observed for the
fish-oil group, with a 85% decrease in serum triacylglycerol. This
decrease was significantly larger for rats fed fish oil (FO)
compared with the other high-fat-diet-fed groups. The serum
concentrations of phospholipids were unchanged, except for the
FO group, which showed a 30% reduction (Table 1). Serum
concentration ofnon-esterified fatty acid was reduced by 40-50 %
in animals fed on diets containing high amounts of wo -3 fatty
acids (LO and FO) compared with the reference diet (Table 1).
The amount of hepatic triacylglycerol showed a 2-2.5-fold

increase with the high-fat diets containing vegetable oils as
compared with the low-fat reference, whereas it was 1.7-fold
increased for the fish-oil diet (Table 1). The hepatic content of
triacylglycerol was significantly lower (by 40 %) for the animals
fed fish oil than those fed the other high-fat diets.
The content of total phospholipids in liver (Table 1) and

microsomes, as well as microsomal triacylglycerol, was un-
changed for the various dietary groups (results not shown).

Fatty acid composition of liver triacylglycerol and phospholipids

Fatty acid analysis of liver triacylglycerol and phospholipids
indicated striking differences between the dietary groups (Table
2). The amount of linoleic acid (C18:2 (,-) in triacylglycerol was
highest in the SO group eating the largest amount of this fatty
acid, whereas the level of a-linolenic acid (C183 ) was highest
in rats fed the diet containing linseed oil (LO). The content of
very-long-chain o-3 fatty acids in hepatic triacylglycerol in rats

fed FO was 5 times higher than in rats fed LO.
The amount of Cl,82,,,6 and C20:4, -6 fatty acids in

phospholipids was considerably lower in rats fed FO than in
animals given the other diets. C183,_3 fatty acid was not

detectable in hepatic phospholipids in the rats fed SO and FO,
and even in the presence of large amounts of dietary CI8:3,,3 (LO
group), the concentration of C183¢,3 in phospholipids is not

significantly higher than chow-fed rats. With the LO diet rich in

C18:3,-3, the C20 5and C22 content was as high as with the FO

diet, whereas the concentration of C22: 3 was considerably
lower (50%) and similar to LF. The total amount of poly-
unsaturated fatty acids was similar in all dietary groups.
The fatty acid composition of liver microsomal triacylglycerol

and phospholipids was also measured, and revealed a similar

pattern to that observed in total liver lipids (results not shown).
A nearly four-times-higher amount of w -3 fatty acids in liver

phospholipids than in liver triacylglycerol was observed with the

fish-oil group (6.20+ 0.90 versus 1.69 + 0.39 ,mol/g of liver

respectively) (Table 2). For the linseed-oil group, there was no

. 12 - so

0
0'
, 10
0
E

0
a ~~~~~LO

. 6
.' LF

Cu ~~~FO4

1.00 1.0 1.2 1.4 1.6
ADGAT activity (nmol/min per mg of protein)

Fig. 1. Linear correlation between microsomal ADGAT and triacylglycerol
content of rat liver

Results (taken from Tables 1 and 3) represent mean values + S.D.
Linear regression; r = 0.98; P < 0.03.

significant difference in the amount of o-3 fatty acids in the two
lipid classes (5.38 + 1.22 versus 3.55 + 0.49,tmol/g of liver re-
spectively; P > 0.05).

Hepatic enzyme activities

Peroxisomal fatty acid oxidation was determined by measuring
the activity of the peroxisomal enzyme acyl-CoA oxidase. The
activity was doubled in rats fed fish oil, compared with the low-
fat reference (LF) and the w - 6-enriched diet (SO) (Table 3).
There was no significant difference, however, in acyl-CoA oxidase
activity between the two w - 3-fatty-acid dietary groups (LO and
FO).

Phosphatidate hydrolysis (phosphate release) was measured in
isolated microsomes and in cytosol. There was no significant
difference (P > 0.05) between the various dietary groups in

hydrolysis of phosphatidic acid (Table 3). In addition, no transfer
of hydrolytic activity from cytosol to endoplasmic reticulum
could be observed.

Microsomal acyl-CoA: diacylglycerol acyltransferase
(ADGAT) activity showed an increase for the high-fat dietary
groups when compared with the low-fat reference (Table 3).
However, the activity was significantly lower for the fish-oil-

treated rats as compared with those fed the LO and SO diets. A

significant linear correlation between ADGAT activity and liver

triacylglycerol was observed (Fig. 1). The effect of eicosa-

pentaenoyl-CoA (EPA-CoA) on ADGAT activity for the low-
fat (LF) and the t -3 diets (LO and FO) was also studied. First,
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Fig. 2. Effect ofEPA-CoA on rat liver microsomal ADGAT for the low-fat
and Cl-3 diets

Microsomes were incubated with [14C]oleoyl-CoA (0. l,uCi/ml;
30 gM) and increasing concentrations of unlabelled EPA-CoA at
23 °C for 10 min. Data are given as nmol of [4C]trioleoylglycerol
synthesized/min per mg of microsomal protein and represent mean
values from two separate experiments. Symbols: A, LF; *, LO; *,
FO.
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Fig. 3. Effect of different acyl-CoA derivatives on acyl-CoA:1,2-
diacylglycerol acyltransferase for the low-fat and c -3 diets

Microsomes were incubated with ["4CJoleoyl-CoA (0.1 ,uCi/ml;
30 /M) and 20 /tM-unlabelled acyl-CoA at 23 °C for 10 min. Values
are corrected for changes in specific activity by subtracting triacyl-
glycerol formed in the presence of 20 LM unlabelled oleoyl-CoA.
Data are given as nmol of [14C]trioleoylglycerol synthesized/min per
mg of microsomal protein and represent means+ S.D. from two

separate experiments. Symbols: L., Control; H1, C20:5-CoA (EPA-
CoA); 1, C20:4-CoA (arachidonyl-CoA); E-l, C18:3-CoA (linolenoyl-
CoA); *, C18:2-CoA (linoleoyl-CoA).

microsomes were incubated in the presence of increasing concen-

trations of EPA-CoA (Fig. 2). Triacylglycerol formation was

decreased by increasing concentrations of EPA-CoA for the diets
examined. Second, the activity ofADGAT was also measured in

the presence of different unlabelled acyl-CoA derivatives (Fig. 3).
For all dietary groups, incubation with EPA-CoA decreased
enzyme activity by 40-50%, whereas it was unchanged or slightly
increased when other acyl-CoA derivatives were added to the
incubation mixture (Fig. 3).

DISCUSSION

These studies show that a high intake of polyunsaturated et-3
and cl-6 fatty acids lowers non-fasting serum triacylglycerol
levels in rats compared with rats fed a low-fat high-carbohydrate
diet (LF) (Table 1). The fish-oil (FO)-enriched diet gave an
additional triacylglycerol-lowering effect compared with diets
with polyunsaturated vegetable oils (LO and SO). The FO diet
also decreased the concentration of serum phospholipids in
comparison with the other dietary groups (Table 1). This
hypolipidaemic effect in the non-fasting situation after fish-oil
consumption is probably due to decreased formation of both
chylomicrons from the intestine and VLDL from the liver [2].

All high-fat diets promoted increased liver content of triacyl-
glycerol (Table 1). However, the liver from fish-oil-fed rats had
a significantly lower amount of triacylglycerol than the other
high-fat diets. Thus, even at three times higher intake of C18:3,(,_3
compared with C20:5/22:6,, -3 serum as well as hepatic tri-
acylglycerol are reduced by dietary fish oil.
From short-term experiments with cultured rat hepatocytes we

know that triacylglycerol synthesis and secretion is reduced by
C20:5 and C22:6,f,3 [5,8]. Strum-Odin et al. [21] also demonstrated
that C20:5 ,3 might cause reduced synthesis of triacylglycerol via
reduction in diacylglycerol esterification. In the present study we
demonstrate that the liver content of triacylglycerol is reduced by
feeding fish oil, when comparing diets containing the same

amount of dietary fat (Table 1) [6,22]. We also know that there
is a marked difference between long-chain w)-3 fatty acids (LO
diet) and very-long-chain w -3 fatty acids (FO diet) with respect
to serum and hepatic triacylglycerol levels. An important obser-
vation in this feeding experiment is that ADGAT activity is
significantly lower in fish-oil-fed animals than in animals fed
vegetable oils. Furthermore, it is striking that C20:5-CoA is a poor
substrate for this enzyme and decreases the activity, whereas
C18:3-CoA, on the other hand, increases the final step of tri-
acylglycerol synthesis (Figs. 2 and 3). It is likely that these
differences between C20:5-CoA and C183-CoA are responsible for
the difference in concentration of triacylglycerol in plasma and
liver (Table 1; Fig. 3).
Another explanation for reduced triacylglycerdl concentration

in liver and serum could be that the availability of non-esterified
fatty acids in the non-fasting state is decreased in animals fed fish
oil. We observed a reduced serum non-esterified fatty acid
concentration in rats fed linseed (LO) as well as fish oil (FO)
(Table 1). It has recently been observed by Singer et al. [23] that
fish oil most efficiently reduces serum non-esterified fatty acids in
humans as compared to other polyunsaturated fatty acids. It is
not clear at present why dietary fish oil decreases non-esterified-
fatty-acid levels. It is possible that mobilization of fatty acids
from adipose tissues is decreased or that there is a general
increase in fatty acid oxidation. The last possibility is supported
by the increased hepatic peroxisomal f-oxidation in the fish-oil-
fed rats (Table 3) [24]. Furthermore, we have measured both
mitochondrial and peroxisomal fatty acid oxidation in fish-

oil-fed rats in a more recent experiment (A. C. Rustan,
B. E. Hustredt & C. A. Drevon, unpublished work). We

observed a 2-fold increase in peroxisomal fatty acid oxidation

(H202 production), whereas no significant change in mito-

chondrial fl-oxidation (ketone-body production) was found. It

has previously been demonstrated in rats that fish-oil feeding
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increases ketone production in perfused livers [6], and it has
recently been observed that highly purified EPA (C20:5,.-3)
stimulated the activities of carnitine palmitoyltransferase, fatty
acyl-CoA oxidase and peroxisomal f-oxidation [25]. Thus in-
creased hepatic fatty acid oxidation in addition to inhibiting
triacylglycerol synthesis, may also be an important factor for the
decreased triacylglycerol (VLDL) secretion in the presence of
very-long-chain w -3 fatty acids. In the present study, however,
no significant differences between the co -3 dietary groups
(LO and FO) with respect to serum non-esterified-fatty-acid
concentration and hepatic peroxisomal f8-oxidation were

observed, although there was a tendency in favour of the FO diet
providing less fatty acids for triacylglycerol synthesis (Tables 1
and 3).
We observed that phosphatidate hydrolysis (in cytosolic and

microsomal fractions) was not significantly different between
the high-fat-diet-fed groups, even in the presence of the fish-oil
diet (Table 3). This observation is in contrast with the findings of
Marsh et al. [7], who suggested that feeding fish-oil to rats
lowered serum triacylglycerol by suppressing the activity of
phosphatidate phosphohydrolase. They showed that the re-
duction in serum triacylglycerol correlated with the decrease in
phosphatidate phosphohydrolase activity when compared with
low-fat-diet-fed controls. They did not compare their results
with those for other diets containing the same amount of dietary
fat as we do in the present study. In addition, the content of
hepatic (Table 2), as well as microsomal phospholipids was not
decreased by dietary fish oil. Furthermore, a similar amount of
o-3 fatty acids in liver phospholipids of animals fed linseed
(LO) and fish oil (FO) was observed, despite the much higher
content of wo -3 fatty acids in the LO group (Tables 1 and 2).
Thus our results may indicate that diacylglycerol formation is
not markedly reduced by the FO diet.

Hepatic ADGAT activity was increased for all high-fat diets;
however, the activity for the fish-oil-fed group was significantly
lower compared with the vegetable-oil-fed groups (Table 3). This
observation is in agreement with reduced hepatic triacylglycerol
content for this dietary group when compared with the other
high-fat-diet-fed groups (Table 1) and with the results of our
short-term experiments with cultured hepatocytes [8]. Moreover,
it has recently been shown that dietary fish oil decreases
triacylglycerol formation relative to phospholipid in rat liver
when compared with a sunflower-enriched diet [26]. Addition of
EPA-CoA to microsomes when measuring ADGAT activity
resulted in an inhibition of triacylglycerol formation for the low-
fat diet as well as both high-fat dietary groups with w -3 fatty
acids (LO and FO) (Figs 2 and 3). This observation further
suggests that the activated fatty acid itself promotes reduced
triacylglycerol synthesis with the FO diet, as well as reducing
esterification of other acyl-CoA species. In addition, a lower
amount of w -3 fatty acids was found in liver triacylglycerol with
FO than in phospholipids, further suggesting that there may be
a relative inhibition of hepatic triacylglycerol formation (Table
1). This enrichment of phospholipids could also be explained by
increased reacylation with very-long-chain w -3 fatty acids,
although increased total synthesis of phospholipids from cultured
rat hepatocytes has been demonstrated after fish-oil feeding [22].
We also observed a replacement of wo -3 fatty acids for cl-6

fatty acids in phospholipids with the FO diet (Table 2). Moreover,
in a recently published paper [11] based on this feeding ex-
periment, reduced activities of A5-, A6- and A9-desaturases were
observed with the fish-oil-diet-fed group when compared with
the other high-fat-diet-fed groups. It has been observed that the
lipid environment influences several membrane-bound enzymes;
for instance the activity of acyl-CoA: cholesterol acyltransferase
[27-29]. Despite great changes in fatty acid composition, most

studies indicate that polyunsaturated o- 3 and w -6 fatty acids
increase acyl-CoA:cholesterol acyltransferase activities in rat
liver to the same extent, when compared with diets supplemented
with saturated fat [27,30].

In conclusion, the observed triacylglycerol-lowering effects
after fish-oil administration to rats, especially when compared
with administration of the linseed-oil diet (LO), could be caused
by decreased hepatic triacylglycerol synthesis by inhibition of
diacylglycerol esterification (ADGAT activity). This may explain
the additional lowering of serum triacylglycerol for the FO diet,
owing to decreased triacylglycerol (VLDL) output from the liver.
Furthermore, an increased incorporation of the fish-oil-specific
long-chain w -3 fatty acids into liver phospholipids and an
increased f-oxidation of fatty acids would also contribute to
reduced triacylglycerol formation. However, the increase in 8-
oxidation could be secondary to a decrease in triacylglycerol
synthesis, leaving more non-esterified fatty acids available for
oxidation.
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