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Abstract Our in vivo studies in mice have shown that LDL- 
receptor gene expression is regulated differently in both liver 
and intestine by dietary cholesterol and dietary saturated fat. 
While dietary cholesterol serves to regulate at transcriptional 
levels, dietary fatty acids do not. To study the mechanism of 
regulation of LDL-receptor by saturated fat and cholesterol at 
the cellular level, where any secondary effects of long-term 
feeding in vivo are minimized, we used the cultured hepa- 
toma and colon carcinoma cells, He G2 and Caco2. LDL-re- 
ceptor activity was determined by 1y51-labeled LDL binding 
and uptake, LDLreceptor protein by Western blotting, LDL- 
receptor mRNA by RNase protection assay, and relative rates 
of LDL-receptor mRNA transcription by nuclear 'run-off 
assay. Incubation of cells in lipoproteindeficient serum 
(LPDS) for 48 h progressively induced LDLreceptor activity 
and LDL-receptor protein by 5- to 6-fold in HepG2 cells and 
2- to 3-fold in Caco2 cells. Absolute levels of LDL-receptor 
mRNA and relative rates of LDL-receptor mRNA transcrip- 
tion also increased in parallel to the LDLreceptor activity and 
protein levels in both cell lines. These data suggest that LPDS 
induced the LDLreceptor gene by transcriptional mecha- 
nism. The suppressive effect of 25-hydroxycholesterol on 
LDL-receptor regulation was studied by incubating HepG2 
and Caco2 cells grown either in 10% FCS or 10% LPDS for 
24 h and then for 0-24 h with various doses of 25-hydroxy- 
cholesterol. In HepC2 cells, LDL-receptor activity and pro- 
tein mass progressively decreased to 50% of zero time con- 
trols over 24 h. LDLreceptor mRNA levels and relative rates 
of transcription decreased in parallel. In Caco2 cells, 25-hy- 
droxycholesterol lowered LDL-receptor activity, mRNA, and 
transcription by -35%. To examine the effects of palmitate on 
LDL-receptor regulation, palmitate was complexed with albu- 
min. Palmitate decreased LDL-receptor activity by 25% in 
HepC2 cells without altering LDL-receptor mass, mRNA lev- 
els, or rates of mRNA transcription. Similarly, in Caco2 cells, 
palmitate decreased LDL-receptor activity and protein mass 
30% of controls, but did not change LDL-receptor mRNA 
levels and/or rates of transcription. The combination of 
palmitate (0.8 mM) and 25-hydroxycholestero1 (2.5-5 pg,"l) 
suppressed LDL-receptor activity by 65% in HepG2 cells and 
by 52% in Caco2 cells. However, LDL-receptor mRNA de- 
creased by -50% in HepC2 cells and 30-40% in Caco2 cells. 
Thus, there were further decreases in LDL-receptor activity 
and mRNA levels when palmitate and 25-hydroxycholesterol 

were present together in the media as compared to 25-hy- 
droxycholesterol alone. Oleate did not affect LDL-receptor 
activity. 811 Thus, a) exogenously added 25-hydroxycholes- 
terol regulates LDL-receptor gene expression by transcrip- 
tional mechanism, the amplitude of regulation being greater 
in HepC2 than in Caco2 cells; b) exogenously added palmi- 
tate regulates LDL-receptor gene expression by posttranscrip- 
tional mechanism, possibly at the posttranslational level; and 
c) a combination of cholesterol and palmitate have additive 
effects on the regulation of the LDL-receptor gene in part via 
posttranscriptional and in part via transcriptional mecha- 
nisms.-Srivastava, R. A. K., H. Ito, M. Hess, N. Srivastava, 
and G. Schonfeld. Regulation of low density lipoprotein re- 
ceptor gene expression in HepC2 and Caco2 cells by palmi- 
tate, oleate, and 25-hydroxycholestero1.J Lipid Res. 1995. 36: 
1434-1446. 
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Elevation of low density lipoproteins (LDL) levels in 
circulation is one of the major risk factors for coronary 
artery disease (1). LDL levels are determined by a bal- 
ance between rates of production and rates of clearance 
of LDLs from circulation. The majority of plasma LDL 
clearance occurs via LDL-receptor-mediated uptake by 
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tetra acetic acid; EGTA, ethylene glycol tetra acetic acid. 
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hepatocytes. The concentrations of these lipoprotein 
particles are influenced by nutritional and hormonal 
stimuli (2-5). For example, dietary cholesterol and satu- 
rated fat can separately and together elevate LDL cho- 
lesterol in humans, and alteration of hepatic LDL-recep- 
tor activities is one way that dietary lipids can change 
plasma LDL concentrations. Dietary lipids gain access 
to hepatocytes via chylomicron remnants. Dietary cho- 
lesterol is thought to decrease hepatic LDL-receptor 
protein and activity by transcriptional mechanisms in 
vivo (2, 5). Similarly, in cultured cell lines exogenously 
added cholesterol or oxidized cholesterol derivatives 
efficiently regulate LDL-receptor activity (6-8). This 
regulation is mediated by the interactions of a steroid 
receptor element in the promoter region of the LDL-re- 
ceptor gene with a steroid receptor element binding 
protein (9). Diets high in saturated fats in the absence 
of dietary cholesterol also increase plasma LDL-choles- 
terol levels (2, lo), while concomitantly, LDLreceptor 
activities decline in livers. The regulation by fatty acids 
appears to be posttranscriptional ( 10). Combinations of 
dietary saturated fatty acids and dietary cholesterol have 
additive effects on plasma LDL levels (11, 12). It has 
been suggested that the dietary saturated fatty acid-cho- 
lesterol combination may regulate LDL-receptors by 
altering sizes of putative intracellular regulatory pools 
of cholesterol and hence presumably LDL-receptor tran- 
scription (12). Our hypothesis was that cholesterol and 
fatty acids, when administered separately, operated at 
different loci to regulate LDL-receptor gene expression. 
But when administered together, cholesterol and satu- 
rated fatty acids could operate through similar molecu- 
lar mechanisms, e.g., regulation of mRNA levels. We 
used cultured cells in order to minimize any secondary 
effects due to adaptations that may occur in whole 
organisms in vivo. Both HepG2 and Caco2 cells were 
used because they are adequate models of human hepa- 
tocytes and enterocytes, respectively, i.e., they secrete 
lipoproteins and apolipoproteins, and their LDL-recep- 
tors are regulated by physiologic perturbations (8, 13, 
14), and more importantly, because LDL-receptors of 
liver and small intestine appeared to respond dissimi- 
larly to dietary or hormonal perturbations (2,4, 5). 

MATERIALS AND METHODS 

Cell culture 

HepG2 cells were obtained from the American Type 
Culture Collection at passage 77 (ATCC, Rockville, 
MD). Caco2 cells (passage 41) were a generous gift from 
Dr. Jeffrey Field, University of Iowa. Stocks of both cell 
lines were grown in Dulbecco's modified Eagle's me- 
dium (DMEM) supplemented with 20% fetal calf serum 

(FCS, J. R. Scientific, Woodland, CA), 0.1 mM nonessen- 
tial amino acids, 2 mM L-glutamine, 100 U/ml penicillin, 
and 100 pg/ml streptomycin. Identical media were used 
for both HepG2 and Caco2 cells in order to facilitate 
comparisons between the two cell lines. Cells were fed 
fresh medium every 2 days and maintained in a humidi- 
fied incubator equilibrated with 5% COd95% air. Cells 
were plated at a density of 2.5-3 x 105/10 cm2 in 75 cm2 
tissue culture flasks (Costar, Cambridge, MA). When the 
cell layers reached about 80% confluence, the cells were 
dissociated by incubation with 0.05% trypsin/0.02% 
EDTA for 5 min at 37°C and passaged at a split ratio of 
approximately 1:lO. 

Cells were plated on 3.5" &well plastic dishes (Co- 
star, Cambridge, MA) for 125I-labeled LDL uptake and 
binding studies, on 100-mm tissue culture dishes (Corn- 
ing Glass Works, Corning, NY) for cell membrane 
preparations for LDL-receptor immunoblotting, or in 
75-mm Costar flasks for mRNA quantitation. When the 
cells were 80% confluent, the maintenance medium was 
removed, monolayers were washed twice with phos- 
phate-buffered saline (PBS), and DMEM containing 
either 10% FCS or 10% lipoproteindeficient serum 
(LPDS) was added to each dish. After incubation for 
6-48 h cellular LDL-receptor protein and activities, 
mRNA levels, and transcription rates were determined. 
To test the effects of 25-hydroxycholesterol and fatty 
acids, cells were preincubated either in 10% FCS or 10% 
LPDS for 24 h, then cells were washed twice with PBS 
and incubated for the indicated times in serum-free 
DMEM supplemented with one of the following addi- 
tions to give the final desired concentrations of 25-hy- 
droxycholesterol in 0.25% ethanol with or without 
palmitate or oleate complexed to BSA; or 0.16 mM BSA 
alone. Palmitate or oleate (Sigma Chemical Co., Saint 
Louis, MO) were complexed with fatty acid-free BSA 
(Sigma Chemical Co., MO) as previously published (15). 
Most frequently BSA present at 0.16 mM, but concentra- 
tions were varied to obtain desired fatty acid/BSA molar 
ratios. Complexes were still-filtered before use. As 25- 
hydroxycholesterol was dissolved in ethanol, the same 
amount of ethanol (0.25% final concentration) was 
added to the control cells. Ethanol did not affect cellular 
protein contents per dish. 

1251-labeled LDL uptake by cultured cells 

LDL and LPDS were prepared by ultracentrifugation 
of serum obtained from healthy human subjects using 
the method of Havel, Eder, and Bragdon (16). LDL was 
iodinated with NalZ5I (17). More than 95% of the radio- 
activity was precipitable with 10% trichloroacetic acid 
(TCA). Specific activities of '25I-labeled LDL varied be- 
tween 300 to 500 cpm per ng of protein. 
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125I-labeled LDL binding and uptake by the cells were 
determined in cells grown in 35-mm dishes (18). Cell 
media were as indicated for individual experiments. 
Then, 1 ml of DMEM containing 2 mg/ml of BSA and 
5 pg/ml of lZ5I-labeled LDL in the presence or absence 
of 250 pg/ml of native LDL were added. Incubations at 
4°C or at 37°C lasted for 3 h. The media were then 
removed and all subsequent operations were carried out 
at 4°C. Each cell monolayer was washed three times with 
2 ml of buffer A containing 50 mM Tris-HC1 (pH 7.4) 
buffer, 0.15 M NaCl, and 2 mum1 BSA, after which a 
further 2 ml of buffer A was added and the monolayer 
was washed finally with 2 ml of buffer containing 50 mM 
Tris-HC1 (pH 7.4) and 0.15 M NaCl. The cells were then 
dissolved in 1 ml of 0.1 N NaOH and collected for lz5I 

counting in a gamma counter and for the measurement 
of cell protein concentrations by the method of Lowry 
et al. (19). 

Cell membrane preparation 

For LDL-receptor immunoblotting, cells were grown 
on 100-mm culture dishes. After incubation with the test 
substrates for the indicated times, cells were placed on 
ice, washed three times with 0.15 M NaCl at 4"C, scraped 
from the incubation dishes with a rubber policeman, 
and briefly centrifuged. The cell pellet was suspended 
in a 10-fold (compared with pellet volume) excess of 
receptor solubilizing buffer containing 1.6% Triton X- 
100, 0.3 mM leupeptin, 5 M urea, and 1.5 mM phenyl- 
methylsulfonyl fluoride (PMSF). After homogenization 
of the cells on ice in a 1.5 ml tissue homogenizer and 
incubation on ice for 30 min, the resulting suspension 
was centrifuged in a Beckman TL-100 Ultracentrifuge 
at 100,000 g for 10 min. The supernatant was removed 
and stored in liquid nitrogen (20). 

LDCreceptor protein quantification 

Six percent polyacrylamide separation gels and 3% 
polyacrylamide stacking gels, each containing 0.1% SDS, 
were prepared as described (4). Solubilized cellular 
membranes were mixed with a solution of 2.5% SDS, 
50% glycerol, and 0.5% bromophenol blue in a ratio of 
4: 1. One hundred microgram of total HepG2 cell mem- 
brane or 200 pg of Caco2 cell membrane protein were 
electrophoresed without preheating and in the absence 
of dithiothreitol (DIT) for 3 h at 4°C in buffer contain- 
ing 25 mM Tris-glycine (pH 8.6) and 0.1% SDS. 

Electrotransfer of proteins separated on polyacry- 
lamide gels was performed essentially as described by 
Towbin, Staehelin, and Gordon (21) with the exception 
that for nondenaturing gels methanol was omitted from 
the transfer buffer. Immobilin-P membrane (Millipore 
Corp., Bedford, MA) was presoaked in methanol, 
washed with water, and then soaked in transfer buffer 

(25 mM Tris, 192 mM glycine) for 15 min. The membrane 
was placed on the anode side of the gel between two 
sheets of porous filter paper and electrotransferred at 
4°C at 4 V/cm. After the transfer, the membrane was 
immersed in bovine Lacto Transfer Technique Op- 
timizer (BLO?TO) blocking buffer consisting of 5% 
(w/v) nonfat powdered dry milk in PBS with 0.01% 
antifoam A emulsion (Sigma) and 0.001% merthiolate 
(Sigma) for 1 h. Next, the membrane was incubated 
overnight at room temperature in BLOTTO containing 
10 pg/ml of mouse monoclonal anti-human LDL-recep- 
tor antibody (IgG-C7), (generously provided by Drs. Y. 
K. Ho, Joseph L. Goldstein, and Michael S. Brown, 
Department of Molecular Genetics, University of Texas 
Southwestern Medical Center, Dallas). The membrane 
was then washed with 250 ml of 0.1% Tween-80 and 
0.1% Triton X-100 in PBS. The membrane was incu- 
bated for 4 h at room temperature in BLOTTO contain- 
ing 1*51-labeled goat anti-mouse IgG antibody (approxi- 
mately 7.5 x lo5 cpm/ml), and then washed again with 
250 ml of 0.1% Tween80 and 0.1% Triton X-100 in PBS. 
Bands were visualized on radiographic film using 
autoradiography, and band densities were determined 
using an image analysis system (JAVA, Jandel Scientific, 
Corte Medera, CA). 

Quantification of LDCreceptor mRNA 

Cells were grown in 75-cm2 culture flasks. Immedi- 
ately after removal of the culture medium, cells were 
washed with serum-free DMEM, scraped off by a rubber 
policeman, and total RNA was isolated by a single-step 
RNA isolation method (22). Concentrations of LDL-re- 
ceptor mRNA were determined by an RNase protection- 
solution hybridization assay as described (23). For the 
preparation of riboprobes and RNA standard, a 3 1 1 bp 
cDNA fragment of clone pLDLR3 (ATCC, Rockville, 
MD) was subcloned into BamHI and EcoRI sites of 
pGEMSZf(+) vector (Promega Corp., Madison, WI). Af- 
ter confirming the orientation of the insert by sequenc- 
ing, 32P-labeled cRNA probe and RNA standard were 
synthesized by in vitro transcription using T7 or SP6 
RNA polymerases. The total cellular RNA and different 
concentrations of RNA were hybridized with 32P-labeled 
cRNA probe (50,000 cpm). The hybridized probe was 
collected on glass fiber filters after TCA precipitation 
and counted in a scintillation counter. A standard curve 
was generated by hybridizing the probe with sense RNA 
standard and absolute levels of LDLreceptor mRNA 
were calculated. As an internal control, the mRNA for 
y-actin was also quantified using a 267 bp 'factin cDNA 
subcloned at HindIII-XbaI sites of pGEMSZf(+) vector. 
To prepare riboprobe the recombinant plasmid was 
linearized with Hind111 and T7 RNA polymerase was 
used. RNase protection assay was performed in a similar 
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tonic solution (20 mM Tris-HC1, pH 8.0, 4 mM MgC12, 6 
mM CaC12, 0.5 mM DTT) and allowed to remain on ice 
for 5 min. After the addition of 2.5 ml of lysis buffer (0.6 
M sucrose, 0.2% Nonidet P-40, 0.5 mM DTT), cells were 
homogenized with the tight-fitting pestle of a homoge- 
nizer. The homogenate was centrifuged at 1,500gat 4°C 
for 10 min and the pellet was resuspended in 0.5 ml of 
0.3 M sucrose solution in buffer B (60 mM KCl, 15 mM 
NaCl, 0.15 mM spermine, 0.5 M spermidine, 14 mM 
P-mercaptoethanol, 0.5 mM EGTA, 2 mM EDTA, 15 mM 
HEPES buffer, pH 7.5). The crude nuclear suspension 
was layered over a 2.5 ml cushion of 1.5 M sucrose in 
buffer C (same as buffer B but EGTA and EDTA con- 
centrations reduced to 0.1 mM each) and centrifuged for 
1 h at 4°C at 45,000 rpm in a Beckman TLlOO Ultracen- 
trifuge. The clean nuclei were transferred to a micro- 
fuge tube and suspended in cold nuclei storage buffer 
(20 mM Tris-HC1, pH 7.9, 75 mM NaCl, 0.5 mM EDTA, 
0.85 mM DTT, 0.125 mM PMSF, 50% glycerol). Prepared 
nuclei were either used immediately for in vitro nuclear 
run-off assay or stored at -70°C for up to 4 weeks 
without loss in activity. 

Fig. 1. Autoradiogram of RNase protection assay. Total RNA from 
HepC2 cells (25 pg) and from Caco2 cells (50 pg) were hybridized with 
LDLreceptor riboprobe (100,000 cpm), treated with RNase to digest 
unhybridized RNA and riboprobes, precipitated with isopropanol, 
dissolved in loading buffer and separated in a sequencing gel. Lane 1, 
RNA molecular size markers synthesized in vitro in the same way as 
the riboprobes using a mixture of linearized plasmids obtained from 
Ambion; lane 2, LDLreceptor riboprobe; lane 3, riboprobe hybridized 
with yeast tRNA; FCS, cells incubated in 10% fetal calf serum: LPDS, 
cells incubated with 10% lipoproteindeficient serum; 25-OH, cells 
incubated with 5 p d m l  25-hydroxycholestero1 containing 10% FCS 
media. The positions of riboprobe and the protected fragments are 
indicated. 

way as described for the LDL-receptor. Figure 1 shows 
the protected fragment of the LDL-receptor mRNA in 
an RNase protection assay. Fluctuations in LDL-recep 
tor mRNA by LPDS and 25-hydroxycholesterol are also 
evident in HepG2 and Caco2 cells. 

Preparation of nuclei from cultured cells 

Cells were grown in 75cm2 culture flasks, and were 
washed and scraped off by a rubber policeman as above. 
Nuclei were prepared as previously described (2,4) with 
some modifications for the cultured cells. Cells were 
washed with 2.5 ml of icecold wash solution (20 mM. 
Tris-HCI, pH 7.5, 15 mM NaCl, 1.1 mM sucrose) and 
pelleted by centrifugation at 300 g at 4°C for 10 min. 
The cells were resuspended in 2.5 ml of icecold hypo- 

Measurements of relative rates of LDLreceptor 
mRNA transcription 

Details of nuclear 'run-off assay have been described 
earlier (2, 4). The transcription assay was performed in 
200 p1 of buffer containing 100 mM Tris-HC1, pH 7.9,50 
mM NaCl, 0.4 mM EDTA, 0.1 mM PMSF, 1.2 mM DTT, 1 
mg/ml heparin sulfate, 2 mM MnC12, 4 mM MgC12, 10 
mM creatine phosphate, 1 mM each of ATP, CTP, and 
GTP, 40 U human placental ribonuclease inhibitor, 30% 
glycerol, 10 million nuclei and 100 pCi [a-32P]UTP. 
Transcription was allowed to occur at 26°C for 20 min 
in the presence or absence of 2 pg/ml a-amanitin and 
the reaction was terminated by the addition of 30 U of 
DNase I (RNase-free). Nuclear RNA was then isolated 
using RNAzolTM B. The isolated RNA was washed with 
70% ethanol and dissolved in hybridization buffer (20 
mM PIPES, pH 6.7, 50% deionized formamide, 2 mM 
EDTA, 0.8 M NaCl, 0.2% SDS, 0.02% ficoll, 0.02% poly- 
vinylpyrrolidone, 0.02% BSA, 500 p d m l  denatured 
salmon sperm DNA). An aliquot was counted to deter- 
mine the incorporation of ["2P]UTP in RNA. The ex- 
tracted nuclear RNA was hybridized to membrane 
bound LDLreceptor cDNA (1.9 kb) at 42°C for 50 h. A 
1.9 kb LDL-receptor cDNA of clone pLDLR3 was sub- 
cloned into BumHI site of pGEM3Zf(+) vector. As an 
internal control 267 bp human y-actin cDNA fragment 
subcloned into Hind11 and XbuI site was used. This 
clone was kindly provided by Dr. Clay Semenkovich, 
Department of Internal Medicine, Washington Univer- 
sity, Saint Louis. For background counts nonrecombi- 
nant pGEM vector was linearized and hybridized the 
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Fig. 2. Effects of LPDS on LDLreceptor gene expression in HepC2 cells. HepC2 cells were grown to 80% confluency in 20% FCS, washed, 
and then incubated with 10% LPDS or FCS for the times indicated. A Shows binding of iodinated LDL isolated from human blood. This assay 
was performed at 4°C as described in the text. Each assay point indicates mean values of duplicate dishes. Circles represent values obtained with 
10% FCS and triangles indicate values obtained with 10% LPDS media. B: Shows binding and uptake of iodinated LDL performed at 37°C. This 
assay was also performed in duplicate and the mean values are plotted. C: Shows absolute levels of LDL-receptor mRNA quantified by RNase 
protection assay. Each assay was performed in triplicate using total RNA from three dishes, and 25 pg total RNA was taken for each assay. Details 
of LDLreceptor mRNA quantification are described in the text; *, significantly different compared to initial values and values obtained with 
FCS. Each value represents mean f SEM. As an internal control absolute levels of y-actin were also detcrmined. These did not change in the 
LPDS media. D: Shows results of relative rates of LDL-receptor mRNA transcription. Nuclear 'run-off assay was performed as described in the 
text. Each assay was performed in triplicate and the values represent mean f SEM. As an internal control the relative rates of y-actin mRNA 
transcription were also performed. The maximum change was a 12% increase in the rates of y-actin mRNA transcription at the 24-h time point. 
Experiments shown here were repeated and similar results were obtained. 

same way. After the hybridizations, the membrane was 
washed as described (2), and counted. Transcription 
rates were expressed as percent in relation to a control 
group that was assigned a value of 100%. 

RESULTS 

Effects of 10% LPDS or 10% FCS on LDLreceptor 
gene expression 

Media of 80% confluent cells were changed from 20% 
FCS to 10% LPDS (or 10% FCS as indicated) for varying 

lengths of time to up-regulate LDL-receptors. As ex- 
pected, LDL-receptor mass and activity increased pro- 
gressively with increasing incubation time and reached 
a maximum of 5- to 6-fold increase after 24 h of incuba- 
tion in 10% LPDS (Fig. 2A and 2B). Incubation in 10% 
FCS produced much lower degrees of LDL-receptor 
up-regulation. Parallel increases are noted in LDL-recep- 
tor mRNA levels and relative rates of transcription (Figs. 
2C and 2D). The mRNA for y-actin was also quantified. 
No significant changes were seen. LDL-receptor activity 
and mass also increased in parallel with LDL-receptor 
mRNA levels and rates of transcription in Caco2 cells 
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Fig. 3. Effects of LPDS media on LDLreceptor gene expression in Caco2 cells. The experimental details are provided in the legend to Fig. 2. 
A Iodinated LDL binding at 4°C; B: iodinated LDL uptake and degradation at 37°C; C: LDLreceptor mRNA; D LDLreceptor mRNA 
transcription. Filled circle represents values obtained with 10% FCS media and triangle represents values obtained with 10% LPDS media. 

(Fig. 3). However, LDL-receptors were induced less in 
Caco2 cells than in HepG2 cells. 

Effects of 25-hydroxycholesterol on LDLreceptor 
expression 

In HepG2 cells grown in 10% FCS or 10% LPDS for 
48 h (down from the 20% FCS used for routine mainte- 
nance) showed 25-hydroxycholestero1 dose-dependent 
(Fig. 4) and time-dependent (Fig. 5) decreases in the 
LDL-receptor activity. Thus, 0.1 and 5 pg of 25-hydroxy- 
cholesterol decreased LDL-receptor activity by 20% and 
50%, respectively (Fig. 4). In the presence of 2.5 pg/ml 
of 25-hydroxycholestero1, LDL-receptor activity de- 
creased to -50% of basal over 24 h (Figs. 5A and 5C). 
LDL-receptor binding was higher in cells whose recep- 
tors had been up-regulated in LPDS, and the extent of 

25-hydroxycholesterol-induced decrease was also 
greater. Nevertheless, the 25-hydroxycholesterol-in- 
duced fractional decreases in 10% FCS incubated cells 
suggested that 10% FCS alone did not produce complete 
down-regulation of receptors. LDL-receptor protein 
mass decreased in parallel with LDL-receptor activity 
(Figs. 5A and 5C). LDL-receptor mRNA levels and rela- 
tive rates of transcription also decreased after as little as 
6 h of incubation of HepG2 cells in 10% FCS (Fig. 5B) 
or with 10% LPDS (Fig. 5D). Results in Caco2 cells 
resembled those in HepG2 cells, Le., 25-hydroxy- 
cholesterol (5 pg/ml) decreased LDL-receptor activity 
and protein mass to 65% and 60% of initial values, 
respectively (Fig. 6A), while concomitantly, LDL-recep- 
tor mRNA concentrations and relative rates of transcrip- 
tion both decreased to about 60% (Fig. 6B). 
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Fig. 4. Effects of 25-hydroxycholesterol concentrations on LDL-re- 
ceptor activity in HepG2 cells. HepG2 cells were grown to 80% 
confluency, washed with PBS, incubated in 10% LPDS for 24 h, and 
then further incubated with DMEM containing varying amounts of 
25-hydroxycholesterol for another 24 h. The values represent means 
of duplicate dishes. 

Effects of oleate, palmitate, and 
25-hydroxycholesterol combinations on 
LDCreceptor expression 

Three concentrations of oleate at three different 
oleate/BSA molar ratios did not affect LDL-receptor 
activity (Fig. 7A). By contrast, a maximum -30% de- 
crease in LDL-receptor activity was noted after 24 h 
incubation in 0.5 mM palmitate complexed with BSA in 
a ratio of 9:l (Fig. 7B). Lesser degrees of lowering were 
obtained at lower concentrations and molar ratios. In a 
different experiment performed with 0.8 mM palmi- 
tate/0.16 mM BSA, LDL-receptor activities fell by 
20-30%, but LDL-receptor protein, mRNA levels and 
rates of transcription were not altered (Table 1). Addi- 
tion of 1 ~g,"125-hydroxycholesterol to palmitate pro- 
duced lowering of LDL-receptor activities at every con- 
centrations of palmitate and molar ratio of 
palmitate/BSA (Fig. 7B). Conversely, adding a fixed 
amount of palmitate (0.8 mM) to varying doses of 25-hy- 
droxycholesterol also produced additive effects on LDL- 
receptor activities in both HepC2 and Caco2 cells (Fig. 
8). Compatible results were obtained whether preincu- 
bations were in 10% LPDS or 10% FCS. 

In confirmation of the experiment reported in Table 
1, 0.5 mM palmitate in the absence of 25-hydroxy- 
cholesterol did not alter LDL-receptor mRNA levels, 
while addition of varying concentrations of 25-hydroxy- 
cholesterol to media containing the 0.5 mM palmitate 
decreased LDL-receptor mRNA in a 25-hydroxy- 
cholesterol dose-dependent manner while the mRNA 

for yactin remained unchanged (Fig. 9). Incubation of 
HepC2 cells in 5 pg/ml 25-hydroxycholesterol and 0.8 
mM palmitate (palmitate/BSA ratio of 5) lowered LDL- 
receptor mRNA to a greater extent than did palmitate 
or 25-hydroxycholesterol alone (Fig. 10). Control incu- 
bation of cells in the same amounts of BSA (0.16-0.64 
mM) used to produce the various fatty acid/BSA ratios, 
in the absence of either fatty acids or 25-hydroxy- 
cholesterol, had no effect on any of the parameters 
measured (not shown). 

DISCUSSION 

Many investigators have used HepG2 cells as a model 
system to study various aspects of the regulation of 
cholesterol biosynthesis and metabolism and LDL-re- 
ceptor regulation (7,8,24-29). The aim of the present 
investigation was to ascertain how saturated fatty acids 
in the absence or presence of 25-hydroxycholesterol 
decreased LDL-receptor activity. It had been reported 
previously that cholesterol or its derivatives, particularly 
25-hydroxycholestero1, efficiently reduced LDL-recep- 
tor activity, protein and mRNA levels in vivo (2,4), and 
in cultured cells ( 6 4 2 4 ) .  Our data confirm and extend 
these findings in Caco2 and HepC2 cells. We show that 
removal of extracellular sources of cholesterol {ie., 
culturing in 10% LPDS) caused increases in LDL-recep- 
tor activity, protein, mRNA, and rates of transcription, 
while supplying external sources of 25-hydroxy- 
cholesterol produced time- and dose-dependent de- 
creases that were in the same direction and similar in 
magnitude. The findings were alike for both cell types, 
but the amplitudes of the variations were greater for 
HepG2 cells. Switching either HepG2 or Caco2 cells 
from 20% to 10% FCS produced only small degrees of 
up-regulation of receptors, while addition of 25-hy- 
droxycholesterol to 10% FCS cells produced receptor 
inhibition, suggesting that 10% FCS did not completely 
suppress receptor activity. In human fibroblasts, stimu- 
lation of LDL-receptor activity and mRNA levels by 
LPDS was not similar in magnitude. Therefore, addi- 
tional regulation of LDL-receptor gene at the transla- 
tional level was suggested (24). However, unlike in fi- 
broblasts, complete down-regulation of LDL-receptor 
gene was not observed in HepGP cells when they were 
incubated with 25-hydroxycholesterol. We found about 
40-5070 inhibition in receptor activity and mRNA levels 
of LDL-receptor. Similar results have been obtained in 
other studies where LDL-receptor mRNA was quanti- 
fied by slot-blot technique (7, 26, 29). More effective 
suppression of LDL-receptors by 25-hydroxycholesterol 
than by LDL has been reported (7,s). However, EVLDL 
and 25-hydroxycholesterol down-regulated LDLrecep- 
tor activity to almost the same extent (8). Based on our 
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Fig. 5. Effects of 25-hydroxycholesterol on LDL-receptor gene expression in HepG2 cells. HepC2 cells were grown to 80% confluency in 20% 
FCS, washed with cold PBS, and incubated in media containing 10% FCS or 10% LPDS. After 24 h incubation, the cells were washed with PBS 
and incubated with DMEM, 0.25% (vol/vol) ethanol, and 2.5 pg."l of 25-hydroxycholestero1 for the indicated times. Panels Aand B show results 
obtained with cells preincubated with 10% FCS, and panels C and D show values obtained with cells preincubated in 10% LPDS. Cells were also 
incubated with equivalent amounts (0.25% vol/vol) of ethanol but without 25-hydroxycholesterol. After each incubation period, LDLreceptor 
activity, protein mass, mRNA, and relative rates of transcription were measured. Panels A and C show LDLreceptor activity (circles) and protein 
(triangles). Panels B and D show LDLreceptor mRNA (circles) and transcription (triangles). Results are means of triplicate dishes f SEM. 
*Significantly different compared to zero time values. The absolute values at zero time point for HepC2 cells preincubated with FCS were: 
LDL-receptor activity, 22 f 2 ng 1251-labeled LDL/mg cell protein, LDLreceptor mRNA, 43.1 pg/pg RNA. The densitometric scanning of 
LDLreceptor protein band and counts of LDL-receptor mRNA transcription were assigned a value of 100. The absolute values at zero time 
point for HepG2 cells preincubated in LPDS were: LDL-receptor activity, 59.6 i 5.5 ng '251-labeled LDL/mg cell protein, LDLreceptor mRNA, 
197.6 f 6 pg/Fg RNA. 

data, we suggest that P-VLDL may also down-regulate 
LDL-receptor gene by transcriptional mechanism as 
seen with 25-hydroxycholestero1. The differences in the 
extent of down-regulation of LDL-receptor gene by LDL 
and BVLDL (8) may reflect the abilities of these particles 
to deliver cholesterol to intracellular pools and regula- 
tory sites for the LDL-receptor (9). 

In order to understand how saturated fatty acids 
regulate the LDL-receptor gene, HepG2 and Caco2 cells 

were incubated with varying oleate and palmitate con- 
centrations and palmitate/BSA molar ratios. Oleate 
produced no effects, while palmitate produced modest 
decreases in LDL-receptor activity in both cell lines. In 
contrast, with 25-hydroxycholesterol, palmitate evoked 
no responses in LDL-receptor protein or mRNA levels, 
or in rates of mRNA transcription. These findings are 
in agreement with the in vivo studies where saturated 
fat did not alter LDL-receptor mRNA (2, 5), yet recep- 
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Fig. 6. Effects of 25-hydroxycholesterol on LDL-receptor in Caco2 cells. Experimental design was same as shown in Fig. 5, but the results 
obtained with cells preincubated further with 10% FCS and incubated for another 24 h with DMEM and 5 pg,"l25-hydroxycholesteroI in 0.25% 
ethanol are only shown. LDL-receptor activity, mass, mRNA, and transcription were determined. A: Shows LDL-receptor activity (filled bar) and 
LDL-receptor protein mass (diagonal bar); B: Shows LDL-receptor mRNA (filled bar) and mRNA transcription (diagonal bar). *, Significantly 
different when compared to control and Lero hour values. Similar results were obtained when Caco2 cells were preincubated with 10% LPDS 
for 24 h, washed, and incubated with DMEM containing equivalent amounts of 25-hydroxycholesterol. The absolute values at zero time point 
preincubated in FCS were: LDL-receptor activity, 3.2 2 0.3 ng "SI-labeled LDL/mg protein, LDL-receptor mRNA, 4.94 k 1.2 pg/Fg RNA. The 
zero time point values preincubated with LPDS were: LDL-receptor activity 14.4 ng "'I-labeled LDL/mg protein, LDL-receptor mRNA, 8.86 
Pg /M RNA. 
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Fig. 7. Effects of oleate and palmitate on LDLreceptor activity in HepG2 cells. Three different concentrations of oleate (0.25 mM, 0.5 mu, 1.0 
mM) were complexed with BSA in varying oleate/BSA ratios as indicated. Two concentrations (0.25 mM and 0.5 mM) of palmitate at three different 
molar ratios were used. HepC2 cells were grown to 80% confluency in 20% FCS, washed with cold PBS, and incubated for 24 h in 10% FCS, 
washed again, and then incubated with the indicated fatty acid-BSA complex in DMEM. At the end of 24 h incubation, LDL-receptor activity was 
measured. Left panel, triangles, 0.25 mM; squares, 0.5 mM; circles, 1 mbi oleate. Right panel, triangles, 0.25 mu; circles, 0.5 mu; and dotted lines 
with squares, 0.5 mM palmitate plus 1 pg/ml 25-hydroxycholesterol. The values presented are means of duplicate dishes and given as percents 
of zero hour values. Similar results were obtained when LDL-receptors were up-regulated by preincubation with 10% LPDS and then transferred 
to DMEM containing indicated amounts of fatty acid-BSA complex (not shown). 
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Fig. 8. Effects of combination of 25hydroxycholesterol and palmitate (0.8 mm) on LDL-receptor activity in HepC2 and Caco2 cells. Palmitate 
was complexed with bovine serum albumin. Cells were grown to 80% confluency in 20% FCS, washed with PBS incubated for 24 h in 10% FCS 
(panels A and B) and then incubated in DMEM containing 0.8 mm palmitate, 0.16 mm BSA, and the indicated amounts of 25-hydroxycholestero1. 
Initial (zero point) values represent values obtained in the absence of palmitate and 25-hydroxycholesterol, and rest of the values represent 
percents of the initial values. Circles represent values obtained in the presence of 25-hydroxycholesterol alone; triangles represent values obtained 
in the presence of 0.16 mm bovine serum albumin and varying concentrations of 25-hydroxycholestero1; squares represent values obtained in 
the presence of 0.8 mM palmitate plus varying concentrations of 25-hydroxycholesterol. Each assay was performed in triplicate and the experiment 
was repeated. *, Significantly different compared to initial values. The absolute values of LDLreceptor activity at zero time point without 
25-hydroxycholesterol for HepG2 cells were: DMEM, 37.3 f 3.6, DMEM + BSA (0.16 mm), 33 f 3, DMEM + palmitate/BSA (0.8 mm and 0.16 
mm, respectively), 36.3 ng 1251-labeled LDL/mg proteins. For Caco2 cells, the values were: DMEM + BSA, 12 f 1.15, DMEM + palmitate/BSA, 
10.9 f 0.9. C and D show effects of combination of palmitate (0.8 mM) and 25-hydroxycholesterol on LDLreceptor activity in HepG2 and Caco2 
cells preincubated with 10% LPDS for 24 h, washed with cold PBS, and incubated with DMEM and indicated amounts of palmitate/BSA alone 
or in combination with 25-hydroxycholesterol. The zero time point values of LDLreceptor activity for HepG2 cells were: DMEM + BSA, 77.6 f 
7, DMEM + palmitate/BSA, 76.1, Caco2 cells, DMEM + BSA 25.1 f 2.16, DMEM + palmitate/BSA, 23.9 f 1.9 ng 1251-labeled LDL/mg protein. 

tor-mediated clearance of LDL from plasma decreased 
(30, 31), and plasma LDL levels increased as a conse- 
quence. Thus, it is clear that the suppressive effect of 
fatty acids is most likely to be posttranslational. The 
decreased LDL-receptor activity is not due to the pres- 
ence of fatty acids in the media during the binding assay. 
Bihain and associates (32) have reported that fatty acids 
directly affect LDL binding to fibroblast LDL-receptors. 
However, in our experiments the fatty acid-BSA com- 

plexes were removed, cells were washed with DMEM, 
and the assay was then performed in the absence of 
added fatty acids. Palmitic acid produced the effect on 
LDL-receptor binding and oleate did not, demonstrat- 
ing the specificity of the saturated fatty acid effect and 
confirming the absence of any effects of media fatty 
acids on the binding assays. The action of palmitate is 
not unique. Posttranscriptional regulation of the LDL- 
receptor has been reported for growth hormones (33). 
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TABLE 1. Effects of palmitate/BSA (0.8 m~/0.16 mM) on LDL-receptor gene expression in HepG2 and Caco2 cells 

Incubation 
Cell Types Media Time 

h 

HepG2 BSA 0 
24 

HepG2 BSA/palmitate 0 
24 

Caco2 

Caco2 

BSA 0 
24 

BSA/palmitate 0 
24 

LDL-Receptor 
Activity" 

LDL-Receptor 
Proteinb 

LDLReceptor 
mRNAc 

LDL-Receptor 
mRNA Transcriptiond 

64.5 It 5.7 
61.0f 5.2 
65.2 f 4.7 
47.3 f 3.2 
16.0f 1.2 
15.2 f 0.7 
15.5 f 1.1 
11.7 f 0.8 

100 f 7.7 
93.8 f 4.6 
100 f 6.4 

92.1 f 5.4 
100 * 8.7 

89.1 f 6.1 
100 f 11.2 
78 f 8.4 

163.4 f 16.2 
147.3 f 13.5 
146.6 f 16.8 
139.5 f 12.3 
10.37 f 0.9 
10.82 f 1.1 
10.54 f 1.1 
11.75 f 0.9 

100 + 9.5 
91.2 f 8.4 
100 f 9.3 

87.8 * 8.3 
100 f 10.1 

81.3 f 8.3 
100 k 10.8 
77 f 7.8 

'LDL-receptor activity shown as ng of '251-labeled LDL per mg protein. 
bLDL-receptor protein was determined by Western blotting and values represent densitometric scanning of LDL-receptor protein band. Values 

CLDL-receptor mRNA was determined by RNase protection assay using 25 pg total RNA for each assay. Results are in pg niRNA/pg total RNA. 
dLDL-receptor mRNA transcriptions were measured by "nuclear run-off' assay on isolated nuclei. Values obtained at zero time point have 

been assigned 100. Cells were grown to 80% confluency in 20% FCS, washed with cold PBS and incubated in 10% LPDS for 24 h to upregulate 
LDL-receptor, again washed with cold PBS, and then incubated for indicated time in DMEM containing either BSA alone or with palmitate. 

at zero time point have been assigned 100. 
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Fig. 9. Effects of palmitate on LDL-receptor and y-actin mRNA in 
HepG2 cells. Cells were grown to 80%confluency in 20% FCS, washed, 
incubated either in 10% FCS (circles) or in 10% LPDS (triangles) for 
24 h, and then further incubated in DMEM containing various con- 
centrations and molar ratios of palmitate/BSA. At the end of 24 h, 
total RNA were prepared and LDLreceptor (filled circles and trian- 
gles) and y-actin (empty circles and triangles) mRNA were quantified 
by RNase protection assay shown in Fig. 1. C indicates control levels 
after 24 h in 10% LPDS or 10% FCS. P indicates levels after 24 h in 
palmitate (0.5 mM) but in the absence of 25-hydroxycholesterol. P + 
0.5, P + 1.0, and P + 2.5 indicate mRNA levels after 24 h in 0.5 mM 
palmitate to which the indicated increasing concentrations of 25-hy- 
droxycholesterol (in pg/ml) were added. Values represent means of 
duplicate dishes. Clearly, palmitate alone did not affect LDL-receptor 
mRNA levels (compare C vs. P + 0); adding 25-hydroxycholesterol 
produced lower LDL-receptor mRNA levels (P + 0 vs. P + 0.5, etc.). 
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Fig. 10. Effects of combination of 25-hydroxycholesterol and palmi- 
tate on LDL-receptor mRNA in HepG2 cells. Cells were grown to 80% 
confluency in 20% FCS, washed with PBS, incubated for 24 h in 10% 
FCS, and then further incubated for 24 h with DMEM and palmitate- 
BSA (0.8 mm and 0.16 mm, respectively) or 5 pg/ml of 25-hydroxy- 
cholesterol. Filled bar, DMEM plus ethanol; diagonal bar, DMEM plus 
ethanol plus BSA; dotted bar, DMEM and ethanol plus 25-hydroxy- 
cholesterol plus BSA; empty bar, DMEM plus ethanol, plus 25-hy- 
droxycholesterol plus BSA plus palmitate. Values of LDL-receptor 
mRNA are in % of zero hour values and represent means of duplicate 
dishes. 
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The posttranslational mechanism( s) by means of 
which saturated fatty acids reduce LDL-receptor activity 
is(are) still not clear, but some possibilities are suggested 
by a recent study on the effects of palmitic and linoleic 
acids on triglyceride synthesis and lipoprotein secretion 
in Caco2 cells (34). Palmitic acid increased intracellular 
saturated phospholipid cell membrane contents of cells 
by much more than did linoleic acid, while linoleic acid 
increased the triglyceride contents of cells and the secre- 
tion of triglycerides from cells more than did palmitic 
acid. The accumulation of the newly synthesized satu- 
rated phospholipid in cells incubated with palmitic acid 
may alter the cycling of LDL-receptors between the 
inside and the outside of cells or  it may alter the physical 
characteristics of membranes and affect the activity of 
LDL-receptors by this mechanism. 

Combining palmitate with 25-hydroxycholestero1 pro- 
duced additive effects on LDL binding in both cell lines 
at each concentration of palmitate and palmitate/BSA 
molar ratio tested. Adding increasing amounts of 25-hy- 
droxycholesterol to a fixed amounts of palmitate also 
produced additive effects. In hamsters, dietary saturated 
fat augmented the effects of dietary cholesterol in sup- 
pressing hepatic LDL-receptor activity ( 10). With re- 
spect to mRNA levels, while 25-hydroxycholesterol 
alone down-regulated LDL-receptor mRNA levels to a 
maximum of -50% of control values and palmitate alone 
did not significantly reduce LDL-receptor mRNA levels 
at all, combinations of 25-hydroxycholesterol and palmi- 
tate had additive effects on LDL-receptor mRNA levels 
(Fig. 10). These results support the postulate by 
Daumerie, Woollett, and Dietschy (12) that the combi- 
nation of dietary saturated fatty acids and cholesterol 
may be regulating LDL-receptor activity by altering the 
sizes of “regulatory pools” of cholesterol. The implica- 
tion of their postulate is that the combination may be 
enhancing transcriptional regulation. Thus, saturated 
fatty acids may be suppressing LDL-receptors by two 
different mechanisms, one affecting membrane fluidity 
and/or receptor recycling and the other in conjunction 
with cholesterol, affecting rates of receptor mRNA tran- 
scription. 

In conclusion, our data demonstrate that the LDL-re- 
ceptor gene in a human hepatoma cell line and a human 
colon carcinoma cell line is subject to up-regulation by 
LPDS, and down-regulation by 25-hydroxycholestero1 at 
the transcriptional level. Saturated fat regulated LDL-re- 
ceptor in both cell lines by posttranslational mechanism. 
We also showed that the effect of combination of 25-hy- 
droxycholesterol and saturated fat on LDL-receptor 
activity and mRNA levels was additive. Thus, cholesterol 
and saturated fat when administered separately affect 
the LDL-receptor gene at different loci of regulation. 
When administered together, saturated fatty acids may 

enhance the regulatory effects of cholesterol at the 
transcriptional level, perhaps by affecting regulatory 
pools of cholesterol (10, 12, 30, 31). I 
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