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BACKGROUND AND PURPOSE
Peroxisome proliferator-activated receptor (PPAR) agonists exert anti-albuminuric effects. However, the nephroprotective
effects of these drugs remain to be fully understood. We have investigated whether gemfibrozil, GW0742 and pioglitazone
protect human podocytes against nutrient deprivation (ND)-induced cell death and the role of mitochondrial biogenesis as a
cytoprotective process.

EXPERIMENTAL APPROACH
Immortalized human podocytes were pre-treated with the PPAR agonists and exposed to ND (5 h) under normoxia,
hypoxia or in the presence of pyruvate. Cell death was measured at the end of the ND and of the recovery phase (24 h).
Mitochondrial mass, cytochrome c oxidase (COX) subunits 1 and 4 were measured as markers of mitochondrial cell content,
while membrane potential as an index of mitochondrial function. PGC-1a, NRF1 and Tfam expression was studied, as crucial
regulators of mitochondrial biogenesis.

KEY RESULTS
Cell pre-treatment with gemfibrozil, GW0742, or pioglitazone significantly decreased the ND-induced cell loss, necrosis and
apoptosis. These effects were attenuated by hypoxia and potentiated by pyruvate. Pre-treatment with these drugs significantly
increased mitochondrial cell content, while it did not affect mitochondrial function. In all these experiments pioglitazone
exerted significantly larger effects than gemfibrozil or GW0742.

CONCLUSIONS AND IMPLICATIONS
Gemfibrozil, GW0742 and pioglitazone may exert direct protective effects on human podocytes. Mitochondrial biogenesis is a
cell response to the PPAR agonists related to their cytoprotective activity. These results provide a mechanistic support to the
clinical evidence indicating PPAR agonists as disease-modifying agents for glomerular diseases.

Abbreviations
COX, cytochrome c oxidase; FDA, fluorescein diacetate; GFB, glomerular filtration barrier; HND, hypoxic nutrient
deprivation; ND, nutrient deprivation; NRF, nuclear respiratory factors; PGC, PPARg co-activator; PI, propidium iodide;
Tfam, mitochondrial transcription factor A,; TMRE, tetramethylrhodamine ethyl ester
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Introduction
An anti-albuminuric effect has been shown in a number of
clinical trials with PPARa and g agonists (receptor nomencla-
ture follows Alexander et al., 2011). The three clinically
evaluated thiazolidinediones (troglitazone, rosiglitazone and
pioglitazone) have been demonstrated to significantly
decrease urinary albumin excretion in patients with type-2
diabetes mellitus (Sarafidis and Bakris, 2006; Mao and Ong,
2009; Sarafidis et al., 2010). Likewise, rosiglitazone has been
reported to exert an anti-albuminuric effect in patients with
non-diabetic glomerular diseases, including primary focal
segmental glomerulosclerosis (Kincaid-Smith et al., 2008).
Besides, the fibrate gemfibrozil has been shown to decrease
urinary albumin excretion in patients with type-2 diabetes
mellitus, hypertriglyceridaemia and microalbuminuria
(Smulders et al., 1997). Together, such clinical evidence high-
lights the value of PPAR agonists for the treatment of
glomerular diseases, although the underlying protective
mechanisms remain to be fully understood.

Systemic actions (i.e. improvement of glycaemic control
and dyslipidaemia) together with renal actions contribute to
the therapeutic effects of PPAR agonists (Kiss-Tóth and Rőszer,
2008; Ruan et al., 2008; Mao and Ong, 2009; Yang et al.,
2012). The reported anti-albuminuric effect suggests that
PPAR agonists may interfere with the pathological processes
impairing the integrity of the glomerular filtration barrier
(GFB) and leading to the loss of the selective permeability.
Podocytes are highly differentiated long-living cells involved
in the formation and maintenance of the GFB (Pavenstädt
et al., 2003), while their dysfunction and loss have been
implicated in the onset and progression of both albuminuria
and glomerulosclerosis of different aetiologies (Shankland,
2006; Wiggins, 2007). Compelling experimental results
suggest that PPAR agonists may directly improve podocyte
response to injury and exert cytoprotective effects. Expres-
sion of all three PPAR subtypes has been reported in rodent
and human podocytes (Ren et al., 2005; Yang et al., 2006;
Kanjanabuch et al., 2007; Miglio et al., 2011). Moreover, data
from in vitro experiments have shown that, by interfering
with the apoptotic cascades, PPAR agonists diminish cell loss
induced by puromycin aminoglucoside (Kanjanabuch et al.,
2007), doxorubicin (Mori et al., 2011), oxygen and glucose
deprivation–reoxygenation and serum deprivation (Miglio
et al., 2011). Apoptosis is known to cause podocyte depletion
in many glomerulopathies (Shankland, 2006). However, addi-
tional cell death processes could contribute to the podocyte
depletion, especially when specific severe insults are
involved. Indeed, podocyte cytoplasmic oedema (a hallmark
of necrosis) and cell detachment have been shown in rodent
models of renal ischaemia and organ transplantation
(Lambert et al., 1986; Wagner et al., 2008; Pippin et al., 2009).
Moreover, a significant increase in the percentage of necrotic
podocytes has been reported in in vitro models of ischaemia
(Brukamp et al., 2007; Miglio et al., 2011). Hence, the effects
of PPAR agonists on podocyte death need to be further
investigated.

In order to evaluate whether preservation of podocyte
survival could contribute to the anti-albuminuric effect of
PPAR agonists, here the effects of gemfibrozil and pioglita-
zone on the nutrient deprivation (ND)-induced cell death

were studied. In addition, to explore the pharmacological role
of the less investigated PPARb, the effects of the selective
agonist GW0742 were also evaluated. ND is an ischaemia-
related stimulus able to severely affect cell integrity. Ischae-
mia is known to compromise the integrity of the glomerular
cells under different pathological conditions shared by a
decreased glomerular blood flow (i.e. renal ischaemia, throm-
botic microangiopathy, capillary loss due to glomerulosclero-
sis or mesangial proliferation). Hence, the protective effects
exerted by PPAR agonists against the ND-induced podocyte
death might be useful in understanding their therapeutic
potential.

By regulating the expression of many mitochondrial pro-
teins, PPARs are known to cause remodelling of the mito-
chondrial proteome and mitochondrial biogenesis (Scarpulla,
2008; Hock and Kralli, 2009). Because previous findings
suggest that mitochondrial biogenesis could be a cytoprotec-
tive process (Jo et al., 2006; Yang et al., 2007a; Fujisawa et al.,
2009; Miglio et al., 2009; Funk et al., 2010; Rasbach et al.,
2010), here the effects of gemfibrozil, GW0742 and pioglita-
zone on mitochondrial mass and function were evaluated as
potential cytoprotective responses to these drugs.

Methods

Cultures of human glomerular cells
In this study, we have used lines of human primary glomeru-
lar endothelial cells, immortalized mesangial cells and
immortalized podocytes. Immortalized cells were obtained
from primary mesangial cells and podocytes by infection
with a hybrid Adeno5/SV40 virus. Glomerular cells were cul-
tured and characterized as previously reported (Conaldi et al.,
1998; Doublier et al., 2001; Collino et al., 2008). The day
before the experiment, cells were plated on six-well culture
plates (300 ¥ 103 cells·per well).

In vitro models of podocyte injury
ND was achieved by replacing the culture medium with 1 mL
of a bicarbonate-buffered balanced salt solution (in mM: 134,
NaCl; 15.7, NaHCO3; 3.1, KCl; 1.2, CaCl2; 1.2, MgSO4; 0.25,
KH2PO4; pH 7.2). Cell cultures were maintained at 37°C in a
fully humidified air (95%)/CO2 (5%) incubator. Recovery was
started at the designated time point by returning cell cultures
to standard culture conditions. Some experiments were per-
formed under either hypoxia alone or hypoxic nutrient dep-
rivation (HND). Hypoxic conditions were achieved as
previously reported (Miglio et al., 2011) by placing the cell
cultures in an anaerobic chamber (Oxoid, Hampshire, UK)
filled with a hypoxic gas mixture N2 (95%)/CO2 (5%).

Evaluation of cell loss, necrotic and apoptotic
cell death
Cell loss, necrotic cell death and apoptotic cell death were
determined as previously reported (Miglio et al., 2011).
Briefly, cell loss was evaluated by counting the number of
viable cells in a haemacytometer by the Trypan blue exclu-
sion test, by an observer, unaware of the treatments. Necrotic
cells were detected after staining with fluorescein diacetate
(FDA) and propidium iodide (PI). Cells were washed twice
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with PBS and stained with a mixture of FDA (4.0 mM) and PI
(0.4 mM). After washing, cells were examined using a fluores-
cence microscope (Leica Microsystems Wetzlar, Germany).
Green and red cells (PI+ cells) were scored as healthy/viable
and dead respectively. Apoptotic cells were detected after cell
staining with DAPI. Cells were washed twice with ice-cold
PBS, fixed and permeabilized with methanol (4°C; 5 min)
then stained with DAPI (0.3 mM). After washing, cells were
examined using a fluorescence microscope. Pyknotic and/or
fragmented nuclei were scored as apoptotic nuclei. Between
80 and 120 cells or nuclei per field were counted by an
observer, unaware of the treatments and, for each experimen-
tal condition, ~5000 cells or nuclei were examined.

Evaluation of caspase 3 activation
Increase in caspase 3 activity was evaluated as an index of
apoptotic cell death. Using a commercial kit (Biovision
Research Products, Mountain View, CA), caspase 3 activity
was determined by measuring the ability of cell lysates to
cleave the p-nitroaniline coupled caspase 3 substrate DEVD,
according to the manufacturer’s instructions.

Confocal microscopy
Indirect immunofluorescence was performed on podocytes
cultured on chamber slides (Nalgen Nunc International,
Rochester, NY) fixed in 4% paraformaldehyde containing 2%
sucrose. Subconfluent cells were stained with a goat polyclo-
nal anti-synaptopodin or a rabbit polyclonal anti-podocin
(both from Santa Cruz Biotechnology, Santa Cruz, CA) anti-
bodies. An immunologically irrelevant guinea pig serum was
used as a control where appropriate. Alexa Fluor-488 anti-
goat or Alexa Fluor-488 anti-rabbit polyclonal antibodies
(Molecular Probes, Leiden, the Netherlands) was used as a
secondary antibody. Confocal microscopy analysis was per-
formed using a Zeiss LSM 5 Pascal Model Confocal Micro-
scope (Carl Zeiss International, Jena, Germany). Hoechst
33258 was added for nuclear staining.

Quantitative RT-PCR analysis
Total RNA was extracted with OMNIzol reagent (Euroclone,
Milan, Italy) according to the manufacturer’s instructions.
First-strand cDNA was synthesized from 0.5 mg of total RNA
using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA). Real-time PCR
experiments were performed in 25 mL reaction mixtures con-
taining 10 ng of cDNA template, the Power SYBR® Green PCR
Master Mix and the AmpliTaq Gold® DNA Polymerase LD
(Applied Biosystems). Relative quantization of the products
was performed using a 48-well StepOne™ Real Time System
(Applied Biosystems). For all real-time PCR analyses, b-actin
mRNA was used to normalize RNA inputs.

Western blot analysis
Western blot analyses were performed as previously described
(Miglio et al., 2009). Bcl-2, Bax, and PPARg co-activator
(PGC)-1a, were detected following incubation with polyclo-
nal antibodies (Santa Cruz Biotechnology). The mitochon-
drial DNA-encoded cytochrome c oxidase (COX) subunit 1
was detected with a monoclonal antibody (Santa Cruz Bio-
technology). The nuclear DNA-encoded COX4, nuclear res-

piratory factor (NRF)1 and the mitochondrial transcription
factor A (Tfam) were detected with monoclonal antibodies
(Abcam plc Cambridge Science Park, Cambridge, UK). To
confirm the homogeneity of the proteins loaded, the mem-
branes were stripped and incubated with an anti-b-actin
monoclonal antibody (Sigma-Aldrich, Milan, Italy). The
membranes were overlaid with Western Lightning Chemilu-
minescence Reagent Plus (Perkin-Elmer Life Science, Norwalk,
CT) and exposed to Hyperfilm ECL film (Amersham Bio-
sciences, Piscataway, NJ). Protein bands were quantified on
film by densitometry using the software Image J 1.41 (US
National Institutes of Health, Bethesda, MD, USA).

Evaluation of mitochondrial mass and
membrane potential
Mitochondrial mass and membrane potential of the
cells were determined with the aid of fluorescent dyes,
MitoTracker Green FM and tetramethylrhodamine ethyl ester
(TMRE; Molecular Probes, Eugene, OR, USA), respectively, as
described by Mitsuishi et al. (2008); Hoechst 33342 (Molecu-
lar Probes) was used for nuclear staining. The value for mito-
chondrial mass was normalized to that for nuclei, and
membrane potential was normalized to that for mitochon-
drial density. Cells were cultured with or without the drug
treatements, then treated with the dyes for 10 min and
washed twice with warm PBS. The fluorescent intensity was
measured with a Victor X4 multiplate reader (Perkin-Elmer).

Data analysis
In some cases (see Results), data were fitted as sigmoidal
concentration–response curves, and analysed with a four-
parameter logistic equation by using the software Origin
version 6.0 (Microcal Software, Northampton, MA). Statistical
significance was evaluated by one-way ANOVA followed by the
post hoc Dunnett’s test; differences were considered statisti-
cally significant when P < 0.05.

Materials
Pioglitazone was from Alexis (Vinci, Italy). GW0742, gemfi-
brozil, BADGE and all other reagents were from Sigma-
Aldrich. PPAR ligands were dissolved in dimethyl sulfoxide,
and the final drug concentrations were obtained by dilution
of stock solutions in the experimental buffers. The final con-
centration of the organic solvent was less than 0.1%, which
had no effect on cell viability.

Results

PPAR expression by human glomerular cells
To study whether PPAR agonists could exert protective effects
on human glomerular cells, first we studied whether our cell
lines express functional PPARs. Human glomerular endothe-
lial cells, immortalized mesangial cells and podocytes were
untreated or treated (72 h, as a repeated treatment; drugs and
medium were replaced every 24 h) with gemfibrozil (30 mM),
GW0742 (0.1 mM) or pioglitazone (1 mM). The levels of the
mRNA encoding for PPARa, PPARb or PPARg were measured
by quantitative PCR. As shown in Figure 1, PPAR genes were
constitutively expressed by the three glomerular cell types. In
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addition, PPAR expression was significantly (P < 0.01 vs. basal
level) induced by the three PPAR agonists. These results indi-
cate that our lines of human glomerular cells express func-
tional PPARs, and among the three cell types, podocytes may
express higher PPAR levels, thus, together with the above-
mentioned issues (see Introduction), strongly indicating the
opportunity to study the effects exerted by PPAR agonists on
this cells type.

Effects of gemfibrozil, GW0742 and
pioglitazone on the ND-induced cell loss
First, we evaluated the time course of the protective effects
exerted by the three PPAR agonists. Cells were pre-treated
with gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone
(1 mM) for 24 h (a single treatment) to 120 h (as repeated
treatments), then exposed to ND (5 h). Alternatively, they
were treated with these PPAR agonists at the same time as ND
or throughout the course of the recovery phase (24 h; due to
cell proliferation, the effects of longer cell treatments cannot
be accurately measured). The overall cell loss was determined
by counting the number of viable cells at the end of the
recovery phase. In addition, the insult-associated and the
recovery-associated cell loss were determined by counting
the number of viable cells at the end of the ND and of the
recovery (24 h) phase respectively. As shown in Figure 2A,
the overall cell loss, the insult-associated cell loss and the
recovery-associated cell loss were significantly decreased (P <
0.01 vs. vehicle alone at �72 h pre-treatment) in cultures
pre-treated with the three PPAR agonists. Notably, signifi-
cantly larger protective effects (P < 0.05 vs. gemfibrozil or
GW0742) were exerted by pioglitazone on both the overall
cell loss and the ND-associated cell loss, while equivalent
effects were exerted by these drugs on the recovery-associated
cell loss. The overall cell loss was also significantly (P < 0.05
vs. vehicle alone) decreased in cell cultures either treated with
the three drugs throughout the course of the recovery phase
(P < 0.05 vs. vehicle alone; Figure 2A), or pre-treated (24 h)

plus post-treated (24 h; P < 0.05 vs. vehicle alone; P < 0.01 vs.
pre- or post-treatment alone; Figure S1), thereby indicating
that these protective effects depend on the length of cell
treatment and are unaffected by the insult. Notably, the
overall cell loss was decreased by the three PPAR agonists in a
concentration-dependent manner; and interestingly, when
compared with the single pre-treatment (24 h), a leftward
shift of the concentration–response curves and a higher drug
efficacy were caused by the repeated pre-treatments (72 h),
while no significant change was observed on the Hill coeffi-
cient values (Table 1 and Figure S2). Collectively, these results
suggest that these drugs decrease podocyte loss, most likely
through receptor-dependent mechanisms.

Effects of gemfibrozil, GW0742 and
pioglitazone on the ND-induced
podocyte injury
To better understand the nature of the protective effects, in
parallel samples (72 h of repeated pre-treatments), we meas-
ured the percentage of PI+ cells, apoptotic nuclei and the
caspase 3 activity, as marker of necrotic and apoptotic cell
death and assessed the presence of synaptopodin and
podocin, as markers of podocyte differentiation. The
ND-induced rise in the percentage of PI+ cells, in apoptotic
nuclei and in caspase 3 activity were significantly decreased
(P < 0.05 vs. vehicle alone) by the three PPAR agonists
(Figure 3A). Significantly larger effects (P < 0.05 vs. gemfibro-
zil or GW0742) were exerted by pioglitazone on the
ND-induced increase in the percentage of PI+ (Figure 3A),
while equivalent effects were exerted by these drugs on the
indexes of apoptosis. As shown in Figure 4, ND decreased
synaptopodin immunostaining which was preserved in cells
treated with gemfibrozil, GW0742 or pioglitazone. Podocin
expression was not affected by either ND or PPAR agonists
(data not shown). These results indicate that ND caused an
early, mainly necrotic, and a delayed, mainly apoptotic, cell
death as well as loss of an essential protein. Moreover, they
suggest that gemfibrozil, GW0742 and pioglitazone are
endowed of both anti-apoptotic and anti-necrotic activities
and preserve podocyte differentiation.

Effects of hypoxia and pyruvate on the cell
protection exerted by gemfibrozil, GW0742
and pioglitazone
Podocytes were pre-treated with gemfibrozil (30 mM),
GW0742 (0.1 mM) or pioglitazone (1 mM), for 24 h (a single
treatment) to 120 h (as repeated treatments), then exposed to
ND (5 h) under hypoxia (HND) or to hypoxia alone. In com-
parison to the cultures exposed to ND alone (Figure 2A),
higher and lower levels of cell loss were measured in HND- and
hypoxia-exposed cultures respectively (Figure 2B and 2C).
Consistently, higher percentages of PI+, apoptotic nuclei and
levels of caspase 3 activity were detected in HND-exposed
cultures, while lower rate of PI+ cells were measured in cultures
exposed to hypoxia alone (Figure 3B and 3C). These results
indicate that hypoxia caused a delayed, mainly apoptotic, cell
death and, by promoting the recovery-associated cell death,
potentiated the ND-induced lethal effects. Interestingly,
the protective effects exerted by the three drugs on the
ND-associated cell loss (Figure 2A) and on the increase in the

Figure 1
Expression of PPARA, PPARB and PPARG by human glomerular cells.
Primary human endothelial cells (E), immortalized human mesangial
cells (M) and immortalized human podocytes (P) were untreated or
treated with gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone
(1 mM) for 72 h (drugs and medium were replaced every 24 h), then
processed to determine PPARA, PPARB or PPARG expression by quan-
titative PCR analysis. mRNA levels were normalized to those of
untreated endothelial cells. **P < 0.01 versus vehicle alone. •P < 0.05;
••P < 0.01 versus endothelial cells.
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percentage of PI+ cells (Figure 3C) were blunted by hypoxia
(Figure 2B and 2D). On the other hand, effects on the recovery-
associated cell loss and on the apoptotic indexes were
not changed (Figure 2A and 2C). As hypoxia inhibits mito-
chondrial respiration, the above results suggest that the
anti-necrotic activity of the three drugs may be related to
the mitochondrial function. To explore this hypothesis, podo-
cytes were pre-treated (72 h, as repeated treatments) with
increasing concentrations of gemfibrozil (10 nM to 30 mM),
GW0742 (0.1–100 nM) or pioglitazone (1 nM to 1 mM), then
exposed to ND (5 h) in the presence of pyruvate (2 mM), to
fuel mitochondria (Kauppinen and Nicholls, 1986; Miglio

et al., 2009). The protective effects exerted by piglitazone were
widely potentiated by pyruvate, whilst those of gemfibrozil or
GW0742 only marginally increased (Figures 5 and S3). The
interactions with hypoxia and pyruvate suggest that the pro-
tective effects exerted by the three PPAR agonists on the
necrotic cell death may be related to the mitochondrial
changes induced by the repeated cell treatments.

Molecular and cellular effects of gemfibrozil,
GW0742 and pioglitazone
To investigate the anti-apoptotic activity of the three PPAR
agonists, podocytes were pre-treated (72 h as repeated treat-

Figure 2
Effects of gemfibrozil, GW0742 and pioglitazone on ND-, HND-, or hypoxia (H)-induced podocyte loss. Immortalized podocytes were pre-treated
with gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone (1 mM) for 24 h (a single treatment) to 120 h (repeated treatments), then exposed
(5 h) to ND (A), HND (B) or H (C). Alternatively, they were treated with the PPAR agonists either at the same time as ND (A), HND (B), H (C), or
throughout the course of the recovery phase (24 h). At the end of the insult phase, the number of viable cells was assessed to determine the
insult-associate cell loss; at the end of the recovery phase, the number of viable cells was assessed to determine the recovery-associated cell loss
and the overall cell loss. Results are expressed as mean � SEM. Mean of five experiments run in triplicate. *P < 0.05; **P < 0.01 versus vehicle alone.
•P < 0.01 versus gemfibrozil or GW0742.
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ments) with gemfibrozil (30 mM), GW0742 (0.1 mM) or piogli-
tazone (1 mM), then exposed to ND (5 h). The effects on the
levels of the anti-apoptotic Bcl-2 and the pro-apoptotic Bax
were measured at the end of the recovery phase (24 h). As
shown in Figure 6, the Bcl-2-to-Bax ratio was markedly (43 �

1%) decreased by ND, as a result of opposite changes in Bax
and Bcl-2 levels. This effect was prevented by the three PPAR
agonists that normalized Bax and Bcl-2 levels.

Then to investigate the functional linkage between anti-
necrotic activity and mitochondrial function, podocytes were
pre-treated with gemfibrozil (30 mM), GW0742 (0.1 mM) or
pioglitazone (1 mM) for 24 h (a single treatment) to 72 h (as
repeated treatments). Mitochondrial mass, COX1 and COX4
levels were measured as markers of mitochondrial cell
content, and mitochondrial membrane potential as a marker
of mitochondrial function. Mitochondrial mass was signifi-
cantly (P < 0.05 vs. vehicle alone) increased by the three PPAR
agonists, and pioglitazone exerted significantly larger effects
(P < 0.01 vs. gemfibrozil or GW0742; Figure 7A). Consistently,
basal COX1 and COX4 levels were also significantly increased
by repeated (72 h) cell treatments with the three PPAR ago-
nists (P < 0.05 vs. vehicle alone; P < 0.05 pioglitazone vs.
gemfibrozil or GW0742; Figure 7B). Basal mitochondrial
membrane potential, on the other hand, was marginally
affected by the three PPAR agonists (Figure 7C).

Finally, the effects of the three PPAR agonists on the
expression of crucial regulators of the mitochondrial biogen-
esis processes were evaluated. As shown in Figure 8A, basal
expression of PPARGC1A, which encodes for PGC-1a (the
master regulator of the mitochondrial biogenesis process;
Scarpulla, 2008; Hock and Kralli, 2009), was significantly
increased by the three PPAR agonists (P < 0.05 vs. vehicle
alone). However, a significantly higher transcriptional rate
was induced by pioglitazone (P < 0.05 vs. gemfibrozil or
GW0742). Western blot analyses confirmed and extended
these PCR data: PGC-1a basal level was significantly
increased by repeated (72 h) cell treatments with the three
PPAR agonists (P < 0.01 vs. vehicle alone; P < 0.01 vs. gemfi-
brozil or GW0742; Figure 8C). The expression of NRF1 (a
transcription factor involved in controlling the expression of
nuclear genes encoding for mitochondrial proteins) and Tfam
(a transcription factor involved in controlling the expression

of mitochondrial genes; Scarpulla, 2008; Hock and Kralli,
2009) were also increased by the three PPAR agonists, albeit in
a different manner: NRF1 was significantly (P < 0.05 vs.
vehicle alone) induced by pioglitazone, and GW0742; Tfam
by pioglitazone only; gemfibrozil did not exert any signifi-
cant effect on these genes (Figure 8B). Similar changes were
revealed by Western blot analysis (Figure 8C). Together, these
results indicate that the three PPAR agonists promote several
molecular and cellular changes, likely related to their protec-
tive effects on podocytes.

Effects of BADGE on the pioglitazone-induced
phenotypic changes
Finally, the effects of the PPARg antagonist BADGE (Wright
et al., 2000) on pioglitazone-induced responses were studied.
Podocytes were treated with pioglitazone (1 mM; 72 h as
repeated treatments) in the absence or presence of increasing
concentrations of BADGE (0.1 nM to 10 mM). Then cells were
processed to assess either the expression of PPARG and
PPARGC1A, or the ND-induced cell loss. As shown in
Figure 9A and 9B, the pioglitazone-induced up-regulation of
PPARG and PPARGC1A expression and the decrease of
ND-induced cell loss were abolished by BADGE in a
concentration-dependent manner: the pIC50 values were
6.1 � 0.2, 6.5 � 0.2 and 6.4 � 0.1 respectively. Interestingly,
the concentration–response curves were well superimposed,
thereby suggesting that these are related and PPARg-mediated
pioglitazone effects.

Discussion and conclusion

As podocyte protection is strongly related to the preservation
of the integrity of the GFB, such protection is a major thera-
peutic goal in albuminuric glomerular diseases. Our findings,
together with previous data, strongly indicate that by
decreasing cell death and preserving cell differentiation, PPAR
agonists could exert direct protective effects on human
podocytes.

Mature podocytes are post-mitotic, highly differentiated,
long-living cells and major constituents of the GFB. In our

Table 1
Estimated pEC50, Emax and Hill coefficients (nH)

Drug Pre-treatment (h) pEC50 Emax nH

Gemfibrozil 24 5.9 � 1.7 16.9 � 3.5 1.4 � 0.4

72 6.2 � 0.1 41.7 � 4.5 1.0 � 0.1

GW0742 24 8.0 � 0.1 18.8 � 1.4 1.0 � 0.2

72 9.0 � 0.1 36.4 � 1.4 1.1 � 0.2

Pioglitazone 24 7.0 � 0.2 31.3 � 2.2 1.7 � 0.1

72 7.9 � 0.1 58.2 � 2.8 1.1 � 0.2

Immortalized podocytes were pre-treated with gemfibrozil (0.01–30 mM), GW0742 (0.1 nM to 0.1 mM) or pioglitazone (1 nM to 1 mM) for
either 24 h (a single treatment) or 72 h (as repeated treatments), then exposed to ND (5 h). At the end of the recovery phase (24 h), the
number of viable cells was assessed to determine the ND-induced cell loss. Results are expressed as mean � SEM. Mean of four experiments
run in triplicate. Data were fitted as sigmoidal concentration–response curves and analysed with a four-parameter logistic equation.
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Figure 3
Effects of gemfibrozil, GW0742 and pioglitazone on ND-, HND- or H-induced podocyte cell death. Immortalized podocytes were pre-treated with
gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone (1 mM) for 72 h (as repeated treatments), then exposed to ND (A), HND (B), or H (C).
At the end of the ND, HND or H phase and the recovery phase, the percentage of PI+ cells, apoptotic nuclei and the caspase 3 activity were
measured. Results are expressed as mean � SEM. Mean of four experiments run in triplicate. *P < 0.05; **P < 0.01 versus vehicle alone. •P < 0.05
versus gemfibrozil or GW0742.

Figure 4
Effects of gemfibrozil, GW0742 and pioglitazone on ND-induced synaptopodin loss. Cells were treated with gemfibrozil (30 mM), GW0742
(0.1 mM) or pioglitazone (1 mM) for 72 h (as repeated treatments) then exposed to ND. At the end of the recovery phase (24 h), synaptopodin
expression was detected by immunofluorescence using confocal microscopy (original magnification: 630¥).
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study, we have used immortalized podocytes, selected by
their retention of a characteristic arborized morphology and
markers (i.e. synaptopodin, podocin) of in vivo podocytes,
together with the ability to proliferate, essential to carry out
mechanistic studies. These characteristics were routinely
evaluated to avoid any changes associated to the in vitro
cultures. We showed that these cells constitutively expressed
functional PPARs, which were significantly up-regulated by
cell treatment with PPAR agonists. Thus, these findings indi-
cated that these cell lines were a valid model to study not
only features of podocyte biology, including cell survival and
differentiation (Doublier et al., 2001; Burt et al., 2007; Collino
et al., 2008; Miglio et al., 2011), but also the effects exerted by
PPAR agonists on human podocytes.

By decreasing apoptosis and necrosis, cell treatments
with gemfibrozil, GW0742 and pioglitazone diminished the
ND-induced podocyte loss. In addition, by preserving the
expression of synaptododin and podocin, they preserved cell
differentiation. Glomerular ischaemia has been shown to
cause both apoptosis and necrosis, which contribute to the
podocyte depletion (Lambert et al., 1986; Brukamp et al.,
2007; Wagner et al., 2008; Pippin et al., 2009; Miglio et al.,
2011). Although in vitro experiments do not create an exact
replica of an in vivo environment, they create an environ-
ment where the effects of specific pathological stimuli can be
carefully studied. In our experiments, ND caused an early and
transient increase in the percentage of necrotic cells and a
delayed and progressive increase in the percentage of apop-
totic cells; these effects were potentiated by hypoxia and
attenuated by pyruvate. Interestingly, our data demonstrate
that in addition to the lethal effect, ND blunted the expres-
sion of synaptopodin, while not affecting that of podocin
(data not show). Therefore, by mimicking in vitro the lethal
effects of an in vivo ischaemic insult associated to renal
ischaemia and organ transplantation (Lambert et al., 1986;
Wagner et al., 2008; Pippin et al., 2009), and affecting podo-
cyte differentiation, ND (with or without hypoxia) is a valid
stimulus to study podocyte responses to ischemic insults.
Interestingly, because ischaemia is implicated in many
glomerular disease which share the common feature of
decreased blood flow (i.e. thrombotic microangiopathy, cap-
illary loss due to glomerulosclerosis or mesangial prolifera-
tion), we could infer that the protective effects exerted by the
PPAR agonists against the ND-induced podocyte injury would
be of value in understanding their therapeutic potential.

Our results demonstrate that gemfibrozil, GW0742 and
pioglitazone exerted anti-apoptotic and anti-necrotic effects
when added as cell pre-treatments. The three PPAR agonists
were also effective in decreasing cell death when added
throughout the course of the recovery phase or as a pre- plus
post-treatment. Therefore, these results indicate that these
PPAR agonists exhibit both anti-apoptotic and anti-necrotic
activities: the former seems to rely on immediate events while
the latter on delayed responses. Nevertheless, by increasing
the cell ability to buffer the lethal processes triggered by ND,
these activities can underlie the described protective effects
on human podocytes.

The anti-apoptotic effects of PPAR agonists and some
related molecular events (i.e. normalization of Bcl-2 and Bax
expression, here confirmed) have been previously reported
both in podocytes (Kanjanabuch et al., 2007; Miglio et al.,

Figure 5
Effects of pyruvate on the PPAR agonist-induced cell protection.
Immortalized podocytes were pre-treated (72 h, as repeated treat-
ments) with gemfibrozil (0.01–30 mM), GW0742 (0.1 nM to 0.1 mM)
or pioglitazone (1 nM to 1 mM), then exposed to ND (5 h) in the
absence or presence of pyruvate (2 mM). At the end of the recovery
phase (24 h), the number of viable cells was assessed to determine
the overall cell loss. Potentiation was calculated as protective effects
of the PPAR agonist in the presence of pyruvate – protective effects of
PPAR agonist alone + protective effects of pyruvate alone (22 � 5%).
Results are expressed as mean � SEM. Mean of four experiments run
in triplicate.

Figure 6
Effects of gemfibrozil, GW0742 and pioglitazone on Bcl-2 and Bax
expression. Immortalized podocytes were treated (72 h, as repeated
treatments) with gemfibrozil (30 mM), GW0742 (0.1 mM) or piogli-
tazone (1 mM) then exposed to nutrient deprivation (ND; 5 h). At the
end of the recovery phase (24 h), Bcl-2 and Bax expression was
determined by Western blot analysis. Results are expressed as
mean � SEM. Mean of four experiments run in triplicate. *P < 0.05;
**P < 0.01 versus nutrient-deprived cells treated with vehicle alone.
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2011), as well as in other cell types, such as neuronal and
endothelial cells (Fuenzalida et al., 2007; Jung et al., 2007;
Zanetti et al., 2008). By contrast, the anti-necrotic effects
exerted by these drugs has never been carefully investigated.
Our findings indicate that mitochondrial biogenesis is a cell
response that could underlie the anti-necrotic effects exerted
by gemfibrozil, GW0742 and pioglitazone on human podo-
cytes. Indeed, in our experiments, the protective effects
exerted by these drugs on the ND-induced lethality were
potentiated by pyruvate, which fuels mitochondria (Kaup-
pinen and Nicholls, 1986; Miglio et al., 2009), and markedly
attenuated by hypoxia, which inhibits the oxidative proc-
esses (including mitochondrial respiration). Interestingly,

when compared with those of gemfibrozil or GW0742, sig-
nificantly larger effects were exerted by pioglitazone on
ND-induced necrotic cell death. On the other hand, equiva-
lent effects were exerted by these drugs on the apoptotic
lethality. Noteworthy, such differences and equivalences were
also observed when the relative effects on the indexes of
mitochondrial biogenesis and on the Bcl-2-to-Bax ratio were
compared. Hence, together, these results not only provide a
mechanistic basis for the pharmacological results but also
suggest that the ability to promote mitochondrial biogenesis,
together with the normalization of Bcl-2 and Bax expression,
could be determinants of the cytoprotective activity of PPAR
agonists.

Figure 7
Effects of gemfibrozil, GW0742 and pioglitazone on mitochondrial cell content and function. Immortalized podocytes were pre-treated (24–72 h,
as indicated in the figure) with gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone (1 mM). (A) Mitochondrial mass was determined by
measuring fluorescence intensity after cell staining with the mitochondrial fluorescent dye MitoTracker Green FM. (C) Mitochondrial membrane
potential was determined by measuring fluorescence intensity after cell staining with the potentiometric fluorescent dye TMRE. The values of
mitochondrial membrane potential were normalized to those for mitochondrial mass. (B) Cells were pre-treated (72 h, as repeat treatments) with
gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone (1 mM) and COX1 and COX4 levels were determined by Western blot analyses. Results
are expressed as mean � SEM. Mean of four experiments run in triplicate. *P < 0.05; **P < 0.01 versus cells treated with vehicle alone. •P < 0.05
versus gemfibrozil or GW0742.

Figure 8
Effects of the PPAR agonists on PGC-1a, NRF1 and Tfam expression. (A) Cells were pre-treated with gemfibrozil (30 mM), GW0742 (0.1 mM) or
pioglitazone (1 mM) for 24–72 h and PPPARC1A expression was measured by quantitative PCR analysis. (B) Cells were treated (72 h as a repeated
treatment) with gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone (1 mM), and NRF1 and Tfam expression was measured by quantitative PCR
analysis. (C) Cells were treated (72 h as a repeated treatment) with gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone (1 mM) and PGC-1a,
NRF1 and Tfam expression was measured by Western blot analysis. Results are expressed as mean � SEM. Mean of four experiments run in
triplicate. *P < 0.05; **P < 0.01 versus vehicle alone. •P < 0.05; ••P < 0.01 versus gemfibrozil or GW0742.

BJPPPAR agonists protect human podocytes

British Journal of Pharmacology (2012) 167 641–653 649



In mammalian cells, a complex transcription network
controls mitochondrial biogenesis (Scarpulla, 2008; Hock and
Kralli, 2009). In our experiments, gemfibrozil, GW0742 and
pioglitazone significantly increased the expression of crucial
regulators of this process, albeit in a different manner: the

transcriptional co-activator PGC-1a (all these drugs), the
transcription factors NRF1 (pioglitazone and GW0742) and
Tfam (pioglitazone only). PPARGC1A has been reported to be
a PPARg and PPARb target gene (Hondares et al., 2006; 2007).
In trans-activation assays, pioglitazone and gemfibrozil acti-
vated both PPARa and PPARg (Sauerberg et al., 2002; Kim
et al., 2007; Suh et al., 2008), while GW0742 PPARb only
(Sznaidman et al., 2003). We have shown that the three recep-
tor subtypes were induced by repeated cell treatments with
these drugs (Miglio et al., 2011 and here confirmed). Thus, we
may conclude that through PPARg or PPARb, gemfibrozil,
GW0742 and pioglitazone could induce PGC-1a in human
podocytes. The specific pharmacodynamic profile and the
drug-induced changes in the receptor expression may explain
the relative differences in the effects exerted by these drugs
on the induction of PGC-1a. Due to the complexity of the
transcription network, more speculative mechanisms could
be proposed in the effort to explain the effects of gemfibrozil,
GW0742 and pioglitazone on NRF1 and Tfam levels. Inter-
estingly, the consistency of the effects exerted by these three
drugs on the level of PGC-1a, NRF1 and Tfam on the mito-
chondrial cell contents and on the ND-induced necrotic cell
death suggests that they may be components of the
molecular/cellular pathway underlying the anti-necrotic
activity of PPAR agonists. Moreover, our results suggest that
PPARg activation is the initial event of this pathway. In fact,
at the same concentrations, the PPARg antagonist BADGE
abolished in a concentration-dependent manner the effects
exerted by pioglitazone on both PPARG and PPARGC1A
up-regulation and ND-induced cell death.

The hypothesis that mitochondrial biogenesis might be a
cell response contributing to the cytoprotective effects of
PPAR agonists is also indicated by previous results. Thus,
thiazolidinedione-induced mitochondrial biogenesis sustains
cell survival of normal and malignant T cells (Jo et al., 2006;
Yang et al., 2007a), preserves the integrity of human umbili-
cal vein endothelial cells (Fujisawa et al., 2009) and could
contribute to the neuroprotection exerted by pioglitazone
and rosiglitazone (Strum et al., 2007; Miglio et al., 2009;
Semple and Noble-Haeusslein, 2011). Interestingly, mito-
chondrial biogenesis has been proposed to mediate (at least
in part) the protective effects exerted by different agents
shared by the ability to induce PGC-1a expression. In renal
proximal tubular cells, the SIRT1 activator SRT1720 and 5-HT
receptor agonists have been shown to increase PGC-1a
expression, promote mitochondrial biogenesis and rescue
mitochondrial function after oxidative injury (Funk et al.,
2010; Rasbach et al., 2010). Hence, these findings suggest that
mitochondrial biogenesis is not only a process through
which cells adapt their mitochondrial apparatus to physi-
ological cues, but also it could be a pharmacological mecha-
nism to support cell viability. It is recognised that
mitochondria influence many aspects of cell biology, includ-
ing cell survival and death. As the site of oxidative phospho-
rylation, they provide an efficient route to generate ATP from
energy-rich molecules. They possess a high capacity to buffer
much of the cytosolic Ca2+ that enters the cells during the cell
death processes (Bianchi et al., 2004; Dong et al., 2006). They
maintain physiological levels of NAD+ during genotoxic stress
(i.e. those produced by ROS) and promote cell survival by the
defined ‘mitochondrial oasis effect’ (Yang et al., 2007b). These

Figure 9
Effects of BADGE on pioglitazone-induced effects. Immortalized
podocytes were treated (72 h, as a repeated treatment) with piogli-
tazone (1 mM) in the absence or presence of increasing concentra-
tion of BADGE (10 nM to 10 mM), and processed to determine either
PPARG and PPARGC1A expression by quantitative PCR analysis. (B)
Immortalized podocytes were pre-treated (72 h, as a repeated treat-
ment) with pioglitazone (1 mM) in the absence or presence of
increasing concentration of BADGE (10 nM to 10 mM), then exposed
to nutrient deprivation (5 h). At the end of a recovery phase (24 h),
cell number of viable cells was assessed to determine the ND-induced
cell loss. Results are expressed as mean � SEM. Mean of four experi-
ments run in triplicate.
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features provide the basis of understanding why an increased
mitochondrial content could enhance cellular ability to
buffer detrimental events affecting cellular homeostasis. For
example, it has been proposed that by distributing carbohy-
drate and lipid substrates among more mitochondria, cells
with induced mitochondrial biogenesis can more efficiently
carry out oxidative processes (Weinberg, 2011). To date, mito-
chondrial biogenesis has never been studied in podocytes.
However, convergent lines of evidence suggest that survival
of this cell type critically depends on mitochondrial function.
Mitochondria provide most of the cellular ATP in these cells
(Abe et al., 2010). In addition, congenital and acquired mito-
chondrial impairment severely affects podocyte survival
(Inoue et al., 2000; Hotta et al., 2001; Yamagata et al., 2002;
Hagiwara et al., 2006; Diomedi-Camassei et al., 2007).

The renoprotective effects of PPAR agonists depend on
a complex interaction between systemic and renal actions
(Kiss-Tóth and Rőszer, 2008; Ruan et al., 2008; Mao and Ong,
2009; Yang et al., 2012). Our results indicate that, by decreas-
ing apoptotic and necrotic cell death and by preserving
cell differentiation, gemfibrozil, GW0742 and pioglitazone
could exert significant direct protective effects on human
podocytes. Mitochondrial biogenesis is a cell response related
to the cytoprotective activity of these drugs. Compared with
gemfibrozil or GW0742, pioglitazone exerted significantly
larger effects, thus indicating its higher activity. These find-
ings suggest that these drugs cause a phenotypic change that
might allow to podocytes to maintain their viability and
function against internal and/or external perturbations; at
higher levels, these effects might contribute to the preserva-
tion of GFB integrity and therefore to the anti-albuminuric
and renoprotective effects.
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Figure S1 Effects of cell pre-treatment and/or post-treatment
with gemfibrozil, GW0742 or pioglitazone on the ND-induced
cell loss. Immortalized podocytes were pre-treated (24 h)
with gemfibrozil (30 mM), GW0742 (0.1 mM) or pioglitazone
(1 mM), transiently exposed to ND (5 h), and/or treated
throughout the course of the recovery phase (post-treatment;
24 h). At the end of the recovery phase, the number of viable
cells was assessed to determine the overall cell loss. Results are

expressed as mean � SEM. Mean of five experiments run in
triplicate. *P < 0.05; **P < 0.01 versus vehicle alone. ••P < 0.01
versus pre-treatment or post-treatment alone.
Figure S2 Concentration–response curves of the effects of
gemfibrozil, GW0742 and pioglitazone on ND-induced cell
loss. Immortalized podocytes were pre-treated with gemfibro-
zil (0.01–30 mM), GW0742 (0.1 nM to 0.1 mM) or pioglitazone
(1 nM to 1 mM) for either 24 h (a single treatment) or 72 h (as
repeated treatments), then exposed to ND (5 h). At the end of
the recovery phase (24 h), the number of viable cells was
assessed to determine the overall cell loss. Results are
expressed as mean � SEM. Mean of four experiments run in
triplicate. Data were fitted as sigmoidal concentration–
response curves and analysed with a four-parameter logistic
equation.
Figure S3 Effects of pyruvate on the protection exerted by
gembibrozil, GW0742 and pioglitazone on the ND-induced
cell loss. Immortalized podocytes were pre-treated with
gemfibrozil (0.01–30 mM), GW0742 (0.1 nM to 0.1 mM) or
pioglitazone (1 nM to 1 mM) for either 24 h (a single treat-
ment) or 72 h (as repeated treatments), then exposed to ND
(5 h) in the absence or presence of pyruvate (2 mM). At the
end of the recovery phase (24 h), the number of viable cells
was assessed to determine the overall cell loss. Results are
expressed as mean � SEM. Mean of four experiments run in
triplicate. Data were fitted as sigmoidal concentration–
response curves and analysed with a four-parameter logistic
equation.
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