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Abstract
Background: In periodontal connective tissue cells, the vitamin D pathway has
been elucidated, and vitaminD3 in themain storage form, 25-hydroxy vitaminD3

(25[OH]D3), and the functional form, 1,25-dihydroxy vitamin D3 (1,25[OH]2D3),
have been found to induce the expression of human cationic antimicrobial pro-
tein (hCAP-18)/LL-37. Moreover, synergistic effects between Toll-like receptor
agonists and 25(OH)D3 have been reported. This research aimed at extending
the vitamin D pathway to vitamin D3 and CYP27A1 in human periodontal liga-
ment cells (hPDLCs) to further explore its function in periodontal inflammatory
reaction.
Methods: Vitamin D3 was used to stimulate hPDLCs in the presence or absence
of Porphyromonas gingivalis lipopolysaccharide (Pg-LPS). Conversely, CYP27A1
RNA interference was performed to further validate the findings. The mRNA
expression of hCAP-18 was determined with real-time polymerase chain reac-
tion. Monocyte chemotactic protein-1 (MCP-1) and interleukin-8 (IL-8) were also
detected. The cell supernatant levels of LL-37 were detected with enzyme-linked
immunosorbent assay.
Results: Vitamin D3 significantly enhanced the generation of hCAP-18/LL-37.
A combination of Pg-LPS and vitamin D3 significantly promoted hCAP-18/LL-
37 expression. When the expression of CYP27A1 was knocked down with RNA
interference, the induction of hCAP-18/LL-37 expression was significantly inhib-
ited. Therefore, themRNA levels ofMCP-1 and IL-8 in hPDLCswere significantly
decreased through the vitamin D pathway.
Conclusion: The vitamin D pathway from vitamin D3 to hCAP-18/LL-37 exists
in hPDLCs, and CYP27A1 might be involved in periodontal immune defense.
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1 INTRODUCTION

In humans, vitamin D3 is a secosteroid, a prohormonal
precursor of biologically active hydroxyforms.1 Vitamin
D3 is synthesized in the skin via the effects of ultraviolet B

through two non-enzymatic steps: 7-dehydrocholesterol is
first converted to pre-vitamin D3, which is then converted
to vitamin D3.1,2 Vitamin D3 and its metabolites play
important roles in the regulation of bone metabolism
and the immune response.3 Vitamin D3 must be
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metabolized through two-step hydroxylations to exert
its biological functions. First, vitamin D3 is hydroxy-
lated by 25-hydroxylase, forming 25(OH)D3. In human
periodontal ligament cells (hPDLCs), which are of mes-
enchymal origin, CYP27A1 is the major 25-hydroxylase.4
Second, 1,α-hydroxylase (CYP27B1) converts 25(OH)D3
to 1,25(OH)2D3.5 After binding the vitamin D receptor,
1,25(OH)2D3 exerts its biological functions.6,7 Slominski
et al.8 have found another activation pathway of vitamin
D3 in dermal fibroblasts, characterized by CYP11A1, which
hydroxylates vitamin D3 and forms different biologically
active products.
Liu et al.9 first proposed that the vitamin D path-

way includes a sequence of reactions from 25(OH)D3 to
the production of human cationic antimicrobial protein
(hCAP-18)/LL-37, and reported that Toll-like receptor-2
(TLR2) agonists show synergistic effects with 25(OH)D3
in the production of antimicrobial peptides in mono-
cytes. Schauber et al.10 found that TLR2 agonists induce
the expression of genes encoding CYP27B1. 25(OH)D3 is
converted to 1,25(OH)2D3 by CYP27B1 and subsequently
increases hCAP-18 expression in keratinocytes and mono-
cytes. Khoo et al.11 have reported enhancement of hCAP-18
gene expression after 1,25(OH)2D3 stimulation in periph-
eral blood mononuclear cells. Beyond hCAP-18, another
class of human antimicrobial proteins, human β-defensin-
3 is increased by 1,25(OH)2D3, thereby inhibiting the P.
gingivalis-induced production of tumor necrosis factor-α,
interleukin (IL)-8, and IL-12 in human periodontal liga-
ment cells.12
hCAP-18) is the only antimicrobial protein from the

cathelicidin family found in humans.13 hCAP-18 includes
a cathelin-like region in the amino-terminus and with 37
amino acid residues in the carboxy-terminus.14 The pre-
dominant antimicrobial product, LL-37,must be cleaved by
proteinases after release from cells.15 LL-37 has a marked
effect on resistance to microbes. Bactericidal effects are
achieved through destruction of the bacterial cell wall.16
Additionally, LL-37 helps humanmacrophages clear intra-
cellular bacteria via binding specific receptors such as the
P2 × 7 receptor.17
In the field of periodontal research, the existence of

LL-37 has been confirmed in human gingival epithelial
cells,18–20 human gingival fibroblasts (hGFs),21 hPDLCs,21
and neutrophils.22 LL-37 is present in gingival epithelia
and connective tissues in humans, and people with peri-
odontitis exhibit more LL-37 production than unaffected
people.19–21 In hGFs,21 hPDLCs,21 and gingival epithelial
cells,23 25(OH)D3 significantly enhances hCAP-18/LL-37
production. Our past research21 indicated that the vita-
min D pathway, from 25(OH)D3 and 1,25(OH)2D3 to the
production of LL-37, on which TLR2 agonist has a syner-
gistic effect with 25(OH)D3, exists in periodontal connec-

tive tissue cells. In another study from our group, stim-
ulation of hPDLCs and hGFs with vitamin D3 has been
found to enhance 25(OH)D3 and 1,25(OH)2D3 synthesis,
and we detected CYP27A1 in both cell types. When higher
concentrations of vitamin D3 were used, the generation of
25(OH)D3 and 1,25(OH)2D3 increased accordingly; how-
ever, their production clearly decreased after CYP27A1
silencing.4 In hPDLCs, vitamin D3 suppresses the level
of lipopolysaccharide (LPS)-induced IL-6 by ≈ 70%,24 and
1,25(OH)2D3 decreases Pg-LPS‒inducedmRNA expression
of IL-8 and Monocyte chemotactic protein-1 (MCP-1).25
Hence, we hypothesized that CYP27A1 and vitamin D3
might function as part of vitaminDpathway in hPDLCs. To
test this hypothesis, we performed in vitro studies explor-
ing how vitamin D3 influences hCAP-18/LL-37 production
in inflammatory and non-inflammatory conditions.

2 MATERIALS ANDMETHODS

2.1 Culture of hPDLCs

This study plan was approved by the Institutional Review
Board of Peking University School and Hospital of Stom-
atology (PKUSSIRB-2011007). The study was performed
according to the 2013 revision of the Helsinki Declaration
of 1975. Each participant signed an informed consent form.
Primary cell culture was conducted according to pre-

viously described methods.26,27 Briefly, hPDLCs were
acquired from removed wisdom teeth from eight healthy
participants without periodontal inflammation. Periodon-
tal ligament tissue was collected from the central sec-
tion of the root by gently curetting and mincing. Twenty-
four‒well plates were used for inoculation of the iso-
lated cells. hPDLCs were cultured in Dulbecco’s modified
Eagle’s medium without phenol red,* with 1% penicillin-
streptomycin and 10% fetal bovine serum† added. hPDLCs
were placed in an incubator containing 5%CO2with a tem-
perature of 37◦C. When the hPDLCs reached 90% conflu-
ence, cells were split with 0.25% trypsin and 0.02% EDTA.
The fourth generation of cells was used in the following
experiments. All experiments were conducted in triplicate.

2.2 Stimulation with vitamin D3
combined with Pg-LPS to detect the
production of hCAP-18/LL-37

Six-well plates were used to inoculate cells obtained
from three participants. The number of cells per well

* Sigma Aldrich, St. Louis, MO.
† PAA, Coelbe, Germany.
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was ≈50,000. After reaching 80% to 90% confluence,
hPDLCs were stimulated with 0.1% ethanol, vitamin
D3,‡ 25(OH)D3,§ Pg-LPS,** vitamin D3 combined with
Pg-LPS, or 25(OH)D3 combined with Pg-LPS. The con-
centrations of vitamin D3 and 25(OH)D3 were both
10−6 M. The concentration of Pg-LPS was 10 μg/mL. After
48 hours, RNA was obtained with cell lysis solution††
according to the manufacturer’s protocol. Simultane-
ously, supernatants were collected. With a kit,‡‡ reverse
transcription PCR was conducted to obtain cDNA. Next,
real-time PCR was performed with SYBR Green§§ with
a real-time thermocycler.*** The reference gene was
GAPDH. The forward and reverse primer sequences for
GAPDH were 5′-GAAGGTGAAGGTCGGAGTC-3′ and
5′-GAAGATGGTGATGGGATTTC-3′, respectively, and
those for hCAP-18 were 5′-AGGATTGTGACTTCAAGA
AGGACG-3′ and 5′-GTTTATTTCTCAGAGCCCAGAAGC-
3′. The relative mRNA levels of hCAP-18 were computed
with the equation, 2−△△Ct.28

2.3 Stimulation with vitamin D3 for
various times

hPDLCs from two participants were inoculated on six-well
plates. The number of cells per well was ≈50,000. After
cells reached 80% to 90% confluence, hPDLCs were treated
with 10−6 M vitamin D3 for 24 hours, 48 hours, or 96 hours.
Real-time PCR was used to detect hCAP-18 mRNA expres-
sion.

2.4 Silencing of CYP27A1 RNA
expression

Two participants’ hPDLCs were inoculated on six-well
plates. The number of cells per well was ≈150,000. After
cells reached 80% to 90% confluence, small interfer-
ing RNA (20 nM)††† and transfection reagent‡‡‡ were
used to transfect the hPDLCs. One group had silenced
CYP27A1 RNA expression, and the other group was a
negative control without RNA silencing. The CYP27A1
siRNA’s sequence was CACGCTGACATGGGCCCTGTA.

‡ Sigma Aldrich, St. Louis, MO.
§ Sigma Aldrich, St. Louis, MO.
** Invivogen, San Diego, CA.
†† TRIzol, Thermo Fisher Scientific, Waltham, MA.
‡‡Rever Tra Ace qPCR RT Kit, Toyobo, Japan.
§§ Roche, Indianapolis, IN.
*** Applied Biosystems, Thermo Fisher Scientific, Waltham, MA.
†††CYP27A1 siRNA, Santa Cruz Biotechnology, Santa Cruz, CA.
‡‡‡ Lipofectamine 3000, Thermo Fisher Scientific, Waltham, MA.

At 24 hours after transfection, the efficiency of RNA inter-
ference was verified by real-time PCR.
After confirmation of the RNA interference efficiency,

hCAP-18/LL-37 production was detected. Immediately
after the 24 hours of transfection, 10−6 M vitamin D3 was
used to stimulate the hPDLCs. After 48 hours, the cells
were collected. Relative mRNA levels of hCAP-18 expres-
sion were determined by real-time PCR.
The forward and reverse primer sequences for

CYP27A1 were 5′-GCTCTTGGAGCAAGTGATG-3′ and 5′-
AGCATCCGTATAGAGCGC-3′, respectively.

2.5 Stimulation by Pg-LPS with or
without vitamin D3

Cells from three donors were used. When cells seeded
in six-well plates reached ≈90% confluence, they were
divided into four groups treated with 0.1% ethanol, vita-
min D3, Pg-LPS alone, or vitamin D3 with Pg-LPS. The
concentration of Pg-LPS was 10 μg/mL. The concentra-
tions of vitamin D3

‡ were 10−6 M. After 48 hours of stim-
ulation, real-time PCR was used to detect the mRNA lev-
els of CYP27A1, IL-8, and MCP-1. The supernatant levels
of IL-8 were detected with an ELISA kit.§§§ The super-
natant levels of MCP-1 were detected with an ELISA
kit.**** The forward and reverse primer sequences for
MCP-1 were 5′-CAGCCAGATGCAATCAATGCC-3′ and
5′-TGGAATCCTGAACCCACTTCT-3′, respectively, and
those for IL-8 were 5′-TTTTGCCAAGGAGTGCTAAAGA-
3′ and 5′-AACCCTCTGCACCCAGTTTTC-3′, respectively.

2.6 Detection of cell supernatant
concentrations of LL-37

The supernatant levels of LL-37 were detected with an
ELISA kit†††† on the basis of the manufacturer’s protocol.

2.7 Statistical analyses

The Shapiro-Wilk test was used to demonstrate the distri-
bution of the data. If the data were normally distributed,
one-way ANOVAwas used, and the data were presented as
mean + SE. If the data were not normally distributed, the
Kruskal‒Wallis test was used, and the data were presented
as median and interquartile range. The data analysis was

§§§ Human IL-8 ELISA kit, Meimian, China.
**** Human MCP-1 ELISA kit, Meimian, China.
††††Human LL-37 ELISA kit, Meimian, China.
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performed using SPSS software.‡‡‡‡ When the P value was
<0.05, a significant statistical difference was confirmed.

3 RESULTS

3.1 Enhancement of hCAP-18/LL-37
after stimulation with vitamin D3 or
25(OH)D3 with or without Pg-LPS

The mRNA expression of hCAP-18 was detected in all
hPDLCs. After a 48-hour stimulation with vitamin D3 or
25(OH)D3, the hCAP-18 mRNA clearly increased. When
stimulated with vitamin D3, the relative hCAP-18 mRNA
level was ≈2- to 4-fold that in the ethanol group, and was
≈11 to 30 times higher when stimulated with 25(OH)D3.
Addition of Pg-LPS did not significantly influence the vita-
min D3-induced hCAP-18 mRNA expression. Treatment of
hPDLCs with vitamin D3 plus Pg-LPS increased the hCAP-
18mRNA expression to an average of 3.4-fold (Fig. 1A). The
LL-37 protein level in cell supernatants of hPDLCswas 55.1
± 7.4 pg/mL after treatment with ethanol, 67.5 (61.8, 101.6)
pg/mL after treatment with vitamin D3, 83.4 (69.9, 135.9)
pg/mL after treatment with 25(OH)D3, 55.6 ± 8.1 pg/mL
after treatment with Pg-LPS, 75.1 ± 23.2 pg/mL after treat-
ment with Pg-LPS plus vitamin D3, and 78.1 (68.3, 96.6)
pg/mL after treatment with Pg-LPS plus 25(OH)D3.The
LL-37 concentrations after treatment with vitamin D3 or
25(OH)D3 were significantly higher than those in the
ethanol group. The LL-37 concentrations after treatment
with Pg-LPS plus vitamin D3 or 25(OH)D3 were signifi-
cantly higher than those in the Pg-LPS group (Fig. 1B).

3.2 Increased hCAP-18 mRNA
expression and LL-37 production with
increasing vitamin D3 stimulation time

Stimulation with vitamin D3 increased the hCAP-18
mRNA expression and LL-37 production in a time-
dependent manner. The increase in hCAP-18 mRNA
expression after stimulation with vitamin D3 for 24 hours,
48 hours, or 96 hours was ≈1.3-fold, 3.8-fold, and 9.1-fold
that in the ethanol group, respectively (Fig. 2A). The LL-37
production was 55.1 ± 7.4 pg/mL in the ethanol group, 59.5
± 6.5 pg/mL in the 24-hour stimulation group, 67.5 (61.8,
101.6) pg/mL in the 48-hour stimulation group, and 73.0
± 6.4 pg/mL in the 96-hour stimulation group. The fold
increase in LL-37 production from the ethanol group to
the 48-hour or 96-hour stimulation group was significant
(Fig. 2B).

‡‡‡‡ IBM, Armonk, NY.

F IGURE 1 Increased generation of hCAP-18/LL-37 after
vitamin D3 and 25(OH)D3 stimulation in hPDLCs. A) Relative
expression of hCAP-18 mRNA. The cells were stimulated with
ethanol; vitamin D3; 25(OH)D3; Pg-LPS; Pg-LPS plus vitamin D3; or
Pg-LPS plus 25(OH)D3. B) Respective concentrations of LL-37 in the
groups. The concentrations of vitamin D3 and 25(OH)D3 were both
10−6 M, and that of Pg-LPS was 10 μg/mL. Negative control (NC)
represents ethanol; D3, vitamin D3. The data of relative mRNA
expression are shown as mean + SE. The data of LL-37
concentrations are shown as median and interquartile range. Any
two groups marked by the same “*” showed significantly different
data

3.3 Decreased levels of hCAP-18/LL-37
after CYP27A1 RNA interference

The knockdown efficiency of RNA interference against
CYP27A1 reached >80% (Fig. 3A). After effective
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F IGURE 2 Increased generation of hCAP-18/LL-37 after
different vitamin D3 stimulation times. A) Relative hCAP-18 mRNA
expression. The cells were treated with ethanol; vitamin D3; Pg-LPS;
or Pg-LPS plus vitamin D3. B) LL-37 protein production. The data of
relative mRNA expression are shown as mean + SE. The data of
LL-37 concentrations are shown as median and interquartile range.
Any two groups marked by the same “*” show significantly different
data

knockdown of CYP27A1 and stimulation with vita-
min D3, the relative hCAP-18 mRNA levels significantly
decreased ≈60%, to a level close to that in the ethanol
group (Fig. 3). The LL-37 protein level in the CYP27A1
RNA interference group remained at 59.2 ± 3.2 pg/mL,
which was close to the 55.1 ± 7.4 pg/mL in the ethanol
group. After CYP27A1 RNA interference, the vitamin
D3-induced LL-37 production decreased significantly
from 67.5 (61.8, 101.6) pg/mL to 55.78 (50.6, 59.2) pg/mL
(Fig. 3C).

F IGURE 3 Vitamin D3treatment after CYP27A1 silencing
inhibits hCAP-18/LL-37 production in hPDLCs. A) Relative
CYP27A1 mRNA expression after CYP27A1 RNA interference. The
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3.4 Unchanged CYP27A1 mRNA
expression after stimulation with vitamin
D3 or Pg-LPS

Comparedwith stimulationwith ethanol, stimulationwith
vitamin D3 or Pg-LPS did not markedly influence the
CYP27A1 mRNA expression (Fig. 4).

3.5 Decreased IL-8 andMCP-1 mRNA
expression and protein production after
stimulation with Pg-LPS plus vitamin D3,
compared with stimulation with Pg-LPS

Compared with IL-8 and MCP-1 mRNA expression in the
ethanol group, stimulation with vitamin D3 did not clearly
alter IL-8 andMCP-1 mRNA expression or protein produc-
tion. In contrast to those in the Pg-LPS group, the IL-8 and
MCP-1 mRNA expression levels decreased significantly
after treatment with vitamin D3 combined with Pg-LPS.
The IL-8 protein concentrations decreased significantly

control group was the non-silenced group without any stimulation.
B) Relative expression of hCAP-18 mRNA. The cells were treated
with ethanol; vitamin D3; CYP27A1 RNA interference; or CYP27A1
RNA interference plus vitamin D3. C) Respective concentrations of
LL-37. The concentration of vitamin D3 was 10−6 M. Negative
control (NC) represents ethanol; D3, represents vitamin D3. The data
of relative mRNA expression are shown as mean + SE. The data of
LL-37 concentrations are shown as median and interquartile range.
Any two groups marked by the same “*” showed significantly
different data

F IGURE 4 Relative CYP27A1 mRNA expression after
stimulation with vitamin D3 and Pg-LPS. The concentration of
vitamin D3 was 10−6 M, and that of Pg-LPS was 10 μg/mL. D3

represents vitamin D3. The data of relative mRNA expression are
shown as mean + SE

from 1,821.1 ± 188.7 pg/mL to 1,490.8 ± 134.3 pg/mL, and
the MCP-1 protein concentrations decreased significantly
from 220.8 ± 40.4 pg/mL to 168.4 ± 26.4 pg/mL (Fig. 5).

4 DISCUSSION

This in vitro research indicated that vitamin D3 induces
hCAP-18/LL-37 production in hPDLCs. In contrast, knock-
down of CYP27A1 expression resulted in 60% decrease in
the level of hCAP-18/LL-37. These findings provided evi-
dences that in hPDLCs, vitamin D3 and CYP27A1 are com-
ponents of the vitamin D pathway. Previous studies6,9,29,30
on the vitamin D pathway have focused on the key factors
CYP27B1, VDR, but CYP27A1 was not investigated. To our
knowledge, this study provides the first evidence extend-
ing the vitamin D pathway to vitamin D3 and CYP27A1. In
the present study, vitaminD3 was found to activate the vita-
min D pathway in hPDLCs, however, this activation effect
was not as strong as that of 25(OH)D3. Vitamin D3 must
be metabolized by CYP27A1 to 25(OH)D3 to further exert
its biological roles. Not all vitamin D3 can be transformed
to 25(OH)D3. Thus, stimulation with the same concentra-
tion of vitamin D3 or 25(OH)D3 resulted in a difference in
hCAP-18/LL-37 upregulation.
The vitamin D pathway also exists in human gingi-

val epithelial cells (hGECs),31,32 and the production of
hCAP-18/LL-37 has been reported to increase 75-fold after
stimulation with 1,25(OH)2D3 compared with the neg-
ative control in 24 hours.20 However, in the present
study, the upregulation of hCAP-18 RNA expression after
stimulation with vitamin D3 was only 2- to 4-fold in
hPDLCs. In periodontal tissues, hGECs are the first line
of defense against external stimulation, and they play a
more important role in periodontal immune defense than
hPDLCs. Accordingly, hGECs have a more active vita-
min D pathway than hPDLCs.33 After the hGEC-induced
immune defense becomes insufficient to stop the inflam-
mation from moving from the surface to deep periodontal
soft tissues, subepithelial connective tissue cells are acti-
vated and participate in the immune defense. Through
the vitamin D pathway, hPDLCs produce hCAP-18/LL-
37, thereby exerting anti-infection and immune regulation
functions. Therefore, although the vitamin D pathway in
hPDLCs is relatively less active, the biological importance
of the vitamin D pathway in hPDLCs remains worthy of
study.
Our previous study has indicated that the plasma

25(OH)D3 levels in peoplewith aggressive periodontitis are
significantly higher than those in uninfected individuals,
whereas the plasma 25(OH)D3 level in people with chronic
periodontitis do not significantly differ between these
groups.34 Further studies have shown that the plasma and
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F IGURE 5 Modulation of MCP-1 and IL-8 after stimulation with Pg-LPS combined with vitamin D3. A) Relative levels of IL-8 mRNA.
B) Relative levels of MCP-1 mRNA. C) IL-8 protein production.D) MCP-1 protein production. The cells were treated with ethanol; vitamin D3;
Pg-LPS; or Pg-LPS plus vitamin D3. B) IL-8 and MCP-1 protein production. D3 represents vitamin D3. All data are shown as mean + SE. Any
two groups marked by the same “*” showed significantly different data

gingival crevicular fluid 25(OH)D3 levels in people with
aggressive periodontitis decreases after periodontal initial
therapy.35 Most of the people with aggressive periodonti-
tis and the unaffected individuals whom we studied were
aged <30 years. However, the third American Health and
Nutrition Survey found that plasma 25(OH)D3 levels are
negatively correlated with attachment loss in people aged
>50 years.36 Two other large longitudinal studies37,38 have
found that plasma 25(OH)D3 levels and tooth loss are
negatively correlated, thus, indicating that the higher the
25(OH)D3 level in the plasma, the lower the possibility of
tooth loss. However, the participants in those two stud-
ies were 40 to 75 years, and the average age was about
50 years, an age range that does not overlapwith that of the
population in our previous study. Therefore, the relation-
ship between plasma 25(OH)D3 levels and periodontitis in
young peoplemight possibly have different characteristics.

In addition, another large cross-sectional study39 found
no correlation between plasma 25(OH)D3 levels and peri-
odontal health. The age of the participants in that study
was 30 to 49 years, which also differs from the ages of
our previous research participants. Therefore, not all stud-
ies support a positive correlation between higher plasma
25(OH)D3 levels and better periodontal health.
According to the classification of periodontitis in 1999,40

aggressive periodontitis is characterized by severe peri-
odontal inflammation in young people. It has particular
characteristics in terms of periodontal disease gene expres-
sion and response to periodontal pathogens. The preva-
lence in the population is very low. In our previous study,
periodontal inflammation in people with aggressive peri-
odontitis was found to be more severe than that in all the
other participants. People with chronic periodontitis had
much more pronounced periodontal inflammation than
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unaffected individuals. According to the new classifica-
tion in 2018, most people with aggressive periodontitis can
be diagnosed with periodontitis to stage IV, grade C peri-
odontitis, which still accounts for a relatively low propor-
tion of the population. In studies investigating the relation-
ship between 25(OH)D3 levels and periodontal health in
large samples,36–39,41 the participants were from the gen-
eral population. The population characteristics differed
from those of people with stage IV, grade C periodonti-
tis in our previous study. In this special group, the ques-
tion of whether a high plasma 25(OH)D3 level is the cause
or the result of severe periodontal inflammation remains
unclear. The results of our previous study21 suggest that
25(OH)D3 promotes the activity of the vitamin D path-
way and results in further production of LL-37, which par-
ticipates in antibacterial and anti-inflammatory functions.
Therefore, owing to extensive periodontal inflammation in
stage IV, grade C periodontitis, more LL-37 might poten-
tially be needed for antibacterial and anti-inflammatory
function. Thus, the more active the vitamin D pathway
is, the more 25(OH)D3 is necessary. Our present study on
the vitamin D pathway should aid in further understand-
ing of the relationship between vitamin D and periodonti-
tis, and should provide a scientific basis for explaining this
causal relationship. Because CYP27A1 is the key enzyme
in the periodontal production of 25(OH)D3,4 CYP27A1
expression might potentially be associated with periodon-
titis. The present study revealed that vitamin D3 and
CYP27A1 induce the production of the anti-inflammatory
bio-factor LL-37, and decrease the levels of MCP-1 and IL-
8, thus, indicating a role in periodontal anti-inflammatory
function.
In this study, vitamin D3 enhanced hCAP-18/LL-37

production. In a periodontal clinical study, Gao et al.42
reported that daily vitamin D supplementation for 3
months results in an apparent increase in serum 25(OH)D3
concentrations and improvements in attachment loss and
probing depth in people with periodontitis. Bashutski
et al.43 have shown that people lacking vitamin D exhibit
poor treatment outcomes after periodontal surgery. Hire-
math et al.44 demonstrated that supplementation with
vitamin D inhibits the inflammation in gingivitis. How-
ever, the principles underlying the periodontal benefits of
vitamin D remain to be thoroughly clarified. According
to the function of vitamin D3 in the vitamin D pathway
demonstrated above, vitamin D supplementation might
potentially increase the generation of LL-37 via the vitamin
D pathway in periodontal soft tissues, and this response
might be beneficial to periodontal immune defense. This
studymay provide theoretical support for periodontal clin-
ical application of vitamin D supplementation. However,
further investigation remains necessary.

Activation of vitamin D3 hydroxylated by CYP27A1
and CYP27B1 constitutes the classical activation path-
way. Slominski et al.45–47 proposed a new metabolic
pathway for vitamin D3 in the placenta, adrenal glands
and epidermal keratinocytes, in which serial hydroxy-
lation by CYP11A1 forms 20,22(OH)D3, 20,23(OH)D3,
and 17,20,23(OH)D3, which, like 1,25(OH)2D3, have
anti-fibrosis, pro-differentiation and anticancer biological
activities. In addition, different receptors exist for different
forms of vitamin D. These secosteroids can act as negative
agonists of the retinoic acid orphan receptors α and
γ.48 20,23(OH)D3 mainly acts on the aryl hydrocarbon
receptor.49 Whether the newly described metabolic path-
way of vitamin D3 exists in hPDLCs requires further study.
In this study, hPDLCs were obtained from eight differ-

ent participants and cultured. One limitation of this study
was the presence of individual differences between pri-
mary cultured cells.

5 CONCLUSIONS

In hPDLCs, vitamin D3 and CYP27A1 are likely to play
a role in the vitamin D pathway and might be involved
in periodontal anti-inflammatory function. This study
expands knowledge of the periodontal vitamin D pathway
and may provide theoretical support for clinical periodon-
tal vitamin D supplementation in the future.
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