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Thiazolidinediones Inhibit Lipoprotein Lipase
Activity in Adipocytes*

(Received for publication, June 12, 1998)

Subramanian Ranganathan and Philip A. Kern‡

From the Department of Medicine, Division of Endocrinology, University of Arkansas for Medical Sciences and the John
L. McClellan Veterans Affairs Medical Center, Little Rock, Arkansas 72205

The thiazolidinediones troglitazone and BRL 49653
improve insulin sensitivity in humans and animals with
insulin resistance. Adipose tissue lipoprotein lipase is
an insulin-sensitive enzyme. We examined the effects of
thiazolidinediones on lipoprotein lipase expression in
adipocytes. When added to 3T3-F442A, 3T3-L1, and rat
adipocytes in culture, troglitazone and BRL 49653 inhib-
ited lipoprotein lipase activity. This inhibition was ob-
served at concentrations as low as 0.1 mM and within 2 h
after addition of the drug. Lipoprotein lipase activity
was inhibited in differentiated adipocytes as well as the
differentiating cells. Despite this decrease in enzyme
activity, these drugs increased mRNA levels in undiffer-
entiated 3T3-F442A and 3T3-L1 cells and had no effect on
mRNA expression or synthesis of lipoprotein lipase in
differentiated cells. Western blot analysis showed that
these drugs did not affect the mass of the enzyme pro-
tein. Lipoprotein lipase activity in cultured Chinese
hamster ovary cells was not inhibited by troglitazone.
Glucose transport, biosynthesis of lipids from glucose or
the biosynthesis of proteins were unaffected by thiazo-
lidinediones in differentiated cells, whereas glucose
transport and lipid biosynthesis were increased when
these drugs were added during differentiation. These
results show that troglitazone and BRL 49653 have a
specific, post-translational inhibitory effect on lipopro-
tein lipase in adipocytes, yet they promote lipid accu-
mulation and differentiation in preadipocytes.

Adipocytes are derived from a stem cell of mesodermal ori-
gin, and adipocyte differentiation is characterized by a coordi-
nate increase in the expression of a number of specific genes.
Lipoprotein lipase (LPL)1-mediated triglyceride hydrolysis is
central to adipocyte lipid accumulation in humans and rats
(1–3) and is expressed early in adipocyte differentiation.

Peroxisome proliferator-activated receptor g (PPARg), a
member of the nuclear receptor superfamily of ligand-activated
transcription factors, is expressed during differentiation of sev-
eral preadipocyte cell lines (4), and the forced expression of
PPARg in fibroblasts resulted in differentiation of these cells

into adipocytes (5). PPARs regulate the expression of genes by
binding to the PPAR response elements, which have been iden-
tified in the regulatory regions of several genes encoding en-
zymes that modulate the metabolism of lipids (6, 7).

Thiazolidinediones are antidiabetic agents that lower blood
glucose by increasing the insulin sensitivity of target tissues in
human subjects and animal models of non-insulin-dependent
diabetes (NIDDM) (8). These drugs also decrease plasma insu-
lin and triglycerides in insulin-resistant animal models (9).
Thiazolidinediones were also found to activate PPARg in prea-
dipocytes and promote differentiation into adipocytes (10). Pio-
glitazone, one of the thiazolidinedione compounds, increased
the rate of lipogenesis and glucose transport in 3T3-L1 cells
and increased the expression of mRNA for Glut4, LPL, and
glucose-6-phosphate dehydrogenase in the presence of insulin
(11). In another study, a similar enhancement of adipocyte
differentiation by pioglitazone was observed in 3T3-F442A cells
(12). Tafuri (13) has recently reported that troglitazone en-
hanced the differentiation, basal glucose transport, and Glut1
level in 3T3-L1 cells, and Schoonjans et al. (14) demonstrated
an increase in LPL mRNA levels in undifferentiated 3T3-L1
cells following treatment with BRL 49653. In none of these
studies was the activity of LPL determined.

In the present study, we investigated the effect of troglita-
zone and BRL 49653 on LPL expression and enzyme activity in
3T3-F442A, 3T3-L1 cells, and rat adipocytes. As reported by
other investigators, these drugs stimulated the expression of
LPL mRNA in 3T3- preadipocytes (14). However, they inhib-
ited LPL activity in differentiated adipocytes and isolated rat
adipocytes suggesting post-transcriptional inhibition of LPL
expression. When added to 3T3-F442A preadipocytes, despite
decreased LPL activity, thiazolidinediones increased the rate of
glucose transport, lipid biosynthesis, and lipid accumulation.

EXPERIMENTAL PROCEDURES

Materials—3T3-F442A and 3T3-L1 cells were obtained from Dr.
Howard Green (Massachusetts Institute of Technology, Cambridge).
Media and other tissue culture supplies were from Life Technologies,
Inc. Human recombinant insulin (Novolin) was obtained from Nordisk
Pharmaceuticals (Princeton, NJ). [U-14C]Glucose, 2-deoxy-[3H]glucose,
[35S]methionine, and [3H]triolein were from NEN Life Science Products.
Bovine serum albumin, triolein, lecithin, clofibrate, prostaglandin D2,
docosahexaenoic acid, 2-deoxyglucose, and peroxidase-conjugated anti-
rabbit chicken IgG were purchased from Sigma. Matrigel was obtained
from Becton Dickinson. Troglitazone was a gift from Parke-Davis. BRL
49653 was obtained from Smith Kline Beecham (United Kingdom).
Polyclonal antibodies against bovine LPL raised in rabbit were from Dr.
Ira Goldberg (Columbia University, New York).

Cell Culture—3T3-F442A cells were maintained in 75-cm2 flasks in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
calf serum and a mixture of penicillin and streptomycin. For experi-
ments, they were subcultured in 12-well dishes. Confluent cultures
were allowed to differentiate by adding DMEM containing 10% fetal
bovine serum and 100 nM insulin. The cells differentiated well in 3–5
days after switching to the differentiation medium. 3T3-L1 cells were
differentiated using isobutylmethylxanthine (IBMX), dexamethasone,
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and insulin as described by Clancy and Czech (15). Troglitazone and
BRL 49653 were dissolved in dimethyl sulfoxide and added in the
concentrations indicated. The stock solutions were made in such a way
that no more than 2 ml were added to 1 ml of culture medium. The
control cells received 2 ml of dimethyl sulfoxide per ml of medium. The
cell number was determined in a Coulter counter (Coulter Electronics,
Hialeah, FL). In some experiments, cells were cultured in lipid-depleted
FBS. This was obtained by extraction of FBS twice with heptane and
then ultracentrifugation after adjusting the density to 1.2 g/ml with
KBr. The floating lipid layer was discarded, and the infranatant was
collected and dialyzed extensively with phosphate-buffered saline.

Isolation and Culture of Rat Adipocytes—Male Sprague-Dawley rats
weighing between 150 and 250 g were sacrificed, and the epididymal
adipose tissue was removed immediately. Adipocytes were isolated from
the adipose tissue by collagenase digestion (16). The cells were washed
three times and cultured in Matrigel-coated 12-well culture dishes.
Matrigel was thawed on ice, and 150 ml of the liquid was applied to each
well in the plate kept on ice. 150 ml of the adipocyte suspension (1:1
ratio of packed cells to medium) were added to each well on the liquid
matrix and incubated for 30 min at 37 °C. During this time the Matrigel
gelled around the cells and anchored them to the dish. After this
incubation 2 ml of DMEM containing 10% FBS was added to each well
and incubated for 24 h. The medium was then replaced with fresh
medium, and troglitazone or BRL 49653 were added to give a final
concentration of 1 mM. After 24 h the medium was aspirated, and the
cells were incubated in heparin-containing medium for 1 h to release
the LPL.

Glucose Transport—Before the glucose transport assay the cells were
incubated with 1 ml of serum-free DMEM for 4 h. The cells were then
washed twice with Krebs-Ringer phosphate buffer and incubated in the
same buffer for 30 min. 2-Deoxy[3H]glucose was added to give a final
concentration of 0.1 mM (1 mCi/100 nmol) and incubated for 10 min. The
medium was aspirated, and the cells were washed three times and
dissolved in 0.5 ml of 0.2 N NaOH. Radioactivity in this lysate was
determined by scintillation counting. Protein content in the lysate was
determined by Bio-Rad reagent. Non-carrier-mediated glucose trans-
port was determined in the presence of 10 mM cytochalasin (15).

LPL Assay—LPL was measured in the medium after release with
heparin, as described previously (17). The culture medium was removed
from the dishes, and 1 ml of fresh medium containing heparin (10
units/ml) was added and incubated for 60 min at room temperature. It
was found that more than 90% of the total extractable LPL activity in
these cells was released by heparin under these conditions. LPL cata-
lytic activity was measured using an emulsified [3H]triolein substrate
as described previously (18). After incubation of 100 ml of sample with
100 ml of substrate for 60 min, liberated 3H-fatty acids were separated
from the reaction mixture using the method of Belfrage and Vaughn
(19). The LPL activity is expressed as nanomoles of fatty acids released
in 60 min.

Incorporation of [14C]Glucose and [14C]Acetate into Lipids—To study
the biosynthesis of total lipids from glucose, the cells were incubated
with [U-14C]glucose or [14C]acetate for the indicated times and washed
five times with phosphate-buffered saline. Total lipids from the mono-
layers were extracted using 2 ml of hexane:isopropyl alcohol (3:2) mix-
ture and evaporated to dryness, and then the radioactivity was
determined.

Incorporation of [35S]Methionine into Protein—The cells were incu-
bated with [35S]methionine for 2 h. The monolayers were washed five
times with phosphate-buffered saline and dissolved in 1 ml of 0.2 N

NaOH in a microcentrifuge tube. These cell extracts were treated with
trichloroacetic acid to give a final concentration of 15% for 2 h on ice.
The tubes were centrifuged, and the pellets were washed three times
with 10% trichloroacetic acid. The pellets were finally dissolved in 0.2 N

NaOH, and the radioactivity was determined.
RNA Extraction and Northern Blot Analysis—RNA was isolated from

the cells using guanidine thiocyanate as described by Chomczynski and
Sacchi (20). Equal amounts of RNA were electrophoresed on a 1%
agarose-formaldehyde gel, transferred to nylon membrane (Nylon 1,
Life Technologies, Inc.), and hybridized with 32P-labeled cDNA probes
for human LPL. The blot was probed simultaneously for glyceraldehyde
phosphate dehydrogenase to control the amount of RNA loaded in the
gel.

[35S]Methionine Labeling and Immunoprecipitation of LPL—After
treating the cells with troglitazone the culture medium was removed
and replaced with methionine-free medium. They were pulsed with 50
mCi of 35S-labeled methionine for 30 min. At the end of this period the
medium was aspirated, and the cells were lysed in a buffer containing
detergents. Quantitative immunoprecipitation with anti-LPL antibody

was carried out using samples containing an equal amount of trichlo-
roacetic acid-precipitable counts, followed by electrophoresis on 10%
SDS-polyacrylamide gel electrophoresis and radioautography (21).

Western Blot Analysis—The cells from each well from a 12-well plate
were lysed in 1.0 ml of a buffer containing Triton X-100 and phenyl-
methylsulfonyl fluoride. The lysates were centrifuged in a microcentri-
fuge, and 5 ml of the clear samples were subjected to 10% SDS-poly-
acrylamide gel electrophoresis and transferred to a nitrocellulose

FIG. 1. Effect of troglitazone and BRL on LPL activity in dif-
ferentiated 3T3-F442A adipocytes. Differentiated 3T3-F442A adipo-
cytes were treated with the indicated concentrations of troglitazone
(Trog) or BRL for 16 h. The cells were then washed and the heparin-
releasable LPL activity was determined as described under “Experi-
mental Procedures.” Each value represents mean from analyses in
triplicate dishes, and the error bars indicate S.D.

FIG. 2. Time course of inhibition of LPL activity by troglita-
zone and BRL 49653 in differentiated 3T3-F442A adipocytes.
Differentiated adipocytes were treated with 1.0 mM troglitazone (Trog)
or BRL for the indicated periods, and the heparin-releasable LPL ac-
tivity was determined as described under “Experimental Procedures.”
Each value represents mean from triplicate dishes, and the error bars
indicate S.D.

TABLE I
Effect of troglitazone and BRL 49653 on LPL activity in differentiated

3T3-L1 adipocytes
3T3-L1 cells were differentiated as described under “Experimental

Procedures.” The differentiated cells were treated with 1 mM troglita-
zone or BRL 49653 for 5 h, and the heparin-releasable LPL activity was
determined. The values are mean and S.D. from triplicate wells for each
treatment.

Additions LPL activity

nmol/mg cell protein

None 620 6 12
Troglitazone 150 6 10
BRL 110 6 30

Thiazolidinediones Inhibit LPL Activity26118



membrane. LPL was detected using polyclonal antibodies raised
against bovine LPL in rabbit and peroxidase-conjugated second anti-
body. The bands were visualized using chemiluminescent reagents
(Amersham Pharmacia Biotech).

Statistical Analysis—All experiments were carried out at least two
times in triplicate wells and processed individually. Data are expressed
as the mean 6 S.D. Student’s t test was used for statistical analysis.

RESULTS

To examine the effects of troglitazone and BRL 49563 on LPL
activity, 3T3-F442A cells were induced to differentiate, as de-
scribed under “Experimental Procedures,” and the drugs were
added to the differentiated cells. The data presented in Fig. 1
show that the addition of troglitazone inhibited LPL activity in
a dose-dependent manner. At a troglitazone concentration of
0.1 mM, the inhibition was 46%, and at 1.0 mM the inhibition was
maximal at 86%. BRL 49653 inhibited 90% of LPL activity at
0.1 mM. Similar experiments were done to determine the time
course of LPL inhibition by these drugs. By using these drugs
at a concentration of 1.0 mM, the inhibition of LPL activity can
be observed 1 h after addition of troglitazone and 2 h after
addition of BRL 49563, with a maximal inhibition after 4 h
(Fig. 2). LPL activity was also inhibited by these drugs when
added to cultured rat adipocytes at 1 mM concentration for 16 h
(control, 44.6 6 5.1: troglitazone, 25.1 6 2.8: 23.7 6 2.3; all
values are expressed as nmol/106 cells 6 S.D.). The inhibition
of LPL activity was also observed in 3T3-L1 cells differentiated
by treatment with IBMX, dexamethasone, and insulin (Table
I). There was no direct inhibition of LPL triglyceride hydrolysis
by troglitazone when the drug was added directly to an LPL
source in vitro (data not shown). The inhibition of LPL by
troglitazone was partially reversible when the drug was with-
drawn. As shown in Fig. 3, LPL activity was inhibited by about

75% when the differentiated adipocytes were treated with the
drug for 16 h. After this treatment, when the cells were washed
and incubated without the drug, the LPL activity recovered to
about 60% of the control value within 4 h.

When cultured Chinese hamster ovary cells, which express
LPL, were treated with troglitazone, no inhibition of LPL ac-
tivity was observed (control, 94 nmol/mg protein; troglitazone-
treated cells (1 mM, 18 h), 116 nmol/mg cell protein). The inhib-
itory effect of troglitazone on LPL activity appears to be
relatively specific to adipocytes.

The above experiments involved differentiated adipocytes.
We next examined the effect of adding troglitazone and BRL
49653 to 3T3-F442A cells during differentiation. As shown in
Table II, LPL activity increased about 4-fold during differenti-
ation with insulin alone. When the cells were treated with
thiazolidinedione for 4 days during the differentiation process,
LPL activity was decreased both in the presence and absence of
insulin. During this time, despite the decreased LPL activity,
the cells had accumulated lipid droplets and differentiated into
adipocytes, and the cellular triglyceride content had increased
(Table II). These data show that troglitazone and BRL 49653
inhibited LPL activity in differentiating as well as fully differ-
entiated 3T3-F442A adipocytes.

In order to understand how the cells were able to accumulate
lipids in the presence of a thiazolidinedione-mediated inhibi-
tion of LPL activity, we studied the uptake of glucose and the
biosynthesis of lipids from [14C]glucose and [14C]acetate. The
data in Table II show that glucose transport increased about
12-fold and glucose incorporation into lipids by 6-fold in trogli-
tazone-treated cells. The presence of insulin along with trogli-
tazone increased the glucose uptake and lipid biosynthesis
further. Troglitazone and BRL 49653 also stimulated the synthe-
sis of lipids from [14C]acetate about 12- and 20-fold, respectively.

Although troglitazone inhibited LPL activity, it did not affect
other metabolic pathways such as glucose transport, lipid bio-
synthesis, or protein synthesis in differentiated 3T3-F442A
adipocytes as shown in Table III. This suggests that the inhi-
bition of LPL activity by troglitazone is a specific effect and not

FIG. 3. Effect of removal of troglitazone after treatment on
LPL activity. Differentiated 3T3-F442A adipocytes were treated with
1.0 mM troglitazone (Trog) for 16 h. The cells were then washed and
incubated without troglitazone for the indicated periods before assaying
heparin-releasable LPL activity. The values are means and S.D. from
triplicate dishes.

TABLE II
Effect of troglitazone on LPL activity, 2-deoxyglucose transport, cellular triglyceride content, and lipid biosynthesis in 3T3-F442A cells

The cells were cultured in 12-well dishes, and when the monolayers were confluent they were treated with insulin (100 nM), troglitazone (Trog)
(1.0 mM), BRL 49653 (1.0 mM) for 4 days. At the end of this period more than 70% of the cells were differentiated into adipocytes. LPL activity and
2-deoxyglucose transport were assayed as described under “Experimental Procedures.” All values are per 106 cells.

Additions LPL activity Glucose transport Triglycerides Glucose 3 lipids Acetate 3 lipids

nmol nmol mg nmol dpm 3 1023

None 123 6 8 0.23 6 0.04 3.3 6 0.2 8.0 6 0.1 14 6 2
Insulin 475 6 30 3.7 6 0.4 5.5 6 0.4 42 6 1.9 123 6 3
Troglitazone 48 6 5 2.7 6 0.2 9.5 6 0.6 49 6 2.8 163 6 23
Insulin 1 Trog 84 6 6 15.4 6 0.8 10.5 6 0.5 106 6 12
BRL 49653 30 6 3 13.2 6 1.1 270 6 26

TABLE III
Effect of troglitazone on glucose transport, [14C]glucose incorporation
into total lipids, and [35S]methionine incorporation into proteins in

differentiated 3T3-F442A adipocytes
The differentiated 3T3-F442A adipocytes (4 days with 100 nM insulin)

were incubated with 1.0 mM troglitazone for 4 h. They were then pulsed
with 0.5 mCi of 2-deoxy-[3H]glucose for 10 min, or 0.1 mCi of [U-14C]glu-
cose (265 mCi/mmol) for 2 h, or with 50 mCi of [35S]methionine (1400
Ci/mmol) for 2 h. The methods for analyzing the incorporation of these
tracers into lipids and proteins are described under “Experimental Pro-
cedures.” The values are means 6 S.D. from analyses of three dishes.

Additions Glucose transport [14C]Glucose
lipids

[35S]Methionine
proteins

nmol/mg protein dpm/mg protein

None 3.37 6 0.18 38,680 6 450 10,260 6 300

Troglitazone 3.99 6 0.07 35,000 6 2050 11,050 6 250
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due to drug-mediated cell toxicity.
The addition of troglitazone and BRL 49653 also increased

the cellular protein content by 3-fold, but the cell number
varied only to a small but significant extent. The rate of protein
synthesis was studied, and the results show that both these
drugs increased the incorporation of [35S]methionine into pro-
teins 3–4-fold (Table IV).

Experiments were carried out to determine at which level of
gene expression the inhibition of LPL activity occurred. Bu
using differentiated adipocytes, Northern blot analysis of the
RNA isolated from control and troglitazone-treated cells
showed that there was no change in the expression of LPL
mRNA (Fig. 4A). Since the regulation of LPL is known to occur
at the level of translation, we also studied the rate of incorpo-
ration of [35S]methionine into immunoprecipitable LPL pro-
tein. The results, presented in Fig. 4B, show that troglitazone
did not inhibit the synthesis of LPL protein. Western blots of
the cell extracts also demonstrated no change in LPL protein in
the total as well as the heparin-releasable fractions despite the
inhibition of enzyme activity by more than 65% (Fig. 5).

Schoonjans et al. (14) have reported that BRL 49653 in-
creased the expression of LPL mRNA in 3T3-L1 preadipocytes
when they were cultured in medium containing lipid-depleted
FBS. Such culture conditions permit growth of these cells for
longer periods without undergoing differentiation (4). To exam-
ine the effects of thiazolidinediones on LPL mRNA levels in
undifferentiated cells, we added troglitazone and BRL 49653 to
3T3-L1 preadipocytes, in the absence of differentiation agents,
and observed an increase in LPL mRNA expression (Fig. 6).
This effect was more pronounced when the cells were cultured
in lipid-depleted FBS. However, even though 3T3-L1 preadipo-
cytes demonstrated increased LPL mRNA following treatment
with thiazolidinediones, these cells expressed low levels of LPL
activity, which was no different between control and thiazo-

FIG. 4. Effect of troglitazone and on the expression of LPL
mRNA and the synthesis of LPL protein from 35S-labeled methi-
onine. A, Northern blot analysis. The differentiated 3T3-F442A cells
were treated with 1.0 mM troglitazone (Trog) for 24 h. The experimental
details are described under “Experimental Procedures.” Each lane had
15 mg of total RNA. B, synthesis of LPL from [35S]methionine. Differ-
entiated adipocytes were treated with 1 mM troglitazone for 4 h and then
pulsed with 50 mCi of [35S]methionine for 30 min. GAPDH, glyceralde-
hyde phosphate dehydrogenase. Experimental details are as described
under “Experimental Procedures.”

FIG. 5. Effect of troglitazone and BRL 49563 on the cellular LPL protein content in differentiated 3T3-F442A adipocytes. A, the cells
were treated with 1 mM troglitazone (Trog) or BRL 49653 for 16 h. Western blot analysis was carried out as described under “Experimental
Procedures,” using equal amounts of the cell lysate. LPL assays were carried out in total cell extracts from another set of plates treated under
identical conditions. B, the experimental conditions were same as described for A. Electrophoresis was carried out using equal amounts of the
heparin-releasable fraction and the extractable cell material after heparin release. The LPL activities shown are mmol/mg cell protein. C, control.

FIG. 6. Expression of LPL mRNA in
3T3-L1 preadipocytes. 3T3-L1 cells
were cultured in DMEM containing calf
serum until they were about 80% conflu-
ent. They were then switched to media
containing either 10% FBS or lipid-de-
pleted FBS and cultured for 4 days in the
presence of 1 mM troglitazone (Trog), BRL
49653 (BRL), or 100 nM insulin (Ins).
RNA was isolated and subjected to North-
ern blot analysis (10 mg/lane). The blots
were hybridized with 32P-labeled cDNA
probes for LPL and glyceraldehyde phos-
phate dehydrogenase (GAPDH). C, control.

TABLE IV
Effect of troglitazone and BRL 49563 on cell number, cell protein, and

protein synthesis in differentiating 3T3-F442A cells
Confluent monolayers of 3T3-F442A cells were treated with 1 mM

troglitazone, BRL 49653, or 100 nM insulin for 4 days. At the end of this
period the cell number was determined after releasing them by
trypsinization. For protein measurement the cells were lysed in 0.2 M

NaOH. To measure the rate of protein synthesis, the monolayers were
pulsed with 1 mCi of [35S]methionine for 1 h, and the amount of trichlo-
roacetic acid-precipitable radioactivity in the cells was determined. All
values are means 6 SD from triplicate analysis.

Additions Cell number Cell protein Protein synthesis

31026/well mg/well dpm 3 1023/106 cells

None 0.21 6 0.02 49 6 1 74 6 16
Troglitazone 0.27 6 0.04a 110 6 6a 198 6 56a

BRL 0.19 6 0.02 116 6 7a 280 6 27a

Insulin 0.30 6 0.05a 118 6 5a 127 6 31a

a p , 0.05 versus no additions.
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lidinedione-treated cells and not increased with insulin (Table
V). These cells expressed high LPL activity only when they
were differentiated with IBMX, dexamethasone, and insulin.

Similar experiments were carried out with 3T3-F442A cells.
When 3T3-F442A cells were cultured in lipid-depleted FBS,
both troglitazone and BRL stimulated LPL mRNA levels (Fig.
7), but LPL activity was low under these conditions, and treat-
ment with thiazolidinediones did not affect LPL activity (Table
V). In the presence of FBS, 3T3-F442A cells demonstrated some
spontaneous differentiation, manifested by an increase in LPL
and LPL inhibition by thiazolidinediones (Table V).

In order to determine if the inhibition of LPL by troglitazone
was related to PPARg activation, the effect of other compounds
which are known to be PPARg activators was tested. As shown
in Table VI, treatment of 3T3-F442A adipocytes with 1 mM

troglitazone and BRL 49653 inhibited LPL activity by about
90%. The other compounds, clofibrate, prostaglandin D2, and
docosahexaenoic acid at the relatively high concentrations that
are typically used to stimulate PPARg, also inhibited LPL
activity by 77, 63, and 62%, respectively. At a concentration of
1 mM, these compounds inhibited LPL less.

DISCUSSION

Thiazolidinediones are drugs that have been shown to have
multiple effects in cultured cells. When added to preadipocytes
in culture, thiazolidinediones stimulated lipid accumulation
and stimulated the expression of the enzymes of adipocyte
differentiation (11, 12, 22, 23). This promotion of differentiation
has been demonstrated to be stimulated by agents that bind to
PPARg (10), including the thiazolidinediones. Among the genes

that are activated during adipocyte differentiation are aP2, ad-
ipsin, LPL, leptin, and Glut-4 (24). Because of the important role
of LPL in adipocyte lipid accumulation, one would expect that
any stimulation of adipocyte differentiation would also result in
the activation of LPL activity. Indeed, Kleitzien et al. (11) showed
that pioglitazone increased LPL mRNA expression in 3T3-L1
cells 3-fold when added in the presence of insulin during differ-
entiation. However, no change was observed when the drug was
added in the absence of insulin. Szalkowski et al. (22) found that
another thiazolidinedione, CP-86,325, did not affect LPL ex-
pression in differentiated 3T3-L1 cells. Schoonjans et al. (14)
found that BRL 49653 stimulated the expression LPL mRNA in
undifferentiated 3T3-L1 cells. However, none of these in vitro
studies examined LPL activity.

The data presented in this paper show that troglitazone and
BRL 49653 inhibited LPL activity in 3T3-F442A adipocytes,
3T3-L1 adipocytes, and rat adipocytes. This inhibitory effect
was observed in the cells that were in the process of differen-
tiation as well as in fully differentiated cells. Although LPL
activity was inhibited by thiazolidinediones, LPL mRNA was
either unchanged, in the case of differentiated adipocytes, or
increased, in the case of preadipocytes. LPL translation and the
immunoreactive mass of LPL as measured by Western blotting
were unaffected. Thus, thiazolidinediones appear to cause a po-
tent inhibition of LPL post-translational processing resulting in
the synthesis of LPL with a lower specific activity. Previous
studies have demonstrated that the regulation of LPL is complex,
and regulation may occur at the level of transcription, transla-
tion, or post-translational processing (21, 25–28). In addition, the
insulin-stimulated increase in LPL activity in 3T3-L1 cells is
primarily due to post-translational mechanisms (29). These data
would suggest that thiazolidinediones inhibit the formation of
active LPL, which could be due to a prevention of glucose trim-
ming of the N-linked oligosaccharide or the interruption of trans-
fer from the endoplasmic reticulum to the Golgi (30, 31). Such a

FIG. 7. Expression of LPL mRNA in
3T3-F442A preadipocytes. The experi-
mental details are exactly same as those
used for 3T3-L1 cells described in the leg-
end for Fig. 6.

TABLE V
Effect of troglitazone and BRL 49653 added during differentiation in
3T3-L1 and 3T3-F442A cells cultured in FBS and lipid-depleted FBS

on LPL activity
3T3-F442A and 3T3-L1 cells were cultured in DMEM containing FBS

until they were about 80% confluent. The medium was then changed to
either FBS or lipid-depleted FBS containing DMEM in the presence of
1 mM troglitazone or BRL 49653 or 100 nM insulin as indicated, and
cultured for 4 days. Heparin-releasable LPL activity was determined as
described under “Experimental Procedures.” The values are means 6
S.D. from triplicate analysis.

LPL activity, nmol/106 cells

3T3-F442A 3T3-L1

FBS
Control 495 6 100 185 6 21
Troglitazone 175 6 30a 195 6 13
BRL 120 6 10a 195 6 20
Insulin 1360 6 50a 175 6 14

Lipid-depleted
FBS
Control 65 6 8 70 6 13
Troglitazone 85 6 16 70 6 14
BRL 65 6 14 75 6 13
Insulin 360 6 38a 78 6 3

a p , 0.05 versus control.

TABLE VI
Inhibition of LPL activity in differentiated 3T3-F442A adipocytes by

activators of PPARg

Differentiated 3T3-F442A adipocytes were treated with the indicated
compounds for 4 h, and the heparin releasable LPL activity was deter-
mined. The results are expressed as percent of the remaining LPL
activity compared with the untreated control cells.

Additions Concentration LPL activity

% control

None 100
Troglitazone 1 mM 9 6 2
BRL 49653 1 mM 8 6 3
Clofibrate 1 mM 77 6 8

10 mM 23 6 4
Prostaglandin D2 1 mM 46 6 7

10 mM 37 6 5
Docosahexaenoic acid 1 mM 73 6 9

50 mM 38 6 6
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mechanism for LPL post-translational regulation occurs with
fasting (30). However, previous studies have found that the in-
hibition of LPL post-translational processing was also associated
with decreased secretion (30–32). Our studies describe the secre-
tion of inactive LPL, suggesting that thiazolidinediones are able
to uncouple LPL processing from LPL secretion.

Although LPL activity in adipocytes was inhibited, troglita-
zone and BRL 49653 stimulated glucose transport and lipid
accumulation when added during differentiation. These data
are similar to those reported by others (12, 13) and suggest that
the increase in lipid accumulation is due to the activation of de
novo lipid biosynthesis, possibly involving enzymes in fatty
acid biosynthesis. Mammalian adipocytes are generally de-
pendent on LPL-mediated triglyceride hydrolysis for lipid ac-
cumulation and rely little on de novo lipid biosynthesis (2, 3,
31). Thus, these data are unusual since 3T3 preadipocytes
treated with thiazolidinediones are able to accumulate lipid
with very low LPL activity.

Thiazolidinediones are potent activators of PPARg and are
known to regulate the expression of adipocyte-specific genes
through PPARg (7, 10). In these previous studies, the time
required to observe changes in response to thiazolidinediones
ranged from 1 to 4 days. We also found an increase in LPL
mRNA after 4 days of treatment with troglitazone. However,
we observed an inhibition of LPL activity within 1 to 2 h after
the addition of troglitazone or BRL 49653. Parallel experi-
ments with other known PPARg-stimulating agents indicate
that they also inhibit LPL activity, although to a lesser extent.
Therefore it appears that the inhibition of LPL activity may be
an early event following PPARg activation. Rapid activation of
PPARg may transcriptionally activate some other factor that
inhibits the processing of the LPL molecule from the inactive
nascent form to the active form.

It is also possible that troglitazone and BRL 49653 have
effects that are not mediated through PPARg activation. For
example, a number of studies have described effects of trogli-
tazone outside of adipocytes. Fulgencio et al. (33) have shown
that troglitazone inhibited fatty acid oxidation and gluconeo-
genesis in isolated rat hepatocytes, where PPARg expression
was absent or very low (34, 35). Troglitazone was also found to
decrease the oxidation of low density lipoprotein and high
density lipoprotein in vitro by copper ions and endothelial cells
(36). In another study Law et al. (37) have reported that tro-
glitazone inhibited the growth of vascular smooth muscle cells.
All these studies raise the possibility that troglitazone may
have various metabolic effects on different cells with or without
any involvement of PPARg activation, and the inhibitory effect
of troglitazone and BRL 49653 on LPL activity may be inde-
pendent of PPARg activation.

Whether or not the in vitro inhibition of LPL in adipocytes
corresponds to the clinical role of thiazolidinediones is unclear.
In animal models of NIDDM, troglitazone lowered plasma trig-
lycerides (8). Whether this was due to a decrease in very low
density lipoprotein production or an increase in LPL-mediated
removal is not clear, although Schoonjans et al. (14) and Lefe-
bvre et al. (38) have demonstrated an increase in adipose tissue
LPL activity in rats given BRL 49653. However, it is not known
whether the increase in adipose tissue LPL activity in thiazo-
lidinedione-treated rats was due to a direct effect of the drug or
due to the improved insulin sensitivity. Previous studies have
shown that any treatment that resulted in an improvement in
glycemic control in patients with NIDDM or an improvement in
insulin action would result in both a decrease in very low
density lipoprotein output and an increase in LPL activity
(39–42). Thus, the difference between in vivo and in vitro
effects of thiazolidinediones may be due to the improvement in

insulin action in vivo, with an increase in LPL secondary to the
reduction in insulin resistance.

Burant et al. (43) have recently reported that troglitazone
treatment decreased plasma glucose, insulin, triglycerides, and
fatty acids in mice in which both white and brown adipose tissue
were ablated by targeted expression of diphtheria toxin A chain
directed by adipose-specific aP2 promoter. They suggested that
the antidiabetic and hypolipidemic effects of troglitazone are
independent of adipose tissue. Thus, it is possible that thiazo-
lidinediones have direct effects in adipocytes which, in the whole
animal, are overcome by the extra adipose tissue effects, which
yield an improvement in whole animal insulin action.
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