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BACKGROUND: Proteinuria and glomerular segmental fibrosis are inevitable complications of diabetic nephropathy though their
mechanisms are poorly understood. Understanding the clinical characteristics and pathogenesis of proteinuria and glomeru-
lar segmental fibrosis in diabetic nephropathy is, therefore, urgently needed for patient management of this severe disease.

METHODS AND RESULTS: Diabetes mellitus was induced in podocyte-specific glucocorticoid receptor knockout (GRPXC) mice
and control littermates by administration of streptozotocin. Primary podocytes were isolated and subjected to analysis of Wnt
signaling and fatty acid metabolism. Conditioned media from primary podocytes was transferred to glomerular endothelial
cells. Histologic analysis of kidneys from diabetic GR"® mice showed worsened fibrosis, increased collagen deposition, and
glomerulomegaly indicating severe glomerular fibrosis. Higher expression of transforming growth factor-pR1 and [3-catenin
and suppressed expression of carnitine palmitoyltransferase 1A in nephrin-positive cells were found in the kidneys of diabetic
GRPX® mice. Podocytes isolated from diabetic GR”© mice demonstrated significantly higher profibrotic gene expression and
suppressed fatty acid oxidation compared with controls. Administration of a Wnt inhibitor significantly improved the fibrotic
features in GR™® mice. The glomerular endothelium of diabetic GR™® mice demonstrated the features of endothelial-to-
mesenchymal transition. Moreover, endothelial cells treated with conditioned media from podocytes lacking GR showed
increased expression of a-smooth muscle actin, transforming growth factor-fR1 and B-catenin levels.

CONCLUSIONS: These data demonstrate that loss of podocyte GR leads to upregulation of Wnt signaling and disruption in fatty
acid metabolism. Podocyte—endothelial cell crosstalk, mediated through GR, is important for glomerular homeostasis, and its
disruption likely contributes to diabetic nephropathy.

Key Words: diabetes mellitus m endothelium m glucocorticoid receptor m podocyte m Wnt signaling

evitable complications of long-standing diabetes

mellitus, both types | and Il, though their mech-
anisms are poorly understood. Diabetic nephropathy
has no known cure and is a major source of end-stage
renal disease worldwide. Pathologically, the key his-
tologic features of DN are podocyte loss, mesangial
expansion, increased glomerulosclerosis and intersti-
tial fibrosis, and thickening of the glomerular basement
membrane.? Glomerular fibrosis is one key feature of

Proteinuria and diabetic nephropathy (DN) are in-

DN that is poorly understood. It is characterized by ex-
cess deposition of extracellular matrix, loss of capillary
networks, accumulation of fibrillary collagens, acti-
vated myofibroblasts, and inflammatory cells.®
Current standards of care, which include
angiotensin-converting enzyme inhibitors, angioten-
sin Il receptor blockers, and statins, provide reduction
of proteinuria only by hemodynamic perturbations
and do not address the underlying factors that incite
and perpetuate DN.%® A number of renoprotective
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CLINICAL PERSPECTIVE

What Is New?

e This study demonstrates that deficiency of the
podocyte glucocorticoid receptor negatively
impacts glomerular endothelial cell health in
diabetes mellitus by upregulation of both Wnt
signaling and profibrotic transition programs
and suppression of fatty acid oxidation.

e Results highlight the crucial nature of endoge-
nous steroid signaling in podocytes in influenc-
ing the diabetic nephropathy phenotype.

What Are the Clinical Implications?

e Podocyte-specific steroid delivery technolo-
gies may represent a novel therapeutic target
for modulation of central metabolism and fibro-
genic processes in diabetic nephropathy.

Nonstandard Abbreviations and Acronyms

ACR albumin-to-creatinine ratio

DN diabetic nephropathy

EndMT endothelial-to-mesenchymal transition
FAO fatty acid oxidation

GR glucocorticoid receptor

GRPX®  podocyte-specific glucocorticoid
receptor knockout

TGF transforming growth factor
uuo unilateral ureteral obstruction

agents, including sodium glucose transporter-2 in-
hibitors, dipeptidyl peptidase-4 inhibitors and statins,
have been studied in mouse models and controlled
clinical trials,®'® and indeed there have been some
promising advancements in this regard in recent
years. For example, a randomized clinical trial of the
sodium glucose transporter-2 inhibitor canagliflozin
demonstrated a lower risk of kidney failure and car-
diovascular events compared with the placebo group
after a mean follow-up time of about 2.5 years,"
and similar protective results were shown in a ran-
domized clinical trial of dapagliflozin in patients with
chronic kidney disease, both with and without diabe-
tes mellitus.' Additionally, a large randomized clin-
ical trial of the selective mineralocorticoid receptor
antagonist finerenone was shown to result in a lower
risk of both chronic kidney disease progression and
cardiovascular events in patients with type 2 diabe-
tes mellitus, compared with placebo. In the SONAR
(Study of Diabetic Nephropathy With Atrasentan)
study, a large, double-blind, placebo-controlled trial,
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the selective endothelin A antagonist atrasentan was
shown to be renoprotective in patients with type 2
diabetes mellitus and chronic kidney disease stages
2 to 4.'87 Though these developments are encour-
aging, the complicated pathogenesis of DN, which
involves multiple cell types, signaling molecules and
pathways, and metabolic factors, continues to stimu-
late investigation of additional novel therapeutics.

Recent data indicate that the canonical Wnt/[3-
catenin signaling pathway is an important mediator
of renal disease, including proteinuric diseases such
as diabetes mellitus.'®2" The Wnt gene family is com-
posed of 19 genes that are structurally related and act
as extracellular signaling factors.?? There are 2 major
subdivisions of the Wnt pathway: the canonical arm,
which results in activation of (3-catenin, and the non-
canonical pathway, which can be subdivided into the
planar cell polarity pathway and a calcium-dependent
pathway. It is well known that Wnt signaling plays a
key role in development, and in particular vascular de-
velopment, of the central nervous system, eye, and
reproductive system.?® The planar cell polarity arm of
Whnt signaling plays a role in proper cellular patterning.
Some noncanonical Wnt ligands, including Wnt9b and
Wnt11, have been found to be particularly important
during kidney morphogenesis, as they participate in
development of mesonephric and metanephric tu-
bules as well as ureteric branching.?*

Both canonical and noncanonical Wnt signaling
seem to play a role in the progression of chronic kid-
ney disease, with the noncanonical effects considerably
less well understood.?® In other disease states, including
cardiovascular disease and nonalcoholic fatty liver dis-
ease, the noncanonical Wnt ligand Wntba is implicated
mechanistically via its stimulation of c-dun N-terminal
kinase and induction of endothelial dysfunction.?®

Recently, there is recognition that the Wnt signal-
ing pathway plays a key role in the progression of DN
and specifically that this pathway is upregulated under
diabetic conditions.?® For example, Wnt proteins have
been shown to be upregulated in the kidneys of both
type 1 and 2 diabetic animal models.?® In addition,
high glucose can activate Wnt signaling in human renal
proximal tubular epithelial cells, and this effect can be
blocked by insulin.?® There is evidence that the Wnt
signaling pathway has specific effects on mesangial
cells,?” renal tubular cells,®® and podocytes.?®-5
Furthermore, podocyte-specific overexpression of
B-catenin in mice results in glomerular basement
membrane damage and albuminuria suggesting that
[B-catenin is a key contributor that can disrupt glo-
merular basement membrane integrity and function.3!
However, since activation of 3-catenin is the final step
in this very complex signaling pathway, the molecular
mechanisms by which the Wnt pathway contributes to
DN and podocyte damage remain poorly understood.



Srivastava et al

Glucocorticoids and the glucocorticoid receptor
(GR) play an important role in lipid homeostasis in mul-
tiple microenvironments including adipose, liver, and
peripheral tissues; however, excess glucocorticoid/GR
signaling can disrupt adipocyte differentiation and cel-
lular metabolism.3? Dysregulated fatty acid metabolism
and lipotoxicity in podocytes are critically associated
with loss of podocyte function and podocyte injury,
and contribute to extracellular matrix deposition.®?
Defective central metabolism, which is characterized
by suppressed fatty acid oxidation (FAO) and abnormal
glucose metabolism are key events in mesenchymal
activation and myofibroblast formation in diabetic kid-
neys.83334 We have recently shown that loss of the en-
dothelial GR augments Wnt signaling, suppresses FAO
and activates mesenchymal transition in diabetic kid-
neys, which results in acceleration of DN.%° Podocytes
are highly susceptible to free fatty acid, and are depen-
dent on FAO for their function.®® Therefore, defective
fatty acid metabolism in podocytes may to contribute to
proteinuria and glomerular fibrosis in diabetic kidneys.

We previously developed a mouse model with tissue-
specific podocyte glucocorticoid receptor knockout
(GR™9) and demonstrated that this receptor is critical in
limiting proteinuria in settings of renal injury.3® Here, we
demonstrate that this injury is mediated, in part, by up-
regulation of transforming growth factor (TGF)[3 signaling
and Whnt signaling and suppression of FAO in podocytes
lacking GR. The cumulative effect of these metabolic de-
rangements leads to a profibrotic phenotype in endothe-
lial cells and eventually glomerular fibrosis.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Antibodies and Reagents

Rabbit polyclonal anti-GR (Cat: SAB4501309) and mouse
monoclonal anti-a-smooth muscle actin (Cat: A5228)
antibodies were purchased from Sigma (St Louis, MO).
Anti-TGFBR1  (Cat:  ab31013),  anti-phospho-smad?2
(@b53100), and rabbit polyclonal collagen | (ab34710)
were obtained from Abcam (Cambridge, UK). Mouse
anti-B3-catenin (Cat: 610154) and rat anti-CD31 antibodies
(Cat: 550274) were from BD Biosciences (Franklin Lakes,
NJ). Fluorescence-, Alexa Fluor 647—, and rhodamine-
conjugated secondary antibodies were obtained from
Jackson ImmunoResearch (West Grove, PA). Reagents
included streptozotocin and etomoxir (Sigma).

Animal Experiments

Male podocyte GRPC mice and control littermates, aged
8 to 12 weeks, were bred as previously described and
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used in these studies.®® Given the worsened DN pheno-
type observed in males, compared with females, only
male mice were used in these studies. All experiments
were performed according to a protocol approved by
the Institutional Animal Care and Use Committee at the
Yale University School of Medicine and were in accord-
ance with the National Institutes of Health Guidelines
for the Care of Laboratory Animals. Briefly, diabetes
mellitus was induced in GR™® mice with 5 consecu-
tive intraperitoneal doses of streptozotocin 50 mg/kg
in 10 mmol/L citrate buffer (oH 4.5),83 and mice were
monitored over a period of 16 weeks. A Wnt inhibitor
(LGKQ74) was provided via gavage to GR™© and control
littermates at a dose of 5 mg/kg per day, 6 days per
week for 8 weeks,*® and was started 16 weeks after
streptozotocin injections. Etomoxir (20 mg/kg), a carni-
tine palmitoyltransferase 1A inhibitor, was administered
intraperitoneally 3 times a week for 3 weeks; this dosing
regimen is similar to previously published studies ex-
amining fatty acid metabolism inhibition in rodents.3%4°
After euthanasia, blood and tissues were harvested.
Postprandial blood glucose was measured by using a
Contour Ultra blood glucose meter.

Mouse Model of Unilateral Ureteral
Obstruction

Unilateral ureteral obstruction (UUQO) surgery proce-
dure was performed as previously described.*' Briefly,
mice were anesthetized with isoflurane (83%-5% for
induction and 1%-3% for maintenance). Mice were
shaved on the left side of the abdomen, a vertical inci-
sion was made through the skin with a scalpel, and
the skin was retracted. A second incision was made
through the peritoneum to expose the kidney. The
left ureter was tied twice 15 mm below the renal pel-
vis with surgical silk, and the ureter was then severed
between the 2 ligatures. Then, the kidney was placed
gently back into its correct anatomic position, and ster-
ile saline was added to replenish fluid loss. The inci-
sions were sutured and mice were individually caged.
Buprenorphine was used as an analgesic. A first dose
was administered 30 minutes before surgery and then
every 12 hours for 72 hours, at a dose of 0.05 mg/
kg subcutaneously. Mice were sacrificed and kidneys
were harvested after perfusion with PBS at 12 days
after UUQ. Contralateral kidneys were used as a nonfi-
brotic control for all experiments using this model.

Serum and Urine Assays

Spot urine samples were collected from first morning
urines of spontaneously voiding mice. Urine albumin
levels were estimated using a Mouse Albumin ELISA
Kit (Exocell, Philadelphia, PA). Blood glucose was
measured by using a Contour Ultra blood glucose
meter.
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Isolation of Endothelial Cells

Endothelial cells from the kidneys of nondiabetic and
diabetic mice were isolated using a standardized kit
(Miltenyi Biotec, Auburn, CA) by following the manufac-
turer’s instructions. Briefly, kidneys were isolated and
minced into small pieces. Using a series of enzymatic
reactions by treating the tissue with trypsin and col-
lagenase type | solution, a single cell suspension was
created. The pellet was dissolved with CD31 magnetic
beads, and the CD31-labeled cells were separated on
a magnetic separator. The cells were further purified
on a column. Cell number was counted by hemocy-
tometer and cells were plated on 0.1% gelatin-coated
Petri dishes.

Kidney Histology

Sirius red, periodic acid-Schiff, and Masson-
Trichrome staining were performed by the Yale
Research Histology Core and visualized using an
Aperio imaging system. Masson-Trichrome-stained
sections were evaluated by Imaged software, and the
fibrotic areas were estimated. For Sirius red staining,
deparaffinized sections were incubated with picro-
sirius red solution for 1 hour at room temperature.
The slides were washed twice with acetic acid solu-
tion for 30 seconds per wash. Then, the slides were
dehydrated in absolute alcohol 3 times. The slides
were cleared in xylene and mounted with a synthetic
resin. For each mouse, images of 6 different fields
of view were evaluated at x40 magnification, and 15
to 20 stained glomeruli from each mouse were ana-
lyzed. Masson-Trichrome stain relative area of fibro-
sis and Sirius red relative collagen deposition were
analyzed to calculate interstitial fibrosis and collagen
deposition, respectively. Glomerular surface area
was calculated using traced glomeruli and Imaged
algorithms, and mesangial area was calculated by
Imaged using a point counting method according to
previously published studies.*?

Immunofluorescence

Frozen kidney sections (5 pm) were used for immu-
nofluorescence; double-positive labeling with TGFER1/
nephrin, (3-catenin/nephrin, CPT1a/nephrin, aSMA/
CD31, TGFBR1/CD31 and B-catenin/CD31 were meas-
ured. Briefly, sections were fixed in 100% ethyl alcohol
followed by rehydration in PBS. They were then perme-
abilized with 0.2% Triton and blocked with a solution of
10% serum and 1% BSA. Thereafter, the sections were
incubated with the primary antibodies (1:100) overnight
and washed in PBS (5 minutes) 3 times. Sections were
washed, and secondary antibodies were incubated for
45 minutes in the dark. Sections were washed again,
and coverslips were mounted using Vectashield.
Sections were analyzed and quantified by Imaged. For
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each mouse, original magnification of A ~ 400 pictures
was obtained from 6 different areas, and quantification
was performed. We analyzed 15 to 20 glomeruli from
each mouse.

Immunohistochemistry

Kidney sections (5 pm thick) were used for immuno-
histochemistry. To block endogenous peroxidase,
all sections were incubated in 0.3% hydrogen per-
oxide for 10 minutes. Immunohistochemical staining
was performed using a Vectastain ABC Kit (Vector
Laboratories, Burlingame, CA). Rabbit polyclonal
TGFBR1 (1:100) and rabbit polyclonal p-smad?2 (1:100)
antibodies were purchased from Abcam (Cambridge,
MA). Mouse anti—[3-catenin antibody (1:100) was pur-
chased from BD Biosciences. In the negative controls,
the primary antibody was omitted and replaced with
the blocking solution. We analyzed 15 to 20 stained
glomeruli from each mouse.

Isolation of Primary Podocytes

Podocyte isolation was performed as previously de-
scribed.®® Briefly, kidneys were dissected, minced,
and digested for 45 to 60 minutes in a solution of
collagenase A (1 mg/mL) (Roche) and DNAse I.
The resulting suspension was strained through a
100-pm strainer and washed 3 times with Hanks
Balanced Salt Solution buffer. Then, the suspension
was resuspended in 30 mL of a 45% Percoll solu-
tion (GE-Healthcare BioSciences) in isotonic buffer
and centrifuged at 10 000 g for 60 minutes at 4°C.
Glomeruli were enriched in the top band after cen-
trifugation, and this band was collected. Cells were
washed 3 times with Hanks Balanced Salt Solution
to remove the Percoll solution. The pellet was resus-
pended and plated on collagen type |-coated dishes
in RPMI 1640 medium with 9% FBS, 100 U/mL peni-
cillin, 100 pg/mL streptomycin, 100 mmol/L HEPES,
1 mmol/L sodium bicarbonate, and 1 mmol/L so-
dium pyruvate.

Fatty Acid Uptake

Cultured isolated podocytes were incubated with me-
dium containing 2 uCi ["C]-palmitate for 2 hours. ['*C]-
palmitate uptake was measured by liquid scintillation
counting.

Fatty Acid Oxidation

Cultured isolated podocytes were incubated with me-
dium containing 0.75 mmol/L palmitate (conjugated to
2% free fatty acid—free BSA/['“C] palmitate at 2 pCi/
mL) for 2 hours. One milliliter of the culture medium
was transferred to a sealable tube, the cap of which
housed a Whatman filter paper disc. “CO, trapped in
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the media was then released by acidification of media
using 60% perchloric acid. Radioactivity that had be-
come adsorbed onto the filter discs was then quanti-
fied by liquid scintillation counting.

Quantitative Polymerase Chain Reaction
Total RNA was isolated using standard Trizol protocol.
RNA was reverse transcribed using the iScript cDNA
Synthesis kit (Bio-Rad) and quantitative polymerase
chain reaction was performed on a Bio-Rad C1000
Touch thermal cycler using the resultant cDNA, quanti-
tative polymerase chain reaction master mix, and gene-
specific primers. The following primers were used:

a-SMA: Forward 5-CTGACAGAGGCACCACTGAA and
Reverse 5-GAAATAGCCAAGCTCAG

CD31: Forward 5-AGGCTTGCATAGAGCTCCAG and
Reverse 5-TTCTTGGTTTCCAGCTATGG

FSP-1: Forward 5-TTCCAGAAGGTGATGAG and
Reverse 5-TCATGGCAATGCAGGACAGGAAGA

TGFBR1: Forward 5'CGTGTGCCAAATGAAGAGGAT
and Reverse 5-AAGGTGGTGCCCTCTGAAATG

Axin2: Forward 5 AACCTATGCCCGTTTCCTCTA and
Reverse 5-GAGTGTAAAGACTTGGTCCACC

[B-catenin: Forward 5-TGACACCTCCCAAGTCCTTT
and Reverse 5 TTGCATACTGCCCGTCAAT

PGC1a: Forward 5-AGTCCCATACACAACCGCAG and
Reverse5-CCCTTGGGGTCATTTGGTGA

Collagen 1: Forward 5-ATCTCCTGGTGCTGATGGAC
and Reverse 5- ACCTTGTTTGCCAGGTTCAC

Fibronectin: Forward 5-CGAGGTGACAGAGACCACAA
and Reverse 5-CTGGAGTCAAGCCAGACACA

IL-13: Forward 5-CCAAGCAACGACAAAATACC and
Reverse 5-GTTGAAGACAAACCGTTTTTCC

IL-6: Forward 5-TCTGAAGGACTCTGGCTTTG and
Reverse 5-GATGGATGCTACCAAACTGGA

Cptla: Forward 5- GGTCTTCTCGGGTCGAAAGC and
Reverse 5- TCCTCCCACCAGTCACTCAC

18S: Forward 5-TTCCGATAACGAACGAGACTCT and
Reverse 5- GGCTGAACGCCACTTGTC

Gene expression was normalized to the housekeep-
ing gene 18S and is presented as fold change. All prim-
ers were synthesized by the Keck Oligo Synthesis facility
at Yale School of Medicine.

Statistical Analysis

Two-way ANOVA was used in Figure 1B through 1h
and the nonparametric Mann-Whitney U test was used
to analyze data in Figures 1, 14, 2, and 3. One-way
ANOVA with Tukey’s post hoc test was used to ana-
lyze data in Figures 4, 5, and 6B. The nonparametric
Mann-Whitney U test was used to analyze Figure 6C
through 6E. Data represent the number of separate
experiments (in vitro) and the number of mice (in vivo).
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Technical replicates were used to ensure the reliability
of single values. Data are expressed as mean+SEM.
Statistical significance was accepted for P<0.05. Data
were analyzed using the statistical package for Prism 7
(GraphPad Software, Inc., La Jolla, CA).

RESULTS
Loss of Podocyte GR Worsens DN

To investigate the effect of GR deletion in podocytes
on the initiation and progression of diabetic ne-
phropathy, we induced diabetes mellitus in control
and GRPX® mice with streptozotocin and monitored
mice for 16 weeks (Figure 1A). Nondiabetic control
and GR"© mice were also examined at the 16-week
time point. Diabetic animals had higher glucose,
lower body weight, higher kidney and liver weight,
lower heart weight, and higher plasma creatinine
and albumin-to-creatinine ratios (ACRs) than nondia-
betic animals, as expected (Figure 1B through 1H).
Diabetic GRPX® mice demonstrated higher plasma
creatinine and ACR compared with diabetic control
animals (Figure 1G and 1H).

Histologic analysis of kidneys isolated at 16 weeks
post-streptozotocin from diabetic control and GR™°
mice showed increased glomerulomegaly and me-
sangial area in diabetic GRPX® mice; however, there
was no difference in interstitial fibrosis between the
groups (Figure 11 and 1J). Immunohistochemistry
for markers of fibrosis including TGF31 and p-
smad? revealed increased expression in GR™© mice
(Figure 2A). Immunofluorescent staining for collagen |,
and TGFB1/nephrin costaining in kidney sections from
both genotypes also showed increased expression in
diabetic GR™® mice compared with diabetic controls,
indicating more severe glomerular fibrosis (Figure 2B).

The phenotype of these animals was also evalu-
ated using an accelerated model of nephropathy, which
combined both the streptozotocin-induced diabetic
model as well as the UUO model. In this model, con-
trol and GR™© mice were subjected to UUO followed
by 4 daily doses of streptozotocin and euthanasia on
day 12 (Figure S1A). There were no differences in body
weight, blood glucose or kidney weight between the 2
groups but UUO-operated GR™© mice demonstrated
higher plasma creatinine and ACR compared with UUO-
operated control mice (Figure S1B). Histologic analysis of
control and UUO-operated kidneys from both genotypes
demonstrated similar interstitial fibrosis but significantly
greater glomerulomegaly and glomerular fibrosis in
UUO-operated kidneys from GRPC mice. There was no
difference in fibrosis between the genotypes in the con-
tralateral kidneys (Figure S1C). Immunohistochemistry
for TGF31 and p-smad2 again showed increased ex-
pression in GR™C mice (Figure S2A), as did immunos-
taining for collagen I, and TGFB31/nephrin costaining
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Figure 1.

Physiological characteristics of nondiabetic and diabetic podocyte-specific

glucocorticoid receptor knockout (GRX°) mice.

A, Schematic diagram, showing induction of diabetes mellitus in GR™""; Podocin Cre-
(control), and GR™"; Podocin Cre+ (GRPXC) mice. Five doses of streptozotocin 50 mg/kg per
day intraperitoneally were injected to induce fibrosis. After 16 weeks, mice were sacrificed.
Physiological parameters: B, blood glucose; C, body weight; D, heart weight/body weight; E,
kidney weight/body weight; F, liver weight/body weight; G, plasma creatinine, and H, albumin-
to-creatinine ratio were measured. n=4 to 6 mice/group. I, Masson-Trichrome stain (MTS); J,
Periodic acid-Schiff (PAS) staining in kidneys of diabetic control and GRPX® mice were analyzed.
Representative images are shown. Relative area fibrosis (%), glomerular surface area (um?), and
mesangial area (%) were measured using Imaged. n=4 to 5 mice/group. Scale bar: 50 pm in
each panel. *P<0.05, **P<0.01, ***P<0.001. Data are mean+SEM. Two-way ANOVA was used to
analyze B through H and nonparametric Mann-Whitney U test was used to analyze | and J. DM

indicates diabetes mellitus.

(Figure S2B). These data suggest that the loss of podo-
cyte glucocorticoid receptor leads to glomerular fibrosis
in both diabetic conditions.

Upregulation of Canonical Wnt Signaling
and Metabolic Derangement in the
Absence of Podocyte GR

To investigate whether Wnt signaling was altered in
this mouse model, immunohistochemical staining for

[B-catenin, the final effector molecule of the canonical
Whnt signaling pathway, was performed in kidney sections
from animals of both genotypes subjected to both renal
fibrosis models. As shown in Figure 3A and Figure S3A,
both diabetic GR™° mice and UUO-operated GRPXC
mice had increased [3-catenin staining compared with
their respective controls. Similarly, nephrin positive cells
displayed higher B-catenin staining in diabetic GR™©
mice and UUO-operated GRPXC mice compared with
controls (Figure 3B, Figure S3B), suggesting that GR

Figure 2.

Immunohistochemistry and immunofluorescence.

A, Immunohistochemistry of transforming growth factor (TGF) f1and p-smadz2 in the glomeruli of diabetic control and podocyte-specific
glucocorticoid receptor knockout (GRK®) mice (n=5/group). Representative pictures are shown. Scale bar 50 um. B, Immunofluorescence
analysis of collagen | (fluorescein isothiocyanate [FITC]-labeled and DAPI blue nuclei, pixel/field) and TGFBR1and nephrin colabeling
(FITC-labeled TGFBR1, rhodamine-labeled nephrin and DAPI blue nuclei) in the glomeruli of diabetic unilateral ureteral obstruction control
and GRPX® mice. Representative images are shown. Scale bar 50 um in each panel. The number of double-positive-labeled cells is
quantified (n=5/group). **P<0.01; ***P<0.001. Data are mean+SEM. Nonparametric Mann-Whitney U test was used.
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loss-linked activation of canonical Wnt signaling is a key
driver of the development of diabetic kidney disease.
To examine Wnt signaling specifically in podocytes,

primary podocytes were isolated from animals of both
genotypes as previously described,*® and subjected to
quantitative polymerase chain reaction for several key
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Figure 3. Induction of canonical Wnt signaling is responsible for podocyte glucocorticoid receptor loss-linked fibrosis in
glomeruli of diabetic mice.

A, Immunohistochemical analysis of (3-catenin in the glomeruli of diabetic control and podocyte-specific glucocorticoid receptor
knockout (GRPX®) mice (n=5/group). Representative images are shown. Scale bar 50 um. B, Immunofluorescence analysis of nephrin/
B-catenin co-labeling in the glomeruli of diabetic control and GRPXC mice (fluorescein isothiocyanate [FITC]-labeled B-catenin,
rhodamine-labeled nephrin and DAPI blue nuclei). Representative images are shown. Scale bar 50 pm in each panel (n=5/group).
C, Quantitative polymerase chain reaction gene expression analysis of collal, 3-catenin, axin2, IL-15, IL.-6, and cptia in isolated
podocyte-enriched cultures from the glomeruli of diabetic control and GRPXC mice (n=5/group). D, Immunofluorescence analysis
of nephrin/CPT1a co-labeling in the glomeruli of diabetic control and GRPX® mice (FITC-labeled CPT1a, rhodamine-labeled nephrin
and DAPI blue nuclei). Representative images are shown. Scale bar 50 pm in each panel (n=5/group). E, Cellular ATP measurements
in isolated podocytes from kidneys of diabetic control and diabetic GR?*® mice (n=5/group). F, Radiolabeled [C'¥]palmitate uptake
analysis in isolated podocytes from kidneys of diabetic control and diabetic GRFPX® mice. CPM of each sample was counted. G,
Radiolabeled [*“C]palmitate oxidation and [“CO,] release were measured. CPM of each sample was counted (n=5/group). Data are
shown as mean+SEM. *P<0.05; **P<0.01. Nonparametric Mann-Whitney U Test was used. CPM indicates counts per minute; DM,
diabetes mellitus; and NC, negative control.

Whnt-dependent genes (B-catenin and axin2) as well as Cptla confirmed decreased expression of Cptla in
the inflammatory cytokine interleukin-6, collagen |, and  kidney sections from diabetic GR™° mice (Figure 3D)
the gene Cpt1a, a critical regulator of FAO. Podocytes  as well as in UUO-operated GRP® mice compared
isolated from diabetic GRPX® mice demonstrated sig-  with those from UUO-operated control mice as well
nificantly higher expression of collagen |, [3-catenin, (Figure S3C). Podocytes isolated from diabetic GR™©
axin2, and interlukin-6 and significantly lower expres- mice did not exhibit significant alteration in [“C]palmi-
sion of Cpt1a compared with those from diabetic control tate (lipid uptake); however, they did show significantly
mice (Figure 3C). Costaining of glomeruli for nephrin/  suppressed [“C]palmitate oxidation (FAO) and cellular
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Figure 4. Wnt inhibitor rescues glomerular fibrosis in diabetic control but not podocyte-specific glucocorticoid receptor

knockout (GRPX°) mice.

A, Schematic diagram, showing the treatment protocol of Wnti (LGK974) and, (B) etomoxir (CPT1a inhibitor) in diabetic control and
GRPK© mice. C, Sirius red and Periodic acid-Schiff staining in the glomeruli of diabetic mice was analyzed. Representative images
are shown. Glomerular surface area was measured using ImagedJ (n=5 to 6/group; scale bar 50 pm in each panel). D, Albumin-to-
creatinine ratios from mice of each genotype subjected to either LGK974 or etomoxir (N=6 mice/group). Data are mean+SEM. *P<0.05;
**P<0.01; ***P<0.001. One-way ANOVA with Tukey’s post hoc test was used.

ATP levels compared with those from diabetic control
mice (Figure 3E through 3G). Cumulatively, these data
suggest that GR loss in podocytes results in worsened
glomerular fibrosis via up regulation of Wnt signaling and
activation of profibrotic signaling pathways.

Wnt Inhibition Ameliorates and
Suppression in FAO Worsens Glomerular
Fibrosis

To determine if modulation of either Wnt signaling or
FAO could alter the fibrotic phenotype in our mouse
model of diabetic nephropathy, animals of both geno-
types were treated with either the small molecular Wnt
inhibitor LGK97428 from 16 to 24 weeks following strep-
tozotocin (Figure 4A), or the FAQO inhibitor etomoxir from
16 to 18 weeks following streptozotocin (Figure 4B).
Histologic images of kidneys from both diabetic con-
trol and GRPC mice treated with each compound are
shown in Figure 4C. In diabetic control animals, there
was a trend toward improvement in renal fibrosis after
LGKI74 treatment, while clearly worsened fibrosis was

observed after etomoxir treatment. In diabetic GR™<C
mice, LGK974 treatment significantly improved glo-
merular fibrosis and restored glomerular structure.
Etomoxir had minimal effect in diabetic GR™® mice.
These histologic results were closely approximated by
the observed ACR for each group with Wnt inhibitor—
treated animals demonstrating improved ACR com-
pared with controls and etomoxir-treated animals
demonstrating worsened ACR (Figure 4D).
Immunofluorescence analysis of collagen | in each
of the conditions tested showed that Wnt inhibition de-
creased overall collagen | expression, while etomoxir
increased such expression (Figure 5A). Podocytes iso-
lated from diabetic control animals subjected to Wnt
inhibitor treatment showed a slight decrease in the
expression of key Wnt-dependent genes (3-catenin,
axin2) pro-fibrotic genes (collagen 1, fibronectin 1, tg-
fr1B) and a small increase in the expression of genes
in the FAO pathway (cptTa, pgcla). Podocytes isolated
from diabetic control animals subjected to etomoxir
treatment showed dramatically higher expression of
Whnt-dependent (3-catenin, axin2) profibrotic genes
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Figure 5. Wnt inhibitor increases fatty acid oxidation in podocytes.

A, Immunofluorescence analysis and quantification of collagen | (fluorescein isothiocyanate-labeled collagen 1 and DAPI blue
nuclei) in diabetic control and GRFX® mice in the untreated, Wnti-treated and etomoxir-treated conditions. B and C, Quantitative
polymerase chain reaction gene expression analysis of 3-catenin, axin2, cptia, and pgcTa, in podocytes isolated from mice subjected
to the treatment conditions (D). Radiolabeled [C']palmitate uptake analysis in isolated podocytes from indicated groups. CPM of
each sample was counted. E, Radiolabeled ["“C]palmitate oxidation and [*CO,] release were measured in indicated groups. Data
mean+SEM. *P<0.05; **P<0.01; ***P<0.001. One-way ANOVA with Tukey’s post hoc test was used. CPM indicates counts per minute.

(collagen 1, fibronectin 1, tgfr153) and lower expression
of genes in the FAO pathway (cpta, pgcia) compared
with diabetic control podocytes (Figure 5B and 5C;
Figure S4). Podocytes isolated from diabetic GR™<©
animals subjected to Wnt inhibitor treatment showed
a dramatic decrease in (-catenin, axin2, collagen 1,
fibronectin 1, and tgfr1f3, while the expression of cptla
and pgcla was significantly upregulated. Conversely,
podocytes isolated from diabetic GR"C animals
treated with etomoxir demonstrated higher expression
of B-catenin, axin2, collagen 1, fibronectin 1, and tgfrip,
and lower expression of cptia and pgcia compared
with podocytes isolated from the diabetic GR™© mice
(Figure 5B and 5C; Figure S4). Podocytes isolated from
diabetic control and diabetic GR™° animals subjected
to Wnt inhibitor treatment did not show any significant
change in [“C]palmitate uptake when compared with
their respective nontreated diabetic groups. However,
Whnt inhibition dramatically increased the [“C]palmitate
oxidation in diabetic GR™° animals when compared
with untreated diabetic GRPX® group. Podocytes iso-
lated from diabetic control and diabetic GR™ animals
subjected to etomoxir treatment demonstrated signifi-
cant suppression in [“C]palmitate uptake and [“C]pal-
mitate oxidation when compared with their respective
untreated diabetic groups (Figure 5D and 5E).

Loss of Podocyte GR Favors Endothelial-
to-Mesenchymal Transition

To further investigate the anti-fibrotic role of podo-
cyte GR, we analyzed its interaction with glomerular
endothelial cell metabolism and fibrosis. Fibrogenic
processes in glomerular endothelial cells include
endothelial-to-mesenchymal  transition  (EndMT)

J Am Heart Assoc. 2021;10:e019437. DOI: 10.1161/JAHA.120.019437

which is a key process that contributes to glomerular
fibrosis in diabetic nephropathy.'343-45 Activated ca-
nonical Wnt signaling in endothelial cells can induce
EndMT in glomeruli,*84" although neither endothe-
lial cell-derived fibroblasts alone nor their interme-
diate cell types are sufficient to induce glomerular
fibrosis.#6:48

To determine the mechanism by which loss of
podocyte GR worsens glomerular fibrosis, primary
podocytes from diabetic control and GRPX® mice
were isolated and cultured for 96 hours. The con-
ditioned media were transferred to glomerular en-
dothelial cells that had been isolated from diabetic
control animals (Figure 6A) and also incubated for
96 hours. Endothelial cells treated with conditioned
media from GR-deplete podocytes showed in-
creased mMRNA expression of a-SMA, TGFSR1 and
B-catenin, axin2 and fspl, and decreased mRNA
expression of cd37 compared with endothelial cells
treated with conditioned media from normal podo-
cytes (Figure 6B). Immunofluorescent staining of
isolated kidney sections from diabetic control and
GRPX° mice also demonstrated increased colocaliza-
tion of these markers in endothelial cells (Figure 6C
and 6D). Endothelial cells treated with conditioned
media from GR-depleted podocytes showed sup-
pressed [“C]palmitate oxidation while [“C]palmitate
uptake was unaltered (Figure 6E).

DISCUSSION

This study demonstrates the critical role of podocyte
cell GR in the regulation of fibrogenic processes in the
glomeruli in a mouse model of diabetic kidney disease.
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Figure 6. Glucocorticoid receptor loss in podocytes reprograms endothelial-to-mesenchymal transition processes in
glomerular endothelial cells.

A, Conditioned media (CM) experimental design. Isolated podocytes from the kidneys of diabetic podocyte-specific glucocorticoid
receptor knockout (GRPX®) and diabetic control mice were cultured for 96 hours. The subsequently harvested media was transferred to
isolated endothelial cells from diabetic controls. B, Relative mRNA levels of endothelial-to-mesenchymal transition (EndMT) markers,
canonical Wnt signaling genes and transforming growth factor (TGF) BR1 in conditioned media-treated cultured endothelial cells
from diabetic controls. C, Immunofluorescence analysis of /CD31aSMA, CD31/TGFBR1 and (D) CD31/B3-catenin was performed in
the glomeruli of diabetic control and diabetic GRP® mice by fluorescence microscopy. (FITC-labeled aSMA, TGFBR1 and B-catenin;
rhodamine-labeled CD31 and DAPI nuclei blue). Representative images are shown. Scale bar: 50 um in each panel (n=6/group). E,
Radiolabeled [C'¥]palmitate uptake analysis in endothelial cells treated with conditioned media (CM) from indicated groups. CPM of
each sample was counted. Radiolabeled ['“C]palmitate oxidation was measured as indicated. Data are mean+SEM. *P<0.05, **P<0.01.
NC indicates negative control. One-way ANOVA with Tukey’s post hoc test was used to analyze B; nonparametric Mann-Whitney U
test was used to analyze C through E. CPM indicates counts per minute.
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Our results demonstrate that podocyte GR regulates
canonical Wnt signaling and fatty acid metabolism
thereby affecting the mesenchymal transdifferentia-
tion process in glomerular endothelial cells in diabetic
mice. Podocyte GR loss is one of the fibrotic pheno-
types in glomeruli. Consequently, these processes
alter the metabolic switch in favor of defective fatty acid
metabolism and its associated mesenchymal activa-
tion in glomerular endothelial cells, suggesting that GR
loss in podocytes disrupts essential crosstalk between
podocytes and endothelial cells.

Murine podocytes express GR3%49 and, in re-
sponse to treatment with dexamethasone, demon-
strate GR phosphorylation, downregulation of GR
protein, upregulation of GR-responsive genes and
translocation of GR to the nucleus.*® The effects
of glucocorticoids on podocytes and the depen-
dence of these effects have been studied in models
both in vitro and in vivo.%° For example, dexameth-
asone has been shown to protect against puromy-
cin aminonucleoside—induced injury by stabilizing
the actin cytoskeletal network and increasing the
activity of the guanosine triphosphatase RhoA.%!
Dexamethasone has also been shown to protect
podocytes from puromycin aminonucleoside—
induced injury by induction of ERK phosphorylation
and its associated anti-apoptotic effect.52:53

It is important to note that cortisol (or corticosterone
in rodents) is the only endogenous ligand for GR, but
tissue-specific manipulation of GR can produce pro-
found whole-organism phenotypes that are not pres-
ent when systemic alterations of glucocorticoid levels
occur, as in Cushing disease. For example, deletion of
GR in the central nervous system results in mice with
profoundly altered hypothalamic-pituitary-adrenal axes
and 10-fold elevated circulating corticosterone levels
as well as reduced anxiety-related behavior.>* Tissue-
specific excision of GR from hepatocytes results in
a severe growth deficit thought to be attributable to
downregulation of STAT5-mediated transcription.®®
Mice with tissue-specific deletion of GR in endothelial
cells have been shown to be more susceptible to sep-
sis and atherosclerosis.®®%” Available data also suggest
that cellular responses to glucocorticoids will depend
not only on the specific effector tissue but also the
GR isoform composition, alternative splicing events,
and posttranslational modifications.® The complexity
of the regulatory mechanisms of GR signaling under-
scores the importance of endogenous corticosterone
in regulating normal homeostasis.

Our data suggest that GR deficiency in podocytes
is a critical step in the metabolic reprogramming of the
glomerular endothelium and contributes to DN.

Recently, we reported that loss of GR in endo-
thelial cells results in upregulation of Wnt signaling
and contributes to vascular inflammation in mice.%°

J Am Heart Assoc. 2021;10:e019437. DOI: 10.1161/JAHA.120.019437
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Upregulation of Wnt signaling is recognized as a
mechanistic underpinning of renal fibrosis.®® Enhanced
Whnt signaling is linked with activation of profibrotic
signaling, expression of inflammatory cytokines, and
defective cell metabolism in other cell types in the
kidney.69-62 Defective fatty acid metabolism can also
contribute to the activation of profibrotic signaling in
mouse models of diabetic kidney disease.®32* To date,
most studies have examined the metabolism of tubular
epithelial cells, endothelial cells, and mesangial cells;
there is not yet a study that convincingly demonstrates
the impact of podocyte metabolism on renal disease
progression.32.6364

Whnt inhibition in our model ameliorated the char-
acteristics of glomerular segmental fibrosis in diabetic
kidneys; it was further associated with restored fatty
acid metabolism in podocytes. It is clear that inhibi-
tion of FAO in podocytes enhances profibrotic signal-
ing and canonical Wnt signaling. These data suggest
that Wnt inhibition improves glomerular fibrosis by
augmenting FAO and suppressing the expression of
profibrotic genes. The antifibrotic effect of Wnt inhibi-
tion appears to be dependent on podocyte GR, sug-
gesting that GR is an essential protein that regulates
podocyte Wnt signaling and its associated fatty acid
metabolism in diabetes mellitus.

In addition, our results demonstrate that GR loss in
podocytes induces mesenchymal activation in glom-
eruli suggesting crosstalk between podocytes and
endothelial cells mediated via GR. There is at least 1
report that suggests that defects in podocytes can
affect the permeability of the basement membrane,’
which could be a potential mechanism whereby en-
dothelial cell homeostasis could be affected by podo-
cyte derangements. Further studies will be required
to investigate this mechanism more fully. In addition,
similar to our results, aberrant activation of epithelial-
to-mesenchymal transition in tubular epithelial cells is
thought likely to induce EndMT processes and accel-
erate fibrotic events in diabetes mellitus.®®

As outlined in Figure 7, the working hypothesis is
that podocyte GR maintains homeostasis in both
podocytes and the kidneys as a whole by maintaining
normal cellular metabolism through FAO and relative
suppression of Wnt signaling in podocytes. In the ab-
sence of podocyte GR, Wnt signaling is upregulated,
FAQ is suppressed, and EndMT is stimulated. We hy-
pothesize paracrine effects from the absence of podo-
cyte GR on endothelial cells catalyze the EndMT. There
is yet no known ligand secreted by podocytes in the
GR-deficient state that definitively accounts for this ob-
servation, though the fact that endothelial cells treated
with conditioned media from GR-deficient podocytes
have decreased FAO suggests that such a ligand ex-
ists. Our previous work in cell-specific models of GR
deficiency has shown that loss of endogenous steroid
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signaling in particular microenvironments, such as the
endothelium, can predispose to inflammation, apop-
tosis, and fibrosis,3%%6:57 thereby reinforcing the notion
that endogenous steroid signaling has profound ef-
fects on cell homeostasis.

Our study has some interesting translational im-
plications. Though steroids are generally not consid-
ered as a therapy for diabetes mellitus because of
a predictable exacerbation in glycemic control, the
ability to deliver steroids in a tissue-specific manner,
such as directly to podocytes, may hold promise
as a novel therapeutic repurposing of steroid ther-
apy. Indeed, this work has already begun in some
animal models of glomerular disease. In a mouse
model of lupus nephritis, subcutaneous delivery of
liposome-based steroidal nanodrug was shown to
have superior efficacy compared with free (nonli-
posomal) glucocorticoid in terms of overall survival,
kidney pathological injury score, and blood urea
nitrogen concentrations.®® A liposomal encapsula-
tion approach of prednisolone has also been used

GR and Podocyte—Endothelial Cell Crosstalk

to study the response of human endothelial cells
and macrophages subjected to lipopolysaccharide
treatment. In this work, liposomal uptake by macro-
phages was complete 8 hours after administration,
and cells showed decreased levels of the proinflam-
matory cytokine interleukin-6 as well as evidence of
nuclear translocation of GR, at least as efficaciously
as free prednisolone alone.®” Such studies are slowly
accumulating and form the basis for a growing argu-
ment to further develop cell-specific steroid delivery
technologies.®8

In summary, our data demonstrate that GR de-
ficiency in podocytes induces Wnt signaling that is
responsible for defects in fatty acid metabolism. The
cumulative effects of enhanced canonical Wnt signal-
ing and defective fatty acid metabolism in podocytes
lead to mesenchymal activation in glomerular endo-
thelial cells and associated fibrogenesis in glomeruli.
The present study adds valuable information to current
knowledge about GR biology in podocytes and its ef-
fects on endothelial cell physiology in diabetes mellitus.
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Figure 7. Working hypothesis.

Podocyte glucocorticoid receptor loss causes metabolic shifts in glomerular endothelial cells and is a critical contributor to the

fibrogenic response in diabetic glomeruli.

J Am Heart Assoc. 2021;10:e019437. DOI: 10.1161/JAHA.120.019437 13



Srivastava et al

ARTICLE INFORMATION
Received February 18, 2021; accepted June 7, 2021.

Affiliations

Department of Pediatrics (S.P.S., H.Z., J.G.), Vascular Biology and Therapeutics
Program (S.P.S., H.Z, O.S., A.D., C.F-H, J.G.);, Department of Surgery (O.S.,
A.D)), Department of Comparative Medicine (C.F.-H) Program in Integrative
Cell Signaling and Neurobiology of Metabolism (C.F.-H.) and Department of
Pathology (C.F.-H.), Yale University School of Medicine, New Haven, CT; and
Department of Surgery, VA Connecticut Healthcare Systems, West Haven, CT
(A.D).

Acknowledgments

Author contributions: Dr Srivastava designed, conceptualized and per-
formed experiments and wrote the paper. Dr Zhou genotyped the mice and
was involved in validation of the data. Dr Setia performed surgical experi-
ments in mice. Drs Fernandez-Hernando and Dardik provided intellectual
input. Dr Goodwin mentored, validated the data, made intellectual contribu-
tions, and performed final editing of the manuscript.

Sources of Funding

This work is supported by grants from the National Institutes of Health to Drs
Dardik (R0O1HL1284086), Fernandez-Hernando (R35HL135820), and Goodwin
(ROTHL131952).

Disclosures
None.

Supplementary Material
Figures S1-S4

REFERENCES

1. Hovind P, Rossing P, Tarnow L, Smidt UM, Parving HH. Progression of
diabetic nephropathy. Kidney Int. 2001;59:702-709. DOI: 10.1046/j.152
3-1755.2001.059002702.x.

2. Srivastava SP, Kanasaki K, Goodwin JE. Loss of mitochondrial control
impacts renal health. Front Pharmacol. 2020;11:543973. DOI: 10.3389/
fphar.2020.543973.

3. Brosius FC. New insights into the mechanisms of fibrosis and sclerosis
in diabetic nephropathy. Rev Endocr Metab Disord. 2008;9:245-254.
DOI: 10.1007/s11154-008-9100-6.

4. Nagai T, Kanasaki M, Srivastava S, Nakamura Y, Ishigaki Y, Kitada M,
Shi S, Kanasaki K, Koya D. N-acetyl-seryl-aspartyl-lysyl-proline inhibits
diabetes-associated kidney fibrosis and endothelial-mesenchymal transi-
tion. Biomed Res Int. 2014;2014:1-12. DOI: 10.11565/2014/696475.

5. Mauer M, Zinman B, Gardiner R, Suissa S, Sinaiko A, Strand T,
Drummond K, Donnelly S, Goodyer P, Gubler MC, et al. Renal and ret-
inal effects of enalapril and losartan in type 1 diabetes. N Engl J Med.
2009;361:40-51. DOI: 10.1056/NEJM0a0808400.

6. Srivastava SP, Shi S, Koya D, Kanasaki K. Lipid mediators in di-
abetic nephropathy. Fibrogenesis Tissue Repair. 2014;7:12. DOI:
10.1186/1755-1536-7-12.

7. Srivastava SP, Goodwin JE, Kanasaki K, Koya D. Inhibition of
angiotensin-converting enzyme ameliorates renal fibrosis by mitigat-
ing DPP-4 level and restoring antifibrotic microRNAs. Genes (Basel).
2020;11:211. DOI: 10.3390/genes11020211.

8. Srivastava SP, Goodwin JE, Kanasaki K, Koya D. Metabolic reprogramming
by N-acetyl-seryl-aspartyl-lysyl-proline protects against diabetic kidney
disease. BrJ Pharmacol. 2020;177:3691-3711. DOI: 10.1111/bph.15087.

9. Hanssen NMJ, Jandeleit-Dahm KAM. Dipeptidyl peptidase-4 inhibitors
and cardiovascular and renal disease in type 2 diabetes: what have we
learned from the CARMELINA trial? Diab Vasc Dis Res. 2019;16:303—
309. DOI: 10.1177/1479164119842339.

10. Bae JH, Kim S, Park E-G, Kim SG, Hahn S, Kim NH. Effects of di-
peptidyl peptidase-4 inhibitors on renal outcomes in patients with type
2 diabetes: a systematic review and meta-analysis. Endocrinol Metab.
2019;34:80-92. DOI: 10.3803/EnM.2019.34.1.80.

11. Edwards JL. Empagliflozin, cardiovascular outcomes, and mortality in
type 2 diabetes. N Engl J Med. 2016;374:1093. DOI: 10.1056/NEJMc
1600827.

J Am Heart Assoc. 2021;10:e019437. DOI: 10.1161/JAHA.120.019437

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

GR and Podocyte—Endothelial Cell Crosstalk

Wanner C, Inzucchi SE, Lachin JM, Fitchett D, von Eynatten M,
Mattheus M, Johansen OE, Woerle HJ, Broedl UC, Zinman B, et al.
Empagliflozin and progression of kidney disease in type 2 diabetes. N
Engl J Med. 2016;375:323-334. DOI: 10.1056/NEJMoa1515920.
Kanasaki K, Shi S, Kanasaki M, He J, Nagai T, Nakamura Y, Ishigaki Y,
Kitada M, Srivastava SP, Koya D. Linagliptin-mediated DPP-4 inhibition
ameliorates kidney fibrosis in streptozotocin-induced diabetic mice by
inhibiting endothelial-to-mesenchymal transition in a therapeutic regi-
men. Diabetes. 2014;63:2120-2131. DOI: 10.2337/db13-1029.

Perkovic V, Jardine MJ, Neal B, Bompoint S, Heerspink HJL, Charytan
DM, Edwards R, Agarwal R, Bakris G, Bull S, et al. Canagliflozin and
renal outcomes in type 2 diabetes and nephropathy. N Engl J Med.
2019;380:2295-2306. DOI: 10.1056/NEJMoa1811744.

Heerspink HJL, Stefansson BV, Chertow GM, Correa-Rotter R,
Greene T, Hou F-F, Lindberg M, McMurray J, Rossing P, Toto R, et al.
Rationale and protocol of the dapagliflozin and prevention of adverse
outcomes in chronic kidney disease (DAPA-CKD) randomized con-
trolled trial. Nephrol Dial Transplant. 2020;35:274-282. DOI: 10.1093/
ndt/gfz290.

Heerspink HJL, Parving H-H, Andress DL, Bakris G, Correa-Rotter
R, Hou F-F, Kitzman DW, Kohan D, Makino H, McMurray JJV, et al.
Atrasentan and renal events in patients with type 2 diabetes and
chronic kidney disease (SONAR): a double-blind, randomised, placebo-
controlled trial. Lancet. 2019;393:1937-1947. DOI: 10.1016/S0140
-6736(19)30772-X.

Bakris GL, Agarwal R, Anker SD, Pitt B, Ruilope LM, Rossing P, Kolkhof
P, Nowack C, Schloemer P, Joseph A, et al. Effect of finerenone on
chronic kidney disease outcomes in type 2 diabetes. N Engl J Med.
2020;383:2219-2229. DOI: 10.1056/NEJM0a2025845.

Zhou L, Liu Y. Wnt/beta-catenin signalling and podocyte dysfunction
in proteinuric kidney disease. Nat Rev Nephrol. 2015;11:535-545. DOI:
10.1038/nrneph.2015.88.

He W, Kang YS, Dai C, Liu V. Blockade of Wnt/beta-catenin signaling by
paricalcitol ameliorates proteinuria and kidney injury. J Am Soc Nephrol.
2011;22:90-103. DOI: 10.1681/ASN.2009121236.

Wang D, Dai C, Li Y, Liu Y. Canonical Wnt/3-catenin signaling mediates
transforming growth factor B1-driven podocyte injury and proteinuria.
Kidney Int. 2011;80:1159-1169. DOI: 10.1038/ki.2011.255.

Bose M, Almas S, Prabhakar S. Wnt signaling and podocyte dysfunc-
tion in diabetic nephropathy. J Investig Med. 2017;65:1093-1101. DOI:
10.1136/jim-2017-000456.

Tsaousi A, Mill C, George SJ. The Wnt pathways in vascular disease:
lessons from vascular development. Curr Opin Lipidol. 2011;22:350—
357. DOI: 10.1097/MOL.0b013e32834aa701.

Franco CA, Liebner S, Gerhardt H. Vascular morphogenesis: a Wnt for
every vessel? Curr Opin Genet Dev. 2009;19:476-483. DOI: 10.1016/j.
gde.2009.09.004.

Goggolidou P. Wnt and planar cell polarity signaling in cystic renal dis-
ease. Organogenesis. 2014;10:86-95. DOI: 10.4161/0rg.26766.

Ackers |, Malgor R. Interrelationship of canonical and non-canonical
Wnt signalling pathways in chronic metabolic diseases. Diab Vasc Dis
Res. 2018;156:3-13. DOI: 10.1177/1479164117738442.

Zhou T, He X, Cheng R, Zhang B, Zhang RR, Chen Y, Takahashi Y,
Murray AR, Lee K, Gao G, et al. Implication of dysregulation of the ca-
nonical wingless-type MMTV integration site (WNT) pathway in diabetic
nephropathy. Diabetologia. 2012;55:255-266. DOI: 10.1007/s0012
5-011-2314-2.

Lin CL, Wang JY, Ko JY, Surendran K, Huang YT, Kuo YH, Wang FS.
Superoxide destabilization of beta-catenin augments apoptosis of high-
glucose-stressed mesangial cells. Endocrinology. 2008;149:2934—
2942. DOI: 10.1210/en.2007-1372.

Lee YJ, Han HJ. Troglitazone ameliorates high glucose-induced EMT
and dysfunction of SGLTs through PI3K/Akt, GSK-3beta, Snail1, and
beta-catenin in renal proximal tubule cells. Am J Physiol Renal Physiol.
2010;298:F1263-F1275. DOI: 10.1152/ajprenal.00475.2009.

Dai C, Stolz DB, Kiss LP, Monga SP, Holzman LB, Liu Y. Wnt/beta-
catenin signaling promotes podocyte dysfunction and albuminuria.
J Am Soc Nephrol. 2009;20:1997-2008. DOI: 10.1681/ASN.20090
10019.

Li Z, Xu J, Xu P, Liu S, Yang Z. Wnt/beta-catenin signalling pathway
mediates high glucose induced cell injury through activation of TRPC6
in podocytes. Cell Prolif. 2013;46:76-85. DOI: 10.1111/cpr.12010.

Kato H, Gruenwald A, Suh JH, Miner JH, Barisoni-Thomas L, Taketo MM,
Faul C, Millar SE, Holzman LB, Susztak K. Wnt/beta-catenin pathway in

14


https://doi.org/10.1046/j.1523-1755.2001.059002702.x
https://doi.org/10.1046/j.1523-1755.2001.059002702.x
https://doi.org/10.3389/fphar.2020.543973
https://doi.org/10.3389/fphar.2020.543973
https://doi.org/10.1007/s11154-008-9100-6
https://doi.org/10.1155/2014/696475
https://doi.org/10.1056/NEJMoa0808400
https://doi.org/10.1186/1755-1536-7-12
https://doi.org/10.3390/genes11020211
https://doi.org/10.1111/bph.15087
https://doi.org/10.1177/1479164119842339
https://doi.org/10.3803/EnM.2019.34.1.80
https://doi.org/10.1056/NEJMc1600827
https://doi.org/10.1056/NEJMc1600827
https://doi.org/10.1056/NEJMoa1515920
https://doi.org/10.2337/db13-1029
https://doi.org/10.1056/NEJMoa1811744
https://doi.org/10.1093/ndt/gfz290
https://doi.org/10.1093/ndt/gfz290
https://doi.org/10.1016/S0140-6736(19)30772-X
https://doi.org/10.1016/S0140-6736(19)30772-X
https://doi.org/10.1056/NEJMoa2025845
https://doi.org/10.1038/nrneph.2015.88
https://doi.org/10.1681/ASN.2009121236
https://doi.org/10.1038/ki.2011.255
https://doi.org/10.1136/jim-2017-000456
https://doi.org/10.1097/MOL.0b013e32834aa701
https://doi.org/10.1016/j.gde.2009.09.004
https://doi.org/10.1016/j.gde.2009.09.004
https://doi.org/10.4161/org.26766
https://doi.org/10.1177/1479164117738442
https://doi.org/10.1007/s00125-011-2314-2
https://doi.org/10.1007/s00125-011-2314-2
https://doi.org/10.1210/en.2007-1372
https://doi.org/10.1152/ajprenal.00475.2009
https://doi.org/10.1681/ASN.2009010019
https://doi.org/10.1681/ASN.2009010019
https://doi.org/10.1111/cpr.12010

Srivastava et al

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

J Am Heart Assoc. 2021;10:e019437. DOI: 10.1161/JAHA.120.019437

podocytes integrates cell adhesion, differentiation, and survival. J Biol
Chem. 2011;286:26003-26015. DOI: 10.1074/jbc.M111.223164.

Sieber J, Jehle AW. Free fatty acids and their metabolism affect function
and survival of podocytes. Front Endocrinol (Lausanne). 2014;5:186.
DOI: 10.3389/fendo.2014.00186.

Kang HM, Ahn SH, Choi P, Ko Y-A, Han SH, Chinga F, Park ASD, Tao J,
Sharma K, Pullman J, et al. Defective fatty acid oxidation in renal tubular
epithelial cells has a key role in kidney fibrosis development. Nat Med.
2015;21:37-46. DOI: 10.1038/nm.3762.

Srivastava SP, Li J, Kitada M, Fujita H, Yamada Y, Goodwin JE, Kanasaki
K, Koya D. SIRT3 deficiency leads to induction of abnormal glycolysis in
diabetic kidney with fibrosis. Cell Death Dis. 2018;9:997. DOI: 10.1038/
$41419-018-1057-0.

Srivastava SP, Zhou H, Setia O, Liu B, Kanasaki K, Koya D, Dardik
A, Fernandez-Hernando C, Goodwin J. Loss of endothelial gluco-
corticoid receptor accelerates diabetic nephropathy. Nat Commun.
2021;12:2368. DOI: 10.1038/541467-021-22617-y.

Zhou H, Tian X, Tufro A, Moeckel G, Ishibe S, Goodwin J. Loss of the
podocyte glucocorticoid receptor exacerbates proteinuria after injury.
Sci Rep. 2017;7:9833. DOI: 10.1038/541598-017-10490-z.

Srivastava SP, Shi S, Kanasaki M, Nagai T, Kitada M, He J, Nakamura
Y, Ishigaki Y, Kanasaki K, Koya D. Effect of antifibrotic microRNAs
crosstalk on the action of N-acetyl-seryl-aspartyl-lysyl-proline in
diabetes-related kidney fibrosis. Sci Rep. 2016;6:29884. DOI: 10.1038/
srep29884.

Zhang LS, Lum L. Delivery of the porcupine inhibitor WNT974 in mice.
Methods Mol Biol. 2016;1481:111-117. DOI: 10.1007/978-1-4939-6393-5_12.
Shriver LP, Manchester M. Inhibition of fatty acid metabolism amelio-
rates disease activity in an animal model of multiple sclerosis. Sci Rep.
2011;1:79. DOI: 10.1038/srep00079.

Bitar MS. Co-administration of etomoxir and RU-486 miti-
gates insulin resistance in hepatic and muscular tissues of STZ-
induced diabetic rats. Horm Metab Res. 2001;33:577-584. DOl
10.1055/5-2001-17908.

ZeisbergEM, PotentaSE, SugimotoH, ZeisbergM, KalluriR. Fibroblasts
in kidney fibrosis emerge via endothelial-to-mesenchymal transition.
J Am Soc Nephrol. 2008;19:2282-2287. DOI: 10.1681/ASN.20080
50513.

Sugimoto H, Grahovac G, Zeisberg M, Kalluri R. Renal fibrosis and glo-
merulosclerosis in a new mouse model of diabetic nephropathy and
its regression by bone morphogenic protein-7 and advanced glycation
end product inhibitors. Diabetes. 2007;56:1825-1833. DOI: 10.2337/
db06-1226.

Peng H, Li Y, Wang C, Zhang J, Chen Y, Chen W, Cao J, Wang Y, Hu
Z, Lou T. ROCK1 induces endothelial-to-mesenchymal transition in
glomeruli to aggravate albuminuria in diabetic nephropathy. Sci Rep.
2016;6:20304. DOI: 10.1038/srep20304.

Srivastava SP, Koya D, Kanasaki K. MicroRNAs in kidney fibrosis and
diabetic nephropathy: roles on EMT and EndMT. Biomed Res Int.
2013;2013:125469. DOI: 10.11565/2013/125469.

Shi S, Srivastava SP, Kanasaki M, He J, Kitada M, Nagai T, Nitta K,
Takagi S, Kanasaki K, Koya D. Interactions of DPP-4 and integrin
betal influences endothelial-to-mesenchymal transition. Kidney Int.
2015;88:479-489. DOI: 10.1038/ki.2015.103.

Srivastava SP, Hedayat FA, Kanasaki K, Goodwin JE. MicroRNA
crosstalk influences  epithelial-to-mesenchymal, endothelial-
to-mesenchymal, and  macrophage-to-mesenchymal  transi-
tions in the kidney. Front Pharmacol. 2019;10:904. DOI: 10.3389/
fphar.2019.00904.

LiL, Chen L, Zang J, Tang X, Liu Y, Zhang J, Bai L, Yin Q, Lu Y, Cheng
J, et al. C3a and cba receptor antagonists ameliorate endothelial-
myofibroblast transition via the Wnt/beta-catenin signaling pathway in
diabetic kidney disease. Metabolism. 2015;64:597-610. DOI: 10.1016/j.
metabol.2015.01.014.

Li J, Shi S, Srivastava SP, Kitada M, Nagai T, Nitta K, Kohno M,
Kanasaki K, Koya D. FGFR1 is critical for the anti-endothelial mesen-
chymal transition effect of N-acetyl-seryl-aspartyl-lysyl-proline via in-
duction of the MAP4K4 pathway. Cell Death Dis. 2017;8:€2965. DOI:
10.1038/cddis.2017.353.

Guess A, Agrawal S, Wei CC, Ransom RF, Benndorf R, Smoyer WE.
Dose- and time-dependent glucocorticoid receptor signaling in podo-
cytes. Am J Physiol Renal Physiol. 2010;299:F845-F853. DOI: 10.1152/
ajprenal.00161.2010.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

GR and Podocyte—Endothelial Cell Crosstalk

Agrawal S, He JC, Tharaux PL. Nuclear receptors in podocyte biol-
ogy and glomerular disease. Nat Rev Nephrol. 2021;17:185-204. DOI:
10.1038/541581-020-00339-6.

Ransom RF, Lam NG, Hallett MA, Atkinson SJ, Smoyer WE.
Glucocorticoids protect and enhance recovery of cultured murine
podocytes via actin filament stabilization. Kidney Int. 2005;68:2473—
2483. DOI: 10.1111/j.1523-1755.2005.00723..x.

Wada T, Pippin JW, Marshall CB, Griffin SV, Shankland SJ.
Dexamethasone prevents podocyte apoptosis induced by puromycin
aminonucleoside: role of p53 and Bcl-2-related family proteins. J Am
Soc Nephrol. 2005;16:2615-2625. DOI: 10.1681/ASN.2005020142.
Wada T, Pippin JW, Nangaku M, Shankland SJ. Dexamethasone’s
prosurvival benefits in podocytes require extracellular signal-regulated
kinase phosphorylation. Nephron Exp Nephrol. 2008;109:e8-e19. DOI:
10.1159/000131892.

Tronche F, Kellendonk C, Reichardt HM, Schutz G. Genetic dissec-
tion of glucocorticoid receptor function in mice. Curr Opin Genet Dev.
1998;8:532-538. DOI: 10.1016/S0959-437X(98)80007-5.

Stocklin E, Wissler M, Gouilleux F, Groner B. Functional interactions
between Stat5 and the glucocorticoid receptor. Nature. 1996;383:726—
728. DOI: 10.1038/383726a0.

Goodwin JE, Feng Y, Velazquez H, Sessa WC. Endothelial glucocorti-
coid receptor is required for protection against sepsis. Proc Natl Acad
SciU S A. 2013;110:306-311. DOI: 10.1073/pnas.1210200110.
Goodwin JE, Zhang X, Rotllan N, Feng Y, Zhou H, Fernandez-
Hernando C, Yu J, Sessa WC. Endothelial glucocorticoid receptor
suppresses atherogenesis—brief report. Arterioscler Thromb Vasc Biol.
2015;35:779-782. DOI: 10.1161/ATVBAHA.114.304525.

Oakley RH, Cidlowski JA. The biology of the glucocorticoid recep-
tor: new signaling mechanisms in health and disease. J Allergy Clin
Immunol. 2013;132:1033-1044. DOI: 10.1016/j.jaci.2013.09.007.

Zhou H, Mehta S, Srivastava SP, Grabinska K, Zhang X, Wong C, Hedayat
A, Perrotta P, Fernandez-Hernando C, Sessa WC, et al. Endothelial cell-
glucocorticoid receptor interactions and regulation of Wnt signaling. JCI
Insight. 2020;5:€131384. DOI: 10.1172/jci.insight.131384.

He W, Dai C, Li 'Y, Zeng G, Monga SP, Liu Y. Wnt/beta-catenin signaling
promotes renal interstitial fibrosis. J Am Soc Nephrol. 2009;20:765—
776. DOI: 10.1681/ASN.2008060566.

Li X, Yamagata K, Nishita M, Endo M, Arfian N, Rikitake Y, Emoto N,
Hirata K, Tanaka Y, Minami Y. Activation of Wnt5a-Ror2 signaling as-
sociated with epithelial-to-mesenchymal transition of tubular epithelial
cells during renal fibrosis. Genes Cells. 2013;18:608-619. DOI: 10.1111/
gtc.12064.

Feng Y, Liang Y, Zhu X, Wang M, Gui Y, Lu Q, Gu M, Xue X, Sun X,
He W, et al. The signaling protein Wntba promotes TGFbetal-mediated
macrophage polarization and kidney fibrosis by inducing the transcrip-
tional regulators Yap/Taz. J Biol Chem. 2018;293:19290-19302. DOI:
10.1074/jbc.RA118.005457.

Hasegawa K, Wakino S, Sakamaki Y, Muraoka H, Umino H, Minakuchi
H, Yoshifuji A, Naitoh M, Shinozuka K, Futatsugi K, et al. Communication
from tubular epithelial cells to podocytes through Sirt1 and nicotinic acid
metabolism. Curr Hypertens Rev. 2016;12:95-104. DOI: 10.2174/15734
02112666160302102217.

Casalena G, Bottinger E, Daehn |. TGFbeta-induced actin cytoskeleton
rearrangement in podocytes is associated with compensatory adapta-
tion of mitochondrial energy metabolism. Nephron. 2015;131:278-284.
DOI: 10.1159/000442051.

Li J, Liu H, Takagi S, Nitta K, Kitada M, Srivastava SP, Takagaki Y,
Kanasaki K, Koya D. Renal protective effects of empagliflozin via inhi-
bition of EMT and aberrant glycolysis in proximal tubules. JCI Insight.
2020;5:129034. DOI: 10.1172/jci.insight.129034.

Moallem E, Koren E, Ulmansky R, Pizov G, Barlev M, Barenholz Y,
Naparstek Y. A liposomal steroid nano-drug for treating systemic lupus
erythematosus. Lupus. 2016;25:1209-1216. DOI: 10.1177/0961203316
636468.

van Alem CMA, Boonstra M, Prins J, Bezhaeva T, van Essen MF, Ruben
JM, Vahrmeijer AL, van der Veer EP, de Fijter JW, Reinders ME, et al.
Local delivery of liposomal prednisolone leads to an anti-inflammatory
profile in renal ischaemia-reperfusion injury in the rat. Nephrol Dial
Transplant. 2018;33:44-53. DOI: 10.1093/ndt/gfx204.

Goodwin JE. Role of the glucocorticoid receptor in glomerular disease.
Am J Physiol Renal Physiol. 2019;317:F133-F136. DOI: 10.1152/ajpre
nal.00217.2019.

15


https://doi.org/10.1074/jbc.M111.223164
https://doi.org/10.3389/fendo.2014.00186
https://doi.org/10.1038/nm.3762
https://doi.org/10.1038/s41419-018-1057-0
https://doi.org/10.1038/s41419-018-1057-0
https://doi.org/10.1038/s41467-021-22617-y
https://doi.org/10.1038/s41598-017-10490-z
https://doi.org/10.1038/srep29884
https://doi.org/10.1038/srep29884
https://doi.org/10.1007/978-1-4939-6393-5_12
https://doi.org/10.1038/srep00079
https://doi.org/10.1055/s-2001-17903
https://doi.org/10.1681/ASN.2008050513
https://doi.org/10.1681/ASN.2008050513
https://doi.org/10.2337/db06-1226
https://doi.org/10.2337/db06-1226
https://doi.org/10.1038/srep20304
https://doi.org/10.1155/2013/125469
https://doi.org/10.1038/ki.2015.103
https://doi.org/10.3389/fphar.2019.00904
https://doi.org/10.3389/fphar.2019.00904
https://doi.org/10.1016/j.metabol.2015.01.014
https://doi.org/10.1016/j.metabol.2015.01.014
https://doi.org/10.1038/cddis.2017.353
https://doi.org/10.1152/ajprenal.00161.2010
https://doi.org/10.1152/ajprenal.00161.2010
https://doi.org/10.1038/s41581-020-00339-6
https://doi.org/10.1111/j.1523-1755.2005.00723.x
https://doi.org/10.1681/ASN.2005020142
https://doi.org/10.1159/000131892
https://doi.org/10.1016/S0959-437X(98)80007-5
https://doi.org/10.1038/383726a0
https://doi.org/10.1073/pnas.1210200110
https://doi.org/10.1161/ATVBAHA.114.304525
https://doi.org/10.1016/j.jaci.2013.09.007
https://doi.org/10.1172/jci.insight.131384
https://doi.org/10.1681/ASN.2008060566
https://doi.org/10.1111/gtc.12064
https://doi.org/10.1111/gtc.12064
https://doi.org/10.1074/jbc.RA118.005457
https://doi.org/10.2174/1573402112666160302102217
https://doi.org/10.2174/1573402112666160302102217
https://doi.org/10.1159/000442051
https://doi.org/10.1172/jci.insight.129034
https://doi.org/10.1177/0961203316636468
https://doi.org/10.1177/0961203316636468
https://doi.org/10.1093/ndt/gfx204
https://doi.org/10.1152/ajprenal.00217.2019
https://doi.org/10.1152/ajprenal.00217.2019

SUPPLEMENTAL MATERIAL



Figure S1. Loss of podocyte GR worsens glomerular fibrosis in a mouse model of urinary

obstruction (UUO).
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(a) Schematic presentation of UUO model. Left kidneys were ligated in control littermates and
GRPX© mice. Four doses of STZ (50 mg/kg/day, i.p.) were injected from day 2 post-UUO to
induce diabetes. At day 12, kidneys were excised. (b) Physiological parameters: body weight,
blood glucose, kidney weight/body weight, plasma creatinine and albumin-to-creatinine ratio

were measured. n=5/group. Data are shown as mean + SEM. (c) Masson trichrome (MTS) and



PAS staining in the contralateral and UUO-operated kidneys in control and GR?®° mice were
analyzed. Representative images are shown. Area fibrosis (%) and glomerular area (uM?) were
measured using ImageJ. n=6/group. Data are shown as mean + SEM. Scale bar 50 um. *p<0.05,

**p<0.01. Non-parametric Mann-Whitney U test was used.



Figure S2. Loss of podocyte glucocorticoid receptor augments TGFp-Smad?2 signaling in

UUO operated diabetic glomeruli.
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(a) Immunohistochemical analysis of TGFf1and p-smad?2 in the glomeruli of diabetic UUO
control and diabetic UUO GRPKC mice n=6/group. Representative pictures are shown. Scale bar
50 um. (b) Immunofluorescence analysis and quantification of collagen | (FITC-labeled and
DAPI blue nuclei, pixels/field) and TGFBR 1and nephrin co-labeling (FITC-labeled TGFBR1,
rhodamine-labeled nephrin and DAPI blue nuclei) in the glomeruli of diabetic UUO control and
diabetic UUO GRPX© mice. Representative images are shown. Scale bar: 50 um in each panel.

n=6/group. *p<0.05, **p<0.01. Non-parametric Manny-Whitney U test was used.



Figure S3. Aberrant Wnt signaling is responsible for podocyte GR loss-linked fibrosis in

glomeruli of UUO-operated diabetic mice.
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(a) Immunohistochemical analysis of B-catenin in the glomeruli of diabetic UUO control and
diabetic UUO GR%° mice. n=5/group. Representative images are shown. Scale bar 50um. (b)
Immunofluorescence analysis of nephrin/B-catenin co-labeling in the glomeruli of diabetic UUO
control and diabetic UUO GRPKC mice. (FITC-labeled B-catenin, rhodamine-labeled nephrin and
DAPI blue nuclei). Representative images are shown. Scale bar 50 um in each panel. n=5/group.
(c) Immunofluorescence analysis of nephrin/CPT1a co-labeling in the glomeruli of diabetic
UUO control and diabetic UUO GRPX° mice. (FITC-labeled CPT1a, rhodamine-labeled nephrin
and DAPI blue nuclei). Representative images are shown. Scale bar 50 um in each panel.

n=5/group. **p<0.01, ***p<0.001. DM: diabetes mellitus. Non-parametric Mann-Whitney U test

was used.



Figure S4. Gene expression analysis of profibrotic genes in isolated podocytes.
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gPCR gene expression analysis of collagen I, fibronectin and TGFfR1 in podocytes isolated
from mice subjected to the treatment conditions indicated. Data were normalized to 18S and are
shown as mean = SEM. *p<0.05, **p<0.01, ***p<0.001. One way ANOVA withTukey’s post

hoc test was used for analysis of statistical significance.



