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ABSTRACT
Necrotizing and crescentic rapidly progressive GN (RPGN) is a life-threatening syndrome characterized by a
rapid loss of renal function. Evidence suggests that podocyte expression of the transcription factor peroxisome
proliferator-activated receptor g (PPARg) may prevent podocyte injury, but the function of glomerular PPARg in
acute, severe inflammatory GN is unknown. Here, we observed marked loss of PPARg abundance and tran-
scriptional activity in glomerular podocytes in experimental RPGN. Blunted expression of PPARg in podocyte
nuclei was also found in kidneys from patients diagnosed with crescentic GN. Podocyte-specific Pparg gene
targeting accentuated glomerular damage, with increased urinary loss of albumin and severe kidney failure.
Furthermore, aPPARg gain-of-functionapproachachievedbysystemicadministrationof thiazolidinedione (TZD)
failed to prevent severe RPGN inmicewith podocyte-specific Pparg gene deficiency. In nuclear factor erythroid
2-related factor 2 (NRF2)–deficient mice, loss of podocyte PPARg was observed at baseline. NRF2 deficiency
markedly aggravated the course of RPGN, an effect that was partially prevented by TZD administration. Fur-
thermore, delayed administration of TZD, initiated after the onset of RPGN, still alleviated the severity of
experimental RPGN. These findings establish a requirement for the NRF2–PPARg cascade in podocytes, and
we suggest that these transcription factors have a role in augmenting the tolerance of glomeruli to severe
immune-complex mediated injury. The NRF2–PPARg pathway may be a therapeutic target for RPGN.

J Am Soc Nephrol 27: 172–188, 2016. doi: 10.1681/ASN.2014111080

Necrotizing and crescentic rapidly progressive glomer-
ulonephritis (RPGN)isaheterogeneousconditionchar-
acterized by rapidly declining kidney function. Left
untreated, patients with RPGN often require long-
term RRT.

Characteristic histologic features of RPGN include
an irreversible loss of podocyte quiescence, aggravated
endothelial injury, and the development of cellular
crescents, all of which eventually lead to glomerular
obsolescence. During crescent formation in mouse
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models of RPGN, podocytes assume a migratory phenotype,
attaching to the parietal basement membrane where they pro-
liferate for a limitedperiodof time.1–3Recentdatahave confirmed
that podocytes also contribute to crescent formation in man,4,5

although there is a great deal of heterogeneity in those affected,
suggesting that in some cases local regulatory mechanisms fail to
maintain a quiescent podocyte phenotype.Hence,modulation of
podocyte phenotype may help the glomerulus to withstand in-
flammatory stress and to prevent, or arrest, the destructive pro-
cess of crescent formation.

Peroxisome proliferator-activated receptor g (PPARg) be-
longs to a group of nuclear receptors whose endogenous

ligands include free fatty acids and eicosanoids.6,7 Podocytes
constitutively express PpargmRNA in vitro and this is reduced
in models of glomerular inflammation.8 Furthermore,
pioglitazone, a clinically used thiazolidinedione (TZD) and
pharmacological agonist of PPARg, increases both Pparg
mRNA and activity in cultured podocytes.8 Systemic PPARg
stimulation is also effective in preventing podocyte injury in
models of glomerular inflammation9 and rat models of dia-
betic nephropathy.10–14 Interestingly, in patients with diabetic
nephropathy, TZDs have antiproteinuric effects.15,16 There are
probably multiple mechanisms explaining the renoprotection
conferred by TZDs, including a reduction in inflammation

Figure 1. Glomerular PPARg expression is decreased in NTN. (A) Western blot analysis of PPARg expression in glomeruli isolated from
NTS-challenged mice (NTS) and non-injected mice (control). Tubulin is used as loading control. (B) Quantification of Western blot
bands for PPARg normalized to tubulin band intensity (means of six mice per group, of two independent experiments). (C) PPARg
activity was determined by RT-PCR analysis of the relative abundance of Cd36 as PPARg target gene. Relative Cd36 mRNA expression
in glomerular extracts from control or NTS-challenged mice (means of five mice per group, of two independent experiments). (D)
Representative images of PPARg expression (red) and podocalyxin (green) by immunofluorescence on kidney sections from control
mice (control) or NTS-challenged mice (NTS) 10 days after the first injection of nephrotoxic serum. Images are representative of at least
six mice per condition. Scale bar, 50 mm. **P,0.01 versus control mice.
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and fibrosis, suppression of the reninangiotensin system and
antiapoptotic effects.17 It is also probable that these effects are
mediated through a number of cell types including resident
glomerular cells and immune cells.

To date, there has been no study of the glomerular PPARg
pathway in acute, severe inflammatory GN. This is likely due
to themajor focus being on suppression of those aspects of the
immune systemmediating injury rather than those promoting
tissue tolerance to injury. Accordingly, most current therapeu-
tic approaches to RPGN target the immune system.18 The
current study aimed to evaluate the proof of principle that
TZD administration could treat potentially lethal experimen-
tal RPGN.

RESULTS

Glomerular PPARg Expression Is Decreased in
Nephrotoxic Nephritis
Inmice exposed to nephrotoxic nephritis (NTN) immunoblot
analysis showed a 65% decrease in PPARg glomerular expres-
sion in nephriticmice at day 10 comparedwith baseline (Figure

1A and B). Cd36 mRNA expression—a mea-
sure of PPARg transcriptional activity19—
was consistently reduced in glomerular
extracts from NTN mice compared with
controls, suggesting blunted PPARg tran-
scriptional activity in this model (Figure
1C). Interestingly, the loss of most glomer-
ular PPARg immunofluorescence in ne-
phritic glomeruli was found in podocytes
(Figure 1D).

Podocyte-Specific Deletion of PPARg
Does Not Modify Kidney Structure
and Function
Todetermine the role of the podocyte PPARg
pathway in NTN, we generated mice with a
podocyte-specific deletion of Pparg.20

Confirmation of the deletion was shown
by RT-PCR with a significant reduction
in PpargmRNA level in isolated podocytes
of podocin-Cre PPARg lox/lox (Pod-
PPARg lox) mice compared with control
animals (Pod-PPARg wild-type [WT])
(Figure 2A). The purity of the primary po-
docyte culture was validated by nephrin
and podocin immunostaining as previ-
ously described21 (data not shown). Simi-
larly, double immunofluorescence staining
revealed a marked decrease in PPARg ex-
pression in glomeruli from Pod-PPARg lox
mice (Figure 2B). Adult Pod-PPARg lox
mice showed no abnormalities in glomer-

ular morphology, urinary albumin excretion or renal func-
tion as estimated by BUN levels (Figure 2C–E).

Podocyte-Specific Deletion of PPARg Accelerates
Renal Destruction in NTN
We challenged Pod-PPARg lox mice and controls with neph-
rotoxic serum (NTS) to study the in vivo contribution of
PPARg in podocytes to the development of inflammatory
glomerular injury. At day 10 after NTS injection, Pod-PPARg
lox mice demonstrated more severe glomerulonephritis with
crescent formation increased two- to three-fold compared
with controls (Figure 3A and B). The selective PPARg deletion
in podocytes was functionally associated with increased pro-
teinuria and a raised BUN concentration in Pod-PPARg lox
mice compared with controls (Figure 3C and D) and struc-
turally, with a loss of an interdigitating foot process pattern
(Figure 3E). As previously described,22 NTS-challenged WT
mice exhibited deposition of sheep IgG with a linear pattern
in glomeruli as well as mouse IgG (Figure 4A). Image analysis
revealed similar IgG glomerular signals in both groups of
NTS-injected mice (Figure 4B and C). Consistent with this,
genetic alteration of the podocyte PPARg pathway did not

A B
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Figure 2. Podocyte-specific deletion of PPARg does not modify kidney structure and
function. (A) RT-PCR analysis of PPARg mRNA expression in primary culture of podocytes
from Pod-PPARg WT and Pod-PPARg lox mice (means of seven mice per group, of
two independent experiments). (B) Immunofluorescence staining for PPARg (green) and
nidogen (red). Nidogen served as a marker for the basement membrane. Scale bar, 10
mm. (C) Representative images of Masson trichrome-stained kidney sections from Pod-
PPARg WT and Pod-PPARg lox mice at 10 weeks old. Images are representative of at
least five mice. Scale bar, 20 mm. (D) Urinary albumin excretion rates (means of 20 mice
per group, of four independent experiments) and (E) BUN concentration at day 10 after
NTS injection in groups of mice as in (A) (means of six mice per group, of two inde-
pendent experiments). **P,0.005 versus Pod-PPARg WT mice.
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affect systemic mouse anti-sheep IgG humoral response
(Figure 4D).

Effects of Podocyte PPARg Pathway Inhibition on
Kidney Inflammation
Nephritic mice exhibited an accumulation of inflammatory
cells (F4/80 and CD3 positive) in the renal interstitium and
around glomeruli. There was also a significant upregulation of
monocyte chemoattractant protein 1 (Mcp1) and IL-6 (Il6)
mRNA in the glomeruli of these mice. Surprisingly, podocyte-
specific PPARg deletion alone induced a significant increase
in infiltrating cells andMcp1 and Il6mRNA in the renal cortex
during RPGN (Figure 4E–I).

Podocyte-Specific Deletion of PPARg
or Rosiglitazone Treatment Does Not
Modify Proliferative and Migratory
Podocytes In Vitro
To determine the role of the podocyte
PPARg we performed primary cultures of
podocytes to assess their proliferation
and migration, both hallmarks of podo-
cyte dedifferentiation and crescent for-
mation. Podocyte outgrowth area and Ki67
mRNA expression—as a measure of cell
proliferation—were no different in glo-
meruli isolated from Pod-PPARg lox
mice, those taken from Pod-PPARg WT
mice and those from Pod-PPARg WT and
treated with rosiglitazone in vitro (Figure
5A–C). Moreover, neither PPARg activa-
tion nor podocyte-specific deletion of
PPARg had any effect on podocytemotility
(Figure 5D and E).

Podocyte-Specific Pparg Deletion
Mice Are More Susceptible to
Doxorubicin Nephropathy
Although PPARg did notmodulate podocyte
proliferation or migration, we hypothesized
that this pathway may prevent podocyte
death. To this end, we challenged Pod-
PPARg lox and Pod-PPARg WT mice with
doxorubicin (DXR). DXR nephropathy is a
model of toxic podocyte injury and death
and is characterized by proteinuria and glo-
merular scarring.23 Baseline proteinuria
did not differ between Pod-PPARg lox
and Pod-PPARg WT mice. However, the
DXR-induced proteinuria was significantly
increased in the Pod-PPARg lox mice com-
pared with controls (Figure 6A). Similarly,
Pod-PPARg lox displayed more glomerular
podocyte–parietal epithelial cell bridges and
FSGS than controls (Figure 6B and C).

Decrease in PPARg Activity in Nuclear Factor Erythroid
2-Related Factor 2–Deficient Podocytes
Thenuclear factorerythroid2-related factor2 (NRF2orNFE2L2)
plays a vital role in cytoprotection against oxidative and electro-
philic stress as well as in suppression of inflammation.24Nrf22/2

(NRF2knockout [KO])mice have reducedPPARg expression.25–27

Hence, we assessed PPARg expression and activity in glomeruli
and podocytes fromNRF2KOmice. First, young adultNRF2KO
mice displayed no abnormalities in kidney structure (including
glomerular ultrastructure) and function (Figure 7A–D). However,
Cd36mRNAandPPARg protein (Figure 7E andF)were reduced in
glomerular extracts from NRF2 KO mice, suggesting reduced
PPARg transcriptional activitycomparedwithNRF2WTglomeruli.

A

B C D

E

Figure 3. Selective deletion of PPARg from podocytes accelerates renal destruction in
NTN. (A) Masson trichrome-stained kidney sections from Pod-PPARg WT and Pod-
PPARg lox mice—crescent outlined in yellow—and (B) proportion of crescentic glo-
meruli (day 10 after NTS injection). Scale bar, 20mm. (C, D) Albumin urinary excretion
rate (C) and BUN concentration (D) at day 10 after NTS injection in groups of mice as in
A. (Means of 17 mice per group, of three independent experiments). *P,0.05;
**P,0.01; ***P,0.005 versus Pod-PPARg WT mice. (E) Ultrastructural analysis of
podocytes by transmission electron microscopy from NTS-injected Pod-PPARg WT
and Pod-PPARg lox mice.
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Figure 4. Podocyte-specific deletion of PPARg accentuates inflammatory cells infiltration in NTN. (A) Representative pictures showing
immunostaining for sheep IgG and mouse IgG in renal cortex from Pod-PPARg WT and Pod-PPARg lox mice after NTS injection on day
10 and from untreated normal Pod-PPARg WT mice (control) Scale bar, 20mm. (B, C) Quantitative image analysis of immunofluorescent
staining for glomerular mouse IgG (B) and sheep IgG deposition (C) 10 days after NTS injection. (D) Titers of mouse IgG to sheep IgG
measured in serial dilutions of plasma from Pod-PPARg WT or Pod-PPARg lox mice immunized with sheep NTS and from

176 Journal of the American Society of Nephrology J Am Soc Nephrol 27: 172–188, 2016

BASIC RESEARCH www.jasn.org



Notably, constitutive nuclear NRF2 expression was observed in po-
docytes from normal NRF2 WTmice at baseline (Figure 7G).

The NRF2 Pathway Is Decreased in PPARg-Deficient
Podocytes
To analyze the cross-talk between NRF2 and PPARg, we in-
vestigated NRF2 abundance and activity in podocytes from

Pod-PPARg lox and Pod-PPARg WT
mice. Podocyte-specific PPARg deletion
was associated with reduced NRF2 expres-
sion and activity (as reflected by NAD(P)H
quinone oxidoreductase 1 [Nqo1] and glu-
tathione S-transferase [Gstm1] mRNA lev-
els) compared with controls (Figure 8A and
B). In addition, Pparg gene deficiency de-
creased NRF2 nuclear translocation, as
shown by decreased NRF2 fluorescence
and nuclear accumulation in primary cul-
tures of podocytes (Figure 8C).

Overall, these data suggest that the
PPARg pathway is altered in glomeruli
from NRF2 KO mice and vice versa.

NRF2 Deficiency Aggravates RPGN in
Mice in a PPARg-Dependent Fashion
Given the reciprocal regulation of theNRF2
and PPARg pathways in podocytes, and
based on our earlier experiments, we ex-
posed NRF2-deficient mice to NTS, hy-
pothesizing that they would demonstrate a
similar kidney phenotype to Pod-PPARg lox
mice.

As expected, NRF2 WT mice exhibited
crescent formation and renal dysfunction.
Interestingly, NRF2 KO mice developed
more aggressive GN compared with con-
trols as shown by a two-fold higher in-
cidence of crescent formation (49.964.0%
versus 23.9611.7%, P,0.001) (Figure
9A), and nearly three times as many glo-
meruli with necrotizing lesions (30.56
2.6% versus 12.661.7%, P,0.001) than
NRF2 WTanimals. These histologic differ-
ences were associated with more severe
functional renal impairment in NRF2 KO
mice than in control animals (Figure 9B
and C). NRF2 KO mice also showed exten-
sive podocyte foot process fusion and glo-

merular basement membrane (GBM) thickening (Figure 9D).
These data suggest that NRF2 deficiency markedly aggravates
experimental nephritis and that NRF2 KOmice have a similar
renal phenotype to Pod-PPARg lox mice in this model.

Of note, NRF2 KO animals showed a similar humoral
immune response to sheep NTS as did NRF2 WT mice, as
demonstrated by measurements of mouse and sheep IgG in

non-immunized control mice (means of five mice per group, of two independent experiments). (E) Immunostaining for CD3+ and F4/80+

cells (scale bar, 20mm) and (F, G) quantification by image analysis of CD3+ and F4/80+ infiltrates in renal cortex fromnonimmunized controls and
NTS-injected Pod-PPARg WT or Pod-PPARg lox mice at day 10 after NTS injection (means of eight mice per group, of two independent ex-
periments). (H and I) mRNA expression ofMcp1 and Il6was determined by RT-PCR analysis in renal cortex tissue from groups of mice as in (A)
(means of eight mice per group, of two independent experiments). *P,0.05; **P,0.01; ***P,0.005 versus control mice.
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Figure 5. Loss-of-function approach by podocyte-specific deletion of Pparg or gain-
of-function with rosiglitazone treatment do not modify podocyte proliferation and
migration in vitro. (A, B) Representative pictures and quantification of podocyte pro-
liferation involving decapsulated glomeruli from Pod-PPARg lox mice or podocytes
treated with rosiglitazone (means of 11 mice per group, of three independent ex-
periments). Podocyte outgrowth area was assessed after 4 days, Scale bars, 20 mm. (C)
RT-PCR analysis of the relative abundance of ki67 in primary podocyte cultures treated
either with or without rosiglitazone (10 mM) for 16 hours, or from Pod-PPARg lox mice
(means of five mice per group, of two independent experiments). (D, E) Representa-
tive images and quantification of wound assay showing the migration of podocytes
incubated either with or without rosiglitazone for 12 hours, or from Pod-PPARg lox
mice (means of 12 mice per group, of three independent experiments). Migration was
assessed over a period of 12 hours. Scale bars, 100 mm.
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kidney cortex (Figure 9E–G) as well as assessment of mouse
anti-sheep IgG circulating IgG titers (Figure 9H).

PPARg Gain of Function Approach with Pioglitazone
Improves Glomerular Structure and Function in
Nephrotoxic Nephritis in NRF2-Competent and NRF2-
Deficient Mice
To establish the extent to which the increased severity of NTN
caused by NRF2 deficiency could be linked to altered PPARg

activity, we administered pioglitazone to
NTS-treated NRF2 KO mice and WT con-
trols. Pioglitazone administration reduced
glomerular injury (Figure 10A and B), pro-
teinuria (not shown), and BUN (Figure
10C).

Pioglitazone Anti-Nephritis Effects
Are Blunted in Mice with Podocyte-
Selective Deletion of PPARg
Todetermine theextent towhichpioglitazone
prevented glomerular damage through stim-
ulation of PPARg on podocytes we treated
nephritic Pod-PPARg lox mice with either
vehicle or pioglitazone. Pioglitazone admin-
istration in Pod-PPARg WT mice signifi-
cantly prevented the histologic damage
characteristic of NTN (Figure 11A and B)
and functional glomerular impairment (Fig-
ures 11C and D). By contrast, pioglitazone
administration proved less effective in Pod-
PPARg lox mice as demonstrated by a non-
significant alleviation of glomerular damage,
albuminuria and BUN (Figure 11A–D), al-
though therewas a trend for proteinuria to be
lower (Figure 11C). Altogether, these data
suggest that pioglitazone administration has
limited efficacy in protecting from RPGN in
the absence of a functional PPARg system in
podocytes.

PPARg Gain of Function Approach
with Pioglitazone Treatment
Improves Glomerular Structure and
Function in NTN
Our data so far suggest thatNTN is associated
with reduced PPARg expression and activity
and that thismaybepathogenic indiseasepro-
gression. Hence, we went on to test whether
pharmacological stimulation of the PPARg
pathway improved renal injury. We adminis-
tered a clinically available TZD, pioglitazone,
on day 4 after infusion of NTS. This time-
point was chosen as it is clinically relevant,
associated with peaks in both albuminuria
and serum creatinine. This regimen was

compared with the effects of vehicle alone and with the admin-
istration of pioglitazone 6 hours before the first infusion ofNTS.

Ten days after NTS injection, these mice developed signif-
icant ascites, hypoalbuminemia, and albuminuria character-
istic of the nephrotic syndrome. Pioglitazone administration,
given before and after NTS, was associated with a lower
incidence and severity of ascites and less albuminuria than in
vehicle-treated NTN mice (Figure 12A and B). Furthermore,
whereas vehicle only-treatedmice (NTN) developed rapid and

A

B

C

Figure 6. Podocyte-specific deletion of PPARg aggravates sclerotic lesions in DXR
model. (A) Albumin urinary excretion rate at day 9 after DXR administration in Pod-PPARg
WT and Pod-PPARg lox mice. (B) Representative photomicrographs of Masson trichrome-
stained glomerular sections from three Pod-PPARg WT and Pod-PPARg lox mice, 9 days
after DXR administration. The latter group exhibited more prevalent capillary loop de-
nudation, parietal epithelial cells to podocyte or capillary loop bridges and segmental
sclerosis. Scale bar, 10 mm. (C) Proportion of sclerotic glomeruli at day 9 after DXR ad-
ministration in Pod-PPARg WT and Pod-PPARg lox mice (means of five mice per group,
of one experiment). *P,0.05 versus control Pod-PPARg WT mice.
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life-threatening renal failure, mice treated with pioglitazone,
before and after NTS, had BUN levels within the normal range
(Figure 12B). The functional protection conferred by pioglitazone
administration was associated with marked alleviation of his-
tologic damage as measured using Masson-trichrome staining
of renal cortex (Figure 12C and D).

We sought to determine if the kidneys from the Pod-PPARg
WT and Pod-PPARg lox mice showed a similar humoral re-
sponse and glomerular staining pattern to NTS treatment. Ten
days after the induction of NTN, sera from the Pod-PPARgWT
and Pod-PPARg loxmice displayed similar titers ofmouse IgG to
anti-sheep IgG (Figure 12E) and the kidneys from both groups

showed similar amounts of mouse anti-sheep IgG antibodies in
their glomeruli (Figure 12F–H).Additionally, the anti-GBManti-
bodies were observed to bind exclusively to the glomerular cap-
illary wall in a linear pattern (Figure 12F). Finally, pioglitazone
treatment significantly reduced both the number of infiltrating
F4/80 andCD3positive cells around glomeruli (Figure 13A–C) as
well asMcp1 and IL6 mRNA expression (Figure 13D and E).

Loss of PPARg in Podocytes and Crescents in Patients
Diagnosed for RPGN
As in mice, constitutive PPARg nuclear expression was found in
podocytes from normal human glomeruli (Figure 14A). By

Figure 7. PPARg abundance and activity is decreased in NRF2 KO podocytes in vitro and in vivo. (A) Representative transmission
electron micrographs of glomeruli from 10-week-old NRF2 WT and NRF2 KO male mice at baseline. (B) Masson trichrome-stained
kidney sections of NRF2 WT and NRF2 KO 10-week-old mice at baseline. Scale bars, 20 mm. (C, D) Urinary albumin excretion rate (C)
and BUN concentration (D) at baseline of NRF2 WT and NRF2 KO 10-week-old male mice. (E) PPARg activity determined by RT-PCR
analysis of the relative abundance of Cd36 mRNA in primary podocyte cultures from NRF2 WT or NRF2 KO mice. (F) PPARg protein
expression in primary podocyte cultures (F) from NRF2 WT or NRF2 KO mice. (G) Representative image of NRF2 (red) and podocalyxin
(green) expression by immunofluorescence on kidney sections from NRF2 WT and NRF2 KO mice at baseline. Scale bars, 20 mm.
Values are means of six mice per group, of two independent experiments. *P,0.05; **P,0.01; ***P,0.001 versus NRF2 WT mice.
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contrast, immunoreactive PPARg podocyte expressionwas widely
blunted in kidney biopsies from individuals diagnosed with cres-
centic RPGN (Figure 14B–D). In these patients, nuclear PPARg is
seen in glomerular endocapillary cells as well as in an extracapillary
pattern in glomerular epithelial cells: podocytes and parietal epi-
thelial cells. Importantly, in cells forming the crescent, nuclear
PPARg expression is abolished in favor of cytoplasmic expression
implying fewer PPARg in cells forming the crescent.

DISCUSSION

In the current study we have shown for the first time that, in a
model of NTS-induced RPGN, mice with a podocyte-specific
deletion of Pparg are more susceptible to crescent formation

and renal failure than controls. These novel data support PPARg
activation in podocytes as a potentially disease-limiting path-
way in a severe form of extracapillary GN.Mirroring this loss of
function approach, a gain of function approach—by means of
PPARg receptor activation—conferred similarly significant
histopathological and functional glomerular protection (de-
spite an untouched anti-GBM humoral response). Impor-
tantly, from a clinical perspective, delayed administration
(“therapeutic dosing”) of a PPARg receptor activator was as
effective as the preventive dosing strategy.

There have been a number of studies that have investigated
the PPARg system in relation to the kidney. One of the first of
these from more than 10 years ago showed that preventive
administration of a TZD reduced proteinuria and crescent
formation in a model of anti-GBM disease in rats.28 Another,

A B

C

Figure 8. Decrease in NRF2 pathway upon selective deletion of PPARg in podocytes in vitro and in vivo. (A) Western blots analysis of
NRF2 in freshly isolated glomeruli from Pod-PPARg WT and Pod-PPARg lox mice at baseline (means of six mice per group, of two
independent experiments). (B) NRF2 activity determined by RT-PCR analysis of the relative abundance of Nqo1 and Gstm1, as NRF2
target genes, in primary podocyte cultures from Pod-PPARg WT and Pod-PPARg lox mice. Values are means6SEM from five mice.
**P,0.01 versus Pod-PPARg WT mice. (C) Representative images of NRF2 and WT1 co-staining in cultured podocytes (means of eight
mice per group, of three independent culture experiments). Note the distinct pattern of NRF2 expression with frequent nuclear lo-
calization in Pod-PPARg WT cells whereas Pod-PPARg lox podocytes display no NRF2 staining in nuclei, consistent with blunted
transcriptional activity. Scale bars, 20 mm.
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Figure 9. NRF2-deficient mice develop more severe glomerulonephritis than normal littermates although with similar anti-sheep IgG
humoral response. (A) Representative pictures of Masson trichrome-stained kidney sections—crescent outlined in yellow. Scale bars, 20
mm (B) Albuminuria and (C) BUN concentrations in NTS-challenged NRF2 KO and NRF2 WT mice (means of 15–17 mice per group, of
four independent experiments). (D) Representative transmission electron micrographs of glomeruli from NRF2 WT mice at day 10 after
NTS injection. Nephritic NRF2 KO mice display glomerular capillary endotheliosis and more widespread podocyte foot process

J Am Soc Nephrol 27: 172–188, 2016 NRF2 and Podocyte PPARg in RPGN 181

www.jasn.org BASIC RESEARCH



which deleted PPARg in the hematopoietic compartment (leav-
ing the renal PPARg system intact) showed these animals to have
moderately increased susceptibility to experimental NTN in
terms of histologic damage although there was no impact on
proteinuria and no detail was provided about kidney func-
tion.29 Although evidence has since accumulated that PPARg
may influence podocyte survival in vitro and in vivo,8,9,12,30 its
activity was also expected to exert anti-angiogenic effects,31,32 a
potentially major detrimental effect in the context of RPGN,
which is characterized by marked endothelial cell injury. Hence,
no further investigation of this major pathway has been conduct-
ed in this form of extracapillary glomerulonephritis.

Although it is considered that PPARg ag-
onism primarily influences the natural his-
tory of disease through anti-inflammatory
actions on endothelial and myeloid cells,33–35

our data suggest an alternative pathway
that focuses on the podocyte. Podocyte-
specific abrogation of PPARg exacerbated
RPGN-related renal injury, illustrating the
crucial local homeostatic role for this tran-
scription factor. In this model, humoral and
cellular immune responseswere not targeted.
Notably, although PPARg may control cell
proliferation and apoptosis, migration and
invasion in cells other than podocytes,36–38

PPARg deficiency did not directly influence
podocyte proliferation andmigration in vitro
but significantly accentuated periglomerular
infiltrates of T cells and macrophages as well
as MCP1 and IL6 mRNA abundance in the
cortex of nephriticmice. These two cytokines
were used as measures of renal inflammation
as they are involved in several diseases where
crescentic change is seen.39–49 It is somewhat
surprising that the deletion of a single path-
way (PPARg) in a single cell type (the podo-
cyte) could promote such an impressive
increase (approximately 30%) in both
monocyte chemoattractant protein 1 and
IL-6 mRNA levels, as well as adding to severe
local damage, but this goes to highlight the
importance of the podocyte PPARg system
in this disease process. We cannot exclude
PPARg-dependent paracrine effects of the
diseased podocytes on surrounding inflam-
matory cells such as limitation of endoge-
nous danger signals released by injured

podocytes; a question that will require further studies beyond
the scope of the present work.

To investigate whether an intact PPARg pathway is needed
for podocyte survival, we induced the DXR model of FSGS in
mice lacking a functional podocyte PPARg pathway. Evidence
from animal models and in vitro studies suggests that injury
inherent within or directed to the podocyte is a central path-
ogenic factor to FSGS.50 Again, Pparg gene deletion in
podocytes alone was sufficient to significantly accentuate al-
buminuria and sclerosis. These data suggest that PPARg may
critically sustain podocyte survival and function upon inflam-
matory (RPGN) or toxic (FSGS) injury.

effacement than their NRF2 WT counterparts. **P,0.01; ***P,0.001 versus NTS-injected NRF2 WT mice. (E) Representative photo-
micrographs after immunofluorescent staining for mouse IgG and sheep IgG in renal cortex from nonimmunized (control) mice and from
NTS-injected NRF2WT and NRF2 KOmice. (F, G) Quantitative image analysis of immunofluorescence staining for glomerular mouse IgG
(F) and sheep IgG deposition (G) 10 days after nephrotoxic serum injection. (H) Titers of mouse IgG to sheep IgGmeasured in plasma from
controls and NTS-injected NRF2 WT or NRF2 KO (means of five mice per group, of two independent experiments).
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Figure 10. PPARg agonism attenuates the deleterious consequences of NRF2 de-
ficiency in RPGN. (A) Representative pictures of Masson trichrome-stained kidney
sections from NTS-challenged NRF2 KO and NRF2 WT mice treated with pioglitazone
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glomeruli. (C) BUN concentrations in groups of mice as in (A) (means of four to ten
mice per group, one experiment). *P,0.05; **P,0.01; ***P,0.001 versus NTS- and
vehicle-treated NRF2 WT mice; ##P,0.01 versus vehicle-treated NRF2 KO nephritic
group.
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To address the question as to whether the beneficial effects of
TZDadministration inNTNaremediated inpart throughactions
on the podocyte we treated animals with podocyte-specific
PPARg deficiency with a regimen that was effective in WT ani-
mals. Surprisingly, TZD treatment was significantly less benefi-
cial in Pod-PPARg lox mice compared with controls, suggesting
that a significant part of the beneficial action of TZD adminis-
tration is mediated through the podocyte PPARg pathway (as
well as complementary anti-inflammatory actions on immune
cells).28,29 These findings highlight the important homeostatic
mechanisms of podocytes in managing inflammatory stress.

Our study also investigated the cross-talk between the podocyte
NRF2 and PPARg pathways in vitro and in vivo. Whereas the
mechanism whereby NRF2 induces PPARg activity is
known,26,27 the converse pathway remains elusive. The current
data suggest that in the context of severe immune complex–
mediated podocyte injury, NRF2-driven PPARg induction has
an essential protective role in glomerular oxidant injury as TZD
administration could overcome part of the deleterious effect of
complete NRF2 deficiency.

In summary, our study demonstrates the pivotal role of the
local PPARg system in maintaining podocyte quiescence and
orchestrating the global glomerular tolerance to a severe

immune complex–mediated disease. PPARg was found to
be a downstream effector of the NRF2 pathway, unveiling
the critical protective role of both NRF2 activity and PPARg.
We also provide proof of principle that delayed PPARg ago-
nism could display therapeutic actions on glomerular function
and structure in a severe model of RPGN.

CONCISE METHODS

Animals
We generated mice with a podocyte-specific deletion of Pparg by using

the Nphs2-Cre recombinase or podocin-Cre mouse (Pod-Cre), which

expresses Cre-recombinase exclusively in podocytes starting from the

capillary loop stage during glomerular development.20 Podocyte-specific

disruption of Pparg alleles was generated by crossing podocin-

Cre-positive mice with the B6.129S6-Ppargtm1.1Mgn/Mmmh

strain obtained from the Mutant Mouse Regional Resource Center at

the University of Missouri (stock number 012035-MU) (herein named

PPARg lox mice)51 on a C57BL6/J background. Their littermates with

nodeletion ofPparg alleles in any cells are considered as controls. Direct

comparison was made between littermates’ age-matched controls.
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Figure 11. Limited effectiveness of pioglitazone administration in protecting from NTN when the Pparg gene is absent in podocytes.
(A) Masson trichrome-stained kidney sections of Pod-PPARg WT and Pod-PPARg lox mice with or without pioglitazone treatment at day
10 after NTS injection—crescent outlined in yellow. Scale bar, 10 mm. (B) Proportion of crescentic glomeruli in kidneys from groups of
mice as in (A). (C) Albumin urinary excretion rate and BUN concentration (D) in groups of mice as in (A) (Means of 17 mice per group, of
three independent experiments). *P,0.05; **P,0.01; ***P,0.005 versus untreated NTS-challenged Pod-PPARg WT mice; #P,0.05
and ##P,0.01 versus Pod-PPARg lox mice treated with pioglitazone (Pod-PPARg lox NTS+Pio).
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Figure 12. Pioglitazone treatment improves glomerular structure and function in NTN. (A) Urinary albumin excretion rates in noninjected
mice (control) and at day 4 and 10 after NTS in NTS-challenged mice (NTS) or NTS-challenged mice treated with pioglitazone started
either at the same time as NTS (NTS+Pio) or in a curative protocol, started 4 days later (NTS+Pio delayed). (B) BUN concentration in
groups of mice as in (A). (C) Representative images of Masson trichrome-stained kidney sections from groups of mice as in (A)—crescent
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Nrf2mutant mice52 were maintained at our facility by breeding con-

genic Nrf2+/2 mice. Age-matched congenic male Nrf22/2 and Nrf2+/+

(herein called NRF2 KO and NRF2 WT, respectively) were compared.

Pharmacological activation of PPARg was achieved with a TZD

(pioglitazone), a synthetic ligand for PPARs inducing a modulation of

target gene transcription. Pioglitazone (Takeda Pharmaceutical Co. Ltd.,

Osaka, Japan) was administered in oral gavage each day during 10 days

(30 mg/g body wt per day). Ten-week old C57Bl6/J male mice were ran-

domly treated with pioglitazone and were compared with vehicle-treated

(H2O) littermates.

All experimental animalprotocolswereperformedinaccordancewith

guidelines of the European Community (L358–86/609EEC), and were

approved by the Institut National de la Santé et de la RechercheMédicale

and local Ethic Review Board at Paris Descartes University (Paris,

France).

Induction of NTN
TheGNwas inducedonmalemice (10–12weeks

of age) by intravenous injection of 15ml of sheep

anti-mouse GBM NTS, which was diluted with

85mL of sterile PBS. Serum injections were re-

peated twice (on days 2 and 3) as previously

reported.22,53

Mouse Model for DXR-Induced
Nephropathy
For the induction of DXR nephropathy, 12-

week-old males were treated with a single in-

travenous injection of DXR (15 mg/kg body wt

diluted in 0.9% saline). Control mice received

saline solution alone. All mice were weighed

and urine samples were collected. Mice were

euthanized 16 days after DXR nephropathy

induction.

Biochemical Measurements in Blood
and Urine
Urinary creatinine and BUN concentrations

were analyzed by a standard colorimetric

method (Olympus AU400) at the Biochemistry

Laboratory of Institut Claude Bernard (IFR2,

Faculté de Médecine Paris Diderot). Urinary al-

bumin excretion was measured using a specific

ELISA for quantitative determination of albu-

min in mouse urine (CellTrend GmbH).

Glomeruli Isolation and In Vitro Assays in
Cultured Podocytes
Mouse kidneys were extracted, minced, and digested in 2 mg/ml

collagenase I solution (Gibco) in RPMI-1640 (Invitrogen) at 37°C for

3minutes. Then filtered through a 70-mmcell strainer and oncemore

through a 40-mm cell strainer. The homogenate was centrifuged at

720 g for 6minutes and cells were plated. Isolated glomeruli were then

collected in Phosphosafe extraction buffer (Novagen) for protein

extraction or in RLTextraction buffer (Qiagen) for total RNA extrac-

tion as previously reported.21,54 For podocyte primary culture,

freshly isolated glomeruli were plated in six-plate dishes in RPMI-

1640 (Invitrogen) supplemented by 10% fetal calf serum (Biowest)

and 1% penicillin–streptomycin (Invitrogen). The outgrowth of po-

docytes started between days 2 and 3. Podocyte outgrowth area was

quantified at day 4 using ImageJ software.54

outlined in yellow. Images are representative of at least eight mice per group. Scale bar, 20 mm. (D) Proportion of crescentic glomeruli in
groups of mice as in (B). Values aremeans6SEM of 8–12mice per group, of two independent experiments. *P,0.05 versus unchallenged
control mice; #P,0.05 versus NTS-challenged mice (NTS); FP,0.05 versus NTS+Pio. (E) Titers of mouse IgG to sheep IgG measured in
serial dilutions of plasma from mice immunized with sheep NTS treated with pioglitazone (Pio) as in (A) and from nonimmunized control
mice. (F) Representative pictures showing immunostaining formouse IgG and sheep IgG in renal cortex in noninjectedmice (control) or 10
days after NTS injection in groups as in (A). (G, H) Quantitative image analysis of immunofluorescence staining for glomerular mouse IgG
and sheep IgG deposition in groups as in (A). Values are means of five mice per group, of two independent experiments. ***P,0.001
versus unchallenged control mice.

Figure 13. Pioglitazone treatment decreases renal leukocytes infiltration in NTN. (A)
Immunostaining for CD3+ and F4/80+ cells in renal cortex from nontreated mice
(control), NTS-challenged mice (NTS) and NTS-challenged mice with pioglitazone
treatment at same time (NTS+Pio). Scale bar, 20mm. (B, C) Quantification of CD3+ area
or F4/80+ area to total area ratio (means of eight mice per group, of two independent
experiments). (D, E) mRNA expression of mcp1 and il6 determined by RT-PCR analysis
in renal cortex tissue from groups of mice as in (A). *P,0.05, **P,0.01; ***P,0.001
versus unchallenged control mice and #P,0.05 versus NTS-challenged mice.
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After 4 days of primary culture, podocytes were trypsinized then

plated into m-Dish 35 mm high with Culture-Insert (Ibidi). Ibidi

wounding inserts were used for cell migration studies. The coverage

of the 500-mm gap was assessed after 12 hours of culture and podo-

cyte migration area was quantified using ImageJ software. The effect

of rosiglitazone (10 mM) on differentiated podocytes was tested

during 16 hours. After stimulation, podocytes were scraped in Phos-

phosafe buffer for protein extraction or in RLT buffer for total RNA

extraction.

Histology
Kidneys were harvested and fixed in 4% formalin. Paraffin-embedded

sections (5-mm thick) were stained byMasson’s trichrome to evaluate

kidney morphology and determine proportion of crescentic glomer-

uli by a blinded examination on at least 50 glomeruli per section.

Immunohistochemistry and Immunofluorescence
Deparaffinized kidney sections were incubated for 30minutes at 95°C

in the target retrieval solution (S1699; Dako), then in peroxidase

blocking reagent (S2001; Dako), blocked in PBS containing 5%

BSA and immunostained against PPARg (Abcam, Inc.), Podocalyxin

(R&D Systems), CD3 (Dako), or F4/80 (AbD Serotec). For PPARg,

CD3, F4/80, specific staining was revealed using Histofine re-

agents (Nichirei Biosciences), which contained anti-rabbit or anti-

rat immune-peroxidase polymer for mouse tissue sections. NRF2 or

PPARg primary antibody was followed by a secondary rabbit anti-

goat IgG Cyanin3 and podocalyxin primary antibody was followed

by a secondary donkey anti-goat IgG AF488-conjugated antibody

(Invitrogen). Podocyte culture cells were immunostained against

WT1 (Abcam, Inc.) and NRF2 (Abcam, Inc.). The nuclei were

stained using DAPI.

For sheep IgG and mouse IgG staining, 5-mmkidney cryosections

were fixed in cold acetone for 10 minutes, then washed in PBS and

blocked with 5% BSA-PBS for 1 hour at room temperature. Kidney

sections were then incubated with donkey anti-mouse IgG AF594-

conjugated antibody (Invitrogen) and donkey anti-sheep IgG. Images

were obtained on an AxioImager Z1 microscope apoptome with

AxioCam camera (Carl Zeiss).

Measurement of the Murine Anti-Sheep IgG
Immune Response
Serummouse anti-sheep IgG levels weremeasured by ELISA. Ninety-six-

well plates were coated overnight at 4°C with 100 mg/ml of sheep IgG

(Sigma-Aldrich).After blockingwith3%BSA,undilutedordiluted serum

samples were incubated for 1 hour at 37°C. After washing, peroxidase-

coupled anti-mouse IgG (Fc-specific) (Rockland Immunochemicals) and

peroxidase substrate were added. Optical density was read in a micro-

quant with Gen5 software (Bio-Tek).

Human Tissues
Formalin-fixed, paraffin-embedded renal tissue specimens were

obtained from the Hôpital Européen Georges Pompidou, Assistance

Publique-Hôpitaux de Paris, Paris, France. Human tissue was used

after approval from, and following the guidelines of, the local ethics

committee (IRB00003888, FWA00005831). Renal biopsy specimens

with sufficient tissue for immunohistochemical evaluation after the

completion of diagnostic workup were included.

Transmission Electron Microscopy Procedure
Small pieces of renal cortexwerefixed in 4%glutaraldehyde, postfixed

in 1% osmium tetroxide and embedded in epoxy resin. Ultrathin

sections were counterstained with uranyl acetate and examined in a

JEOL1011 transmission electronmicroscopewithDigitalMicrograph

software for acquisition.

Western Blot Analysis
After extraction from glomeruli or podocytes with lysis buffer,

proteins were quantified using a BCA protein assay kit (iNtRON

Biotechnology). Samples were resolved on 4%–12% Bis-Tris Crite-

rion XT gels (Bio-Rad) then transferred to a polyvinylidene difloride

membrane. Membranes were incubated with the appropriate

Figure 14. Loss of nuclear PPARg in podocytes and crescents in
patients diagnosed for RPGN. Representative images of immuno-
staining for PPARg in sections of kidney biopsies from random
control patient (CT) or 3 subjects diagnosed with RPGN (MPA and
GPA). Scale bars, 100 mm. (A, B, C and D) higher magnification of
left panel (red square). Selective nuclear PPARg (black arrows) is
seen in glomerular endocapillary cells as well as with an ex-
tracapillary pattern in glomerular epithelial cells: podocytes and
parietal epithelial cells. PPARg expression is abolished in the nuclei
of cells forming the crescent in favor of cytoplasmic expression
(yellow arrows), whereas endocapillary staining is retained.
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primary antibodies: rabbit anti-PPARg (Abcam, Inc.), rabbit anti-

NRF2 (Abcam, Inc.). Protein loading was monitored by using the rat

anti-tubulin antibody (Abcam, Inc.). Secondary antibodies were

donkey anti-rabbit horseradish peroxidase (GE Healthcare Life Sci-

ences). Antigens were revealed by enhanced chemiluminescence

(Supersignal West Pico; Pierce) and detected on a LAS-4000 imaging

system (Fuji). Densitometric analysis with ImageJ software was used

for quantification.

Real-Time PCR
Total RNA extraction of mice glomeruli was performed using an

Rneasy Minikit (Qiagen) and reverse transcribed into cDNA using

the Quantitect Reverse Transcription kit (Qiagen) according to the

manufacturer’s protocol. Both cDNA and standard were amplified

in Maxima SYBR Green/Rox qPCR mix (Fermentas) on an ABI

PRISM thermocycler. The comparative method of relative quanti-

fication (2–DDCT) was used to calculate the expression level of each

target gene, normalized to glyceraldehyde-3-phosphate dehydroge-

nase. The oligonucleotide sequences are available upon request. The

data are presented as the fold change in gene expression.

Statistical Analyses
All values are expressed as means6SEM. Statistical analyses were

calculated using GraphPad Prism software (GraphPad Software, La

Jolla, CA). Comparison between two groups was performed using

Mann–Whitney t test. Comparison between multiple groups was

performed by using one-way ANOVA followed by Tukey post-test.

Values of P,0.05 were considered significant.

ACKNOWLEDGMENTS

This work was supported by INSERM, Starting Grant 107037 from

European Research Council and the EuropeanUnion and European

Research Projects on Rare Diseases E-Rare-2 JTC 2011 (P.-L.T.)

from l’Agence Nationale de la Recherche (ANR) of France. We are

grateful to La Fondation du Rein for supporting G.B. We also thank

Elizabeth Huc and the ERI970 team for assistance in animal care

and handling, Nicolas Sorhaindo for biochemical measurements

(ICB-IFR2, laboratoire de Biochimie, Hopital Bichat, Paris,

France) and Alain Schmitt and Jean-Marc Masse for transmission

electron microscopy (Institut Cochin, Paris, France). We also

thank RIKEN BRC for providing us with Nrf2 KO mice (stock

number, RBRC01390) and the Mutant Mouse Regional Resource

Center at the University of Missouri for providing the B6.129S6-

Ppargtm1.1Mgn/Mmmh mice (stock number, 012035-MU). We

acknowledge excellent administrative support from Véronique

Oberweis, Annette De Rueda, Martine Autran, Bruno Pillard and

Philippe Coudol.

DISCLOSURES
The authors declare no competing financial interests.

REFERENCES

1. Besse-Eschmann V, Le Hir M, Endlich N, Endlich K: Alteration of po-
docytes in amurinemodel of crescentic glomerulonephritis.Histochem
Cell Biol 122: 139–149, 2004

2. Moeller MJ, Soofi A, Hartmann I, Le Hir M, Wiggins R, Kriz W, Holzman
LB: Podocytes populate cellular crescents in a murine model of in-
flammatory glomerulonephritis. J Am Soc Nephrol 15: 61–67, 2004

3. LeHirM,KellerC,EschmannV,HähnelB,HosserH,KrizW:Podocytebridges
between the tuft and Bowman’s capsule: an early event in experimental
crescentic glomerulonephritis. J Am Soc Nephrol 12: 2060–2071, 2001

4. Thorner PS, HoM, Eremina V, Sado Y, Quaggin S: Podocytes contribute to
the formationofglomerular crescents. JAmSocNephrol19: 495–502, 2008

5. Bariety J, Mandet C, Hill GS, Bruneval P: Parietal podocytes in normal
human glomeruli. J Am Soc Nephrol 17: 2770–2780, 2006

6. Heikkinen S, Auwerx J, Argmann CA: PPARgamma in human and
mouse physiology. Biochim Biophys Acta 1771: 999–1013, 2007

7. Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, Evans
RM: PPARg signaling and metabolism: the good, the bad and the fu-
ture. Nat Med 19: 557–566, 2013

8. Kanjanabuch T, Ma LJ, Chen J, Pozzi A, Guan Y, Mundel P, Fogo AB:
PPAR-gamma agonist protects podocytes from injury. Kidney Int 71:
1232–1239, 2007

9. Zuo Y, Yang HC, Potthoff SA, Najafian B, Kon V, Ma LJ, Fogo AB:
Protective effects of PPARg agonist in acute nephrotic syndrome.
Nephrol Dial Transplant 27: 174–181, 2012

10. MaLJ,MarcantoniC,LintonMF,Fazio S, FogoAB: Peroxisomeproliferator-
activated receptor-gamma agonist troglitazone protects against nondiabetic
glomerulosclerosis in rats. Kidney Int 59: 1899–1910, 2001

11. Buckingham RE, Al-Barazanji KA, Toseland CD, Slaughter M, Connor
SC, West A, Bond B, Turner NC, Clapham JC: Peroxisome proliferator-
activated receptor-gamma agonist, rosiglitazone, protects against
nephropathy and pancreatic islet abnormalities in Zucker fatty rats.
Diabetes 47: 1326–1334, 1998

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

13. Cha DR, Zhang X, Zhang Y, Wu J, Su D, Han JY, Fang X, Yu B, Breyer
MD, Guan Y: Peroxisome proliferator activated receptor alpha/gamma
dual agonist tesaglitazar attenuates diabetic nephropathy in db/db
mice. Diabetes 56: 2036–2045, 2007

14. Calkin AC, Giunti S, Jandeleit-Dahm KA, Allen TJ, Cooper ME, Thomas
MC: PPAR-alpha and -gamma agonists attenuate diabetic kidney dis-
ease in the apolipoprotein E knockout mouse.Nephrol Dial Transplant
21: 2399–2405, 2006

15. Nakamura T, Ushiyama C, Osada S, Hara M, Shimada N, Koide H:
Pioglitazone reduces urinary podocyte excretion in type 2 diabetes
patients with microalbuminuria. Metabolism 50: 1193–1196, 2001

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

17. Yang J, Zhou Y, Guan Y: PPARg as a therapeutic target in diabetic ne-
phropathy and other renal diseases. Curr Opin Nephrol Hypertens 21:
97–105, 2012

18. Hénique C, Papista C, Guyonnet L, Lenoir O, Tharaux PL: Update on
crescentic glomerulonephritis. Semin Immunopathol 36: 479–490, 2014

19. Tontonoz P, Nagy L, Alvarez JG, Thomazy VA, Evans RM: PPARgamma
promotes monocyte/macrophage differentiation and uptake of oxi-
dized LDL. Cell 93: 241–252, 1998

20. MoellerMJ,SandenSK,SoofiA,WigginsRC,HolzmanLB:Podocyte-specific
expression of cre recombinase in transgenic mice.Genesis 35: 39–42, 2003

21. Lenoir O, Milon M, Virsolvy A, Hénique C, Schmitt A, Massé JM,
Kotelevtsev Y, Yanagisawa M, Webb DJ, Richard S, Tharaux PL: Direct
action of endothelin-1 on podocytes promotes diabetic glomerulo-
sclerosis. J Am Soc Nephrol 25: 1050–1062, 2014

J Am Soc Nephrol 27: 172–188, 2016 NRF2 and Podocyte PPARg in RPGN 187

www.jasn.org BASIC RESEARCH



22. Huang J, Filipe A, Rahuel C, Bonnin P,Mesnard L, Guérin C,Wang Y, Le
Van Kim C, Colin Y, Tharaux PL: Lutheran/basal cell adhesion molecule
accelerates progression of crescentic glomerulonephritis in mice.
Kidney Int 85: 1123–1136, 2014

23. Lee VW, Harris DC: Adriamycin nephropathy: a model of focal seg-
mental glomerulosclerosis. Nephrology (Carlton) 16: 30–38, 2011

24. Osburn WO, Kensler TW: Nrf2 signaling: an adaptive response path-
way for protection against environmental toxic insults. Mutat Res 659:
31–39, 2008

25. Cho HY, Reddy SP, Debiase A, Yamamoto M, Kleeberger SR: Gene
expression profiling of NRF2-mediated protection against oxidative
injury. Free Radic Biol Med 38: 325–343, 2005

26. Cho HY, Gladwell W, Wang X, Chorley B, Bell D, Reddy SP, Kleeberger
SR: Nrf2-regulated PPARgamma expression is critical to protection
against acute lung injury in mice. Am J Respir Crit Care Med 182: 170–
182, 2010

27. Huang J, Tabbi-Anneni I, Gunda V, Wang L: Transcription factor Nrf2
regulates SHP and lipogenic gene expression in hepatic lipid metabolism.
Am J Physiol Gastrointest Liver Physiol 299: G1211–G1221, 2010

28. Haraguchi K, Shimura H, Onaya T: Suppression of experimental cres-
centic glomerulonephritis by peroxisome proliferator-activated re-
ceptor (PPAR)gamma activators. Clin Exp Nephrol 7: 27–32, 2003

29. ChafinC,Muse S, Hontecillas R, Bassaganya-Riera J, Caudell DL, Shimp
SK 3rd, Rylander MN, Zhang J, Li L, Reilly CM: Deletion of PPAR-g in
immune cells enhances susceptibility to antiglomerular basement
membrane disease. J Inflamm Res 3: 127–134, 2010

30. Agrawal S,GuessAJ, Benndorf R, SmoyerWE:Comparisonof direct action
of thiazolidinediones and glucocorticoids on renal podocytes: protection
from injury and molecular effects.Mol Pharmacol 80: 389–399, 2011

31. Scoditti E,MassaroM, CarluccioMA, Distante A, Storelli C, DeCaterina
R: PPARgamma agonists inhibit angiogenesis by suppressing PKCalpha-
and CREB-mediated COX-2 expression in the human endothelium.
Cardiovasc Res 86: 302–310, 2010

32. Panigrahy D, Singer S, Shen LQ, Butterfield CE, Freedman DA, Chen
EJ, Moses MA, Kilroy S, Duensing S, Fletcher C, Fletcher JA, Hlatky L,
Hahnfeldt P, Folkman J, Kaipainen A: PPARgamma ligands inhibit pri-
mary tumor growth and metastasis by inhibiting angiogenesis. J Clin
Invest 110: 923–932, 2002

33. Straus DS, Glass CK: Anti-inflammatory actions of PPAR ligands: new
insights on cellular and molecular mechanisms. Trends Immunol 28:
551–558, 2007

34. Bouhlel MA, Derudas B, Rigamonti E, Dièvart R, Brozek J, Haulon S,
Zawadzki C, Jude B, Torpier G, Marx N, Staels B, Chinetti-Gbaguidi G:
PPARgamma activation primes human monocytes into alternative M2
macrophages with anti-inflammatory properties. Cell Metab 6: 137–
143, 2007

35. Chinetti G,Griglio S, AntonucciM, Torra IP, Delerive P,Majd Z, Fruchart
JC, Chapman J, Najib J, Staels B: Activation of proliferator-activated
receptors alpha and gamma induces apoptosis of human monocyte-
derived macrophages. J Biol Chem 273: 25573–25580, 1998

36. Motomura W, Nagamine M, Tanno S, Sawamukai M, Takahashi N,
Kohgo Y, Okumura T: Inhibition of cell invasion and morphological
change by troglitazone in human pancreatic cancer cells. J Gastro-
enterol 39: 461–468, 2004

37. Sato H, Ishihara S, Kawashima K,MoriyamaN, SuetsuguH, Kazumori H,
Okuyama T, RumiMA, Fukuda R, NagasueN, Kinoshita Y: Expression of
peroxisome proliferator-activated receptor (PPAR)gamma in gastric
cancer and inhibitory effects of PPARgamma agonists. Br J Cancer 83:
1394–1400, 2000

38. Marx N, Schönbeck U, Lazar MA, Libby P, Plutzky J: Peroxisome
proliferator-activated receptor gamma activators inhibit gene expres-
sion and migration in human vascular smooth muscle cells. Circ Res 83:
1097–1103, 1998

39. Herrera-Esparza R, Barbosa-Cisneros O, Villalobos-Hurtado R, Avalos-
Díaz E: Renal expression of IL-6 and TNFalpha genes in lupus nephritis.
Lupus 7: 154–158, 1998

40. Ryffel B, Car BD, Gunn H, Roman D, Hiestand P, Mihatsch MJ: In-
terleukin-6 exacerbates glomerulonephritis in (NZB x NZW)F1 mice.
Am J Pathol 144: 927–937, 1994

41. Kiberd BA: Interleukin-6 receptor blockage ameliorates murine lupus
nephritis. J Am Soc Nephrol 4: 58–61, 1993

42. Liang B,Gardner DB,GriswoldDE, Bugelski PJ, SongXY: Anti-interleukin-
6 monoclonal antibody inhibits autoimmune responses in a murine
model of systemic lupus erythematosus. Immunology 119: 296–305,
2006

43. Tackey E, Lipsky PE, Illei GG: Rationale for interleukin-6 blockade in
systemic lupus erythematosus. Lupus 13: 339–343, 2004

44. Sumida K, Ubara Y, Suwabe T, Hayami N, Hiramatsu R, Hasegawa E,
Yamanouchi M, Hoshino J, Sawa N, Takemoto F, Takaichi K, Ohashi K:
Complete remission of myeloperoxidase-anti-neutrophil cytoplasmic
antibody-associated crescentic glomerulonephritis complicated with
rheumatoid arthritis using a humanized anti-interleukin 6 receptor an-
tibody. Rheumatology (Oxford) 50: 1928–1930, 2011

45. Iijima T, Suwabe T, Sumida K, Hayami N, Hiramatsu R, Hasegawa E,
Yamanouchi M, Hoshino J, Sawa N, Takaichi K, Oohashi K, Fujii T,
Ubara Y: Tocilizumab improves systemic rheumatoid vasculitis with
necrotizing crescentic glomerulonephritis. Mod Rheumatol 25: 138–
142, 2015

46. Barbado J, Martin D, Vega L, Almansa R, Gonçalves L, Nocito M,
Jimeno A, Ortiz de Lejarazu R, Bermejo-Martin JF: MCP-1 in urine as
biomarker of disease activity in Systemic Lupus Erythematosus. Cyto-
kine 60: 583–586, 2012

47. Lloyd CM, Minto AW, Dorf ME, Proudfoot A, Wells TN, Salant DJ,
Gutierrez-Ramos JC: RANTES and monocyte chemoattractant protein-
1 (MCP-1) play an important role in the inflammatory phase of cres-
centic nephritis, but only MCP-1 is involved in crescent formation and
interstitial fibrosis. J Exp Med 185: 1371–1380, 1997

48. Lloyd CM, Dorf ME, Proudfoot A, Salant DJ, Gutierrez-Ramos JC: Role
of MCP-1 and RANTES in inflammation and progression to fibrosis
during murine crescentic nephritis. J Leukoc Biol 62: 676–680, 1997

49. Hasegawa H, KohnoM, Sasaki M, Inoue A, Ito MR, Terada M, Hieshima
K, Maruyama H, Miyazaki J, Yoshie O, Nose M, Fujita S: Antagonist of
monocyte chemoattractant protein 1 ameliorates the initiation and
progression of lupus nephritis and renal vasculitis in MRL/lpr mice.
Arthritis Rheum 48: 2555–2566, 2003

50. D’Agati VD: Pathobiology of focal segmental glomerulosclerosis: new
developments. Curr Opin Nephrol Hypertens 21: 243–250, 2012

51. Jones JR, Shelton KD, Guan Y, Breyer MD, Magnuson MA: Generation
and functional confirmation of a conditional null PPARgamma allele in
mice. Genesis 32: 134–137, 2002

52. Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, Oyake T,
Hayashi N, Satoh K, Hatayama I, Yamamoto M, Nabeshima Y: An Nrf2/
small Maf heterodimer mediates the induction of phase II detoxifying
enzyme genes through antioxidant response elements. Biochem Bio-
phys Res Commun 236: 313–322, 1997

53. Hochheiser K, Heuser C, Krause TA, Teteris S, Ilias A, Weisheit C, Hoss
F, Tittel AP, Knolle PA, Panzer U, Engel DR, Tharaux PL, Kurts C: Ex-
clusive CX3CR1 dependence of kidney DCs impacts glomerulone-
phritis progression. J Clin Invest 123: 4242–4254, 2013

54. Bollée G, Flamant M, Schordan S, Fligny C, Rumpel E, Milon M,
Schordan E, Sabaa N, Vandermeersch S, Galaup A, Rodenas A, Casal I,
Sunnarborg SW, Salant DJ, Kopp JB, Threadgill DW, Quaggin SE,
Dussaule JC, Germain S, Mesnard L, Endlich K, Boucheix C, Belenfant
X, Callard P, Endlich N, Tharaux PL: Epidermal growth factor receptor
promotes glomerular injury and renal failure in rapidly progressive
crescentic glomerulonephritis. Nat Med 17: 1242–1250, 2011

188 Journal of the American Society of Nephrology J Am Soc Nephrol 27: 172–188, 2016

BASIC RESEARCH www.jasn.org


