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Vitamin D receptor regulates high-level
glucose induced retinal ganglion cell
damage through STAT3 pathway
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Abstract. — OBJECTIVE: To explore the pro-
tective role of Vitamin D Receptor (VDR) in ret-
inal ganglion cells (RGCs) after high-level glu-
cose induction, and to investigate its underly-
ing mechanism.

MATERIALS AND METHODS: Primary RGCs
were isolated from 24-hour-old Sprague Daw-
ley (SD) rats and cultured in 50 mmol/L glucose.
The expression of VDR in RGCs induced by 50
mmol/L glucose at different time points was de-
termined by Real-time quantitative polymerase
chain reaction (qRT-PCR) and Western blot, re-
spectively. Subsequently, VDR siRNA was trans-
fected into RGCs. Transfection efficiency was
determined by qRT-PCR and Western blot, re-
spectively. The protein expressions levels of
VDR, signal transducer and activator of tran-
scription 3 (STAT3) and p-STAT3 in RGCs after
VDR knockdown were determined by Western
blot. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide) and cell counting
kit-8 (CCK-8) assay were conducted to access
the viability of RGCs after high-level glucose in-
duction. Ki-67 staining was performed to detect
the proliferation of RGCs. Meanwhile, the apop-
tosis of RGCs was evaluated by using Annexin-V
FITC/Pl and TUNEL (terminal dexynucleotidyl
transferase(TdT)-mediated dUTP nick end label-
ing) assay, respectively. In addition, caspase-3
activity in RGCs was detected by relative com-
mercial kit.

RESULTS: After 4 days of high-level glucose
induction, the viability of RGCs was remarkably
decreased. VDR was highly expressed in RGCs
during high-level glucose culture. The mRNA
and protein expression levels of VDR were both
significantly downregulated after the transfec-
tion of VDR siRNA in RGCs. Meanwhile, VDR
knockdown in RGCs significantly increased the
viability and proliferative ability of RGCs, where-
as significantly decreased apoptotic rate and
caspase-3 activity. In addition, the protein level
of p-STAT3 in RGCs was remarkably downregu-
lated after VDR knockdown.
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CONCLUSIONS: Inhibition of VDR exerts a
protective role in high-level glucose induced
RGCs damage by activating the STAT3 pathway.
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Introduction

Diabetic retinopathy (DR) is one of the import-
ant causes of visual impairment and blindness.
Recent studies' have shown that diabetes mellitus
is the leading cause of DR, which is related to cell
apoptosis resulted from retinal oxidative stress.
As the main complication of diabetes, DR lacks
effective treatment currently. Previous studies on
the pathogenesis of DR have mainly focused on
retinal capillary microcirculation. In recent years,
retinal nerve tissues, such as retinal ganglion
cells (RGCs), have gradually gained widespread
attention in the pathological researches of DR?.
Vitamin D receptor (VDR) exists in a variety of
cells and participates in the metabolism of calci-
um and phosphorus in the body. VDR regulates
the transcription and expressions of various genes
in cells, eventually affecting intracellular signal
transductions related to inflammatory response,
immune regulation and proteinuria production®~.
Researches have shown that VDR knockout in
diabetic mice results in a sharp reduction in the
number of podocytes in kidney tissue. Mean-
while, the pathological symptoms mainly include
proteinuria and glomerular sclerosis®. To date,
the role of VDR in high-level glucose induced
damage of RGC has rarely been reported. Sig-
nal transducer and activator of transcription 3
(STAT3) is a member of the STATs family, which
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is also an important signal transduction pathway
in cells. After STAT3 phosphorylation, it forms
a dimer and further transfers to the nucleus. It
has been shown that nuclear STAT3 is capable
of regulating the transcription and expression of
multiple genes, thereafter affecting cell growth
and apoptosis’. Moreover, the phosphorylation
level of STAT3 is abnormally elevated in kid-
ney tissues of patients with diabetic nephropa-
thy, which is also found to be highly expressed
in podocytes after high-level glucose induction.
Therefore, the aim of this study was to explore
the molecular mechanism of STAT3 in RGCs of
high-level glucose damage by inhibiting VDR.
Our study might provide a theoretical reference
for the prevention and treatment of DR.

Materials and Methods

Reagents

Penicillin, streptomycin, Dulbecco’s modified
eagle medium/F12 (DMEM)/F12 and fetal bo-
vine serum (FBS) were obtained from HyClone
(South Logan, UT, USA); primary and secondary
antibodies were obtained from Abcam (Cam-
bridge, MA, USA); bicinchoninic acid (BCA) kit
was obtained from Pierce (Rockford, 1L, USA);
TRIzol, complementary deoxyribose nucleic ac-
id (cDNA) reverse transcription kit and SYBR
Premix Ex Taq II were obtained from TaKaRa
(Otsu, Shiga, Japan); MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide)
determination kit was obtained from Sangon
(Shanghai, China); Ki-67 proliferation determi-
nation kit was obtained from Yutong (Jiangsu,
China); ApopTag Plus Peroxidase /n Situ Apop-
tosis Detection Kit was obtained from Chemicon
(Millipore, Billerica, MA, USA).

Cell Culture of Primary RGCs

Cerebral stratum of the retina was harvest-
ed from 24-hour-old Sprague Dawley (SD) rats.
Subsequently, collected tissues were washed with
phosphate-buffered saline (PBS) containing 100
U/mL penicillin and 50 pg/mL streptomycin for
four times. Tissues were then digested with 0.25%
trypsin at 37°C for 25 min. The mixture was cul-
tured in DMEM/F12 containing 10% FBS, 100 U/
mL penicillin and 50 U/mL streptomycin. After
centrifugation at 1200 r/min for 5 min, the cells
were re-suspended in DMEM/F12 containing
10% FBS and seeded into 6-well plates pre-coat-
ed with OX-41. The culture medium was replaced
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every 10 min, for a total of three times. The
un-adherent cells were removed by washing with
PBS for three times. As previously described,
primary RGCs were induced with 50 mmol/L
glucose for subsequent experiments. This study
was approved by the Animal Ethics Committee
of Dalian Medical University Animal Center.

Real-Time Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA was extracted from RGCs accord-
ing to the instructions of TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA). Subsequently, extracted
RNA was reversely transcribed into cDNA using
the Primescript RT Reagent Kit (TaKaRa, Otsu,
Shiga, Japan). Primers used in the study were as
follows: VDR, forward: 5-TCCTTCCTCTGCT-
GGTAT-3’, reverse: 5-CTCCCTTGGTTAGTGT-
GGTAG-3’; GAPDH, forward: 5>-CGTCTTCAC-
CACCATGGAGA-3, reverse: 5-CGGCCAT-
CACGCCACAGTTT-3. Relative gene expression
was calculated by the 244t method.

Western Blot

Total protein was extracted by radio-immuno-
precipitation assay (RIPA) solution (Beyotime,
Shanghai, China). The concentration of extracted
protein was detected by the bicinchoninic ac-
id (BCA) protein assay kit (Pierce Biotechnol-
ogy, Rockford, 1L, USA). Subsequently, equal
amounts of protein samples were separated by
sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred on-
to polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). After blocking
with 5% skimmed milk for 1 hour, the mem-
branes were incubated with specific primary an-
tibody at 4°C overnight. After washing with 1x
Tris-buffered with Saline-Tween 20 (TBST) for 5
times (6 min for each time), the membranes were
incubated with corresponding secondary anti-
body at room temperature for 2 h. After washing
with IXTBST for 1 min, immuno-reactive bands
were exposed by the enhanced chemilumines-
cence method. Image-Pro Plus 6.0 Imaging Sys-
tem (Silver Springs, MD, USA) was used for
analyzing the blot results.

Transfection

RGCs were first seeded in 6-well plates. Sub-
sequently, 6 uL. Turbofect containing VDR siR-
NA/mnon-specific siRNA and 200 pL serum-free
DMEM/F12 were added in each well for over-
night cell culture.
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MTT Assay

Transfected RGCs were seeded into 96-well
plates at a density of 5x10* cells per well. 20
pL MTT solution (5 g/L) were added in each
well, followed by incubation for 5 h. Sub-
sequently, the culture medium was replaced
with 150 pL dimethyl sulfoxide (DMSO) (Sig-
ma-Aldrich, St. Louis, MO, USA) and gently
mixed. Optical density (OD) value at the
wavelength of 490 nm was measured by using
a microplate reader.

Cell Counting Kit-8 (CCK-8) Assay

Transfected RGCs were seeded into 96-well
plates at a density of 5x10° cells per well. After
culture for 24 h, 10 pL CCK-8 (Dojindo Labo-
ratories, Kumamoto, Japan) solution were added
in each well and incubated for 2 h. Finally, OD
value at the wavelength of 490 nm was measured
by using a microplate reader.

Ki-67 Staining

As described previously, RGCs were collect-
ed by Ki-67 staining for proliferation detection.
Nucleus were stained with Hoechst 33342 (10 pg/
mL). RGCs were finally observed by a fluores-
cence microscope.

Annexin-V FITC /Pl staining

RGCs were pre-seeded into 6-well plates,
washed with PBS twice, and re-suspended in the
binding buffer in dark for 15 min. Cells were then
incubated with 5 pL Annexin V-fluorescein iso-
thiocyanate (FITC) and 5 pL Propidium lodide
(PI) in dark. Cell apoptosis was detected by flow
cytometry.

TUNEL (Terminal Dexynucleotidyl
Transferase(Tdt)-Mediated Dutp Nick
end Labeling] Assay

RGCs were collected, and the apoptotic rate was
detected by using the ApopTag Plus Peroxidase In
Situ Apoptosis Detection Kit (Merck, Millipore,
Billerica, MA, USA). Nucleus was stained with
Hoechst 33342 (10 ug/mL). Apoptotic cells were
observed under a fluorescence microscope.

Caspase-3 Activity Determination

RGCs were collected, and caspase-3 activity
was determined in accordance with the instruc-
tions of BD ApoAlert Caspase-3 Fluorescent As-
say Kit (BD Biosciences, Franklin Lakes, NJ,
USA).

Statistical Analysis

Statistical Product and Service Solutions
(SPSS) 16.0 Software (SPSS Inc., Chicago, IL,
USA) was used for all statistical analysis. All
data were expressed as X+s. Independent sample
t-test was performed to compare the differences
between two groups. One-way ANOVA was
used to compare the differences among different
groups, followed by post-hoc test. p < 0.05 was
considered statistically significant.

Results

VDR Was Highly Expressed In RGCs
With High-Level Glucose Damage

Isolated RGCs were first cultured in DMEM/
F12 containing 50 mmol/L glucose, and then cell
growth viability was determined at different time
points. Results showed that the growth viabili-
ty of RGCs was significantly decreased on the
fourth day of culture (p < 0.05, Figure 1). Hence,
RGCs cultured for 4 days in a high-level glucose
environment were chosen for subsequent experi-
ments. To determine whether VDR was involved
in the regulation of high-level glucose-induced
damage in RGCs, we detected its expression
in RGCs after 4-days culture in high-level glu-
cose environment. Interestingly, we found that
both mRNA (Figure 2A) and protein (Figure
2B) expression levels of VDR were remarkably
higher than those of normal controls, suggesting
that VDR might be involved in the regulation of
high-level glucose damage in RGCs.
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Figure 1. Effects of high-level glucose treatment on RGCs
with different culture duration. Cell growth viability of RGCs
cultured with 50 mmol/L glucose at different time points. a: p
<0.05, b: p <0.01, compared with the control group.
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Figure 2. Effects of high-level glucose on VDR expression in RGCs. (4) The mRNA expression level of VDR. (B)
Quantification of the protein expression level of VDR. (C) The protein level of VDR detected by Western blot. a: p < 0. 05,
compared with the control group (1: the control group; 2: the high-level glucose group).

VDR Knockdown in RGCs

To further determine the role of VDR in the
regulation of RGCs with high-level glucose
damage, we constructed a VDR knockdown
model by transfecting VDR siRNA in RGCs.
Transfection efficiency of VDR siRNA was
detected by qRT-PCR and Western blot, re-
spectively. Results indicated that both mRNA
(Figure 3A) and protein (Figure 3B) levels of
VDR were significantly decreased after trans-
fection of VDR siRNA (p < 0.05). According
to the mRNA levels of VDR in the siRNA
group and the control group, the transfection
efficiency of VDR siRNA was up to 52%.

VDR Knockdown Attenuated Inhibited
Growth and Proliferation of RGCs Induced
by High-Level Glucose Damage

To access the effects of VDR on the biolog-
ical properties of RGCs after high-level glu-
cose treatment, the growth viability and pro-
liferative ability of RGCs were determined
by MTT, CCK-8 assay and Ki-67 staining, re-
spectively. Experimental results showed that
both the growth viability (Figure 4A) and
proliferative ability (Figure 4B) of the VDR
si-RNA group were significantly increased
when compared with those of the non-spe-
cific siRNA group and the control group
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Figure 3. VDR expression in RGCs after transfection. (4) The mRNA expression level of VDR after transfection. (B)
Quantification of the protein expression level of VDR after transfection. (C) The protein level of VDR detected by Western blot
after transfection. a: p < 0. 05, compared with the non-specific siRNA group (1: the control group; 2: the VDR siRNA group;

3: the non-specific siRNA group).
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Figure 4. Effects of VDR knockdown on the viability and proliferation of RGCs. (4) Cell viability of RGCs after VDR
knockdown. (B) Cell proliferation of RGCs after VDR knockdown. (C) Ki-67 staining of RGCs after VDR knockdown
(magnification 400x). Ki-67 staining (red) and Hoechst 33342 staining of cell nucleus (blue) in the VDR siRNA group and the
non-specific siRNA group. a: p < 0.05, compared with the non-specific siRNA group (1: the control group; 2: the VDR siRNA

group; 3: the non-specific siRNA group).

(p < 0.05). In addition, compared with the
non-specific siRNA group (Figure 4C-right),
higher positive expression of Ki-67 staining
was observed in the VDR siRNA group (Fig-
ure 4C-left). These findings all suggested
that VDR knockdown could alleviate the in-
hibitory effects of high-level glucose on the
growth and proliferation of RGCs.

VDR Knockdown Decreased the
Apoptosis of RGCs Induced by
High-Level Glucose Damage

To explore the specific role of VDR in the
apoptosis of RGCs after high-level glucose treat-
ment, we detected caspase-3 activity and the
apoptotic rate by Annexin-VFITC /PI staining
and TUNEL assay, respectively. We found that
caspase-3 activity (Figure 5A) and the apoptotic
rate (Figure 5B) in the VDR si-RNA group were
remarkably decreased when compared with those
of the non-specific siRNA group and the control
group (p < 0.05). TUNEL assay showed that less
apoptotic RGCs were found in the VDR si-RNA
group than the non-specific siRNA group (Figure
5C). Therefore, we believed that VDR knock-

down could significantly decrease the apoptotic
rate of RGCs induced by high-level glucose dam-
age.

VDR Knockdown Inhibited
STAT3 Pathway

Previous studies have pointed out that activation
of the STAT3 pathway promotes cell apoptosis. In
the present study, we detected the protein level of
phosphorylated STAT3 in RGCs by Western blot,
and further verified whether STAT3 was involved
in high-level glucose damage in RGCs. Compared
with the non-specific siRNA group and the con-
trol group, the expression level of phosphorylat-
ed STAT3 was remarkably downregulated in the
VDR si-RNA group (Figure 6, p < 0.01). Our data
demonstrated that STAT3 pathway was related to
high-level glucose damage in RGCs and was in-
hibited after VDR knockdown.

Discussion

Diabetes mellitus is a kind of metabolic dis-
ease caused by disordered insulin secretion and
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Figure 5. Effects of VDR knockdown on caspase-3 activity and the apoptosis of RGCs. (4) Caspase-3 activity of RGCs
after VDR knockdown. (B) Cell apoptosis of RGCs after VDR knockdown. (C) TUNEL staining (red) of RGCs after VDR
knockdown; Hoechst 33342 staining was performed to indicate the nucleus (blue) (200x). Arrow indicated apoptotic cells. a:
p < 0. 01, compared with the non-specific siRNA group (1: the control group; 2: the VDR siRNA group; 3: the non-specific

siRNA group).

function. Hyperglycemia induced by diabetes can
lead to long-term damage to different organs,
including eyes, kidneys, nerves, heart and blood
vessels®®. As one of the most common complica-
tions of diabetes, DR can even cause blindness.
With the rapid changes in living standards and

lifestyles, the incidence of diabetes increases year
by year. Meanwhile, the incidence of DR is also
on the rise. However, current treatment fails to
cure DR effectively. In this study, we investigated
the protective effect of VDR on RGCs induced
by high-level glucose in vitro. The aim of this
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Figure 6. Effects of VDR knockdown on STAT3 activation. (4) The protein expression level of STAT3. (B) Quantification of
the protein expression level of STAT3. a: p <0. 05, compared with the non-specific siRNA group (1: the control group; 2: the

VDR siRNA group; 3: the non-specific siRNA group).
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study was to provide a new theoretical reference
for the prevention and treatment of DR. Vitamin
D is reported to be involved in the development
and progression of chronic kidney diseases. The
deficiency of vitamin D is also associated with
the development of diabetic nephropathy. Mean-
while, administration of vitamin D drugs can
effectively reduce the ratio of urinary albumin
and creatinine level in patients with chronic kid-
ney diseases. VDR is a transcriptional regulator
that specifically binds to vitamin D metabolites,
which may serve as a receptor for vitamin D. Re-
cent studies'™'" have shown that VDR is widely
expressed in kidney tissues, and is also found in
glomerular epithelial cells, podocytes as well as
juxtaglomerular apparatus. Previous studies have
reported abnormal upregulation of angiotensin
and renin levels in VDR’ diabetic mice. These
mice exhibit severe renal tissue damage, accom-
panied by other symptoms such as renal intersti-
tial fibrosis and proteinuria. Meanwhile, abun-
dant podocyte apoptosis has been observed in
kidney tissue of these mice'?. In the present work,
we found that VDR was highly expressed in
RGCs extracted from rats with high-level glucose
damage. VDR knockdown remarkably enhanced
the survival rate of RGCs, whereas decreased the
apoptotic rate and caspase-3 activity in RGCs.
Therefore, we believed that VDR inhibition could
protect RGCs from high-level glucose damage.
As an important member of the JAK-STAT path-
way, STAT3 exerts an essential role in regulating
cell proliferation, survival, apoptosis and differ-
entiation. /n vitro experiments have confirmed
that STAT3 can be activated by a variety of stim-
uli, including angiotensin II, high-level glucose,
interleukin-6 and oxidative stress'*-'°. Meanwhile,
the STAT3 pathway can be observed in various
animal models, such as diabetic nephropathy,
Thyl-1 glomerulonephritis, ischemia-reperfusion
nephropathy, obstructive nephropathy, and hu-
man immunodeficiency virus (HIV)-associated
nephropathy'. Clinical studies have reported that
activated phosphorylation of STAT3 pathway can
be detected by renal biopsy in patients with
diabetic nephropathy, IgA nephropathy, lupus
nephropathy, and vasculitis'®. Inhibition of phos-
phorylated STAT3 may improve renal function
and reduce renal tissue inflammation in rats with
diabetic nephropathy. Moreover, it is believed
that phosphorylation of the STAT3 pathway plays
an essential role in the pathogenesis of diabetes,
which can be applied as an intervention target for
diabetes treatment. In the present research, VDR

knockdown in RGCs remarkably downregulated
the level and activity of phosphorylated STATS3.
We concluded that VDR could protect RGCs
from high-level glucose damage via regulating
the STAT3 pathway. Caspase-3 is a homologous
cysteine protease involved in the process of apop-
tosis, which is also considered as an activator of
apoptosis'®. Activated intracellular death signals
stimulate the activation of caspase-3, in turn
initiating the hydrolysis of target proteins, such
as cytoskeletal proteins. This may eventually
promote cell apoptosis®. In this experiment, low-
ly expressed VDR, decreased STAT3 activation
and caspase-3 activity were observed in RGCs
of high-level glucose damage. In summary, we
found that high-level glucose damage in RGCs
resulted in the upregulation of VDR expres-
sion. Knockdown of VDR significantly promoted
cell growth and proliferation. Meanwhile, VDR
down-regulation remarkably inhibited caspase-3
activity and apoptosis in impaired RGCs, indi-
cating the protective effect of VDR inhibition on
RGCs. Additionally, inhibition of VDR down-
regulated STAT3 phosphorylation. This further
suggested that inhibition of VDR might protect
RGCs from high-level glucose damage by regu-
lating the STAT3 pathway. Therefore, VDR can
be used as a potential target molecule for DR
prevention, providing a new speculative basis for
the prevention and treatment of DR.

Conclusions
Inhibition of VDR expression exerts a protec-

tive role in high-level glucose damage induced
RGCs by activating the STAT3 pathway.
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