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Regulation of Uncoupling Protein-2 mRNA in L6 Myotubules

I: Thiazolidinediones Stimulate Uncoupling Protein-2 Gene Expression by a Mechanism
Requiring Ongoing Protein Synthesis and an Active Mitogen-Activated Protein Kinase

Irma Lopez-Solache, Véronique Marie, Erika Vignault, Anne Camirand, and J. Enrique Silva

Department of Medicine, Division of Endocrinology, Jewish General Hospital, Lady Davis Institute,

McGill University, Montreal, Quebec, Canada

The mitochondrial uncoupling protein-2 (UCP2) can
uncouple phosphorylation to subserve several functions.
It has been reported that the insulin sensitizers, thi-
azolidinediones (TZDs), increase UCP2 mRNA levels
and, more recently, that TZDs stimulate UCP2 reporter
genes but that the sequences involved do not bind per-
oxisome proliferator-activated receptor y (PPARy). We
report here that TZDs stimulated UCP2 gene (ucp2) tran-
scription in L6 myotubules involving an indirect mech-
anism. L6 cells contained comparatively small amounts
of PPARy mRNA but clearly detectable amounts of
PPARY2 protein. UCP2 mRNA levels were increased in
a time- and concentration-dependent manner by TZDs.
UCP2 mRNA had slow turnover (t,,, = 38 h), and this
was not affected by TZDs. Bisphenol A diglycidyl ether,
a PPARy antagonist, concentration dependently inhib-
ited the TZD-induced increase in UCP2 mRNA. Block-
ade of protein synthesis with cycloheximide as well as
abrogation of mitogen-activated protein kinase (MAPK)
activity with PD98059 or U0126 also prevented the
TZD-induced increase in UCP2 mRNA. As with auto-
logous UCP2 mRNA, TZDs stimulated reporter gene
expression directed by ucp2 sequences in transiently
transfected L6 cells. The effect was enhanced by cotrans-
fection of PPARy + retinoid X receptor y and prevented
by MEK blockade. TZDs, however, did not increase
the activation of MAPK, nor did its activation by other
means (change of medium, insulin-like growth factor-
1, insulin) increase UCP2 mRNA, indicating that phos-
phorylation is not limiting. These results suggest that
TZDs indirectly stimulate ucp2 transcription by induc-
ing—via PPARy—Ilimiting amounts of a protein, which
must be phosphorylated by MAPK to stimulate the gene.
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Introduction

Uncoupling protein-2 (UCP2) and UCP3 are novel pro-
teins with 57-59% homology to the brown adipose tissue
UCP (now UCP1) (7). UCP2 and UCP3 have the potential
to uncouple phosphorylation, but their physiologic func-
tion has not yet been defined (7,2). Recent observations
made in transgenic mice with deletion of the corresponding
genes do not seem to support a critical role in energy bal-
ance (3-5). The ubiquitous presence of UCP2 suggests that
it could subserve different functions in a tissue- or cell-
specific manner. Thus, UCP2 could limit the production of
reactive oxygen species, modulating the function of macro-
phages and protecting some other cells from oxidative stress
(5), whereas in pancreatic B-cells it could play an inhibi-
tory role in insulin secretion (6). A role in skeletal muscle
remains speculative.

Thiazolidinediones (TZDs) are drugs that sensitize tis-
sues to the action of insulin and have the potential to become
central in the treatment of some patients with type II diabe-
tes (7,8). They bind to the peroxisome proliferator-activated
receptor Y (PPARY) and are believed to exert their effects
largely by modulating gene expression via this receptor. There
are two major variants of PPARy, PPARy1 and PPARYy2, the
latter containing 30 additional amino acids in the N-termi-
nus resulting from the use of an alternate promoter (9-171).
The two isoforms have different tissue distribution and may
have different functions. PPARY 2 is more prominently ex-
pressed in adipose cells whereas PPARYy1 is more ubiqui-
tously found. PPARY2 is stimulated by feeding and inhibited
by fasting and is believed to be involved in the regulation
of intermediary metabolism of lipids and carbohydrates.

As PPARY ligands, TZDs induce adipogenesis and lipo-
genesis by enhancing the expression of genes involved in
these processes (see refs. 7,72, and /3), but not much is
known about PPARy-mediated effects in skeletal muscle.
This tissue is the major determinant of overall insulin sensi-
tivity (8), but the mechanisms whereby TZDs increase insu-
lin sensitivity remain conjectural. Although signals from
the adipose tissue, such as the novel hormone resistin, have
the potential to explain the reduction in insulin resistance
by TZDs (14), there still remain many questions and direct
actions in the muscle cannot be excluded (see ref. /5 for a
review). L6 cells are a rat skeletal muscle cell line that has
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Fig. 1. Characterization of UCP2 mRNA response to darglitazone and rosiglitazone. (A) Northern blot and RT-PCR showing response
of UCP2 mRNA to 24 h of exposure to 30 uM darglitazone. In both cases, stimulation was about sixfold. RT-PCR shows the size of
competitor and amplified UCP2 ¢cDNA. The rightmost triplicates are negative controls wherein RT was omitted (No RT) (B) Time course
of UCP2 mRNA response to 30 uM darglitazone. (C) Darglitazone dose-response curve, after a 24-h exposure to the drug. (D) Equivalent
dose-response curve for rosiglitazone. The lowest effective rosiglitazone concentration was 2 puM, while the corresponding darglitazone
concentration was 10 pM. These curves represent the average of three separate experiments. See text for further details.

been extensively used to study various aspects of glucose
metabolism in muscle, particularly mechanisms underly-
ing insulin action and sensitivity (16—18). Moreover, it has
recently been reported that uncoupling phosphorylation in
these cells with dinitrophenol is associated with increased
glucose transport (79).

Several laboratories, including ours, have reported that
TZDs stimulate UCP2 gene (ucp2) expression in cultured
cells and in vivo (20-24). This effect was attributed to a
direct stimulation of the gene mediated by PPARY, but this
has not been directly tested. Although Zierath et al. (25)
have demonstrated the presence of PPARy in rodent skel-
etal muscle, Nagase et al. (26) recently reported the absence
of PPARy mRNA in L6 myotubules, wherein TZDs clearly
stimulate the expression of ucp2 (21). More recently, how-
ever, a proximal enhancer element (—86/—44) was reported
in the mouse ucp2 that was necessary for expression in adi-
pose and muscle cells, as well as for enhancement of reporter
gene activity by PPARy and TZDs (27). Interestingly, this
sequence contained no PPARY response element (PPRE) nor
did it bind PPARY, altogether suggesting an indirect mecha-
nism, mediated by a putative, PPARy-induced transcription
factor. We report here that TZDs stimulate the transcription

of the autologous UCP2 gene in L6 cells via a mechanism
requiring ongoing protein synthesis and mitogen-activated
protein kinase (MAPK). Moreover, we show that L6 cells
do express functional PPARy2 protein, and the results are
consistent with this receptor being involved in the media-
tion of the TZD effect.

Results

TZDs Stimulate UCP2 Gene Transcription
by a Mechanism Requiring Ongoing Protein Synthesis

Figure 1 illustrates the most salient aspects of the response
of UCP2 mRNA to the TZDs. Figure 1A shows a typical
experiment in which cells were stimulated for 24 h with 30
uM darglitazone. RN A was analyzed by both Northern blot-
ting and reverse transcriptase polymerase chain reaction
(RT-PCR). Note in the latter the clear separation of com-
petitor DNA (490 bp) and amplified UCP2 cDNA (336 bp)
and the absence of UCP2 signal when RT was omitted. With
both analyses, the increase was about sixfold. Other aspects
are illustrated in Fig. 1B—D. The response of UCP2 mRNA
to darglitazone was slow, approaching a plateau around
16 h, as shown in Fig. 1B. The stimulation of UCP2 mRNA
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was concentration dependent, as depicted in Fig. 1C (dargli-
tazone) and Fig. 1D (rosiglitazone). These curves represent
average results of three experiments with at least duplicates
for each concentration (n = 6-9/concentration). Stimula-
tion lasted 20—24 h. On average, lowest effective concen-
trations of rosiglitazone and darglitazone were 2 and 10
UM, respectively, although in individual experiments lower
concentrations elicited significant responses. Half-maxi-
mal concentrations were 4 and 8 uM, respectively. Results
with pioglitazone (one experiment) were nearly identical
to those obtained with rosiglitazone. Unless stated other-
wise, subsequent experiments were performed with maxi-
mal concentrations of TZDs.

Predictably, the blockade of transcription with actino-
mycin D (5 pg/mL) or a-amanitin (10 pg/mL) prevented
the TZD-induced increase in UCP2 mRNA (Fig. 2A), but
the decrease in UCP2 mRNA 24 h after darglitazone plus
either transcriptional inhibitor was comparatively minor,
suggesting that TZDs might stabilize UCP2 mRNA. This
was not the case, as shown in Fig. 2B. The small reduction
in Fig. 2A was owing to the slow turnover of the mRNA
(t,,=38-42h), and this was not significantly affected by the
presence of darglitazone. Identical results were obtained
when transcription was blocked with actinomycin D (not
shown). We also tested whether ongoing protein synthesis
was necessary for the UCP2 mRNA response to TZDs. Cyclo-
heximide added together with darglitazone during the 24-h
stimulation completely prevented the effect of the TZDs
(results not shown). To determine at what stage during the
stimulation ongoing protein synthesis was necessary, in sub-
sequent experiments we added cycloheximide for 6 h at dif-
ferent times following the addition of darglitazone. Abro-
gation of the effect of darglitazone was maximal when the
translation inhibitor was added during the first 6 h but was
attenuated when added after and nil when added during the
last 6-8 h of exposure to darglitazone (Fig. 2C). Note that
separate controls were run for these timed additions to ex-
clude artifacts derived from the manipulation of the cells.
Altogether, these results indicate that TZDs increase UCP2
mRNA by stimulating transcription of the gene, and that
ongoing protein synthesis is necessary.

L6 Cells Contain PPARy mRNA and Protein

TZDs are high-affinity ligands for PPARy and are believed
to exert most of their effects through this receptor (28). PPARy
mRNA levels are, however, low inmuscle (713,29), and Nagase
etal. (26) reported no evidence of PPARy mRNA by RT-PCR
in the rat L6 cells. Like them, we had no difficulty identify-
ing the presence of PPAR3 (PPARS) mRNA, and found no
PPARo mRNA, but using the rat PPARYy primers described
in Materials and Methods, which span a larger product, we
found a small but distinct amount of PPARy mRNA by RT-
PCR (Fig. 3A). To estimate the amount of this mRNA, we
amplified graded amounts of mPPARy cDNA in the PCR,
from 0.01 to 100 attmol along with the RT-obtained cDNA
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Fig. 2. Effects of inhibitors of transcription and translation on
UCP2 mRNA stimulation by TZDs. (A) Effect of actinomycin D
(A.D.; 5 pg/mL) and a-amanitin (aA; 10 pg/mL) on stimulation
of UCP2 mRNA by 30 uM darglitazone; inhibitors were added 30
min before darglitazone and treatments lasted 24 h. (B) Disap-
pearance of UCP2 mRNA after addition of 10 pg/mL of a-aman-
itin in presence or absence of 30 pM darglitazone; ¢,,, ~ 40 h was
not affected by the TZD. (C) Effect cycloheximide (CHX; 5 pg/
mL) added either during first or last 6 h of treatment with 30 uM
darglitazone. See text for methodological details.
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[

from L6 or HIB-1B cell RNA. The intensity of the PCR
products from L6 RNA, representing approx 110 ng of
reverse-transcribed RNA, is equivalent to about 0.01 attmol
of cDNA or 0.2 attmol of mRNA/ug of total L6 cell RNA.
By contrast, HIB cells have at least 100 times more. The
existence of the protein was investigated with the commer-
cial antibodies described in Materials and Methods, using
Jurkat cells and HIB-1B cells as positive controls. The former
contains predominantly PPARY 1 (30,31), whereas the lat-
ter expresses both PPARYy isoforms. The calculated molec-
ular weight based on two sets of size markers flanking the
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Fig. 3. Expression of PPARy in L6 myotubules. See Materials and Methods for primers, antibody sources, and procedures. (A) RT-PCR
of L6 and HIB-1B cell RNA. Each lane represents approx 110 ng of cell RNA reverse transcribed and then amplified as described in
Materials and Methods. For quantitative estimation, graded amounts of mPPARy cDNA, in multiples of 10, were added to the PCR. (B)
Western blot of nuclear extracts from Jurkat, HIB-1B, and L6 cells using a commercial polyclonal antibody (1/500 dilution). Each lane
represents a pool of triplicate 35-mm dishes. Half the L6 cells were transfected 24 h earlier with 1 pg of mPPARy 2 ¢cDNA in pSV-
SPORTI. 1 and 2 = the signals corresponding to PPARy 1 and PPARYy 2, respectively. (C) Comparison of polyclonal (1/250) and
monoclonal (1/200) antibodies using Jurkat and HIB-1B cell nuclear extracts. Note that the strong band corresponding to PPARy1 is
barely visible (Jurkat) or not at all visible with the MAb. (D) Nuclear extracts of L6 and HIB-1B cells (=300 pg of protein) were
immunoprecipitated with a 1/100 dilution of MAb + 40 pg/mL of competing (“C”’) immunizing peptide. (E) Western blot of L6 and HIB-
1B cell nuclear extracts using the polyclonal antibody. 1 and 2 = the signals corresponding to PPARy1 and PPARY2. Each lane represents

50 pg of nuclear extract protein from a 60-mm dish. Half of the cells were exposed to 20 puM rosiglitazone (Ros).

samples were ~57,500 and ~54,000, respectively, exactly the
size of PPARy2 and PPARy1. There was a clearly detecta-
ble amount of PPARYy2 protein in L6 cell nuclear extracts
that comigrated with the band corresponding to PPARY2 in
HIB-1B cells (Fig. 3B). The identity of the protein was con-
firmed by the enhancement of the band in cells transiently
transfected with mouse PPARy2 cDNA (B vs Tr in Fig. 3B).
To obtain further support of the nature of the putative PPARy2
band, we immunoprecipitated nuclear extracts of L6 cells
using a monoclonal antibody (MAD) and then analyzed the
immunoprecipitate by Western blotting, using the polyclo-
nal antibody as probe. Even though nominally the MADb binds
both PPARY isoforms, it recognizes much better PPARYy2.
Note in Fig. 3C that the intense PPARY1 band of Jurkat and
HIB-1B cells seen with the polyclonal antibody is barely if
at all visible with the MAb. As shown in Fig. 3D, a single
band corresponding to PPARY2 was visualized in the mate-
rial precipitated by the MAb. The addition of immunizing
peptide to the immunoprecipitation significantly reduced
the intensity of the signal. As shown in Fig. 3E, the addition
of rosiglitazone did not significantly increase the signal in

L6 cells. Thus, both PPARy2 mRNA and protein are expressed
in L6 cells, albeit in quantities substantially lower than in
adipose cell lines. Notably, TZDs increased neither PPARy
mRNA nor PPARy2 protein (Fig. 3A,E).

Evidence That PPARy Is Functional
in L6 Myotubules and May Mediate Effects of TZDs

For further evidence that PPARYy was present and func-
tional in L6 myotubules, we examined the response of acyl
CoA synthase (ACoAS) to TZDs and 15-deoxy-A-12,14-J2
(Pgl2). ACoAS is a muscle enzyme known to be stimulated
by PPARY ligands and contains a well-defined PPRE (32).
We also performed transient transfection assays using a con-
struct containing the promoter and critical enhancer of the
mouse ucp2, known to be responsive to PPARy (27), and
a construct containing the promoter and PPRE of ACoAS.
In addition, we tested the effect of the PPARy antagonist
bisphenol A diglycidyl ether (BADGE) (33) on the TZD stim-
ulation of UCP2 mRNA, as well as the effect of overexpress-
ing PPARY + retinoid X receptor (RXR) on ucp?2 reporter
activity in transient transfections.
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Fig. 4. Effect of rosiglitazone and PPARY inhibitor BADGE on
UCP2 and ACoAS mRNAs in L6 myotubules. (A) Effect of 20 uM
rosiglitazone on UCP2 and AcoAS mRNAs. UCP2 mRNA was
quantified by competitive RT-PCR, as described in Materials and
Methods, whereas ACoAS mRNA was estimated by direct den-
sitometry of the RT-PCR products. (B) Effect of 15 or 30 pM
BADGE on stimulation of UCP2 mRNA by various concen-
trations of rosiglitazone. The effect of both concentrations of
BADGE was highly significant (p <0.0001). The effect of 30 uM
BADGE was significantly greater than that of 15 A/ (p<0.0001).
BADGE had no significant effect in the absence of rosiglitazone.
See text for details.

Asshownin Fig. 4A, rosiglitazone significantly increased
the level of both UCP2 and ACoAS mRNA, although the
latter was not as responsive. Figure 4B shows the effect of
various concentrations of rosiglitazone (2, 5, and 10 uM) in
the absence or presence of BADGE, at 15 or 30 uM. BADGE
had no significant effect in the absence of rosiglitazone,
whereas it significantly inhibited the effect of the latter at
both concentrations (two-way analysis of variance [ANOVA]:
F=36.2 for 15 uM and 163 for 30 uM when compared with
no BADGE; p <0.0001). At 15 uM BADGE, the effect of
rosiglitazone was partially inhibited and abolished at 30 u/,
a highly significant difference between the two BADGE
concentrations (F'=58.6; p<0.0001 by two-way ANOVA).

Transient transfection results are depicted in Fig. 5. Mouse
ucp2 sequences have strong promoter activity in L6 cells,
driving luciferase gene expression at least 50 times more
than the promoterless pGL3 (Fig. 5A). For convenience,
subsequent experiments were performed with the construct
encompassing from —851 to +926 of the mucp2. As shown
in Fig. 5B,C, this construct had 10 times more promoter
activity than ACoAS-luciferase, but both were clearly stimu-

lated by rosiglitazone and PgJ2. These results indicate that
L6 cells have all the factors necessary for the expression of
these two genes and for their stimulation by PPARy ligands,
arguing for the presence of functional PPARYy in these cells.
In search of further support for the involvement of PPARy
on the stimulation of ucp2, we examined the effect of cotrans-
fecting PPARy = RXRY in the response of ucp2-Luc to rosi-
glitazone (RXRy is RXR isoform preferentially expressed
in muscle /34]). As shown in Fig. 5, the cotransfection of
PPARYy was associated with a doubling of the stimulation by
rosiglitazone alone, and this was further doubled by the co-
transfection of RXRy. This receptor alone, however, did not
enhance the effect of rosiglitazone.

MAPK Activity is Necessary
for Stimulation of ucp2 by TZDs

Both PPARy1 and PPARY2 contain a MAPK consensus
phosphorylation site in their amino terminus. Observations
largely made in adipose cell lines indicate that the phosphor-
ylation of this site by MAPK causes a marked reduction
or loss of activity and decreased affinity for ligands, while
the abrogation of MAPK activity is usually associated with
increased receptor activity (35,36). Unexpectedly, the stim-
ulation of UCP2 mRNA by darglitazone in L6 cells was
reduced by the MEK inhibitor PD98059 in a dose-dependent
manner (Fig. 6A). When averaging two such experiments,
ECs, (50% reduction of increment over baseline induced
by darglitazone) was =35 pM. PD98059 and another MEK
inhibitor, U0126, caused a marked inhibition or abolish-
ment of the response to troglitazone and rosiglitazone as
well (Fig. 6B). Moreover, the transcriptional stimulation of
the transfected ucp2-Luc construct by TZDs was prevented
by the presence of PD98059 (Fig. 6C). As occurred with
cycloheximide, the effect of these inhibitors of MAPK acti-
vation was maximal when present at the initiation of stimu-
lation of the TZDs, but it was attenuated when given 6 h
after the addition of the TZDs, as illustrated in Fig. 6D. The
p38 kinase inhibitor SB-203580 had no effect (results not
shown), arguing for the specific need for erk1/2 activity for
TZD stimulation of ucp?2.

These results indicate that MAPK activity is necessary
for the stimulation of ucp2 transcription by TZDs. TZDs,
however, did not stimulate the phosphorylation of erk1 and
erk2. As shown, in Fig. 7A, darglitazone did not signifi-
cantly increase the phosphorylation of these kinases, in con-
trast to the well-known stimulation caused by the medium
change; if anything, exposure to darglitazone was associated
with a slight reduction in erk1/2 level of phosphorylation,
1624 h after addition (Fig. 7B). That the medium stimu-
lation of erk1 and erk2 phosphorylation is mediated by MEK
activation is demonstrated in Fig. 7C. Medium containing
the indicated concentrations of PD98059 was replaced and
cells were harvested 1 hour later. There was a concentra-
tion-dependent inhibition of the medium change—-induced
erk1 and erk2 phosphorylation, with 75 and 95% inhibition
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at 40 and 80 pM, respectively. On the other hand, the
increased phosphorylation of erkl and erk2 induced by
medium change (Fig. 7D) or, for that matter, by insulin-
like growth factor-1 (IGF-1) (Fig. 7E) or insulin (data not
shown) was not associated with an increase in the levels of
UCP2 mRNA. Thus, the sole activation of this signaling
pathway is not associated with stimulation of this gene, indi-
cating that this activity is necessary but not sufficient to
effect the stimulation of ucp2 by TZDs.

Discussion

Several laboratories, including ours, have reported that
TZDs increase the expression of ucp2 in skeletal muscle,
in vivo and in vitro, in white and brown adipose cells, as
well as skeletal muscle cell lines such as L6 (20,21,23,24).
The stimulation has been naturally ascribed to PPARy acti-
vation by TZDs because these drugs bind those receptors
with high affinity and mediate the transactivation of reporter
genes directed by various PPREs in transient transfection
assays (see ref. /3 for a review). The report by Nagase et
al. (26) of the absence of PPARY mRNA in L6 cells, in

which TZDs clearly increase the level of UCP2 mRNA
(21), prompted us to reconsider this view. In addition, non-
PPARy-mediated effects of TZDs have been reported in mus-
cle (37) and nonmuscle cells (38—40). Moreover, Medvedev
et al. (27) recently reported that PPARy could increase the
promoter activity of mouse UCP2 gene via a discrete proxi-
mal 40-bp enhancer (—86/—44), which nonetheless does
not bind this receptor or contain a PPRE. On the other hand,
L6 cells are a popular model to study muscle glucose metab-
olism (16-18), and it has been reported that uncouplers of
phosphorylation can enhance glucose uptake in these cells
(19). For all these reasons, then, it was of interest to investi-
gate the mechanism of UCP2 stimulation by TZDs in L6 cells.
As we show here, these cells contain functional PPARy2
and TZDs stimulate ucp?2 transcription, but seemingly by an
indirect mechanism involving the induction of a protein
that needs to be phosphorylated by MAPK. Although fur-
ther work is needed to identify the putative intermediary,
the results illustrate a novel mechanism of action of TZDs
in a skeletal muscle cell line.

All TZDs used in the present experiments increase UCP2
mRNA levels in a quantitatively and qualitatively similar
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MAPK inhibitors nearly abolished the stimulation, whereas when added 6 h after darglitazone (D+inh at 6 h), the inhibition was
significantly less, and nil when MAPK inhibitors were added during the last 8 h of darglitazone stimulation (not shown). a, b, and c,
»<0.001, p<0.01, and p < 0.05, respectively, to control; A and C: p <0.001, and p < 0.05, respectively, to darglitazone alone; o and v,
p <0.001, and p < 0.05, respectively, to inhibitors added right before darglitazone (D-+inh).

manner. The increase reaches a plateau 2.5- to 6-fold the
baseline levels in approx 24 h. These response character-
istics of the mRNA reflect in part its slow turnover, with a
t1, of about 40 h (to the best of our knowledge, the first
report on UCP2 mRNA half-life). The increase in mRNA
is the result of transcriptional stimulation, since the TZDs
do not affect its stability and can stimulate reporter gene
expression directed by ucp2 sequences.

Contrary to the findings of Nagase et al. (26), we found
small but distinct amounts of PPARy mRNA in L6 cells,
and, most important, we clearly demonstrated the presence
of PPARY2 protein, which albeit less abundant than in brown
adipocytes is more abundant than the mRNA level would
suggest (Fig. 3B—E). It is likely that the failure to demon-
strate PPARy mRNA by Nagase et al. (26) was owing to the
comparatively low level of this messenger (about 1/100 of
that present in brown adipocytes) and to the small size of
PCR product generated with their primers. Note that PPARy

protein has also been demonstrated in skeletal muscle nuclei
(25), indicating that the presence of this receptor is normal
in muscle and that L6 myotubules keep this characteristic.

Several lines of evidence indicate that PPARy2 may medi-
ate TZD stimulation of ucp2 in L6 myotubules. First, TZDs
and another nonrelated PPARY ligand, PgJ2, can stimulate
the ACoAS gene directed by a well-known target gene for
PPARy ligands, with a well-defined PPRE (47). Both the
autologous ACoAS mRNA and transiently transfected ACoAS
reporter, containing solely the PPRE and the promoter, were
stimulated by rosiglitazone and PgJ2. Second, the stimula-
tion of ucp2 by TZDs was inhibited in a concentration-depen-
dent manner by the PPARYy antagonist BADGE. This sub-
stance antagonizes a number of effects of TZDs and other
PPARy ligands (33,42). At half-maximal concentration (15
uM), BADGE partially inhibited, and at maximal concen-
trations (30 mM) (42), abolished the rosiglitazone-induced
increase in UCP2 mRNA (Fig.4B). Finally, the stimulation
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Fig. 7. MAPK activation and UCP2 mRNA stimulation by TZDs. (A) Short-term effect on the level of phosphorylation of erk1 and erk?2
of changing medium or adding 30 pM darglitazone without changing medium. (B) Long-term effect on level of phosphorylation of erk
1 and erk 2 of 30 pM darglitazone. (C) Effect of PD098059 on medium change—induced phosphorylation of erkl and erk2. Medium
containing no PD98059 or the indicated concentrations of it was replaced and cells were harvested 1 h later for erk phosphorylation
analysis. (D) Lack of effect of changing medium on UCP2 mRNA. (E) Lack of effect of 10 nM IGF-1 £ 100 nM wortmannin on

darglitazone (30 uM) stimulation of UCP2 mRNA.

of ucp2-luciferase reporter by rosiglitazone was significantly
amplified by cotransfection of PPARY2 expressing vector
and further increased by the additional cotransfection of the
dimeric partner RXRy.

Isitpossible that ucp2 stimulation by TZDs can be medi-
ated by other PPARs? Although TZDs can bind to PPARa
in high concentrations, we did not detect traces of this recep-
tor mRNA, in agreement with previous reports (26), and WY -
14643, a specific PPARa ligand, had no effect on ucp?2 expres-
sion (data not shown). PPAR mRNA, on the other hand,
is clearly expressed in L6 cells (26), which we have con-
firmed, and this receptor conceivably might mediate the
effect of TZDs. However, attempts to demonstrate binding
of TZDs or PgJ2 to this receptor or mediation by PPAR[} of
transactivation by these substances in transient transfection
assays have failed (713,43). It could also be argued that the
TZD concentrations needed to demonstrate significant stim-
ulation of UCP2, which in the present studies is in the low
micromolar range, are high for a PPARy-mediated effect.
The K, of these drugs for PPARY in binding assays is =50
nM (44), and many effects can be demonstrated in the 20
to 500 nM range (see ref. /3 and references therein). This

is not however, a strong argument against a PPARy-medi-
ated effect. Such an affinity has been demonstrated in cell-
free assays, with chimeras consisting of glutathione S-trans-
ferase fused to the ligand-binding domain of PPARYy (44),
and does not necessarily represent the affinity of the whole
receptor within the cell nucleus. Furthermore, the majority
of studies showing effects in the nanomolar range have been
performed in adipose cell lines, which abundantly express
PPARy. Indeed, a review of numerous studies performed in
skeletal muscle or cell lines thereof indicates that maximal
effects require TZD concentrations well into the 10 to 100
M range, as reported here (see, e.g., refs. 45—47 and refer-
ences therein). This includes such arelevant effect as stimu-
lation of glucose transport in L6 cells (48). Such a higher
TZD concentration requirement may reflect the lower con-
centration of PPARy in muscle or the need for a higher extra-
cellular/nuclear gradient to reach a critical concentration in
the cell nucleus. Moreover, plasma concentrations reached
after average single doses of medically approved TZDs in
humans are also in the low micromolar range (see, e.g., refs.
49 and 50 and references therein). Thus, the effective con-
centrations found in the present study are comparable with
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those in other studies involving muscle cells and are in a
physiologic and medically relevant range.

Even though the results are consistent with the partici-
pation of PPARY in the stimulation of ucp2 by TZDs, the
need of ongoing protein synthesis suggests an indirect mech-
anism. Since cycloheximide has to be given early during
exposure to TZDs to prevent the effect, as is also the case
with inhibitors of MAPK activation, the results suggest that
a rapidly turned over protein, probably phosphorylated by
MAPK, is necessary for the stimulation of ucp?2 transcrip-
tion. Our findings are in agreement with a recent report by
Medvedev et al. (27). They describe an essential enhancer
necessary for the gene’s expression and for PPARy and TZD
stimulation of transcription. This 40-bp enhancer (—86/—44),
however, does not bind PPARYy nor does it contain a sequence
remotely related to a PPRE (27). Altogether, these observa-
tions suggest that TZDs induce a protein that transactivates
ucp?2. This protein, and not MAPK activity, would be limit-
ing for TZD stimulation of ucp2, since the sole stimulation
of'this kinase does not cause an increase in ucp2 expression.

It has been shown that the phosphorylation of PPARy by
MAPK causes a reduction in the activity of this receptor and
the affinity for its ligands (35,5/,52). In humans, an inacti-
vating mutation of the consensus MAPK phosphorylation
site is associated with increased adipogenesis, lipogenesis,
and, ultimately, massive obesity (53). This suggests that the
receptor phosphorylation normally exerts a tonic inhibi-
tion of the receptor, preventing uncontrolled activation of
genes stimulated via PPARy. However, all these findings
pertain to white adipose tissue. Here, we report that inhibi-
tion of MAPK is associated with a reduction in TZD stimu-
lation in L6 myotubules. It is conceivable that phosphoryl-
ation of PPARy by MAPK is a mechanism to control activity
ofthe receptor where it is more abundant (e.g., white adipo-
cytes). To our knowledge, there are no reports on PPARy
phosphorylation status in skeletal muscle or on the enhance-
ment of the transactivation capacity of PPARY in this tissue
or muscle cells by reducing its phosphorylation level. On
the other hand, it is not unprecedented that inhibition of
MAPK attenuates some effects of TZDs. In transiently trans-
fected Chinese hamster ovary cells, the stimulation of a P2
reporter by insulin and TZDs is blocked by inhibition of
MAPK (54).

In summary, we have demonstrated here that L6 myo-
tubules contain PPARYy2, which is functionally active, and
that TZDs increase the transcription of ucp2 probably via
this receptor. Moreover, we have demonstrated a novel mech-
anism of action of TZDs in which they induce a protein,
present in limiting amounts, that needs the presence of MAPK
activity to stimulate the transcription of the gene. Such pro-
tein is possibly a transcription factor, perhaps binding to the
E-boxes needed for TZD stimulation of ucp2 (27). Up-
stream transcription factors bind to this kind of sequence
but other, yet unidentified factors may as well, as has been
the case for the stimulation of the lipogenic transcription

factor S14 (55). The pursuit of the mechanisms involved in
TZD stimulation of ucp2 may reveal a factor (or factors)
mediating effects of TZDs in a concerted manner in muscle.

Materials and Methods

Cell Culture and Cell Manipulations

L6 cells, a rat skeletal muscle cell line, was a gift from
Dr. P. C. Holland, Montreal Neurological Institute, Montreal,
QC, Canada. Cells were grown to confluence in Dulbecco’s
minimal essential medium supplemented with 10% fetal
bovine serum, as is standard, and were subsequently differ-
entiated by a 3-d exposure to Dulbecco’s minimal essential
medium with 2% horse serum. At this time, the cells form
myotubules. During the third day, they were treated with the
TZDs darglitazone, troglitazone, rosiglitazone, or pioglit-
azone for the indicated times and concentrations. Initially,
most of the experiments were performed with darglitazone,
and other TZDs were added as became available. Darglita-
zone was a gift from Pfizer (Groton, CT; Dr. E. Pagani), tro-
glitazone from Parke-Davis (Ann Arbor, MI; B. S. Jared),
pioglitazone from Takeda (Osaka, Japan), and rosiglitazone
from SmithKline Beecham (London, UK). The former three
were dissolved in dimethyl sulfoxide and the latter in etha-
nol, and they were added to the medium in 500- to 1000-fold
the final concentration so that the maximal concentration
of vehicle in the medium was 0.2%. The appropriate vol-
ume of vehicle was routinely added to control cells. Other
drugs used included the prostaglandin, PgJ2, a PPARy
agonist; the PPARy antagonist BADGE; the MAPK inhibi-
tors PD98059 and U0126; the p38 kinase inhibitor SB-
203580; and other substances such as wortmannin, insulin,
and IGF-1, all of which were obtained from Sigma or Bio-
mol. Times of exposure, concentrations, and conditions are
described with the individual experiments.

RNA Analysis

At the end of treatments, medium was aspirated, cells
were washed with phosphate-buffered saline (PBS), and
RNA was extracted using standard methods (56). UCP2
mRNA was analyzed by an RT-competitive PCR assay setup
in the laboratory as described elsewhere (57). Primers for
rodent (mouse and rat) UCP2 ¢cDNA were: 5'-GCTAGTG
CGCACCGCAGCCAGCGCCCA for the sense, and 5'-TT
CGACAGTGCTCTGGTATCTCCGACC for the antisense,
corresponding respectively to nucleotides 752—778 and 468—
442 of the mouse cDNA sequence, accession no. U69135.
The primers to create the competitor DNA contained these
two sequences upstream of 5'-CAAGTTTCGTGAGCTG
ATTG and 5-TTGAGTCCATGGGGAGCTTT, respectively.
These two latter sequences span 436 nucleotides of the v-
erbB cDNA provided in the PCR-MIMIC kit from Clon-
tech, which, with the sequences of UCP2 cDNA generated
a competitor of 490 bp, 1.46 times larger than the UCP2
c¢DNA PCR product. In initial experiments, relative changes
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in mRNA levels were confirmed by Northern blot analysis,
performed as described previously (27), using a mouse UCP2
cDNA cloned by PCR along with a glyceraldehyde phos-
phate dehydrogenase cDNA probe (from American Type
Culture Collection) to control for equivalence of mRNA
loading.

Primers utilized to detect mRNA for the various PPAR iso-
forms in L6 cells were those described by Nagase et al. (26).
In view of the failure of these investigators to detect PPARY
mRNA, we created our own primers designed to obtain a
larger product (229 bp) from rat PPARy mRNA (accession
no. NM-013124). These primers target the sequence com-
mon to PPARy1 and PPARYy2 and were as follows: sense,
5-GCCTTCAAACTCCCTCATGG; antisense, 5-GTGAG
ACATCCCCACAGCAA. The primers for rat acyl-CoA syn-
thetase (accession no. D90109) were as follows: sense, 5-GT
GAAAGGGGCAAATGTGTT; antisense, 5-CTTCGCT
CCGCAGGTAGATA.

Northern blots and RT-PCR products were analyzed
videodensitometrically, and mRNA was expressed as either
arbitrary densitometric units or attomoles per microgram
of total RNA in the case of UCP2. The quantity of UCP2
mRNA was derived by videodensitometric analysis of the
competitive PCR products using appropriate amounts of
competitor DNA. Products were separated in agarose gels,
stained with ethidium bromide, and photographed. Densi-
tometric readings (Scion Image, Scion, Frederick, MD) were
corrected by the difference in size between the competitor
and target DNA, and the mass of UCP2 mRNA was cal-
culated as previously described (57). Uniformity of RNA
aliquots for RT was checked by electrophoresis of parallel
aliquots of total RNA and PCR of B-actin cDNA in the RT
product using primers described elsewhere (58).

Western Blot Analyses

The presence of PPARy1 and PPARY2 was investigated
in cell lysates and nuclear extracts of L6 cells by Western
blot analysis and immunoprecipitation, using polyclonal
and monoclonal antibodies from Santa Cruz Biotechnology
(Santa Cruz, CA). The rabbit polyclonal antibody (sc-7196)
was raised against a recombinant protein spanning amino
acids 6-105 of PPARYy1 or 36-135 of PPARY?2 and, conse-
quently, recognizes both isoforms of the PPARYy. The MAb
(sc-7273) was raised using the carboxyl end of PPARY. Such
antibody should recognize both PPARy1 and PPARy2, but
it is clearly more sensitive to PPARY2 (see Results). Neither
antibody crossreacts with PPARa or PPARP. The presence
of erkl and erk2 and their phosphorylation state were also
tested by Western blot analysis using specific antibodies
from New England Biolabs (Beverly, MA) for both the phos-
phorylated and nonphosphorylated proteins.

For total cell lysate preparation, cells were washed in
PBS; trypsinized; washed once more in suspension; and
lysed in RIPA buffer containing 20 mM Tris, 150 mM NaCl,

0.5% deoxycholate, 0.2% Nonidet, 1| mM EDTA, 1 mM
sodium orthovanadate, and protease inhibitors (500 uM
phenylmethylsulfonyl fluoride (PMSF), 5 pg/mL of apro-
tinin, and 20 pg/mL of leupeptin). Cell lysate was cleared
by centrifugation. For nuclear extract preparation, the washed
cell pellet was resuspended and allowed to swell on ice for
10 min in cold, hypotonic lysing buffer (10 mA HEPES-
KOH, pH 7.9; 1.5 mM MgCl,; 10 mM KCI; 0.5 mM dithio-
threitol; 0.2 mM PMSF). Swollen cells were broken by
vigorous vortexing, and the lysate was centrifuged at 1000g
for 10 min to collect the nuclei. These were washed once
more in the same buffer, and then extracted with RIPA buf-
fer for 30 min in ice, with frequent vortexing. The insoluble
chromatin was pelleted by centrifuging at 14,000g for 10
min at 4°C. The nuclear extract (supernatant) was collected
and stored frozen at —80°C until use. Proteins were resolved
by sodium dodecyl sulfate polyacrylamide gel electrophor-
esis (8% polyacrylamide) and electrotransferred to nitro-
cellulose membranes. These were blocked with 5% skimmed
milk, 0.1% Tween-20 and exposed to the appropriate dilu-
tions of the corresponding antibodies, usually in the range
recommended by the provider.

Transient Transfections

Transient transfections using reporter genes driven by
ucp2 or ACoAS gene sequences were performed in L6 cells.
The reporter gene was the firefly luciferase cloned in the
promoter less vector pGL3 (Promega, Madison, WI) where
ucp2 and ACoAS sequences were cloned directionally uti-
lizing convenient restriction sites. The entire 5'-flanking
region of the mouse ucp2, spanning from —7236 down to
+3463, was cloned by PCR from genomic mouse DNA using
several sets of primers based on published sequences, acces-
sion nos. AF115319 and AB018416 (59). For the purpose
of the analysis presented here and based on recently pub-
lished analysis of the mouse ucp2 (27), we used a convenient
restriction fragment encompassing —851/+926. The nucle-
otide +926 is located 69 nucleotides into the second exon,
which is nontranslated. This fragment retains full promoter
activity and encompasses the —86/—44 enhancer described
elsewhere (27).

The sequence encompassing the promoter and PPRE of
the rat ACoAS gene (—166/+10; accession no. D38589) was
obtained by PCR from genomic rat DNA with the follow-
ing primers: Sense, 5'-GTCTGATAGGTACCTTTAGCC
CAQG, to which nucleotides were added to create a Kpnl
site; antisense, 5'-GCTGACTGCTAGCTGACACACCA,
which encompasses an N#el site. These sites were utilized
for directional cloning in the reporter gene vector. The iden-
tity of ucp2 and ACoAS gene PCR products was confirmed
by restriction enzyme mapping and sequencing.

L6 cells were transfected after being differentiated as
indicated earlier, using the calcium phosphate method essen-
tially as reported (60). The DNA transfected consisted of
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up to 6 pg of test DNA, 1 pg of receptor DNA (PPARY2,
cloned in pSV-SPORTI, and RXRy, cloned in pSGY), and
0.1-0.2 pg of a thymidine kinase-renilla luciferase expres-
sion vector as internal control for transfection efficiency.
The amount of test DNA was adjusted for size to have the
same number of copies. The total amount of DNA was made
up to 10 pg with irrelevant plasmid DNA. Treatments of
transfected cells, described where appropriate, lasted 24 h.
Results are expressed in arbitrary luminescence units of fire-
fly luciferase normalized by renilla luciferase. Since the
luminescence generated by both luciferases normally varies
from experiment to experiment, the ratio of both varies widely
among experiments.

Data and Statistical Analyses

Data are reported as mean = SEM. Unless noted other-
wise, each treatment was done in triplicate. All experiments
were repeated at least once to ensure reproducibility. Re-
sponses to continued variables (stimulus concentrations,
time) were fitted to curves using the software GraphPad
Prism 3.0 (GraphPad, San Diego, CA). Multiple treatments
were analyzed by one or two-way ANOVA followed by
tests for multiple comparisons with a control group (Dunnet)
or among the various treatments (Neuman-Keuls). Statisti-
cal significance is shown in the figures only when relevant
to an argument. When the error bar is not evident in the
figures it is because its size is smaller than the correspond-
ing symbol.
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