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The molecular signaling mechanisms between glomer-
ular cell types during initiation/progression of diabetic
kidney disease (DKD) remain poorly understood. We
compared the early transcriptome profile between DKD-
resistant C57BL/6J and DKD-susceptible DBA/2J (D2)
glomeruli and demonstrated a significant downregulation
of essential mitochondrial genes in glomeruli from diabetic
D2 mice, but not in C57BL/6J, with comparable hypergly-
cemia. Diabetic D2 mice manifested increased mitochon-
drial DNA lesions (8-oxoguanine) exclusively localized to
glomerular endothelial cells after 3 weeks of diabetes,
and these accumulated over time in addition to increased
urine secretion of 8-oxo-deoxyguanosine. Detailed as-
sessment of glomerular capillaries from diabetic D2 mice
demonstrated early signs of endothelial injury and loss of
fenestrae. Glomerular endothelial mitochondrial dys-
function was associated with increased glomerular
endothelin-1 receptor type A (Ednra) expression and
increased circulating endothelin-1 (Edn1). Selective Ednra
blockade or mitochondrial-targeted reactive oxygen spe-
cies scavenging prevented mitochondrial oxidative stress
of endothelial cells and ameliorated diabetes-induced endo-
thelial injury, podocyte loss, albuminuria, and glomeruloscle-
rosis. In human DKD, increased urine 8-oxo-deoxyguanosine
was associated with rapid DKD progression, and biopsies
from patients with DKD showed increased mitochondrial
DNA damage associated with glomerular endothelial
EDNRA expression. Our studies show that DKD suscep-
tibility was linked to mitochondrial dysfunction, medi-
ated largely by Edni-Ednra in glomerular endothelial cells

representing an early event in DKD progression, and sug-
gest that cross talk between glomerular endothelial injury
and podocytes leads to defects and depletion, albumin-
uria, and glomerulosclerosis.

Diabetic kidney disease (DKD) is the leading cause of end-
stage kidney failure in the U.S. and is increasing in prevalence
at an alarming rate worldwide (1). The pathogenesis of DKD
is complex, as it implicates genetics and the environment.
Although some patients with type 1 diabetes (T1D) develop
DKD after 20 years of disease, the majority do not, despite
similar levels of hyperglycemia, suggesting important ge-
netic predisposition (2). Differential susceptibilities to DKD
have also been observed in well-defined strains of inbred
mice (3,4). However, the underlying molecular and genetic
components that contribute to differential susceptibilities
to DKD are still poorly understood in both patients with
diabetes and diabetic rodent models.

Diabetes induces lesions in glomeruli characterized by
mesangial expansion and podocyte loss, among others. Loss
of podocytes is a strong predictor of glomerular progression
of DKD in patients with diabetes (5) and murine models of
diabetes (6). Interestingly, in models of glomerulosclerosis
and in human DKD, endothelial dysfunction has been re-
cently recognized to play a critical role in the development
and progression of glomerular disease (7,8). Glomerular
endothelial cells are highly specialized cells with fenestrae
and a luminal glycocalyx layer (9,10), which contribute to
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the filtration barrier (11). Although the mechanisms and
manifestations of glomerular endothelial cell injury in di-
abetes remain poorly understood, we recently showed that
in models of primary podocyte-restricted injury, glomerular
endothelial cells manifest mitochondrial oxidative stress
(mtStress) associated with endothelial dysfunction, which
preceded and was essential for subsequent podocyte apo-
ptosis and loss (12). These results suggest a previously un-
recognized role for bidirectional podocyte—endothelial cell
cross talk in the evolution of nondiabetic glomeruloscle-
rosis (12). In nephrotic syndrome, mitochondrial respi-
ratory chain abnormalities in kidneys have been previously
described (13), and in diabetic microvascular complications,
including DKD, reactive oxygen species (ROS) (14) and mi-
tochondrial dysfunction could play critical roles in the
pathogenesis (15,16) by way of increasing mitochondrial
superoxide production consequent to hyperglycemia and
damaging mitochondrial DNA (mtDNA), proteins, and ac-
tivation of apoptotic pathways (17). Podocyte detachment
and diminished endothelial cell fenestration promote de-
velopment and progression of kidney disease in patients
with type 2 diabetes (T2D) (18). Endothelial nitric oxide
synthetase deficiency accelerates and exacerbates glomeru-
lar lesions (19) and podocyte injury (20) in experimental
DKD. In addition, podocyte injury was more severe in di-
abetic mice with loss of function of the endothelial survival
factor Kriippel-like factor 2 (21). These observations sug-
gest that cross talk between injured endothelial cells and
podocytes contributes to susceptibility of diabetic glomer-
ular lesions and progression.

In this study, we examined DKD in a susceptible and
resistant mouse strain and demonstrate that diabetes in-
duces mtStress largely mediated by endothelin-1 (Ednl)/
endothelin-1 receptor type A (Ednra) signaling in endothelial
cells and causes endothelial injury, which was required for
podocyte depletion in DKD-susceptible mice but not in
resistant mice, despite similar levels of hyperglycemia.
Furthermore, we observed increased mtDNA oxidative
damage associated with glomerular endothelial EDNRA ex-
pression in biopsies from patients with DKD, and increased
urine 8-oxo-deoxyguanosine (8-oxodG) was associated with
rapid progression of DKD.

RESEARCH DESIGN AND METHODS

Animal Studies

Eight-week-old inbred DBA/2J (D2) and C57BL/6J (B6)
mice (The Jackson Laboratory) received low-dose strepto-
zotocin (STZ; 50 mg/kg in 0.1 mol/L sodium citrate buffer
[pH 4.5]) injections intraperitoneally for 5 consecutive
days. Eight-week-old male C57BL/6-Ins2Akita/J (Akita-B6)
and D2.B6-Ins2Akita/J (Akita-D2; The Jackson Laboratory)
were crossed with female wild-type mice, and F1 generation
offspring were studied. The onset and extent of diabetes
was evaluated by 4-6-h fasting blood glucose (FBG) using
blood glucose strips (Ascensia Contour; Bayer). Hypergly-
cemia was considered when FBG >200 mg/dL. A total of
1 mg/kg/d MitoTEMPO (Enzo Life Sciences International),
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0.1 ng/kg/d BQ-123 (Sigma-Aldrich), or saline was deliv-
ered by subcutaneous miniosmotic pumps (model 2002;
ALZET, Palo Alto, CA). All animal protocols were approved
by the Institutional Animal Care and Use Committee at the
Icahn School of Medicine at Mount Sinai.

Albuminuria Measurement

Metabolic cages were used to collect 24-h urine from mice.
Urinary albumin-to-creatinine ratio (ACR) was measured
using mouse albumin-specific ELISA and creatinine com-
panion kits (Exocell Inc., Philadelphia, PA).

Cell Culture

Conditionally immortalized murine glomerular endothelial
cells (mGECs) were maintained in RPMI 1640 containing
10% FCS under either permissive (33°C with interferon-vy,
10 units/mL) or nonpermissive conditions (37°C without
interferon-y). mGECs were grown with normal glucose
(5 mmol) plus D-mannitol (25 mmol) or with high glucose
(hGluc; 30 mmol D-glucose).

Microscopy

Periodic acid-Schiff (PAS) and picrosirius red were per-
formed on paraffin-embedded kidney sections using stan-
dard protocols and analyzed under brightfield or polarizing
light microscopy for picrosirius red-stained sections.

Gomori methenamine silver staining was performed on
paraffin sections using an Accustain silverstain kit (Sigma-
Aldrich). Glomerular regions were manually traced, and
the area of silver staining positive area (SPA) was defined
by a same threshold across all images using MetaMorph
software (Molecular Devices).

Immunofluorescence was performed with frozen 4-pm
sections of kidneys incubated with anti-8-oxoguanine
(8-0x0G) monodonal antibody (N45.1; Japan Institute for
the Control of Aging) as previously described (22) along
with goat antisynaptopodin, rabbit anti-Wilms tumor-1
(WT-1), rabbit anti-Ednra, goat anti-TFAM (Santa Cruz
Biotechnology), or rat monoclonal anti-CD31 (MEC 7.46;
Abcam). The antigen-antibody complexes were visualized
with Alexa Fluor secondary antibodies. MitoTracker Red
CMXRos (Thermo Fisher Scientific) to visualize mito-
chondrial networks in cells (23). Images were taken with
an Axioplan2 (Carl Zeiss) equipped with a MicroPublisher
3.3 RTV color camera (Qimaging) running QED capture
software (MediaCybernetics).

Superresolution was performed on an LSM 880 with
Airyscan microscope using Zeiss Zen Black software (Carl
Zeiss).

Scanning electron microscopy was performed using
1-mm® kidney cortex cubes fixed in Karnovsky fixative and
mounted in 5% agar noble. Samples were fixed in 1% of
osmium tetroxid in 0.1 mol sodium cacodylate, treated with
1% thiocarbohydrazide, then dehydrated, and dried. Sec-
tions were mounted on aluminum pins with carbon tabs
and coated with palladium. Endothelial morphology index
(EMI) was scored in a blinded fashion from open vessels in
glomeruli captured at X10,000 magnification using a 0-3
graded scale: 0, normal endothelial pattern with fenestrations
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and no visible irregularities; 1, vessels with partly disrup-
ted pattern of endothelial fenestrations in 10-30% of
area; 2, vessels containing few visible fenestrations, 30-
70% of area; and 3, no endothelial fenestrations present
and irregular protrusions.

Oxygen Consumption

mGECs or glomeruli from mice with 1, 7, and 21 days of
diabetes were isolated as described in Shi et al. (24). The
glomerular fractions were plated in collagen I-coated XF
24-well microplates (Seahorse Bioscience, North Billerica,
MA) in DMEM-F12 medium and incubated at 37°C with
5% CO, overnight. Oxygen consumption rate (OCR) and
extracellular acidification rate were analyzed with the XF
24 Extracellular Flux Analyzer (Seahorse Bioscience) in
basal conditions and after injections of 1 pwmol carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP).
Reserve OCR was calculated as the ratio between maximal
OCR (FCCP) and average of three baseline OCR measure-
ments (25) to give a reliable and unbiased comparison
among highly variable samples.

Quantitative PCR

RT-PCR

Total RNA was prepared from glomeruli and cell lysates
using RNeasy mini columns (Qiagen) and then reverse
transcribed with SuperScript-II reverse transcriptase (Invi-
trogen). cDNA amplification was performed in an ABI Prism
7900HYT Sequence Detection System (Thermo Fisher
Scientific) and evaluated using SDS 2.0 software (Applied
Biosystems). Normalization was to the 3-actin gene.

Lesion Frequency: Long Quantitative PCR

Total DNA was extracted using DNeasy mini columns
(Qiagen). DNA lesion frequencies were calculated as described
previously (26).

Urine 8-oxodG

High-Performance Liquid Chromatography

In mice, urine 8-oxodG was measured by electrochemical
detection (27) using a Waters amperometric detector with a
glassy-carbon working electrode and Ag/AgCl reference elec-
trode (Waters Corp.). The oxidation potential was 0.4 V. Levels
of 8-0xodG were expressed relative to urine creatinine.

ELISA

Human urine 8-0xodG was measured using HT 8-oxodG
ELISA Kit (Trevigen) as per the manufacturer’s protocol,
and levels were expressed relative to urine creatinine.

Endothelin-1 Assay

Endothelin-1 was determined by enzyme immunosorbent
assay Kit (Cayman Chemical) with a VICTOR3 V Multi-
label Counter (PerkinElmer), 450 nm in serum and the
culture media.

Flow Cytometry
Mitochondrial ROS was measured in cells by MitoSOX
(Invitrogen) as per the manufacturer’s instructions.
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Cell surface expression was performed as previously
described (12) using anti-EDNRA antibody (Santa Cruz
Biotechnology) with FITC-conjugated anti-rabbit antibody
(Molecular Probes).

Human Renal Biopsies

Deidentified archival frozen human renal biopsy samples
of 6 control subjects with no pathological alterations and
14 with mild to advanced DKD were obtained from
Dr. Vivette D’Agati (Columbia University), with approval
of the local ethics committee. Patient information is pro-
vided in Supplementary Table 3.

Statistics

Differences among data groups were evaluated for signifi-
cance using an independent t test, one-way ANOVA with
Tukey posttest to compare control and treatment groups, or
two-way ANOVA to examine gene expression of different
strains, diabetes, and their interaction over time (Prism 7;
GraphPad Software). Data were considered statistically sig-
nificant when P < 0.05. Correlation analysis was measured
by Pearson product-moment correlation coefficient.

RESULTS

Mesangial Expansion and Podocyte Depletion in T1D
Are Controlled by Genetic Susceptibility

We subjected DKD-resistant B6 mice and DKD-susceptible
D2 inbred mice to STZ treatment to induce T1D using
protocols established by the Animal Models of Diabetic
Complications Consortium (http://www.diacomp.org) (4,28).
We also used Akita-B6 and Akita-D2, a genetic model of
experimental T1D (4,28). Body weight and 4-6-h FBG
were monitored weekly. In both STZ and Akita models,
diabetic B6 and D2 mice exhibited significantly lower
body weight compared with nondiabetic control mice
(Supplementary Fig. 1A and B). Hyperglycemia was compa-
rable between diabetic B6 and D2 mice in both models
(Supplementary Fig. 1C and D). Consistent with previous
reports (4), urinary albumin excretion rate (Fig. 1A and B)
increased progressively during 12 weeks of persistent
hyperglycemia in D2 STZ or Akita D2 mice, but not in
B6 STZ or Akita mice. Diabetic D2 mice had increased
mesangial matrix deposition (Fig. 1D), and picrosirius
red staining demonstrated an increase in collagen depo-
sition in 12-week diabetic D2 mice (Fig. 1F) with bire-
fringence, in contrast to 12-week diabetic B6 mice, which
show no matrix collagen deposits (Fig. 1C and E). A 52%
increase in mesangial extracellular matrix components as
determined by SPA score was observed in glomeruli of
D2 mice with 12 weeks of diabetes, compared with diabetic
B6 and nondiabetic controls (Fig. 1G). Podocytes number
was assessed by counting double-positive nuclei for podo-
cyte-specific nuclear marker WT-1 and DAPI in glomerular
cross section as previously described (6,12). Compared with
nondiabetic age-matched controls, podocyte number de-
creased significantly after 3 weeks of hyperglycemia in
STZ-treated or Akita diabetic D2, but not in diabetic B6
mice (Fig. 1H and I). By 12 weeks of diabetes, podocytes
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Figure 1—Diabetes-induced podocyte loss with progressive glomerular disease in D2 mice, not B6. ACR of control and STZ-treated B6 or D2
mice (A) and B6 Akita or D2 Akita mice (B) after 3, 6, and 12 weeks of diabetes (n = 6, = SEM). Histopathology stain (PAS) of STZ-B6 (C) and
STZ-D2 mice (D) after 12 weeks of diabetes (x40 magnification). Note the presence of sclerotic lesions (fibrosis and capillary loop destruction)
in D. Picrosirius red staining for matrix deposits in 12-week diabetic B6 (E) and diabetic D2 (F) by brightfield (top) and polariscope (bottom).
Arrows indicate large collagen fibers that showed yellow and orange birefringence under polarizing microscopy. G: Percentage glomerular
methenamine SPA per glomerular section in control and 6 and 12 weeks of STZ-induced diabetes in B6 and D2 mice (SD). Podocyte number
(WT-1-positive cells) per glomerular section in control and STZ-treated B6 or D2 mice (H) and B6 Akita or D2 Akita mice (/) after 3, 6, and
12 weeks of diabetes (mean = SEM; >50 glomerular profiles/mouse, >5 mice per time point). **P < 0.01; **P < 0.01.
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per glomerular section were significantly decreased by
26.8% in STZ-treated and 26.7% in Akita D2 mice (Fig. 1H
and I); in contrast, podocyte numbers remained unchanged
in diabetic B6 mice. These results suggest that characteristic
glomerular lesion development, including podocyte deple-
tion in T1D, is primarily controlled by genetic susceptibility
in mice exposed to comparable hyperglycemic levels.

Mitochondrial Dysfunction and Oxidized mtDNA in
Glomerular Endothelial Cells Are Associated With
Diabetes-Induced Podocyte Depletion in
DKD-Susceptible DBA/2J Mice
We analyzed genome-wide gene expression profiles of
glomeruli isolated from nondiabetic control or STZ-treated
B6 and D2 mice with 3 and 6 weeks of hyperglycemia using
the 430 2.0 mouse genome Gene Chip platform (Affymetrix).
Comparing nondiabetic D2 and B6 mice, a total of 2,997
genes was expressed significantly different at baseline,
representing inbred strain differences of glomerular gene
expression profiling among them. The abundance of 16 and
9 transcripts was significantly different after 3 and 6 weeks
of hyperglycemia, respectively, in glomeruli of B6 mice
compared with nondiabetic B6 mice. In contrast, in D2
mice, a total of 273 (including 225 upregulated and 48
downregulated) and 1,140 transcripts (including 357 upre-
gulated and 783 downregulated genes) were differentially
expressed in glomeruli of diabetic D2 mice, compared with
nondiabetic D2 mice, at 3 and 6 weeks of diabetes, respec-
tively. Among differentially expressed transcripts in diabetic
D2 mice, genes with well-established functional roles in
oxidative phosphorylation and “mitochondrial dysfunction”
were most significantly enriched by consistent downregula-
tion (Supplementary Table 1). Supplementary Table 2 shows
the main mitochondrial genes and pathways affected. Ex-
pression level of antioxidants were downregulated in dia-
betic D2 mice, including superoxide dismutase (SOD) 2,
catalase, and peroxiredoxin 3, suggesting an imbalance of
oxidant and antioxidant systems in glomeruli of these
mice, contributing to increased oxidative stress (29).

Mitochondrial dysfunction and oxidative stress have
been linked to DKD (15-17); we show a significant down-
regulation of selected respiratory chain complex genes and
the mitochondrial SOD2 gene at 3 and 6 weeks of hyper-
glycemia in glomeruli of D2 mice in Supplementary Fig. 2.
Interestingly, SOD1 and SOD3 were differentially regulated
among strains only at baseline. This difference could be
linked to strain susceptibility, contrary to previous reports
(30); our study shows that only mitochondrial SOD2 ex-
pression levels were significantly decreased in D2 diabetic
mice. Except for SOD2, our data show that some transcripts
were also significantly decreased after 6 weeks of diabetes in
B6 mice, resulting in loss of interaction response (data not
shown), suggesting a possible earlier response by D2 mice
with sustained ROS generation and possible accumulation
of ROS damage and mitochondrial dysfunction.

To explore whether diabetes caused impaired mito-
chondrial function, we assessed glomerular mitochondrial
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OCR. Mitochondrial respiratory reserve capacity (maximal
OCR over baseline OCR) was significantly reduced in STZ-
treated D2 mice 7 and 21 days after onset of hyperglycemia
compared with control mice (day 0) or to 1 day of hyper-
glycemia (Fig. 24). In contrast, reserve respiratory capacity
was not significantly different from nondiabetic controls
after 1, 7, and 21 days of diabetes in B6 mice (Fig. 2A).

Accumulation of oxidative mtDNA lesions is associated
with oxidative stress and mitochondrial dysfunction (31).
Immunofluorescence labeling of 8-0xoG, a marker for
common DNA modification resulting from ROS (32), in-
creased strikingly in glomeruli of D2 mice, but not B6
mice, during 3, 6, and 12 weeks of STZ-induced diabetes
(Fig. 2B). Increased glomerular 8-0xoG labeling was asso-
ciated with increased urinary 8-oxodG detected only in dia-
betic D2 mice (Fig. 2C). Quantitative analysis of oxidative
DNA lesions by quantitative PCR demonstrated a significant
accumulation of mtDNA, not nudlear, lesions in glomeruli of
3-week diabetic D2 mice, whereas no lesions were detectable
in mtDNA or nuclear DNA of diabetic B6 mice (Fig. 2D).

Seeing as mtStress and dysfunction were characteristic
of DKD in mice with a susceptible genetic background,
we next determined which glomerular cell types sustain
mitochondrial dysfunction and oxidative mtDNA damage.
We stained kidney sections for the oxidative DNA marker
8-0x0G together with cell type—specific markers. 8-oxoG-
positive staining in diabetic D2 mice was colocalized with
the endothelial cell marker CD31 (Fig. 2E, top), but not
with the podocyte marker synaptopodin (Fig. 2E, bottom),
indicating that diabetes-induced mitochondrial oxidative
damage occurs in glomerular endothelial cells of DKD-
susceptible D2 mice.

mtStress Is Associated With Injury of Glomerular
Endothelial Cells in Patients With Progressive DKD

We examined 8-0x0G labeling in archival kidney biopsies
of patients with diabetes with and without kidney disease.
Accumulation of 8-0x0G was detectable in CD31-positive
glomerular endothelial cells, but not in synaptopodin-
positive podocytes of case subjects with moderate-to-
severe or advanced histopathology of DKD (Fig. 3A and
Supplementary Table 3). In contrast, 8-0xoG was not de-
tectable in glomeruli of kidney biopsies from patients with
diabetes without clinical or histopathological evidence for
DKD (not shown).

In a different cohort, urinary 8-oxodG to creatinine ratio
was measured in patients with diabetes with: 1) normal
kidney function (control); 2) nonprogressive DKD (A estimated
glomerular filtration rate [eGFR] <1 mL/min/1.73 mz/year)
with mild proteinuria; 3) moderate progressive (AeGFR
1-4 mL/min/1.73 mz/year); or 4) progressive DKD
(AeGFR higher than —4 mL/min/1.73 m®/year) with moder-
ate proteinuria. Detailed dlinical and laboratory data for each
group are summarized in Table 1. Urinary 8-0xoG/creatinine
was comparable between control and case subjects with non-
progressive DKD. In contrast, urine 8-0xodG levels were
significantly increased in rapid progressive DKD and showed
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Figure 2—Decreased mitochondrial function and increased mtDNA damage in glomeruli of diabetic D2 mice. A: Mitochondrial respiratory reserve
capacity was measured by OCR (OCR uncoupled respiration [FCCP] over basal respiration) of isolated glomeruli from B6 and D2 controls, STZ-B6,
and STZ-D2 mice with diabetes for the days indicated (values are mean percentage reduction in OCR = SEM; n > 6 mice/time point).
B: Immunofluorescent detection of oxidative DNA marker 8-oxoG in glomeruli from B6 (top) and D2 mice (bottom) with 3, 6, 12, and 24 weeks of
STZ-induced diabetes and untreated control mice 0 weeks. Arrow indicates 8-oxoG—positive staining in tubular cells. C: Urine 8-oxodG (nmol) relative
to urine creatinine (Creat) in B6 and D2 control mice and 3-week diabetic STZ-B6 or STZ-D2 mice. D: Quantification of lesion frequencies in mtDNA
and nuclear DNA (nucDNA) by quantitative PCR in isolated glomeruli of B6 and D2 mice after 1 and 21 days of hyperglycemia (n = 6; =SEM)) relative
amplification normalized to nondamaged (0 days controls). E: Representative images of double immunofluorescence staining detecting endothelial cell
marker CD31 (red, top left), 8-oxoG (green, top middle), and merge (top right) or podocyte marker synaptopodin (SYNPO; red, bottom left), 8-oxoG
(green, bottom middle), and merge (bottom right) in glomeruli of 3-week diabetic STZ-D2 mouse. *P < 0.05, P < 0.01 versus untreated control mice.




diabetes.diabetesjournals.org

A

DKD

DKD

Qi and Associates 769

* %

0.20 1
0.18 1
0.16 1
0.14 A
0.12 A
0.10 A
0.08 1
0.06 1

=

0.04 A
0.02 1

8-0xodG / creatinine

—t—

MM

0.00
Controls

Non-
Progressive

Diabetic+CKD | Diabetic+CKD | Diabetic+CKD

Intermediate
Progressive

Progressive

Figure 3—Diabetes induced mtStress specifically in glomerular endothelial cells. A: Double immunofluorescence staining detecting CD31
(red, top left), 8-oxoG (green, top middle), synaptopodin (SYNPO; red, bottom left), 8-oxoG (green, bottom middle), and merge (top and

bottom right) in kidney biopsy from a subject diagnosed with DKD

(patient groups in Supplementary Table 2). B: Urine 8-oxodG (nmol)
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progressive DKD (Table 1). One-way ANOVA with Tukey posttest was used to compare control patients to patients with progressive,
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a trend to increased levels in moderate/intermediate
progressive DKD (Fig. 3B). From this small cohort, we
cannot attribute all secreted 8-0xodG to glomeruli, as these
may come from other regions of the kidney, with oxidative
DNA damage affected by diabetes or increased proteinuria.
Even so, these results indicate that increased urinary
excretion of oxidative DNA damage adducts may be char-
acteristic for DKD with progressive loss of kidney func-
tion and proteinuria.

Pharmacological Inhibition of mtStress Ameliorates
Endothelial Cell Injury, Podocyte Depletion, and
Glomerular Histopathology in DKD-Susceptible
Diabetic D2 Mice

To investigate whether diabetes-induced mitochondrial
dysfunction and mtStress of glomerular endothelial cells
are required for podocyte loss in DKD-susceptible D2

mice, we implanted osmotic mini-pumps subcutaneously
for continuous systemic administration of the mitochondrial-
targeted potent antioxidant mitoTEMPO (33) or control vehidle
(saline) in STZ-treated D2 and Akita-D2 mice. MitoTEMPO
(1 mg/kg/day) used at a dosage to specifically target mito-
chondria (34) had no effect on blood glucose levels in diabetic
animals (Supplementary Fig. 3A). Compared with control
vehicle-treated diabetic mice, mitoTEMPO administration
during 3 weeks of diabetes prevented 8-0xoG accumulation
in glomerular endothelial cells and significantly reduced
urinary 8-oxodG levels in STZ D2 mice (Fig. 4A and C) and
Akita-D2 mice (Fig. 4B and D). In both experimental models,
pharmacological reduction of mtStress was associated with
significant amelioration of podocyte depletion and albumin-
uria (Fig. 4E-H) and improved glomerular histopathology
(Supplementary Fig. 3B-G) compared with vehicle-treated
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Table 1—Human case characterization
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Patient characteristics Control subjects AeGFR <1 AeGFR 1-4 AeGFR >4
N (total 71) 22 14 23 12
Age (years), mean (SEM) 54.8 (3.9) 65.9 (3.7) 68.3 (2.2) 63.8 (4.5)
Women (%) 45 57 52 58
Men (%) 55 43 48 42
Urine protein:creatinine (mg/mg), mean (SEM) 0.073 (0.01) 0.309 (0.17) 1.327 (0.53) 2.801 (1.13)
eGFR (SEM) 116.4 (14.8) 51.7 (4.9) 46.3 (3.7) 39.3 (3.6)

mice. These findings show that endothelial mtStress may
underlie DKD susceptibility.

Next, we performed scanning electron microscopy to
image the glomerular capillary wall and assess glomerular
endothelial cell alterations by applying a semiquantita-
tive EMI. Glomerular capillary endothelia of nondiabetic
control mice showed extensive fenestration pattern (Fig.
5A). In contrast, after 3 weeks of diabetes, endothelia had
lost fenestration and manifested increased cellular bleb-
bing (Fig. 5B). MitoTEMPO treatment prevented the loss
of fenestrations and cellular blebbing in diabetes (Fig. 5C).
Average EMI in diabetic D2 mice was significantly in-
creased compared with nondiabetic controls (1.64 =
0.08 vs. 0.71 * 0.05), and mitoTEMPO treatment signif-
icantly improved EMI to 1.22 * 0.07 (Fig. 5D). These
data demonstrate that pharmacological inhibition of en-
dothelial mtStress in DKD-susceptible D2 mice improves
endothelial and podocyte parameters, including endo-
thelial fenestration/injury, podocyte depletion, albumin-
uria, and glomerular sclerosis.

Increased Circulating Endothelin-1 and Expression

of Ednra in Endothelial Cells Are Characteristic of
DKD-Susceptible Mice and Human DKD

We have previously demonstrated that ligand-receptor
pair Ednl (or ET-1) and Ednra (or ETAR or ETA) medi-
ated glomerular endothelial mtStress, which was essential
for subsequent development of podocyte apoptosis, de-
pletion, and glomerulosclerosis in a transgenic mouse
model of podocyte-selective transforming growth factor-§
signaling (12). Because Ednl antagonism could be benefi-
cial in treatment of human DKD (35,36), we examined
Ednra transmembrane receptor expression. Ednra was de-
tectable and colocalized with CD31 endothelial marker in
glomeruli of 3-week diabetic D2 mice, whereas Ednra was
not detectable in diabetic B6 mice or nondiabetic control
D2 and B6 mice (Fig. 6A) and was undetected in synap-
topodin-expressing podocytes (data not shown). Circulat-
ing Ednra-ligand/Ednl levels were comparable between
nondiabetic B6 and D2 control and diabetic B6 mice, but
significantly increased in diabetic D2 mice (Fig. 6B). Inter-
estingly, there are no overall differences in systolic blood
pressure between diabetic B6 and D2 mice (37). These results
suggest that upregulation of circulating Edn1 ligand and re-
ceptor Ednra is a characteristic feature of DKD-susceptible
D2 mice and not of DKD-resistant B6 mice. Consistent with

these observations, EDNRA and 8-0xoG were not detectable
in glomeruli of normal human kidney. However, EDNRA
was detectable in human kidney biopsies of patients with
DKD, and it colocalized with glomerular endothelial cells
containing mtDNA 8-0xo0G lesions (Fig. 6C).

Ednra Antagonist Treatment Prevents Endothelial
Mitochondrial Oxidative Damage and Ameliorates
Diabetes-Induced Glomerular Injury

We used the peptide antagonist BQ-123, which specifically
inhibits the binding of Edn1 ligand to Ednra receptor (38),
to examine whether endothelial Edn1/Ednra signaling could
mediate endothelial mtStress in DKD-susceptible D2 mice.
BQ-123 administration by osmotic mini-pumps had no
effect on FBG (Supplementary Fig. 4), significantly reduced
the increase of 8-0x0G staining in glomerular endothelial
cells (Fig. 7A), and significantly reduced the urinary excre-
tion of 8-oxodG adducts (Fig. 7B) at 3 weeks of diabetes
compared with vehicle-treated mice. BQ-123 significantly
reduced urinary albumin excretion (Fig. 7C) and podocyte
depletion (Fig. 7D). Glomerular matrix expansion (Fig. 7E)
was significantly improved by BQ-123 treatment compared
with vehicle-treated diabetic mice (Fig. 7F). Taken together,
these results suggest that inhibition of Ednra activation in
glomerular endothelial cells ameliorates mtStress and phe-
nocopies the effects of mitochondrial-targeted scavenger in
diabetic DKD-susceptible D2 mice.

hGluc-Induced Glomerular Endothelial Ednra
Expression Is Linked to Increased mtStress

We next examined the relationship between mitochon-
drial damage and Ednra in mGECs. First, compared with
normal glucose (5 mmol) plus 25 mmol p-mannitol as
osmotic control, we confirmed that hGluc (30 mmol)
treatment for 24 h increased mitochondrial ROS using
a MitoSOX probe (Invitrogen) (Fig. 84). In this study, we
show that hGluc-induced mitochondrial ROS was further
augmented by cotreatment with Ednl (Fig. 84), and this
was reduced by mitoTEMPO. mtROS induced by hGluc was
accompanied by increased mtDNA 8-0xoG lesions (Supple-
mentary Fig. 5) and mitochondrial fission/fragmentation
(Fig. 8B). A decrease in the transcription of mitochondrial-
encoded ND1 and nuclear-encoded mitochondrial NDUFV1
expression by hGluc was prevented by cotreatment with
mitoTEMPO (Fig. 8C). There was also a reduction of
baseline, ATP-linked, and reserve OCR in mGECs treated
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with hGluc for 24 h and no differences after N*-nitro-I-
arginine methyl ester (.-NAME) treatment of mGECs,
although 1L-NAME as well as hGluc treatment decreased
endothelial nitric oxide synthetase activity (Supple-
mentary Fig. 6A and B).

hGluc increased mGEC Ednra cell surface expression by
2.5-fold, and this increase was prevented by mitoTEMPO,
suggesting that mtStress was required for Ednra upregu-
lation (Fig. 8D). Hyperglycemia can induce Ednl expres-
sion in endothelial cells via downregulation of ERK5 and
the transcriptional repressor KLF2 (39). Interestingly, hGluc
alone did not induce mRNA expression or production of
ligand Ednl by mGEC (Fig. 8E and F); hence the elevated
Ednl in diabetic D2 mice could be synthesized by other
than glomerular endothelial cells as previously suggested
(39), and alternatively, factors other than glucose could
stimulate Ednl expression by endothelial cells and release
into circulation. Taken together, these in vitro results dem-
onstrate that hGluc induced mitochondria dysfunction and
mtDNA instability resulting from increased mitochondrial

ROS and contributes to endothelial dysfunction and thereby
to DKD susceptibility.

DISCUSSION

We have identified mitochondrial-dependent glomerular
endothelial pathomechanisms as essential in mediating
experimental diabetic nephropathy characteristic of DKD-
susceptible mice. Our conclusion is supported by a series
of targeted studies, guided by initial unbiased transcriptomic
profiling of glomeruli after onset of diabetes in DKD-
susceptible D2 and -resistant B6 inbred mouse strains.
First, hallmarks of DKD-susceptible D2 strain, including
albuminuria, podocyte depletion, and glomerulosclerosis,
were associated with molecular and functional evidence
for mtStress and dysfunction selectively in glomerular
endothelial cells, but not in podocytes. Second, glomerular
endothelial oxidative mtStress and in situ DNA damage
marker 8-0xoG were associated with de novo endothe-
lial expression of EDNRA in DKD-susceptible diabetic
D2 mice and humans diagnosed with DKD and increased
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serum Ednl levels. Third, pharmacological inhibition of
Ednra or of oxidative mtStress reduced mtDNA oxidative
damage in endothelial cells and in urine 8-oxodG of diabetic
D2 mice, and this was associated with improved endothelial
morphological injury in situ, including preservation of endo-
thelial fenestration. Fourth, the reduction of endothelial
mitochondrial oxidative damage and preservation of endothe-
lial fenestration was associated with ameliorated albuminuria,
podocyte depletion, and glomerulosclerosis. Interestingly,
increased urinary 8-oxodG excretion was characteristic
of patients with diabetes with progressive chronic kidney
disease, validating our findings in DKD-susceptible D2 mice.
Finally, hGluc was shown to stimulate glomerular endothelial
mitochondrial ROS and fragmentation, mtDNA instability,
and increased Ednra expression. On the basis of our observa-
tions, we propose that DKD susceptibility in mice and human
DKD is characterized by an essential role of endothelial injury

and dysfunction with loss of fenestrations, mediated partly
by EDNRA-induced endothelial mtStress. Our findings are in
support of cross talk between stressed glomerular endothe-
lial cells and podocytes and suggest potential therapeutic
targets to protect against secondary podocyte damage and
eventual loss as progression factors for DKD.

Our conclusion is consistent with observations in
humans with T1D and T2D and a wide body of evidence
that indicates glomerular endothelial dysfunction and
glycocalyx damage represent initiating steps in dia-
betic albuminuria (40). In a cohort of T1D followed for
10 years, peripheral blood composite biomarker of endo-
thelial dysfunction was correlated with decline of eGFR
(41) and determined to predict progression of renal dis-
ease in patients with T2D (42). Finally, state-of-the-art
morphometric studies in T1D demonstrate that dimin-
ished endothelial cell fenestration is related to classic
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diabetic nephropathy lesions and renal function (43).
Furthermore, loss of glycocalyx in diabetic mouse models
supports an endothelial involvement in early diabetes (44),
and recent studies also suggest a possible link between
effects of Ednl and loss of glycocalyx in mouse models
of DKD (45,46). Thus, identification of EDNRA-induced
mitochondrial dysfunction and oxidative stress in glomer-
ular endothelial cells as essential mediators of endothelial
fenestration loss, albuminuria, podocyte depletion, and glo-
merulosclerosis may provide a common pathomechanism
underlying these observations in humans.

Antagonism of the pluripotent EDN1 signaling system
and in particular the cognate receptor EDNRA has emerged
as a promising therapeutic strategy in cardiovascular and
renal diseases, including DKD (47). Recent promising stud-
ies with new, EDNRA-selective antagonists show beneficial
modulation of progression markers in diabetic nephropa-
thy (36), and hard-outcome results of the phase III clinical
trial Study of Diabetic Nephropathy With Atrasentan
(SONAR) are expected in 2018. However, understanding
of the basic pathomechanisms by which the EDNRA target
may promote progression of diabetic nephropathy remains
incomplete to date.

Our results reported in this study suggest an essential
role for endothelial cell injury in orchestrating the char-
acteristic glomerular response and lesions of DKD, in par-
ticular podocyte injury/depletion, glomerular basement
membrane alterations, and mesangial expansion. Consistent
with absence of Ednra in normal glomeruli, Ednra is expressed
in media of intrarenal vessels in the mouse kidney, but
not in endothelial cells or glomeruli (48). In contrast, in
DKD-susceptible mice and human case subjects of DKD,
we demonstrate de novo glomerular endothelial expres-
sion of EDNRA. Increased circulating EDN1 levels have
been described in patients with diabetes (49). Interest-
ingly, diabetes significantly increased serum Ednl in
DKD-susceptible D2 mice, and endothelial cells exposed
to hGluc also show increased Ednra expression, changes
in mitochondrial networks with increased fission, and
mitochondrial ROS. Thus, endothelial upregulation of
the EDNRA and signaling activation in response to circu-
lating EDN1 is characteristic of DKD susceptibility in mice
and humans.

A variety of pathomechanisms, acting in different
glomerular cell types through either EDNRA or EDNRB
receptors, have been proposed to mediate injurious EDN1
activities in DKD (50). In particular, a recent report (51)
describes the use of podocyte-selective double knockout of
Ednra and Ednrb in experimental diabetes, and the authors
conclude that direct action of Ednl on podocytes mediated
through both receptors promotes diabetic glomerulosclero-
sis. However, glomerular expression studies of Ednra and
Ednrb in vivo are not presented, and functional signaling
studies are conducted using whole glomeruli, not podo-
cytes. Only partial knockout of Ednra and Ednrb was dem-
onstrated, and the mice subjected to experimental diabetes
were of a mixed genetic background.
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Our findings demonstrate that hyperglycemia and EDN1-
and EDNRA-mediated mtStress/damage in glomerular en-
dothelium are hallmarks of DKD susceptibility in diabetic
mice and human DKD—particularly a reduction in reserve
respiratory capacity in endothelial cells, which may be a di-
rect response to oxidative stress (25) and decreased SOD2.
Altogether, our findings are consistent with the longstand-
ing model that overproduction of superoxide by the mi-
tochondrial electron transport chain is a unifying central
mechanism underlying diabetic complications (52). This
hypothesis has been challenged recently in a report sug-
gesting reduced mitochondrial superoxide production in
kidney cortex of diabetic mice (53). Some questions have
been raised regarding the interpretation of this study (54),
and it is important to note that mice used in the study
were C57BL/6J DKD-resistant strain. However, consistent
with our findings, Dugan et al. (53) also report increased
glomerular labeling for the oxidative DNA damage marker
8-0x0G. At present, mitochondrial dysfunction appears
to be a consistent finding in DKD, whereas additional
investigation is warranted to better understand the con-
tribution of redox processes in DKD susceptibility.
Moreover, there are the disappointing results of clini-
cal trials using antioxidants in DKD with conflicting
outcomes and some safety concerns (55,56). Potential
reasons may include our lack of full understanding of
oxidant and antioxidant actions, the use of nonspe-
cific/nonmitochondrial-targeted scavengers, studies per-
formed in poorly defined patient populations, and timing
of treatment, among others. Specific targeting of mito-
chondrial ROS may yet prove to be beneficial in diabetes,
as preclinical data with Szeto-Schiller peptides (Bendavia)
show benefits in rodent models of DKD by improving mi-
tochondrial bioenergetics (57).

In summary, early diabetes of DKD-susceptible mice
strains and patients with progressive DKD is character-
ized by Ednl-Ednra-mediated mitochondrial oxidative
damage of glomerular endothelial cells exclusively and
mediates podocyte defects and depletion, albuminuria,
and glomerulosclerosis.
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