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Background: Discoidin domain receptor 1 (DDR1) is a receptor tyrosine kinase that is activated by collagens
that is involved in the pathogenesis of fibrotic disorders. Interestingly, de novo production of the collagen
type I (Col I) has been observed in Col4a3 knockout mice, a mouse model of Alport Syndrome (AS mice). Dele-
tion of the DDR1 in AS mice was shown to improve survival and renal function. However, the mechanisms
driving DDR1-dependent fibrosis remain largely unknown.
Methods: Podocyte pDDR1 levels, Collagen and cluster of differentiation 36 (CD36) expression was analyzed
by Real-time PCR and Western blot. Lipid droplet accumulation and content was determined using Bodipy
staining and enzymatic analysis. CD36 and DDR1 interaction was determined by co-immunoprecipitation.
Creatinine, BUN, albuminuria, lipid content, and histological and morphological assessment of kidneys har-
vested from AS mice treated with Ezetimibe and/or Ramipril or vehicle was performed.
Findings: We demonstrate that Col I-mediated DDR1 activation induces CD36-mediated podocyte lipotoxic
injury. We show that Ezetimibe interferes with the CD36/DDR1 interaction in vitro and prevents lipotoxicity
in AS mice thus preserving renal function similarly to ramipril.
Interpretation: Our study suggests that Col I/DDR1-mediated lipotoxicity contributes to renal failure in AS and
that targeting this pathway may represent a new therapeutic strategy for patients with AS and with chronic
kidney diseases (CKD) associated with Col4 mutations.
Funding: This study is supported by the NIH grants R01DK117599, R01DK104753, R01CA227493,
U54DK083912, UM1DK100846, U01DK116101, UL1TR000460 (Miami Clinical Translational Science Institute,
National Center for Advancing Translational Sciences and the National Institute on Minority Health and
Health Disparities), F32DK115109, Hoffmann-La Roche and Alport Syndrome Foundation.
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1. Introduction

Chronic kidney disease is a major healthcare problem that affects
several hundred million people worldwide and is the 9th cause of death
in United States [1,2]. About 25% of patients report a family history of
CKD, which has led to the identification of several mutations in podocyte
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Research in context

Evidence before this study

Collagen (Col) type IV mutations are pathogenic mutations
associated with chronic kidney disease (CKD). In patients with
Alport Syndrome (AS), Col4A3, Col4A4 or Col4A5 mutations dis-
turb the proper formation of basement membranes in kidney
(GBM), eye, and inner ear. Disruption of the integrity of the
GBM results in proteinuria, progressive renal fibrosis and fail-
ure during adolescence or early adulthood. However, there is
no specific treatment currently available beyond ACE inhibitors.

Added value of this study

In this study, we unveil a novel mechanism by which abnormal
glomerular basement membrane (GBM) mediated aberrant
DDR1 activation induces podocyte lipotoxicity, thus contribut-
ing to the progression of AS. We demonstrate that Ezetimibe,
an FDA-approved drug which lowers lipid absorption, improves
renal function and lipid metabolism in a mouse model of AS.

Implications of all the available evidence

This study could provide an important breakthrough in the
search for repurposed treatment strategies for patients with AS.
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genes [3-6] in early onset and familial cases. With the wider utilization
of genetic testing in patients affected by other glomerular diseases, such
as familial steroid-resistant focal segmental glomerulosclerosis (FSGS),
Col IVmutations were found to be the secondmost pathogenic mutation
in patients with CKD [7,8,9], suggesting that the prevalence of Alport
Syndrome (AS) has been largely underestimated. Alport Syndrome (AS),
a rare genetic condition that leads to progressive kidney disease, is char-
acterized by mutations in the genes coding for collagen type IV (Col4A3,
Col4A4, Col4A5) [10-12].Mutations in the a3, a4, or a5 chains of colla-
gen IV encoding genes disturb the normal formation of the capillary
basement membranes in the kidney [11], eye [13], and inner ear [14].
Disruption of the integrity of the glomerular filtration barrier results in
hematuria and proteinuria followed by progressive glomerular and
tubulointerstitial fibrosis and renal failure [15]. Patients with AS develop
end stage renal disease (ESRD) during adolescence or early adulthood.
Yet, no specific treatment is currently available for patients with AS, and
Ramipril (RM) is the only standard-of-care based on retrospective stud-
ies [16] in a recent phase two study of adolescents affected by AS [17].
Furthermore, given the high prevalence of collagen genes mutations in
CKD, treatment strategies for ASmay result more broadly in novel thera-
peutic option for a large portion of patients with CKD.

Renal failure associated with AS highlights the importance of the
glomerular basement membrane (GBM) composition in the mainte-
nance of the glomerular filtration barrier (GFB). In vivo, Col IV exists in
three isoforms called a1a1a2, a3a4a5, and a5a5a6 [18,19]. During
normal kidney development, the immature a1a1a2 isoform of Col IV
is replaced by the a3a4a5, the main component of the mature GBM
[20-22]. However, this developmental switch is arrested in AS due to
mutations in one of the three genes (COL4A3, COL4A4, or COL4A5)
that encode the a3, a4, and a5 chains of Col IV [20,23]. In patients
with AS [24] and in Col4a3KO mice, a mouse model for AS, the
a1a1a2 isomer persists in the GBM in the absence of the a3a4a5 net-
work. This aberrant collagen network in the GBM is insufficient to pre-
serve kidney function and is associated with the development of
hematuria, proteinuria and renal failure early in life[25,26]. Further-
more, de novo production of Collagen type I a1 (Col1A1) and a2 chains
(Col1A2) in the GBM at both transcriptional and translational level, has
been observed in Col4a3KOmice and in AS patients [27-29].
Besides its reliance on GBM composition, the integrity of the GFB
also depends on cell-cell and cell-matrix adhesions, predominantly of
podocytes [30]. Podocytes are highly specialized glomerular epithelial
cells that line the urinary space of the GBM [31]. Podocytes adhere to
the GBM via adhesion receptors such as integrins, syndecans, and dys-
troglycans [32]. Therefore, it is feasible that podocyte injury in AS
results from an impairment in podocyte-GMB cross talk [32,33].

Before the discovery of Discoidin Domain Receptor 1 (DDR1), integ-
rins were considered the only class of cell surface receptors that could
transmit intracellular signals by binding extracellular matrix (ECM)
proteins [34,35]. DDR1 is a tyrosine kinase receptor expressed in 5 iso-
forms, DDR1a-e. DDR1 is expressed mostly by epithelial cells but is
also expressed by mesenchymal cells. DDR1 is activated by fibrillar
and non-fibrillar collagens [36-38]. The discoidin domain of the DDR1
contains the collagen-binding region and is responsible for mediating
DDR1 and collagen interaction [39]. Upon the collagen I binding, DDR1
undergoes tyrosine autophosphorylation, and the phosphorylation
levels persist for days, with no apparent means for signal attenuation
[37,40]. Activation of DDR1 by collagens has been shown to promote
fibrosis and inflammation, generating a positive feedback loop that
perpetuates DDR1 activation [37,41]. Interestingly, deletion of DDR1 in
Col4a3KO mice was shown to improve renal function and survival
[12], and we recently reported that treatment of Col4a3KO mice with
a selective DDR1 inhibitor improves renal function and fibrosis [29].
However, the mechanism(s) by which DDR1 activation by aberrant Col
I production contributes to podocyte injury in AS remains elusive.

We and others have shown dysregulated renal lipid metabolism in
Col4a3KO mice [42,43], similar to what was previously described in
glomeruli in clinical and experimental FSGS and diabetic kidney disease
(DKD) [42,44-47]. While we reported that dysregulated cholesterol
efflux is a key determinant of podocyte injury in several glomerular dis-
orders, including AS [42,44], others described the role of cholesterol
influx [43] and cluster of differentiation 36 (CD36)-dependent free fatty
acid (FFA) uptake in podocyte injury [48, 49]. CD36 is a protein involved
in FFA uptake, cholesterol absorption and the activation of inflamma-
tory pathways [50-52]. Clinical and experimental studies suggest that
disturbed FFA metabolism in podocytes plays a critical pathogenic role
in obesity-related glomerulopathy and DKD [48,53].

Our study demonstrates enhanced DDR1b/c activation in AS and
in podocytes exposed to Col I and a novel mechanism in which
DDR1b/c activation induces increased podocyte FFA uptake, leading
to podocyte damage. These findings uncover a novel link between
ECM-initiated signaling and lipid metabolism in podocytes. In vivo,
we used Col4a3 knockout mice (AS mice) as a mouse model for CKD
to demonstrate that the inhibition of CD36-dependent FFA uptake
with the clinically available compound, Ezetimibe (EZ ) [54-56], pro-
tects from renal failure in Col4a3KO mice similarly to RM.

2. Methods

2.1. Study approval and design

EZ was orally administered at a concentration of 5 mg/kg BW, RM
was added to the drinking water at a concentration that would lead
to a daily RM uptake of 10 mg/kg BW. All mice were sacrificed at 8
weeks of age. The following four groups of mice were analyzed: WT,
Col4a3 KO + EZ, Col4a3 KO + RM, Col4a3 KO + EZ + RM. The primary
objective of this study was to determine novel mechanism by which
collagen - mediated DDR1 activation causes podocyte lipotoxicity
leading to the progression of AS. To investigate this mechanism, we
measured the cellular LD content and the levels of FFA uptake in col-
lagen treated podocytes. We further used DDR1 (wild type, self-acti-
vating (N211Q), and kinase dead (K655A)) overexpressing human
podocyte cell lines to confirm the mechanism. In vivo studies were
performed and the lipid content and renal function in Col4a3 KO
mice (129-Col4a3tm1Dec/J, stock number 002,908, Jackson
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Laboratories) were determined. Two groups of mice (n = 8�10 per
group; wildtype and Col4a3 KO) were analyzed at 8 weeks of age. We
also investigated if EZ, an FDA-approved drug prescribed to lower
lipid absorption, or a combination therapy of EZ and RM can improve
lipid metabolism and renal function in Col4a3 KO mice. Six groups of
mice (n = 5�10 per group) were examined (WT, WT+EZ, Col4a3 KO,
Col4a3 KO+EZ, Col4a3 KO+RM, and Col4a3 KO+EZ+RM). Mice were
treated starting at four-weeks of age and sacrificed at eight-weeks of
age. All animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Miami. Minimal
group sizes for in vitro and in vivo studies were determined via power
calculation using the DSS Researcher’s Toolkit with an a of 0.05. Ani-
mals were grouped unblinded, but randomized, and investigators
were blinded for the quantification experiments. GraphPad Prism
Outlier calculator software (https://www.graphpad.com/quickcalcs/
Grubbs1.cfm) was used to indicate outliers in each set of data
obtained for in vitro and in vivo experiments. Significant outliers
were excluded from further statistical analysis. All experiments were
performed at least twice. Additional information about Methods can
be found in the Supplemental Material.

2.2. Ethics statements

All animal studies were performed according to protocols
approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Miami.

2.3. Establishment of conditionally immortalized mouse podocyte cell
lines isolated fromWT and Col4a3 KO mice

To establish immortalized mouse podocyte cell lines, Col4a3 +/-
mice were bred with the Immorto-mice carrying a temperature-sen-
sitive T-antigen transgene (SV40+/-) [57] purchased from Charles
River (CBA/CaxC57BL/10-H-2Kb-tsA58) to generate double heterozy-
gous littermates. Double heterozygous littermates were then crossed.
SV40Tg/+; Col4a3-/- (immorto-Col4a3 KO) and SV40Tg/Tg +/-;
Col4a3+/+ (immorto-wildtype) were identified by genotyping PCR
and glomeruli were isolated. Podocytes were grown out from the iso-
lated glomeruli and cultured, as previously described [58]. Immortal-
ized mouse podocyte cell lines were confirmed by Western blot
analysis of podocyte markers after 12 days of differentiation at 37 °C.

2.4. Establishment DDR1b-expressing podocytes

Stable human podocyte cell lines expressing GFP-tagged DDR1b
mutants, wild type, and empty (EV) vectors were developed by lenti-
viral infection. We used the following DDR1b mutants: DDR1b
N211Q and DDR1b K655A. Mutations at the N211 site of DDR1
located within the discoidin domain result in collagen-independent
autoactivation of the receptor [59]. Here, we refer to the N211A
mutant of DDR1b as self-activating (SA/DDR1b). Mutations at the
conserved K655 site within the kinase domain of DDR1b generate a
mutant that is catalytically inactive and thus is not phosphorylated in
response to collagen [60]. We refer to this mutant as kinase dead
(KD/DDR1b). We purchased these 4 lentiviral plasmids (pLV-Puro-
CMV-hDDR1b: EGFP (DDR1b WT), pLV-Puro-CMV-hDDR1b (N211Q):
EGFP (DDR1b SA), pLV-Puro-CMV-hDDR1b (K655A): EGFP (DDR1b
KD), and pLV-Puro-CMV: EGFP (EV) from Vector Builder. After lentivi-
ral infection, clones were obtained by limited dilution and expanded
under puromycin selection followed by cell sorting. The sorted cells
were confirmed by Western blot analysis for pDDR1, DDR1 and GFP.
The engineered human podocyte cell lines grown at 33 °C were then
transferred to 37 °C to induce differentiation for 12 days. Western
blot analysis for synaptopodin (Santacruz, sc-21,537) in these cell
lines confirmed that DDR1b overexpression did not affect podocyte
differentiation at 37 °C.
2.5. Podocyte cell culture

Human podocytes were cultured at 33 °C under permissive condi-
tions in RPMI culture medium containing 10% FBS and 1% penicillin/
streptomycin and 0.01 mg/ml recombinant human insulin,
0.0055 mg/ml human transferrin (substantially iron-free), and
0.005 mg/ml sodium selenite [61]. Human podocytes were then ther-
moshifted and differentiated for 14 days at 37 °C in RPMI medium
10% FBS and 1% penicillin/streptomycin. On day 12 of differentiation,
DDR1-expressing and control human podocytes were serum-starved
for 24 h, followed by treatment with Col I (Corning, 100 mg/mL,
18 hrs). The cells were then lysed with cell lysis buffer (Cell Signaling)
and examined for DDR1b activation by Western Blot analysis. Differ-
entiated DDR1b-expressing podocytes were used in various assays as
described below.

2.6. Immunoprecipitation and Western blot analysis

Kidney cortex was homogenized in cell lysis buffer (Cell Signaling)
containing Phosphatase Inhibitor Cocktail Complete EDTA free
(Roche Applied Sciences, Switzerland), and PMSF 0.1 M (Sigma, St
Louis, MO). Homogenized tissues were centrifuged at 2000 g for
10 min at 4 °C. Supernatants were collected. Human podocyte cell
lysates were prepared using the same lysis buffer described above
and protein concentrations of tissue and cell lysates were estimated
with the BCA protein assay. Then 1.5 mg of protein were mixed with
anti-human antibody DDR1 (R&D) for 1 h at 4 °C with continuous agi-
tation. The reaction mixtures were incubated with 50% slurry of pro-
tein G-sepharose (GE Healthcare, Sweden) at 4 °C for 2 h and
centrifuged at 4000 rpm for 30 s. The pellets were resuspended in
sample buffer solution NuPAGE 4x (Life Technologies) and NuPAGE
sample reducing agent 10x containing 500 mM DTT (Life Technolo-
gies), boiled for 5 min at 95 °C, and centrifuged at 10,000 rpm for
15 s. For Western blot, protein amount of 15 mL for phospho DDR1
detection and 5 mL for DDR1 detection were loaded for SDS-PAGE on
4�20% gels and transferred to nitrocellulose membranes. The dupli-
cate blots were probed with rabbit anti-human C-terminus DDR1
1:5000 (C-20, Santa Cruz, sc-532) at 4 °C overnight or rabbit anti-
phospho DDR1 1:1000 (Y513, Cell Signaling, #14,531) followed by
corresponding secondary antibody. Detection was carried out using
ECL Western blotting detection reagents (GE Healthcare, UK). For col-
lagen detection, kidney tissue and human podocyte lysates were pre-
pared as described above. Forty mg of total protein was loaded, and
the blot was probed with rabbit anti-collagen I 1:1000 (Aviva System,
OAAB10798) that detects c-terminus of Col I, at 4 °C overnight fol-
lowed by corresponding secondary antibody.

2.7. Quantitative real-time PCR

RNA was extracted from isolated glomeruli using the RNeasy Mini
Kit (Qiagen). Reverse transcription was performed using qScript
cDNA SuperMix (Quanta) according to the manufacturer’s protocols.
Quantitative real-time PCR (RT-PCR) was performed using the StepO-
nePlus system (Applied Biosystems) with PerfeCTA SYBR Green Fast-
Mix (Quanta).

2.8. Isolation of plasma membranes

Cells were collected in homogenization media (15 mM KCl,
1.5 mM MgCl2, 10 mM HEPES, 1 mM DTT) and incubated on ice for
5 min. Cell pellets were homogenized 5 times using insulin syringes
and incubated with 2.5 M sucrose solution (250 nM final concentra-
tion). Cell pellets were submitted to several centrifugation steps: to
separate nuclear fraction (1,000xg, 5 min, 4 °C); to separate mito-
chondrial and endoplasmic reticulum fraction (10,000xg, 15 min, 4 °
C); to separate plasma membrane fraction and cytosolic fraction
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(100,000xg, 1 h, 4 °C). Resulting membrane pellets were collected and
resuspended in 50mL of homogenization media followed by Western
blot analysis. Cytosolic fractions were concentrated in 3�4 times
using 3 K concentrators, 20,000xg, 30 min, 4 °C followed by Western
blot analysis. Na/K-ATPase (Cell Signaling) was used as a marker of
plasma membrane fraction, and MEK-1/2 (Cell Signaling) was used as
a marker of the cytosolic fraction.
2.9. Lipid droplet quantification

As previously published [44], human podocytes were fixed with
4% PFA, 2% sucrose following differentiation and/or treatment. Fol-
lowing fixation, cells were stained with Bodipy 493/503 (Invitrogen)
and HCS Cell Mask Blue (Invitrogen) according to the manufacturer’s
protocols. Images were acquired using the Opera high content
screening system (20x confocal lens) and the number of LDs per cell
was determined using the Acapella high content image analysis soft-
ware (Perkin Elmer).
2.10. Free fatty acid uptake determination

FFA uptake in immortalized podocytes isolated from Col4a3 KO
mice and in collagen-treated human podocytes was measured fol-
lowing the manufacturer’s instruction (Biovision, K408). Briefly, fol-
lowing serum starvation, podocytes were loaded with a fluorescent
long-chain fatty acid analogue (Ex/Em=488/523, FITC-labeled fatty
acids) with a proprietary nontoxic membrane-impermeable quench-
ing agent that eliminates any fluorescence arising from the extracel-
lular space, ensuring specific measurement of intracellular fatty acid
accumulation and incubated for 1 hr at 37 °C. Fluorescence intensity
was measured in a plate reader (SpectraMax M5, Molecular Devices,
CA). To measure FFA uptake in GFP-DDR1b-expressing podocytes,
cell lines were incubated with complete medium containing 1 mM
BODIPY-C12 (558/568, red-C12, Life technologies) for 6 h. Cells were
then washed three times with PBS and fixed with 4%PFA, 2% sucrose
and BODIPY-C12 spot images were acquired using the Opera high
content screening system (20x confocal lens) and analyzed using the
Columbus high content image analysis software. Number of spots
(red-C12, uptaken FFA) per cell was determined.
2.11. Cholesterol content determination

Briefly, tissue from kidney cortices and podocytes was homoge-
nized in hypotonic buffer (10 mM HEPES pH 7.0, 15 mM KCl, 1 mM
MgCl2, 10 mM phosphatase inhibitors). Lipids were extracted from
100 mL of the homogenate and cholesterol content was determined
using the Amplex Red Cholesterol Assay Kit (ThermoFisher Scientific,
MA) following the manufacturer’s instructions. Cholesteryl ester (CE)
quantification was performed as previously described [62].
2.12. Triglyceride content determination

The TG content in kidney cortices and podocytes were determined
using the TG Colorimetric Assay Kit (Cayman Chemical, MI) following
the manufacturer’s protocol. Briefly, tissue from kidney cortices was
homogenized in 2 ml of diluted (1:5) standard diluent with protease
inhibitors (complete Mini, Roche, Switzerland). TG standards and
samples in duplicates were loaded into a 96-well plate. The reaction
was initiated by adding 150 mL of diluted enzyme buffer to each well.
The plate was incubated for 15 min at room temperature and fluores-
cence was read at 530 nm in a plate reader (SpectraMax M5, Molecu-
lar Devices, CA).
2.13. Immunoprecipitation

Plasmid containing hDDR1b (pcDNA3.1/myc-His (-) A-DR1b) was
kindly provided by Dr. Rafael Fridman, Wayne State University. The
hDDR1b is extended with Nhe1/EcoR1 by PCR. The PCR products
were ligated into pEGFP N1 (Clontech). HEK 293 cells were co-trans-
fected with FLAG-tagged CD36 (Sino Biological Inc) and GFP-tagged
DDR1b WT plasmids. After 24 hrs, transfected HEK 293 cells were
treated with ezetimibe (24 mM, 30 hrs) and immunoprecipitates of
transfected HEK cell lysates were isolated using FLAG beads (Sigma-
Aldrich) and the interaction between the proteins was confirmed by
Western blot analysis using a GFP antibody (Clontech).

2.14. Urine samples analysis

Morning spot urine was collected bi-weekly. The urine albumin
and creatinine contents were measured by ELISA and the albumin-
to-creatinine ratio was determined using an assay based on the Jaffe
method. The ELISA kit from Bethyl Lab (#E90�134; TX, USA) and cre-
atinine kit from Stanbio (#0420�500; TX, USA) were used. Values are
expressed as microgram albumin per milligram creatinine.

2.15. Blood sample analysis

Blood samples were analyzed for lipid panel, aspartate amino-
transferase (AST), alanine transaminase (ALT) and blood urea nitro-
gen (BUN) in the Comparative Laboratory Core Facility of the
University of Miami. Serum creatinine was determined by tandem
mass spectrometry at the UAB-UCSD O’Brien Core Center (University
of Alabama, Birmingham) as previously described [63].

2.16. Histology and assessment of mesangial expansion

Periodic acid-Schiff (PAS) staining of 4mm-thick tissue sections
was performed using a standard protocol. Twenty glomeruli per sec-
tion were analyzed for mesangial expansion by semi quantitative
analysis (scale 0�4) performed by two blinded independent investi-
gators.

2.17. Oil red O staining

Filtered Oil-Red O-Isopropanol solution (Electron Microscopy Sci-
ence, PA) was diluted with water (6:4). 4 mm kidney sections were
incubated with 100 mL freshly prepared Oil-Red O solution for
15 min and counterstained with Hematoxylin Harris Hg Free (VWR,
PA) to detect lipid deposition. Glomerular staining was evaluated
using a light microscope (Olympus BX 41, Tokyo, Japan) [64].

2.18. Picrosirius red staining

Paraffin-embedded sections (4 mm thick) were deparaffinized
with xylene and a graded alcohol series. Sections were rinsed, stained
for 1 h with picrosirius red in saturated aqueous picric acid, examined
under a light microscope and photomicrographs were taken. Histo-
logical images were visualized using a light microscope (Olympus BX
41, Tokyo, Japan) at 40x magnification and analyzed using Image J
software [65].

2.19. Transmission electron microscopy (TEM) and measurements of
foot processes effacement and glomerular basement membrane
thickness

For TEM, a kidney pole was fixed in 2% paraformaldehyde (PFA),
2% Glutaraldehyde in 0.1 M phosphate buffer (pH=7.4) for at least
one week prior to embedding. TEM was performed as described pre-
viously [66] with minor modifications. Samples were examined with
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a JEM-1011 transmission electron microscope (JEOL) at the University
of Tokyo. Negatives of electron micrographs at 10,000x magnification
were scanned at 600dpi. Measurements of the GBM thickness were
performed using the resulting images and the Image J software. Eight
images per mouse were analyzed using the distance between two
points on a ruler of a photograph as a measurement scale. GBM thick-
ness was measured in thirty different points. The number of podocyte
FP along the GBM was counted manually. A FP was defined as any
connected epithelial segment butting on the basement membrane,
between two neighboring filtration pores or slits. From each photo-
graph, the arithmetic mean of the foot process width (FPW) was cal-
culated as follows: FPW = p/4*SGBM length/S foot process as
reported previously [67].
2.20. Statistics

Most values are presented as means with standard deviations.
Some of the values that are considered non-Gaussian, are presented as
Fig. 1. pDDR1 and Col I are increased in podocytes from Col4a3 KOmice and the degree of th
eling. (a,b) DDR1 activation (pDDR1(Y513), Cell Signaling) and Col I (Aviva System) express
Western blot analysis (a) and quantification of the intensity of the protein expression (b) (N
sion of Col1A1 is increased in glomeruli of Col4a3 KO mice when compared to WT mice. (po
levels correlate with blood urea nitrogen (BUN). (N = 9, **p<0.01, R2=0.74). (e) the expressio
(N = 9, *p<0.05, R2=0.47). (f) Western blot analysis showing that DDR1 is activated by Col I in
brane of podocytes. Plasma and cytosolic fractions were separated from cultured human pod
(cytosolic protein) was performed to confirm proper separation of both fractions. (h) DDR1 ac
ing of podocytes and (i) quantification of actin remodeling. (scale bar =100 mm (upper pan
Mann-Whitney test). (j) Apoptosis is increased in Col I treated podocytes when compared to
median with interquartile range. Prism GraphPad 6 software was used
to perform all statistical analysis. When comparing between two
groups a two-tailed student’s t-test or Mann-Whitney was performed,
otherwise results were analyzed using one-way ANOVA or Kruskal-
Wallis test. P values<0.05 were considered statistically significant.
3. Results

3.1. Phosphorylated DDR1 is increased in podocytes isolated from
Col4a3KO mice and in human podocytes exposed to collagen type I

Since de novo production of Col I was described in Col4a3KO mice
[27, 28], we hypothesized that DDR1 is activated by Col I in Col4a3KO
mice. First, the Col I and total and phosphorylated DDR1 content in
Col4a3KO mice was determined. These analyses showed increased
total and phosphorylated DDR1 and Col I in kidney cortices (Figs. 1a
and b) and increased alpha 1 chain of Col I in isolated glomeruli of
Col4a3KO mice compared to wildtype (WT) (Fig. 1c). Furthermore,
e pDDR1 correlates with blood urea nitrogen (BUN) and with actin cytoskeleton remod-
ion are increased in kidney cortices of Col4a3 KO mice as shown by pDDR1 and Col I
= 3�6, *P<0.05 by Mann-Whitney test, **P<0.01 by two-tailed test). (c) mRNA expres-
oled, N = 4�6 per group, **p<0.01, by two-tailed t-test) (d) pDDR1 expression intensity
n of pDDR1 correlate with the thickness of the glomerular basement membrane (GBM).
cultured human podocytes. (g) Activated DDR1 localizes primarily at the plasma mem-
ocytes. Western blot analysis for Na/K ATPase (plasma membrane protein) and MEK1/2
tivation is associated with actin cytoskeleton remodeling as shown by phalloidin stain-
el) and 50 mm (lower panel), 80�100 cells were analyzed per group, ****p<0.0001 by
untreated podocytes. (N = 3, **p<0.01 by Mann-Whitney test).



6 J.-J. Kim et al. / EBioMedicine 63 (2021) 103162
phosphorylation of DDR1b/c in Col4a3KO mice positively correlated
with blood urea nitrogen (BUN) and the thickness of glomerular base-
ment membrane (GBM), suggesting that increased activation of
DDR1b/c correlates with loss of renal function (Fig. 1d) and structural
changes of the GBM (Fig. 1e). Because of this positive correlation
between Col I and pDDR1b/c in Col4a3KO mice (Figs. 1a and b), we
hypothesized that the aberrant production of Col I in Col4a3KO mice
is responsible for the enhanced activation of DDR1b/c. Interestingly,
phosphorylation of DDR1b/c is significantly increased in Col I-treated
human podocytes compared to untreated podocytes while total
DDR1 expression levels were similar in control and Col I-treated
podocytes (Fig. 1f). Cell fractionation followed by Western blot analy-
sis demonstrates that phosphorylated DDR1b/c primarily localizes at
the plasma membrane of Col I-treated podocytes (Fig. 1g). Total
DDR1 levels were reduced in the plasma membranes of the Col I-
treated podocytes, consistent with enhanced receptor turnover upon
ligand activation. In addition, actin reorganization in Col I-treated
podocytes was observed (Fig. 1h and i). This occurred in association
with increased apoptosis (Fig. 1j). Taken together, these data suggest
that Col I-mediated DDR1b/c activation may cause podocyte injury.

3.2. Collagen type I treated human podocytes have increased
triglyceride content and free fatty acid uptake

Our previous work demonstrated that podocytes express all key
proteins involved in lipid metabolism[68] and that podocyte lipotoxic-
ity is a key determinant of podocyte injury in Col4a3KO mice and in a
FSGS mouse model[42, 44]. While our previous work described an
important contribution of impaired cholesterol efflux via ABCA1 to the
pathogenesis of glomerular injury in AS [42], we also suggested that
ABCA1 deficiency per se is not sufficient to cause podocyte injury [44].
Fig. 2. Collagen treatment of human podocytes induces intracellular lipid accumulation and
labeling of intracellular lipids with BODIPY. Images are taken by OPERA high content scree
appreciation of single lipid droplets during the process of quantifying and visualizing the n
OPERA/Acapella high content screening system. Col I treated podocytes show an increased L
of TG are increased in podocytes after Col I treatment (N = 4�6, ***P<0.001 by two-tailed t-t
podocytes (N = 3, **P<0.01 by two-tailed t-test). (e) Total intracellular cholesterol content, (
ratio is not significantly changed in Col I treated podocytes (N = 5 by two-tailed t-test).
More recently, it was demonstrated that dysregulated FFA metabolism
also contributes to kidney disease [69]. Based on these findings, experi-
ments were performed to elucidate how Col I induced DDR1 phosphor-
ylation may contribute to altered FFA metabolism. Col I-treated
podocytes have increased intracellular lipid droplet (LD) accumulation
(Figs. 2a and b), intracellular TG content (Fig. 2c), and FFA uptake
(Fig. 2d) when compared to untreated controls. Unexpectedly, levels of
total and esterified cholesterol were unchanged (Figs. 2e, f and g). These
data suggest that Col I-mediated DDR1 activation in podocytes contrib-
utes to increased FFA uptake and intracellular TG content in the
absence of changes in cellular cholesterol content.
3.3. DDR1 activation in human podocytes causes increased triglyceride
content and free fatty acid uptake

Next, we determined if DDR1 activation per se is sufficient to
cause the increased TG content and FFA uptake and if DDR1 is
responsible for Col I-induced lipid abnormalities. Human podocyte
cell lines were developed expressing either GFP-tagged DDR1b wild-
type (WT/DDR1b), self-activating (SA/DDR1b), kinase dead (KD/
DDR1b) or empty vector (EV) (Fig. 3a) and FFA uptake and TG content
was measured in these cells. SA/DDR1b-expressing podocytes dis-
played increased intracellular TG content (Fig. 3b) and increased FFA
uptake (Fig. 3c) when compared to WT or KD/DDR1b-expressing
cells. Moreover, FFA uptake and TG levels were increased in Col I-
treated WT/DDR1b cells while Col I treatment of KD/DDR1b podo-
cytes failed to increase TG levels. As expected, no significant change
in cholesterol content was observed in these cells (Fig. 3d). These
results suggest that activation of DDR1b in podocytes leads to
increased intracellular TG content and FFA uptake.
free fatty acid (FFA) uptake (a) Representative images of Col I treated podocytes after
ning system and LDs were artificially colored by Acapella software program for better
umber of lipid droplets per cell (b) The number of LDs per cell was counted using the
D content (scale bar=50 mm, N = 3, *P<0.05 by two-tailed t-test.) (c) Intracellular levels
est). (d) FFA uptake measured using fluorescent labeled FFA is increased in Col I treated
f) esterified cholesterol content, (g) as well as the cholesterol ester-to-total cholesterol



Fig. 3. DDR1b activation in human podocytes leads to increases in the triglyceride (TG) content and free fatty acid (FFA) uptake. (a) Podocyte cell lines with stable expression of GFP
tagged DDR1b wild type (WT/DDR1b), self-activating (SA/DDR1b), kinase dead (KD/DDR1b) and scramble (EV) were established and protein expression was confirmed by Western
blot analysis for pDDR1, DDR1, GFP and GAPDH. (b) Intracellular TG content is increased in SA/DDR1b cell line and Col I treated WT/DDR1b cell line (N = 5, *P<0.05; **P<0.01;
***P<0.001 by two-tailed t-test). (c) FFA uptake is increased in SA/DDR1b and Col I treated WT/DDR1b podocytes while no change is observed in Col I treated KD/DDR1b podocytes
(N = 3, *P<0.05; **P<0.01 by two tailed t-test). (d) Intracellular esterified cholesterol content is increased in WT/DDR1b compared to EV podocytes and decreased in KD/DDR1b
when compared to WT/DDR1b podocytes. No changes in the esterified cholesterol content are detected in SA/DDR1b or Col I treated WT/DDR1b podocytes (*P<0.05; ***P<0.001 by
two tailed t-test).
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3.4. DDR1b interacts with cluster of differentiation 36 (CD36), and
ezetimibe reduces the interaction

Consistent with observations in podocyte cell lines expressing
DDR1b, FFA uptake (Fig. 4a) and intracellular TGs (Fig. 4b) were also
increased in newly developed immortalized podocytes isolated from
Col4a3KO mice (AS podocytes) when compared to those isolated
from WT mice (WT podocytes). CD36 is a protein involved in FFA
uptake [70], cholesterol absorption [52] and activation of inflamma-
tory pathways [50,71,72]. CD36 is expressed in tubular epithelial
cells, podocytes and mesangial cells of the kidney and previous stud-
ies have shown that CD36-mediated FFA uptake induces podocyte
apoptosis [49]. Therefore, expression of CD36 was measured to better
understand the increased FFA uptake observed in AS podocytes.
Interestingly, these analyses showed that CD36 protein levels are not
significantly different between AS podocytes and WT podocytes
(Figs. 4c and d). Because CD36 levels were unchanged, it was hypoth-
esized that DDR1 interferes with the function and/or activation of
CD36 by physically interacting with the protein. To this end, co-
immunoprecipitation (co-IP) experiments were performed in HEK
293 cells expressing GFP-tagged WT/DDR1b and FLAG-tagged CD36.
As shown in Fig. 4e, WT/DDR1b co-immunoprecipitates with CD36,
under steady state conditions. However, no binding was detected
with GFP N1 (empty vector). Next, we examined whether Ezetimibe
(EZ), a lipid�lowering agent, could impact DDR1b/CD36 complex for-
mation. EZ is thought to inhibit cholesterol absorption by selectively
blocking the NPC1L1 protein [73,74]; however, the exact mechanism
by which EZ affects cholesterol metabolism and, more broadly, lipid
metabolism remains elusive. Interestingly, studies suggest that EZ
may suppress CD36 activation, as has been shown in macrophages
[75] and pancreatic beta cells [56]. To test if the DDR1b/CD36 interac-
tion could be altered by EZ, HEK 293 cells co-expressing GFP-tagged



Fig. 4. Increases in the triglyceride levels and free fatty acid uptake are due to DDR1 mediated CD36 activation. (a) FFA uptake is increased in immortalized podocytes from Col4a3
KO mice (N = 3, **P<0.01 by two-tailed t-test) (b) Intracellular TG levels are increased in immortalized podocytes isolated from Col4a3 KO mice (N = 3, *P<0.05 by two-tailed t-test).
(c, d) CD36 protein expression levels are unchanged in immortalized podocytes from Col4a3 KO mice (N = 3 by two-tailed t-test). (e) Co-immunoprecipitation analysis showing that
GFP�DDR1 WT co-immunoprecipitates with FLAG-tagged CD36 in co-transfected HEK 293 cells. GFP�tagged DDR1 interacts with CD36. No binding is found with GFP N1 (control).
The interaction between DDR1 and CD36 is abolished by EZ treatment (24mM, 30 hrs).
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WT/DDR1b and FLAG-tagged CD36 were treated for 6 and 30 h with
EZ. Subsequent co-immunoprecipitation revealed that EZ treatment
reduced the interaction between WT/DDR1b and CD36 (Fig. 4e).
Taken together, these data suggest that DDR1b-mediated CD36 acti-
vation causes FFA uptake, and that EZ can block the interaction
between DDR1b and CD36, suppressing CD36-mediated FFA uptake.

3.5. Ezetimibe improves renal function in a mouse model of Alport
syndrome

We next investigated if EZ can preserve renal function in
Col4a3KO mice. EZ was orally administered for 4 weeks at a concen-
tration of 5 mg/kg to 4-weeks-old Col4a3KO and WT mice, at a time
point when Col4a3KO mice start developing proteinuria followed by
death at 8 weeks of age. Body weight (BW), albumin-to-creatinine
ratio (ACR), and BUN were not different between the groups at the
time of treatment initiation (Sup. Fig. 1). Mice were sacrificed at 8
weeks of age. A significant decrease in the ACR (Fig. 5a), BUN (Fig. 5b)
and serum creatinine levels (Fig. 5c) was observed in Col4a3KO+EZ
mice when compared to Col4a3KO mice. EZ treatment of Col4a3KO
mice also significantly prevented body weight loss (Fig. 5d) and
resulted in a significant reduction in mesangial expansion (Figs. 5e
and f). As expected, Picrosirius red staining of kidney sections in
Col4a3KO mice revealed extensive fibrosis, and EZ treatment signifi-
cantly decreased fibrosis in Col4a3KO mice (Figs. 5g and h). More-
over, electron microscopy analysis revealed significant protective
effects on podocyte foot process effacement and GBM thickness in
Col4a3KO+EZ mice compared with Col4a3KO (Figs. 5i, j and k). These
data indicate that EZ prevents renal function loss in Col4a3KO mice
and suggest that the beneficial effects of EZ are due to its effect on
lowering the cellular lipid content.
3.6. Ezetimibe reduces lipid accumulation by selectively preventing
triglyceride accumulation in the kidney cortex from Col4a3 KO mice

To investigate whether EZ prevents lipid accumulation in the
kidney cortex of Col4a3KO mice, Oil Red O (ORO) staining was
performed in kidney sections from treated and untreated
Col4a3KO mice. Similar to the in vitro studies, EZ treatment of
Col4a3KO mice reduced glomerular lipid content, as determined
by a decreased number of ORO positive glomeruli in EZ-treated
Col4a3KO mice when compared to untreated Col4a3KO mice
(Figs. 6a and b). Similarly, the renal TG content was significantly
reduced in treated Col4a3KO mice when compared to untreated
Col4a3KO mice (Fig. 6c), while EZ had no effect on esterified
(Fig. 6d) or total renal cholesterol content (Fig. 6e). These data
suggest that EZ selectively reduces the TG content in the kidney
cortices of Col4a3KO mice and that this is sufficient to partially
protect from renal failure.

3.7. Ezetimibe and ramipril improve renal function in Col4a3KO mice

Given that EZ proved beneficial in the treatment of renal disease
in experimental AS, it was important to determine whether a combi-
nation of EZ and RM would prove superior to treatment with EZ or
RM alone. Col4a3KO mice were treated with RM, EZ or with RM and
EZ at 4-weeks of age for 4 weeks. A significant decrease in the ACR
(Fig. 7a) and BUN (Fig. 7c) was detected in Col4a3KO mice treated
with EZ, RM or with EZ + RM when compared to untreated Col4a3KO
mice (Fig. 7a). While each drug alone was very effective in reducing
the ACR and BUN, the combination of EZ + RM did not have a superior
effect. Oral administration of EZ, RM or EZ + RM to Col4a3KO mice
also resulted in a significant reduction in the serum creatinine levels



Fig. 5. Ezetimibe (EZ) improves renal function in a mouse model of Alport Syndrome. (a) Oral administration of EZ to Col4a3 KO mice results in a significant reduction in the albu-
min/creatinine ratio (ACR) when compared to untreated Col4a3 KO mice (n = 6�10 per group, ****p<0.0001 by one-way ANOVA followed by Tukey’s multiple comparison test). (b,
c) Oral administration of EZ to Col4a3 KO mice results in improvement of renal function as indicated by significantly decreased BUN (b) and serum creatinine levels (c) in EZ treated
Col4a3 KO mice compared to untreated Col4a3 KO mice (N = 6�10 per group, **P<0.01, ****P<0.0001 by one-way ANOVA followed by Tukey’s multiple comparison test). (d) Oral
administration of EZ to Col4a3 KO mice significantly reduces the weight loss observed in Col4a3 KO mice (N = 6�10, *P<0.05, ****P<0.0001 one-way ANOVA followed by Tukey’s
multiple comparison test). (e, f) Oral administration of EZ to Col4a3 KO mice results in reduced mesangial expansion as demonstrated by PAS staining (e) and quantified and repre-
sented in the bar graph when compared to untreated Col4a3 KO mice (f) (scale bar=100mm, N = 6�10 per group, *P<0.05, **P<0.001 by Kruskal-Wallis test). (g, h) Oral administra-
tion of EZ to Col4a3 KO mice results in reduced fibrosis as demonstrated by Picrosirius Red staining when compared to untreated Col4a3 KO mice (g) and quantified and
represented in the bar graph (h) (scale bar=100 mm, N = 6�10 per group, *P<0.05, ****P<0.0001 by one-way ANOVA followed by Tukey’s multiple comparison test). (i, j, k) Oral
administration of EZ to Col4a3 KO mice results in reduced FP effacement (i) and GBM thickening (j) and an increased number of FPs per mm GBM (k) when compared to untreated
Col4a3 KO mice (scale bar=500 nm, N = 3�5 per group, *P<0.05, **p<0.01 by Kruskal-Wallis test).
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when compared to untreated Col4a3KO mice. While the combination
of EZ + RM did not have a superior effect on the reduction of serum
creatinine levels when compared to treatment with RM alone, a
superior effect was observed when compared to EZ alone (Fig. 7b).
Furthermore, administration of EZ, RM or EZ + RM to Col4a3KO mice
also significantly prevented body weight loss during AS progression
(Fig. 7d).

At sacrifice, perfused kidney sections were utilized to quantify
mesangial expansion and renal fibrosis in treated and untreated
Col4a3KO mice. These analyses revealed that EZ, RM and EZ + RM
significantly reduced mesangial expansion (Fig. 7e) and fibrosis
(Fig. 7f) in treated compared to untreated Col4a3KO mice. Bar
graph quantifications for both are shown in Figs. 7g and h,
respectively. These data suggest that EZ improves kidney function
similar to the standard of care, RM. A non-significant trend
towards a reduction in mesangial expansion and fibrosis was
observed with EZ + RM treatment, suggesting that the addition of
EZ to RM may not confer further renoprotection but may be ben-
eficial to patients intolerant to RM.

4. Discussion

The phenotypic characterization of patients with AS, where muta-
tions in Col IV are associated with progressive renal failure, highlight
the importance of the GBM composition in maintaining proper filtra-
tion [10,76,77]. Interestingly, DDR1 expression is increased in
patients with renal diseases [78] and in animal models of kidney
injury [79,80], while deletion of DDR1 was shown to improve renal
function and fibrosis [12,78,80]. In support of these observations,
inhibition of DDR1 with a small molecule compound partially pre-
vents renal fibrosis and loss of renal function in Col4a3KO mice [29].
The present study was aimed at elucidating a novel mechanism by



Fig. 6. Ezetimibe (EZ) reduces lipid accumulation by selectively lowering the level of triglyceride accumulation in kidney cortices of Col4a3 KO mice. (a, b) Representative image of
Oil Red O (ORO) staining demonstrating that oral administration of EZ to Col4a3 KO mice results in a significant reduction in lipid accumulation when compared to untreated
Col4a3 KO mice (a). Quantification of the number glomeruli with LD in ORO stained slides from 4 to 6 mice per group. The percentage of LD positive glomeruli was decreased in EZ
treated Col4a3 KO mice when compared to Col4a3 KO mice (b) (scale bar=40 mm (center panel), and 50 mm (right and left panels), N = 4�6 per group, *P<0.05, **P<0.001 by Krus-
kal-Wallis test). (c,d,e) Oral administration of EZ results in a reduction of TG (c) but not of cholesterol levels (d, e) in kidney cortices of treated Col4a3 KO mice when compared to
untreated Col4a3 KO mice (N = 6�10 per group, **P<0.01, *P<0.05 by Kruskal-Wallis test).
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which aberrant DDR1 activation and podocyte lipotoxicity is caused
by changes in GBM protein composition in AS, linking DDR1-depen-
dent matrix signaling events to lipid metabolism. In addition, this
work aimed at determining if treatment of Col4a3KO mice with EZ, a
compound that blocks CD36 and DDR1 interaction, could improve
renal function in this model.

Our findings suggest the existence of a link between DDR1-depen-
dent signaling events and lipid metabolism. These data demonstrate
that AS podocytes and kidney cortices from Col4a3KO mice have
increased Col I production and pDDR1 activation, suggesting an asso-
ciation between increased Col I production and aberrant DDR1 acti-
vation. Data herein also show that Col I treatment of human
podocytes leads to DDR1b/c activation, implying that aberrant Col I
production precedes DDR1 activation. Most importantly, our data
reveal that Col I treatment of human podocytes causes DDR1-depen-
dent LD accumulation, increased CD36-mediated FFA uptake, and
intracellular TG accumulation, establishing a direct link between the
ECM and intracellular lipid metabolism.

While a link between DDR1 and lipid metabolism has not yet been
established in renal disease, it has been shown that DDR1 deficiency
in Ldlr knockout mice reduces atherosclerotic plaque burden [81]. In
this study, expression analysis of laser-microdissected lesions
revealed increased procollagen a1 (I), a3 (III) and tropoelastin
expression, which is suggestive of matrix accumulation [81]. Simi-
larly, in the kidney, DDR1 deficiency was shown to be associated
with altered GBM structure and matrix accumulation [12,78]. The
observation that conditions that cause altered tissue stiffness can
activate SREBP1/2, transcription factors involved in FFA and choles-
terol synthesis, and cause lipid accumulation in human pluripotent
stem cells [82], supports the existence of the link between matrix
mediated signaling and lipid metabolism described in this study.

Lipid accumulation leading to tissue dysfunction can arise due to
increased uptake or decreased lipid disposal via efflux or oxidation,
and this has been reported by us in glomeruli [42] and by others in
tubules [43] of Col4a3KO mice. LDs in many cell types share the same
structure and are mainly comprised of TG and cholesterol esters,
shielded by a phospholipid monolayer [83,84]. In keeping with our
previous findings, the role of DDR1 in lipid accumulation can be
explained by our novel finding of the interaction between DDR1 and
CD36. This interaction supports the hypothesis that Col I induced
DDR1 activation causes TG accumulation in cortices of Col4a3KO
mice. This simultaneously occurs with TNF-driven reductions in
ABCA1 expression and subsequent increases in renal esterified cho-
lesterol accumulation [42,44], and both phenomena contribute to
increased lipid content in Col4a3KO. This finding is consistent with
others who have described an imbalance between lipid influx medi-
ated by CD36 and efflux mediated by ABCA1 as a cause of lipid accu-
mulation in macrophages of ulcerated carotid plaques, contributing
to plaque destabilization [85]. Furthermore, a negative effect of FFA
on ABCA1 and ABCG1 expression has been previously shown in



Fig. 7. Ezetimibe (EZ) and Ramipril (RM) improve renal function in Col4a3KO mice. (a) Oral administration of EZ, RM or of both drugs combined (EZ + RM) to Col4a3 KO mice results
in a significant reduction in the albumin/creatinine ratio (ACR) when compared to untreated Col4a3 KO mice. The combination of EZ + RM does not have a superior effect on the
reduction of the albumin/creatinine ratio when compared to EZ or RM alone (N = 5�8 per group, *P<0.05, **P<0.01, ***P<0.001 by Kruskal-Wallis test). (b) Oral administration of
EZ, RM or of EZ + RM to Col4a3 KO mice results in a significant reduction in the serum creatinine levels when compared to untreated Col4a3 KO mice. The combination of EZ + RM
does not have a superior effect on the reduction of the serum creatinine when compared to RM alone but RM alone has a superior effect on reducing serum creatinine levels com-
pared to EZ alone (N = 5�8 per group, *P<0.05, **P<0.01, ***P<0.001 by Kruskal-Wallis test). (c) Oral administration of EZ, RM or of EZ + RM to Col4a3 KOmice results in a significant
reduction in the serum BUN levels when compared to untreated Col4a3 KO mice. The combination of EZ + RM does not have a superior effect on the reduction of the BUN levels
when compared to RM alone but RM alone has a superior effect on reducing BUN levels compared to EZ alone (N = 5�8 per group, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by
one-way ANOVA followed by Tukey’s multiple comparison test). (d) Oral administration of EZ, RM or of EZ + RM to Col4a3 KO mice significantly reduces the weight loss observed in
Col4a3 KOmice (N = 5�8 per group, *P<0.05, **P<0.01, ***P<0.001 by Kruskal-Wallis test). (e-h) Oral administration of EZ, RM and EZ + RM to Col4a3 KOmice results in a significant
reduction in mesangial expansion and renal fibrosis when compared to untreated Col4a3-/- mice. (e) Representative image of PAS staining. (f) Representative image of Picrosirius
Red staining. (g, h) Bar graph quantification of the mesangial expansion score (G) and of renal fibrosis (h) (scale bar=100 mm, N = 5�8 per group, **p<0.01, ***p<0.001,
****p<0.0001 by Kruskal-Wallis test).
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macrophages [86]. Taken together, the findings in macrophages and
our previous and current studies suggest that CD36 mediated
increased FFA uptake affects not only TG but also esterified choles-
terol accumulation by suppressing ABCA1 mRNA expression leading
to increased LD accumulation in AS.

The increased FFA uptake and cytoskeletal remodeling are closely
related. Inconsistent with our observation in podocyte’s cytoskeletal
remodeling in this study, others found that increased FFA uptake in
podocytes affects changes in the cytoskeletal structure of podocytes
by activating the Rho GTPases, including Rac1 and Cdc42 [87]. On the
other hand, cytoskeletal remodeling is required to promote endocy-
tosis and allow for lipid accumulation [88]. In podocytes, cofilin1 cat-
alyzes the depolymerization of F-actin into G-actin, hence inhibiting
lipid endocytosis. However, in disease conditions, impaired cofilin
activity promotes F-actin formation and lipid uptake [89]. Podocyte
injury in patients with obesity- related glomerulopathy can be caused
by the accumulation of lipids such as cholesterol ester and TG, which
may be due to excessive endocytosis of FFA or free cholesterol [90].
These findings suggest that a positive loop pathway exists in which
F-actin remodeling is associated with FFA uptake and TG accumula-
tion in AS, and that the increased FFA causes F-actin remodeling via
GTPases activity.

In support of these observations, we found that EZ blocks the
interaction between DDR1 and CD36, and that EZ treatment in
the Col4a3KO mice is sufficient to ameliorate the progression of
AS, reduce renal LD accumulation, and decrease TG content.
Unexpectedly, EZ treatment had no significant effects on choles-
terol content of kidney cortices, although EZ is FDA-approved for
its ability to reduce intestinal cholesterol absorption [73]. CD36
mediates the uptake of oxidized LDL (oxLDL) through binding FFA
which then exposes the binding site for oxLDL on CD36 [91]. It
seems possible that EZ induces conformational changes in CD36,
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thus selectively opening the binding site for oxidized LDL while
simultaneously blocking the binding of FFA. This could explain
the mild reduction in esterified cholesterol observed in the kid-
neys of Col4a3KO mice treated with EZ. This conclusion is sup-
ported by previous studies in monocyte-derived macrophages
showing that EZ inhibits CD36 complex assembly with its co-
receptor CD13. It is also possible that EZ exercises a dose-depen-
dent effect on cholesterol content and that an effect on kidney
cholesterol content could be observed if a higher dose of EZ was
used. Our data suggest that EZ significantly reduces CD36-medi-
ated FA uptake and TG accumulation in Col4a3KO mice by reduc-
ing the DDR1-CD36 binding efficiency and subsequent CD36
activation. Whether RM may also affect renal lipid metabolism
remains to be established.

In summary, this work establishes a novel mechanism by which
aberrant DDR1 activation mediated changes in GBM composition
causes increased FFA uptake in the kidney, contributing to increased
TG accumulation and the progression of AS, or more broadly to the
progression of CKD caused by mutations in Col4A3. This study also
unveils a novel mechanism of DDR1-mediated kidney lipotoxicity in
AS or in some patients with CKD that is amenable to therapeutic
intervention by EZ. While standard of care treatment with RM
improved kidney function and fibrosis as previously reported, EZ
treatment results in a similar improvement of the renal phenotype of
Col4a3KO mice. These data suggest that reduction of renal lipid accu-
mulation is as effective as blockade of the renin angiotensin system
in preserving kidney function in AS. Further studies investigating the
clinical efficacy of EZ or of combination therapy of EZ and RM are
warranted.
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