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Abstract: Insulin sensitizing thiazolidinediones (TZDs) are generally considered to work as agonists for the nuclear receptor
peroxisome proliferative activated receptor-gamma (PPARY). However, TZDs also have acute, non-genomic metabolic ef-
fects and it is unclear which actions are responsible for the beneficial pharmacology of these compounds. We have taken
advantage of an analog, based on the metabolism of pioglitazone, which has much reduced ability to activate PPARY. This
analog (PNU-91325) was compared to rosiglitazone, the most potent PPARY activator approved for human use, in a variety
of studies both in vitro and in vivo. The data demonstrate that PNU-91325 is indeed much less effective than rosiglitazone
at activating PPARY both in vitro and in vivo. In contrast, both compounds bound similarly to a mitochondrial binding site
and acutely activated PI-3 kinase-directed phosphorylation of AKT, an action that was not affected by elimination of PPARYy
activation. The two compounds were then compared in vivo in both normal C57 mice and diabetic KK Ay mice to determine
whether their pharmacology correlated with biomarkers of PPARY activation or with the expression of other gene transcripts.
As expected from previous studies, both compounds improved insulin sensitivity in the diabetic mice, and this occurred in
spite of the fact that there was little increase in expression of the classic PPARYtarget biomarker adipocyte binding protein-2
(aP2) with PNU-91325 under these conditions. An examination of transcriptional profiling of key target tissues from mice
treated for one week with both compounds demonstrated that the relative pharmacology of the two thiazolidinediones cor-
related best with an increased expression of an array of mitochondrial proteins and with expression of PPARY coactivator
l-alpha (PGCla), the master regulator of mitochondrial biogenesis. Thus, important pharmacology of the insulin sensitiz-
ing TZDs may involve acute actions, perhaps on the mitochondria, that are independent of direct activation of the nuclear
receptor PPARY. These findings suggest a potential alternative route to the discovery of novel insulin sensitizing drugs.
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Introduction

Thiazolidinedione insulin sensitizers originated with an empirical discovery by the Takeda Company
in the late 1970s. Modified analogs of lipid lowering drugs were found to lower both glucose and
insulin levels in rodent models of type 2 diabetes (Sohda et al. 1984, 1990, 2002) secondary to
improved insulin sensitivity (Hofmann and Colca, 1992; Owens, 2002). The first group of thiazoli-
dinedione compounds that were eventually developed into clinical candidates was chosen solely
using structure-activity relationships of pharmacology relative to safety in vivo. These compounds
included troglitazone, which was subsequently removed from the market because of a unique idio-
syncratic hepatotoxicity, and two compounds, rosiglitazone and pioglitazone, which are routinely
used to treat type 2 diabetes (Day, 1999; Gillies and Dunn, 2000). These compounds are generally
assumed to work as direct activators of the transcription factor peroxisome proliferative activated
receptor-gamma (PPARY) (Olefsky and Saltiel, 2000; Wilson et al. 1996) and new candidates have
been both selected and evaluated based on their ability to directly activate or partially activate gene
transcription directed by PPARYy (Leff and Reed, 2002; Sorbera et al. 2001). However recent evidence
suggests that at least some of the pharmacology of the insulin sensitizers may be independent of
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PPARY (Crosby et al. 2005, Feinstein et al. 2005,
Konrad et al. 2005). Furthermore, Brunmeier and
colleagues have shown that a number of these
compounds (thiazolidinediones and non-thiazoli-
dinedione analogs) have mitochondrial effects
regardless of whether they are PPAR agonists or
antagonists (Brunmair et al. 2001, 2004). Simi-
larly it is now clear that compounds that have this
pharmacology also have anti-inflammatory
(Chawla et al. 2001; Cuzzocreaa et al. 2004) and
cell cycle effects (Palakurthi et al. 2001) that are
clearly not dependent on PPARY. Moreover, TZDs
rapidly activate AMP-kinase in vivo in a process
that is not reliant on activation of PPARYy (LeBras-
seur et al. 2006). It is not clear whether these
effects may be mediated by a recently identified
mitochondrial binding site for the TZDs (Colca
et al. 2004) or whether the non-PPARYy-mediated
pharmacology may participate in the insulin
sensitizing effects of these compounds. One way
to further define which mechanisms are important
for the beneficial pharmacology of these
compounds is to directly compare close analogs
that vary in their ability to activate PPARy—driven
gene transcription in vitro and in vivo. The current
studies address the general effects of two such
similar analogs in an effort to find the key
elements of the transcriptional regulation that are
correlated with insulin sensitization.

Materials and Methods

Experimental protocol

Aged-matched male C57 and KK Ay mice (8 weeks
of age) were obtained from Jackson Laboratories,
acclimated to ad libitum water and mouse chow
for one week and then dosed with a single oral dose
of vehicle (1% sodium methyl carboxycellu-
lose/0.01% Tween 20) or thiazolidinedione
suspension daily. Ancillary experiments showed
that these conditions and doses produced maximum
glucose and insulin reductions in the diabetic
KKAy mice for the respective compounds.
Following the seventh daily dose, the mice were
fasted for 4 hours, anesthetized with isoflurane,
blood samples were taken from the orbital sinus
and tissue samples were immediately frozen and
stored at —80 °C until the RNA could be extracted
for RT-PCR and transcriptional profiling. Plasma
was immediately separated and analyzed for
glucose using an auto-analyzer and insulin by

radioimmunoassay (Linco, St. Louis). Total RNA
was isolated using Qiagen RNeasy. RNA was
amplified for microarray using Ambion Message-
Ampll. Pre and post-amplification RNAs were
verified for integrity using Agilent Bioanalyzer
Nano chip. Liver samples were used primarily for
aP2 expression as a biomarker for PPARY-
activation. Adipose tissue RNA was taken as a
measure of global transcriptional changes. The
animal studies were reviewed and approved by the
Pfizer Institutional Animal Care and Use Committee.
The animal care and use program is fully accredited
by the Association for Assessment and Accredita-
tion of Laboratory Animal Care, International.

Message and microarray analysis
Real-Time RT-PCR reagents, software and equip-
ment were purchased from Applied Biosystems.
Tagman reactions were performed in triplicate
using One-Step RT-PCR Master Mix Reagents with
the ABI PRISM®7900 Sequence Detection System.
Gene expression was calculated using the compar-
ative CT method.

Microarray analysis was performed on Agilent
Technologies Whole Mouse Genome Microar-
rays. Amplified RNA was labeled with reagents
from the Micromax ASAP RNA labeling kit from
Perkin Elmer. Microarray images were acquired
using the Agilent Technologies Microarray
Scanner. Data was extracted using Imagene 5.6
from Biodiscovery. Data underwent a rigorous
QC including background normalization and
segmented regression.

Assays in vitro

The luciferase reporter assay was carried out in
HUH?7 cells bulk-transfected using Fugene-6 to
express a Gal4-PPARY-LBD construct and a Beta-
Gal control plasmid as described (Vosper et al.
2003). Cells were incubated overnight with 6 wells
per dilution point. Data are a mean of three inde-
pendent experiments. Statistical significance was
determined by Student's t-test for PNU-91325
versus Rosiglitazone by comparing activation of
luciferase at 1.2, 12, and 33uM. Similar data have
been obtained in CHO and HepG2 cells and in a
PPARY SPA assay (not shown).

Binding of 3H-pioglitazone to solubilized rat liver
mitochondrial membranes and crosslinking of crude
liver mitochondrial membranes were conducted as
previously described (Colca et al. 2004).
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Activation of AKT was measured as follows:
HUH7 cells were plated in 96-well plates at a
density of 15K/well and incubated overnight in
growth medium to allow attachment. Cells were
serum-starved overnight then treated with or
without TZDs for four hours and with or without
insulin (1nM) for 5 minutes prior to harvest. In
some experiments one half of the cells were treated
with 100nM wortmannin for 1 hour before TZD
treatment to determine the dependence on activa-
tion of PI-3 kinase. In other experiments, half of
the cells were also treated with the PPARYy antago-
nist T0070907 (Lee et al. 2002) (TLK) 1-hour
before TZD treatment to determine whether the
activation of PPARY was required. Following all
treatments, the cells were harvested and lysates
were transferred to Meso Scale Discovery’s (MSD)
Multi-Spot plates where both total and phosphor-
ylated (Ser473) AKT were measured according to
the manufacturer’s directions. MSD’s technology
employs a modified sandwich ELISA format that
utilizes electrochemiluminescence technology,
affording the detection of multiple proteins in a
multiplexed format.

Results

PNU-91325 and rosiglitazone

comparisons in vitro

In the process of evaluating possible oxidative
metabolites of pioglitazone, a ketone, PNU-91325,
was synthesized that is not an actual metabolite of
pioglitazone (Tanis et al. 1996). Preliminary
studies indicated that this compound had similar
pharmacology to pioglitazone (Tanis et al. 1996),
but subsequent evaluations demonstrated very
weak activation of PPARYy. Published metabolo-
mics studies show this compound may increase
mitochondrial fatty acid oxidation in vitro more
than pioglitazone and rosiglitazone (Harrigan et al.
2006). Figure 1A shows a direct comparison of the
two approved anti-diabetes drugs versus PNU-
91325 with respect to activation of Gal4-PPARY-
driven expression of a luciferase reporter in vitro.
Compared to rosiglitazone, PNU-91325 is a weaker
PPARYactivator with approximately two orders of
magnitude reduced affinity, but with similar ability
to compete with the mitochondrial pioglitazone
binding site (Figure 1B). All of these analogs also
competed in a similar fashion for the crosslinking
of mitoNEET as described (Colca et al. 2004) (not
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Figure 1. PNU-91325, pioglitazone and rosiglitazone activation
of Gal4-PPARYy versus mitochondrial binding. The structures of
the thiazolidinediones used in these studies are shown (Top to
bottom: rosiglitazone, pioglitazone and PNU-91325). A. (upper
panel) HUH7 cells expressing Gal4-PPARY were treated with
doses of thiazolidinediones shown on the abscissa and the
luciferase response is recorded on the ordinate as discussed in
the text. The data are an average and SEM of triplicate experi-
ments with this cell type. *p < 0.05 versus rosiglitazone at the
same concentration. Similar data were obtained on other occa-
sions with CHO and HepG2 cells (not shown). B. (lower panel)
Solubilized liver mitochondrial membranes were incubated with
3H-pioglitazone in the combined presence of the concentration of
the compounds shown on the abscissa and as discussed in the
text. The data are plotted as the ratio of specific counts without
competition to those in the presence of the indicated concentration
of unlabeled competitor. These data are average of triplicate
points and SEM (note: most SEMs fall within the symbols) of a
single experiment, but are representative of more than three ex-
periments with liver mitochondrial membranes.
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shown). The structures of the compounds are
shown in the inset to Figure 1.

Both PNU-91325 and rosiglitazone acutely
activated the level of AKT phosphorylation in
HUH?7 cells (Fig. 2). This activation occurred in
the absence and in the presence of a maximally
effective dose of insulin and appeared to be
synergistic with insulin (Fig. 2B and 2C). This
acute action of both TZDs was not dependent on
activation of PPARY as it was not affected by pre-
incubation with 10 uM of the PPARY inhibitor
T0070907 (Vosper et al. 2003) (Fig. 2B and 2C
solid symbols versus open symbols). Under these
conditions, T0070907 completely prevented the
PPARY response as measured in Figure 1A (not
shown). The increased phosphorylation of AKT
likely occurred secondary to activation of PI-3
kinase since the effect was largely prevented by
the inclusion of the PI-3 kinase inhibitor wort-
mannin (100 nM, Figure 2D).

PNU-91325 and rosiglitazone
comparisons in vivo; lack

of correlation of improved insulin
sensitivity with activation of PPARYy

Given the interesting differences between PNU-
91325 and rosiglitazone in vitro with respect to
activation of PPARYy-driven transcription, a
comparison was undertaken in vivo to determine
whether changes in gene expression could
provide some further insight into the pharma-
cology of these compounds. In the first compar-
isons, an evaluation was made into the relative
ability of these compounds to activate PPARy—
driven transcription in vivo to establish whether
the differences that were observed in vitro
would also occur in vivo. A secondary analysis
of the tissues from these animals took a more
global view to look for correlations and differ-
ences in these two TZDs that vary in their ability
to activate PPARY.

To determine whether PNU-91325 also produced
a reduced activation of PPARY in vivo, mice were
dosed with maximally effective doses of PNU-
91325 or rosiglitazone, the most effective PPARYy
activator of these analogs, or vehicle for 7 days.
As discussed in the Methods section, both
compounds were dosed to produce their maximal
effects on insulin sensitivity. The effects of these
thiazolidinediones on insulin sensitivity are
shown in Figure 3A. Improvement in insulin

sensitivity is shown by the large decrease in the
product of circulating insulin and glucose in the
thiazolidinedione-treated diabetic KK Ay mice.
Since, as expected, both insulin and glucose were
decreased by both drugs, the product of the two
parameters was used to give a single statistic.
Tissues from these animals were used for genome-
wide transcriptional profiling (see below) and
specific message expression levels were also
measured by PCR. The expression of hepatic aP2
was taken as a biomarker for the activation of
PPARy—driven transcription. Rosiglitazone-
induced transcription of aP2 in the liver is known
to be dependent on the expression of PPARY; this
may reflect differentiation of adipose-like cells
within the liver (Matsusue et al. 2003, Schadinger
et al. 2005, Spiegelman 1998) and it thus provides
a sensitive biomarker for activation of the tran-
scription factor in vivo. As seen in Figure 3B,
rosiglitazone (20 mg/kg) produced a three-fold
increase in aP2 message in liver from normal C57
mice while PNU-91325 produced no change even
at a five-fold higher dose. In diabetic KK Ay mice
which have an increased expression of PPARY in
the liver, the same dose of rosiglitazone produced
a more than 20-fold increase in the expression of
aP2 while PNU-91325, although yielding a
slightly greater increase in insulin sensitivity
(Fig. 3A), caused only 25% of the increase in aP2
message observed with rosiglitazone (Fig. 3D).
Thus, the relative activation of the PPARY target
biomarker aP2 by maximal doses of the two
compounds in vivo reflected the differences in
PPARy—driven transcription in vitro and did not
predict the degree of lowering of plasma glucose
and insulin.

Increased expression of messages
for mitochondrial proteins correlates

with improved insulin sensitivity

To gain further information on the global effects of
the two thiazolidinediones to increase PPARy—
driven gene transcription, an evaluation of was made
of the relative expression of 16 genes with estab-
lished PPAR response elements (Desvergne and
Wahli, 1999; Juge-Aubry et al. 1997) in adipose
tissue, the tissue with the highest expression of
PPARY (Spiegelman, 1998). As seen in Figure 4,
there was not a consistent increase in the expression
of these 16 genes in adipose tissue from either
normal or diabetic mice following treatment with
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Figure 2. Direct increase in p-AKT in vitro is not dependent on PPARY activation.
HUH?7 cells were treated and phosphorylated AKT was measured and expressed as a ratio to total AKT as described in the text.

A. Shows the time course of increased content of pAKT with rosiglitazone (open symbols) and PNU-91325 (closed symbols). The time of
exposure to the TZDs is shown on the abscissa and the ratio of the increase in pAKT/total AKT is shown on the ordinate. Data are mean
and SEM of triplicate determinations. B. Rosiglitazone activation of AKT is not blocked by a PPARYy antagonist. Wells were pretreated for 1
hour with (solid symbols) or without (open symbols) the PPARYy antagonist T0070907 (10 uM) and then treated with the concentrations of
rosiglitazone shown on the abscissa for 4 hours. Half of the wells were also treated with half-maximal insulin (1 nM; dotted lines) 5 minutes
before harvesting the cells for measurement of the content of phosphorylated AKT as described in the text. The data are the mean and SEM
of triplicate wells from a representative experiment. C. PNU-91325 activation of AKT is not blocked by a PPARy antagonist. The same ex-
perimental protocol and data presentation as in Panel B except that the TZD used was PNU-91325. D. Activation of AKT by TZDs is blocked
by wortmannin. The experimental protocol and data presentation are the same as those described in Panel A except that wortmannin was

added 1 hour before rosiglitazone or PNU-91325.

either compound. Thus, there was not a correlation
with antidiabetic activity with the increased expres-
sion of transcripts known to be activated by PPARy
with either of the TZDs in the metabolically sensi-
tive epidydimal adipose tissue.

To take an unbiased look for transcripts that might
be coordinately regulated by these two TZDs, global
transcriptional changes produced by both compounds
were evaluated by transcriptional profiling. A perusal
of all of these data clearly demonstrated a coordinated
increase in transcripts of proteins involved in mito-
chondrial structure and function. Detailed evaluation
of the transcriptional profiles of adipose tissue taken

from these mice indicated that there was a general
increase in mRNA for over 300 genes coding for
mitochondrial proteins. Moreover, the increased
insulin sensitivity produced by dosing with PNU-
91325 under these conditions correlated with the
general increase in these transcripts produced by
PNU-91325 relative to rosiglitazone (Fig. 5). That s,
there was a small but consistent increase in the effect
of PNU-91325 over that of rosiglitazone (1.4-fold),
and the increase was similar in magnitude to the
increase seen in overall insulin sensitivity under these
conditions (2.1-fold, Fig. 3A). These transcriptional
profiling results were confirmed by quantitative
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Figure 3. Improvement of insulin sensitivity as compared to activation of the PPARybiomarker, aP2, produced by PNU-91325 and rosiglitazone.
C57 normal mice and diabetic KKAy mice were treated orally with a single maximally effective dose of rosiglitazone (20 mg/kg), PNU-91325
(100 mg/kg) or vehicle for 7 days. On the 8th day and after a 4 hour fast, circulating glucose and insulin levels were measured. Fasting
levels of glucose and insulin averaged 22.7 mM and 3.7 nM, respectively for the diabetic KKAy mice and 12 mM and 0.1 nM, respectively
for the non-diabetic C57 mice in the control (vehicle) groups. The product of insulin (nM) and glucose (mM) is presented as an index of any
changes in insulin sensitivity. This statistic is shown for the normal mice in Panel A and for the diabetic KKAy mice in Panel B (mean and
SEM; n = 8). The relative expression of the PPARY biomarker aP2 in the liver of C57 mice (mean and SEM; n = 8) is shown in Panel C and
the relative expression of aP2 in the liver of KKAy mice (mean and SEM; n = 8) is shown in Panel D. As expected, there was not a measur-
able change in insulin sensitivity in non-diabetic mice. Whereas this dose of PNU-91325 produced a similar increase in insulin sensitivity as
did rosiglitazone (decrease in glucose*insulin), it produced less increase in the expression of the aP2 transcript. *p < 0.05 versus vehicle.

# p < 0.05 versus rosiglitazone.

RT-PCR. Examples of the relative differences
measured by RT-PCR are shown for PGCla, the
master regulator of mitochondrial biogenesis (Puig-
server and Spiegelman, 2003), and mitoNEET, a
putative direct mitochondrial target for the thiazoli-
dinediones (Colca et al. 2004) (Fig. 6A and B).
Interestingly, PNU-91325 also produced a greater
induction of PPAR« (Fig. 6C) which would be
expected to drive an increase in the oxidation of free
fatty acids and contribute to the decrease in circulating
lipids that is seen with this class of compounds
(Owens, 2002).

Review of the entire data set (not included here)
demonstrates that there are numerous compound-
specific effects on relative gene expression, but the
common changes that correlate with the ability to
improve insulin sensitivity (i.e. lower circulating
glucose and insulin concentrations) involve the

increased expression of mitochondrial proteins and
increased capability to carry out mitochondrial
B—oxidation of fatty acids. These actions could
be driven by a direct effect to increase mitochon-
drial biogenesis secondary to activation of AMP-
kinase (LeBrasseur et al. 2006; Brunmair et al.
2001). Thus, the key finding of this evaluation is
that the insulin sensitizing effects of two structur-
ally similar TZDs correlates not with the activation
of the transcription factor PPARY, but with a global
pattern of increased expression of transcripts
encoding mitochondrial function.

Discussion

These studies compare the effects of two structur-
ally similar thiazolidinedione insulin sensitizing
agents that vary in their ability to activate the
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Figure 4. Comparison of regulation of PPRE-regulated genes in adipose tissue from normal and diabetic mice.

Data for genes containing PPRE (selected as discussed in the text) were taken from the transcriptional profiling of epididymal fat pads of
KKAy (A) and C57 mice (B) shown in Figure 4. The respective transcript levels were compared for the gene shown on the abscissa in the
samples from rosiglitazone-treated mice (gray) and PNU-91325-treated mice (black) versus vehicle (taken as 1). Data are from all 8 mice
of each group. Malic enzyme, supernatant (Mod1), [NM_008615]; Acyl-CoA synthetase long-chain family member 1 (Acsl1), [NM_007981];
Enoyl-Coenzyme A, hydratase/3-hydroxyacyl Coenzyme A dehydrogenase (Ehhadh), [NM_023737]; Stearoyl-Coenzyme A desaturase 1
7530417E14]; 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1. [NM_145942]; Glycerol phosphate dehydrogenase 1, [0610008N20];
Apolipoprotein A-l (Apoa1), [NM_009692]; Apolipoprotein A-Il (Apoa2), [NM_013474]; Apolipoprotein C-Ill (Apoc3), [NM_023114]; Fatty
acid binding protein 4, adipocyte (Fabp4), [NM_024406]; Lipoprotein lipase (Lpl), [NM_008509]; CD36 antigen (Cd36), [NM_007643];
Phosphoenolpyruvate carboxykinase 1, cytosolic (Pck1), [NM_011044]; Fatty acid binding protein 1, liver (Fabp1), [NM_017399]; Solute
carrier family 27 (fatty acid transporter), member 1 [NM_011977] (FATP); Acyl-CoA synthetase long-chain family member 1 (Acsl1), [NM
007981].
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Figure 5. Comparison of the effects of PNU-91325 and rosiglitazone treatment on transcripts for mitochondrial proteins.

Data were extracted from the transcriptional profile of >300 mitochondrial proteins from the array data from the mice shown in Figure 3 and
4 and relative increase with each thiazolidinedione versus vehicle were plotted. For each of the transcripts, the relative increase produced
by PNU-91325 versus vehicle is plotted on the ordinate as compared to the relative increase in the same transcript produced by rosiglitazone
on the abscissa. On average, the effect of PNU-91325 was 1.4 times that of rosiglitazone.

nuclear receptor PPARY both in vitro and in vivo.
The data do not support the simple model that the
magnitude of activation of PPARY regulated gene
transcription is the sole basis for the pharmacology
of these compounds. Rather, the data are consistent
with an alternate hypothesis that non-PPARY-
dependent actions may contribute to the insulin
sensitizing pharmacology.

As reviewed in the Introduction, there are a
variety of acute actions of the TZDs that have been
shown to be independent of activation of PPARY.
To this list we add the ability to activate PI-3
kinase-dependent phosphorylation of AKT. This
activation occurred in vitro with or without the
addition of insulin and was not affected by blockade
of PPARy—driven transcription (Fig. 2). AKT lies
at the center of multiple biochemical control
mechanisms that affect hormone and cytokine
action and cell survival and this could play an
important role in some of the pleiotropic effects of
these compounds (Cantley, 2002; Fayard et al.
2005; Ushio-Fukai et al. 1999). It is unknown to
what extent this and other acute effects of the TZDs
may mediate the overall pharmacology of these

compounds, especially those aspects of the
pharmacology which are manifested over many
days of treatment. It is important to note, however,
that many acute effects of the compounds have
been reported in the literature (Brunmair et al.
2001; Brunmair et al. 2004; LeBrasseur et al. 2006)
that include impact on mitochondrial function. We
also confirmed that these TZDs can alter the
amount of reactive oxygen and ATP produced by
isolated mitochondria (not shown). In support of
the hypothesis that acute effects contribute to
insulin-sensitizing pharmacology, Lee and Olefsky
demonstrated that within 15 minutes there is a
statistically significant improvement in insulin-
mediated glucose uptake produced by infused
troglitazone in intact rats (Lee and Olefsky, 1995).
One possibility may be that while there are acute
effects of the compounds on molecular processes
that begin to improve insulin sensitivity, the full
pharmacology depends on longer term gene
expression and modification of cellular and mito-
chondrial function (see below).

It is interesting that the insulin sensitizing
pharmacology produced by these two analogs was
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Figure 6. Effects of PNU-91325 and rosiglitazone on expression of
PGC10, mitoNEET and PPARco. RNA was isolated from the epi-
didymal fat pads of diabetic KKAy mice treated with vehicle (lined),
rosiglitazone (gray) or PNU-91325 (black) bars. The expression of
transcripts relative to vehicle was determined for PGC1a (A),
mitoNEET (B) and PPARa (C) (data are mean and SEM; n = 8).
*p < 0.05 versus vehicle. # p < 0.05 versus rosiglitazone.

closely tied to a pattern of gene regulation that
suggests a pressure to increase mitochondrial
biogenesis. Recent data have confirmed that
whereas mitochondrial numbers are decreased in
diabetes and insulin resistant states, thiazolidine-
dione treatment can result in increased mitochon-
drial biogenesis in man (Bogacka et al. 2005). The

mechanism for how this may occur remains to be
defined and may involve processes that are both
dependent and independent of PPARY. The recent
identification of PGCla as a potentially direct
PPARY target gene suggests a receptor-mediated
increase in PGCla expression could be involved
as an initial step leading to increased mitochondrial
biogenesis (Hondares et al. 2006). However, as
discussed above, there is also evidence for direct
mitochondrial effects of the TZDs (Brunmair et al.
2001; Brunmair et al. 2004; Crosby et al. 2005;
Feinstein et al. 2005). Furthermore, new data
suggest that direct activation of AMP-kinase,
known to occur with TZD treatment, is capable of
increasing the expression of both PPARa and
PGC-1 (Lee et al. 2006), both of which are key
regulators of fatty acid oxidation. It is possible that
TZDs may affect redox signaling that results in the
activation of redox-sensitive enzymatic machinery
such as AKT, PTEN, AMP-kinase, etc. Interest-
ingly, the mitochondrial protein that may partici-
pate in TZD signaling in mitochondria (Colca et al.
2004) has been suggested to have a redox sensing
and/or transducing function (Colca, 2006). Recent
evidence suggests that this protein, also called
mitoNEET, is an iron-containing protein that is in
the outer mitochondrial membrane and plays a key
role in the regulation of oxidative metabolism
(Wiley et al. 2007).

The current data suggest that increased transcrip-
tion of mitochondrial proteins is a major feature of
two compounds that differ widely in their ability to
activate PPARYy but which share similar pharma-
cology. Thus, key pharmacology of these compounds
may not require direct activation of the nuclear
transcription factor PPARY. Since it is now clear that
thiazolidinedione-induced edema, the main dose-
limiting side effect of these compounds in patients,
is likely secondary to activation of PPARY (Guan
etal. 2005; Zhang et al. 2005), these results suggest
a potential way to generate improved therapeutics
with this mode of action.

Acknowledgements

The authors thank Amy Flickinger for help with
animal studies, Teresa Spoon and James Pulaski
for in vitro PPAR experiments, and Drs. Eric
Gulve, Xiao Hu, David Taylor, Monique Heitmeier,
Steve Roberds, Don Frail, Laurence Erickson, and
Charles McWherter for support and helpful
discussions.

Gene Regulation and Systems Biology 2007: |

8l



Bolten et al

References

Bogacka, 1., Xie, H., Bray, G.A. et al. 2005. Pioglitazone induces mitochon-
drial biogenesis in human subcutaneous adipose tissue in vivo.
Diabetes, 54:1392-9.

Brunmair, B., Gras, F., Neschen, S. et al. 2001. Direct thiazolidinedione
action on isolated rat skeletal muscle fuel handling is independent of
peroxisome proliferator-activated receptor-gamma-mediated changes
in gene expression. Diabetes, 50:2309—15.

Brunmair, B., Staniek, K., Gras, F. et al. 2004. Thiazolidinediones, like
metformin, inhibit respiratory complex I: a common mechanism
contributing to their antidiabetic actions? Diabetes, 53:1052-9.

Cantley, L.C. 2002. The phosphoinositide 3-kinase pathway. Science,
296:1655-7.

Chawla, A., Barak, Y., Nagy, L. et al. 2001. PPAR-gamma dependent and
independent effects on macrophage-gene expression in lipid me-
tabolism and inflammation. Nat. Med., 7:48-52.

Colca, J.R. 2006. Insulin sensitizers may prevent metabolic inflammation.
Biochem. Pharmacol., 72:125-31.

Colca, J.R., Mcdonald, W.G., Waldon, D.J. et al. 2004. Identification of a
novel mitochondrial protein (“mitoNEET”) cross-linked specifically
by a thiazolidinedione photoprobe. Am. J. Physiol. Endocrinol.
Metab., 286:E252-60.

Crosby, M.B., Svenson, J.L., Zhang, J. et al. 2005. Peroxisome proliferation-
activated receptor (PPAR)gamma is not necessary for synthetic
PPARgamma agonist inhibition of inducible nitric-oxide synthase
and nitric oxide. J. Pharmacol. Exp. Ther., 312:69-76.

Cuzzocreaa, S., Pisanob, B., Dugoa, L. et al. 2004. Rosiglitazone, a ligand
of the peroxisome proliferator-activated receptor-y, reduces acute
inflammation European Journal of Pharmacology, 483:79-93.

Day, C. 1999. Thiazolidinediones: a new class of antidiabetic drugs. Diabet.
Med., 16:179-92.

Desvergne, B. and Wahli, W. 1999. Peroxisome proliferator-activated recep-
tors: nuclear control of metabolism. Endocr. Rev., 20:649-88.
Fayard, E., Tintignac, L.A., Baudry, A. et al. 2005. Protein kinase B/Akt at

a glance. J. Cell. Sci., 118:5675-8.

Feinstein, D.L., Spagnolo, A., Akar, C. et al. 2005. Receptor-independent
actions of PPAR thiazolidinedione agonists: is mitochondrial function
the key? Biochem. Pharmacol., 70:177-88.

Gillies, P.S. and Dunn, C.J. 2000. Pioglitazone. Drugs, 60:333-43; discus-
sion 344-5.

Guan, Y., Hao, C., Cha, D.R. et al. 2005. Thiazolidinediones expand body
fluid volume through PPARgamma stimulation of ENaC-mediated
renal salt absorption. Nat. Med., 11:861-6.

Harrigan, G.G., Colca, J.R., Szalma, S. et al. 2006. PNU-91325 increases
fatty acid synthesis from glucose and mitochondrial long chain fatty
acid degradation: a comparative tracer-based metabolomis study with
rosiglitazone and pioglitazone in HepG2 cells. Metabolomics,
2:21-9.

Hofmann, C.A. and Colca, J.R. 1992. New oral thiazolidinedione an-
tidiabetic agents act as insulin sensitizers. Diabetes Care,
15:1075-8.

Hondares, E., Mora, O., Yubero, P. et al. 2006. Thiazolidinediones and rexinoids
induce peroxisome proliferator-activated receptor-coactivator (PGC)-
lalpha gene transcription: an autoregulatory loop controls PGC-1alpha
expression in adipocytes via peroxisome proliferator-activated receptor-
gamma coactivation. Endocrinology, 147:2829-38.

Juge-Aubry, C., Pernin, A., Favez, T. et al. 1997. DNA binding properties
of peroxisome proliferator-activated receptor subtypes on various
natural peroxisome proliferator response elements. Importance of the
5’-flanking region. J. Biol. Chem., 272:25252-9.

Konrad, D., Rudich, A., Bilan, P.J. et al. 2005. Troglitazone causes acute
mitochondrial membrane depolarisation and an AMPK-mediated
increase in glucose phosphorylation in muscle cells. Diabetologia.,
48:954-66.

Lebrasseur, N.K., Kelly, M., Tsao, T.S. et al. 2006. Thiazolidinediones can
rapidly activate AMP-activated protein kinase in mammalian tissues.
Am. J. Physiol. Endocrinol. Metab., 291:E175-81.

Lee, G., Elwood, F., Mcnally, J. et al. 2002. T0070907, a selective ligand
for peroxisome proliferator-activated receptor gamma, functions as
an antagonist of biochemical and cellular activities. J. Biol. Chem.,
277:19649-57.

Lee, M.K. and Olefsky, J.M. 1995. Acute effects of troglitazone on in vivo
insulin action in normal rats. Metabolism, 44:1166-9.

Lee, W.J., Kim, M., Park, H.S. et al. 2006. AMPK activation increases
fatty acid oxidation in skeletal muscle by activating PPARalpha and
PGC-1. Biochem. Biophys. Res. Commun., 340:291-5.

Leff, T. and Reed, J.E. 2002. The antidiabetic PPARg ligands: an update on
compounds in development. Current Medicinal Chemistry:
Immunology, Endocrine and Metabolic Agents, 2:33-47.

Matsusue, K., Haluzik, M., Lambert, G. et al. 2003. Liver-specific disruption
of PPARgamma in leptin-deficient mice improves fatty liver but
aggravates diabetic phenotypes. J. Clin. Invest., 111:737-47.

Olefsky, J.M. and Saltiel, A.R. 2000. PPAR gamma and the treatment of
insulin resistance. Trends Endocrinol. Metab., 11:362-8.

Owens, D.R. 2002. Thiazolidinediones: A Pharmacological Overview
Clinical Drug Investigation, 22:485-505.

Palakurthi, S.S., Aktas, H., Grubissich, L.M. et al. 2001. Anticancer effects
of'thiazolidinediones are independent of peroxisome proliferator-ac-
tivated receptor gamma and mediated by inhibition of translation
initiation. Cancer Res., 61:6213-8.

Puigserver, P. and Spiegelman, B.M. 2003. Peroxisome proliferator-
activated receptor-gamma coactivator 1 alpha (PGC-1 alpha):
transcriptional coactivator and metabolic regulator. Endocr. Rev.,
24:78-90.

Schadinger, S.E., Bucher, N.L., Schreiber, B.M. et al. 2005. PPARgamma2
regulates lipogenesis and lipid accumulation in steatotic hepatocytes.
Am. J. Physiol. Endocrinol. Metab., 288:E1195-205.

Sohda, T., Kawamatsu, Y., Fujita, T. et al. 2002. [Discovery and development
of a new insulin sensitizing agent, pioglitazone). Yakugaku Zasshi,
122:909-18.

Sohda, T., Meguro, K. and Kawamatsu, Y. 1984. Studies on antidiabetic
agents. IV. Synthesis and activity of the metabolites of 5-[4-(1-meth
ylcyclohexylmethoxy)benzyl]-2,4-thiazolidinedione (ciglitazone).
Chem. Pharm. Bull., (Tokyo), 32:2267-78.

Sohda, T., Momose, Y., Meguro, K. et al. 1990. Studies on antidiabetic
agents. Synthesis and hypoglycemic activity of 5-[4-
(pyridylalkoxy)benzyl]-2,4-thiazolidinediones. Arzneimittelforsc-
hung, 40:37-42.

Sorbera, L.A., Leeson, P.A., Martin, L. et al. 2001. Farglitazar: Antidia-
betic, PPARg agonist. Drugs of the Future, 26:335-427.

Spiegelman, B.M. 1998. PPAR-gamma: adipogenic regulator and thiazoli-
dinedione receptor. Diabetes, 47:507-14.

Tanis, S.P., Parker, T.T., Colca, J.R. et al. 1996. Synthesis and biological
activity of metabolites of the antidiabetic, antihyperglycemic agent
pioglitazone. J. Med. Chem., 39:5053—63.

Ushio-Fukai, M., Alexander, R.W., Akers, M. et al. 1999. Reactive oxygen
species mediate the activation of Akt/protein kinase B by angiotensin
II in vascular smooth muscle cells. J. Biol. Chem., 274:22699-704.

Vosper, H., Khoudoli, G.A. and Palmer, C.N. 2003. The peroxisome pro-
liferator activated receptor delta is required for the differentiation of
THP-1 monocytic cells by phorbol ester. Nucl. Recept., 1:9.

Wiley, S.E., Murphy, A.N., Ross, S.A. et al. 2007. MitoNEET is an iron-
containing outer mitochondrial membrane protein that regulates
oxidative capacity. Proc. Natl. Acad. Sci. U.S.A., 104:5318-23.

Wilson, T.M., Cobb, J.E., Cowan, D.J. et al. 1996. The structure activity
relationship between peroxisome proliferator activated receptor y
agonism and the hyperglycemic activity of thiazolidinediones.
J. Med. Chem., 39:665-68.

Zhang, H., Zhang, A., Kohan, D.E. et al. 2005. Collecting duct-specific
deletion of peroxisome proliferator-activated receptor gamma blocks
thiazolidinedione-induced fluid retention. Proc. Natl. Acad. Sci.
U.S.A., 102:9406-11.

82

Gene Regulation and Systems Biology 2007: |




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


