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density lipoprotein metabolism in the guinea pig
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Abstract Studies have shown that dietary fat saturation affects
guinea pig plasma low density lipoprotein (LDL) levels by alter-
ing both LDL receptor-mediated catabolism and flux rates of
LDL (Fernandez et al. 1992. J Lipid Res. 33: 97-109). The
present studies investigated whether saturated fatty acids of
varying chain lengths have differential effects on LDL
metabolism. Guinea pigs were fed 15% (w/w, 35% calories) fat
diets containing either palm kernel oil (PK), 52% lauric
acid/18% myristic acid; palm oil (PO), 43% palmitic acid/4%
stearic acid; or beef tallow (BT), 23% palmitic acid/14% stearic
acid. Plasma LDL cholesterol levels were significantly higher for
animals fed the PK diet (P < 0.001) with values of 83 + 19
(n =12), 53 + 8 (n = 12) and 44 + 16 (n = 10) mg/dl for PK,
PO, and BT diets, respectively. The relative percentage composi-
tion of LDL was modified by fat type; however, LDL diameters
and peak densities were not different between diets, indicating
no effect of saturated fatty acid composition on LDL size.
ApoB/E receptor-mediated LDL fractional catabolic rates
(FCR) were significantly lower in animals fed the PK diet
(P < 0.01) and LDL apoB flux rates were reduced (P < 0.01)
in animals fed the BT diet. A correlation was found between
plasma LDL levels and receptor-mediated LDL catabolism
(r = -0.66, P < 0.01). A higher apoB/E receptor number
(Bmax), determined by in vitro LDL binding to guinea pig
hepatic membranes, was observed for animals fed BT versus PK
or PO diets and B, values were significantly correlated with
plasma LDL levels (r = -0.776, P < 0.001). B These results
indicate that saturated fatty acids of varying chain length have
differential effects on hepatic apoB/E receptor expression and on
LDL apoB flux rates which in part account for differences in
plasma LDL cholesterol levels of guinea pigs fed these saturated
fats. — Fernandez, M. L., E. C. K. Lin, and D. J. McNamara.
Differential effects of saturated fatty acids on low density
lipoprotein metabolism in the guinea pig. /. Lipid Res. 1992. 33:
1833-1842.

Supplementary key words apoB/E receptor ¢ apoLDL fractional
catabolic rate  dietary fatty acids « apoLDL flux rates

High dietary intakes of saturated fatty acids have been
implicated as a causative factor in the high incidence of
hypercholesterolemia and increased risk for atherosclero-
sis and cardiovascular disease which exist in many
Western cultures (1). While this generalization was origi-
nally considered applicable to all saturated fatty acids

varying in chain length from 10 to 18 carbons, recent data
indicate that individual saturated fatty acids can have
specific, and in some cases opposite, effects on plasma
cholesterol levels (2-8). Bonanome and Grundy (2)
reported that stearic acid (C18:0) had a hypocholestero-
lemic effect in normolipidemic subjects when compared to
palmitic acid (C16:0). Metabolic ward studies in nor-
molipidemic individuals demonstrated that butter fat in-
take increased low density lipoprotein (LDL) levels com-
pared to intake of beef tallow or cocoa butter, two fats
with a high stearic acid content (3). In addition, cocoa
butter when compared to corn, palm kernel, or coconut
oil did not exhibit hyperlipidemic properties in rats and
this was attributed in part to an inhibitory effect of cocoa
butter on cholesterol absorption (4, 5). Woollett, Spady,
and Dietschy (8) reported that lauric, myristic, and
palmitic acids increased plasma LDL cholesterol levels in
hamsters compared to animals fed stearic acid by decreas-
ing LDL apoB/E receptor activity and increasing LDL
production rates.

Studies by Hegsted et al. (6) indicated that of the vari-
ous saturated fatty acids in the diet, the most hyper-
cholesterolemic was myristic acid followed by palmitic
acid; stearic acid was found to be hypocholesterolemic. It
has been reported that intake of palmitic acid has a neu-
tral effect on plasma LDL levels in nonhuman primates
when compared to myristic (C14:0) + lauric (C12:0) acids
and to be slightly hypercholesterolemic as compared to
linoleic acid (C18:2) (7). Moreover, when compared to
myristic and lauric acids, intake of palmitic acid increased
apoB/E receptor mRNA levels in hamsters (9) and lo-
wered plasma LDL apoB pool sizes by decreasing LDL

Abbreviations: LDL, low density lipoprotein; PK, palm kernel oil;
PO, palm oil; BT, beef tallow; FCR, fractional catabolic rate; PL, phos-
pholipid; CE, cholesteryl ester; TG, triglyceride; FC, free cholesterol;
PRO, protein.
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TABLE 1. Composition of test diets

Component Weight (%) Calories (%)
Soy protein 22.4 23.0

Fat (beef tallow, palm oil or palm kernel oil) 15.1 35.1
Carbohydrates (sucrose/corn starch) 39.6 41.9
Fiber (cellulose/guar gum) 13.6

Mineral mix* 8.2

Vitamin mix*

Caloric density (kcal/g)

1.1
3.8

“Mineral and vitamin mixes were formulated to meet NRC specified requirements for the guinea pig.

apoB production rates in rhesus monkeys (10). The data
from these studies suggest that saturated fatty acids have
different potentials for modifying plasma cholesterol
levels, especially the atherogenic LDL, due to differential
effects on parameters of LDL metabolism.

In order to gain a better understanding of the mechan-
isms by which different saturated fatty acids affect plasma
LDL levels, the effects of dietary palm kernel oil (PK)
(52% C12:0 + 18% C14:0), palm oil (43% C16:0 + 4%
C18:0), and beef tallow (BT) (23% C16:0 + 14% C18:0)
on LDL metabolism were evaluated in the guinea pig.
These studies were carried out to test the hypothesis that
saturated fatty acids of varying chain length have differen-
tial effects on LDL flux and receptor-mediated catabolism
that account for the reported variations in plasma LDL
cholesterol levels. As guinea pigs carry the majority of
plasma cholesterol in LDL and are responsive to changes
in dietary fat saturation in the absence of dietary
cholesterol (11-13), this animal model was selected for
studies of the effects of saturated fatty acid chain length
on plasma LDL levels and metabolism.

EXPERIMENTAL PROCEDURES

Materials

Na!?’l and Na!3!] were purchased from New England
Nuclear Research Products (Boston, MA); enzymatic
cholesterol kits, cholesterol esterase, and cholesterol oxi-
dase from Boehringer Mannheim (Indianapolis, IN);
halothane from Halocarbon (Hackensack, NJ); Quickseal
ultracentrifugation tubes from Beckman Instruments
(Palo Alto, CA). Other materials were obtained from
sources previously reported (11-13).

Diets

Diets were prepared and pelleted by Research Diets,
Inc. (New Brunswick, NJ). The three diets had identical
compositions except for the fat source (Table 1) which
consisted of 15% (w/w) fat, either palm kernel oil (PK),
palm oil (PO), or beef tallow (BT). The fatty acid compo-
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sitions of the dietary fats presented in Table 2 were deter-
mined by gas-liquid chromatography (11). Fat represented
35% of the total caloric content of the diets, and
cholesterol and plant sterols were adjusted to normalize
all diets to the same level of 0.13 mg/g cholesterol and 1.0
mg/g plant sterol as previously described (10, 11).

Animals

Male Hartley guinea pigs purchased from Sasco
Sprague-Dawley (Omaha, NE), weighing between 250
and 300 g, were randomly assigned to one of the three
dietary fat groups. After 4 weeks on the test diets, animals
were used either for isolation of plasma LDL. and hepatic
membranes or for LDL turnover studies. Preliminary
studies have shown that this length of time is sufficient to
establish a constant plasma cholesterol level and a meta-
bolic steady state condition (11-13). Animals were
anesthetized with halothane vapors and exsanguinated by
cardiac puncture. Animals involved in the kinetic studies

TABLE 2. Fatty acid composition of diets

Dietary Fat
Fatty Acid Palm Kernel Oil Palm Oil Beef Tallow
%o

8:0 0.4

10:0 2.5

12:0 52.4

14:0 18.0 1.5 2.8
14:1 0.7
16:0 8.5 43.2 23.3
16:1 0.1 3.9
18:0 14.0 4.1 14.1
18:1 1.4 39.8 47.0
18:1 (irans) 2.7

18:2 0.3 9.7 1.8
18:3 0.2 0.1
20:0 0.2 0.3

20:1 0.1 0.3
20:2 0.3

P/S ratio® 0.02 0.20 0.04

“Ratio of polyunsaturated to saturated fatty acids.
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TABLE 3. Final body weights and plasma total and LDL
cholesterol levels of guinea pigs fed 15% (w/w) palm kernel oil, palm
oil, and beef tallow semi-purified diets

Cholesterol!
Dietary Fat (n) Body Weight Total LDL
g mg/dl
Palm kernel oil (12) 585 + 20 106 + 25° 83 + 19°
Palm oil (12) 555 + 47 71 + 12° 53 + 8°
Beef tallow (12) 582 + 33 56 + 18° 44 1 16

Values are presented as mean + SD for (n) determinations.

*Values in the same column with different superscript are significantly
different (P < 0.001) as determined by ANOVA and least significant
difference test.

were killed at the end of the turnover studies with an ex-
cess of halothane vapors. All animals consumed equal
amounts of diet and there were no significant differences
in the rates of weight gain or final body weights among
groups (Table 3). All animal experiments were conducted
in accordance with U.S. Public Health Service/U.S.
Department of Agriculture guidelines, and experimental
protocols were approved by the University of Arizona In-
stitutional Animal Care and Use Committee.

LDL isolation and characterization

Plasma samples were obtained by cardiac puncture un-
der halothane vapors, using EDTA as an anticoagulant (1
mg/ml) and a mixture of aprotinin (0.5 mg/ml), NaN,
(0.1 mg/ml), and PMSF (0.1 mg/ml) to minimize changes
in lipoprotein composition during isolation. Plasma
lipoproteins were isolated by adjusting the plasma density
to 1.25 g/ml with KBr followed by centrifugation for 36 h
at 125,000 g at 15°C in a Beckman Ti-50 rotor. The iso-
lated lipoprotein fraction was adjusted to a density of 1.3
g/ml with KBr, and a 10-ml volume was overlayered with
30 ml of d 1.006 g/ml density solution in a Quickseal cen-
trifugation tube. Centrifugation was performed in a
VC-53 vertical rotor for 3 h at 100,000 g at 10°C to gener-
ate a density gradient fractionation of the lipoproteins,
and the lipoprotein profile was determined by measuring
the cholesterol concentrations and refractive index of the
isolated fractions as previously described (11). LDL used
for the kinetic studies was isolated in a density range of
1.02 to 1.09 g/ml, dialyzed against 0.9% NaCl and 0.01%
EDTA for 24 h, and concentrated to 1.5 to 2 mg/ml pro-
tein. Guinea pig plasma LDL apoB was quantitated as
the difference between total LDL protein and soluble pro-
tein after isopropanol precipitation (14).

LDL particle diameters were calculated from the core
to surface volume ratio according to Van Heek and Zil-
versmit (15) using the formula:

1.093(TG) + 1.044(CE)

[0.968(FC) + 0.97 (PL)
+ 0.705 (PRO)]

and d = 2r + 2(215)

x 3 x 215 A

where r = radius of the particle, d = diameter; PL =
phospholipid mass; TG = triglyceride mass; CE = choles-
teryl ester mass; FC = free cholesterol mass, and
PRO = protein mass; 21.5 A is the assumed thickness of
the surface layer of the lipoprotein; 1.093, 1.044, 0.968,
0.97, and 0.705 are the corresponding specific volumes of
PL, TG, CE. FC, and PRO, respectively, as previously
reported (13).

Human LDL was isolated from plasma samples of nor-
molipidemic volunteers by sequential ultracentrifugation
between densities 1.019 and 1.063 g/ml and washed at d
1.063 g/ml. Methylated human LDL was prepared as
described by Weisgraber, Innerarity, and Mahley (16). In
vitro competition studies for 1?’I-labeled LDL binding to
guinea pig hepatic membranes were carried out at 37°C
to verify the efficacy of the methylation procedure as
previously reported (13). Iodination of lipoproteins was
performed according to the method of Goldstein, Basu,
and Brown (17). Radiolabeled LDL was used within 2 to
4 days of preparation to minimize potential changes due
to radiation oxidation (18).

Analytical methods

Plasma total and lipoprotein cholesterol levels were de-
termined by enzymatic analysis and isolated LDL sepa-
rated at 1.019 < d < 1.09 g/ml was analyzed for protein,
triglyceride, phospholipid, total and free cholesterol by
previously described methods (11-13). This density range
for LDL isolation was based on density distributions of
the plasma lipoproteins as determined by density gradient
fractionation using a vertical rotor (11).

Fatty acid analysis

Total lipids were extracted from guinea pig hepatic
membranes (19) and triglycerides and phospholipids were
separated by thin-layer chromatography using a solvent
system of N-hexane-diethyl ether-acetic acid-methanol
90:20:2:3 (vol/vol). Phospholipid fatty acids were con-
verted to fatty acid methyl esters (FAME) by base-
catalyzed transesterification with sodium methoxide.
FAME were determined by gas chromatography using a
Packard gas chromatograph (Model 438A, Chromopack,
Raritan, NJ) equipped with a Supelco SP-2380
(Bellefonte, PA) wide-bore capillary column, 30 m x 0.53
mm, using temperature programming with an initial tem-
perature of 90°C and a final temperature of 240°C.
Helium was the carrier gas at a flow rate of 5 cc/min.
Peaks were identified by comparison of retention times
with standards.

Fernandez, Lin, and McNamara Saturated fatty acids and LDL metabolism 1835
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The saturation index (SI) values of membrane phos-
pholipid fatty acids from PK, PO, and BT diet groups
were calculated (20) as:

LI{% unsaturated fatty acids)

SI - (number of double bonds)]

% saturated fatty acids

In vitro LDL binding

Pooled samples of LDL from each dietary fat group
were radioiodinated by the iodine monochloride method
(17) to give a specific activity between 200 and 300
cpm/ng protein. Hepatic membranes (200 pg) isolated as
previously described (11) were incubated with 12°I-labeled
LDL (5-60 pg/ml) from the homologous diet for 2 h at
37°C in the presence or absence of 1 mg/ml of human
LDL to determine apoB/E receptor mediated binding.
After incubation, membranes were pelleted and washed
by centrifugation as previously described (12) and the
binding parameters K, and B,,, were determined from
Woolf plots (21).

Metabolic studies

Plasma LDL turnover kinetics were measured as
described previously (13). LDL isolated from animals fed
15% PK, PO, or BT diets was radioiodinated and injected
into animals fed the same diet to determine FCR and flux
rates in a completely autologous system. Guinea pig
plasma LDL kinetics were measured gver a period of 33
h by measuring plasma LDL radioactivity at 10 min (zero
time) and at 0.5, 1, 2, 3.5, 5, 10, 15, 20, 24, 28, and 33
h after injection of the radiolabeled LDL. Samples were
obtained by taking 300-ul blood samples via an indwelling
catheter of silastic tubing, I.D. 0.64 mm (Dow-Corning,
Corning NY) inserted in the jugular. FCR values were
calculated using a two-pool model as described by
Mathews (22). Receptor-independent LDL turnover was
measured by simultaneously injecting !3!I-labeled
methylated human LDL and determining its catabolism
as previously reported (13). ApoLDL flux rates were cal-
culated by multiplying LDL apoB pool size (mg/kg) by
FCR (h™1).

Statistical analysis

One-way analysis of variance (ANOVA) was used to as-
sess differences in plasma and lipoprotein cholesterol
levels, LDL composition and peak densities, fatty acid
composition of hepatic membranes, K; and Bp,, values,
and the metabolic parameters of apoLDL pool size, FCR,
flux rates, receptor-independent and receptor-mediated
plasma LDL turnover of animals fed PK, PO, and BT
diets using the GBSTAT program (Dynamic Microsystems,
Inc. Silver Springs, MD). Multiple regression analysis
was used to determine significant correlations. Data are
presented as mean +SD for the number of animals tested.
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Model selection

The two-pool Mathews model (22), which assumes that
LDL catabolism occurs only from the plasma compart-
ment, was used for calculating plasma apoL.DL turnover.
As previously reported (13), this model was selected as-
suming that LDLs from a given diet are kinetically
homogeneous and have the same probability of following
a given metabolic pathway. This model is the most com-
monly used for apoL.DL kinetics in both clinical (23, 24)
and animal studies (10, 13, 25) and therefore, for purposes
of comparison, it is the most appropriate model for data
analysis in the present study. Statistical analysis of the tur-
nover kinetic data indicated that the data were best fitted
using a two-exponential model (JANA and PCNONLIN,
SCI Software, Lexington, KY).

RESULTS

Plasma cholesterol levels and LDL size and
composition

Dietary saturated fatty acids had no significant effects
on rates of body weight gain or final body weights (Table 3).
Plasma total cholesterol levels were 1.5- and 1.9-fold
higher in guinea pigs fed the PK diet than in animals fed
the PO or BT diets (Table 3). As has been previously
reported for guinea pigs (11-13), changes in plasma total
cholesterol levels mediated by dietary fatty acids occur
mainly in LDL and a parallel increase in plasma LDL
was observed in animals fed the PK diet compared to the
other two dietary fat groups (Table 3). Animals from the
PO group had slightly higher total and LDL cholesterol
levels than animals from the BT group; however, these
values were not significantly different by ANOVA (Table 3).

TABLE 4. Composition and peak densities of LDL isolated from
guinea pigs fed 15% (w/w) palm kernel oil, palm oil, and beef tallow
semni-purified diets

Dietary Fat!
LDL Palm Kernel Oil Palm Qil Beef Tallow
%
Composition
Cholesteryl ester  45.2 + 3.3° 41.9 t 2.7 41.7 + 3.7
Free cholesterol 6.9 + 2.1 7.0 + 1.8 6.3 + 1.7
Triacylglycerol 7.0 + 1.5° 80 + 1.8 10.9 + 2.1
Protein 182 + 3.3* 249 + 2.4° 218 4.9
Phospholipid 22.4 &+ 3.1 18.6 + 5.9 209 + 5.4
Peak density (g/ml) 1.048 + 0.003 1.043 + 0.003 1.048 + 0.007
Diameter {A) 214 + 23 205 + 25 216 + 25

Data are presented as mean + SD for n = 10 for composition and
diameter values and n = 6 for peak density values.

Values in the same row with different superscripts are significantly
different (P < 0.05) as determined by ANOVA and the least significant
difference test.
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Differences in dietary fatty acid composition not only
affected plasma LDL concentrations but also resulted in
changes in LDL composition. The relative percentage of
LDL triacylglycerol was higher in the BT diet group
(Table 4). The percentage of LDL protein was lowest
whereas the proportion of LDL cholesteryl ester was
highest in guinea pigs fed the PK diet (P < 0.05) (Table
4). These compositional differences did not affect LDL
size as judged by similar LDL peak densities and calcu-
lated diameters for the three dietary fat groups (Table 4).
Higher levels of cholesteryl ester in LDL have been
related to larger LDL particles (13). Although a higher
percentage of cholesteryl ester was observed in LDL iso-
lated from the PK group, the content of triacylglycerol,
which is also a core component of LDL and makes a con-
tribution to LDL diameter (15), was lower in this dietary
fat group; therefore, no differences in LDL diameter were
found among dietary fat groups (Table 4).

Fatty acid composition of hepatic membranes

Dietary saturated fatty acid composition significantly
affected the fatty acid profile of guinea pig hepatic mem-
brane phospholipids (Table 5). Major differences were
found in the percentages of 14:0, 18:1, 18:2, and 22:6 while
16:0 and 18:0 remained relatively constant in the three
dietary groups. Differences included the finding that 14:0
was present only in animals fed the PK diet; animals fed
the BT diet had a lower percentage of 18:2 than animals
fed PO and PK diets (P < 0.05); 18:1 content was highest
in the BT, intermediate in PO, and lowest in the PK diet
group; and 22:6 was higher in the BT fed animals (Table
5). Although the saturation index values for membrane

TABLE 5. Fatty acid composition of hepatic membrane
phospholipids of guinea pigs fed 15% (w/w) palm kernel oil, palm
oil, and beef tallow semi-purified diets

Dietary Fat!

Fatty Acids Palm Kernel Oil Palm Oil Beef Tallow
%

14:0 1.1 + 03
16:0 120 + 1.5 11.7 £ 1.0 10.3 + 2.3
16:1 1.2 + 0.3 1.5 + 0.3
18:0 339 + 1.9 28.2 + 2.6 30.7 + 1.8
18:1 11.1 + 0.9° 17.6 + 0.8 21.1 ¢+ 1.1°
18:2 32.4 + 1.4° 31.7 + 0.4° 27.5 + 0.8°
18:3 1.0 + 0.5 0.4 1+ 0.2 1.3 + 0.6
20:2 0.7 + 0.1 0.5 + 0.1
20:3 0.6 + 0.1 0.6 + 0.2
20:4 3.8 + 0.4 44 + 08 41+ 05
22:6 0.3 + 0.1° 06 + 0.1° 2.1 + 1.0
Saturation index 2.12 + 0.08 2.62 + 0.31 2.67 + 0.41

Data are presented as mean + SD for n = 3.

'Values in the same row with different superscripts are significantly
different as determined by ANOVA and the least significant difference
test (P < 0.001).

TABLE 6. Equilibrium parameters of apoB/E receptor-mediated
binding of LDL to hepatic membranes from guinea pigs fed 15%
(w/w) palm kernel oil, palm oil, and beef tallow semi-purified diets

Dietary Fat (n) K, B}
ug/ml #g/mg
Palm kernel oil (6) 37 + 12 2.11 £ 0.40°
Palm oil (5) 46 1 8 2.40 + 0.30°
Beef tallow (5) 44 + 4 3.7¢ + 0.39

Values are presented as mean + SD for (n) determinations.

Values in the same column with different superscripts are significantly
different (P < 0.02) as determined by ANOVA and the least significant
difference test.

phospholipid fatty acids were not significantly different
among the dietary fat groups, PK-fed animals had a lower
value consistent with a higher percentage of saturated and
lower percentage of mono- and polyunsaturated fatty
acids (Table 5). A significant negative correlation was
found between plasma LDL cholesterol levels and satura-
tion index values of hepatic membrane phospholipid fatty
acids in these animals (r = ~0.63,n = 9, P < 0.05, data
not shown).

LDL binding to hepatic membranes

Dietary saturated fat composition had significant
effects on apoB/E receptor-mediated binding of LDL to
hepatic membranes. Animals fed the BT diet had 1.5- and
1.8-fold higher expression of hepatic membrane apoB/E
receptors (B,,.) than the PO and PK fat groups, respec-
tively (Table 6). Animals fed PO and PK diets had similar
B, values. The affinity of the apoB/E receptor for LDL
(Kz) was not modified by saturated fat composition
(Table 5). A significant correlation (r = -0.776,
P < 0001) was observed between plasma LDL
cholesterol levels and B,,, values for all dietary fat groups
(Fig. 1). Saturation curves of LDL binding to hepatic
membranes from BT, PO, and PK diet groups are
presented in Fig. 2. The inset presents the Woolf plots
used to determine K; and B, values. Animals from the
BT diet group had higher LDL binding at all concentra-
tions of labeled LDL consistent with the higher expres-
sion of apoB/E receptors (B,,.) by hepatic membranes
from this dietary fat group. PO- and PK-fed animals had
similar values of ligand binding to hepatic membrane
apoB/E receptor (Fig. 2).

Plasma LDL kinetics

Differences in dietary saturated fatty acid composition
resulted in unique effects on plasma LDL turnover in that
animals fed the PK diet had a slower plasma LDL disap-
pearance than animals fed PO and BT diets (Fig. 3).
Plasma LDL turnover rates were similar for the PO and
BT dietary groups. LDL apoB pool sizes were

Fernandez, Lin, and McNamara Saturated fatty acids and LDL metabolism 1837
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Fig. 1. Correlation between plasma LDL cholesterol levels (mg/dl)
and hepatic membrane apoB/E receptor number (B,,,) (#g LDL pro-
tein bound per mg membrane protein) of guinea pigs fed 15% (w/w)
beef tallow (@), palm oil (M), and palm kernel oil (O) semi-purified diets.
(r = -0.776, P < 0.001).

significantly modified by dietary saturated fat composi-
tion with BT-fed animals having an LDL apoB pool size
35 and 50% smaller than PO- and PK-fed guinea pigs
respectively (Table 7). This reduction in LDL apoB pool
size is in part explained by a significant decrease
(P < 0.01) in LDL apoB flux rates in animals fed the BT
diet (Table 7). Due to individual variations within diet
groups, no significant differences were found for the total
FCR values of LDL; however, receptor-mediated LDL
FCR values were significantly lower in guinea pigs fed the
PK diet (Table 7). No differences in receptor-mediated
LDL FCR were observed between PO- and BT-fed
animals. Receptor-independent FCR values, measured
by the plasma disappearance of methylated human LDL,
were not different among groups (Table 7). Fig. 4
presents graphs of total and receptor-independent LDL
turnover in animals fed PK (top panel), PO (middle
panel), and BT (bottom panel) diets. As shown in Fig. 4,
receptor-mediated LDL turnover, obtained by subtract-
ing receptor-independent from total LDL turnover, was
higher in PO- and BT-fed animals compared to the PK
diet group. A significant correlation (r = -0.66, n = 14,
P < 0.01) was found between receptor-mediated FCR
and plasma LDL cholesterol levels for all three dietary fat
groups (Fig. 5).
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DISCUSSION

Saturated dietary fat and plasma LDL levels and
composition

Clinical (2, 3) and animal studies (7-10) have shown
that dietary saturated fat of varying chain lengths has
differential effects on plasma lipoprotein levels. Studies
have demonstrated that the shorter chain saturated fatty
acids lauric and myristic are hypercholesterolemic com-
pared to stearic acid (2-6, 8). However, some controversy
exists regarding palmitic acid in that studies in humans
demonstrated that palmitic acid is hypercholesterolemic
relative to lauric acid (6), while it has been reported that
in non-human primates lauric and myristic are hyper-
cholesterolemic compared to palmitic acid (7).

Although several mechanisms have been proposed to
account for the changes in plasma LDL levels resulting
from intake of the different saturated fatty acids (4-10),
one unanswered question relates to the effects of stearic,

2000
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l/

© 20 ° 20 0 [

FREE (ug/mi)

T T T T

0 10 20 30 40 50 60 70
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Fig. 2. ApoB/E receptor-mediated binding of !**I-labeled LDL to
hepatic membranes of guinea pigs fed different saturated fatty acids.
LDL was isolated from guinea pigs fed 13% (w/w) beef tallow (@), palm
oil (W), and palm kernel oil (O) semi-purified diets and incubated with
hepatic membranes from the homologous dietary group. Receptor-
mediated binding was obtained by subtracting nonspecific from total
binding as described in Experimental Procedures. Each curve represents
the mean of n = 6 membrane binding experiments for the PK group
and n = 5 for the PO and BT groups. The inset presents Woolf plots
used for calculation of the affinity constant (K,) (#g/ml) and receptor
number (B, ) (pg/mg). K, values were: 37, 34, and 38 ug/ml and B,
values were: 2.09, 2.12, and 3.30 pg/mg for animals fed PK, PO, and BT
diets, respectively.

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

100

Ll

)]

0

(]

- PK

b 101 8T
[10]

8 PO
L

o

1 r T r
0 10 20 30 40

TIME (hrs)

Fig. 3. Plasma decay curves of LDL isolated from animals fed 15%
beef tallow (@), palm oil (M), and palm kernel oil (O) diets and injected
into guinea pigs fed the homologous diet. Identical amounts of LDL pro-
tein were injected and the plasma decay curves were analyzed as
described in Experimental Procedures. Each curve represents the
mean + SD of a minimum of four determinations.

palmitic, and lauric + myristic on receptor-mediated
LDL catabolism and apoLDL flux rates. The present
studies were designed to evaluate the differential effects of
these fatty acids on LDL metabolism using an “LDL
animal, the guinea pig. Changes in LDL metabolism
similar to those reported for humans have been demon-
strated in this animal model in response to changes in
dietary fat quality and quantity in the absence of dietary
cholesterol (13, 23, 24).

The present studies have shown that different saturated
fatty acids have unique effects on plasma LDL levels and
metabolism. Guinea pigs fed the PK diet had the highest
levels of LDL cholesterol consistent with reports that
lauric + myristic acids are more hypercholesterolemic

than palmitic and stearic acids (3, 7). A possible explana-
tion for the observed differences in plasma LDL
cholesterol levels among the three dietary fat groups could
relate to the higher oleic acid content of the BT and PO
diets compared to the PK diet (Table 2). However, previ-
ous studies in guinea pigs have demonstrated that intake
of olive oil, which has 75% oleic acid, has a hyper-
cholesterolemic effect in guinea pigs compared to intake
of polyunsaturated fat. Intake of olive oil results in plasma
LDL levels similar to those of animals fed a 15% lard (11,
12), 15% beef tallow, or 15% palm oil diets.

Changes in LDL composition and size mediated by
dietary fat saturation have been shown to affect in vivo
LDL turnover rates (13). Compositional changes in LDL
were observed in response to differences in the type of
saturated fat and these changes did not affect LDL core
to surface ratio since LDL from the three dietary fat
groups had similar sizes as determined by peak densities
and LDL calculated diameters (Table 4). Previous LDL
turnover studies indicated that when animals were in-
jected with radiolabeled LDL from the homologous diet,
differences in apoB/E receptor expression and apoLDL
flux rates were the primary determinants of LDL turn-
over relative to the effect of LDL compositional differ-
ences (13).

Saturated dietary fat and hepatic apoB/E receptor
expression

These studies demonstrate that expression of hepatic
apoB/E receptors is affected by the type of dietary fatty
acids and that the changes in receptor expression are
related to changes in plasma LDL levels. Whether deter-
mined in vitro, from LDL binding to hepatic membranes,
or in vivo, by analysis of receptor-mediated LDL FCR,
significant relationships were found between indices of
apoB/E receptor expression and plasma LDL levels (Figs.
1 and 5). Animals fed the PK diet had the lowest expres-
sion of apoB/E receptor, suggesting that intake of lauric
and myristic acids had a negative effect on hepatic LDL

TABLE 7. Kinetic parameters of autologous plasma LDL turnover in guinea pigs fed 15% m(w/w) paim
kernel oil, palm oil, or beef tallow semi-purified diets

Dietary Fat!

LDL Kinetic Parameters Palm Kernel Qil Palm Oil Beef Tallow
Pool size (mg/kg)? 223 + 7.1° 17.3 + 2.6*° 1.3 + 2.8
Flux (mg/kg-h) 1.53 + 0.26° 1.86 + 0.38° 1.04 + 0.31°
FCR (h™)

Total 0.073 + 0.016 0.105 + 0.022 0.095 + 0.027

Receptor-mediated 0.031 + 0.006" 0.062 + 0.020° 0.060 + 0.025°

Receptor-independent 0.042 + 0.013 0.047 + 0.008 0.036 + 0.008

Values are presented as mean + SD forn = 5 animals fed PO and PK diets and n = 4 animals fed the BT diet.
Values in the same row with different superscripts are significantly different (P < 0.001) as determined by

ANOVA and the least significant difference test.

2Pool size was calculated as the plasma volume (4.5% of body weight) x plasma apoLDL concentration.
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Fig. 4. Plasma decay curves of homologous LDL (®) and human
methylated LDL (O) injected into guinea pigs fed 15% palm kernel oil
(top panel), palm oil (middle panel), and beef tallow (bottom panel)
semi-purified diets to determine total and receptor-independent LDL
turnover. Each curve represents the mean + SD of a minimum of n = 4
determinations.

receptors resulting in higher plasma LDL levels. Previous
studies of the effects of dietary fat saturation on LDL
metabolism indicated a significant correlation between in
vivo and in vitro measures of receptor expression (13).
The present studies did not exhibit a similar finding in
that BT-fed animals expressed a higher hepatic receptor

1840 Journal of Lipid Research Volume 33, 1992

number than PO-fed animals, when determined in vitro,
while both groups (BT and PO) had similar receptor-
mediated LDL FCR values measured in vivo (Tables 6
and 7). However, a significant correlation was found be-
tween plasma LDL levels and both hepatic LDL receptor
B, and receptor-mediated LDL FCR for all dietary
groups (Figs. 1 and 5). One possible explanation for this
apparent inconsistency could be the variation in plasma
LDL concentrations of guinea pigs fed the PO diet. PO-
fed animals used in the LDL kinetic studies had a lower
mean plasma LDL level (49 + 8 mg/dl, n = 5) than
animals used for in vitro LDL binding studies (09 + 9
mg/dl, n = 6). While these values are not significantly
different, the observation is consistent with the thesis that
hepatic apoB/E receptor expression is a major deter-
minant of plasma LDL levels. An alternative explanation
for the observed differences between the in vivo (whole
animal) and in vitro (hepatic) measures of LDL receptor
expression could be that guinea pigs fed the PO diet have
increased rates of receptor-mediated LDL catabolism by
extrahepatic tissues relative to the other dietary groups, a
hypothesis consistent with the finding that animals fed the
PO diet had lower levels of hepatic cholesterol than those
fed either the BT or PK diets (M. L. Fernandez and D.
J- McNamara, unpublished observations).

Saturated dietary fat and LDL turnover

Receptor-mediated LDIL. FCR values were significantly
correlated with plasma LDL levels, however, animals fed
the PK diet exhibited a somewhat stronger correlation be-
tween receptor-mediated FCR and plasma LDL levels
than animals fed the other two dietary fats (Fig. 5). This
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Fig. 5. Correlation between plasma LDL cholesterol levels and
apoB/E receptor-mediated LDL turnover for guinea pigs fed 15% beef
tallow (@), palm oil (M), and palm kernel oil (O) semi-purified diets
{r = -0.66, P < 0.01).

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

suggests that other factors, including LLDL apoB flux rates
and intravascular processing, could make a significant
contribution to the plasma LDL levels in animals fed BT
and PO diets.

It has been speculated that dietary intake of polyun-
saturated fat increases the fluidity of hepatic membranes
and facilitates recycling of receptors in coated pits, result-
ing in an increased expression of membrane apoB/E
receptors (26). Although fatty acid composition of hepatic
membranes was significantly affected by the type of
dietary saturated fat, SI values were not different among
diet groups, suggesting that changes in membrane fluidity
are not a major determinant of effects on LDL turnover
rates when animals are fed different types of saturated fat.

In addition to the observed differences in apoB/E recep-
tor expression, LDL apoB flux rates were found to be a
significant factor accounting for differences in plasma
LDL levels among the dietary fat groups. Previous studies
of the effect of dietary fat saturation on LDL metabolism
in guinea pigs noted that both a decrease in LDL apoB
flux rates and an increase in receptor-mediated FCR con-
tributed to the polyunsaturated fat-mediated decrease in
the plasma LDL apoB pool size (13). Similar to these
findings, Woollett et al. (27) reported that in hamsters
substitution of saturated fat by polyunsaturated fat
resulted in a significant increase in LDL receptor activity
and a reduction in LDL production.

In the present studies the different saturated fats had
specific effects on both FCR and flux rates of LDL apoB
that account for the differences in plasma LDL levels in
animals fed PK, PO, and BT diets. As the BT diet con-
tains higher levels of stearic acid and has a lower palmitic
acid content relative to the PO diet, the data indicate that
stearic has a less stimulatory effect on LDL apoB flux
rates than palmitic acid. Consistent with these effects of
stearic acid, LDL apoB flux rates for the BT group
(1.04 1 0.31 mg/kg-h) are not different from values previ-
ously reported for guinea pigs fed a 15% (w/w) lard diet,
which has an almost identical content of palmitic and
stearic acids (13).

Limitations of study and new questions

Guinea pigs, similar to humans, carry the majority of
their plasma cholesterol in LDL which makes the guinea
pig a unique rodent model for study of dietary and drug
effects on plasma LDL turnover (13, 28, 29). In addition
to the fact that the LDL:HDL ratio is between 2.0 and
6.0, depending upon the dietary fat (12), guinea pigs are
similar to humans in that the plasma LDL responds to
changes in dietary fat quality in the absence of dietary
cholesterol (30). The guinea pig also has an active plasma
cholesteryl ester transfer (31) and the combination of these
metabolic characteristics make this animal a suitable
model for these studies.

While use of the Mathews model to analyze LDL turn-
over is the most appropriate in terms of comparison to

other studies, a possible limitation is the assumption that
LDL particles within each dietary fat group are kineti-
cally homogeneous. The peak density profiles obtained
for LDL from all diet groups indicate two major subpopu-
lations of LDL that could have different compositions, as
has been observed for LDLs isolated from corn oil-, olive
oil- and lard-fed guinea pigs (M. L. Fernandez and D. J.
McNamara, unpublished observations) and possibly be
kinetically heterogeneous. Further studies are needed to
determine whether the two major subpopulations of LDL
have different in vivo turnover rates.

Another limitation of the present study is the high per-
centage of saturated fat in the PK diet compared to the
PO and BT diets which could be a confounding variable
when comparing the effects of the different saturated fatty
acids on the measured LDL parameters. This considera-
tion raises the possibility that the reduced expression of
apoB/E receptors in animals fed the PK diet could be due
to the low intake of monounsaturated fat compared to the
PO and BT diets, along with decreased intakes of stearic
and palmitic acids. As previous studies have demon-
strated that intake of olive oil results in similar LDL
metabolic responses to intake of lard (12, 13), it remains
unclear what contribution oleic acid intake makes to the
observed differences in LDL metabolism mediated by the
PK, PO, and BT diets.

The apoB/E receptor expression and LDL apoB flux
rates were affected in a distinctive manner characteristic
of each type of saturated fat. Animals fed the PK diet had
the lowest receptor-mediated LDL FCR values and
higher apoL.DL flux rates relative to animals fed the BT
diet, resulting in higher plasma LDL levels compared to
the other two dietary groups. Animalis fed the PO diet had
similar receptor-mediated FCR values and higher LDL
apoB flux rates than animals from the BT group, which
accounts in part for the slightly higher plasma LDL levels
in the PO group. Two questions can be raised from these
observations that require additional studies. a) Are the
differences in receptor-mediated LDL FCR explained by
differences in saturated fatty acid chain length or by the
higher content of oleic acid in the BT and PO diets com-
pared to the PK diet? 4) Are the observed differences in
apoLDL flux rates due to differences in the rate of VLDL
apoB production, the conversion of VLDL to LDL, or the
rate of LDL direct synthesis and secretion? Khosla and
Hayes (10) reported that in the rhesus monkey diets high
in lauric and myristic acids increase direct hepatic LDL
production which contributes to increased plasma LDL
levels. Studies measuring VLDL kinetics in animals fed

BT, PO, and PK diets are needed to answer this question.
an

These studies were supported by a Grant-in-Aid from the Cattle-
men’s Beef Promotion and Research Board administered in
cooperation with the Beef Industry Council. The authors wish
to express their gratitude to Dr. Donald DeYoung and Ms.
Stephanie Cameron from the University of Arizona Division of

Fernandez, Lin, and McNamara Saturated fatty acids and LDL metabolism 1841

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Animals Resources for performing surgery on animals used in
these studies and to Fumiko Rosenstein, Ph.D and Mr. Russel
Klein for fatty acid analysis of the diets and guinea pig mem-
brane phospholipids.

Manuscript received 27 March 1992 and in revised form 14 july 1992.

10.

11

12.

13.

14.

15.

REFERENCES

McNamara, D. J. 1987. Effect of fat-modified diets on
cholesterol and lipoprotein metabolism. Annu. Rev. Nutr. 7:
273-290.

Bonanome, A., and S. M. Grundy. 1988. Effect of dietary
stearic acid on plasma cholesterol and lipoprotein levels. N.
Engl. J Med. 318: 1244-1248.

Denke, M. A, and S. M. Grundy. 1991. Effects of fats high
in stearic acid on lipid and lipoprotein concentrations in
men. Am. J. Clin. Nutr. 54: 1036-1040.

Kritchevsky, D., S. A. Tepper, L. M. Lloyd, L. M. David-
son, and D. M. Klurfeld. 1988. Serum and liver lipids of
rats fed cocoa butter, corn oil, palm kernel oil, coconut oil
and cholesterol. Nutr. Res. 8: 287-294.

Chen, 1. S., S. Subbramaniam, G. V. Vahouny, M. M. Cas-
sidy, I. Tkeda, and D. Kritchevsky. 1989. A comparison of
the digestion and absorption of cocoa butter and palm ker-
nel oil and their effects on cholesterol absorption in rats. /.
Nutr. 119: 1569-1573.

Hegsted, D. M., R. B. McGandy, M. L. Myers, and F. J.
Stare. 1965. Quantitative effects of dietary fat on serum
cholesterol in man. Am. [ Clin. Nutr. 17: 281-295.

Hayes, K. C., A. Proncsuk, S. Lindsey, and D. Diersen-
Schade. 1991. Dietary saturated fatty acids (12:0, 14:0, 16:0)
differ in their impact on plasma cholesterol and lipoproteins
in nonhuman primates. Am. J. Clin. Nutr. 53: 491-498.
Woollett, L. A., D. K. Spady, and J. M. Dietschy. 1992.
Regulatory effects of the saturated fatty acids 6:0 through
18:0 on hepatic low density lipoprotein receptor activity in
the hamster. J. Clin. Invest. 89: 1133-1141.

Lindsey, S., J. Benattar, A. Pronczuk, and K. C. Hayes.
1990. Dietary palmitic acid (16:0) enhances high density
lipoprotein cholesterol and low density lipoprotein receptor
mRNA abundance in hamsters. Proc. Soc. Exp. Biol. Med.
195: 261-269.

Khosla, P, and K. C. Hayes. 1991. Dietary fat saturation
in rhesus monkeys affects LDL concentrations by modulat-
ing the independent production of LDL apolipoprotein B.
Biochim. Biophys. Acta. 1083: 46-56.

Fernandez, M. L., and D. J. McNamara. 1989. Dietary fat-
mediated changes in hepatic apoprotein B/E receptor in the
guinea pig: effect of polyunsaturated, monounsaturated
and saturated fat. Metabolism. 38: 1094-1102.

Fernandez, M. L., and D. J. McNamara. 1991. Regulation
of cholesterol and lipoprotein metabolism in guinea pigs
mediated by dietary fat quality and quantity. /. Nutr 121:
934-943.

Fernandez, M. L., E. C. K. Lin, and D. J. McNamara.
1992. Regulation of guinea pig plasma low density
lipoprotein kinetics by dietary fat saturation. J. Lipid Res.
33: 97-109.

Egusa, G., D. W. Brady, S. M. Grundy, and B. V. Howard.
1983. Isopropanol precipitation method for the determina-
tion of apolipoprotein B specific activity and plasma con-
centrations during metabolic studies of very low density
lipoprotein and low density lipoprotein apolipoprotein B. J.
Lipid Res. 24: 1261-1267.

Van Heek, M., and D. B. Zilversmit. 1991, Mechanisms of

1842 Journal of Lipid Research Volume 33, 1992

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

hypertriglyceridemia in the coconut oil/cholesterol-fed rab-
bit. Arterioscler. Thromb. 11: 918-927.

Weisgraber, K. H., T. L. Innerarity, and R. W. Mahley.
1978. Role of the lysine residues of plasma lipoproteins in
high affinity binding to cell surface receptors on human
fibroblasts. J. Biol. Chem. 253: 9053-9062.

Goldstein, J. L., S. K. Basu, and M. S. Brown. 1983.
Receptor-mediated endocytosis of low density lipoprotein
in cultured cells. Methods Enzymol. 98: 241-260.

Khouw, A. S, S. Parthasarathy, and J. L. Witztum. 1991.
Exposure of low density lipoprotein to radiation initiates
lipid peroxidation and alters metabolic behavior. Clin. Res.

39: 62A.

Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A sim-
ple method for the isolation and purification of total lipids
from animal tissues. J. Biol Chem. 226: 497-509.
Christon, R, Y. Fernandez, C. Cambon-Gros, A. Periquet,
P. Deltour, C. L. Leger, and S. Mitjavila. 1988. The effect
of dietary essential fatty acid deficiency on the composition
and properties of the liver microsomal membrane of rats.
J. Nutr. 118: 1311-1318.

Keightley, D. D., R. J. Fisher, and N. A. C. Cressie. 1983.
Properties and interpretation of the Woolf and Scatchard
plots in analyzing data from steroid receptor assays. J.
Steroid Biochem. 19: 1407-1412.

Mathews, C. M. E. 1957. The theory of tracer experiments
with *3I-labeled plasma proteins. Phys. Med. Biol. 2: 35-53.

Turner, J. D., N-A. Le, and W. V. Brown. 1981. Effects of
changing dietary fat saturation on low-density lipoprotein
metabolism in man. Am. J. Physiol. 241: E57-E63.

Shepherd, J., C. J. Packard, S. M. Grundy, D. Yeshurun,
A. M. Gotto, Jr.,, and O. D. Taunton. 1980. Effects of satu-
rated and polyunsaturated fat diets on the chemical compo-
sition and metabolism of low density lipoprotein in man. J.

Lipid Res. 21: 91-99.

Nicolosi, R. J., A. F. Stucchi, M. C. Kowala, K. I. Henessy,
D. M. Hegsted, and E. J. Schaeffer. 1990. Effects of dietary
fat saturation and cholesterol on LDL composition and
metabolism. In vivo studies of receptor and nonreceptor-
mediated catabolism of LDL in Cebus monkey. Arteriosclero-
szs. 10: 119-128.

Sorci-Thomas, M., M. D. Wilson, F. L. Johnson, D. L.
Williams, and L. L. Rudel. 1989. Studies on the expression
of genes encoding apolipoproteins B100 and B48 and the
low density lipoprotein receptors in nonhuman primates. J.
Biol. Chem. 264: 9039-9045.

Wooltett, L. A., D. K. Spady, and J. M. Dietschy. 1992,
Saturated and unsaturated fatty acids independently regu-
late low density lipoprotein receptor activity and produc-
tion rate. J. Liptd Res. 33: 77-88.

Witztum, J. L., S. G. Young, R. L. Elam, T. E. Carew, and
M. Fisher. 1985. Cholestyramine-induced changes in low
density lipoprotein composition and metabolism. I. Studies
in the guinea pig. /. Ltpid Res. 26: 92-103.

Berglund, L., M. F. Sharkey, R. L. Elam, and J. L. Witz-
tum. 1989. Effects of lovastatin therapy on guinea pig low
density lipoprotein composition and metabolism. J. Lipid
Res. 30: 1591-1600.

McNamara, D. J. 1991. Relationship between blood and
dietary cholesterol. In Meat and Health. Advances in Meat
Research. Vol. 6. A. M. Pearson and T. R. Dutson, editors.
Elsevier Applied Science, New York. 63-87.

Ha, Y. C., and P. A. Barter. 1982. Differences in plasma
cholestery} ester transfer activity in sixteen vertebrate spe-
cies. Comp. Biochem. Physiol. 71: 265-269.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

