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Guinea pigs were fed one of three diets containing 10%
black currant seed oil (a source of gamma-linolenic
(18:3 n-6) and stearidonic (18:4 n-3) acids), walnut oil or
lard for 40 days. The fatty acid composition of liver
triglycerides, free fatty acids, cholesteryl esters,
phosphatidylinositol, phosphatidylserine, cardiolipin,
phosphatidylcholine and phosphatidylethanolamine
were determined.

Dietary n-3 fatty acids found esterified in liver
lipids had been desaturated and elongated to longer
chain analogues, notably docosapentaenoic acid (22:5
n-3) and docosahexaenoic acid (22:6 n-3). When the diet
contained low amounts of n-6 fatty acids, proportion-
ately more of the n-3 fatty acids were transformed.
Significantly more eicosapentaenoic acid (EPA) (20:5
n-3) was incorporated into triglycerides, cholesteryl
esters, phosphatidylcholine and phosphatidylethano-
lamine of the black currant seed oil group compared
with the walnut oil group.

Feeding black currant seed oil resulted in signifi-
cant increases of dihomogamma-linolenic acid (20:3 n-6)
in all liver lipid classes examined, whereas the levels
of arachidonic acid (20:4 n-6) remained relatively sta-
ble. The ratio dihomo-gamma-linolenic acid/arachidonic
acid was significantly (2.5-fold in PI to 17-fold in
cholesteryl esters) higher in all lipid classes from the
black currant seed oil fed group.
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The enrichment of tissue lipid classes with the 20-
carbon chain length fatty acids that are precursors of
the various eicosanoids is basic to the idea that dietary
fats can affect eicosanoid synthesis and those biologi-
cal functions they mediate. The eicosanoids derived
from these different fatty acids can have differing and
even opposing effects. For example, eicosanoids of the
1 series derived from dihomo-gamma-linolenic acid
(DHLA; 20:3 n-6) have antiaggregatory effects on plate-
lets (1), whereas eicosanoids of the 2 series derived
from arachidonic acid (AA; 20:4 n-6) are proaggrega-
tory (2, 3). Thus, tissue fatty acids favorably modu-
lated by dietary fat intake might lead to synthesis of
a complement of eicosanoids having a positive influ-
ence on health. Dietary supplementation with DHLA
has been shown to result in an increased PGEY/PGE?
ratio production by human platelets (4) and a decreased
aggregatory response (4, b).

*To whom correspondence should be addressed.

Abbreviations: AA, arachidonic acid; BCO, black currant seed
oil; CE, cholesteryl esters; CL, cardiolipin; DHA, docosahexaenoic
acid; D HLA, dihomo-gamma-linolenic acid; EPA, eicosapentaenocic
acid; FFA, free fatty acid; LA, linoleic acid; LN, alpha-linolenic
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
P1, phosphatidylinositol; PS, phosphatidylserine; SA, stearidonic
acid; TG, triglyceride; WO, walnut oil; HPTLC, high perform-
ance thin layer chromatography.
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Black currant seed oil (BCO) is an excellent source
(15-19%) of gamma-linolenic acid (GLA; 18:3 n-6), the
A6-desaturase product of linoleic acid (LA; 18:2 n-6).
Because the activity of this enzyme can be compro-
mised under certain conditions by hydrocortisone, adrena-
lin, glucagon (6), aging (7, 8), cirrhosis (9, 10), diabetes
(11) and malnutrition (10, 12), it is hypothesized that
certain of the undesirable effects of these conditions
could be due to a relative deficit of GLA, DHLA, AA,
or their cyclooxygenase metabolites. BCO also con-
tains 12-14% alpha-linolenic acid (LN; 18:3 n-3), a nu-
tritionally essential fatty acid, and 2-4% stearidonic
acid (SA; 18:4 n-3), its A6-desaturase product. The
elongation product of SA, by virtue of its competition
for the A5 desaturase, may be important not only by
inhibiting the transformation of GLA to AA but also
because it can be elongated and desaturated to eicosa-
pentaenoic acid (EPA, 20:5 n-3), the precursor of eicosa-
noids of the 3 series. BCO is thus an interesting oil in
several respects.

In the rat, feeding sources of GLA results in in-
creased incorporation of GLA in triglycerides (TG) (13)
or DHLA in total lipids (14) but no or slight incorpora-
tion into the phospholipids. Phospholipids of the mouse
(15-16) are similarly intractable to the influence of
dietary GLA. Lipids and phospholipids of humans are
more amenable to dietary modulation of n-6 fatty ac-
ids. With a single 1 g oral dose, DHLA is incorporated
into blood triglycerides within a few hours and into
phosphatidylcholine (PC) within 24 hr (17). Sustained
oral dosing results in incorporation of DHLA into the
membrane of red blood cells and into all lipid classes
(17). DHLA levels in serum phospholipids and
cholesteryl esters are also sensitive to LA intake (18).

Stone et al. (17) compared the A5-desaturase activ-
ity from different species and found that in the rat and
mouse it is especially active, whereas liver homoge-
nates from man, rabbit (17) or guinea pig (17, 19) show
only slight ability to desaturate DHLA to AA. There-
fore, in the present experiment, we considered that the
guinea pig would be preferred over the rat as an animal
model which better reflects the situation in man. The
liver being the major site of fatty acid conversions was
chosen as the tissue in which to study the effect of diet
on fatty acid composition.

The formation of eicosanoids requires the mobili-
zation of substrate as fatty acid, preferentially in a
nonesterified form (20, 21). If this is true, there must
be a priori hydrolysis of esterified lipid classes before
prostanoid synthesis can take place (20, 22). Phospho-
lipids are major contributors of fatty acids for prostaglan-
din synthesis (28) and the consensus is that substrate
supply is a limiting factor (24-26). The fatty acid con-
tent of triglycerides reflects to a large extent the die-
tary fat but may also contribute to those pools of free
fatty acids susceptible to oxygenation.

The aim of this study was to investigate whether
guinea pig liver lipids could be enriched in DHLA by
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feeding BCO and if some of these lipid classes were
more sensitive than others.

MATERIALS AND METHODS

Animals and diets: Male Dunkin-Hartley guinea pigs
weighing ca. 300 g (KFM, Fullinsdorf, Switzerland)
were randomly allocated into 3 groups of 7 animals and
maintained in individual Macrolon (type III) cages.
Each group was fed a nutritionally adequate, semisyn-
thetic diet containing BCO (F.I.S., Chatel St. Denis,
Switzerland), walnut oil (WO) (Du Baron, France), or
lard (Table 1) ad libitum for 40 days. BCO was stabi-
lized with ascorbyl palmitate (200 ppm). The diets were
refrigerated and fed fresh each day to the animals. Any
leftover diet was discarded. The fatty acid composi-
tions of the diets are shown in Table 2. Walnut oil was
chosen as a control for BCO because it is lacking in
GLA and SA, but compensates with more LA such
that the total quantity of n-6 and n-3 fatty acids, as
well as their ratios, are similar in the two oils. All
animals had free access to water which contained 250
mg/liter of ascorbic acid. They were weighed weekly.

After an overnight fast, animals were anaesthetized
with pentobarbital. Livers were quickly excised and
freeze clamped with tongs which had been cooled in
liquid nitrogen. Frozen tissue was ground to a fine
powder with dry ice and conserved at —80°C until
analysis.

Analytical methods. Sample extraction: A 1-g sam-
ple of frozen liver tissue was homogenized in 20 vol of
chloroform/methanol (2:1, v/v) and total lipids were
extracted according to the method of Christiansen (27).

Separation of lipid fractions: Neutral lipids were
separated from polar lipids on SepPak cartridges, (Wa-
ters Associates, Framingham, MA) (28). Nonacidic and
acidic polar lipid fractions were separated on ion-
exchange DEAE-Sephadex A-25 (Pharmacia, Sweden)
disposable minicolumns (29, 30). The acidic polar lipid
fraction was then desalted using a minicolumn of
Sephadex G-25 (Pharmacia, Sweden) {31).

Separation of lipid classes: Separation of the lipid
classes was performed in duplicate. Neutral lipids were
separated by linear high performance thin layer chro-
matography (HPTLC) on washed silicic acid plates

TABLE 1

Composition of the Basic Diet Fed to the Experimental Guinea
Pigs

Ingredient g/100 g
Casein 30.0
Starch 20.0
Sucrose 10.0
Glucose 3.8
Cellulose 15.0
Mineral mix@ 6.0
Vitaminsb 2.2
Potassium acetate 2.5
Magnesium oxide 0.5
Fat¢ 10.0

2As per M.R.S. Fox and G.M. Briggs (1960) J. Nutr. 72, 243-250.

bVitamin fortification mixture, 1.C.N. Biochemicals, Cleveland,
OH.

¢Black currant seed oil, walnut oil or lard.

(Merck, ref. 60F254). The plates were developed with
petroleum benzine/diethyl ether/acetic acid (85:15:0.5,
v/vlv), air-dried, sprayed with 0.005% primuline (w/v)
in acetone; the lipid bands were visualized under ultra-
violet light. Cholesteryl esters (CE), triglycerides and
free fatty acids (FFA), identified by comparison with
standards, were scraped off and collected into glass
tubes sealed with teflon lined caps.

Polar lipid extracts were separated by linear chro-
matography (HPTLC) on silicic acid plates (Merck, ref.
60F254) impregnated with 2% boric acid in absolute
methanol (w/v) and developed with chloroform/methanol/
triethylamine/water (30:25:34:8, v/viviv) (29). The acidic
phospholipids {phosphatidylserine [PS), phosphatidyli-
nositol [P1], cardiolipin [CL] and the nonacid phosphol-
ipids: phosphatidylethanolamine [PE], and phosphati-
dylcholine [PC]) were visualized as for the neutral lip-
ids, identified via standards, and collected as described
above.

Transesterification: All transesterifications were
carried out in the presence of silica gel plate materials.
For triglycerides, the method was adapted from Shehata
et al. (32). Triglycerides were extracted from the silica
powder with 1 ml diethyl ether/hexane (2:1, v/v) and 1
ml of 2 M methanolic sodium methoxide was added.
The mixture was ultrasonicated for 15 min at room
temperature and subsequently washed with 1 ml dis-
tilled water.

Cholesteryl esters were extracted with 1.5 ml of
diethyl ether/hexane (2:1, v/v) and transesterified with
0.5 ml of the above reaction mixture for 20 min at
50°C. Fatty acid methyl esters were taken up in hex-
ane. We found no selectivity for the various fatty acids
in the transesterification process under the given con-
ditions as has been proposed by Epps and Kaluzny
(33).

TABLE 2

Fatty Acid Composition of the Guinea Pig Diets (Molar %)
Fatty acid® BCOP wob Lard
14:0 — — 2.7
16:0 7.4 8.6 32.4
16:1 — — 3.4
17:0 - — 0.5
17:1 — — 0.3
18:0 0.8 1.9 14.2
18:1 104 20.8 36.5
18:2 n-6 48.1 57.7 8.4
18:3 n-6 17.1 — —
18:3 n-3 12.7 11.0 0.7
18:4 n-3 2.6 — —
20:1 n-9 0.6 —~ 0.7
20:2 n-6 0.3 — —
n-6 sum 65.5 57.7 8.4
n-3 sum 15.3 11.0 0.7
n-6/n-3 ratio 4.3 5.2 12.0
Unsat index¢ 207.6 169.2 59.8

@Fatty acids are designated by the number of carbon atoms
followed by the number of double bonds. n indicates the posi-
tion of the first double bond relative to the methyl end of the
molecule.

bBCO; black currant seed oil. WO; walnut oil.

CUnsaturation index: sum of (a X b}); a is the relative molar % of
each unsaturated fatty acid, b is the number of double bonds
for that particular fatty acid.

LIPIDS, Vol 24, No. 5 (1989)
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Free fatty acids were extracted with 1 ml of di-
ethyl ether/hexane (2:1, v/v) and esterified with 1 ml
of 2% sulfuric acid in methanol for 20 min at 80°C (34).
The fatty acid methyl esters were then neutralized
with potassium carbonate.

Polar lipids were transesterified in the same man-
ner as were TG, except that they were extracted with
methanol.

Fatty acid methyl esters from all lipid classes were
extracted into hexane (Baker resianalyzed) for gas chro-
matographic analysis.

Gas chromatography: All gas chromatographic analy-
ses were performed on a CARLO-ERBA model 5160
Mega series gas chromatograph (Milan, Italy) equipped
with an automatic cold on-column injector, a tailor-
made capillary column, coated with immobilized poly-
ethylene glycol (35) and a flame ionization detector.
The gas chromatographic conditions were: a fused sil-
ica column of 27 m X 0.32 mm LD. coated with Car-
bowax 20M; a fused silica precolumn of 1 m X 0.53
mm I.D. The hydrogen inlet pressure was 60 kPa. The
oven temperature program was: 80°C, 2 min isother-
mal, 15°C/min to 140°C, 1 min isothermal, 4°C/min to
220°C (36). The detector was set at 320°C. Chromato-
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FIG. 1. n-6 fatty acids (mol %) in triglycerides (TG), cholesteryl
esters (CE) or free fatty acids (FFA) in livers of guinea pigs fed
black currant seed oil (dark bars), walnut oil (open bars) or lard
(hatched bars). Values (means for 7-8 animals + SEM) with
different letters are significantly different.
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grams were recorded using a Spectra Physic 4270 inte-
grator (San Jose, CA). Identification of peaks was made
by comparison of retention times with those of a stan-
dard (NuChek Prep, Elysian, MN) run under the same
conditions.

Statistics: Effect of diet was submitted to analysis
of variance and comparison between diets was made
using Newman-Keuls studentized range test.

Comparisons between liver fatty acids for a given
diet were performed using paired t-tests. Values of
p<0.05 were considered statistically significant.

RESULTS

Among the three groups of animals, neither the final
body weights (BCO = 479 + 35 g; WO = 454 + 55 g;
and lard = 445 * 50 g), nor the total liver weights
(BCO =216 + 1.5 g, WO = 186 *+ 4.1 g; and lard =
17.5 £ 4.3 g) were different.

n-6 Fatty acids. Of the n-6 fatty acids (Figs. 1-3),
LA incorporated in the greatest amounts in all lipid
classes except PE where AA was also incorporated to
a large extent.

The content of LA in the liver TG from guinea pigs
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FIG. 2. n-6 fatty acids (mol %) in cardiolipin (CL), phosphatidyli-
nositol (PI) or phosphatidylserine (PS) in livers of guinea pigs fed
black currant seed oil (dark bars), walnut oil (open bars) or lard
(hatched bars). Values (means for 7-8 animals + SEM) with
different letters are significantly different.
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eating the BCO and WO diets was proportionally simi-
lar to the content (Table 2) of the diets. In the TG of
the lard-fed group, LA proportion exceeded by about
2.5-fold that of the diet. In most of the other lipid
classes except for CL and FFA, the levels of LA were
roughly related to the dietary proportion: greater in
liver of animals eating the WO diet compared with the
BCO fed group, and least in the lard-fed group. As with
the TG, lipids from the lard group contained more LA
than would be expected from the proportion in the diet.
In most lipid classes, LA was found at levels of 13-
33%, the exception being in CL levels which were much
higher (60-70%), even in livers from those animals
which ate the lard diet.

The content of both GLA and DHLA was also
affected by dietary fat, being greater in liver lipids
from BCO fed animals compared with the WO- and
lard-fed animals. This was true for all lipid classes. In
the BCO group, more GLA (available from the diet)
than DHLA was found in TG, FFA and PC. In the
other phospholipids, the content of these two fatty
acids was similar except in PI and in CL, where DHLA
incorporation exceeded that of GLA.

AA, although varying in quantity from lipid class
to lipid class, did not show the large differences be-
tween dietary groups noted for other fatty acids. This
acid was only slightly elevated in PC, PE and CE by
BCO feeding.

The shifts upward of DHLA and no change or
slight upward shift of AA resulted in ratios of DHLA/
AA (Fig. 4) being significantly increased in the group
of guinea pigs fed BCO compared with the other groups.

The longer chain n-6 fatty acids, 22:4 and 22:5,

% moL 80
70 Phosphatidylcholine
60
50
40
30
20
10

18:2 18:3 20:3 20:4 22:4+22:5
% MOL
Phosphatidylethanolamine
a b a
2 po abe
1 LI
18:3 20:3 20:4 22:4422:5
FATTY ACID

FIG. 3. n-6 fatty acids (mol %) in phosphatidylcholine (PC) or
phosphatidylethanolamine (PE) in livers of guinea pigs fed black
currant seed oil (dark bars), walnut oil (open bars) or lard (hatched
bars). Values (means for 7-8 animals = SEM) with different
letters are significantly different.

were found in very small amounts and, while differing
between lipid classes, did not significantly vary with
respect to dietary treatment.

n-3 Fatty acids. The n-3 fatty acid data are shown
in Figures 5-7. LN was found to a much lesser extent
in the liver lipids of the guinea pig than had been LA.

Where the diet contained substantial quantities
of LN (BCO and WO), its content was greater than
when the diet contained little LN (lard). In the livers
of animals fed the lard diet, there was less conserva-
tion of LN as there had been for LA. The levels of LN
in the neutral lipids (TG, FFA and CE) were the great-
est, indicating that these lipid classes have the most
direct relation to dietary intake. In the phospholipids,
however, the level of this acid was low (0.1-5.4%); of
these, CL incorporated the most, as it did of LA.

In the phospholipids of animals fed the lard diet,
and in PE and PS from the animals fed the other diets,
the content of the longer chain n-3 fatty acids exceeded
that of LN, with docosahexaenoic acid (DHA; 22:6 n-3)
being the fatty acid found to the greatest extent. EPA
content was significantly greater in TG, CE, PC and
PE of the BCO fed group compared with the WO fed
animal. Significantly, more EPA was also found in the
TG and CE of the BCO group than of the lard group.

Unsaturation index. The liver unsaturation index,
or the sum of the molar % of each fatty acid multiplied
by its number of double bonds (Fig. 8), did not reflect
the gross differences in saturation found in the dietary
fatty acids (Table 2). This similarity was not found in
neutral lipids, and a lesser unsaturation index was also
noted in CL and PC in the animals eating the highly
saturated lard diet.

DISCUSSION

The observation that LA incorporation into liver lipids
was in proportion to the dietary content is consistent
with results obtained in human plasma (18). In the
lard-fed group, incorporation of LA into liver was dis-

20:3 N-6 / 20:4 N-6 RATIO

LipiD

Ci.ASSES

FIG. 4. The ratio of molar % dihomo-gamma-linolenic acid over
molar % arachidonic acid in liver lipid classes of guinea pig fed
diets containing 10% black currant seed oil (dark bars), walnut
oil (open bars) or lard (hatched bars). Values (means for 7-8
animals + SEM) with different letters are significantly differ-
ent.

LIPIDS, Vol. 24, No. 5 (1989)
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proportionately high compared with the diet content
and may indicate a conservation of this nutritionally
essential fatty acid.

The LA content of CL was higher than dietary
content due to the special affinity of CL in mammalian
tissue for 18-carbon fatty acids (37). Although the fatty
acid profile of CL can be influenced by a number of
factors such as aging (38), alcohol ingestion (39, 40),
hyperthyroidism (41), fat-free diets (42, 43), it appears
that, for the guinea pig, the low content of LA in the
lard diet was not a treatment severe enough to depress
significantly the incorporation of this fatty acid in
liver CL. The LA content of cardiolipin may be pro-
tected because of its role in the integrity of the mito-
chondrial inner membrane (44-46) and in the electron
transport system (47).

The stability of the levels of AA in liver lipids of
the guinea pig observed in this experiment after vari-
able LA intakes has also been noted in human plasma
phospholipids (18, 48} and in guinea pig liver triglyc-
erides and total phospholipids (19). The importance of
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FIG. 5. n-3 fatty acids (mol %) in triglycerides (TG), cholesteryl
esters (CE) or free fatty acids (FFA) in livers of guinea pigs fed
black currant seed oil (dark bars), walnut oil (open bars) or lard
(hatched bars). Values (means for 7-8 animals + SEM) with
different letters are significantly different.
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maintaining the levels of this acid relates perhaps to
its importance in membrane structure and as a precur-
sor of the eicosanoids of the 2 series.

The ratio of DHLA/AA in the phospholipids of
most species, including humans, is normally 1/3 to 1/50
(49) and this may be one reason why the synthesis of
the dienoic eicosanoids dominates over that of the
monoenoic. In this experiment, the DHLA/AA ratio
in the guinea pig fed BCO was notably greater in every
liver lipid class, as is also true in liver TG and phosphol-
ipids of guinea pigs fed evening primrose oil (19, 57).

This supports the idea (19) that, in the guinea pig,
A5 desaturase becomes a limiting enzyme in the fur-
ther transformation of GLA when it is supplied in the
diet. If the synthesis of eicosanoids is partly regulated
by substrate availability as has been suggested (22,
26), then the potential for increased synthesis or in-
creased relative synthesis of the monoene eicosanoids
compared with the diene eicosanoids is greater in the
BCO fed group. the observation that feeding BCO,
which contained SA, increased EPA content in liver
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FIG. 6. n-3 fatty acids (mol %) in cardiolipin (CL), phosphatidyli-
nositol (PI) or phosphatidylserine (PS) in livers of guinea pigs fed
black currant seed oil (dark bars), walnut oil (open bars) or lard
(hatched bars). Values (means for 7-8 animals = SEM) with
different letters are significantly different.
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FIG. 7. n-3 fatty acids (mol %) in phosphatidylcholine (PC) or
phosphatidylethanolamine {PE) in livers of guinea pigs fed black
currant seed oil (dark bars), walnut oil (open bars) or lard (hatched
bars). Values (means for 7-8 animals * SEM) with different
letters are significantly different.

indicates that BCO feeding could possibly affect the
synthesis of the triene eicosanoids in the guinea pig.

Ingested n-3 fatty acids were to a large extent
transformed to higher chain analogues. This was no-
ticeable in the BCO- and WO-fed groups of guinea pigs
but was particularly evident in the lard-fed animals.
A similar observation has been made in phospholipids
of rat liver (50, 51) and muscle (52) and in human serum
phospholipids (18).

Fatty acids of the different families compete for
the same desaturases with an order of priority n-3 >
n-6 > n-9 (53-55). When n-6 fatty acids are provided
at low levels in the diet, lack of competition may per-
mit desaturation of the n-3 fatty acids to occur at rapid
rates. Gibson et al. (50) have remarked on the compen-
satory incorporation of DHA where dietary n-6 fatty
acids are low.

This highly unsaturated fatty acid contributes to
the maintenance of the unsaturation index, one deter-
minant of membrane fluidity (56). When rats were fed
diets containing fats of widely varying levels of un-
saturation (50), liver mitochondrial and microsomal mem-
brane phospholipid fatty acids maintained the same
unsaturation index. In the present study, it was ob-
served that, in the guinea pig, there was a tendency
to maintain a constant unsaturation index, but differ-
ences were still found in many of the lipid classes,
particularly the neutral lipids, generally in the direc-
tion to be expected based on dietary unsaturation.

In summary, the results of the present experiment
demonstrated that feeding the guinea pig black cur-
rant seed oil resulted in important levels of incorpora-
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FIG. 8. The unsaturation index of the liver lipid classes from
guinea pigs fed diets containing 10% black currant seed oil (dark
bars), walnut oil (open bars) or lard (hatched bars). The unsatura-
tion index is the sum of (a X b); a is the relative molar % of each
unsaturated fatty acid, b is the number of double bonds for that
particular fatty acid. Values {(means for 7-8 animals * SEM)
with different letters are significantly different.

tion of DHLA in liver lipid classes and higher ratios
of DHLA/AA in all the lipid classes studied. The po-
tential for increased or proportionately increased syn-
thesis of the eicosanoids of the 1 series and possibly
the 3 series compared with the 2 series is greater with
black currant seed oil as a dietary lipid source than
with the other two fats.
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