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A B S T R A C T   

Purpose: To investigate the regulatory effect and mechanism of Vitamin D receptor (VDR) on mitochondrial 
function in renal tubular epithelial cell under diabetic status. 
Methods: The diabetic rats induced by streptozotocin (STZ) and HK-2 cells under high glocose(HG)/transforming 
growth factor beta (TGF-β) stimulation were used in this study. Calcitriol was administered for 24 weeks. Renal 
tubulointerstitial injury and some parameters of mitochondrial function including mitophagy, mitochondrial 
fission, mitochondrial ROS, mitochondrial membrane potential (MMP), mitochondrial ATP, Complex V activity 
and mitochondria-associated ER membranes (MAMs) integrity were examined. Additionally, paricalcitol, 3-MA 
(an autophagy inhibitor), VDR over-expression plasmid, VDR siRNA and Mfn2 siRNA were applied in vitro. 
Results: The expression of VDR, Pink1, Parkin, Fundc1, LC3II, Atg5, Mfn2, Mfn1 in renal tubular cell of diabetic 
rats were decreased significantly. Calcitriol treatment reduced the levels of urinary albumin, serum creatinine 
and attenuated renal tubulointerstitial fibrosis in STZ induced diabetic rats. In addition, VDR agonist relieved 
mitophagy dysfunction, MAMs integrity, and inhibited mitochondrial fission, mitochondrial ROS. Co- 
immunoprecipitation analysis demonstrated that VDR interacted directly with Mfn2. Mitochondrial function 
including mitophagy, mitochondrial membrane potential (MMP), mitochondrial Ca2+, mitochondrial ATP and 
Complex V activity were decreased dramatically in HK-2 cells under HG/TGF-β ambience. In vitro pretreatment of 
HK-2 cells with autophagy inhibitor 3-MA, VDR siRNA or Mfn2 siRNA negated the activating effects of par-
icalcitol on mitochondrial function. Pricalcitol and VDR over-expression plasmid activated Mfn2 and then 
partially restored the MAMs integrity. Additionally, VDR restored mitophagy was partially associated with MAMs 
integrity through Fundc1. 
Conclusion: Activated VDR could contribute to restore mitophagy through Mfn2-MAMs-Fundc1 pathway in renal 
tubular cell. VDR could recover mitochondrial ATP, complex V activity and MAMs integrity, inhibit mitochon-
drial fission and mitochondrial ROS. It indicating that VDR agonists ameliorate renal tubulointerstitial fibrosis in 
diabetic rats partially via regulation of mitochondrial function.   

1. Introduction 

Diabetic nephropathy (DN) is a common serious complication of 
Diabetes mellitus (DM) [1], it is a main cause of end stage kidney disease 
in Western societies, with approximately 20 %–40 % of DM patients 
developing nephropathy. Traditionally, DN is dominated by glomerular 

involvement. Recently, studies have demonstrated that renal proximal 
tubular lesions plays an important role in the occurrence and develop-
ment of DN [2,3], which has been defined as diabetic tubulopathy. A 
large number of studies suggested that the pathogenesis of DN included 
increased generation of reactive oxygen species (ROS), activation of 
renin-angiotensin system and infiltration of inflammatory cytokines. 
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Regrettably, the most common hypoglycemic therapy using insulin or 
oral drugs could not completely prevent the progression of DN. The 
latest research indicated that mitochondrial dysfunction in renal tubular 
epithelial cell played a crucial pathogenic role in DN [4]. 

Vitamin D receptor (VDR) is a nuclear regulatory transcription fac-
tor. Mounting evidence suggested that vitamin D/VDR was involved in 
various renal diseases (e.g., DN) [5]. Conventional wisdom showed that 
the binding of vitamin D to VDR could repress or enhance the tran-
scription of many genes through modification of the target gene pro-
moter activity [6]. In addition to the nuclear effects of vitamin D/VDR, 
recently a new mitochondria regulatory mechanism of VDR has been 
suggested [7]. Emerging evidence showed that vitamin D/VDR had a 
far-reaching and effective regulatory effect on mitochondrial function 
and cell health in metabolic disorders [8]. Thus it was speculated that 
VDR-mitochondrial pathway might represent a promising therapeutic 
target for DN. Based on these above research, we completed this 
research to seek out the detailed effect and mechanism of VDR mediated 
mitochondrial function regulation in diabetes-induced renal tubular cell 
injury. 

2. Research design and methods 

Antibodies and reagents: Rabbit IgG antibody to VDR (#12550) 
and Rabbit IgG antibody to Drp1 (#8570) were purchased from Cell 
Signaling Technology (Massachusetts, USA). The fibronectin (FN) 
polyclonal antibody (15613-1-AP), Collagen type I (Col-1) monoclonal 
antibody (66761-1-Ig), LC3-specific polyclonal antibody (18725-1-AP), 
PINK1 polyclonal antibody (23274-1-AP), PARK2/Parkin monoclonal 
antibody (66674-1-Ig), ATG5 monoclonal antibody (66744-1-Ig) and 
FUNDC1 antibody (28519-1-AP) were purchased from Proteintech 
Group, Inc (Rosemont, USA). The mouse IgG antibody to sarcoendo-
plasmic reticulum Ca2+ ATPase 2 (SERCA2) (sc-376235) was obtained 
from SANTA CRUZ Biotechnology, Inc (Texas, USA). The rabbit IgG 
antibody to Mfn2 (12186-1-AP), anti-Mfn1(13798-1-AP), anti-Fis1 
(10956-1-AP), anti-GAPDH antibody (10494-1-AP) and mouse IgG 
antibody to Cox IV (66110-1-Ig) and Mfn2 (67487-1-Ig) was obtained 
from Proteintech Group, Inc (Rosemont, USA). Other materials, 
including DMEM/F12 medium and bovine serum albumin (BSA) were 
obtained from GIBCO, ThermoFisher SCIENTIFIC (Massachusetts, USA), 
and fetal bovine serum was purchased from Procell Life Scien-
ce&Technology (Wuhan, China). The recombinant human TGF beta 1 
(TGF-β) protein (HZ-1011) was also purchased from Proteintech 
(Rosemont, USA). Streptozocin (STZ) was obtained from Sigma-Aldrich 
(St Louis. USA). The goat anti-rabbit IgG Alexa Fluor 488 (ab150077), 
the goat anti-mouse IgG Alexa Fluor 488 (ab150113), the goat anti- 
rabbit IgG Alexa Fluor 568 (ab175471) and the goat anti-mouse IgG 
Alexa Fluor 568 (ab175473) as fluorescent secondary antibodies were 
purchased from abcam (Cambridge, UK). The MitoTracker Red CMXRos 
(M7512) and MitoSOX Red (M36008) were purchased from Thermo 
Fisher Scientific (Massachusetts, USA). JC-1 kit (FS1166) was obtained 
from FUSHENBIO (Shanghai, China). ER-Tracker Blue (40761ES50) was 
purchased from Yeasen Biotechnology (Shanghai, China). Paricalcitol 
(S6681) and calcitriol (S1466) were obtained from Selleck Biotech-
nology (Texas, USA). 3-Methyladenine (3-MA, GC10710) was purchased 
from GlpBio Biotechnology (California, USA). 

Animal experiment: A total of 18 eight-weeks-old male SD rats 
(~200 g B.W) were used in this study, they were obtained from HUNAN 
SJA Laboratory Animal Co,.LDT (Hunan, China), then the rats were 
divided randomly into 3 groups (6 rats in each group): Grouop 1 was a 
normal healthy control group. Group 2 was a diabetic model group. 
Group 3 was a calcitriol treatment group (calcitriol treated in a dose of 
1ug/kg, orally/daily). The volume of calcitriol administrated was 
calculated so that each rat received a daily oral dose of 1ug/kg as re-
ported [9,10]. Rats of group 2 and group 3 were intraperitoneal 
administration with STZ for four continuous days (40 mg/kg body 
weight each day) to establish a diabetic rat model as previously reported 

[11]. Then the blood glucose level of more than 16.7 mmol/l was 
considered as the standard for diabetic model. Moreover, the third group 
rats was administered calcitriol in fodder (1ug/kg). At the end of 24 
weeks, all rats were killed to harvest the sera and kidney samples. The 
experimental procedure was approved by the Central South University 
Laboratory Animal Ethics Review Committee. 

Renal morphological detection: Renal tissues were perfused with 
4 % formaldehyde solution, after deparaffinization and rehydration, 
then the 4um slices of renal tissue were stained with Periodic acid-Schiff 
(PAS), hematoxylin-eosin (H&E) and Masson’ s staining respectively. 
The assessment of renal tubulointerstitial injury in DN was carried out 
using a semiquantitative scoring system that was based on the estab-
lished histopathological classification [12]. Specifically, a score of 0–3 
was given based on the degree of interstitial fibrosis, tubular atrophy 
and interstitial inflammation. Similarly, glomerular injury was semi-
quantitative graded from 0 to 4 based on the degree of mesangial 
expansion, glomerular basement membrane thickening and glomerulo-
sclerosis [12]. 

Serum biochemical index analysis: A blood glucose monitor 
(ROCHE ACCU-CHEK, Germany) was used to test the blood glucose 
every two weeks. 24 h urine of all rats was collected in individual 
metabolic cages, and then we used an rat albumin ELISA kit (EK- 
R37872, EK-Bioscience) to test urine albumin concentrations. In addi-
tion, the levels of serum creatinine (Scr), blood urea nitrogen (BUN), 
albumin (Alb) and calcium ion (Ca2+) were measured using an auto-
mated biochemical analyzer (Hitachi 7600, Japan). 

Immunofluorescence (IF) and immunohistochemistry (IHC) 
detection of renal tissue: Paraffin sections of rat kidney tissue were 
used for IF and IHC staining respectively. IF analysis of Col I and IHC 
analysis of LC3, PINK1, VDR and Mfn2 were performed as described 
previously [13]. Briefly, paraffin-embedded rat renal tissue sections (n 
= 6 rats per group, 3 μm thick) was prepared, after de-paraffinized, 
rehydrated and antigen retrieval, various first antibodies were incu-
bated, then secondary antibodies conjugated with peroxidaseand was 
added. Finally, the diaminobenzidine (DAB) solution was added, and the 
section stained with brown color was defined as the sign of positive 
expression. Furthermore, various first antibodies and fluorescein labeled 
secondary antibody were used in the IF analysis. The optical densities of 
various index was calculated using Image J software (Version 1.53c, 
National Institutes of Health.USA). 

Cell culture and intervention: The HK-2 proximal tubular epithe-
lial cells of human were cultured at 37◦ Celsius in DMEM/F12 medium 
supplemented with 10 % fetal bovine serum. Previous study has 
confirmed that combination using TGF-β (10 ng/ml) and high glucose 
(30 mM) could effectively promote the production of extracellular ma-
trix protein in HK-2 cells [14]. In order to induce a more significant 
profibrotic effect, high concentration of TGF-β(50 ng/ml) and high 
glucose (30 mM) stimulation were used to mimic diabetic renal tubular 
cell injury status in our study. Briefly, HK-2 cells were randomly divided 
into several groups: control group: D-glucose 5 mM, high glucose (30 
mM) and TGF-β(50 ng/ml) intervention group, high glucose and 
TGF-βwith or without other interventions: paricalcitol (200 nM), 3-MA 
(5 mM) for indicated time (72 h) based on previous studies [15,16]. 
Furthermore, HK-2 cells were pretransfected with VDR overexpression 
plasmid, VDR siRNA or Mfn2 siRNA for gene disruption. 

Gene intervention experiment: The construction of VDR 
overexpression-plasmid was carried out by Genechem (GeneChem Co. 
Ltd.,Shanghai, China).The full length VDR sequence was cloned into a 
GV146 expression vector. The full length VDR gene was obtained using 
the VDR primer 1: (5′-TACCGGACTCAGATCTCGAGCGCCACCATGGAG 
GCAATGGCGGCCAG-3′) and primer 2: (5′-TACCGTCGACTGCA-
GAATTCTCAAGGGACCGGGGAAAAGCCCG-3′). Human VDR small 
interfering RNA (siRNA) and Mfn2 siRNA were constructed by 
Guangzhou RIBOBIO CO., LTD. The Mfn2 siRNAs targeted the following 
sequences: Mfn2 A (5′-GGCCAAACATCTTCATCCT-3′), Mfn2 B (5′- 
CGGTTCGACTCATCATGGA-3′), and Mfn2 C (5′- 

H. Chen et al.                                                                                                                                                                                                                                    



Redox Biology 70 (2024) 103062

3

GCGAGGAAATGCGTGAAGA-3′). The VDR siRNAs targeted the 
following sequences: VDR A (5′-AGCGCATCATTGCCATACT-3′), VDR B 
(5′-GTCAGTTACAGCATCCAAA-3′), VDR C (5′-CCCACCATAA-
GACCTACGA-3′). The sequences of negative control (referred to as 
siRNA control) was not been reported. The transfection of VDR- 
overexpression plasmid, Mfn2 siRNA or VDR siRNA were performed 
using Lipofectamine 3000 as previously reported [17]. Briefly, HK-2 
cells were cultured in 6-well tissue culture plates and maintained in 
DMEM/F12 supplemented with 10 % FBS for 24 h until they reached 50 
%–70 % confluence. Then, the cells were transfected with the VDR 
plasmid, VDR siRNA or Mfn2 siRNA using Lipofectamine 3000 reagent 
(Invitrogen, USA), and the empty plasmid was used as control. All ex-
periments were performed in triplicate. 

Western blotting experiment: The protein of renal tissue and HK-2 
cells was isolated. Then protein was transferred onto a polyvinylidene 
difluoride membrane (Millipore, IPVH00010). The membranes were 
blocked with PBST containing 5 % nonfat milk for 1 h.Subsequently, 
these membranes were subjected to incubation with primary antibodies 
against FN, Col-1 (1:500), PINK1, Parkin, Atg5, Fundc1, LC3, Mfn2, 
Mfn1, Drp1,VDR, Fis1, SERCA2, GAPDH and Cox IV (1:1000) overnight 
at a temperature of 4 ◦C. After incubated with secondary antibody for 1 
h, the membranes were visualized using an enhanced chemiluminiscent 
(ECL) system (Amersham, USA) following the manufacturer’s in-
structions and previous reports [18]. Finally, Image J analysis software 
(Version 1.53c, National Institutes of Health.USA) was used for the 
quantitative analyzed of band density. All experiments were indepen-
dently repeated for three times. 

Co-immunoprecipitation analysis: The Co-immunoprecipitation 
kit (P2179 M) were obtained from Beyotime Biotechnology (Shanghai, 
China).The interaction between VDR and Mfn1, Mfn2, Drp1,Fis1 was 
detected by co-immunoprecipitation (CO-IP) as previously described 
[19]. Briefly, the cell protein was extracted using lysis buffer, the protein 
lysates were subject to immunoprecipitation with VDR antibody. Then 
protein G magnetic beads were used to immunoprecipitate, and a 
magnetic separator was used to isolate the supernatant. Finally, the 
immunoprecipitate was used to Western blot analysis. In addition, CO-IP 
analysis was performed to detect the interaction between Mfn2 and 
SERCA2. 

Cells Immunofluorescence (IF) examination: After various treat-
ments in vitro studies, HK-2 cells were first immersed in MitoTracker 
Red (1:1000) solution, then the cells were incubated with primary 
antibody against VDR (1:100 dilution) or LC3II (1:100 dilution) solution 
for 2 h at 22 ◦C. The cells were then incubated with secondary fluores-
cent antibody (combined using goat anti-rabbit IgG Alexa Fluor 488 and 
goat anti-mouse IgG Alexa Fluor 568, or goat anti-rabbit IgG Alexa Fluor 
568 and goat anti-mouse IgG Alexa Fluor 488), and then DAPI solution. 
A confocal laser scanning microscope was used to detect cells fluores-
cence density, finally we calculated the relative fluorescence density of 
VDR, LC3II. For another, double IF staining of the ER and mitochondria 
was performed to observe the images of MAMs. Live HK-2 cells were 
incubated with ER blue (1:1000) and MitoTracker Red (1:1000) solu-
tion. The colocalization correlation analysis was performed using Image 
J colocalization finder (Version 1.53c, National Institutes of Health. 
USA) as previously reported [20]. 

Confocal microscopy observation: To carry out the confocal mi-
croscopy examination, we used a Zeiss LSM 780 META laser scanning 
microscope [21]. Briefly, after stained with various probes or fluores-
cent antibodies, HK-2 cells were prepared to confocal microscopy 
detection. Applications of confocal microscopy in our study included the 
imaging of multiple labeled specimens and the measurement of physi-
ological events in either fixed or living cells. The Image J software 
(Version 1.53c, National Institutes of Health.USA) was used for images 
analysis. 

Electron microscopy observation: The transmission electron mi-
croscopy (TEM) technique was employed to observe the morphology of 
mitochondria and the junctions between mitochondria and endoplasmic 

reticulum (ER) in both renal tissues and HK-2 cells. Samples for TEM 
detection were prepared as previously reported [22]. Briefly, 1 mm3 

pieces of fresh renal cortices was prepared, and then 60–80 nm ultrathin 
sections was cutted for further examination. On the other side, HK-2 
cells were detached and washed with PBS solution, then glutaraldehyde 
and osmium tetroxide solution were used to fix cells. Observations were 
made using TEM to delineate the mitochondrial morphology and the 
ER-mitochondria contacts as previously reported [23]. 

Cell viability and proliferation detection: The cell viability was 
analyzed using a cell counting kit-8 assay (CCK-8, Beyotime, Nantong, 
China, C0037) as previously reported [24]. HK-2 cells were cultured in a 
96-well plate, then different concentrations of TGF-β (10, 50 and 100 
ng/ml) and high glucose (30 mM) were added for 24–72 h. After that, 
diluted CCK8 solution (100 μL/each well) were added to each well. 
Finally, a microplate reader was used to measure the optical density 
(OD) of each well at 450 nm. 

Mitochondrial ROS and mitochondrial membrane voltage po-
tential (MMP) detection: HK-2 cells from various experimental groups 
was prepared for further detection. Mitochondrial ROS was measured 
using a MitoSOX fluorescent 

probe, as described before [25]. Cells were placed in confocal 
observation dishes. Following different experimental interventions, cells 
were treated with MitoSOX red probe (500 nmol/L) for 10 min at 37 ◦C. 
The cells were then washed twice with PBS, and the red fluorescence was 
determined using confocal microscopy. On the other side, the detection 
of MMP levels was conducted using the JC-1 probe, as previously 
explained [26]. In normal mitochondria, JC-1 aggregated in the mito-
chondrial matrix and emitted a robust red fluorescence. Conversely, 
JC-1 appeared in the mitochondrial cytoplasm and generated green 
fluorescence in unhealthy mitochondria. Consequently, analyzing the 
ratio of red/green JC-1 fluorescence provided an indication of MMP 
alterations. The obtained results were subsequently analyzed using 
Image J software (Version 1.53c, National Institutes of Health.USA). 

Assessment of mitochondrial Ca2þ levels: Mitochondrial Ca2+

was detected using Rhod-2AM staining (Red, YEASEN, Shanghai, China) 
as previously reported [27]. HK-2 cells were incubated with Rhod-2AM 
(1uM) at 37 ◦C for 30 min. The cells were then washed with PBS for three 
times. In addition, MitoTracker-Green (100 nM, Green, YEASEN, 
Shanghai, China) was used to mark the mitochondria. The Rhod-2 AM 
fluorescence degree was evaluated under the laser scanning confocal 
microscope (Zeiss). 

Detection of the mitochondrial respiratory chain enzymes 
complex V (ATPase) activity and mitochondria ATP levels: The 
ATPase activity was assessed using a mitochondrial complex V/ATP 
synthase activity assay kit (AC-10311, ACMEC Biochemical, Shanghai, 
China) in accordance with the manufacturer’s instructions and previous 
studies [28]. In summary, HK-2 cells were placed in cell-culture dishes, 
and the experimental groups were treated with either paricalcitol or 
Mfn2 siRNA. All groups were then subjected to centrifugation at 11,000g 
for 15 min. The ATPase activity was determined at 660 nm using a 
spectrophotomer. The enzyme activity was reported as U/mg protein, 
with the control group’s average ATPase activity serving as the refer-
ence. Additionally, the levels of mitochondria ATP in the HK-2 cells was 
measured using an ATP activity assay kit (S0026, Beyotime Biochemical, 
Shanghai, China) following the manufacturer’s instructions and previ-
ous reports [29]. Briefly, the harvested HK-2 cells were lysed with a lysis 
buffer, and then centrifuged at 12,000g for 5 min at 4 ◦C. The ATP level 
was determined by mixing 50ul of the supernatant with 50 μl of lucif-
erase reagent using a microplate luminometer. 

Mitochondrial isolation: The mitochondria isolation kit for tissue 
(HY–K1061) and mitochondrial isolation kit for cultured cells 
(HY–K1060) were obtained from MedChemExpress LLC (NJ, USA). 

The mitochondria was isolated using as previously reported and 
manufacturer’ s protocol [30]. Briefly, the fresh renal tissue or HK-2 
cells were put in ice cold isolation buffer, then the sample was centri-
fuged twice for 5 min. Supernatant was transferred to new tubes and 
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centrifuged at 12 000g for 10 min, then after resuspended, pooled, and 
re-centrifuged, the mitochondrial precipitation was resuspended using 
100ul store buffer. Isolated mitochondria were then stored on ice before 
the start of further research. 

Statistical analysis: All data were presented as mean ± standard 
deviation (SD) (n), Unpaired or paired Student’s t-test, one-way ANOVA 
and two-way ANOVA were used for statistical comparisons among 
different groups. A value of P < 0.05 was set as statistical significance. 
All study results were analyzed using the SPSS 22.0 and GraphPad Prism 
7.0 software. 

3. Results 

3.1. Calcitriol alleviated general parameters and renal tubulointerstitial 
lesion of diabetic rats 

24 weeks after induction of diabetes, none of the rats died. Some 
biochemical parameters were observed in this study. STZ-induced dia-
betic rats developed significant hyperglycemia but calcitriol treatment 
had no effects on blood glucose level (28.1 ± 0.9 mmol/L(6) vs. 26.3 ±
1.3 mmol/L(6) (Fig. 1A), body weight (232.5 ± 18.3g (6) vs. 220.5 ±
15.7g (6) (Fig. 1B) and the ratio of kidney weight/body weight (7.5 ±
0.5 mg/g (6) vs. 7.2 ± 0.6 mg/g (6) (Fig. 1C). We found that the levels of 
serum BUN (Fig. 1E) and Scr (Fig. 1F) were increased in STZ induced 
diabetic rats (17.5 ± 1.7 mmol/L (6) and 33.8 ± 2.1 μmol/L (6) 
respectively), in addition, the level of 24 h urinary protein was elevated 

Fig. 1. Calcitriol treatment relieved biochemical parameters and renal pathological injury in diabetic rats. 
A–C: Blood glucose, Body weight, Kidney weight/body weight ratio levels of different groups rats. D-G. Serum Alb, BUN, Scr and serum calcium ion levels of three 
groups rats. H. 24 h urine volume levels of three groups rats. I.24 h urinary albumin content of three groups rats. J.Serum levels of 25(OH)D3 in rats. K. Glomerular 
injury scores. L. Renal tubulo-interstitial injury scores. The values were reported as the mean ± SD (n), n = 6, *P＜0.05 vs. control group, **P＜0.05 vs. STZ group. 
M. HE staining (a–c) and PAS staining (d–f) of renal sections (magnification × 400, scale bar: 50um). N. Masson staining of renal tissue, the arrows indicated ex-
amples of damaged tubules (magnification × 400, scale bar: 50um). O. IF staining of Col-1 in rats renal tissue (magnification × 400, scale bar: 50um). P. Semi-
quantification analysis of IF staining for Col1. Values were presented as the mean ± SD (n), n = 6, *P＜0.05 vs. control group, **P＜0.05 vs. STZ group. Q. Western 
blot detection of FN (upper panel) and Col1 (lower panel) expression in renal tissue. R–S. Quantitative analysis of the Western blot results, GAPDH was used as the 
internal control. FN to GAPDH (R), Col1 to GAPDH (S). The values were reported as the mean ± SD (n), n = 3, *P < 0.05 vs. control group, **P＜0.05 vs. STZ group. 
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significantly in STZ rats (2115 ± 300.7ug (6) (Fig. 1I). Conversely, the 
level of serum 25 (OH) Vitamin D3 decreased significantly in diabetic 
rats (Fig. 1J), and calcitriol treatment could effectively restore these 
changes (P < 0.05). On the other hand, there was no obvious difference 
of serum Alb and calcium ion levels among three different groups 
(Fig. 1D and G, P > 0.05). 

In diabetic rats, HE and PAS staining showed mesangial matrix 
proliferation and renal glomerular basal membrane thickening (Fig.1M). 
Masson staining showed various degrees of partial dilatation and 
vacuolar degeneration of renal tubule epithelial cells (Fig.1N). While 
these lesions were partially relieved by calcitriol treatment (P < 0.05, 
Fig. 1K and L). In order to analysis renal interstitial fibrosis in diabetic 
rats, IF staining shown that the expression of Col1 was significantly 
increased in STZ rats (P < 0.05, Fig. 1 O, P), while calcitriol treatment 
could partially decrease these tubulointerstitial lesions (P < 0.05, Fig. 1 
O, P). To further confirm these findings, similar result was observed 

regarding Col-1 and FN protein expression by Western blot analysis 
(Fig. 1 Q, R, S). 

3.2. Calcitriol reversed mitophagy dysfunction in STZ-induced diabetic 
rats 

In this study, we detected the expression of some vital proteins 
related to mitophagy by IHC staining and Western blotting. As shown in 
Fig. 2A, the expression of LC3II and Pink1 decreased dramatically in the 
renal tubular cell of diabetic rats (Fig. 2A–b, e). While calcitriol therapy 
effectively augmented the expression of LC3II and Pink1 in STZ-induced 
diabetic rats (P < 0.05, Fig. 2A–c, f, C,D). To further confirm the role of 
calcitriol in the regulation of mitophagy under diabetic conditions, we 
detected the expression of other mediators of mitophagy in renal tissue, 
similar results was found by Western blot and quantitative analysis 
regarding PINK1 and LC3II protein expression (Fig. 2B–E, I, P < 0.05). In 

Fig. 2. Calcitriol treatment relieved mitophagy dysfunction in vivo. 
A. IHC staining for LC3 (upper panel) and PINK1 (lower panel) (magnification ×400, scale bar: 50um). B.Western blot analysis of PINK1 (upper panel), Parkin, Atg5, 
Fundc1 (middle panels) and LC3II (bottom panel) expression in various groups of renal tissue. C-D. Quantitative analysis for the IHC staining for LC3II (C) and PINK1 
(D). Values were presented as the mean ± SD (n), n = 6, *P < 0.05 vs. control group, **P＜0.05 vs. STZ group. E-I. Quantitative analysis of the Western blot results, 
PINK1 to GAPDH (E), Parkin to GAPDH (F), Atg5 to GAPDH (G), Fundc1 to GAPDH (H), LC3II to GAPDH (I). *P < 0.05 vs. control group, **P＜0.05 vs. STZ group. 
The values were reported as the mean ± SD (n), n = 3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

H. Chen et al.                                                                                                                                                                                                                                    



Redox Biology 70 (2024) 103062

6

addition, STZ led to obvious declines in the expression of Parkin, Atg5, 
and Fundc1. Further analysis confirmed the up-regulation of Parkin, 
Atg5, and Fundc1 by calcitriol therapy (Fig. 2B–F, G, H, P < 0.05). 
Collectively, these findings indicated that VDR agonist calcitriol could 
effectively ameliorate mitophagy dysfunction in renal tissue of diabetic 
rats. 

3.3. Calcitriol activated VDR and regulated the expression of 
mitochondrial fission or fusion factors in STZ-induced diabetic rats 

IHC staining was performed for VDR and Mfn2 in Fig. 3A, Mfn2 was a 
vital regulatory factor for mitochondrial fusion and MAMs integrity. The 
expression of renal VDR was decreased in STZ induced diabetic rats 
(Fig. 3A–b). Furthermore, VDR was mainly expressed in the nucleus of 
renal tubular cells. Similarly, the expression level of Mfn2 was also 
significantly decreased (Fig. 3A–e). Quantitative analysis of IHC optical 
density showed that calcitriol treatment effectively augmented the 

Fig. 3. Renal VDR and mitochondrial fission or fusion factors expression in diabetic rats. 
A. IHC staining for VDR (upper panel) and Mfn2 (lower panel) (magnification ×400, scale bar: 50um). B–C. Quantitative analysis for the IHC staining of VDR (B) and 
Mfn2 (C). *P < 0.05 vs. control group, **P＜0.05 vs. STZ group. The values were reported as the mean ± SD (n), n = 6. D. Western blot analysis of Mfn2 (upper 
panel), Mfn1,Drp1, VDR (middle panels) and Fis1 (bottom panel) expression. E-I. Densitometric quantitative analysis of the Western blotting results, Mfn2 to GAPDH 
(E), Mfn1 to GAPDH (F), Drp1 to GAPDH (G), VDR to GAPDH (H), Fis1 to GAPDH (I). *P < 0.05 vs. control group, **P＜0.05 vs. STZ group, values were presented as 
the mean ± SD (n), n = 3. N. CO-IP analysis of VDR interacting with Mfn2 (J), Mfn1(K), Drp1(L), Fis1(M) or VDR (N) in renal tissue of various groups rat. 
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expression of VDR and Mfn2 in diabetic rats (Fig. 3A–c, f, B,C, P < 0.05). 
To confirm these findings, the protein expression of VDR and other 
mitochondrial fission regulatory factors were detected using Western 
blot analysis, it showed the expression of Mfn2, Mfn1 and VDR was 
significantly decreased in diabetic rats than that in the control group (P 
< 0.05, Fig. 3D, E, F, H), but the expression levels of Drp1 and Fis1 were 

significantly increased in the STZ induced diabetic group (P < 0.05, 
Fig. 3D–G, I). Further quantitative analysis of Western blot showed the 
up-regulation of Mfn2 and VDR while down-regulation of Drp1 by cal-
citriol therapy (Fig. 3D, E, H, G, P < 0.05). But there was no significant 
difference in the expression of Mfn1 and Fis1 between the calcitriol 
treatment group and diabetic group (P > 0.05, Fig. 3D–F, I). To further 

Fig. 4. Effects of VDR agonist and VDR plasmid on FN, Col1, Drp1, Mfn1, Mfn2, Fis1 protein expression in vitro. 
A.HK-2 cells morphology in different concentrations of TGF-β and HG (magnification × 400). B.CCK-8 assay to detect the proliferation and viability of HK-2 cells 
under HG/TGF-β stimulation. C.Western blot analysis of VDR protein expression in the HK-2 cells. D. Quantitative analysis of Western blot results, *P＜0.05 vs. 
control groups, values were presented as the mean ± SD (n), n = 3. E. Western blot analysis of Mfn2 (upper panel), Mfn1(middle panel), and Fis1 (bottom panel) 
protein expression in HK-2 cells. F. Western blot analysis of FN (upper panel), Col-1, Drp1 (middle panel), and VDR (bottom panel) protein expression in HK-2 cells of 
various groups. G-M. Quantitative analysis of the Western blot results: FN to GAPDH (G), Col1 to GAPDH (H), Drp1 to GAPDH (I), VDR to GAPDH (J), Mfn2 to 
GAPDH (K), Mfn1 to GAPDH (L) and Fis1 to GAPDH (M). *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, values were presented as the mean ± SD (n), n =
3. N. Confocal microscopy detection of VDR (right panel, green), mitochondria (middle panel, red), and nucleus (DAPI, blue) in HK-2 cells (magnification × 630, 
scale bar: 5 μm). O. Quantitative analysis of VDR fluorescence density. *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group. P. Pearson’s co-localization analysis 
between VDR and Mitotracker, *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, the values were reported as the mean ± SD (n), n = 6. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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explore the interaction between VDR and mitochondrial fission or fusion 
factors, we hypothesized that VDR interacted with Mfn1 or Drp1 to 
regulate mitochondrial fission or fusion. CO-IP analysis was performed 
in renal tissue of various group, CO-IP results demonstrated that the 
anti-VDR antibody pulled down both VDR and Mfn2 proteins 
(Fig. 3J–N). Conversely, Western blot analysis indicated that anti-VDR 
antibody could not pull down Mfn1, Drp1 and Fis1 proteins (Fig. 3K, 
L, M). These results showed a physical interaction between VDR and 
Mfn2. 

3.4. VDR down-regulated fibrosis related factors and mitochondrial 
fission in HK-2 cells exposed to HG/TGF-β conditions 

Phase-contrast light microscopy detection showed that the 
morphology of HK-2 cells was changed remarkably under the stimula-
tion of HG and TGF-β(Fig. 4A a-d). 

Then, we performed a CCK-8 assay to explore the impact of TGF-βon 
the proliferation and viability of HK-2 cells. As shown in Fig. 4B, both 
low concentration of TGF-β(10 ng/ml) and medium concentration of 
TGF-β(50 ng/ml) treatment could elevate cell proliferation and viability 
from 24 to 72 h. On the contrary, the most high concentration of TGF- 
β(100 ng/ml) treatment markedly reduced cell proliferation and 
viability at 72 h. Based on these results, moderate concentration of TGF- 
β(50 ng/ml) and high glucose (30 mM) stimulation were combined used 
to mimic diabetic renal tubular cell injury status in our study. 

To further explore the impact of VDR on mitochondrial fission, we 
applied the VDR overexpression plasmid in this study. In HK-2 cells after 
transfection with the VDR plasmid, Western blot analysis demonstrated 
a obvious increase in the expression of VDR (P < 0.05, Fig. 4C–D). Then 
high concentrations of glucose (30 mM) and TGF-β (50 ng/ml) were 
using to stimulate HK-2 cells as a mimic way of DN condition in vitro. As 
expected, Western blot detection indicated that the protein levels of FN, 
Col-1, Drp1 and Fis1 were up-regulated significantly in HK-2 cells under 
HG/TGF-β condition (P < 0.05, Fig. 4E, F, G, H, I, M). Conversely, the 
expression levels of VDR, MFN2 and Mfn1 was down-regulated 
evidently in HK-2 cells under HG/TGF-β condition (P < 0.05, Fig. 4E, 
F, J, K, L). Further quantitative analysis of Western blot showed the up- 
regulation of VDR and Mfn2 while down-regulation of FN, Col1, and 
Drp1 by VDR overexpression plasmid and paricalcitol therapy (Fig. 4E, 
F, G, H, I, J, K, P < 0.05). On the contrary, regarding the expression of 
Mfn1 and Fis1, there was no significant difference between VDR over-
expression plasmid and paricalcitol treatment group and HG/TGF- 
βgroup (P > 0.05, Fig. 4E, L, M). 

In order to further explore the regulatory effect of VDR on mito-
chondria function, IF co-staining of VDR and mitochondria was per-
formed, IF staining showed that VDR was mainly expressed in the 
nucleus while minority expressed in the cytoplasm of HK-2 cells. After 
the stimulation of HG and TGF-β, the expression of VDR was signifi-
cantly decreased, and along with obvious increased mitochondrial 
fragmentation (Fig. 4N–f, g). After VDR overexpression plasmid and 

Fig. 5. VDR restored mitophagy in HK-2 cells under HG/TGF-β stimulation. 
Western blot analysis of mitochondria proteins (left panels) and cytoplasm proteins (right panels) including PINK1 (upper panel), Parkin, Atg5, Fundc1 (middle 
panels) and LC3II (bottom panel). B. Confocal microscopy detection of LC3II expression and mitochondrial morphology in HK-2 cells. C-L. Quantitative analysis of the 
Western blot results, Pink1 to CoxIV (C), Parkin to CoxIV (D), Atg5 to CoxIV (E), Fundc1 to CoxIV (F), LC3II to CoxIV (G), Pink1 to GAPDH (H), Parkin to GAPDH (I), 
Atg5 to GAPDH (J), Fundc1 to GAPDH (K), LC3II to GAPDH (L), *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, #P＜0.05 vs. HG + TGF-β+Pari group, 
values were presented as the mean ± SD (n), n = 3. M. Quantitative analysis of LC3II fluorescence optical density. N.Pearson’s co-localization analysis between VDR 
and Mitotracker, *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, #P＜0.05 vs. HG + TGF-β+ Pari group, values were presented as the mean ± SD (n), n =
6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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paricalcitol treatment, we found that the VDR expression and thread- 
like mitochondria was increased significantly (Fig. 4N–k, l, p, q, O). In 
addition, the colocalization of VDR (labeled with green) and mito-
chondria (labeled with red) was detected by confocal laser scanning 
microscopy. Treatment with VDR overexpression plasmid and par-
icalcitol for 72 h could promote the colocalization of VDR and mito-
chondria in HK-2 cells (P < 0.05, Fig. 4N–P). 

3.5. VDR restored mitophagy in HK-2 cells exposed to HG/TGF-β 
conditions 

Mitochondria and cytoplasm protein of HK-2 cells were extracted to 
perform Western blot analysis. In the group of HK-2 cells exposed to HG/ 

TGF-βstimulation, the mitochondria and cytoplasm protein expression 
of Pink1, Parkin, Atg5, Fundc1 and LC3II were all decreased signifi-
cantly (P < 0.05, Fig. 5 A, C-L), and VDR agonist paricalcitol treatment 
promoted an observably increase in the mitochondrial protein levels of 
Pink1, Parkin, Atg5, Fundc1 and LC3II (P < 0.05, Fig. 5A–C-G). Addi-
tionally, the paricalcitol induced the upregulation mitochondrial protein 
of Pink1, Parkin, Atg5, Fundc1 and LC3II was partially abrogated by 
VDR siRNA treatment (P < 0.05, Fig. 5A–C-G). On the other side, par-
icalcitol treatment promoted an obviously increase in cytoplasmic pro-
tein levels of Atg5 and LC3II, but had no significant effect on 
cytoplasmic protein levels of Pink1, Parkin and Fundc1(P＞0.05, 
Fig. 5A–J, L, H, I, K). As LC3II was a vital marker of autophagy, IF 
staining of LC3II and mitochondria was performed, as exhibited in 

Fig. 6. VDR activated mitophagy was beneficial for ameliorating fibrosis and mitochondrial function. 
A.Western blot analysis of FN, Col1, Mfn2, Pink1, Atg5 and Fundc1protein expression in the HK-2 cells. B-G. Quantitative analysis of Western blot results, FN to 
GAPDH (B), Col1 to GAPDH (C), Mfn2 to GAPDH (D), Pink1 to GAPDH (E), Atg5 to GAPDH (F) and Fundc1 to GAPDH (G), *P < 0.05 vs. LG group, **P＜0.05 vs. HG 
+ TGF-β group, #P＜0.05 vs. HG + TGF-β+Pari + VDR plasmid group, values were presented as the mean ± SD (n), n = 3. H. Western blot analysis of Parkin, VDR, 
and LC3 II expression. I–K. Quantitative analysis of Western blot results: Parkin to GAPDH (I), VDR to GAPDH (J), LC3II to GAPDH (K), *P < 0.05 vs. LG group, **P＜ 
0.05 vs. HG + TGF-β group, #P＜0.05 vs. HG + TGF-β+Pari + VDR plasmid group, values were presented as the mean ± SD (n), n = 3. L. MitoSOX Red and JC-1 
staining (magnification × 630, scale bar: 5 μm). M. Semi-quantitative analysis of MitoSox Red fluorescence optical density. N. Semi-quantitative analysis of MMP. *P 
< 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, #P＜0.05 vs. HG + TGF-β+Pari + VDR plasmid group, values were presented as the mean ± SD (n), n = 6. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5B, HG/TGF-βstimulation significantly decreased the expression of 
LC3II, and accompanied by obviously increased mitochondrial frag-
mentation in HK-2 cells (Fig. 5B–M). Furthermore, the colocalization of 
LC3II and mitochondria was detected by confocal laser scanning mi-
croscopy. Treatment of HK-2 cells with paricalcitol for 72 h could 
effectively promote the colocalization of mitochondria and LC3II and 
partially reverse mitochondrial fragmentation (P < 0.05, Fig. 5B–N). 
While pretreatment with VDR siRNA could partially abolish the up- 
regulated expression of LC3II in mitochondrial induced by paricalcitol 
(P < 0.05, Fig. 5B, M, N). These results indicated that activation of VDR 
could up-regulate mitophagy in HK-2 cells under HG/TGF-βstimulation. 

3.6. VDR ameliorated fibrosis and mitochondrial dysfunction partially 
through regulation of mitophagy 

In this section, we sought to determine whether VDR agonist treat-
ment could effectively alleviate fibrosis and mitochondrial function 
through activating mitophagy. As shown in Fig. 6, Western blot analysis 
demonstrated that the protein expression of FN and Col-1 were up- 
regulated significantly in HK-2 cells after the stimulation with HG/ 
TGF-β(P < 0.05, Fig. 6A, B, C). On the contrary, the expression levels of 
VDR, MFN2, PINK1, Parkin, Atg5, Fundc1 and LC3II were down- 
regulated evidently in HK-2 cells under HG/TGF-β condition (P <
0.05, Fig. 6A–D, E, F, G, H, I, J, K). Further quantitative analysis of 
Western blot showed the down-regulation of FN and Col1 while up- 
regulation of PINK1, Parkin, Atg5, Fundc1 and LC3II by VDR over-
expression plasmid and paricalcitol therapy was abolished by pretreat-
ment with autophagy inhibitor 3-MA (P < 0.05, Fig. 6A, B, C, E, F, G, H, 
I, K). However, 3-MA had no significant impact on the expression of 
Mfn2 and VDR (P＞0.05, Fig. 6A–D,H,J), it indicated that VDR and Mfn2 
were upstream regulatory factors of autophagy. 

We used MitoSOX red and JC-1 staining to explore the changes of 
mitochondrial function in vitro. MitoSOX red staining revealed a sig-
nificant increase of mitochondrial ROS level in HK-2 cells under HG/ 
TGF-β condition (P < 0.05, Fig. 6L and M). Besides, JC-1 staining 
showed that HG/TGF-βstimulation could significantly down-regulate 
the level of MMP in HK-2 cells. Moreover, These changes were effec-
tively reversed after pretreatment with paricalcitol and VDR over-
expression plasmid (P < 0.05, Fig. 6L, M, N). Further analysis showed 
that the down-regulation of mitochondrial ROS while up-regulation of 
MMP by VDR overexpression plasmid and paricalcitol therapy was 
abolished by the pretreatment with 3-MA or Mfn2 siRNA (P < 0.05, 
Fig. 6L, M, N). 

3.7. VDR restored mitophagy partially through Mfn2-MAMs-Fundc1 
pathway 

Mfn2 siRNA were used to further explore whether Mfn2 was asso-
ciated with VDR agonist induced up-regulation of mitophagy. First, 
similar to the previous result, We found that the protein expression of 
Mfn2 and VDR were decreased significantly in HK-2 cells under HG/ 
TGF-βstimulation, while pretreatment with paricalcitol could increase 
the protein levels of Mfn2 and VDR (P < 0.05, Fig. 7A, B, C). Further 
quantitative analysis showed the up-regulation of Mfn2 by paricalcitol 
therapy was abrogated by Mfn2 siRNA (P < 0.05, Fig. 7A and B). 
However, Mfn2 siRNA had no remarkable impact on the upregulatd 
expression of VDR (P＞0.05, Fig. 7A–C), it indicated that VDR was an 
upstream regulatory factor of Mfn2. To confirm the regulative role of 
VDR-Mfn2 pathway on mitophagy, mitochondria and cytoplasm protein 
of HK-2 cells were extracted to perform Western blot analysis respec-
tively. It showed that the expression levels of Pink1, Parkin, Fundc1 and 
LC3II were significantly down-regulated both in the cytoplasm and 
mitochondria under HG/TGF-βstimulation (P < 0.05, Fig. 7D-M), and 
paricalcitol treatment promoted an obvious increase in the mitochon-
drial protein levels of Pink1, Parkin, Fundc1 and LC3II (P < 0.05, Fig. 7 
D, F, G, H, I). Conversely, paricalcitol therapy had no significant impact 

on the cytoplasmic protein levels of Pink1, Parkin and Fundc1 (P＞0.05, 
Fig. 7 E, J, K, L). In further study we also found that the up-regulated 
mitochondrial expression of Pink1, Parkin, Fundc1 and LC3II induced 
by paricalcitol were significantly abolished by Mfn2 siRNA transfection 
(P < 0.05, Fig. 7 D, F, G, H, I). 

Double IF staining showed that the co-localization of Mfn2 and 
Fundc1 in HK-2 cells (Fig. 7N). The expression levels of Fundc1 and 
Mfn2 were both significantly reduced under HG/TGF-βstimulation, 
while pretreatment with paricalcitol could increase Fundc1 and Mfn2 
expression. These changes and the colocalization of Fundc1 and Mfn2 
were partially abolished after Mfn2 siRNA transfection (P < 0.05, Fig. 7 
N, O, P, Q). As Mfn2 was a vital regulator of MAMs, in this study, we 
observed the changes of mitophagy and MAMs integrity both in vivo and 
in vitro. As exhibited in Fig. 7R, under the detection of TEM, the 
morphology of mitochondria in tubular cell of diabetic rat changed 
obviously, mitochondria swelling and fission was found (Fig. 7R–e,f,g). 
For another, conspicuous mitochondrial autophagosome was found in 
the renal tubular cell of diabetic rat treated with calcitriol (Fig. 7R–i, j, 
k). Furthmore, we found that MAMs was decreased in diabetic rats 
shown as red dots, while calcitriol therapy could increase MAMs 
integrity (P < 0.05, Fig. 7R–c, g, k, U). In vitro studies, TEM analysis was 
performed. In the HK-2 cells after HG/TGF-β intervention, vacuolated 
and swollen mitochondria, as well as MAMs integrity destroy were 
found. After treatment with the paricalcitol, the MAMs contact and 
mitochondrial autophagosome were partially increased, but these 
beneficial changes were abolished by Mfn2 siRNA transfection (P <
0.05, Fig. 7S and V). Besides, MitoTracker and ER-blue IF double 
staining was used to detect MAMs integrity, it showed that the coloc-
alization between ER and mitochondria was decreased after HG/TGF-β 
stimulation in HK-2 cells (P < 0.05, Fig. 7Te-h, W), while paricalcitol 
therapy could partially increase MAMs integrity (P < 0.05, Figs.7Ti-l, 
W), but these effects were abolished after Mfn2 siRNA transfection (P 
< 0.05, Figs.7Tm-p, W). Conversely, autophagy inhibitor 3-MA had no 
significant effect on MAMs integrity (P > 0.05, Figs.7Tq-t, W). On the 
basis of these results, we hold the opinion that the VDR-Mfn2 could 
partially regulate mitophagy through the MAMs and Fundc1 pathways. 

3.8. VDR restored MAMs integrity partially through Mfn2-SRECA2 
coupling 

In this study, Mitotracker Green and Rhod-2 AM were used to detect 
mitochondrial Ca2+ levels. As shown in Fig. 8, the fluorescence intensity 
level of Rhod-2 AM, the colocalization of Mitotracker Green and Rhod-2 
AM were both significantly reduced under HG/TGF-βintervention, 
whereas IF staining showed that pretreatment with paricalcitol 
increased Rhod-2 AM fluorescence intensity. These changes and the 
fluorescence colocalization of Mitotracker Green and Rhod-2 AM were 
partially abolished after Mfn2 siRNA transfection (P < 0.05, Fig. 8A, B, 
C). It indicated that paricalcitol treatment significantly increased mito-
chondrial Ca2+ levels, a phenomenon that was accompanied by elevated 
MAMs integrity. Then mitochondria ATP and Complex V activity were 
detected to further explore intracellular mitochondrial function. HG/ 
TGF-β intervention significantly reduced the levels of mitochondria ATP 
and Complex V activity. Moreover, These changes were obviously 
reversed after paricalcitol treatment (P < 0.05, Fig. 8D and E). Further 
analysis showed that the up-regulation of mitochondria ATP and Com-
plex V activity by paricalcitol therapy was partially abolished by Mfn2 
siRNA transfection (P < 0.05, Fig. 8 D, E). 

Our study have shown that MAMs integrity was involved in the 
development of DN. Based on the latest research, ER localization of 
SERCA2 was a vital regulatory factor of MAMs integrity in T leukomo-
nocyte [31]. In this study, we sought to determine whether SERCA2 
from ER were involved or acted as modulators of MAMs integrity in 
renal tubular cell. As exhibited in Fig. 8, Western blot analysis indicated 
that the protein level of SERCA2 was decreased significantly both in 
HK-2 cells under HG/TGF-βcondition and renal tissue of STZ rats (P <
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Fig. 7. VDR restored mitophagy was partially associated with MAMs integrity. 
A.Western blot analysis of Mfn2 and VDR expression in HK-2 cells. B–C. Quantitative analysis of Western blot results, Mfn2 to GAPDH (B), VDR to GAPDH (C). D-E. 
Western blot analysis of mitochondria protein (left panels) and cytoplasm protein (right panels) including PINK1, Parkin, Fundc1 and LC3II in HK-2 cells. F-M. 
Quantitative analysis of the Western blot results, Pink1 to CoxIV (F), Parkin to CoxIV (G), Fundc1 to CoxIV (H), LC3II to CoxIV (I), Pink1 to GAPDH (J), Parkin to 
GAPDH (K), Fundc1 to GAPDH (L), LC3II to GAPDH (M). *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, #P＜0.05 vs. HG + TGF-β+Pari group, values 
were presented as the mean ± SD (n), n = 3. N. Confocal microscopy analysis of Fundc1 and Mfn2 expression in HK-2 cells. O–P. Quantitative analysis of Fundc1 and 
Mfn2 fluorescence optical density. Q. Pearson’ s co-localization analysis for Fundc1 and Mfn2. *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, #P＜0.05 vs. 
HG + TGF-β+Pari group, values were presented as the mean ± SD (n), n = 6. R. TEM analysis of mitochondrial morphological changes in renal tubular cells of STZ 
rats. The red dots and black dots represented MAMs structure. Calcitriol treatment group exhibited conspicuous mitochondrial autophagosome (k, marked with red 
arrow, d, h, L. diagrammatic figures based on parallel TEM figures). S. TEM analysis for HK-2 cells of various group. The red dots and black dots represented MAMs 
structure (c, g, k, o, d, h, L, p), mitochondrial autophagosome was marked with red arrow (j) (d, h, L, p. diagrammatic figures based on parallel TEM figures. T. IF 
double staining using ER Blue (blue) and MitoTracker (red) in HK-2 cells. U.Bar graphs represented ER-mitochondrial contact sites in renal tissue, *P < 0.05 vs. 
control group, **P < 0.05 vs. STZ group, values were presented as the mean ± SD (n), n = 6. V.Bar graphs represented ER-mitochondrial contact sites in HK-2 cells. 
W. Pearson’ s co-localization analysis between mitochondria and ER,*P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, #P＜0.05 vs. HG + TGF-β+Pari group, 
values were presented as the mean ± SD (n), n = 6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 8. Effects of VDR agonist on the levels of mitochondrial Ca2+, mitochondria ATP, Complex V activity and SERCA protein expression. 
A. Confocal microscopy detection of mitochondrial Ca2+ levels in HK-2 cells (magnification × 630, scale bar: 5 μm). B. Quantifiaction analysis of Rhod-2AM 
fluorescence optical density. C. Pearson’s co-localization analysis between Mitotracker Green and Rhod-2 AM. D.Quantitative analysis of mitochondria ATP levels 
in various groups. E.Quantitative analysis of mitochondria Complex V activity levels in HK-2 cells. *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, #P＜ 
0.05 vs. HG + TGF-β+ Pari group, the values were reported as the mean ± SD (n), n = 6. F. Western blot analysis of SERCA2 protein expression in HK-2 cells. G. 
Western blot analysis of SERCA2 protein expression in renal tissue. H. Quantitative analysis of Western blot results in vitro. *P < 0.05 vs. LG group, **P＜0.05 vs. HG 
+ TGF-β group, n = 3. I. Quantitative analysis of Western blot results in vivo, *P < 0.05 vs. control group, **P＜0.05 vs. STZ group, the values were reported as the 
mean ± SD (n), n = 3. J. CO-IP analysis of Mfn2 interacting with SERCA2. K. Confocal microscopy analysis of SERCA2 and Mfn2 expression in HK-2 cells 
(magnification × 630, scale bar: 5 μm). L-M. Quantifiaction analysis of SERCA2 and Mfn2 fluorescence optical density. N. Pearson’ s co-localization analysis between 
SERCA2 and Mfn2, *P < 0.05 vs. LG group, **P＜0.05 vs. HG + TGF-β group, #P＜0.05 vs. HG + TGF-β+Pari group, the values were reported as the mean ± SD (n), 
n = 6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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0.05, Fig. 8 F, G, H, I). Further analysis showed the down-regulation of 
SERCA2 both in vivo and in vitro were effectively reversed by the pre-
treatment with paricalcitol or VDR plasmid (P < 0.05, Fig. 8 F, G, H, I). 
We hypothesized that Mfn2 interacted with SERCA2 to regulate MAMs 
integrity, to confirm the interaction between Mfn2 and SERCA2. We 
then performed CO-IP analysis in renal tissue of various group. CO-IP 
results demonstrated that the anti-Mfn2 antibody could pull down 
SERCA2 proteins (Fig. 8J). Furthermore, the co-localization of Mfn2 and 
SERCA2 was shown in double IF staining analysis (Fig. 8K). The 
expression levels of SERCA2 and Mfn2 were both significantly reduced 
under HG/TGF-β stimulation, while pretreatment with paricalcitol could 
effectively increase the expression of SERCA2 and Mfn2. These changes 
and the fluorescence colocalization of SERCA2 and Mfn2 were partially 
abolished after Mfn2 siRNA transfection (P < 0.05, Fig. 8 K, L, M, N). 

4. Discussion 

The role of renal tubular epithelial cell injury and mitochondria 
dysfunctional has been primarily explored in our previous studies [13, 
32]. It has been found that abnormal mitochondrial function play a vital 
role in the progress of diabetic nephropathy (DN). However, the 
mechanism of mitochondrial function regulation in renal tubular 
epithelial cell under DN condition is extremely complicated and poorly 
understood. This study demonstrated that activation of VDR could 
contribute to restore MAMs integrity in renal tubular cell via modulation 
of the expression of Mfn2-SERCA2. In addition, VDR activation could 
restore mitophagy, increase the levels of MMP and mitochondrial ATP 
production, and restrain mitochondrial ROS in renal tubular cell of 
diabetic rats. 

In both Western countries and our own country, DN is a significant 
contributor to the development of end stage renal disease (ESRD). 
Although traditional view indicated that glomerulosclerosis was a major 
feature of DN, however, recent studies suggested tubulointerstitial injury 
appeared early in DN, and closely correlated with renal function decline 
[33]. Given the importance of renal tubular cell injury in the development 
of renal interstitial fibrosis. Diabetic tubulopathy has become a research 
hotspot in recent years. In our study, obvious changes including swollen 
and vacuolated of renal tubular epithelial cell and mild renal tubu-
lointerstitial fibrosis was observed in the 24-weeks diabetic rat. Previous 
studies indicated that the pathogenesis of diabetic tubulopathy included 
oxidative stress, hypoxia, inflammation, activation of profibrotic factors 
(e.g. TGF-β) and renin-angiotensin-aldosterone system [33]. Recent 
research has indicated that mitochondrial dysfunction in proximal renal 
tubular cells played a vital role in this process. Thus it can be seen that the 
in-depth study of mitochondrial quality control might promote a novel 
therapeutic strategy for DN. 

Mitochondria was highly vulnerable to damage in stressful condition 
such as hyperglycemia. It was a class of highly shape-changed organelle 
which frequently underwent fission and fusion. In this study, we found 
that mitochondria was changed from a long network into small rod-like 
structures due to high glucose. Mitophagy, an important cellular pro-
cess, targeted and removed damaged mitochondria. This was crucial 
because damaged mitochondria released harmful proapoptotic factors 
and promoted the production of ROS. Therefore, we hypothesized that 
mitophagy played a protective role in DN. However, excessive mito-
chondrial fission was associated with an increase in the production of 
mitochondrial ROS [13,34]. It has been demonstrated that approxi-
mately 80 % of intracellular ROS was generated in the mitochondria 
with the respiratory complexes [35]. Mitochondria ROS and mitophagy 
was constantly affecting each other. Our previous study has found that 
mitophagy could decrease mitochondrial ROS in STZ-induced diabetic 
mice [13]. Conversely, up-regulating level of ROS could promote the 
formation of mitophagy in colon cancer cell [36]. In this study, we 
further confirmed that mitophagy and mitochondrial fission disorders 
were associated with mitochondrial ROS overproduction, MMP reduc-
tion and renal interstitial fibrosis in diabetic rats. In addition, we found 

that MAMs integrity affected mitophagy, and VDR agonist could recover 
mitophagy partially through Mfn2-MAMs pathway. 

Mitochondria-associated ER membranes (MAMs) was an unique 
membrane fraction between ER and mitochondria. It was involved in 
various metabolic disorders and neurodegenerative diseases [37]. A 
growing number of scholars have realized the relationship between 
MAMs and renal disorders (especially DN). Xue et al. found that phos-
phofurin acidic cluster sorting protein 2 (PACS-2) attenuated diabetic 
renal tubular injury via the enhancement of MAMs formation in 
HG-induced HK-2 cells [38]. In line with this, another study demostrated 
that disulfide-bond A oxidoreductase-like protein (DsbA-L) could alle-
viate diabetic tubular damage through maintenance of MAMs integrity 
[39]. Conversely, in diabetic podocytes, reduction of MAMs formation 
alleviated hyperglycemia-induced mitochondrial dysfunction and 
podocytes injury [40]. These inconsistent findings suggested that the 
specific pathologic effects of MAMs on DN was still needed further 
research. Therefore, the aim of our study was to investigate the role of 
VDR in MAMs integrity and whether VDR-MAMs alterations could 
contribute to diabetes-induced tubular cell injury. Here, we reported 
that activation of VDR alleviated hyperglycemia-induced mitochondrial 
dysfunction in renal tubular epithelial cell, accompanied by increased 
MAMs formation and activation of mitophagy. 

The association between autophagy and MAMs was a new research 
hotspot. According to some recent studies, autophagy began at the ER- 
mitochondria coupling site [41]. In our study, we detected some key 
indicators of mitophagy. We found that the expression levels of Fundc1, 
PINK1, Parkin and LC3II in mitochondria were increased after the 
treatment of VDR plasmid and VDR agonist, accompanied by increased 
MAMs formation and Mfn2, FUNDC1 expression. FUNDC1 was a auto-
phagy regulatory factor located in the mitochondrial outer membrane, 
previous study indicated that it could recruit LC3 through LC3-binding 
regions (LIR) to initiate mitophagy [42]. Based on recent available ev-
idence [43,44], it was plausible that MAMs provided a platform for 
FUNDC1 to perform its regulatory effects on autophagy. 

In addition, VDR agonist could recover mitophagy partially through 
Mfn2-MAMs- FUNDC1 pathway. However, future in-depth studies are 
needed to explore the role of MAMs on FUNDC1-mediated mitophagy. 

VDR was a ligand-activated transcription factor that belonged to the 
nuclear receptor superfamily. The beneficial effects of vitamin D/VDR 
on various pathological processes have been reported [45]. Traditional 
research has confirmed that nuclear activated VDR could regulate 
various gene transcription through interacting various target gene pro-
moters. Our team’s previous research indicated that VDR activation 
could protect against acute kidney injury via transcriptional regulation 
of GPX4 [46], NF-kB p65 [47] and ATF4 [15]. In addition, it has been 
described the extra-nuclear distribution of VDR and in particular the 
recently mitochondrial localization of VDR has been reported [7]. VDR 
could import into mitochondria through the permeability transition 
pore [48]. These finding indicated that cell function might be regulated 
by a mitochondrial activity of VDR. In order to investigate the protective 
effects of VDR on mitochondria dysfunction, cultured HK-2 cells was 
used in vitro studies. 

Previous study has confirmed that combination using TGF-β (10 ng/ 
ml) and high glucose (30 mM) could effectively promote the production 
of extracellular matrix protein in HK-2 cells [14]. In order to induce a 
more significant profibrotic effect, high concentration of TGF-β(50 
ng/ml) and high glucose (30 mM) stimulation were used to mimic dia-
betic renal tubular cell injury status in our study. Both VDR plasmid and 
VDR agonist could relieve mitochondrial swelling and reduce mito-
chondrial ROS. In addition, we found that VDR plasmid and paricalcitol 
could activate mitophagy and increase MAMs integrity. These findings 
suggested that VDR exerted beneficial effects on renal tubular injury in 
part by protective actions on the mitochondria. On the other side, the 
beneficial effects of VDR on ER-stress has been reported in recent years 
[49]. It indicated that alleviation of ER-stress by VDR might be another 
event needed for tubular injury protection in DN. 
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It has been demonstrated that the shape of mitochondria was 
constantly underwent fission and fusion [50]. In line with our previous 
studies, we found that the shape of mitochondria in HK-2 cells changed 
to fragment under HG stress state [51]. To maintain mitochondrial ho-
meostasis, some key factors including fusion proteins (Mfn1, Mfn2) and 
fission mediators (Fis1, Drp1) controlled the balance of mitochondrial 
fusion and fission. It has been found that Drp1 was a vital regulator of 
mitochondrial fission in diabetic state, and suppressing the expression of 
Drp1 could be an effective therapeutic method for tubulointerstitial 
injury [34]. In this study, we found the expression of Mfn2 and Mfn1 
were significantly decreased, while the expression of Fis1 and Drp1 were 
increased in renal tissue of diabetic rats. In addition, treatment with 
VDR agonist calcitriol could regulate the expression of Drp1 and Mfn2. 
To confirm these findings, similar results were found in in vitro study 
using HK-2 cells. It indicated that VDR has a regulative effect on mito-
chondrial fission via inhibiting Drp1 expression and activating Mfn2 
expression. 

Our findings revealed that activated VDR regulated MAMs integrity 
and mitophagy under high glucose surroundings. VDR overexpressed 
plasmid and paricalcitol increased the expression level of Mfn2, restored 
MAMs integrity and activated mitophagy. Mfn2 was an outer mito-
chondrial membrane protein, previous studies mainly focused on its 
regulatory effect for mitochondrial fusion [50]. Recent research indi-
cated that Mfn2 was a vital regulator of ER-mitochondria connection. 
Our team’s latest research showed that inhibition of Mfn2 expression 
could abolish the MAMs integrity, and induce tubular cell apoptosis in 
renal tubular cell under cisplatin stimulation [52]. In this study, we 
found that treatment with VDR agonist calcitriol could regulate the 
expression of Drp1 and Mfn2 but had no effect on the expression of Mfn1 
and Fis1. Besides, CO-IP analysis confirmed that VDR could directly bind 
and interact with Mfn2. Conversely, VDR could not bind and interact 
with Mfn1, Drp1 or Fis1. In order to verify the relationship among VDR, 
Mfn2, MAMs and mitophagy. VDR plasmid, autophagy inhibitor 3-MA, 
and Mfn2 siRNA were used. We found that VDR overexpressed plasmid 
could activate mitophagy and increase Mfn2 expression. Conversely, 
3-MA treatment had no effect on the expression of VDR. On the other 
hand, Mfn2 siRNA treatment could partially restrain mitophagy, but has 
no effect on VDR expression. It demostrated that VDR was an upstream 
regulator of Mfn2. More critically, we found that HG/TGF-β-induced 
disruption of MAMs integrity in HK-2 cells was aggravated by Mfn2 
siRNA, whereas the MAMs integrity and Mfn2 expression were not 
affected by mitophagy inhibitor, 3-MA, these results further indicated 
that Mfn2/MAMs was an upstream regulator of mitophagy. 

SERCA2 was an integral ER channel that pumped Ca2+ from the 
cytosol to the ER lumen. It was broadly expressed in renal tubular 
epithelial cell. In order to identify other ER-localized factors that 
modulate mitochondria-ER contact. We selected SERCA2 for further 
analysis. We found that the expression of SERCA2 was significantly 
decreased under diabetic condition both in vivo and in vitro. While 
treatment with VDR agonist calcitriol or VDR overexpressed plasmid 
could increase the expression of SERCA2. In addition, the colocalization 
expression of Mfn2 and SERCA2 was significantly increased after par-
icalcitol or VDR plasmid therapy. Furthermore, CO-IP analysis showed 
that Mfn2 could directly bind and interact with Mfn2. Based on some 
latest research reports [31], we believed that the interaction between 
mitochondria-localized Mfn2 and ER-localized SERCA2 could regulate 
MAMs integrity. The distance between mitochondria and ER that were 
too wide (more than 50 nm) or too close (less than 5 nm) could result in 
MAMs dysfunction [53]. Mitochondria-ER contact promoted Ca2+ flux 
movement from ER to mitochondria, which was an essential process for 
the activation of some vital enzymes of the Krebs cycle to modulate 
mitochondrial ATP production [54]. In our study, we found that the 
Ca2+ levels in mitochondria was significantly decreased in HK-2 cells 
under HG/TGF-β condition, this might be a result of MAM integrity 
disruption and the decreased Ca2+ flux from ER to mitochondria. In 
addition, we found a decline in the levels of intracellular ATP and 

mitochondrial respiratory complex V (ATP synthase) activity in HK-2 
cells under HG/TGF-β stimulation, while treatment with paricalcitol and 
VDR plasmid could partialy recover mitochondrial function. These re-
sults demonstrate a direct connection among MAMs integrity, mito-
chondria Ca2+ homeostasis and ATP production. 

In brief, we found that VDR was smally expressed in mitochondria of 
HK-2 cells, and VDR had widespread regulating effects on mitochondrial 
function (e.g. mitochondrial fission, mitophagy, mitochondrial ROS, 
mitochondrial calcium homeostasis and MAMs integrity). However, 
there might be complex cross-regulation mechanisms among these as-
pects. And more detailed molecular regulatory mechanisms of VDR on 
mitochondrial dysfunction was need further exploration. Another 
problem was that, whether the protective effect of VDR an mitochon-
drial damage was relying on mitochondrial VDR or nuclear VDR. 
Traditional wisdom hold that VDR was a nuclear transcription regula-
tory factor, activated nuclear VDR could regulate various gene tran-
scription. We believed that both mitochondrial VDR and nuclear VDR 
were involved in the regulation of mitochondrial function. Our team’s 
further research will focus on the transcription regulation of nuclear 
VDR on the expression Drp1, Mfn2, PINK1. Moreover, the relationship 
between mitochondrial localized VDR and mitochondrial regulatory 
proteins will be further studied. Though our research had got certain 
results, there was also some deficiency. Firstly, we did not analysis the 
expression of key parameters (e.g. VDR, Mfn2) in the renal biopsy 
samples of DN patients. Second, we have tried to isolate of MAMs from 
renal tissues and HK-2 cells, but it was failed, and we could not quan-
titative analysis the expression levels of some parameters (e.g. FUNDC1) 
in MAMs. We only used ER-blue/Mitotracker double staining and TEM 
detection to observe MAMs integrity. Third, VDR overexpression 
plasmid and Mfn2 siRNA were used in this study, whereas VDR trans-
genic mice or Mfn2 knockout mice are needed in our future research. 

5. Conclusion 

Collectively, our findings showed that activation of VDR could 
contribute to restore mitochondrial function in renal tubular epithelial 
cell under DN condition(Fig. 9). VDR could restore mitophagy, inhibit 
mitochondrial fission, increase the levels of MMP and mitochondrial 
ATP production, restrain mitochondrial ROS, and restore MAMs integ-
rity via modulation the expression of various factors. It indicated that 
regulation of VDR on mitochondrial function could present a novel 
therapeutic strategy for diabetic renal tubulointerstitial injury. 

Compliance with ethical standards 

None of the authors is in any condition that may represent a potential 
conflict of interest. 

Data availability and ethics committee 

The data used to support the findings of this study are available from 
the first author and corresponding author upon request. An electronic 
laboratory notebook by a specific platform was not used for data 
collection. The experiments was carried out according to the Ethics 
Review Committee of The Third Xiangya Hospital, Central South 
University. 

CRediT authorship contribution statement 

Hong Chen: Writing – original draft, Investigation, Formal analysis, 
Data curation. Hao Zhang: Writing – review & editing, Supervision, 
Methodology. Ai-mei Li: Writing – review & editing, Methodology, Data 
curation. Yu-ting Liu: Software, Investigation, Formal analysis, Data 
curation. Yan Liu: Writing – review & editing, Software, Formal anal-
ysis. Wei Zhang: Methodology, Formal analysis. Cheng Yang: Investi-
gation, Formal analysis, Data curation. Na Song: Investigation, Data 

H. Chen et al.                                                                                                                                                                                                                                    



Redox Biology 70 (2024) 103062

15

Fig. 9. A regulatory effects summary of VDR on mitochondrial function in renal tubular cell under diabetic condition. 
HG stimulation significantly inhibited the expression of VDR, Mfn2, SERCA2 and mitophagy related factors (e.g. PINK1, Atg5, LC3II), but increased the expression of 
mitochondrial fission related factors (e.g. Drp1, Fis1). Down-regulated Mfn2 and SERCA2 could abolish the MAMs integrity and further inhibited mitophagy. 
Activated VDR could contribute to restore mitophagy via up-regulating of the expression of PINK1-Parkin, inhibit mitochondrial fission via down-regulating of the 
expression of Drp1, and restore MAMs integrity via modulation of the expression of Mfn2, SERCA2. While VDR-Mfn2-MAMs-Fundc1 pathway also could activate 
mitophagy. It indicated that regulation of VDR on mitochondrial function could present a new therapeutic strategy for diabetic renal tubulointerstitial injury. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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