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Abstract

Troglitazone treatment of MA-10 Leydig tumor cells resulted in cellular cholesteryl esters decreasing and cell free cholesterol increasing.
This was not an effect unique to this chemical entity; rosiglitazone and pioglitazone caused these changes also. The excess free cholesterol
was recovered largely in the cholesterol oxidase susceptible, plasma membrane cholesterol pool. This effect of troglitazone probably is not
mediated by activation of peroxisome proliferator activated receptors since it immediately reversed with washing and did not occur at all in
cells treated with the peroxisome proliferator activated receptor agonist, 15-deoxy A 12,14 prostaglandin J-2. Plasma membrane cholesterol
esterification was inhibited by troglitazone in a dose-dependent manner. Plasma membrane cholesterol esterification was inhibited half-
maximally by 14 pM troglitazone and by more than 90% by 40 uM troglitazone. This effect was not unique for MA-10 cells. Similar results
were found using fibroblasts. Troglitazone was not simply inhibiting internalization of plasma membrane cholesterol. Dibutyryl-cAMP
stimulation of troglitazone-treated cells resulted in more progesterone synthesis than in stimulated control cells; moreover, radioactive
plasma membrane cholesterol was readily converted into progesterone in troglitazone-treated cells. Studies of LDL uptake in troglitazone-
treated cells indicated that intracellular membranes were cholesterol replete. Troglitazone inhibited plasma membrane cholesterol
esterification with kinetics similar to 58-035, a known inhibitor of the acyl coenzyme A: cholesterol acyltranserase (ACAT) enzyme. It is not
likely an ACAT inhibitor since troglitazone did not block incorporation of exogenous free fatty acids into cholesteryl esters. Thus, it appears

that troglitazone prevented presentation of free fatty acid to the ACAT enzyme.

© 2003 Elsevier Science Inc. All rights reserved.

Keywords: Troglitazone; MA-10 Leydig tumor cells; Cellular cholesteryl esters; Thiazolidinedione; Cholesterol metabolism

1. Introduction

Thiazolidinediones are an important class of drugs that
have found utility for treating patients with diabetes and
insulin resistance. This class of drugs acts by improving
cellular sensitivity to insulin. These agents also are ago-
nists for the peroxisome proliferator activated receptors
(PPARs). It is thought that PPAR effects underlie the
beneficial effects of the thiazolidinediones.

Some effects of thiazolidinediones may not be identical
for all drugs either because different drugs activate the
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Abbreviations: PPAR, peroxisome proliferator activated receptor; LDL,
low density lipoprotein; ACAT, acyl CoA: cholesterol acyltransferase;
SREBP, sterol regulatory element binding protein.

several PPARs to different extents or because some drug
effects are mediated totally independently of the PPAR
system. Example of the first type of differentiated regula-
tion has been demonstrated for the PPARY activation by
troglitazone and rosiglitazone [1]. The second type of
effect has been shown to occur in troglitazone-treated
cells. Troglitazone, but not rosiglitazone, pioglitazone,
or 15-deoxy A 12,14 prostaglandin J-2, inhibits de novo
synthesis of cholesterol in several cell types [2]. This effect
has a very rapid onset of action, is readily reversed, and
only caused by certain thiazolidinediones.

Effects that differ between thiazolidinediones may prove
to be quite important. An effect on cholesterol synthesis,
for example, might provide an important hypolipidemic
effect. The pattern of PPAR activation may ultimately
prove important in determining the therapeutic value of
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a drug or may be the cause of toxicity of individual drugs.
These unique and/or PPAR-independent drug effects may
provide a basis for choosing one drug over another in that
some drugs may possess valuable anti-atherogenic effects
or greater toxicities than other drugs.

In the present studies, we investigated the underlying
mechanisms and consequences of an apparently PPAR-
independent effect of troglitazone. Troglitazone or other
thiazolidinediones blocked cholesterol esterification in
MA-10 Leydig tumor cells and in human fibroblasts. Free
cholesterol accumulated mainly in the plasma membrane
of treated cells. Troglitazone was not preventing interna-
lization of plasma membrane cholesterol since steroid
hormone synthesis was not inhibited and LDL uptake
was downregulated indicating that troglitazone produced
cholesterol flooding of internal membranes. Troglitazone
prevented cholesterol esterification by sequestration of free
fatty acid used for cholesterol esterification.

2. Material and methods
2.1. Materials

[1,2-*H]Cholesterol (65 Ci/mmol and [1,2,6,7-*H]pro-
Ci/mmol) were from Dupont/NEN. 58-035 was a gift of
John Heider of Sandoz, Inc. Troglitazone was a gift of
Parke-Davis, rosiglitazone a gift from SmithKline Beec-
ham. 15-Deoxy A 12,14 prostaglandin J-2 was purchased
from Cayman Biochemical. Cholesterol, 7-ketocholes-
terol, cholesteryl oleate, cholestenone, cholesteryl buty-
rate, and progesterone were purchased from Steroiloids.
Cholesterol oxidase was purchased from Bechman Instru-
ments. Dibutyryl-cAMP was purchased from Sigma.

2.2. Methods

2.2.1. Cells and general experimental protocols

Growth conditions for MA-10 cells were the same as
described previously [3]. Experiments were performed in
assay medium which was growth medium without serum
but containing 1 mg/mL BSA. Thiazolidinediones were
added as 200-fold concentrated solutions in DMSO while
58-035 was added as a 200-fold concentrate in ethanol.
Plasma membrane cholesterol was radiolabeled by
exposing cells to assay medium containing [*H]choles-
for 2 hr after which the dishes were washed and placed
back in assay medium without radioactivity but contain-
ing any experimental additions. Cell surface cholesterol
was converted to cholestenone by treatment of cell
monolayers with cholesterol oxidase following exactly
the protocols described previously [4]. Decay of pre-
formed cholesteryl esters was measured in cells preincu-
bated overnight with 50 pg/mL LDL and [*H]cholesterol
and then washed and incubated with 58-035 and/or other
additions.

2.2.2. Lipid methods

Cell monolayers were scraped from dishes and the lipids
extracted as described earlier [5]. Radioactivity associated
with cholesterol and cholesteryl esters was quantified by
liquid scintillation counting of the area of thin layer
chromatography sheets developed in heptane:diethyl
ether:acetic acid 85:15:1 [5]. Radioactivity present in
the medium as progesterone was quantified after separation
from cholesterol radioactivity as described previously [6].
Quantification of cholesterol, cholestenone, cholesteryl
ester, and triglyceride mass was by gas—liquid chromato-
graphy using cholesteryl butyrate as an internal recovery
standard and using the columns and methods employed
previously [7].

2.3. Other methods

Esterification of exogenous free fatty acids made up
using ['*C]Joleate bound to BSA prepared as described by
Van Harkin [8]. Progesterone was quantified by specific
radioimmunoassay of unextracted assay medium [3].

Statistical significance was determined by #-test using
the GraphPad Prism version 1 Program.

3. Results

3.1. Troglitazone causes cellular cholesteryl ester
content to decrease and cellular free cholesterol
levels to increase

Troglitazone blocks de novo synthesis of cholesterol in
several cell types [2]. In initial experiments, we found that
total cholesterol was decreased little to none by troglita-
zone treatment, but that the distribution of cholesterol was
markedly altered. The data of Table 1 show experiments
where troglitazone was added to MA-10 cells or to MA-10
cells that had been preincubated with LDL to augment the
normally small stores of cholesteryl esters found in these
cells [4]. Since basal MA-10 cells have such small stores of
cholesteryl esters, the ester-augmented cells were used so
that it would be possible to determine if the cholesteryl
esters lost were recovered as cell free cholesterol. In basal
MA-10 cells troglitazone treatment caused cell cholesteryl
ester levels to fall from 8.8 to 3.2 pg/dish or from 22.3% of
total cholesterol to 7.2% of total cholesterol. Free choles-
terol levels increased slightly but not significantly. The
cells preincubated with LDL had markedly greater cell
content of total cholesterol mainly because cholesteryl
esters had increased more than 3.4-fold above basal. In
these cells, ester cholesterol decreased from 30.3 to
18.4 pg/dish with troglitazone treatment while cell free
cholesterol increased from 40.5 to 47.7 pg/dish; all
changes were statistically significant. In this experiment,
the molar loss of cholesteryl ester is quantitatively recov-
ered as cell free cholesterol.
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Table 1
Effect of troglitazone on cellular mass of cholesterol and cholesteryl esters®

Additions Free cholesterol (pg/dish) Cholesteryl esters (ng/dish) Total (pg/dish) Percent cholesteryl esters
None 338 £ 4.1 8.8 £3.0 42.1£7.0 223 +40

20 uM troglitazone 372 +£ 8.5 32+ 1.17 438 + 5.8 72+ 1.6"

50 pg/mL LDL 405 £ 1.2 303 £3.0 70.7 £ 1.3 42.8 +£2.3

50 pg/mL LDL + 20 pM troglitazone 477 £ 1.4™ 184 + 527 66.1 + 4.9 27.5 £ 5.5

60 x 15 mm dishes of MA-10 cells were incubated for 8 hr in serum free defined medium containing either troglitazone added from a 200-fold
concentrated solution in DMSO or the same volume of DMSO alone. Other dishes were incubated with 50 pg/mL LDL cholesterol as well. After 4 hr dishes
were washed twice with assay medium and the cells scraped from the dishes and extracted for analysis of lipid mass. Mass was determined by gas—liquid
chromatography using cholesteryl butyrate as an internal recovery standard.

* Significantly different from control at P < 0.04.
** Significantly different than control at P < 0.03.
*** Significantly different from control at P < 0.02.

3.2. Free cholesterol derived from cholesteryl esters of
troglitazone-treated cells is largely recovered as plasma
membrane free cholesterol

Most cells store the bulk of the cholesterol in the plasma
membrane [9]. In MA-10 cells, about 60-70% of total cell
free cholesterol is found in this membrane [4]. Since
troglitazone appeared to have caused a substantial shift
of cholesterol within the cell, it was of interest to determine
where the cholesterol derived from the cholesteryl esters
would be stored in the cells. The data of Table 2 show
experiments where cholesteryl oxidase was used to differ-
entiate cell surface cholesterol from intracellular choles-
terol. Treatment of the cells with this enzyme converts the
plasma membrane cholesterol to cholestenone. In cells
with basal levels of cholesteryl esters, troglitazone caused
significant reduction in the percentage of total cholesterol
in cholesteryl ester (20.4—6.2%) and small and statistically
insignificant increases in the percentage of both intracel-

Table 2
Effect of troglitazone on cellular distribution of cholesterol and content of
cholesteryl esters®

Additions Percentage of total cell cholesterol
Cholesterol ~ Cholestenone  Cholesteryl
esters
None 152 £57 643+67 204 £ 1.3
20 uM troglitazone 220+ 3.7 T1.74+45 6.2 +1.2"
50 pg/mL LDL 141 £35 41.1+£69 455 £ 3.2
50 pg/mL LDL 4+ 20 M 11.7 £5.0  57.0 +£ 5.3" 31.7 + 3.8

troglitazone

lular cholesterol and cell surface cholestenone. In choles-
teryl ester-loaded cells, troglitazone caused the percent
cholesterol present as ester to decrease significantly from
45.5 to0 31.7% and also caused a significant increase in the
percentage of cholesterol recovered in the plasma mem-
brane from 41.1 to 57% of total cell cholesterol. To
determine whether the endoplasmic reticulum, the major
intracellular membrane, also became cholesterol loaded in
troglitazone-treated cells, the experiments of Table 3 were
performed. These experiments use LDL cholesterol uptake
as a measure of endoplasmic reticulum cholesterol content.
LDL uptake is directly proportional to LDL receptor
expression which is in turn regulated by the endoplasmic
reticulum cholesterol sensing proteins, the sterol regula-
tory element binding proteins [10]. Cholesterol loading of
the endoplasmic reticulum should downregulate LDL
receptors and prevent uptake of LDL cholesterol. In these
experiments, cells inhibited with 7-ketocholesterol and
cholesterol were used as a positive control since it is

Table 3
Effect of 7-ketocholesterol and troglitazone on LDL cholesterol uptake®

Treatment LDL Total cholesterol (pg/dish)

Experiment 1 Experiment 2

Control - 248 £ 4.6 16.1 £ 0.7

+ 433 £ 10.8 (1.8x)"  28.1 &+ 5.4 (1.7x)"
7-Ketocholesterol ~— — 20.1 £ 3.8 164 + 1.7

+ 31.1 £7.9 (1.1x) 247 £ 2.0 (1.5%x)"
Troglitazone - 22.1 £2.3 157 £ 2.4

+ 224 +£ 1.8 (1.0x)™  19.1 £ 1.0 (1.2x)™

The percentage of cell surface cholestenone (*) is significantly different
between control and troglitazone-treated cells at P < 0.04. The difference
in the percentage of cholesterol as cholesteryl esters (™) is significantly
different between control and troglitazone at P < 0.008.

260 x 15 mm dishes of MA-10 cells were incubated for 8 hr in serum
free defined medium containing the indicated concentrations of troglitazone
and/or LDL. Att = 8 hr, all dishes were washed and treated with cholesterol
oxidase to convert cell surface cholesterol to cholestenone. After extraction
of cellular lipids the cell content of cholesterol, cholestenone, and
cholesteryl esters was determined by gas-liquid chromatography using
cholesteryl butyrate as an internal recovery standard.

260 x 15 mm dishes of cells were incubated for 24 hr in complete
growth medium alone, with 5 pg/mL 7-ketocholesterol 4+ 12 pg/mL
cholesterol or with 40 UM troglitazone. At this time the dishes were
washed and placed in new assay medium (no serum but 1 mg/mL BSA)
containing 10 pg/mL of LDL. After 8 hr at 37°, the dishes were washed
twice, cells were scraped from the plate, and the cellular lipid extracted.
The cell content of cholesterol (free + esterified cholesterol) was
determined using gas-liquid chromatography with cholesteryl butyrate as
an internal recovery standard.

* P < 0.05 more than control minus LDL.

** P < 0.05 less than control plus LDL.
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known that this treatment will downregulate LDL receptor
in these [11] and other cells [12]. Incubating control
cultures with LDL resulted in a 1.8-fold increase in total
cell cholesterol in the first experiment and a 1.7-fold
increase in the second experiment. Treatment with 7-
ketocholesterol decreased LDL uptake to 1.1- and 1.5-fold
control values while troglitazone treatment decreased LDL
uptake to either control values in one experiment and to
1.2-fold control values in the second experiment. All of
these experiments had been done over an 8-hr time course
indicating that this effect of troglitazone was rapid. To get
an idea whether this was an unusually rapid genomic effect
mediated by PPARs or a PPAR-independent effect, two
types of experiments were done.

3.3. The effect of troglitazone on intracellular cholesterol
distribution does not persist after troglitazone is removed
and cannot be duplicated by a non-thiazolidinedione
PPAR agonist

The data of Table 4 show experiments where cells
preincubated for 24 hr with troglitazone and cells without
any preincubations were subsequently washed and then
incubated with or without troglitazone. In the second
incubation, LDL was included in all groups so that changes
in cell cholesterol distribution would be more apparent.
Preincubation of cells with troglitazone did not cause a
persistent effect after troglitazone was removed; the per-
cent distribution of cholesterol is very similar to cells
without troglitazone preincubation. Preincubation also
did not reduce the effect of troglitazone in the second
incubation. Thus, cells without any preincubation or with
troglitazone in the preincubation both showed similar
reduction in percent cell cholesterol as cholesteryl esters
and increases in percent cell cholesterol as cell surface
cholesterol. In both cases, cholesteryl esters fell to 24—
25.3% while cholestenone increased from 51.4 to 53.1% of
total cell cholesterol. In general, it would be surprising if a
drug acting through a transcriptional regulator, such as the
PPAR, responded so rapidly or turned off so quickly as was
found in these experiments of cholesterol distribution. 15-
Deoxy A 12,14 prostaglandin-J2 is a potent PPAR agonist

Table 5

Table 4
Troglitazone must be present to alter the distribution of cholesterol in cells;
there is no residual effect from previous troglitazone incubation®

Preincubations Additions Percentage of total cell cholesterol

Cholesterol  Cholestenone Cholesteryl

esters
None None 208 £ 13 30.6+25 48.7 £42
None 20 pM 212 £2.0 53.1 £ 132" 253 £+ 129"
troglitazone
20 uM None 248 £83 335+£55 422 + 6.0
troglitazone
20 uM 20 uM 232422 514 +£26" 240+ 3.7

troglitazone troglitazone

The percentage of cell cholesterol identified as cholesteryl esters (*) as
well as that identified as cell surface cholestenone (**) was significantly
different, P < 0.05 in either incubation containing troglitazone compared
with control incubations. Preincubation of cells with troglitazone had no
effect on any measured parameter (compare group 1 with group 3 and
group 2 with group 4).

%60 x 15 mm dishes of MA-10 cells were incubated for 24 hr alone
(“None” preincubations ) or with troglitazone. After this incubation the
medium was removed from all cells, the cells were then washed twice with
defined medium, after which defined medium containing 50 pg/mL of LDL
cholesterol and either no troglitazone or troglitazone as indicated. After 8 hr
at 37°, the medium was again removed, the cells treated with cholesterol
oxidase to convert cell surface cholesterol into cholestenone. The cellular
lipids were extracted from the cells and quantitated by gas—liquid
chromatography using cholesteryl butyrate as an internal recovery standard.

but structurally unrelated to troglitazone. This agent, at
concentrations up to 100 pM, had no effect on cell cho-
lesterol distribution (data not shown).

3.4. Troglitazone blocks esterification of plasma
membrane cholesterol

Plasma membrane cholesterol cycles into the cell and is
esterified in several cell types [13—15]. The data of Table 5
show experiments where the effect of troglitazone to alter
this process was measured. Cells were plasma membrane
cholesterol labeled at 4° and then allowed to take up and
esterify cell surface cholesterol at 37° in either the absence
or presence of LDL. As expected from earlier experiments,
addition of LDL caused more plasma membrane radio-
activity to be esterified, 27.6% vs. 14.1% for cells incubated

Effect of troglitazone on incorporation of plasma membrane cholesterol radioactivity into cholesterol esters®

Additions DPM in cholesterol DPM in cholesteryl esters Percent cholesteryl esters Percent inhibition
None 21568 + 1835 3531 + 423 14.1 £0.5

20 pM troglitazone 20518 + 885 1416 + 467 6.6 £ 2.0 47

LDL 50 pg/mL 16444 £ 2396 6245 £ 552 27.6 £ 1.6™

LDL 50 pg/mL + 20 pm troglitazone 22008 + 3580 3868 + 1045 152 £5.2° 55

Troglitazone treatment (*) is significantly different than control at P < 0.02. LDL treatment (**) is significantly different than no LDL at P < 0.002.

%30 x 15 mm of MA-10 cells were placed on ice, washed twice with 4° serum free assay medium, and then incubated for 4 hr with 1 mL of assay medium
containing 0.5 uCi [*H]cholesterol. At this time the dishes of cells were washed twice with 37° assay medium after which the medium was replaced with
assay medium containing the indicated additions. After 4 hr at 37°, the dishes were again washed twice and the cells scraped from the dish. Lipids were
extracted and free cholesterol radioactivity separated from esterified cholesterol radioactivity by thin layer chromatography. Radioactivity was quantitated by
scintillation counting of the areas of the TLC plate that corresponded to cholesterol and to cholesteryl esters.
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Fig. 1. Cells were incubated and treated exactly as described in Table 5
with the exception that they received the indicated concentration rather
than the single concentration used in the table. Percentage inhibition is %
cell cholestrol as ester in troglitazone-treated cells/% cholestrol as ester in
control cells.

without lipoproteins. Troglitazone, in either case, signifi-
cantly inhibited plasma membrane cholesterol incorpora-
tion into cholesteryl esters. For cells incubated without
lipoproteins, the incorporation was inhibited to 47% of
control while for cells incubated with lipoproteins, the
inhibition was to 55% of control. To confirm that the results
were not a unique or unusual effect specific to MA-10 cells,
experiments were performed with human fibroblasts as
well. Plasma membrane cholesterol incorporation into
intracellular esters was inhibited 93-100% by 40 uM tro-
glitazone. A dose-response curve plotting inhibition as a
function of troglitazone concentration is shown in Fig. 1.
Inhibition to 50% was achieved with 14 pM troglitazone
while incubation with 40 uM troglitazone inhibited ester-
ification of plasma membrane cholesterol by 90%. Two
other thiazolidinediones were tested as well, pioglitazone
and rosiglitazone. Both compounds inhibited cholesterol
incorporation into cholesteryl esters in a dose-dependent
manner. These results might be explained by an effect of
troglitazone to prevent plasma membrane internalization,
transport through the cell, or esterification.

3.5. Steroidogenesis and the mobilization of
steroidogenic plasma membrane cholesterone are not
blocked by troglitazone

In MA-10 cells, most cholesterol substrate for short-
term steroid hormone synthesis comes from free choles-
terol stores [S5]. The bulk of free cholesterol in MA-10 cells
[4] as in all cells is in the plasma membrane [9]. It was
reasoned then that if troglitazone treatment blocked inter-
nalization of plasma membrane cholesterol then it should
significantly inhibit dibutyryl-cAMP-stimulated progester-
one synthesis by the MA-10 cells. The data of Fig. 2
indicate that this clearly is not the case. In these experi-
ments, MA-10 cells were stimulated by increasing con-
centrations of dibutyryl-cAMP up to the saturating
concentration of 1 mM. Troglitazone-treated cells actually

—~ 750~
5 —a— Control
3 —— Troglitazone
(=]
£ 5004
()
<
o
S
2
w250
<)
[=2]
<)
S
a
O T 1

0.00 0.25 0.50 075 1.00 1.25
Dibutyryl-cAMP, mM

Fig. 2. Effect of troglitazone on cAMP-stimulated steroidogenesis.
30 x 15 cm dishes of cells without troglitazone or containing 40 uM
triglitazone were incubated with the indicated concentration of dibutyryl-
cAMP for 4 hr. At this time, medium was removed and assayed for
progesterone content by radioimmunoassay.

are much more sensitive to the cAMP analogue and achieve
maximal activation of steroid synthesis at 0.2 mM vs.
1 mM in the control cells. Maximal activation is also
slightly greater in troglitazone-treated than control cells.
These experiments provided indirect evidence that plasma
membrane cholesterol readily entered troglitazone-treated
cells. To determine if this was in fact the case, the experi-
ments of Fig. 3 were done. In these experiments, plasma
membrane cholesterol was radiolabeled at 4°, and then the
cells were washed and stimulated by dibutyryl-cAMP.
After 2 and 4 hr, medium was removed and saved for
determination of progesterone radioactivity while the cell
monolayer was scraped from the dish and extracted for
determination of cholesterol radioactivity. Control and

—=— Control, Cholesterol

—— Troglitazone, Cholesterol
—— Troglitazone, Progesterone
—s— Control, Progesterone

DPM's as Cell
Cholesterol or Medium
Progesterone

O T T T
0 1 2 3 4 5

Time, hr.

Fig. 3. Effect of troglitazone on utilization of plasma membrane
cholesterol for steroid hormone synthesis. 60 x 15 mm dishes of cells
were placed on ice, washed twice with 4° assay medium and then
incubated for 2 hr at 4° with medium containing 1 uC [*H]cholesterol.
After this incubation, the cells were washed twice and placed back in
medium containing 1 mM dibutyryl-cAMP alone or with dibutyryl-cAMP
and 40 uM troglitazone. After 4 h at 37°, medium was collected and cells
were scraped from the dish. Progesterone radioactivity was separated from
other medium radioactivity by thin layer chromatography. Cholesterol
radioactivity was separated from other lipid radioactivity by thin layer
chromatography developed in heptane:diethyl ether:acetic acid 85:15:1.
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troglitazone-treated cells were treated identically. In both
groups, there is a time-dependent fall in cell free choles-
terol activity and an increase in progesterone radioactivity
in the medium. Progesterone had been purified from
cholesterol and other steroids by thin layer chromatogra-
phy so that the radioactivity appearing as progesterone was
less than the radioactivity lost as cholesterol. This was not
too surprising since some free cholesterol was lost to the
medium and because progesterone is not the only steroid
hormone product of MA-10 cells. Total medium radio-
activity very closely matched cholesterol radioactivity lost.
Most importantly, however, a defined steroid hormone
product was clearly synthesized from plasma membrane
cholesterol substrate indicating that cell surface cholesterol
did enter the cell in troglitazone-treated cells.

3.6. Effect of troglitazone on the ACAT

Several steps may be required before a cholesterol
molecule located in the plasma membrane is esterified.
At minimum, plasma membrane must be (a) internalized
into the cell, (b) moved through the cell, (c) delivered to the
endoplasmic reticulum, (d) presented to the ACAT enzyme,
(e) esterified, after which the cholsteryl ester is (f) trans-
ported to the lipid droplet. From the experiments above, it
appeared that troglitazone was not inhibiting proximal
steps. Another step that could be troglitazone sensitive
and is relatively amendable to study is the ACAT reaction
itself at the far distal end of the cholesterol internalization
esterification pathways. The experiments of Fig. 4 compare
the effects of 58-035, a well characterized ACAT inhibitor,
and troglitazone on the cellular stores of cholesteryl
esters. In cells incubated without inhibitors, cell stores of
cholesteryl ester remained constant throughout the 8 hr of
the experiment. With ACAT blocked by 58-035 or when
cells were incubated with troglitazone, the cell content of
cholesteryl esters decreased over the 8 hr so that about

—a— Control

5 —— Troglitazone, 40 um
0 ——58-035, 2 pg/mL
@
o 404
w *
2 30
8
3
S 204
5
2 10+

O T T T 1

0.0 2.5 5.0 7.5 10.0

Time, hr.

Fig. 4. Effect of 58-035 or troglitazone on cell cholesteryl ester stores. At
t = 0 cells were placed in assay medium alone, containing 2 pg/mL 58-035
or containing 40 pM troglitazone. At the times indicated, cells were
harvested, extracted, and the lipids quantified by gas—liquid chromatography.

Table 6
Troglitazone does not block the incorporation of oleic acid into cholesteryl
esters®

Additions Oleate incorporation into cholesteryl oleate

(pmol/dish/hr)

Experiment 1 Experiment 2 Experiment 3

None 423 + 42 315 +£ 23 496 + 25
20 uM troglitazone 483 £+ 54 350 £ 68 461 £ 79
50 pg/mL LDL 1010 + 206"
50 pg/mL LDL + 20 pM 1153 + 49*

troglitazone

#60 x 15 mm dishes of MA-10 cells were washed twice with defined
assay medium and then incubated with assay medium containing the
indicated additions. After 2hr at 37°, 400 nmol ['*CJoleate/BSA
suspension was added and the incubation continued for another 2 hr. At
this time the cells were scraped from the dish and the lipids extracted.
Cholesteryl esters were separated from other lipids by thin layer
chromatography developed with heptane:diethyl ether:acetic acid
85:15:1. Radioactivity corresponding to cholesteryl esters was quantitated
by liquid scintillation counting. There was no significant difference in fatty
acid incorporation into cholesteryl esters between cells incubated with or
without troglitazone; however, incubation of cells with LDL caused the
expected statistically significant.

* P < 0.05, increase in cholesterol esterification.

one half of cholesteryl esters were lost during the experi-
ment. To determine whether troglitazone caused inhibition
of the ACAT enzyme, the experiments of Table 6 were
performed. In these experiments, cells were incubated with
[**Cloleate/BSA and allowed to synthesize radioactive
cholesteryl esters. As expected, cells incubated with
LDL had more cholesterol available for esterification and
synthesized greater quantities of ['*C]cholesteryl oelate.
Adding troglitazone either to control or LDL-treated cells
had no effect on the amount of esters synthesized. Thus,
when exogenous free fatty acid substrate was made avail-
able to the cell, the cell readily esterified cholesterol. This
finding raised the possibility that troglitazone treatment
was limiting the availability of the cell to provide free
fatty acid substrate to the ACAT. In experiments supplying
free fatty acid as oleate/BSA complexes, it was found that
cholesterol esterification increased in both control and
troglitazone-treated cells, but that free fatty acid treatment
could not totally bypass the troglitazone block.

4. Discussion

The present experiments indicate that troglitazone and
other thiazolidinediones inhibit esterification of choles-
terol in MA-10 cells and in fibroblasts. This effect is likely
PPAR independent since it is rapidly inducible, readily and
rapidly reversed, and is not caused by a chemically distinct
PPAR agonist, 15-deoxy A 12,14 prostaglandin J-2.

Three explanations may explain the effect of troglita-
zone on cholesteryl ester storage. Troglitazone could con-
ceivably block cholesterol esterification by: (1) blocking
cholesterol transport into the cell or movement to the site of
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the ACAT enzyme, (2) by blocking the ACAT enzyme
itself, or (3) by depriving the enzyme of essential substrate.
The first possibility seems very unlikely since plasma
membrane cholesterol was readily internalized and con-
verted to steroid hormones and because even the endo-
plasmic reticulum membranes became cholesterol replete
in troglitazone-treated cells. The second explanation seems
unlikely as well. Measuring ACAT activity by quantifying
incorporation of exogenous free fatty acid into cholesteryl
esters showed no effect of troglitazone. Since the enzyme
worked normally when supplied with exogenous fatty acid
but did not function using the endogenous fatty acids
present in troglitazone-treated cells, it seems that trogli-
tazone deprives the ACAT enzyme of endogenous free fatty
acid.

At least in the time range employed for the present
studies, blocking cholesterol esterification had significant
cellular effects. Cell free cholesterol levels increased. Most
excess free cholesterol was susceptible to cholesterol
oxidase implying that it was at the cell surface. The
reduction in LDL uptake, however, implied that the intra-
cellular membranes containing the SREBP were also
cholesterol overloaded. LDL uptake was more suppressed
by troglitazone treatment than by treatment with oxyster-
ols. Likely, the greater plasma membrane free cholesterol
markedly altered the responsiveness to cAMP analogues
and even increased the maximal steroid response. In this
regard, the MA-10 cells behaved much differently from
granulosa cells where troglitazone treatment inhibits ster-
oidogenesis largely through an effect on the 3-B-hydro-
xysteroid dehydrogenase ASA4 isomerase enzyme [16].

One must wonder about the net effect of these changes
on cell function. Do the effects in aggregate produce
toxicity or are they beneficial? If cholesterol esterification
was prevented in monocytes/macrophages, these drugs
may inhibit foam cell formation and hence alter athero-
sclerosis. Other data using macrophage-like cells suggest
that the effects could even be more complex with some
PPAR-mediated effects favoring foam cell formation
[17,18] and the effect described here inhibiting formation.
It is also possible that the cholesterol filling of membranes
might lead to changes in enzyme activities and alteration in
other cell functions since clearly the cholesterol environ-
ment of membrane-bound enzymes has marked effects on
activity [19,20].
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