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Abstract
Background Loss of glomerular podocytes is an indicator of diabetic kidney disease (DKD). The damage
to these cells has been attributed in part to elevated intrarenal oxidative stress. The primary source of the
renal reactive oxygen species, particularly H2O2, is NADPH oxidase 4 (NOX4). We hypothesized that
NOX4-derived H2O2 contributes to podocyte damage in DKD via elevation of podocyte calcium.
Methods We used Dahl salt-sensitive (SS) rats with a null mutation for the Nox4 gene (SSNox4−/−) and
mice with knockout of the nonselective calcium channel TRPC6 or double knockout of TRPC5 and
TRPC6. We performed whole animal studies and used biosensor measurements, electron microscopy,
electrophysiology, and live calcium imaging experiments to evaluate the contribution of this pathway to
the physiology of the podocytes in freshly isolated glomeruli.
Results Upon induction of type 1 diabetes with streptozotocin, SSNox4−/− rats exhibited significantly
lower basal intracellular Ca2+ levels in podocytes and less DKD-associated damage than SS rats did.
Furthermore, the angiotensin II–elicited calcium flux was blunted in glomeruli isolated from diabetic
SSNox4−/− rats compared with that in glomeruli from diabetic SS rats. H2O2 stimulated TRPC-dependent
calcium influx in podocytes from wild-type mice, but this influx was blunted in podocytes from Trpc6knockout mice and, in a similar manner, in podocytes from Trpc5/6 double-knockout mice. Finally,
electron microscopy revealed that podocytes of glomeruli isolated from Trpc6-knockout or Trpc5/6
double-knockout mice were protected from damage induced by H2O2 to the same extent.
Conclusions These data reveal a novel signaling mechanism involving NOX4 and TRPC6 in podocytes
that could be pharmacologically targeted to abate the development of DKD.
Keywords: calcium, diabetic nephropathy, podocyte, reactive oxygen species, NADPH oxidase, ion
channel



Abstract
Malfunction of podocytes (glomerular visceral epithelial cells of the kidney) is a major contributor to the
pathogenesis of diabetic kidney disease (DKD) because it leads to albuminuria, an early defining feature of
this condition. Current DKD therapies target the renin-angiotensin system (RAS) to reduce hypertension,
glomerular permeability to urinary albumin, and renal interstitial fibrosis. Angiotensin II (AngII) is one of
the bioactive members of the RAS shown to have various physiologic effects in podocytes, including
1 3
4
podocyte calcium signaling – and production of reactive oxygen species (ROS). Increased levels of
56
AngII have been found in the diabetic kidney. ,
Dysfunction of calcium signaling regulation in podocytes leads to podocyte cytoskeletal disorganization,
78
foot process (FP) effacement, disruption of the slit diaphragm, and proteinuria. , Importance of podocytic
calcium handling was highlighted in subjects with the gain-of-function mutation in the nonselective
9 10
calcium channel TRPC (transient receptor potential canonical) that caused FSGS. , We and others found
that AngII-evoked calcium increases are primarily mediated via TRPC6 channels and proposed that this
23
pathway might be critical in the development of DKD. , Furthermore, it was reported that this pathway
11
required the generation of ROS which are produced concurrently with AngII signaling.
12

13

Renal ROS production appears to be pivotal in the pathogenesis of DKD. A recent study by Jha et al.
performed on human samples and transgenic mice reported that ROS could promote renal injury in DKD.
The NADPH oxidase NOX4 is one of the dominant renal sources of ROS in rodents and humans, and is
14 15
highly expressed in the kidneys of diabetic models. , The pharmacologic inhibition and both the global
and podocyte-specific genetic deletions of Nox4 all attenuate albuminuria and podocyte damage in mouse
16 17
models of DKD. , Hydrogen peroxide (H2O2), rather than superoxide (O2−), is commonly used to
18
assess NOX4 activity. It is recognized that exogenous H2O2 can increase the plasma membrane
abundance and activity of Trpc6 channels, whereas the knockdown of Trpc6 attenuates H2O2-induced
19 20
apoptosis. , On the basis of these observations we hypothesized that H2O2 produced from NOX4 may
play an important role in AngII-induced glomerular H2O2 production, alteration of TRPC channels, and
podocyte calcium dysfunction in the development of DKD.

Methods
Experimental Protocol and Animals
The animal use and welfare adhered to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals following protocols reviewed and approved by the Medical College of Wisconsin
IACUC (AUA1061 and 1641). Seven-week-old male Dahl salt-sensitive rats (SS; SS/JrHsdMcwi) and
SSNox4−/− rats were provided food (0.4% NaCl AIC-76 purified rodent chow; Dyets, Bethlehem, PA) and
21
water ad libitum. SSNox4−/− rats were previously described. Rats were housed individually in cages with
bedding except during 24-hour urine collections when they were housed in metabolic cages. SS and
SSNox4−/− rats were injected intraperitoneally (i.p.) with streptozotocin (STZ, 75 mg/kg; Sigma-Aldrich,
St Louis, MO) to induce type 1 diabetes or vehicle (50 mM sodium citrate, pH 4.5) as a control. At 7 days
post–i.p. injection, a slow-release insulin (LinShin, Canada) or blank pellet was implanted s.c. into diabetic
and control rats, respectively, to maintain moderate hyperglycemia in STZ-treated rats (approximately 300
mg/dl). Wild-type (129S/c57 strain), Trpc6−/−, and Trpc5/6−/− mice were provided by L.B. (Neurobiology
Laboratory, National Institute of Environmental Health Sciences) and housed at the Medical College of
22 23
Wisconsin. Trpc6−/− and Trpc5−/− mice were previously described , and Trpc5/6−/− mice were
generated at the Comparative Medicine Branch of the National Institute of Environmental Health Sciences
by backcrossing of Trpc5−/−and Trpc6−/− mice to obtain the desired genotypes (wild-type Trpc5/6+/+ and
double KO Trpc5/6−/−).
Kidney Isolation



Rats were anesthetized and their kidneys were flushed with PBS via aortic catheterization (3 ml/min per
kidney until blanched). For each rat, one kidney was used for glomeruli isolation, and the other kidney was
coronally halved for Western blot and immunohistochemistry analyses.
Electrolyte Measurements
Whole blood and urine electrolytes and creatinine were measured with a blood gas and electrolyte analyzer
(ABL system 800 Flex; Radiometer, Copenhagen, Denmark). Kidney function was determined by
albuminuria (measured using a fluorescent assay [Albumin Blue 580 dye; Molecular Probes, Eugene, OR]
and read by a fluorescent plate reader [FL600; Bio-Tek, Winooski, VT]) and BUN levels (Alfa
Wassermann, West Caldwell, NJ).
Histologic Staining and Analysis
Rat kidneys were cleared from blood, formalin fixed, paraffin embedded, sectioned, and mounted on
24
slides, as previously described. Slides were stained with Masson’s trichrome stain. A double-blind
glomerular injury score was assessed using a 0–4 scale as previously used. Protein cast analysis was
performed using a color thresholding method using Metamorph (Molecular Devices, Sunnyvale, CA)
software.



Isolation of Glomeruli and Calcium Measurements
Isolation and basal podocyte intracellular calcium ([Ca2+]i) measurements in rats and mice were done as
25 27
described previously. – Isolated decapsulated glomeruli were incubated with Fura-2TH, AM and Fluo-4,
AM (5 μM; Thermo Fisher Scientific) for 40 minutes at room temperature. Calcium imaging was
3 25 27
performed as previously described. , – A laser scanning confocal microscope system (Nikon A1-R, NIS
Elements; Nikon Instruments Inc., Tokyo, Japan) was used to collect images in time series (xyt, 4 seconds
per frame). Basal [Ca2+]i concentrations of podocytes were measured after stable fluorescence intensities
were established using a common protocol with ionomycin and MnCl2.
Patch-Clamp Electrophysiology and Data Analysis
The cover glass with attached glomeruli was placed into a perfusion chamber and mounted on an inverted
Nikon Ti-S microscope. After a high-resistance seal was obtained, the cell-attached recording was
27 28
performed immediately and analyzed as previously described. ,
H2O2 Level Measurements with Enzymatic Biosensors
Biosensors for H2O2 analysis were obtained from Sarissa Biomedical Inc. and used previously to assess
29
extracellular H2O2 concentrations ex vivo and in vivo.
Western Blotting
24 30
Western blot analysis of the blood-free kidney cortex was performed as reported previously , using an
antibody against the intracellular epitope of the Trpc6 channel (ACC-017; Alomone Labs).

Electron Microscopy
For the EM experiments glomeruli were fixed in 2% glutaraldehyde buffered in 0.1 M cacodylate (pH 7.4)
31
and processed as described previously. Sections were viewed in a Hitachi HS600 transmission electron
microscope and images recorded via an AMT 1K digital imaging camera.
Statistical Analyses
Data are presented as box plots, where all data points are shown; the box denotes SEM, error bars are St.
Dev., and horizontal line is the mean value. Data using the four groups of rats (SS, Nox4−/−, STZ-SS,
STZ-Nox4−/−) were compared using the two-factor ANOVA for repeated measures followed by the Holm–

2

Sidak post hoc test. Podocyte calcium imaging analysis used the values of [Ca2+]i at every moment of time
for individual cells and averaged the number of regions registered in each experiment. An independentsamples t test was used to compare H2O2 production by isolated glomeruli.

Results
SSNOX4−/− Rats Are Protected from the Development of Microalbuminuria and Kidney
Injury in Type 1 Diabetes
We tested here the contribution of NOX4 in the development of DKD, where type 1 diabetes was induced
21
by a low dose of STZ in Dahl SS hypertensive rats with a null mutation for the Nox4 gene (SSNox4−/−).
After a single i.p. injection of STZ or vehicle the development of type 1 diabetes was monitored in Dahl
SS and SSNox4−/− rats over 11 weeks (Figure 1A). Attenuation of body growth and strong hypertrophy of
the kidneys was observed in both SS and SSNox4−/− diabetic groups compared with control animals (
Figure 1B), along with the development of hyperglycemia in rats injected with STZ as well as a significant
increase in BUN value in the diabetic rats (Figure 1C). Electrolyte levels were assessed in the terminally
26
collected blood samples; data are shown in Supplemental Figure 1. Consistent with our previous work ,
STZ-injected rats developed polyuria (Figure 1D). Urinary electrolyte/creatinine analysis (see
Supplemental Figure 2) did not reveal any difference between SS and SSNox4−/− groups in control or
under diabetic conditions. Microalbumin levels in the urine confirmed kidney disease development in the
SS-STZ group compared with control SS and SSNox4−/− rats and demonstrated a progressive increase in
24-hour microalbumin excretion in the diabetic SS rats; microalbuminuria was attenuated in the STZtreated SSNox4−/− group (Figure 1E).
We further assessed kidney damage using Masson’s trichrome staining; as seen in Figure 2A, control
SSNox4−/− rats showed dramatically less protein cast formation than wild-type SS rats in both control and
STZ-treated groups. Scoring of glomerular damage (Figure 2B) revealed aggravated glomerular injury in
STZ-SS rats. Protein cast analysis and glomerular injury were ameliorated in both diabetic and nondiabetic
SSNox4−/− rats.
Diabetes-Induced Calcium Mishandling Is Attenuated in SSNox4−/− Rat Podocytes
In addition to confirming the development of type 1 diabetes, the above-described data revealed reduced
kidney damage in the STZ-treated SSNox4−/− group. We further isolated glomeruli from the kidney cortex
of each studied group and performed confocal imaging to assess the basal level of calcium and calcium
influx in response to AngII. A representative glomerulus loaded with fluorescent calcium dyes Fluo4 and
Fura-2TH is shown in Figure 3A. We observed that in the STZ-SS animals the response to AngII was
significantly higher than in the control preparation; however, in line with our data pertaining to renal tissue
damage, the response was blunted in the SSNox4−/− rats (see Figure 3, B and C). Additionally, the increase
in basal calcium previously observed by us in the diabetic SS rat podocytes was absent in the STZ-treated
SSNox4−/− group (Figure 3D). This would suggest a protective effect of lower levels of H2O2 associated
with the Nox4−/− phenotype, counteracting the pathologic increase in [Ca2+]i.
25

According to our previous findings, podocytic TRPC6 is the channel that mainly contributes to changes
in [Ca2+]i in normal and pathologic conditions. Here, we tested the expression level of TPRC6 in the
kidney cortex in normal and diabetic conditions; as summarized in Figure 3E, DKD development resulted
in a significant increase in TRPC6 expression in both STZ-treated wild-type SS and SSNox4−/− strains.
Therefore, the diminished response to AngII and suppressed increase in basal calcium we report for the
STZ-treated SSNox4−/− animals could be due to changes in the channel open probability (Po); however, we
do not exclude the effects on TRPC6 channel expression, because in cell-attached mode we are not
disrupting fast increase in surface expression of the channel. Next, we looked at the podocyte ultrastructure
using electron microscopy (Figure 3F); these studies revealed diminished FP damage in the STZ-SSNox4−/
−
group, as opposed to the effacement and deterioration observed in the STZ-treated wild-type group.



NOX4 Is the Major Source for H2O2 Production in the SS Rat Glomeruli in Response to
AngII
15

NOX4 is reported to be one of the main sources of H2O2 production in the kidney ; however, H2O2
release in glomeruli has not been shown. To test the contribution of NOX4 to H2O2 release in glomeruli,
we employed here a novel approach featuring enzymatic biosensors capable of detecting specific
32 33
substances and dynamic changes in their concentrations in fresh tissues. , In order to test H2O2 release,
we isolated glomeruli from the wild-type SS rats and age-matched SSNox4−/− animals and washed them by
spinning; next, glomeruli were placed into a 100-μl tube. A biosensor was then placed into the solution
(see Figure 4A) and, after allowing time for equilibration, stable basal levels of H2O2 were recorded for
several minutes. AngII (1 µM) was then added to the tube while recording the subsequent changes in H2O2
production. To ensure specificity of the signal, a catalase block was used at the end of each experiment.
Figure 4, B and C feature the representative traces and summary of H2O2 release from wild-type SS and
SSNox4−/− rat glomeruli. As seen from the data, H2O2 production from rat glomeruli in response to AngII
was significantly blunted in the SSNox4−/− strain. These findings allow us to conclude that Nox4 is the
predominant source of H2O2 production in glomeruli.
H2O2 Activates Calcium Influx via TRPC6 Channels in the Podocytes
Having identified that Nox4 knockout potentially plays a protective role during type 1 diabetes, we
decided to investigate the involvement of TRPC channels, and specifically TRPC6, in this mechanism.
First, using patch-clamp analysis on freshly isolated mouse glomeruli, we found that H2O2 acutely
activates TRPC channels in the podocytes (Figure 5A). Next, we tested the effect of H2O2 on total calcium
influx in mouse podocytes using confocal microscopy; as summarized in Figure 5B, H2O2 evokes a dosedependent increase in calcium level within the podocytes, with an EC50 of 56.4±6.2 µM. Interestingly,
application of lower (<50 µM) concentrations of H2O2 results in a short calcium transient, whereas
H2O2>50 µM produces a transient followed by a long-term plateau-like increase in calcium, that should
likely be attributed to apoptotic rather than signaling events (see Figure 5C). Next, we asked whether the
observed calcium transient results from the influx of calcium from the extracellular space, release from
intracellular stores, or both; to test this, we removed Ca2+ from the bath solution, and performed calcium
imaging. As shown in Figure 5D, in the absence of Ca2+ the transient is abolished, which allows us to
conclude that H2O2 causes mainly Ca2+ influx from the extracellular space—presumably, via TRPC
channels.
Lack of TRPC6 Channel Protects Podocytes from H2O2-Induced Damage
We next investigated the hypothesis that high H2O2 levels can lead to podocyte damage through the
activation of calcium influx via TRPC channels. First, we used Trpc6−/− mice because it was reported that
9 10
mutations in Trpc6 cause development of FSGS and podocyte damage , and also that the TRPC6 channel
34
can be activated by H2O2. We also generated a double knockout for both Trpc5 and Trpc6 to test the
contribution of TRPC5 because previous studies proposed that this channel also promotes podocyte
35 36
injury. , Supplemental Figures 3–5 provide some basic phenotyping of renal function of the Trpc5/6−/−
mice. We did not observe significant changes in the renal function except for decreased creatinine level
22
(Supplemental Figure 3), which is consistent with the analysis of Trpc6−/− mice. Data shown in
Figure 6A revealed a moderate increase in basal calcium level in the podocytes in both knockout strains,
which was surprising but could be attributed to some compensatory regulation. We next tested calcium
influx in the podocytes of these knockout strains in response to H2O2 (50 μM). As shown in Figure 6B,
H2O2 produced a robust increase in calcium level in wild-type mouse podocytes, as was observed earlier (
Figure 5C). This response was attenuated in a similar manner in both Trpc6−/− and Trpc5/6−/− mice. These
results suggest that it is TRPC6 rather than the TRPC5 channel that reduces the robust increase in calcium
influx triggered by a high concentration of H2O2. These observations led us to a hypothesis that absence of
TRPC6 could play a protective role in the H2O2-induced podocyte damage. To test this idea, glomeruli
were isolated from wild-type, TRPC6−/−, and TRPC5/6−/− mice subjected to acute treatment with 100 µM



H2O2 or vehicle (for 30 minutes). As shown in Figure 6C, no differences in FP structure were observed in
control conditions (vehicle treatment) among the tested strains. Upon H2O2 application, however, wildtype podocytes showed dramatic effacement and apparent damage, whereas neither Trpc6−/− nor Trpc5/6−/
−
podocytes revealed such changes. Taken together, these data indicate that lack of Trpc6 plays a protective
role in the H2O2-triggered podocyte damage.

Discussion
This study provides evidence that Nox-derived ROS production promotes podocyte injury by enhancing
calcium influx via TRPC6 channels. We utilized a null mutation of Nox4 in a model of type 1 diabetes in
the Dahl SS rat background to test whether H2O2 contributes to the mechanism of the calcium handling
26
dysfunction as we previously reported in the diabetic SS rats. We show, for the first time, that the lack of
Nox4 attenuates the diabetes-induced potentiation of calcium handling in podocytes, and reveal the
mechanism that may be targeted to prevent the development of DKD. This attenuation was a consequence
of reduced H2O2 production in SSNox4−/− rats because we showed that AngII-mediated H2O2 production
was greatly reduced in Nox4−/− glomeruli.
19

The study by Liu et al. in podocyte cell culture showed that H2O2 stimulates podocytic TRPC6 channels.
This was validated by our observations in ex vivo isolated glomeruli in which dose-dependent changes of
H2O2-induced calcium flux were examined. Whereas a low dose was sufficient to activate TRPC channels,
a high dose induced a sustained calcium flux in podocytes that was abolished in a manner similar to the
glomerular podocytes obtained from Trpc6 and Trpc5/6 knockout mice. Because only minor differences
were observed between the Trpc6 and Trpc5/6 mice, these data indicate that TRPC6 is the primary calcium
channel stimulated by H2O2. Supporting this conclusion were the observations that after acute H2O2
treatment glomeruli from Trpc6 knockout mice did not exhibit the podocyte damage observed in the wildtype animals and the observation that knockout of both Trpc5 and Trpc6 together did not provide
additional protection from the damaging effects of ROS.
37

The role of TRPC5 in podocyte injury is currently debated. A study by Zhou et al. reported that TRPC5
activity drives FSGS and that chronic TRPC5 inhibition suppressed severe proteinuria and prevented
podocyte loss in a transgenic rat model of FSGS. However, studies by Reiser and colleagues found in
Trpc5 transgenic mice that neither overexpression nor activation of the TRPC5 ion channel caused kidney
38
barrier injury or aggravated such injury under pathologic conditions. As with many contradictory studies,
it is not possible to explain such differences because they could result from methodologic differences. This
study clearly supports the view that the TRPC5 channel does not have an additive effect to TRPC6 and
contributes little to podocyte FP effacement, disruption of the glomerular filtration barrier, and conduction
of calcium signal in response to ROS.
39

Trpc6 null mice were shown by others to be protected from proteinuric effects of AngII. AngII was
1 26
found to cause podocyte injury, induce H2O2 production, and activate podocyte TRPC channels. , This
study found that AngII induces H2O2 production derived from Nox4 that in turn activates calcium influx
via TRPC6 channels, which triggers downstream apoptotic cascades (see Figure 7). The significant, but
not complete, reduction in AngII-elicited glomerular H2O2 production in the Nox4−/− rat glomeruli
suggests the presence of other sources of H2O2. However, the absence of Nox4 mostly prevented
albuminuria in diabetic rats, which is consistent with results of targeting of Nox4 in other models of DKD
that reduced but did not prevent albuminuria.
Knockdown of Nox4 in an STZ-treated Sprague Dawley rat was previously shown to reduce kidney
40
hypertrophy 2 weeks post–STZ injection. However, in our STZ-SS model, the absence of Nox4 did not
attenuate renal hypertrophy. This fact could be due to the greater basal renal ROS produced in SS rats
versus Sprague Dawley rats, and the difference in the acute versus long-term effects (2 versus 11 weeks
21
post–STZ treatment). Cowley et al. observed that kidneys of SS rats exhibit greater levels of oxidative
stress compared with SSNox4−/− rats even when fed a low-salt diet. Previous results have shown that ROS,
41 42
43
as well as AngII, , affect glomerular TRPC6 expression. In our hands, the absence of Nox4 did not
attenuate the increased cortical TRPC6 expression, which may indicate that additional factors are
controlling this mechanism. However, the data from this study indicate that the podocyte calcium



dysfunction in diabetic SS rats resulted from reduced ROS stimulation of TRPC6 rather than an increased
21
TRPC6 channel abundance. A recent manuscript by Cowley et al. demonstrated the importance of NOX4
in the development of hypertension in Dahl SS rats, and reported a significant reduction in salt-induced
BP, albuminuria, tubular casts, and glomerular injury in the SSNox4−/− rats in comparison to wild-type
controls. Taken together, this suggests that ROS generated by Nox4 may be a part of a universal
mechanism triggering kidney damage in different pathologic conditions characterized by albuminuria and
glomerular injury.
44 46

AngII and ACE show increased activity and circulating levels during DKD. – On the basis of this study,
we hypothesize that AngII stimulates Nox4 to produce excess H2O2, which in turn activates TRPC6
channels. However, in the diabetic model, other mechanisms could also contribute to the nephrotic
changes, such as glucose, which could increase ROS and thereby increase protein expression of TRPC6
2 19 47
channels in podocytes as reported by others. , , There is also an emerging concept that TRPC6 channels
48
in podocytes are activated by inflammatory mediators (in sera from patients with nephrotic syndromes) ;
this interesting pathway requires further investigation in DKD in association with AngII signaling.
In conclusion, using unique in vivo models and ex vivo techniques we provide evidence that Nox4-derived
ROS contribute to podocyte injury via, at least in part, podocyte TRPC6 channels. Furthermore, Nox4
produces the majority of AngII-elicited H2O2 in the glomerulus and its absence attenuates the podocytic
calcium signaling dysfunction that occurs in diabetes.

Disclosures
None.

Supplementary Material
Supplemental Data:

Acknowledgments
The authors would like to acknowledge the help of Clive Wells (Electron Microscopy Core); Christine
Duris and Stephanie Wirsbinski (Histology Core); and Lisa Henderson, Jenifer Phillips, and Camille
Taylor (Biochemistry Core) (all Medical College of Wisconsin).
This research was supported by the National Institutes of Health (NIH) HL135749 (to A.S.), HL122662 (to
A.S. and A.W.C.), HL116264 (to A.S., A.W.C., and A.G.), OD008396 (to A.G.), DK105160 (to D.V.I.),
HL116603 (to T.S.P.), DK020595 Pilot and Feasibility project (to O.P.), American Diabetes Association 115-BS-172 (to A.S.), Juvenile Diabetes Research Foundation 1-INO-2016-223-A-N (to A.S.), Russian
Foundation for Basic Research RFBR №18-34-00590 (to L.S.S.), and by the Intramural Research Program
of the NIH (project Z01-ES-101648 to L.B.).
D.V.I. and A.S. designed the research; D.V.I., G.B., O.P., T.S.P., M.G., K.W., L.S.S., and V.L. performed
research; D.V.I., G.B., O.P., K.W., T.S.P., M.G., and L.S.S. analyzed data; L.B., A.G., and A.W.C.
contributed new genetically modified animals; D.V.I., G.B., O.P., and A.S. wrote the paper. A.S.
supervised the study.

Footnotes
Present address: Daria V. Ilatovskaya, Division of Nephrology, Department of Medicine, Medical University of
South Carolina, Charleston, South Carolina.
Present address: Gregory Blass, Department of Biology, Western Kentucky University, Bowling Green, Kentucky.
Present address: Leonid S. Shuyskiy, Institute of Cytology RAS, St. Petersburg, Russia.
Present address: Tengis S. Pavlov, Division of Hypertension and Vascular Research, Henry Ford Hospital, Detroit,
Michigan.
Published online ahead of print. Publication date available at www.jasn.org.



This article contains supplemental material online at
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2018030280/-/DCSupplemental.

References
1. Nitschke R, Henger A, Ricken S, Gloy J, Müller V, Greger R, et al. .: Angiotensin II increases the
intracellular calcium activity in podocytes of the intact glomerulus. Kidney Int 57: 41–49, 2000 [PubMed:
10620186]
2. Sonneveld R, van der Vlag J, Baltissen MP, Verkaart SA, Wetzels JF, Berden JH, et al. .: Glucose
specifically regulates TRPC6 expression in the podocyte in an AngII-dependent manner. Am J Pathol 184:
1715–1726, 2014 [PubMed: 24731445]
3. Ilatovskaya DV, Palygin O, Chubinskiy-Nadezhdin V, Negulyaev YA, Ma R, Birnbaumer L, et al. .:
Angiotensin II has acute effects on TRPC6 channels in podocytes of freshly isolated glomeruli. Kidney Int
86: 506–514, 2014 [PMCID: PMC4149864] [PubMed: 24646854]
4. Whaley-Connell A, Habibi J, Nistala R, Cooper SA, Karuparthi PR, Hayden MR, et al. .: Attenuation of
NADPH oxidase activation and glomerular filtration barrier remodeling with statin treatment.
Hypertension 51: 474–480, 2008 [PMCID: PMC2683987] [PubMed: 18172055]
5. Anderson S, Jung FF, Ingelfinger JR.: Renal renin-angiotensin system in diabetes: Functional,
immunohistochemical, and molecular biological correlations. Am J Physiol 265: F477–F486, 1993
[PubMed: 8238377]
6. Singh R, Singh AK, Leehey DJ.: A novel mechanism for angiotensin II formation in streptozotocindiabetic rat glomeruli. Am J Physiol Renal Physiol 288: F1183–F1190, 2005 [PubMed: 15701818]
7. Möller CC, Wei C, Altintas MM, Li J, Greka A, Ohse T, et al. .: Induction of TRPC6 channel in
acquired forms of proteinuric kidney disease. J Am Soc Nephrol 18: 29–36, 2007 [PubMed: 17167110]
8. Schlöndorff J, Del Camino D, Carrasquillo R, Lacey V, Pollak MR.: TRPC6 mutations associated with
focal segmental glomerulosclerosis cause constitutive activation of NFAT-dependent transcription. Am J
Physiol Cell Physiol 296: C558–C569, 2009 [PMCID: PMC2660257] [PubMed: 19129465]
9. Winn MP, Conlon PJ, Lynn KL, Farrington MK, Creazzo T, Hawkins AF, et al. .: A mutation in the
TRPC6 cation channel causes familial focal segmental glomerulosclerosis. Science 308: 1801–1804, 2005
[PubMed: 15879175]
10. Reiser J, Polu KR, Möller CC, Kenlan P, Altintas MM, Wei C, et al. .: TRPC6 is a glomerular slit
diaphragm-associated channel required for normal renal function. Nat Genet 37: 739–744, 2005
[PMCID: PMC1360984] [PubMed: 15924139]
11. Anderson M, Roshanravan H, Khine J, Dryer SE.: Angiotensin II activation of TRPC6 channels in rat
podocytes requires generation of reactive oxygen species. J Cell Physiol 229: 434–442, 2014 [PubMed:
24037962]
12. Forbes JM, Coughlan MT, Cooper ME.: Oxidative stress as a major culprit in kidney disease in
diabetes. Diabetes 57: 1446–1454, 2008 [PubMed: 18511445]
13. Jha JC, Banal C, Okabe J, Gray SP, Hettige T, Chow BSM, et al. .: NADPH oxidase Nox5 accelerates
renal injury in diabetic nephropathy. Diabetes 66: 2691–2703, 2017 [PubMed: 28747378]
14. Gorin Y, Wauquier F.: Upstream regulators and downstream effectors of NADPH oxidases as novel
therapeutic targets for diabetic kidney disease. Mol Cells 38: 285–296, 2015 [PMCID: PMC4400302]
[PubMed: 25824546]
15. Cowley AW Jr, Abe M, Mori T, O’Connor PM, Ohsaki Y, Zheleznova NN.: Reactive oxygen species
as important determinants of medullary flow, sodium excretion, and hypertension. Am J Physiol Renal
Physiol 308: F179–F197, 2015 [PMCID: PMC4312962] [PubMed: 25354941]



16. Jha JC, Thallas-Bonke V, Banal C, Gray SP, Chow BS, Ramm G, et al. .: Podocyte-specific Nox4
deletion affords renoprotection in a mouse model of diabetic nephropathy. Diabetologia 59: 379–389, 2016
[PMCID: PMC6450410] [PubMed: 26508318]
17. Gorin Y, Cavaglieri RC, Khazim K, Lee DY, Bruno F, Thakur S, et al. .: Targeting NADPH oxidase
with a novel dual Nox1/Nox4 inhibitor attenuates renal pathology in type 1 diabetes. Am J Physiol Renal
Physiol 308: F1276–F1287, 2015 [PMCID: PMC4451325] [PubMed: 25656366]
18. Nisimoto Y, Diebold BA, Cosentino-Gomes D, Lambeth JD.: Nox4: A hydrogen peroxide-generating
oxygen sensor. Biochemistry 53: 5111–5120, 2014 [PMCID: PMC4131900] [PubMed: 25062272]
19. Liu BC, Song X, Lu XY, Li DT, Eaton DC, Shen BZ, et al. .: High glucose induces podocyte apoptosis
by stimulating TRPC6 via elevation of reactive oxygen species. Biochim Biophys Acta 1833: 1434–1442,
2013 [PMCID: PMC4134943] [PubMed: 23499875]
20. Kim EY, Anderson M, Dryer SE.: Insulin increases surface expression of TRPC6 channels in
podocytes: Role of NADPH oxidases and reactive oxygen species. Am J Physiol Renal Physiol 302:
F298–F307, 2012 [PMCID: PMC3287354] [PubMed: 22031853]
21. Cowley AW Jr, Yang C, Zheleznova NN, Staruschenko A, Kurth T, Rein L, et al. .: Evidence of the
importance of Nox4 in production of hypertension in Dahl salt-sensitive rats. Hypertension 67: 440–450,
2016 [PMCID: PMC4713301] [PubMed: 26644237]
22. Dietrich A, Mederos Y Schnitzler M, Gollasch M, Gross V, Storch U, Dubrovska G, et al. .: Increased
vascular smooth muscle contractility in TRPC6-/- mice. Mol Cell Biol 25: 6980–6989, 2005
[PMCID: PMC1190236] [PubMed: 16055711]
23. Phelan KD, Shwe UT, Abramowitz J, Wu H, Rhee SW, Howell MD, et al. .: Canonical transient
receptor channel 5 (TRPC5) and TRPC1/4 contribute to seizure and excitotoxicity by distinct cellular
mechanisms. Mol Pharmacol 83: 429–438, 2013 [PMCID: PMC3558807] [PubMed: 23188715]
24. Palygin O, Levchenko V, Ilatovskaya DV, Pavlov TS, Pochynyuk OM, Jacob HJ, et al. .: Essential role
of Kir5.1 channels in renal salt handling and blood pressure control. JCI Insight 2: e92331, 2017
[PMCID: PMC5621918] [PubMed: 28931751]
25. Ilatovskaya DV, Palygin O, Levchenko V, Endres BT, Staruschenko A.: The role of angiotensin II in
glomerular volume dynamics and podocyte calcium handling. Sci Rep 7: 299, 2017
[PMCID: PMC5428415] [PubMed: 28331185]
26. Ilatovskaya DV, Levchenko V, Lowing A, Shuyskiy LS, Palygin O, Staruschenko A.: Podocyte injury
in diabetic nephropathy: Implications of angiotensin II-dependent activation of TRPC channels. Sci Rep 5:
17637, 2015 [PMCID: PMC4674698] [PubMed: 26656101]
27. Ilatovskaya DV, Palygin O, Levchenko V, Staruschenko A.: Single-channel analysis and calcium
imaging in the podocytes of the freshly isolated glomeruli. J Vis Exp 100: e52850, 2015
[PMCID: PMC4544950] [PubMed: 26167808]
28. Ilatovskaya DV, Staruschenko A.: Single-channel analysis of TRPC channels in the podocytes of
freshly isolated Glomeruli. Methods Mol Biol 998: 355–369, 2013 [PMCID: PMC4181531] [PubMed:
23529444]
29. Palygin O, Evans LC, Cowley AW Jr, Staruschenko A.: Acute in vivo analysis of ATP release in rat
kidneys in response to changes of renal perfusion pressure. J Am Heart Assoc 6: e006658, 2017
[PMCID: PMC5634305] [PubMed: 28899893]
30. Pavlov TS, Levchenko V, O’Connor PM, Ilatovskaya DV, Palygin O, Mori T, et al. .: Deficiency of
renal cortical EGF increases ENaC activity and contributes to salt-sensitive hypertension. J Am Soc
Nephrol 24: 1053–1062, 2013 [PMCID: PMC3699826] [PubMed: 23599382]
31. Ilatovskaya DV, Levchenko V, Ryan RP, Cowley AW Jr, Staruschenko A.: NSAIDs acutely inhibit
TRPC channels in freshly isolated rat glomeruli. Biochem Biophys Res Commun 408: 242–247, 2011
[PMCID: PMC3093766] [PubMed: 21473850]



32. Palygin O, Levchenko V, Ilatovskaya DV, Pavlov TS, Ryan RP, Cowley AW Jr, et al. .: Real-time
electrochemical detection of ATP and H2O2 release in freshly isolated kidneys. Am J Physiol Renal
Physiol 305: F134–F141, 2013 [PMCID: PMC3725679] [PubMed: 23594827]
33. Zappia KJ, Garrison SR, Palygin O, Weyer AD, Barabas ME, Lawlor MW, et al. .: Mechanosensory
and ATP release deficits following keratin14-Cre-mediated TRPA1 deletion despite absence of TRPA1 in
murine keratinocytes. PLoS One 11: e0151602, 2016 [PMCID: PMC4792390] [PubMed: 26978657]
34. Ding Y, Winters A, Ding M, Graham S, Akopova I, Muallem S, et al. .: Reactive oxygen speciesmediated TRPC6 protein activation in vascular myocytes, a mechanism for vasoconstrictor-regulated
vascular tone. J Biol Chem 286: 31799–31809, 2011 [PMCID: PMC3173128] [PubMed: 21768109]
35. Schaldecker T, Kim S, Tarabanis C, Tian D, Hakroush S, Castonguay P, et al. .: Inhibition of the
TRPC5 ion channel protects the kidney filter. J Clin Invest 123: 5298–5309, 2013
[PMCID: PMC3859394] [PubMed: 24231357]
36. Tian D, Jacobo SM, Billing D, Rozkalne A, Gage SD, Anagnostou T, et al. .: Antagonistic regulation
of actin dynamics and cell motility by TRPC5 and TRPC6 channels. Sci Signal 3: ra77, 2010
[PMCID: PMC3071756] [PubMed: 20978238]
37. Zhou Y, Castonguay P, Sidhom EH, Clark AR, Dvela-Levitt M, Kim S, et al. .: A small-molecule
inhibitor of TRPC5 ion channels suppresses progressive kidney disease in animal models. Science 358:
1332–1336, 2017 [PMCID: PMC6014699] [PubMed: 29217578]
38. Wang X, Dande RR, Yu H, Samelko B, Miller RE, Altintas MM, et al. .: TRPC5 does not cause or
aggravate glomerular disease. J Am Soc Nephrol 29: 409–415, 2018 [PMCID: PMC5791075] [PubMed:
29061651]
39. Eckel J, Lavin PJ, Finch EA, Mukerji N, Burch J, Gbadegesin R, et al. .: TRPC6 enhances angiotensin
II-induced albuminuria. J Am Soc Nephrol 22: 526–535, 2011 [PMCID: PMC3060446] [PubMed:
21258036]
40. Gorin Y, Block K, Hernandez J, Bhandari B, Wagner B, Barnes JL, et al. .: Nox4 NAD(P)H oxidase
mediates hypertrophy and fibronectin expression in the diabetic kidney. J Biol Chem 280: 39616–39626,
2005 [PubMed: 16135519]
41. Qiu G, Ji Z.: AngII-induced glomerular mesangial cell proliferation inhibited by losartan via changes
in intracellular calcium ion concentration. Clin Exp Med 14: 169–176, 2014 [PMCID: PMC4000622]
[PubMed: 23459786]
42. Zhang N, Ji Z.: Effects of caveolin-1 and P-ERK1/2 on Ang II-induced glomerular mesangial cell
proliferation. Ren Fail 35: 971–977, 2013 [PubMed: 23826745]
43. Wang Z, Wei X, Zhang Y, Ma X, Li B, Zhang S, et al. .: NADPH oxidase-derived ROS contributes to
upregulation of TRPC6 expression in puromycin aminonucleoside-induced podocyte injury. Cell Physiol
Biochem 24: 619–626, 2009 [PubMed: 19910702]
44. Chawla T, Sharma D, Singh A.: Role of the renin angiotensin system in diabetic nephropathy. World J
Diabetes 1: 141–145, 2010 [PMCID: PMC3083897] [PubMed: 21537441]
45. Ribeiro-Oliveira A Jr, Nogueira AI, Pereira RM, Boas WW, Dos Santos RA, Simões e Silva AC.: The
renin-angiotensin system and diabetes: An update. Vasc Health Risk Manag 4: 787–803, 2008
[PMCID: PMC2597759] [PubMed: 19065996]
46. Hsueh WA, Wyne K.: Renin-Angiotensin-aldosterone system in diabetes and hypertension. J Clin
Hypertens (Greenwich) 13: 224–237, 2011 [PubMed: 21466617]
47. Thilo F, Lee M, Xia S, Zakrzewicz A, Tepel M.: High glucose modifies transient receptor potential
canonical type 6 channels via increased oxidative stress and syndecan-4 in human podocytes. Biochem
Biophys Res Commun 450: 312–317, 2014 [PubMed: 24942878]



48. Kim EY, Roshanravan H, Dryer SE.: Changes in podocyte TRPC channels evoked by plasma and sera
from patients with recurrent FSGS and by putative glomerular permeability factors. Biochim Biophys Acta
1863: 2342–2354, 2017 [PMCID: PMC5557291] [PubMed: 28629718]

Figures and Tables





Figure 1.



Open in a separate window
Nox4 knockout protects Dahl SS rats from the injury associated with the development of type 1 diabetes. (A) Schematic
representation of the experimental protocol is shown: type 1 diabetes was induced in Dahl SS and SSNox4−/− rats with a
single i.p. injection of STZ after insulin implant at day 7, and key characteristics of the disease were monitored during 11
weeks post–diabetes induction. Studied experimental groups: control SS and SSNox4−/− animals treated with vehicle, as
well as STZ-treated SS and SSNox4−/− rats. (B) Total body weight (TBW, left panel) and kidney to body weight ratio
(KW/TBW, right panel) in control and diabetic rats throughout the experimental protocol. (C) Blood glucose level (left
panel) as measured in nonfasting conditions over the 11 weeks of diabetes development. Right panel in (C) shows BUN
levels tested in the terminal plasma samples collected from all four groups of animals. (D and E) The 24-hour urinary
volume (normalized to TBW) and daily microalbumin excretion, respectively. #Denotes statistically significant difference
between STZ-SS and STZ-SSNox4−/− groups, †denotes SSNox4−/− versus STZ-SSNox4−/−, and *denotes SS versus STZSS animals. Veh, vehicle.

Figure 2.



Kidney damage after type 1 diabetes induction with streptozotocin is attenuated in Dahl SS rats lacking NOX4. (A)
Representative images of the kidney tissues stained with Masson’s trichrome (left panel, whole kidney images and
expanded areas [20× magnification]) and then analyzed for protein cast formation. Right panel in (A) shows a summary
graph of protein cast area (percent of total kidney area) for each studied group. (B) Images of the representative cortical
renal tissues containing glomeruli (upper row, 10×) and magnified examples of single glomeruli from each group.
Glomerular injury score is summarized in the right panel in (B); 100 random glomeruli were scored for each kidney.
#
Denotes statistically significant difference between STZ-SS and STZ-SSNox4−/− groups; scale bar shown is common for
all of the images in the same row; each point on the graph illustrates an average value from 100 glomeruli randomly
scored per kidney.



Figure 3.



Open in a separate window
Type 1 diabetes-associated podocyte damage and intracellular calcium increase are blunted in Dahl SS rats lacking Nox4.
(A) A representative image of a glomerulus loaded with Fluo4 (green pseudocolor) and Fura-2TH (red pseudocolor) for
confocal imaging of [Ca2+]i handling; scale bar is shown. (B) Typical fluorescence transients demonstrating calcium
influx in response to 1 μM of AngII obtained from STZ-treated SS and SSNox4−/− rats. (C) Graph summarizing the peak
amplitude of the response (∆, arbitrary units of Fluo4 intensity). (D) Basal calcium levels in the studied samples (before
AngII application) are summarized. Number of animals (N) and number of podocytes (n) tested for each group are shown
on the graphs; each point on the graph represents an averaged peak amplitude or calcium level from one glomerulus. (E)
Representative western blotting image and summary densitometry graph illustrating the changes in Trpc6 channel
expression in the kidney cortex of diabetic (STZ-injected) and control (vehicle-injected) SS and SSNox4−/− rats. (F)
Representative electron microscopy images demonstrating podocytic FPs in control and diabetic SS and SSNox4−/− rat
strains. Scale bar is shown; n=3 rats per group. a.u., arbitrary units; FP, podocyte foot processes; GBM, glomerular
basement membrane; Glu, blood glucose.

Figure 4.

H2O2 production in response to Ang II is decreased in the freshly isolated glomeruli from Nox4 knockout rats compared
to wild type animals. (A) Schematic of the biosensors setup for the measurement of H2O2 production. (B) Representative
transients of H2O2 release from the glomeruli isolated from the control (nondiabetic) SS and SSNox4−/− rat strains; the
release was measured in response to an acute addition of 1 μM AngII. Note application of catalase (2 mg/ml; ≥10,000
U/mg protein) at the end of the experiment. (C) Summary graph showing the cumulative release of H2O2 in SS and
SSNox4−/− groups as measured by curve integration.



Figure 5.



TRPC6 channels are the main drivers of podocyte calcium influx in response to H2O2. (A) Representative trace (left
panel) and summary of the single TRPC channels’ open probability (Po) recorded in the podocytes of the freshly isolated
mouse glomeruli in response to an acute application of H2O2. Recording was obtained at a holding potential of −60 mV;
shown is a full trace and an expanded fragment, “c” denotes closed state of the channel, and oi is an open state (inward
openings are downward). Right panel shows a typical amplitude histogram used for the single event detection and analysis
of the recordings. (B) Dose-response curve illustrating the effect of different concentrations of H2O2 on calcium influx in
freshly isolated mouse glomeruli. EC50 and number of podocytes analyzed per point on the graph are shown (minimum
three animals were used to test each H2O2 concentration). (C) Representative calcium transients in response to low (25
µM) and high (100 µM) concentrations of H2O2 recorded from the podocytes of the freshly isolated mouse glomeruli. (D)
Representative calcium transients obtained from the podocytes in the absence (0 mM) and presence (2 mM) of Ca2+ in the
extracellular solution in response to H2O2. a.u., arbitrary units; pA, picoAmperes.

Figure 6.



Open in a separate window
Trpc6−/− and Trpc5/6−/− podocytes exhibit protection from H2O2-induced damage. (A) Basal calcium concentration
measured in wild-type (129S/c57 strain), Trpc6−/−, and Trpc5/6−/− podocytes of the freshly isolated mouse glomeruli.
Each point on the graph represents an averaged basal calcium level from one glomerulus; number of individual podocytes
analyzed is shown in brackets. (B) Summarized calcium influx in response to a high concentration of H2O2 observed in
wild-type, Trpc6−/−, and Trpc5/6−/− podocytes of the freshly isolated mouse glomeruli. Number of podocytes analyzed
per group is shown on the graph; a minimum of three different mice were tested in each set. (C) Representative electron
microscopy images featuring the podocyte FP and glomerular basement membrane (GBM) of the wild-type, Trpc6−/−, and
Trpc5/6−/− glomeruli treated with vehicle or H2O2. a.u., arbitrary units Vs, versus.

Figure 7.


NOX4/TRPC6 pathway is important in podocyte calcium regulation and renal damage progression in diabetic kidney
disease. The hypothesis featured in this manuscript offers elevated AngII levels as one of the potential stimuli that could
lead to activation of NOX4 in diabetic conditions. This would lead to an augmented production of H2O2, which in turn
would activate TRPC6 channels and stimulate calcium influx into the cells, eventually leading to podocyte hypertrophy
and apoptosis. An alternative hypothesis suggests that high glucose in DKD can by itself activate RAS and result in ROS
production and oxidative stress, which results in increased TRPC6 expression. Both pathways would lead to increased
calcium influx in the podocytes.
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