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ABSTRACT
The U.S. Food and Drug Administration-approved thiazolidin-
ediones pioglitazone and rosiglitazone are peroxisome prolif-
erator-activated receptor-� (PPAR�) agonists developed to
control serum glucose in patients with diabetes. They have
been found to reduce proteinuria and microalbuminuria in both
diabetic nephropathy and nondiabetic glomerulosclerosis. We
hypothesized that the renal protective effects of thiazolidinedio-
nes result, at least in part, from their direct action on podocytes,
similar to glucocorticoids. Treatment with pioglitazone, rosigli-
tazone, or dexamethasone significantly protected podocytes
against puromycin aminonucleoside-induced injury (designed
to mimic nephrotic syndrome-related injury), as determined by
both cell survival and actin cytoskeletal integrity. Furthermore,
we compared the ability of these drugs to modulate key sig-
naling pathways in podocytes that may be critical to their
protective effects. Rosiglitazone deactivated the mitogen-acti-
vated protein kinases (MAPKs), extracellular signal-regulated
kinases 1/2, p38 MAPK, and stress-activated protein kinase/c-

Jun NH2-terminal kinase, whereas pioglitazone did not, and
dexamethasone deactivated to some extent. Similar to dexa-
methasone, both thiazolidinediones increased the glucocorti-
coid receptor phosphorylation, and this response to rosiglita-
zone and possibly to pioglitazone was PPAR�-dependent.
Furthermore, both drugs mimicked or enhanced the effects
of dexamethasone on glucocorticoid-responsive genes in a
PPAR�- and glucocorticoid receptor-dependent manner. In ad-
dition, both thiazolidinediones mimicked dexamethasone-in-
duced effects on calcineurin activity. In summary, thiazolidin-
ediones are able to modulate the glucocorticoid pathway and
exert direct protective effects on podocytes, similar to gluco-
corticoids. This suggests that thiazolidinediones may have po-
tential clinical utility as either primary or adjunctive therapy for
nephrotic syndrome or other diseases treated with glucocorti-
coids. These findings may also lend mechanistic insight into the
well established but poorly understood renal protective effects
of thiazolidinediones in diabetic nephropathy.

Introduction

Peroxisome proliferator-activated receptors � (PPAR�) are
ligand-activated transcription factors of the nuclear hormone
receptor superfamily known to be involved in adipogenesis,
glucose homeostasis, inflammatory responses, and apoptosis
(Michalik et al., 2006). Endogenous ligands of PPAR� include
fatty acids and prostaglandin-type eicosanoids such as 15-
deoxy-�12,14-PGJ2. However, the best known PPAR� agonists
are the thiazolidinediones (TZDs) [e.g., pioglitazone (Pio),
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rosiglitazone (Rosi), and ciglitazone], which comprise a class
of synthetic drugs that are FDA-approved and are widely
used for the treatment of type II diabetes. These drugs induce
a complex response involving both binding of the PPAR� to
peroxisome proliferator response elements and various
mechanisms that are independent of DNA binding. More-
over, structurally different PPAR� agonists are known to
induce both common and selective responses (Gervois et al.,
2007).

Thiazolidinediones are now also emerging as novel thera-
peutic agents in other diseases, including cancer, arthritis,
and inflammatory and renal diseases (Guan and Breyer,
2001; Koeffler, 2003; Ialenti et al., 2005; Yang et al., 2009).
They have been shown to reduce proteinuria, microalbumin-
uria, and podocyte injury in both diabetic nephropathy and
nondiabetic glomerulosclerosis in mouse and rat models, as
well as in humans (Ma et al., 2001; Yang et al., 2006; Cha et
al., 2007; Sarafidis et al., 2010). In addition, Pio has been
shown to provide protective effects against progression of
puromycin aminonucleoside (PAN)-induced glomerulosclero-
sis in vivo and in an in vitro model using cultured podocytes
(Yang et al., 2006; Kanjanabuch et al., 2007). Rosi has also
been reported to attenuate proteinuria and glomerulosclero-
sis in doxorubicin-induced focal segmental glomerulosclero-
sis in rats (Liu et al., 2010). Based in part on this, Rosi
successfully passed a phase I safety trial (Joy et al., 2009)
and was scheduled for a phase II clinical trial as a treatment
for this kidney disease until being withdrawn from study
because of new safety concerns (Peyser et al., 2010). Despite
this, in a recent meta-analysis, it was concluded that TZDs
significantly decrease albuminuria and proteinuria in pa-
tients with diabetes and suggested that they may do so by
providing direct renoprotective effects (Sarafidis et al., 2010).

Nephrotic syndrome (NS) is one of the most common kid-
ney diseases seen in children and adults. It is a remitting and
relapsing disease characterized by massive loss of serum
proteins into the urine through a damaged glomerular filtra-
tion barrier, leading to hypoalbuminemia and swelling
throughout the body (edema) (Smoyer and Mundel, 1998).
Podocytes are a key component of the kidney’s filtration
barrier, and during NS, they undergo dramatic structural
alterations in the foot processes that attach these cells to the
glomerular basement membrane. The most widely accepted
experimental models used to mimic the podocyte injury that
occurs during NS in humans include PAN injection of rats
(Pippin et al., 2009) and PAN treatment of cultured podo-
cytes (Ransom et al., 2005). For the last 50 years the primary
therapy for NS has been oral glucocorticoids (GC). Unfortu-
nately, GCs have serious side effects, and in �20% of pa-
tients, they are ineffective in inducing clinical remission of
disease (i.e., steroid-resistant NS). Thus, it is clear that al-
ternative therapies with greater efficacy and/or less severe
side effects are critically needed (Hodson and Craig, 2008).

Based on the well established, but poorly understood, renal
protective effects of thiazolidinediones, we hypothesized that
their protection results, at least in part, from their direct
action on podocytes, similar to GCs. To test this hypothesis,
we compared the ability of Pio and Rosi to protect podocytes
from PAN-induced injury to the known protective effects of
dexamethasone (Dex) (Ransom et al., 2005; Xing et al., 2006).
In addition, given the recently reported roles of various mi-
togen-activated protein kinases (MAPKs) in kidney diseases

(Grande and López-Novoa, 2008) and the known ability of
PPAR� agonists to regulate MAPK activities in other cell
types (Gardner et al., 2005), we also analyzed the ability of
Rosi, Pio, and Dex to alter MAPK activation in podocytes.
Furthermore, because TZDs have been reported recently to
act as partial agonists to the glucocorticoid receptor (GR)
(Ialenti et al., 2005; Matthews et al., 2009) and GCs are the
primary therapy for NS, we analyzed the ability of Rosi,
Pio, and/or Dex to modulate the GC signaling pathway in
podocytes.

Materials and Methods
Cell Culture. The conditionally immortalized mouse podocyte cell

line MPC-5 was cultured as described previously (Smoyer and Ran-
som, 2002). Podocytes were cultured under proliferating conditions
in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 100 �g/ml streptomycin (Invitrogen,
Carlsbad, CA), and 10 U/ml mouse �-interferon (Sigma-Aldrich, St.
Louis, MO) at 33°C in a humidified atmosphere of 5% CO2. Differ-
entiation was induced by shifting the cells to 37°C in the same
medium without �-interferon for 10 to 14 days on culture plates
(Greiner, Monroe, NC) coated with rat tail collagen type I (BD
Biosciences, Bedford, MA). Human embryonic kidney (HEK) epithe-
lial cells (293T) were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS, 100 U/ml penicillin, and 100
�g/ml streptomycin at 37°C in a humidified atmosphere of 5% CO2.
Podocytes were treated with puromycin aminonucleoside (Sigma-
Aldrich), rosiglitazone (Fisher HealthCare, Houston, TX), pioglita-
zone (Enzo Life Sciences International Inc., Plymouth Meeting, PA),
or dexamethasone (Sigma-Aldrich) as indicated in complete or se-
rum-free medium, or in medium containing charcoal-stripped FBS
(Invitrogen) at 8%. Pretreatments or short-term treatments were
performed for 4 h followed by washing and medium change. Simul-
taneous or long-term treatments were performed for the entire
length of the experiment until the assay or extraction.

Use of PPAR� and GR Antagonists. Where indicated, cells were
preincubated 1 h before the addition of PPAR� and GR agonists, with 10
�M 2-chloro-5-nitrobenzanilide (GW9662) (a PPAR� antagonist), 10
�M 11�-(4-dimethylamino)phenyl-17�-hydroxy-17-(1-propynyl)estra-
4,9-dien-3-one (RU486) (a GR antagonist), or 10 �M (R)-4a-ethoxy-1-(4-
fluorophenyl)-6-(4-trifluoromethylbenzenesulfonyl)-4,4a,5,6,7,8-
hexahydro-1H-1,2,6-triazacylopenta[b]naphthalene (CORT108297) (a
highly selective GR antagonist).

GW9662 (Sigma-Aldrich) is an irreversible and selective PPAR�
antagonist that is 10- and 600- fold less potent in binding PPAR� and
PPAR�, respectively. RU486 (Sigma-Aldrich) is a potent GR antag-
onist, although with limited specificity, because it also binds to the
progesterone receptor. RU486 has a Ki � 0.4 nM in GR binding
assays and a Ki � 1.5 nM in functional GR antagonist assays (Clark
et al., 2008; Clark, 2008). RU486 exhibits partial agonistic activities
(Matthews et al., 2009).

CORT108297 (synthesized by Ricerca Biosciences, Concord, OH,
and obtained from Corcept Therapeutics, Menlo Park, CA) is a highly
selective antagonist of the GR compared with the progesterone,
estrogen, androgen, and mineralocorticoid receptors, as shown in
binding assays (Clark et al., 2008). It has also been found inactive for
PPAR� binding (R. Clark, Corcept Therapeutics, personal communi-
cation). CORT108297 has a Ki of 0.9 nM in GR binding assays and a
Ki of 6.8 nM in functional GR antagonist assays (Clark et al., 2008;
Clark, 2008). It also exhibits a partial agonist activity, which is
higher than that of RU486 (R. Clark, personal communication).

Viability Assays. Differentiated podocytes were either pre-
treated for 4 h with the vehicle dimethyl sulfoxide, Rosi, Pio, and/or
Dex followed by PAN treatment (5 �g/ml) or simultaneously treated
with these reagents and PAN (5 �g/ml) at concentrations specified
under Results. Viability assays were performed after 3 or 5 days of
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treatments. In brief, cells were washed with phosphate-buffered
saline (PBS), incubated in medium containing 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrazolium (MTT; Sigma-Aldrich) at 500
�g/ml for 4 h, and the MTT formazan crystals were extracted in
dimethyl sulfoxide containing 0.01 M glycine and 0.01 M NaCl, pH
10.5. Absorbance was measured at 570 nm with the reference wave-
length of 630 nm on a SpectraMax M2 plate reader (Molecular
Devices, Sunnyvale, CA). Positive control cells (100% viable) did not
receive any PAN treatment, whereas cells treated for 20 min with
0.01% Triton X-100 were used as negative controls (0% viable).

Actin Staining and Microscopy. Differentiated podocytes were
cultured on coverslips and pretreated with vehicle, 100 �M Rosi, 1
�M Pio, or 1 �M Dex for 4 h. After treatment, cells were washed and
cultured for another 5 days with the medium containing PAN at 5
�g/ml. Control cells did not receive any PAN. Cells were washed two
times with PBS, fixed in 3.7% formaldehyde for 10 min, washed two
times with PBS, permeabilized with 0.1% Triton X-100 for 5 min,
washed two times with PBS, blocked with 1% bovine serum albumin
for 30 min, and stained with Texas Red–X phalloidin (Invitrogen) for
20 min. Cells were washed two times with PBS, air-dried, and
mounted with Prolong Gold antifade reagent containing 4�,6-di-
amidino-2-phenylindole (DAPI) (Invitrogen). Images were captured
using 40� objective on a Leica DMI6000B inverted fluorescence
microscope (Leica Microsystems, Bannockburn, IL) equipped with a
TX2 cube for visualizing Texas Red (excitation 560/40 nm, emission
645/75 nm) and with a A4 cube (excitation 360/40 nm, emission
470/40 nm) for visualizing DAPI. Digital micrographs were captured
using a Retiga SRV 14-bit grayscale charge-coupled device camera
(QImaging, Surrey, BC, Canada). The images were processed using
Adobe Photoshop CS3 (Adobe Systems, Mountain View, CA). The
DAPI (in green channel) and Texas-Red images were merged to the
final images, showing actin filaments in red and cell nuclei in green.

Western Blotting. After treatments, cells were harvested, and
whole-cell extracts were prepared using MPER lysis reagent
(Thermo Fisher Scientific Inc., Waltham, MA) containing protease
and phosphatase inhibitor cocktails (Sigma-Aldrich). Protein concen-
trations were determined using bicinchoninic acid (BCA) protein
assay reagent (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Cell lysates (20 �g of protein) were processed for
SDS-polyacrylamide gel electrophoresis (PAGE), and the separated
proteins were transferred to nitrocellulose membranes (Bio-Rad Lab-
oratories, Hercules, CA). After transfer, nitrocellulose membranes
were blocked for 1 h with 5% milk in PBS containing 0.1% Tween 20
and incubated with primary antibody O/N. Antibodies against p38
MAPK, phospho-p38 MAPK (Thr180/Tyr182), p44/42 MAPK (ERK1/
2), phospho-p44/42 MAPK (Thr202/Tyr204), SAPK/JNK, phospho-
SAPK/JNK (Thr183/ Tyr185), and phospho-GR (Ser211) were pur-
chased from Cell Signaling Technology (Danvers, MA), anti-GR from
Santa Cruz Biotechnology (Santa Cruz, CA), and anti-GAPDH from
Millipore Corporation (Billerica, MA). Membranes were washed four
times with PBS containing 0.1% Tween 20 after primary and sec-
ondary antibody incubations. Blots were probed with horseradish
peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG secondary
antibodies (Jackson ImmunoResearch Laboratories, West Grove,
PA) for 2 h at room temperature. Immunoreactive proteins were

detected on X-ray film using the ECL chemiluminescence reagent
(GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK). X-ray
films were scanned using a calibrated ArtixScan M1 transillumina-
tion scanner (Microtek Lab, Cerritos, CA) controlled by the ScanWiz-
ard Pro program (version 7.042) using standard settings. Densito-
metric analysis of the integrated band density was performed using
ImageJ (version 1.39, standard settings; http://rsb.info.nih.gov/ij/).

RNA Extraction and Real-Time Polymerase Chain Reac-
tion. After treatment, cells were harvested, and total RNA was
extracted using the RNeasy kit (QIAGEN, Germantown, MD). Purity
and yield were determined by measuring the absorbance at 260 and
280 nm. RNA (1 �g) was subjected to DNase (Ambion, Austin, TX)
treatment at 37°C for 30 min followed by a DNase inactivation step
in the presence of 5 mM EDTA at 75°C for 10 min. cDNA was
prepared from 1 �g of DNase-treated RNA in a 20-�l reaction using
iScript reverse transcriptase (Bio-Rad Laboratories) at reaction con-
ditions of 5 min at 25°C, 30 min at 42°C, followed by 5 min at 85°C.
FKBP51, GILZ, and �-actin mRNA levels were measured by real-
time polymerase chain reaction (PCR) using SYBR green and an iQ5
thermal cycler (Bio-Rad Laboratories). PCR conditions were as fol-
lows: first cycle at 95°C for 3 min, 40 cycles at 95°C for 10 s and 55°C
for 10 s, followed by a melt curve analysis. The primers used for the
amplification are listed in Table 1. The amplification efficiency of
each primer pair was measured by plotting the efficiency curve of
serial dilutions of selected cDNA samples. Values were normalized to
the housekeeping gene �-actin and plotted as the fold change relative
to time-matched vehicle control treatments.

Luciferase Reporter Assays. HEK-293T cells were cotrans-
fected with 1 �g of pGRE-Luc (Agilent Technologies Inc., Santa
Clara, CA) together with 20 ng of pRL-TK (Promega, Madison, WI),
which served as control to correct for transfection efficiency using
FuGENE 6 (Roche Applied Science, Indianapolis, IN). pGRE-Luc is a
GR-luciferase reporter gene construct that contains four glucocorti-
coid response element (GRE) repeats (GGTACATTTTGTTCT)4. The
constitutively expressing pRL-TK cassette encodes the Renilla reni-
formis reporter gene under the control of herpes simplex virus thy-
midine kinase promoter. After O/N incubation in charcoal-stripped
FBS-containing medium, cells were treated at various concentra-
tions and time points as indicated under Results, lysed after 24 h,
and assayed for luciferase activity using a Firefly and R. reniformis
luciferase reporter assay system (Biotium, Hayward, CA) according
to the manufacturer’s instructions.

Calcineurin Activity Assay. Differentiated podocytes were in-
cubated O/N in medium containing charcoal-stripped FBS. Cells
were treated with vehicle, 100 �M Rosi, 1 �M Pio, or 1 �M Dex for
4 h, washed with PBS, and further incubated in charcoal-stripped
FBS-containing medium for 24 h. After 1 day, cells were lysed, and
the calcineurin (CaN) phosphatase activity was measured using the
Colorimetric CaN Cellular Activity Assay Kit (EMD Chemicals Inc.,
Gibbstown, NJ) according the manufacturer’s instructions. This as-
say used RII phosphopeptide as the substrate, which is the most well
known and efficient substrate for CaN, and the detection of released
phosphate is based on malachite green assay. To rule out the con-
tribution of other competing phosphatases, phosphatase activity was
measured in the total extract and in the presence of EGTA (blocks

TABLE 1
Genes and their respective primers used in this study
The sequences are in 5� to 3� orientation.

Gene Gene Description (Protein) Forward Reverse Amplicon

base pairs

Fkbp5 Murine FK506 binding protein 51 (FKBP51) cttggaccacgctatggttt tcccttctctttcacgatgg 171
Tsc22d3 Murine glucocorticoid induced leucine zipper (GILZ) cgtgaagaaccacctgatgtacgc ttacaccgcagaaccaccaggggc 235
Actb Murine �-actin cttcgttgccggtccacaccc ctgggcctcgtcacccacat 212
FKBP5 Human FKBP51 tccctcgaatgcaactctct aaacatccttccaccacagc 178
TSC22D3 Human GILZ ggtgaagaatcatctgatgtatgc ttacaccgcagaaccaccaggggc 226
ACTB Human �-actin acagagcctcgcctttgccg cttgctctgggcctcgtcgc 238
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CaN) and okadaic acid (blocks PP-1 and PP-2A but not CaN). The
difference in phosphatase activities [okadaic acid-(okadiac acid-
EGTA)] was read as the CaN (PP-2B) activity.

Results
Rosi and Pio Prevent PAN-Induced Podocyte Injury.

To test the direct protective effect of both Pio and Rosi on
cultured podocytes, cells were injured with 5 �g/ml PAN for
3 or 5 days, which resulted in decreased viability to �50 to
65% and �20 to 25%, respectively, compared with untreated
cells (Fig. 1). Pretreatment of cells for 4 h, or simultaneous
treatment throughout the experiment with the PPAR� ago-
nists Rosi or Pio, significantly increased podocyte viability in
a concentration- and time-dependent manner (Fig. 1A). Spe-
cifically, pretreatment with Rosi at 100 �M increased the
viability to �75% after 3 days of PAN exposure (Fig. 1a),
whereas simultaneous treatment with 0.1, 1, or 10 �M Rosi
increased the viability to �75 to 85% of that of the untreated
control cells (Fig. 1b). Likewise, Pio increased the viability to
�80 to 90% with both pretreatment (0.1, 1, and 10 �M) and
simultaneous treatment (0.01, 0.1, and 1 �M) after 3 days of
PAN exposure (Fig 1, a and b). The glucocorticoid Dex pro-
vided almost complete protection to PAN-injured podocytes
at the concentrations used (1 and 10 �M for pretreatment,
0.1 and 1 �M for simultaneous treatment) (Fig. 1, a and b).
After 5 days of PAN injury, a similar pattern of protection by
both TZDs was observed, although the overall extent of pro-
tection was less pronounced. Pretreatment with Rosi at 100
�M and Pio at 1 and 10 �M increased the viability to �50%,
compared with �25% viability with PAN injury alone (Fig.

1c). Likewise, simultaneous treatment with 0.1, 1, or 10 �M
Rosi or with 0.01, 0.1, or 1 �M Pio increased the viability to
�25 to 30% (Fig. 1d). Significant protection was also
achieved by pretreatment with 1 and 10 �M Dex and simul-
taneous treatment with 0.1 and 1 �M Dex, which increased
viability to �75 and �60%, respectively (Fig. 1, c and d).

To determine the potential of TZDs to improve the efficacy
of GCs, we also determined the effects of Dex treatment
combined with either Rosi or Pio on the protection of podo-
cytes injured with PAN. Although combined treatment with
Pio and Dex tended to result in increased cell viability com-
pared with Dex treatment alone, it remained below the sta-
tistical significance (Fig. 1B). Likewise, combined treatment
of Rosi with Dex also tended to provide better protection than
Dex alone (data not shown). Viability values greater than
100% with some treatments indicated continued cell prolif-
eration compared with controls. These data together suggest
that both TZDs exhibit the capability to protect podocytes
from PAN-induced injury.

Rosi and Pio Prevent PAN-Induced Podocyte Actin
Cytoskeletal Disruption. The podocyte foot processes that
are disrupted during NS are well known to contain promi-
nent actin filaments (Smoyer and Mundel, 1998; Ransom et
al., 2005). Likewise, cultured podocytes contain a distinct
actin cytoskeleton with bundles of filamentous actin fibers
spanning across the cell body (stress fibers), which can be
visualized with Texas Red-labeled phalloidin (Fig. 2A). Podo-
cyte injury and recovery in vitro have been well documented
to involve extensive reorganization of actin cytoskeleton
(Smoyer and Mundel, 1998; Ransom et al., 2005). PAN treat-

Fig. 1. Viability assays of PAN-injured podocytes treated with Rosi, Pio and/or Dex. A, podocytes were either pretreated for 4 h (a and c) or
simultaneously treated until the completion of assay (b and d) with vehicle, Rosi, Pio, or Dex at indicated concentrations, injured with 5 �g/ml PAN
for 3 days (a and b) or 5 days (c and d) and assayed for viability using MTT. B, podocytes were treated with vehicle, Pio, and/or Dex at 1 �M each for
pretreatments (a and c), or with 0.1 �M each for simultaneous treatments (b and d), injured with 5 �g/ml PAN for 3 days (a and b) or 5 days (c and
d) and assayed for viability using MTT. Viability values greater than 100% with some treatments indicate continued cell proliferation compared with
controls. Significant differences from control (�) or PAN treatment (†) are indicated as obtained by unpaired t test (�/†, P � 0.05; ��/††, P � 0.01;
���/†††, P � 0.001). Black columns, controls; white columns, PAN treatment; gray columns, PAN � TZD/Dex treatments.
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ment (5 �g/ml for 5 days) resulted not only in a reduced cell
number, but also in the substantial loss of the filamentous
actin in the remaining cells (Fig. 2B). Pretreatment with Rosi
(100 �M) or Pio (1 �M) preserved podocyte filamentous actin,
in addition to the cell numbers, similarly as did pretreatment
with Dex (1 �M) (Fig. 2, C–E). However, after pretreatment
with either TZD, the organization of these actin fibers was
somewhat different from control cells, with relatively more
filamentous actin being located in subcortical ring-like struc-
tures. This was especially evident after pretreatment with
Pio (Fig. 2D).

Rosi Attenuates MAPK Signaling in Podocytes.
PPAR� agonists have been reported to elicit “nongenomic,”
receptor-independent effects in addition to their well docu-
mented role in inducing transcription of target genes in a
PPAR-dependent manner. The rapid alteration of MAPK ac-
tivities by Rosi and Pio observed previously in several cell
types provides an example of such “nongenomic” effects
(Gardner et al., 2005). Based on this, we tested the ability of
Rosi and Pio and compared it with Dex to alter the activation
of the major MAPKs, including p38 MAPK, ERK1/2, and
SAPK/JNK, in podocytes. Podocytes were treated with Rosi
or Pio in the presence and absence of Dex, and the relative
activation of the various MAPKs was determined by immu-
noblotting using antibodies specific for the phosphorylated
(activated) and total forms of these protein kinases (Fig. 3A).
The semiquantitative densitometric evaluation of these gels
is shown in the plots of Fig. 3B. Although treatment with
Rosi deactivated all three MAPKs tested, Pio did not. In
addition, treatment with Dex possibly resulted in a minor
deactivation of ERK1/2 and p38 MAPK. Combined treatment
with Rosi and Dex resulted in a further deactivation of
Erk1/2 compared with individual treatments, whereas it had
no major effect on the activities of the other two MAPKs.

Combined treatment with Pio and Dex resulted in generally
similar MAPK activities compared with Dex treatment alone.
In summary, deactivation of the various MAPKs in podocytes
seemed to be a selective property of Rosi compared with Pio,
although Dex also modestly deactivated ERK1/2 and p38
MAPK as well.

Rosi and Pio Increase the GR Phosphorylation in
Podocytes. The GR has been shown to undergo rapid down-
regulation and phosphorylation on Ser211 in response to
GCs, and phosphorylation at this site is believed to be asso-
ciated with activation of the GR (Tasker et al., 2006). PPAR�
ligands have been reported to exert “off-target” effects involv-
ing seemingly unrelated molecules and receptors, including
the GR (Ialenti et al., 2005; Matthews et al., 2009). Recent
studies have also shown that the PPAR� and GR may inter-
act directly upon PPAR� activation, suggesting cross-talk
between the two signaling pathways (Nie et al., 2005; Lahiri
et al., 2009). To determine whether Rosi and Pio exert some
of their effects in podocytes by modulating the expression or
phosphorylation of the GR, we measured the total amount of
the GR and its phosphorylation in podocytes treated with
Rosi and Pio and compared these responses with that of Dex
(Fig. 4A). As seen after 4-h treatment, Dex induced down-
regulation of the GR and enhanced its phosphorylation, sim-
ilarly as has been reported previously (Guess et al., 2010). It
is noteworthy that Rosi and Pio also increased the phosphor-
ylation of the GR, although they had no detectable effect on
its down-regulation. Combined treatments with Rosi or Pio
together with Dex did not show any detectable differences
from Dex treatment alone. In summary, Rosi, Pio, and Dex
all resulted in increased phosphorylation of the GR in the
following order: Dex � Rosi � Pio.

To dissect whether the phosphorylation of the GR by Rosi
and Pio is PPAR� and/or GR-mediated effect, we performed

Fig. 2. Effects of Rosi, Pio, or Dex treatments on PAN-induced podocyte actin cytoskeletal injury. After pretreatment for 4 h with vehicle, 100 �M Rosi,
1 �M Pio, or 1 �M Dex, cells were injured with 5 �g/ml PAN for 5 days. After fixation, actin filaments were stained with Texas Red phalloidin (shown
in red), and nuclei were stained with DAPI (shown in green). Scale bar, 25 �m.

Fig. 3. Effects of Rosi, Pio, and Dex treatments on activities
of MAPKs in podocytes. A, serum-starved cells were
treated with vehicle, 100 �M Rosi, 1 �M Pio, and/or 10 �M
Dex for 4 h, harvested, and the total protein extracts were
subjected to SDS-PAGE followed by immunoblot analysis
for phosphorylated (activated) and total ERK1/2, p38
MAPK, and SAPK/JNK. GAPDH served as a loading con-
trol. Representative blots from three independent experi-
ments are shown. B, densitometric analysis of the blots
shown in A was performed and the ratios of the phosphor-
ylated (p-), and total MAPK forms were plotted as fold
changes relative to the controls.
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the above experiments in the presence of antagonists specific
for these receptors (Fig. 4A). In the presence of the PPAR�
antagonist GW9662, Rosi treatment did not result in in-
creased GR phosphorylation, thus suggesting PPAR� depen-
dence. In addition, the effects of Pio were inhibited to some
extent by GW9662. No differences were observed in the pres-
ence or absence of GW9662 with Dex alone or combined
treatments, suggesting that PPAR� is not involved in the GR
phosphorylation in response to Dex.

As expected, the GR antagonists RU486 and CORT108297
inhibited the phosphorylation of the GR in response to Dex
alone or to the combination treatments (Fig. 4A). RU486 and
CORT108297 by themselves increased GR phosphorylation
moderately, consistent with the known partial agonistic
properties of these drugs (see Materials and Methods). This
increased GR phosphorylation in response to the GR antag-
onists may obscure possible effects resulting from Rosi or Pio
alone treatments. Therefore, it is difficult to conclude
whether phosphorylation of the GR in response to Rosi and
Pio is dependent on GR signaling. In summary, our data
suggest that the phosphorylation of GR in response to Rosi,
and possibly Pio, is PPAR�-dependent, and that GR phos-
phorylation by Dex alone or in combination with Rosi and Pio
requires GR signaling.

In a separate experiment, we determined the time course
of the increase in phosphorylation of the GR at Ser211 in

response to the Dex, Rosi, and Pio by semiquantitative eval-
uation of the corresponding immunoblots (Fig. 4B). To esti-
mate the changes in the relative degree of phosphorylation of
the GR, the signals for phospho-GR were related to those of
total GR. Treatment with Dex greatly increased GR phos-
phorylation in a time-dependent manner. Treatment with
Rosi and Pio also resulted in increased GR phosphorylation,
although to a lesser extent. Pio seemed to induce an early
response with no further increase in the relative phosphory-
lation of the GR after 0.5 h.

Rosi and Pio Induce and Enhance the GR Transcrip-
tional Activity in Podocytes. Given our observations that
TZDs are able to both protect podocytes and stimulate the
GR, although to a lesser extent than Dex, we examined the
ability of Rosi and Pio to regulate the transcription of two
well studied GC-responsive genes, FKBP51 and GILZ (Ver-
meer et al., 2003; Ayroldi and Riccardi, 2009). FKBB51 is
commonly associated with the GR complex and tends to in-
hibit its activity, whereas GILZ is a transcription factor con-
trolling the expression of many other genes in response to
GCs. Dex increased the mRNA expression of FKBP51 �10- to
15-fold and GILZ �3- to 5-fold, as measured after 1 and 3
days of treatment, after either short-term or long-term treat-
ments (Fig. 5, A and B). Rosi and Pio alone induced FKBP51
and GILZ mRNA expression (�2 fold) in both short-term
(except for GILZ induction in response to Pio) and long-term

Fig. 4. Phosphorylation and expression of the GR in podo-
cytes in response to Rosi, Pio, and Dex. A, serum-starved
cells were treated for 4 h with vehicle, 100 �M Rosi, 1 �M
Pio, or 10 �M Dex alone, or in combination as indicated.
Where indicated, cells were preincubated with 10 �M
GW9662 (PPAR� antagonist), 10 �M RU486, or 10 �M
CORT108297 (GR antagonists) for 1 h before Rosi, Pio, and
Dex treatments. Protein lysates were subjected to SDS-
PAGE followed by immuno-blot analysis for phosphory-
lated (p-GR) and total GR, and for GAPDH. Representative
blots from three independent experiments are shown.
B, cells were treated with Rosi, Pio, and Dex as in
A, harvested at 0 (control), 0.5, 2, and 4 h, and subjected to
immunoblot analysis. Densitometric analysis was per-
formed, and the ratios of the phosphorylated and total GR
were plotted as fold increases relative to the control (indi-
cated by the dotted line).

Fig. 5. mRNA expression of FKBP51 and
GILZ in podocytes in response to Rosi,
Pio, and/or Dex. A and B, cells incubated
O/N in charcoal-stripped FBS-containing
medium were subjected to short-term
treatment (4 h) with 100 �M Rosi, 1 �M
Pio, and/or 10 �M Dex or long-term treat-
ment (1 or 3 days) with 10 �M Rosi, 0.1
�M Pio, and/or 1 �M Dex. Total RNA was
extracted after 1 and 3 days and analyzed
by real time RT-PCR using SYBR green
for mRNA expression analysis of FKBP51
and GILZ, and the values were normal-
ized to �-actin. Fold change values com-
pared with controls (treatment with vehi-
cle only) were plotted as mean 	 S.D.
from triplicates of three experiments. Sig-
nificant differences of individual treat-
ments versus controls (�) or combined
treatments versus Dex treatments (†) are
indicated as obtained by unpaired t test
(�/†, P � 0.05; ��/††, P � 0.01; ���/†††,
P � 0.001).
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treatments, as measured after 3 days. Both TZDs also en-
hanced the induction of FKBP51 and GILZ mRNAs by Dex,
as seen in both short-term and long-term treatments for
FKBP51 (3 days) and in short-term treatments for GILZ (1
day). Specifically, Rosi and Pio enhanced the induction of
FKBP51 from �10- to 15-fold by Dex alone to �20-fold when
used in combination after 3 days (Fig. 5A).

Modulation of the GR Transcriptional Activity in
Podocytes by Rosi and Pio Is Both GR- and PPAR�-
Dependent. Given the “GR modulator effects” of the TZDs in
podocytes (see above), we determined whether Rosi and Pio
modulate the transcriptional activity of the GR in a GR- and/or
PPAR�-dependent way. For this purpose, we measured the
expression of GC-responsive genes in podocytes in response to
Rosi, Pio, and Dex in the presence of the GR- and PPAR�-
specific antagonists RU486, CORT108297, and GW9662
(Fig. 6). As expected, RU486 blocked the induction of FKBP51
and GILZ mRNAs by Dex, alone or in combination treatments.
Moreover, there was no significant difference in FKBP51 ex-
pression between the Dex-alone treatment and combined treat-
ments with Rosi and Pio in the presence of RU486 (unlike in the
absence of the antagonist), suggesting that RU486 also inhibits
any enhancing effects of Rosi and Pio on Dex-induced expres-
sion. Given the known nonspecific antagonistic effects of RU486
on other nuclear receptors (e.g., the progesterone receptor), this
GR dependence was further confirmed by measuring the mRNA
expression of one of the studied genes, FKBP51, using the
highly specific GR antagonist CORT108297. Similar to RU486,
CORT108297 blocked the induction of FKBP51 by Dex alone or
in combination treatments. In addition, as observed with
RU486, no significant difference was observed between the
Dex-alone treatment and combined treatments with Rosi and
Pio in the presence of CORT108297 (unlike in the absence of the
antagonist). Although CORT108297 is a highly specific antag-
onist for the GR, it is also known to exert partial agonistic
effects (R. Clark, Corcept Therapeutics, personal communica-
tion; also see Materials and Methods). This partial agonistic
activity is reflected in the relatively high baseline expression of
FKBP51 in the presence of CORT108297 (Fig. 6).

Finally, to determine the PPAR� dependence, the effects of
Rosi and Pio in the presence of the PPAR� antagonist,
GW9662, were also measured on the induction and enhance-
ment of Dex-induced mRNA expression of FKBP51 (Fig. 6).
GW9662 blocked the induction of FKBP51 mRNA by Rosi
and the Rosi- and Pio-mediated enhancement of Dex-induced
increase in FKBP51 expression. In addition, no significant
difference was observed between the Dex-alone treatment
and combined treatments with Rosi and Pio in the presence
of GW9662 (unlike in the absence of the antagonist). As
expected, GW9662 did not significantly reduce the expression
of FKBP51 induced by Dex alone. These data suggest that
both the induction of FKBP51 and the enhancement effects
on Dex-induced expression by TZDs are PPAR�-dependent.
Taken together, the transcriptional activity of the GR in
podocytes can be modulated by both Rosi and Pio, and this
modulation involves both GR and the PPAR� signaling.

Rosi and Pio Have Disparate Effects on Dex-Induced
Activity of Minimal and Native Endogenous Promot-
ers. To further examine the direct effects of Rosi and Pio on
GR transcriptional activity, we analyzed the luciferase re-
porter activity under the control of a minimal promoter con-
taining four GRE repeats (GGTACATTTTGTTCT) in HEK-
293T cells (Fig. 7, A and B). Although Dex activated the
promoter strongly, we did not observe major effects by Rosi or
Pio in activating the luciferase gene expression driven by the
minimal GRE promoter. Likewise, both Rosi and Pio, in
combination with Dex, did not exhibit major effects on Dex-
induced activation of this promoter in both short- and long-
term treatments.

Because we had previously seen enhancing effects on en-
dogenous gene expression in podocytes when these drugs
were used in combination (Fig. 5), we chose to explore
whether the absence of enhancement effects were due to the
different cell types used or if they were dependent on pro-
moter specificity. We therefore analyzed the expression of the
endogenous genes, FKBP51 and GILZ, in HEK-293T cells
treated with Rosi, Pio, and/or Dex (Fig. 7, C and D). We
observed that Rosi or Pio alone significantly induced the

Fig. 6. mRNA expression of FKBP51 and GILZ in podo-
cytes in response to Rosi, Pio, and/or Dex in the presence of
GR and PPAR� antagonists. Serum-starved cells were pre-
incubated for 1 h with 10 �M GW9662 (PPAR� antagonist),
10 �M RU486, or 10 �M CORT108297 (GR antagonists),
followed by 4-h treatments with 100 �M Rosi, 1 �M Pio,
and/or 10 �M Dex. Total RNA was extracted after 3 days
and analyzed by real-time RT-PCR assay using SYBR
green for mRNA expression analysis of FKBP51 and GILZ,
and the values were normalized to �-actin. Fold change
values compared with controls (treatment with vehicle
only) were plotted as mean 	 S.D. from triplicate experi-
ments. Significant differences in the absence of antagonists
of individual treatments versus controls (�) and combined
treatments versus Dex treatments (†), and significant de-
creases in the presence versus absence of antagonists (#)
are indicated as obtained by unpaired t test (�/†/#, P �
0.05). (�/†/#, P � 0.05; ��/††/##, P � 0.01; ���/†††/###, P �
0.001).
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expression of both FKBP51 and GILZ. Dex, as expected, also
induced the expression of these genes. Combined treatments
with Rosi showed enhancing effects on Dex-mediated activa-
tion of these endogenous promoters, as was also shown in
podocytes in Fig. 5. Combined treatment with Pio enhanced
the Dex-mediated activation of FKBP51. These observations
are in accordance with earlier studies in which Rosi had an
inhibitory effect on Dex-mediated activation of a simple pro-
moter (TAT3) (Matthews et al., 2009), whereas it enhanced
Dex-mediated activation of the natural and more complex
mouse mammary tumor virus promoter (Johnson et al.,
1999).

Taken together, both TZDs exhibited disparate effects on
the minimal promoter tested and endogenous promoters.
Although the activity of the minimal promoter tested was
not affected by either TZD, the expression of the endoge-
nous genes (driven by native promoters) tested was clearly
enhanced.

Rosi, Pio, and Dex Increase CaN Activity in Podo-
cytes. CaN inhibitors, including tacrolimus (FK506) and cy-
closporine, are widely used drugs for the treatment of NS in
cases in which GCs are clinically ineffective. Previous reports
have demonstrated the ability of Dex to stimulate CaN phos-
phatase activity in some cell types and suppress it in other
cell types (Tumlin et al., 1997; Hirakawa et al., 2009). To
date, the ability of neither Rosi, Pio, nor even Dex to alter
CaN activity in podocytes has been studied. Therefore, we
compared the CaN activity in podocytes treated with each of
these compounds by measuring phosphate released by CaN
phosphatase activity (Fig. 8). We found that Dex treatment
significantly stimulated CaN activity in podocytes, as mea-
sured by the total phosphate released. Likewise, Rosi and Pio
both exhibited similar effects to Dex by increasing the CaN

activity significantly, thus suggesting another similarity be-
tween the molecular actions of TZDs and those of GCs in
podocytes.

Discussion
The TZDs Pio and Rosi are FDA-approved drugs widely

used for the treatment of type II diabetes that have also been
shown to reduce proteinuria and urinary podocyte loss in
patients with diabetic nephropathy and nondiabetic glomer-
ulosclerosis (Sarafidis et al., 2010). We hypothesized that
these renal protective effects of TZDs result, at least in part,
from a direct action on podocytes. We found that both Pio and
Rosi were indeed able to directly protect podocytes, similar to
Dex, against experimentally induced injury designed to
mimic NS. In addition, we observed that Rosi and/or Pio were
able to modulate the podocyte GR pathway and alter MAPK
activation, as illustrated in Fig. 9. We also found that Rosi,
Pio, and Dex induced common, as well as selective, molecular
signaling effects in podocytes. Together, our findings suggest
that Pio and Rosi may have potential clinical utility as either
a primary or adjunctive therapy for NS or other diseases
treated with GCs. Moreover, these findings may also lend
new mechanistic insight into the well established but poorly
understood renal protective effects of TZDs in diabetic ne-
phropathy (Lennon et al., 2009).

Healthy podocytes contain an extensive network of actin
filaments, with high content in the distal foot processes that
attach to the underlying glomerular basement membrane
(Smoyer and Mundel, 1998). During NS, podocyte injury
results in rearrangement of the actin cytoskeleton in the foot
processes (effacement), and in some cases apoptosis, cell pro-
liferation, or dedifferentiation. Podocytes typically respond to

Fig. 7. Effects of Rosi and Pio on a minimal promoter con-
taining GREs and on endogenous genes. A and B, action of
Rosi and Pio on Dex-induced luciferase reporter activity
driven by the minimal GRE promoter. HEK-293T cells were
cotransfected with pGRE-luc (firefly luciferase reporter gene
under the control of minimal GRE promoter) and pRL-TK
(constitutively expressed R. reniformis luciferase), treated for
4 h (A, short-term) or for 24 h (B, long-term) with indicated
concentrations of Dex, Rosi, and Pio after O/N incubation in
charcoal-stripped FBS-containing medium. After 24 h of
treatment, cells were lysed and assayed for firefly and R.
reniformis luciferase activities. The values of firefly luciferase
activity were corrected for transfection efficiency using the R.
reniformis luciferase and plotted as mean 	 S.D. from tripli-
cate analyses and are representative of three experiments.
The plotted fold changes are in comparison with vehicle-
treated control cells transfected with the reporter constructs.
C and D, mRNA expression of FKBP51 and GILZ in HEK-
293T cells in response to Rosi, Pio, and/or Dex. Cells incu-
bated O/N in charcoal-stripped FBS-containing medium were
treated for 4 h with 100 �M Rosi, 1 �M Pio, and/or 10 �M
Dex. Total RNA was extracted after 1 day and analyzed by
real-time RT-PCR assay for expression of FKBP51 and GILZ,
and the values were normalized to �-actin. Fold change val-
ues compared with controls (treatment with vehicle only)
were plotted as mean 	 S.D. from triplicates and are repre-
sentative of three experiments. Significant differences of in-
dividual treatments versus controls (�) or combined treat-
ments versus Dex treatments (†) are indicated as obtained by
unpaired t test (�/†, P � 0.05; ��/††, P � 0.01; ���/†††, P �
0.001).
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stressors (e.g., treatment with PAN, shear stress) with reor-
ganization or loss of filamentous actin, focal adhesions, or
cell-cell contacts. In cultured podocytes, these changes can be
prevented by treatment with GCs or by ectopic expression of
protective genes (Ransom et al., 2005). In the present study,
we found that, similar to GCs, TZDs can directly protect
podocytes from PAN-induced injury, both in terms of cell
viability and disruption of the actin cytoskeleton.

TZDs act as PPAR� ligands, but are becoming increasingly
known to mediate a portion of their actions through PPAR�-

independent pathways (Gardner et al., 2005; Ialenti et al.,
2005). In addition, it has been reported that minor differ-
ences in the chemical structure of Rosi and Pio may result in
marked and distinct differences in their molecular, biologi-
cal, and pharmacological responses (Gervois et al., 2007;
Kintscher, 2008). Given these selective effects of Rosi and Pio
and the PPAR�-independent effects of TZDs in general, we
explored the ability of Rosi and Pio to modulate two of the
major signaling pathways (MAPK and GC pathways) most
relevant to podocyte protection in various renal diseases,
including NS (Ransom et al., 2005; Grande and López-Novoa,
2008; Guess et al., 2010).

The MAPKs have been implicated in the progression of
various glomerulopathies, and their inhibition is emerging as
a promising therapeutic area for renal diseases and for ste-
roid resistance in other diseases (Bloom, 2004; Grande and
López-Novoa, 2008). Given the importance of MAPK signal-
ing in renal diseases, we were also interested in determining
the ability of TZDs to modulate the various MAPKs in podo-
cytes and in comparing these results with those of GCs. We
found that Rosi deactivated ERK1/2, p38 MAPK, and SAPK/
JNK. Although Dex also seemed to deactivate ERK1/2 and
possibly p38 MAPK, Pio did not have any notable effects.
Inhibition of p38 MAPK and possibly ERK1/2 in PAN and
doxorubicin animal models of NS has been reported to sup-
press proteinuria and actin reorganization in podocytes (Ko-
shikawa et al., 2005). In addition, we have shown that inhib-
iting either p38 MAPK or its downstream substrate MK2
prevents PAN-induced injury to podocytes (Pengal et al.,
2011). Increased amounts of activated ERK and p38 MAPK

Fig. 8. CaN activity of podocytes treated with Rosi, Pio, or Dex. Cells
incubated O/N in charcoal-stripped FBS-containing medium were treated
with 1 �M Dex, 100 �M Rosi, or 1 �M Pio for 4 h and assayed for CaN
activity after 24 h by detecting the free phosphate released from the RII
phosphopeptide substrate by malachite green assay. The values plotted
on the graph are the mean 	 S.D. from triplicates and are representative
of three experiments. Significant differences of treatments versus the
control are indicated as obtained by unpaired t test (�, P � 0.05; ��, P �
0.01).

Fig. 9. Schematic of canonical and alternate modes of action of TZDs. Traditionally, TZDs bind to their receptor, PPAR�, which dimerizes with the
nuclear receptor RXR and acts on peroxisome proliferator response elements together with coactivators to promote the transcription of genes involved
(e.g., in antidiabetic effects). Our data and the literature suggest that the TZDs can act on the GR directly (off-target pathway), as well as via the
canonical PPAR� pathway with considerable cross-talk between the two pathways. In the “off target” pathway, TZDs may imperfectly bind to and
stimulate the GR via phosphorylation and nuclear translocation, possibly resulting in the expression of GC responsive genes. TZDs may also modulate
the GR pathway indirectly via binding to PPAR�, resulting in subsequent interaction between the two receptors directly or through the involvement
of common cofactors. TZDs may also deactivate MAPKs via a “nongenomic” pathway, which subsequently modifies other cellular systems including
the phosphorylation of the GR and PPAR�. This schematic was modified from the Nuclear Receptor Resource (nrresource.org) with the permission of
Dr. J. Vanden Heuvel, University Park, PA.
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have also been reported in the glomeruli of patients with
diabetic nephropathy (Sakai et al., 2005).

GCs are the prevailing therapy for NS and are also known
to act directly on podocytes, although not much is known
about their mechanism of protective action (Ransom et al.,
2005; Guess et al., 2010). We studied the effects of TZDs on
the GR pathway in podocytes and found that Rosi and Pio
phosphorylate the GR at the site associated with its activa-
tion, although to a lesser extent than Dex. In support of this
finding, other recent reports have also linked the action of
TZDs to the GR pathway (Ialenti et al., 2005; Matthews et
al., 2009). In these studies, the anti-inflammatory effects of
Rosi and ciglitazone were shown to involve, to some extent,
GR-dependent signaling. In addition, TZDs were shown to
activate nuclear translocation of the GR in vitro, with no
effect on its down-regulation and independent of the PPAR�.
Likewise, in the present study, Rosi and Pio did not lead to
down-regulation of the GR, which is a known negative feed-
back mechanism associated with GC treatment. In theory,
such an effect could be clinically beneficial if TZDs were used
in patients with steroid-resistant NS (or other steroid resis-
tant diseases), because it might overcome this known nega-
tive feedback mechanism. Furthermore, we found that the
phosphorylation of GR by Rosi and possibly Pio is PPAR�-
dependent because it is abolished in the presence of GW9662,
a selective PPAR� antagonist. This suggests that the PPAR�
may interact with the GR signaling pathway by physical or
cofactor dependent interaction upon activation as has also
been shown recently in other systems (Nie et al., 2005; Lahiri
et al., 2009).

Given the complex nature of both GR- and PPAR� agonist-
mediated signaling, the interplay of transcription cofactors
(activators or repressors) can be assumed to be altered by
PPAR� agonists. Such cross-talk among signaling cascades
may be the basis for the synergistic effects on GR signaling
exerted by Rosi and Dex in a mouse model of inflammation or
for their ability to modulate Dex- and Rosi-induced gene
transcription and differentiation in osteoblastic cells (John-
son et al., 1999; Ialenti et al., 2005). In the latter report, Rosi
did not exhibit any effect alone in activating the native
mouse mammary tumor virus promoter, whereas it enhanced
the effects of Dex on the same promoter. In a different report,
Rosi and Pio minimally activated a GRE TAT3 promoter but
repressed its activity when used in combination with Dex
(Matthews et al., 2009). In the current study using a minimal
GRE promoter with four GRE sites, combination treatments
using Rosi or Pio with Dex did not significantly alter the GRE
promoter activity. Despite this, Rosi and Pio both induced the
expression of two endogenous GC-responsive genes, GILZ
and FKBP51, and also enhanced Dex-induced expression of
these genes. These findings, together with the above reports,
suggest that the effects of TZDs on Dex-regulated gene ex-
pression can be very disparate, depending on the nature of
the studied promoters and genes. Moreover, our findings that
GR phosphorylation by Rosi and possibly Pio is PPAR�-
mediated and that both TZDs modulate GR-responsive genes
in podocytes in a PPAR�- and GR-dependent manner suggest
that these drugs are indeed able to modulate GR signaling in
podocytes and that their protective effects could possibly be
mediated in part via these pathways.

Finally, because CaN inhibitors are often used as alterna-
tive treatments for NS, we investigated the ability of TZDs to

alter CaN activity in podocytes. We also compared their
modulation of CaN activity with that of Dex, because GCs are
known to provide direct protection to podocytes against in-
jury. Of particular note, we found that all three drugs that
protected podocytes against PAN-induced injury (Pio, Rosi,
and Dex) also increased the phosphatase activity of CaN in
these cells. This finding is consistent with a previous report
of transcription-independent activation of CaN by GCs in
renal proximal tubular cells (Tumlin et al., 1997). However,
our findings of increased podocyte CaN activity in response to
Rosi, Pio, and Dex were somewhat surprising, because CaN
inhibitors (cyclosporine and tacrolimus) are widely used clin-
ically to treat steroid-dependent and steroid-resistant NS.
Moreover, CaN inhibition has been suggested to be involved
in cyclosporine’s direct effects on podocytes via stabilization
of the actin cytoskeleton (Faul et al., 2008). Despite this, the
current findings suggest the possibility that inhibition of
podocyte CaN activity may not be critical for the clinical
efficacy of cyclosporine and tacrolimus in NS. Thus, although
the role of podocyte CaN activity in response to injury re-
mains unclear at this time, our results suggest yet another
similarity between the molecular actions of GCs and TZDs in
podocytes.

In summary, we have found that TZDs are able to modu-
late the GC pathway and exert direct protective effects on
podocytes, similar to GCs, possibly via previously unrecog-
nized effects on GC and MAPK signaling. These findings
suggest that these FDA-approved drugs may have potential
clinical utility as either primary or adjunctive therapy for NS
or other diseases treated with GCs. This study may also offer
mechanistic insight into the well established but poorly un-
derstood renal protective effects of Rosi and Pio in patients
with diabetic nephropathy.
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and Saleem MA (2009) Rosiglitazone enhances glucose uptake in glomerular
podocytes using the glucose transporter GLUT1. Diabetologia 52:1944–1952.

Liu HF, Guo LQ, Huang YY, Chen K, Tao JL, Li SM, and Chen XW (2010) Thiazo-
lidinedione attenuate proteinuria and glomerulosclerosis in Adriamycin-induced
nephropathy rats via slit diaphragm protection. Nephrology 15:75–83.

Ma LJ, Marcantoni C, Linton MF, Fazio S, and Fogo AB (2001) Peroxisome prolif-
erator-activated receptor-gamma agonist troglitazone protects against nondiabetic
glomerulosclerosis in rats. Kidney Int 59:1899–1910.

Matthews L, Berry A, Tersigni M, D’Acquisto F, Ianaro A, and Ray D (2009)
Thiazolidinediones are partial agonists for the glucocorticoid receptor. Endocrinol-
ogy 150:75–86.

Michalik L, Auwerx J, Berger JP, Chatterjee VK, Glass CK, Gonzalez FJ, Grimaldi
PA, Kadowaki T, Lazar MA, O’Rahilly S, et al. (2006) International Union of
Pharmacology. LXI. Peroxisome proliferator-activated receptors. Pharmacol Rev
58:726–741.

Nie M, Corbett L, Knox AJ, and Pang L (2005) Differential regulation of chemokine
expression by peroxisome proliferator-activated receptor gamma agonists: inter-
actions with glucocorticoids and beta2-agonists. J Biol Chem 280:2550–2561.

Pengal R, Guess AJ, Agrawal S, Manley J, Ransom RF, Mourey RJ, Benndorf R, and
Smoyer WE (2011) Inhibition of the protein kinase MK-2 protects podocytes from
nephrotic syndrome-related injury. Am J Physiol Renal Physiol doi:10.1152/
ajprenal.00661.2010.

Peyser A, Machardy N, Tarapore F, Machardy J, Powell L, Gipson DS, Savin V, Pan
C, Kump T, Vento S, et al. (2010) Follow-up of phase I trial of adalimumab and
rosiglitazone in FSGS: III. Report of the FONT study group. BMC Nephrol 11:2.

Pippin JW, Brinkkoetter PT, Cormack-Aboud FC, Durvasula RV, Hauser PV, Kow-
alewska J, Krofft RD, Logar CM, Marshall CB, Ohse T, et al. (2009) Inducible
rodent models of acquired podocyte diseases. Am J Physiol Renal Physiol 296:
F213–F229.

Ransom RF, Lam NG, Hallett MA, Atkinson SJ, and Smoyer WE (2005) Glucocor-
ticoids protect and enhance recovery of cultured murine podocytes via actin fila-
ment stabilization. Kidney Int 68:2473–2483.

Sakai N, Wada T, Furuichi K, Iwata Y, Yoshimoto K, Kitagawa K, Kokubo S,
Kobayashi M, Hara A, Yamahana J, et al. (2005) Involvement of extracellular
signal-regulated kinase and p38 in human diabetic nephropathy. Am J Kidney Dis
45:54–65.

Sarafidis PA, Stafylas PC, Georgianos PI, Saratzis AN, and Lasaridis AN (2010)
Effect of thiazolidinediones on albuminuria and proteinuria in diabetes: a meta-
analysis. Am J Kidney Dis 55:835–847.

Smoyer WE and Mundel P (1998) Regulation of podocyte structure during the
development of nephrotic syndrome. J Mol Med 76:172–183.

Smoyer WE and Ransom RF (2002) Hsp27 regulates podocyte cytoskeletal changes
in an in vitro model of podocyte process retraction. FASEB J 16:315–326.

Tasker JG, Di S, and Malcher-Lopes R (2006) Minireview: rapid glucocorticoid
signaling via membrane-associated receptors. Endocrinology 147:5549–5556.

Tumlin JA, Lea JP, Swanson CE, Smith CL, Edge SS, and Someren JS (1997)
Aldosterone and dexamethasone stimulate calcineurin activity through a tran-
scription-independent mechanism involving steroid receptor-associated heat shock
proteins. J Clin Invest 99:1217–1223.

Vermeer H, Hendriks-Stegeman BI, van der Burg B, van Buul-Offers SC, and Jansen
M (2003) Glucocorticoid-induced increase in lymphocytic FKBP51 messenger ri-
bonucleic acid expression: a potential marker for glucocorticoid sensitivity, po-
tency, and bioavailability. J Clin Endocrinol Metab 88:277–284.

Xing CY, Saleem MA, Coward RJ, Ni L, Witherden IR, and Mathieson PW (2006)
Direct effects of dexamethasone on human podocytes. Kidney Int 70:1038–1045.

Yang HC, Deleuze S, Zuo Y, Potthoff SA, Ma LJ, and Fogo AB (2009) The PPAR-
gamma agonist pioglitazone ameliorates aging-related progressive renal injury.
J Am Soc Nephrol 20:2380–2388.

Yang HC, Ma LJ, Ma J, and Fogo AB (2006) Peroxisome proliferator-activated
receptor-gamma agonist is protective in podocyte injury-associated sclerosis. Kid-
ney Int 69:1756–1764.

Address correspondence to: Dr. Rainer Benndorf, Center for Clinical and
Translational Research, The Research Institute at Nationwide Children’s Hos-
pital, Room WA2109, Research Building II, 700 Children’s Drive, Columbus,
OH 43205. E-mail: rainer.benndorf@nationwidechildrens.org

Thiazolidinediones Protect Podocytes 399

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

