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Abstract Background/purpose: Nucleotide-binding oligomerization domain-like receptor
family caspase recruitment domain containing protein 5 (NLRC5) plays a regulatory role in
innate and adaptive immunity. However, its role in periodontitis remains unclear. This study
investigated the effects of NLRC5 on periodontitis and the underlying mechanism.
Materials and methods: Experimental periodontitis models of wild-type and Nlrc5 knockout
mice were established to detect alveolar bone loss. The inflammatory environment was estab-
lished with Porphyromonas. gingivalis lipopolysaccharide (P. gingivalis LPS). The expression of
NLRC5 in periodontal ligament stem cells (PDLSCs) were detected with P. gingivalis LPS stim-
ulated. After knocking-down or overexpressing the NLRC5 expression level, the inflammatory
cytokine level and osteogenic ability of PDLSCs were detected.
Results: The Nlrc5 knockout mice exhibited greater alveolar bone loss in periodontitis. In the
presence of P. gingivalis LPS, the expression of NLRC5 decreased. Downregulating NLRC5
increased the expression of interleukin (IL)-1b, IL-6 and tumor necrosis factor-a (TNF-a). Up-
regulated NLRC5 inhibited nuclear factor kappa-B (NF-kB) signaling and inhibited the expres-
sion of those proinflammatory factors. NLRC5 had a positive regulatory effect on the
osteogenic differentiation of PDLSCs. When NLRC5 was knocked down, the ALP activity and
the number of mineralized nodules in PDLSCs decreased. Conversely, overexpression of NLRC5
enhanced the osteogenic differentiation ability of PDLSCs. Overexpression of NLRC5 increased
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the osteogenic differentiation of PDLSCs in inflammatory environments.
Conclusion: NLRC5 affects the progression of periodontitis by regulating the function of
PDLSCs. NLRC5 reduced the expression of inflammatory factors by inhibiting NF-kB, and had
a positive regulatory effect on the osteogenic differentiation of PDLSCs.
ª 2024 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Periodontitis remains one of the most common oral dis-
eases.1,2 An imbalanced immune response between mi-
croorganisms and the host leads to reduced periodontal
tissue repair ability and ultimately tissue destruction.3

However, the molecular mechanism of attachment loss
in periodontitis is still unclear and needs to be further
explored. Periodontal ligament stem cells (PDLSCs), which
are essential for maintaining periodontal homeostasis and
regeneration,4,5 exhibit decreased osteogenic differenti-
ation potential in patients with periodontitis.6 Recent
studies have reported that PDLSCs also possess immuno-
modulatory abilities, attracting immune cells to clear
invading pathogens while playing an immunosuppressive
role through the secretion of factors such as tissue growth
factor-beta 1 (TGF-b1), hepatocyte growth factor (HGF)
and indoleamine 2,3-dioxygenase (IDO).7e9 PDLSCs pro-
mote the differentiation of immunosuppressive cells such
as M2 macrophages and regulatory T cells, preventing
extensive tissue destruction caused by excessive immune
inflammatory responses and promoting the initiation of
tissue repair.10e13 Abnormal PDLSC function may disrupt
periodontal homeostasis by aggravating the host immune
response, promoting abnormal angiogenesis, enhancing
osteoclast activity and alveolar bone resorption.14

Pattern recognition receptors (PRRs), known as
damage-associated molecular patterns (DAMPs), play a
crucial role in host defense by identifying pathogen-
associated molecular patterns (PAMPs) and nonpatho-
genic danger signals from the body.15 Our group has been
paying attention to PRRs for a long time and has per-
formed much research on their role in the pathogenesis of
periodontitis. The results showed that the expression
levels of the nucleotide-binding oligomerization domain-
like receptor family (NLRs) in periodontitis patients’
gingival tissues were significantly different from those in
the healthy group.16,17 Recombinant nucleotide binding
oligomerization domain containing protein 1 (NOD1) and
NOD2 may be involved in regulating the expression of the
adhesion molecules intercellular cell adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), the
proinflammatory factors interleukin (IL)-6 and IL-8 medi-
ated by Porphyromonas. gingivalis (P. gingivalis) in peri-
odontal membrane fibroblasts and gingival fibroblasts, as
well as promotes monocyte-fibroblast adhesion.18,19 NLRs
family pyrin domain containing 6 (NLRP6) is involved in the
regulation of P. gingivalis-induced pyroptosis of peri-
odontal cells, including gingival fibroblasts and gingival
epithelial cells.16,17
2

Nucleotide-binding oligomerization domain-like receptor
family caspase recruitment domain containing protein 5
(NLRC5), the largest protein molecule in the NLRs family, is
involved in regulating innate and adaptive immune responses,
and plays an important role in tumor immunity and inflam-
matory diseases.20 Recent studies have shown that NLRC5also
has functions beyond antigen recognition, such as partici-
pating in cell proliferation and differentiation by regulating
various intracellular signaling pathways.21,22 Periodontitis is
also a chronic infectious inflammatory disease, however, the
role of NLRC5 in the pathogenesis of periodontitis remains
unclear. Previous studies by our group revealed that the
expression of NLRC5 was lower in the periodontal tissue of
patients with periodontitis.23 These results suggested that
changes in NLRC5 expression may be related to the develop-
ment of periodontitis and the function of PDLSCs.

Previous studies have focused on the function of NLRC5 in
immune cells and tumor cells. In this study, the role of NLRC5
in the development of periodontitis was clarified, and the
molecular mechanism of NLRC5 affecting periodontal tissue
destruction was elucidated based on the inflammatory acti-
vation and osteogenic differentiation ability of PDLSCs.

Materials and methods

Experimental periodontitis model

Wild-type (WT) C57BL/6J mice were purchased from Vital
River LaboratoryAnimalTechnologyCo., Ltd. (Beijing,China),
and Nlrc5 knockout (Nlrc5�/�) mice were purchased from
GenePharma Biotechnology Co., Ltd. (Suzhou, China). This
study was approved by the Laboratory Animal Welfare Ethics
Branch of the Biomedical Ethics Committee of Peking Uni-
versity, and the approval number is LA2020131. Male mice
aged 8 weeks were given general anesthesia with 1% pento-
barbital sodium at a dose of 100 mg/kg. The 4e0 thread was
gently pressed into the proximal anddistal parts of the second
molar using amicroscopic instrument and then knotted on the
palatal side for fixation. Unligated mice served as healthy
controls. One week after ligation, the mice were killed, and
the maxillary bone tissue was fixed and analyzed by micro-
computed tomography (micro-CT).

Micro-CT analysis and measurement of alveolar
bone loss

The maxillary bone from WT and Nlrc5�/� mice (n Z 3) was
scanned using a micro-CT instrument (Siemens Medical So-
lutions, Siemens AG, Germany). Following the scanning
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process, three-dimensional images were reconstructed,
and alveolar bone loss was measured utilizing the software
provided by Inveon Research Workshop (Siemens Medical
Solutions).

The distance from the cemento-enamel junction (CEJ)
to the alveolar bone crest (ABC) was measured at 6 pre-
determined locations on the palatal side of each mouse
maxilla. As shown in Fig. 1. A, The height of the CEJ-ABC
from the corresponding position of the maxillary first
molar (disto-palatal groove and distal cusp), second molar
(mesio-palatal cusp, palatal groove and disto-palatal cusp)
and third molar (palatal cusp) was measured.24

Cell culture

Human PDLSCs were purchased from Beijing Jinxin Stem
Cell Bank. PDLSCs were cultured in minimum essential
medium a (aMEM) (Gibco, Grand Island, NY, USA, Catalog
No: 12571063) supplemented with 10% fetal bovine serum
(Gibco, Catalog No: 10099141C). PDLSCs at passages 4e6
were used for subsequent experiments.

NLRC5 knockdown model and small interfering RNA
transfection

NLRC5 expression in PDLSCs was knocked down using small
interfering RNA (siRNA) (Gemma Biotechnology, Suzhou,
China). After the cells grew to 90% confluence, siRNA
Figure 1 Absence of NLRC5 exacerbated alveolar bone loss (A)
models. (B) Maxillary micro-CT results of WT and Nlrc5�/� mice. (C)
(D) The CEJ-ABC distance in WT and Nlrc5�/� mice in the period
merization domain-like receptor family caspase recruitment doma
alveolar bone crest.

3

(50 nM) transfection was performed using the nucleic acid
transfection reagent Rfect (BAIDAI, Changzhou, China,
Catalog No:11012), and the transfection efficiency was
detected. After 24 h of transfection with siNLRC5 or nega-
tive control (siNC), PDLSCs were stimulated with osteogenic
induction to detect their osteogenic differentiation ability
or stimulated with P. gingivalis lipopolysaccharide (P. gin-
givalis LPS) to detect inflammatory factor expression
levels.

NLRC5 overexpression model establishment and
adenovirus transfection

An NLRC5 overexpression model of PDLSCs was established
using adenovirus type 5 virus containing the full length of
NLRC5 (Adv5-NLRC5). Adv5-NLRC5 and Adv5-NC were pur-
chased from Xibei Hongcheng Biotechnology (Beijing,
China). Transfection was performed at a multiplicity of
infection of 100:1 after the cells grew to 70%. The trans-
fection efficiency was detected after 24 h, and after
osteogenic induction, the osteogenic differentiation ability
of the cells was detected. P. gingivalis LPS stimulation was
used to detect inflammatory factor expression levels.

Osteogenic induction

As described above, PDLSCs (1 � 104 cells/well) were
cultured in 24-well plates containing osteogenic medium
Measurement sites for bone loss in experimental periodontitis
CEJ-ABC distance of WT and Nlrc5�/� mice in the control group.
ontitis group. WT, wild type; Nlrc5, nucleotide-binding oligo-
in containing protein 5; CEJ, cemento-enamel junction; ABC,



Table 1 Sequences of primers used for real-time PCR.

Genes Primer sequences (50 to 30)

b-actin Forward: TGGCACCCAGCACAATGAA
Reverse: TTCAACCACTGGGCCACTATTTC

IL-1b Forward: AGCTCGCCAGTGAAATGATG
Reverse: GCCCTTGCTGTAGTGGTGGT

IL-6 Forward: GATTCAATGAGGAGACTTGCC
Reverse: TGTTCTGGAGGTACTCTAGGT

TNF-a Forward: CCTCTCTCTAATCAGCCCTCTG
Reverse: GAGGACCTGGGAGTAGATGAG

IL-8 Forward: CTCTTGGCAGCCTTCCTGATTT
Reverse: TGGGGTGGAAAGGTTTGGAGTA

IL-1b, interleukin-1b; IL-6, interleukin-6; IL-8, interleukin-8;
TNF-a, tumor necrosis factor-a.
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(a-MEM supplemented with 10% fetal bovine serum, 50 mg/
L dexamethasone, 10 mmol/L b-sodium glycerophosphate,
and 50 mg/mL ascorbic acid) (SigmaeAldrich, Saint Louis,
MO, USA).25 The medium was refreshed every 2 days.

Alkaline phosphatase staining and alizarin red
staining

After 7 days of osteogenic induction, PDLSCs were stained
for ALP using a BCIP/NBT alkaline phosphatase (ALP)
staining kit (Beyotime, Guangzhou, China, Catalog No:
C3026), and ARS was performed using a 1% alizarin red
staining (ARS) solution (Solarbio, Beijing, China, Catalog
No: G1452) after 14 days of osteogenic induction. Subse-
quently, the cells were washed, and images were captured
using an inverted microscope. The intracellular ALP activity
was quantified using an ALP detection kit (Jiancheng,
Nanjing, China, Catalog No: A059-2-2) in accordance with
the manufacturer’s instructions. To quantify ARS, mineral-
ized nodules were dissolved in a 10% cetylpyridinium chlo-
ride solution (Solarbio, Catalog No: C9890), and the
absorbance was measured at 560 nm.

Inflammatory environment

P. gingivalis LPS (Thermo Fisher Scientific, Waltham, MA,
USA) was added to the culture medium to establish the
periodontal inflammatory environment. After the knock-
down or overexpression of NLRC5, PDLSCs were cultured in
P. gingivalis LPS medium at a final concentration of 5 mg/mL
for 24 h, total RNA and protein were extracted, or osteo-
genic induction was continued.

Total RNA extraction and real-time quantitative
polymerase chain reaction

Total RNA was extracted from cells using TRIzol reagent
(Thermo Fisher Scientific, Catalog No: 15596018) according
to the manufacturer’s instructions.26 cDNA was obtained
using a reverse transcription kit (ABclonal, Catalog No:
PK20429). Real-time quantitative polymerase chain reac-
tion (real-time PCR) was performed using SYBR Green Re-
agent (ABclonal, Catalog No: RK21203). The primer
sequences are shown in Table 1. The relative expression of
the target gene was calculated using the 2e

OOCT method
after normalization to b-actin as the standard.

Western blotting analysis

The protein levels of NLRC5 (ABclonal, Catalog No: A16710),
runt-related transcription factor 2 (Runx2) (ABclonal, Cat-
alog No: A2581), phospho-nuclear factor kappa-B (NF-kB)
p65 (Ser536) (Cell Signaling Technology, Boston, MA, USA,
Catalog No: 3033) and NF-kB p65 (Cell Signaling Technology,
Catalog No: 6956) were detected by western blotting, as
described previously.26 Primary antibodies against NLRC5,
Runx2, pp-65 and p-65 were diluted at a ratio of 1:1000,
and the proteins were incubated with PVDF membranes
overnight at 4 �C. After incubation with secondary
4

antibodies (ABclonal, Catalog No: AS014/AS003), the pro-
tein bands were visualized using enhanced chem-
iluminescence (ECL) luminescence. The protein expression
levels were analyzed using ImageJ software (National In-
stitutes of Health, Bethesda, MD, USA).
Statistical analysis

Statistical analysis was performed using SPSS 23.0 statisti-
cal software (version 23.0; IBM Corp., Armonk, NY, USA). All
experiments were repeated at least 3 times, and the data
are expressed as the mean � standard deviation (SD). After
removing the extreme values by the ShapiroeWilk
normality test, the data that conformed to a normal dis-
tribution were compared between the two groups using an
independent sample t test. If the data could not be
adjusted to a normal distribution, the rank sum test was
used. P < 0.05 was considered to indicate a statistically
significant difference between the groups, and “ns” in-
dicates no statistically significant difference.
Results

Absence of NLRC5 exacerbated alveolar bone loss

To clarify the role of NLRC5 in periodontitis bone loss, the
CEJ-ABC distances were measured at six sites on the palatal
surface of the mouse maxilla (Fig. 1A). The micro-CT results
in Fig. 1B show that there was no significant difference in
the distance traveled by CEJ-ABC between the WT and
Nlrc5�/� mice in the control group at any of the 6 sites
(Fig. 1C), indicating that NLRC5 deletion had no effect on
healthy periodontal supporting tissue. However, in the
experimental periodontitis model, the distances of the CEJ-
ABC in the distal cusp of the first molar, mesio-palatal cusp
and palatal groove of the second molar were significantly
greater in the Nlrc5�/� mice than in the WT mice (Fig. 1D),
indicating that NLRC5 loss leads to increased alveolar bone
loss in mice.
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NLRC5 is downregulated in inflammatory
environments and regulates the expression of
inflammatory factors

As a PRR, NLRC5 can regulate the inflammatory response,
and bone loss is also affected by the level of inflammatory
factors.

First, we found that the expression level of NLRC5
decreased when PDLSCs were stimulated with 5 mg/mL P.
gingivalis LPS for 4 h (Fig. 2A). After stimulation with P.
gingivalis LPS for 24 h, the mRNA expression levels of IL-1b,
TNF-a, and IL-6 in the siNLRC5 group were significantly
greater than those in the siNC group (P Z 0.001, 0.030,
0.001, respectively) (Fig. 2B, C and D). However, there was
no significant change in the expression level of IL-8 in the
siNLRC5 group (P Z 0.397) (Fig. 2E).

The above results indicated that NLRC5 was down-
regulated in inflammatory environments and that NLRC5
deficiency led to increases in IL-1b, TNF-a, and IL-6 in
PDLSCs. This suggested that the decreased expression of
NLRC5 in the inflammatory environment may be a potential
mechanism for the development of periodontal
inflammation.
NLRC5 inhibited the secretion of inflammatory
factors by inhibiting the NF-kB pathway

In the inflammatory environment, changes in NLRC5
expression affect the expression of inflammatory factors;
therefore, we further explored the signaling pathways
involved. The NF-kB pathway is a classic proinflammatory
signaling pathway. PRRs recognize PAMPs and activate NF-
kB signals, which then leads to the release of a large
number of inflammatory factors through cascade
amplification.
Figure 2 P. gingivalis LPS stimulation reduces NLRC5 levels, and
induced inflammatory factors in PDLSCs. (A) The expression level
givalis LPS for 4 h. (BeD) The mRNA levels of IL-1b, IL-6, and TNF-a
and 0.030, respectively) of PDLSCs treated with P. gingivalis LPS. (E
in the siNLRC5 group (P Z 0.397). (*P < 0.05, **P < 0.01, ***P <

receptor family caspase recruitment domain containing protein 5;
valis lipopolysaccharide; IL, interleukin; TNF-a, tumor necrosis fac
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We detected the level of phosphoeNFekB p65 (p-p65) in
PDLSCs after overexpressing NLRC5. The results showed
that the expression level of p-p65 in PDLSCs in the NLRC5-
overexpressing group (NLRC OE) group was not significantly
different from that in the NC group (Fig. 3A). In other
words, the overexpression of NLRC5 alone did not affect
the activation of NF-kB signaling in PDLSCs. Then both the
NLRC5 OE group and the NC group were treated with P.
gingivalis LPS for 15, 30, 60, 120, 240, or 480 min, and the
expression level of p-p65 was detected at each time point.
The results showed that from 15 min to 4 h after P. gingi-
valis LPS treatment, the p-p65 level in the NLRC5-
overexpressing group was lower than that in the NC group
(Fig. 3B). At 480 mins, the level of p-p65 in the over-
expression group gradually increased, approaching the p-
p65 expression level in the NC group.

After stimulation with P. gingivalis LPS for 24 h, the
mRNA expression levels of the inflammatory factors IL-1b,
TNF-a, and IL-6 in the NLRC5 OE group were significantly
lower than those in the NC overexpression group (P Z
0.001, 0.003, and 0.001, respectively) (Fig. 3C, D and E).
However, there was no significant change in the expression
level of IL-8 in the NLRC OE group (P Z 0.817) (Fig. 3F).

The results showed that overexpression of NLRC5 in
PDLSCs could inhibit the activation of NF-kB signaling in the
inflammatory environment, thereby inhibiting the expres-
sion of the above inflammatory factors in PDLSCs.
Increasing the expression level of NLRC5 in cells may help
the host resist the stimulation of pathogenic microorgan-
isms and tissue destruction caused by inflammation.
NLRC5 promoted osteogenic differentiation of
periodontal ligament cells

After transfection with siRNA for 24 h, green fluorescence
was observed in the cytoplasm of PDLSCs, indicating a high
NLRC5 knockdown promotes the expression of P. gingivalis LPS-
of NLRC5 decreased when PDLSCs were stimulated with P. gin-
were further increased in the siNLRC5 group (P Z 0.001, 0.001,
) There was no significant change in the expression level of IL-8
0.001). NLRC5, nucleotide-binding oligomerization domain-like
NC, negative control; P. gingivalis LPS, Porphyromonas gingi-
tor-a.



Figure 3 NLRC5 inhibited the secretion of inflammatory factors by inhibiting the NF-kB pathway. (A) Overexpression of NLRC5
alone did not affect the expression of NF-kB p-p65 in PDLSCs. (B) At 15 min to 8 h after P. gingivalis LPS treatment, the p-p65 level
in the NLRC5-overexpressing group was significantly lower than that in the NC group. (CeE) The mRNA levels of IL-1b, IL-6, and TNF-
a were further decreased in NLRC5-overexpressing PDLSCs (P Z 0.001, 0.001, 0.003, respectively) following P. gingivalis LPS
treatment. (F) There was no significant change in the expression level of IL-8 in the NLRC OE group (P Z 0.817). (*P < 0.05,
**P < 0.01, ***P < 0.001). NLRC5, nucleotide-binding oligomerization domain-like receptor family caspase recruitment domain
containing protein 5; NC, negative control; OE, overexpression group; P. gingivalis LPS, Porphyromonas gingivalis lipopolysac-
charide; p-p65, phosphoeNFekB p65; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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transfection efficiency (Fig. 4A). After osteogenic induction
for 3 days, siNLRC5 significantly reduced the expression
level of NLRC5 in PDLSCs (P Z 0.004) (Fig. 4B). Moreover,
the protein level of the osteogenic transcription factor
Runx2 was also significantly reduced (P Z 0.020) (Fig. 4B).
Figure 4 Silencing NLRC5 reduces the osteogenic differentiatio
fluorescence indicates successful transfection. (B) The expression
significantly decreased by si-NLRP5. (C) and (D) ALP activity (P Z
decreased in response to siNLRC5. (*P < 0.05, **P < 0.01, ***P <

receptor family caspase recruitment domain containing protein 5
related transcription factor 2; ALP, alkaline phosphatase; ARS, aliz
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ALP activity (P Z 0.014) and mineralized nodules (P Z
0.002) were significantly lower in the siNLRC5 group than in
the siNC group (Fig. 4C and D).

After treatment with Adv-NLRC5 for 24 h, strong green
fluorescence was observed in the PDLSCs of the NLRC5 OE,
n ability of PDLSCs. (A) siRNA transfection efficiency; green
of NLRC5 (P Z 0.004) and Runx2 (P Z 0.020) in PDLSCs was
0.014) and the number of mineralized nodules (P Z 0.002)

0.001). NLRC5, nucleotide-binding oligomerization domain-like
; Si, small interfering RNA; NC, negative control; Runx2, runt-
arin red staining; FITC, fluorescein isothiocyanate.
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indicating that the NLRC5-overexpressing model of PDLSCs
was successfully established (Fig. 5A). After osteogenic in-
duction for 3 days, the protein expression levels of NLRC5
(P Z 0.001) and Runx2 (P Z 0.004) in the PDLSCs in the
NLRC5 OE group were significantly increased (Fig. 5B). ALP
activity (P Z 0.014) and mineralized nodules (P Z 0.020)
were significantly greater in the NLRC OE group than in the
NC group (Fig. 5C and D).

In previous experiments, we have demonstrated that
changes in NLRC5 expression level have no significant effect
on the cell viability of PDLSCs (Supplementary material 1),
ruling out the effect of cell activity on the osteogenic dif-
ferentiation of PDLSCs. These results indicated that NLRC5
deficiency inhibits the osteogenic differentiation of PDLSCs
and that the overexpression of NLRC5 promotes the oste-
ogenic differentiation of PDLSCs. The decrease of NLRC5 in
the inflammatory environment may be the cause of the
decreased osteogenic ability of PDLSCs. Regulating the
expression level of NLRC5 in cells may be a potential target
for promoting the osteogenic differentiation of PDLSCs.

Overexpression of NLRC5 enhanced the osteogenic dif-
ferentiation of PDLSCs in inflammatory environments.

We also examined the effect of NLRC5 on the osteogenic
ability of PDLSCs in an inflammatory environment. The re-
sults showed that the number of ALP-positive cells and
mineralized nodules on PDLSCs in the NLRC5 OE group was
greater than that in the NC group (Fig. 6A and B). ALP ac-
tivity (P Z 0.001) and ARS semi-quantification (P Z 0.001)
were also significantly greater in the NLRC5 OE group than
in the NC group. These results suggested that NLRC5
improved the osteogenic ability of PDLSCs in an inflamma-
tory environment. Improving the expression level of NLRC5
in periodontal tissue may enhance its ability to repair tissue
under conditions of periodontal inflammation.
Figure 5 Overexpression of NLRC5 enhances osteogenic different
fluorescence indicates successful transfection. (B) The expression
significantly increased by treatment with Adv5-NLRC5. (C) and (D) A
(P Z 0.021) were increased by Adv5-NLRC5 interference. (*P < 0.
merization domain-like receptor family caspase recruitment domain
group; Runx2, runt-related transcription factor 2; ALP, alkaline
isothiocyanate.
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Discussion

This study identified the role of NLRC5 in the pathogenesis
of periodontitis. A lack of NLRC5 leads to the aggravation of
periodontitis-related alveolar bone loss, possibly because
the absence of NLRC5 leads to the abnormal function of
PDLSCs. NLRC5 expression in PDLSCs was decreased in P.
gingivalis LPS induced inflammatory environment.
Decreased expression of NLRC5 would lead to increased
expression of pro-inflammatory factors in PDLSCs and
decreased osteogenic differentiation ability. Over-
expression of NLRC5 decreased the expression levels of IL-
1b, IL-6 and TNF-a in PDLSCs by inhibiting the NF-kB
signaling pathway, and enhanced the osteogenic differen-
tiation ability of PDLSCs. This study further clarified the
role of NLRC5 in the occurrence and development of peri-
odontitis, expanded the understanding of pattern recogni-
tion receptors in the occurrence and development of
periodontitis, and contributed to a deeper understanding of
the pathogenic mechanism of periodontitis.

Due to the persistent presence of plaque microorganisms
in the oral cavity, the host periodontal tissue is subject to
bacterial invasion for a long time, and the dynamic balance
between them maintains periodontal tissue homeostasis.
Because of the presence of supragingival and subgingival
plaque, the gingival epithelium and periodontal tissue
around the gingival sulcus are also constantly challenged by
bacteria, and a series of inflammatory reactions occur.27,28

As a pattern recognition receptor, NLRC5 plays a regulatory
role in both the innate and adaptive immune responses of
the host.20 The presence of NLRC5 may be an adaptive
response of periodontal tissue to resist bacterial invasion
and maintain a local immune steady state by inhibiting in-
flammatory reactions. Therefore, stable NLRC5 expression
iation of PDLSCs. (A) Adv5-NLRC5 transfection efficiency; green
of NLRC5 (P Z 0.001) and Runx2 (P Z 0.004) in PDLSCs was
LP activity (P Z 0.001) and the number of mineralized nodules
05, **P < 0.01, ***P < 0.001). NLRC5, nucleotide-binding oligo-
containing protein 5; NC, negative control; OE, overexpression
phosphatase; ARS, alizarin red staining; FITC, fluorescein



Figure 6 Overexpression of NLRC5 enhanced the osteogenic differentiation of PDLSCs in inflammatory environments. (A) ALP-
positive cells and ALP activity were significantly greater in the NLRC5 OE group than in the NC group. (P Z 0.001). (B) The
mineralized nodules of PDLSCs and the ARS intensity (PZ 0.001) in the NLRC5 OE group were also significantly greater than those in
the NC group. (*P < 0.05, **P < 0.01, ***P < 0.001). NLRC5, nucleotide-binding oligomerization domain-like receptor family caspase
recruitment domain containing protein 5; NC, negative control; OE, overexpression group; ALP, alkaline phosphatase; ARS, alizarin
red staining.
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may be indispensable for maintaining a stable periodontal
state.

In this study, we found that NLRC5 level in PDLSCs
gradually decreased within 4 h after P. gingivalis LPS
stimulation. It has also been reported that NLRC5 content
in LPS-stimulated RAW cells decreased at 2 h.29 Silencing
NLRC5 in the mouse macrophage line RAW264.7 results in
increased secretion of IL-6, TNF-a, the chemokine C-X-C
motif ligand 5 and IL-1b while reducing the secretion of the
anti-inflammatory cytokine IL-10.29,30 Li et al. further
confirmed the inhibitory effect of NLRC5 on inflammatory
cytokines, showing that the silencing of NLRC5 in RAW264.7
macrophages induced by LPS stimulation resulted in
increased secretion of IL-6 and TNFa.31 Consistent with our
results, the silencing of NLRC5 in PDLSCs induced by P.
gingivalis LPS stimulation resulted in increased mRNA
expression levels of IL-1b, IL-6 and TNFa. Consistent with
the results of the experimental periodontitis model, the
increased levels of inflammatory factors caused by NLRC5
deficiency may be the cause of increased bone loss in
periodontitis. Conversely, overexpression of NLRC5 in
PDLSCs decreased the increases in the mRNA expression
levels of IL-1b, IL-6 and TNFa induced by P. gingivalis LPS
stimulation. Our results demonstrated that P. gingivalis LPS
induced a decrease in the expression of NLRC5 in PDLSCs,
and the downregulation of NLRC5 further led to the
abnormal immunomodulatory function of PDLSCs. Abnormal
PDLSC function can aggravate periodontitis and cause
persistent periodontal bone resorption, and the stable
presence of NLRC5 in periodontal tissues helps the host
maintain periodontal homeostasis and prevent the devel-
opment of periodontitis.

NLRC5 inhibits the phosphorylation of IKK by directly
interacting with IkB kinase-a (IKKa) and IKKb, thereby
8

inhibiting the activation of NF-kB.29 P. gingivalis LPS is an
agonist of TLR4 and can activate its downstream NF-kB
signaling pathway.32 This study also confirmed that the
overexpression of NLRC5 can inhibit the activation of the
NF-kB signaling pathway induced by P. gingivalis LPS.
Interestingly, the overexpression of NLRC5 alone cannot
inhibit the NF-kB signaling pathway. This may be due to
differences in the function of NLRC5 in cells under different
pathophysiological conditions.

This study showed that the regulation of NLRC5 expres-
sion directly affected the osteogenic differentiation ability
of PDLSCs. Overexpression of NLRC5 directly improved the
osteogenic differentiation ability of PDLSCs, and knock-
down of NLRC5 inhibited the osteogenic differentiation of
PDLSCs. The Wnt signaling pathway plays an indispensable
role in osteoblast differentiation, bone development, and
bone remodeling.33 Several studies have shown that Wnt/b-
catenin signal transduction is associated with PDLSC
osteogenesis.34,35 In addition, PI3K/AKT signaling also plays
a central role in controlling the survival of whole-body
cells, the expression of osteogenic transcription factors,
and growth and differentiation.36,37 Activation of the PI3K/
AKT signaling pathway can also increase the osteogenic
differentiation ability of PDLSCs.38 Exosomes derived from
human umbilical cord mesenchymal stem cells enhance the
osteogenic differentiation of periodontal ligament stem
cells under high glucose conditions through the PI3K/AKT
signaling pathway.39 Recent studies have shown that
NLRC5-mediated activation of the Wnt/b-catenin and PI3K/
AKT signaling pathways may promote tumor cell prolifera-
tion and invasion.40 In this study, there was no significant
changes in PDLSCs cell viability or cell proliferation induced
by NLRC5 overexpression (Supplementary material 1). This
may be caused by the different microenvironment between
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tumor cells and normal tissue cells. Moreover, there is still
no evidence that NLRC5 can enhance the osteogenic dif-
ferentiation ability of PDLSCs through the above pathways.
This study will also further explore the molecular mecha-
nism by which NLRC5 regulates the osteogenic differentia-
tion ability of PDLSCs.

The experimental results in this study were mainly from
in vitro studies. Subsequent studies will further verify the
effect of NLRC5 on the osteogenic differentiation of PDLSCs
and its role in inhibiting the progression of periodontitis in
animal models. The molecular mechanism by which NLRC5
regulates the osteogenic differentiation ability of PDLSCs
will also be further explored.

In summary, this study demonstrated that NLRC5 affects
the progression of periodontitis by regulating the function
of PDLSCs. NLRC5 reduced the expression of inflammatory
factors by inhibiting NF-kB in the inflammatory environ-
ment, and had a positive regulatory effect on the osteo-
genic differentiation of PDLSCs. The changes in the NLRC5
expression level and its effects on the function of PDLSCs in
the inflammatory environment may be one of the mecha-
nisms by which NLRC5 affects the development of
periodontitis.
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