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The nuclear receptor peroxisome proliferator-activated
receptor y (PPARY) is a ligand-dependent transcription factor
that acts as a primary regulator of adipogenesis and controls
adipocyte metabolism and insulin action. Increased expression
of tumor necrosis factor (TNFea) in adipose tissue of obese sub-
jects potently suppresses the expression of PPARYy and attenu-
ates adipocyte functions. Here we show that PPARY is a sub-
strate of caspase-3 and caspase-6 during TNFa receptor
signaling in adipocytes, and the consequent PPARYy cleavage
disrupts its nuclear localization. TNFa treatment of 3T3-L1 adi-
pocytes decreases full-length PPARy while increasing the level
of a 45-kDa immunoreactive PPARYy fragment. Specific inhibi-
tors of caspase-3 and caspase-6 attenuate the cleavage of PPARYy
protein in response to TNFa in cultured adipocytes. Incubation
of nuclear fractions with recombinant caspase-3 and caspase-6
also generates a 45-kDa PPARY cleavage product. Dispersion of
nuclear PPARYy to the cytoplasm in response to TNFa treatment
occurs in parallel with detection of activated caspase-3. We sug-
gest that activation of the caspase cascade by TNFa down-regu-
lates PPARYy protein and PPARy-mediated metabolic processes
in adipose cells.

The development of insulin resistance in skeletal muscle of
obese humans precedes and contributes to the onset of type 2
diabetes (1-3). This impaired responsiveness of muscle to insu-
lin may result from high levels of circulating free fatty acids
(FFAs)? that disrupt insulin signaling pathways in muscle and
other tissues (1, 4-9). Thus, the sequestration and storage of
FFAs as triglycerides within adipose cells protects against the
deleterious effect of circulating FFAs and, therefore, reduces
insulin resistance in skeletal muscle. Adipose tissue also pro-
motes insulin sensitivity in muscle by secreting adipokines
including leptin and adiponectin, which promote fatty acid oxi-
dation and decrease intracellular fatty acids (10, 11).

A large body of work has identified transcriptional regulators
that participate in the control of adipocyte differentiation as
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well its metabolic and secretory functions (12, 13). The nuclear
hormone receptor peroxisome proliferator-activated receptor
v (PPARYy) is a master regulator of adipocyte differentiation and
plays an important role in glucose and lipid metabolism as well
as insulin sensitivity in mature adipocytes (12—14). The essen-
tial role of PPARYy in adipocyte gene expression and differenti-
ation has been firmly established by a number of observations,
including the high level of PPARYy expression in adipose tissue
and the onset of its expression coincident with early stages of
adipogenesis in culture (15). Coordinated expression and
actions of PPARYy with other factors, such as C/EBPa and
C/EBP, during fat cell differentiation has been extensively
documented (16 —18). Additionally, it has been shown that acti-
vation of many adipocyte-specific genes occurs through bind-
ing of PPAR Yy to cis-acting promoter elements (19 —21). Ectopic
expression of PPARYy in fibroblasts induces adipogenesis (22,
23), whereas genetic ablation of the Ppary gene disrupts adipo-
genesis, resulting in lipodystrophy, high levels of blood triglyc-
erides and ectopic lipid deposition (24).

Opverall, these observations are consistent with the notion
that PPARY is an essential transcriptional regulator of adipo-
genesis and is required for maintenance of adipocyte functions
including FFA storage and lipid metabolism. Furthermore, the
discovery that the insulin-sensitizing thiazolidinediones are
high affinity ligands for PPAR7y (25) suggested that the ability of
thiazolidinediones to affect whole body glucose homeostasis is
mediated at least in part through changes in PPARy-dependent
adipose gene expression. In fact, amelioration of insulin resist-
ance in obese mice treated with rosiglitazone is coincident with
changes in adipocyte gene expression including up-regulation
of many genes important for lipid metabolism and storage of
triglycerides, as well as glucose disposal (26). Most of these
genes are similarly affected by thiazolidinedione treatment of
adipocytes in culture (26, 27), suggesting that they reflect direct
effects of PPARYy-dependent gene regulation in adipocytes.
Thus, modulators of PPARYy functions in adipocytes are highly
likely to play roles in regulation of adipocyte metabolism and in
determining responses to insulin sensitizers, such as thiazo-
lidinediones. Regulation of PPAR"y expression and function in
fat cells also needs to be identified and characterized to fully
understand adipocyte biology and its role in whole body glucose
and lipid homeostasis.

Development of obesity coincides with substantial infiltra-
tion of macrophages into adipose tissue, which is associated
with increased expression of inflammatory cytokines including
tumor necrosis factor « (TNFa). Large amounts of TNFa are

VOLUME 284 +NUMBER 25+JUNE 19, 2009



secreted by adipocytes and macrophages within adipose tissue
of obese subjects (28). These agents, in turn, up-regulate adipo-
cyte lipolysis and down-regulate triglyceride storage and insu-
lin signaling, contributing to the metabolic complications of
obesity such as impaired glucose tolerance and peripheral insu-
lin resistance. Interestingly, TNF« is known to be a potent neg-
ative regulator of adipogenesis and PPARY function (29, 30). A
marked down-regulation of PPARYy transcription in fat cells
treated with TNFa has been demonstrated (29, 30) and NF«B
signaling was proposed to mediate the TNFa inhibition of
PPARYy expression in cultured cell systems (31).

Other signaling pathways triggered by TNFa may also influence
PPARY levels at the post-transcriptional level, as TNFa-activated
protein kinases may also directly target PPARy protein, influenc-
ing PPARvy activity and/or stability by phosphorylation. For
instance, it has been proposed that phosphorylation of PPARy
promotes its degradation via a ubiquitin/proteasome-dependent
pathway (32). Moreover, PPARy phosphorylation has been
claimed to decrease ligand-binding affinity, controlling interaction
with its co-regulators (33). Together, these observations suggest
that regulation of PPARY activity and stability also appears to be
negatively regulated by kinase-mediated phosphorylation (34) and
ubiquitination (32) followed by PPARY protein degradation via a
ubiquitin/proteasome-dependent pathway (32). Combined, these
pathways might be used by TNFa receptor signaling to decrease
PPARY protein levels in adipocytes from chronically inflamed adi-
pose tissue in obese subjects (1). Additional pathways elicited by
TNFa signaling could also be operating to down-regulate PPARy
function in fat cells (reviewed in Ref. 1). For instance, it has been
demonstrated that TNFa-induced cleavage of insulin-signaling
molecules, such as AKT, is mediated by a caspase-dependent path-
way in adipocytes and seems to contribute to insulin resistance
trigged by TNFa (35).

More recently, He and colleagues (36) demonstrated that
caspase-1 mediates degradation of PPARYy proteins in adipocytes.
The authors suggested that PPARYy levels could be modulated by
TNFa-stimulated caspase-1 activity in adipose cells (36). In this
study, we sought to extend these observations and to determine
whether activation of the caspase cascade by TNFa plays a role in
the reductions of PPARy protein levels induced by this cytokine,
similar to its role in the degradation of other signaling molecules in
3T3-L1 adipocytes. Here, we present evidence that TNFa triggers
a caspase-dependent cleavage of PPARY proteins in cultured adi-
pocytes, which disrupts its nuclear localization. Caspase-3, -6, and
-8, but not caspase-1, -2, -5, -7, or -9, are required for TNFa-elic-
ited PPARy cleavage in these cells. Based on these results, we pos-
tulate that a caspase-3/caspase-6-dependent pathway contributes
to the mechanisms whereby TNFa suppresses PPARy protein lev-
els and its function in adipose cells.

EXPERIMENTAL PROCEDURES

Materials—Mouse anti-PPARy monoclonal antibody (clone
E-8, catalog number sc-7273) was purchased from Santa Cruz Bio-
technology. Rabbit anti-caspase-8 (catalog number 4927), anti-
caspase-3 (catalog number 9662), and anti-cleaved-(Asp'”®)-
caspase-3 (catalog number 9661) polyclonal antibodies were from
Cell Signaling Technologies. Mouse anti-3-actin (catalog number
A2228) monoclonal antibody was from Sigma. Mouse anti-
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TATA-binding protein (catalog number ab818-100) monoclonal
antibody was from Abcam. Hoechst 33342 trihydrochloride trihy-
drate (catalog number H-3570) was from Molecular Probes.
Mouse recombinant TNFa (catalog number 654245), the protea-
some inhibitors MG132 (catalog number 474791) and lactacystin
(catalog number 426100), the recombinant caspases-1, -2, -3, -6,
-7,-8, and -9, the general caspases inhibitor Boc-pD-FMK (number
218745), and the specific caspase inhibitors (caspase inhibitor set
II, number 218772) were from Calbiochem.

Cell Culture and Treatments—3T3-L1 fibroblasts were
grown and differentiated into adipocytes as described (37). The
3T3-L1 adipocytes were cultured in complete Dubecco’s mod-
ified Eagle’s medium (10% fetal bovine serum, 50 units/ml pen-
icillin, and 50 ug/ml streptomycin). For TNFa stimulation, 7
days post-differentiated 3T3-L1 adipocytes were treated with
the indicated concentration of TNFa« for the appropriate time
intervals. Cells were then washed with ice-cold phosphate-buft-
ered saline lysed in 1% SDS-containing lysing buffer on ice.

Preparation of Nuclear and Cytosolic Subcellular Fractions—
Nuclear and cytosolic cell extracts were prepared from 3T3-L1
adipocytes by a modification (38) of the procedure of Dignam ez al.
(39) and described in Ref. 40. Briefly, cell monolayers were rinsed
twice with ice-cold phosphate-buffered saline and once in hypo-
tonic lysis buffer containing 20 mm Tris-HCI, pH 7.5, 10 mm NaCl,
3 mm MgCl,, 1 mmdithiothreitol, 0.1 mm sodium orthovanadate, 1
mM phenylmethylsulfonyl fluoride, 5 ug/ml leupeptin, and 5
png/ml aprotinin. Cells were then harvested in hypotonic lysis
buffer, incubated on ice for 5 min and homogenized with 16
strokes in a Dounce homogenizer by adding 0.1% Nonidet P-40
detergent. The resulting homogenate was centrifuged at 3500 X g
at 4°C for 5 min, and the supernatant was saved as cytosolic
extract. The nuclear pellet was once resuspended in 0.5 volume of
a hypotonic lysis buffer and centrifuged as before. The nuclear
pellet was then resuspended in an extraction buffer containing
17.5 mm Hepes, pH 7.6, 330 mm NaCl, 1.1 m urea, 1.1% Nonidet
P-40, 1 mm dithiothreitol, 1 mm sodium orthovanadate, 1 mm
phenylmethylsulfonyl fluoride, 5 ug/ml leupeptin, and 5 ug/ml
aprotinin. Nuclei were extracted for 30 min on ice. Finally, the
sample was centrifuged at 13,000 X gfor 10 minat4 °C. The result-
ing nuclear extract and the previously obtained cytosolic extract
were analyzed for protein content by BCA analysis (Pierce)
according to the manufacturer’s instructions and stored at 80 °C.

Immunoblotting—3T3-L1 adipocytes were incubated with-
out or with the indicated TNFa or inhibitor concentrations for
the indicated time, and then harvested with lysis buffer contain-
ing 1% SDS. Equal amounts of protein from total cell lysates
were resolved by SDS-PAGE and electrotransferred to nitrocel-
lulose membranes, which were incubated with the indicated
antibodies overnight at 4 °C and then with horseradish peroxi-
dase-linked secondary antibodies for 45 min at room tempera-
ture. Proteins were then detected with an enhanced chemilu-
minescence kit.

In Vitro Digestion with Recombinant Caspases—Aliquots of
40 ug of nuclear fractions isolated from 3T3-L1 adipocytes
were incubated for 12 h at 37 °C in 50 ul of phosphate-buffered
saline in the presence of 10 units of the indicated recombinant
caspase. The reaction was stopped by the addition of electro-
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FIGURE 1. Treatment of 3T3-L1 adipocytes with TNF« decreases PPARYy protein levels and induces the formation of a 45-kDa immunoreactive PPARy
fragment. A, upper panel, a representative experiment demonstrating the time course of the decrease and increase in PPARvy protein levels and a 45-kDa
PPARy fragment, respectively, upon treatment with TNFa. 3T3-L1 adipocytes were treated or not with 50 ng/ml TNF« for the indicated periods of time, lysed,
and the PPARvy protein analyzed by Western blot, using a carboxyl-terminal anti-PPARy monoclonal antibody (clone E-8). Densitometry analysis of four
immunoblot experiments of 3T3-L1 adipocytes treated with TNF« for the indicated times is depicted in the lower panel. B, upper panel, dose-dependent
relationship of TNFa treatment decrease in PPARy protein and increase in the 45-kDa PPARy-immunoreactive fragment. Lower panel shows the densitometry
analysis of four immunoblot experiments, similar to the one depicted in the upper panel. Arrows in the upper panel indicate the PPARy protein and 45-kDa
fragment.

Control (DMSO) +MG132 (10uM) +Lactacystin (10uM) phosphate-buffered saline, and
immediately fixed in 4% formalde-
hyde for 12 min at room tempera-
ture. Fixed adipocytes were per-
:::::ﬁ meabilized with 0.05% Triton
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FIGURE 2. Reductions in PPARYy protein levels mediated by TNF« involve the proteasome degradation 12 h, followed by labeling with
pathway. 3T3-L1 adipocytes were treated for 20 min with 1% dimethyl sulfoxide (DMSO) (control), 10 um  Hoechst 33342 for nuclear stain-
MG132, or 10 um lactacystin and then incubated in the presence or absence of 50 ng/ml TNF« for the indicated ing, Alexa 594-conjugated goat
periods of time. Cells were then harvested and PPARYy protein analyzed by Western blot using a carboxyl-
terminal anti-PPARy monoclonal antibody. Depicted Western blots are representative of three different exper-
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iments. Arrows indicate PPARYy proteins and the 45-kDa fragment. gated goat anti-rabbit secondary

antibodies (Molecular Probes) for
phoresis sample buffer and samples were subsequently blotted 30 min. The cells were preserved
for PPARY protein. in Vectashield mounting medium for fluorescence (Vector

Immunofluorescence—3T3-L1 adipocytes at day 7 were Laboratories Inc.). The Images were obtained using a Nikon
treated or not with TNFa, washed three times with ice-cold TE2000-E2 microscope with a Yokogawa CSU10b spinning
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disk confocal scan head and custom laser launch, NEOS
AOTF and relay optics (Solamere Technology Group, Salt
Lake City, UT). Multi-wavelength confocal z-series were
acquired with a Nikon 40X Plan Apo oil objective (NA = 1.0)
and a QImaging Rolera MGi camera using the standard dig-
itizer. The final pixel size was 0.27 um/pixel, the z step was
0.3 wm, and the exposure time was 1-s per image. Meta-
morph Software controlled the microscope hardware and
image acquisition.

TABLE 1
Putative caspase cleavage sites in PPARYy protein

Potential caspase cleavage sites in the amino acid sequence of PPARY2 as identified
by the web-based program GraBCas.

Amino acid Amino acid sequence Caspase
49 SSVD | L 3,7
69 TTVD |, F 3,6,7,8
228 ISSD| I 2
230 SDID | Q 6,7,8
238 ESAD | L 2,3,4
341 DLND |, Q 2
408 LELD | D 1,3,4,5,6,8,9
411 DDSD | L 2,8
490 TETD |, M 1,2,3,4,56,7,8,9
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RESULTS

TNFo Decreases PPARYy Protein Levels, while Increasing the
Formation of a 45-kDa Immunoreactive PPARy Fragment—It
has been previously shown that TNFa treatment of cultured
adipocytes reduced PPARy protein levels, presumably through
suppression of Ppary gene transcription via the NF«B signaling
pathway (30, 31, 41). However, it is not fully understood
whether the decrease in PPARy protein levels induced by TNF«
is also mediated by other TNFa-stimulated pathways in fat
cells. Therefore, we conducted experiments to determine
whether activation of TNFa receptors in 3T3-L1 adipocytes
could lead to PPARYy protein degradation. Treatment of fully
differentiated 3T3-L1 adipocytes (days 7—9) with TNFa for 16 h
induced a dose-dependent decrease in PPARY protein, with
half-maximal and maximal effects occurring at 5 and ~25-50
ng/ml, respectively (Fig. 1B). These concentrations of TNFa
correspond to previously reported concentrations of TNF«a
that elicited maximal impairment of insulin signaling and
inhibit PPARy expression in 3T3-L1 adipocytes (42). Addition-
ally, as depicted in Fig. 14, treatment of cultured adipocytes
with 50 ng/ml TNFa for 6 h caused a time-dependent 60%
decrease in PPARvy protein. Immunoblotting with a mono-
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FIGURE 3. TNFa-induced cleavage of PPARY is caspase-dependent. Upper panel, caspase activity is required for TNFa-mediated cleavage of the PPARy
protein and 45-kDa PPARy fragment formation. 3T3-L1 adipocytes were treated in the presence of 10 um MG132 and for 20 min with 1% dimethyl sulfoxide
(control) or 50 um of the general caspases inhibitor Boc-b-FMK. Cells were then treated or not with 50 ng/ml TNF« for the indicated periods of time. Cells were
then harvested and PPARvy protein analyzed by Western blot, using a carboxyl-terminal anti-PPARy monoclonal antibody. Depicted Western blots are repre-
sentative of five different experiments. Lower panels show quantification of PPARy protein levels by densitometry analysis. Data are representative of five
independent experiments. Arrows in the upper panel indicate the PPAR+y protein and 45-kDa fragment.
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FIGURE 4. Caspases-3, -6, and -8 are required for TNFa-induced cleavage of PPARYy. Upper panels, 3T3-L1 adipocytes were treated with 10 um MG132
and during the first 20 min, with 1% dimethyl sulfoxide (NONE), 50 um Boc-pD-FMK, or 50 um of the indicated caspase inhibitors and then treated (+) or
not (—) with 50 ng/ml TNFa for 6 h. Cells were then harvested and PPARvy protein analyzed by Western blot, using the carboxyl-terminal anti-PPARy
monoclonal antibody E-8. Depicted Western blots are representative of four different experiments. Arrows indicate PPARy proteins and the 45-kDa
fragment. Lower panels show quantification of PPAR+y protein levels by densitometry analysis. Data are means of four independent experiments and S.E.

clonal anti-PPARyantibody raised against an epitope located at
the C-terminal region of PPARYy protein also revealed a lower
molecular mass band that migrated at ~45 kDa in SDS-PAGE
(Fig. 1, A and B). Incubation with TNFa increased the level of
this 45-kDa PPARvy fragment in a dose- and time-dependent
manner (Fig. 1, A and B). Thus, whereas TNFa treatment of
cultured adipocytes reduces total PPAR+y protein levels, it
simultaneously induces the formation of a lower molecular
weight fragment of PPARy protein.

Increase in the PPAR7y Fragment Induced by TNFa Does Not
Require New Protein Synthesis—A Ppary mRNA, yORF4,
which is generated by alternative splicing has been reported
recently by Sabatino and colleagues (43). The yORF4 transcript
results in the synthesis of a truncated PPARYy protein contain-
ing the first 273 amino acids of the mature PPARYy but lacking
the entire ligand-binding domain. Thus, one possibility is that
the 45-kDa PPARy immunoreactive band is a translation prod-
uct of an alternatively spliced Ppary mRNA expressed upon
TNFa stimulation. To test this possibility 3T3-L1 adipocytes
were preincubated with the protein synthesis inhibitor cyclo-
heximide (5 pg/ml) and then treated for 6 h with 50 ng/ml
TNFa. Cells were then harvested and cell lysate samples immu-

17086 JOURNAL OF BIOLOGICAL CHEMISTRY

noblotted for PPARYy protein. Inhibition of protein synthesis
with cycloheximide did not significantly block the ability of
TNFa to induce the production of the 45-kDa PPARy fragment
(data not shown) suggesting that this product is a result of post-
translational truncation of existing PPARvy protein.
Reductions in PPARYy Protein Levels by TNFa Involve the Pro-
teasome Degradation Pathway—We and other groups have
shown that PPAR+y degradation rates are remarkably rapid as
measured in the presence of cycloheximide (£, = 2 h) (44, 45).
Furthermore, treatment of cultured adipocytes with the protea-
some inhibitor MG132 increases the protein levels, suggesting
that the proteasome degradation pathway regulates PPARvy
protein levels in 3T3-L1 adipocytes (32). To test whether the
45-kDa fragment seen in cells stimulated with TNFa is a prod-
uct of proteasomal degradation of PPARy in 3T3-L1 adipo-
cytes, we treated cells with TNFa plus proteasome inhibitors.
As depicted in Fig. 2, a marked enhancement of PPARy protein
levels was observed in the presence of the proteasome inhibi-
tors MG132 and lactacystin. Moreover, addition of the protea-
some inhibitors partially prevented PPARY protein degrada-
tion mediated by TNFa treatment of adipocytes for 3 h (Fig. 2).
However, the formation of the 45-kDa PPARvy fragment was
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FIGURE 5. Recombinant caspase-3 and -6, but not caspase-8, cleave PPARYy. Upper panels, caspases-3 and -6 mediate cleavage of PPARvy protein and
generate the 45-kDa PPARvy fragment. Isolated nuclear subcellular fractions from 3T3-L1 adipocytes were incubated for 12 h with (+) or without (=) 50 um
Boc-D-FMK and in the absence (NONE) or presence of the indicated recombinant caspase proteins. Nuclear fractions were then resolved by SDS-PAGE and
PPARvy protein analyzed by Western blot, using a carboxyl-terminal anti-PPARy monoclonal antibody. Depicted Western blots are representative of three
different experiments. The left, upper panel depicts a positive control where lysate from cells treated (+) or not (—) with 50 ng/ml TNFa for 6 h were resolved
by SDS-PAGE and immunobloted with anti-PPARy antibody. Lower panels show quantification of PPARy protein levels by densitometry analysis. Data shown
are mean = S.E. of three independent experiments. Arrows and arrowheads in the upper panel indicate the PPARy protein and 45-kDa fragment.

not prevented by these proteasome inhibitors, rather, accumu-
lation of the fragment seemed to be enhanced by inhibition of
proteasome function. Thus, these results suggest that suppres-
sion of the PPARy protein level through TNFa may also involve
proteasome-mediated protein degradation of this nuclear
receptor. Generation of the 45-kDa fragment does not require
activity of the proteasomal pathway, but ultimate degradation
of the fragment may involve the proteasome.

TNFa-induced Cleavage of PPARYy Is Caspase-dependent in
Intact Cells—TNFa signaling leads to activation of caspase cas-
cades in adipocytes and cleavage of several signaling molecules
(35). To identify potential caspase cleavage sites in the PPARYy
protein sequence, we utilized the web-based tool GraBCas (46).
Several putative caspase consensus cleavage sites in the PPARYy
protein sequence were identified as shown in Table 1. These
observations prompted us to examine whether caspase activi-
ties are involved in PPARy cleavage elicited by TNFa treatment
of cultured adipocytes. To determine whether PPARy was
cleaved by caspases, 3T3-L1 adipocytes were preincubated with
the broad-spectrum caspase inhibitor Boc-p-FMK and then
stimulated with TNFa for up to 6 h (Fig. 3). Lysates from the
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harvested cells were then immunoblotted with anti-PPAR<y
monoclonal antibody. Consistent with the results depicted in
Figs. 1 and 2, treatment with TNF« for 6 h reduced full-length
PPARYy protein levels and induced formation of a 45-kDa frag-
ment. However, the TNFa-mediated decrease in PPARYy pro-
tein and appearance of the 45-kDa fragment was abrogated by
this broad-spectrum caspase inhibitor (Fig. 3, right panels).
This result strongly indicates that TNFa receptor signaling in
fat cells induces cleavage of PPARYy by caspases and/or
caspase-like proteases. They also suggest that caspase-medi-
ated PPARvy proteolysis may be part of the mechanism
whereby TNFa suppresses PPARy expression levels in
adipocytes.

Caspases-3, -6, and -8 Are Required for TNF«-induced
PPARYy Cleavage in Vivo—Because a general caspase inhibitor
prevented the TNFa-induced degradation and cleavage of
PPARY protein (Fig. 3), we next examined the involvement of
particular caspases in this process. Thus, a similar experiment
was performed with inhibitors of specific caspases. Adipocytes
were treated with a panel of caspase inhibitors, then exposed to
TNFa for 6 h and lysates were subjected to immunoblot analy-
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FIGURE 6. TNF« induces nuclear translocation of active caspase-3. A, upper panels, immunoblotting of pro-
caspase-8 in 3T3-L1 adipocytes cells treated or not with 50 ng/ml TNF-a plus MG132 in the absence or presence of
50 um Boc-D-FMK, as indicated. Nuclear and cytosolic subcellular fractions were then prepared and subjected to
SDS-PAGE and immunoblotting with anti-pro-caspase-8 antibody. Cytosolic and nuclear fractions were also used
for detection of actin and TATA-binding protein (loading controls) by immunoblot. Lower panel depicts quantifica-
tion of pro-caspase-8 protein levels. Data are representative of four determinations =+ S.E. B, immunoblotting of
active caspase-3 (upper panel), and pro-caspase-3 (lower panel) in 3T3-L1 adipocytes cells treated or not with 50
ng/ml TNF-a plus MG132 and in the absence or presence of 50 um Boc-d-FMK, as indicated. Nuclear and cytosolic
subcellular fractions were then prepared and subjected to SDS-PAGE and immunoblotting with anti-active
caspase-3 or anti-pro-caspase-3 antibodies. Data are representative of three independent experiments.

caspase-8 inhibitor (Z-IETD-FMK)
blocked  both  TNFa-induced
PPARy degradation and 45-kDa
PPARy fragment formation to
nearly the same extent as the broad-
spectrum caspase inhibitor Boc-D-
FMK (Fig. 4). Among the remaining
compounds tested, inhibitors of
caspases-1, -2, -5, and -9 had essen-
tially no effect. Only the caspase-6
(Z-VEID-FMK) and caspase-3
(Z-DEVD-FMK) inhibitors partially
blocked the decline of PPARy pro-
tein and the cleavage process. These
results indicate that caspases-3, -6,
and -8 activities are required for
TNFa-induced PPARY cleavage in
vivo. They (47) also suggest that
TNFa activation of the caspase-8 —
caspase-3 — caspase-6 cascade is
necessary for down-regulation of
the PPARy protein in cultured
adipocytes stimulated with this
cytokine.

In Vitro Cleavage of PPARYy
with Recombinant Caspase-3 and
Caspase-6—The results depicted in
Fig. 4, suggesting that caspase-3, -6,
and -8 are required for PPARYy pro-
tein degradation induced by TNFq,
prompted us to investigate whether
PPARYy proteins are directly tar-
geted by the activity of these
caspases. Nuclear fractions from
3T3-L1 adipocytes were isolated
and incubated with recombinant
caspases 1 (data not shown), and
caspase-2, -3, -6,-7,-8,and -9, in the
presence or absence of Boc-D-FMK.
As depicted in Fig. 5, PPARYy pro-
teins were cleaved in vitro only by
recombinant caspase-3 and -6, as
shown by the disappearance of the
full-length PPARy band and the
generation of a 45-kDa PPARYy frag-
ment. As expected, PPARYy protein
cleavage by recombinant caspase-3
and -6 was abrogated in the pres-
ence of the general caspase inhibitor
Boc-pD-FMK. Interestingly, recom-
binant caspase-3 and -6 generated
45-kDa PPARvy fragments in vitro,
similar to the 45-kDa fragment
induced by TNFa in vivo (Figs.

sis with anti-PPARy antibody. Consistent with the results 1-4). Treatment with recombinant caspase-8 was unable to
depicted in Fig. 3, the general caspase inhibitor Boc-D-FMK  cleave PPARY in vitro although inhibition of caspase-8 blocked
completely inhibited the decline of PPAR+y protein and appear- PPAR'y protein cleavage in cells (Fig. 4). Taken together, these
ance of the 45-kDa PPARy fragment (Fig. 4, upper panel). The results shown that in vitro treatment of PPAR+y with recombi-
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nant caspase-3 and -6 generated a 45-kDa cleavage product,
consistent with that seen in adipocytes stimulated with TNFc.
They also reinforce the notion that PPARYy protein is directly
targeted by caspase-3 and -6 during TNFa signaling in adipose
cells in a pathway indirectly involving caspase-8.

Active Caspase-3 and Caspase-6 Are Translocated into Adi-
pocyte Nuclei Upon TNFa Stimulation—Given the predomi-
nantly nuclear localization of PPARYy protein in adipocytes (44,
48, 49), we next examined whether TNFa treatment induces
active caspases to be translocated into the nucleus where they
could target PPARy protein. Thus cytosolic and nuclear subcel-
lular fractions from 3T3-L1 adipocytes, treated or not with
TNFaq, were isolated and then subjected to immunoblot analy-
sis with anti-procaspase and anti-active caspase antibodies to
examine the subcellular distribution of active caspases in
response to TNFa. As shown in Fig. 64, full-length caspase-8
was present in the cytosolic, but not nuclear fraction. Based on
previous results, treatment with TNFa was expected to induce
cleavage and activation of full-length caspase-8. Although the
antibody used does not detect the activated cleaved caspase-8,
we interpret the decrease in full-length caspase-8 protein levels
in the cytosolic fractions (Fig. 6A, upper and lower panel)
as indicative of cleavage and activation (50). This result suggests
that stimulation of cultured adipocytes with TNF« induces
activation of caspase-8 in the cytosolic compartment, but not
the nucleus. We further examined whether other caspases
downstream to caspase-8, such as caspase-3 and -6, predicted
to be the activities that directly target PPARY, were also acti-
vated under these conditions and translocated to the nucleus.
Thus, nuclear and cytosolic fractions from adipocytes stimu-
lated or not with TNFa were immunobloted for pro-caspase-3
and active caspase-3. As depicted in Fig. 6B (lower panel), pro-
caspase-3 was present mostly in the cytosolic fraction, with
minimal detection in the nuclear fraction. Remarkably, treat-
ment of 3T3-L1 adipocytes with TNFa for 6 h caused a dra-
matic increase in active caspase-3 (i.e. caspase-3-p17 subunit)
associated with the nuclear subcellular fraction (Fig. 6B, upper
panel). Moreover, incubation of 3T3-L1 adipocytes with the
general caspase inhibitor Boc-pD-FMK before treatment of cells
with TNFa blocked recruitment of active caspase-3 into the
nucleus (Fig. 6B, upper panel), consistent with activation and
translocation of caspase-3 being dependent on activity of an
upstream caspase, most likely caspase-8. Similarly, stimulation of
cultured adipocytes with TNFa also caused a significant recruit-
ment of active caspase-6 into the nucleus (data not shown). Thus,
these results are consistent with the hypothesis that recruitment of
active caspase-3 and -6 into the nucleus of TNFa-stimulated adi-
pose cells mediates cleavage of the PPARy protein.

TNFa-mediated Caspase-3 and Caspase-6 Activation Dis-
rupts Nuclear Localization of PPARYy in Cultured Adipocytes—W'e
next investigated whether caspase-dependent cleavage of the
N-terminal region of PPARy upon TNF« stimulation affects
the subcellular localization of PPAR7y. To examine whether
caspase-dependent cleavage of PPARyinduced by TNFa has an
impact on its subcellular distribution, we treated 3T3-L1 adi-
pocytes with or without TNFa« for 6 h, similar to the experi-
ments described in Figs. 1—4. Adipocytes were then fixed and
stained with anti-active caspase-3 and anti-PPARvy antibodies,
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FIGURE 7. TNFa-mediated nuclear translocation of active caspase-3 dis-
rupts nuclear localization of PPARYy protein. Differentiated 3T3-L1 adipocytes
were treated with 50 ng/mI TNFa in the presence of 10 um MG132. After 6 h, cells
were fixed, permeabilized, and stained with monoclonal anti-PPARYy (clone E-8),
polyclonal anti-active caspase-3 antibodies, and Hoechst 33342 trihydrochloride
trihydrate, to visualize endogenous PPARy and active caspase-3 proteins and
nucleus. Most of the PPARy protein (red) was localized within the nucleus (blue) of
cultured adipocytes with no detection of caspase-3 activation. However, PPARy
protein was quite dispersed from the nuclei of cells displaying caspase-3 activa-
tion (green), indicated by the arrows. Depicted immunofluorescence microscopic
images are representative of three experiments.

followed by immunofluorescence microscopy analysis to visu-
alize the subcellular distribution of endogenous PPARYy protein
in cells displaying activation of caspase-3. As shown in Fig. 7,
TNFa induced a remarkable dispersion of PPARYy protein from
the nuclear region of 3T3-L1 adipocytes exclusively in cells in
which active caspase-3 was also detected. In these cells PPARy
was detected throughout the cytosolic compartment. Nuclei
remained intact under these conditions as evidenced by the
persistence of nuclear staining (Fig. 7) as well as continued
nuclear localization of the general transcription factor TATA-
binding protein (data not shown), illustrating specific reloca-
tion of PPARY. Overall, this result supports the hypothesis that
in TNFa-stimulated adipose cells, the caspase-mediated cleav-
age of PPARy protein at its N-terminal end promotes nuclear
export and cytosolic degradation of this transcriptional factor.
This export to the cytoplasm likely leads to loss of its activation
function in the nucleus.

DISCUSSION

The inflammatory state associated with excess adipose tissue
in obesity is characterized by the production of cytokines
including TNF«, which may adversely affect the capability of fat
tissue to sequester excess lipids. This contributes to impaired
insulin responsiveness of other tissues. We have described here
a newly recognized mechanism by which TNFa may impair
adipocyte function by decreasing the levels and activity of the
key transcriptional activator PPAR7y. Our data support a model
summarized in Fig. 8, in which TNF receptor signaling in adi-
pocytes activates caspase-8 in the cytosol. Caspase-8 in turn
promotes the cleavage and activation of caspases-3 and -6. The
latter activated caspases are translocated to the adipocyte
nucleus where they directly target PPARy resulting in the cyto-
solic accumulation and ultimate degradation of a 45-kDa
PPARY cleavage product (Fig. 8). The size of this fragment as
well as the predicted specificity of caspases for the cleavage site
(Table 1) are consistent with cleavage at Asp®®. This is likely to
result in loss of PPARY transcriptional activation by several
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FIGURE 8. Model of caspase-dependent PPARY protein cleavage. Cell-surface TNFa receptor signaling
induces the activation of caspase-3, -6, and -8. In turn, activated caspases-3 and-6 are translocated to the
adipocyte nucleus (green arrows) where they cleave PPARy most likely at the identified consensus site TTVD
(Table 1) to generate a COOH-terminal 45-kDa fragment. Cleaved PPARy protein is translocated to the cyto-
plasm (dashed red arrow) and degraded via a proteasome-mediated process, thus down-regulating PPARy
functions. Moreover, following PPARy protein cleavage, ubiquitinylation might also occur.

means: 1) disruption of the N-terminal activation domain by
the probable cleavage site, likely impairing transcription activa-
tion; 2) loss of nuclear localization of the cleaved PPAR'y frag-
ment; and 3) ultimate degradation of the cleaved PPARYy frag-
ment via a proteasomal pathway.

Our results are largely consistent with a study published
recently by He and colleagues (36). They report caspase-depend-
ent cleavage of PPARYy resulting in the accumulation of a 45-kDa
cleavage product in response to TNFa. In that study, specific inhi-
bition of caspase-1, but not caspase-3, -6, or -8, was able to prevent
PPARY cleavage in response to TNFa. The reasons for this dis-
crepancy between the results published by He et al. (36) and our
data are not clear. However, in their report, caspase cleavage and
production of the 45-kDa fragment was only observed under con-
ditions of translation inhibition by cycloheximide in addition to
TNFa treatment. In contrast, we observe PPARy fragment gener-
ation irrespective of the presence of cycloheximide. Thus, it is pos-
sible that activation of distinct caspase pathways might result from
these differing treatments. For instance, it has been established
that cycloheximide sensitizes many types of cells to TNFa-in-
duced apoptosis, mainly due to its ability to block de novo synthesis
of the endogenous caspase inhibitors, such as the cellular FLICE-
inhibitory protein (c-FLIP) and members of the inhibitors of apo-
ptosis protein family. These proteins are up-regulated by TNFa-
receptor via the NF«kB pathway and function through direct
interactions to inhibit the activity of several caspases, including
caspase-3, caspase-7, caspase-8, and caspase-9 (51, 52). Hence,
upon inhibition of protein synthesis by cycloheximide treatment,
suppression in the levels of these caspase inhibitors could trigger a
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marked activation of different sets of
caspases in adipocytes. In turn, highly
active caspase activities due to the
absence of their endogenous inhibi-
tors could target the PPARYy pro-
tein in adipocytes.

Another possible explanation for
the differences between the present
results and those of He and colleagues
(36) is the effect of cycloheximide on
PPARYy protein turnover. Cyclohexi-
mide treatment reveals a remarkably
rapid PPARvy degradation in adipo-
cytes (44, 45). It is possible that under
these conditions of disruption in pro-
tein synthesis and rapid PPARY pro-
tein turnover, this transcriptional fac-
tor could be targeted to a different set
of caspases.

However, data presented here in-
cluding inhibitor studies in cells as
well as direct in vitro cleavage by
recombinant caspases-3 and -6
strongly suggest that the caspase-3,
-6, and -8 cascade is involved. In any
case we concur with He et al. (36)
that caspase-mediated cleavage of
PPARy modulates its levels and
function in response to TNFa, and
it will be of interest to determine the precise pathway and its
relevance in vivo.

TNFa has been implicated in suppressing adipose cell metabo-
lism through down-regulation of PPARYy function. The present
work adds to an emerging picture of this regulation occurring at
multiple levels. Transcripitional regulation of PPARYy has been
long recognized (reviewed in Ref. 53). Rapid turnover of adipocyte
PPARYy as well as control at the translational level have more
recently been described by us and others (44, 45, 54). Furthermore,
regulation of PPARY transcription activation activity through
modulation of coactivator or corepressor activities has also been
noted (53). Collectively these findings indicate a complex and mul-
tifactorial regulation of PPARy in response to inflammatory cyto-
kines like TNFa. The extent of the contribution of these various
pathways to impairment of adipocyte function and resulting dys-
function in lipid metabolism, insulin sensitivity, and glucose
homeostasis is yet to be determined. The description here of
caspase pathways involved in PPARy down-regulation adds
another potential link between obesity-associated inflammation
and insulin resistance.
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