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Abstract—Cyclandelate (trimethylcyclohexanyl mandelate) inhibited cholesterol esterification in a trans-
formed mouse macrophage cell line (J774) with a concentration of approximately 20 uM being required
for half-maximal inhibition. The intact drug was required for its inhibitory action since neither of its
hydrolysis products, trimethylcyclohexanol and mandelic acid, caused any inhibition even at high
concentrations. The drug entered the cells very rapidly with inhibition being apparent within the shortest
time possible to measure esterification (15 min after drug addition). The rate of cholesterol esterification
returned to control values when drug-inhibited cells were incubated in drug-free medium indicating a
rapid loss of drug from the cells. Loading of cells with cholesterol had no effect on the inhibitory action
of cyclandelate, and the inhibition of esterification of cholesterol appeared to be specific, since the
syntheses of phospholipid and triacylglycerol (which also involve the action of acyltransferases) were
not affected by the drug. Similar inhibitions of cholesterol esterification were seen in four other cell
lines, a human osteosarcoma, Chinese hamster ovary cells, a human transformed macrophage cell line
(U937) and human umbilical cord vein endothelial cells, as well as in slices of pig aorta, indicating a
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general action in extra-hepatic tissues where the drug is not hydrolysed.

Accumulation of cholesteryl ester and calcium in
the arterial wall accompanies atherogenesis and
comprises, with fibrous tissue, the body of the
atherosclerotic plaque. Lipid-laden macrophages are
essential components of both fatty streaks and
fibrous plaques while much extracellular lipid and
smooth muscle-derived foam cells may also be
present [1]. Many studies have shown that the
monocyte-derived macrophage is involved in the
initiation of the fatty streak and its subsequent
development into the atherosclerotic plaque [2-6].
The major lipid in the plaque, cholesteryl ester, is
synthesized intracellularly from lipoprotein-derived
cholesterol and fatty acyl CoA in a reaction catalysed
by acyl Co A:cholesterol acyl transferase (ACATY).
Since reverse cholesterol transport, i.e. cholesterol
efflux from the cell, which would lead to regression
of atheroma, involves free rather than esterified
cholesterol [7], there is growing interest in inhibitors
of ACAT which might increase the intracellular
concentration of free cholesterol and thereby
promote cholesterol efflux. A number of chemically
unrelated potential inhibitors have been described
(reviewed in Ref. 8). Cyclandelate, the tri-
methylcyclohexanyl ester of mandelic acid, is a non-
toxic vasoactive drug and has been used extensively
for many years in the treatment of cerebrovascular
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t Abbreviations: ACAT, acyl CoA:cholesterol acyl
transferase; cyclandelate, trimethylcyclohexanyl mandel-
ate; BSA, bovine serum albumin; o-MEM, minimal
essential medium a-modification; FCS, foetal calf serum;
58-035,  3-[decyldimethylsilyl]-N-[2-(4-methylphenyl)-1-
phenylethyl]propanamide; DMSO, dimethyl sulphoxide.

disease and peripheral vascular disorders. It is an
effective inhibitor of the ACAT of microsomal
preparations from humans, rats and rabbits [9]. The
drug was rapidly hydrolysed by hepatic microsomal
fractions to products which were non-inhibitory [10].
A direct action of the drug on arterial tissue was
suggested in experiments on rabbits fed a high
cholesterol diet for 10 weeks [11]. Inclusion of
cyclandelate in the subsequent low cholesterol
regression diet reduced the extent and severity of
aortic atherosclerosis seen in animals fed the
regression diet alone. In view of the rapid hydrolysis
of cyclandelate by the liver and the lack of ACAT
inhibitory activity of the hydrolysis products it is
probable that the intact drug reaches the peripheral
tissues at a low concentration, which is however
sufficiently high to exert the anti-atherosclerotic
effect found. The present paper describes the actions
of cyclandelate on cholesterol esterification in a
transformed macrophage cell line.

MATERIALS AND METHODS

Materials. [9,10-*H]Oleate (370 MBq/mmol) and
[4-"*C]cholesterol (2.2 GBq/mmol) were purchased
from Amersham International (Little Chalfont,
UXK.). [4-%C]Cholesteryl oleate was synthesized
chemically [12]. [9,10-H]Oleate-bovine serum
albumin (BSA) complex was made essentially as
described by Van Harken et al. [13] using 100.64 Bq
[9,10,>H]oleic acid and 50 umol non-radioactive oleic
acid saponified with 200 umol KOH to yield a final
oleate concentration of 10 mM of specific activity
12 dpm/pmol with a protein concentration of 60 mg/
mL. All tissue culture media and sera were purchased
from Imperial Labs (Europe) Ltd (Salisbury, U.K.).
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Fig. 1. The effect of increasing concentrations of (a) cyclandelate, (b) progesterone and (c) Sandoz 58-
035 on cholesterol esterification in J774 cells. Cells were incubated for 1 hr in the presence of increasing
concentrations of drug and the rate of esterification was determined as described in the Materials and
Methods. Results are expressed as a percentage of the control value which was 1849 = 101 pmol/hr/
mg protein. Values represent the means of duplicate determinations which varied by less than 5%.
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Fig. 2. The effect of cyclandelate and its hydrolysis products

on cholesterol esterification in J774 cells. Cells were

incubated for 1hr in the presence of either cyclandelate,

trimethylcyclohexanol or mandelicacid all at a concentration

of 100 uM. Esterification was determined as described in

Materials and Methods. Results represent the means *
range of two separate determinations.

Cyclandelate (Cyclospasmol) was from Gist Brocades
NV (Delft, The Netherlands) and 58-035 {3-
[decyldimethylsilyl] - N - [2 - (4 - methylphenyl) - 1 -
phenylethyllpropanamide} was a gift from Dr H.
Heider, Sandoz Research Institute (E. Hanover, NJ,
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Fig. 3. Time course for the inhibition of cyclandelate on
cholesterol esterification in J774 cells. Celis were incubated
with 100 uM [*H]oleate for 30 min, after which cyclandelate
(final concentration 100 uM) was added in DMSO to the
medium. The rate of cholesterol esterification at subsequent
times was measured as described in Materials and Methods.
Results represent the means + range of two determinations.
(@) Cyclandelate in DMSO; (O) DMSO alone.

U.S.A.). All other reagents were purchased from
commercial suppliers.

Cell culture. Y774 cells, a transformed line of
mouse macrophage cells were grown in plastic tissue
culture dishes in minimal essential medium o~



Cyclandelate inhibition of cholesterol esterification

modification (a-MEM) supplemented with 10% (v/v)
heat-inactivated foetal calf serum (FCS), NaHCO,
(2g/L) and 4 mM HEPES in an atmosphere of 5%
CO,. The following antibiotics were used in rotation
during culture and propagation: kanomycin (100 mg/
L), gentamycin (50 mg/L), penicillin (105 U/L) and
streptomycin (100 mg/L).

Chinese hamster ovary cells were grown in
monolayer culture in o-MEM supplemented with
10% (v/v) FCS.

Human osteosarcoma 208 were also grown in
monolayer culture in &-MEM supplemented with
10% (v/v) newborn calf serum,

U937 cells, a transformed human monocyte line,
were grown in suspension culture in RPMI
supplemented with 10% newborn calf serum.

Human vascular endothelial cells were isolated by
the method of Van Hinsbergh et al. [14] from veins
of umbilical cords which had been delivered less
than 24 hr previously. Cells were grown in monolayer
culture in a-MEM containing 20% FCS, endothelial
growth factor {200 ug/mL) and heparin (5 units/
mL).

Measurement of cholesterol esterification by
cells in culture. [9,10-H]Oleate (10-15 dpm/pmol}
complexed with defatted BSA was added at a final
concentration of 100 uM to the incubation medium
of cells growing in a 60 mm culture dish. Dishes
were rotated gently to disperse the substrate and
returned to the CO, incubator for the appropriate
incubation time (usually 1.5 hr). The reaction was
stopped by removal of the medium and cooling to
4°. The cells were rinsed with 2 X 2 mL of ice-cold
buffer A (50 mM Tris—HCl pH 74 containing 150 mM
NaCl and 2mg/mL fatty acid-poor BSA) and
2 X 2mL of the same buffer lacking the albumin,
[4-1*C]Cholesteryl oleate (2000 dpm) was added to
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the cells as recovery standard and lipids were
extracted twice into hexane:isopropanol (3:2v/v;
2mL). The lipid extracts were combined and
evaporated to dryness under nitrogen. The dried
lipid extracts were redissolved in chioroform (100 uL.)
containing unlabelled cholesteryl oleate (50 ug) and
separated on silica gel-impregnated paper (SG 81)
developed in hexane:diethyl ether:acetic acid
(98:2:1 by vol.) Lipids were visualized by staining
with todine vapour and radioactivity on the paper
was detected using a Pannax scanner. Areas on the
chromatogram corresponding to cholesteryl oleate,
phospholipid or triacylglycerol were cut out and
assayed for radioactivity by liquid scintillation
spectrometry. When the effects of cyclandelate,
progesterone and 58-035 were measured they were
added as a solution in dimethyl sulphoxide (DMSO)
or ethanol to a final concentration of 2.5% (v/v).
Control dishes received DMSO or ethanol only.

Measurement of reversibility of drug inhibition.
Cell monolayers were exposed to cyclandelate,
progesterone or 58-035 for 1 hr at 37°. The medium
was removed and the cells washed with warm
phosphate-buffered saline prior to incubation
in drug-free medium containing [9,10-*H]oleate
(100 uM) for a further 1 hr. Cholesteryl oleate was
then assayed as described above.

Cholesterol loading of cells. The cholesterol
content of 1774 cells was increased by incubating the
cells for 24 hr in medium containing 2 mg/mL free
cholesterol as described for fibroblasts by Gavigan
and Knight [15]. The cholesterol was added dissolved
in ethanol such that the final ethanol concentration
in the medium was 0.5% (v/v). The cholesterol-
supplemented medium was replaced after 24 hr with
normal medium prior to assay of cholesterol
esterification.
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Fig. 4. The effect of drug-free medium on the inhibition of cholesterol esterification in J774 cells. Cells

were incubated for 1hr in the presence of increasing concentrations of {(0~100 uM) cyclandelate,

progesterone (20 uM) or Sandoz 58-035 (20 uM). They were then divided into two equal groups. The

medium in one group was replaced with drug-free medium prior to the addition of Hloleate {final

concentration 100 uM) to all cells and further incubation for 1 hr. The rate of cholesterol esterification

was determined as described in Materials and Methods. Values represent the means of duplicate
determinations which varied by less than 5%.
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Fig. 5. The effect of increasing the intracellular cholesterol
concentration on the inhibition of esterification by
cyclandelate in J774 cells. Cells were preincubated for 24 hr
in the presence of increasing concentrations of cholesterol
added to the medium as a solution in ethanol. The rate of
cholesterol esterification was then measured in the presence
of DMSO (O) or cyclandelate (50 uM) added in DMSO
(@) as described in Materials and Methods. Resulits
represent the means which varied by less than 5% of two
separate determinations.

RESULTS AND DISCUSSION

Preliminary experiments established that esteri-
fication of endogenous cholesterol by radiolabeiled
oleate (100 uM) was linear for at least 3 hr in J774
cells. The effect of increasing concentrations of
cyclandelate on this esterification is shown in Fig. 1.
Greater than 90% inhibition was achieved at 100 uM
cyclandelate with an ICs5y of between 20 and 25 uM.
Comparison was made with two known ACAT
inhibitors, Sandoz 58-035 and progesterone, both of
which inhibited cholesterol esterification more
potently (1G5, values of approximately 0.4 and
2.5 uM, respectively) in our system. The drug was
inhibitory at all points on the growth curve but was
not toxic to the cells as judged by Trypan blue
exclusion. The inhibition of esterification by
cyclandelate was due to the intact drug since neither
of the two products formed by its hydrolysis had any
significant effect (Fig. 2). To determine how quickly
cyclandelate exerted its effect in whole cells, the
cells were incubated with 100 uM oleate for 30 min
to establish a measurable esterification rate before
the drug was added to the medium. The extent of
esterification was then measured at various times
after the addition of drug. The rapid action of
cyclandelate is seen in Fig. 3. There was a linear
increase in the amount of cholesteryl ester formed
with time in the absence of cyclandelate. In contrast,
no further increase in the amount of ester was seen
in the presence of the drug even at the shortest time
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Fig. 6. The effect of cyclandelate on triglyceride (W),
phospholipid (CJ) and cholesteryl ester (@) synthesis
in J774 cells. Cells were incubated with increasing
concentrations of cyclandelate prior to addition of [*H]-
oleate (100 uM) for a further 1.5 hr. Radiolabelled lipids
were separated by TLC and assayed for radioactivity as
described in Materials and Methods. Results are expressed
as percentages of the control (zero drug) activities and
represent the means of duplicate determinations which
varied by less than 10%.

that allowed measurement (15min), indicating a
rapid and direct effect of the drug on its target.

Cyclandelate is not as potent an inhibitor of
ACAT as progesterone or 58-035 (Fig. 1), but unlike
these two drugs it is without effect in the liver. Its
effect appears also to be reversible, being lost rapidly
when cells were returned to a drug-free medium
(Fig. 4). After incubation for 1hr with varying
concentrations of cyclandelate (0-100 uM) cells were
washedandincubated in drug free medium containing
[*H]oleate for a further hour. The results for 100 uM
cyclandelate are shown in Fig. 4, but at each
concentration the control rate of incorporation of
oleate into cholesteryl ester was obtained. A similar
reversible inhibition was seen with progesterone and
contrasts with the irreversible inhibition caused by
58-035 (Fig. 4 [16]).

Loading of J774 cells with cholesterol by incubating
them overnight in medium containing increasing
concentrations of free cholesterol (0-200 ug) caused
a progressive increase in the rate of cholesterol
esterification (Fig. 5), presumably due to an increase
in the size of the pool of free cholesterol, one of the
substrates for ACAT. Addition of cyclandelate
(50 uM) to the culture medium after the loading
period caused a consistent inhibition (>70%) of
cholesterol esterification at all loading concen-
trations. The effect of cyclandelate was thus not due
toimpeded entry of one of the substrates, cholesterol,



Cyclandelate inhibition of cholesterol esterification

H
0 50

Cyclandelate (uM)

100 150

Rate of cholesteryloleate synthesis (nmol/hr/mg protein)

{iii)
1.2
0.8 -
04 |-
]
0 50 100 150
Cyclandelate (pM)

1833
(ii)
4

I 1 i
0 20 40 60 80 100

Cyclandelate (uM)

(iv)
1.0

0.8

0.6

0.4

0.2

H i ! i i
25 50 75 100 125

Cyclandelate (uM)

i

Fig. 7. The effect of cyclandelate on cholesterol esterification in osteosarcoma 208 cells (i), Chinese

hamster ovary cells (i}, human transformed macrophages U937 (iii} and human umbilical cord vein

endothelial cells (iv). Cells were incubated for 1 hr with increasing concentrations of cyclandelate and

the rate of cholesterol esterification measured as described in Materials and Methods. Results represent
the means of duplicate determinations which varied by less than 5%.

into the cell. Neither did it appear to block oleate
uptake since there was no significant effect on the
incorporation of oleate into phospholipids or
triacylglycerols (Fig. 6). The apparent stimulation
of incorporation of radioactivity from oleate
into triacylglycerols at lower concentrations of
cyclandelate is unexplained and was not seen at
higher concentrations of the drug. This lack of
inhibition of other microsomal acyltransferases
implies that the inhibition of cholesterol esterification
by cyclandelate is specific.

We have shown previously [10] that cyclandelate
is unlikely to have any inhibitory effect in the liver
because it is rapidly hydrolysed in this tissue.
However, in extra-hepatic tissues which lack the
ability to hvdrolyse the drug, cyclandelate inhibited
cholesterol esterification to the same extent as in
J774 cells. Such inhibition as a function of
cyclandelate concentration is shown for four cultured
cell lines: human osteosarcoma 208, Chinese
hamster ovary cells, a transformed human monocyte

U937 and human vascular endothelial cells (Fig. 7).
In each cell line 50% inhibition of esterification was
seenatacyclandelate concentration of approximately
20 uM. We have also suggested from in vivo studies
in cholesterol-fed rabbits that cyclandelate might
have a direct action on arterial tissue [11]. In the
current experiments, exposure of slices of pig aorta
to cyclandelate for 6hr did indeed inhibit the
incorporation of [Hjoleate into cholesteryl ester
(results not shown). The tissue was very tough and
somewhat inert metabolically with cholesterol
esterification rates three orders of magnitude lower
than in the five cell types studied. Higher
concentrations of cyclandelate were required to
produce significant inhibition, presumably due to
the problems presented in penetrating active tissue,

In conclusion, cyclandelate is an effective
reversible inhibitor of ACAT which is active extra-
hepatically. It remains the only drug capable of
inhibiting ACAT that has received significant
clinical use. ACAT is responsible for intraceliular
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esterification of cholesterol and leads to deposition
of the storage form of cholesterol as its ester.
Accumulation of cholesteryl ester is a characteristic
of the atherosclerotic plaque and inhibition of ACAT
may be a therapeutic target in the regulation of
plaque formation. Inhibition of the enzyme would
lead to an increased intracellular concentration of
free cholesterol and possibly promote cholesterol
efflux from cells [7]. Indeed, Middleton [16] has
shown that cyclandelate and progesterone both
inhibit cholesterol esterification and down-regulate
low density lipoprotein binding in human fibrobiasts.

Although not as potent an inhibitor of ACAT as
progesterone, 58-035 or CL 277,082, cyclandelate
appears fortuitously to be tissue selective with no
action in the liver [10]. Inhibition of hepatic ACAT
might not be desirable since the consequent rise in
hepatic-free cholesterol might cause down-regulation
of low density lipoprotein receptors and decrease
cholesterol clearance from the circulation [17].
However, inhibition of extra-hepatic ACAT might
lead to cholesterol removal from these tissues, and
in this respect the inhibitions reported here in
macrophages and vascular endothelial cells might
explain the decrease in atherosclerosis caused by
dietary cyclandelate in cholesterol-fed rabbits [11].
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