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Hypoglycemic Action of Thiazolidinediones/Peroxisome
Proliferator—Activated Receptor v by Inhibition of the
¢-Jun NH,-Terminal Kinase Pathway

Julieta Diaz-Delfin, Monica Morales, and Carme Caelles

Type 2 diabetes results from progressive pancreatic 3-cell
dysfunction caused by chronic insulin resistance. Activa-
tion of c-Jun NH,-terminal kinase (JNK) inhibits insulin
signaling in cultured cells and in vivo and thereby promotes
insulin resistance. Conversely, the peroxisome prolifera-
tor-activated receptor (PPAR) vy synthetic ligands thiazo-
lidinediones (TZDs) enhance insulin sensitivity. Here, we
show that the TZDs rosiglitazone and troglitazone inhibit
tumor necrosis factor-a-induced JNK activation in 3T3-L1
adipocytes. Our results indicate that PPARy mediates this
inhibitory action because 1) it is reproduced by other
chemically unrelated PPARYy agonist ligands and blocked by
PPARy antagonists; 2) it is enhanced by PPARYy overex-
pression; and 3) it is abrogated by PPARy RNA interfer-
ence. In addition, we show that rosiglitazone inhibits JNK
activation and promotes the survival of pancreatic 3-cells
exposed to interleukin-1f. In vivo, the abnormally elevated
JNK activity is inhibited in peripheral tissues by rosiglita-
zone in two distinct murine models of obesity. Moreover,
rosiglitazone fails to enhance insulin-induced glucose up-
take in primary adipocytes from ob/ob JNK1~/~ mice. Ac-
cordingly, we demonstrate that the hypoglycemic action of
rosiglitazone is abrogated in the diet-induced obese JNK1-
deficient mice. In summary, we describe a novel mechanism
based on targeting the JNK signaling pathway, which is
involved in the hypoglycemic and potentially in the pancre-
atic B-cell protective actions of TZDs/PPARvy. Diabetes
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n early condition in the development of type 2

diabetes is insulin resistance, which is a defec-

tive response of liver, adipose tissue, and skel-

etal muscle to insulin. Afterward, 3-cell failure
is the major determinant of progression from insulin
resistance to hyperglycemia. In addition to genetic predis-
position and environmental factors, obesity is the greatest
risk factor for the development of type 2 diabetes and is
strongly associated with insulin resistance (1). Although
the molecular mechanisms responsible for the develop-
ment of insulin resistance in obesity are complex and not
fully characterized, several molecules secreted by the
adipose tissue, including tumor necrosis factor (TNF)-q,
may contribute to this resistance in peripheral tissues (2).
In particular, TNF-a inhibits the early steps of insulin
signaling, namely insulin receptor autophosphorylation
and subsequent tyrosine phosphorylation of the insulin
receptor substrate (IRS)-1, by inducing serine phosphory-
lation of IRS-1 (3). The c-Jun NH,-terminal kinase (JNK),
which is strongly activated by TNF-a (4), downregulates
insulin signaling by phosphorylation of IRS-1 on serine 307
(5). In fact, JNK activity is abnormally elevated in obesity,
and its deficiency results in decreased adiposity and
improvement of insulin sensitivity and insulin receptor
signaling (6). Consistently, the administration of JNK
inhibitors markedly improves insulin signaling in periph-
eral tissues and consequently reduces insulin resistance
and ameliorates blood glucose homeostasis in genetically
and diet-induced obese mice (7,8). In addition, JNK is
involved in the loss of pancreatic B-cells induced by
interleukin (IL)-1B (9). In this regard, treatment of insulin-
secreting cells or obese mice with JNK inhibitors prevents
IL-1B—induced apoptosis (10) and results in significant
preservation of B-islets and improvement of insulin release
in response to glucose stimulation (7), respectively. Fi-
nally, there is genetic evidence showing that increased
JNK activity, as a result of the loss-of-function mutations
of the scaffold protein JNK inhibitor protein-1, may cause
type 2 diabetes (11). Taken together, these results strongly
support the pharmacological targeting of the JNK pathway
as a therapeutic approach for the treatment of diabetes
(.

Thiazolidinediones (TZDs), a class of drugs used clini-
cally as insulin-sensitizing agents, reduce blood glucose,
insulin, triglyceride, and free fatty acid (FFA) levels in
animal models of insulin resistance and type 2 diabetes
and in humans with these conditions (12). TZDs counter-
act TNF-a-induced insulin resistance by restoring insulin
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receptor and IRS-1 tyrosine phosphorylation in cultured
adipocytes, mice, and type 2 diabetic patients (13-17).
TZDs also prevent progressive B-cell dysfunction (17,18).
Several mechanisms have been proposed to account for
this protective action of TZDs, including a lowering of
pancreatic secretory demands (17), a direct positive effect
on B-cells (19), or the inhibition of the production of
pro-inflammatory cytokines (20).

TZDs are synthetic high-affinity ligands for peroxisome
proliferator—activated receptor (PPAR) v, a member of the
nuclear receptor superfamily of ligand-regulated transcrip-
tion factors (21), which has been implicated in distinct
physiological and pathological processes, such as adipo-
genesis, insulin sensitivity, type 2 diabetes, atherosclero-
sis, inflammation, and cancer (20,22). PPARy can be
activated by naturally occurring compounds, such as the
long-chain fatty acid derivative 15-deoxy-A (12,14)-pros-
taglandin J, (156d-PGJ,) (23,24). In addition to TZDs, the
N-(9-fluorenylmethylloxycarbonyl) leucine derivative,
FMOC-L-leucine (F-L-Leu), is another chemically distinct
synthetic ligand of PPAR+y that also shows insulin-
sensitizing action in vivo (25). Although some effects of
TZDs are PPARvy independent, this nuclear receptor is
the major functional receptor that mediates the pharma-
cological actions of these drugs, because their clinical
potency correlates closely with their respective capacity
to bind to this receptor (26,27). Despite the beneficial
actions of TZDs, the molecular mechanism(s) by which
these drugs and PPARy promote insulin sensitivity
remains to be fully elucidated.

In this study, we show that TZDs/PPAR+ inhibit activa-
tion of the JNK pathway in cells and in vivo, and we
provide evidence supporting this inhibitory action as a
mechanism to conduct the hypoglycemic and potentially
pancreatic B-cell protective actions of TZDs/PPARy.

RESEARCH DESIGN AND METHODS

Cell culture and treatments. For adipocyte differentiation, 2 days after
confluency, 3T3-L1 preadipocytes were exposed for 48 h to Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FCS, 500 pmol/l
isobutylmethylxanthine, 25 pmol/l dexamethasone, and 5 pg/ml insulin fol-
lowed by a 48-h incubation in DMEM supplemented with 10% FCS and 5 pug/ml
insulin. Thereafter, cells were maintained in DMEM supplemented with 10%
FCS. Fat accumulation was visualized by staining with Oil red O. Unless
indicated, 5 days after differentiation, cells were incubated for 16 h with
DMEM supplemented with 0.5% FCS and rosiglitazone (10 pmol/l), troglita-
zone (10 pwmoll), 15d-PGJ, (3 pmoll), F-L-Leu (100 wmol/l), bisphenol A
diglycidyl ether (BADGE) (10 pmol/l), or vehicle and stimulated with TNF-a
(10 ng/ml) for 20 min before harvesting. INS-1E cells (28) were treated with
rosiglitazone for 24 h or SP600125 (10 pmol/l) for 20 min and stimulated with
IL-1B (10 ng/ml). JNK activity and cell viability were determined after 20 min
and 24 h, respectively. Viable and apoptotic cells were differentially labeled
using the LIFE/DEAD Viability/Cytotoxicity kit (Molecular Probes). A mini-
mum of 1,000 cells per condition was counted for each experiment.

Cell transfection and retroviral infection. 3T3-L1 preadipocytes seeded in
100-mm tissue culture plates were transiently transfected by lipofection
(Invitrogen) and using 3 pg each of the plasmids pCEFL-KZ-HA-JNK and
pSV-Sport-PPARY2 or pSV-Sport. After transfection, cells were treated as
described above.

NXE cells were transfected with pSUPERretro (Oligoengine) and pSUPER-
retro-PPARY-RNAi (5'GAAGATGACAGACCTCAGG-3") by standard calcium
phosphate precipitation method. Two days after transfection, tissue culture
medium was filtered, supplemented with 4 pug/ml polybrene, and used to infect
3T3-L1 preadipocytes. Infected cells were selected with puromycin (2 pg/ml).
JNK immunocomplex assay. JNK and hemagglutinin-JNK were immunopre-
cipitated using the antibodies sc-474 (Santa Cruz Biotechnology) and 12CAb5
(BabCO), respectively, and the JNK activity was determined as described
previously (29).

Immunoblotting. IRS-1, JNK, PPARYy, hemagglutinin-tag, and tyrosine phos-
phorylation were detected using the antibodies sc-559, sc-474, sc-7273 (Santa
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Cruz Biotechnology), 12CA5 (BabCO), and 4G10 (Upstate Biotechnology),
respectively. Immunoblots were performed using the enhanced chemilumi-
nescence detection system.

RT-PCR analysis. RT-PCR analysis was performed using 1 g total RNA
extracted from 3T3-L1 cells with Trizol reagent (Life Technologies) and the
following primer pairs: 5'-AGAAGTCACACTCTGACAGG-3'/5'-CAATCGGATG
GTTCTTCGGA-3', 5'-ACTGCCTATGAGCACTTCAC-3'/CAATCGGATGGTTCT
TCGGA-3', and 5'-ACCACAGTCCATGCCATCAC-3'/56"TCCACCACCCTGTTGCT
GTA-3' for PPARy1, PPARY2, and glyceraldehyde-3-phosphate dehydrogenase,
respectively.

Animals and in vivo studies. All experimental protocols were approved by
the Animal Care Research Committee of the University of Barcelona. Male
CH7BL/6J obese (0b/ob) mice and lean littermates were obtained from Elevage
Janvier (Le Genest-Saint-Isle, France). At 14 weeks of age, rosiglitazone (1
mg/kg) or vehicle (PBS) was orally gavaged once a day for 10 consecutive
days. Thereafter, mice were anesthetized with isofluorane, and liver, skeletal
muscle (hind quarter), and adipose tissue (epididymal fat pads) were excised
and frozen in liquid nitrogen.

JNK1-deficient (JNK1~/7) mice and wild-type littermates were obtained
from parental JNK1 heterozygous mice backcrossed for five generations onto
the C57BL/6J strain. For each genotype, 4-week-old male mice were divided
randomly into three groups. One group was fed standard chow and the other
two received a high-fat, high-carbohydrate diet (diets F4031 and F3282;
BioServ). At 17 weeks of age, one of the high-fat, high-carbohydrate diet
groups from each genotype was subjected to rosiglitazone treatment in the
same conditions, as described above, while the rest were treated with vehicle
alone. For the glucose tolerance test (GTT), on day 9 of treatment, mice were
fasted for 6 h before oral administration of glucose (2 mg/g body wt), and
glucose was determined in blood collected from the tail with an automatic
glucometer (Elite; Bayer). The trapezoid rule was used to determine the area
under curve (AUC) for plasma glucose concentrations from 1 to 60 min.
Plasma insulin and triglycerides were determined by ELISA (Mercodia) and
enzymatically (Accuntrend GCT meter; Roche), respectively. Tissue samples
were obtained on day 17 of treatment, as described above.

Adipocyte isolation and determination of glucose transport. Eight-
week-old male ob/ob, ob/ob JNK1/~, and lean mice were treated with
rosiglitazone (3 mg/kg) or vehicle once a day for 4 consecutive days.
Thereafter, epididymal fat pads were dissected, minced in Krebs-Ringer
solution supplemented with 2 mmol/l sodium pyruvate and 3% BSA, and
digested with 1.5 mg/ml collagenase. Adipocytes were filtered, washed three
times in the same buffer, and placed in plastic vials in a final volume of 400 .l
In triplicates, cells were treated with vehicle, rosiglitazone, insulin, or
rosiglitazone plus insulin for 10 min at 37°C before 2-deoxy-p-[?H]glucose
(2-DG) was added at a final concentration of 0.1 mmol/l (0.4 wCi). After 10
min, 100 pl of 100 pwmol/l cytochalasin B was added, and adipocytes were
separated by centrifugation in microtubes containing phthalic acid dinonyl
ester (density 0.98 g/ml). Incorporation of labeled 2-DG was measured by
liquid scintillation.

Statistics. Data were analyzed with an unpaired Student’s test. Values are
presented as means = SE; *P < 0.05; **P < 0.01.

RESULTS

Rosiglitazone blocks TNF-a-induced JNK activation
in 3T3-L1 adipocytes. To gain insight into the molecular
mechanism behind the insulin-sensitizing action of TZDs,
we examined the effect of rosiglitazone on TNF-a—induced
JNK activity in 3T3-L1 adipocytes. Treatment of cells with
rosiglitazone inhibited TNF-a—-induced JNK activity to
52 = 11.8% (Fig. 1A). This action was consistent with the
capacity of rosiglitazone to restore the insulin-induced
tyrosine phosphorylation of IRS-1 regardless the presence
of TNF-a (Fig. 1B).

PPARy mediates the inhibitory action of rosiglita-
zone on the JNK pathway. Because the antidiabetic
actions of TZDs are driven, to a great extent, by PPARYy
(12), we performed a series of assays to assess whether
this nuclear receptor mediates the action of rosiglitazone
on the JNK pathway. Dose-response analyses performed in
3T3-L1 adipocytes showed that effective rosiglitazone
doses to inhibit JNK activity correlated with those previ-
ously reported to bind to and activate PPARy (30) (Fig.
2A). Next, we tested several PPARy agonist ligands, in-
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FIG. 1. Rosiglitazone inhibits TNF-a-induced activation of JNK in
3T3-L1 adipocytes. A: First and second panels show JNK immunocom-
plex and immunoblot assays from cells treated as indicated. The graph
shows JNK activity referred as the percentage of the value of TNF-a-
treated cells (n = 5). B: IRS-1 tyrosine phosphorylation (top) and total
amount (bottom) immunoblot assay from cells treated with rosiglita-
zone, TNF-a, and insulin, as indicated (n = 3). Ins, insulin; PY,
phosphotyrosine; Rosi, rosiglitazone; TNF, TNF-«; veh, vehicle.

cluding the TZD troglitazone and other chemically distinct
compounds, such as 15d-PGJ,, and F-1-Leu, for their capac-
ity to inhibit TNF-a—induced activation of JNK in 3T3-L1
adipocytes. JNK activity induced by this cytokine was
reduced to 74 = 10, 69 = 4, and 70 = 11% by treatment
with troglitazone, 15d-PGJ,, and F-1-Leu, respectively (Fig.
2B). Like rosiglitazone, none of these PPAR+y ligands
modified basal JNK activity or the overall amount of this
kinase, as assessed by immunoblot analysis (Fig. 14; data
not shown). Moreover, the downregulation of JNK activa-
tion induced by rosiglitazone in 3T3-L1 adipocytes was
efficiently prevented by the PPARy antagonist ligand
BADGE (31) (Fig. 2C). We also analyzed whether the
overexpression of PPARy enhanced JNK inhibition by
rosiglitazone in 3T3-L1 preadipocytes, which express only
low levels of PPARvyl (Fig. 3A). Overexpression of
PPAR~Y2 in these cells improved the inhibitory action of
the drug on the JNK pathway (JNK activation was de-
creased 32 = 9.4 and 63 £ 3.8% in pSV and pSV-PPARYy-
transfected cells, respectively) (Fig. 3B). The PPARyl
expression found in 3T3-L1 preadipocytes may account for
the inhibition of JNK activity in pSV-transfected cells.
Accordingly, BADGE also blocked the inhibitory action of
rosiglitazone on the TNF-a—induced activity of JNK in
these cells (Fig. 3C). Finally, PPARy expression in 3T3-L1
cells was downregulated by RNA interference (RNAi)
through retroviral infection with pSUPER-PPARy RNAi.
Effectiveness of PPARy RNAi was assessed by the de-
crease in the levels of PPARy mRNA (Fig. 3D) and protein
(Fig. 3E) and by the inhibition of 3T3-L1 cell differentiation
to adipocytes as determined by Oil red O staining (Fig. 3F).
In contrast to the cells infected with the control vector,
cells in which PPARy was downregulated by RNAi con-
comitantly failed to inhibit TNF-a—induced activation of
JNK in response to rosiglitazone (Fig. 3G). A similar result
was obtained in the infected 3T3-L1 preadipocytes (Sup-
plemental Fig. 1, which is detailed in the online appendix
[available at http:/dx.doi.org/10.2337/db06-1293]), indi-
cating that PPARy1 also mediates the inhibitory action of
rosiglitazone on the JNK pathway in these undifferentiated
cells.

Rosiglitazone inhibits IL-13-dependent induction of
JNK activity and cell death in insulin-secreting 3-cell
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FIG. 2. Effects of PPARYy ligands on TNF-a-induced JNK activation in
3T3-L1 adipocytes. A and B: Graphs show JNK activity as in Fig. 14
from cells treated with rosiglitazone at the concentrations indicated
(A) or with troglitazone, 15d-PGJ,, F-L-Leu, and stimulated with
TNF-a, as indicated (B) (n = 3). C: JNK immunocomplex (top) and
immunoblot (bottom) assays from cells treated as indicated (n = 3).
FLLeu, F-L-Leu; PG, 15d-PGdJ,; Rosi, rosiglitazone; TNF, TNF-«; Tro,
troglitazone; veh, vehicle.

lines. In addition to the role of IL-1f in type 1 diabetes, its
glucose-induced production in B-cells contributes to B-cell
glucotoxicity in the pathogenesis of type 2 diabetes (32).
Because JNK plays a role in the death of pancreatic -cells
induced by IL-1B (9), we analyzed the effect of rosiglita-
zone on IL-1B-induced JNK activity and cell death in the
pancreatic B-cell line INS-1E. Consistent with the PPAR~y
expression in these cells, rosiglitazone efficiently inhibited
JNK activity triggered by IL-1B (Fig. 4A4). Moreover, this
inhibitory action correlated with the capacity of rosiglita-
zone to prevent IL-1B—induced apoptosis to a similar
extent as the JNK inhibitor SP600125 (Fig. 4B). Similar
results were obtained in another pancreatic B-cell line,
B-TC3 (Supplemental Fig. 2).
Rosiglitazone inhibits JNK activity and restores
IRS-1 tyrosine phosphorylation in obese hyperglyce-
mic ob/ob mice. To study the action of rosiglitazone on
the JNK pathway in vivo, we took advantage of the
exacerbated JNK activity found in peripheral tissues in the
obese/hyperglycemic 0b/ob mouse (6). Remarkably, ros-
iglitazone treatment significantly inhibited JNK activity in
liver and adipose tissues in the ob/ob mice, whereas no
significant effect was detected in any of these tissues in the
lean littermates (Fig. bA). In addition, extracts from liver
were analyzed for IRS-1 tyrosine phosphorylation and total
IRS-1 content. In agreement with a previous report (33),
the amount of hepatic IRS-1 was decreased in the ob/ob
mice. Although treatment with rosiglitazone did not re-
store the overall amount of IRS-1 in these animals and thus
it remained lower than their lean littermates, it signifi-
cantly increased IRS-1 tyrosine phosphorylation (Fig. 5B).
To analyze the effects of rosiglitazone on insulin-
induced glucose uptake, primary adipocytes were isolated
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FIG. 3. Regulation of PPARY expression modulates rosiglitazone action on the JNK pathway in 3T3-L1 cells. A: RT-PCR analysis of PPARy1 and
-2 in 3T3-L1 preadipocytes (pre) and adipocytes (adi). B: HA-JNK immunocomplex (first panel), HA-JNK (second panel), and PPARy2 (third
panel) immunoblot assays from 3T3-L1 preadipocytes transfected with pCEFL-KZ-HA-JNK and pSV or pSV-PPAR~Y2, treated with rosiglitazone,
and stimulated with TNF-«, as indicated. The graph shows the HA-JNK activity as in Fig. 1A (n = 3). C: JNK immunocomplex (top) and
immunoblot (bottom) assays from 3T3-L1 preadipocytes treated as indicated. D-G: pSUPER (pSUPER)- or pSUPER-PPARYy RNAi (RNAi)-infected
3T3-L1 cells were differentiated to adipocytes. Analysis of PPARYy expression by semi-quantitative RT-PCR (D) and immunoblot (E) assays and
by adipocyte differentiation (F). G: JNK immunocomplex (top) and immunoblot (bottom) assays from cells treated as indicated. Rosi,

rosiglitazone; TNF, TNF-a.

from 8-week-old lean, ob/ob, and ob/ob JNK1 '~ mice. In
contrast to lean mice, adlpocytes from untreated ob/ob and
ob/ob JNK1 ™/~ mice showed a reduced glucose uptake in
response to insulin, which is consistent with their obesity-
induced insulin resistance condition, respectively (Fig. 6).
In agreement with the capacity of rosiglitazone to improve
insulin sensitivity, treatment of the 0b/0b mice with this
drug clearly enhanced insulin-induced glucose uptake in
primary adipocytes, whereas no effect was observed in
those from lean mice. Notably, rosiglitazone failed to
enhance glucose uptake in response to insulin in adipo-
cytes from ob/ob JNK1~/~ mice (Fig. 6).

JNK1 inhibition mediates hypoglycemic action of
rosiglitazone in vivo. Rosiglitazone treatment was also
effective in lowering JNK act1v1ty in peripheral tlssues in
high-fat diet-induced obese mice (Fig. 7A). JNK1~/~ mice
on a high-fat, high-carbohydrate diet are partially pro-
tected from adiposity (Fig. 7; Supplemental Fig. 3A);
nonetheless, they still develop insulin resistance, although
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FIG. 4. Rosiglitazone inhibits IL-1B-induced JNK activation and apo-
ptosis in INS-1E cells. A: JNK immunocomplex (top) and JNK (middle)
and PPARy (bottom) immunoblot assays from cells treated as indi-
cated (n = 2). B: Cells treated as indicated were stained for viability.
Graph shows the percentage of apoptotic cells (n = 3). IL, IL-1; Rosi,
rosiglitazone; SP, SP600125; veh, vehicle.
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milder than their wild-type littermates, as shown by GTT
(Fig. 7B and C) and plasma insulin levels (Fig. 7D) In
contrast to wild-type animals, treatment of JNK1~/~ mice
with rosiglitazone neither 1mproved their glucose toler-
ance (Fig. 7B and C) nor reduced their hyperinsulinemia
(Fig. 7D). Regarding lipid metabolism, in response to a
hlgh fat, high- carbohydrate diet, plasma FFAs did not
increase in the JNK1~/~ in comparison with the wild-type
mice (Supplemental Fig. 3B), whereas plasma triglycerides
were found equally elevated in both types of mice. Re-
markably, although the hypoglycemlc action of rosiglita-
zone was abolished in the JNK1 ™/~ mice, another one of
its beneficial actions, such as lowering plasma triglyceride
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FIG. 5. Rosiglitazone inhibits JNK activity in ob/ob mice. ob/ob mice
and lean littermates were treated with rosiglitazone or vehicle. A:
Graphs show the fold increase in JNK activity in the tissues indicated
relative to the untreated lean mice. In each group, n = 5. B: IRS-1
tyrosine phosphorylation (top) and total amount (bottom) immunoblot
assay of liver extracts from three animals per condition. PY, phospho-
tyrosine; Rosi, rosiglitazone; veh, vehicle.
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level, was observed only in those mice lacking JNK1 (Fig.

7E).

DISCUSSION

Despite the pharmacological significance of TZDs, little is
known about the molecular mechanism(s) behind the
insulin-sensitizing action of these antidiabetic agents.
These drugs ameliorate insulin resistance by acting on the
early steps of the insulin signal transduction cascade,
restoring insulin receptor and IRS-1 tyrosine phosphoryla-
tion levels in response to insulin in cell culture (13,14) and
in vivo (this study; 15,16). This action is consistent with
the inhibitory role of TZDs on the JNK pathway observed
in our study given that IRS-1 is a JNK target and IRS-1
phosphorylation by JNK leads to an inhibition of insulin
signaling (5). In addition, in genetically and diet-induced
mouse models for obesity and diabetes, JNK inhibitors
function, similarly as TZDs, as insulin-sensitizing agents,
decreasing nonfasting blood glucose levels, improving
glucose tolerance, decreasing fasting and nonfasting
plasma insulin concentrations, and improving insulin tol-
erance test performance (7,8). Moreover, the failure of
rosiglitazone to improve glucose uptake in response to
insulin in primary adipocytes from ob/ob JNK1~/~ mice,
and GTT and hyperinsulinemia in the high-fat diet-induced
obese JNK1 ™/~ mice strongly supports our hypothesis that
inhibition of JNK pathway is a relevant mechanism to
accomplish the hypoglycemic action of TZDs. Nonethe-
less, it should be mentioned that not all of the beneficial
actions of rosiglitazone are abolished in the JNK1™/~ mice;
an effect of this drug on the high-fat diet-induced increase
in plasma triglycerides is only observed in the JNKI-
deficient mice, suggesting an inhibitory role of JNK on
PPARvy activity (see below). In this regard, it has been
suggested that TZDs regulate triglyceride partitioning
among various tissues independently of peripheral insulin
resistance (34).

In 3T3-L1 cells, we have shown that TZDs block JNK
activation by exogenously added TNF-a, indicating that
the action of these drugs is exerted directly on the
pathway and is not caused by a decreased production of
an extracellular signaling molecule. Nonetheless, TZDs
inhibit TNF-a expression in the adipose tissue of rodents,
probably because of their inhibitory effects on activator
protein-1 and nuclear factor-kB activities (35,36). There-
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FIG. 7. Hypoglycemic action of rosiglitazone is abrogated in the
high-fat diet-induced obese JNK1~/~ mice. A: Extracts from liver,
adipose tissue, and skeletal muscle were obtained from control ([J)
and high-fat diet-induced obese mice treated with rosiglitazone (H) or
vehicle (N). Graphs show the fold increase in JNK activity relative to
the untreated control mice. In each group, n = 10. B-D: Wild-type (WT)
and JNK1~/~ mice were fed with control or high-fat, high-carbohydrate
diet, and animals on high-fat, high-carbohydrate diet were treated with
rosiglitazone or vehicle. In each group, n = 10. GTT (B), AUC for the
glucose disposal curves from for GTT shown in B (C), plasma insulin
(D), and triglycerides (F) from wild-type and JNK1~/~ mice on control
(O and white bars) or high-fat, high-carbohydrate diet treated with
rosiglitazone (H and black bars) or vehicle (A and striped bars).

fore, it cannot be excluded that the inhibition of the JNK
activity by TZDs in vivo is a result of two processes, a
direct targeting on and a decreased production of an
extracellular activator(s) of the JNK pathway. These two
processes may be interdependent because, as demon-
strated for other nuclear receptors, inhibition of the JNK
pathway downregulates AP-1 activity (37,38), a transcrip-
tional regulator involved in the expression of pro-inflam-
matory cytokine genes. In fact, rosiglitazone also inhibits
lipopolysaccharide-induced activation of JNK in primary
macrophages (Supplemental Fig. 4). Therefore, inhibition
of the JNK pathway may also be relevant to the anti-
inflammatory action of TZDs, a property that may also
contribute to ameliorate insulin resistance (20). In line
with this, in 3T3-L1 adipocytes and in vivo, rosiglitazone
also inhibited TNF-a—induced activation and activity, re-
spectively, of the pro-inflammatory p38 mitogen-activated
protein kinase (MAPK) pathway, whereas it had no effect
on extracellular-regulated protein kinase activity (Supple-
mental Fig. 5). Nonetheless, although rosiglitazone inhib-
itory action on the p38MAPK pathway may be relevant to
other of its biological properties such as adipogenesis
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(39), the inverse correlation between obesity and
p38MAPK activity found in adipose tissue (39), liver (Sup-
plemental Fig. 5C), and skeletal muscle (data not shown)
seems to preclude the direct involvement of this protein
kinase in insulin resistance and, hence, a prominent role of
its inhibition by TZDs in conducting the hypoglycemic
action of these drugs.

In addition to enhancing insulin sensitivity, TZDs also
improve pancreatic B-cell function in type 2 diabetic
patients and murine models for type 1 and type 2 diabetes
(16-19). Independent studies indicate that JNK activity
mediates pancreatic (-cell death in response to pro-
inflammatory cytokines, such as IL-1B (9), and that JNK
inhibitors exert a protective action in these circumstances
(8-10). Moreover, in the obese/hyperglycemic db/db mice,
JNK inhibitors increase insulin gene expression (8) and
delay pancreatic failure (7). In the present study, we report
that the TZD rosiglitazone blocks JNK activation in re-
sponse to IL-1B in two insulin-secreting cell lines and that
this action correlates with the capacity of this drug to
prevent the IL-1p-triggered death of these cells. On the
basis of these preliminary observations in stable cell lines,
we propose that TZDs may exert a direct protective effect
on pancreatic -cells in vivo. In addition to other indirect
beneficial effects (such as lowering insulin secretory de-
mands and pro-inflammatory cytokine levels, which even-
tually may also be related to the inhibitory action on the
JNK pathway), this may contribute to delaying pancrea-
tic failure, which marks the establishment of a diabetic
condition.

Compelling evidence supports the notion that the insu-
lin-sensitizing action of TZDs is mediated to a great extent
by PPARYy. In this regard, there is a strong correlation
between the binding of TZDs to PPARYy in vitro and the
hypoglycemic action of these drugs in vivo (27,28). In
addition, non-TZD PPARv ligands, such as F-i-Leu, also
increase insulin sensitivity (25), and activators of the
PPARv heterodimer partner, the retinoid X receptor, also
have antidiabetic properties (40). Finally, patients who
harbor a dominant-negative PPARy allele in heterozygosis
show severe insulin resistance and diabetes (41). In the
present study, we demonstrate that effective concentra-
tions of rosiglitazone in JNK inhibition draw a parallel with
those required to bind to and activate PPARy (30). In line
with this, inhibition of JNK activation may be achieved by
other TZDs, such as troglitazone, with a comparable
potency to rosiglitazone, as well as, by other PPARvy
agonist ligands, such as 15d-PGJ, and F-1-Leu, and can be
blocked by the PPARy antagonist BADGE. We also show
that the action of rosiglitazone on the JNK pathway may be
modulated in opposite ways by up- and downregulation of
PPARy protein level. In this regard, the inhibitory effect of
this drug on JNK activity is enhanced in 3T3-L1 preadipo-
cytes by overexpression of PPARy. In contrast, PPARYy
RNAIi abrogates the action of this drug on the JNK pathway
in 3T3-L1 preadipocytes and adipocytes. Taken together,
our data indicate that the inhibition of JNK activation by
TZDs is mediated by PPARYy.

In the light of the present study, we conclude that
TZDs/PPARy inhibit the JNK pathway in cell cultures and
in vivo. From a general point of view, this interaction
should be added to the growing list of inhibitory crosstalks
between the nuclear receptor superfamily and the MAPK
signaling pathways. In this regard, previous studies have
shown a negative regulation of PPARy transcriptional
activity by direct JNK phosphorylation (42). Consistently,
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constitutive activation of the JNK pathway by expression
of a MKK7 constitutively-activated mutant leads to the
inhibition of PPARy transcriptional activity (Supplemental
Fig. 6A). The concomitant abrogation of rosiglitazone
action on the JNK pathway in these conditions (Supple-
mental Fig. 6B) suggests that a PPARYy transcriptional-
dependent mechanism is mediating the inhibition of JNK
by TZDs.

In the context of type 2 diabetes and in addition to other
actions of TZDs, such as interference with the IKK/NF-«B
pathway, inhibition of the JNK pathway may be relevant
for the hypoglycemic properties of TZDs/PPARYy because
exacerbated JNK activity is involved in insulin resistance
and pancreatic B-cell death. In fact, after original studies
showing the insulin-sensitizing and pancreatic [3-cell pro-
tective activity of JNK inhibitors (7,8), current drug dis-
covery efforts are focused on the development of
molecules with such inhibitory property for the treatment
of diabetes (7,43). In summary, this study contributes to a
better understanding of the mechanism that underlies the
pharmacological actions of TZDs and provides further
support to and rationale for research on JNK and JNK
inhibitors as therapeutic target and agents, respectively,
for the treatment of diabetes.
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