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Vitamin D (VD) deficiency is associated with neuroinflammation and neurocognitive deficits in patients with traumatic brain
injury (TBI). The present study was aimed at investigating the therapeutic effects of VD and the molecular mechanisms after
TBI. After the intraperitoneal injection of VD (1 μg/kg), sensorimotor and cognitive function was assessed via a series of
behavioral tests in TBI rats. Traumatic outcomes were investigated by brain edema, blood-brain barrier (BBB) disruption, and
morphologic staining. In vitro, cellular viability and cytotoxicity in primary hippocampal neurons were detected via the MTT
method and LDH release. Hippocampal oxidative stress-related enzymes and proinflammatory mediators and the serum
concentration of VD were analyzed by ELISA. The expression of VDR, TLR4, MyD88, and NF-κB p65 was measured by
Western blot. Furthermore, the levels of M1/M2 microglial markers were quantified using real-time PCR and Western blot.
VD treatment significantly increased the serum level of VD and the hippocampal expression of VDR. VD not only effectively
alleviated neurocognitive deficits, brain edema, and BBB disruption but also promoted hippocampal neuronal survival in vivo
and in vitro. Moreover, VD therapy prevented excessive neuroinflammation and oxidative stress caused by TBI. Mechanically,
the hippocampal expression of TLR4, MyD88, and nuclear NF-κB p65 was elevated in the TBI group but robustly restrained
by VD treatment. Taken together, VD provides an important neuroprotection through modulating hippocampal microglial M2
polarization and neuroinflammation via the TLR4/MyD88/NF-κB pathway.

1. Introduction

Vitamin D (VD), a steroid hormone, is well recognized as a
neurosteroid that modulates brain development, maintains
adult brain function, and delays brain aging [1]. 1,25-Ddihy-
droxy-vitamin D (1,25(OH)2D3) is the active form of VD
and participates in the regulation of calcium and phosphate
metabolism [2]. Recently, accumulated data has unraveled
that active VD not only had a pivotal role in proliferation, dif-
ferentiation, immunological modulation, and gene transcrip-
tion but also contributed to neuroprotection, neurotrophism,
neurotransmission, synaptic plasticity, and neural circuit con-

nectivity [3]. VD has the genomic and nongenomic actions in
the brain. The transcriptional activity of VD is mediated via
the nuclear VD receptor (VDR) [4]. VDR, a member of the
nuclear receptor family, are widely expressed in all major cell
types of the embryonic and adult brain, including neurons
and glial cells in multiple brain regions [5]. The immunoreac-
tivity of VDR was noted to be strongest in CA1 and CA2 pyra-
midal cells in the human hippocampus [6]. Of note, VDR
contains a highly conserved DNA-binding domain and a
ligand-binding domain; after ligand binding to VD, VDR
forms a heterodimer with the retinoic acid X receptor (RXR)
[7]. The VDR/RXR complex binds to VD response elements
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(VDREs) in the promoter region, introns, and intergenic sites
of target genes [8]. The VD/VDR/RXR/VDRE complex may
enhance transforming growth factor-β (TGF-β) transcription
and inhibit the transcription of parathyroid hormone and 1-α-
hydroxylase [9]. The nongenomic actions of active VD are
mediated by binding a specific plasma membrane receptor.
Interestingly, an increasing amount of epidemiological studies
have pointed to the link between VD deficiency and an
increased risk of neurological and psychiatric diseases includ-
ing Alzheimer’s disease (AD), Parkinson’s disease (PD),
autism, depression, and schizophrenia [10–12]. VD treatment
was reported to act as an anti-inflammatory effect in a genetic
model of age-related glaucomatous neurodegeneration (DBA/
2J mice) via reducing microglial and astrocyte activation and
inhibiting pNF-κB-p65 and inflammatory cytokine expression
[13]. In asthmatic mice, VD administration restored the Th17/
Treg balance and airway inflammation by suppressing the NF-
κB pathway [14].

Traumatic brain injury (TBI) is the leading cause of death
and disability worldwide. The primary acute event is caused
by mechanical damage during initial impact, and secondary
brain injury results from delayed intracellular signaling path-
ways and neurochemical process, such as calcium overload, glu-
tamatergic excitotoxicity, oxidative stress, and inflammatory
response [15]. After TBI, microglia and astrocytes release proin-
flammatory cytokines, such as tumor necrosis factor-α (TNF-
α), interleukin- (IL-) 1β, and IL-6, leading to a local neuroin-
flammatory response, and these inflammatory mediators might
mobilize immune cells to the injury regions, resulting in further
neuroinflammatory reactions [16]. Posttraumatic neuroinflam-
mation has been reported to contribute to the widespread tissue
damage, neuronal loss, and neurological dysfunctions, leading
to secondary brain injury following TBI. Neuroinflammation
is characterized by increased proinflammatory cytokine pro-
duction, microglial activation, and enhanced BBB permeability
[17]. Noticeably, numerous clinical studies have highlighted
that VD supplementation improved consciousness status and
inflammatory biomarkers [18], promoted long-term perfor-
mance and cognitive function recovery [19, 20], and improved
quality of life in patients with TBI [21]. Additionally, a preclin-
ical research has indicated that VD therapy alleviated BBB dis-
ruption and cognitive dysfunction in the TBI rat model [22].
Although VD exhibits a favorable effect on TBI outcomes, the
precise molecular mechanism underlying these neuroprotective
effects is poorly understood.

In this study, we attempt to explore whether VD therapy
plays a central role in neurocognitive dysfunction, neuronal
survival, oxidative stress, and neuroinflammation and fur-
ther elaborate the potential molecular signaling mechanism
in a rat model of TBI.

2. Material and Methods

2.1. Animals. A total of 220 male Sprague-Dawley (SD) rats
(age, 12–16 weeks; weighing 280–320 g) were purchased in
Beijing HFK Biotechnology Co., Ltd. (Beijing, China). All
experimental protocols were approved by the Animal Ethics
Committee of Tianjin Medical University. All rats in this
study were housed in a standard temperature room (21-

24°C, 30-70% humidity) and maintained on a 12 h light/dark
cycle with food and water available ad libitum. The animals
were acclimated for at least 1 week before surgery.

2.2. Controlled Cortical Impact Model and Drug Treatment.
The rat TBI model was induced by controlled cortical impact
(CCI) to cause brain trauma, in accordance with the study
previously described by Dixon et al. [23]. Briefly, SD rats
were anesthetized by intraperitoneal injection of pentobarbi-
tal sodium (60mg/kg). Precise and repeatable brain injury
was performed using a commercial CCI device (Leica Micro-
systems). The parameters were as follows: velocity, 6.0m/sec;
impact depth, 5.0mm; and contact time, 50msec. After TBI
induction, the rats presented with hair standing up, urinary
incontinence, limb convulsions, and other manifestations,
and some rats had temporary paralysis and partially visible
dilated pupils on one or both sides. In the sham group, rats
underwent anesthesia and the same procedure except for the
CCI injury. After induction, rats were intraperitoneally
injected with VD (1μg/kg) at 30min, 12 h, and 24 h post-
CCI in the TBI+VD group.

2.3. Primary Cultures of Hippocampal Neurons and Treatment.
Hippocampal neurons were obtained from newborn SD rats,
and the brains were collected in Hanks’ balanced salt solution
(HBSS), the cerebral cortex and the meninges were removed,
and the hippocampus was dissected and cut into small pieces.
Hippocampal tissues were digested in 0.25% trypsin (Gibco,
MA, USA) at 37°C for 20min and were resuspended with
DMEM supplemented with 10% fetal bovine serum (Gibco,
MA, USA). Then, the cells were plated on coverslips coated
with poly-L-lysine (0.1mg/ml, Sigma, St. Louis, MO, USA) at
a density of 100,000/well. After overnight incubation in a
37°C, 5% CO2 incubator, the tissue was washed and exchanged
with a defined medium: Neurobasal-A medium containing 2%
B-27, 0.5mM glutamine, 25mM glutamate, and 1% penicillin/
streptomycin (both fromGibco,MA,USA). After 7 days of cul-
ture, hippocampal neurons were identified by immunofluores-
cent staining of microtubule-associated protein-2 (MAP-2)
protein. Primary neurons were incubated with LPS (1μg/ml)
for 6h to induce neuron injury in vitro.

2.4. Evaluation of Cellular Viability and Cytotoxicity. Cell via-
bility was assessed using the dye 3-(4, 5-dimethyl thiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT, Beyotime, Bei-
jing, China) method. 20μl MTT solution (5mg/ml) was added
to each well (1 × 103 cells/well) and incubated for 2h at 37°C.
Afterward, the supernatant was removed followed by the addi-
tion of 150μl DMSO to dissolve the formazan crystals. The
absorbance at 570nmwas monitored with a microplate reader
(Thermo Scientific, USA). Cytotoxicity was estimated by
quantifying the cytoplasmic enzyme lactate dehydrogenase
(LDH) released by damaged neuron into the culture medium
using the LDH Cytotoxicity Assay Kit (Beyotime, Beijing,
China) according to the manufacturer’s instructions.

2.5. Neurological Severity Score. Posttraumatic sensorimotor
impairments were evaluated using the modified Neurologi-
cal Severity Score (mNSS) test. The test was carried out on
all rats at 1 d, 3 d, 7 d, and 14d post-TBI. Five rats in each
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group were used for the mNSS test. The mNSS was graded
using a scale of 1 to 18. The mNSS includes a composite of
sensory, motor, balance, and reflex tests in rats after TBI.

2.6. Rotarod Test. The rotarod test was performed to assess
motor coordination at 1 d, 3 d, 7 d, and 14d post-TBI in rats
after the mNSS test. Briefly, the rats were placed on a rotating
rod, which accelerated from 4 rpm and increased gradually to
40 rpm within 300 s. During the procedure, the latency to fall
off the rotating rod was recorded as the time by blinded exper-
imenters, and the average latency from three trials was used
for analyses.

2.7. MorrisWater Maze Test. TheMorris water maze (MWM)
test was utilized to measure posttraumatic spatial learning and
memory at 9-14d after TBI in rats. Five rats in each group
were tested with 4 trials per day for 5 consecutive days from
days 9-13 after surgery. Briefly, animals were randomly placed
into a quadrant and allowed a maximum of 60 sec to escape to
the platform. Animals that failed to find the platform within
90 sec were placed on the platform for 10 sec. During this pro-
cess, the latency to escape to the hidden platformwas recorded
and analyzed to assess spatial learning ability following injury.
After trials, the hidden platform was removed from the quad-
rant, and the probe test was conducted at 14d postinjury. In
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Figure 1: The effects of VD on the serum concentration of VD and VDR expression in the hippocampus. (a) The serum concentration of
VD was determined using ELISA analysis at 1 d, 3 d, 7 d, and 14 d post-TBI. (b) The hippocampal expression of VDR protein was quantified
by Western blot at 3 d post-TBI in rats. The data are represented as mean ± SD from three independent experiments. ∗P < 0:05 compared
with the sham group, #P < 0:05 compared with the TBI group.
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Figure 2: Continued.
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the probe trial, time spent in the target quadrant and the plat-
form crossing time were recorded to evaluate the spatial mem-
ory capacity.

2.8. Assessment of Brain Edema and Blood-Brain Barrier
Disruption. Brain water content (BWC) was analyzed using
the wet weight-dry weight method at 1d, 3 d, 7 d, and 14d
posttrauma. There were 5 rats in each group at each time point.
Briefly, brain tissues from the anesthetized rats were separated
and weighed to obtain wet weight. After drying the samples at
100°C for 24h, dry weight was determined. BWC was calcu-
lated using the following formula: BWC ð%Þ = ½ðwetweight −
dry weightÞ/wet weight� × 100%. The expression level of albu-
min was quantified using the Western blot assay to evaluate
the disruption of BBB function at 3d post-TBI. Five rats in each
group were used for the measurement of BBB permeability.

2.9. H&E Staining and Nissl Staining. Five rats in each group
were employed for morphologic observation at 3 d post-
trauma. After anesthesia, brain tissues were quickly extracted
and fixed in 4% paraformaldehyde for 48h-72h, embedded
in paraffin, and cut into 5μm coronal sections for H&E stain-
ing and Nissl staining. Then, the sections were stained with
hematoxylin and eosin (H&E) solution. The sections were
stained with a Nissl staining solution at 57°C for 60min. After
washing, the samples were differentiated in a Nissl differentia-
tion solution at room temperature.

2.10. Enzyme-Linked Immunosorbent Assay (ELISA).The con-
centrations of proinflammatory cytokines were detected in the

hippocampal tissues at 1d, 3 d, 7d, and 14d post-CCI. There
were 5 rats in each group at each time point for ELISA analysis
and oxidative stress assessment. Hippocampal supernatants
were collected to measure the contents of proinflammatory
cytokines, such as TNF-α, IL-1β, and IL-6 using the ELISA
kits according to the manufacturer’s protocols (Anoric-Bio,
Tianjin, China). Additionally, the serum concentration of
25(OH)D3 also was detected by ELISA at 1d, 3d, 7 d, and
14d postinjury.

2.11. Measurement of SOD, GSH-PX, and MDA. The levels of
superoxide dismutase (SOD), glutathione peroxidase (GSH-
PX), and malondialdehyde (MDA) were detected to assess
the effect of VD treatment on oxidative stress after TBI at
1 d, 3 d, 7d, and 14d post-CCI. Among them, MDA is the
measure of lipid peroxidation. Briefly, rat hippocampal tissues
were removed, homogenized, and centrifuged at 2000 g for
15min. The activities of SOD, GSH-PX, and MDA in the
supernatant were determined using commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) accord-
ing to the instruction of the manufacturer. And the final units
are represented as nmol/mg protein.

2.12. Real-Time PCR. RNA samples from the hippocampal tis-
sues at 1d, 3d, 7d, and 14d post-TBI were prepared using
TRIzol (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Five rats in each group were
employed for real-time PCR analysis. RNA (2μg) was
employed for the synthesis of complementary DNA (cDNA)
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Figure 2: The effects of VD on neurological and cognitive functions in rats. (a) Neurological severity was assessed using mNSS at 1 d, 3 d,
7 d, and 14 d posttrauma in rats. (b) Motor coordination was monitored via the rotarod test at 1 d, 3 d, 7 d, and 14 d posttrauma. (c, d)
Swimming paths, escape latency, time spent in the target zone, and times across the platform in the Morris water maze test presented
the changes of spatial learning and memory ability. The data are represented as mean ± SD from three independent experiments. ∗P <
0:05 compared with the sham group, #P < 0:05 compared with the TBI group.
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using the PrimeScript RT kit (DRR047A, Takara, Japan). Real-
time PCR was performed using the TaqMan system (Applied
Biosystems) in a total volume of 20μl with cDNA, primers,
and 40 cycles of PCR. The 2−ΔΔCt methodwas used to calculate
the relative level of gene expression using GAPDH as a refer-
ence gene.

2.13. Western Blot Analysis. Total proteins were isolated from
the hippocampal tissues 3d post-TBI using RIPA protein lysate
(Beyotime, Shanghai, China) and quantified using the bicinch-
oninic acid (BCA) assay kit (Beyotime, Shanghai, China). Five
rats in each group were employed for Western blot analysis.
The protein was separated by 10% polyacrylamide-SDS gels
and transferred onto PVDF membranes. The membranes were
blocked with 5% nonfat dry milk at 4°C overnight and then
incubated with primary antibodies (1 : 1000, Santa Cruz, CA,
USA) at 4°C overnight. Next, the membranes were incubated
with a horseradish peroxidase- (HRP-) conjugated secondary
antibody (1 : 5000, ABclonal, Wuhan, China) at room tempera-
ture for 2h. Finally, the blots were developed using Peirce ECL
Western Blotting Substrate (Thermo Fisher Scientific, USA).
The protein expressions were normalized to β-actin expression.

2.14. Statistical Analysis. Data were analyzed using SPSS ver-
sion 17.0 software, and SigmaPlot software (V12.5, USA)
was used for the creation of the figures. All data were pre-
sented as the means ± standard deviation (SD). Multiple

group means were compared by one-way analysis of vari-
ance (ANOVA) with the post hoc Bonferroni correction. P
value < 0.05 was considered statistically significant.

3. Results

3.1. Vitamin D Supplement Increased the Serum Concentration
of VD and the Hippocampal Expression of VDR. VD content
might be assessed by serum concentration of 25(OH)D3 that
is the main circulating form of VD in the body, with a half-
life of 2-3 weeks [24]. After VD administration, the serum con-
centration of 25(OH)D3 was measured via ELISA analysis.
Results indicated that 25(OH)D3 content in the serum was sig-
nificantly lower in the TBI group than in the sham group
(P < 0:05), indicating that VD deficiency occurs in the rat
model of TBI. Compared with the TBI group, the serum con-
centration of 25(OH)D3 was significantly increased in the TBI
+VD group at 3d, 7d, and 14d post-TBI (P < 0:05), suggesting
that VD treatment could ameliorate CCI-induced VD defi-
ciency in rats (Figure 1(a)). We also quantified VDR protein
expression in the hippocampal tissue of rat via Western blot.
The hippocampal expression of VDR protein was evidently
reduced in the TBI group compared to the sham group at 1d,
3d, 7d, and 14d post-TBI (P < 0:05). Compared with the TBI
group, VD significantly enhanced the expression of VDR in
the damaged hippocampus post-TBI (P < 0:05, Figure 1(b)).
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Figure 3: The assessment of brain water content and BBB permeability after TBI. (a) Brain water content was reduced in the TBI+VD group
at days 3, 7, and 14 after TBI. (b) BBB dysfunction was estimated by analyzing albumin protein level in the hippocampus at day 3 post-TBI.
The data are represented as mean ± SD from three independent experiments. ∗P < 0:05 compared with the sham group, #P < 0:05 compared
with the TBI group.
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3.2. Vitamin D Promoted Neurological Function Recovery
after TBI. We first assessed the impact of VD on neurologi-
cal deficits following TBI by the mNSS and the rotarod test.
Rats in the TBI group had significantly higher mNSS and
shorter duration to stay on a rotating rod than those in the
sham group at 3 d, 7 d, and 14 d post-TBI (P < 0:05,
Figures 2(a) and 2(b)). Compared with the TBI group, rats
in the TBI+VD showed apparently improved sensorimotor
performance. In addition, the MWM test was performed to
estimate spatial learning and memory function with the

acquisition trial (from 7d to 11 d postinjury) and the probe
trial (12 d postinjury). The results displayed that VD con-
spicuously ameliorated posttraumatic cognitive impairments
as evidenced by the decreased escape latency to the hidden
platform (P < 0:05, Figure 2(c)), the increased time spent
in the target zone (P < 0:05), and times across the platform
compared with the TBI group (P < 0:05, Figure 2(d)).

3.3. Vitamin D Reduced Secondary Brain Injury Induced by
TBI. Brain edema, known as secondary brain injury, is an
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Figure 4: VD promoted hippocampal neuronal survival in vivo and in vitro. (a) H&E staining and Nissl staining of the hippocampal CA1
region in each group at day 3 post-TBI. Scale bar: 50μm and 20μm. (b) Immunofluorescent staining of the neuron biomarker MAP-2 in
primary rat hippocampal neurons in vitro. Scale bar: 50 μm. (c) Morphological changes of cultured neurons after LPS stimulation. (d)
Neuronal viability and neuronal injury were evaluated by the MTT assay and LDH content. The data are represented as mean ± SD from
three independent experiments. ∗P < 0:05 compared with the control group, #P < 0:05 compared with the LPS group.

7BioMed Research International



important and common pathophysiological feature following
TBI. Herein, we measured brain water content using the wet
weight-dry weight method at 1d, 3d, 7d, and 14d after TBI.
The brain water content in the TBI group was significantly
higher than that in the sham group (P < 0:05), which was obvi-
ously reduced in the TBI+VD group (P < 0:05, Figure 3(a)).
The blood-brain barrier (BBB) disruption has been regarded
as a major contributor to maintenance of chronic inflamma-
tion following TBI [25]. The level of albumin in the brain injury
3d postinjury was detected using Western blot to assess BBB
integrity. Data showed that hippocampal expression of albu-
min was evidently increased in the TBI group relative to the
sham group (P < 0:05, Figure 3(b)). VD injection distinctly
decreased albumin level after TBI (P < 0:05), indicating that
VD efficiently improves BBB integrity following TBI in rats.

3.4. Vitamin D Contributed to Neuronal Survival In Vivo and
In Vitro. In the rat model of experimental TBI, perspective
images of H&E and Nissl staining illustrated that healthy neu-
rons in the sham group had a relatively large soma and round
nuclei, together with a large amount of Nissl body in the cyto-
plasm. The damaged neurons shrank and contain a small
amount of Nissl body in the TBI group; these neuronal injuries
were significantly alleviated by the treatment with VD at 3d
posttrauma in vivo (Figure 4(a)). In in vitro studies, as shown
in Figure 4(b), we identified cultured hippocampal neurons by
immunofluorescent staining of the neuron-specific protein
MAP-2. Using an LPS-induced neuron injury model, mor-

phological images showed that VD might contribute to pri-
mary hippocampal neuronal survival after LPS stimulation
(Figure 4(c)). The cytoprotective effects of VD were also con-
firmed by enhanced cellular viability (P < 0:05) and LDH
reduction (P < 0:05, Figure 4(d)) in the culture supernatant
of primary rat hippocampal neurons, using the MTT assay
and LDH content measurement.

3.5. Vitamin D Inhibited Oxidative Stress and
Neuroinflammation after TBI. Oxidative stress has been dem-
onstrated to exacerbate neuroinflammatory response and neu-
ronal cell death, presenting a key role in the pathogenesis of
brain injury [26]. In comparison to the sham group, antioxidant
enzymes SOD and GSH-PX are decreased (P < 0:05) and oxi-
dative marker MDA activity is increased (P < 0:05) in the
supernatant from the hippocampal homogenate (Figure 5(a)).
Notably, VDmight notably reverse these alterations of oxidative
stress-related enzymes induced by TBI (P < 0:05). Besides, the
concentrations of inflammatory mediators (TNF-α, IL-1β,
and IL-6) in the hippocampal tissues were significantly higher
in the TBI group than in the sham group (P < 0:05). The hippo-
campal expressions of inflammatory mediators in the rats of the
TBI+VD group were downregulated compared with those of
the TBI group (P < 0:05, Figure 5(b)). Altogether, these results
suggested that VD supplement exhibited effectively antioxida-
tive and anti-inflammatory activities in the experimental TBI
model.
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Figure 5: The roles of VD in oxidative stress and inflammatory response following TBI in rats. (a) Measurement of SOD, MDA, and GSH-
PX activity in the hippocampal homogenate posttrauma. (b) The levels of proinflammation cytokines (TNF-α, IL-6, and IL-1β) were
quantified by the ELISA method. The data are represented as mean ± SD from three independent experiments. ∗P < 0:05 compared with
the control group, #P < 0:05 compared with the LPS group.
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3.6. Vitamin D Repressed the TLR4/MyD88/NF-κB Signaling
Pathway. To investigate the molecular signal mechanisms in
the involvement of VD-mediated neuroprotective effects in
TBI rats, we detected toll-like receptor 4 (TLR4), myeloid
differentiation factor 88 (MyD88), and NF-κB p65 protein
expression at 3 days post-TBI. TLR4 has been reported to
mediate glial phagocytic activity and initiate the inflamma-
tory response after TBI [27]. MyD88, as a critical adapter
protein for TLR4, may contribute to the production of pro-
inflammatory factors via activating the downstream NF-κB
signal [28]. Western blot results showed that hippocampal
expression of TLR4, MyD88, and nuclear NF-κB p65 protein
was dramatically increased, whereas cytoplasmic NF-κB p65
expression was decreased in the TBI group compared with
the sham group (P < 0:05), but these changes were repressed
by VD supplement (P < 0:05, Figures 6(a)–6(d)). The above
data indicated that treatment with VD could lead to the
inactivation of the TLR4/MyD88/NF-κB signaling pathway
in a rat model of TBI.

4. Discussion

Adequate VD level is essential for the maintenance of cal-
cium homeostasis, skeletal integrity, neurodevelopment,
and adult brain function [29]. Strong evidence in prospective
observational studies identified that the VD deficiency
(VDD) was associated with brain injury severity, neurocog-
nitive disorder, depressive symptoms, and quality of life
[30–32]. Besides, a retrospective cohort study found that
VDD could increase probability of the occurrence of acute
deep venous thrombosis in patients with moderate or severe
TBI [33]. Accordingly, administration of VD supplements
has been shown to improve long-term performance and cog-
nitive outcomes and modulated immune function in TBI
patients [20, 21, 34]. However, the detailed molecular mech-
anisms responsible for the clinical therapeutic effects of VD
remain elusive. In this study, we first observed the neuropro-
tective role of VD supplement in the experimental TBI
model. A rat model of TBI was established via CCI. CCI is
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Figure 6: The effects of VD on the TLR4/MyD88/NF-κB signaling pathway in the hippocampal tissue of rats. (a–d) Representative Western
blots and densitometric quantification of hippocampal expression of TLR4, MyD88, nuclear NF-κB p65, and cytoplasmic NF-κB p65 protein
at 3 d post-TBI in rats. The data are represented as mean ± SD from three independent experiments. ∗P < 0:05 compared with the sham
group, #P < 0:05 compared with the TBI group.
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the most widely used and investigated TBI model due to its
flexibility in location and degree of injury and effectively
mimics important neuropathological features of clinical TBI
[35]. After the intraperitoneal injection of VD, the serum con-
centration of VD and the hippocampal expression of VDR
protein were significantly increased at 3d, 7d, and 14d post-
CCI, highlighting an important role of VD in modulating
hippocampus-dependent cognitive functions. Subsequently,
our neurobehavioral data clearly validated that VD therapy
could improve sensorimotor dysfunctions and long-term cog-
nitive impairments in rats subjected to TBI, which is consis-
tent with the clinical trials above. We also found that VD
treatment markedly attenuated brain edema and BBB disrup-
tion, particularly reduce hippocampal neuronal cell loss
in vivo, and contributed to neuronal survival in rat primary
hippocampal neurons in vitro. Importantly, to explore the
effects of VD treatment on excessive oxidative stress and
inflammatory response following TBI in rats, we found that
VD3 therapy significantly upregulated antioxidant enzyme
activity and increased oxidative enzyme activity and proin-
flammatory mediator contents in the hippocampus following
TBI. These results showed that VD obviously inhibited hippo-
campal oxidative stress and neuroinflammatory response in
rats with TBI, subsequently leading to the improvement of tis-
sue and neurological impairments.

Neuroinflammation involving microglial and astrocyte
activation might contribute to neuronal damage and neurobe-
havioral deficits following TBI. Toll-like receptor 4 (TLR4), a
member of the toll-like receptor family, plays a crucial role
in inflammatory responses and innate immunity [28]. TLR4,
extensively expressed in the brain, recognizes not only
pathogen-associated molecular patterns (PAMP) but also
damage-associated molecular patterns (DAMPs) to induce
inflammatory cascade reactions in brains [36, 37]. Therefore,
this signaling cascade has been proposed as an important ther-
apeutic target in secondary brain injury posttrauma. Our pre-
vious study validated that mRNA and protein levels of
endogenous TLR4 were markedly upregulated in the hippo-
campus in the early stage post-TBI [38]. Emerging evidence
uncovered that the TLR4 pathway impaired synaptic plasticity
and neurovascular integrity through microglial and astrocyte
communication-mediated astrocyte activation posttrauma
[39]. Additionally, a significant correlation between TLR4
expressed on the surface of the neural stem cell (NSCs) and
NSC proliferation/differentiation was monitored in mouse
hippocampal tissues after TBI [40]. Nevertheless, inhibition
of TLR4 by electroacupuncture could improve hippocampal
neurogenesis in a mouse model of TBI [41]. Our previous
study also revealed that inhibition of TLR4 restored posttrau-
matic histological and functional outcomes through repres-
sing hippocampal neuronal autophagy and astrocyte
activation after TBI [38]. In the present study, we investigated
the effects of VD supplementation on TLR4 protein and its
downstream cascade signal in a rat model of TBI. As an
important transmembrane receptor, TLR4 is able to primarily
activate the downstream NF-κB signal to induce the release of
proinflammatory cytokines and chemokine genes via recruit-
ing adapter protein MyD88 in response to brain injury.

Herein, Western blot analysis showed that TBI-induced acti-
vation of the TLR4/MyD88/NF-κB signaling pathway was
suppressed by VD administration.

5. Conclusion

Taken together, these findings clearly indicated that VD ther-
apy promoted microglial polarization toward the M2 pheno-
type and subsequent neuroinflammation through suppressing
the TLR4/MyD88/NF-κB signaling pathway following TBI,
finally contributing to the restoration of posttraumatic second-
ary brain injury in rats. Therefore, this study will provide a
promising therapeutic strategy for TBI in the future.
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