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Vitamin D/vitamin D receptor/Atg16L1 axis maintains podocyte autophagy
and survival in diabetic kidney disease
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ABSTRACT
Objective: To investigate the effect of vitamin D/vitamin D receptor (VDR)/Atg16L1 signaling on
podocyte autophagy and survival in diabetic nephropathy.
Methods: Diabetic rat models were induced by intraperitoneal injection of streptozotocin (STZ)
(60mg/kg) and treated with and without gavage of 0.1lg/kg/d active vitamin D3 (aVitD3; 1,25-
OH vitamin D3) and kidney tissues assessed by histopathology and immunohistochemistry. The
murine podocyte cell line MPC-5 was cultured under hyperglycemic conditions in the absence or
presence of 100nmol/L calcitriol to investigate podocyte injury and autophagy. Cell survival rates
were analyzed using Cell Counting Kit-8 (CCK-8) assays and the numbers of autophagosomes
were determined after transduction with the mRFP-GFP-LC3 autophagy reporter construct. The
expression of autophagy-related proteins (LC3-II, beclin-1, Atg16L1) and podocyte-related pro-
teins (nephrin, podocin, synaptopodin, and desmin) was determined by Western blotting.
Results: VDR expression and autophagy were decreased in diabetic nephropathy. Calcitriol treat-
ment repressed renal injury in rat diabetic kidneys and reduced high glucose-induced damage to
cultured podocytes. Mechanistically, Atg16L1 was identified as a functional target of VDR, and
siRNA-mediated knockdown of VDR and Atg16L1 blocked the protective effects of aVitD3 against
podocyte damage.
Conclusion: Autophagy protects podocytes from damage in DN and is modulated by VitD3/VDR
signaling and downstream regulation of Atg16L1 expression.
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1. Introduction

Diabetic nephropathy (DN) is a severe complication of
diabetes mellitus (DM) and represents one of the major
complications associated with the morbidity and mor-
tality of patients. DN is associated with about 40% of
DM cases and almost 25% of these patients eventually
develop uremia [1]. An abundance of recent studies has
indicated that podocyte loss is the key process involved
in DN development [2–4]. Previously we demonstrated
that abnormal podocyte phenotypes together with
related molecular expression changes provided hints of
early DN pathogenesis [5]. Moreover, it has recently
been disclosed that decreased autophagic activity plays
a critical role in podocyte injury in DN [6].

Podocytes are highly differentiated epithelial cells
that normally exhibit high levels of autophagy.
Autophagy fulfills an essential housekeeping role by

removing aggregated proteins and clearing damaged
organelles. Consequently, autophagy is essential for
preserving cellular homeostasis, for example, to resolve
the effects of intracellular stress which leads to the
accumulation of damaged proteins and organelles.
Notably, there is increasing evidence showing that
autophagy helps podocytes resist cellular damage to
maintain their structural and functional integrity [7].
Consequently, the role of autophagy in DN has been
explored in some detail. For instance, Xu et al. reported
that glucose-induced podocyte dysfunction was related
to a decline in autophagy [8]. Notably, in the context of
a mouse model of DM induced by a high-fat diet, the
depletion of autophagy-related genes causes podocyte
death through apoptosis, causing heavy proteinuria [6].
Together these studies suggest that maintaining
autophagy in podocytes is essential to preventing DN,
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leading to the search for treatment interventions that
could promote or maintain autophagy in podocytes.

Besides their essential role in calcium and phosphate
metabolism, vitamin D3 and its receptor (vitamin D
receptor, VDR) have been shown to contribute to renal
protection [9]. For example, a recent clinical trial found
that deficiency of 25-hydroxy vitamin D was an inde-
pendent risk factor to predict the outcome of type 2
diabetes mellitus patients [10]. Furthermore, in animal
models of type 1 and type 2 diabetes, the administra-
tion of vitamin D significantly reduces proteinuria as
well as podocyte injury and loss [10–12]. Our previous
work indicated that activated VitD3 (aVitD3) dramatic-
ally decreased proteinuria, glomerular hypertrophy and
mesangial matrix deposition in a rat model of DN, with
up-regulation of nephrin and podocin and decreases in
the expression of podocyte injury markers. The struc-
tural stability of the podocytes is maintained by aVitD3,
which rests with regulation VDR [5,13]. However, the
precise mechanism(s) of renal protection offered by
aVitD3 has not been fully elucidated. Nevertheless, in
the context of DN, Wang et al. reported that VDR acti-
vation promoted autophagic flux via upregulation of
Atg3 [14]. Whereas Li et al. showed that aVitD3 restored
defective autophagy by stimulating CAMKK2 activation
and AMPK phosphorylation [15]. Taken together these
studies propose a vital function for aVitD3 in maintain-
ing autophagy. The protein encoded by the Atg16L1
gene forms a complex with the autophagy-related
proteins Atg5 and Atg12, to form part of the autophagy
complex. Atg16L1 is functionally important for the
formation and subcellular localization of autophago-
somes and is involved in the lipidation and conversion
of LC3-I to its membrane binding form LC3-II [16–18].
Therefore, we speculated that aVitD3 alleviated podo-
cyte damage in DN through upregulation of VDR-
Atg16L1 signaling. Hence, VDR-Atg16L1 could represent
an underlying mechanism involved in the protection of
DN by aVitD3.

2. Materials & methods

2.1. Clinical samples

Renal biopsies exhibiting diabetic nephropathy were
collected from the First Clinical Medical College of
Three Gorges University. Exclusion criteria included the
coexistence of other primary and secondary kidney dis-
eases, such as membranous nephropathy or lupus
nephropathy. Non-tumor kidney tissue from surgical
specimens of patients who had renal carcinoma was
used as normal controls. All patients provided written
informed consent. Demographic, laboratory, and renal

pathological data were recorded. Renal biopsy speci-
mens were collected for measuring the numbers of
autophagosomes under transmission electron micros-
copy and VDR expression using immunohistochemistry
[19]. We adopted the double-blind evaluation method
for analysis. Renal biopsies tissue was homogenized in
RIPA buffer and centrifuged at 12,000 rpm for 30min.
The supernatant (SN) was collected for use in ELISA
analysis. VDR levels were determined using Human VDR
ELISA Kit (Jonln, Shang Hai, JL13098-96T).

2.2. Rat model of diabetes

Specific pathogen-free Sprague-Dawley (SD) male rats
(180–200 g, 6weeks old) were provided by the
Experimental Animal Center of the Three Gorges
University School of Medicine. The diabetes model
based on the administration of streptozotocin (STZ)
was established as previously described [19].

2.3. Histopathology

Periodic Acid-Schiff (PAS) staining was performed
according to the manufacturer’s instructions
(Servicebio, Wuhan, China). The extent of renal injury
was estimated by the morphometric assessment of the
mesangial matrix expansion and the enlargement of
the glomeruli. A point-counting method was used to
quantify mesangial matrix deposition. The staining was
evaluated in 20 randomly selected glomeruli using a
40� objective. The score in each rat was expressed as
the mean value of all the scores obtained.

2.4. Immunohistochemistry

The histological section of renal (3 lm) was used for
immunohistochemical staining of VDR (catalog no. sc-
13133, Santa Cruz, USA) and Beclin1 (catalog no.
BN500-249, Novus, USA) proteins. After antigen retrieval
with sodium citrate buffer, sections were incubated
with a primary antibody, and then the specimen was
incubated with a species-specific secondary antibody
(Millipore, USA). Subsequently, the sections were visual-
ized with diaminobenzidine (Maixin, China) and the
nuclei were counterstained with hematoxylin. The stain-
ing intensity was observed under a light microscope
and assessed by IHC Profiler in Image J software (Media
Controbernetics Inc, Rockville, USA), and 20 consecutive
non-repetitive fields of view were taken from the kid-
ney of each rat.
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2.5. Cell culture and treatment

Conditionally immortalized mouse podocytes (MPC-5)
(kindly provided by Peter Mundel, Mount Sinai School
of Medicine through Prof. Aihua Zhang at Nanjing
Medical University, Nanjing, China) were induced to dif-
ferentiate as previously described [19]. Briefly, the cells
were cultured in a DMEM-F12 medium containing 10%
fetal bovine serum and mouse recombinant IFN-c
(10 U/mL) at 33 �C, 5% CO2. To induce differentiation,
podocytes were cultured in a medium without IFN-c for
10–14 days. Fully differentiated cells at 80% confluence
were used for the subsequent experiments. For eugly-
cemic or hyperglycemic conditions, the cells were cul-
tured in a medium containing 5.5mmol/L or 30mmol/L
glucose, and 24.5mmol/L mannitol, respectively,
for 24 h.

2.6. Western blot

Cell and tissue lysates were prepared using RIPA buffer
and equal protein amounts resolved on 10% SDS-PAGE
gels before transfer to PVDF membranes. The mem-
branes were then blocked and incubated with primary
antibodies against nephrin (catalog no. Ab216341,
Abcam, UK), beclin1 (catalog no. NB500-249 Novus,
USA), podocin (catalog no. Ab181143 Abcam, UK), syn-
aptopodin (catalog no. sc-515842 Santa Cruz, USA), des-
min (catalog no. Ab8592 Abcam, UK), LC3 (catalog no.
NB100-2220 Novus, USA) and Atg16L1 (catalog no.
A1871; ABdonal) overnight. Protein bands levels were
detected and analyzed using Image-Pro plus software
with b-actin used as the internal reference.

2.7. Cell viability detection

Cell viability was determined using the Cell Counting
Kit-8 (CCK-8) according to the manufacturer’s instruc-
tions. Briefly, MPC-5 cells in the logarithmic growth
stage were seeded into a 96-well plate at a density of
2� 103/well and allowed to attach for 12 h. After the
addition of CCK-8 reagent for 24 h, the mean optical
density (OD) was determined for each treatment group
to calculate cell viability as a percentage: percentage of
cell viability¼ODtreatment/ODcontrol� 100%.

2.8. Adenovirus transduction

MPC-5 cells were seeded onto glass coverslips in 24
well plates at a density of 1� 105/well before the add-
ition of recombinant adenovirus encoding the mRFP-
GFP-LC3 protein (multiplicity of infection (MOI) was 40)
(Hanbio, Shanghai, China). The cells were incubated

with an adenovirus mixture (250 mL/well) for 6 h, and
then the media was exchanged for a fresh culture
medium and the cells were incubated for another 72 h.
Thereafter, the cells were cultured in the presence of
various treatments for 24 h, followed by staining with
DAPI (2ll/mL) for 5min. After washing the cells 3 times
with PBS, the cells were fixed and the coverslips
mounted onto glass slides before imaging with a con-
focal microscope. For quantitative analysis, approxi-
mately 100 transfected cells from 10 to 20 random
fields (�630) were analyzed in each condition. The
numbers of GFP-LC3 puncta per cell and RFP-LC3
puncta per cell were counted separately using ImageJ.
The number of autophagosomes was indicated by GFP
dots and the number of autolysosomes was obtained
by subtracting GFP dots from RFP dots.

2.9. Cell transfection

For euglycemic or hyperglycemic conditions, the cells
were cultured in a medium containing 5.5mmol/L or
30mmol/L glucose, respectively, for 24 h, then transi-
ently transfected with siRNA VDR and siRNA atg16L1
using X-treme GENE transfection reagent (Roche, USA)
according to the manufacturer’s instructions. siRNA VDR
GTCTTTCACCATGGATGATAT, siRNA VDR scramble ACAG
CUACAACUAUCAUCACU, siRNA Atg16L1 TCTGGATTCTA
TCACTAATAT, siRNA Atg16L1 scramble CACAACCUACC
GACACUCACG. All sequences were synthesized by
Sangon Biotech Co., Ltd (Shanghai, China).

2.10. Statistical analysis

All statistical analyses were performed by GraphPad
Prism 8.0 software (CA, USA). Two-tailed Student’s t-test
and Mann-Whitney U test were used for two-group
comparisons with normal distribution and non-normal
distribution, respectively. Kruskal-Wallis test and one-
way ANOVA with Tukey’s multiple comparison test
were used for multi-group comparisons with the non-
parametric and parametric tests, respectively. P values
less than 0.05 were considered to represent statistically
significant differences.

3. Results

3.1. VDR expression and autophagy are decreased
in diabetic nephropathy

An increasing body of evidence suggests that autoph-
agy and VDR dysregulation are closely tied to diabetic
kidney disease. To explore this concept, we examined
the expression of the autophagy-related marker,
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beclin1 along with the expression of VDR in the kidneys
of normal control (NC) and diabetic (streptozotocin-
treated (STZ) rats. We found VDR was mainly expressed
in glomerular podocytes and tubular epithelial cells,
with staining significantly decreased in STZ-treatment
rats. Consistent with this result, the parallel immuno-
blotting analysis showed that the levels of VDR were
comparatively reduced in STZ-treatment rats (shown in
Figures 1A and D). Moreover, the levels of beclin1
expression were also significantly decreased in the kid-
neys of STZ-treatment rats compared with the vehicle
control groups (shown in Figures 1B and D). To verify
these findings in the clinical setting, we collected kid-
ney biopsy specimens from 12 patients with diabetic
nephropathy and compared these with normal (para-
cancer) kidney tissues collected from surgical resection
of 10 patients with renal cancer. In electron microscopy,
autophagosomes are identified as double-membrane
structures with immuno-gold labeling LC3 [20]. In this
study, the characterized double-membrane vesicles are
considered autophagosomes without specific immuno-
gold labeling. Expression of VDR and autophagosomes

in podocytes was reduced in diabetic kidneys com-
pared to normal kidney tissues detected by enzyme-
linked immunosorbent assay (Figure 1F) and electron
microscopy (Figure 1C) respectively. These clinical find-
ings and in vivo studies indicated both VDR expression
and autophagy defects of podocytes in diabetic
nephropathy.

3.2. Active vitamin D3 represses renal injury in
STZ-induced diabetic rat kidneys and HG-treated
podocyte damage

We then turned to examine the effects of an aVitD3
intervention in the STZ-induced rat model of diabetes.
Histological examination of the diabetic rat kidney
showed a significant deposition of periodic acid Schiff
(PAS) staining material in the interstitium. Positive PAS
staining indicates an expanded mesangial matrix in the
glomerular area, which was significantly attenuated by
aVitD3 treatment (Figure 2A). These results demonstrate
that aVitD3 interventions have the potential to limit
HG-induced podocyte damage in vitro and ameliorate

Figure 1. The expression of VDR protein and autophagosomes is down-regulated in diabetic kidneys. (A) The VDR level was
detected by immunohistochemical staining (�400). (B) Representative pictures of anti-beclin1 immunohistochemical staining
(�400). (C) Kidney biopsy specimens were from patients with diabetic nephropathy (DN) and non-tumor renal tissue from
patients with kidney cancer. Representative ultrastructural imagines showing the double-membraned vesicles (autophagosomes)
in podocytes. Basement membrane (red arrows) and autophagosomes (yellow arrow). (D) Western blot analysis of VDR and
Beclin1 in the renal cortex of rats from each group as indicated. (E) Relative expression of proteins levels. (F) The VDR levels in
patients with diabetic nephropathy (DN) and non-tumor renal tissue from patients with kidney cancer were measured by ELISA.
Data were presented as mean ± SD. ���p< 0.001.
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Figure 2. Renal failure in STZ-induced diabetic rats and in vitro MPC-5 injury stimulated with high-glucose was alleviated by
aVitD3. (A) PAS staining of kidney sections. SD male rats were intraperitoneally injected with 60mg/kg streptozotocin. After 3
days, the rats with STZ treatment were garaged with 0.1lg/kg/d calcitriol or vehicle solution daily for consecutive 18 weeks.
Kidney tissues were collected for histology. (B) Representative images of immunohistochemical staining for desmin in the renal
cortex at 18th week (�400). (C) MPC-5 cells viability. After being administered with different doses of aVitD3 (1–500 nmol/L) for
24 h, the MPC-5 cells viability was determined by CCK-8 assay. MPC-5 were cultured for 24h in a medium with 30mM glucose or
5.5mM glucose in the absence or presence of 100 nmol/L aVitD3. (D) Representative western blot images of Nephrin, Podocin,
Synaptopodin and Desmin expression. (E–I) Relative expression of proteins levels. Band densities were measured by the ImageJ
program. The ratio of protein/actin density was calculated and normalized with the sham controls. Data were presented as
mean ± SD. n¼ 4. ��p< 0.01.���p< 0.001. (J) Immunofluorescence staining of nephrin and desmin in a medium containing NG,
VD, HG and HG plus aVitD3 for the indicated periods (�400).
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renal injury in diabetic kidneys in vivo. Next, we
explored the effects of aVitD3 on the levels of injury in
cultured MPC-5 podocytes induced by high-glucose
(HG, 30mmol/L) treatment. In order to exclude the
effect of high sugar as the hypertonic solution on
osmotic pressure, mannitol (M, 24.5mmol/L) treatments
were used as an osmotic control in these experiments
with cell survival rates determined using CCK-8 assays.
As expected, there were significant differences in cell
survival rates between the normal glucose (NG,
5.5mmol/L) and mannitol (M) groups, but cell survival
levels significantly decreased after HG treatment.
Instructively, the addition of aVitD3 enhanced the via-
bility of MPC-5 cells exposed to HG with the effects
achieving a plateau at 100 nmol/L of aVitD3 (shown in
Figure 2C, p< 0.01). Thus, 100 nmol/L aVitD3 treatments
were used in subsequent experiments. Western blotting
analysis showed that the protein expressions of neph-
rin, podocin and synaptopodin were decreased, while
desmin was up-regulated in high glucose compared
with the normal glucose group (shown in Figure 2D–I).
This suggests that high glucose can cause podocyte
damage, consistent to the previous studies [5,19], and
these podocyte injuries can be reversed by aVitD3 treat-
ment (Figure 2D–I). Immunofluorescence results con-
firm that aVitD3 preserved nephrin and suppressed
desmin under high glucose (Figure 2J).

3.3. The aVitD3/VDR pathway positively regulates
autophagy in podocytes

Next, we explored the effect of the VitD3 on autophagy
in vivo and vitro. Glomerular Beclin1 level was sup-
pressed in STZ-treated mice, which was preserved by
aVitD3 treatment (Figure 3A). MPC-5 cells were treated
with high glucose and the changes in autophagosome
numbers were assessed through the appearance of
dual RFP-GFP (yellow) fluorescence puncta after trans-
duction with LC3-RFP-GFP. Compared to the HG group
that had fewer puncta of GFP-LC3 and RFP-LC3 puncta
indicating a low basal level of autophagy, aVitD3 and
rapamycin significantly induced the formation of auto-
phagosomes as well as the maturation to autolyso-
somes in podocytes. As shown in Figure 3B,
autophagosomes were decreased under high glucose
conditions and were further decreased after treatment
with the autophagy inhibitor 3-methyladenine (3-MA)
which inhibits the fusion of autophagosomes with lyso-
somes and prevents lysosomal protein degradation.
These results further indicate that high glucose impairs
autophagic flux. Conversely, treatment with aVitD3 and
rapamycin (Rap), an autophagy agonist, led to

increased autophagosomes, as shown by the increased
yellow puncta compared with the HG group, indicating
increases in autophagic flux. Moreover, the expression
of LC3-II was increased when cells were treated with
aVitD3 under high glucose conditions (shown in Figures
3C and D). Lastly, we used siRNA transfection to knock
down VDR to investigate the role of VDR in autophagy
regulation. Notably, LC3 expression decreased signifi-
cantly when VDR was silenced, indicating that active
vitamin D3 upregulates autophagy through VDRs
(shown in Figures 3C and D).

3.4. VDR siRNA blocks the protective effects of
aVitD3 on podocytes

Recent studies suggest that VDR is involved in the regu-
lation of autophagic flux and VDR deficiency might con-
tribute to podocyte injury in DN [14,15]. To verify this
mechanism, we assessed the survival rate of MPC-5 cells
under HG conditions after depleting VDR expression
with siRNA. Notably, compared to the HGþVD group,
the survival rate of MPC-5 cells in the HGþ VDþ VDR
siRNA group was significantly decreased (shown in
Figure 4B, p< 0.01). In addition, the HGþ VDþ VDR
siRNA group showed lower protein expression of neph-
rin, podocin and synaptopodin, and higher expression
of desmin compared to the HGþ VD group（shown in
Figure 4C–H, p< 0.05). These results suggested that
VDR activation represents a key mechanism underlying
vitamin D3 protection of podocytes under high glu-
cose conditions.

3.5. Atg16L1 is a target gene of VDR in podocytes

VDR is fundamentally a transcription factor that directly
regulates downstream gene transcription by binding
with target gene promoters in the nucleus. Some of the
direct target genes of VDR are autophagy regulators,
for example, VDR expression in intestinal epithelial cells
drives the expression of the Atg16L1 gene to delay the
progression of inflammatory bowel disease [21]. We
consequently determined if the Atg16L1 gene was
regulated by VDR in podocytes. Using the JASPAR data-
base (http://jaspar.genereg.net), bioinformatics analysis
predicted a VDR binding site in the gene promoter of
Atg16L1 (shown in Figure 5A). Analysis of Atg16L1 lev-
els by Western blotting showed that the
HGþVDþVDR siRNA group had lower levels of
Atg16L1 protein compared to the HGþVD group. The
results indicated that HG treatment reduced the protein
expression of Atg16L1 via the VDR (shown in Figures 5B
and C, p< 0.05).
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3.6. Atg16L1 regulates the protective effects of
aVitD3 on podocytes

We then determined if Atg16L1 expression was required
to elicit the protective effects of aVitD3 on MPC-5 cell

survival under HG conditions. We assessed the survival
rate of MPC-5 cells under HG conditions after depleting
Atg16L1 expression with siRNA (shown in Figure 6A).
Notably, compared to the HGþ VD group, the survival

Figure 3. Effect of aVitD3 treatment on autophagy in vivo and vitro. (A) Representative images and quantitative analysis of
immunohistochemical staining for beclin1 (�400). SD male rats were intraperitoneally injected with 60mg/kg streptozotocin.
After 3 days, the rats with STZ treatment were garaged with 0.1lg/kg/d calcitriol or vehicle solution daily for consecutive 18
weeks. Kidney tissues were collected for immunohistochemical staining (B) Immunofluorescence analysis of LC3 puncta in MPC-5
cells of each group as indicated. Representative images of GFP-LC3 and RFP-LC3 fluorescence staining (�630). Scale bar: 20 mm.
(C) Western blot analysis of LC3 in MPC-5 cells from each group as indicated. (D) Relative expression of proteins levels. Band den-
sities were measured by the ImageJ program. The ratio of protein/actin density was calculated and normalized with the sham
controls. Data were presented as mean ± SD. n ¼ 5. �p< 0.05, ��p< 0.01, ���p< 0.01.
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rate of MPC-5 cells in the HGþ VDþAtg16L1 siRNA
group was significantly decreased (shown in Figure 6B,
p< 0.01). After silencing Atg16L1, we observed that the
protein levels of nephrin, podocin and synaptopodin were
all lower in the HGþVDþAtg16L1 siRNA group than in
the HGþVD group (shown in Figure 6C–I). In contrast,
desmin protein levels were higher in the
HGþVDþAtg16L1 siRNA compared to the HGþ VD
group (shown in Figure 6C–I). Together these results indi-
cated that Atg16L1 silencing suppressed the protective
effects of aVitD3 on MPC-5 viability, integrity and autoph-
agy under high glucose conditions.

4. Discussion

Vitamin D3 is a multi-functional signaling molecule
best known for regulating calcium and phosphate

homeostasis to maintain healthy bones. Our previous
research showed that treating podocytes with aVitD3
increases their expression of nephrin and podocin, but
decreased the expression of the podocyte injury
marker, desmin [19]. In this study, we found high glu-
cose-induced downregulation of the autophagic regula-
tor Atg16L1, while the intervention with aVitD3
significantly reversed Atg16L1 downregulation. The
protective effects of aVitD3 disappeared when Atg16L1
was silenced. This suggests that aVitD3 upregulates
autophagy to reduce high glucose-induced podocellu-
lar injury, possibly through the VDR-Atg16L1 signaling
axis (Figure 7).

The vitamin D receptor (VDR) is a nuclear, ligand-
dependent transcription factor belonging to the super-
family of nuclear receptors that are complex with the
hormone aVitD3 [22]. Interaction with aVitD3 induces

Figure 4. VDR siRNA knocked down VDR reduced the protective effect of aVitD3 on MPC-5 injury Induced by high glucose. MPC-
5 cells were transfected with VDR siRNA (si-VDR) or normal control siRNA (si-NC) and subjected to the indicated treatment. (A)
Representative image of VDR immunoblot. (B) The MPC-5 cells’ viability was determined by the CCK-8 assay. (C) Nephrin,
Podocin, Synaptopodin and Desmin expression. Representative images from Western blot results. (D–H) Relative expression of
proteins levels. Band densities were measured by the ImageJ program. The ratio of protein/actin density was calculated and nor-
malized with the sham controls. Data were presented as mean ± SD. n¼ 5. ��p< 0.01.
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the dimerization of VDR which then translocate to the
nucleus to bind to vitamin D response elements (VDRE)
occurring in more than 900 target genes, resulting in
their up- or downregulation and eliciting regulation of
a wide array of physiological functions [23,24]. Our
study revealed that the expression of VDR and beclin1
were lower than in the kidneys of diabetic rats (shown
in Figures 1 and 3A). Furthermore, we confirmed there
were significant reductions in VDR activity and the
numbers of autophagosomes in podocytes in diabetic
kidneys compared to para-cancer normal kidney tissues
(shown in Figure 1C and F).

Autophagy is a lysosome-dependent process that
recycles damaged proteins and organelles, representing
an essential process for maintaining normal cellular
phenotype and functions [25]. However, when the
pathological stress is too strong to bear, there might be
autophagic disorder sabotaging cellular homeostasis
and consequently leading to cell death [26]. Recent
studies have highlighted the importance of autophagy
in preventing podocyte injury in DN [19]. In the current
study, we found high glucose exposure in murine
podocytes altered several key proteins, including the
downregulation of nephrin, podocin, synaptopodin and
LC3, as well as up-regulation of desmin, together indi-
cating that podocytes injury was accompanied by
reductions in autophagy. Nevertheless, the addition of
exogenous aVitD3, increased the expression of nephrin,
podocin, synaptopodin and LC3 while the expression of
desmin decreased. This suggested that aVitD3 provided
protective effects against high glucose-induced podo-
cyte injury by reversing autophagy deficiency (shown in
Figures 2 and 4C). In the in vivo context, kidneys

showed a significantly better histological appearance
after aVitD3 treatment (shown in Figures 2A and B).
These results demonstrate that aVitD3 can prevent
podocyte injury in DN through modulating autophagy.

Mechanistically, we established a role for the VDR in
positively regulating the expression of the Atg16L1
gene in podocytes under high glucose conditions. The
Atg16L1 protein is a core complex component essential
for LC3 lipidation and autophagosome formation.
Previous research has shown that intestinal epithelial
VDR delays the progression of inflammatory bowel dis-
ease by regulating the expression of Atg16L1, sustain-
ing the viability of Paneth cells and promoting
microbial assemblage to maintain intestinal homeosta-
sis [21]. In this study, we observed that high glucose-
induced decreased Atg16L1 expression and autophagy
in podocytes. However, the decreased expression of
Atg16L1 could be reversed after intervention with
aVitD3, but notably, the aVitD3 effects on Atg16L1 dis-
appeared when VDR was silenced (shown in Figure 5B).
VDRs are members of the ligand-regulated transcription
factor and nuclear receptor superfamily, suggesting
that VDR may be involved in the regulation of Atg16L1
gene transcription. Indeed, a VDR binding site was pre-
dicted in the promoter sequence of the Atg16L1 gene
(TGAGTTTA) in the JASPAR database. Moreover, it has
been shown that vitamin D3 treatment increased VDR
and Atg16L1 protein expression, which activated auto-
phagic responses [27]. We found that protective effects
of aVitD3 disappeared when Atg16L1 was silenced,
indicating that aVitD3/VDR protection against high glu-
cose-induced podocyte damage occurs in an Atg16L1-
dependent manner (shown in Figures 6C and D).

Figure 5. Atg16L1 was identified as VDR Target. (A) Predicted VDR binding site in Atg16L1 gene promoter. Pattern diagram of
binding sites. (B) Western blot analysis of Atg16L1 in MPC-5 cells from each group as indicated. (C) The relative expression of
Atg16L1 was normalized with the normal glucose control. n¼ 5. �p< 0.05.��p< 0.01.

702 L. SHI ET AL.



Figure 6. Atg16L1 siRNA Knocked Down Atg16L1 and reduced protective effect of aVitD3 on MPC-5 injury Induced by high-glu-
cose. MPC-5 cells were transfected with Atg16L1 siRNA (si-Atg16L1) or normal control siRNA (si-NC) and subjected to the indi-
cated treatment. (A) Representative image of Atg16L1 immunoblot. Proteins were extracted from the cells, and Atg16L
expression was detected by Western blotting. (B) The cell viability analysis. (C) Immunofluorescence (IF) assays of Synaptopodin
(green) and DAPI (blue) images of cultured MPC-5 under high-glucose conditions or treated with aVitD3, si-NC, si-Atg16L1
respectively. (D) Representative immunoblot images of Nephrin, Podocin, Synaptopodin and Desmin. (E–I) Relative expression of
proteins levels. Band densities were measured by the ImageJ program. The ratio of protein/actin density was calculated and nor-
malized with the sham controls. Data were presented as mean ± SD. n¼ 5. ��p< 0.01.

Figure 7. The working model of the VDR/Atg16L1 axis regulates autophagy activity in diabetic nephropathy.

RENAL FAILURE 703



In conclusion, this study demonstrated that VDR
expression was impaired in the context of DN. We
showed that the decreases in VDR expression under
high glucose conditions mediated the downregulation
of Atg16L1, resulting in autophagic deficiencies in podo-
cytes. Notably, aVitD3 treatment alleviated podocyte
injury through maintaining Atg16L expression and auto-
phagic activity, thus preventing the progression of DN.

Conclusions

Active vitamin D3 regulates autophagy protects renal
podocytes by VDR/Atg16L1 signaling axis.
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