Reprod Nutr Dev (1995) 35, 503-515 503
© Elsevier/INRA

Original article

Effects of moderate fat intake with different n-3 fatty
acid sources and n-6/n-3 ratios on serum
and structural lipids in rats

L Frémont, MT Gozzelino, T Hojjat

INRA, laboratoire de nulrition et sécurité alimentaire, 78352 Jouy-en-Josas cedex, France

(Received 16 March 1995; accepted 30 May 1995)

Summary — The aim of this study was to compare the effects of dietary polyunsaturated fatty acids
(PUFA) on serum and membrane lipids in rats fed diets containing moderate levels of fats (6% by
weight). Control rats received enough PUFA to prevent any deficiency. Experimental rats were fed lin-
seed oil, salmon oil, or sunflower oil. After 8 weeks of feeding, fasting serum triacyliglycerol and choles-
terol levels were not altered in the linseed oil group. In contrast, in the salmon oil group, serum choles-
terol was lowered by 58% (P < 0.05) and the specific binding of heterologous LDL to liver plasma
membrane was reduced by 31% (P < 0.05). Unexpectedly, serum triacylglycerol levels were not sig-
nificantly lowered (—14%) whereas they decreased (—32%; P < 0.05) in the sunflower oil group. Oleic
acid, which has a stimulating effect on triacylglycerol synthesis and secretion, was less incorporated
in serum and liver plasma membrane in rats fed sunflower oil than in rats fed other dietary lipids. This
finding suggests that the effect of dietary sunflower oil was partly mediated by the reduction of oleic acid
available for triacylglycerol synthesis.

polyunsaturated fatty acid (n-6, n-3) / triacylglycerol / cholesterol / LDL receptor activity / liver
plasma membrane

Résumé — Effets de l'ingestion de quantités modérées de lipides différant par I'origine des
acides gras de la série n-3 et par le rapport n-6/n-3 sur les lipides sériques et structuraux chez
le rat. Ce travail a pour but de comparer les effets des acides gras polyinsaturés (AGPI) sur les lipides
sériques et membranaires chez des rats ayant regu des régimes contenant une quantité modérée de
lipides (6% de I'aliment). Les rats témoins ont recu les quantités dAGPI requises pour éviter la carence.
Les rats expérimentaux ont regu i) de l'huile de lin, ii) de I'huile de saumon, iii) de I'huile de tournesol.
Aprés 8 sem de régime, les concentrations des triglycérides et du cholestérol du sérum a jeun n'ont pas
été modifiées dans le groupe «huile de lin». En revanche, dans le groupe «huile de saumon» la
concentration du cholestérol sérique a été réduite de 58% (P < 0,05) et la fixation spécifique de LDL
hétérologues sur la membrane plasmique du foie a été réduite de 31% (P < 0,05). De fagon inattendue,
les triglycérides du sérum n'ont diminué que de 14% (non significatif) alors que, dans le groupe «huile
de tournesol», une réduction de 32% (P < 0,05) a été observée. Dans le sérum et la membrane plas-
mique du foie, l'acide oléique, qui a la capacité d'augmenter la synthése et la sécreétion des triglycérides,
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était incorporé en proportions plus faibles chez les rats «huile de tournesol» que chez les rats des autres
groupes. Cette observation suggére que l'effet de I'huile de tournesol est en partie di a la diminution
de la quantité d'acide oléique disponible pour la synthése des triglycérides.

acide gras polyinsaturé (n-6, n-3) / triglycéride / cholestérol / activité récepteur LDL / mem-

brane plasmique du foie

INTRODUCTION

The hypolipidemic effect of dietary polyun-
saturated fatty acids (PUFA) involves sev-
eral mechanisms. Some of these are likely
related to changes in the fatty acid compo-
sition of cellular membranes. Indeed, it is
well known that alterations of membrane
phospholipids affect many biological func-
tions (Goodnight et al, 1982; Clandinin et
al, 1985; Wahle, 1983; Murphy, 1990).

The cellular pool of PUFA available for
membrane and esterified lipid synthesis is
controlled by the extent of competitive inhi-
bitions between the n-6 and n-3 series for
the enzymatic bioconversion system (Bren-
ner and Peluffo, 1969; Blond et al, 1978)
and by the existence of exchanges and inter-
actions between fatty acids (Holman, 1986).
Accordingly, the biological effects of PUFA
are related to the n-6/n-3 ratio of the intake,
to the dietary source which provides pre-
cursors and (or) derivatives, and to the pro-
portion of other fatty acids. Fish oils, which
contain eicosapentaenoic acid (20:5n-3)
and docosahexaenoic acid (22:6n-3), are
very efficient in reducing serum triacylglycerol
levels in rats (Wong et al, 1982) and humans
(Harris et al, 1983). They also reduce serum
cholesterol levels in rats (Durand et al, 1978;
Balasubramaniam et al, 1985) and humans
(Harris et al, 1983). Several vegetable oils
contain the parent o-linolenic acid (18:3n-
3) but in humans, their biological effects are
much lower than those of long-chain deriva-
tives (Sanders and Roshani, 1983; Budowski
and Crawford, 1985; Cunnane ef al, 1991).
The hypolipidemic effects of n-6 PUFA differ
from those of n-3 PUFA. Actually, vegetable
oils rich in linoleic acid (18:2n-6) lower serum

cholesterol but not triacylglycerols in humans
(Harris et al, 1983) and have little or no effect
in rats (Balasubramaniam et al, 1985; Chau-
tan et al, 1990).

In experiments using model animals, the
effects of diets containing PUFA are often
compared with the effects of standard lipid-
poor diets or diets which induce hyperlipi-
demia by being overenriched in saturated
fatty acids and (or) cholesterol. This can
explain discrepancies between data. There-
fore, the present study was carried out on
rats fed moderate levels of fats containing
less than 20% of saturated fatty acids with-
out added cholesterol.

We determined the cholesterol and tri-
acylglycerol contents of the serum since
these parameters specifically respond to
dietary n-6 or n-3 PUFA. We therefore com-
pared the effects of 4 types of diets which dif-
fered mainly in their PUFA content and 18:2
to n-3 (precursor and derivatives) ratio. Under
these conditions, we examined whether the
response of circulating lipids was associated
with changes in the fatty acid composition of
structural lipids. We analyzed liver plasma
membrane and lymphocyte phospholipids,
which are both altered by changes in dietary
lipids (Clandinin et al, 1985). We also deter-
mined the specific binding activity of the liver
plasma membrane from the various dietary
groups for a defined type of LDL.

MATERIALS AND METHODS

Animals and diets

Male Wistar rats (IFFA, CREDO, France) bred in
our laboratory were randomly distributed into
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4 groups of 12 rats just after weaning (21 d old).
During the following 8 weeks, rats were fed ad libi-
tum purified diets, containing 6% by weight (about
13% of total calories) of different types of lipids.

A control group received a mixture of peanut
oil and rapeseed oil providing the required lev-
els of PUFA: 1 344 mg 18:2n-6 and 258 mg
18:3n-3/100 g diet (PR diet; n-6/n-3 = 5.2). For the
rat, the minimum o-linolenic and linoleic acid
intake should be 200 mg and 1 200 mg/100 g
diet respectively (Bourre et al, 1989).

The 3 experimental groups received: 1) a
mixture of peanut oil and linseed oil, which pro-
vided almost equivalent amounts of precursors
(LN diet; 18:2n-6/18:3n-3 = 0.93); 2) sunflower
oil, which provided the precursor 18:2 n-6 (SF
diet; 18:2n-6/18:3n-3 = 664); or 3) salmon oil,
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which provided long-chain n-3 PUFA (SM diet;
18:2 n-6/n-3 = 0.11). The fatty acid composition of
the diets is shown in table I.

The other components of diets were (w/w)
22% casein, 43.2% cornstarch, 21.6% sucrose,
4% mineral mixture, 1% vitamin mixture, 2% cel-
lulose, and 0.16% methionine.

After an overnight fast, the rats were killed by
decapitation without anesthesia and exsan-
guinated. The liver and spleen were removed.
The serum obtained by centrifugation at low-
speed was protected by adding EDTA (1 mg/mL)
and sodium azide (0.02%). The serum and liver
were stored at —80°C, whereas the spleen was
immediately treated. Samples from each dietary
group were randomly pooled 3 by 3 into 4 sub-
groups.

Table 1. Fatty acid composition of control and experimental diets.

Fatty acid SF diet PR (control) diet LN diet SM diet 2
Wt% mg/100g Wt% mg/100 g Wit% mg/100 g Wt% mg/100 g
diet diet diet diet
14:.0 7.2
16:0 7.2 8.2 8.7 15.9
16:1n-7 0.2 11.3
18:0 5.2 2.9 35 29
18:1n-9 20.3 1218 586 3516 42.0 2520 155 930
18:1n-7 0.9 2.2 1.3 41
18:2n-6 66.4 3984 22.4 1344 211 1266 2.7 162
18:3n-3 0.1 6 4.3 258 22.6 1356 11 66
18:4n-3 29 174
20:1n-9 12 0.8 5.8
20:4n-6 0.9
20:5n-3 13.9 834
22:5n-3 2.8
22:6n-3 13.1 786
Saturated 124 111 121 18.8
Monounsaturated 21.2 62.2 44.2 36.7
n-6 66.4 22.4 211 3.6
n-3 0.1 4.3 22.6 33.7
ulb 12.5 10.8 12.7 11.9

a Containing less than 0.05% cholesterol; ® unsaturation index (Ul is Z [a x b]/S where a is the relative
percentage of each unsaturated fatty acid; b is the number of double bonds for that particutar fatty acid; S is the

percentage of total saturated fatty acids.
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Preparation of cells
and subcellular fractions

The spleens were rinsed twice with phosphate-
buffered saline (PBS) pH 7.5, gently minced in
the same buffer with a loosely fitting glass homo-
genizer and filtered through nylon gauze. All steps
were conducted at room temperature. After 2
washes, the 5 mL cell suspension was loaded
onto a layer of a Ficoll solution (Lymphocyte Sep-
aration Medium MSL 2000; d = 1.077; Eurobio,
Les Ulis, France) and centrifuged at 500 g for
15 min. Mononuclear cells (mainly lymphocytes)
floated at the interface as a white layer. They
were collected and recentrifuged. Finally, the vol-
ume was adjusted to 1.5 mL with PBS and stored
at-80°C.

Pooled samples (2 g per rat) of thawed livers
from each subgroup were immersed in 20 vol of
ice-cold buffer (250 mM sucrose, 5 mM HEPES,
0.5 mM EGTA pH 7.4). They were chopped with
scissors and homogenized at 4°C using a Pot-
ter Elvehjem homogenizer. The protein of the
liver homogenate was assayed according to Brad-
ford (1976) using the Biorad Protein Assay (Bio-
rad, Richmond, CA).

A plasma membrane (PM) enriched fraction
was obtained from the liver homogenate accord-
ing to the procedure of Epping and Bygrave
(1984) using a discontinuous density gradient of
Percoll (Pharmacia, Uppsala, Sweden), as pre-
viously described (Frémont et al, 1993). The
plasma membrane enriched pellet was sus-
pended in the HEPES buffer without sucrose and
stored at —-80°C.

Lipid analysis

Serum triacylglycerol and cholesterol concentra-
tions were measured using enzymatic colorimet-
ric tests (644200 and 1442341 Boehringer
Mannheim, Meylan, France). The HDL-choles-
terol (HDL-C) was determined after the precipi-
tation of VLDL and LDL by the dextran sulfate-
Mg2+ procedure of Warnick et a/ (1979) adapted
for rat serum (Sjoblom and Eklund, 1989).

Lipids were extracted from the serum, lym-
phocyte suspension and liver PM with chloro-
form/methanol (2:1) according to Folch et al (1957)
using a Polytron (Kinematica PT 1200) for 7 s.

Lymphocyte phospholipids (PL) were sepa-
rated from neutral lipids and glycolipids on a sil-

ica cartridge (SEP-PACK, Waters Associates,
Milford, MA) by successively eluting with chloro-
form, acetone and methanol (Juaneda and Roc-
quelin, 1985).

The fatty acid composition of serum total lipids,
liver PM and lymphocyte PL was determined by
gas-liquid chromatography of the fatty acid methyi
esters obtained after transmethylation. The Carlo
Erba model 4180 (Milan, Italy) chromatograph
included an automatic injector on the column, a
flame ionization detector and a CP wax 52 CB
(carbowax 20 M) bonded fused silica capillary
column (50 m x 0.2 mm internal diameter). The
assays were carried out with programmed oven
temperature rises of 3°C/min from 54°C to 200°C.
Hydrogen was the carrier gas at a pressure of
0.8 bar. Peak areas were measured with an inte-
grator connected to a microcomputer which
expressed the data automatically. Peaks were
identified by comparing their equivalent chain
lengths with those of authentic fatty acid methyl
esters.

LDL receptor activity

Receptors were assayed by binding with LDL
obtained from standard-fed pigs reared in our
institute. We estimated that porcine LDL are suit-
able for testing the binding capacity of rat liver
membranes because the domains of pig and rat
apolipoprotein B 100, which bind to the LDL
receptor, show a high degree of homology (Law
and Scott, 1990).

The LDL fraction (d 1.018-1.063 g/mL) was
obtained by sequential ultracentrifugation accord-
ing to Havel et a/ (1955) using a Beckman L 8-55
M centrifuge (Beckman Instruments, Palo Alto
CA) equipped with a Beckman 50 Ti rotor at
145 000 g and 10°C. Serum was first centrifuged
for 18 h at d = 1.018 g/mL to remove floating
VLDL. The LDL fraction was further isolated after
a 24 hrun at d=1.063 g/mL; it was recentrifuged
at the same density, dialyzed overnight at 4°C
against 50 mM EDTA pH 8 and sterilized through
a 0.22 um Millipore filter. The fatty acid compo-
sition was (weight %): 29% saturated; 21% 18:1n-
9; 40% 18:2n-6; 7% 20:4n-6; 3% n-3 PUFA).

The LDL receptor activity of rat liver PM was
determined by a dot-blot technique derived from
that described by Roach et a/ (1987b) and by
Maggi and Catapano (1987) using colloidal gold-
LDL conjugates. A 5 mL volume of a colloidal
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gold solution (Aurobeads RPN 477, 15 nm, Amer-
sham, Les Ulis, France) was rapidly added to
LDL diluted to 0.5 mL (30 pg of protein) in deion-
ized water. After agitating on a Vortex mixer for at
least 1 min, the mixture was centrifuged at 20
000 gfor 1 h, against a 35% (w/v) sucrose cush-
ion. The pelleted colloidal gold-LDL conjugates
were suspended in 2 mL of 50 mM EDTA pH 8
and dialyzed overnight in 0.15 M NaCl, 1 mM
EDTA pH 7.5 at 4°C.

The thawed preparation of liver PM was cen-
trifuged at 25 000 g (Airfuge Beckman) so as to
sediment the membranes. The pellet was solu-
bitized in 2 mM CacCl,, 1 mM phenyimethylsul-
fonyl fluoride, 40 mM octylthioglucoside. The solu-
tion was agitated on a Vortex mixer, flushed
several times through a 26-gauge needle and
centrifuged (80 000 g) for 30 min at 4°C so as to
eliminate insoluble particles. The volume was
adjusted to obtain a final protein concentration
of 8-12 mg/mL.

The dot-blot assays were carried out using a
manifold apparatus (Biorad, Richmond, CA)
equipped with cellulose nitrate sheets (0.45 um,
BA 85; Schleicher and Schuell, Dassel, Ger-
many). The nitrocellulose was briefly wetted with
deionized water and placed in the apparatus.
The solubilized membranes were diluted in mem-
brane buffer to 0.3 mg/mL and aliquots were
applied in wells (3—10 ug of protein). The wells
were washed with 150 pL of membrane buffer
and the unbound sites of the nitrocellulose were
saturated by incubating for 90 min at room tem-
perature in 200 pL of 60 mM Tris-HCI pH 8 con-
taining 25 mM NaCl, 2 mM CaCl, and 6% BSA
(w/v). The blots were incubated for 1 h at room
temperature in the presence of 15 pg/mL of col-

loidal gold-LDL conjugates in 60 mM Tris HCI
pH 8 containing 25 mM NaCl, 2 mM CacCl,, 2%
BSA (total LDL binding). Some incubations con-
tained a 50-fold excess of unlabelled LDL for
estimating non-specific LDL binding. The blots
were rinsed twice for 10 min with the incubation
buffer containing 1% BSA. The sheets were
washed with copious amounts of deionized water
and dried. A Shimadzu (Kyoto, Japan) densito-
meter was used at 620 nm to visualize binding.
The LDL receptor activity was expressed as inte-
grator peaks (height in mm).

Statistical analysis

Data are presented as means * SE. Differences
between dietary groups were determined by anal-
ysis of variance (ANOVA). Comparisons were
made using Fisher's least significance difference
test at the P < 0.05 level of significance.

RESULTS

There were no significant differences
between groups for final body weights.

Serum lipids

The concentrations of serum triacylglyc-
erol from the LN group were similar to

Table II. Serum lipids after 8 weeks of dietary treatment *.

Fatty acid SF diet PR (control) diet LN diet SM diet
(umol/mL) (wmol/mL) (wmol/mL) (wmol/mL)
Triacylglycerols 0.92 £ 0.090 1.35 * 0.052¢ 1.37 £ 0.09a¢ 1.16 £ 0.04¢
Total cholesterol 1.35+0.11b 1.62+ 0.072 1.44 + 0.09ab 0.68 + 0.04¢
HDL cholesterol 1.17 £ 0.08ab 1.33+0.072 1.15+0.072 0.52 + 0.04¢
HDL chol/total chol 0.86 + 0.01b 0.82+0.01ab 0.80 £ 0.022 0.77 £ 0.02a

* Mean value of 4 pooled samples (3 animals per pool) £ SE. Means with no common superscript are significantly

different at P < 0.05.



508 L Frémont et al

those from the control group despite a
much higher 18:3n-3 intake (table II). By
contrast, salmon oil feeding decreased val-
ues by 14% (not significant). The lowest
levels were obtained with sunflower oil
where the difference reached 32% (P <
0.05).

The changes affecting serum cholesterol
did not follow those affecting triacylglyc-
erols. The LN diet had a tendency (not sig-
nificant) to lower serum total cholesterol
whereas the SM diet was very efficient in

decreasing both total cholesterol (-58%;
P < 0.05) and HDL-cholesterol (-61%; P <
0.05). The SF diet had little effect since total
cholesterol was reduced by 17% (P < 0.05)
and HDL-cholesterol by 12% (not signifi-
cant).

Fatty acid composition

The effects of diet on the fatty acid compo-
sition of serum total lipids, liver PM lipids
and lymphocyte phospholipids are shown

Table lll. Fatty acid composition of serum lipids after 8 weeks of dietary treatment *.

Fatty acid SF diet PR (control) diet LN diet SM diet
(% of total) (% of total) (% of total) (% of total)
16:0 19.6 + 0.92 18.7+0.22 22.8+0.90 23.4+0.8b
16:1n-9 04+0.1 0.4+01 0.6 + 0.1 0.5+ 0.1
16:1n-7 1.0+0.12 1.4+0.1a 2.0+ 0.2b 3.3+0.1¢
18:0 13.0+0.32 11.9+0.4a 10.6 £ 0.3° 9.4 +0.4b
18:1n-9 8.9+0.8¢ 20.2+0.92 16.0£ 0.8° 15.8+ 0.8P
18:1n-7 211020 2.7+0.1a 27+0.1a 3.0£0.22
18:2n-6 18.5 + 0.4 11.5+0.22 13.3+0.2P 52+0.2¢
18:3n-3 0.1 + 0.04¢ 0.7 £ 0.022 28+0.1b 0.3+0.1¢c
20:0 0.1 +£0.01 0.2+ 0.05 0.1 £0.04 ND
20:1n-9 0.3+ 0.02b 0.2+0.012 ND 04+0.1b
20:3n-9 0.2 £ 0.04ab 0.2 + 0.022 0.6 £ 0.1ab 0.7+£0.3b
20:3n-6 0.2+ 0.01¢ 0.3 £ 0.01ac 0.5+ 0.02b 0.310.12
20:4n-6 305+ 1.2d 26.0+0.62 151 £ 0.6P 9.0+ 0.7¢
20:5n-3 0.3+£0.12 0.5+ 0.042 28+0.1b 9.5+ 0.6°
22:0 0.6 +0.1¢ 0.1 £ 0.022 12+0.2b ND
22:4n-6 0.6 £ 0.2ab 0.2 +0.032 0.5 + 0.02ab 0.9+ 0.3
22:5n-6 1.8+ 0.05 1.0+0.1 1.6+0.3 1.7+05
22:5n-3 ND 0.4£0.01a 1.1 £0.02b 2.0+0.1¢
22:6n-3 1.3+ 0.1b 3.2+0.12 5.6+ 0.4a 144 +1.8¢
24:0 0.3+ 0.03a 0.3 £ 0.02ab 0.3+ 0.022 0.2 £0.03b
Saturated 33.6+1.1ab 31.2+0.82 34.9+1.1b 33.0+ 1ab
Monounsaturated 12.8+£0.9¢ 24.8+1.12 212+1.1b 229+ 1.1ab
n-6 516+1.2d 39.0+0.92 30.9+0.7b 17.1 £ 0.5¢
n-3 1.7 £0.1d 48+0.12 12.31£0.3° 26.2+1.3¢
(n-6) + (n-3) 53.3+1.3b 43.8+1.02 433+ 1.0a 43.3 £ 1.8ac
n-6/n-3 30.3 8.1 25 0.7

* Abbreviations are the same as in table |l. ND = not detected.
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Table IV. Fatty acid composition of liver plasma membrane lipids after 8 weeks of dietary

treatment *.

Fatty acid SF diet PR (control) diet LN diet SM diet

(% of total) (% of total) (% of total) (% of total)
16:0 20.9+0.32 21.6+0.42 245+ 0.7b 27.5+0.5¢
16:1n-9 0.5+0.1 06+0.2 0.7+ 0.1 0.4+0.02
16:1n-7 1.0+0.1a 1.3+0.32 1.8+ 0.1b 2.4 +0.02¢
18:0 21.6+0.22 21.4+0.92 17.2+0.3b 19.5 + 0.4¢
18:1n-9 7.1+£0.5° 11.4+0.62 12.6 £ 0.42 11.2+0.42
18:1n-7 2.4 +0.3b 2.8 £0.1ab 3.0t0.12 2.8+ 0.120
18:2n-6 14.9+0.8d 7.7+0.32 10.3+ 0.3 3.3+0.1c
18:3n-3 0.1 +0.04¢ 0.3 £ 0.052 1.8+ 0.1b 0.1+ 0.01¢
20:0 0.5+0.3 0.2+ 0.04 0.5+0.1 0.4+02
20:1n-9 0.3+0.12 0.4 + 0.04ac 0.5 + 0.02bc 0.6+ 0.1°
20:3n-9 0.1 + 0.05¢ 0.3 + 0.002b 0.3 + 0.042b 0.2 + 0.04bc
20:3n-6 1.1+0.7¢ 0.6 + 0.04ab 1.2+0.32p 0.9+0.2¢
20:4n-6 23.0+1.2a 21.8+0.92 13.4+0.3° 7.9+0.1¢c
20:5n-3 0.1 £ 0.042 0.3+0.12 2.2+ 0.02b 6.2+0.1c
22:0 0.2 £ 0.022 0.3+0.01a 0.4+0.12 0.2+ 0.01b
22:4n-6 1.1+ 0.14¢ 0.4+ 0.012 0.1 £ 0.05b 0.2 £ 0.02b
22:5n-6 27+0.2b 0.4 + 0.052 041012 0.3+ 0.032
22:5n-3 0.5+ 0.12 0.8+ 0.12 1.7+ 0.1b 25+0.1c
22:6n-3 1.3+ 0.03¢ 6.5 £ 0.02a 6.8+0.12 12.8+0.4b
24:0 0.6 +0.032 0.7 £ 0.042 0.6+ 0.12 0.5 + 0.05b
Saturated 438+ 0.42 443+ 0.72 432+ 0.42 48.1 £ 0.4
Monounsaturated 11.3+1.0° 16.5+1.02 18.6 + 0.32 17.4+0.32
n-6 42.8 +1.5d 31.0+0.62 25.4 + 0.4b 125+0.2°
n-3 2.0+0.2d 7.9+0.22 125+ 0.2b 21.6+0.5¢
(n-6) + (n-3) 448 +1.70 38.9+0.82 37.9+0.62 341+0.7¢
n-6/n-3 214 3.9 2.0 0.6
Ul 125 10.8 12.7 11.9

* Abbreviations are the same as in tables | and II.

in tables lIl-V. Compared to the control diet,
all 3 experimental diets induced small
changes in saturated fatty acids levels.

Monounsaturated fatty acids levels were
in the same range for control, LN and SM
groups. The values were lower in the SF
group especially in serum since the differ-
ence with the control reached 48% (P <
0.05).

The 3 groups differed in the extent of
response to dietary n-3 PUFA according to
whether they were provided as precursors or
derivatives.

The intake of a-linolenic acid in amounts
reaching those of linoleic acid (required levels
in intake) moderately affected the fatty acid
profiles. The greatest difference appeared in
serum where the drop of 20:4n-6 from 26 to
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Table V. Fatty acid composition of lymphocytes phospholipids after 8 weeks of dietary treatment *.

Fatty acid SF diet PR (control) diet LN diet SM diet
(% of total) (% of total) (% of total) (% of total)
16:0 29.6 + 1.1ab 28.7+0.72 28.1+0.4a 31.5+04b
16:1n-9 1.0+0.1b 1.0 + 0.052b 1.8+ 0.1ac 1.6+ 0.2¢
16:1n-7 0.7+0.1 0.9+0.04 0.9+0.1 1.6+£06
18:0 182+ 0.3 16.8+£ 0.2 16.1+£04 17.0+£1.0
18:1n-9 10.3+1.2b 11.8 £ 0.3ab 12.1 £ 0.13b 129+ 042
18:1n-7 3.3+0.20 40+0.12 3.9+0.12 541+0.2¢c
18:2n-6 8.6 + 0.3ab 8.5+0.72 7.4+0.8° 4.1+ 0.05¢
18:3n-3 ND 0.3+0.04 0.3+0.02 ND
20:0 0.3+0.13 0.1+0.12 0.3 + 0.042b 0.3 + 0.05
20:1n-9 0.6+ 0.1b 1.2+ 0.042 1.3+ 0.052 1.3+0.01a
20:3n-9 0.5+01 02+0.2 0.3+0.1 0.3+0.2
20.3n-6 1.1+0.1¢ 1.2+0.1a 1.1+ 0.1ac 0.7 £0.01b
20:4n-6 18.5+1.02 18.1 £ 1.32 19.5+0.92 7.8+ 020
20:5n-3 0.3+ 0.01b 1.4+0.4a 0.7+ 05" 7.2+0.3¢
22:0 0.3 +0.030 0.3+0.01ab 0.3 + 0.03ab 0.4 + 0.04a
22:4n-6 2.5+ 0.2d 1.1+£0.2a 1.5+ 0.30 0.1 £0.1¢
22:5n-6 0.6 £ 0.1b ND 0.1t0.12 ND
22:5n-3 0.04 1+ 0.04¢ 2.0+ 042 1.6+ 0.4a 3.5+ 0.3
22:6n-3 0.4 £ 0.04¢ 1.6 £ 0.054 1.9+ 0.2a 3.7+ 0.4b
24:0 3.1+1.0° 0.6+0.22 0.7 £ 0.1a¢ 0.8+ 0.1¢
Saturated 51.5+0.8° 46.5+0.92 45.5 +0.82 50.0 + 1.1b
Monounsaturated 16.0+1.2¢ 189+ 0.32 20.0£0.12 22.7 + 0.6b
n-6 31.3+14a 28.9+1.0a 29.6 £ 0.62 12.6+0.2b
n-3 0.8+ 0.1¢ 5.3+0.82 46+ 1.2a 14.4 £ 0.9
(n-6) + (n-3) 32.1+1.3a 347 +0.82 342+ 0.9a 27.0+1.1b
n-6/n-3 39.1 5.3 6.4 0.9
Ul 252 3.12 3.25 2.81

* Abbreviations are the same as in tables -1l

15% was partly offset by the rise of n-3 PUFA
(precursor and derivatives). Hence, the n-6/n-
3 ratio was equal to 2.5 (vs 8.3 in the control
group). Likewise, liver PM from the LN group
had a 40% lower 20:4n-6 content than that
from the control group. This was accompa-
nied by an increase of 18:3n-3, 20:5n-3 and
22:5n-3, but not of 22:6n-3. The fatty acid
composition of lymphocyte PL was not sig-
nificantly influenced by LN feeding.

The intensity of the responses to dietary
salmon oil and sunflower oil differed for cir-
culating and structural lipids. Salmon oil
feeding increased the incorporation of both
20:5n-3 and 22:6n-3. However, although
the intake was equivalent, 20:5 and 22:6
were incorporated to a different extent. The
proportion of 22:6 was higher than that of
20:5 in serum and liver PM whereas it was
lower in lymphocyte PL. The precursor
18:3n-3 ingested at very low levels could
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hardly be detected. Concomitantly, the incor-
poration of n-6 PUFA was reduced. In
serum, the response to the SM diet was more
pronounced for 20:4n-6 than for 18:2n-6
(a 5-fold vs a 2-fold decrease), but in the
liver PM and lymphocyte PL, the reductions
(%) of 20:4 and 18:2 were in the same
range.

Conversely, sunflower oil feeding drasti-
cally reduced n-3 PUFA in circulating and
structural lipids. The parent o-linolenic acid

the SF group (—21%). However, there was
no significant difference between the bind-
ing of porcine LDL to rat fiver PM from either
LN, SM and SF groups. Regardless of diet,
there was a significant positive correlation
between the receptor-mediated LDL bind-
ing to rat liver PM and HDL-cholesterol (r=
0.52; P<0.05) (fig 1).

disappeared and long-chain derivatives * PRdet r=0.52  P<0.05
accounted for less than 2% of total fatty T 351 ; 2;1‘; +
acids. Compared with the values obtained € A LN diet
from the control diet, the 18:2n-6 levels were € . LN
enhanced by 61 and 93% in serum and liver & 30 o
PM, respectively, but remained unchanged E a "
in lymphocyte PL. Bioconversion into 20:4n- ] 25 * PR
6 induced a relatively small increase in = .
serum (+17%) and did not alter the liver PM § o
and lymphocyte PL contents. f 204 .
3 o
Specific binding of LDL to liver plasma s o 7 T

membrane

The values for specific binding of porcine
LDL to rat liver PM were highest in the con-
trol group (table VI). They were significantly
depressed in the SM group (-31%) and in

HDL-cholesterol (umol/mL serum)

Fig 1. Correlation between HDL-cholesterol lev-
els and specific binding of porcine LDL to liver
plasma membrane preparations from rats irre-
spective of dietary treatments. Values from table
VI are plotted vs values from table !I.

Table VI. Effects of dietary lipids on hepatic LDL receptor activity *.

LDL binding Integrator peak height (mm)

SF diet PR (control) diet LN diet SM diet
Total 450+ 2.9b 55.3+1.22 46.4+0.80 45.7 +4.2b
Non-specific 19.9 + 1.3bc 23.5+ 0.62b 20.2 + 0.5bac 23.8+ 1.7
Specific 25.1+2.4b 31.8+1.4a 26.2 + 0.52b 21.9+2.6b

Solubilized rat liver plasma membranes were dot-blotted on nitrocellulose and incubated with colioidal gold
conjugates of porcine LDL. The nitrocellulose was scanned with a densitometer. The specific binding was
obtained by subtracting the non-specific binding from the total binding and expressed as integrator peak in mm.
* Abbreviations are the same as in table II.
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DISCUSSION

Dietary linseed oil did not decrease the tri-
acylglycerol and cholesterol levels in the
serum and slightly increased the 20:5 and
22:6 levels in the membranes. These find-
ings were in agreement with the works of
Sanders and Roshani (1983) and Kelley et
al (1993) in humans. The higher (2-fold and
more) n-6/n-3 ratio in serum and structural
lipids than in dietary lipids suggests that a
large fraction of intaken 18:3n-3 was
diverted to other metabolic pathways. A
fraction may have disappeared because
18:3n-3 oxidizes faster than other fatty acids
(Leyton et al, 1987; Clouet et al, 1989).

Nevertheless, although a substantial frac-
tion of 18:3n-3 was not bioconverted, the
derivatives to precursor ratio of n-6 PUFA
was lower in the serum and liver PM in the
LN group than in the control group. This
probably reflected the inhibition of the n-6
pathways by dietary 18:3n-3. Accordingly,
the intake of required levels of linoleic acid
may be insufficient to maintain the optimal
fatty acid composition of membranes when
diets provide too much o-linolenic acid. The
n-6/n-3 ratio (0.93) in dietary lipids was
between those used by Barzanti et al (1986)
for rats. The authors observed that the inhi-
bition of the n-6 pathways occurred at low
(0.23) but not at high (3.84) 18:2 to 18:3
ratios in the intake. The 20:4n-6 level was
not reduced in lymphocyte PL, possibly
because it plays a central role in cell acti-
vation during immunological processes
(Meade and Mertin, 1978). Apparently,
dietary long-chain n-3 PUFA only weakly
depressed the conversion of linoleic acid
through feed-back inhibition. Indeed, in
serum as well as in membranes, the deriva-
tives to precursor ratios were only 5-10%
lower in SM than in the control group.

The lowest hepatic LDL receptor activ-
ity was found in rats fed salmon oil. The
reducing effect of dietary fish oil on the spe-
cific binding of LDL to liver membranes in

a heterologous system has already been
observed in rats, which like ours, were fed
moderate levels of fats (Roach et al, 1987a).
By contrast, fish oils enhanced the LDL
receptor activity in rats fed oil-enriched diets
(20% or more) both in homologous (Ven-
tura et al, 1989) and heterologous
(Sebokova et al, 1992) systems. Tripodi et
al (1991) observed that dietary fish oil as
compared with coconut oil increased the
unsaturation of rat liver plasma membrane
which bound LDL with higher affinity. In the
present binding study, the differences in
specific LDL binding were only due to
changes affecting the receptor. Indeed, in
all assays the ligand was porcine LDL which
had a well-defined lipid composition and
contained apo B100 as the only apolipopro-
tein.

The unsaturation index (which reflects
global fluidity) of liver PM remained in the
same range of values for all the dietary
groups. This did not exclude specific effects
of fatty acids located in the microenviron-
ment of LDL receptors. it has been proposed
that changes in the spacial configuration of
fatty acids may alter the conformation and
therefore the activity of LDL receptors (Kuo
et al, 1990).

The positive linear correlation between
LDL receptor activity and HDL-cholesterol
might be the result of opposing effects of
fish oil on hepatic LDL and HDL receptor
activities (Roach et al, 1987a). As suggested
by those authors, the decrease of HDL-
cholesterol would be related to the stimu-
lation of hepatic HDL receptor activity.

The most striking result of the present
study was the high efficiency of dietary sun-
flower oil for lowering fasting serum triacyl-
glycerols whereas salmon oil had a non-
significant reducing effect. These findings
contrasted with numerous data showing that
in rats, as well as in humans, dietary fish
oils decrease serum triacylglycerols more
efficiently than vegetable oils rich in linoleic
acid (Harris et al, 1983; Balasubramaniam et
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al, 1985; Huang et al, 1986; Roach et al,
1987a; Chautan et al, 1990; Ribeiro et al,
1991; Otto et al, 1991). It is unlikely that the
small excess of saturated fatty acids fed to
the SM group could attenuate the
hypotriglyceridemic effect of long-chain n-
3 PUFA. Indeed saturated fatty acids
accounted for only 2.4 and 1.6% of total
energy in SM and SF diets, respectively.

On the other hand, the unsaturation index
of the SF diet was only slightly higher than
that of the SM diet. It has been suggested
that the hypotriglyceridemic effect of long
chain n-3 PUFA might be related to their
structure rather than to their degree of unsat-
uration (Harris et al, 1983). Nevertheless in
rat hepatocytes, Wong et al (1985) observed
that safflower oil was almost as efficient as
fish oil, whereas oleic acid reversed the
effect. This suggested to the authors that
the reduction in triacylglycerol formation
partly resulted from the diversion of PUFA
into hepatic phospholipids.

In contrast, oleic acid has a stimulating
effect on triacylglycerol synthesis and secre-
tion (Davis and Boogaerts, 1982; Nossen
et al, 1986) which is related to the prefer-
ential incorporation of this fatty acid into tri-
acylglycerols (Benner et al, 1990). In
humans, the intake of high levels of oleic
acid may raise plasma triacylglycerol lev-
els (Chang and Huang, 1990). The SF diet
contained higher levels of oleic acid than
the SM diet. However, the oleic acid con-
tent of serum and membranes was lower in
the SF than in the SM group. Accordingly,
the lack of available substrate for triacyl-
glycerol synthesis could have contributed
to the reduction of serum triacylglycerols.

Moreover, it is possible that the dietary-
induced changes in the membrane fatty acid
composition influenced the pathway of tri-
acylglycerol synthesis by altering the activ-
ity of associated enzymes. Actually, in
microsomes from rat liver (Strum-Odin et
al, 1987) or human intestinal cells (Murthy et
al, 1990), the enrichment in eicosapen-

taenoic acid reduced the diacylglycerol acyl-
transferase activity. On the other hand, oleic
acid has an enhancing effect on the activity
of phosphatidate phosphohydrolase bound
to microsomes (Cascales et al, 1984). One
should note that in a study showing that in
rats, fish oil but not sunflower oil decreased
plasma triacylglycerols, Balasubramaniam et
al (1985) did not observe any change in the
oleic acid content of liver microsomal phos-
pholipids.

In the present study, we did not deter-
mine the fatty acid composition of micro-
somes. Accordingly, we cannot speculate
about the relationship between the oleic
acid content of membranes and the capac-
ity of liver to synthesize triacylglycerols. Fur-
ther studies are needed to examine whether
dietary sunflower oil lowers both serum and
liver triacylglycerols and whether the effect
is associated with a reduction of triacyl-
glycerol synthesis and with changes in the
oleic acid content of liver microsomes and
triacylglycerols.
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