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hydroxy-3-methylglutaryl coenzyme A (sodium
salt), and bovine serum albumin were purchased
from Sigma Chemical Company (St. Louis, Mis-
souri). Dextran sulfate was obtained from Calbio-
chem-Behring Corporation (San Diego, Califor-
nia). Kyro EOB, a synthetic nonionic detergent
that solubilizes the plasma membranes of cul-
tured cells but not the endoplasmic reticulum,7

was a generous gift from Robert Dowben of Proc-
ter and Gamble (Cincinnati, Ohio). Dulbecco's
Modified Eagle Medium, fetal calf serum (FCS),
penicillin (10,000 U/ml), streptomycin solution
(10,000 yug/ml), and trypsin/EDTA solution were
purchased from Grand Island Biological Com-
pany (Grand Island, New York). Silica gel G (with-
out gypsum) plastic-backed, thin-layer chroma-
tography sheets were obtained from Brinkman
Industries, Incorporated (Westbury, New York).
All tissue culture plastic ware was from Falcon
Plastics (American Scientific Products, McGaw
Park, Illinois). A'-tetrahydrocannabinol (2789-
50-1), cannabidiol (2310-139), and cannabinol
(1823-65-3) were supplied by the National Insti-
tute on Drug Abuse (Rockville, Maryland).

Cells and Media

Normal human dermal fibroblasts were ob-
tained from the Human Genetic Mutant Cell
Repository (Camden, New Jersey) and the Ameri-
can Type Culture Collection (Rockville, Mary-
land). The aortic medial cells were obtained from
a kidney cadaver donor and were established
from explants from the lower abdominal aorta as
described.8 The cells were grown as monolayers
on tissue culture plates and maintained in a
humidified incubator at 37°C with an atmos-
phere of 92.5% air/7.5% CO2. The stock culture
medium consisted of Dulbecco's Modified Eagle
Medium, supplemented with penicillin (100
U/ml), streptomycin (100 jug/ml), 44 mM
NaHCO3, and 10% (v/v) FCS.

All experiments were carried out using a stan-
dard format unless otherwise noted. Cells were
dissociated from confluent stock cultures with
0.05% trypsin/0.02% EDTA and then seeded into
60 mm petri dishes, in fresh stock culture
medium, at either 7.5 X104 or 1 X 105 cells/plate.
On Day 3 the medium was replaced with fresh
stock culture medium. On Day 5 the medium was
removed, the cells were washed once with Dul-
becco's Modified Eagle Medium, and new media
containing 10% human lipoprotein deficient
serum (LPDS) (5 mg/ml) was added as the serum
source. The cells were maintained in this
medium for 48 hours before the start of each
experiment.

Llpoprotelns and Llpoproteln-Deflclent Serum

Human low density lipoproteins (LDL) (d =
1.019-1.063 g/cc) were obtained from the plasma

of healthy volunteers by ultracentrifugation as
described.9125l-labeled LDL (125I-LDL) was pre-
pared using the iodine monochloride method of
MacFarlane10 as modified by others.11

Assays

The incorporation of 14C-oleate into labeled
cholesteryl oleate was determined as described
by Goldstein et al.12 HMG-CoA reductase was
measured by the method of Brown et al.13 Protein
synthesis was assessed by examining the incor-
poration of a mixture of 3H-L-amino acids into
trichloroacetic acid precipitable protein as out-
lined by Liberti and Miller.14 The metabolism of
12SI-LDL in cultured human fibroblasts at 4° and
37°C was measured by methods outlined by
Goldstein et al.15'18 Cell protein was determined
by the method of Lowry et al.17 using a protein
standard solution obtained from Sigma Chemi-
cal Company (St. Louis, Missouri).

Results

Figure 1 illustrates the effects of A'-tetrahydro-
cannabinol, cannabidiol, and cannabinol on
LDL-induced cholesteryl ester formation in cul-
tured human fibroblasts. When the cells were ex-
posed to these cannabinoids before and during
exposure to LDL, a marked, dose-related de-
crease in the incorporation of 14C-oleate into cel-
lular cholesteryl esters was observed. There was
no effect, however, on the incorporation of
labelled compound into cellular phospholipid or
triglyceride. The compounds also did not alter
the incorporation of a mixture of 3H-amino acids
into cellular trichloroacetic acid precipitable pro-
tein (data not shown). The inhibition of choles-
teryl ester formation was also observed in a sec-
ond normal fibroblast line as well as in human
aortic medial cells (table 1). While all three drugs
show inhibitory activity, a structural relationship
seems to exist; the order of potency is cannabid-
iol > cannabinol > A'-tetrahydrocannabinol.
These observations demonstrate that cultured
human cells exposed to relatively low doses of
cannabinoids are impaired in their ability to form
steryl esters from LDL-derived cholesterol. The
effect does not seem to be a generalized depres-
sion of lipid synthesis since phospholipid and tri-
glyceride formation are not affected. We
observed no changes in cell attachment or mor-
phology throughout the course of the experi-
ments and there were no significant differences
in total cellular protein content between treat-
ments. The cells also synthesized protein as well
as control cells. These findings show that the
experimental cells were viable and that the effect
was specific only for cholesteryl ester formation.
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Figure 1. The effects of cannabinoids on low density
lipoprotein (LDL)-induced cholesteryl ester formation.
On Day 7 of cell growth, each plate received 2 ml of
fresh media containing 10% lipoprotein deficient
serum (LPPS) and the indicated concentration of A'-
tetrahydrocannabinol (THC), cannabidiol (CBD), or
cannabinol (CBN) dissolved in ethanol and diluted
with 10% LPDS. Control cultures received an amount
of ethanol equivalent to that contained in the highest
drug dose, 0.14% final concentration. After Incubation
for 2 hours at 37°C, each plate received 200 ^9 LDL
protein/ml and was further incubated at 37°C for 4
hours. The plates were pulsed with 0.1 mM 1-^C-
oleate (3146 DPM/nmole) and replaced in the incu-
bator at 37°C for 2 hours. The media was removed,
and the cells were washed and processed as described
in the text. Each value is the mean of triplicate deter-
minations ±SEM.

To determine if the cannabinoids might be
affecting the interaction of LDL with cell surface
receptors, we carried out 125I-LDL binding stud-
ies at 4°C. The results of these studies are pre-
sented in figure 2. No alteration of 125I-LDL bind-
ing to its cell surface receptor was observed,
although a less than 20% reduction was seen
with 30 MM cannabidiol. However, this percent-
age of perturbation was small when compared to
the degree of inhibition of ester formation at that
dose. Studies were also conducted with 125I-LDL
at 37°C to determine whether or not alterations
in the internalization or degradation of the lipo-
protein took place. Figure 3 displays the results
of these experiments. Again, small decreases in
LDL binding, internalization, and degradation
were detected. These perturbations were of insuf-
ficient magnitude to account for the 80% de-
crease observed in cholesteryl ester formation. It
does not appear, therefore, that the cannabi-
noids interacted with either the LDL particle or
the LDL receptor to cause a significant decrease
in lipoprotein binding, internalization, or
degradation.

Several laboratories have shown that certain
oxygenated sterols, such as 7-ketocholesterol
and 25-hydroxycholesterol (25-OH), are freely
taken up by cells independently of the LDL recep-
tor. When presented to cells grown in LPDS,
these compounds caused an immediate esterifi-
cation of newly synthesized cholesterol by
directly activating acyl-cholesterol acyltransfer-
ase (A-CAT). Therefore, all cells treated with 25-
OH maximally esterified cholesterol regardless
of LDL receptor status so long as the A-CAT sys-
tem functioned effectively.18 Fibroblasts incu-

Table 1. Cannablnold Inhibition of LDL-lnduced Cholesteryl Ester Formation In Cultured Human
Aortic Medial Cells

Concentration
(MM)

Control*
1
3

10
30

THC

8.46 ±0.09
8.02 ±0.31
7.81 ±0.52
6.22 ±0.26
3.00 ± 0.36

nmoles uC-oleate esterified/mg/hrt

CBD

7.97 ±0.19
5.86 ±0.84
2.54 ±0.13
0.66 ± 0.05

CBN

8.07 ± 0.85
5.18 ±0.32
4.17 ±0.12
1.62 ±0.34

'Control incubations carried out with vehicle (ethanol) only.
tValues are the mean of triplicate determinations ± SEM.
On Day 7 of cell growth, each monolayer received 2 ml of fresh media containing 10% lipopro-

tein deficient serum (LPDS) and the indicated concentration of A'-tetrahydrocannabinol (THC),
cannabidiol (CBD), or cannabinol (CBN) dissolved in ethanol and diluted with 10% LPDS. Control
cultures received an amount of ethanol equivalent to that contained in the highest drug treatment,
0.14% final concentration. After 2 hours of incubation at 37°C, each plate received 200 HQ of low
density lipoproteins (LDL) protein/ml and was further incubated at 37°C for 4 hours. The plates
were pulsed with 0.1 mM 1-14C-oleate (2344 DPM/nmole) and replaced in the incubator for 2
hours. The media was removed and the cells rinsed and processed as described.
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bated with increasing concentrations of canna-
binoids for 2 hours before and during exposure
to 25-OH showed a dose-related inhibition of
cholesterol esterification similar to that observed
with LDL (figure 4). Since the experiment was
performed in the absence of LDL, and the 25-OH
stimulus bypasses the LDL receptor, the data
suggest that A'-tetrahydrocannabinol, cannabid-
iol, and cannabinol might act to inhibit choles-
teryl ester formation by inhibiting A-CAT
activity.

If the above hypothesis were true, an accumula-
tion of free cholesterol within the cells would
occur. This free cholesterol might inhibit the
activity of HMG-CoA reductase. Thus, with in-
creasing inhibition of A-CAT, and the accom-
panying increase in cellular free cholesterol con-
tent, we should observe increasing inhibition of
HMG-CoA reductase activity. To test this hypoth-
esis, we measured reductase activity in cultured
human fibroblasts treated with various concentra-
tions of A'-tetrahydrocannabinol, cannabidiol,
and cannabinol followed by incubation with LDL.

ng'SBl-LDL
bound/mg
cell protein

20

30

The results of these studies are presented in
table 2. Instead of observing a dose-related de-
crease in enzyme activity, we found a rise in re-
ductase activity with increasing cannabinoid con-
centration. Apparently, the cannabinoids do not
act in a manner that appreciably increases the
regulatory pool of intracellular free cholesterol.
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Figure 2. Absence of a cannabinoid effect on 1 2 5 I -
labeled low density lipoproteins (125|-|_DL) binding to
human fibroblasts at 4°C. On Day 7 of cell growth,
each monolayer received 2 ml of fresh media contain-
ing 10% lipoprotein deficient serum (LPDS), and the
indicated concentration of A'-tetrahydrocannabinol
(THC), cannabidiol (CBD), or cannabinol (CBN) dis-
solved in ethanol and diluted with 10% LPDS. Control
cultures received an amount of ethanol equivalent to
that contained in the highest drug dose, 0.14% final
concentration. After 2 hours incubation at 37°C, each
plate was chilled to 4°C and presented with 5 ^g 1 2 5 I -
LDL/ml (168 cpm/ng). After incubation for 2 hours at
4°C, the cells were washed extensively,15 and the
amount of dextran sulfate-releasable 1J5I-LDL was
determined. Values plotted are the average of trip-
licate determinations ± SEM.

Figure 3. The effect of cannabinoids on 125l-labeled
low density lipoproteins (125I-LDL) binding, internaliza-
tion and degradation at 37°C. On Day 7 of cell growth,
each monolayer received 2 ml of fresh media contain-
ing 10% lipoprotein deficient serum (LPDS), and the
indicated concentration of A'-tetrahydrocannabinol
(THC), cannabidiol (CBD), or cannabinol (CBN) dis-
solved in ethanol and diluted with 10% LPDS. Control
cultures received an amount of ethanol equivalent to
that contained in the highest drug dose, 0.14% final
concentration. After 2 hours of incubation at 37°C,
each plate received 25 y.qlm\ 12!>I-LDL (93.2 cpm/ng).
The cells were further incubated at 37°C for 5 hours
and then processed accordingly.1516 Panels A, B, and
C show the amount of 125|-LDL degraded, internalized,
and bound, respectively, as a function of cannabinoid
concentration.
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Figure 4. Cannabinoid inhibition of 25-hydroxycholes-
terol induced cholesteryl ester formation. On Day 7 of
cell growth, each monolayer received 2 ml of fresh
media containing 10% lipoprotein deficient serum
(LPDS) and the indicated concentration of A'-tetra-
hydrocannabinol (THC), cannabidiol (CBD), or
cannabinol (CBN) dissolved in ethanol and diluted
with 10% LPDS. Control cultures received an amount
of ethanol equivalent to that contained in the highest
drug dose, 0.14% final concentration. After Incubation
at 37°C for 2 hours, each plate received 5 M9/rnl of
25-hydroxycholesterol and 0.1 mM 1-1«C-oleate (1845
DPM/nmole).The monolayers were incubated at37°C
for 6 hours, after which the media was removed, the
monolayers rinsed and processed as described in the
text. Values are the mean of triplicate determinations
± SEM.

Discussion

These studies demonstrate that A'-tetrahydro-
cannabinol, cannabidiol, and cannabinol specif-
ically decrease the esterification of cholesterol
derived from either LDL or from new synthesis.
This is the first time that these compounds have
been shown to alter cholesteryl ester formation
in cultured human fibroblasts. This effect was
seen in the absence of an inhibition of 12SI-LDL
binding at 4°C and of 125I-LDL metabolism at
37°C. The cells were also shown to be compe-
tent to carry on protein, triglyceride, and phos-
pholipid synthesis without significant cell loss
when treated with the compounds at the doses
used. Accordingly, any proposed mechanism for
these effects must be consistent with these obser-
vations.

One possibility that might account for our find-
ings would be a direct inhibition of A-CAT. This
would account for the changes in cholesteryl
ester formation in both LDL and 25-OH treated
cells, without altering LDL metabolism. However,
this does not appear to be consistent with the
lack of suppression of HMG-CoA reductase activ-
ity in the cells exposed to LDL.

Alternatively, cellular cholesterol may be "com-
partmentalized" in some way by the drugs so as
to be unavailable for regulating cellular choles-
terol metabolism. This compartmentalization
could be in the form of an intracellular cannabin-
oid-cholesterol complex. This proposed com-
plex is quite feasible given the high solubility of
these compounds in lipids. When incubated with
plasma, A'-tetrahydrocannabinol binds primarily
to lipoproteins,19 with most of the drug being
bound to LDL.20 This binding is related to the
lipoprotein content of total or neutral lipid as
opposed to that of phospholipid or protein. In

Table 2. Effect of Cannablnoid Treatment on LDL Suppression of HMG-CoA Reductase Activity

Concentration pmoles MVA formed mg"1 min1

(MM)

LPDS
LPDS+LDL

1
3

10
30

THC

198.78 ±19.9
39.92 ± 2.3
37.06 ± 3.4
36.16 ±4.4
45.29 ±1.9
81.26 ±3.9

CBD

37.55 ±0.2
30.49 ± 2.7
49.24 ±10.0

168.30 ±14.1

CBN

31.46 ±2.7
27.77 ±0.5
63.98 ±12.1

143.06 ±9.1

*Values are the mean of triplicate determinations ± SEM.
On Day 7 of cell growth, each monolayer received 2 ml of fresh media containing 10% lipopro-

tein deficient serum (LPDS) and the indicated concentration of A'-tetrahydrocannabinol (THC),
cannabidiol (CBD), or cannabinol (CBN) dissolved in ethanol and diluted with 10% LPDS. Control
cultures received an amount of ethanol equivalent to that contained in the highest drug dose,
0.14% final concentration. After incubation at 37°C for 2 hours, each plate received 25 M9 low
density lipoproteins (LDL) protein/ml. Half of the control cultures did not receive LDL. All plates
were returned to the incubator for 5 hours, and then were processed for the determination of
HMG-CoA reductase activity.13
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our studies all cells were incubated with canna-
binoids for 2 hours in media devoid of lipopro-
teins (10% LPDS) before LDL was introduced.

On the other hand, the drugs may act by pro-
moting the efflux of cholesterol from the cells.
This action would result in a decreased availabil-
ity of cholesterol for esterification, whether it is
derived from LDL or new synthesis. Since cellu-
lar stores of cholesterol would then be low,
HMG-CoA reductase activity would be high even
in the presence of LDL. Our data are consistent
with this hypothesis. Additional studies of cellu-
lar balance are necessary to verify it.

If the cannabinoids do exert their effect by in-
creasing cellular cholesterol efflux, they might
provide a new range of therapeutic possibilities
as well as experimental tools for the study of lipid
metabolism derangements. One major problem
in atherosclerosis treatment has been the mobili-
zation of lipid already deposited in the arterial
wall. Cannabinoids or cannabinoid-like com-
pounds may provide the foundation for lipid-
removal therapy. Cannabidiol proved to be the
most potent compound tested. It is also the least
active psychogenically. Using this compound
and the efficacy of its structure, medicinal chem-
ists may be able to develop more potent, related
compounds. Further studies explaining the mech-
anism of cellular action in these substances will
be needed before their therapeutic potential can
be determined.
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