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ABSTRACT
Diabetic nephropathy (DN) has become a major cause of end-stage renal disease, and autophagy 
disorder is implicated in the pathogenesis of DN. Our previous studies found that vitamin D (VD) and 
VDR (vitamin D receptor) played a renoprotective role by inhibiting inflammation and fibrosis. 
However, whether VD-VDR regulates autophagy disorders in DN remains unclear. In this study, we 
established a streptozotocin (STZ)-induced diabetic model in vdr knockout (vdr-KO) mice and VDR 
specifically overexpressed in renal proximal tubular epithelial cells (Vdr-OE) mice. Our results showed 
that paricalcitol (an activated vitamin D analog) or Vdr-OE could alleviate STZ-induced ALB (albumin) 
excretion, renal tubule injury and inflammation, while these were worsened in vdr-KO mice. Defective 
autophagy was observed in the kidneys of STZ mice, which was more pronounced in vdr-KO mice 
and could be partially restored by paricalcitol or Vdr-OE. In high glucose-induced HK-2 cells, defective 
autophagy and decreased PRKAA1/AMPK phosphorylation was observed, which could be partially 
restored by paricalcitol in a VDR-dependent manner. AMPK inhibitor abolished paricalcitol-induced 
autophagy activation, and AMPK activator restored the defective autophagy in high glucose-induced 
HK-2 cells. Furthermore, paricalcitol-mediated AMPK activation was abrogated by CAMKK2/CaMKKβ 
inhibition, but not by STK11/LKB1 knockout. Meanwhile, paricalcitol rescued the decreased Ca2+ 

concentration induced by high glucose. In conclusion, VD-VDR can restore defective autophagy in 
the kidney of STZ-induced diabetic mice, which could be attributed to the activation of the Ca2+- 
CAMKK2-AMPK pathway in renal tubular epithelial cells.
Abbreviations: ACTB/β-actin: actin beta;AGE: advanced glycation end-products;AMPK: AMP- 
activated protein kinase;CAMKK2/CaMKKβ: calcium-calmodulin dependent protein kinase kinase 2; 
CQ: chloroquine;DN: diabetic nephropathy;HG: high levels of glucose;KO: knockout;LG: low levels of 
glucose;MAP1LC3/LC3: microtubule associated protein 1 light chain 3;NOD2: nucleotide binding 
oligomerization domain containing 2;OE: overexpression;PAS: periodic acid Schiff; Pari: paricalcitol; 
PTECs: proximal renal tubule epithelial cells;RT: room temperature;SQSTM1/p62: sequestosome 1; 
STK11/LKB1: serine/threonine kinase 11;STZ: streptozotocin;TEM: transmission electron microscopy; 
VD: vitamin D;VDR: vitamin D receptor;WT: wild-type
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Introduction

Diabetic nephropathy (DN) is a serious microvascular com-
plication of diabetes, and approximately 30%-40% of diabetic 
patients suffer from DN [1]. DN has become the primary 
cause of chronic kidney disease in elderly individuals, and 
its incidence in China has risen dramatically, making it 
the second leading cause of end-stage renal disease [2].

Many molecular pathways are related to the pathogenesis 
of DN, including the formation of advanced glycation end- 
products (AGE), inflammation, oxidative stress, endoplasmic 
reticulum stress and macroautophagy/autophagy [3–6]. 
Autophagy is an evolutionarily conserved homeostatic cellular 
process that plays an important role in degrading damaged 

organelles and abnormal and misfolded proteins to sustain 
cellular metabolism. Autophagy is regulated by many auto-
phagy-related genes. The conversion of inactive MAP1LC3/ 
LC3 (microtubule associated protein 1 light chain 3; LC3-I) to 
the active LC3-II isoform indicates autophagosome formation 
[7]. As LC3-I is more labile than LC3-II, the quantification of 
changes in LC3-II is one of the most widely used to monitor 
autophagy [8]. The SQSTM1/p62 (sequestosome 1) protein 
binds to ubiquitinated substrate cargo and targets them for 
degradation in the autophagy-lysosome system via interacting 
with LC3 [9]. Dysregulated autophagy has been observed in 
the proximal tubules and podocytes of streptozotocin (STZ)- 
induced diabetic models [10,11]. Moreover, SQSTM1 
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accumulates in proximal tubule epithelial cells of kidney 
biopsy samples from type 2 diabetes mellitus (T2DM) patients 
[12]. These findings indicate that autophagy is deficient in the 
diabetic kidney. However, the molecular mechanisms influen-
cing autophagy in DN are not yet understood.

VDR (vitamin D receptor) is a nuclear receptor that exert 
a renoprotective effect through anti-inflammation, antifibrosis 
and inhibiting the renin-angiotensin system activities [13]. 
Our previous research showed that the expression of VDR is 
reduced in peripheral blood mononuclear cells and renal 
tubular epithelial cells from T2DM patients with albuminuria 
and negatively correlated with urine albumin-to-creatine ratio 
[14]. Further studies have confirmed that VDR deficiency 
participated in the development of DN and vitamin D (VD)- 
VDR played a protective role in kidney by inhibiting inflam-
mation and fibrosis [15,16]. Although VD could suppress 
apoptosis of pancreatic β-cells, prevent insulitis, increase insu-
lin secretion and protect insulinoma cells from oxidative 
damage through activation of autophagy in STZ mice 
[17,18], the relationship between VD-VDR and autophagy in 
DN is not clear. In this study, we found defective autophagy 
in kidney of STZ-diabetic mice, which was further worsened 
in vdr knockout (vdr-KO) mice. However, paricalcitol treat-
ment or VDR specifically overexpressed in renal proximal 
tubular epithelial cells (Vdr-OE) partially reversed the defec-
tive autophagy.

Results

VD-VDR delayed DN progression

Twelve weeks after induction, STZ-induced diabetic WT mice 
developed albuminuria while paricalcitol (pari) treatment 
blocked albuminuria in STZ-induced mice without altering 
blood glucose level or body weight. Meanwhile, vdr-KO mice 
developed more severe albuminuria than WT mice in 
response to STZ-induction (Figure 1A). Periodic acid Schiff 
(PAS) staining showed various degrees of partial dilatation of 
renal tubule and flattened proximal renal tubule epithelial 
cells (PTECs) with a reduced brush border following STZ 
treatment, which were further worsened by vdr-KO but par-
tially prevented by pari treatment (Figure 1B).

On the other hand, Vdr-OE reduced STZ-induced albumi-
nuria without affecting either body weight or blood glucose 
level (Figure 1C). PAS staining showed various degrees of 
flattened proximal tubular epithelial cells in both WT+STZ 
and OE+STZ mice, with OE+STZ mice exhibiting partially 
attenuated PAS-positive staining and tubular damage. 
(Figure 1D).

VD-VDR alleviated renal inflammation in STZ-induced 
diabetic mice

Since inflammation plays an important role in the develop-
ment of DN, we evaluated the effect of VD-VDR on inflam-
mation in STZ-induced diabetic mice. ADGRE1/F4/80, 
a marker of macrophage infiltration, was elevated in vdr-KO 
mice and STZ-induced diabetic WT mice. The increase of 
ADGRE1 was most dramatic in KO+STZ mice, and was 

significantly inhibited in WT+STZ+pari group (Figure 2A). 
Real-time RT-PCR quantification revealed that the expression 
of proinflammatory cytokines (CCL2/MCP-1 and TNF/TNF- 
α) was markedly higher in vdr-KO mice and STZ-induced 
diabetic mice than that in WT mice. This increase was most 
robust in KO+STZ mice. Furthermore, pari partially restored 
the increase in proinflammatory cytokines (Figure 2B).

Compared with that in WT and Vdr-OE mice, the expres-
sion of ADGRE1, CCL2 and TNF were all increased in STZ- 
induced diabetic WT mice. VDR overexpression apparently 
reduced inflammation infiltration, as OE+STZ mice showed 
lower expression of inflammation factors than WT+STZ mice 
(Figure 2C,D).

VD-VDR relieved abnormal autophagosome 
accumulation in the diabetic mice kidney

Next, we utilized transmission electron microscopy (TEM) to 
examine changes in the kidney of diabetic mice. More auto-
phagic vacuoles in renal tubular epithelial cells were found 
from WT+STZ mice than WT mice alone, and the greatest 
number of autophagic vacuoles was found in diabetic vdr-KO 
mice (Figure 3A,D). To further confirm these findings, we 
examined the expression of LC3, a key marker of autophagy. 
As shown in Figure 3B and 3E, LC3-II was increased in mice 
following STZ treatment, and this effect was more pro-
nounced in the KO+STZ group, while pari treatment restored 
STZ-induced LC3 changes. To further verify, we assessed the 
autophagosomes by immunofluorescence staining. The num-
ber of LC3 puncta was increased in STZ mice, and such 
increase was more obvious in KO+STZ mice, while decreased 
LC3 puncta was observed in pari treatment (Figure 3C,F). To 
explore whether the increase in the number of autophagy 
vacuoles and LC3 indicates autophagic activation or impaired 
autophagic degradation, autophagy substrate SQSTM1 was 
examined. As shown in Figure 3B and 3E, higher SQSTM1 
expression was observed in STZ-induced diabetic mice than 
WT mice, indicating defective autophagy in STZ-treated mice, 
which is consistent with published data [11]. Pari partially 
restored defective autophagy, as it reduced SQSTM1 expres-
sion in STZ-induced diabetic mice. In addition, vdr-KO mice 
showed higher level of autophagy defect than control mice 
after STZ treatment, while no SQSTM1 aggregation was 
observed in OE+STZ mice. Our data demonstrate that auto-
phagy in STZ-induced diabetic kidneys is defective and can be 
partially restored by VD-VDR.

VD restored defective autophagy induced by high glucose 
in HK-2 cells

Next, we explored the effect of pari on autophagy and inflam-
mation in DN in vitro. We treated HK-2 cells with high levels 
of glucose (HG, 30 mM). As shown in Figure 4A, the expres-
sion of LC3-II and SQSTM1 was increased under high glucose 
conditions, and further increased when treated with chloro-
quine (CQ), an autophagy inhibitor which leads to inhibition 
of both fusion of autophagosome with lysosome and lysoso-
mal protein degradation. Furthermore, we used tf-LC3 to 
investigate the autolysosome maturation process. As 
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mCherry is more stable than GFP in the acidic environment 
of lysosome, the normal maturation of autolysosomes is char-
acterized with increased red-only puncta. In contrast, coloca-
lization of GFP and mCherry puncta would indicate 
disruption of autophagic flux which presented with yellow 
puncta. High glucose induced colocalization of mCherry and 
GFP, which was more obvious when treated with CQ 
(Figure 4C). These results further indicated that high glucose 
impaired autophagic flux. On the other hand, paricalcitol led 
to decreased expression of LC3-II and SQSTM1, and 
increased red-only puncta when compared with HG group, 
indicating efficient autophagic flux (Figure 4B,C).

To investigate whether defective autophagy contributes to 
high glucose-induced inflammation, real-time quantitative 
PCR was used to detect the mRNA levels of proinflammatory 
factors (CCL2, TNF, IL6). Results showed CQ aggravated 

inflammation induced by high glucose, while paricalcitol 
decreased the expression of proinflammatory factors 
(Figure 4D), which indicated that high glucose-induced 
inflammation in HK-2 cells was partly due to defective auto-
phagy, and paricalcitol could restore autophagic flux and 
reduce inflammation.

VD restored defective autophagic flux via activation of 
AMPK pathway

It has been reported that autophagy changes induced by high 
glucose were closely related to AMP-activated protein kinase 
(AMPK) [19]. To explore the molecular mechanisms under 
which paricalcitol induces autophagy in HK-2 cells, we inves-
tigated the status of AMPK-ULK1 kinase network. As showed 
in Figure 5A, phosphorylation of PRKAA1/AMPKα1 was 
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Figure 1. VD-VDR delayed diabetic nephropathy progression. (A) Body weight, blood glucose levels and albuminuria of mice during the treatment period in different 
treatment groups as indicated. *p < 0.05; **p < 0.01 vs WT group. #p < 0.05; ##p < 0.01 vs KO group. $p < 0.05; $$p < 0.01 vs WT+STZ group. (B) PAS staining of 
kidney sections. The arrows indicate examples of damaged tubules. (C) Body weight, blood glucose levels and albuminuria of mice during the treatment period in 
different treatment groups as indicated. **p < 0.01 vs WT group. ##p < 0.01 vs OE group. (D) PAS staining of kidney sections. The arrows indicate examples of 
damaged tubules. Scale bar: 50 μm. KO, knockout; OE, overexpression; pari, paricalcitol.

AUTOPHAGY 879



decreased under high glucose conditions, which was reversed 
with paricalcitol treatment. Paricalcitol-induced autophagy 
activation was abolished in the presence of PRKAA1 inhibi-
tor, compound C (Figure 5A). In contrast, metformin, 
a PRKAA1 activator, decreased levels of LC3-II, SQSTM1 
and inflammation induced by high glucose (Figure 5B,C). 
These results suggested that AMPK activation represents 
a key mechanism underlying paricalcitol-induced activation 

of autophagy and inhibition of inflammation under high 
glucose conditions.

VD regulated AMPK in a VDR-dependent manner

As vitamin D exerts its most biological effects through VDR, 
we used HK-2 VDR KO cells to investigate whether VD 
activates AMPK via VDR. Results showed that paricalcitol 
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Figure 2. VD-VDR alleviated renal inflammation in STZ-induced diabetic mice. (A) Immunohistochemical staining for ADGRE1 in the kidneys of mice from each group 
as indicated. ADGRE1-positive cells are stained brown, and nuclei are stained blue. Scale bar: 100 μm. (B) Real-time quantitative PCR analysis of CCL2 and TNF 
expression in the kidneys of mice from each group as indicated. *p < 0.05, **p < 0.01. (C) Immunohistochemical staining for ADGRE1 in the kidneys of mice from 
each group as indicated. Scale bar: 100 μm. (D): Real-time quantitative PCR analysis of CCL2 and TNF expression in the kidneys of mice from each group as indicated. 
*p < 0.05, **p < 0.01.
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Figure 3. VD-VDR relieved the abnormal autophagosome accumulation in STZ-induced diabetic mice kidney. (A) TEM of proximal tubule epithelial cells from mice of 
each group as indicated. The arrows indicate autophagic vacuoles. Scale bar: 2 μm. (B) Western blot analysis of LC3 and SQSTM1 in the renal cortex of mice from each 
group as indicated. ACTB/β-actin was used as the loading control. *p < 0.05, **p < 0.01. (C) Immunofluorescence analysis of LC3 puncta in proximal tubule epithelial 
cells from mice of each group as indicated. Scale bar: 50 μm. (D) TEM of proximal tubule epithelial cells from mice of each group as indicated. The arrows indicate 
autophagic vacuoles. Scale bar: 2 μm. (E) Western blot analysis of LC3 and SQSTM1 in the renal cortex of mice from each group as indicated. (F) Immunofluorescence 
analysis of LC3 puncta in proximal tubule epithelial cells from miceof each group as indicated. Scale bar: 50 μm. ACTB was used as the loading control. *p < 0.05, 
**p < 0.01.
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increased PRKAA1 and ULK1 phosphorylation, which was 
decreased under high glucose conditions. However, such 
effect was totally abolished in HK-2 VDR KO cells 
(Figure 6A). Furthermore, metformin activated PRKAA1 
and ULK1 under high glucose conditions in HK-2 WT cells, 
but this effect of metformin was still observed in HK-2 VDR 
KO cells (Figure 6B). These results indicated that VD acti-
vated AMPK in a VDR-dependent manner.

VD regulated AMPK via the Ca2+-CAMKK2 pathway

AMPK is activated by phosphorylation via upstream kinase, 
mainly including STK11/LKB1 (serine/threonine kinase 11) 
and CAMKK2/CaMKKβ (calcium-calmodulin dependent pro-
tein kinase kinase 2) [20]. To determine whether AMPK kinase 
is responsible for paricalcitol-mediated AMPK activation, STO- 
609 (a selective CAMKK inhibitor), CAMKK2 siRNA and HK-2 
STK11 KO cells were used. As showed in Figure 7A and 7B, co- 
treatment with STO-609 or CAMKK2 siRNA completely 

abrogated paricalcitol-stimulated PRKAA1 and ULK1 phos-
phorylation. However, paricalcitol was able to activate 
PRKAA1 and ULK1 in HK-2 STK11 KO cells (Figure 7C). 
These results suggested that paricalcitol actived AMPK through 
CAMKK2, but not STK11. Furthermore, CAMKK2 is mainly 
regulated by intracellular Ca2+ concentration. To elucidate the 
involvement of Ca2+ signaling in the paricalcitol-mediated effect, 
we assessed changes in the intracellular Ca2+ concentration in 
response to paricalcitol treatment, using a fluorescent Ca2+ 

probe, Fluo 4AM. As shown in Figure 7D, Ca2+ concertration 
decreased when HK2 cells were exposed to high glucose, and this 
decrease was rescued by paricalcitol.

VD-VDR actived AMPK in STZ-induced diabetic mice

To further confirm the effect of VD-VDR on AMPK activation 
under high glucose environment, we detected phosphorylation 
level of AMPK-ULK1 in STZ-induced diabetic mice. As Figure 8 
showed, PRKAA1 and ULK1 phosphorylation levels were 
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decreased in STZ-induced diabetic mice, and this change was 
more pronounced in KO+STZ mice. Furthermore, paricalcitol 
or VDR overexpression promoted PRKAA1 and ULK1 phos-
phorylation, even though there was no statistic difference 
between WT+STZ groups and OE+STZ groups (Figure 8A,C). 

We also assessed the level of p-PRKAA1 by immunofluorescence 
staining, which showed similar trend as it in western blotting 
(Figure 8B,D). Combined with results in Figure 3E, we specu-
lated that in the STZ-induced diabetic kidneys, VDR required 
activated by VD to effectively phosphorylate PRKAA1 and then 
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regulate autophagy (Figures 3E and 8A,B). In summary, our 
in vivo results indicated that VD-VDR restored defective auto-
phagy in kidney of STZ-induced diabetic mice by activating 
AMPK-ULK1 pathway, which was roughly consistent with the 
results in vitro.

Discussion

In the present study, we established an STZ-induced diabetic 
model in vdr-KO or Vdr-OE mice to investigate the role of 
vitamin D-VDR in inflammation and autophagy in DN. We 
found that vdr-KO led to more severely defective autophagy 
and increased inflammation level in STZ-induced mice than 
controls. However, paricalcitol or VDR overexpression 
restored defective autophagy and reduced inflammation 
caused by STZ-induced diabetes. Further, we report for the 
first time that paricalcitol ameliorated high glucose induced 
autophagy deficiency and inflammation in HK-2 cells partially 
via the Ca2+-CAMKK2-AMPK pathway.

Type 2 diabetic nephropathy is characterized by chronic, low- 
grade inflammation, which exacerbates the progression of DN 
[21]. Studies have suggested that autophagy participates in kid-
ney inflammation. In kidney tubular cells, autophagy suppresses 
inflammation through removing damaged and malfunctioning 

mitochondria and damaged lysosomes, and inhibiting damage- 
associated molecular patterns released by cellular protection and 
damage-associated molecular patterns degradation [22]. AGEs 
are endocytosed by kidney proximal tubules for lysosomal 
degradation to suppress AGE-induced inflammation [23]. In 
PTECs, both high-glucose conditions and AGE overload gradu-
ally blunt autophagic flux, while in DN autophagy promotes 
AGEs degradation by increasing lysosomal biogenesis and func-
tion [24]. Thus, impaired AGE degradation due to defective 
autophagy in DN activates inflammation and thus further pro-
motes DN. We observed in this study that inflammation was 
worsened when autophagy was blunted by CQ and alleviated 
when autophagy was restored by paricalcitol or metformin, 
indicating that defective autophagy at least partially contributes 
to high glucose-induced inflammation in DN. VDR plays an 
anti-inflammatory role in DN, but the mechanism of this func-
tion is not clear. Our previous study indicated that VDR exerts 
anti-inflammatory effects in high glucose-treated THP-1 cells via 
PTPN2 [25]. Zhang et al. also reported that 1,25(OH)2D3 blocks 
high glucose-induced CCL2 expression in mesangial cells by 
blunting NF-κB activation [26]. NOD2 (nucleotide binding oli-
gomerization domain containing 2), which can stimulate host 
immune response, is known to interact with and recruit 
ATG16L1 to bacterial entry site, which triggering autophagy to 

LG HG HG+pari LG HG HG+pari

VDR KOWT

p-ULK1(S555)

VDR

ACTB

t-ULK1

A

LG HG HG+met LG HG HG+met

WT

p-ULK1(S555)

VDR

ACTB

t-ULK1

B

LG HG

HG+p
ar

i
LG HG

HG+p
ar

i
LG HG

HG+p
ar

i
LG HG

HG+p
ar

i
0.0

0.5

1.0

1.5 p-ULK1:t-ULK1

R
el

at
iv

e 
le

ve
l

**

*
ns

**
**

ns

*

VDR KOWT WT

LG HG

HG+m
et LG HG

HG+m
et LG HG

HG+m
et LG HG

HG+m
et

0.0

0.5

1.0

1.5 p-ULK1:t-ULK1

R
el

at
iv

e 
le

ve
l ** **

**
**

** **

** **

WT WT

* *

* *

p-PRKAA1:t-PRKAA1

p-PRKAA1:t-PRKAA1

p-PRKAA1(T172)

t-PRKAA1

p-PRKAA1(T172)

t-PRKAA1

VDR KO

VDR KO

VDR KO VDR KO

Figure 6. VD regulated AMPK in a VDR-dependent manner. (A) Expression of p- PRKAA1, t- PRKAA1, p-ULK1, t-ULK1 and VDR in HK-2 WT or HK-2 VDR KO cells treated 
with LG, HG or HG+pari for 3 days. ACTB was used as the loading control. *p < 0.05, **p < 0.01, ns: no significant. (B) Expression of p- PRKAA1, t- PRKAA1, p-ULK1, 
t-ULK1 and VDR in HK-2 WT or HK-2 VDR KO cells treated with LG, HG or HG+metformin (HG+met) for 3 days. ACTB was used as the loading control. *p < 0.05, 
**p < 0.01.

884 A. LI ET AL.



eliminate intracellular bacteria [27]. In primary human mono-
cytic and epithelial cells, vitamin D3 induces the expression of 
NOD2, and VDR promotes NOD2 gene transcription through 
its vitamin D response elements (VDRES) [28]. Thus, VD-VDR 
may regulate inflammation by increasing vesicle elongation via 
NOD2. As VD-VDR both regulate kidney inflammation and 
autophagy in diabetic mice, we propose that the anti- 

inflammatory effect of VD-VDR is related to their effect on 
autophagy, which requires further study.

Many studies have reported a link between autophagy and 
DN, and that vitamin D3 and its analogs induce autophagy in 
many cell types. Autophagy deficiency or insufficiency in renal 
cells, including podocytes, mesangial cells, endothelial cells and 
tubular cells, contributes to the pathogenesis of DN [29]. Cellular 
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stress and excess nutrition induced by metabolic dysfunction in 
diabetes are implicated in autophagy impairment through altera-
tions in the nutrient-sensing pathways, including AMPK, mam-
malian target of rapamycin complex1 and Sirt1 in renal cells 
[30]. Adaptive autophagy exerts renoprotective effects and 

autophagy impairment is involved in the pathogenesis of DN 
[31]. Autophagy degradation was defective in diabetic mice and 
patients as SQSTM1 was accumulated [11,12], which was con-
sistent with our study. Other than triggering autophagy by 
upregulating BECN1/Beclin 1 and downregulating MTORC1 
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and its kinase activity [32,33], vitamin D promotes the formation 
of autophagosomes via cathelicidin, which is a target gene of 
VDR [34]. Meanwhile, vitamin D induces Ca2+-dependent auto-
phagy, which depends on the Ca2+-CAMKK2-dependent activa-
tion of AMPK [35,36]. Study indicated that vitamin D could 
stimulate autophagy by downregulating MTOR gene expression 
in DN [33], but the mechanisms required more direct and in- 
depth evidence and research. In our study, vdr-KO, Vdr-OE, 
pharmacological intervention, and gene knockdown were used 
to explore the mechanism of VD-VDR on autophagy regulating, 
and results indicated VD-VDR may regulates autophagy in DN 
through activating CAMKK2, leading to AMPK phosphoryla-
tion. Moreover, results in HK-2 cells suggested that VD-VDR 
mainly regulated AMPK activity in high glucose environment 
and restored it to near basal level, without causing overactivation 
of AMPK. AMPK induces autophagy by activating ULK1 or 
inhibiting MTORC1 activity, while study reported that loss of 
AMPK or ULK1 resulted in aberrant accumulation of SQSTM1 
[37], and AICAR (an AMPK activator) restored downregulated 
autophagy degradation induced by high glucose [38]. These 
indicated AMPK may regulate autophagy by regulating auto-
phagy degradation whose mechanism needs further study.

Calcium is involved in various cellular and organ functions, 
such as neurotransmitter release, intracellular signal transduction, 
cardiac contractility, muscle contraction, and bone metabolism. 
Studies have demonstrated that vitamin D increases cytoplasmic 
Ca2+ level via many aspects. Vitamin D upregulates calcium 
absorption through transient receptor potential vanilloid calcium 
channel-6 by forming 1,25(OH)2D3-VDR-RXR complex [39], 
increases expression of calcium-binding proteins and/or their 
transcripts, e.g., calbindin-D9k, calbindin-D28k, parvalbumin, cal-
modulin, and sorcin [40,41], and increase the solvent drag- 
induced duodenal calcium transport, which is probably mediated 
by pathways involving 1,25D3-MARRS, PI3K, PKC, and MEK 
[42]. Moreover, VDR modulates sarcoendoplasmic reticulum Ca2 

+-ATPase activity, leading toenhanced calcium tunneling across 
the duodenal cytoplasm [43]. In MCF-7 breast cancer cells, 
1,25(OH)2D3 and EB1089 increase intracellular Ca2+, which is 
required for vitamin D compounds-induced autophagosome for-
mation, and Ca2+-induced autophagy is dependent on CAMKK2 
[35]. In db/db mice, calcitriol reduces hepatic triglyceride accu-
mulation and glucose output through increasing cytosolic calcium 
Ca2+ and activation of the Ca2+-CAMKK2-AMPK pathway [44]. 
Although the mechanism of how VD regulating Ca2+ is not 
examined in our study, these findings support our proposed 
mechanism that vitamin D-VDR regulate autophagy and inhibit 
inflammation partially through activation of Ca2+-CAMKK2- 
AMPK pathway.

Taken together, our results demonstrated defective auto-
phagy in the kidneys of STZ-induced diabetic mice, and 
that vitamin D-VDR partially restored defective autophagy 
and reduced inflammation. Mechanistic studies demon-
strated that AMPK was involved in defective autophagy 
and inflammation induced by high glucose, and vitamin 
D-stimulated AMPK phosphorylation was due to 
CAMKK2 activation in response to increased intracellular 
Ca2+ concentration. Our results illuminate a new mechan-
ism for the renoprotective effect of vitamin D-VDR in DN.

Materials and methods

Reagents and antibodies

HK-2 cells were from the American Type Culture Collection 
(CRL-2190). DMEM was obtained from HyClone 
(SH30023.01). Fetal bovine serum was obtained from Gibco 
(FBS-CBT). STZ was acquired from Sigma (S0130), chloro-
quine (CQ, S6999), compound C (S7306), metformin (S5958) 
and STO-609 (S8274) were acquired from Selleck. Complete 
protease cocktail was obtained from Roche (5892970001). The 
following antibodies were used in the experiments: anti-VDR 
(Santa Cruz Biotechnology, sc-13133), anti-LC3B (Cell 
Signaling Technology, 2775, 3868), anti-SQSTM1/p62 (Sigma- 
Aldrich, P0067), anti-ADGRE1/F4/80 (BD Biosciences, 
565409), anti-p-PRKAA1/p-AMPKα1 (Cell Signaling 
Technology, 2535), anti-t-PRKAA1/AMPKα1 (Cell Signaling 
Technology, 2795), anti-p-ULK1 (Cell Signaling Technology, 
5869), anti-t-ULK1 (Cell Signaling Technology, 8054), and 
anti-STK11/LKB1 (Cell Signaling Technology, 3050). Cy™2 
AffiniPure Goat Anti-Rabbit (111–225-144), Peroxidase 
AffiniPure Goat Anti-Mouse (115–035-003), and Peroxidase 
AffiniPure Goat Anti-Rabbit (111–035-144) were from 
Jackson ImmunoResearch Laboratories.

Mice and treatment

vdr knockout (vdr-KO), VDR specifically overexpressed in 
kidney proximal tubular epithelial cells (Vdr-OE) and wild- 
type (WT) control mice were constructed in cooperation with 
the Model Animal Research Center of Nanjing University. 
The establishment of vdr-KO and Vdr-OE models was con-
firmed by immunohistochemistry, western blotting and real- 
time quantitative PCR analyses (Figure S1). To induce dia-
betic mellitus, 8-week-old male mice received intraperitoneal 
injections (i.p.) of either sodium citrate (pH 4.5, NC group) or 
50 mg/kg STZ (dissolved in sodium citrate, pH 4.5, DN 
group) for 5 consecutive days. One week later, mice with 
a casual blood glucose level above 16.7 mmol/L were used 
for subsequent experiments. vdr-KO mice and their WT 
counterparts were randomly separated into the WT, KO, 
WT+STZ, KO+STZ, and WT+STZ+pari groups, and all 
mice received an i.p. injection of 0.4 µg/kg paricalcitol (an 
activated vitamin D analog, pari; a present from professor Yan 
Chun Li, Chicago university) or PBS (Hyclone, SH30256.01) 
three times a week. Vdr-OE mice and their WT counterparts 
were randomly separated into the WT, OE, WT+STZ, and OE 
+STZ groups. Mice were sacrificed 12 weeks after diabetes 
induction, and their blood, serum and kidneys were har-
vested. Ethical approval was obtained from the Third 
Xiangya Hospital of Central South University.

Cell culture and treatment

HK-2 cells were cultured in DMEM with F12 (1:1) supple-
mented with 10% fetal bovine serum. HK-2 VDR KO cells 
and HK-2 STK11 KO were generated by using the CRISPR- 
Cas9 system. The sgRNA sequence for VDR KO is 5ʹ- 
ACGTTCCGGTCAAAGTCTCC-3ʹ. The sgRNA sequence 
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for STK11 KO is 5ʹ-CAGGTGTCGTCCGCCGCGAA-3ʹ. To 
evaluate the effect of high-glucose conditions on autophagy, 
HK-2 cells were incubated for up to 72 h in DMEM contain-
ing either low levels of glucose (5 mM, LG), high levels of 
glucose (30 mM, HG) or CQ (40 μM) with/without parical-
citol (0.5 ng/ml) treatment. To evaluate the effect of AMP 
activated kinase (AMPK) pathway on high glucose induced 
autophagy, HK-2 cells were treated with compound C (an 
AMPK inhibitor; 10 μM, pretreated 1 h) or metformin (an 
AMPK activator, met; 2 mM, pretreated 1 h). To explore the 
molecular mechanisms by which paricalcitol activates 
AMPK, STO-609 (a selective CAMKK2 inhibitor) (10 μM, 
pretreated 1 h), CAMKK2 siRNA and HK-2 STK11 KO cells 
were used.

Western blot analysis

Total protein was isolated from the kidney cortex or model 
cells as previously described (30). Protein concentrations were 
measured using a BCA protein assay kit (Pierce, 23227). Total 
protein was separated by SDS/PAGE and electrotransferred to 
PVDF membranes (Millipore, IPVH00010). The resulting 
membranes were blocked with PBST (PBS+0.1% Triton 
X-100 [Sigma-Aldrich, T8787]) containing 5% nonfat milk 
for 1 h before they were incubated with primary antibodies 
at 4°C overnight. After being washed three times with PBST, 
the membranes were further incubated with HRP-conjugated 
goat anti-mouse or anti-rabbit IgG antibodies at room tem-
perature (RT) for 1 h. Finally, the protein expression levels 
were measured using chemiluminescent staining reagent kits 
(SuperSignal West Femto, 34095), and images of stained pro-
teins were captured using Image Scanner. The intensities of 
bands on the images were quantified with ImageJ software.

Periodic acid Schiff staining

Kidney tissues were immediately preserved in 4% neutral 
buffered formalin, embedded in paraffin after dehydration 
through a graded alcohol series, cut into 4-μm sections and 
stained with PAS (Solarbio, G1281) for histological analysis.

Immunohistochemical staining

VDR and ADGRE1 levels in the formalin-fixed, paraffin- 
embedded tissues were evaluated using immunohistochemical 
staining. Briefly, the tissue sections (5-μm thickness) were 
deparaffinized and rehydrated, and microwave antigen retrie-
val was conducted in citrate buffer. After cooling, endogenous 
peroxidase activity was blocked with 3% hydrogen peroxide 
for 10 min at RT. Then, the slides were blocked with 5% BSA 
for 1 h at RT and incubated overnight at 4°C with primary 
antibodies (VDR: 1:100; ADGRE1: 1:200). After washing in 
PBS, the sections were incubated with secondary antibody for 
1 h at RT. After subsequent washes with PBS, DAB was 
applied to visualize the indicated proteins, followed by coun-
terstaining with hematoxylin to identify cellular nuclei.

Real-time quantitative PCR

Total RNA was extracted from the renal cortex using TRIzol 
reagent (Invitrogen, 15596–018). cDNA was synthesized using 
a reverse transcription kit (ReverTra Ace qPCR RT Kit; 
Thermo Scientific, AB1453B) according to the manufacturer’s 
instructions. Real-time quantitative PCR was performed using 
SYBR Green PCR Master Mix (Thermo Scientific, K0251) on 
an Applied Biosystems 7300 Sequence Detection System. PCR 
primers were designed using Oligo 6.0 software and synthe-
sized by Shanghai Sangon. PCR was performed with oligonu-
cleotide primers (R&D Systems) specifically designed to 
amplify mouse CCL2 (forward primer: 
5-CACTCACCTGCTGCTACTCA-3 and reverse primer: 
5-CTTCTTGGGGTCAGCACAGA-3), mouse TNF (forward 
primer: 5-TTCTATGGCCCAGACCCTCA-3 and reverse pri-
mer: 5- TGTCTTTGAGATCCATGCCGT-3), human CCL2 
(forward primer: 5-AGCAGCAAGTGTCCCAAAGA-3 and 
reverse primer: 5-CGGAGTTTGGGTTTGCTTGT-3), 
human TNF (forward primer: 
5-CCCAGGCAGTCAGATCATCT-3 and reverse primer: 
5-AGGACCTGGGAGTAGATGAGG-3), and human IL6 
(forward primer: 5-GACAGCCACTCACCTCTTCA-3 and 
reverse primer: 5-GCCTCTTTGCTGCTTTCACA-3). The 
relative amounts of the mRNAs were expressed as 2−ΔΔCT.

Transmission electron microscopy

The kidney tissue specimens were sliced into 1x1x3 mm3 in 
size and double-fixed in 2.5% glutaraldehyde solution (Alfa 
Aesar, A17876) with phosphate buffer (pH 7.3, 2.28 g NaH2 
PO4, 29.01 g Na2HPO4.12H2O, with ddH2O volume up to 
500 ml) and shipped overnight at ambient temperature to the 
TEM laboratory at the Pathology Department of Xiangya 
Hospital, Changsha, Hunan, where specimens were processed 
as followed. In sample preparations, the samples were washed 
three times at 10-min intervals with phosphate buffer. 
Incubated for 1 h in 1% osmium tetroxide and washed 
three times at 10-min intervals with phosphate buffer. 
Dehydration of the samples were carried out at room tem-
perature in a graded series of 50%, 70%, and 90% acetone at 
10-min intervals for each step followed by 100% acetone 
twice at 15-min intervals. Sample resin (Electone 
Microscopy Sciences, GE14120) soaking and embedding pro-
cess was done with the specimens in 1:1 mix of acetone:resin 
for 12 h and 100% resin to polymerize overnight at 37°C. 
Sample resin solidifying process was the specimens 100% 
resin to polymerize overnight at 37°C and then 12 h at 
60°C. 50- to 100-nm ultrathin sections of specimens were 
made with an ultramicrotome and a diamond knife. After 
3% uranyl acetate and lead nitrate double staining, the speci-
mens were examined and photographed on a Hitachi HT- 
7700 electron microscope.

Immunofluorescence staining

LC3 and p-PRKAA1/AMPKα1 levels in the formalin-fixed, 
paraffin-embedded tissues were evaluated using immuno-
fluorescence staining. Briefly, the tissue sections (5-μm 
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thickness) were deparaffinized and rehydrated, and micro-
wave antigen retrieval was conducted in citrate buffer. After 
cooling, endogenous peroxidase activity was blocked with 
3% hydrogen peroxide for 10 min at RT. Then, the slides 
were blocked with 5% BSA for 1 h at RT and incubated 
overnight at 4°C with primary antibodies (1:100). After 
washing in PBS, the sections were incubated with Alexa 
Fluor-conjugated goat anti-rabbit secondary antibody for 
1 h at RT. After subsequent washes with PBS, the sections 
were then stained with DAPI to visualize nuclei. Confocal 
microscopy was performed using a Leica TCS SP laser 
scanning microscope (Leica Microsystems, Exton, Pa.) fitted 
with a 100× Leica objective (Planaprochromatic; 1.4 numer-
ical aperture) and connected to Leica image software.

Statistical analysis

Data were analyzed using SPSS16.0 statistical software and are 
expressed as the mean ± standard deviation. Qualitative data 
are representatives of at least 3 experiments. Statistical differ-
ences in multiple groups were determined by multiple com-
parisons with ANOVA followed by Tukey’s post-hoc tests. 
Student’s t-test was used to analyze the differences between 
different 2 groups. P < 0.05 indicated statistical significance.
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