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Abstract Consumption of boiled coffee promotes an eleva-
tion of plasma cholesterol concentration in humans. The ac-
tive compounds found in the lipid fraction of the coffee have
been identified as the diterpenes cafestol and kahweol. We
have studied the effects of pure cafestol on cholesterol metab-
olism in human skin fibroblasts (HSF). The uptake of [1251]-
labeled tyramine cellobiose-labeled low density lipoprotein
([*#1]TC-LDL) was decreased by about 50% (P < 0.05) after
18 h preincubation time with cafestol (20 wg/ml), as com-
pared to the control cells. The specific binding of radiola-
beled LDL was reduced by 54% (P < 0.05) after preincuba-
tion for 18 h with cafestol. A reduced amount of LDL
receptors was demonstrated by a protein-normalized Scat-
chard plot analysis (20% decrease in By,,,) as well as by immu-
noblotting (25%) after cafestol incubation. No significant ef-
fect was observed on the level of mMRNA for the LDL receptor
after 11 and 23 h incubation with cafestol. Furthermore, we
transfected HSF cells with a promoter region for the LDL re-
ceptor gene linked to a reporter gene, chloramphenicol
acetyl transferase (CAT). No change was seen in the CAT ac-
tivity after incubation with cafestol (20 wg/ml). Moreover, ca-
festol caused a 2.3-fold (P < 0.05) higher incorporation of ra-
diolabeled [4C]oleic acid into cholesteryl esters after 24 h
incubation, as compared to control cells, suggesting an in-
creased acyl-CoA:cholesterol acyl transferase (ACAT) activity.
Incorporation of [1*C]acetate into cholesterol was reduced by
approximately 40% (P < 0.05) with cafestol (20 png/ml), as
compared to control after 24 h preincubation, indicating a
decreased 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) re-
ductase activity.Fll Our results suggest that intake of cafestol
may cause increased concentration of plasma cholesterol via
the down-regulation of low density lipoprotein receptors by
post-transcriptional mechanisms.—Halvorsen, B., T. Ranheim,
M. S. Nenseter, A. C. Huggett, and C. A. Drevon. Effect of a
coffee lipid (cafestol) on cholesterol metabolism in human
skin fibroblasts. J. Lipid Res. 1998. 39: 901-912.

Supplementary key words cafestol « 25-hydroxycholesterol « kah-
weol « low density lipoprotein « LDL receptor

Since Thelle, Arnesen, and Farde (1) first observed a
significant, positive relationship between the amount
of ingested coffee and serum concentration of choles-

terol, several intervention trials have supported their
findings (2-7). The way the coffee is prepared seems
crucial for the cholesterol-raising effect. The typical
Scandinavian preparation of boiled coffee provides a
drink that markedly raises plasma cholesterol, whereas
filtered and instant coffee do not promote a choles-
terol-raising effect (2-8). Zock et al. (9) found that af-
ter centrifugation of boiled coffee the supernatant con-
tained 1-2 g of lipids per liter, whereas filtered coffee
contained hardly any lipids. They also showed that the tri-
acylglycerol- and cholesterol-raising factors were recov-
ered in the floating oily layer after boiling the coffee. Re-
cently it has been reported that an intake of 50-120 mg/
day of the purified coffee lipids, cafestol and kahweol
(Fig. 1), increased plasma cholesterol by 35% in a con-
trolled clinical trial (10). Cafestol and kahweol are diter-
penes that so far have been found only in coffee beans.
The mechanisms behind the cholesterol-raising ef-
fect of cafestol, and possibly kahweol, are not known. A
potential site of action for cafestol may be the low den-
sity lipoprotein (LDL) receptor, which is involved in
the endocytic process of apoB- and apoE-containing lip-
oproteins. One important way to regulate the choles-
terol content of cells is via feedback repression of the
gene for the LDL receptor (11, 12). When the cells are
depleted of cholesterol, the LDL receptor gene is tran-
scribed actively, and LDL is cleared from plasma and

Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase; BSA,
bovine serum albumin; CAT, chloramphenicol acetyl transferase;
DMEM, Dulbecco’s modified Eagle’s medium; FCS, fetal calf serum;
HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; HSF, human skin
fibroblasts; G3PDH, glyceraldehyde 3-phosphate dehydrogenase;
LDL, low density lipoprotein; LPDS, lipoprotein-deficient serum;
[*#I]TC-LDL, 125)-labeled tyramine cellobiose-labeled LDL; PBS,
phosphate-buffered saline; SRE-1, sterol regulatory element-1; SDS,
sodium dodecyl sulfate; SSC, sodium chloride/sodium citrate;
SREBP-1, sterol regulatory element binding protein-1.
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Fig. 1. Chemical structure of cafestol. Kahweol has an addi-
tional double-bond between C1 and C2.

taken up by cells expressing this receptor on the cell
surface. When cholesterol accumulates within the cells,
the number of LDL receptors is down-regulated to ob-
tain a good homeostatic balance.

The aim of this study was to examine the effect of the
purified coffee-diterpene cafestol on cholesterol me-
tabolism in human skin fibroblasts (HSF) and to ex-
plore the possible mechanism behind the plasma cho-
lesterol-raising effect observed in humans.

MATERIALS AND METHODS

Materials

Na[1251], [2-14C]acetic acid (5 Ci/mol), [3H]leucine
(5 Ci/mol), [1-1*C]Joleic acid (58 Ci/mol), d-threo-
dichloroacetyl-[1,2-14C]CAT assay grade (56.8 Ci/mol),
and [3-%2P]dCTP were obtained from DuPont, NEN
Products, Boston, MA. Oleic acid, sodium acetate, bo-
vine serum albumin, acetyl CoA, and heat-inactivated fe-
tal calf serum (FCS) were obtained from Sigma Chemi-
cal Co. (St. Louis, MO). Trypsin was purchased from
Difco Laboratories, Detroit, MI. Nitrocellulose mem-
branes, Hybond N, and Megaprime DNA labeling system
1606 were obtained from Amersham, Buckinghamshire,
UK. “Ready to Go” DNA labeling kit was obtained from
Pharmacia (Sweden). Autoradiography films were sup-
plied by Fuji Medical X-ray film, Japan, and a phosphor
imager and a densitometer from Molecular Dynamics
(GmbH, Krefeld, Germany) were used. Thin-layer chro-
matography (TLC) plates (Silica gel F 1500) were from
Schleicher and Schuell, Dassel, Germany; Dulbecco’s
modified Eagle’s medium (DMEM), gentamicin, peni-
cillin, streptomycin, and amphotericin were obtained
from Bio Whittaker (Walkersville, MD). Tissue culture
dishes were supplied by Costar (Cambridge, MA). BCA
Protein Assay was from Pierce Laboratories Inc. (Rock-
ford, IL). Dynabeads Direct kits and oligo-(dT),5 Dyna-
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beads were obtained from Dynal (Oslo, Norway). cDNA
for human B-actin and glyceraldehyde 3-phosphate de-
hydrogenase (G3PDH) were provided by Clontech
(Palo Alto, CA), and the RNA ladder was obtained
from Gibco BRL (Sweden). Lovastatin was supplied
from Merck, Sharpe & Dohme (Drammen, Norway).
Cafestol (purity 99%) and a mixture of cafestol and
kahweol (48% cafestol, 47% kahweol, 5% isokahweol,
purity 98%) was prepared as free alcohols from coffee
oil by R. Bertholet at Nestec Ltd. Research Center, Lau-
sanne, Switzerland (R. Bertholet, Preparation of cafe-
stol, US Patent 4692534, 1987). Isokahweol represents an
isomer of kahweol present in oils extracted from spent
coffee grounds at less than one tenth the concentration
of kahweol (L. Fay, Nestec Ltd. Research Center, Lau-
sanne, Switzerland, personal communication).

Cell culture

HSF have a well defined cholesterol metabolism and
were therefore chosen as an in vitro model for studying
the effect of cafestol. The fibroblasts were obtained
from skin biopsies of two healthy individuals. The HSF
cells were maintained in DMEM supplemented with
gentamicin (60 wg/ml), I-glutamine (2 mm), penicillin
(50 1U/ml), streptomycin (50 wg/ml), amphotericin
(2 U/ml), and 20% heat-inactivated FCS at 37°C in a
95% air and 5% CO, atmosphere. The culture medium
was changed once a week. For subcultures the media
were removed, and the cells were detached from cul-
ture flasks with 0.25% trypsin. Culture medium with
FCS was added to stop trypsination. Cells were then
seeded at approximately 1 X 10° per dish (35 mm in di-
ameter), and after 3 days the medium was changed to
DMEM supplemented with lipoprotein-deficient hu-
man serum (LPDS, 5 mg/ml) for 24 h. All the studies
with HSF were performed between the 10th and the
19th passages in culture.

Viability of HSF

The fibroblasts viability after cafestol exposure was
examined by incorporation of [3H]leucine into cell-
associated proteins to measure protein synthesis. After
confluency, the cells were preincubated for 16 h with
DMEM supplemented with LPDS (5 mg/ml) and cafe-
stol at concentrations 5-50 pg/ml. The cells were then
incubated further for 2 h in the same media supple-
mented with 5 wCi/ml [3H]leucine. Thereafter, the
cells were washed six times with chilled 95% ethanol on
ice and then solubilized in 0.2 m NaOH. The total protein-
associated radioactivity was measured in a Packard TRI
CARB 1900TR Scintillation Counter Spectrophotome-
ter, and an aliquot was taken for protein determination
using the BCA Protein Assay with bovine serum albu-
min (BSA) as standard (13). We also tested the cytotox-
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icity after 18 h incubation of HSF with cafestol, cafestol-
kahweol mixture, and 25-hydroxycholesterol by mea-
suring the lactate dehydrogenase (LDH) leakage into
the media with colorimetric kits provided by Boehringer
Mannheim GmbH (Mannheim, Germany). The control
cells in the [*H]leucine and LDH experiments were ex-
posed to 0.2% and 0.5% ethanol, respectively.

Isolation and labeling of LDL

LDL was isolated from freshly prepared plasma by se-
quential ultracentrifugation in a Centrikon T-2060 ul-
tracentrifuge in the density range of 1.019-1.063 g/ml,
in a TFT 70.38 rotor at 40,000 rpm for 24 h at 10°C
(14). The preparation was dialyzed extensively against
0.15 m NaCl, 20 mm sodium phosphate, and 2 mm
EDTA (PBS), pH 7.4. LDL was labeled with 125]-labeled
tyramine cellobiose ([*2°1]1TC) (15). The final prepara-
tions were dialyzed extensively against PBS. More than
97% of the radioactivity was precipitated by 10% (w/v)
trichloroacetic acid (TCA). The final specific activity of
125].]abeled LDL samples was in the range of 200-500
cpm/ng. Before use, the 1%5I-labeled LDL was diluted
with unlabeled LDL to a specific activity of 60 cpm/ng.
LDL was stored in the presence of EDTA under nitrogen
at 4°C and used within 1-2 weeks. Protein concentration
was determined by the BCA Protein Assay (13).

Uptake and degradation of LDL

The cells were preincubated with LPDS medium con-
taining either control (0.1 or 0.2% ethanol), cafestol
(0.5-50 pg/ml), 25-hydroxycholesterol (0.5-10 pg/
ml), a cafestol-kahweol-isokahweol mixture 48:47:5
(w/w), 1-50 pg/ml) or lovastatin (40 pg/ml) for up to
24 h. Thereafter, the cells were incubated for up to 24 h
in fresh LPDS-medium containing test compounds to-
gether with radiolabeled LDL (5 pg protein/ml; spe-
cific activity 60 cpm/ng) at 37°C. After incubation the
cells were chilled on ice and washed 6 times with PBS
before the cells were harvested in 1 ml 0.1 m NaOH.
Total cell-associated radioactivity was measured in a
Packard Gamma Counter. The concentration of cell
protein was determined as described previously (13).
LDL labeled with radioiodinated TC results in trapping
of the LDL-degradation products in the organelles
where the degradation takes place. Accordingly, cell-
associated radioactivity represents uptake of lipopro-
teins including degradation products. Degradation
products were measured by precipitation with an equal
volume of cold TCA (50%, w/v). To obtain a complete
precipitation, a 10% BSA solution (2 pl per 1 ml) was
used as a carrier. After centrifugation (3,000 rpm) for
10 min, radioactivity was measured in the TCA-soluble
(degradation products of LDL) and the TCA-precipita-
ble (undegraded products) fractions.

Binding of LDL

LDL binding assays were carried out at 4°C according
to Brown and Goldstein (16). Confluent HSF were pre-
treated with LPDS-containing medium for 24 h before
replacement with fresh LPDS medium containing ei-
ther control (0.2% ethanol), cafestol (20 wg/ml), or
25-hydroxycholesterol (5 wg/ml) and incubated for 18
h. The cells were then chilled at 4°C and washed with
cold, serum-free DMEM. Fresh, cold LPDS medium in-
cluding 5 wg/ml [*51]TC-LDL (60 cpm/ng) was added,
and the dishes were then incubated at 4°C for 4 h. To
determine the non-specific binding, identical dishes
were incubated with the same concentration of [12°]]
TC-LDL in the presence of 300 ng/ml of unlabeled
LDL. The specific binding is represented by the differ-
ence between the total and the non-specific binding. In
addition, protein-normalized Scatchard plots were per-
formed and the binding data were analyzed according
to the Scatchard methods (17).

Western immunoblotting

After confluency, fibroblasts were exposed to me-
dium containing LPDS (5 mg protein/ml) for 24 h.
Then the cells were incubated in the same medium for
24 h in the presence and absence of cafestol (20 ng/
ml). Control cells were given ethanol (0.5%). The cells
were washed twice in ice-cold PBS (pH 7.2) prior to the
addition of lysis buffer (0.1 m NaCl, 20 mm Tris-HCI,
pH 7.2, 10 mm EDTA, 1% Triton X-100, 1 mm PMSF
(Sigma), 15.2 TIU (trypsin inhibitor units)/L aprotinin
(Sigma). The cells were harvested and then shaken vig-
orously at 4°C for 30 min. The lysate was centrifuged at
12,000 rpm for 5 min at 4°C to remove all cell debris
and nuclei. The protein concentration in the superna-
tant of each sample was determined by the BCA protein
assay (Pierce) with BSA as standard. Equal amounts of
protein were subjected to 8% SDS-polyacrylamide gel
electrophoresis and electrophoretically transferred to
Immobilon PVDF filters (Millipore). Membranes were
blocked for 30 min in Tris-buffered saline (TBS) con-
taining 0.2% Tween, followed by incubation at room
temperature for 1 h with monoclonal anti-low density
lipoprotein receptor (clone C7) RPN 537 (Amersham,
Life Science). Proteins were detected by Vectastatin
ABC kit (Vector Laboratories) based on the biotin/avi-
din system using biotinylated anti-rabbit 1IgG (H + L)
for 1 h. The exposed membranes were quantified by laser-
scanning densitometry.

Northern blot analysis

Total RNA was extracted by the guanidinium—-isothio-
cyanate method with subsequent phenol/chloroform
extractions according to Chomoczynski and Sacchi (18).
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Total RNA (20 pg) was electrophoretically separated
on 1% agarose/formaldehyde gel, followed by trans-
blotting onto nitrocellulose filters. The filters were pre-
hybridized at 65°C for 2 h under standard hybridization
conditions (2 g/L polyvinylpyrrolidone, 2 g/L Ficoll-
400, 2 g/L BSA, 0.05 m Tris-HCI, pH 7.5, 1 m NaCl, 2.2
mm sodium pyrophosphate, and 1% SDS, 100 p.g/ml of
denatured salmon testis DNA) and hybridized with a
human cDNA probe for the LDL receptor (pSP 15)
(19) after labeling with Megaprime DNA. The filter was
washed for 15 min at 40°C with 2 X SSC/0.1% SDS, 0.5
X SSC/0.1% SDS, and 0.1 X SSC/0.1% SDS, succes-
sively. The size of the mRNA was determined with refer-
ence to 18S and 28S rRNA, which were visualized by
ethidium bromide staining. After autoradiography the
signals were determined by scanning the film with a
densitometer. To calibrate the mRNA signal levels with
an internal standard in addition to total RNA measure-
ments, filters were stripped and rehybridized with a
probe for G3PDH (20).

MRNA (poly (A+) RNA) was also isolated from cells
using Dynabeads mRNA Direct kit. Six pg poly (A+)
RNA was separated on a 1% agarose gel containing 6.7%
formaldehyde and transferred to a nylon membrane.
cDNA probes for human B-actin and human LDL recep-
tor (see above) were labeled with [32P]dCTP, using
“Ready to Go” DNA labeling kit. The prehybridization,
hybridization, and washing steps were carried out at
65°C according to Church and Gilbert (21). The size of
the mRNA was determined with reference to an RNA
standard, which was visualized by methylene blue staining
after it was cut off the nylon membrane before hybridiza-
tion. Finally, the signals were analyzed by a phosphor im-
ager from Molecular Dynamics Inc. and the signals were
calibrated against 3-actin as an internal standard.

DNA transfection

HSF were plated at 1 X 104 cells/cm?2 in 100-mm
dishes and transfected 5 days after plating with 15 g of
DNA containing a synthetic active sterol regulatory ele-
ment-1 (SRE-1) coupled to the gene for CAT. The SRE-
1 promoter for the LDL receptor was kindly provided
by Goldstein and Brown (22). Briefly, 15 pg of SRE-1-
CAT DNA, 2 pg of SRalLac Z, and 3 pg of Bluescript
KS+ in 190 pl of 1 mm Tris-HCI/0.05 mm EDTA at pH
7.5 were added to 30 pl 2 m CaCl, and mixed with 240
wl 2 X HEPES-buffered saline at pH 7.1 (280 mm NacCl,
1.5 mm Na,HPO,-2H,0, 50 mm HEPES). The precipi-
tate was allowed to form for 30 min at room tempera-
ture and thereafter added dropwise to each monolayer.
The cells were incubated for 4 h with the DNA, then
washed once with 10 ml PBS, and shocked for 3 min
with 5 ml 10% glycerol (v/v) in ordinary DMEM, fol-
lowed by two rinses with 10 ml PBS and refed with 10
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ml of DMEM containing LPDS (5 mg protein/ml) in
the presence or absence of cafestol (10 wg/ml) or 25-
hydroxycholesterol (5 pg/ml). After incubation for 23
h, the cells were harvested for measurement of p-galac-
tosidase (23) and CAT activity (24). Transfected cells
were washed twice with PBS, scraped into 180 wl of 0.25
m Tris-HCI/0.05 mm EDTA at pH 7.5, lysed by freezing
and thawing six times, and centrifuged at 12,000 rpm
for 5 min at 4°C.

Measurement of B-galactosidase

Forty wl of the supernatant obtained from the cen-
trifugation described above was incubated at 37°C for
30-60 min with 140 wl of o-nitrophenyl-B-d-galactopyr-
anoside (4 mg/ml) and 700 wl of (60 mm) NaHPO,/ (40
mm) NaH,PO,/(10 mm) KC1/1 mm) MgSO,- 7H,0.
Reactions were stopped with 400 wl of 1 m Na,COs,
and the amount of o-nitrophenol formed was measured
spectrophotometrically at 420 nm. The B-galactosi-
dase activity was a measurement for the transfection
efficiency.

Measurement of CAT activity

An aliquot of the supernatant was incubated in a fi-
nal volume of 200 wl containing 4 pl of [**C]chloram-
phenicol and 25 .l of acetyl CoA (2.6 mg/ml). The ali-
guot was calculated on the basis of -galactosidase activity
in order to calibrate for unequal transfection efficiency.
After incubation for 1 h at 37°C, 1 ml of ice-cold ethyl
acetate was added to the tubes and centrifuged at
12,000 rpm for 5 min at 4°C. The organic phase was
dried and the residual extract was redissolved in 15 .l
ethyl acetate. The ethyl acetylated reaction products
were separated by TLC using chloroform-methanol
95:5 (v/v) as the developing solvent. After autoradiog-
raphy the radioactive spots were cut out and counted in
a scintillation counter.

Measurement of cholesterol synthesis

Cholesterol synthesis from [14C]acetate was mea-
sured as described by Rustan et al. (25). Briefly, the
cells were preincubated with LPDS medium containing
either control (ethanol, 0.2%), cafestol (20 pg/ml), 25-
hydroxycholesterol (5 pg/ml), or lovastatin (40 png/
ml) for 18 h. The medium was then exchanged with 1
ml medium containing 100 pm acetate including
[*“C]acetate (1 wCi/ml) and further incubated up to
24 h at 37°C. At the end of the incubation, the culture
plates were chilled on ice and the medium was aspi-
rated before the cells were washed once with PBS. The
cells were scraped into PBS, homogenized, and an ali-
quot was taken out for protein determination (13),
prior to extraction of lipids (see below).
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Fig. 2. Cell-association of [1251]TC-LDL in HSF after different
preincubation times with cafestol or 25-hydroxycholesterol. Cell-
association of [1251]TC-LDL was measured after preincubation
with 10 pg/ml cafestol (@), 20 wg/ml cafestol (m), or 5 wg/mi 25-
hydroxycholesterol (0). Control cells were given ethanol (0.2%).
After confluency, cells were exposed to medium containing LPDS
(5 mg protein/ml) for 24 h, then preincubated with cafestol and
25-hydroxycholesterol for indicated time points, and incubated
with [121]TC-LDL (5 wg/ml, 60 cpm/ng) in fresh LPDS medium
for 5 h at 37°C. The data are presented as % of control and show
means * SD. Each point is representative of triplicate measure-
ments from three separate experiments. Absolute values for up-
take of radiolabeled LDL in control cells at each time point were
in the range 578 to 1575 ng LDL/mg cell protein. *Significant
difference between cafestol or 25-hydroxycholesterol and control
cells at P < 0.05.

Measurement of cholesteryl ester formation

After the cells had reached confluency, they were
preincubated with DMEM containing either control
(ethanol, 0.2%), cafestol (20 wg/ml), or 25-hydroxy-
cholesterol (5 wg/ml) for 18 h. The medium was then
exchanged with 1 ml of medium containing 60 pm
oleic acid bound to albumin and ['C]oleic acid (1
wCi/ml) and further incubated up to 24 h at 37°C.
The cells were then harvested and homogenized
before measurement of protein and lipid extraction
(see below).

Lipid extraction and separation

The lipids from the homogenized cell fractions were
extracted with chloroform—-methanol 2:1 (v/v) (26).
The organic phase was dried under nitrogen at 40°C.
The residual lipid extract was redissolved in 200 pl hex-
ane and separated on TLC using hexane—diethyl ether-
acetic acid 65:35:1 (v/v/v). The various lipids were
identified by iodine, and the TLC foils were cut, added
to 8 ml liquid scintillation fluid, and counted in Pack-
ard TRICARB 1900TR Scintillation Spectrophotometer.

Cafestol

100

Cafestol-kahweol
mixture

-
—6— 25-OH chol.
—A—

80

(% of control)

Cell-associated (2°1)TC-LDL

4+

0 10 20 30 | 4|0 ' 50
Concentrations (pg/mL)

Fig. 3. Effect of cafestol, cafestol-kahweol mixture, and 25-
hydroxycholesterol on cell-association of [1251]TC-LDL in HSF. Af-
ter confluency, fibroblasts were exposed to medium containing
LPDS (5 mg protein/ml) for 24 h. Then the cells were incubated
in fresh LPDS medium for 18 h with cafestol (m), cafestol-
kahweol mixture (2), or 25-hydroxycholesterol (0). Control cells
were given ethanol (0.2%). After preincubation, the cells were in-
cubated with [1251]TC-LDL (5 pg/ml, 60 cpm/ng) in fresh LPDS
medium for another 5 h at 37°C, together with the test com-
pounds. The data are presented as % of control and show means *+
SD. Each point is representative of triplicate measurements from
three separate experiments. Absolute values for uptake of radiola-
beled LDL in control cells were 1069 = 377 ng LDL/mg cell pro-
tein. *Significant difference between cafestol or 25-hydroxy-
cholesterol and control cells at P < 0.05 and Ssignificant difference
between cafestol and cafestol-kahweol mixture incubated cells.

Statistical analysis

The results are presented as means = SD. Student’s
two-sample t-test (two-tailed) was used for calculation
of statistical significance of the difference between the
groups. The level of significance was set at P < 0.05.

RESULTS

Preincubation of fibroblasts with cafestol

To examine the effect of cafestol on the cell-association
of [*5I]TC-LDL, we preincubated the HSF with cafe-
stol for up to 24 h (Fig. 2). After 6 h preincubation
time we observed 9% and 18% reduction in cell-associ-
ated LDL with 10 pg/ml and 20 p.g/ml cafestol, respec-
tively, and 26% and 55% reduction, respectively, after
incubation for 18 h, as compared to control (Fig. 2).
After 2 h of preincubation with 25-hydroxycholesterol
(5 pg/ml) a 26% reduction in cell-associated LDL was
observed, and after 18 h the cell-associated LDL was re-
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TABLE 1. Incorporation of [3H]leucine into cell-associated
proteins and lactate dehydrogenase activity

Lactate

Cell-Associated Dehydrogenase
Treatment [3H]Leucine Activity
ng/ml 1073 x dpm/mg cell protein % leakage?
Control 127 =7 49+ 46
Cafestol
5 123 + 15 51=*6.1
10 150 + 8 6.8 +5.6
20 146 + 11 6.0 £5.9
50 162 + 10 85+9.0
Cafestol-kahweol mixture
10 ND 29+13
20 ND 57 +51
25-Hydroxycholesterol
5 175 + 14 8.0=*6.8

Values for [®H]leucine incorporation into cell-associated pro-
tiens are given as means = SD from six separate cultures, and values
for lactate dehydrogenase are given as means + SD of three separate
experiments performed in duplicate; ND, not determined.

20ne hundred percent leakage is similar to the lactate dehydro-
genase activity measured in the cell media after incubation with 2%
Triton X-100 for 18 h.

duced by about 80%. The degradation curves for LDL
showed a similar pattern as for the cell-associated LDL
for cells treated with cafestol or 25-hydroxycholesterol
(data not shown). These data suggest that the maxi-
mum effect of cafestol was obtained after 18 h preincu-
bation time with cafestol.

Concentration effect of cafestol, kahweol,
and 25-hydroxycholesterol

Cafestol, as well as 25-hydroxycholesterol, caused a
marked concentration-dependent decrease in cell-
associated LDL after 18 h preincubation time (Fig. 3).
By increasing the concentration of cafestol from 10 to
50 ng/ml we observed a significant reduction in cell-
associated LDL from 17% to 66% (P < 0.05). No signif-
icant cytotoxic effect was observed during the incuba-
tion time, as evaluated by microscopy and as measured
by both incorporation of [3H]leucine into cell-associ-
ated proteins and leakage of lactate dehydrogenase
into the medium (Table 1).

A similar concentration-dependent rate of uptake of
radiolabeled LDL was achieved with cafestol-kahweol
mixture similar to what was obtained with the cafestol.
However, the cafestol-kahweol mixture at concentra-
tions 10, 30, and 50 wg/ml was significantly more po-
tent than cafestol in inhibiting the LDL uptake by HSF
(Fig. 3). No cytotoxic effect was observed after 18 h in-
cubation with the cafestol-kahweol mixture (10 and 20
pg/ml), as measured by the release of LDH (Table 1).
Concentrations of 25-hydroxycholesterol from 2 to 20
pg/ml caused an approximately 80% reduction in cell-
associated LDL (P < 0.05).
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Fig. 4. Specific binding of [251]TC-LDL to HSF. Confluent cells
were incubated with LPDS medium (5 mg/ml) for 24 h. Then the
fibroblasts were preincubated for 18 h in LPDS medium with either
cafestol (20 pg/ml) or 25-hydroxycholesterol (5 wg/ml) before the
binding assay was carried out as described in Methods. Control cells
were given ethanol (0.2%). The data are presented as % of control
and show means * SD. Each point is representative of triplicate
measurements from three separate experiments. Absolute values
for binding of radiolabeled LDL in control cells were 52.6 = 15.6
ng LDL/mg cell protein. *Significant difference between cafestol
or 25-hydroxycholesterol and control cells at P < 0.05.

LDL binding by fibroblasts

To examine whether the cafestol-mediated decrease
in the cellular uptake and degradation of radiolabeled
LDL was due to a reduced number of LDL receptors
on the cell surface, binding experiments were per-
formed at 4°C. Cafestol reduced the specific binding of
radiolabeled LDL by 54% (P < 0.05), whereas 25-
hydroxycholesterol reduced the specific binding by
88% (P < 0.05) (Fig. 4). The nonspecific binding for
control, cafestol, and 25-hydroxycholesterol incubated
cellswas 40 = 14% (n = 3),62 = 11% (n = 3), and 88 =
4 (n = 3; P < 0.05 versus control), respectively. More-
over, no effect on the binding of radiolabeled LDL in
the presence of cafestol during the binding experiment
was seen (data not shown). In addition, we also per-
formed a protein-normalized Scatchard analysis of LDL
receptor binding after incubation of HSF for 18 h in
the absence or presence of cafestol (20 pg/ml). Inter-
section of the best fit-line with the x-axis confirms that
cafestol-incubated HSF reduces the binding sites for
LDL on the cell surface by nearly 20% compared to
control cells (B, Table 2, n = 3; P < 0.05). However,
the binding affinity was not affected after cafestol expo-
sure (Kqy, Table 2).
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TABLE 2. Protein-normalized Scatchard analysis of the binding of
radiolabeled LDL to the cell surface of the fibroblasts

Treatment Dose Binax Kg

ng/ml ng LDL/mg cell protein g LDL/mg cell protein

Control 320.2 = 18.0 101.8 = 46.1
Cafestol 20 255.4 = 23.62 1154 = 53.3

Binding assays at 4°C were carried out as described in Methods.
Values represent means = SD out of three separate experiments per-
formed in duplicate; B, total receptor concentration; and Ky, dis-
sociation constant.

aSignificant difference between cafestol and control cells at
P < 0.05.

Western blotting of the LDL receptor

To verify the fact that cafestol decreased the binding
of radiolabeled LDL (Fig. 4) and the amount of recep-
tors (Bmax, Table 2), we quantified the LDL receptor by
immunoblotting (Fig. 5). The figure shows that the
amount of LDL receptors was reduced by approxi-
mately 25% (P < 0.01) after 24 h incubation with cafe-
stol (20 wg/ml).

Expression of the LDL receptor mRNA

Cells incubated for 23 h with cafestol (20 ng/ml)
showed no decrease in the mRNA level, as compared to
control cells, whereas the expression of mRNA for the
LDL receptor was abolished after treatment with 25-
hydroxycholesterol (5 wg/ml) (data not shown). In ad-
dition, we also isolated poly (A+) RNA which is a more

sensitive method for detection of small variation on the
MRNA level. To examine a possible time-dependent ef-
fect of cafestol exposure, poly (A+) RNA was isolated
after 11 and 23 h incubation with cafestol (20 wg/ml)
and 25-hydroxycholesterol (5 pwg/ml). No significant
differences were observed at the mRNA level for the
LDL receptor after incubation with cafestol, as com-
pared to control cells (Fig. 6), whereas 25-hydroxycho-
lesterol reduced the LDL receptor mRNA by 80% and
90% (n = 6; P < 0.05; Fig. 6).

Interaction of cafestol or 25-hydroxycholesterol
with SRE-1

To further study the mechanism for the reduced up-
take of radiolabeled LDL, we transfected fibroblasts
with an SRE-1 promoter element coupled to the gene
for CAT. In this way we could examine the transcrip-
tional effect of cafestol on the LDL receptor gene. The
SRE-1 region is a positive element that enhances the
LDL receptor gene transcription in the absence of ste-
rol. No difference was observed in CAT activity after in-
cubation of HSF with cafestol (20 pwg/ml) (Fig. 7),
whereas 25-hydroxycholesterol (5 wg/ml) reduced the
CAT activity by 52% (n = 4; P < 0.05; Fig. 7).

Synthesis of cholesterol and cholesteryl ester

After 18 h preincubation with cafestol (20 wg/ml),
the incorporation of radiolabeled acetate into cholesterol
was reduced by 34-38% (P < 0.05) after 12 to 24 h incu-
bation (Fig. 8A). In comparison, 25-hydroxycholesterol

—» (Cafesto] <«— —» Control --—

160 kDa

Experiment 1 Experiment 2

(Relative density)

Experiment 3

Control (ethanol, 0.5 %)
Cafestol (20 pg/ml)

1.00 £0.09
0.72+0.16

1.00 £ 0.04
0.69+0.13

1.00+0.11
0.83+£0.09

Fig. 5. The effect of cafestol on the amount of protein for the LDL receptor. After confluency, fibro-
blasts were exposed to medium containing LPDS (5 mg protein/ml) for 24 h. Then the cells were incu-
bated in fresh LPDS medium for 24 h with cafestol (20 n.g/ml). Control cells were given ethanol (0.5%).

The cells were harvested and lysed as described in Materials and Methods. The figure shows an Immuno-

bilon filter from one typical experiment. Data represent means = SD of three wells pr experiment. The
values from exp. 1, exp. 2, and exp. 3 were added, and data represent a difference between control and
cafestol medium at P < 0.01 calculated for the overall experiments.
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Fig. 6. The effect of cafestol and 25-hydroxycholesterol on the
amount of MRNA for the LDL receptor and B-actin. Confluent
HSF were incubated with LPDS medium (5 mg/ml) for 24 h, be-
fore the cells were incubated for 11 and 23 h in fresh LPDS me-
dium with either control (ethanol, 0.1%, lane 1), 25-hydroxycho-
lesterol (5 ng/ml, lane 2), or cafestol (20 wg/ml, lane 3).
Isolation of poly (A+) RNA and Northern blot analysis were per-
formed as described in Methods. The upper panel shows the auto-
radiogram for one typical experiment out of six separate experi-
ments performed. The lower panel shows means *= SD of LDL
receptor mMRNA expression. Each value represents the mean =
SD of six separate experiments given as % of control cells. Each
experiment was based on cells pooled from two cell cultures.
*Significant difference between 25-hydroxycholesterol and con-
trol cells at P < 0.05.

(5 pg/ml) and lovastatin (50 pg/ml, data not shown)
decreased the incorporation of radiolabeled acetate
into cholesterol by approximately 90% after 6 h of in-
cubation (P < 0.05). Cafestol (20 ng/ml) as well as 25-
hydroxycholesterol (5 pg/ml) stimulated the choles-
terol esterification. Incorporation of radiolabeled oleic
acid into cholesteryl ester increased 2.3-fold (P < 0.05)
and 3.3-fold (P < 0.05) with cafestol and 25-hydroxy-
cholesterol, respectively, after 24 h incubation (Fig. 8B).

DISCUSSION

Our results demonstrate that the coffee lipid, cafe-
stol, significantly reduced the binding, uptake, and deg-
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Fig. 7. Effect of cafestol and 25-hydroxycholesterol on chloram-
phenicol acetyl transferase (CAT) activity in cells transfected with
the SRE-1 element. After 90% confluency, the cells were trans-
fected with the SRE-1 coupled to the CAT gene as described in
Methods. Thereafter, the cells were incubated for 23 h with LPDS
medium containing either ethanol (0.1%), cafestol (20 ng/ml),
or 25-hydroxycholesterol (5 wg/ml). Data represent means += SD
of duplicate measurements from four separate experiments.
*Significant difference between 25-hydroxycholesterol and con-
trol cells at P < 0.05.

radation of radiolabeled LDL in human fibroblasts. In
addition, a reduced amount of LDL receptor protein
was confirmed by immunoblotting. Furthermore, a re-
duction in the synthesis of cholesterol and an increase
in cholesterol esterification were observed after cafe-
stol exposure. In contrast, there was no significant ef-
fect of cafestol on the transcription of the LDL recep-
tor gene, as assessed by measuring the mRNA level of
the LDL receptor and by measuring regulation of gene
transcription via the sterol regulatory element. A possi-
ble explanation for these observations is that cafestol
might act similarly to sterols in the regulation of certain
gene products of importance for the metabolism of
cholesterol. However, cafestol was not as potent as 25-
hydroxycholesterol in reducing LDL binding, uptake,
and degradation. Our data suggest that the elevation of
plasma cholesterol after intake of boiled coffee may be
due to a down-regulation of the activity of LDL receptor.

The unaltered expression of mRNA levels for the
LDL receptor after cafestol treatment demonstrates
that cafestol does not exert its effect on the LDL receptor
gene level and suggests a post-transcriptional-mediated
effect of cafestol (Fig. 6). In contrast, incubation with
25-hydroxycholesterol abolished the expression of mMRNA
for the LDL receptor. Similarly, HSF transfected with a
synthetic promoter region for the LDL receptor gene
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Fig. 8. Time course for incorporation of [2-14C]acetate into cholesterol (panel A) and incorporation of
[1-1*C]oleic acid into cholesteryl esters (panel B). After confluency the cells were grown in either LPDS
medium (panel A) or DME medium containing 20% FCS (panel B) for 24 h. Then the cells were preincu-
bated for 18 h with cafestol (20 wg/ml) (m) or 25-hydroxycholesterol (5 wg/ml) (0). After 18 h of prein-
cubation, fresh medium was provided to the cells together with the test compounds with either radiola-
beled acetate (panel A) or radiolabeled oleic acid (panel B), and mixtures were incubated further for the
indicated time points. Control cells were given ethanol (0.1%). The data are presented as % of control
and show means = SD of six to twelve cultures. Control values were after 6, 12, and 24 h incubation with
[2-14C]acetate (panel A) in the range of 2.1-2.2 nmol/mg cell protein, 1.8-4.2 nmol/mg cell protein, and
1.8-5.2 nmol/mg cell protein, respectively. Control values were after 6, 12, and 24 h incubation with
[1-14C]oleic acid (panel B) in the range of 0.2-1.0 nmol/mg cell protein, 0.3-5.5 nmol/mg cell protein,
and 2.9-7.6 nmol/mg cell protein, respectively. *Significant difference between cafestol or 25-hydroxy-

cholesterol and control cells at P < 0.05.

showed a 52% reduction in CAT activity after exposure
of 25-hydroxycholesterol while cafestol had no effect
(Fig. 7). These findings are in line with data obtained
from studies in HepG2 cells (27) suggesting a post-tran-
scriptional regulation of the LDL receptor. Interest-
ingly, a post-transcriptional regulation of LDL receptor
activity in Watanabe heritable hyperlipidemic rabbit fi-
broblasts that were transduced with a retroviral vector
containing the LDL receptor gene has been shown (28).

Two essential genes in the cholesterol metabolism,
HMG-CoA synthase and LDL receptor, are known to
possess the sterol regulatory element (SRE-1) in their
promoter regions (29). These elements are able to
bind sterol regulatory element binding protein-1
(SREBP-1) and thereby increase the transcription of
these genes. SREBP-1 is anchored to the cholesterol-
poor endoplasmic reticulum (ER). When the cells are
depleted of sterols, this membrane-bound precursor is
cleaved by a protease and translocated to the nucleus
where it binds to SRE-1 and thereby activates the genes.
It is speculated that the cholesterol-mediated changes
in the ER membrane may activate the cleavage of the

active SREBP-1 (29-31). The SRE-1-transfected cells incu-
bated with 25-hydroxycholesterol in the present study
showed a reduced CAT activity, which is in agreement
with former studies (27, 32), whereas SRE-1-transfected
cells incubated with cafestol showed no reduction in
CAT activity, as compared to control cells. These data,
in combination with the unchanged mRNA level for
the LDL receptor in the presence of cafestol, indicate
that cafestol is not involved in the transcription of the
LDL receptor gene, whereas 25-hydroxycholesterol
probably regulates the transcription of the LDL receptor
gene by an inhibition of the cleavage of the SREBP-1.
Our results clearly show that the decrease in binding,
uptake, and degradation of radiolabeled LDL (Figs. 2—
4 and Table 2), as well as the reduced amount of LDL
receptor protein (Fig. 5) is caused by cafestol. A possi-
ble explanation for this decrease induced by cafestol
may be a reduced transport of newly synthesized LDL
receptors to the cell surface or an intracellular accumu-
lation of newly synthesized LDL receptors (33, 34). Al-
ternatively, the phosphorylation/dephosphorylation of
key regulatory proteins in cholesterol metabolism may
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be affected by cafestol. A phosphorylation/dephosphor-
ylation mechanism for regulation of the scavenger re-
ceptor has recently been described (35, 36).

In order to reveal a potentially increased degrada-
tion of newly synthesized LDL receptor after cafestol
(20 pg/ml) incubation, protein synthesis was inhibited
by cycloheximide. Then, binding of [*2I]TC-LDL up
to 24 h was measured. No effect of cafestol was seen on
the binding of radiolabeled LDL, indicating that cafe-
stol probably does not cause increased degradation of
the receptor (data not shown). It has previously been
reported that HMG-CoA reductase is regulated through
a sterol-dependent degradation of its protein (37, 38).
In addition, ubiquitin-dependent protein degradation
has been reported for several receptors as an important
regulatory mechanism (39).

Our data also demonstrate that cafestol, like 25-
hydroxycholesterol, influences the synthesis of choles-
terol and cholesteryl ester promoted by HMG-CoA re-
ductase and ACAT, respectively, as assessed by indirect
measurements (Fig. 8). Both enzymes are controlled by
the cellular concentration of sterols (40-42). ACAT
functions as a cholesterol buffer in the cells; an ele-
vated pool of intracellular cholesterol will cause in-
creased esterification of cholesterol (43). Conflicting
data have been reported concerning the regulation of
ACAT by protein phosphorylation (44-46).

The mechanism responsible for the observed changes
in HMG-CoA reductase activity after exposure to cafe-
stol is not clear. In some cell lines, it has been shown
that the rate of synthesis of the enzyme is controlled by
oxysterols acting both on transcriptional and transla-
tional stages. HMG-CoA reductase is a highly regulated
enzyme, with its catalytic activity influenced by the
amount (synthesis and degradation), as well as the acti-
vation state (phosphorylation and dephosphorylation)
of the enzyme (47-49).

In contrast to HSF, incubation of CaCo-2 cells, a hu-
man cancer colon cell line, with cafestol enhanced the
rate of uptake and degradation of radiolabeled LDL by
50%, whereas 25-hydroxycholesterol caused a 30% de-
crease in both the uptake and degradation of radiola-
beled LDL (32). A 20% increase in uptake of radiolabeled
LDL was also seen in P19 cells, a murine embryonic
carcinoma cell line, and in J774 cells, a murine mac-
rophage-like cell line, while 25-hydroxycholesterol de-
creased the rate of uptake of radiolabeled LDL in both
these cell lines (unpublished data). These data demon-
strated that cafestol and 25-hydroxycholesterol may
influence the cholesterol metabolism differently in dif-
ferent cell lines. These observed differences in the reg-
ulation of LDL receptor may be caused by the fact that
mucosal cells (CaCo-2 cells), liver cells (HepG2 cells),
and fibroblasts have different metabolic functions. In-
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terestingly, cafestol is the only dietary lipid known to
have this ability to regulate cholesterol metabolism dif-
ferently in different cell types. The effects of cafestol
and kahweol seem to be unique to humans. The same
batch of coffee that raised cholesterol in humans pro-
duced no effect in monkeys, hamsters, or rabbits. One
may speculate that differences in absorption or metab-
olism of coffee diterpenes account for this marked spe-
cies specificity (8).

In conclusion, our studies showed that cafestol de-
creased the binding, uptake, and degradation of LDL
in HSF. In addition, cafestol decreased the LDL recep-
tor protein level. Cafestol also reduced the cholesterol
synthesis and increased the cholesterol esterification in
these cells. The mRNA level for the LDL receptor was
unaffected after incubation of HSF with cafestol, and
cells transfected with the synthetic promoter SRE-1 for
the LDL receptor and HMG-CoA synthase were insensi-
tive to cafestol. These findings suggest that the mecha-
nisms responsible for the cholesterol-raising effects of
cafestol involve a post-transcriptional down-regulation
of the LDL receptor.ug
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