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 Background: This study aimed to investigate the mechanisms underlying the neuroprotective effects of vitamin D.
 Material/Methods: Rat primary neuron cells were incubated under a hypoxia condition [a hypoxic chamber mixed with anaero-

bic gas (90% N2, 5% CO2) and 5% O2] to induce cell injury. Cell transfection was performed to overexpress or 
suppress the expression of dual oxidase 1 (DUOX1). The malondialdehyde (MDA) and superoxide dismutase 
(SOD) levels were detected using a MDA (A003-2) or SOD (A001-1) kit. DUOX1 mRNA levels were detected us-
ing RT-PCR. Hypoxia-inducible factor-1a (HIF-1a), DUOX1, vitamin D receptor (VDR), NF-kB protein expressions 
were determined by western blotting. Cell apoptosis and reactive oxygen species (ROS) were evaluated by flow 
cytometry.

 Results: ROS increased significantly after hypoxic treatment. The expressions of HIF-1a and DUOX1 were significantly 
increased after hypoxic treatment. Vitamin D could decrease ROS level, apoptotic neuron cells and DUOX1 ex-
pression, and increase VDR expression. Downregulation of DUOX1 significantly decreased MDA level and apop-
totic percentages of neuron cells, increased SOD level, and counteracted the hypoxia-induced increase of NF-kB 
signal. Further study showed that overexpression of DUOX1 significantly increased MDA level, ROS level, apop-
totic percentages of neuron cells, and NF-kB nuclear signaling, while decreased SOD level. Vitamin D signifi-
cantly counteracted the effects of DUOX1 overexpression induced injury in rat primary neuron cells.

 Conclusions: Our study indicated that vitamin D may protect neuron cells from hypoxia-induced injury by regulating DUOX1 
via the NF-kB signaling pathway.
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Background

Oxygen is an oxidizing agent, the homeostasis of which is 
necessary to maintain the physiological balance during cell 
growth and development [1]. Under many pathological con-
ditions, hypoxia interferes with energy metabolism and even-
tually results in cell death [2]. Neurons in the central nervous 
system of mammals are vulnerable to hypoxia. The neuronal 
injury induced by hypoxia is the basis of many neurological 
disorders, such as stroke. Lack of oxygen in the brain can re-
sult in a rapid loss of the electroencephalographic (EEG) activ-
ity and evoked potentials, which is a sign of injury [3,4]. It is 
of great significance to develop promising therapeutic strate-
gies to attenuate hypoxia-induced neuronal injury.

Vitamin D is a steroid hormone that is synthesized in the 
skin from 7-dehydrocholesterol by ultraviolet light, which is 
metabolized primarily in the liver and then in the kidney to 
form calcitriol (1,25(OH)2D3) [5]. Calcitriol is the most bioac-
tive metabolite of vitamin D, which is increasingly recognized 
for its neuroprotective effects [6]. Thus, vitamin D could not 
only affect bone mineralization, but also is a potent neuro-
hormone. Previous studies have identified that vitamin D re-
ceptors (VDRs) and some enzymes in the vitamin D synthesis 
pathway are found in the human brain [7,8]. In addition, clini-
cal literature has shown the effects of low vitamin D status on 
brain injury. For example, Nararsimhan et al. found that sup-
plement of vitamin D significantly improved the outcomes in 
those ischemic stroke patients after 3 months [9]. Zhou et al. 
found that lower level of vitamin D was associated with an in-
creased risk of ischemic stroke based on a meta-analysis [10]. 
It has found that in addition to adults, the status of vitamin D 
is also associated with neonatal hypoxic ischemic encepha-
lopathy [11–13]. Thus, vitamin D not only plays a critical role 
in many neurological disorders in adults, but also is impor-
tant in neuronal development in newborns and children [14]. 
Nevertheless, the molecular mechanisms underlying the neuro-
protective effects of vitamin D remain to be elucidated.

Hypoxia-inducible factor-1 (HIF-1) is a member of the HIF fam-
ily and is composed of an O2-regulated a subunit and a con-
stitutive b subunit [15]. The transcriptional activity of HIF-1 
is induced under continuous hypoxia conditions [16]. Under 
hypoxia conditions, HIF-1a and HIF-1b form activated HIF-1, 
which induces the expression of downstream target genes 
and presents different physiological functions by regulating 
different target genes, such as angiogenesis, energy metabo-
lism, erythropoiesis, and cell differentiation. In hypoxic-isch-
emic brain injury, HIF-1 plays a neuropotective role by regulat-
ing target gene expression to increase tissue oxygen supply, 
improve energy metabolism, stimulate angiogenesis and re-
modeling, and promote nerve regeneration [17,18].

It has been suggested that hypoxic conditions can induce the 
production of reactive oxygen species (ROS) in neurons, caus-
ing lipid peroxidation, and the final product malondialdehyde 
(MDA) level is increased, while superoxide dismutase (SOD) 
level is decreased, which can scavenge superoxide free radi-
cals [19,20]. Therefore, MDA and SOD are 2 typical oxidative 
stress parameters [21]. ROS promotes brain injury via causing 
damage to lipids, proteins, and nucleic acids, and by activating 
many redox-sensitive signaling pathways [22,23]. One study 
demonstrated that cells produce ROS through activating nic-
otinamide adenine dinucleotide phosphate (NADPH) oxidases 
that comprise an enzyme family known as NOX/DUOX [24]. It 
has been reported that NOX2-derived ROS production plays a 
key role in nerve injury [25]. NOX4 is important for maintain-
ing neuropathic pain after peripheral nerve injury [26]. Dual 
oxidase (DUOX) enzymes are regulated by some positive and 
negative signals to adjust the production of ROS to the chang-
ing environment [27]. To our best knowledge, there is no direct 
evidence about the role of DUOX enzymes in neuronal injury.

Thus, in the present study, we intended to investigate wheth-
er vitamin D played a neuroprotective role in hypoxia-induced 
neuronal injury by acting DUOX1 to regulate ROS. Our study 
may help to understand the mechanisms underlying the neuro-
protective effects of vitamin D.

Material and Methods

Cell culture

Rat primary neuron cells were cultured in a high-glucose 
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% 
fetal bovine serum (FBS) and 1% double antibiotics (penicillin 
and streptomycin) in a 37°C incubator with 5% CO2.

Construction of hypoxic nerve injury cell model

Rat primary neuron cells were set up in a hypoxic group and 
a normal oxygen group (control). Hypoxic group: cells were 

Table 1. The sequences of DUOX1 siRNA (siDUOX1).

Name Sequence

siDUOX1-1: 
118–136

Sense: 5’-GCGAUUUGAUGGAUGGUAUTT-3’
Antisense: 5’-AUACCAUCCAUCAAAUCGCTT-3’

siDUOX1-2: 
3124–3142

Sense: 5’-GCAGUUCAAGCGCUUCAUUTT-3’
Antisense: 5’-AAUGAAGCGCUUGAACUGCTT-3’

siDUOX1-3: 
4254–4272

Sense: 5’-GCUGCCAAGUGUUCUGUAATT-3’
Antisense: 5’-UUACAGAACACUUGGCAGCTT-3’

siNC
Sense: 5’-CAGUACUUUUGUGUAGUACAA-3’
Antisense: 5’-UUGUACUACACAAAAGUACUG-3’
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cultured in a hypoxic chamber mixed with anaerobic gas (90% 
N2, 5% CO2) and 5% O2; Control group: cells were cultured in 
an incubator (95% air, 5% CO2) at 37°C. After 0, 6, 12, and 24 
hours of incubation, ROS and HIF-1a was detected to verify that 
hypoxic nerve injury cell model was successfully constructed.

DUOX1 overexpression and interference

DUOX1 (AF542180.1) coding sequences (CDS) were synthe-
sized and validated, and then inserted into pcDNA3.1(+) vector 
(Addgene, USA) at Hind III/EcoR I sites. DUOX1 overexpression 
plasmids (oeDUOX1) were extracted using a Plasmid Extraction 
Kit (Solarbio, Beijing). The sequences of DUOX1 siRNA (siDUOX1) 
at 3 different sites were synthesized and listed in Table 1.

Cell transfection

Rat primary neuron cells in the logarithmic growth phase were 
suspended to 1×106 cells/mL after trypsinization. Then 2 mL 
of suspension was inoculated into 6-well plates for overnight 

culture at 37°C with 5% CO2. When the cells grew to 60–70% 
confluency, rat primary neuron cells were transfected with 
siDUOX1-1, siDUOX1-2, siDUOX1-3 (targeting at 3 different site 
of DUOX1 gene; MOI=5, 5 µL) and negative control of DUOX1 
interference [siNC (MOI=5, 5 µL)], or oeDUOX1 (MOI=5, 5 µL) 
and empty plasmids (vector, MOI=5, 5 µL) by Lipo2000. After 
24 hours of transfection, serum-free transfer solution was re-
placed by complete medium to culture for 48 hours.

Biochemical detection

After treatment, the cells were collected and the supernatants 
were obtained to detect MDA and SOD levels using a MDA 
(A003-2) or SOD (A001-1) kit (Nanjing Jiancheng Biotechnology 
Research Institute, Jiangsu, China) according to the manufac-
turer recommendations. Briefly, the kit was mixed with the 
samples by a vortex mixer. The mouth of the test tube was 
fastened with a plastic wrap, and a small hole was pierced 
with a needle, followed by 40 minutes of water bath at 95°C. 
The absorbance at 532 nm was detected.
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Figure 1.  ROS was significantly increased in hypoxia-induced injury in rat primary neuron cells. (A) ROS level was detected by flow 
cytometry after 0, 6, 12, and 24 hours of hypoxic culture. (B) The mRNA expression of DUOX1 was detected by Q-PCR after 
0, 6, 12, and 24 hours of hypoxic culture. (C) The protein expression of HIF-1a and DUOX1 was detected by western blot 
after 0, 6, 12, and 24 hours of hypoxic culture. * P<0.05, ** P<0.01, *** P<0.001 versus 0 hours 5% O2. ROS – reactive oxygen 
species; Q-PCR – quantitative polymerase chain reaction; DUOX1 – dual oxidase 1; HIF-1a – hypoxia-inducible factor-1a.
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Figure 2.  Vitamin D attenuated hypoxia-induced injury in rat primary neuron cells. (A) ROS level was detected by flow cytometry 
after treatment with different concentrations of vitamin D. (B) Apoptosis was detected by flow cytometry after treatment 
with different concentrations of vitamin D. (C, D) The mRNA expression of VDR and DUOX1 was detected by Q-PCR after 
treatment with different concentrations of vitamin D. (E) The protein expression of VDR and DUOX1 was detected by western 
blot after treatment with different concentrations of vitamin D. *** P<0.001 versus control; # P<0.05, ## P<0.01, ### P<0.001 
versus 0 nM vitamin D. Control: rat neuron cells cultured under normoxic conditions. ROS – reactive oxygen species; 
VDR – vitamin D receptor; DUOX1 – dual oxidase 1; Q-PCR – quantitative polymerase chain reaction;
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Real-time polymerase chain reaction (RT-PCR) assay

Total RNA was extracted with TRIzol reagent (1596-026, 
Invitrogen). After quantification, RNA was reverse transcribed 
into cDNA by using the Reverse Transcription Kit (#K1622, 
Fermentas, Lithuania). With cDNA as templates, RT-PCR was car-
ried out on ABI 7300 Real-Time PCR system (Applied Biosystems, 
ABI-7300, Foster City, CA, USA) with a SYBR Green PCR Kit 
(#K0223, Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Reactions were conducted in triplicate and then normalized 
to GAPDH. Relative mRNA level was calculated by the meth-
od of 2–DDCq. The procedures were as follows: 95°C for 10 min-
utes; 40 cycles of 95°C for 15 seconds and 60°C for 45 seconds.
The primers sequences were as follows:
DUOX1, F: 5’-AACCCTACCTGCCTAACCC-3’,
R: 5’-CTGTCCAGTGCTGCGGTC-3’;
VDR, F: 5’-CGACCCTGGTGACTTTGAC-3’,
R: 5’-CGGTTGTCCTTGGTGATGC-3’;
GAPDH, F: 5’-GGAGTCTACTGGCGTCTTCAC-3’,
R: 5’-ATGAGCCCTTCCACGATGC-3’.

Western blotting

Total proteins were extracted using radioimmunoprecipitation 
assay (RIPA) buffer (R0010, Solarbio, Beijing, China) and then 
quantified using a bicinchoninic acid (BCA) quantification kit 
(PICPI23223, Thermo Fisher Scientific). Then 25 µg proteins 
were separated by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE; JRDUN Biotechnology 
Co., Ltd., Shanghai, China) and transferred onto the polyvi-
nylidene fluoride (PVF) membranes (HATF00010, Millipore, 
Bredford, MA, USA). After blocking in 5% skim milk (BYL40422, 
BD Biosciences, Franklin Lakes, NJ, USA) for 1 hour at 25°C, 
the blots were probed with primary antibodies against HIF-1a 
(1: 400, Ab1, Abcam), DUOX1 (1: 1000, Orb539256, Biorbyt), 
VDR (1: 1000, Ab109234, Abcam), NF-kB (1: 2000, Ab16502, 
Abcam), cleaved caspase-3 (1: 1000, AF6311, Affinity), H3 
(1: 1000, Ab1791, Abcam), and GAPDH (1: 2000, #5174, Cell 
Signaling Technology) overnight at 4°C with gentle shaking. 
Then the blots were washed with TBST 5 to 6 times followed 
by 1 hour of incubation in secondary antibodies that were 
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labeled with horseradish peroxidase (HRP; 1: 1000, Beyotime, 
Shanghai, China) at room temperature. After being washed 
with tris-buffered saline with Tween (TBST) for 5 to 6 times, 
the blots were developed by 5 minutes incubation with chemi-
luminescent reagent (WBKLS0100, Millipore). Finally, the protein 
blots were exposed on an ECL imaging system (Tanon-5200, 
Tanon, Shanghai, China), and H3 and GAPDH served as endog-
enous references. Relative protein levels were calculated us-
ing ImageJ software (Bethesda, MD, USA).

Cell apoptosis assay

Flow cytometry analysis was applied to evaluate cell apoptosis. 
Rat primary neuron cells were collected followed by Annexin 
V-fluorescein isothiocyanate (FICT)/propidium iodide (PI) dou-
ble staining (C1052, Beyotime). Then 5×105 to 1×106 cells were 
resuspended in 195 µL Annexin V-FITC binding buffer, followed 

by incubated in 5 µL Annexin V-FITC for 15 minutes at 4°C in 
the dark. Subsequently, the cells were incubated in PI (5 µL) 
for 5 minutes (4°C, dark). Percentages of apoptotic ZR-75-30 
and BT474 cells were evaluated on a flow cytometer by a BD 
Accuri™ C6 Software (V1.0.264.21, BD Biosciences, USA).

ROS detection

After treatment, the cell pellets were collected and then re-
suspended in 1 mL cooled phosphate-buffered saline (PBS). 
Total 10 mM DCFH-DA probe solution was diluted with serum-
free medium at 1: 1000 to obtain a 10 µM staining working 
solution. The cell samples were obtained and incubated with 
DCFH-DA probe solution for 20 minutes at 37°C in the dark. 
Cells and solution were inverted and mixed every 5 minutes. 
The serum-free medium was washed 3 times, and the sam-
ples were detected by a flow cytometry.
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Figure 3.  Downregulation of DUOX1 significantly attenuated hypoxia-induced injury in rat primary neuron cells. (A, B) The interference 
efficiency of DUOX1 was detected by Q-PCR (A) and western blot (B). (C, D) MDA (C) and SOD (D) levels were detected by 
biochemical detection. (E, F) ROS level (E) and apoptosis (F) were detected by flow cytometry. (G) Protein expression of NF-kB 
and cleaved caspase-3 was determined by western blot. * P<0.05, ** P<0.01, *** P<0.001 versus siNC or control; # P<0.05, 
## P<0.01, ### P<0.001 versus 5% O2+siNC. siNC: Negative control of DUOX1 interference; siDUOX1: DUOX1 interference; 
Control: rat neuron cells cultured under normoxic conditions. DUOX1 – dual oxidase 1; Q-PCR – quantitative polymerase 
chain reaction; MDA – malondialdehyde; SOD – superoxide dismutase; ROS – reactive oxygen species.
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Statistical analysis

All experiments in this study were conducted thrice indepen-
dently, and the data were presented as the mean±standard 
deviation (SD). Statistical testing was performed using the 
software of GraphPad prism 7.0 (San Diego, CA, USA). ANOVA 
with Tukey’s multiple comparison post hoc tests was applied 
for multiple groups. P<0.05 indicated statistical significance.

Results

ROS was significantly increased in hypoxia-induced injury 
in rat primary neuron cells

Rat primary neurons were used to construct hypoxic (5% O2) 
nerve injury cell model. The result showed that compared 
with the control group (normal oxygen), ROS increased signif-
icantly after hypoxic treatment in a time-dependent manner 
(Figure 1A). As shown in Figure 1B, the expression of DUOX1 
mRNA was significantly increased after hypoxic treatment, 
and the protein expression of HIF-1a and DUOX1 were also 
significantly increased (Figure 1C). The treatment time of 24 

hours was selected for subsequent experiments. These re-
sults indicated that ROS increased significantly in hypoxia-
induced neuron cells.

Vitamin D attenuated hypoxia-induced injury in rat 
primary neuron cells

To study the role of vitamin D in hypoxia-induced injury in 
rat primary neuron cells, the hypoxia-treated neuron cells (24 
hours) were treated with different concentrations of vitamin D 
(0, 50, 100, and 200 nM) for 24 hours. As shown in Figure 2A, 
ROS decreased significantly with the increase of vitamin D 
concentration compared with the control group. Additionally, 
the percentage of apoptotic neuron cells significantly decreased 
with the increase of vitamin D concentration (Figure 2B). 
Moreover, the mRNA and protein expression levels of VDR and 
DUOX1 were detected after vitamin D treatment. The results 
showed that after vitamin D treatment, the protein expres-
sion of VDR significantly increased, while the protein expres-
sion of DUOX1 decreased significantly compared with control 
(Figure 2C–2E). The concentration of 100 nM was selected for 
subsequent experiments. The results indicated that vitamin D 
could alleviate hypoxia-induced neuron cell damage, and the 
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Figure 4.  Vitamin D attenuated DUOX1-induced injury in rat primary neuron cells. (A, B) The overexpression efficiency of DUOX1 was 
detected by Q-PCR (A) and western blot (B). (C, D) MDA (C) and SOD (D) levels were detected by biochemical detection. 
(E, F) ROS level (E) and apoptosis (F) were detected by flow cytometry. (G) Protein expression of NF-kB and cleaved caspase-3 
was determined by western blot. *** P<0.001 versus vector; ## P<0.01, ### P<0.001 versus oeDUOX1+vehicle. Vector: Negative 
control of DUOX1 overexpression; oeDUOX1: DUOX1 overexpression. DUOX1 – dual oxidase 1; Q-PCR – quantitative 
polymerase chain reaction; MDA – malondialdehyde; SOD – superoxide dismutase; ROS – reactive oxygen species.

effect was significantly enhanced with the increase of vita-
min D concentration.

Downregulation of DUOX1 significantly attenuated 
hypoxia-induced injury in rat primary neuron cells

To further explore the role of DUOX1 in hypoxia-induced inju-
ry in rat primary neuron cells, we suppressed the expression 
of DUOX1 and observed the neuron cell injury condition. First, 
the interference efficiency of DUOX1 was detected through 
RT-PCR and western blotting. As shown in Figure 3A and 3B, 
DUOX1 was downregulated significantly after cell transfec-
tion, and siDUOX1-1 and siDUOX1-2 had a better effect to 
siDUOX1-3. Suppression of DUOX1 significantly decreased 
MDA level while increased SOD level compared with siNC+ 
5%O2 group, which was similar to the effects of vitamin D 
treatment (Figure 3C, 3D). Additionally, ROS and the apoptot-
ic percentages of neuron cells significantly decreased after 
DUOX1 was suppressed (Figure 3E, 3F). Furthermore, down-
regulation of DUOX1 significantly counteracted the hypoxia-
induced increase of NF-kB signal in the nucleus (Figure 3G), 

suggesting that NF-kB signaling may be involved in the regu-
lation of DUOX1 in nerve injury.

Vitamin D attenuated DUOX1-induced injury in rat primary 
neuron cells

We further overexpressed DUOX1 in rat primary neuron cells 
to investigate the role of vitamin D in DUOX1-induced injury 
in rat primary neuron cells. The overexpression efficiency of 
DUOX1 is shown in Figure 4A and 4B. The MDA level increased 
significantly and the SOD level decreased significantly after 
overexpression of DUOX1, while vitamin D treatment could 
reverse the effects of overexpressed DUOX1 (Figure 4C, 4D). 
Moreover, overexpression of DUOX1 significantly increased 
ROS level, apoptotic percentages of neuron cells, and NF-kB 
nuclear signaling. Similarly, vitamin D significantly counter-
acted the effects of DUOX1 overexpression induced injury in 
rat primary neuron cells (Figure 4E–4G). The results indicated 
that vitamin D may regulate neuron cell injury through DUOX1.
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Discussion

Vitamin D is a vital component of normal neuronal develop-
ment, deficiency of which is associated with increased vul-
nerability to neurologic injury. In our study, rat primary neu-
ron cells were incubated under a hypoxia condition to induce 
cell injury. We found that ROS was significantly increased in 
hypoxia-induced injury in neuron cells. Vitamin D treatment 
could attenuate hypoxia-induced injury in neuron cells. Further 
study revealed that downregulation of DUOX1 played a simi-
lar role with vitamin D treatment in hypoxia-induced neuron 
cells injury. Finally, vitamin D was found to attenuate DUOX1-
induced injury in neuron cells, indicating that vitamin D may 
regulate neuron cell injury through DUOX1.

Intentional production of ROS occurs in many cell types in re-
sponse to various stimuli [28]. Hypoxic nerve injury can induce 
the production of a large number of ROS and cause lipid perox-
idation reaction to increase the content of end-product MDA. 
Meanwhile, SOD can remove superoxide radical, thereby de-
creasing its activity [29,30]. Antioxidant drugs exerts neuro-
protective effects by downregulating ROS [31]. In this study, 
HIF-1a and ROS levels were increased under hypoxia condi-
tion, suggesting the neuron cells were damaged. Vitamin D 
treatment could attenuate hypoxia-induced increase ROS level, 
suggesting that vitamin D had neuroprotective effects to alle-
viate hypoxia-induced neuron cell damage.

DUOX1 is a Ca2+-dependent NADPH oxidase, which is responsi-
ble for early T cell receptor-stimulated generation of H2O2 [28]. 
Neurons can express the NADPH oxidase complex [32]. NADPH 

oxidase is a transmembrane protein complex that reduces ox-
ygen to superoxide by transporting electrons across biologi-
cal membranes [33]. Study has suggested that nonphagocytic 
NADPH oxidases play a crucial role in the regulation of phys-
iological and pathophysiological processes [34]. NADPH oxi-
dase activity is a major source of cellular ROS [24]. Our result 
showed that DUOX1 expression was significantly increased 
in hypoxia-induced rat neuron cell, while vitamin D treatment 
could decrease the expression of DUOX1. Interestingly, down-
regulation of DUOX1 played a similar role with vitamin D treat-
ment in hypoxia-induced neuron cells injury. The results indi-
cated that vitamin D may regulate neuron cell injury through 
downregulating DUOX1. A previous study of Joseph et al. [35] 
reports that activation of DUOX1 promotes the activation of 
NF-kB signaling pathways. In accordance with the aforemen-
tioned findings, our study also found that overexpression of 
DUOX1 significantly increased NF-kB nuclear signaling.

Conclusions

In conclusion, our study indicated that vitamin D may protect 
neuron cell from hypoxia-induced injury by regulating DUOX1 
via the NF-kB signaling pathway. Our results may provide theo-
retical basis for the application of vitamin D in hypoxia-induced 
neurological disorders.
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