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Introduction: Podocyte slit diaphragms are an important component of the glomerular filtration barrier.

Podocyte injury frequently includes defects in slit diaphragms, and various mechanisms for these defects

have been described, including altered endocytic trafficking of slit diaphragm proteins or oxidative stress.

However, the potential relationship between endocytosis and oxidative stress in the context of slit dia-

phragm integrity has not been extensively considered.

Methods: To examine the potential relationships between endocytosis, oxidative stress, and slit dia-

phragm integrity, we induced genetic or pharmacological disruption of endocytosis in Drosophila neph-

rocytes (the insect orthologue of podocytes) and cultured human podocytes. We then employed

immunofluorescence microscopy to analyze protein localization and levels, and to quantify signal from

reactive oxygen species (ROS) dyes. Immunoprecipitation from podocyte cell lysates was used to examine

effects on slit diaphragm protein complex formation (i.e., nephrin/podocin and nephrin/ZO-1).

Results: Disruption of endocytosis in nephrocytes and podocytes led to slit diaphragm defects, elevated

levels of ROS (oxidative stress), and activation of the nuclear factor erythroid 2–related factor 2 (Nrf2)

antioxidant pathway. In nephrocytes with defective endocytosis, perturbation of Nrf2 signaling exacer-

bated slit diaphragm defects. Conversely, overexpression of Nrf2 target genes catalase or glucose-6-

phosphate dehydrogenase (G6PD) significantly ameliorated slit diaphragm defects caused by disruption

of endocytosis.

Conclusion: Oxidative stress is an important consequence of defective endocytosis and contributes to the

defects in slit diaphragm integrity associated with disruption of endocytic trafficking.
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P
odocyte slit diaphragms contribute to size-selective
glomerular filtration and are disrupted in many

forms of kidney disease. Slit diaphragm defects can
lead to proteinuria and podocyte foot process efface-
ment. Molecularly, slit diaphragms are a highly special-
ized cell-cell junction comprised of a unique suite of
adhesion molecules and cytoskeletal adapters. The
transmembrane proteins nephrin and neph1 are core
components of the slit diaphragm,1,2 and studies indi-
cate that regulated endocytic trafficking of these pro-
teins is critical for maintaining the structure and
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signaling capabilities of the slit diaphragm.3-11 Studies
of Drosophila nephrocyte slit diaphragms, a highly
conserved model of podocyte slit diaphragms, also
demonstrate that proper endocytic trafficking is critical
for nephrin turnover and slit diaphragm integrity.12-15

These reports highlight the direct effects of endocytic
trafficking on slit diaphragms proteins, and conse-
quently the integrity of the slit diaphragm. However,
endocytic trafficking is a fundamental cellular process
affecting countless aspects of cell behavior; therefore,
our understanding of the myriad ways in which defec-
tive protein trafficking may impact slit diaphragms is
likely incomplete.

In addition to proper protein trafficking, slit di-
aphragms rely on the podocyte’s ability to maintain
cellular redox balance. Many studies of kidney disease
in humans or animal podocyte injury models have re-
ported oxidative stress (increased ROS), with potential
effects on slit diaphragms.16-21 For example, rodent
studies have shown that reducing oxidative stress by
451
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increasing antioxidant levels or depleting major sources
of ROS (e.g., NOX4) can ameliorate slit diaphragm de-
fects resulting from various forms of podocyte injury
(e.g., diabetes, puromycin, or ischemia).22-25 In addi-
tion, some nephrotic syndrome patients bear mutations
in enzymes in the coenzyme Q10 biosynthesis
pathway.26,27 Coenzyme Q10 is an important mito-
chondrial antioxidant. Studies in fly nephrocytes
demonstrate that coenzyme Q10 deficiency results in
oxidative stress and slit diaphragm defects.28,29 Those
studies went on to show that antioxidant supplemen-
tation significantly reduced slit diaphragm defects,
suggesting that elevated ROS can damage slit
diaphragms.

Given the pervasiveness of oxidative stress in kid-
ney disease, and its potential effects on slit diaphragms,
we hypothesized that oxidative stress may contribute
to slit diaphragm defects associated with defective
endocytic trafficking. To test this, we disrupted
endocytosis in fly nephrocytes and cultured human
podocytes; and observed the consequences on redox
homeostasis and slit diaphragm integrity. As expected,
disruption of endocytosis led to slit diaphragm defects;
however, we also observed evidence of oxidative stress
and activation of the Nrf2 antioxidant response
pathway in both nephrocytes and podocytes. We also
found that a significant portion of the slit diaphragm
defects caused by loss of major endocytic regulators
could be prevented by overexpression of the
antioxidant-promoting enzymes, G6PD or catalase;
both known downstream targets of Nrf2 signaling.30,31

Together, our findings indicate that, in addition to its
known role in trafficking slit diaphragm proteins,
endocytosis also promotes slit diaphragm integrity
indirectly by promoting redox balance in these cells.
METHODS

Drosophila Genetics and Microscopy

Flies were maintained at 25 �C. Flies of the indicated
genotypes were crossed and allowed to lay eggs on
standard fly food (Archon Scientific D2 glucose media).
Fly stocks used included the following: Dot-Gal4 a gift
from Dr. Deborah Kimbrell, University of California,
Davis; Sns-Gal4 a gift from Dr. Susan Abmayr, Stowers
Institute; Pros-Gal4 - Bloomington 80572; Discs large
(Dlg) RNAi - Bloomington 33671; Rab5 RNAi - Bloo-
mington 34832; amnionless (Amn) RNAi - Bloomington
41956; cubilin (Cubn) RNAi - Bloomington 28702;
GstD1>GFP a gift from Dr. Dirk Bohmann, University
of Rochester32; Nrf2 RNAi (fly Cnc) - Bloomington
25984; G6PD RNAi - Vienna Drosophila Resource
Center 101507; G6PD overexpression lines a gift from
Dr. William Orr, Southern Methodist University;
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Catalase overexpression - Bloomington 24621; and
yellow white (yw; control) - Bloomington 1495. In the
fly experiments, control animals were generated by
crossing the indicated Gal4 line to yw.

For immunostaining, wandering third instar larvae
were dissected and prepared as previously described.12

Mouse anti-ZO-1 antibody was used at 1:500 (Devel-
opmental Studies Hyrbridoma Bank; anti-fly Poly-
chaetoid, clone PYD2). Alexafluor conjugated
antimouse secondary antibodies were used at 1:500
(Invitrogen). Nuclei were labeled with 40,6-diamidino-
2-phenylindole (Sigma). Confocal images were acquired
on Zeiss LSM700 and 710 confocal microscopes at the
UNC Microscopy Services Laboratory. Quantification of
ZO-1 surface localization was performed as follows.12

Using ImageJ, we selected a cross-sectional z-slice
that was representative of the degree of ZO-1 localiza-
tion for that cell, as determined by assessing all z-slices
of the cell. We then measured the perimeter of the cell
in that slice, as well as the total length of that perimeter
that was positively enriched for ZO-1. We then divided
the ZO-1 positive length by the total perimeter of that
cell to determine the percent of the cell surface that is
positive for ZO-1. Multiple cells analyzed from the same
animal were then averaged (number of cells analyzed
per fly ranged from 1–4). Statistical comparisons were
performed in GraphPad Prism 9; specific tests applied
are indicated in the main text or figure legends.
Graphical model images generated in BioRender.com.

For GstD>GFP measurements in the RNAi back-
grounds, we created a fly stock containing GstD>GFP
(second chromosome) and Pros-Gal4 (third chromo-
some), and outcrossed those flies to the indicated RNAi
or control flies. Wandering third instar larvae were
processed for imaging as described above. Images for
control and treated animals were acquired on the same
day using the same acquisition settings to allow com-
parison of GFP signal intensity. Because Pros-Gal4
crossed with Dlg RNAi proved to be lethal, we used
Dot-Gal4 as the driver for the Dlg knockdown experi-
ment. To analyze GstD>GFP expression following
treatment with bardoxolone methyl (MedChemExpress;
#HY-13324), the drug was incorporated into fly food
(Genessee Nutri-Fly) to a final concentration of 200 mM.
GstD>GFP larvae were reared on this food for 6 days
until they reached third instar stage (control flies were
raised on Nutri-Fly without bardoxolone).

For ROS detection by dihydroethidium (DHE)
staining, larvae were dissected in room temperature
PBS, then incubated for 5 minutes in 1 ml PBS sup-
plemented with DHE (Invitrogen; Cat# D11347) at 30
mM final concentration. Samples were then washed 3
times for 1 minute each in 1 ml PBS. Samples were then
fixed in 4% PFA for 5 minutes, rinsed once with PBS,
Kidney International Reports (2024) 9, 451–463
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and mounted for immediate imaging by confocal mi-
croscopy. Because DHE binds DNA and fluoresces upon
oxidation by ROS, we measured nuclear DHE signal in
ImageJ (mean gray value) and standardized that to the
cytoplasmic background of the cell. We then analyzed
the data using the average of the individual cells
measured from the same fly (number of cells/fly ranged
from 1–6).

Human Podocyte Culturing

Conditionally immortalized human podocytes (a gift
from Dr. Moin A. Saleem, University of Bristol) were
cultured as described previously.33 The cells were
cultured at 33 �C to allow proliferation until 85% to
90% confluency. The cells were then shifted to 37 �C,
allowing the podocytes to differentiate for 10 to 16
days. The expression of podocyte markers (nephrin
and podocin) were verified by immunostaining. My-
coplasma tests (40,6-diamidino-2-phenylindole staining)
were regularly performed to ensure cell line purity.

Immunoprecipitation and Immunoblotting

The cell monolayers were lysed in a modified radio-
immunoprecipitation assay buffer. Coimmunoprecipi-
tation was performed by incubating 0.5 mg of cell
lysate protein with 1 mg of an anti-nephrin antibody
(SC-377246, Santa Cruz) at 4 �C overnight. Immuno-
blotting was performed using a 1:1000 dilution for anti-
ZO-1 (Cat# 61-7300, Invitrogen) and anti-podocin an-
tibodies (P0372, Sigma-Millipore). To control for pro-
tein input, cell lysates that contained the same protein
amounts were loaded and immunoblotted with a dilu-
tion of 1:500 anti-nephrin (AF4269, R&D Systems) or
1:200 anti-a-tubulin antibody (SC-8035, Santa Cruz).
The proteins were visualized using enhanced chem-
iluminescence (ThermoFisher Scientific, Waltham,
MA). Total cellular protein in the lysates was deter-
mined using BCA (ThermoFisher Scientific).

ROS Detection in Cultured Podocytes

Podocytes (4 � 104 cells/well) were seeded in a 24-
well glass-bottom plate (Cat# EK-42892, E&K Scien-
tific). The differentiated podocytes were treated with
indicated amounts of dynasore (Cat#324410, Calbio-
chem) for 3 hours and washed twice with PBS. DHE
(10 mM final concentration in PBS) was loaded into
the wells and incubated for 15 minutes. The cells
were washed 3 times with PBS before reading the
fluorescence using a TECAN plate reader (Infinite
M200 PRO) (excitation wavelength 545 nm/ Emission
wavelength 605 nm). For the DHE assay with dyna-
sore and catalase treatment, the cells were seeded in a
m-Slide 4 well plate (Ibidi, Cat# 80426), grown at 33
oC, and differentiated at 37 oC. The differentiated
Kidney International Reports (2024) 9, 451–463
podocytes were exposed to dynasore (150 mM) in the
presence or absence of catalase (0.5 mM final con-
centration). After DHE labelling, the cells were
covered with mounting medium containing 40,6-
diamidino-2-phenylindole (VECTASHIELD, Vector
laboratories, Inc., Newark, CA). Images were
captured by an EVOS fluorescent microscope (Ther-
moFisher Scientific).
RESULTS

Endocytosis is Important for Slit Diaphragm

Integrity and Redox Balance in Nephrocytes

To examine the potential relationship between endo-
cytosis, oxidative stress, and slit diaphragm integrity,
we first took advantage of the fly nephrocyte, a well-
established model of vertebrate podocytes that form
molecularly and functionally conserved slit di-
aphragms. One notable distinction is that podocytes
form slit diaphragms between adjacent podocytes,
whereas nephrocyte slit diaphragms are intracellular
junctions on the surface of a single cell, where they seal
off numerous projections of the plasma membrane
(Figure 1a). In doing so, they create compartments of
extracellular space known as labyrinthine channels.
Importantly, the plasma membrane lining these chan-
nels conducts endocytosis at very high rates. This
combination of filtration at the slit diaphragm and
endocytosis in the labyrinthine channels allow neph-
rocytes to perform their function of filtering the fly
blood (hemolymph).34-36

To perturb endocytic trafficking in nephrocytes, we
depleted these cells of previously described regulators
of endocytosis—Dlg, Rab5, Cubn, and Amn. Dlg is an
important factor in nephrocyte endocytosis and slit
diaphragm integrity.12,37 Rab5 (a key regulator of early
endocytic vesicle formation) is a major mediator of
nephrocyte slit diaphragm integrity and trafficking of
slit diaphragm proteins.13,14 The Cubn-Amn complex
mediates protein uptake in renal proximal tubule cells,
and is also critical to nephrocyte function.38-40 It has
been noted that the labyrinthine channels of fly
nephrocytes, with their high levels of endocytosis and
proximity to the slit diaphragm filtration barrier, bear
functional similarity to proximal tubule cells of the
vertebrate nephron.40

To examine the potential role of oxidative stress in
mediating slit diaphragm defects caused by disruption
of endocytic trafficking, we first confirmed that
depletion of these endocytic regulators (Dlg, Rab5,
Cubn, or Amn) led to disruption of slit diaphragm
formation. Using the Gal4-UAS system to drive RNAi
hairpins in nephrocytes, we observed significant mis-
localization of the slit diaphragm protein ZO-1 from the
453



Figure 1. Disruption of endocytosis induces slit diaphragm defects in Drosophila nephrocytes. (a) Diagram of nephrocyte architecture. Slit
diaphragms are located all over the surface of normal nephrocytes and help seal off the numerous invaginations of the plasma membrane. (b)
Cross-sectional image of control nephrocytes (Sns-Gal4 � yw) stained with the slit diaphragm protein ZO-1 (green). (c–f) Sns-Gal4 driving UAS
transgenes expressing RNAi hairpins targeting the indicated genes leads to significant loss of ZO-1 from the cell surface and into cytoplasmic
aggregates. (g) Quantification of ZO-1 loss from the cell surface. All RNAi knockdown nephrocytes are significantly different from control by 1-
way analysis of variance with Dunnett’s multiple comparisons test. Each data point represents the average of the nephrocytes scored from an
individual fly. “n” indicates the number of flies analyzed. Scale bars ¼ 10 microns.
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cell surface and into ectopic intracellular aggregates
(Figure 1b–g). We and others have previously
demonstrated that ZO-1 specifically localizes to the slit
diaphragm in fly nephrocytes, and its mislocalization
from the cell surface is a reliable indicator of slit dia-
phragm disruption.12,41-43
454
We then determined if disruption of endocytosis
also affected redox balance in nephrocytes. To do so,
we knocked down Dlg, Rab5, Cubn, or Amn, and
examined ROS levels using the genetically encoded
ROS-reporter, GstD>GFP.32 This reporter contains the
gstD1 enhancer region, which includes a Nrf2 binding
Kidney International Reports (2024) 9, 451–463



Figure 2. Disruption of endocytosis leads to oxidative stress in fly nephrocytes. (a) Nephrocytes depleted of Dlg using Dot-Gal4 have signif-
icantly increased expression of the ROS reporter GstD>GFP, compared to controls. Expression levels normalized to the mean of the control and
analyzed by Welch’s unpaired t-test. (b) Nephrocytes depleted of Rab5 or Amn using Pros-Gal4 also show significantly increased ROS reporter
expression. Data normalized to control mean and analyzed by analysis of variance with Dunnett’s correction for multiple comparisons.
Representative gray-scale images of GFP channel are shown below indicated genotypes for each graph (image acquisition settings held
constant and postacquisition changes applied equally to all treatments and controls). (c) Dlg knockdown nephrocytes have significantly
increased nuclear DHE signal (red), relative to controls; Welch’s unpaired t-test. Nuclei in gray scale images are demarcated by yellow dotted
lines. (d) Similarly, knockdown of Rab5 also significantly elevates nuclear DHE staining, though the overall effect is modest. (e) Knockdown of
Rab5 using a different Gal4 driver (Pros-Gal4) indicates a similar modest but significant increase in ROS levels. DAPI labeling of nuclei in blue.
Scale bars ¼ 10 microns. Amn, amnionless; DAPI, 40,6-diamidino-2-phenylindole; DHE, dihydroethidium; Dlg, discs large; ROS, reactive oxygen
species.
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site known as the antioxidant response element. As
described below, Nrf2 protein levels are positively
regulated by ROS, and Nrf2 in turn regulates expres-
sion of many antioxidant genes via binding to antiox-
idant response element sites. Thus, as ROS levels rise,
so do Nrf2 levels, and consequently so do Nrf2 target
genes, such as GstD1. To confirm that this reporter
reflects Nrf2 activity, we treated flies with the Nrf2
activator, bardoxolone methyl. Indeed, larvae reared
Kidney International Reports (2024) 9, 451–463
on food containing bardoxolone methyl showed dra-
matic upregulation of GstD>GFP in multiple tissues
and cell types, demonstrating its utility as a reporter of
Nrf2 activity (Supplementary Figure S1A–F). When we
incorporated this reporter into nephrocytes depleted of
the endocytic regulators Dlg, Rab5, or Amn, we
observed a significant increase in reporter expression,
suggesting oxidative stress conditions in these cells
(Figure 2a and b). We measured an approximately 2-
455
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fold increase in GstD>GFP expression in Cubn RNAi
cells; however, it did not reach statistical significance.
Because Dlg RNAi crossed with Pros-Gal4 led to early
larval lethality, we could not assess Dlg knockdown
using the Pros-Gal4 line; instead, we used Dot-Gal4
crossed to Dlg RNAi in that experiment, with Dot-
Gal4 crossed to yw as the control (Figure 2a).

To confirm increased ROS levels following knock-
down of endocytic regulators, we performed DHE
staining in control and Dlg knockdown nephrocytes.
DHE is a ROS-sensitive dye that, upon oxidation, binds
to DNA and emits red fluorescence.44 In agreement
with our GstD>GFP reporter data, we observed a
substantial increase in nuclear fluorescence in Dlg
knockdown nephrocytes, compared to control (Sns-
Gal4 crossed with yw) (Figure 2c). DHE staining of
nephrocytes expressing Rab5 RNAi under control of
Sns-Gal4 indicated a modest but statistically significant
increase in ROS levels when compared to control
(Figure 2d; Sns-Gal4 crossed with yw). We repeated
DHE staining in Rab5 knockdown nephrocytes using a
second Gal4 line (Pros-Gal4), which returned very
similar results—modest but significant increase in nu-
clear DHE relative to control (Figure 2e). We also
analyzed the effects of depleting Cubn or Amn on DHE
signal intensity, but did not detect a significant in-
crease using that assay (Supplementary Figure S1G and
H). Together, these data indicate that disruption of
endocytosis, through depletion of various endocytic
regulators, can lead to both oxidative stress and slit
diaphragm defects.

Oxidative Stress is a Key Contributor to Slit

Diaphragm Loss Caused by Defects in

Endocytosis

We next wished to determine if oxidative stress in
nephrocytes with defective endocytic trafficking is an
important factor in the slit diaphragm defects occur-
ring in these cells. To do so, we first considered how
cells respond to oxidative stress. A primary cellular
response to oxidative stress involves activation of the
KEAP1-Nrf2 pathway, a major transcriptional regulator
of antioxidant levels.31,45 For cells in redox balance,
KEAP1 normally binds to Nrf2 (a transcription factor),
which mediates ubiquitination and proteasomal
degradation of Nrf2. However, as ROS levels increase,
KEAP1 is directly oxidized, which inhibits its ability to
bind Nrf2. Nrf2 then accumulates in the cell, trans-
locates to the nucleus, and activates transcription of a
host of genes encoding antioxidant and detoxification
proteins, including catalase, glutathione S-transferases,
and G6PD.30,31,45

To examine a potential protective role of Nrf2 on
nephrocyte slit diaphragms, we first examined ZO-1
456
localization in cells depleted of Nrf2 alone. We found
that reducing Nrf2 in otherwise normal nephrocytes
had no detectable effect on slit diaphragm integrity
(Figure 3a and f). However, when we challenged
nephrocytes with disruption of endocytosis (Dlg RNAi
or Rab5 RNAi), and simultaneously depleted them of
Nrf2, we observed a reduction in slit diaphragm
integrity significantly worse than either RNAi alone
(Figure 3b–f). This suggests that Nrf2 helps limit the
extent of slit diaphragm loss caused by disruption of
endocytosis, which we hypothesize is due to its role in
countering oxidative stress by promoting antioxidant
expression.

We therefore wished to know if Nrf2 target genes
were involved in buffering nephrocytes against the
deleterious effects of oxidative stress caused by
disruption of endocytosis. We first examined the ef-
fects of manipulating expression of G6PD. G6PD is the
rate limiting enzyme in the pentose phosphate pathway
and a major producer of NADPH.46,47 NADPH is used
by glutathione reductase to catalyze the production of
reduced glutathione, a potent antioxidant of hydrogen
peroxide (H2O2), a principle form of ROS in most
cells.48 We tested whether G6PD participates in the
cellular response to depletion of Dlg by knocking down
Dlg and G6PD, alone and in combination. Similar to our
findings with Nrf2 manipulation, loss of G6PD alone
had no discernable effect on slit diaphragms, whereas
codepletion of Dlg and G6PD significantly enhanced
the slit diaphragm defects caused by loss of Dlg
(Figure 3g). We then wished to determine if oxidative
stress was contributing to the slit diaphragm defects in
Dlg knockdown cells. To do this, we overexpressed
G6PD in the Dlg RNAi background, and found that
increased G6PD levels were sufficient to significantly
restore slit diaphragm integrity in Dlg knockdown cells
(Figure 3g). We then extended this approach to neph-
rocytes depleted of the endocytic regulators Rab5,
Cubn, or Amn. In each case, we found that the slit
diaphragm defects caused by knockdown of the given
endocytic regulator could be significantly ameliorated
by overexpression of G6PD (Figure 3h–j).

We performed a similar rescue experiment using
overexpression of another Nrf2 target, catalase.31

Catalase is an antioxidant, able to reduce H2O2.
Similar to our G6PD experiments, we found that
increased catalase expression improved slit diaphragm
integrity in nephrocytes depleted of Dlg or Rab5
(Figure 3k and l).

Disrupting Endocytosis Leads to Oxidative

Stress in Cultured Human Podocytes

To determine if the relationships between endocytosis,
oxidative stress, and slit diaphragm integrity that we
Kidney International Reports (2024) 9, 451–463



Figure 3. Oxidative stress is an important mediator of slit diaphragm defects caused by disruption of endocytosis. (a) Knockdown of Nrf2
alone does not perturb slit diaphragm integrity, as indicated by normal localization of ZO-1 to the nephrocyte surface. (b) Dlg knockdown
significantly disrupts ZO-1 localization. (c) Codepletion of Nrf2 and Dlg results in a dramatic enhancement of slit diaphragm loss, relative
to either single knockdown. (d) Rab5 knockdown disrupts ZO-1 localization. (e) Double knockdown of Nrf2 and Rab5 increases the degree
of ZO-1 mislocalization. (f) Quantification of ZO-1 surface localization. All genotypes with Dlg or Rab5 knockdown are significantly
different from Nrf2 alone, but those P-values are not shown for simplicity. (g) Although depletion of G6PD alone does not disrupt
slit diaphragms, codepletion of G6PD and Dlg leads to significant mislocalization of ZO-1 from the cell surface. Conversely, (continued)
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described in Drosophila nephrocytes were recapitu-
lated in human podocytes, we first analyzed the effects
of disrupting endocytosis on ROS levels and Nrf2 ac-
tivity in conditionally immortalized human podo-
cytes. To disrupt endocytosis, we treated cells with
dynasore, an inhibitor of dynamin, a protein critical
for fission of clathrin-mediated endocytic vesicles
from the plasma membrane. Dynasore was previously
demonstrated to inhibit endocytosis in cultured
podocytes.49 Consistent with our findings in fly
nephrocytes, disruption of endocytosis increased ROS
levels in podocytes, as indicated by increased DHE
staining (Figure 4a–e). This effect was reversed by
addition of the antioxidant catalase (Figure 4f–i). In
agreement with the increased DHE staining following
disruption of endocytosis, we found that dynasore
treatment led to accumulation of nuclear Nrf2, similar
to levels observed when exogenously treated with
H2O2 (Figure 4j–m). Together, these results indicate
that disruption of endocytosis leads to increased ROS
in cultured human podocytes.

Inhibiting Endocytosis Disrupts Complex

Formation of Nephrin With Other Slit

Diaphragm Proteins in A ROS-dependent

Manner

Our findings in Drosophila nephrocytes indicate that
increased ROS caused by disrupting endocytic traf-
ficking can lead to defects in slit diaphragms.
Although cultured podocytes do not form slit dia-
phragm structures, they express core proteins of the
slit diaphragm, and those proteins can physically
interact with one another. This enables the use of
coimmunoprecipitation assays to examine the po-
tential effects of alterations in endocytosis and ROS
on the ability of slit diaphragm proteins to complex
with one another in these cells. Using lysates from
untreated cells, we detected a robust capacity for
nephrin to associate with 2 key slit diaphragm
proteins, podocin and ZO-1 (see untreated control
lanes in Figure 5a; quantified in Figure 5b and c),
which are required to maintain slit diaphragm
integrity. To test whether nephrin complex forma-
tion is altered by cellular ROS levels, we then
Figure 3. (continued) overexpression of G6PD in Dlg knockdown nephrocy
insertions of UAS-G6PD (9g and 7b) were tested, with similar results. (h) T
can be significantly improved by overexpression of G6PD. Overexpression
nephrocytes depleted of Cubn or Amn (i and j, respectively). (k) Slit diaph
rescued by overexpression of the antioxidant catalase. (l) Similar results w
Sns-Gal4 was used for the experiments in this figure because it produces m
which provides sufficient sensitivity in our assay to detect enhancement o
of nuclei in blue. Scale bars ¼ 10 microns. Amn, amnionless; Cubn, cubi
glucose-6-phosphate dehydrogenase; Nrf2, nuclear factor erythroid 2–rel
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examined the ability of nephrin to associate with
these proteins after treating podocytes with H2O2.
Indeed, ROS treatment alone led to reduced neph-
rin/podocin or nephrin/ZO-1 complex formation, and
as expected, this effect was reversed by addition of
the antioxidant catalase (Figure 5a–c).

We then treated podocytes with dynasore to
disrupt normal endocytosis. As expected, the asso-
ciation of nephrin with other slit diaphragm proteins
was impaired by dynasore treatment (Figure 5d–f),
similar to H2O2 treatment. Importantly, the addition
of catalase to dynasore-treated cells was sufficient to
restore the ability of these proteins to interact at
normal levels (Figure 5d–f), suggesting that elevated
ROS caused by disruption of endocytosis is an
important contributor to disruption of slit diaphragm
protein interactions.
DISCUSSION

Numerous studies demonstrate the importance of
proper endocytic trafficking in the context of slit dia-
phragm integrity, and additional studies have begun to
unravel the mechanisms regulating endocytosis of slit
diaphragm proteins, such as nephrin.4-9,13,50,51 How-
ever, we still have much to learn regarding these
complex events. In the current study, we found that, in
addition to its role in trafficking of slit diaphragm
proteins, normal endocytosis appears important for
maintaining redox balance in Drosophila nephrocytes
and cultured human podocytes. Furthermore, we found
that disruption of endocytosis elicits a conserved
antioxidant-promoting response mediated by the Nrf2
pathway, which helps protect slit diaphragms from
further damage. Notably, overexpression of key Nrf2
antioxidant-promoting targets, G6PD or catalase,
conferred significant additional protection against the
detrimental effects of defective endocytosis. Similarly,
we found that the addition of catalase to cultured
podocytes with impaired endocytosis was able to
restore complex formation of major slit diaphragm
proteins. Together, our findings reveal oxidative stress
as an additional mechanism by which aberrant endo-
cytosis can perturb slit diaphragm integrity (Figure 6).
tes significantly rescues ZO-1 localization. Two different transgenic
he disruption of ZO-1 mislocalization caused by knockdown of Rab5
of G6PD led to similar improvements in ZO-1 surface localization in
ragm disruption caused by Dlg knockdown can also be significantly
ere observed in Rab5 depleted cells with catalase overexpression.
oderate defects when depleting cells of these endocytic regulators,

r suppression of the phenotype. ZO-1 staining in green; DAPI staining
lin; DAPI, 40,6-diamidino-2-phenylindole; Dlg, Dlg, discs large; G6PD,
ated factor 2.
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Figure 4. Disruption of endocytosis increases intracellular ROS in cultured human podocytes. (a) Quantification of ROS levels (measured by DHE
staining) in human podocytes exposed to increasing amounts of the dynamin inhibitor, dynasore (0, 50, 100, and 150 mM). (b) Image of control
podocytes stained with DHE (red). (c–e) Podocytes treated with indicated concentrations of dynasore show dose-dependent increase in
nuclear DHE signal. (f) Addition of the antioxidant, catalase (0.5 mM) to dynasore-treated podocytes reduces DHE signal (normalized to nuclear
area based on DAPI signal). (g) Control cells stained with DHE. (h) Dynasore treated cell stained with DHE. (i) Cells treated with dynasore and
the antioxidant, catalase. (j) Quantification of nuclear Nrf2 levels in podocytes treated with the oxidizing agent H2O2 or dynasore. (k) Nrf2 levels
are low in untreated control podocytes. (l) Treatment of podocytes with the oxidizing agent H2O2 leads to elevated nuclear Nrf2 staining. (m)
Similar increase in nuclear Nrf2 signal was observed following dynasore treatment. DAPI labeling of nuclei in blue. Scale bars ¼ 200microns.
*P < 0.05; **P < 0.01; ****P < 0.0001. DAPI, 40,6-diamidino-2-phenylindole; DHE, dihydroethidium; Nrf2, nuclear factor erythroid 2–related factor
2; ROS, reactive oxygen species.
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Our findings also highlight 2 key questions. First,
how do defects in endocytosis lead to oxidative stress?
There are limited previous data, in any cell type,
describing oxidative stress as a consequence of
Kidney International Reports (2024) 9, 451–463
endocytic defects. However, a recent study found a
potentially causative mutation in clavesin-1 in a case of
familial childhood steroid-sensitive nephrotic syn-
drome.49 Mechanistically, they found that knockdown
459



Figure 5. Oxidative stress caused by disruption of endocytosis perturbs slit diaphragm protein interactions. (a) Differentiated podocytes were
exposed to H2O2 (200 mM) in the presence or absence of catalase (0.5 mM) for 48 hours. Cell lysates were immunoprecipitated (IP) with an anti-
nephrin antibody followed by immunoblotting (IB) with anti-ZO-1 or anti-podocin antibody. (b, c) Quantification of treatment effects on nephrin
association with ZO-1 or podocin. (d) Differentiated podocytes were exposed to dynasore (150 mM, Dyn) in the presence or absence of catalase
(0.5 mM) for 48 hours. IP from cell lysates with an anti-nephrin antibody followed by IB with anti-ZO-1 or anti-podocin antibody. The lysates
containing the same amount of protein were immunoblotted with anti-nephrin and anti-tubulin antibodies to control protein input. The light chain
of immunoglobulin was used as a control for IP. (e, f) Graphs indicating the ratio of densitometry values of each band for the corresponding
protein divided by the value of IgG light chain.
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of clavesin-1 in cultured human podocytes disrupts
clathrin-mediated endocytosis, which results in
increased oxidative stress. Clavesin-1 is a receptor for a
transporter of a-tocopherol (Vitamin E), a known
antioxidant. Therefore, it was proposed that loss of
clavesin-1 reduces a-tocopherol levels, resulting in
oxidative stress. Further research will be required to
determine the various mechanisms by which endocytic
defects may lead to oxidative stress in podocytes.

The second major question to be resolved is how
oxidative stress leads to disruption of slit diaphragms.
Although numerous studies indicate important connec-
tions between oxidative stress and alterations in slit
diaphragm integrity, we know little about the under-
lying mechanisms. Oxidative stress can directly or
460
indirectly affect virtually every aspect of cell function
and behavior; thus it will require extensive studies to
explore the many possibilities. It is tempting to specu-
late that slit diaphragm proteins, such as nephrin, may
be directly oxidized by ROS. Protein oxidation damages
the protein, which can lead to its degradation52; and
reduced nephrin levels have been reported in various
forms of kidney disease. Intriguingly, a previous study
in rats found that high fat diet led to renal dysfunction
with reduced protein levels of nephrin and podocin,
and supplementing the high fat diet with the antioxi-
dant resveratrol significantly restored the levels of both
proteins.53 Another possible mechanism stems from the
observation that the activity of some kinases and
phosphatases are ROS-sensitive.54 Indeed, previous
Kidney International Reports (2024) 9, 451–463



Figure 6. Model depicting key relationships between endocytosis, oxidative stress, Nrf2 signaling, and slit diaphragm dynamics. In normal
podocytes or nephrocytes (left panel), endocytosis is known to play a direct role in trafficking slit diaphragm proteins; however, our findings
suggest it also contributes to redox homeostasis, which is important for maintaining slit diaphragm integrity. Redox balance also keeps Nrf2
levels and activity low in these cells. However, in cells with defects in endocytosis (right panel), in addition to the previously described direct
effects on slit diaphragm protein trafficking, our study suggests that endocytic defects increase ROS levels. Through an unknown mechanism,
elevated ROS levels can disrupt slit diaphragm protein localization and interactions, leading to loss of slit diaphragm integrity. Increased ROS
levels also promote accumulation of Nrf2 protein, which drives Nrf2 target gene expression, including antioxidant and detoxifying enzymes such
as G6PD and GstD. The increased antioxidants buffer ROS levels, which limits the degree of slit diaphragm perturbation. G6PD, glucose-6-
phosphate dehydrogenase; Nrf2, nuclear factor erythroid 2–related factor 2; ROS, reactive oxygen species.
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research suggests nephrin’s phosphorylation state
changes in response to changes in ROS levels,55 which
can affect its interaction with other proteins of the slit
diaphragm.3 These observations, in conjunction with
the known importance of nephrin phosphorylation on
its function, trafficking, and turnover, suggest a model
in which increased ROS levels affect nephrin phos-
phorylation, and thus its cellular dynamics. Hopefully,
future research will be able to test these hypotheses.
Improving our understanding of these complex re-
lationships will help identify the forms of kidney dis-
ease, or even specific patients, who may benefit from
relevant therapeutic options, such as antioxidant treat-
ments or Nrf2 activators (i.e., bardoxolone methyl).
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