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Vitamin D has been known to have important regulatory functions
in inflammation and immune response and shows inhibitory effects on
experimental periodontitis in animal models. However, the potential
mechanism has yet to be clarified. Recent studies have highlighted Aryl
hydrocarbon receptor (AhR) and its downstream signaling as a crucial
regulator of immune homeostasis and inflammatory regulation. Objective:
This study aimed to clarify the effect of 1,25-dihydroxyvitamin D, (VD3)
on experimental periodontitis and AhR/nuclear factor-kB (NF-kB)/NLR
pyrin domain-containing 3 (NLRP3) inflammasome pathway in the gingival
epithelium in a murine model. Methodology: We induced periodontitis in male
C57BL/6 wild-type mice by oral inoculation of Porphyromonas gingivalis (P.
gingivalis), and subsequently gave intraperitoneal VD3 injection to the mice
every other day for 8 weeks. Afterwards, we examined the alveolar bone
using scanning electron microscopy (SEM) and detected the gingival epithelial
protein using western blot analysis and immunohistochemical staining.
Results: SEM images demonstrated that alveolar bone loss was reduced in the
periodontitis mouse model after VD3 supplementation. Western blot analyses
and immunohistochemical staining of the gingival epithelium showed that the
expression of vitamin D receptor, AhR and its downstream cytochrome P450
1A1 were enhanced upon VD3 application. Additionally, VD3 decreased NF-kB
p65 phosphorylation, and NLRP3, apoptosis-associated speck-like protein,
caspase-1, interleukin-1p (IL-1B) and IL-6 protein expression. Conclusions:
These results implicate the alleviation of periodontitis and the alteration of
AhR/NF-kB/NLRP3 inflammasome pathway by VD3 in the mouse model. The
attenuation of this periodontal disease may correlate with the regulation of
AhR/NF-kB/NLRP3 inflammasome pathway by VD3.
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Periodontitis is a bacterium-induced chronic
immunoinflammatory disease that leads to loss of
gingival tissue and bone support of the dentition.t
Porphyromonas gingivalis (P. gingivalis) has been
reported to be important in periodontitis and it can
release virulence factors, such as lipopolysaccharide,
inducing host immune response and periodontal tissue
damage.? After being exposed to lipopolysaccharide
from P. gingivalis, gingival epithelial cells produced
a variety of inflammatory mediators, including
interleukin-1B (IL-1B) and interleukin-6 (IL-6), exerting
various immunomodulatory functions in periodontal
tissues.?* Thus, regulating the inflammatory response
in gingival epithelia may become a potential strategy
for periodontitis treatment.

Recently, vitamin D, has emerged as a crucial regulator
of the immune system, and it has immunomodulatory
properties in different inflammatory diseases, including
inflammatory bowel disease and oral lichen planus.>®
Active form of vitamin D, 1,25-dihydroxyvitamin D,
(VD3), is reported to alleviate excessive inflammatory
response in many epithelial cells, including intestinal
epithelial cells and keratinocytes.®” Although in clinical
research, the beneficial effect of VD3 on periodontitis
still remains to be confirmed;®°® reduced alveolar
bone loss has been observed in murine experimental
periodontitis after supplementation with the stable
form of VD3.1%1t These findings suggest that VD3 may
have potential protective effect on periodontitis, and
this effect might be linked to its immunomodulatory
functions on the oral epithelium.

Aryl hydrocarbon receptor (AhR) is a ligand-
activated transcription factor, and its immunoregulatory
function has been highlighted recently.'? AhR activation
has been shown to improve immune homeostasis in
epithelial cells, and stimulation of oral commensal
bacteria can enhance its activation in oral epithelial
cells.t3*% NLR pyrin domain-containing 3 (NLRP3)
is a pattern recognition receptor with a key role in
host defense against pathogens.?> NLRP3 assembles
a multi-protein complex (inflammasome), which
consists of NLRP3, apoptosis-associated speck-like
protein (ASC) and caspase-1.'® Current research on
macrophages has shown that the NLRP3 inflammasome
has a crosstalk with AhR and nuclear factor-kB (NF-
kB), a pivotal regulator of inflammation-related gene
transcription.!”'® Moreover, the activation of AhR

signaling can be increased by VD3 in immune cells,
including kidney epithelium-derived cells.*® These
findings indicate that VD3 might regulate inflammatory
response in periodontitis through modulating AhR/NF-
kB/NLRP3 inflammasome signaling pathway.

This study aimed to explore the effect of VD3
treatment on periodontitis and AhR/NF-kB/NLRP3
inflammasome pathway in the gingival epithelium of
C57BL/6 wild-type mice with experimental periodontitis
induced by P. gingivalis inoculation.

Thirty male C57BL/6 wild-type mice (6-wk-old,
body weight 20-22 g) were obtained from Experimental
Animal Laboratory, Guangxi Medical University
(Nanning, China), and fed with standard laboratory
chow and water ad libitum. After 1 wk acclimatization
before the experiments, all mice were randomly
assigned to normal control (N), P. gingivalis infection
(P), or P. gingivalis infection with VD3 treatment (V)
groups (10 mice in each group). The random division
was done using the Statistical Package for the Social
Sciences (SPSS) software (Version 20.0, SPSS Inc.,
Chicago, IL, USA), according to the instructions. All
experiments were approved by the Institutional Animal
Care and Use Committee of Guangxi Medical University
(#20150303-4), and all protocols were in accordance
with the ARRIVE (Animals in Research: Reporting in
Vivo Experiments) guidelines.?®

A clinical strain ATCC 33277 of P. gingivalis (State
Key Laboratory of Oral Diseases, Sichuan University,
Chengdu, China) was cultured on blood agar with
hemin/menadione (Sigma-Aldrich Co., St. Louis, MO,
USA) under anaerobic conditions. At the age of 7 weeks,
the mice in P and V groups were orally inoculated with
100 pl phosphate buffered saline (PBS) containing 2%
carboxymethylcellulose and 10° colony-forming units
of live bacteria, 3 times at 2-day intervals within 5
days.1%! The mice in N group received 100 ul PBS with
2% carboxymethylcellulose.0:t

The mice in V group were intraperitoneally injected
with VD3 (Sigma-Aldrich Co., St. Louis, MO, USA) every
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other day from 11 wk of age, and they were injected
the last time 1 day before sacrifice, at wk 19. VD3 was
dissolved in sterile corn oil (VD3 dose: 2.5 ug/kg body
weight), and sterile corn oil was used as vehicle (the
mice in N and P groups were given only corn oil). All
thirty mice were sacrificed by overdose of diethyl ether
inhalation at the end of the experiment.

Upon sacrifice, mouse mandibular jaws were
dissected and alveolar bone loss of the first and
second molars was examined using scanning electron
microscopy. The area bordered by the cementoenamel
junction, the alveolar bone crest, and the mesial and
distal line angles on the lingual sides of the first and
second molars of mandibular jaws was regarded as
bone loss and quantified.!* The blind assessments by 2
technicians were repeated 3 times. The averaged data
from both mandibles were calculated for representing
the bone loss per animal.t

Both mandibular gingival epithelial tissues of each
mouse were separated using Dispase I (Sigma-Aldrich
Co., St. Louis, MO, USA).!* Western blot analyses were
performed according to the instructions. The primary
antibodies were mouse monoclonal anti-glyceraldehyde
3-phosphate dehydrogenase (anti-GAPDH) (1:500),
anti-vitamin D receptor (anti-VDR) (1:200), anti-AhR
(1:500), anti-cytochrome P450 1A1 (anti-CYP1A1l)
(1:300), anti-NF-kB p65 (anti-p65) (1:500), anti-
phospho-NF-kB p65 (anti-p-p65) (1:500), anti-ASC
(1:500), anti-caspase-1 (1:500), anti-IL-1 (1:500),
anti-IL-6 (1:500), and rabbit polyclonal anti-NLRP3
(1:500). The secondary antibody was horseradish
peroxidase-conjugated anti-mouse (1:2000) or anti-
rabbit (1:3000). The immunoreactive bands were
detected using enhanced chemiluminescence. Except
the rabbit polyclonal primary antibody from Abcam
(Cambridge, MA, USA), all antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

Mouse maxillae were fixed in 10% formalin,
decalcified in 10% EDTA, embedded in paraffin, and
cut into serial sections (5 pm) for immunohistochemical
staining. The primary antibodies anti-VDR (1:100), anti-
AhR (1:200), anti-CYP1A1 (1:200), anti-p-p65 (1:200),
anti-NLRP3 (1:200), anti-ASC (1:200), anti-caspase-1
(1:200), anti-IL-1p (1:100), and anti-IL-6 (1:100),

and the secondary antibodies (1:1000) were incubated
with the section. All antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA),
except the anti-NLRP3 antibody (Abcam, Cambridge,
MA, USA). Mean optical density of the staining was
calculated using Image-Pro Plus software (Version 6.0,
Media Cybernetics, Silver Spring, MD, USA), and the
measurements obtained from both sides were averaged
to represent each sample.!!

Data were shown as the mean + standard deviation.
Statistical analysis of differences among groups was
determined using one-way analysis of variance (ANOVA)
testing, followed by Student-Newman-Keuls-g multiple
comparisons. Prior to application of one-way ANOVA,
normal distribution of the data was verified by values of
Skewness and Kurtosis detection, and homogeneity of
variances was tested by Levene’s Test. A P-value<0.05
was accepted as significant.

Quantitative analysis of alveolar bone loss revealed
that both P. gingivalis-infected groups (V and P
groups) had more bone loss than the normal control
group. However, V group showed obviously decreased
bone loss after VD3 administration for 8 wks when
compared to P group (Figure 1). This result indicates
the attenuated bone loss after VD3 treatment.

As shown by western blot analyses and
immunohistochemical staining, VDR protein levels in
the gingival epithelium were markedly increased in
V group compared with other two groups (N and P
groups). Moreover, no significant difference in VDR
expression was observed between N and P groups
(Figure 2, Figure 3, and Table 1).

The findings of western blot analysis and
immunohistochemical staining of AhR signaling are
demonstrated in Figures 2, 3, 5 and Table 1. VD3
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treatment increased P. gingivalis infection-induced AhR
upregulation in gingival epithelia. Differences in AhR
expression were significantly found between P mice and
N mice, and between V mice and P mice. Similarly, the
expression of AhR downstream CYP1A1 was greater in
P mice than in N mice, and greater in V mice than in P
mice. These data suggest the positive crosstalk of VD3
with AhR activation.

The results in Figures 3, 4, 5 and Table 1 demonstrate
that untreated mice with periodontitis exhibited
obviously elevated NF-kB phosphorylation levels in the
gingival epithelium, compared to the normal controls
(P vs. N). Additionally, the periodontitis mice with VD3
treatment showed reduced NF-kB phosphorylation
levels comparing to their untreated unhealthy
counterparts (V vs. P), which indicate suppression of
NF-kB phosphorylation by VD3.

To evaluate the activation of NLRP3 inflammasome,
NLRP3, ASC and caspase-1 expression in gingival

epithelia were measured using western blot analysis
and immunohistochemical staining. Western blot
analyses showed that the expression of NLRP3, ASC
and caspase-1 in gingival epithelia was enhanced
in P group compared to N group, while decreased
in V group compared to P group. The result of
immunohistochemical staining was consistent with that
of western blot analyses (Figures 3, 4, 5 and Table 1).

Western blot analyses showed amplified expression
of IL-1B and IL-6 in P group compared with N group.
Furthermore, attenuated expression of these cytokines
was found in V group compared with P group (Figure 4).
Similarly, immunohistochemical staining revealed that
the expression of both cytokines was greater in mice
with periodontitis than in their normal counterparts (P
vs. N, and V vs. N), while the expression was reduced

Figure 1- Alveolar bone loss of the lingual side of mouse mandibular first and second molars was measured using scanning electron
microscopy. Bone loss was represented by the area bordered by the green lines. Treatment with 1,25-dihydroxyvitamin D3 decreased
the bone loss in periodontitis mice. Values are means + SD (n=10). *P<0.05. N, normal control; P, Porphyromonas gingivalis infection; V,
Porphyromonas gingivalis infection with 1,25-dihydroxyvitamin D, treatment

Figure 2- Protein expression of VDR, AhR and CYP1A1 in the mouse gingival epithelium was examined using western blot analysis.
Treatment with 1,25-dihydroxyvitamin D3 enhanced VDR expression and increased AhR and CYP1A1 production. Values are means + SD
(n=3). *P<0.05. N, normal control; P, Porphyromonas gingivalis infection; V, Porphyromonas gingivalis infection with 1,25-dihydroxyvitamin

D, treatment
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Figure 3- Gingival epithelial VDR expression in each group, and AhR, CYP1A1, p-p65, NLRP3, ASC, caspase-1, IL-1B and IL-6 expression
in normal control group was shown in immunohistochemical images. Treatment with 1,25-dihydroxyvitamin D3 enhanced VDR expression,
while the VDR expression exhibited no significant difference between normal control and untreated periodontitis mice. N, normal control;
P, Porphyromonas gingivalis infection; V, Porphyromonas gingivalis infection with 1,25-dihydroxyvitamin D, treatment

Table 1- Mean optical density of the mouse gingival epithelium

VDR AhR CYP1A1 p-p65 NLRP3 ASC caspase-1 IL-1B8 IL-6
N 0.095+0.004 0.091+0.005 0.075+0.005 0.095+0.005 0.081+0.005 0.102+0.003 0.077+0.006 0.087+0.005 0.099+0.004
P 0.092+0.003 0.146+0.004 0.103+0.005 0.187+0.006 0.154+0.005 0.179+0.005 0.145+0.007 0.194+0.007 0.218+0.008
V  0.148%£0.003 0.173+0.004 0.142+0.008 0.151+0.004 0.112+0.006 0.134+0.004 0.110+£0.005 0.138+0.006 0.173+0.004

"Note: Protein expression of VDR, AhR, CYP1A1, p-p65, NLRP3, ASC, caspase-1, IL-18 and IL-6 in the gingival epithelium of the
mouse model was examined using immunohistochemical staining. Staining intensity was quantified, and shown as mean optical
density. After 1,25-dihydroxyvitamin D3 treatment, the expression of VDR, AhR and CYP1A1 was enhanced in mice with periodontitis,
while the expression of p-p65, NLRP3, ASC, caspase-1, IL-1B and IL-6 was inhibited. Data are presented as the mean + SD (n = 10).
VDR: P<0.05 for P vs. V mice, and N vs. V mice. AhR, CYP1A1, p-p65, NLRP3, ASC, caspase-1, IL-13 and IL-6: P<0.05 for N vs. P
mice, P vs. V mice, and N vs. V mice. N, normal control; P, Porphyromonas gingivalis infection; V, Porphyromonas gingivalis infection with
1,25-dihydroxyvitamin D3 treatment.

Figure 4- Phosphorylation of NF-kB p65 and protein expression of NLRP3, ASC, caspase-1, IL-1B and IL-6 in the mouse gingival
epithelium were examined using western blot analysis. Treatment with 1,25-dihydroxyvitamin D3 inhibited NF-kB p65 phosphorylation
and decreased NLRP3, ASC, caspase-1, IL-18 and IL-6 expression. Values are means + SD (n=3). *P<0.05. N, normal control; P,
Porphyromonas gingivalis infection; V, Porphyromonas gingivalis infection with 1,25-dihydroxyvitamin D, treatment
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Figure 5- Protein expression of AhR, CYP1A1, p-p65, NLRP3, ASC, caspase-1, IL-1B and IL-6 in the mouse gingival epithelium was
detected using immunohistochemical staining. After 1,25-dihydroxyvitamin D3 administration, the gingival epithelial expression of AhR
and CYP1A1 was increased in mice with periodontitis, whereas the expression of p-p65, NLRP3, ASC, caspase-1, IL-1B and IL-6 was
decreased. N, normal control; P, Porphyromonas gingivalis infection; V, Porphyromonas gingivalis infection with 1,25-dihydroxyvitamin D,

treatment

after VD3 treatment (V vs. P) (Figure 3, Figure 5 and
Table 1).

Recently, VD3 has been considered an important
regulator of immune response in different inflammatory
diseases, such as type 1 diabetes and inflammatory
bowel disease.>?! In clinical research, vitamin D
supplementation was reported to decrease the
incidence of upper respiratory infection in patients
with inflammatory bowel disease.?? Studies on
animals with experimental periodontitis also showed
that supplementation with the stable form of VD3,
25-hydroxyvitamin D, could reduce alveolar bone
loss, an important index of periodontitis.%* Here, we
observed that alveolar bone loss was decreased upon

VD3 treatment, indicating the inhibitory effect of VD3
supplementation on periodontitis.

Like other vitamins, vitamin D has its therapeutic
dose range, and the recommended vitamin D doses
may range between 400 and 2000 IU/day.?* Consuming
too much vitamin D can result in toxicity, such as
hypercalcemia, leading to cardiovascular injury and
calcium deposition in soft tissues.?* However, some
researchers showed no observed-adverse-effect of the
vitamin D3 dose of 10000 IU/day, indicating the safety
of this vitamin supplementation.?> In clinical practice,
there are several factors affecting the recommended
dose, and the wise choice of the recommendation to
humans should depend on individual health outcome
concerns, body weight, dietary, etc.?*> Thus, the VD3
dose we chose in this work is just to provide a reference
for the future study.

An increasing amount of literature has highlighted
the immunoregulatory function of gingival epithelium in
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periodontitis, for it can produce various inflammation-
related proteins.?¢?7 In this study, we showed amplified
VDR expression in gingival epithelia, accompanied
with decreased bone loss after VD3 administration,
suggesting that the attenuated periodontal damage in
periodontitis may be due to the interaction between
VDR and other inflammation-related proteins in gingival
epithelia. VDR is a key protein in VD3 signaling, and
widely exists in epithelial cells, including intestinal and
corneal epithelial cells.?®2° After binding to VD3, VDR
becomes heterodimerized with the retinoid X receptor
and regulates the synthesis of inflammatory proteins.3°
In addition, we found that the expression of
AhR and its downstream CYP1A1l was upregulated
in gingival epithelia in periodontitis mice compared
with their normal controls. Upon VD3 treatment, the
expression was further enhanced. These data suggest
that VD3 may inhibit periodontitis through increasing
the AhR signaling activation. AhR is newly reported
to improve immune homeostasis in diseases related
to excessive proinflammatory status, such as Crohn’s
disease.3' Upon binding to its ligand, AhR activates
the transcription of target genes including CYP1A1l
and other downstream inflammatory proteins.3?2 AhR
signaling can be activated by some products of bacteria,
including lipopolysaccharide in immune cells, and its
enhanced activation is found to correlate with the
alleviation of inflammatory response.'?33 In monocytic
cells, VD3 can increase the activation of AhR signaling,
possibly through binding to the promoter sequences
required for the activation of this signaling.*®
Furthermore, we found that the phosphorylation
of NF-kB p65 and the expression of NLRP3, ASC and
caspase-1 were increased in the gingival epithelium
in periodontitis, while they were decreased upon
VD3 treatment. These observations indicate that
the periodontitis attenuation by VD3 may involve
the repression of NF-kB and NLRP3 inflammasome
activation by AhR signaling. NF-kB is crucial in the
major signaling networks for inflammatory response
modulation.3* As an important member of NF-kB
family, NF-kB p65 can be significantly activated by
lipopolysaccharide, the major virulence factor of
P. gingivalis, and its phosphorylation was greatly
associated with periodontal damage.3 Upon stimulation
by lipopolysaccharide, NF-kB becomes phosphorylated,
and binds to the NF-kB binding sites in the NLRP3
promoter region, resulting in the NLRP3 inflammasome
activation in immune cells.3® In macrophages, the

activation of AhR signaling blocks NF-kB binding sites
and masks NF-kB transcription activity, subsequently
suppressing NLRP3 inflammasome activation.”

In our experiments, the IL-1B and IL-6 expression
in gingival epithelia was elevated in all periodontitis
mice compared with their normal controls. Moreover,
reduced expression of these cytokines occurred
upon VD3 injection. These findings implicate that
the alleviation of experimental periodontitis by VD3
may be partly due to the inhibition of IL-1B and IL-6
production, which may result from the change in
AhR/NF-kB/NLRP3 inflammasome pathway. Previous
research has shown the important role of IL-1B in
the host defense against bacterial infections and
the pathogenesis of periodontitis.3” It can strongly
promote the IL-6 production, a potent stimulator
of alveolar bone resorption in this periodontal
disease.?® IL-6 upregulates the expression of RANKL
(osteoclast differentiation factor), and promotes
osteoclastogenesis.?® Lipopolysaccharide can trigger
the phosphorylation of NF-kB, and subsequently leads
to the activation of NLRP3 inflammasome pathway,
which processes pro-IL-1B into its mature form IL-
1B.1740 In immune cells such as macrophages, through
the interaction with NF-kB, activated AhR signaling can
inhibit NLRP3 inflammasome formation and subsequent
secretion of IL-1f, and other proinflammatory cytokines,
improves inflammatory response.!’

In clinical research, the VD3 effect on periodontal
disease still remains controversial. Several studies on
adults showed that lower serum 25-hydroxyvitamin D,
levels were significantly associated with periodontitis.*42
However, some investigators demonstrated that serum
vitamin D levels or vitamin D supplementation did not
seem to be related to periodontal status.®4* These
different findings may partly be attributed to wrong
study designs, short follow-up duration or cross-
sectional design, poorly paired case-controls, and
incorrect statistical modeling, etc. Thus, to clinically
confirm the VD3 effect on periodontal health, long
follow-up and more well-designed randomized trials
are still needed.

Compared with human clinical studies, researches
on animal models have less uncontrollable variables,
so a variety of animal models have been used for
investigating periodontal diseases. Ligature models
and oral gavage models are two important models for
experimental periodontitis study. Ligature placement
causes massive local bacterium accumulation and
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sulcular epithelial microulceration, facilitating bacterium
invasion into deeper periodontal tissues.** This model
can be used to mimic the periodontal destruction induced
by indigenous periodontal pathogens-stimulated host
response in human periodontitis,* but the ligatures may
be loose/lost, so they need to be checked or even be
replaced during the study. Oral gavage of bacteria is a
convenient method to establish periodontitis models in
some mouse strains. It can introduce human strains of
bacteria, such as P. gingivalis, into mouse periodontal
tissues, and be used for studying the subsequent impact
on the periodontium.* However, different mice strains
have different susceptibility to experimental periodontal
disease. It has been reported that C57BL/6 mice are
more susceptible, and the difference in susceptibility
is associated with mouse genetic variances influencing
immune response.*® This finding suggests the utilization
of more animals with different genetic background to
further elucidate the mechanisms of pathogenesis and
treatment in periodontitis.

P. gingivalis is not natural in mouse oral microbial
community, but its oral inoculation has been used
to induce experimental periodontitis in mice. It was
reported that the immune defense status in mice had
some similarity to that in human, allowing the research
on immune response to human periopathogens
using mouse models.*® Certain mouse strains,
such as C57BL/6 mice, are more susceptible to P.
gingivalis, so it is convenient to use them to establish
periodontitis models in a short time and to detect
the effect of periodontal treatment. Previous reports
have shown the potential association between P.
gingivalis and periodontitis.**® P. gingivalis introduction
increased the total oral microbial load and changed
its composition in rabbit and non-human primate
models of periodontitis.4’#*¢ Moreover, immunization
using an antigen from P. gingivalis reduced the oral
microbial load and the alveolar bone loss in non-human
primates.*® However, recent research project showed
that the onset and progression of periodontitis could
be modified by various host response genes.* Specific
bacteria and their virulence factors cannot guarantee
periodontitis progression, though they are necessary
for its development.>®>! Early host-inflammatory and
immune response may be more important in the
determination of periodontitis development.>%°! These
reports highlighted the central role of gene background
and immune response in the periodontitis pathogenesis.
Thus, in the study on periodontitis, especially on its

inflammatory regulation, we should consider the genetic
differences between different animal species, and
between experimental animals and humans.

This study showed the VD3 effect on experimental
periodontitis in a mouse model, but there were some
limitations. First, the mouse strain we used was more
susceptible to human oral bacterium P. gingivalis and
tended to exhibit severe periodontitis, compared with
some other mouse strains and animal species. Second,
we did not compare the in vivo VD3 concentrations
before and after VD3 treatment to show the its
supplementation levels. Third, we did not examine some
inflammatory markers closely related to periodontitis,
such as periodontal inflammatory infiltrate in mice. To
further elucidate the precise effect and mechanisms
of VD3 on periodontitis, in future experiments we
can choose different animals to induce periodontitis,
such as different mouse strains with AhR knockdown
or rat ligature models, to mimic the complex human
host response to microbial challenge and treatment.
Moreover, we can detect more parameters, as
periodontal VD3 concentrations and inflammatory
infiltrate in periodontal tissues, to confirm the VD3
status and periodontal inflammation.

We observed that VD3 attenuated P. gingivalis-
induced periodontitis in mice. Additionally, VD3
enhanced AhR activation and suppressed the activation
of NF-kB and NLRP3 inflammasome in the gingival
epithelium. These results suggest the inhibition of
experimental periodontitis and alteration of AhR/
NF-kB/NLRP3 inflammasome pathway by VD3. The
protective VD3 effect on periodontitis may correlate
with the regulation of AhR/NF-kB/NLRP3 inflammasome
pathway.

This research was supported by grants from
the National Natural Science Foundation of China
(81600833), and Guangxi Natural Science Foundation
(2016GXNSFAA380168). The authors would like to
acknowledge all the personnel from Guangxi Key
Laboratory of the Rehabilitation and Reconstruction
of Oral and Maxillofacial Research, Guangxi Medical
University for their technical support.

J Appl Oral Sci. 8/10 2019;27:20180713



1- Baelum V, Lépez R. Periodontal disease epidemiology-learned and
unlearned? Periodontol 2000. 2013;62(1):37-58.

2- Golz L, Buerfent BC, Hofmann A, Hibner MP, Rihl H, Fricker N, et
al. Genome-wide transcriptome induced by Porphyromonas gingivalis
LPS supports the notion of host-derived periodontal destruction and its
association with systemic diseases. Innate Immun. 2016;22(1):72-84.
3- Li H, Zhou X, Zhang J. Induction of heme oxygenase-1 attenuates
lipopolysaccharide-induced inflammasome activation in human gingival
epithelial cells. Int J Mol Med. 2014;34(4):1039-44.

4- Luo W, Wang CY, Jin L. Baicalin downregulates Porphyromonas
gingivalis lipopolysaccharide-upregulated IL-6 and IL-8 expression in
human oral keratinocytes by negative regulation of TLR signaling. PLoS
One. 2012;7(12):e51008.

5- White JH. Vitamin D deficiency and the pathogenesis of Crohn’s
disease. ] Steroid Biochem Mol Biol. 2018;175:23-8.

6- Du J, Li R, Yu F, Yang F, Wang J, Chen Q, et al. Experimental study
on 1,25(0H), D, amelioration of oral lichen planus through regulating
NF-kB signaling pathway. Oral Dis. 2017;23(6):770-8.

7- Zhao H, Zhang H, Wu H, Li H, Liu L, Guo J, et al. Protective role
of 1,25(0H), vitamin D3 in the mucosal injury and epithelial barrier
disruption in DSS-induced acute colitis in mice. BMC Gastroenterol.
2012;12:57.

8- Garcia MN, Hildebolt CF, Miley DD, Dixon DA, Couture RA, Spearie
CL, et al. One-year effects of vitamin D and calcium supplementation
on chronic periodontitis. J Periodontol. 2011;82(1):25-32.

9- Dietrich T, Joshipura KJ, Dawson-Hughes B, Bischoff-Ferrari HA.
Association between serum concentrations of 25-hydroxyvitamin
D, and periodontal disease in the US population. Am J Clin Nutr.
2004;80(1):108-13.

10- Li H, Xie H, Fu M, Li W, Guo B, Ding Y, et al. 25-hydroxyvitamin D,
ameliorates periodontitis by modulating the expression of inflammation-
associated factors in diabetic mice. Steroids. 2013;78(2):115-20.
11- Wang Q, Li H, Xie H, Fu M, Guo B, Ding Y, et al. 25-Hydroxyvitamin
D, attenuates experimental periodontitis through downregulation of
TLR4 and JAK1/STAT3 signaling in diabetic mice. ] Steroid Biochem
Mol Biol. 2013;135:43-50.

12-Ji T, Xu C, Sun L, Yu M, Peng K, Qiu Y, et al. Aryl hydrocarbon
receptor activation down-regulates IL-7 and reduces inflammation in a
mouse model of DSS-induced colitis. Dig Dis Sci. 2015;60(7):1958-66.
13- MaY, Wang Q, Yu K, Fan X, Xiao W, Cai Y, et al. 6-Formylindolo(3,2-b)
carbazole induced aryl hydrocarbon receptor activation prevents
intestinal barrier dysfunction through regulation of claudin-2
expression. Chem Biol Interact. 2018;288:83-90.

14- Engen SA, Rgrvik G, Schreurs O, Blix I3, Schenck K. The oral
commensal Streptococcus mitis activates the aryl hydrocarbon receptor
in human oral epithelial cells. Int J Oral Sci. 2017;9(3):145-50.

15- Gongalves AC, Ferreira LS, Manente FA, Faria CM, Polesi MC,
Andrade CR, et al. The NLRP3 inflammasome contributes to host
protection during Sporothrix schenckii infection. Immunology.
2017;151(2):154-66.

16- Agostini L, Martinon F, Burns K, McDermott MF, Hawkins PN,
Tschopp J. NALP3 forms an IL-1beta-processing inflammasome with
increased activity in Muckle-Wells autoinflammatory disorder. Immunity.
2004;20(3):319-25.

17- Huai W, Zhao R, Song H, Zhao J, Zhang L, Zhang L, et al. Aryl
hydrocarbon receptor negatively regulates NLRP3 inflammasome
activity by inhibiting NLRP3 transcription. Nat Commun. 2014;5:4738.
18- Qiao Y, Wang P, Qi J, Zhang L, Gao C. TLR-induced NF-kB activation
regulates NLRP3 expression in murine macrophages. FEBS Lett.
2012;586(7):1022-6.

19- Matsunawa M, Akagi D, Uno S, Endo-Umeda K, Yamada S, Ikeda
K, et al. Vitamin D receptor activation enhances benzo[a]pyrene
metabolism via CYP1A1l expression in macrophages. Drug Metab
Dispos. 2012;40(11):2059-66.

20- Kilkenny C, Browne W3], Cuthill IC, Emerson M, Altman DG.
Improving bioscience research reporting: the ARRIVE guidelines for
reporting animal research. PLoS Biol. 2010;8(6):e1000412.

21-Van Belle TL, Vanherwegen AS, Feyaerts D, De Clercq P, Verstuyf A,
Korf H, et al. 1,25-Dihydroxyvitamin D, and its analog TX527 promote
a stable regulatory T cell phenotype in T cells from type 1 diabetes
patients. PLoS One. 2014;9(10):e109194.

22- Arihiro S, Nakashima A, Matsuoka M, Suto S, Uchiyama K, Kato T, et
al. Randomized trial of vitamin D supplementation to prevent seasonal
influenza and upper respiratory infection in patients with inflammatory
bowel disease. Inflamm Bowel Dis. 2019;25(6):1088-95.

23- Pludowski P, Holick MF, Grant WB, Konstantynowicz J, Mascarenhas
MR, Hag A, et al. Vitamin D supplementation guidelines. ] Steroid
Biochem Mol Biol. 2018;175:125-35.

24- Kim S, Stephens LD, Fitzgerald R. How much is too much? Two
contrasting cases of excessive vitamin D supplementation. Clin Chim
Acta. 2017;473:35-8.

25- Heaney RP, Davies KM, Chen TC, Holick MF, Barger-Lux MJ. Human
serum 25-hydroxycholecalciferol response to extended oral dosing with
cholecalciferol. Am J Clin Nutr. 2003;77(1):204-10.

26- Tada H, Matsuyama T, Nishioka T, Hagiwara M, Kiyoura Y,
Shimauchi H, et al. Porphyromonas gingivalis gingipain-dependently
enhances IL-33 production in human gingival epithelial cells. PLoS One.
2016;11(4):e0152794.

27- Pahumunto N, Chotjumlong P, Makeudom A, Krisanaprakornkit
S, Dahlen G, Teanpaisan R. Pro-inflammatory cytokine responses in
human gingival epithelial cells after stimulation with cell wall extract
of Aggregatibacter actinomycetemcomitans subtypes. Anaerobe.
2017,;48:103-9.

28- DeSmet M, Fleet J. Constitutively active RAS signaling reduces 1,25
dihydroxyvitamin D-mediated gene transcription in intestinal epithelial
cells by reducing vitamin D receptor expression. J Steroid Biochem Mol
Biol. 2017;173:194-201.

29- Reins RY, Mesmar F, Williams C, McDermott AM. Vitamin D
induces global gene transcription in human corneal epithelial cells:
implications for corneal inflammation. Invest Ophthalmol Vis Sci.
2016;57(6):2689-98.

30- Margolis RN, Christakos S. The nuclear receptor superfamily of
steroid hormones and vitamin D gene regulation: an update. Ann N'Y
Acad Sci. 2010;1192:208-14.

31- Li J, Doty A, Glover SC. Aryl hydrocarbon receptor signaling
involves in the human intestinal ILC3/ILC1 conversion in the inflamed
terminal ileum of Crohn’s disease patients. Inflamm Cell Signal.
2016;3(3):e1404.

32- Manzella C, Singhal M, Alrefai WA, Saksena S, Dudeja PK, Gill RK.
Serotonin is an endogenous regulator of intestinal CYP1A1 via AhR.
Sci Rep. 2018;8(1):6103.

33- Vogel CF, Khan EM, Leung PS, Gershwin ME, Chang WL, Wu D, et
al. Cross-talk between aryl hydrocarbon receptor and the inflammatory
response: a role for nuclear factor-kB. J Biol Chem. 2014;289(3):1866-
75.

34- Hayden MS, Ghosh S. NF-kB in immunobiology. Cell Res.
2011;21(2):223-44.

35- Jiang SY, Xue D, Xie YF, Zhu DW, Dong YY, Wei CC, et al. The
negative feedback regulation of microRNA-146a in human periodontal
ligament cells after Porphyromonas gingivalis lipopolysaccharide
stimulation. Inflamm Res. 2015;64(6):441-51.

J Appl Oral Sci. 9/10 2019;27:20180713



36- Lu WL, Song DZ, Yue JL, Wang TT, Zhou XD, Zhang P, et al.
NLRP3 inflammasome may regulate inflammatory response of human
periodontal ligament fibroblasts in an apoptosis-associated speck-like
protein containing a CARD (ASC)-dependent manner. Int Endod J.
2017,;50(10):967-75.

37- Graves D. Cytokines that promote periodontal tissue destruction.
J Periodontol. 2008;79(8 Suppl):1585-91.

38- Tipton DA, Carter TB, Dabbous MK. Inhibition of interleukin
1B-stimulated interleukin-6 production by cranberry components in
human gingival epithelial cells: effects on nuclear factor kB and activator
protein 1 activation pathways. J Periodontal Res. 2014;49(4):437-47.
39- Hwang Y, Lee S, Park K, Chung W. Secretion of IL-6 and IL-8
from lysophosphatidic acid-stimulated oral squamous cell carcinoma
promotes osteoclastogenesis and bone resorption. Oral Oncol.
2012;48(1):40-8.

40- Zhang A, Wang P, Ma X, Yin X, Li J, Wang H, et al. Mechanisms that
lead to the regulation of NLRP3 inflammasome expression and activation
in human dental pulp fibroblasts. Mol Immunol. 2015;66(2):253-62.
41- Zhan Y, Samietz S, Holtfreter B, Hannemann A, Meisel P, Nauck
M, et al. Prospective study of serum 25-hydroxy vitamin D and tooth
loss. J Dent Res. 2014;93(7):639-44.

42- Abreu OJ, Tatakis DN, Elias-Boneta AR, Lopez Del Valle L, Hernandez
R, Pousa MS, et al. Low vitamin D status strongly associated with
periodontitis in Puerto Rican adults. BMC Oral Health. 2016;16(1):89.
43- Antonoglou GN, Suominen AL, Knuuttila M, Ylostalo P, Ojala M,
Mannistd S, et al. Associations between serum 25-hydroxyvitamin d
and periodontal pocketing and gingival bleeding: results of a study in a
non-smoking population in Finland. J Periodontol. 2015;86(6):755-65.

44- Graves DT, Kang ], Andriankaja O, Wada K, Rossa C Jr. Animal
models to study host-bacteria interactions involved in periodontitis.
Front Oral Biol. 2012;15:117-32.

45- Hiyari S, Atti E, Camargo PM, Eskin E, Lusis AJ, Tetradis S, et
al. Heritability of periodontal bone loss in mice. J Periodontal Res.
2015;50(6):730-6.

46- Page R, Schroeder H. Periodontitis in man and other animals: a
comparative review. Basel: Karger Publications; 1982.

47- Hasturk H, Kantarci A, Goguet-Surmenian E, Blackwood A, Andry
C, Serhan CN, et al. Resolvin E1 regulates inflammation at the cellular
and tissue level and restores tissue homeostasis in vivo. J Immunol.
2007;179(10):7021-9.

48- Page RC, Lantz MS, Darveau R, Jeffcoat M, Mancl L, Houston
L, et al. Immunization of Macaca fascicularis against experimental
periodontitis using a vaccine containing cysteine proteases purified from
Porphyromonas gingivalis. Oral Microbiol Immunol. 2007;22(3):162-8.
49- Bartold PM, Van Dyke TE. Periodontitis: a host-mediated disruption
of microbial homeostasis. Unlearning learned concepts. Periodontol
2000. 2013;62(1):203-17.

50- Bartold PM, Van Dyke TE. Host modulation: controlling
the inflammation to control the infection. Periodontol 2000.
2017;75(1):317-29.

51- Bartold PM, Van Dyke TE. An appraisal of the role of specific
bacteria in the initial pathogenesis of periodontitis. J Clin Periodontol.
2019;46(1):6-11.

J Appl Oral Sci. 10/10 2019;27:20180713



	_neb091DCA02_24B9_4640_B8C2_6E700532707B
	_neb25CE4888_984C_41A2_B9CB_DD252FC8B81C
	_neb402AAB3D_A4B5_419A_AFF0_F42D78502F4C
	_neb63B77550_8634_4082_9000_36ED2AC6350C
	_nebC42255BB_22DC_40D5_8050_BB88CA2A346B
	_neb6E0FD6E9_61C9_4F74_9405_F741D127B3BB
	_neb22236B76_2313_440A_98C4_32D8D9895D42
	_nebE1CFBAF1_A964_40A0_B6D7_F97E23882182
	_neb970A2E12_C4CD_4326_8ED7_19FD7C4D55ED
	_nebF8725B5C_5F18_4CE5_AB4E_EEB21745E56A
	_nebC2FEE176_8586_40D2_A472_A04B4B5F4E1B
	_nebDB2FBDDD_CF43_4AB6_B67D_1AF3781CAD5F
	_neb24589107_4F23_489D_AA31_590FA236169E
	_neb17859DDC_2810_4C2F_8958_F5C82AE49AAE
	_nebEADCF9CE_6447_4859_84B3_10C2BDBBA226
	_nebAF5A526E_F031_4720_AAD5_F34891E59728
	_neb5B8F96A1_8022_4487_BAE8_528D513EADEA
	_nebB0319026_9C4B_42F2_AB4B_6D8A1A19902D
	_nebC92C5696_948F_41CD_820C_E4C13507FEE8
	_neb24407523_028B_4DB9_8779_C7B1AFE0B786
	_neb46EB33B5_472F_4F61_A98A_FA72769FCDB1
	_neb997D0981_0C27_43E7_A366_FCED7AC16D5D
	_neb4D24340E_7959_4598_ADB7_7E8DB36F77BC
	_nebAF94CE19_5016_4411_9D8C_01B09005F3C3
	_nebC54B0D76_C6CD_4E54_A1AF_7681FBFDBFDA
	_nebF97D23FD_E679_42B9_8843_228F6DA23153
	_neb9070D476_58C5_431E_92F6_1A33954FFF07
	_neb0D80CD1B_400F_4370_A30A_9CCE403952FD
	_neb13B0F4C5_7EB3_4E98_8F77_52CA5D8AA7F9
	_nebFD946542_EFAF_492F_AA31_7F78B38E1D3D
	_nebF0E641FE_A7FF_499D_B79F_03E76C497AA3
	_neb2128D870_6193_419F_BC85_B7E63A8FC2DE
	_nebCA1D166B_DDF6_427C_B07D_8C8671ECAABB
	_neb4070538D_17DB_4324_A729_6224533E131B
	_nebCED1A09D_BD71_49E3_8625_0EC8750D671A
	_nebA29D1261_11C9_413B_AC89_A33FFD14B8BF
	_nebEF98B7A2_BB1E_4D2E_AB51_4A7F170A0C39
	_nebC837D4D3_A640_4531_AE0F_FED344F51520
	_neb544F7341_BA0E_4221_A8B5_A082565F9648
	_neb17D54DEE_52D1_40F3_90FA_B687AF30018D
	_nebCFD15993_1AB3_44B3_80E7_68C97B83F374
	_neb9C313FE7_A5C1_444A_A5B8_26210D99321F
	_neb0C964D33_B8F5_4D63_8336_C27D65BDE4D0
	_neb8BE93011_5019_44D4_8876_CB54A94EE324
	_nebE8D0D2DD_C84A_4051_8048_17E33B450C9B
	_neb2B65EE99_46B0_48BF_9CDA_8F0835CC4C42
	_nebE3620430_9FFC_4FA8_9CC3_12AFE7E051A6
	_neb503F3069_4C91_4C2F_9FFE_6CABDD8DE9C0
	_nebB1FC15C4_5BA7_4319_A293_9A1C7D157F2E
	_nebA32B7AB3_4CA5_4705_8FD0_C94676BC55C8
	_neb9432AA68_FA6D_41ED_8046_3F24F61AFB08

