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Introduction: Renal tubulointerstitial inflammation represents an effective indicator for predicting the

progression of diabetic kidney disease (DKD). Mitophagy abnormality is 1 of the most important factors

involved in tubule injury. However, the exact molecular mechanism underlying mitophagy abnormality-

mediated tubulointerstitial inflammation in DKD remains poorly understood.

Methods: In this study, a streptozotocin-induced DKDmouse model was established and HK-2 cells treated

with high glucose (HG) served as an in vitro model. Tubular mitophagy was regulated through pharma-

cological urolithin A (UA) administration. The functional effect of the transient receptor potential cation

channel, subfamily C, member 6 (TRPC6) was explored using genetic interventions in vivo and in vitro.

Results: We found that renal tubulointerstitial inflammation in DKD was closely associated with mitophagy

inhibition, which was mediated by disturbance of PINK1/Parkin pathway. Mitophagy activation signifi-

cantly attenuated tubular injury and tubulointerstitial inflammation. Further, it was found that TRPC6 was

markedly increased in DKD and played an essential role in mitophagy inhibition by activating calpain-1.

Knockdown of Trpc6 partially reversed mitophagy abnormality and consequently attenuated tubular

injury and tubulointerstitial inflammation in vivo and in vitro. Finally, we found that tubular TRPC6-

mediated mitophagy inhibition was blocked with BAPTA (a specific Ca2þ chelator) or calpeptin (a spe-

cific calpain-1 inhibitor).

Conclusion: Our study reveals that TRPC6-calpain-1 axis promotes tubulointerstitial inflammation in DKD

by inhibiting mitophagy.
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KD, a devastating microvascular complication of
diabetes mellitus, is 1 of the most common causes

of end-stage renal disease. The pathogenesis of DKD is
multifactorial, which is characterized by thickening of
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the basement membrane, podocyte injury, mesangial
expansion, tubular atrophy, and interstitial inflamma-
tion and fibrosis.1 Increasing evidence indicated that
tubular injury and subsequent tubulointerstitial
inflammation is 1 of the characteristic pathological fea-
tures of progression of DKD.2,3 However, the exact
mechanisms underpinning tubulointerstitial inflamma-
tion in DKD require elucidation.

Packed with mitochondria and dependent on
oxidative phosphorylation, the tubule epithelial cell is
particularly vulnerable to injury (ischemic, hypoxic,
oxidative, and metabolic),4 contributing to tubu-
lointerstitial inflammation. Growing evidence indicated
that mitophagy, one of the most important quality
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control mechanisms in mitochondrial homeostasis,5 is a
critical regulator of inflammation, which is a key
contributor to the development and progression of
DKD.6,7 Moreover, there is a strong link between
mitophagy and DKD.8 For instance, Xiao et al. showed
that PINK1/Parkin-mediated mitophagy was reduced in
DKD.9 Renal tubules of both humans and animals with
DKD revealed accumulation of dysfunctional mito-
chondria, indicating inhibited or aberrant mitoph-
agy.10,11 However, the exact molecular mechanisms of
mitophagy abnormality-mediated tubulointerstitial
inflammation under the condition of DKD is unclear.

TRPC6 is a Ca2þ-permeable nonselective cation
channel, which is widely expressed in most tissues and
participates in a number of physiological processes.12

Convincing evidence indicated that TRPC6 is respon-
sible for the increase in intracellular Ca2þ levels in
response to various stimuli, including components of
the renin-angiotensin system and reactive oxygen
species.13 Previously, tubular TRPC6 was found to be
associated with renal inflammation in DKD.14,15 More-
over, our group demonstrated that decreasing TRPC6
expression reduces apoptosis, alleviates proteinuria,
and delays the progression of renal function deterio-
ration.16 Recently, Salemkour et al.17 reported that
TRPC6 was involved in the pathogenesis of DKD
through impairing autophagy. In addition, TRPC6 was
observed to promote apoptosis of renal tubule epithe-
lial cells through autophagy inhibition.18 Therefore, we
hypothesized that TRPC6 is involved in the patho-
genesis of tubulointerstitial inflammation in DKD
through regulating mitophagy.
METHODS

Animals

Male C57BL/6J mice (6–7 weeks old, Vital River Lab-
oratory Animal Technology Co., Ltd., Beijing, China)
were housed in an animal care facility in a temperature-
controlled room (20 � 1 �C; relative humidity 45%–
65%) and had free access to food and water under a 12-
hour light/dark cycle. After 12-hour of fasting, mice
were intraperitoneally injected with 50 mg/kg/d of
streptozotocin (Sigma-Aldrich, MO) for 5 consecutive
days.19 The control group received the same dose of
citrate buffer injection. Mice with fasting blood
glucose (FBG) levels above 16.7 mmol/l were considered
successful diabetes models.20 Then, the mice were
randomly divided into the control group (n ¼ 6), the
diabetic group (DKD, n ¼ 6), the diabetic group
transfected with LV-NC (DKD þ LV-NC, n ¼ 6) or LV-
Trpc6 (DKD þ LV-Trpc6, n ¼ 6) and the diabetic group
treated with gastric gavage of normal saline (DKD þ
Veh, n ¼ 6) or UA (DKD þ UA, n ¼ 6).
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After 4 weeks of successful modeling, gastric gavage
of UA (50 mg/kg/d, MCE, NJ) for the DKD þ UA group
and the equal volume of normal saline (Beyotime,
Shanghai, China) for the DKD þ Veh group were
administered once a day for 8 weeks. For lentiviral
intervention, after 8 weeks of successful modeling,
mice in the DKD þ LV-NC group or the DKD þ LV-
Trpc6 group were injected weekly with negative
control lentivirus or Trpc6 knockdown lentivirus
(Genepharma, Shanghai, China) through the tail vein
for 4 weeks. FBG was measured every 2 weeks, and
body weights were measured weekly. The mice were
sacrificed in week 12.

The procedures for care and use of animals were
reviewed and approved by Medical Ethics Committee
of Affiliated Hospital of Qingdao University (Approval
number: QYFY WZLL 28182).

Cell Culture and Treatment

The human renal proximal tubular cells line (HK-2,
ATCC, USA) was cultured in DMEM/F12 (Gibco, NY),
containing 10% fetal bovine serum (Gibco) and 1%
penicillin-streptomycin in 5% CO2 and 95% humidity
at 37 �C. The cells were divided into the normal glucose
group (5.5 mM glucose), the high mannitol group (5.5
mM glucose þ 29.5 mM mannitol), the HG group (35
mM glucose), the HG þ si-Trpc6 group (35 mM
glucose þ 50 nM Trpc6 siRNA, Genepharma), the HGþ
si-NC group (35 mM glucose þ 50 nM negative control
siRNA, Genepharma), the HG þ UA group (35 mM
glucose þ 20 mM UA, HY-100599, MCE), the HG þ
BAPTA group (35 mM glucose þ 10 mM BAPTA, HY-
100168, MCE), and the HG þ calpeptin group (35
mM glucose þ 1 mM calpeptin, HY-100223, MCE). The
HG þ DMSO groups (35 mM glucose þ equal volume
of DMSO, ST038, Beyotime, China) were used as control
groups. After treatment of 48 hours, the cells were
collected, and molecular biological experiments were
performed.

Biochemical Assays

Serum creatinine, urinary creatinine, and blood urea
nitrogen were measured according to instructions of
commercial assay kits (Jiancheng, Nanjing, China).
Urinary microalbumin level was measured using a
mouse microalbuminuria enzyme-linked immunosor-
bent assay kit (Elabscience, Wuhan, China).

Periodic acid-Schiff and Masson’s Trichrome

Staining

The renal specimens were fixed with paraformaldehyde
and embedded in paraffin. Using standardized pro-
tocols, Periodic acid-Schiff staining and Masson’s tri-
chrome staining were performed to assess the histologic
Kidney International Reports (2024) 9, 3301–3317



Table 1. The primer sequences
Species Gene Forward primer (50--30) Reverse primer (50--30)

Mus Trpc6 GGCGGCTCTCTAAAGGCTG TGGGGTAGTAGCCATACGGTG

Mus Il-1b GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG

Mus Il-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG

Mus Mcp-1 TAAAAACCTGGATCGGAACCAAA GCATTAGCTTCAGATTTACGGGT

Mus Tnf-a CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA

Mus b-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Homo Il-1b ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA

Homo Il-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG

Homo Mcp-1 CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT

Homo Tnf-a GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC

Homo b-actin GGACCTGACCTGCCGTCTAG GTAGCCCAGGATGCCCTTGA

Homo, homo sapiens; Mus, mus musculus.
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features. Histological images were visualized using an
inverted microscope. The tubular injury was scored
semi quantitatively by an observer in a blinded
manner. Images of at least 20 cortical fields of Periodic
acid-Schiff-stained sections were examined for each
group. Tubular injury score was defined as follows:
score 0: no tubular injury; score 1: <10% of tubules
injured (tubular dilation, tubular atrophy, tubular cast
formation, sloughing of tubular epithelial cells or loss
of the brush border, and thickening of the tubular
basement membrane); score 2: 10% to 25% of tubules
injured; score 3: 25% to 50% of tubules injured; score
4: 50% to 74% of tubules injured; score 5: >75% of
tubules injured.21 To assess tubulointerstitial fibrosis,
the area of fibrosis in Masson’s trichrome-stained sec-
tions were measured using Image J software. Images of
at least 20 randomly selected cortical fields for each
group were evaluated blindly by an observer.

Transmission Electron Microscopy

Kidney tissues were fixed with 2.5% glutaraldehyde to
observe mitophagosomes. The samples were immersed
in 1% osmium tetroxide and then dehydrated with
different acetone concentrations. Ultrathin sections
(50–70 nm) were made after embedding. They were
then stained with uranyl acetate and lead citrate.
Finally, they were observed by transmission electron
microscopy at 80 kV.

Mitochondrial Isolation

Mitochondria were isolated from HK-2 cells and renal
cortex by using cell mitochondria isolation kit (C3601,
Beyotime) and tissue mitochondria isolation kit (C3606,
Beyotime), respectively.

Western Blotting

Kidney cortex sample, the cells, and isolated mito-
chondria were lysed in RIPA lysis buffer (Servicebio,
Wuhan, China), and protein concentration was
measured using a bicinchoninic acid assay (Beyotime).
Equal concentrations and volumes of protein were
loaded using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to polyvinylidene
fluoride membranes (Millipore, MA). The membranes
were then blocked in NcmBlot blocking buffer (NCM
Biotech, Suzhou, China) for 20 minutes and incubated
overnight at 4 �C with primary antibodies against
TRPC6 (1:1000, 18236-1-AP, Proteintech, IL), KIM-1
(1:1000, MA5-28211, Thermo Fisher Scentific, MA),
calpain-1 (1:1000, 10538-1-AP, Proteintech), b-actin
(1:10,000, AB2001, Abways, Shanghai, China), LC3B
(1:1000, E5Q2K, CST, MA), P62 (1:1000,
WH0008878M1, Sigma-Aldrich), PINK1 (1:1000, 23274-
1-AP, Proteintech), Parkin (1:1000, sc-32282, Santa
Kidney International Reports (2024) 9, 3301–3317
Cruz, TX) and COX IV (1:5000, 11242-1-AP, Pro-
teintech). After incubation with horseradish
peroxidase-conjugated goat antimouse or antirabbit
IgG (1:3000, CST) for 1 hour at room temperature, the
blots were detected with the chemiluminescence
advanced system (GE Healthcare, USA).

mRNA Isolation and Real-Time Polymerase

Chain Reaction

Total RNA from the kidney tissue and HK-2 cells were
extracted using TriZol reagent (Vazyme, Nanjing,
China), and mRNA was reverse transcribed using
HiScript III RT SuperMix (Vazyme). Polymerase chain
reaction was conducted using a 7300 real-time poly-
merase chain reaction detection system (Applied Bio-
systems, USA) with ChamQ Universal SYBR qPCR
Master Mix (Vazyme). The data were normalized to the
expression of b-actin, and the relative expression of the
target genes was calculated using the 2-DDCT method.
The gene primer sequences are shown in Table 1.

Immunohistochemical and

Immunofluorescence Staining

For immunohistochemical staining, paraffin sections
were incubated with primary antibodies against F4/80
(1:200, ab300421, Abcam, Cambridge, UK), TRPC6
(1:200, 18236-1-AP, Proteintech), PINK1 (1:200, 23274-
1-AP, Proteintech) and Parkin (1:200, sc-32282, Santa
Cruz) overnight at 4 �C and subsequently analyzed
with a streptavidin peroxidase detection system
(Maixin Technology Co., Ltd., Fuzhou, China) accord-
ing to the manufacturer’s protocols.

For immunofluorescence analysis, HK-2 cells were
incubated with primary antibodies against calpain-1
(1:200, 10538-1-AP, Proteintech), LC3B (1:200, E5Q2K,
CST) and COX IV (1:200, 11242-1-AP, Proteintech),
followed by incubation with secondary antibodies (1:1
000, ab150114 and ab150077, Abcam). Nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI,
Beyotime) for localization. Finally, the cells were
3303
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observed using confocal microscopy. Image analysis
and quantification were performed using Image J.
Detection of Intracellular Ca2þ Concentration

Fluo-4 AM (S1060, Beyotime) was diluted to 3 mM
working solution with PBS. For the cultured cells to be
examined, the culture medium was removed and
washed 3 times with PBS. Add Fluo-4 AM working
solution, and the amount of solution should be suffi-
cient to cover the cells. Fluorescent probe loading was
performed by incubation at 37 �C for 30 minutes. The
cells were then washed 3 times with PBS and incubated
for another 20 minutes to ensure that Fluo-4 AM was
completely converted to Fluo-4. Fluo-4 fluorescence at
10 seconds was detected by confocal microscopy to
determine the changes in intracellular Ca2þ concen-
tration. Image analysis and quantification were per-
formed using Image J.
Statistical Analysis

Data were expressed as the mean � SEM. All analyses
were conducted using GraphPad Prism 8.0. Two
groups of data were compared using the 2-tailed t test,
and data from more than 2 groups were compared us-
ing a 1-way analysis of variance. Differences where P<
0.05 were considered significant.
RESULTS

Renal Tubular Injury and Tubulointerstitial

Inflammation Were Observed in DKD

First, the DKD mice model was successfully established,
as evidenced by elevated FBG and urinary albumin-to-
creatinine ratio at week 8 and 12 (Figure 1a and b).
Kidney weight-to-body weight ratio and blood urea
nitrogen in DKD mice were also markedly elevated
(Figure 1c and d). Histologically, loss of the brush
border, tubular atrophy, and sloughing of tubular
epithelial cells in DKD mice were observed (Figure 1e).
Meanwhile, the expression of KIM-1 was increased in
DKD mice (Figure 1f). Further, Masson’s trichrome
staining revealed significant tubulointerstitial fibrosis
in DKD mice (Figure 1g). We found that F4/80-positive
cells, indicating macrophages infiltration, were signif-
icantly increased in DKD mice (Figure 1h). Concomi-
tantly, there were significant increases in mRNA
expression levels of renal inflammatory cytokines
(including interleukin-1b, interleukin-6, monocyte che-
moattractant protein-1, and tumor necrosis factor-a) in
DKD mice and HG-stimulated HK-2 cells, respectively
(Figure 1i and j). These findings indicated that renal
tubular injury and tubulointerstitial inflammation were
important features of DKD.
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Mitophagy Inhibition was Associated With

Tubulointerstitial Inflammation in DKD

Then, mitophagosomes in renal tubular cells were
imaged using transmission electron microscopy.
Compared with the control group, we found that the
quantity of mitophagosomes in renal tubular cells of
DKD mice was significantly decreased (Figure 2a).
Immunohistochemical staining indicated that PINK1
and Parkin expressions were markedly reduced in DKD
mice (Figure 2b and c). Meanwhile, the expressions of
LC3B-II/LC3B-I, PINK1, and Parkin protein were
decreased, whereas P62 expression was increased in
DKD mice and HG-stimulated HK-2 cells (Figure 2d and
e). Further, colocalization of LC3B (a marker of auto-
phagy) with COX IV (a mitochondrial marker) was
decreased in HG-stimulated HK-2 cells (Figure 2f),
implying that mitophagy was restrained. These data
suggested that mitophagy inhibition was involved in
the tubulointerstitial inflammation in DKD.

Mitophagy Activation Attenuated Renal Tubular

Injury and Tubulointerstitial Inflammation in

DKD

To investigate the functional effect of mitophagy on
tubulointerstitial inflammation in DKD, UA, a mitoph-
agy activator, was used in vivo and in vitro. Compared
with DKD mice with normal saline administration, the
number of mitophagosomes in renal tubular cells of
DKD mice with UA treatment was markedly increased
(Figure 3a). Immunohistochemical staining indicated
that PINK1 and Parkin expression were markedly
increased (Figure 3b and c). Meanwhile, the expression
of LC3B-II/LC3B-I, PINK1, and Parkin were increased,
whereas P62 expression was decreased with UA treat-
ment in DKD mice and HG-stimulated HK-2 cells
(Figure 3d and e). Colocalization of LC3B with COX IV
was increased with UA treatment (Figure 3f). The
above results revealed that mitophagy was significantly
activated by UA.

We found that there were no differences in FBG
levels and kidney weight-to-body weight ratio in DKD
mice with normal saline or UA administration
(Figure 3g and h). However, urinary albumin-to-
creatinine ratio and blood urea nitrogen with UA
administration were significantly reduced (Figure 3i
and j). Loss of the brush border, renal tubular atrophy,
sloughing of tubular epithelial cells, and the expression
of KIM-1 were significantly attenuated in DKD þ UA
group (Figure 3k and l). Concomitantly, tubulointer-
stitial fibrosis was attenuated (Figure 3m). The tubu-
lointerstitial inflammation was markedly ameliorated,
evidenced by F4/80 immunohistochemical staining and
mRNA expression levels of renal inflammatory cyto-
kines (Figure 3n and o). The same pattern was found in
Kidney International Reports (2024) 9, 3301–3317



Figure 1. Renal tubular injury and tubulointerstitial inflammation were observed in DKD. (a) The levels of fasting blood glucose (FBG). (b) Urinary
ACR at week 8 and week 12 after successful construction of DKD mice. (c) Kidney weight-to-body weight ratio (KW/BW). (d) The blood urea
nitrogen (BUN) levels. (e) Representative images of Periodic acid-Schiff (PAS) staining of kidney sections. Scale bars, 20 mm. (f) Representative
western blotting images and densitometric analysis of KIM-1 in kidney. (g) Representative images of Masson’s trichrome staining and the
quantitative analysis of fibrotic area. Scale bar, 20 mm. (h) Representative images of F4/80 immunohistochemical staining. Scale bars, 20 mm. (i)
Real-time polymerase chain reaction analysis of the mRNA expression levels of Il-1b, Il-6, Mcp-1, and Tnf-a in kidney. (j) Real-time polymerase
chain reaction analysis of the mRNA expression levels of Il-1b, Il-6, Mcp-1 and Tnf-a in HK-2 cells. All data are represented as means � SEM.
n ¼ 6, *P < 0.05, **P < 0.01, ***P < 0.001. ACR, albumin-to-creatinine ratio; Ctrl, control; DKD, diabetic kidney disease; IL, interleukin; MCP-1,
monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-a.
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HG-stimulated HK-2 cells with UA treatment
(Figure 3p). These findings indicate that mitophagy
activation attenuated renal tubular injury and tubu-
lointerstitial inflammation in DKD.

TRPC6-Inhibited Mitophagy in DKD

Western blotting based analysis validated the upre-
gulation of TRPC6 in DKD mice and HG-stimulated HK-
Kidney International Reports (2024) 9, 3301–3317
2 cells (Figure 4a and b). To explore the potential effect
of TRPC6 on mitophagy, TRPC6 was regulated using
genetic interventions. TRPC6 was downregulated after
4 weeks of Trpc6 knockdown lentiviral injection
(Figure 4c and Supplementary Figure S1). Similar re-
sults were observed in vitro (Figure 4d). These data
revealed that the Trpc6 knockdown model was suc-
cessfully established. Immunohistochemical staining
3305



Figure 2. Mitophagy inhibition was associated with tubulointerstitial inflammation in DKD. (a) Representative transmission electron microscopy
(TEM) images of intracellular mitophagosomes (arrows) in renal tubular epithelial cells from the 2 groups of mice. Scale bars, 400 nm. (b)
Representative images of PINK1 immunohistochemical staining. Scale bars, 20 mm. (c) Representative images of Parkin immunohistochemical
staining. Scale bars, 20 mm. (d) Representative western blotting images and densitometric analysis of LC3B, P62, PINK1, and Parkin in kidney. (e)
Representative western blotting images and densitometric analysis of LC3B, P62, PINK1, and Parkin in HK-2 cells. (f) Representative confocal
microscopic images and the Pearson correlation coefficient showing the colocalization of LC3B and COX IV in HK-2 cells. Nuclei were revealed
using 40,6-diamidino-2-phenylindole (DAPI) staining. Scale bars, 10 mm. All data are represented as means � SEM. n ¼ 6, *P < 0.05, **P < 0.01,
***P < 0.001. DKD, diabetic kidney disease.
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Figure 3. Mitophagy activation attenuated renal tubular injury and tubulointerstitial inflammation in DKD. (a) Representative transmission
electron microscopy (TEM) images of intracellular mitophagosomes (arrows) in renal tubular epithelial cells from the 2 groups of mice. Scale
bars, 400 nm. (b) Representative images of PINK1 immunohistochemical staining. Scale bars, 20 mm. (c) Representative images of Parkin
immunohistochemical staining. Scale bars, 20 mm. (d) Representative western blotting images and densitometric analysis of LC3B, P62, PINK1,
and Parkin in kidney. (e) Representative western blotting images and densitometric analysis of LC3B, P62, PINK1, and Parkin in HK-2 cells. (f)
Representative confocal microscopic images and the Pearson correlation coefficient showing the colocalization of LC3B and COX IV in HK-2
cells. Nuclei were revealed using DAPI staining. Scale bars, 10 mm. (Continued)
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Figure 3. (Continued) (g) The levels of fasting blood glucose (FBG). (h) Kidney weight-to-body weight ratio (KW/BW). (i) Urinary ACR. (j) The
blood urea nitrogen (BUN) levels. (k) Representative images of Periodic acid-Schiff (PAS) staining of kidney sections. Scale bars, 20 mm. (l)
Representative western blotting images and densitometric analysis of KIM-1 in kidney. (m) Representative images of Masson’s trichrome
staining and the quantitative analysis of fibrotic area. Scale bar, 20 mm. (n) Representative images of F4/80 immunohistochemical staining. Scale
bars, 20 mm. (o) Real-time polymerase chain reaction analysis of the mRNA expression levels of Il-1b, Il-6, Mcp-1, and Tnf-a in kidney. (p) Real-
time polymerase chain reaction analysis of the mRNA expression levels of Il-1b, Il-6, Mcp-1, and Tnf-a in HK-2 cells. All data above are
represented as means � SEM. n ¼ 6, *P < 0.05, **P < 0.01, ***P < 0.001. ACR, albumin-to-creatinine ratio; DAPI, 40,6-diamidino-2-phenylindole;
DKD, diabetic kidney disease; DMSO, dimethyl sulfoxide; HG, high glucose; MCP-1, monocyte chemoattractant protein-1; PAS, Periodic acid-
Schiff staining; TNF-a, tumor necrosis factor-a; UA, urolithin A; Veh, vehicle.
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indicated that PINK1 and Parkin expressions were
markedly increased (Figure 4e and f). LC3B-II/LC3B-I,
PINK1, and Parkin expressions were increased,
whereas P62 expression was decreased with Trpc6
knockdown lentivirus treatment in DKD mice
3308
(Figure 4g). The same trend was observed in HG-
stimulated HK-2 cells with Trpc6 siRNA treatment
(Figure 4h). Compared with the HG þ si-Trpc6 þ si-NC
group, protein levels of LC3B-II/LC3B-I, PINK1, and
Parkin were markedly reduced in the HG þ si-Trpc6 þ
Kidney International Reports (2024) 9, 3301–3317



Figure 4. TRPC6 inhibited mitophagy in DKD. (a) Representative western blotting images and densitometric analysis of TRPC6 in kidney. (b)
Representative western blotting images and densitometric analysis TRPC6 and in HK-2 cells. (c) Real-time polymerase chain reaction analysis
of the mRNA expression level of Trpc6 in kidney. (d) Representative western blotting images and densitometric analysis of TRPC6 in HK-2
cells. (e) Representative images of PINK1 immunohistochemical staining. Scale bars, 20 mm. (f) Representative images of Parkin immunohis-
tochemical staining. Scale bars, 20 mm. (g) Representative western blotting images and densitometric analysis of LC3B, P62, PINK1, and Parkin
in kidney. (h) Representative western blotting images and densitometric analysis of LC3B, P62, PINK1, and Parkin in HK-2 cells. (Continued)
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si-Parkin group, whereas P62 expression was increased
(Figure 4i). Immunofluorescence results revealed
increased LC3B and COX IV fusion in HG-stimulated
HK-2 cells with Trpc6 siRNA administration, and the
increase was almost abrogated by Parkin siRNA
(Figure 4j). Concomitantly, there were significant in-
creases in mRNA expression levels of renal inflamma-
tory cytokines in the HG þ si-Trpc6 þ si-Parkin group
(Figure 4k). These findings demonstrated that TRPC6
inhibited tubular mitophagy in DKD.

Trpc6 Knockdown Attenuated Renal Tubular

Injury and Tubulointerstitial Inflammation

Then, the potential effect of TRPC6 on tubular injury
and tubulointerstitial inflammation was explored. We
found that there were no differences in FBG levels and
kidney weight-to-body weight ratio in DKD mice with
LV-Trpc6 or LV-NC administration (Figure 5a and b).
However, urinary albumin-to-creatinine ratio and
blood urea nitrogen decreased after LV-Trpc6 injection
(Figure 5c and d). More importantly, the tubular injury
was significantly ameliorated, revealed by Periodic
acid-Schiff staining and the kidney tubular injury
marker, KIM-1 (Figure 5e and f). Meanwhile, Masson’s
trichrome staining revealed ameliorated tubulointer-
stitial fibrosis (Figure 5g). More mitophagosomes were
observed in DKD mice with LV-Trpc6 administration
by transmission electron microscopy (Figure 5h). F4/80-
positive cells and inflammatory cytokines were
decreased in DKD þ LV-Trpc6 mice (Figure 5i and j). In
addition, the same pattern was found in HG-stimulated
HK-2 cells with Trpc6 siRNA treatment (Figure 5k).
These findings demonstrate that Trpc6 knockdown
attenuated renal tubular injury and tubulointerstitial
inflammation.

Calpain-1 Activation was Associated With

TRPC6-Mediated Intracellular Ca2þ Influx

Next, the exact mechanism of TRPC6-mediated mitoph-
agy regulation was investigated. Previous studies indi-
cated that calpain-1 is a specific Ca2þ-sensitive
intracellular protease that may be associated with auto-
phagy. We thus hypothesized that calpain-1 activation
was involved in the TRPC6-mediated mitophagy inhi-
bition. As expected, we found that calpain-1 expression
was significantly increased in DKD mice and HG-
Figure 4. (Continued) (i) Representative western blotting images and dens
Representative confocal microscopic images and the Pearson correlation
cells. Nuclei were revealed using DAPI staining. Scale bars, 10 mm. (k) Re
levels of Il-1b, Il-6, Mcp-1, and Tnf-a in HK-2 cells. All data above are repr
DAPI, 40,6-diamidino-2-phenylindole; DKD, diabetic kidney disease; HG, hig
tractant protein-1; NC, negative control; TNF-a, tumor necrosis factor-a
member 6.
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stimulated HK-2 cells (Figure 6a and b). Meanwhile,
decreased expression of calpain-1 protein was observed
when Trpc6 was knocked down (Figure 6c and d).
Interestingly, we found that calpain-1 expression
decreased with BAPTA (a specific Ca2þ chelator) treat-
ment (Figure 6e). Immunofluorescence results revealed
that the expression of calpain-1 was consistent with the
level of Ca2þ (Figure 6f). These findings suggest that
calpain-1 is upregulated in DKD and is associated with
increased Ca2þ influx, which is mediated by TRPC6.

Calpain-1 Inhibition Activated Mitophagy

To investigate the functional effect of calpain-1 on
mitophagy, we used calpeptin (a calpain-1 inhibitor) to
inhibit calpain-1 (Figure 7a and b). Interestingly, the
expressions of LC3B-II/LC3B-I, PINK1, and Parkin were
increased whereas P62 expression was reduced in the
HG þ calpeptin group (Figure 7c). Compared with the
HG þ calpeptin þ si-NC group, protein levels of LC3B-
II/LC3B-I, PINK1, and Parkin were markedly reduced
in the HG þ calpeptin þ si-Parkin group, whereas P62
expression was increased (Figure 7d). Colocalization of
LC3B with COX IV was increased with calpeptin
treatment, and the increase was almost abrogated by
Parkin siRNA (Figure 7e). Concomitantly, there were
significant increases in mRNA expression levels of
renal inflammatory cytokines in the HG þ calpeptin þ
si-Parkin group (Figure 7f). These results demonstrate
that calpain-1 inhibition activated mitophagy.

DISCUSSION

Here, the exact molecular mechanism underlying
mitophagy abnormality-mediated tubulointerstitial
inflammation in DKD was systemically studied. We
elucidated the crucial role of TRPC6 in mitophagy
inhibition-induced renal tubulointerstitial inflammation
in DKD. Mechanistically, TRPC6-impaired mitophagy
through the activation of calpain-1 and promoted renal
tubulointerstitial inflammation under DKD condition
(Figure 8). Our findings not only represent novel in-
sights into the pathogenesis of DKD, but also provide a
promising therapeutic strategy for delaying the pro-
gression of DKD.

Although some progress has been made, the exact
mechanism of the pathogenesis and progression in
DKD has not been fully understood. DKD has
itometric analysis of LC3B, P62, PINK1, and Parkin in HK-2 cells. (j)
coefficient showing the colocalization of LC3B and COX IV in HK-2
al-time polymerase chain reaction analysis of the mRNA expression
esented as means � SEM. n ¼ 6, *P < 0.05, **P < 0.01, ***P < 0.001.
h glucose; IL, interleukin; LV, lentivirus; MCP-1, monocyte chemoat-
; TRPC6, transient receptor potential cation channel subfamily C
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Figure 5. Trpc6 knockdown attenuated renal tubular injury and tubulointerstitial inflammation. (a) The levels of fasting blood glucose (FBG). (b)
Kidney weight-to-body weight ratio (KW/BW). (c) Urinary ACR. (d) The blood urea nitrogen (BUN) levels. (e) Representative images of Periodic
acid-Schiff (PAS) staining of kidney sections. Scale bars, 20 mm. (f) Representative western blotting images and densitometric analysis of KIM-1
in kidney. (g) Representative images of Masson’s trichrome staining and the quantitative analysis of fibrotic area. Scale bar, 20 mm. (h)
Representative transmission electron microscopy (TEM) images of intracellular mitophagosomes (arrows) in renal tubular epithelial cells from
the 2 groups of mice. Scale bars, 400 nm. (i) Representative images of F4/80 immunohistochemical staining. Scale bars, 20 mm. (j) Real-time
polymerase chain reaction analysis of the mRNA expression levels of Il-1b, Il-6, Mcp-1, and Tnf-a in kidney. (k) Real-time polymerase chain
reaction analysis of the mRNA expression levels of Il-1b, Il-6, Mcp-1 and Tnf-a in HK-2 cells. All data above are represented as means � SEM.
n ¼ 6, *P < 0.05, **P < 0.01, ***P < 0.001. ACR, albumin-to-creatinine ratio. IL, interleukin; MCP-1, monocyte chemoattractant protein-1; TNF-a,
tumor necrosis factor-a; Trpc6, transient receptor potential cation channel subfamily C member 6.
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Figure 6. Calpain-1 activation was associated with TRPC6-mediated intracellular Ca2þ influx. (a) Representative western blotting images and
densitometric analysis of calpain-1 in kidney. (b) Representative western blotting images and densitometric analysis of calpain-1 in HK-2
cells. (c) Representative western blotting images and densitometric analysis of calpain-1 in kidney. (d) Representative western blotting
images and densitometric analysis of calpain-1 in HK-2 cells. (e) Representative western blotting images and densitometric analysis of
calpain-1 in HK-2 cells. (f) Representative confocal microscopic images and quantitative analysis showing the expressions of Ca2þ and
calpain-1 in HK-2 cells. Nuclei were revealed using DAPI staining. Scale bars, 20 mm. All data above are represented as means � SEM.
n ¼ 6, *P < 0.05, **P < 0.01, ***P < 0.001. DAPI, 40,6-diamidino-2-phenylindole; TRPC6, transient receptor potential cation channel subfamily
C member 6.
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Figure 7. Calpain-1 inhibition activated mitophagy. (a) Representative western blotting images and densitometric analysis of calpain-1 in
HK-2 cells. (b) Representative confocal microscopic images and quantitative analysis showing the expression of calpain-1 in HK-2 cells.
Nuclei were revealed using DAPI staining. Scale bars, 20 mm. (c) Representative western blotting images and densitometric analysis of
LC3B, P62, PINK1, and Parkin in HK-2 cells. (d) Representative western blotting images and densitometric analysis of LC3B, P62, PINK1,
and Parkin in HK-2 cells. (e) Representative confocal microscopic images and the Pearson correlation coefficient showing the coloc-
alization of LC3B and COX IV in HK-2 cells. Nuclei were revealed using DAPI staining. Scale bars, 10 mm. (f) Real-time polymerase chain
reaction analysis of the mRNA expression levels of Il-1b, Il-6, Mcp-1, and Tnf-a in HK-2 cells. All data above are represented as means �
SEM. n ¼ 6, *P < 0.05, **P < 0.01, ***P < 0.001. DAPI, 40,6-diamidino-2-phenylindole; IL, interleukin; MCP-1, monocyte chemoattractant
protein-1; TNF-a, tumor necrosis factor-a.
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previously been regarded as a glomerular disease, and
the damage of renal tubules has been considered sec-
ondary to the glomerular injury. However, a growing
body of evidence has demonstrated that tubulointer-
stitial damage in DKD starts from a primary tubular
Kidney International Reports (2024) 9, 3301–3317
injury.22 Tubulointerstitial inflammation, one of the
important pathological features of DKD, is a critical
mediator in the pathophysiology of DKD progression,
eventually leading to end-stage renal disease.23 Our
data revealed the increases in inflammatory cytokines
3313



Figure 8. Schematic illustration of the mechanism of upregulated TRPC6 affecting renal tubulointerstitial inflammation in DKD. In tubular
epithelial cells under the condition of DKD, the increased inflammatory cytokines release is associated with increased TRPC6 expression.
Increased TRPC6 activates calpain-1 by Ca2þ influx, leading to the inhibition of mitophagy. Damaged or dysfunctional mitochondria cannot be
removed. Then, the release of increased inflammatory cytokines results in renal tubular injury. DKD, diabetic kidney disease; TRPC6, transient
receptor potential cation channel subfamily C member 6.
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under DKD conditions, and the histopathological
observation indicated renal tubular lesions and tubu-
lointerstitial fibrosis. However, the precise regulatory
pathway for these effects remains unclear.

Mitophagy means that cells selectively wrap and
degrade damaged mitochondria through an auto-
phagy mechanism, thus maintaining mitochondrial
homeostasis.24,25 It is well-known that mitophagy is
primarily achieved through the ubiquitin-dependent
(PINK1/Parkin) pathway: PINK1 selectively recruits
the ubiquitin ligase Parkin to damaged mitochondria.
Activated Parkin catalyzes the formation of poly-
ubiquitin chains that recruit adaptor proteins. These
adaptor proteins induce the formation of autopha-
gosome by binding to LC3 proteins on autophago-
some membranes.26-28 Previous studies identified
several important adaptor proteins as mitophagy re-
ceptors, including P62.29 Here, as a specific cargo
receptor for autophagy, P62 was found to be signif-
icantly elevated under the condition of DKD, indi-
cating the inhibition of mitophagic flux. In fact,
growing evidence demonstrated that the transcrip-
tion of P62 is also markedly increased during con-
ditions in which selective autophagy substrates
accumulate. Given the complex effects of P62, the
function of enhanced P62 accumulation in DKD needs
further investigation.

Damaged mitochondria fail to supply sufficient ATP,
causing an energetic deficit, resulting in atrophy or
dedifferentiation of kidney tubule cells.30 Severe
3314
mitochondrial damage and dysfunction of mitochon-
drial clearance also leads to a leakage of the mito-
chondrial DNA into the tubular cytosol, activation of
the cytosolic cGAS-stimulator of interferon genes DNA
sensing pathway, and contributes to cytokine expres-
sion and immune cell recruitment.31 Furthermore,
defective mitochondria fail to maintain the proton
gradient across the inner mitochondrial membrane and
are the main source of reactive oxygen species, aggra-
vating inflammation and tubulointerstitial fibrosis.32

Restoring PINK1/Parkin-mediated mitophagy indeed
ameliorates tubulointerstitial injury in DKD.33 In this
study, we found impairment of PINK1/Parkin-
mediated mitophagy under the condition of DKD,
which is consistent with previous studies.34 Our data
demonstrated that mitophagy activation attenuates the
significant tubulointerstitial inflammation, thereby
alleviating tubular injury in DKD. Collectively, these
findings encourage us to explore the exact mechanism
of mitophagy abnormality in mediating DKD-induced
tubulointerstitial inflammation.

TRPC6 was demonstrated to be associated with
pathological changes in DKD, such as podocyte
injury.35 Indeed, TRPC6 participates in a variety of
pathological processes, such as cell proliferation,
apoptosis, fibrosis, and inflammation.14,16,36,37 Here, we
innovatively found that knockdown of TRPC6 effec-
tively alleviated tubulointerstitial inflammation in DKD
mice through mitophagy regulation. Hou et al.38

identified that TRPC6-mediated Ca2þ influx plays a
Kidney International Reports (2024) 9, 3301–3317
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novel role in suppressing cytoprotective autophagy
triggered by oxidative stress in primary TECs. In this
study, we found that mitophagy could be inhibited by
the activated TRPC6 in DKD. Therefore, TRPC6-
mediated mitophagy plays a vital role in the develop-
ment tubulointerstitial inflammation under the condi-
tion of DKD.

What is the exact mechanism of TRPC6-mediated
mitophagy in DKD? Given that TRPC6 is a Ca2þ-
permeable nonselective cation channel and calpain is
Ca2þ-sensitive intracellular protease, it is not difficult
to understand that mitophagy may be regulated by
TRPC6-calpain-1 axis. Calpains are a family of Ca2þ-
dependent cysteine proteases. Previously, calpains
were proven to be involved in a variety of physio-
logical and pathological processes, including but not
limited to, cell proliferation, cytoskeletal degrada-
tion, apoptosis, autophagy, and inflammation.39-43

Calpain-1, one of the members of the calpain super-
family, has been found to be involved in impaired
podocyte autophagy.17 In our study, we observed
inhibited calpain-1 expression in the in vivo and
in vitro models of DKD with TRPC6 deletion, and
blockade of Ca2þ by BAPTA diminished the expres-
sion of calpain-1. More importantly, when the
TRPC6-calpain-1 axis is intervened, tubular mitoph-
agy undergoes corresponding characteristic changes.
Hence, our experiments identify a novel regulatory
mechanism that links TRPC6-calpain-1 axis and
mitophagy.

Under some pathological condition, the partici-
pation of calpain in the dysfunction of mitophagy
has been found, such as retinal ischemic injury,
heart ischemia-reperfusion injury and neuronal
oxidative injury.44,45 The mechanism by which
calpain impairs mitophagy is complicated and in-
volves several components of mitophagy process.
For instance, Chen et al.45 demonstrated that acti-
vation of calpain degrades cytosolic beclin-1 and
decreases the content of LC3B, leading to mitoph-
agy defects. Moreover, calpain was found to
downregulate OPA1-mediated mitophagy.46 Despite
the crucial role of calpain-1 in mitophagy abnor-
mality, further research is needed to ascertain
molecular mechanisms responsible for the effect of
calpain-1 on mitophagy in DKD.

In summary, we have discovered an important role
for TRPC6-calpain-1 axis in inciting renal tubu-
lointerstitial inflammation in the kidney via disrupting
mitophagy, highlighting the versatile regulatory
mechanisms of TRPC6 in modulating inflammation in
DKD. These findings provide unique insights into
interdigitating mechanisms of tubular injury and
tubulointerstitial inflammation in DKD. Interrupting
Kidney International Reports (2024) 9, 3301–3317
this broad, vertically integrated TRPC6-mitophagy
signaling cascade represents a promising therapeutic
target for DKD.
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