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Abstract The present study was conducted to determine the 
effects of dietary fatty acids on hepatic LDL receptor (LDLr) 
protein abundance and mRNA levels. Sixty pigs were random- 
ized into 10 groups and fed corn-soybean meal diets con- 
taining three cholesterol levels (0.25%, 0.5%, and 1.0%, w/w)  
with no added fat, or fats rich (30% of' calories) in palmitic 
acid or linoleic acid. A control group was fed the base diet with 
no added fat. After 30 days, plasma LDL-cholesterol (LDL-C) 
levels increased as the dietary cholesterol increased ( P  < 
0.05); however, there was no significant effect of either fatty 
acid. Dietary fatty acids, however, had distinctly different ef- 
fects on hepatic LDLr protein (analyzed by ELISA) and 
mRNA (analyzed by Northern blot) abundance. When pigs 
consumed diets containing 0.25% cholesterol, linoleic acid in- 
creased hepatic LDLr protein 40% whereas palmitic acid re- 
duced it 40% (/' < 0.05). These changes in LDLr protein 
abundance were accompanied by parallel changes in hepatic 
LDLr mRNA; linoleic acid increased LDLr mRNA 2-fold (I' 
< O.OI),  whereas palmitic acid decreased it 60% ( P  < 0.01). 
The differential effects of fatty acids on LDLr expression were 
only observed at 0.25% cholesterol, suggesting that higher in- 
takes of cholesterol have a dominant and repressive effect on 
regulation of LDLr expression. Cholesterol intake increased 
hepatic total cholesterol levels ( P  < 0.01) while dietary Fatty 
acids had no effect on hepatic stero1s.l In summary, our re- 
sults indicate that dietary linoleic acid and palmitic acid have 
markedly different effects on hepatic LDLr protein abun- 
dance that are mediated by differential effects on LDLr 
mRNA levels. Further studies are needed to fully elucidate the 
molecular mechanisms by which fatty acids regulate LDLr 
mRNA and protein levels.-Mustad, V. A., J. L. Ellsworth, 
A. D. Cooper, P. M. Kris-Etherton, and T. D. Etherton. Dietaq 
linoleic acid increases and palmitic acid drcr-eases hepatic 
LDL receptor protein and mRNA abundance in Vo~mg pigs. 
J. /.ipid Kps. 3996. 37: 2310-2323. 
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There is evidence to suggest that dietary fatty acids 
affect LDL-cholesterol (LDL-C) levels via several differ- 
ent mechanisms including effects on whole animal ste- 
rol balance and LDL production or turnover (1) ;  how 
ever, modulation of LDL receptor (LDLr)-mediated 
uptake of LDL is thought to be the primary pathway 
regulating LDL-C levels. Studies in humans (2)  and 1111- 

merous animal models (3-16) have shown that changes 
in plasma LDL-C as a result of dietary fatty acid modifi- 
cation are associated with changes in its fractional cata- 
bolic rate (FCR) . Alterations in the FCR are presumably 
mediated via changes in the receptor-dependent uptake 
of the LDL particle by the liver. Consequently, there is 
considerable interest in studying fatty acid regulation 
of the LDLr. 

Dietary modification of hepatocyte membrane fluid- 
ity may be one means by which diets high in polyunsatu- 
rated fatty acids (PUFA) affect LDLr activity differently 
than diets enriched in saturated fatty acids (SFA). Sup- 
port for this comes from in vitro studies (17, 18) and 
studies with rats (19) that have shown significant alter- 
ations in LDL binding to the LDLr as a result of changes 
in membrane fluidity. It also has been proposed that 
dietary fatty acids can directly influence the number o f  
receptors available for uptake of the circulating LDL 
particle by specifically affecting the synthesis of the 
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LDLr. In vitro binding studies have demonstrated that 
alterations in LDL uptake that are associated with the 
dietary fatty acid composition can be attributed to 
changes in the B,,,,, an indication of maximal receptor 
number (5-8, 20). This is only, however, an indirect 
measure of LDLr number and it is possible that other 
changes (e.g., changes in membrane fluidity affecting 
cell recycling of receptors) could result in an increased 
expression of membrane receptors. 

A number of groups have measured the effects of di- 
etary fatty acids on the expression of the LDLr gene in 
different animal models (21-28). The results of these 
studies, however, have been inconsistent. For example, 
two studies with either African green or Cebus monkeys 
found a greater effect of dietary cholesterol than dietary 
fatty acids on LDLr mRNA levels (22, 25). A study with 
hamsters found that palmitic acid increased LDLr 
mRNA compared to other SFA (23) while a more recent 
study with hamsters (28) found the opposite. A recent 
study with HepG2 cells also found equivocal results 
(29). Furthermore, the majority of studies have made 
relative comparisons (i.e., PUFA vs. SFA) and did not 
include a neutral control (i.e., comparison to carbohy- 
drate); thus, the independent effects of fatty acids on 
LDLr mRNA levels remain unclear. 

In order to gain a better understanding of how diet 
regulates the LDLr, we conducted the present study to 
quantify the effects of dietary SFA (palmitic acid) and 
PUFA (linoleic acid) on hepatic LDLr protein abun- 
dance and to determine whether this is associated with 
a parallel change in LDLr mRNA levels. We also ana- 
lyzed the relationship between these effects and 
changes in hepatic lipid content to further define the 
mechanisms by which fatty acids alter liver cholesterol 
homeostasis. We used pigs in this study because they 
have been regarded as one of the best models for hu- 
man lipid metabolism, their lipoprotein profile is simi- 
lar to that of humans and a number of studies have 
shown that their lipid metabolism and lipoprotein re- 
sponse to diet also are similar (30). Moreover, because 
the habitual diet of the pig is so low in fat (Le., less than 
6% of energy) and cholesterol, we can gain a perspec- 
tive about the independent effects of dietary fat on 
LDL-C levels and LDLr mRNA levels. 

this study. The animals were randomized (balanced by 
breed) into 10 treatment groups with six pigs per di- 
etary treatment. The experimental diets were fed for 
30 days. Animals were killed by exsanguination at The 
Pennsylvania State University Meats Laboratory. Blood 
was collected for lipoprotein separation and cholesterol 
analysis. Liver samples were removed rapidly (within 
20-30 min of death) and stored in liquid N2 (for mem- 
brane isolation and lipid analysis) or immediately ho- 
mogenized in a guanidinium-thiocyanate buffer (31) 
for subsequent RNA extraction. The homogenate was 
stored at -70°C until total RNA was extracted (within 
3 months). Procedures for animal care and use were 
approved by The Pennsylvania State University's Institu- 
tional Animal Care and Use Committee. 

Diets 
Pigs were fed a corn-soybean meal based diet that 

was formulated to meet the NRC requirements for 
swine (32) to avoid nutrient dilution associated with in- 
creasing the energy density of the diet (Table 1). Ani- 
mals were fed diets containing fat at 30% of energy, rich 
in either SFA (palmitic acid, provided by palm oil) or 
PUFA (linoleic acid, provided by sunflower oil) (Pre- 
mier Edible Oils, Portland, OR) and were formulated 
to contain cholesterol at either 0,0.25%, 0.5% or 1.0% 
(wt%; 0, 0.60 mg/kcal, 1.2 mg/kcal, or 2.4 mg/kcal, 
respectively). The fatty acid composition and the cho- 

TABLE 1. Composition of the experimental diets 

Control Diet Trst Fat Diet 

Ingredient, % 
Base mix" 3.0 3.6 
Corn, ground 72 44.4 
Soybean meal 25 34 
Test fat 3 16" 
Cholesterol, crystalline 
Cholic acid I I 

Total 100 100 

ME, % from fat 6 30 
Lysine, g/Mcal ME 2.75 2.75 
Base mix, g/Mcal ME 9.2 9.1 

Nutrient composition" 

METHODS 

Animals and study design 

Duroc (n = 30) and Yorkshire (n = 30) gdts, 26 t 
5 kg initial weight (-3 months of age) were used in 

"Contains vitamin and trace mineral premix (Walnut Grove, 
Ames, IA), and antibiotic-premix (Tylan-10, ELANCO Animal Health 
Division, Eli Lily, Indianapolis, IN). 

'Test fats include palm oil and sunflower oil (Premier Edible 
Oils, Portland, OR). 

'Crystalline cholesterol (Sigma Chemical Co., St. Louis); added 
at 0, 0.25%, 0.5%, and 1% (wt%). 

"Cholic acid (Sigma Chemical Co.,  St. Louis); added at 10% level 
of that of cholesterol. 

'ME, metabolizable energy; Mcal, 1000 kcal. Nutrient informa- 
tion based on NRC calculated values (51). 
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TABLE 2. Fatty acid and cholesterol cornposition 
of experimrntal diets 

l’aliii Oil Surillowtr Oil 

Fatty acids ( o / o  of calories) ” 
(:I 4 : 0 
C16:O 
(:18:0 
Cl8: 111-9 

Cl8:2n-ti 
Other fatty acids 

Cholesterol (wt  % ) 
0.0 
0.25% 
0.5%1 
I .0%, 

0 . 3  

I .2 

3.0 
2.0 

14 

1 0 

0” 
0.22 5 0.09ta 
0.40 2 0.12” 
0.89 ? 0.14“ 

- 

I .5 
1.2 
t i0 

1.3 
20 

0” 
0.21 t 0.09b 
0.42 t 0 . 0 9 b  
0.9 1 i 0.14’’ 

“Fatty acids analysis based on GC analysis of  oils provided by  Prc- 

‘Assayed cholesterol content of thc cxperimcntal diets. 
mier Edibk Oils (Portland, OR) .  

lesterol content (which was 20% lower than the target 
levels) of the diets are shown in Table 2. A pilot study 
we conducted with Yorkshire gilts demonstrated that 
high SFA diets alone or those containing less than 
0.12% cholesterol did not elicit a hypercholesterolemic 
response; however, pigs were responsive when higher 
levels of cholesterol (i.e., 1.5%) were consumed. Thus, 
in the present study, we examined the effects of dietary 
SFA or PUFA at three levels of dietary cholesterol that 
represented a range between those tested in the pilot 
study. Crystalline cholesterol (Sigma Chemical Go., St. 
Louis, MO) was completely dissolved in warmed fat and 
then mixed with the base diet (Table 1). A group of 
animals consumed the base diet supplemented only 
with cholesterol (which was dissolved in warmed etha- 
nol then evaporated under Ne after it was added to the 
base diet) and no added fat. To enhance the absorption 
of the cholesterol in this diet, cholic acid (Sigma Chemi- 
cal Co., St. Louis, MO) was added at 10% of the level 
of crystalline cholesterol. This modest addition was cho- 
sen to prevent any additional effect on hepatic sterol 
metabolism reported when higher levels are fed ( 3 3 ) .  
A control group was fed a base diet (6% kcal from fat) 
with no added test fat or cholesterol (Table 1 ) .  All pigs 
were fed twice daily at 08:00 and 19:00 to minimize 
feed wastage and to control feed intake. (This feeding 
regimen did not affect growth rate or plasma choles- 
terol response in our preliminary studies.) Pigs were 
weighed weekly to monitor growth rate. 

Lipoprotein isolation 

Blood was collected from thejugular vein into centri- 
fuge tubes containing EDTA (1 mg/ml of blood). 
Plasma was immediately isolated by low speed centrifu- 
gation at 1500 gfor  20 min and lipoproteins were iso- 

lated by ultracentrifugation using procedrircs (.stat)- 
lished for isolating lipoproteins from pigs (34).  Briefl!.. 
3 r n l  of plasma was adjusted to density (d) of‘ 1.21 g /  
ml with NaBr and sucrose. This wits overlaid sequen- 
tially with 3.0 ml each of solutions having d 1.09 g/rnl. 
d 1.063 g/ml, and d 1.006 g/nil. Lipoprotein fracrions 
were obtained by ultracentrifugation at 17°C a1 250,000 
gfor 24 h in a Beckman L2-65B centrifuge usiiig a Beck- 
man SM’40 Ti swinging bucket rotor. The bands corrc- 
sponding to VLDL-(VL.DL-C) , LDLX and HDL-(H1)L.- 
C )  cholesterol were aspirated with a syringe. Thr  purity 
of the lipoprotein fractions was confirmed using SDS- 
PAGE (not shown ). 

Membrane isolation 

Hepatic membranes were prepared from liver ho- 
mogenates by centrifugation at 10,000 gfor  30 min i i t  

4°C: and further centrifugation of the supernatant at 
100,000 gfor 60 min at 4°C ( 3 5 ) .  Liver membrane prep- 
arations were resuspended in ice-cold 250 miv Tris- 
maleate (pH 7.4), 2 mM C:aCl, and 1 mM phenylmeth- 
ylsulfonvl fluoride (PMSF) , solubilized with 30 inhi 
CHAPS (3-[3-cholamidopropyl)-dimethylamminio]- 1- 
propane-sulfonate) and centrifuged at 100,000 g for 60 
min (36). Samples of the supernatant were stored at 
-80°C. Protein assays were performed using the Pierce 
BCA microprotein assay kit (Rockford, IL). 

RNA extraction 

Total RNA was extracted from guanidium-thiocya- 
nate using acid phenol-chloroform according to the 
method described by Chomczynski and Sacchi (31). 
The RNA was quantified by absorbance A280/260 (the 
ratio was greater than 1.75). The integrity of the 28s 
and 18s ribosomal RNAs was verified by agarose/for- 
rnaldehyde gel electrophoresis followed by staining with 
ethidium bromide (see below). 

Biochemical analyses 

Plasma cholesterol and triglycerides were quantified 
using enzymatic methods (Boehringer Mannheim, In- 
dianapolis, IN). Liver total and microsomal lipids were 
extracted by a modification of the method of Folch, 
Lees, and Sloane Stanley ( 3 7 ) .  Briefly, 1 gram of liver 
(wet weight) was homogenized in 5 ml of chloroform- 
methanol) (C-M) 2 : l  (v/v) to which 0.01% butylated 
hydroxytoluene (Sigma Chemicals, St. Louis, M O  j was 
added as an antioxidant. Fifteen ml of C-M was added 
t o  the homogenate and the mixture was allowed to sit 
(with occasional vortexing) for at least 8 h. The mixture 
was filtered through Whatman filter paper (# 1) and 
the filtrate was washed 2 times each with 3.7 ml of 
0.05% CaCI, and 9.7 nil of 0.025% CaC1, in  C-M-H20 
4:92:4 (v /v /v ) .  After each wash, the samples werv 
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centrifuged at 500 gfor 2 min and the upper aqueous 
layer was removed. After the last phase separation, the 
chloroform layer was removed and evaporated under 
N,; the lipid extract was dissolved in approximately 
5 ml of C-M 2: l  and stored at -20°C under N2. 
Total lipid content was determined gravimetrically. 
Tissue cholesterol and triglyceride levels were deter- 
mined enzymatically using reagents purchased from 
Boehringer Mannheim (Indianapolis, IN). Cholesteryl 
esters were determined as the difference between total 
and nonesterified (free) cholesterol using the method 
of Sale et al. (38). 

Determination of LDCreceptor protein 

LDLr protein in solubilized hepatic membrane pro- 
teins was determined using the ELISA method previ- 
ously described by May et al. (36). The polyclonal rabbit 
anti-rat LDLr IgG antibody used in this assay has been 
characterized in a number of previous studies and does 
not recognize the LDLr-related protein (36) nor the ox- 
idized LDL receptor (39). The antibody was validated 
for use with the pig LDLr first by confirming its spe- 
cific binding by Western blotting. Briefly, 100 pg of 
solubilized membranes was loaded onto a 6.5% poly- 
acrylamide gel. The samples were electrophoresed 
at 30 mA for 18 h at 4°C and the proteins were trans- 
ferred to a nitrocellulose membrane. After transfer, 
the membrane was blocked with 2% nonfat dried milk 
in Tris-buffered saline (pH 7.4) containing 0.05% 
Tween-20. After blocking, membranes were incubated 
with the anti-LDLr IgG (1 : 5000) and secondary anti- 
body (biotinylated-GAR, 1 : 3000; streptavidin-HPR con- 
jugate; 1:3000) in sequence, according to the ECL 
Western blotting protocol (Amersham Life Sciences, 
Boston, MA). The adherent biotinylated-IgC was de- 
tected using reagents provided in the kit. After detec- 
tion, the membranes were exposed to X-ray film (Kodak 
X-OMAT AR) with two intensifying screens for 15 sec. 

The ELISA assay conditions were optimized using 2 
mg of solubilized membrane protein per well. Mem- 
brane proteins were incubated overnight at 37°C in 96- 
well plates (Immulon-2, Dynatech, Chantilly, VA) . After 
blocking with bovine serum albumin [BSA, 3.0% in 
phosphate-buffered saline (PBS)], the anti-LDLr IgC 
was added in excess at a concentration of 50 pg/ml. 
The amount of adherent antibody was determined 
using a second alkaline phosphatase-conjugated IgC 
(Zymed Laboratories, San Francisco, CA) and the color 
reaction was quantified in a microelisa reader by ab- 
sorbance at a dual wavelength of A405/490. Nonspe- 
cific binding was determined in parallel samples using 
nonimmune rabbit IgG (Zymed Laboratories, San Fran- 
cisco, CA) and was generally less than 20% of specific 
binding. The nonspecific binding was subtracted from 

g 0.7 
9 g 0.6 

0.5 

5 0.4 
8 5 0.3 
g 2 0.2 
a 

w 

- .- 

0.1 
0 1 2 3 4 5 

Anti-LDLr IgG (rig) 

Fig. 1. A typical standard curve obtained using the ELISA assay for 
LDL receptor (LDLr) protein. ELISA plates were coated with excess 
goat anti-rabbit IgG (1 pg/ml in phosphate-buffered saline) and anti- 
LDLr IgCwas added to triplicate wells (0.78,0.156,0.312,0.625, 1.25, 
2.5, 5 ng prutein/100 pl phosphate-buffered saline). The amount of 
adherentanti-LDLr I& was determined using a second IgG conju- 
gated to alkaline-phosphatase, and the color reaction was quantified 
in a microelisa reader using a dual wavelength absorbance of A405/ 
490. 

the total binding to determine specific binding and the 
absorbance units of the unknown samples were com- 
pared to that obtained from the standard curve. To con- 
struct a standard curve, plates were coated with excess 
goat anti-rabbit IgG (1 pg/ml in PBS) and anti-LDLr 
IgC was added to triplicate wells (0.078, 0.156, 0.312, 
0.625, 1.25, 2.5, and 5.0 ng/100 pl in PBS containing 
0.3% BSA and 1 mM CaCl,). After incubation and 
washing, alkaline phosphatase was quantified colori- 
'metrically and a standard curve was constructed (Fig. 
1 ) .  Typically, the R2 was always greater than 0.95. The 
absorbance of unknown samples was expressed as ng of 
LDLr antibody bound. 

Northern blot analysis of LDCreceptor mRNA 

Because changes in LDLr protein may be the result of 
changes in mRNA levels, LDLr mRNA abundance was 
determined by Northern blot analysis using a 1.2 kb 
BamHZ-EcoH fragment of the human LDLr cDNA. The 
cDNA insert was excised from the plasmid [pBluescript 
SK+ (Stratagene, La Jolla, CA)] and labeled with "P 
dCTP (DuPont-NEN, Boston, MA) using a random oli- 
gonucleotide priming kit (Ready-to-Go, Promega, Madi- 
son, WI). We confirmed that the human LDLr cDNA 
would bind specifically to the pig LDLr mRNA by com- 
paring the size of the transcript to that obtained from 
a human LDLr RNA transcript (RNA extracted from 
HepG2 cells; ATCC, Rockville, MD) (data not shown). 
Twenty pg of total RNA was subjected to electrophoresis 
on a 1.0% agarose gel containing 0.66 M formaldehyde 
in MOPS buffer (50 mM MOPS, pH 7.0, 0.22 M formal- 
dehyde) according to the procedures of Sambrook, 
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Fritsch, and Maniatis (40). Gels were rinsed twice in 1 
M ammonium acetate for 15 min each and RNA was 
transferred overnight onto a GeneScreen membrane 
(DuPont-NEN, Boston, MA) by capillary action. LDLr 
mRNA was identified by hybridization with a ""Y-labeled 
LDL-receptor cDNA (added at 1 X 10'' cpni/rnl). Hy- 
bridization with the labeled cDNA was carried out for 
16-24 h at 42°C. After hybridization, membranes were 
washed sequentially for 2 X 5 min in 2X SSC (250 nlM 
NaCI, 30 m~ Na citrate) at room temperature; 2 X 30 
min in 2X SSC; 1% SDS at 65°C; and 2 X 30 min in 
0.1X SSC at room temperature. After washing, the 
membranes were exposed to Kodak X-OMAT AR film 
with two intensifying screens at -70°C: for up  to 4 
weeks. The hybridization signals for LDLI transcripts 
were adjusted for loading errors after hybridization with 
an 18s ribosomal cDNA (data not shown). 

Statistics 

Three-way ANOVA was used to determine interac- 
tions between dietary fat type, dietary cholesterol, and 
breed, as well as their independent effects. When this 
analyis indicated significant F values ( P  < 0.05), Tu- 
key's test was used to determine significant differences 
among treatment means. Finally, regression analysis was 
performed and Pearson's correlation coefficients were 
determined to evaluate the relationship between LDLr 
mRNA and protein abundance and hepatic lipid levels. 

RESULTS 

The experimental diets were well accepted and all 
food was consumed within 1 h. Because the diets (pro- 
vided isocalorically) were based on calculated enern '  
requirements, as expected, no significant difference\ 
were found in the rate of weight gain (average rate 01 
gain = 0.9 2 0.3 kg/day). This rate of' growth is within 
the range observed in animals fed ad libitum (32). 

Plasma cholesterol levels 

Table 3 shows the plasma lipids for pigs in each of 
the diet groups at the end of the 30-day expcriniental 
period. Plasma total cholesterol and LDL-C increased 
as the intake of cholesterol increased from 0 to 1%) 
(wt%). As is apparent from Table 3, most of the increase 
in the plasma total cholesterol was due to a rise in L,DL- 
C. There was no cholesterolemic effect of either test fat 
at any level of cholesterol intake. ANOVA revealed a 
significant breed effect ( P  < 0.01) for total and L1)L-C: 
response to dietary cholesterol. There were no differ- 
ences in total or lipoprotein-cholesterol levels between 
the two breeds on the low fat/cholesterol-free control 
diet or the diets with 0.25% cholesterol; however, Llie 
magnitude of the responses differed between thc two 
breeds consuming 0.5% and 1.0% cholesterol. Tlic 
yreatest increase in total and LDL-C levels in response 
t o  dietaiy cholesterol was observed in the Duroc pigs 

TABLE 3.  Plasnia lipid values (lng/dl) 0 1  pigs fed experiment;tl diets 
- .______ - 
H D M :  Triglyrct-itlcs \'I.Dl ,A; 
- 

1'111,A : 
.- _. 

T( : 

Control group 84 i 10" 4 3 5  9" 4 2 1  24 i 4 26 f 5 

Experimental group 
0.25% cholesterol 

No added fat 
SFA 
PUFA 

0.5% cholesterol 
No added fat 
SFA 
PUFA 

1 .O% cholesterol 
No added fat 
SFA 
I'U FA 

94 f 15'' 
97 t 5" 
86 +- 9" 

101 t 14"" 
99 i 1 1 '", 

101 t 14"" 

I 1  2 t 20" 
I12 i- 2lb, 
104 i 12"' 

55 t 1 O " b  
48 i 7 " b  
5 7 %  11"  

6 2 5  
5 2 2  
5 i 2  

I4  i t i  
4 2 1  
4 2  1 

28 2 8 
29 2 8 
26 2 4 

28 f ,5 
31 f 4 
27 2 4 

25 i- 6 
34 f 6 
27 t 4 

38 f 20 
34 5 19 
2 4 + -  14 

43 f 33 
37 f 21 
:35 z 16 

ti3 t 43 
28 2 18 
34 i 14 

Statistics, main effects 
Cholesterol 1' .= 0.05 I' < 0.01 N S  NS NS 

Breed I' < 0.01 I' < 0.001 NS NS NS 
Interactions NS NS NS N S  NS 

Fat type NS N S  NS NS NS 

Values are means i SD (n = 6 animals per dietaty treatment). Main effects in the ANOVA model we]-e 
differences due to anioiint of dietary cholesterol as determined by thrceway ANOVA; differences due to dietary 
f i t  type (no added fat, SFA, PUFA); differences due to breed (Daroc versus Yorkshire); differences due to 
interactive effects among dietary fat type X cholesterol X breed. Abbreviations: TC, total cholesterol; I,DI.-C. 
I.DI. cholesterol; VLDL-C, VLDL cholesterol; HDLC, HDL cholesterol; NS, not significant. 

"."'Values within a column with different superscript.\ are significantly differcnt ( P  < 0.05). 
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Fig. 2. LDL cholesterol response (mg/dl) to increasing levels of di- 
etary cholesterol with or without added fat from sunflower oil (PUFA) 
or palm oil (SFA) at 16% (wt%) in Duroc and Yorkshire pigs. Values 
are means ? SD ( n  = 3 pigs per dietary treatment). Comparison of 
the slopes of the regression lines (thick lines) showed that the Duroc 
breed was more responsive [slope (Pn)  = 33.5 2 101 to increasing 
dietary cholesterol compared to Yorkshire pigs [slope (Py) = 8.8 ? 
91. 

aSFA 
-- 

(Fig. 2) .  Comparison of regression coefficients (p) of 
the response curves revealed that Duroc pigs were sig- 
nificantly more responsive ( P  < 0.01) to increasing in- 
takes of dietary cholesterol (OD = 33.5 % 10) compared 
to Yorkshire pigs (by = 8.8 2 9). 

Hepatic lipid content 

Table 4 shows the effect of diet on the liver total lipids 
and lipid fractions. Increasing cholesterol intake was as- 
sociated with a &fold increase in hepatic cholesterol, 
from 4 2 1 mg/g to 15 2 2 mg/g liver wet weight in 
pigs consuming 0 and 1% cholesterol (no added fat) 
diets ( P  < 0.01). All of the increase in hepatic choles- 
terol levels in response to the high cholesterol diets was 
in the cholesteryl ester fraction; there were no signifi- 
cant effects of cholesterol intake on hepatic total or mi- 
crosomal free cholesterol levels. There was a significant 
( P  < 0.05) increase in triglycerides as a result of con- 
sumption of fat but there was no differential effect of 
fat type. In fact, the type of fat had no significant effect 
on the levels of hepatic lipids. Lastly, no detectable dif- 
ferences were observed in hepatic lipids between the 
two breeds. 

LDLreceptor protein abundance 

Specific binding of the antibody to LDLr protein was 
confirmed by Western blotting (Fig. 3). The antibody 
bound to one band corresponding to a protein of ap- 
proximately 126 kDa. Marked changes were observed 
in the level of hepatic LDLr protein in response to the 
diet. LDLr protein abundance decreased in a dose-de- 

pendent manner with increasing cholesterol intake ( P  
< 0.05; Fig. 4). As cholesterol intake increased from 0 to 
0.25%, there was no significant effect on LDLr protein 
abundance; however, at 0.5% and 1% cholesterol, LDLr 
protein was reduced by 20% and 60%, respectively, 
compared to either control pigs or those consuming 
0.25% cholesterol ( P  < 0.05). Furthermore, there was 
a distinct fatty acid effect; hepatic LDLr protein levels 
were approximately 40% higher in pigs consuming 
PUFA and approximately 40% lower in those fed SFA 
compared to control pigs consuming no added fat ( P  
< 0.05; Figs. 3 and 4). It is important to note that these 
differential effects of the dietary fatty acid saturation 
were only distinguishable at the lowest intake of choles- 
terol and were not observed at higher intakes of dietary 
cholesterol. No detectable differences were observed in 
hepatic LDLr protein abundance between the two 
breeds. 

LDLreceptor mRNA 

Dietary fatty acids had a profound effect on LDLr 
mRNA (Figs. 5 and 6). As shown in Fig. 5, the human 
LDLr cDNA hybridized to a single pig mRNA transcript 
of approximately 5 kb [while this is slightly smaller than 
the human receptor (-5.3 kb), this likely reflects the 
smaller size of the pig receptor]. As expected, increas- 
ing dietary cholesterol intake reduced hepatic LDLr 
mRNA abundance (Fig. 6) .  LDLr mRNA levels were re- 
duced by 37% when dietary cholesterol intake in- 
creased from 0.25% to 0.5%, and were barely detectable 
in samples from animals consuming 1 .O% cholesterol. 
Consistent with the observed effects of dietary fatty acids 
on LDLr levels, consumption of PUFA or SFA had strik- 
ing effects on LDLr mRNA levels at different levels of 
cholesterol intake. At 0.25% cholesterol, PUFA in- 
creased mRNA levels by 2-fold ( P  < 0.01) , whereas SFA 
decreased them by -60% ( P <  0.01). In contrast, PUFA 
or SFA had no significant effect on mRNA levels at 
higher cholesterol intakes. No detectable differences 
were observed in hepatic LDLr mRNA abundance be- 
tween the two breeds. 

Correlation between hepatic LDGreceptor protein 
abundance, LDLreceptor mRNA abundance, and 
other lipid parameters 

The relationship between hepatic LDLr mRNA and 
LDLr protein is shown in Fig. 7A. As expected, hepatic 
LDLr abundance was significantly correlated with he- 
patic LDLr mRNA ( r  = 0.747; P = 0.05). There was no 
significant correlation, however, between plasma LDL- 
C levels and LDLr protein or mRNA levels (Fig. 7B, 7C). 
Correlations between hepatic lipid levels and LDLr pro- 
tein and mRNA abundance are shown in Fig. 8A-F. He- 
patic cholesteryl ester content was significantly and nega- 
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TABLE 4. Hepatic lipid levels (mg/g) in pigs fed PUFA or SFA and 0.25, 0.5 and 1.0% cholesterol 

Tom1 Free Cholesteryl Microsomal 
Total Lipid Cholesterol Cholesterol Fster Triglycerides Cholesterol 

P d V  prolpin 
Control group 12 2 2" 4 2  1" 2 2 1  1 2 1 "  9 2  1" 1 0 2  1 

Experimental group 
0.25% cholesterol 
' No added fat 

SFA 
PUFA 

0.5% cholesterol 
N o  added Fat 
SFA 
PUFA 

1.0% cholesterol 
No added fat 
SFA 
PUFA 

19 2 36 4 2 1 '  2 2 2  3 2  I b  1 2 2  1.9" 
39 2 6' 6 2  I b  2 2 1  3 2 1' 2 4 2  3.5' 
39 2 6' 5 2  1' 2 2 1  3 2 1' 30 2 4.7b 

25 2 4' 9 2 2' 2 2 1  7 2 1 '  1 4 2 3 "  
4 8 2 9 "  10 2 2' 2 2 1  9 2  1' 3526'  
47 2 8" 11 2 2' 2 2 1  9 2 1' 34 2 6' 

3 4 2 6 '  1 5 2 2 "  3 2 1  12 2 3 "  1 6 2 s b  
6 8 2  11' 1 7 2  3" 3 2 1  1 4 2 3 "  4 0 2 6 "  
7 2 2  11' 22 2 3' 3 2 1  19 2 3" 48 2 8' 

11 2 1 
9 2 1  

1 0 2  1 

9 2 1  
1 2 2  1 
11 2 1 

11 2 I 
11 2 1 
12 2 2 

Statistics, main effects 
Cholesterol P <  0.01 P <  0.01 NS P < 0.001 P < 0.05 NS 
Fat type NS NS NS NS NS NS 
Breed NS NS NS NS NS NS 
Interactions NS NS NS NS NS NS 

Values are means 2 SD (n = 6 animals per dietary treatment). Main effects were differences due to amount 
of dietary cholesterol (0. 0.25, 0.5, 1.0 wt%) as determined by three-way ANOVA; differences due to fat type 
(no added fat, SFA, PUFA) determined by three-way ANOVA, differences due to breed (Duroc versus York- 
shire); and differences due to interactive effects among dietary fat X cholesterol X breed, NS, not significant. 

4'.'.L'Values within a column with different superscripts are significantly different (P < 0.05). 

tively correlated with both LDLr mRNA (Fig. SA, r = 
-0.651; P< 0.05) and LDLr protein abundance (Fig. 8B, 
r=  -0.682; P <  0.05). Hepatic cholesteryl ester concen- 
trations were best fit with a curved line using a quadratic 
equation. No relationship was observed between hepatic 
free cholesterol or triglycerides and LDLr protein abun- 
dance and mRNA levels (Fig. SC-F) . 

DISCUSSION 

The results of the present study provide new insight 
into the mechanisms by which fatty acids affect the 
LDLr. When pigs consumed a diet containing 0.25% 
cholesterol, SFA (palmitic acid) markedly decreased 
whereas PUFA (linoleic acid) increased LDLr protein 

22OkDa + 1 

116kDa + w 
97kDa -B 

1 1 2 1 2  1 2  

contml +SFA N O M  + M A  
Fat 

I I n 
0 . m  c l l ok td  

Fig. 3. Western blot of hepatic LDLr protein from a control pig or 
pigs fed 0.25% cholesterol (wt%) with no added fat, palm oil (SFA), 
or sunflower oil (PUFA) at 16% (wt%). Solubilized hepatic mem- 
brane proteins (100 mg) were randomly selected from one control 
pig and two pigs from each group fed 0.25% cholesterol. Proteins 
were separated on SDSPAGE, transferred to nitrocellulose, and LDL 
receptor protein abundance was analyzed using a polyclonal antibody 
to the rat LDLr as described in the Methods section. The autoradio- 
graph was developed after 15 sec exposure at room temperature. 

E l  No added fat 
& ' Y '  exl+ PUFA 

0 + SFA - 
x r  

Control 0.25% 0.5% 1 .O% 

Cholesterol 

Fig. 4. Effect of dietary treatments on porcine hepatic LDLr protein 
abundance (ng anti-LDLr I& bound). Values are means 2 SD (n = 
6 pigs per dietary treatment group). Bars with different superscripts 
(a, h, c) indicate significant (P < 0.05) effects of level of dietary cho- 
lesterol. Bars with different superscripts (x, y, z) within a cholesterol 
level are significantly different (P 0.05). 
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0.5% I 

Fig. 5. Northern blot analyses of hepatic LDLr mRNA. Total RNA 
(20 pg) was isolated from liver of pigs (n = 6 per treatment) fed 0.25, 
0.5, or 1% cholesterol (wt%), with or  without sunflower oil (PUFA) 
or  palm oil (SFA) at 16% (wt%). Total RNAws separated on agarose 
gels. transferred to membranes, and prohed for LDL receptor mRNA 
using a "P-labeled human LDLr cDNA as described in the Methods 
section. The autoradiographs were developed after 4 weeks exposure 
at -70°C. 

relative to animals consuming cholesterol only or to 
controls maintained on a low fat/cholesterol-free diet. 
Furthermore, we have shown that these distinct effects 
of dietary fatty acids were accompanied by parallel 
changes in LDLr mRNA levels. The data from the pres- 
ent study support those from other studies in nonhu- 
man primates (21, 24, 25). In these studies, LDLr 
mRNA levels were reduced between 30-50% in animals 
consuming SFA from coconut oil (predominately lauric 
acid and myristic acid) or lard (-24% palmitic acid), 
and including a wide range of dietary cholesterol, when 
compared to animals consuming unsaturated fatty 
acids. Collectively, these data provide strong evidence 

h 

Y cn 
E 3 0.4 -} I ' EA + PUFA 

0 +SFA 
I I 

0.3 

0.2 

0.1 

0 
0.25% 0.5% 1 .O% 

Cholesterol 

Fig. 6. Effects ofdietary treatments on porcine hepatic LDLr mRNA 
(relative units), by Northern blot analyses. Values are mean t SD (n 
= 6 pigs per dietary treatment group). Barswith different superscripts 
(a, b, c) indicate significant ( P <  0.05) effects of level of dietary cho- 
lesterol. Bars with different superscripts (x. y, z) within a level of c h e  
lesterol are significantly different (P < 0.01). 

n 
r = 0.747 Z 5 f  A D < 0.05 

-0.05 0.05 0.15 0.25 0.35 0.45 
LDLr mRNA (relative units) 

P i 0 0  7 I 

90 
80 
70 
60 
50 
40 
30 

L 

1 f 
4- 

B 
I 

I 
.I 

=- B r  

r = - 0.2 15 

NS I 
*- 

i 

-0.05 0.05 0.15 0.25 0.35 0.45 
LDLr mRNA (relative units) 

S l O O  1 

r - - 0.360 
NS 90 

n -  
I --.a 50 - I -.IC. mmm m 

m *I '.. t - m s  
40 T 

30 
0 i 2 3 4 5 

LDLr IgG bound (ng) 

Fig. 7. Correlation scatter plots of the relative abundance of hepatic 
LDLr mRNA (relative units) and LDLr protein (ng LDLr I@ boiind) 
and plasma LDkholesterol levels (mg/dl). Data are from individual 
animals (n = 60). The Pearson's correlation coefficients ( r  values) 
and level of significance are noted for each plot. Plot A displays the 
correlation between LDLr mRNA and LDLr protein abundance. Plot 
B displays the correlation between LDLr mRNA abundance and 
plasma LDL-cholesterol levels. Plot C displays the correlation between 
LDLr protein abundance and plasma LDL-cholesterol levels. 
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Fig. 8. Correlation scatter plots of hepatic lipid levels and hepatic LULr mRNA and protein levels. Data are from individual animals (11 = 

60). The Pearson's correlation coefficients ( r  values) and level of significance are noted for each plot. For eaw of' comparison, the plot.\ are 
grouped in columns by LDLr mRNA or LDLr protein abundance, with the three different hepatic lipid measures shown side by side for  
comparison. Plots A and B display the correlation between total hepatic cholestciyl esters, and hepatic LDLr rnKNA and protein ahunclancr. 
respectively. Plow: C and D display the correlation between hepatic free cholesterol and hepatic LDLr mRNA and protein abundance, respec- 
tively. Plots E and F display the correlation between hepatic triglycerides and hepatic LDLx mRNA and protein abundance, rchspecdvelv. 

that dietary fatty acids differentially regulate LDLr 
mRNA levels. 

Of particular interest in the present study is the find- 
ing that LDLr protein and mRNA abundance were 
higher when PUFA was added to diets containing cho- 
lesterol (0.25%) compared to animals consuming low 
fat/ cholesterol-free diets which theoretically should ex- 

hibit maximal LDLr expression. These results are con- 
sistent with those reported by Horton et al. (26) in ham- 
sters consuming PUFA with no added cholesterol. Of 
importance is that the study by Horton, Cuthbert, and 
Spady (26) as well as the present study in pigs observed 
these effects compared to a carbohydrate control 
(which is the standard comparison to which fatty acids 
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are compared in human dietary studies) rather than rel- 
ative to other fatty acids (e.g., medium-chain triglycer- 
ides such as caprylic or capric) which may also have in- 
dependent cholesterolemic effects (41). Thus, taken 
together, these data provide strong evidence for an in- 
dependent and positive effect of PUFA on the regula- 
tion of LDLr expression. 

A unique aspect of this study is that these differential 
effects of fatty acids on LDLr expression were only ob- 
served when pigs consumed the lowest level of dietary 
cholesterol. This was surprising given that, in humans, 
the effect of dietary cholesterol on LDLcholesterol lev- 
els has been shown to be quantitatively less important 
than chain length and the degree of fatty acid satura- 
tion (42,43). Furthermore, studies in hamsters (4, ll), 
guinea pigs (7, S), and monkeys (9) have shown that 
PUFA attenuate while SFA exacerbate the suppressive 
effects of dietary cholesterol on LDLr activity. Neverthe- 
less, at the lowest intakes of cholesterol (0.25%) used 
in this study, the changes in LDLr expression observed 
in these pigs fed PUFA or SFA are consistent with these 
studies and indicate that fatty acids have potent effects 
on LDLr expression. It is also important to note that an 
interaction between fatty acid saturation and choles- 
terol was reported in a recent study using guinea pigs 
(44) in which the effect of fatty acids on LDL choles- 
terol FCR was not observed at high intakes of choles- 
terol. Collectively, these data suggest that at high in- 
takes, cholesterol has a dominant and repressive effect 
on LDLr mRNA levels that cannot be attenuated by fatty 
acids. 

In light of the striking changes in levels of both LDLr 
protein and mRNA observed in the present study, it was 
surprising that neither the consumption of SFA, PUFA, 
nor cholesterol resulted in a more significant hypercho- 
lesterolemic response. This is particularly so because 
our rationale for using these pigs as a model was a result 
of their being regarded by some as one of the best mod- 
els for human lipid and lipoprotein metabolism (30). 
Other studies using pigs (similar in age and gender) 
have found significant and predictable cholesterolemic 
responses to changes in dietary lipids (45-48), al- 
though, as in a human population, marked variability 
in these responses exists (49, 50). It also is important 
to note that studies with the baboon have found no ap- 
parent relationship between changes in LDLr mRNA 
and plasma LDLC levels (2 1,24), suggesting that some 
species have a very efficient mechanism(s) to compen- 
sate for a large change in fat and cholesterol intake 
(51). 

Whether this lack of effect observed (and the differ- 
ential response observed between the two breeds) is re- 
lated to genetic variation in one or multiple pathways 
of cholesterol regulation (52-54) is unknown. In addi- 

tion, variants in the apoBl00 allele have been shown 
to contribute to differences in response to a dietary cho- 
lesterol challenge in pigs (55); however, these are also 
associated with marked hypercholesterolemia in ani- 
mals consuming a low fat/cholesterol-free diet which 
was not observed in the present study. While we studied 
only the effects of dietary fatty acids on LDLr regula- 
tion, the plasma LDL-C levels can be affected by 
changes in both LDL uptake as well as production. For 
example, the addition of dietary lipid to low fat diets 
has been shown to increase LDL production rate in the 
hamster (4, 10-13), although this has not been ob- 
served in Cebus (9) or cynomolgous (14) monkeys. Ac- 
cordingly, if basal cholesterol production was low in the 
pigs used in this study, and cholesterol production was 
not significantly stimulated by dietary lipid, or, if these 
pigs had an efficient mechanism to compensate for the 
increased dietary cholesterol and lipid, then conceiv- 
ably even large changes in LDLr number would have 
only small effects on the circulating LDL-C levels. In 
fact, Spady, Woollett, and Dietschy (56) propose that if 
production rates were low the plasma LDLC levels 
would not increase until more than 50% of the receptor 
activity is lost. Although we did not measure LDL pro- 
duction in these animals, the fact that the pigs consum- 
ing 0.25% cholesterol did not have elevated hepatic 
sterol levels suggests that they have a very efficient 
mechanism to compensate for the increased dietary 
cholesterol and fat, and that this, in addition to a low 
cholesterol production rate, may prevent the increase 
in plasma LDL levels regardless of effects on hepatic 
LDLr levels. Thus, our data clearly demonstrate that the 
liver LDLr are of little significance in controlling the 
plasma LDL-C levels in pigs. 

Collectively, our data and those from other animal 
models described above suggest that other mecha- 
nism(s) or pathway(s) independent of the LDLr func- 
tion to maintain the plasma cholesterol levels in these 
diverse animal models. It is important to note that, in 
humans, we have found the opposite to be true; specifi- 
cally, increasing dietary SFA decreases the level of LDLr 
in circulating mononuclear cells and this is associated 
with an increase in plasma LDLC (57). Moreover, in 
this latter study, we found that the percentage increase 
in LDLr protein abundance in response to changes in 
dietary SFA was significantly and negatively associated 
with the percentage decrease in LDL-C levels ( r  = 
-0.655; P < 0.001). It is important to note, however, 
that in human populations, non-responders to large 
changes in dietary fat and cholesterol also have been 
identified under controlled clinical settings (58, 59). 
The metabolic bases underlying these responses are un- 
known, and it is apparent that our understanding of the 
interrelationships between genetic background and re- 

Mustad et al. Fatty acid regulation of LDLr protein and mRNA 2319 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


sponses to dietary cholesterol (and fatty acids) is incom- 
plete. It is likely that pigs could be an appropriate 
model to study these mechanisms. 

Our understanding of the molecular mechanisms 
that explain these effects of fatty acids on LDLr mRNA 
levels is incomplete. Most of our knowledge pertains to 
the control of transcription of the LDLr gene by the 
intracellular sterol content of the cell (and the putative 
sterol regulatory pool) (60). Progressively increasing 
the cholesterol content of the diet increases this sterol 
regulatory pool and induces a number of predictable 
events: 1) an increase in hepatic cholesteryl esters; 2) a 
suppression of cholesterol synthesis; 3) an increase in 
LDL-C production; and 4)  a decrease in LDLr synthesis. 
These events collectively contribute to the elevation of 
plasma LDL-C. Other responses, including increased 
secretion of VLDL, may also contribute to the net re- 
sponse of the plasma cholesterol levels as well and may 
explain some of the differences in response. While we 
did not measure all of these parameters that contribute 
to cholesterol homeostasis, our observations with re- 
spect to changes in LDLr mRNA levels and lipid accu- 
mulation in response to dietary cholesterol are consis- 
tent with the events described above (i.e., we observed 
a dose-dependent increase in liver cholesteryl esters, a 
reduction in LDLr mRNA, and an increase in the 
plasma LDL-C). In addition, our results are consistent 
with those recently reported in guinea pigs demonstrat- 
ing that cholesteryl ester concentrations were logarith- 
mically related to hepatic LDLr &, (44). In the present 
study, hepatic cholesteryl ester levels above 14 mg/g 
were associated with no further decrease in receptor ex- 
pression. In comparison, this level was 4 mg/g in 
guinea pigs (44) while in the hamster (4, 11-13,25,61) 
and in Cebus monkeys (9), there appears to be a linear 
relationship between LDLr activity and cholesteryl ester 
levels up to 30 mg/g. In the present study, we observed 
no relationship between LDLr mRNA levels and the 
level of hepatic total or microsomal free cholesterol. Al- 
though the prevailing theory is that free cholesterol (or 
an oxysterol) regulates LDLr gene expression, others 
also did not find significant changes in free cholesterol 
levels as affected by dietary lipid (9, 2 5 ) .  This occurs 
presumably because the liver prevents the accumulation 
of free cholesterol by several mechanisms described 
above; however, it is possible that some separate, un- 
identified regulatory pool of cholesterol is affected. 

A key question that emerges from these observations 
is: What are the molecular mechanisms by which fatty 
acids affect the expression of the LDLr gene? Our re- 
sults show that the influence of dietary fatty acids is de- 
pendent on the level of dietary cholesterol intake; 
clearly, in pigs, the latter has a dominant influence. 

Thus, it is likely that fatty acids interact with cholesterol 
to regulate mRNA levels. In vitro studies with different 
cell types (62) and studies with hamsters (56, 61) haw: 
shown that fatty acids can affect the storage of choles- 
teryl esters and influence intracellular sterol distribu- 
tion. Activation of the ACAT enzyme (which controls 
the esterification of intracellular cholesterol) by oleic 
acid has been hypothesized to cause a shift in sterol dis- 
tribution away from the regulatory pool of cholesterol 
toward the non-active cholesteryl esters (61). SFA have 
been shown to suppress this enzyme which may result 
in a greater proportion of cholesterol remaining in thc 
regulatory pool. An increase in hepatic cholesteryl es- 
ters has been shown to be negatively correlated with 
LDL-receptor activity in hamsters (12, 61). However. 
our data with pigs and those from other animal models 
(9) are not consistent with this hypothesis. In the pres- 
ent study, hepatic cholesteryl ester concentrations in 
pigs increased as cholesterol consumption increased, 
and there were no differences in hepatic cholesterol at- 
tributed to the dietary fatty acid composition. This is 
likely because oleic acid, the preferred substrate for 
ACAT, was similar in the experimental diets. Another 
interaction between dietary fatty acids with the sterol 
regulation of  LDLr mRNA is that fatty acid modification 
of membranes could lead to an increased / tlecrcased 
responsiveness to intracellular sterols. For example, 
fatty acids might alter membrane properties of the nu- 
clear membrane or endoplasmic reticulum and thereby 
interfere with (SFA) or enhance (PUFA) the release of' 
membrane-bound SREBP that confers sterol regulation 
of the LDLr gene (63-65). 

An interesting observation in the present study is that 
animals that consumed PUFA had higher LDLr protein 
and mRNA abundance relative to control animals 
(which theoretically should exhibit maximal LDLr cx- 
pression). These results support a theory for a positive 
regulatory effect of dietary fatty acids that may be inde- 
pendent of cholesterol; however, the mechanisms by 
which fatty acids regulate LDLr message levels are ob- 
scure. It is possible that fatty acids affect post-transcrip- 
tional processing and/or  mRNA stability (66) or, per- 
haps, transcription of the LDLr gene. Nuclear run-on 
assays with nuclei prepared from livers of animals fed 
dietary PUFA have shown effects on the transcription 
rate of a number of genes including fatty acid synthase 
(FAS) and S14 mRNA (67), stearoyl Co A desaturase 
(68), pancreatic lipase (69), pyruvate kinase (70), and 
lipid binding proteins (67, 71). (It is of interest that in 
these studies, MUFA and SFA have no apparent influ- 
ence on the expression of these particular genes.) Al- 
though a putative fatty acid response element has been 
localized in the promoter region of F M  and SI4 genes 
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(72), the specific sequence necessary to confer fatty acid 
regulation of gene transcription has not been fully de- 
lineated. Alternatively, it also is conceivable that fatty 
acids could act as mediators of transcriptional regula- 
tion via covalent modification (e.g., myristoylation o r  
palmitoylation) (73) of key transacting nuclear pro- 
teins. Another consideration is that the effects of fatty 
acids could be mediated by binding to peroxisome pro- 
liferator activated receptors (PPAR). Recently, dietary 
PUFA, and the synthetic arachidonic acid analog ETYA, 
have been shown to be very potent activators of PPARs 
(74-76). It remains to be resolved, however, whether 
the differential effects of SFA and PUFA on expression 
of the LDLr gene involve PPAR and subsequent changes 
in transcription of the LDLr gene. The examples above 
present several plausible mechanisms by which fatty acids 
may control gene expression. Whether these have any 
relevance to the regulation of the transcription of the 
LDLr gene remains to be resolved. Studies are ongoing 
in our laboratory to learn more about the molecular 
mechanisms for the disparate effects that fatty acids have 
on LDLr mRNA levels; it may only be possible to discern 
their true independent/ interactive effects using an in 
vitro cell culture system in which the independent effects 
of fatty acids and sterols can be studied. 

In summary, we have shown that dietary fatty acids 
have very potent and distinctly different effects on LDLr 
protein abundance which are the result of changes in 
LDLr mRNA levels. Furthermore, our results demon- 
strate that PUFA, specifically linoleic acid, exerts a 
strong and independent positive effect on LDLr expres- 
sion. Further studies are needed to fully elucidate the 
molecular mechanisms by which fatty acids affect LDLr 
mFWA abundance.I 

Supported in part by the Illinois Soybean Operating Board 
and the Pennsylvania Agriculture Experiment Station. 
Manuscript receiued 26 March 1996 and an rmised form 9 August 1996. 

REFERENCES 

Grundy, S. M., and M. A. Denke. 1990. Dietary influences 
on serum lipids and lipoproteins. J. Lipid Res. 31: 1149- 
11 72. 
Shepherd, J., C.  J. Packard, S. M. Grundy, D. Yeshurun, 
A. M. Gotto, and 0. D. Taunton. 1980. Effects of low den- 
sity lipoproteins in man. J.  Lipid Res. 21: 91-99. 
Spady, D. K., and J. M. Dietschy. 1985. Dietary saturated 
triacylglycerols suppress hepatic low density lipoprotein 
receptor activity in the hamster. Roc. Natl. Acad. Sci. USA. 

Spady, D. K., and J. M. Dietschy. 1988. Interaction of di- 
etary cholesterol and triacylglycerols in the regulation of 

82: 4526-4530. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

hepatic low density lipoprotein transport in the hamster. 
J. Clin. Invest. 81: 300-309. 
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, monounsatu- 
rated, and saturated fat. Metabolism. 38: 1094-1 102. 
Fernandez. M. L., and D. J. McNamara. 1991. Regulation 
of cholesterol metabolism in guinea pigs mediated by di- 
etary fat quality and quantity. J. 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. 
Fernandez. M. L., E. C. K Lin, and D. J. McNamara. 1992. 
Differential effects of saturated fatty acids on low density 
lipoprotein. J. Lipid Res. 3 3  1833-1842. 
Nicolosi, R. J., A. F. Stucchi, M. C. Kowala, L. K Hennessy, 
D. M. Hegsted, and E. J. Schaefer. 1990. Effect of dietary 
fat saturation and cholesterol on LDL composition and 
metabolism. In vivo studies of receptor and nonreceptor- 
mediated catabolism of LDL in Cebus monkeys.  art^ 
riosch. Thromb. 10: 119-128. 
Woollett, L. A., D. K Spady, and J. M. Dietschy. 1989. 
Mechanisms by which saturated triacylglycerols elevate 
the plasma low density lipoproteincholesterol concentra- 
tion in hamsters. Differential effects of fatty acid chain 
length. J. Clin. Invest. 84: 119-128. 
Woollett, L. A., D. K Spady, and J. M. Dietschy. 1992. Satu- 
rated and unsaturated fatty acids independently regulate 
low density lipoprotein receptor activity and production 
rate. J.  Lipid Res. 33: 77-88. 
Woollett, L. A., D. K. Spady, and J. M. Dietschy. 1992. Reg- 
ulatory effects of the saturated fatty acids 6:O through 
18:O on hepatic low density lipoprotein receptor activ- 
ity in the hamster.J. Clin. Invest. 89: 1133-1141. 
Woollett, L. A,, C. M. Daumerie, and J, M. Dietschy. 1994. 
TrunP9-octadecanoic acid is biologically neutral and does 
not regulate the low density lipoprotein receptor as the 
cisisomer does in the hamster.J. Lipid Res. 35: 1661-1673. 
Hunt, C. E., G. M. Funk, and T. J. Vidmar. 1992. Dietary 
polyunsaturated to saturated fatty acid ratio alters hepatic 
LDL transport in cynomolgus macaques fed low choles- 
terol diets. J. i\rutr. 122: 1960-1970. 
Brousseau, M. E., A. F. Stucchi, D. B. Vespa, E. J. Schaef- 
fer, and R. J. Nicolosi. 1993. Diet enriched in monounsat- 
urated fat decreases low density lipoprotein concentra- 
tion in cynomolgus monkeys by a different mechanism 
than does a diet enriched in polyunsaturated fats. J. Nutr. 

Stucchi, A. F., A. H. M. Terpstra, and R. J. Nicolosi. 1995. 
LDL receptor activity is down-regulated similarly by a cho- 
lesterolcontaining diet high in palmitic acid or  high in 
lauric and myristic acids in cynomolgus monkeys. J. Nutr. 

Loscalzo, J., J. Fredman, and R. M. Rudd. 1987. Unsatu- 
rated fatty acids enhance LDL uptake and degradation 
by peripheral blood mononuclear cells. Arteriosclerosis. 7: 

Kuo, P., M. Weinfeld, and J. Loscalzo. 1990. Effect of 
membrane fatty acid composition on LDL metabolism in 
HepG2 hepatocytes. Biochemistry. 29: 6626-6632. 
Tripodi, A., P. Loria, M. A. Dilengete, and N. Carulli. 
1991. Effect of fish oil and coconut oil diet on the LDL 

123: 2049-2058. 

125 2055-2063. 

450-455. 

Mustad et al. Fatty acid regulation of LDLr protein and mRNA 2321 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


receptor activity of rat liver plasma membranes. Hiorhim. 
BiOphys. Acta. 1083 298-304. 

20. Hannah, J. S., K. Yamane, E. Berlin, and B. V. Howard. 
1995. In vitro regulation of low-density lipoprotein recep- 
tor interaction by fatty acids. Metabolism. 4 4  1428-1434. 

21. Fox, J. C., H. C. McGill, Jr., K. D. Carey, and C .  S. Getz. 
1987. In vivo regulation of hepatic LDL receptor mKNA 
in the baboon. Differential effects of saturated and unsat- 
urated fat. J. Biol. Chem. 262: 7014-7020. 

22. Sorci-Thomas, M., M. D. Wilson, F. L. Johnson, D. L. Wil- 
liams, and L. L. Rudel. 1989. Studies on the expression 
of genes encoding apolipoproteins B-100 and B-48 and 
the low density lipoprotein receptor in nonhuman pri- 
mates. J. Biol. Chem. 264: 9039-9045. 

23. Lindsey, S., J. Benattar, A. Pronczuk, and K. C.  Hayes. 
1990. Dietary palmitic acid (16:O) enhances high density 
lipoprotein cholesterol and low density lipoprotein recep- 
tor mRNA abundance in hamsters. h o c .  Sor. Exp. Bid. 
Med. 195 261-269. 

24. Kushwaha, R. S., C.  A. McMahan, G. E. Mott, K. D. Carey, 
C. A. Reardon, G. S .  Gerz, and H. C:. McGill, Jr. 1991. 
Influence of dietary lipids on hepatic mRNA levels ofpro- 
teins regulating plasma lipoproteins in baboons with high 
and low levels of large high density lipoproteins../. I+id 

25. Hennessy, L. K., J. Osada, J. M. Ordovas, R. J. Nicolosi, 
A. F. Stucchi, M. E. Broussea, and E. J. Schaefer. 1992. 
Effects of dietary fats and cholesterol on liver lipid con- 
tent and hepatic apolipoprotein A-I, B and E and LDL 
receptor niRNA levels in cebus monkeys. ,I. I,zpid RP.7. 3 3  

26. Horton, J. D., J. A. Cuthbert, and D. K. Spady. 1993. Di- 
etary fatty acids regulate hepatic low density lipoprotein 
(LDL) transport by altering LDL receptor protein and 
mRNA levels. J.  Clin. Invest. 92: 743-749. 

27. Osada, J., A. Fernandez-Sanchez, J. L. Dias-Morillo, M. J .  
Miri-Obradors, J. A. Cebrian, C. Carrizosa, and J. M. Ordo- 
vas. 1994. Differential effect of dietary fat saturation arid 
cholesterol on hepatic apolipoprotein gene expression in 
rats. Atherosclerosis. 195: 261 -269. 

28. Bennett, A. J., M. A. Billett, A. M. Salter, E. H. Mangia- 
pane, J. S .  Bruce, K. L. Anderson, C.  B. Marenah, N. Law- 
son, and D. A. White. 1995. Modulation of hepatic apoli- 
poprotein B, 3-hydroxy-3-methylglutaryl-C~oA reductase 
arid lowdensity lipoprotein receptor mRNA and plasma 
lipoprotein concentrations by defined dietary fats. Coni- 
parison of trimyristin, tripalmitin, tristearin and triolein. 
Biochm. J. 311: 167-173. 

29. Srivastava, R. A. K., H. Ito, M. Hess, N. Srivastava, arid G. 
Schonfeld. 19Y5. Regulation of low density lipoprotein re- 
ceptor gene expression in HepGP and Cam2 cells by pal- 
mitate, oleate, and 25-hydroxycholesterol. ./. Lipid Res. 36: 

30. Stanton, H. C., and H. J. Mersmann. 1986. Swine in Car- 
diovascular Research. CRC Press, Boca Raton, FL. 

31. Chomczynski, P., and N. Sacchi. 1987. Single-step method 
of RNA isolation by acid guanidinium- thiocyanate-phe- 
nol-chloroform extraction. Anal. Biochrm. 162: 157- 
159. 

32. National Research Council. 1988. Nutrient Requirements 
of Swine. National Academy Press, Washington, DC. 

33. Reihner, E., I. Bjorkhem, B. Angelin, S .  Ewerth, and K. 
Einarsson. 1989. Bile acid synthesis in humans: regulation 
of hepatic microsomal cholesterol 7a-hydroxylase activity. 
Gartroentmology. 97: 1498-1 505. 

Res. 32: 1929-1940. 

351-360. 

1434-1446. 

34. Etherton, T. D., and P. M. Kris-Etherton. 1980. <:hal-actcr- 
ization of plasma lipoproteins in swine with difkrent pro- 
pensities for obesity. Iipids. 15: 828-829. 

35. Kovanen, P. T., M. S. Brown, a n d J .  Goldstein. 1979. ln- 
creased binding of LDI, to liver membranes from rats 
treated with 17 a-ethinyl estradiol. ,/. i h l .  Chmt. 254: 

36. May, K., F. B. Kraemer, K. (;heti, and A. 1). Cooper. 1990. 
ELISA measurement of LDL rrceptors. ./. I.ipi(/ i2r.c. 31: 
1 683-1 691. 

97. Folch, J. M., M. Lees, arid G. Sloane Stanley. 1957. A siirr- 
ple method for the isolation and purification of total lip- 
ids from animal tissues. /. Bid. (.'hvm. 226: 497-503. 

38. Sale, F. O., S. Marchesini, P. H. Fishman, and B. Berra. 
1984. A sensitive enzymatic assay for determination of 
cholesterol in lipid extracts. And.  Biorhnn. 142: 347-350. 

39. Kraemer, F. B., S. A. Sather, B. I'ark, C. SLta 
K. May, H. Nishimura, I. Simpson, A. L). 
S. W. (hshman. 1994. Low density lipoprot 
in rat adipose cells: subcellular localization and regula- 
tion by insulin. J. Lipid &.s. 35: 1760-1772. 

40. Sambrook,J., E. R. Fritsch, and E. M. Maniatis. 1989. Mtr 
lecular Cloning: a Laboratory Manual. C:.  Nolan, N. Ford, 
N. Irwin, and M. Ferguson, editors. (:old Springs Harbor 
Laboratory Press, Cold Springs Harbor, NY. 

41. Cater, N. B., H. J. Heller, and M. A. Denkc:. 11195. 1':ffects 
of medium chain triglycerides on lipids and lipoproteins. 
Circulation. 92:I-351 (Abstracr #1676). 

42. Keys, A.,J.  T. Anderson, and F. Glande. 1965. Serum cho- 
lesterol response to changes in the diet. I V .  Particular silt- 
iirated fatty acids in the diet. M~kiboli.sm. 14: 776-787. 

43. 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. ,J. Clzn. N d r .  17: 28 1-295. 

44. Lin, E. C. K., M. L. Fernandez, M. A. Tosca, atid 1). J. 
McNamara. 1994. Regulation of hepatic LDI. metabolism 
in the guinea pig by dietary fat and cholesterol. J. i+(i 
Kr.c. 35: 446-457.45. 

4.5. Mahley, K. W'., I(. H. Weisgraber, 7'. Innerarity, H. 13. 
Brewer, and G. hssmann. 1975. Swine lipoproteins and 
atherosclerosis: changes in the plasma lipoproteins and 
apoproteins induced by cholesterol feeding. i h h o m i , d ) y .  

46. Forsythe, W. k, E. R. Miller, G. M. Hill, 1). K. Komsos, 
arid R. C. Simpson. 1980. Effects of dietaiy protein and 
fat sources on plasma cholesterol parameters, LCAT activ- 
ity and amino acid levels and o n  tissue lipid contciit of 
growing pigs. J. NZW. 110: 2467-2479. 

47. Johnson,  J. A., D. C. Beitz, and N. L,. Jiacobson. 1Y89. Efl 
fects of dietary beef and soy protein on tissue composition 
and low density lipoprotein uptake in  young pigs. ,/. N u t r .  
119: 696-705. 

48. Faidley, T. D., C. M. Luhman, S. T. Galloway, M. K. Foley, 
and D. C. Beitz. 1990. Effect of dietary fat source oii lipo- 
protein composition and plasma lipid concentrations i n  
pigs. J .  Nutr. 120: 1126-1 1 

49. IXersenSchade, D. X., M. J. Richard, D. C .  Beitz, anti 
N. L. Jacobson. 1986. Plasma, tissue and fecal cholesterol 
of young pigs fed restricted or liberal amounts of becf, 
soy or conventional diets. J.  Nufr. 116: 2086-2095. 

50. Kummerrow, F. A,, T. L. Smith, and M. M. Mahfouz. 1991. 
Dietary fat and plasma lipid physical properties in swine. 
J. Am. Coli. Nutr. 10: 346-354. 

51. 'McNamara, D.J., R. Kolb, T. S. Parker, H. Batwin, P. Sdlll- 
uel, (;. D. Brown, and E. H. Ahrens. 1987. Heterogencity 

1 1367- 1 1373. 

1 4  2817-2823. 

2322 Journal of Lipid Research Volume 37, 1996 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


of cholesterol homeostasis in man: responses to changes 
in dietary fat quality and cholesterol quantity. J.  Clin. In- 
vest. 79: 1729-1739. 

52. Beynen, A. C., M. B. Katan, and L. F. M. van Zutphen. 
1987. Hypo- and hyperresponders: individual differences 
in the response of serum cholesterol concentration to 
changes in diet. Adv. Lipid Res. 22: 115-171. 

53. Overturf, M. L., R. A. Buck, and D. S. Loose-Mitchell. 
1994. Resistance to dietary induced hypercholesterolemia 
exhibited by a unique strain of New Zealand white rabbits. 
Tex. Heart Inst. J. 21: 56-61. 

54. Kirk, E. A., G. L. Moe, M. T. Caldwell, J. A. Lernmark, 
D. L. Wilson, and R. C. LeBoeuf. 1995. Hyper- and hypo- 
responsiveness to dietary fat and cholesterol among in- 
bred mice: searching for level and variability genes. J.  
Lipid Res. 36: 1522-1532. 

55. Rapacz, J., J. Hasler-Rapacz, K. M. Taylor, W. J. Checovich, 
and A. D. Attie. 1986. Lipoprotein mutations in pigs are 
associated with elevated plasma cholesterol and athero- 
sclerosis. Science. 234: 1573-1576. 

56. Spady, D. K., L. A. Woollett, and J. M. Dietschy. 1993. Reg- 
ulation of plasma LDL-cholesterol levels by dietary choles- 
terol and fatty acids. Annu. Rev. Nutr. 13: 355-381. 

57. Mustad, V. A., A. D. Cooper, A. Mastro, T. A. Pearson, 
T. D. Etherton, and P. M. Kris-Etherton. 1995. Increasing 
dietary saturated fat is associated with a reduction in LDL 
receptors on mononuclear cells in healthy men and 
women. Circulation. 92:I-157 (Abstract #0746). 

58. Grundy, S. M., and G. L. Vega. 1988. Plasma cholesterol 
responsiveness to saturated fatty acids. Am. J. Clin. Nutr. 
47: 822-824. 

59. Clifton, P. M., M. Kestin, M. Abbey, M. Drysdale, and P. J. 
Nestel. 1990. Relationship between sensitivity to dietary fat 
and dietary cholesterol. Arteriosclerosis. 10: 394-401. 

60. Brown, M. S., and J. L. Goldstein. 1986. A receptor-medi- 
ated pathway for cholesterol homeostasis. Science. 232: 
34-47. 

61. Daumerie, C. M., L. A. Woollett, and J. M. Dietschy. 1992. 
Fatty acids regulate hepatic low density lipoprotein recep- 
tor activity through redistribution of intracellular choles- 
terol pools. h o c .  Natl. Acad. Sci. USA. 89: 10797-10801. 

62. Rumsey, S. C., N. F. Galeono, B. Lipschitz, and R. J. Deck- 
elbaum. 1995. Oleate and other long chain fatty acids 
stimulate low density lipoprotein receptor activity by en- 
hancing acyl coenzyme A: cholesteryl acyltransferase ac- 
tivity and altering intracellular regulatory cholesterol 
pools in cultured cells. J. Biol. Chem. 270 10008-10016. 

63. Briggs, M. R., C. Yokoyama, X. Wang, M. S. Brown, and 
J. L. Goldstein. 1993. Nuclear protein that binds sterol 
regulatory element of low density lipoprotein receptor 
promoter. I .  Identification of the protein and delineation 
of its target nucleotide sequence. J.  Biol. Chem. 268: 
14490- 14496. 

64. Wang, X., M. R. Briggs, X. Hua, C. Yokoyama, J. L. 
Goldstein, and M. S. Brown. 1993. Nuclear protein that 
binds sterol regulatory elemena of low density lipopro- 
tein receptor promoter. 11. Purification and characteriza- 
ti0n.J. Biol. Chem. 268 14497-14504. 

65. Wang, X., R. Sato, M. S. Brown, X. Hua, and J. L. 
Goldstein. 1994. SREBP-1, a membrane-bound transcrip- 
tion factor released by sterol-regulated proteolysis. Cell. 

66. Distel, R. J., G. S. Robinson, and B. M. Spiegelman. 1992. 
Fatty acid regulation of gene expression. Transcriptional 
and post-transcriptional mechanisms. J.  Biol. Chem. 267: 
5937-5941. 

67. Blake, W. M., and S. D. Clarke. 1990. Suppression of rat 
hepatic fatty acid synthase and S14 gene transcription by 
dietary polyunsaturated fat. J. Nutr. 120: 1727-1729. 

68. Landschulz, K. T., D. B. Jump, 0. A. MacDougald, and 
M. D. Lane. 1994. Transcriptional control of the stearoyl- 
CoA desaturase-1 gene by polyunsaturated fatty acids. Bio- 
chm. Biophys. Res. Commun. 200 763-768. 

69. Wicker, C., and A. Puigserver. 1990. Expression of rat pan- 
creatic lipase gene is modulated by a lipid-rich diet at a 
transcriptional level. Biochem. Biophys. Res. Commun. 166: 

70. Liimatta, M., H. C. Towle, S. Clarke, and D. B. Jump. 1994. 
Dietary polyunsaturated fatty acids interfere with the 
insulin/glucose activation of L-type pyruvate kinase gene 
transcription. Mol. Endom&oC. 8: 1147-1 153. 

71. Grimaldi, P. A., S. M. Knobel, R. R. Whitesell, and N. A. 
Abumrad. 1992. Induction of AP-2 gene expression by 
nonmetabolized long-chain fatty acids. Roc.  Natl. Acad. 

72. Clarke, S. D., and D. B. Jump. 1993. Regulation of hepatic 
gene expression by dietary fats: a unique role for polyun- 
saturated fatty acids. In Nutrition and Gene Expression. 
C .  D. Berdanier and J. L. Hargrove, editors. CRC Press, 
Boca Raton, FL. 227-250. 

73. Casey, P. J. 1995. Protein lipidation in cell signaling. Sci- 
ence. 268: 221-225. 

74. Dreyer, C., H. Keller, A. Mahfoudi, V. Laudet, G. JSrey, 
and W. Wahli. 1993, Positive regulation of the peroxi- 
somal &oxidation pathway by fatty acids through ac- 
tivation of peroxisome proliferator-activated receptors 
(PPAR). Biol. Cell. 77: 67-76. 

75. Gottlicher, M., E. Widmark, Q. Li, and J-A. Gustafsson. 
1992. Fatty acids activate a chimera of the clofibric acid- 
activated receptor and the glucocorticoid receptor. Proc. 
Natl. Acad. Sci. USA. 89 4653-4657. 

76. Keller, H., C. Dreyer, J. Medlin, A. Mahfoudi, K Ozato, 
and W. Wahli. 1993. Fatty acids and retinoids control lipid 
metabolism through activation of peroxisome prolifera- 
tor-activated receptor and the glucocorticoid receptor. 
Proc. Natl. Acad. Sci. USA. 90: 2160-2164. 

77: 53-62. 

358-361. 

SC~.  USA. 89: 10930-10934. 

Mustad et al. Fatty acid regulation of LDLr protein and &A 2323 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

