Journal of Cellular and Molecular Medicine WI L EY

| oRIGINAL ARTICLE CEIEED

The Noncanonical Wnt5a-Ca?* Pathway Mediates
Mitochondrial Dysfunction in the Progression of Diabetic
Nephropathy via the Mitochondrial Calcium Uniporter

Yang Fei | Qunzi Zhang | Junjie Jia | Li He | Sijie Gu | Dongsheng Cheng | Wenjun Lin | Haifan Xing | Niansong Wang |
Ying Fan

Department of Nephrology, Shanghai Sixth People's Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China

Correspondence: Niansong Wang (wangniansong2012@163.com) | Ying Fan (fanyingsh@126.com)
Received: 15 April 2024 | Revised: 3 January 2025 | Accepted: 30 January 2025

Funding: This work was supported by the Special Fund of the China International Medical Foundation (Z-2017-26-2202-2); the Open Project of Shanghai
Key Laboratory of Sleep Disordered Breathing (SHKSDB-KF-19-04); the Shanghai Research Center for Endocrine and Metabolic Diseases (2022ZZ01002);
the Interdisciplinary Program of Shanghai Jiao Tong University (YG2023ZD21); the Star Program sponsored by the Interdisciplinary Program of Shanghai
Jiao Tong University, Open project of National Science and Technology Infrastructure of translational medicine, Shanghai (TMSK-2021-109); Star Program
of Shanghai Jiao Tong University, 20190102; and National Nature Science Foundation of China (81870468, 82170727 and 82200826).

Keywords: calcium | diabetic nephropathy | levamlodipine | MCU | tubular injury | Wnt5a

ABSTRACT

Abnormal Wnt5a expression, mitochondrial abnormalities and calcium overload have been detected in many metabolic diseases.
However, the association of Wnt5a-Ca?* and mitochondrial dysfunction in diabetic nephropathy (DN) progression remains un-
known. We used streptozotocin-induced DBA2/J male mice as a DN model. The mice were treated with losartan (10 mg/kg/d*12
w) or losartan (10mg/kg/d*12 w) + levamlodipine (5mg/kg/d*12 w). High glucose (HG) (40 mmol/L)-induced HK-2 cells were
used for in vitro experiments. Wnt5a and mitochondrial calcium uniporter (MCU) expression, mitochondrial dynamics, mor-
phological changes and Ca?* concentration were detected in different groups. Levamlodipine, a kind of calcium channel blocker,
in combination with losartan ameliorated tubular injury and reversed mitochondrial fragmentation and dynamic dysfunction
more efficiently than losartan alone in diabetic mice. Wnt5a induced Ca?* uptake and aggravated mitochondrial fusion—fission
disorder in HG-stimulated HK-2 cells. In addition, increased MCU formation was found in the mitochondria of tubular cells
under HG stimulation and was upregulated by the activation of the Wnt5a-Ca?* pathway. Our study showed that the Wnt5a-
Ca?* signalling pathway was involved in Ca?* overload-induced mitochondrial dysfunction possibly through MCU in tubular
injury and DN progression. A calcium channel blocker in combination with a renin-angiotensin system inhibitor (RASi) could
be a promising therapeutic strategy in DN patients.

Abbreviations: ACR, albumin/creatinine ratio; ATP, adenosine triphosphate; BG, blood glucose; BW, body weight; CCB, calcium channel blocker; DM, diabetes mellitus; DN, diabetic
nephropathy; Drpl, dynamin-related protein 1; ER, endoplasmic reticulum; ESRD, end-stage renal disease; FBG, fasting blood glucose; Fis1, mitochondrial fission protein 1; GBM, glomerular
basement membrane; HG, high concentration of glucose; HK-2, human renal proximal tubular epithelial cell line; KW, kidney weight; LAML, levamlodipine; LOS, losartan; MAMs,
mitochondria-associated endoplasmic reticulum membranes; MCU, mitochondrial calcium uniporter; Mfn1/2, mitochondrial fusion protein 1/2; RASi, renin-angiotensin system inhibitor; ROS,
reactive oxygen species; SBP, systolic blood pressure; STZ, streptozotocin; TEM, transmission electron microscope; Wnt5a, wingless-type family member 5a.

Yang Fei, Qunzi Zhang and Junjie Jia contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.

© 2025 The Author(s). Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

Journal of Cellular and Molecular Medicine, 2025; 29:¢70422 10of 13
https://doi.org/10.1111/jcmm.70422


https://doi.org/10.1111/jcmm.70422
https://doi.org/10.1111/jcmm.70422
mailto:
https://orcid.org/0000-0002-2532-9254
mailto:
mailto:wangniansong2012@163.com
mailto:fanyingsh@126.com
http://creativecommons.org/licenses/by/4.0/

1 | Introduction

DN, which occurs in 10%-30% in patients with DM, has been
widely recognised as a leading cause of ESRD in most coun-
tries and manifests as albuminuria, glomerular and tubular
epithelial hypertrophy, and deterioration of renal function
[1-3]. Tubular injury has been increasingly implicated in DN
progression; however, the underlying mechanism remains
unknown.

Recent work has revealed Wnt5a signalling as a novel inflam-
matory mediator closely related to obesity-associated insulin
resistance and metabolic dysfunction [4, 5]. Wnt5a plays im-
portant roles in development, cell proliferation and cell mi-
gration [6, 7]. In our previous studies, we performed RNA
sequencing of kidney biopsy samples from DN patients and
interestingly found that Wnt5a was obviously upregulated in
advanced DN patients [8]. One of our studies also showed that
Wnt5a promotes renal tubular inflammation in DN by binding
to CD146 through noncanonical Wnt signalling. Furthermore,
a recent study found that upregulation of Wnt5a led to en-
hanced mitochondrial energy production, altered cell calcium
homeostasis and potentially played a specific role in the devel-
opment of human ameloblastoma [9]. However, there has been
limited translational work investigating the relationship of
Wnt5a with mitochondrial dynamics and calcium alterations
in DN models.

Increasing evidence has shown that mitochondrial abnormal-
ities play an important role in the progression of DN [10, 11].
Mitochondria are important organelles that largely contribute to
the regulation of many cellular functions [12]. Cellular homeo-
stasis is maintained by their structural and functional reactions,
which are regulated by profission proteins (Drpl and Fis1) and
profusion proteins (Mfn1/2 and OPA1) [10]. In addition, mito-
chondria are also responsible for maintaining intracellular Ca?*
homeostasis because of their Ca?* buffering capacity [13, 14].
Excessive Ca?t uptake into the mitochondrial matrix can lead
to mitochondrial Ca?* overload and trigger the mitochondrial
pathway of apoptosis [15]. However, the underlying mechanisms
of this damage are not fully understood.

The process of Ca?* influx into mitochondria is mainly regu-
lated by the MCU complex [14]. During ischaemia reperfusion,
cytosolic Ca?* accumulation causes an increase in mitochon-
drial Ca?*, which activates the matrix chaperone cyclophilin
D and triggers the opening of the permeability transition pore,
leading to cell death [16]. The understanding of the MCU com-
plex has rapidly increased in various cancers. MCU-induced mi-
tochondrial Ca?* uptake was found to promote mitochondrial
biogenesis, thus contributing to colorectal cancer cell growth
[17]. However, to date, the biological function of MCU in DN re-
mains unknown.

Levamlodipine (LAML), a kind of CCB, is widely used in the
treatment of hypertension and its renoprotective role remains
unclear [18]. Although less effective in reducing albuminuria
than RASis, CCBs have shown some beneficial effects on DN in
recent clinical studies [19-22]. However, we still lack adequate
information on the renoprotective role of LAML and the under-
lying mechanism in DN patients.

In the present study, we aimed to examine the mechanistic
evidence of the Wnt5a-Ca?* noncanonical pathway on mito-
chondrial dysfunction in tubular injury in DN. We explored the
possible role of MCU in the process of calcium exchange and mi-
tochondrial dynamics changes. In addition, we sought to clarify
the renoprotective effect of LAML in tubular injury, which may
offer a potential therapeutic strategy for DN patients.

2 | Materials and Methods
2.1 | Animal Experimental Design

Six-week-old DBA2/J (D2) male mice were purchased from
Beijing HFK Bioscience, housed under a constant 12-h light-
dark cycle and allowed free access to food and water in the SPF
room. They were randomly organised into four experimental
groups (n=10): a control group, a STZ-induced diabetic group,
adiabetic group treated with both LAML and LOS (SHIHUIDA
Pharma Group), and a diabetic group treated with LOS. The
diabetic state was induced by daily intraperitoneal injections
of STZ (50 mg/kg body wt; Sigma-Aldrich) for five consecu-
tive days. FBG was measured by the One Touch Blood Glucose
Monitoring System (Roche) after the mice were deprived of
food for 6h. Repeat FBG measurements were taken every
2weeks to verify hyperglycaemia. Mice with 250 mg/dL FBG
at two distinct time points were defined as having diabetes
mellitus [23, 24]. Treatment with LAML or LOS was initiated
4weeks after STZ injection. After being randomly divided into
four groups, mice were assigned to receive 0.9% saline (con-
trol and STZ group), both LAML (5mg/kg/d) and LOS (10 mg/
kg/d), and LOS (10mg/kg/d), each dissolved in 0.9% saline
by daily gavage for 12weeks. All animal procedures used in
this study were approved by the Laboratory Animals Ethical
Committee of Shanghai Sixth People's Hospital Affiliated to
Shanghai Jiao Tong University School of Medicine (Approval
number: 2021-0183).

2.2 | Assessment of Physiological Features
and Renal Functions

BW, blood glucose, systolic blood pressure (SBP) and urine
collection were conducted monthly. Blood glucose was mea-
sured via a Roche Accu-Chek Advantage Meter. The serum
creatinine level was measured using the Creatinine Assay Kit
(BioAssay Systems, DICT-500) according to the manufacturer's
instructions. The 24 h urine of mice was collected by using met-
abolic cages. Then, both urine creatinine and albumin levels
were assayed by ELISA kits (Abcam, ab204537 and ab108792).
The urinary ACR (in mg/g) was defined as urine albumin
(mg/dL)/urine creatinine (g/dL). Systolic blood pressure was
measured at room temperature by a tail cuff method using an
MK2000 blood pressure monitor (ALCOTT BIOTECH CO.,
LTD, Shanghai, China) under conscious conditions.

2.3 | Histology and Immunohistochemistry

Kidney sections were stained with HE and Masson solutions
and imaged by light microscopy (original magnification x400).
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Twenty images were randomly chosen to assess and calculate
the histological injury, and all quantitation was performed by
two blinded investigators.

All glomeruli in each kidney section were graded and scored by
mesangial matrix index, which was quantified as the propor-
tion in percentage of the PAS-positive material to the total area
of each glomerulus by determining the colour intensity with
Image] software (the National Institutes of Health, Bethesda,
MD, USA). The tubulointerstitial area in the cortex was ob-
served and graded as follows: score 0: no tubular injury; score 1:
<10% of tubules as injured; score 2: 10%-25% of tubules injured;
score 3: 25%-50% of tubules injured; score 4: 50%-74% of tubules
injured; and score 5: >75% of tubules injured, as previously de-
scribed [25]. For THC staining, sections were treated with di-
aminobenzidine or NovaRed substrate (DAKO Labs, K3468),
followed by counterstaining with Mayer haematoxylin and ex-
amination. IHC staining was scored independently by two pa-
thologists [percentage of positive cells: five categories: 0 (< 10%),
1 (10%-25%), 2 (25%-50%), 3 (50%-75%) and 4 (75%-100%); in-
tensity: four categories (from low to high): 0, 1, 2 and 3; and a
final THC staining score (intensity score percentage score) was
determined] [23]. In addition, mouse kidney specimens were
further cut into ultrathin sections (120nm) and subsequently
observed under a Philips CM-100 transmission electron mi-
croscope. Then, the mitochondrial area, circularity and cristae
width were detected by ImageJ. GBM thickness was determined
by the orthogonal intercept method [26].

2.4 | Cell Culture

A conditionally immortalised human renal proximal tubular
epithelial cell line (HK-2) was used and routinely cultured in
DMEM containing 10% foetal bovine serum at 37°C. Then, the
cells were treated with a high concentration of glucose (HG,
40 mmol/L) for 24h, 48h or 72h.

For the overexpression of both Wnt5a and MCU, the cells were
transfected with pCMV3.0 ¢cDNA plasmids (Sino Biological,
HG17580-CH, HG20767-UT) by using Lipofectamine 3000 and
P3000 reagent (RiboBio, Guangzhou, China) according to the
manufacturer's instructions. For Wnt5a silence experiments, the
cells were treated with siRNA (RiboBio, Guangzhou, China).
Levamlodipine (5mmol/L, SHIHUIDA Pharma Group) was
used to pre-treat the cells for 4weeks and then added to the
media alone or with HG.

2.5 | Living Cell Image

The mitochondrial morphology was evaluated by MitoTracker
Deep Red dye (Invitrogen, mp07510, USA, 644-665nm).
MitoSOX Red mitochondrial superoxide indicator (Invitrogen,
mp36008, USA, 510-580nm) is a novel fluorogenic dye for the
highly selective detection of superoxide because mitochondrial
superoxide is generated as a by-product of oxidative phosphory-
lation. The nuclei were counterstained with Hoechst (Invitrogen,
USA), and all microscopic images were recorded using a con-
focal microscope (Zeiss). A total of 10 fields of cells from each
treatment group were randomly selected (100 cells/group).

2.6 | Western Blotting (WB)
and Immunoprecipitation (IP) Analysis

Total protein was extracted from cells and renal tissues with
radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime
Tech, Shanghai, China). Mitochondrial protein was extracted
from the cells according to the manual of a mitochondrial iso-
lation kit (ThermoFisher, 89874, USA). For WB analysis, the
membrane was incubated overnight at 4°C with specific primary
antibodies. Wnt5a and cyto-C levels were normalised to 3-tubulin
levels, while mitochondrial protein expression was normalised
to mtSH70 expression. For co-IP assessment, cultured cells were
lysed in IP lysis buffer and then prewashed with protein A/G
plus agarose (Santa Cruz Biotechnology). Thereafter, the cells
were incubated with the appropriate antibodies overnight at 4°C
with gentle agitation. The resultant protein-antibody immuno-
complexes were precipitated with protein A/G plus agarose, and
these complexes were then evaluated by WB analysis.

2.7 | Ca’* Measurement

The concentration level of Ca?* both in cells and mitochondria
was determined by ELISA with a calcium assay kit (ab102505,
Abcam, China) according to the manufacturer's instructions.

2.8 | Statistical Analysis

The data are expressed as the means = SEM. Comparisons be-
tween two datasets of continuous variables were performed with
Student's t test, and ANOVA with Bonferroni correction was used to
analyse three or more datasets. Statistical analysis was performed
with SPSS (version 25.0) or GraphPad Prism (version 6.0) software.
p<0.05 was considered to indicate statistical significance.

3 | Results

3.1 | CCB Ameliorated Kidney Injury in
STZ-Induced Diabetic Mice

The STZ-induced D2 mice showed higher blood glucose levels,
increased KW/BW ratios with pronounced urinary ACRs and
higher serum creatinine levels than did control mice. Compared
with those treated with LOS alone, diabetic mice treated with
both LAML and LOS had lower urinary ACRs, KW/BW ratios
and serum creatinine levels, but no significant hypoglycaemic
changes were found between this group and the control group
(Figure 1A-D). There were no significant changes in SBP among
the different groups (Table S1). Histologically, diabetic D2 mice
had obvious renal tubular dilatation, mesangial matrix deposition
and tubulointerstitial fibrosis as determined by HE and Masson
staining when compared with control mice (Figure 1E-G).
However, the administration of both LAML and LOS attenuated
the morphological damage and tubular changes in STZ-induced
diabetic mice. The improvement was more significant than that
in cells treated with LOS alone (Figure 1E-I). Furthermore,
diabetic mice treated with LAML and LOS presented fewer
TUNNEL-positive cells than STZ controls and those treated
only with LOS (Figure 1J,K). The data suggested that LAML in
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FIGURE1 | Aggravated renal tubular injury in diabetic mice was attenuated by the combination of LAML and LOS. A-D, Blood glucose levels
(A), urinary ACRs (B), kidney weight to body weight (KW/BW) ratios (C) and serum creatinine levels (D) were examined in different groups. E
and F, Renal histology evaluations of different groups were performed with HE staining (E) and PAS (F), and extracellular matrix accumulation
and collagen fibre deposition were determined with Masson staining (G) in different groups (original magnification, 400x; bars=20um). J and K,
Representative photographs and quantification analysis of renal cell apoptosis in different mouse groups after TUNEL staining (original magnifica-
tion, 400%; bars =20 um). H and I, Quantitative analyses with damage scores ranging from zero to five indicated that the combination of LAML and
LOS treatment ameliorated the kidney changes after STZ induction of diabetes better than LOS alone. The results are presented as the means+SEM.
n=10 for each group. *p <0.05 compared with the control group; #p <0.05 compared with the STZ group. &p <0.05 compared with the STZ+LOS
group. Control, nondiabetic mice with saline gavage; STZ, STZ-treated diabetic mice with saline gavage; STZ + LOS, STZ-induced diabetic mice with
LOS administration alone; STZ+ LOS+LAML, STZ-induced diabetic mice treated with both LAML and LOS.

mice (Figure 2C). Furthermore, the majority of mitochondria
in STZ mice were rod-shaped or spherical with disintegrated
cristae, while the mitochondria in the control group exhibited
elongated cylindrical shapes with organised cristae in glom-
eruli (Figure 2A,B). In the STZ mice, more than 50% of cells,
especially podocytes and tubular cells, showed fragmented

combination with LOS ameliorated DN-induced damage and tu-
bular cell apoptosis more efficiently than LOS alone.

3.2 | CCB Alleviated Morphological Changes
in Mitochondria and Restored Alterations in

Mitochondrial Dynamics-Associated Proteins in
STZ-Induced Diabetic Mice

We further examined the ultrastructure of the glomerulus and
tubules by TEM. Notable GBM thickening and extensive foot pro-
cess effacement in the glomerulus were found in STZ-induced

mitochondria (Figure 2D-F). However, these alterations in mi-
tochondrial ultrastructure were more effectively alleviated by
both LAML and LOS than by LOS alone (Figure 2A-G).

In addition, we examined mitochondrial dynamics-associated
proteins in this study. STZ-induced mice showed higher Drpl
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FIGURE2 | Legend on next page.

expression and lower Mfn2 expression than control mice, as in- LOS (Figure 2H,I). Consistently, immunochemistry staining
dicated by WB and g-PCR assays. However, these changes were showed similar results (higher expression of Drpl and lower ex-
significantly improved by the administration of both LAML and  pression of Mfn2 in kidney sections of STZ mice than in control
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FIGURE 2 | Combination of LAML and LOS alleviated mitochondrial fragmentation and restored alterations in mitochondrial dynamics-
associated proteins. A-F, Quantitative analysis and representative photographs of the fragmented mitochondria in the podocyte of the glomerulus
(A, B, D) and tubules (E, G, F) in the four groups were from the TEM evaluation. C, GBM thickness in the four groups was detected by TEM. H
and I, Quantitative analysis and representative photographs of Drpl and Mfn2 expression in different groups. J-M, Representative photographs
and quantitative analysis of Mfn2 (J, K) and Drpl (L, M) by immunohistochemistry staining in different groups. TEM, transmission electron mi-
croscopy; IHC staining, original magnification 400x; bars=20um. TEM of tubules, original magnification, 1500%; bars=5um, n=10 per group.
High-magnification TEM images of mitochondrial ultrastructure: Original magnification, 10,000%; bars=1pm. The results are presented as the
means + SEM. n=10 for each group. *p <0.05 compared with the control group; #p <0.05 compared with the STZ group; &p <0.05 compared with

the STZ-treated LOS group.

mice at protein levels) (Figure 2J-M). These data indicated that
LAML combined with LOS reversed mitochondrial fragmenta-
tion and mitochondrial dynamics dysfunction more efficiently
than LOS alone in diabetic mice.

3.3 | Inhibition of Wnt5a-Ca?* Signalling by CCB
Was Associated With the Suppression of MCU in
Diabetic Mice

In our previous study of human RNA sequences, we found
that Wnt5a and MCU are closely associated with the progres-
sion of DN (Figure 3A,B) [8]. To explore the association of the
Wnt5a-Ca?* pathway and MCU in diabetic mice, we examined
the levels of Wnt5a-Ca?* pathway components and MCU in the
kidney tissues of diabetic mice. Compared to the control mice,
STZ mice presented an obvious increase in Wnt5a and MCU ac-
cording to immunochemistry staining (Figure 3C-F). In addi-
tion, significant upregulation of Wnt5a (Figure 3J,K) and MCU
(Figure 3G,H) was found at the protein level. All the changes
were reversed by treatment with LAML and LOS (Figure 3C-K).
Similarly, the cytoplasmic Ca?* concentration was increased in
the STZ mice and decreased in the group treated with LAML
and LOS (Figure 3I). The data suggested that inhibition of MCU
by LAML is associated with the suppression of Wnt5a-Ca?* sig-
nalling in diabetic mice.

3.4 | Wnt5a Increased Cellular Ca%*

and Aggravated the Dysregulation

of Mitochondrial Dynamics-Associated Proteins in
HK-2 Cells

To determine the underlying mechanism by which the Wnt5a-
Ca?* noncanonical pathway mediates mitochondrial function,
we conducted an in vitro experiment. To determine the effect
of HG on tubular cells, HK-2 cells were cultured in HG medium
(40mmol/L) for 24h, 48h and 72h. Compared to that in the
control groups, the expression of Wnt5a increased as time was
prolonged from 24 h to 72h (Figure 4A-D). Similarly, the con-
centration of intracellular Ca** was increased synchronously
under HG culture conditions (Figure 4E).

To further illustrate the association between Wnt5a and mi-
tochondrial function, HK-2 cells were treated with different
amounts of Wnt5a (1ng, 5ng, 25ng and 125ng) in HG me-
dium, mitochondria were extracted and dynamics-associated
proteins were tested in each experimental cell group. The
mitochondrial cyto-C release was obviously elevated by pro-
longed time interval in HG from 24 h to 72h (Figure S1).

The data showed that HG increased mitochondrial cyto-C
release (Figure 4F,H) and Drpl expression (Figure 4G,I).
Decreased Mfn2 expression (Figure 4G,I) was observed in
mitochondria subjected to HG exposure with Wnt5a inter-
vention. Consistently, a Ca?* increase was observed in HG-
induced mitochondria and was more pronounced when 25ng
Wnt5a was added (Figure 47J). In addition, the loss of ATP was
also detected in HG medium and was aggravated by Wnt5a
(Figure 4K). The data suggested that Wnt5a-Ca?* signalling
is most likely involved in mitochondrial Ca?* haemostasis via
the impairment of mitochondrial function.

3.5 | Overexpression of Wnt5a Accelerated
Mitochondrial Dynamics Dysfunction and Ca?*
Overloading, Which Was Ameliorated by CCB in
HG-Treated HK-2 Cells

We further examined mitochondrial fragmentation and dynam-
ics in HG-induced HK-2 cells by overexpression or silencing
Wnt5a with LAML intervention. MitoRed and MitoSOX were
applied to detect the mitochondrial morphology and superoxide
levels of the cells. The data showed that when cells with overex-
pression of Wnt5a were exposed to HG, almost 30% of the mito-
chondria transformed from their normal filamentous shape into
short, rod-like structures (Figure 5A,B). Significantly increased
mitochondrial ROS production (Figure 5C,D) and ATP loss were
also observed in HG-treated HK-2 cells overexpressing Wnt5a
(Figure 5G), indicating that Wnt5a could accelerate mitochon-
drial dysfunction and fragmentation. However, the alterations
in mitochondrial shape, ROS production and ATP loss were no-
tably ameliorated after treatment with LAML (Figure 5A-D,G).

LAML was also found to suppress the expression of Wnt5a
(Figure 5H,I) and attenuate the dysregulation of mitochondrial
dynamics (Figure 5E,F). In addition, the mitochondrial Ca%*
concentration was significantly elevated in HK-2 cells overex-
pressing Wnt5a in HG medium and was suppressed by LAML to
some extent (Figure 5J). The results suggested that LAML might
play a renoprotective role in mitochondria via the Wnt5a-Ca?*
pathway.

3.6 | Wnt5a Increased the Expression of MCU
and Mitochondrial Ca?* Influx Mitochondrial
Dysfunction in HG-Treated HK-2 Cells

Our previous RNA-seq data showed that MCU, the core com-
ponent of the complex in the electronic transport chain of mi-
tochondria, was upregulated in the kidneys of advanced DN
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biopsy samples showed the expression of Wnt5a (A) and MCU (B) in DN patients. C-F, Representative photographs and quantitative analysis of MCU
(C, D) and Wnt5a (E, F) by immunohistochemistry staining in different groups. G, H, J, K, Quantitative analysis and representative photographs
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ing, original magnification 400x; bars=20pum. The results are presented as the means+SEM. n=10 for each group. *p <0.05 compared with the
control group; #p <0.05 compared with the STZ group; &p <0.05 compared with the STZ-treated LOS group.

patients compared to those of normal controls (Figure 3B). To ~ was obviously decreased by LAML treatment (Figure 6A-C).
determine how MCU is involved in mitochondrial Ca?* hae- Upregulation of MCU aggravated the abnormalities in mito-
mostasis, HK-2 cells were transfected with Wnt5a under HG chondrial dynamics in HK-2 cells, as indicated by decreased
stimulation. Overexpression of Wnt5a significantly increased Mfn2 and increased Drpl expression in HG-treated HK-2 cells
the expression of MCU at both the protein and mRNA levels in (Figure 6D,E). Besides, the levels of Mfn2 and Drpl in MCU-
HG-treated HK-2 cells (Figure 6A-C). The expression of MCU overexpressing HK-2 cells were alleviated by the interference
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compared with the HG-induced HK-2 group.

of LAML (Figure 6D). In addition, mitochondrial Ca?* influx
overload was observed in MCU-overexpressing HK-2 cells and
significantly decreased by LAML compared with control cells
(Figure 6F). Taken together, these findings indicate that the
regulation of Wnt5a could mediate the downstream expression
of MCU and thus cause the overload of mitochondrial calcium
and finally lead to mitochondrial dynamics alterations.

4 | Discussion

Diabetic tubulopathy has become increasingly recognised
as an important factor related to primary renal injury in the
pathogenesis of DN [27-29]. Renal tubular cells contain a large

number of mitochondria to maintain cellular network balance,
and increasing evidence has demonstrated that dysfunctional
mitochondria play a critical role in the process of tubular in-
jury [12, 28, 30, 31]. Recently, ROS overproduction, a decline
in ATP activity, increases in mitochondrial fragmentation and
alterations in mitochondrial dynamics have been shown to
be closely correlated with tubular cell damage and apoptosis
[27, 29, 32, 33]. Recent studies also revealed that integrated
regulation of mitochondrial lifecycles in tubular cells could
maintain mitochondrial homeostasis [34]. However, the un-
derlying mechanism of these phenomena remains unclear.

To detect the impairment of tubular injury in diabetes, we chose
STZ-induced diabetic mice (DBA2/J) as the experimental model
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Quantification analysis and representative photographs of mitochondrial morphology (A, B), mitochondrial ROS production (C, D) confocal micros-
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because DBA2/J mice are prone to developing DN with an early
presentation of albuminuria [35]. Upregulation of the mitochon-
drial fission protein Drpl, downregulation of the mitochondrial
fusion protein Mfn2 and increased fragmented mitochondria
were detected in STZ-induced diabetic mouse tubules. These
fusion and fission events, along with the consistent results in
TUNEL and staining assays of diabetic mice, illustrated that dis-
ruption of mitochondrial dynamics and mitochondrial homeo-
stasis might lead to the mitochondrial apoptosis cascade and cell
apoptosis [36].

During the experiment, we found that Wnt5a significantly in-
creased at the protein level in diabetic kidneys but not in normal
control kidneys. In vitro, we further discovered that upregula-
tion of Wnt5a levels was obviously associated with increased
Ca?* levels both in cells and mitochondria, in turn, leading to
damage to mitochondrial dynamics, ATP deduction, mitochon-
drial fragmentation and apoptosis. This might offer evidence
for the role of the Wnt5a—-Ca?* signalling pathway in the alter-
ation of mitochondrial dynamics and the progression of DN.
Wnt proteins are now widely recognised to play essential roles
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in development and physiological processes by regulating vital
cell functions, including proliferation, differentiation, synapto-
genesis, apoptosis, cell survival, adhesion, migration, polarity,
synapse formation and neuronal plasticity [37-40]. Studies on
neurons have demonstrated that the Wnt5a/Ca?* signalling
pathway regulates the mitochondrial fission -fusion process in
hippocampal neurons and represents a potentially important
link between impaired metabolic function and degenerative dis-
orders [41]. Besides, the Wnt/Ca?* signalling pathway has been
recognised to be involved in the control and regulation of tu-
mour development [42]. It simulates the G protein and generates
messenger DAG and IP3 through phospholipase C and conse-
quently leads to the release of Ca?* in the endoplasmic reticulum
into the cytoplasm [43].

This work first illustrated that the Wnt5a-Ca?* signalling path-
way in DN might also induce the impairment of mitochondrial
dynamics in terms of fusion and fission processes and motility.
The mitochondrial Ca?* overload induced by Wnt-5a and the
consequent fission, fragmentation and dynamic dysfunction of
those mitochondria could be physiologically relevant in tubu-
lar cells. It has been described that the traffic and movement of
mitochondria are mostly modulated by Ca?*-mediated changes
[44]. Increased Ca?* levels could lead to TCA cycle activation
and oxidative phosphorylation and finally enhance mitochon-
drial energy production within the cell [45, 46]. On the other
hand, mitochondria, as previously described, are important or-
ganelles responsible for maintaining intracellular Ca?* homeo-
stasis [47]. Considering that the endoplasmic reticulum (ER) is

the main storage site for cellular Ca?*, ER-related Ca?* release
may be dependent on Wnt-5a/Ca2+ signalling. The increase in
local mitochondrial Ca?* concentration might be initiated in
the ER due to the close structural interactions between the two
organelles [48, 49]. Upon cellular/stress stimulation, the Ca?*
released from the ER-mitochondria interface is transported
through the mitochondrial intermembrane space and finally
enters the mitochondrial matrix via the MCU [50]. This finding
further supports that ER-related Ca?* release is dependent on
downstream Wnt-5a/Ca?* signalling.

Upon cellular/stress stimulation, Ca?* influx into mitochondria,
which is primarily regulated by the MCU complex, acts as a
pleiotropic signal that controls a broad spectrum of cellular func-
tions [14]. Growing evidence suggests that the accumulation of
Ca?* in mitochondria leads to ROS production [51, 52] and that
MICUT1 functions as a gatekeeper to inhibit mitochondrial Ca?*
overload [53, 54]. A previous RNA-seq analysis demonstrated
that the increased expression of MCU in DN patients was asso-
ciated with the progression of DN [8]. However, little is known
about MCU-mediated Ca?* communication in the pathogenesis
of DN. Only a recent study by Wei and his colleagues reported
that the augmented formation of mitochondrion-associated en-
doplasmic reticulum membranes (MAMs) in podocytes due to
hyperglycaemic status is a critical step leading to mitochondrial
calcium overload in diabetic mice [55]. With this study, we are
the first to report that increased MCU formation regulated by
Wnt5a-Ca?* signalling aggravates the dysregulation of mito-
chondrial dynamics in HG-treated HK-2 cells. In the future, it
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increase the cytoplasmic Ca?* concentration. MCU, as the uniporter calcium channel of mitochondria, aggravates mitochondrial Ca?* overload by

increasing calcium intake and finally leads to mitochondrial dysfunction and fragmentation. LAML, as a calcium channel blocker, may play a reno-

protective role through the Wnt5a-Ca?* pathway via MCU.

will be interesting to assess MCU deletion as a novel treatment
strategy for the progression of DN. However, further studies and
additional data are warranted to demonstrate the detailed un-
derlying mechanism by which Wnt5a-Ca?* signalling regulates
mitochondrial dysfunction via MCU in DN.

LAML is a traditional CCB for hypertension and other forms of
cardiovascular disease. However, few studies have been con-
ducted to determine its renoprotective role in kidney diseases,
especially in DN. In our study, we confirmed that compared to
LOS alone, the combination of this CCB with LOS could further
enhance renal function and attenuate morphological changes in
both glomerular and tubular compartments in STZ-induced mice.
The in vitro results also demonstrated that LAML could decrease
cell uptake of Ca?* and alleviate the alteration of mitochondrial

dynamics induced by the overexpression of Wnt5a. This finding
suggests that the renoprotective effect of CCB might depend on the
Wnt5a-Ca?* signalling pathway, which is closely correlated with
mitochondrial dynamics-induced tubular injury in diabetic condi-
tions. In clinical practice, LOS, a kind of ARB, is well recognised
and widely used in standard therapy for diabetic nephropathy.
In our article, we simulated the clinical situation and conducted
add-on research of LAML and found that LAML combined with
LOS had a better improvement of renal damage rather than LOS
alone. It suggested that CCBs combined with RASis could be a
promising treatment approach for DN patients.

There are still some limitations in the article. First, this re-
search was just a basic experiment for demonstrating the re-
lationship of mitochondrial dysfunction and DN progression
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through the Wnt5a-Ca?* signalling pathway. Clinical data
was essential to confirm the findings in human subjects. We
also still need to further explore the calcium concentration
changes, calcium channel and detect the underlying mech-
anism of the regulatory function of MCU in this process.
Besides, the specific target of LAML, a traditional calcium
channel blocker, still remains unclear.

In summary, our study is the first to show that the Wnt5a-Ca?*
signalling pathway was involved in Ca?* overload-induced
mitochondrial dysfunction in tubular injury and DN progres-
sion. (Figure 7) Dysregulation of MCU formation regulated by
Wnt5a could be an important step leading to mitochondrial
calcium overload, thus accelerating tubular injury in the pro-
gression of DN. Effective intervention with CCBs combined
with RASis could be a promising treatment approach for DN
patients.

Author Contributions

Yang Fei: data curation (equal), formal analysis (equal), investigation
(equal), methodology (equal), project administration (equal), writing
- original draft (equal), writing — review and editing (equal). Qunzi
Zhang: data curation (equal), formal analysis (equal), investigation
(equal), methodology (equal), project administration (equal), writing
- original draft (equal), writing — review and editing (equal). Junjie
Jia: data curation (equal), investigation (equal), methodology (equal),
writing - review and editing (equal). Li He: investigation (supporting),
methodology (supporting), writing — review and editing (supporting).
Sijie Gu: methodology (supporting), writing — review and editing (sup-
porting). Dongsheng Cheng: data curation (supporting), supervision
(supporting), writing — original draft (supporting), writing — review and
editing (supporting). Wenjun Lin: investigation (supporting), method-
ology (supporting), supervision (supporting). Haifan Xing: methodol-
ogy (supporting), writing — review and editing (supporting). Niansong
Wang: conceptualization (equal), project administration (equal), super-
vision (equal), validation (equal). Ying Fan: conceptualization (lead),
project administration (lead), supervision (lead).

Acknowledgements

This study was supported by the Interdisciplinary Program of Shanghai
Jiao Tong University (YG2023ZD21), the National Natural Science
Foundation of China (82170727, 81870468 and 82200826), the Star
Program sponsored by the Interdisciplinary Program of Shanghai Jiao
Tong University, the Open project of National Science and Technology
Infrastructure of translational medicine (Shanghai, TMSK-2021-109),
the Shanghai Research Center for Endocrine and Metabolic Diseases
(20227701002), the Special Fund of the China International Medical
Foundation (Z-2017-26-2202-2), the Star Program of Shanghai Jiao
Tong University (20190102) and the Open Project of the Shanghai Key
Laboratory of Sleep Disordered Breathing (SHKSDB-KF-19-04).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data available on request from the authors.

References

1. F. Conserva, L. Gesualdo, and M. Papale, “A Systems Biology Over-
view on Human Diabetic Nephropathy: From Genetic Susceptibility to

Post-Transcriptional and Post-Translational Modifications,” Journal of
Diabetes Research 2016 (2016): 7934504.

2. A. G. Miranda-Diaz and L. Pazarin-Villasefior, “Oxidative Stress in
Diabetic Nephropathy With Early Chronic Kidney Disease,” Journal of
Diabetes Research 2016 (2016): 7047238.

3.J. Watanabe, Y. Takiyama, J. Honjyo, et al., “Role of IGFBP7 in Di-
abetic Nephropathy: TGF-$1 Induces IGFBP7 via Smad2/4 in Human
Renal Proximal Tubular Epithelial Cells,” PLoS One 11 (2016): e0150897.

4.V. Catalan, J. Gomez-Ambrosi, A. Rodriguez, et al., “Activation of
Noncanonical Wnt Signaling Through WNT5A in Visceral Adipose Tis-
sue of Obese Subjects Is Related to Inflammation,” Journal of Clinical
Endocrinology and Metabolism 99 (2014): E1407-E1417.

5. N.Ouchi, A. Higuchi, K. Ohashi, et al., “Sfrp5Isan Anti-Inflammatory
Adipokine That Modulates Metabolic Dysfunction in Obesity,” Science
(New York, N.Y.) 329 (2010): 454-457.

6. M. Nishita, M. Enomoto, K. Yamagata, and Y. Minami, “Cell/Tissue-
Tropic Functions of Wnt5a Signaling in Normal and Cancer Cells,”
Trends in Cell Biology 20 (2010): 346-354.

7.C. P. Prasad, M. Manchanda, P. Mohapatra, and T. Andersson,
“WNTS5A as a Therapeutic Target in Breast Cancer,” Cancer Metastasis
Reviews 37 (2018): 767-778.

8.Y. Fan, Z. Yi, V. D. D'Agati, et al., “Comparison of Kidney Transcrip-
tomic Profiles of Early and Advanced Diabetic Nephropathy Reveals Po-
tential New Mechanisms for Disease Progression,” Diabetes 68 (2019):
2301-2314.

9. X. Qiao, X. Niu, J. Shi, et al., “Wnt5a Regulates Ameloblastoma Cell
Migration by Modulating Mitochondrial and Cytoskeletal Dynamics,”
Journal of Cancer 11 (2020): 5490-5502.

10. M. Zhan, I. M. Usman, L. Sun, and Y. S. Kanwar, “Disruption of
Renal Tubular Mitochondrial Quality Control by Myo-Inositol Oxygen-
ase in Diabetic Kidney Disease,” Journal of the American Society of Ne-
phrology 26 (2015): 1304-1321.

11. G. C. Higgins and M. T. Coughlan, “Mitochondrial Dysfunction and
Mitophagy: The Beginning and End to Diabetic Nephropathy?,” British
Journal of Pharmacology 171 (2014): 1917-1942.

12. C. Giorgi, D. De Stefani, A. Bononi, R. Rizzuto, and P. Pinton,
“Structural and Functional Link Between the Mitochondrial Network
and the Endoplasmic Reticulum,” International Journal of Biochemistry
& Cell Biology 41 (2009): 1817-1827.

13. M. T. Coughlan and K. Sharma, “Challenging the Dogma of Mito-
chondrial Reactive Oxygen Species Overproduction in Diabetic Kidney
Disease,” Kidney International 90 (2016): 272-279.

14.V. Granatiero, D. De Stefani, and R. Rizzuto, “Mitochondrial Cal-
cium Handling in Physiology and Disease,” Advances in Experimental
Medicine and Biology 982 (2017): 25-47.

15.P. Gao, W. Yang, and L. Sun, “Mitochondria-Associated Endo-
plasmic Reticulum Membranes (MAMs) and Their Prospective Roles
in Kidney Disease,” Oxidative Medicine and Cellular Longevity 2020
(2020): 3120539.

16. F. Di Lisa, M. Canton, R. Menabo, N. Kaludercic, and P. Bernardi,
“Mitochondria and Cardioprotection,” Heart Failure Reviews 12 (2007):
249-260.

17.Y. Liu, M. Jin, Y. Wang, et al., “MCU-Induced Mitochondrial Cal-
cium Uptake Promotes Mitochondrial Biogenesis and Colorectal Can-
cer Growth,” Signal Transduction and Targeted Therapy 5 (2020): 59.

18. K. M. Choi, Y. Zhong, B. D. Hoit, et al., “Defective Intracellular
ca(2+) Signaling Contributes to Cardiomyopathy in Type 1 Diabetic
Rats,” American Journal of Physiology Heart and Circulatory Physiology
283 (2002): H1398-H1408.

19. G. L. Bakris, A. C. Smith, D. J. Richardson, et al., “Impact of an
ACE Inhibitor and Calcium Antagonist on Microalbuminuria and Lipid

12 0f 13

Journal of Cellular and Molecular Medicine, 2025



Subfractions in Type 2 Diabetes: A Randomised, Multi-Centre Pilot
Study,” Journal of Human Hypertension 16 (2002): 185-191.

20. G. Jerums, T. J. Allen, D. J. Campbell, et al., “Long-Term Compari-
son Between Perindopril and Nifedipine in Normotensive Patients With
Type 1 Diabetes and Microalbuminuria,” American Journal of Kidney
Diseases 37 (2001): 890-899.

21. G. Viberti and N. M. Wheeldon, “Microalbuminuria Reduction With
Valsartan in Patients With Type 2 Diabetes Mellitus: A Blood Pressure-
Independent Effect,” Circulation 106 (2002): 672-678.

22. H. H. Parving, L. Tarnow, and P. Rossing, “Renal Protection in Dia-
betes—An Emerging Role for Calcium Antagonists,” Cardiology 88, no.
Suppl 3 (1997): 56-62.

23.M. Long, L. Cai, W. Li, et al., “DPP-4 Inhibitors Improve Diabetic
Wound Healing via Direct and Indirect Promotion of Epithelial-
Mesenchymal Transition and Reduction of Scarring,” Diabetes 67
(2018): 518-531.

24.Y. Fan, W. Xiao, Z. Li, et al., “RTN1 Mediates Progression of Kidney
Disease by Inducing ER Stress,” Nature Communications 6 (2015): 7841.

25. H. Qi, G. Casalena, S. Shi, et al., “Glomerular Endothelial Mitochon-
drial Dysfunction Is Essential and Characteristic of Diabetic Kidney
Disease Susceptibility,” Diabetes 66 (2017): 763-778.

26. H. Zhang, V. Nair, J. Saha, et al., “Podocyte-Specific JAK2 Overex-
pression Worsens Diabetic Kidney Disease in Mice,” Kidney Interna-
tional 92 (2017): 909-921.

27.]. Slyne, C. Slattery, T. McMorrow, and M. P. Ryan, “New Devel-
opments Concerning the Proximal Tubule in Diabetic Nephropathy:
In Vitro Models and Mechanisms,” Nephrology, Dialysis, Transplanta-
tion 30, no. Suppl 4 (2015): iv60-iv67.

28. L. Xiao, X. Zhu, S. Yang, et al., “Rapl Ameliorates Renal Tubular
Injury in Diabetic Nephropathy,” Diabetes 63 (2014): 1366-1380.

29.T. Fiseha and Z. Tamir, “Urinary Markers of Tubular Injury in
Early Diabetic Nephropathy,” International Journal of Nephrology 2016
(2016): 4647685.

30. M. T. Coughlan, T. V. Nguyen, S. A. Penfold, et al., “Mapping Time-
Course Mitochondrial Adaptations in the Kidney in Experimental Di-
abetes,” Clinical Science (London, England: 1979) 130 (2016): 711-720.

31.Y. Hou, S. Li, M. Wu, et al., “Mitochondria-Targeted Peptide SS-31 At-
tenuates Renal Injury via an Antioxidant Effect in Diabetic Nephropathy,”
American Journal of Physiology Renal Physiology 310 (2016): F547-F559.

32. M. D. Covington and R. G. Schnellmann, “Chronic High Glucose
Downregulates Mitochondrial Calpain 10 and Contributes to Renal
Cell Death and Diabetes-Induced Renal Injury,” Kidney International
81 (2012): 391-400.

33. L. Xiao, X. Xu, F. Zhang, et al., “The Mitochondria-Targeted An-
tioxidant MitoQ Ameliorated Tubular Injury Mediated by Mitophagy
in Diabetic Kidney Disease via Nrf2/PINK1,” Redox Biology 11 (2017):
297-311.

34.R.J. Youle and A. M. van der Bliek, “Mitochondrial Fission, Fusion,
and Stress,” Science (New York, N.Y.) 337 (2012): 1062-1065.

35.Z. Qi, H. Fujita, J. Jin, et al., “Characterization of Susceptibility of
Inbred Mouse Strains to Diabetic Nephropathy,” Diabetes 54 (2005):
2628-2637.

36. M. Liesa, M. Palacin, and A. Zorzano, “Mitochondrial Dynamics
in Mammalian Health and Disease,” Physiological Reviews 89 (2009):
799-845.

37.N. C.Inestrosa and E. Arenas, “Emerging Roles of Wnts in the Adult
Nervous System,” Nature Reviews Neuroscience 11 (2010): 77-86.

38. R. Nusse and H. Varmus, “Three Decades of Wnts: A Personal Per-
spective on How a Scientific Field Developed,” EMBO Journal 31 (2012):
2670-2684.

39. V. Budnik and P. C. Salinas, “Wnt Signaling During Synaptic Develop-
ment and Plasticity,” Current Opinion in Neurobiology 21 (2011): 151-159.

40. M. Park and K. Shen, “WNTs in Synapse Formation and Neuronal
Circuitry,” EMBO Journal 31 (2012): 2697-2704.

41.J. A. Godoy, M. S. Arrazola, D. Ordenes, C. Silva-Alvarez, N. Braidy,
and N. C. Inestrosa, “Wnt-5a Ligand Modulates Mitochondrial Fission-
Fusion in Rat Hippocampal Neurons,” Journal of Biological Chemistry
289 (2014): 36179-36193.

42.S.-L. Lai, A. J. Chien, and R. T. Moon, “Wnt/Fz Signaling and the
Cytoskeleton: Potential Roles in Tumorigenesis,” Cell Research 19
(2009): 532-545.

43. M. Jafri and J. K. Saleet, “On the Roles of Ca?* Diffusion, Ca®* Buf-
fers, and the Endoplasmic Reticulum in IP3-Lnduced Ca** Waves,” Bio-
physical Journal 69 (1995): 2139-2153.

44, A. F. Macaskill, J. E. Rinholm, A. E. Twelvetrees, et al., “Mirol Is a
Calcium Sensor for Glutamate Receptor-Dependent Localization of Mi-
tochondria at Synapses,” Neuron 61 (2009): 541-555.

45. R. Rizzuto, D. De Stefani, A. Raffaello, and C. Mammucari, “Mito-
chondria as Sensors and Regulators of Calcium Signalling,” Nature Re-
views Molecular Cell Biology 13 (2012): 566-578.

46.B. D. Fink, F. Bai, L. Yu, and W. L. Sivitz, “Regulation of ATP Pro-
duction: Dependence on Calcium Concentration and Respiratory State,”
American Journal of Physiology. Cell Physiology 313 (2017): C146-C153.

47.T. A. Stewart, K. T. Yapa, and G. R. Monteith, “Altered Calcium
Signaling in Cancer Cells,” Biochimica et Biophysica Acta 1848 (2015):
2502-2511.

48.A. A. Rowland and G. K. Voeltz, “Endoplasmic Reticulum-
Mitochondria Contacts: Function of the Junction,” Nature Reviews Mo-
lecular Cell Biology 13 (2012): 607-625.

49. X. Qiao, S. Jia, J. Ye, et al., “PTPIP51 Regulates Mouse Cardiac Isch-
emia/Reperfusion Through Mediating the Mitochondria-SR Junction,”
Scientific Reports 7 (2017): 45379.

50. S. Marchi, S. Patergnani, S. Missiroli, et al., “Mitochondrial and En-
doplasmic Reticulum Calcium Homeostasis and Cell Death,” Cell Cal-
cium 69 (2018): 62-72.

51. W. Ma, M. Liu, F. Liang, et al., “Cardiotoxicity of Sorafenib Is Me-
diated Through Elevation of ROS Level and CaMKII Activity and Dys-
regulation of Calcium Homoeostasis,” Basic & Clinical Pharmacology &
Toxicology 126 (2020): 166-180.

52.Z. Yang, T. Song, L. Truong, et al., “Important Role of Sarcoplas-
mic Reticulum Ca(2+) Release via Ryanodine Receptor-2 Channel in
Hypoxia-Induced Rieske Iron-Sulfur Protein-Mediated Mitochondrial
Reactive Oxygen Species Generation in Pulmonary Artery Smooth
Muscle Cells,” Antioxidants & Redox Signaling 32 (2020): 447-462.

53.J. C. Liu, J. Liu, K. M. Holmstrom, et al., “MICU1 Serves as a Molec-
ular Gatekeeper to Prevent in Vivo Mitochondrial Calcium Overload,”
Cell Reports 16 (2016): 1561-1573.

54. A. Vultur, C. S. Gibhardt, H. Stanisz, and I. Bogeski, “The Role of the
Mitochondrial Calcium Uniporter (MCU) Complex in Cancer,” Pfliigers
Archiv - European Journal of Physiology 470 (2018): 1149-1163.

55.X. Wei, X. Wei, Z. Lu, et al., “Activation of TRPV1 Channel An-
tagonizes Diabetic Nephropathy Through Inhibiting Endoplasmic
Reticulum-Mitochondria Contact in Podocytes,” Metabolism, Clinical
and Experimental 105 (2020): 154182.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

13 0f 13



	The Noncanonical Wnt5a–Ca2+ Pathway Mediates Mitochondrial Dysfunction in the Progression of Diabetic Nephropathy via the Mitochondrial Calcium Uniporter
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Animal Experimental Design
	2.2   |   Assessment of Physiological Features and Renal Functions
	2.3   |   Histology and Immunohistochemistry
	2.4   |   Cell Culture
	2.5   |   Living Cell Image
	2.6   |   Western Blotting (WB) and Immunoprecipitation (IP) Analysis
	2.7   |   Ca2+ Measurement
	2.8   |   Statistical Analysis

	3   |   Results
	3.1   |   CCB Ameliorated Kidney Injury in STZ-Induced Diabetic Mice
	3.2   |   CCB Alleviated Morphological Changes in Mitochondria and Restored Alterations in Mitochondrial Dynamics-Associated Proteins in STZ-Induced Diabetic Mice
	3.3   |   Inhibition of Wnt5a–Ca2+ Signalling by CCB Was Associated With the Suppression of MCU in Diabetic Mice
	3.4   |   Wnt5a Increased Cellular Ca2+ and Aggravated the Dysregulation of Mitochondrial Dynamics-Associated Proteins in HK-2 Cells
	3.5   |   Overexpression of Wnt5a Accelerated Mitochondrial Dynamics Dysfunction and Ca2+ Overloading, Which Was Ameliorated by CCB in HG-Treated HK-2 Cells
	3.6   |   Wnt5a Increased the Expression of MCU and Mitochondrial Ca2+ Influx Mitochondrial Dysfunction in HG-Treated HK-2 Cells

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


