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Focal segmental glomerular sclerosis (FSGS) is a primary kidney disease that is commonly associated with proteinuria
and progressive loss of glomerular function, leading to development of chronic kidney disease (CKD). FSGS is
characterized by podocyte injury and depletion and collapse of glomerular capillary segments. Progression of FSGS is
associated with TGF-β activation in podocytes; however, it is not clear how TGF-β signaling promotes disease. Here, we
determined that podocyte-specific activation of TGF-β signaling in transgenic mice and BALB/c mice with Adriamycin-
induced glomerulosclerosis is associated with endothelin-1 (EDN1) release by podocytes, which mediates mitochondrial
oxidative stress and dysfunction in adjacent endothelial cells via paracrine EDN1 receptor type A (EDNRA) activation.
Endothelial dysfunction promoted podocyte apoptosis, and inhibition of EDNRA or scavenging of mitochondrial-targeted
ROS prevented podocyte loss, albuminuria, glomerulosclerosis, and renal failure. We confirmed reciprocal crosstalk
between podocytes and endothelial cells in a coculture system. Biopsies from patients with FSGS exhibited increased
mitochondrial DNA damage, consistent with EDNRA-mediated glomerular endothelial mitochondrial oxidative stress. Our
studies indicate that segmental glomerulosclerosis develops as a result of podocyte-endothelial crosstalk mediated by
EDN1/EDNRA-dependent mitochondrial dysfunction and suggest that targeting the reciprocal interaction between
podocytes and endothelia may provide opportunities for therapeutic intervention in FSGS.
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Focal segmental glomerular sclerosis (FSGS) is a primary kidney disease that is commonly associated with pro-
teinuria and progressive loss of glomerular function, leading to development of chronic kidney disease (CKD). 
FSGS is characterized by podocyte injury and depletion and collapse of glomerular capillary segments. Pro-
gression of FSGS is associated with TGF-β activation in podocytes; however, it is not clear how TGF-β signal-
ing promotes disease. Here, we determined that podocyte-specific activation of TGF-β signaling in transgenic 
mice and BALB/c mice with Adriamycin-induced glomerulosclerosis is associated with endothelin-1 (EDN1) 
release by podocytes, which mediates mitochondrial oxidative stress and dysfunction in adjacent endothelial 
cells via paracrine EDN1 receptor type A (EDNRA) activation. Endothelial dysfunction promoted podocyte 
apoptosis, and inhibition of EDNRA or scavenging of mitochondrial-targeted ROS prevented podocyte loss, 
albuminuria, glomerulosclerosis, and renal failure. We confirmed reciprocal crosstalk between podocytes and 
endothelial cells in a coculture system. Biopsies from patients with FSGS exhibited increased mitochondrial 
DNA damage, consistent with EDNRA-mediated glomerular endothelial mitochondrial oxidative stress. Our 
studies indicate that segmental glomerulosclerosis develops as a result of podocyte-endothelial crosstalk medi-
ated by EDN1/EDNRA-dependent mitochondrial dysfunction and suggest that targeting the reciprocal inter-
action between podocytes and endothelia may provide opportunities for therapeutic intervention in FSGS.

Introduction
Chronic kidney disease (CKD) affects more than 10% of the US 
population (1). CKD may lead to end-stage renal disease and is a 
major risk factor for cardiovascular disease and mortality (2, 3). 
Glomerular pathology is the hallmark in most CKD cases, includ-
ing those associated with diabetes and hypertension (1, 4). Glo-
meruli are the functional filtration unit composed of a capillary 
network of endothelial cells and mesangial cells, separated from 
podocytes by a basement membrane (5, 6). Podocyte injury and 
loss contribute to proteinuria and glomerulosclerosis (7–12), while 
a role of endothelial injury remains relatively unexplored (13–15). 
Podocytes regulate endothelial cell growth and survival via VEGFA 
and angiopoietin-1 (ANG1), and loss of VEGFA or ANG1 is asso-
ciated with increased endothelial damage and apoptosis and pro-
teinuria (16, 17). Glomerular endothelial cells are highly special-
ized with fenestrae and a luminal glycocalyx layer (5, 14, 18) that 
contributes to the filtration barrier (13, 19). In addition, certain 
forms of glomerular injury, including diabetes, cause endothelial 
dysfunction characterized by increased ROS, alterations in vasore-
activity, coagulation, and inflammation (5).

We have previously reported that TGF-β induces podocyte 
apoptosis and depletion in transgenic mice and in cultured podo-
cytes and leads to progressive glomerulosclerosis (20). TGF-β 
and TGF-β receptors are typically upregulated in podocytes in 

experimental models of glomerulosclerosis and human glomer-
ulosclerosis (21–26). Here, we used a constitutively active TGF-β 
type I receptor (Tgfrb1) mutant for podocyte-specific, ligand- 
independent activation of TGF-β signaling in a doxycycline- 
inducible (Dox-inducible) transgenic mouse model (27). Our results 
demonstrate a previously unrecognized dependence of podocyte 
dysfunction and depletion in glomerulosclerosis on podocyte- 
endothelial crosstalk. Thus, podocyte-generated endothelin-1  
(EDN1) causes endothelial mitochondrial oxidative damage via 
endothelin receptor type A (EDNRA), which was required for 
podocyte loss and glomerulosclerosis. This podocyte-endothelial 
crosstalk presents new therapeutic opportunities, including the 
use of mitochondrial-targeted ROS scavengers and endothelin 
antagonists to prevent endothelial dysfunction-dependent podo-
cyte depletion and thereby glomerulosclerosis.

Results
Activation of podocyte-selective TGFβR1 signaling induces progressive 
segmental glomerulosclerosis with albuminuria in transgenic mice. To 
examine the effects of TGF-β signaling selectively in podocytes, 
we generated transgenic mice (referred to herein as PodTgfbr1 
mice; described in the Methods), in which robust podocyte-spe-
cific expression of a ligand-independent, constitutively active 
TGFβR1 mutant (Tgfbr1AAD) (28, 29) can be induced within  
24 hours by Dox chow feeding (Supplemental Figure 1, A and 
B; supplemental material available online with this article; 
doi:10.1172/JCI71195DS1). Activation of TGFβR1-regulated 
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SMAD2/SMAD3 signaling specifically in podocytes was con-
firmed by nuclear translocation of SMAD2/3 proteins (30) and 
exclusive colocalization with Wilms tumor antigen 1 (WT1), a 
podocyte-specific nuclear transcription factor (Figure 1, A and 
B). Figure 1C depicts the colocalization of SMAD2/3 and WT1  
labeling in podocyte nuclei.

Dox-induced TGFβR1 signaling in podocytes led to progressive 
increase of albuminuria by day 4 and of serum creatinine by day 7  
(Figure 1D). Dox treatment also induced segmental glomeruloscle-
rosis by day 7 (Figure 1G) and global glomerulosclerosis with tub-
ulointerstitial fibrosis by day 14 (Figure 1H). Other glomerular cell 
lesions included transient mesangial cell proliferation between day 
1 and day 4 (Figure 1F and Supplemental Figure 1C). TUNEL and 
WT1 double-positive apoptotic podocytes were detected by day 4 
and loss of podocytes was detected by day 7 and day 14 (∼25% and 
∼40% reduction compared with baseline, respectively) (Figure 1I).  
Interestingly, endothelial cell protrusions and endothelial vesi-
cle shedding were the first prominent ultrastructural defects by  
day 4 of Dox treatment (Figure 1J), followed by podocyte foot 
process effacement and membrane ruffling adjacent to abnormal 
endothelial cells by day 7 (Figure 1K).

In a survival experiment, 2 groups of 20 PodTgfbr1 mice each were 
maintained on regular chow (control) or Dox chow continuously 
for up to 30 weeks. Five animals (25%) in the Dox chow group 
required euthanasia due to moribund appearance beginning after 
5 weeks on Dox, compared with none (0%) among control mice 
(Supplemental Figure 2A). Of note, all moribund mice fed Dox 
chow manifested ascites and edema indicative of progressive kid-
ney disease with high-grade albuminuria. To determine the phe-
notype parameters at which TGFβR1-induced glomerulosclerosis 
became irreversible, Dox chow feeding was discontinued after day 7,  
day 10, or day 14, and the PodTgfbr1 mice then received regular 
chow for up to 21 additional days. Dox withdrawal at day 7 and 
day 10 was followed by normalization of elevated albumin/crea-
tinine ratio (ACR) levels and normal glomerular histology after 
10 days of Dox withdrawal (Figure 2, A and B). In contrast, Dox 
withdrawal after 14 days was associated with persistent high-
grade albuminuria and advanced glomerulosclerosis, even after 
21 days of Dox withdrawal (Figure 2, A and C), suggesting the 
threshold for irreversibility and PodTgfbr1 transgene-independent 
progression of glomerulosclerosis and tubulointerstitial fibrosis 
occurred between 25% and 40% estimated podocyte depletion, 
similar to previous reports (31). Finally, to examine whether onset 
of TGFβR1 signaling in podocytes and progressive glomerulo-
sclerosis in PodTgfbr1 mice resulted in increase of systemic blood 
pressure (BP), we monitored systolic and diastolic BPs at least 
twice daily in conscious animals on Dox chow by telemetry dur-
ing a 14-day observation interval. Compared to baseline readings 
obtained over 2 days prior to initiation of Dox chow, systolic and 
diastolic BP as well as heart rate were not significantly changed 
during 14 days of Dox administration, which were characterized 
by development of proteinuria and progressive glomerulosclerosis 
(Supplemental Figure 2B).

Together, these results suggest that after activation of TGFβR1/
SMAD signaling in podocytes, endothelial cell injury and mesan-
gial cell proliferation preceded manifestations of podocyte injury, 
including foot process effacement and onset of progressive podo-
cyte depletion and glomerulosclerosis associated with progressive 
renal insufficiency, albuminuria, and death. The progressive glo-
merulosclerosis phenotype associated with endothelial mitochon-

drial dysfunction caused by podocyte-specific TGFβR1 signaling 
was not associated with systemic BP changes and progressed further 
autonomously and in a podocyte Tgfbr1 transgene-independent  
manner when initial depletion of 25% to 40% of glomerular podo-
cytes was surpassed.

TGF-β signaling in podocytes decreases mitochondrial function and 
induces oxidative stress lesions in glomeruli prior to manifestation of 
podocyte injury. To begin to understand the molecular mecha-
nism underlying the progressive glomerulosclerosis in PodTgfbr1 
mice, we performed genome-wide glomerular gene expression 
and pathway analyses that indicated suppression of mitochon-
drial electron transport chain and antioxidant genes (Supple-
mental Table 1). QPCR analysis confirmed that expression of 
the mitochondrial antioxidant gene superoxide dismutase-2 
(Sod2) and selected mitochondrial electron transport chain 
genes was decreased within 1 day of Dox treatment (Figure 3A). 
Glomerular oxygen consumption rate (OCR), a measure of mito-
chondrial respiration reserve capacity, was significantly reduced 
by day 4 on Dox, with further subsequent decreases (Figure 3B). 
In contrast, reduction of OCR in the tubular fractions was mod-
est and became significant only after day 14, when high-grade 
albuminuria was present (Figure 3B). 3-Nitrotyrosine, a marker 
of oxidative stress–induced protein damage in tissues (32, 33), 
was absent in controls (Figure 3C) but detectable in PodTgfbr1 
glomeruli by day 4 of Dox treatment (Figure 3D). Accumula-
tion of oxidative mitochondrial DNA (mtDNA) lesions has been 
associated with mitochondrial dysfunction (34). Quantitative 
analysis of oxidative DNA lesions by QPCR demonstrated a sig-
nificant accumulation of mtDNA but not nuclear DNA lesions 
in glomeruli from Dox-treated PodTgfbr1 mice (Figure 3E).  
Consistent with these findings, 8-oxoguanine (8-oxoG; also 
known as 8-hydroxyguanine or OH8Gua), a common DNA 
modification resulting from ROS (35), accumulated specifically 
in mitochondria of glomeruli of PodTgfbr1 mice after 2 days on 
Dox (Figure 3F and Supplemental Figure 3) and in tubules after  
7 days, concomitant with onset of high-grade albuminuria 
(Supplemental Figure 3). Moreover, 8-oxoG excretion in the 
urine was increased by day 4, likely originating from glomerular 
injury, and rose progressively thereafter, associated with glomer-
ular and tubular injury (Figure 3G and Supplemental Figure 3). 
To confirm that the root cause of mitochondrial oxidative DNA 
damage was due to Dox-induced podocyte-specific TGFβR1 sig-
naling, mice were cotreated with LY364947, a selective TGFβR1 
kinase inhibitor. LY364947 prevented nuclear translocation of 
SMAD2/3 in podocytes when administered concomitantly with 
Dox chow (data not shown). When LY364947 was administered, 
starting only after day 4 of Dox treatment (when mitochondrial 
oxidative damage was typically established), glomerular 8-oxoG 
accumulation (Figure 3H) and serum creatinine elevation  
(0.21 ± 0.01 mg/dl vs. 0.54 ± 0.08 mg/dl), which typically man-
ifests by day 7, were significantly reduced compared with that 
after treatment with Dox alone for 7 days.

Together, these results demonstrate that podocyte-selective 
activation of TGF-β signaling is the root cause of rapid mito-
chondrial dysfunction and oxidative mtDNA damage in glomer-
uli of PodTgfbr1 mice. Importantly, glomerular oxidative mtDNA 
damage and renal lesions were reversed when TGFβR1 activation 
was inhibited after oxidative mtDNA damage was already estab-
lished (day 4) but prior to onset of podocyte depletion and foot 
process effacement (day 7).
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Mitochondrial oxidative stress and dysfunction localize to glomerular 
endothelial cells in murine models of podocyte injury and in human focal 
segmental glomerulosclerosis. Surprisingly, the oxidative mtDNA 
damage marker 8-oxoG was not colocalized with the podocyte 
marker synaptopodin (Figure 4B) but was detectable only in CD31- 
positive endothelial cells in glomeruli of PodTgfbr1 mice (Figure 4A).  
The seemingly paradoxical coincidence of podocyte-selective acti-

vation of TGFβR1 signaling documented by SMAD2/3 translo-
cation in podocytes and the accumulation of 8-oxoG in glomeruli 
endothelia was confirmed in additional models of podocyte-initi-
ated glomerulosclerosis, including podocyte-specific knockout of 
the microRNA-processing enzyme Dicer (ref. 36 and Supplemen-
tal Figure 4A), and BALB/c mice subjected to an Adriamycin (AD) 
podocyte injury model (ref. 37 and Supplemental Figure 4, B–D). 

Figure 1
Activation of podocyte-specific TGFβR1 induces podocytopathy with progressive glomerular disease and renal failure. Representative glomerular 
triple-immunofluorescence staining in PodTgfbr1 mice on (A) regular chow and (B) after 2 days of Dox chow, showing SMAD2/3 and DAPI and 
SMAD2/3 and WT1 localization. Arrows depict nuclear WT1 and DAPI in podocytes in A and colocalization with SMAD2/3 in B. Arrowheads denote 
cytoplasmic SMAD2/3 staining. (C) Superresolution image of SMAD2/3 (red) specifically localized to WT1- (green) and DAPI-positive (blue) cells. 
(D) ACR in PodTgfbr1 mice treated with Dox (days 0–14; n = 6 mice per group) and serum creatinine in Dox-treated PodTgfbr1 mice (n = 5 mice 
per group; mean ± SEM). (E–H) Histopathology stain (PAS) of PodTgfbr1 mice: (E) control mice without Dox, (F) day 4 of Dox, (G) day 14 of Dox, 
and (H) day 14 of Dox. (I) Podocyte number (gray bars) and podocyte apoptosis (black line) of Dox-treated PodTgfbr1 mice (mean ± SD; >50 glo-
merular profiles per mouse; >5 mice per time point). (J) Ultrastructural analysis by electron microscopy of day 4 Dox PodTgfbr1 mice. Glomerular 
area with mesangial expansion and endothelial cells (E) that protrude (arrows) and shed material (asterisks) into capillary lumens. Podocytes show 
normal foot process pattern (arrowheads). MC, mesangial cell. (K) Electron microscopy images of day 7 Dox PodTgfbr1 mice. Glomerular area with 
similar mesangial and endothelial changes. Podocytes show extensive foot process effacement (arrowheads). Scale bar: 50 μm (A, B, and E–H);  
5 μm (J and K). Original magnification, ×63 (A, B, and E–G); ×100 (C); ×20 (H). *P < 0.05, **P < 0.01, ***P < 0.001 versus controls.
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Similar findings of accumulation of 8-oxoG in endothelial cells 
of segmental sclerosis areas were observed in a series of human 
kidney biopsies from patients with focal segmental glomerular 
sclerosis (FSGS) (Figure 4C; clinical data available in Supplemen-
tal Table 2) but not in normal control human kidney biopsies  
(data not shown).

Thus, TGF-β signaling in podocytes causes subsequent mito-
chondrial oxidative stress, specifically in glomerular endothelial 
cells (not in podocytes), consistent with the morphologic evidence 
for endothelial cell injury manifest within 4 days of Dox treat-
ment, as shown by electron microscopy, prior to manifestations 
of characteristic podocyte defects by day 7 of Dox treatment, 
including foot process effacement and podocyte depletion (see 
Figure 1, J and K). Endothelial cell stress and injury were further 
validated with a dramatic 6-fold (day 4) and 8-fold (day 7) increase 
of endothelial cell apoptosis, as assessed by quantitation of glo-
merular cells identified as isolectin- and TUNEL double-positive 
glomerular cells in Dox-fed PodTgfbr1 mice compared with control 
PodTgfbr1 mice (Figure 4, D and E).

TGFβR1 signaling induces de novo synthesis of EDN1 precursor pre-
proendothelin-1 in podocytes and expression of EDNRA in endothelial 
cells in PodTgfbr1 mice and a novel podocyte-endothelial coculture system. 
Comparison of glomerular microarray profiles determined at 
day 1, day 4, day 7, and day 14 in PodTgfbr1 mice on Dox or con-
trol chow indicated that cognate ligand-receptor pair Edn1 (also 
known as ET-1) and Ednra (also known as ETAR or ETA) mRNA 

were increased during the first week of Dox treatment in PodTgfbr1 
mice compared with baseline (data not shown). We confirmed an 
increase of Ednra mRNA (Figure 5A). Similarly, Edn1 mRNA was 
increased in glomeruli after Dox by 10% (1 day), 22% (day 4), and 
43% (day 7) compared with that in controls. To define precisely 
the glomerular cell type(s) responsible for increased Ednra and 
Edn1 mRNA synthesis, we immunostained glomerular sections of 
PodTgfbr1 mice with EDN1 precursor protein preproendothelin-1 
antibody or EDNRA antibody, respectively. Intracellular preproen-
dothelin-1 was absent in control PodTgfbr1 mice but became read-
ily detectable in a podocyte-like distribution after only 1 day of 
Dox treatment (Figure 5B). When PodTgfbr1 mice were cotreated 
with TGFβR1 kinase inhibitor LY364947 and Dox for 4 days, 
preproendothelin-1 synthesis was prevented, compared with that 
when mice were treated with Dox alone (Figure 5C), confirming 
that rapid preproendothelin-1 synthesis was indeed induced by 
activation of TGFβR1 signaling in podocytes.

In contrast, while EDNRA transmembrane receptor was not 
present in glomeruli of control PodTgfbr1 mice, EDNRA became 
detectable by colocalization with CD31-positive glomerular 
endothelial cells (Figure 5D) but remained absent in synaptopodin- 
expressing podocytes (Figure 5E). Increased endothelial EDNRA 
expression was confirmed in another podocyte injury model, 
AD-treated BALB/c mice (Supplemental Figure 4D, bottom panel). 
Consistent with our observations in these experimental animal 
models, EDNRA colocalized with 8-oxoG in segmental sclerosis 
lesions in human kidney biopsies of patients with FSGS (Figure 5F),  
and 8-oxoG was also colocalized with endothelial CD31 (see Fig-
ure 4C). EDNRA and 8-oxoG were not detectable in glomeruli of 
normal human kidney (data not shown).

To examine further the regulation and functional role(s) of the 
EDN1/EDNRA-mediated podocyte-to-endothelial cell crosstalk sug-
gested by findings in two podocyte injury models and human FSGS, 
we generated and characterized conditionally immortalized Dox
-inducible double-transgenic Nphs2-2-rtTA.tet-O-Tgfbr1AAD podocyte 
(POD) cell lines from PodTgfbr1 mice (see Methods). Similar to TGF-
β1 ligand, Dox treatment of POD cells activated SMAD phosphory-
lation and nuclear translocation (Supplemental Figure 5, A and B; 
see complete unedited blots in the supplemental material) and had 
no significant effect on mitochondrial oxidative phosphorylation 
or glycolysis in POD cells (Supplemental Figure 5, C and D). How-
ever, activation of TGF-β signaling by Dox treatment in POD cells 
was associated with increased Edn1 mRNA (Figure 5G) and release 
of mature EDN1 peptide in POD culture supernatants (PSNs) 
(Figure 5H). In contrast, Ednra mRNA levels were barely detectable 
and unchanged in untreated or Dox- or TGF-β1–treated POD cells 
(data not shown). Next, we began to explore the signaling mecha-
nisms that underlie stimulation of EDN1 synthesis by TGFβR1 
signaling in podocytes. Edn1 mRNA and EDN1 peptide release, 
characteristic of Dox-treated POD cells or TGF-β–treated WT podo-
cytes, was prevented by TGFβR1 kinase inhibitor LY364947 (3 μM)  
(Figure 5, F and G, and Supplemental Figure 5, E and F). Baseline 
levels of Edn1 mRNA and peptide release were lower in Smad2 KO or 
Smad2/3 double KO (DKO) podocytes compared with those in WT 
podocytes (Supplemental Figure 5, E and F). TGF-β treatment stim-
ulated Edn1 mRNA levels and peptide release in WT podocytes but 
had no effect in Smad2 KO or Smad2/3 DKO podocytes (Supplemen-
tal Figure 5, E and F). These findings suggest that TGF-β stimulates 
Edn1 mRNA synthesis and peptide release via its canonical SMAD2/3 
signaling pathway(s) in podocytes in vitro.

Figure 2
TGFβR1 signaling in podocyte-induced albuminuria is reversible at 
days 7 and 10 but not day 14 of Dox treatment. (A) ACR in PodTgfbr1 
mice treated with Dox (days 0–14) (>10 mice per time point). Arrows 
indicate Dox withdrawal at day 7, day 10, or day 14 for mice returned 
to normal diet (n = 6 per time point; mean ± SEM). (B) Representative 
image of a PodTgfbr1 mouse with 2 weeks of recovery after days 10 of 
Dox withdrawal. (C) Representative image of a PodTgfbr1 mouse with  
3 weeks of recovery after days 14 of Dox withdrawal. *P < 0.05, **P < 0.01,  
***P < 0.001 versus controls; ##P < 0.01 versus time of Dox withdrawal, 
i.e., 7 days and 10 days. Original magnification, ×40 (B and C).
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Figure 3
TGF-β signaling in podocytes decreased mitochondrial genes and function and increased mtDNA damage in glomerular epithelial cells.  
(A) mRNA expression of mitochondrial proteins in isolated glomeruli from PodTgfbr1 mice after Dox for 0 to 14 days (n = 3; mean ± SEM).  
(B) Mitochondrial respiratory reserve capacity was measured by OCR of isolated glomeruli and tubules in single transgenic mice (stg) or dou-
ble-transgenic PodTgfbr1 mice (+) treated with Dox for the days indicated (values are mean percentage reduction in OCR ± SEM; n = 8 mice 
per time point). (C) Immunoperoxidase detecting 3-nitrotyrosine in control untreated PodTgfbr1 (–Dox) and (D) day 4 Dox-treated PodTgfbr1  
(+Dox) mice. (E) Quantification of lesion frequencies in mtDNA and nuclear DNA by QPCR in isolated glomeruli of stg or PodTgfbr1 mice 
treated with Dox for up to day 14 relative to untreated day 0 controls (n = 6; mean ± SEM relative amplification normalized to nondamaged 
day 0 controls). (F) Representative images of double immunofluorescence detection of 8-oxoG (green) and mitochondrial transcription fac-
tor A (mTFA; red) in glomeruli of a day 4 Dox-treated PodTgfbr1 mouse. (G) Urine 8-oxodG relative to urine creatinine in PodTgfbr1 mice 
left untreated (control) or treated with Dox for up to 21 days (n = 6; mean ± SEM). (H) Quantification of 8-oxoG staining of glomeruli from 
Dox control PodTgfbr1 mice, mice fed Dox chow for 7 days, or Dox-fed PodTgfbr1 mice treated with 1 mg/kg LY364947 from day 4 to day 7  
(mean ± SEM). *P < 0.05, **P < 0.01 versus controls. Original magnification, ×40 (C and D); ×100 (F).
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Thus, TGFβR1 activation in podocytes rapidly upregulates pre-
proendothelin-1 synthesis and EDN1 release in vivo and in vitro 
through SMAD-dependent signaling. Podocyte EDN1 release is 
associated with increased endothelial EDNRA expression and 
mitochondrial damage, consistent with paracrine podocyte-to-en-
dothelial crosstalk mediated by EDN1/EDNRA. Indeed, EDN1/
EDNRA signaling in endothelial cells has been previously shown 
to cause oxidative injury (38, 39).

EDN1/EDNRA-specific peptide antagonist BQ-123 or mito-
chondria-targeted antioxidant mitoTEMPO eliminates mito-
chondrial oxidative stress and dysfunction of endothelial cells and 
prevents podocyte defects and glomerular lesions in murine glom-
erular injury models. To test for functional consequences of 
EDN1/EDNRA podocyte-endothelial crosstalk, Dox-treated  
PodTgfbr1 mice or AD-induced BALB/c mice received sys-
temic administration of the EDN1/EDNRA antagonist 
BQ-123 (40), the mitochondrial-targeted potent antioxi-
dant mitoTEMPO (41), or control vehicle. Compared with 
administration of vehicle, BQ-123 or mitoTEMPO admin-
istration eliminated the early endothelial 8-oxoG accumula-
tion typical of day 4 of Dox treatment (Figure 6A). Inhibition 
of early 8-oxoG accumulation was associated with preven-
tion of subsequent lesions of progressive glomerulosclerosis 
common after day 14 of Dox treatment in PodTgfbr1 mice 
(Figure 6, A and B). Similar results were obtained in AD-in-
duced BALB/c mice (Figure 6, E and F). BQ-123– or mito-
TEMPO-mediated prevention of early endothelial mtDNA 
damage and subsequent glomerulosclerosis lesions was 
further associated with prevention of podocyte depletion 
(Figure 6C) and prevention of the rise of serum creatinine  
(Figure 6D) in Dox-treated PodTgfbr1 and AD-treated BALB/c 
mice (Figure 6, G and H). BQ-123 and mitoTEMPO treatment 
also ameliorated Dox- or AD-associated increase of urinary 
ACR and urinary 8-oxoG levels in both models (PodTgfbr1, 
Supplemental Figure 6, A and B, and AD-BALB/c, Figure 6,  
C and D, respectively). Importantly, nuclear SMAD2/3 local-
ization was not altered by the presence of BQ-123 or mito-
TEMPO in Dox-fed PodTgfbr1 mice compared with that in 
controls (Supplemental Figure 6, E and F), suggesting per-

sistent transgenic TGFβR1 signaling in podocytes. Together, these 
results demonstrate that EDN1/EDNRA-mediated mitochondrial 
oxidative stress and dysfunction in endothelial cells are required for 
high-grade albuminuria, podocyte depletion, and glomerulosclerosis 
in both podocyte injury models.

EDN1-dependent podocyte-endothelial crosstalk induces endothelial 
mitochondrial oxidative stress and endothelial cell dysfunction in podocyte- 
endothelial cell culture system. Conditionally immortalized POD cell 

Figure 4
TGF-β signaling in podocytes induces oxidative stress spe-
cifically in endothelial cells. (A) Representative double- 
immunofluorescence images of 8-oxoG (green), endothelial 
cell marker CD31 (red), and merge showing colocalization. 
(B) Representative double-immunofluorescence images of 
8-oxoG (green), podocyte marker synaptopodin (red), and 
merge in glomeruli of a day 4 Dox-treated PodTgfbr1 mouse 
showing no colocalization in podocytes. (C) 8-oxoG (green) 
and endothelial cell marker CD31 (red) in glomeruli of kid-
ney biopsies from subjects diagnosed with FSGS. Higher-
magnification images showing capillary loops are shown 
on the bottom row (arrows) (original magnification, ×63).  
(D) Immunofluorescence staining showing TUNEL and isolec-
tin localization with DAPI in untreated mice and mice treated 
with Dox for 7 days. Arrows depict nuclear TUNEL with DAPI- 
and isolectin-positive endothelial cells. (E) Quantification of 
TUNEL- and isolectin-positive cells per glomeruli in untreated 
PodTgfbr1 mice and in PodTgfbr1 mice treated with Dox for  
4 or 7 days (*P < 0.05; mean ± SD). Original magnification, ×63  
(A, B, C [bottom row], and D); ×40 (C [top row]).
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lines derived from PodTgfbr1 mice were introduced above (see Figure 5,  
G and H). POD cells (Dox-inducible Tgfbr1AAD podocytes) were 
either left untreated (controls) or treated with Dox or TGF-β1 for 
24 hours prior to collection of conditioned supernatants (SNs), 
which were identified as Control-PSNs, Dox-PSNs, and TGF-β1-
PSNs, respectively. When applied to murine glomerular endothelial 
cells (mGECs) in culture, Dox-PSN and TGF-β1-PSN significantly 
upregulated Ednra mRNA, but not Edn1 mRNA, when compared 

with Control-PSN (Supplemental Figure 7A). Furthermore, when 
compared with Control-PSN, Dox-PSN markedly increased the 
number of mGECs expressing EDNRA cell surface protein (Supple-
mental Figure 7B). Compared with Control-PSN, Dox-PSN treat-
ment significantly increased mitochondrial superoxide production 
(MitoSOX) (Figure 7A), oxidative mtDNA damage (8-oxoG) (Fig-
ure 7, B and C), and mtDNA lesions (Supplemental Figure 7C) in 
mGECs. Coincubation with BQ-123 or mitoTEMPO significantly 

Figure 5
TGF-β signaling in podocytes induces EDNRA specifi-
cally in endothelial cells. (A) Quantification by RT-PCR 
of Ednra mRNA in isolated glomeruli of untreated con-
trol PodTgfbr1 mice and PodTgfbr1 mice at day 1 to 
day 14 of Dox diet (n = 3 mice per group; mean ± SEM;  
*P < 0.05 versus controls). (B) Immunoperoxidase 
detection of preproendothelin-1 in control untreated 
PodTgfbr1 mice or mice with Dox treatment for 1 day 
(original magnification, ×100 [inset]) or (C) 4 days 
with or without LY364947 (1 mg/kg). Scale bar: 50 μm.  
(D) Representative double-immunofluorescence detec-
tion of endothelial cell marker CD31 (red) and EDNRA 
(green) in glomeruli of untreated or day 7 Dox-treated 
PodTgfbr1 mice. (E) Synaptopodin (green) and EDNRA 
(red) in glomeruli of a day 7 Dox-treated PodTgfbr1  
mouse showing no colocalization in podocytes.  
(F) EDNRA (red) and 8-oxoG (green) in kidney biopsy 
from a subject diagnosed with FSGS. (G) mRNA 
expression of Edn1 and Ednra by POD cell line treated 
with Dox (1 μg/ml) without or with LY364947 (3 μM) for 
0, 6, 24, and 48 hours. (H) Quantification by ELISA of 
EDN1 release in SN by POD cells treated with DOX 
for 6 to 48 hours without or with LY364947. Colocaliza-
tion is indicated by arrows in D and F. Mean ± SEM of  
3 independent experiments (A, G, and H). *P < 0.05,  
**P < 0.01 versus untreated controls. Original magnifica-
tion, ×63 (D and E); ×40 (F).
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Figure 6
TGF-β signaling in podocytes induces specific EDN1-mediated mitochondrial oxidative stress specifically in endothelial cells.  
(A) Immunofluorescence detection of mtDNA 8-oxoG in kidneys of day 4 Dox PodTgfbr1 mice, showing prominent glomerular staining; day 4 
Dox PodTgfbr1 mice cotreated with BQ-123 (0.1 nM/kg/d); or day 4 Dox PodTgfbr1 mice cotreated with mitoTEMPO (1 mg/kg/d). PAS staining 
of day 14 Dox PodTgfbr1 kidneys, showing severe sclerosis (arrows), and day 14 Dox PodTgfbr1 kidneys cotreated with BQ-123 (0.1 nM/kg/d) 
or with mitoTEMPO (1 mg/kg/d). (B) Sclerosis index score (see Supplemental Methods). (C) Podocyte number and (D) serum creatinine levels of 
untreated PodTgfbr1 mice, Dox-treated PodTgfbr1 mice (day 14), or Dox-treated PodTgfbr1 mice cotreated with BQ-123 or mitoTEMPO (n = 5; 
mean ± SEM). (E) Immunofluorescence for 8-oxoG in kidneys of BALB/c mice after AD treatment, treatment with AD and BQ-123 (0.1 nM/kg/d),  
or treatment with AD and mitoTEMPO (1 mg/kg/d). PAS staining of glomeruli of BALB/c mice after AD treatment, showing severe sclerosis; 
after cotreatment with AD and BQ-123; or after cotreatment with AD and mitoTEMPO. (F) Sclerosis index score. (G) Podocyte number and (H) 
serum creatinine levels in BALB/c mice with or without AD treatment or with cotreatment with AD and BQ-123 or AD and mitoTEMPO (n = 6;  
mean ± SEM). (B, C, F, and G) Mean ± SEM of at least 250 glomeruli from 5 to 8 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001 versus control 
mice. #P < 0.05, ##P < 0.01, ###P < 0.001 versus mice treated with Dox or AD only. Original magnification, ×63 (A and E).
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inhibited the induction of MitoSOX (Figure 7A) and 8-oxoG (Fig-
ure 7B) by Dox-PSN. Dox-PSN or TGF-β-PSN suppressed mRNA 
levels for selected mitochondrial respiratory complex genes in 
mGECs in vitro (Supplemental Figure day 7), consistent with their 
reduction, as observed in glomeruli from Dox-treated PodTgfbr1  
mice in vivo (see Figure 3). Finally, the significant Dox-PSN–
induced suppression of mitochondrial OCR in mGECs was pre-
vented by coincubation with BQ-123 or mitoTEMPO (Figure 7D).

To inactivate Edn1 gene product in POD cells and Ednra gene 
product in mGECs at a molecular level, we transfected POD cells 
with EDN1 siRNA or scrambled control siRNA (SCR siRNA). 
EDN1 siRNA and EDNRA siRNA efficiently (>85%) knocked down 
Edn1 and Ednra mRNA (Supplemental Figure 8, A and B) and pro-
tein (Supplemental Figure 8, C and D), respectively. Induction of 
MitoSOX (Figure 7E) and mtDNA 8-oxoG staining (Figure 7F)  
by EDN1 or by Dox-PSN in mGECs was significantly reduced in 
EDNRA siRNA-transfected mGECs or in mGECs incubated with 
Dox-PSN from EDN1 siRNA-transfected POD cells (Figure 7,  
E and F). Mitochondrial dysfunction in endothelial cells has previ-
ously been associated with endothelial dysfunction characterized 
by decreased bioavailability of nitric oxide and inhibition of NOS 
(42). Indeed, incubation of mGECs with Dox-PSN inhibited NOS 
to a comparable degree as the NOS inhibitor L-NAME, which was 
used as positive control (Figure 7G). Dox-PSN suppressed NOS in 
a dose-dependent manner, and this suppression was prevented by 
coincubation with BQ-123 or mitoTEMPO (Figure 7G). Together, 
these results demonstrate that EDN1 released by podocytes after 
TGF-β1 or Dox stimulation signals through EDNRA on mGECs 
to induce mitochondrial oxidative stress, oxidative mtDNA dam-
age, and mitochondrial dysfunction, resulting ultimately in hall-
mark endothelial dysfunction characterized by NOS inhibition 
and decreased NO bioavailability.

EDN1/EDNRA-induced endothelial cell dysfunction is necessary 
for a paracrine endothelial-podocyte signaling activity required for 
TGFβR1-associated podocyte apoptosis. Our in vivo results suggested 
that endothelial mitochondrial oxidative stress and endothelial 
dysfunction, likely induced by podocyte-derived EDN1 and 
endothelial cell EDNRA upregulation and activation, preceded 
and were required for manifestations of podocyte injury, including 
foot process effacement, podocyte apoptosis, and depletion. Based 
on these observations, we reasoned that SNs from EDN1- or Dox
-PSN–stimulated mGECs may be required for POD apoptosis in 
our defined culture system. First, we confirmed that EDN1 treat-
ment increased MitoSOX in mGECs (Supplemental Figure 9A).  
Incubation of POD cells with endothelial cell SN (ESN) from 
untreated control mGECs had no effect on POD apoptosis, irre-
spective of absence or presence of Dox (Supplemental Figure 9B).  
In contrast, ESN from EDN1-treated mGECs was required for 
increased Dox-induced POD apoptosis (Supplemental Figure 9B).  
Next, we used a Transwell coculture system for POD cell and 
mGEC coculture. Dox-induced TGFβR1 activation in POD cells 
increased MitoSOX in adjacent mGECs after 48 hours, and this 
paracrine effect was prevented by coincubation with BQ-123 or 
mitoTEMPO (Figure 8A). Increased MitoSOX in mGECs was 
essential for increased POD apoptosis after Dox stimulation, as 
demonstrated by prevention of POD apoptosis in the presence of 
BQ-123 or mitoTEMPO (Figure 8B). Direct EDN1 treatment of 
POD cells or incubation with control mGEC SN in the presence 
of Dox did not significantly change POD cell apoptosis (Figure 
8C). POD cell apoptosis was significantly increased by incubation 

of Dox-treated POD cells with SN from EDN1-treated control 
siRNA-transfected mGECs (Figure 8C), while SN from EDN1-
treated EDNRA siRNA-transfected mGECs had no effect on POD 
cell apoptosis. Together, these in vitro results, from both direct 
coculture and media transfer studies, demonstrate consistently 
and at a molecular level that EDN1/EDNRA-mediated podocyte- 
endothelial crosstalk causes endothelial dysfunction of mGECs, 
which was necessary and sufficient to increase podocyte apoptosis 
in TGFβR1-activated (Dox-stimulated) POD cells.

Discussion
We report a novel and essential signaling crosstalk between glo-
merular podocytes and endothelial cells in progressive glomer-
ulosclerosis (Figure 9). Various mechanisms of podocyte injury 
activate SMAD proteins associated with EDN1 precursor synthe-
sis and EDN1 release. Paracrine EDN1/EDNRA signaling causes 
mitochondrial oxidative damage and dysfunction in glomerular 
endothelial cells. Endothelial mtDNA damage and dysfunction- 
dependent paracrine activities are required for TGFβR1/SMAD-in-
duced podocyte depletion and segmental glomerulosclerosis 
with nephrotic syndrome, elevated serum creatinine, and even-
tually decreased survival. The mechanism underlying podocyte 
apoptosis after endothelial dysfunction remains to be defined, 
although decreased NO, as shown in our in vitro studies, may be 
a culprit, given that loss of eNOS from glomerular endothelial 
cells has been recently demonstrated to affect podocyte func-
tion via activation of RhoA (43). More recently, in an eNOS- 
deficient model, glomerular endothelial cell injury was also shown 
to precede podocytes apoptosis after AD treatment, although a 
mechanism was not investigated (44). Interestingly, activation of 
podocytes also induced transient mesangial proliferation through 
mechanisms yet to be elucidated. This may be due to potential 
mitogenic effects of EDN1, effects on mesangial cells (45), or 
other secreted factors, although in our model, as well as AD- and 
Dicer-induced FSGS, most of the EDNRA receptors we found were 
in glomerular endothelial cells. Of note, mesangial proliferation 
rates had returned to baseline prior to onset of substantial podo-
cyte loss in our model.

Podocytes control endothelial cell survival and glomerular 
homeostasis through paracrine VEGFA signaling (16). Glomeru-
lar VEGFA and VEGF receptor expression remained unchanged in 
PodTgfbr1 mice and decreased only after severe podocyte depletion, 
albuminuria, and glomerulosclerosis were established, suggesting 
that in our model VEGF signaling is not involved in podocyte- 
endothelial crosstalk until advanced podocyte depletion is estab-
lished. Similarly to VEGF, EDN1 generated by activated podocytes 
is expected to diffuse across the basement membrane against the 
filtration flow to reach adjacent endothelial cells in capillary seg-
ments with stressed/injured podocytes.

Numerous reports implicate EDN1 in kidney injury and disease, 
including infusion in healthy humans (46) and rats (47), diabetes 
(48), or murine models with FSGS (49). EDN1 may affect podo-
cytes directly, as shown by in vitro studies using serum samples from 
patients with preeclampsia, which stimulated EDN1 production by 
endothelial cells and resulted in nephrin shredding from podocytes 
via EDNRA (50). More recently, trials using EDN1 antagonists have 
shown reduction of proteinuria as well as improvements in periph-
eral endothelial function in patients with type 2 diabetes (51). More-
over, EDN1 has been shown to be produced by podocytes in vitro 
(52), consistent with our findings. EDN1 promotes mitochondrial 
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Figure 7
Validation of in vivo results using a defined PodTgfbr1-derived podocyte and in mGEC coculture system. (A) Percentage increase of MitoSOX 
bright fluorescent mGECs after culture with Control-PSN or Dox-PSN (1 μg/ml) for 24 hours in the absence or presence of BQ-123 (1 ng/ml) or 
mitoTEMPO (5 μg/ml). (B) Immunofluorescence detection of 8-oxoG in mGECs cultured as described in A. (C) Double-immunofluorescence 
detection of 8-oxoG (green) and mitochondrial transcription factor A (red) in mGECs cocultured in Dox-PSN (arrows indicates colocalization). 
(D) OCR in mGECs cultured 24 hours with 100% Control-PSN or 50% or 100% Dox-PSN in the absence or presence of BQ-123 or mitoTEMPO. 
(E) Percentage increase of MitoSOX fluorescent mGECs transfected with control SCR siRNA or EDNRA siRNA and treated with EDN1  
(200 nM), Dox-PSN, or Dox-PSN from EDN1 siRNA-transfected podocytes. (F) 8-oxoG immunofluorescence in mGECs transfected with control 
SCR siRNA or EDNRA siRNA and cultured 24 hours with either Control-PSN or Dox-PSN, as indicated. (G) NOS activity detected by DAF-FM 
fluorescence in mGECs in RPMI control media without or with L-NAME (100 μM) or in mGECs cultured for 24 hours with 100% Control-PSN 
or 50% to 100% Dox-PSN in absence or presence of BQ-123 or mitoTEMPO. (A, D, E, and G) Each bar represents n = 3; mean ± SEM.  
*P < 0.05 versus SN controls, #P < 0.05 versus RPMI controls, ##P < 0.05 versus Dox. Cocultures performed in 10% FCS. Original magnification, 
×100 (B, C, and F).
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rosis with characteristic loss of podocytes and massive proteinuria 
can be mitigated by prevention of mitochondrial damage spe-
cifically in glomerular endothelial cells by inhibition of EDN1 
signaling via EDNRA and/or by mitochondrial-targeted ROS 
scavenging. The novel podocyte-endothelium-podocyte crosstalk 
occurring in the early/reversible stage may underlie certain forms 
of kidney disease and open new therapeutic avenues to protect 
these patients from further renal damage.

Methods

Mice and cell lines
PodTgfbr1 mice were generated as described in the Supplemental Methods 
(see also Supplemental Figure 1). Dox chow contained 2,000 ppm Dox in 
regular AIN-76A food pellets (Research Diets Inc.).

Male BALB/c mice were injected with AD (10 mg/kg; Sigma-Aldrich), as 
previously reported (37), or saline (controls) in the tail vein at day 0. Mice were 
given 2 daily 2 ml intraperitoneal injections of an isotonic solution (69.4 mM 
glucose, 77 mM NaCl) to prevent weight loss. Weight was monitored daily.

MitoTEMPO (Enzo Life Sciences International), BQ-123 (Sigma- 
Aldrich), or saline were delivered by subcutaneous Alzet miniosmotic 
pumps (model 2002). LY364947 (1 mg/kg) was administered daily by 
intraperitoneal injection.

The generation of conditionally immortalized Nphs2-rtTA.Tgfbr1AAD 
podocytes is described in the Supplemental Methods. WT, Smad2 KO, 
Smad2/3 DKO podocytes and POD cells and conditionally immortalized 
mGECs were maintained in RPMI-1640 containing 10% FCS under either 
permissive conditions (33°C with IFN-γ, 10 units per ml) or nonpermissive 
conditions (37°C without IFN-γ).

Transwell cocultures were performed in collagen-I–coated 6-well plates 
and 0.4 μm × 24 mm inserts (Costar).

Isolation of glomeruli
The procedure for isolation of glomeruli was based on a previously pub-
lished method (36).

impairment and cardiovascular dysfunction in hypertensive disease 
(53), and vascular oxidative stress in deoxycorticosterone acetate–salt 
(DOCA-salt) rats is associated with activation of the EDN1/EDNRA 
system (54). Also mitoTEMPO, a novel mitochondrial-targeted anti-
oxidant (41), but not nontargeted TEMPOL, prevented mitochon-
drial superoxide in endothelial cells and lowered BP in mice made 
hypertensive with angiotensin II or DOCA-salt (55). Our results indi-
cate that mechanisms of renal injury initiated by podocyte-derived 
EDN1 appear to be independent of systemic BP elevation

Currently, renin angiotensin system (RAS) antagonists provide 
the only class of compounds available to reduce proteinuria and 
slow loss of renal function (56). However, despite the widespread 
clinical use of RAS blockade, the prevalence of advanced stages of 
CKD continues to increase (1); hence, new therapies averting pro-
gression of CKD constitute an extraordinary unmet need in clini-
cal practice. Trials of EDN1 receptor blockade have demonstrated 
efficacy in proteinuric glomerular diseases when added to standard 
RAS blockade, yet clinical development ceased, because these agents 
caused fluid retention (57, 58). However, specific EDN1 antagonists 
are currently in trials in patients with kidney disease. In light of our 
findings, selective targeting of the mitochondrial dysfunction- 
inducing activity of EDN1/EDNRA in glomerular endothelial 
cells may provide a promising therapeutic approach for podocyte- 
initiated glomerular diseases. Traditional antioxidants, including 
TEMPOL, have limited mitochondrial accumulation (59). In con-
trast, agents, such as mitoTEMPO, are concentrated in the mito-
chondrial matrix by 1,000-fold because of their positive charge (41). 
We propose that new ultrapotent mitochondrial-targeted antioxi-
dants, such as mitoTEMPO and others, warrant consideration as a 
novel approach to prevent progression of glomerulosclerosis.

In summary, our findings have profound implications for the 
current podocyte depletion paradigm and for novel treatment 
opportunities in common glomerular diseases manifesting with 
segmental glomerulosclerosis. To our knowledge, this is the first 
report demonstrating that progressive segmental glomeruloscle-

Figure 8
EDN1-mediated endothelial cell mitochondrial oxidative stress and dysfunction are required for podocyte apoptosis induced by TGF-β/SMAD 
signaling in cell death. (A) Percentage of MitoSOX bright fluorescent mGECs after 48 hours transwell coculture with POD cells with or without 
Dox or Dox in the presence of BQ-123 (1 ng/ml) or mitoTEMPO (5 μg/ml). (B) Percentage apoptotic POD cells after coculture with mGECs in 
transwell inserts without or with Dox or Dox in the presence of BQ-123 (1 ng/ml) or mitoTEMPO (5 μg/ml) for 48 hours. (C) POD cells treated with 
Dox were treated directly with EDN1 or cultured with control mGEC SN (Ctl ESN), SN from EDN1-treated mGECs transfected with scrambled 
siRNA (EDN1 SCR siRNA ESN), or SN from EDN1-treated mGECs transfected with EDNRA siRNA (EDN1 EDNRA siRNA ESN), as indicated. 
Cocultures performed in 10% FCS. For all histograms, each bar represents n = 3 independent experiments ± SEM. *P < 0.05 versus SN controls, 
#P < 0.05 versus RPMI controls, ##P < 0.05 versus Dox.
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SuperScript II Reverse Transcriptase (Invitrogen). cDNA amplification was 
performed in an ABI Prism 7900HYT Sequence Detection System and eval-
uated using S.D.S 2.0 software (Applied Biosystems). Normalization was 
performed using the murine β-actin gene. Primer sequences are listed in 
Supplemental Table 3.

Long PCR and lesion frequency. Total DNA was isolated using Qiagen 
DNeasy Mini Columns (Qiagen). DNA lesion frequencies were calculated 
as described previously (63).

Microscopy
PAS. PAS staining was performed on PFA-perfused, paraffin-embedded 
kidney sections using standard protocols.

Immunohistochemistry. Paraffin-embedded kidney sections were 
immunostained with anti-Nitrotyrosine, clone 2A8.2 (Millipore) or pre-
proendothelin-1 (Abcam) and biotinylated anti-mouse immunoglobulins 
(Vectastain Kit; Vector Labs). 3,3′-Diaminobenzidine was used for visual-
ization and hematoxylin was used as counterstain.

Immunofluorescence. 8-oxoG staining on PFA-perfused frozen sections or 
cells on coverslips was done as previously described (64) using anti–8-oxoG 
monoclonal antibody (N45.1; Japan Institute for the Control of Aging). 
Sections were also stained with goat anti-synaptopodin, rabbit anti-WT1, 
rabbit anti-ETA, and goat anti-mtTFA antibodies (Santa Cruz) or rat 
monoclonal anti-CD31 (MEC 7.46; Abcam).

Tunnel assay. Apoptotic nuclei in tissue sections were detected using 
DAPI (1 μg/ml) and WT1 or DAPI and isolectin with Apoptosis Detection 
Kit Apoptag Red (Millipore-Chemicon). Some sections were stained with 
Alexa Fluor 488 Isolectin GS-IB4 (Life Technologies).

Electron microscopy. The cortices from perfused kidneys were sliced into 
1-mm3 cubes and fixed in 2% glutaraldehyde solution, followed by stan-
dard protocols.

Quantitative digital image analysis. Images were taken as TIFF files with 
a Zeiss Axioplan2 equipped with a Q-imaging MP3.3 RTV color camera 
running QED capture software. Quantification was performed by Meta-
Morph 6.3r3 software (Molecular Devices).

Serum creatinine
Serum creatinine was measured by acetonitrile deproteinization, followed 
by isocratic cation exchange HPLC, as previously described (60).

Albuminuria
Urinary albumin and creatinine were measured using mouse albumin- 
specific ELISA and Creatinine Companion Kits (Exocell Laboratories).

Sclerosis index
The sclerosis index scoring to evaluate glomerulosclerosis was per-
formed as previously described (61).

OCR and extracellular acidification rate measurement
Glomerular and tubular fractions from PodTgfbr1 mice were plated in col-
lagen-I–coated XF24-well microplates (Seahorse Bioscience). OCR and 
extracellular acidification rate were analyzed with the Seahorse Bioscience 
XF24 Extracellular Flux Analyzer in basal conditions and after injections 
of 1 μM FCCP [carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone].

Flow cytometry
Fluorescence assay for mitochondrial ROS. Fluorescence assay for mitochon-
drial ROS was measured in cells by MitoSOX (Invitrogen), per the manu-
facture’s instructions.

Cell surface expression. Cell surface expression was determined, as previ-
ously described (62), with anti-EDNRA antibody (Santa Cruz) and with 
FITC-conjugated anti-rabbit antibody (Molecular Probes).

Viability and apoptosis. Viability and apoptosis 2-color flow cytometry 
was performed as described previously (62) using Annexin V-PE with 
7AAD (BD Pharmingen). 10,000 cells were assayed by a BD FACSCanto 
(BD Biosciences).

Quantitative PCR
RT-PCR. Total RNA was prepared from glomeruli and cell lysates using 
Qiagen RNeasy Mini Columns (Qiagen) and then reverse transcribed with 

Figure 9
Working model of podocyte–glomerular endothelial cell crosstalk. (i) Podocyte selective injury by TGFβR1 activation (or loss of miRNA [Dicer KO] 
or treatment with AD) results in SMAD2/3-mediated preproendothelin-1 synthesis and release of EDN1 as well as increased EDNRA on cell surface 
of glomerular endothelial cells. (ii) Podocyte-derived EDN1 acts on endothelial cells with increased EDNRA expression to induce mitochondrial 
ROS, mtDNA damage, mitochondrial dysfunction, and endothelial dysfunction with decreased NO synthesis. (iii) Factors that are either applied or 
deficient in dysfunctional endothelial cells are required for foot process effacement, apoptosis, and/or detachment of podocytes.
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EDNRA or EDN1 siRNA (10–20 nM; Silencer Select Invitrogen) or scram-
bled sequence siRNA, using Lipofectamine 2000 (Invitrogen).

Statistics
Results are expressed as mean ± SD or mean ± SEM, and some data were 
analyzed by 1-way ANOVA, followed by post-hoc t test, using Dunnett’s 
method (multiple comparisons versus control). Data were considered 
statistically significant when P < 0.05.

Study approval
All animal protocols and procedures were approved by IACUC at the 
Mount Sinai School of Medicine. Human samples were collected under an 
IRB-approved protocol (no. AAAE0986) from archived kidney biopsies at 
Columbia Presbyterian Medical Center.
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Superresolution structured illumination microscopy. Superresolution 
structured illumination microscopy was performed on an ELYRA PS.1 
microscope from Zeiss.

Human renal biopsies
Paraffin-embedded human renal biopsy samples of 6 controls and  
10 patients with focal segmental glomerulosclerosis were obtained from 
Vivette D’Agati. The study of human renal tissues was performed accord-
ing to the Columbia University IRB protocol no. AAAE0986, entitled 
“Research with archival renal tissues. For patient information at the time 
of biopsy, see Supplemental Table 2.

HPLC
Urine 8-oxodG was measured with electrochemical detection (65, 66) using 
a Waters amperometric detector with a glassy carbon working electrode 
and Ag/AgCl reference electrode. The oxidation potential was 0.4 V. Levels 
of 8-oxodG were expressed relative to urine creatinine.

EDN1 assay
The EDN1 Enzyme Immunosorbent Assay Kit (Cayman Chemical) 
was used to detect EDN1 in cell culture–conditioned media and EDN1 
was measured with a VICTOR3 V Multilabel Counter (450 nm; Perkin 
Elmer). Conditioned media samples were concentrated using SPE Bond 
Elute columns (Agilent).

NOS
NOS activity by live cells was determined by diaminofluorescein-2 diace-
tate using the NOS Detection Kit (Cell Technologies).

Gene silencing
RNA interference experiments in cells were performed after transfection of 
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