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Abstract Dietary triglycerides containing predominantly poly-
unsaturated fatty acids (PUFAs) are known to reduce plasma
total and low density lipoprotein (LDL) cholesterol concentra-
tions relative to triglycerides containing predominantly satu-
rated fatty acids. However, there is little information regarding
the independent effects of individual n-6 and n-3 PUFAs on
LDL metabolism. The present studies were therefore under-
taken to examine the effects of individual n-6 (linoleic acid) and
n-3 (a-linolenic, eicosapentaenoic, and docosahexaenoic acid)
PUFAs on plasma lipid levels and on the major transport pro-
cesses that determine plasma LDL concentrations. Rats were
fed a semisynthetic cholesterol-free diet supplemented with 4%
(by wt) linoleic, a-linolenic, eicosapentaenoic, or docosahex-
aenoic acid for 2 weeks. Dietary eicosapentaenoic and docosa-
hexaenoic acids lowered plasma triglyceride concentrations by
62% and 52 %, respectively, and lowered plasma cholesterol con-
centrations by 54% and 43%, respectively. In contrast, dietary
linoleic and a-linolenic acids had relatively little effect on plasma
triglyceride or cholesterol concentrations. Dietary eicosapen-
taenoic and docosahexaenoic acids increased hepatic LDL
receptor activity by 72% and 58 %, respectively, and reduced the
rate of LDL cholesterol entry into plasma by 36% and 30%,
respectively. As a consequence plasma LDL cholesterol concen-
trations fell by 60% in animals fed eicosapentaenoic acid and
54% in animals fed docosahexaenoic acid. In contrast, these
parameters of LDL metabolism were not significantly altered by
dietary linoleic or a-linolenic acids. B Thus, eicosapentaenoic
acid and docosahexaenoic acid (the two major n-3 PUFAs
present in fish oil) were equally effective in reducing the rate of
LDL formation and stimulating hepatic LDL receptor activity,
and were much more active in this regard than their parent com-
pound (a-linoleic acid) or linoleic acid. —Spady, D. K. Regula-
tory effects of individual n-6 and n-3 polyunsaturated fatty
acids on LDL transport in the rat. J. Lipid Res. 1993. 34:
1337-1346.

Supplementary key words LDL transport « liver » n-3 polyunsatu-
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The apparent low incidence of coronary heart disease
in populations consuming a diet rich in marine lipids (1,
2) has stimulated considerable interest in the use of these
lipids in the prevention and treatment of atherosclerosis
(3-7). Fish oil is unique in that it contains large amounts

of the long-chain n-3 polyunsaturated fatty acids
(PUFAs) eicosapentaenoic acid (20:5n-3) and docosa-
hexaenoic acid (22:6n-3). These fatty acids are incorpo-
rated into cell membranes and modify prostaglapdin and
leukotriene formation. As a consequence, they have a
variety of biologic activities that include effects on platelet
function, inflammation, and plasma lipid levels (3-7).
Eicosapentaenoic acid and docosahexaenoic acid in ma-
rine lipids are derived ultimately from a-linolenic acid
(18:3n-3) present in phytoplankton. a-Linolenic acid (but
not eicosapentaenoic acid or docosahexaenoic acid) is also
present in some vegetable and seed oils. Isotopic studies
indicate that «-linolenic acid can be elongated and
desaturated to eicosapentaenoic acid and docosahex-
aenoic acid in mammalian tissues (8, 9); however, the ex-
tent of these conversions appears to be limited in humans
and rodents (4, 10, 11).

As to the effects of n-3 PUFAs on plasma lipids, dietary
fish oil markedly reduces plasma triglyceride levels in nor-
mal and hypertriglyceridemic individuals whereas vegeta-
ble oils containing predominantly n-6 PUFAs have little
effect (12-15). The effect of dietary fish oil on plasma cho-
lesterol concentrations is much less consistent and ap-
pears to depend on a number of factors including study
design and underlying lipid phenotype. Fish oil generally
does not lower plasma total or low density lipoprotein
(LDL) cholesterol concentrations when simply taken as a
supplement to a typical Western diet and under these con-
ditions may increase LDL concentrations in hypertri-

Abbreviations: VLDL, very low density lipoprotein(s); LDL, low den-
sity lipoprotein(s); PUFA, polyunsaturated fatty acid; ACAT, acyl-
coenzyme A:cholesterol acyltransferase; J™, the maximal rate of
receptor-dependent LDL uptake; K., the concentration of LDL in
plasma necessary to achieve one-half of the maximal uptake rate; P, the
proportionality constant for receptor-independent LDL uptake; J,, the
rate of total LDL uptake by receptor-dependent and receptor-
independent pathways.
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glyceridemic subjects (13, 14, 16-18). On the other hand,
plasma total and LDL cholesterol concentrations do fall
when saturated fat is replaced by fish oil or polyunsatu-
rated vegetable oil and indirect (12, 14, 19-24) and, to a
limited extent, direct (25) evidence suggests that the n-3
PUFAs present in fish oil may be more effective (on a g/g
basis) than the n-6 PUFAs present in vegetable oils.

Since the risk of developing atherosclerosis and coro-
nary heart disease is strongly correlated with the concen-
tration of LDL in plasma, there is considerable interest in
understanding how various dietary lipids influence the
concentration of this lipoprotein in plasma. The concen-
tration of LDL in plasma is determined by the rate at
which LDL enters the plasma relative to the rate at which
LDL is cleared from plasma by the various tissues of the
body. LDL are formed in plasma during the metabolism
of very low density lipoproteins (VLDL) which, in turn
are secreted by the liver (26). Tissues take up LDL from
plasma by at least two mechanisms. One of these, termed
receptor-dependent transport, involves the interaction of
LDL particles with cell surface receptors followed by
endocytosis and catabolism of the LDL particle in the
lysosomal compartment (27, 28). Tissues also take up
LDL by a nonsaturable receptor-independent process
that is thought to represent bulk fluid-phase endocytosis
(29). In normal animals and humans, receptor-dependent
mechanisms account for 70-80% of total LDL turnover
(30-32) and the vast majority of receptor-dependent LDL
uptake occurs in the liver (33). Thus, changes in plasma
LDL concentrations are generally due to alterations in
the rate of LDL formation or to alterations in receptor-
dependent LDL uptake by the liver.

In the rat, plasma total and LDL cholesterol concentra-
tions fall when dietary saturated triglyceride is replaced
by fish oil. We previously found that the decrease in
plasma LDL cholesterol concentrations under these con-
ditions was due both to the removal of the saturated tri-
glyceride, which leads to a reduction in the rate of LDL
formation, and to addition of the fish oil, which acceler-
ates LDL clearance by the liver (34, 35). However, fish oil
is a heterogeneous mixture of n-3 polyunsaturated,
monounsaturated, and saturated fatty acids, making 1t
difficult to dissect out the effects of the individual fatty
acids present in the oil. Thus, it has not been established
in humans or in animal models whether the lipid-lowering
effects of fish oil are due to eicosapentaenoic acid, docosa-
hexaenoic acid, or a synergistic interaction of the two.
Similarly, there is little information as to the activity of
these two long-chain n-3 PUFAs relative to their parent
compound, a-linolenic acid. The present studies were
therefore undertaken to examine the effects of individual
n-3 and n-6 PUFAs on the major transport processes that
control plasma LDL concentrations.
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METHODS

Animals and diets

Female Sprague-Dawley rats (Sasco Inc., Omaha, NE)
were housed in colony cages and subjected to light cycling
for at least 3 weeks prior to introduction of the experimen-
tal diets. At the time of the experiments, all animals were
in the 250-300 g weight range. The control semisynthetic
diet used in these studies contained 20% soy protein,
0.3% DL-methionine, 10% cellulose, 8.5% salt mix, 1%
vitamin mix, 0.2% choline bitartrate, 2% corn oi1l, and
58% corn starch. The experimental diets were prepared
by replacing corn starch with the desired amount of un-
esterified fatty acids on a cal/cal basis assuming 4 kcal/g
of corn starch and 9 kcal/g of lipid. The fatty acids used
in these studies were generously provided by Hidehiko
Hibino, senior chemist, Biotechnology Group 2, Nippon
Oil and Fats Company, Ltd., Tokyo, Japan, and included
linoleic acid, a-linolenic acid, eicosapentaenoic acid, and
docosahexaenoic acid. In all preparations the specified
fatty acid represented =92% (wt %) of total fatty acids.
All diets were supplemented with vitamin E (0.05%),
BHT (0.02%), and TBHQ (0.02%) and stored in a
freezer under a blanket of nitrogen. The diets were fed ad
lib on a daily basis for 2 weeks.

Determination of hepatic LDL uptake rates in vivo

Plasma was obtained from normocholesterclemic rat
and human donors. The LDL was isolated from plasma
by preparative ultracentrifugation in the density range of
1.020-1.055 g/ml and labeled with !25I-labeled or !3I-
labeled-tyramine cellobiose as previously described (36).
The human LDL was also reductively methylated to com-
pletely eliminate its recognition by the LDL. receptor (32,
37). Rates of total and receptor-independent LDL uptake
were measured using primed-infusions of 12%]-labeled-
tyramine cellobiose-labeled homologous and methylated
human LDL, respectively (34, 38). The infusions of '2°I-
labeled-tyramine cellobiose-labeled LDL were continued
for 6 h at which time each animal was administered a
bolus of 13!I-labeled-tyramine cellobiose-labeled LDL as
a volume marker and killed 10 min later by exsanguina-
tion through the abdominal aorta. Samples of the liver
along with aliquots of plasma were assayed for radioac-
tivity in a gamma counter {Packard Instrument Co,, Inc,,
Downers Grove, IL). The entire remaining carcass was
also homogenized and aliquots were assayed for radioac-
tivity. The amount of labeled LDL in the liver and carcass
at 10 min (13] disintegrations per min per g of liver
divided by the specific activity of 13! in plasma) and at
6 h (1] disintegrations per min per g of liver divided by
the specific activity of 12°] in plasma) was then calculated
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and has the units of micrograms of LDL cholesterol or
LDL protein per g of tissue. The increase in the tissue
content of LDL cholesterol or LDL protein with time
represents the rate of LDL uptake in micrograms of LDL
cholesterol or LDL protein taken up per h per g of tissue
or per whole organ (pg/h per g or per organ). Since no tis-
sue was discarded, the rate of LDL uptake by the whole
body could be determined. This value was used as a mea-
sure of LDL production because in a steady-state the rate
of LDL uptake by the whole body must equal the rate of
LDL entry into plasma.

As receptor-dependent LDL uptake by the liver is
saturable and as plasma LDL concentrations varied con-
siderably among the different experimental groups, changes
in receptor-dependent LDL uptake could not be directly
equated with changes in LDL receptor activity (33). In
order to relate changes in receptor-dependent LDL up-
take to changes in LDL receptor activity, the experimen-
tally determined uptake rates were superimposed on
kinetic curves describing the relationship between hepatic
LDL uptake and circulating LDL concentrations in nor-
mal animals. These kinetic curves were established in
control rats maintained on a low-fat low-cholesterol diet
by measuring rates of total and receptor-independent
LDL transport under conditions where plasma LDL con-
centrations were acutely varied over a wide range by in-
fusing mass amounts of unlabeled LDL. The relationship
between total LDL uptake (J;) and the concentration of
LDL in plasma (C) can be described by the equation
Jio = 0™C)/ (K + C) + PC, where J™ equals the max-
imal uptake velocity by way of the receptor dependent
pathway, K., equals the concentration of LDL in plasma
necessary to achieve one-half of this maximal uptake rate,
and P equals the proportionality constant for receptor-
independent transport. The kinetic curves for normal
LDL uptake used in these studies were constructed using
previously published values for J®, K, and P (33). By
relating the rates of receptor-dependent and receptor-
independent LDL uptake in the experimental animals to
these normal kinetic curves, it was possible to determine
how the various dietary manipulations affected LDL re-
ceptor activity (defined as the rate of receptor-dependent
LDL uptake in an experimental animal relative to the rate
of receptor-dependent LDL uptake seen in coatrol ani-
mals at the same plasma LDL concentration).

Determination of the cholesterol distribution of liver
and plasma and the fatty acid profile of liver lipids

Hepatic esterified and unesterified cholesterol were
separated using silicic acid/celite columns and quantified
by capillary gas-liquid chromatography (31). Total
plasma cholesterol and triglyceride concentrations were
determined using enzymatic kits from Boehringer Diag-
nostics (Indianapolis, IN) and Sigma (St. Louis, MO),
respectively. The cholesterol distribution in plasma was

Spady

determined by simultaneously centrifuging plasma at
densities of 1.020, 1.055, and 1.095 g/ml at 164,905 g for
36 h (29). The cholesterol in the top one-third of each
tube was determined colorimetrically. Liver lipids were
separated by TLC, transesterified (39), and the fatty acid
methyl esters were separated by capillary gas chroma-
tography.

RESULTS

Dietary fish oil is known to reduce plasma cholesterol
and triglyceride concentrations in the rat. Initial studies
were therefore performed to determine the changes in
plasma lipid levels when varying amounts of individual
n-3 PUFAs were added to the diet. The n-3 PUFAs in-
troduced into the diet replaced carbohydrate on a kcal/kcal
basis. Dietary eicosapentaenoic acid and docosahexaenoic
acid lowered plasma triglyceride and cholesterol levels in
a dose-dependent manner with significant reductions ob-
served when these fatty acids were present in the diet at
the 1% (wt/wt) level. At dietary intakes greater than 4%
(wt/wt), weight gain in animals ingesting o-linolenic acid
or docosahexaenoic acid began to fall below that in the
control animals. Thus, all further studies were carried out
in animals ingesting PUFAs at the 4% by wt level (~11%
of total energy as test fatty acid).

Table 1 shows the effect of linoleic acid and the three
n-3 PUFAs on the fatty acid profile of liver triglycerides
and phospholipids. As shown in the top panel, liver tri-
glycerides were enriched with the fed fatty acid in all ex-
perimental groups. As shown in the bottom panel, dietary
linoleic acid had relatively little effect on the fatty acid
profile of liver phospholipids when fed at the 4% (wt/wt)
level. Dietary a-linolenic acid had little effect on the a-
linolenic acid content of liver phospholipids but did in-
crease the proportion of eicosapentaenoic acid (from 0.2
to 3.8%) and 22:5n-3 (from 0.3 to 2.4%). Dietary a-
linolenic acid did not increase the docosahexaenoic acid
content of liver phospholipids. Dietary eicosapentaenoic
acid increased the relative proportion of eicosapentaenoic
acid in liver phospholipids by 65-fold (from 0.2 to 13%)
and also increased 22:5n-3 by 26-fold (from 0.3 to 7.8%)
but again had no effect on docosahexaenoic acid. Thus,
neither dietary a-linolenic acid nor eicosapentaenoic acid
(the two major precursors of docosahexaenoic acid) led to
an accumulation of docosahexaenoic acid in liver lipids.
Dietary docosahexaenoic acid increased the relative
proportion of docosahexaenoic acid in liver phospholipids
by 3.3-fold (from 7 to 23%); the proportion of eicosa-
pentaenoic acid in liver lipids also increased (from 0.2 to
4.4%) suggesting some retroconversion of docosahex-
aenoic acid to eicosapentaenoic acid. In control animals,
n-3 polyunsaturated fatty acids represented 7.5% of total
fatty acids in liver phospholipids; this value increased to
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TABLE 1.

Effect of individual polyunsaturated fatty acids on the fatty acid profile of liver triglycerides and phospholipids

Fatty Acid (wt%)

Diet 16:0 18:0 18:1 18:2 18:3 n-3 20:4 20:5 n-3 22:5 n-3 22:6 n-3
Triglycerides
Control 36 + 2 4+ 1 29 + 3 22 + 1 1+ 0.1 3 +02 0.2 + 0.1 0.3 + 0.1 1.2 £+ 0.2
4% 18:2 32 + 2 3+1 21 + 2° 35 + 3° 1+ 0.2 4 + 0.4 0.2 + 0.1 0.2 + 0.1 09 + 0.2
4% 18:3 n-3 34 + 3 3+1 34 + 3 16 + 2° 6 + 0.4° 1+ 0.2 1.0 £ 0.2° 0.3 + 0.2 0.7 + 0.1°
4% 20:5 n-3 27 + 2° 3+ 1 24 + 1° 22 + 2 1+ 0.1 1 + 0.3 14 + 1° 38 + 1° 1.0 + 0.1
4% 22:6 n-3 23 + &° 3+ 1 20 + 1° 20 + 1 1+ 0.1 1+ 0.2° 3.4 + 0.6° 1.8 + 0.1° 24 + 2°
Phospholipids
Control 18 + 1 33 £ 2 5+ 1 10 + 1 0.1 + 0.1 24 + 1 0.2 + 01 0.3 + 0.1 7 +1
4% 18:2 18 + 2 31 + 3 4+ 1 13 + 1° 0.1 + 0.1 25 + 2 0.1 + 0.1 0.3 + 0.1 6 + 1
4% 18:3 n-3 17 + 1 33 +3 6 + 1 11 + 2 0.3 + 0.4 17 + 3° 38 + 0.2° 2.4 + 0.2° 7+ 1
4% 20:5 n-3 17 + 2 29 + 3 5+ 1 9+ 2 0.1 + 0.1 11 + 1° 13 + 1° 7.8 + 1° 6 + 1
4% 22:6 n-3 17 + 1 30 + 1 4+ 1 8 +1 0.1 + 0.1 10 + 1° 4.4 + 0.6" 0.4 + 0.1 23 + 2°

Groups of animals were fed a semisynthetic diet supplemented with individual polyunsaturated fatty acids at the 4% (wt/wt) level for 2 weeks.
Each value represents the mean + 1 SD for data obtained in six animals.

“Significantly different from the control group at £ < 0.01.

13%, 27%, and 28% in animals fed «-linolenic acid,
eicosapentaenoic acid, and docosahexaenoic acid, respec-
tively.

The effect of the four PUFAs on plasma triglyceride
and cholesterol concentrations is shown in Table 2.
Dietary linoleic and «-linolenic acids did not significantly
lower plasma triglyceride and cholesterol levels. In con-
trast, dietary eicosapentaenoic and docosahexaenoic acids
lowered plasma triglyceride levels by 62% and 52%, re-
spectively, and lowered plasma cholesterol concentrations
by 54% and 43 %, respectively. As also shown in Table 2,
the greatest reductions in total plasma cholesterol were in
the d < 1.095 g/ml fractions. Thus, dietary eicosapen-
taenoic acid and docosahexaenoic acid markedly reduced
the amount of cholesterol carried in the d < 1.020 g/ml
fraction (90% and 74% reductions, respectively), d 1.020-
1.055 g/ml fraction (64% and 55% reductions, respec-
tively), and d 1.055-1.095 g/ml fraction (71% and 57%
reductions, respectively), but had relatively less effect on

the amount of cholesterol carried in the d > 1.095 g/ml
fraction (40% and 31% reductions, respectively). In the
rat, cholesterol in the d 1.055-1.095 g/ml fraction is
carried largely in apolipoprotein E-containing HDL;,
particles. Thus, although eicosapentaenoic acid and
docosahexaenoic acid reduced the cholesterol content of
all lipoprotein fractions, the greatest reductions were in
lipoproteins that, because of their content of apolipopro-
tein B-100 and/or apolipoprotein E, are cleared from
plasma via the LDL receptor pathway. Although not
shown, the cholesterol to protein ratio in plasma LDL
(d 1.020-1.055 g/ml) was reduced by 7% in animals fed
eicosapentaenoic acid and 5% in animals fed docosahex-
aenoic acid, indicating that the changes in plasma LDL
cholesterol levels were due predominantly to changes in
the concentration of LDL particles in plasma.

Studies were next undertaken to determine the effect of
the four PUFAs on the major transport processes that de-
termine the concentration of LDL in plasma. Absolute

TABLE 2. Effect of individual polyunsaturated fatty acids on plasma cholesterol and triglyceride concentrations
Plasma Cholesterol Concentration
Density Fraction (g/ml)
Plasma

Diet Triglyceride Total <1.020 1.020-1.055 1.055-1.095 >1.095

mg/dl
Control 52 + 7 65 + 7 5+ 1 11 + 1 14 + 1 35 + 2
4% 18:2 30 + 6 61 + 6 5+ 1 10 £ 1 13 + 1 33 + 2
4% 18:3 n-3 48 + 5 55 + 7 5+ 2 9+ 2 12 + 2 29 + 3°
4% 20:5 n-3 20 + 4° 30 + 3 0.5 + 0.2° 4+ 1° 4 ¢ 1° 21 + 3°
4% 22:6 n-3 25 + 3¢ 37 + 2° 1.3 + 0.3° 5+ 1° 6 + 1° 24 + 2°

Groups of animals were fed a semisynthetic diet supplemented with individual polyunsaturated fatty acids at the 4% (wt/wt) level for 2 weeks.
Each value represents the mean + 1 SD for data obtained in six animals.

“Significantly different from the control group at P < 0.01.
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rates of total and receptor-independent LDL uptake were
measured in vivo using homologous and methylated hu-
man LDL, respectively. Receptor-dependent LDL uptake
was taken as the difference between total and receptor-
independent uptake. As receptor-dependent LDL uptake
1s saturable and as plasma LDL levels varied considerably
among the different experimental groups, changes in ab-
solute rates of LDL uptake could not be equated directly
with changes in LDL receptor activity. To relate the
changes in absolute rates of LDL uptake to changes in
receptor activity, the values for total and receptor-
independent LDL uptake determined in the experimental
animals were superimposed on the kinetic curves that
define the relationship between LDL uptake and circulat-
ing LDL concentrations in control animals (33, 34).

Plasma LDL-Cholesterol (mg/dl)

Fig. 1. The effect of dietary linoleic acid, a-linolenic acid, eicosapen-
taenoic acid, or docosahexaenoic acid on LDL-cholesterol uptake in the
whole liver (top panel) and all of the extrahepatic tissues combined
(bottom panel). Animals were fed a semisynthetic diet supplemented
with individual PUFAs at the 4% (wt/wt) level for 2 weeks. The shaded
areas represent the kinetic curves for total (stippled) and receptor-
independent (hatched) LDL-cholesterol uptake in control animals.
These curves were calculated as described in Methods. The individual
points superimposed on these kinetic curves show the rates of total and
receptor-independent LDL cholesterol uptake in the experimental
animals plotted as a function of the plasma LDL cholesterol concentra-
tions in the same animals. Each point represents the mean + 1 SD for
data obtained in six animals.

200
.§A
2%
§E 150
e
2
s
a5, 100
£3
a0
2< g

Cholesterol Entry into
Plasma (ng/h per 100 g animal)

LDL-

Fig. 2. The effect of dietary linoleic acid, a-linolenic acid, eicosapen-
taenoic acid, or docosahexaenoic acid on hepatic LDL receptor activity
(top panel) and the rate of LDL cholesterol entry into plasma (bottom
panel). Animals were fed a semisynthetic diet supplemented with in-
dividual PUFAs as described in the legend to Fig. 1. Values for hepatic
LDL receptor activity represent the rates of receptor-dependent LDL
cholesterol uptake in experimental animals as percentages of the rates of
receptor-dependent LDL cholesterol uptake that would occur in control
animals at the same LDL cholesterol concentration (as illustrated in
Fig. 1). Each value represents the mean + 1 SD for data obtained in six
animals; *P < 0.01.

Fig. 1 shows the kinetic curves for normal LDL trans-
port in the liver and extrahepatic tissues of control rats.
The shaded areas represent the relationship between total
(stippled) and receptor-independent (hatched) LDL up-
take and plasma LDL concentrations over the range of
LDL concentrations observed in these studies. The rates
of total and receptor-independent uptake measured in the
experimental animals have been superimposed on these
normal kinetic curves. As shown in the top panel, rates of
total and receptor-independent LDL uptake in the con-
trol animals used in these studies equaled 39 and 3 pg/h
per 100 g body wt, respectively, at a plasma LDL choles-
terol concentration of 11 mg/dl. These values fall on the
normal kinetic curves previously established for LDL
transport in the liver (33). In animals fed linoleic acid,
rates of total and receptor-independent LDL cholesterol
uptake equaled 40 and 3 pg/h per 100 g body wt, respec-
tively, at a plasma LDL cholesterol concentration of
10 mg/dl. These values were not displaced significantly

Spady Regulation of LDL transport by n-3 fatty acids 1341
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from the normal kinetic curves indicating that neither
receptor-dependent nor receptor-independent transport
was significantly altered by this fatty acid. In contrast,
total hepatic LDL cholesterol uptake in animals fed
eicosapentaenoic acid equaled 29 pg/h per 100 g body wt
at a plasma LDL cholesterol concentration of 4.5 mg/dl
whereas normal animals transport only ~17 ug/h per
100 g body wt at this LDL cholesterol concentration. As
receptor-independent LDL uptake was normal in these
animals, the increase in total LDL cholesterol uptake
could be attributed entirely to an increase in receptor-
dependent LDL uptake. Similarly, the rate of receptor-
dependent LDL uptake in animals fed docosahexaenoic
acid was significantly higher than in control animals at
the same LDL cholesterol concentration. As shown in the
bottom panel of Fig. 1, rates of total and receptor-
independent LDL uptake in the extrahepatic tissues were
not significantly displaced from the normal kinetic curves
by any of the experimental diets.

From the type of analysis illustrated in Fig. 1, the
changes in absolute rates of total and receptor-indepen-
dent LDL uptake could be converted to changes in
hepatic LDL receptor activity (defined as the rate of
receptor-dependent LDL uptake in experimental animals
relative to the rate of receptor-dependent uptake that
would be seen in control animals at the same LDL choles-
terol concentration). In addition, rates of LDL cholesterol

Hepatic Esterified
Cholesterol (mg/g)

Hepatic Unesterified
Cholesterol (mg/g)

Fig. 3. The effect of dietary linoleic acid, a-linolenic acid, eicosapen-
taenoic acid, or docosahexaenoic acid on hepatic esterified (top panel)
and unesterified (bottom panel) cholesterol levels. Animals were fed a
semisynthetic diet supplemented with individual PUFAs as described in
the legend to Fig. 1. Each value represents the mean + 1 SD for data ob-
tained in six animals; *P < 0.01.
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entry into plasma could be calculated because, in a
steady-state, the rate of LDL entry into plasma equals the
whole body LDL uptake rate (the sum of the uptake rates
in the liver and extrahepatic tissues shown in Fig. 1). The
effect of the four PUFAs on hepatic LDL receptor activity
and the rate of LDL cholesterol entry into plasma are
shown in Fig. 2. Dietary linoleic acid and a-linolenic acid
did not significantly alter hepatic LDL receptor activity
or the rate of LDL cholesterol entry into plasma. In con-
trast to linoleic and a-linolenic acids, the long-chain
PUFAs characteristic of marine lipids produced much
greater changes in hepatic LDL receptor activity and
LDL formation. Thus, dietary eicosapentaenoic acid and
docosahexaenoic acid increased hepatic LDL receptor ac-
tivity by 72% and 58%, respectively, and reduced the rate
of LDL cholesterol entry into plasma by 36% and 30%,
respectively. These changes in hepatic LDL receptor
activity and LDL cholesterol entry into plasma ac-
counted almost entirely for the marked reductions in
plasma LDL cholesterol concentrations shown in Table 2.

The effect of the four PUFAs on the cholesterol content
of the liver is shown in Fig. 3. As shown in the top panel,
hepatic cholesteryl ester levels increased ~ 3-fold in ani-
mals fed linoleic acid and ~ 2-fold in animals fed eicosa-
pentaenoic acid or docosahexaenoic acid. Dietary -
linolenic acid did not significantly alter the cholesteryl
ester content of the liver. As shown in the bottom panel,
none of the dietary PUFAs significantly altered the un-
esterified cholesterol content of the liver.

Finally, unesterified fatty acids were used in all of the
experiments described above; however, the same experi-
ments were also carried out using trilinolein, trilinolenin,
trieicosapentaenoin, and tridocosahexaenoin. Although
the effects of the four PUFAs were similar whether fed as
the unesterified fatty acid or the triglyceride, unesterified
eicosapentaenoic and docosahexaenoic acids appeared to
be slightly more active than the corresponding triglycer-
ides at lowering plasma cholesterol and triglyceride con-
centrations.

DISCUSSION

These studies were undertaken to evaluate the indepen-
dent effects of individual n-3 and n-6 PUFAs on serum
lipid levels and LDL transport in the rat. When substi-
tuted for carbohydrate in a cholesterol-free semisynthetic
diet, eicosapentaenoic acid and docosahexaenoic acid
markedly lowered plasma triglyceride and cholesterol
concentrations whereas the precursor of these two fatty
acids, a-linolenic acid, and linoleic acid had relatively
little effect. These changes in plasma lipid levels are simi-
lar to those previously observed by Worne and Smith (25)
in normal human subjects. In their studies 4 g per day of
22:5 n-3 or docosahexaenoate lowered plasma cholesterol
concentrations by ~100 mg/dl (~33% reduction)
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whereas the same amount of a-linolenate or linoleate had
little effect. While few studies have directly evaluated the
effects of individual n-3 PUFAs on plasma lipid levels,
comparisons of the effects of dietary fish oil and o-
linolenate-rich seed oils also suggest that the n-3 PUFAs
present in marine lipids are more active than a-linolenic
acid at lowering plasma cholesterol and triglyceride con-
centrations (40, 41).

In the present studies dietary a-linolenic acid did not
increase the proportion of a-linolenic acid in liver phos-
pholipids. Moreover, dietary «-linolenic acid only
modestly increased the proportion of eicosapentaenoic
acid and 22:5-3 and had no effect on docosahexaenoic
acid in liver phospholipids. These findings are consistent
with previous observations in humans and rats suggesting
that desaturation and elongation of a-linolenic acid is
quite limited (4, 10, 41, 42). As to the fate of dietary a-
linolenic acid, it is clearly well absorbed and is found in
triglycerides in the liver and adipose tissue but appears to
be preferentially oxidized rather than incorporated into
membrane phospholipids (43). In any event, the lipid-
lowering activity of individual n-3 fatty acids correlated
well with their ability to increase total n-3 PUFAs in liver
phospholipids. Thus, dietary a-linolenic acid modestly
increased the total n-3 PUFA content of liver phospho-
lipids and had little effect on plasma triglyceride and
cholesterol levels. In contrast, dietary eicosapentaenoic
acid and docosahexaenoic acid increased the total n-3
PUFA content of liver phospholipids by 3.6-fold and
3.7-fold, respectively, and markedly lowered plasma
triglyceride and cholesterol concentrations.

While there is little doubt that long-chain n-3 PUFAs
are the major biologically active constituents of fish oil, it
is not entirely clear whether eicosapentaenoic acid,
docosahexaenoic acid, or a synergistic action of the two is
responsible for the effects of fish oil on plasma lipopro-
teins. In a study in normolipidemic men it was found that
plasma triglycerides were markedly lowered by marine
lipids enriched either in eicosapentaenoic acid or docosa-
hexaenoic acid, whereas plasma LDL concentrations
were reduced only by the docosahexaenoic acid-enriched
lipid (44). Data from another study in rats also suggested
that dietary eicosapentaenoic acid and docosahexaenoic
acid may have differential effects on plasma cholesterol
and triglyceride levels (45). Although eicosapentaenoic
acid and docosahexaenoic acid clearly differed from «-
linolenic acid, we could find no evidence for a differential
effect of docosahexaenoic acid and eicosapentaenoic acid
on plasma cholesterol or triglyceride levels or on the
transport of LDL. This is probably not due to rapid inter-
conversion between the two fatty acids as feeding eicosa-
pentaenoic acid did not increase docosahexaenoic acid in
liver lipids and feeding docosahexaenoic acid primarily
increased docosahexaenoic acid. Whether eicosapen-
taenoic acid and docosahexaenoic acid interact synergisti-
cally to alter plasma lipoprotein metabolism is not known.

Spady

Eicosapentaenoic acid and docosahexaenoic acid lowered
plasma LDL cholesterol levels by more than 50%. As
there was little change in the cholesterol to protein ratio
of LDL, the decrease in plasma LDL cholesterol levels
was due predominantly to a decrease in the number of
LDL particles. The concentration of LDL in plasma is
determined by the rate at which LDL are formed in
plasma relative to the rate at which these particles are re-
moved from plasma by receptor-dependent and receptor-
independent transport processes in the various organs of
the body. Approximately 70-80% of total LDL turnover
is mediated by LDL receptors (30-32), the vast majority
of which are located in the liver (33). Thus, changes in cir-
culating LDL concentrations are generally due to changes
in the rate of LDL formation or to changes in receptor-
dependent LDL catabolism by the liver. We previously
found that the addition of saturated fatty acids to a low
cholesterol diet raised plasma LDL concentrations by in-
creasing the rate of LDL production whereas fish oil
lowered plasma LDL levels by enhancing hepatic LDL
receptor activity (34). Fish oil contains a heterogeneous
mixture of fatty acids (including n-3 PUFAs and various
chain-length monounsaturated and saturated fatty acids).
Some of these fatty acids have unknown effects on LDL
transport or may be involved in complex interactions (35)
making it difficult to predict the independent effects of in-
dividual n-3 fatty acids. In the present studies dietary
eicosapentaenoic acid and docosahexaenoic acid increased
hepatic LDL. receptor activity as did fish oil in the previous
studies (34). In addition, however, dietary eicosapentaenoic
acid and docosahexaenoic acid also significantly reduced
the rate of LDL cholesterol entry into plasma, leading to
marked reductions in plasma LDL cholesterol concentra-
tions of 64% and 55%, respectively. The failure of fish oil
to reduce the rate of LDL formation in previous studies
(34) is probably due to the fact that fish oil contains both
n-3 PUFAs, which reduce the rate of LDL entry into
plasma, and saturated fatty acids, which increase the rate
of LDL entry into plasma. Together these two effects ap-
parently result in an intermediate rate of LDL formation
that is not different from that observed in the absence of
either fatty acid, i.e., with carbohydrate.

As saturated and n-3 polyunsaturated fatty acids have
opposite effects on the rate of LDL entry into plasma, the
replacement of one by the other in the diet can markedly
alter the rate of LDL formation as previously reported
(23). The mechanism whereby n-3 fatty acids reduce the
rate of LDL formation is not known, LDL arise in plasma
during the metabolism of VLDL (26). Thus, a decrease
in the rate of LDL entry into plasma may result from a
reduction in the number of VLDL particles secreted by
the liver or to a decrease in the proportion of VLDL that
is metabolized to LDL. Dietary eicosapentaenoic acid
and docosahexaenoic acid markedly lowered VLDL cho-
lesterol and triglycerides in these studies. This appears to
be due to the secretion of VLDL particles that are
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depleted of cholesterol and triglycerides (46, 47) and pos-
sibly to a reduction in the number of VLDL particles
secreted by the liver (48). In addition, however, n-3
PUFAs appear to enhance VLDL turnover (48, 49).
VLDL are converted to VLDL remnants which may be
rapidly cleared by LDL receptors in the liver or further
metabolized to LDL. Thus, an increase in hepatic LDL
receptor activity may, in addition to increasing the clear-
ance of LDL from plasma, also accelerate the uptake of
VLDL remnants by the liver, allowing fewer of these par-
ticles to be converted to LDL and thereby reducing the
rate of LDL formation.

The mechanism whereby n-3 fatty acids increase
receptor-dependent LDL uptake by the liver is unknown.
Roach et al. (50) reported that fish oil reduced plasma
LDL levels in the rat but did not increase the binding of
LDL to solubilized liver membranes. Similarly, in pre-
liminary studies in the rat, we found that fish oil increased
receptor-dependent LDL uptake by the liver but did not
increase hepatic LDL receptor protein or mRNA Jevels
(J. D. Horton, J. A. Cuthbert, and D. K. Spady, unpub-
lished results). An increase in receptor-dependent LDL
uptake with no corresponding change in the number of
LDL receptors suggests an alteration in receptor function.
Thus, it is possible that n-3 fatty acids alter the affinity
of LDL receptors for the LDL particle (51) or alter the
distribution or recycling rate of LDL receptors in the
hepatocyte (52, 53).

In these studies hepatic cholesteryl ester levels in-
creased by about 2-fold in animals fed eicosapentaenoic
acid or docosahexaenoic acid and by about 3-fold in
animals fed linoleic acid. Dietary fatty acids are known to
alter hepatic acyl-coenzyme A:cholesterol acyltransferase
(ACAT) activity and cholesteryl ester levels and in many
cases these effects appear to be independent of changes in
sterol balance across the liver. Dietary fatty acid-induced
changes in liver cholesteryl ester levels are accentuated
when cholesterol is included in the diet. Studies in rats fed
20% triglyceride and varying amounts of cholesterol
showed that hepatic cholesteryl ester levels are ordered as
follows: olive oil (mainly oleic acid) > safflower oil (mainly
linoleic acid)> fish oil concentrate =hydrogenated coco-
nut oil (D. K. Spady, unpublished observation). These
findings are consistent with studies in cultured rat hepato-
cytes where eicosapentaenoic acid and docosahexaenoic
acid were found to promote lower levels of cholesterol es-
terification than oleic acid (54). Similarly, hepatic
microsomal ACAT activity was found to be higher in rats
fed fish oil (55) or sunflower seed oil (56) than in animals
fed saturated triglycerides. How dietary fatty acids regu-
late cholesterol esterification has not been fully estab-
lished. However, various fatty acids appear to differ sub-
stantially in their ability to serve as a substrate for the
ACAT reaction (54, 57). In addition, by modifying the
fatty acid composition of microsomal phospholipids,
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dietary fatty acids may alter the microenvironment of

membrane-associated enzymes and thereby influence en-
zyme activity (34-56). In the present studies there was no
obvious correlation between cholesterol levels (esterified
or unesterified) and receptor-dependent LDL uptake by
the liver making it unlikely that changes in receptor-
dependent uptake were triggered by changes in the free or
esterified cholesterol content of the liver.

Although dietary n-3 PUFAs uniformly lower serum
triglyceride levels in humans, studies dealing with the
effects of marine lipids on serum total and LDL choles-
terol levels have often yielded inconsistent and, at times,
seemingly contradictory results. A number of factors may
contribute to the reported variability in responsiveness to
dietary n~-3 PUFAs including differences in study design,
differences in the underlying lipid phenotype of experi-
mental subjects, and differences in the quantity and qual-
ity of the marine lipids used. With respect to study design,
plasma total and LDL cholesterol levels consistently fall
in normal individuals when large amounts of saturated
triglyceride are replaced by marine lipids (12, 15, 19-23).
However, from a more practical standpoint, plasma LDL
levels generally do not fall when modest amounts of
marine lipids are taken as a supplement by individuals
consuming a Western diet. Moreover, the hypotriglyceri-
demic effect of fish oil supplements is frequently accompa-
nied by a significant rise in plasma LDL concentrations
in subjects with primary hypertriglyceridemia or familial
combined hyperlipidemia (16-18, 58). The failure of fish
oil supplements to lower plasma LDL concentrations
raises serious doubts about the potential usefulness of
these supplements in the prevention and treatment of
atherosclerotic complications; however, studies in animals
fed atherogenic diets have shown that fish oil supplements
can markedly inhibit the development of atherosclerosis
despite minimal or even unfavorable effects on plasma
LDL and HDL concentrations (59-61). Finally, informa-
tion regarding the effects of dietary n-3 PUFAs has been
derived largely from studies using fish oil, which, in addi-
tion to n~3 PUFAs may contain considerable amounts of
saturated fatty acids and cholesterol. The few studies that
have examined the effects of purified n-3 polyunsaturated
fatty acids or esters on plasma cholesterol and triglyceride
levels suggest that supplements of these purified com-
pounds may significantly lower cholesterol levels in nor-
mal and hypercholesterolemic individuals (25).

The response to dietary marine lipids also appears to
vary considerably among different animal species. As in
humans, plasma triglyceride and cholesterol concentrations
fall in species such as the rat (34) and pig (62) when dietary
saturated triglyceride is replaced by fish oil. Plasma choles-
terol concentrations also fall in rhesus (63) and African
green monkeys (47) when dietary saturated triglyceride is
replaced by fish oil; however, unlike the situation in hu-
mans, plasma triglyceride levels remain unchanged (63) or
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even rise (47). Finally, dietary fish oil tends to raise plasma
triglyceride and cholesterol levels in species such as the
hamster (64) and cynomolgus monkey (65). For example,
addition of crude fish oil to a low fat, low cholesterol diet
markedly increases plasma cholesterol and triglyceride
concentrations in the hamster. Much of this increase is
apparently due to the cholesterol and saturated fatty acid
content of crude fish oil; nevertheless, even purified n-3
PUFAs fail to lower plasma triglyceride or LDL choles-
terol concentrations in this species (D. K. Spady, unpub-
lished observation). An examination of the mechanisms
underlying these species differences in response to dietary
n-3 fatty acids may provide insights into how these fatty
acids influence plasma lipoprotein levels. il
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