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Abstract

Objectives This study aims to investigate the anti-inflammatory effect of curcumin and underlying mechanisms regarding
the modulation of the nod-like receptor pyrin domain containing 3 (NLRP3) inflammasome in human dental pulp stem cells
(hDPSCs).

Materials and methods The impact of curcumin on the viability of hDPSCs was evaluated. The effect of curcumin on the
expression of IL-1 and NLRP3 in hDPSCs stimulated by lipopolysaccharide (LPS) was assessed. Then, LPS-primed hDPSCs
were pre-treated with curcumin before ATP triggering NLRP3 inflammasome activation, and NLRP3 inflammasome-related
mediators were assessed. The mechanism of curcumin inactivation of LPS plus ATP-induced inflammasome associated
with NF-xB pathway was explored. The NF-kB pathway related pro-inflammatory mediators at mRNA and protein levels
were evaluated. The expression of NF-kB p65 and phosphorylation p65 was visualized after curcumin or NF-kB inhibitor
administrating respectively in hDPSCs with an activated NLRP3 inflammasome. Statistical analysis was performed.
Results While curcumin at the concentration of 0.5-5 pM showed no obvious impact on the viability of hDPSCs, it sig-
nificantly decreased IL-1 and NLRP3 mRNA expression in LPS-induced hDPSCs in a dose-dependent manner. Curcumin
significantly inhibited the LPS plus ATP-primed NLRP3 inflammasome activation in hDPSCs (NLRP3, ASC, caspase-1, and
IL-1p). Curcumin evidently attenuated the LPS plus ATP-induced expression of NF-kB pathway-related pro-inflammatory
mediators (IL-6, IL-8, TNF-a, and COX-2). Furthermore, curcumin effectively reduced p65 phosphorylation, which acts as
an NF-«B inhibitor in hDPSCs with an activated NLRP3 inflammasome.

Conclusions Curcumin pre-treatment may exert an anti-inflammatory role via inactivation of the NLRP3 inflammasome by
inhibiting NF-kB p65 phosphorylation in cultured hDPSCs.

Clinical relevance Curcumin may have therapeutic potential in pulp inflammation.
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Preserving pulp vitality and its lifelong function are the
main goals of any dental treatment. The vital pulp can
reduce root fracture and improve the long-term survival
rate of teeth [1, 2]. However, achievement of successful
outcomes with vital pulp preservation, especially direct
pulp capping to intervene in inflamed pulp due to caries,
is unpredictable, with a success rate ranging from 31.8
to 91.3% [3, 4]. One of the main reasons the success rate
fluctuates is that the degree and scope of pulp inflamma-
tion are hard to estimate. Existing inflammation in dental
pulp tissue may lead to a degenerative pulp reaction or
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pulp necrosis, leading to vital pulp preservation failure [5].
Currently, there are no available clinical chairside diag-
nostic techniques and quantitative indicators for reliably
calculating the degree of pulp inflammation [6]. In addi-
tion, the commercially available pulp capping agents lack
obvious anti-inflammatory properties to favor a perfect
predictable prognosis of direct pulp capping treatment for
inflamed pulp. Thus, it is necessary to upgrade the treat-
ment methods for the preservation of inflamed pulp. It
is anticipated that more targeted molecules or drugs can
be developed to decrease pulp inflammation and repair
inflamed pulp.

Curcumin is a natural polyphenol that possess various
health benefits including anti-inflammatory, anti-oxidant,
anti-bacterial, anti-cancer, and promoting wound healing
and regeneration properties [7, 8]. Curcumin, also a natu-
ral pigment, is widely used in food and as a food additive
approved by the World Health Organization and the Food
and Drug Administration of the USA [9]. Curcumin has
been widely used as a folk medicine to eliminate infections
and inflammatory conditions associated with periodontal
diseases [10, 11]. Curcumin inhibits the degradation and
collagenase-mediated breakdown of extracellular matrix
molecule in periodontitis by downregulating matrix metallo-
proteinase-9 [12]. It has also been demonstrated to inactivate
the nuclear transcription factor-kappa B (NF-kB) pathway
and reduce the output of inflammatory cytokines, preserving
periodontal tissue from damage in the treatment of gingivitis
and periodontitis [13]. Recently, it was reported that phy-
tosomal curcumin might affect the stemness of mesenchy-
mal stem cells derived from dental pulps via up-regulating
the expression of DSPP (dentin sialophosphoprotein) and
VEGF (vascular endothelial growth factor) genes involved
in pulp regeneration or repair [14]. Phytosomal curcumin
enhances the immunoregulatory properties of human dental
pulp stem cells (hDPSCs) by altering immunoregulatory-
related miRNAs and CD200 expression [15]. Meanwhile,
curcumin-loaded liposome decreases the secretion of the
proinflammatory cytokines and restores homeostasis in
hDPSCs stimulated by free resin monomer-2-hydroxyethyl
methacrylate [16]. Moreover, curcumin also raises the alka-
line phosphatase (ALP) activity and gene expression level
to induce early osteogenic differentiation in hDPSCs [17].
The poly-e-caprolactone/gelatin scaffold containing cur-
cumin has been reported as a potential reparative endodontic
material to have antimicrobial, antioxidant, and anti-inflam-
matory roles besides the induction of mineralization in hDP-
SCs [18]. These previous findings suggest that curcumin
may have therapeutic potential in dental pulp regeneration.
However, the anti-inflammatory effects of curcumin alone
on inflamed pulp are still not fully understood; more inves-
tigation is necessary for its potential use to modulate pulp
inflammation and promote pulp repair.
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Lipopolysaccharide (LPS), a fundamental by-product of
gram-negative bacteria, is known as a potent inducer of pulp
inflammation [19, 20] and is also widely used for establish-
ing in vitro pulpitis models [21]. We have previously com-
pared the differences between Escherichia coli (E.coli) and
Porphyromonas gingivalis LPS in the capacity to provoke
inflammation in hDPSCs and demonstrated that E. coli LPS
was a more stable and potent inducer to stimulate dental
pulp stem cells inflammation [22], which is in line with pre-
vious studies [23, 24]. Accordingly, E. coli LPS is used as
a stimulus to establish in vitro pulpitis model in this study.

The nod-like receptor pyrin domain containing 3
(NLRP3) inflammasome comprises the receptor protein
NLRP3, the adaptor protein ASC, and pro-caspase-1 [25].
Upon stimulation, the NLRP3 inflammasome is activated
and causes pro-caspase-1 aggregation, leading to automatic
cleavage of pro-caspase-1 into the mature caspase-1. The
caspase-1 protein eventually cleaves the precursor form of
IL-1pB (pro-IL-1p) into the active form IL-1f, mediating an
inflammatory response [25, 26]. NLRP3 inflammasome has
recently been suggested to play an essential role in dental
pulp immune defense [27]. It was reported that the NLRP3
inflammasome components are differentially expressed in
pulpitis with distinct severities [28]. The protein level of
NLRP3 inflammasome-related molecules including NLRP3,
caspase-1, and IL-1p in irreversible pulpitis tissues was
remarkably higher than that in reversible pulpitis and normal
pulp tissues, which suggests that activation of the NLRP3
inflammasome could be regarded as one of the indicators of
pulp inflammation aggravation [28]. Given the proinflamma-
tory activity of the NLRP3 inflammasome, agents designed
to modulate its activation may block pulpitis progression.

Curcumin potently suppresses NLRP3 inflammasome
activation in the murine macrophages triggered by LPS
combined with multiple NLRP3 inflammasome activators,
such as nigericin, monosodium urate crystal (MSU), and
adenosine triphosphate (ATP), thus providing the poten-
tial to treat septic shock in mice [29]. Curcumin directly
inhibits NLRP3 inflammasome activation in LPS-primed
macrophages, attenuating IL-1f secretion and preventing
high-fat-diet—induced insulin resistance and MSU-induced
peritoneal inflammation in mice [30]. However, the influ-
ence of curcumin involves in regulating NLRP3 inflammas-
ome-mediated pulp inflammation induced by LPS plus ATP
has never been indicated. hDPSCs, a type of mesenchymal
stem cell with self-renewal, multidirectional differentiation,
and immunomodulatory functions [31], may play an essen-
tial role in pulp repair and regeneration under conditions of
pulpitis [32]. Therefore, we explored the role of curcumin
and its underlying mechanisms in hDPSCs.

The NF-«xB pathway is a typical target for impeding pulp
inflammation [33]. It has been demonstrated that NF-xB
activation is involved in LPS-induced up-regulation of
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NLRP3 and IL-1$ in human dental pulp cells [34]. Addi-
tionally, canonical NLRP3 inflammasome activation in mac-
rophages is induced by priming with microbial components
such as LPS through the NF-kB pathway [35]. Therefore, we
hypothesized that curcumin could also exert an anti-inflam-
matory effect via inactivation of the NLRP3 inflammasome
mediated by inhibiting the NF-kB signaling pathway in
hDPSCs. In this study, we set out to investigate whether
curcumin pre-treatment could play an anti-inflammatory role
in pulpitis provoked by LPS or plus ATP stimulation and the
underlying mechanisms involved in the inhibition of NLRP3
inflammasome activation in inflamed hDPSCs.

Materials and methods
Preparation of a curcumin solution

Curcumin powder (> 99.5%; Supelco, USA) was dissolved
in dimethyl sulfoxide (DMSO) at a stock concentration of 50
mmol/L. The solution was aliquoted into Eppendorf tubes
and stored at —20 °C for later use.

Cell culture

hDPSCs were isolated from pulps of freshly discarded non-
carious teeth (n = 6), cultured in a-modified Eagle medium
(a-MEM; HyClone, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco, USA) and 1% streptomycin/
penicillin, and incubated in a 5% CO, atmosphere at 37
°C, as previously described [36]. hDPSCs were identified
and characterized as described in our previous study [22].
The use of human dental tissues was approved by the Ethics
Committee, and informed written consent was obtained from
all participants in the study.

Cytotoxicity test

The effect of curcumin on cell viability was detected using a
Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Japan).
Cells at passage 3 were cultured in 96-well plates (10* cells
per well) for 24 h and then treated with curcumin at the
final concentration of 0.5, 1, 5, and 10 pM, respectively, and
continually cultured for 24 h or 48 h. After treatment, the
culture medium was removed, and 110 pl detection solution
(serum-free culture medium: CCK-8 reagent = 10:1) was
added to each well. The plates were further incubated in the
dark for 2 h; then, the absorbance at 450 nm was read by a
microplate reader.

gRT-PCR analysis

hDPSCs at passage 3 were seeded in six-well plates at a den-
sity of 10° cells per well and cultured until 90% confluent.
The cells were pretreated with curcumin at various concen-
trations for 2 h before the addition of E. coli LPS (1 pg/ml,
E. coli LPS 055: BS, Sigma, Japan) and cultured for another
3 h. To investigate whether the NLRP3 signaling pathway
was involved, the NLRP3 inflammasome activator ATP (5
mM, MedChemExpress, USA) was added for the last 30 min
to induce NLRP3 inflammasome activation. Cells without
stimulation with LPS or ATP were used as controls. Total
RNA was extracted from each culture using TRIzol reagent
(Invitrogen, USA), and the isolated total RNA (1 pg per sam-
ple) was used to synthesize cDNA using a PrimeScriptTM
RT reagent Kit with gDNA Eraser (TaKaRa Bioengineering
Company, Japan). The target cDNA fragment was amplified
by quantitative PCR on LightCycler® 480 real-time PCR
instruments (Roche, Germany). The reaction conditions
were as follows: 95 °C, 30 s; 95 °C, 5 s; and 60 °C, 30 s, for
40 cycles. The primers used in the experiment are listed in
Table 1. GAPDH was used as an internal reference. The rela-
tive target gene expression level in each group was normal-
ized to that of GAPHD and evaluated by the 2~22€T method.

Western blot analysis

hDPSCs at passage 3 were seeded in six-well plates at a
density of 10° cells per well and cultured until 90% conflu-
ent. The cells were pre-treated with curcumin for 2 h before
1 pg/mL E. coli LPS stimulation for an additional 24 h;
then, 5 mM ATP was added for the last 30 min. The cell

Table 1 Primers used for real-time quantitative PCR analysis

Gene Sequence (5'-3")

IL-1B 5''TGCACGATGCACCTGTACGA-3’
5'-AGGCCCAAGGCCACAGGTAT-3'

TNF-a 5'-CAGAGGGAAGAGTTCCCCAG-3'
5'-CCTCAGCTTGAGGGTTTGCTAC-3'

IL-6 5'-GTGAGGAACAAGCCAGAGC-3'
5'"TACATTTGCCGAAGAGCC-3'

1L-8 5" TTTTGCCAAGGAGTGCTAAAGA-3’
5'-AACCCTCTGCACCCAGTTTTC-3’

COX-2 5'-CTGGCGCTCAGCCATACAG-3'
5'-ACACTCATACATACACCTCGGT-3'

NLRP3 5'"TGGCTGTAACATTCGGAGATTGTGG-3'
5'-GCTTCTGGTTGCTGCTGAGGAC-3'

Caspase-1 5'-GGTGCTGAACAAGGAAGAGATGGAG-3’

5'"-TGCCTGAGGAGCTGCTGAGAG-3'
ASC 5'-GCTGCTGGATGCTCTGTA-3’
5'-GGCTGGTGTGAAACTGAAG-3'
5'-ATGGGGAAGGTGAAGGTCG-3'
5'-GGGGTCATTGATGGCAACAATA-3’

GAPDH
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supernatants were collected from each group and stored at
—80 °C until tested. Total protein was extracted from the
cells using RIPA lysis buffer containing protease inhibitors.
A BCA protein assay kit was used to determine the protein
concentration. Protein lysates were then separated by 10%
SDS-PAGE and electrophoretically transferred to polyvi-
nylidene fluoride membranes. After blocked with 5% nonfat
milk for 2 h at room temperature, the membranes were incu-
bated, respectively, with anti-NLRP3, anti-caspase-1(1:1000
dilution in TBST, Cell Signaling Technology, USA), anti-
IL-1B (1:500 dilution in TBST, Aibotech Biology, China),
and anti-GAPDH antibodies on a shaker at 4 °C overnight,
followed by incubation with horseradish peroxidase-conju-
gated anti-rat IgG or anti-mouse IgG secondary antibodies
for 1 h at room temperature. The protein bands were visu-
alized with a chemiluminescence imaging system using a
Western blotting detection kit (ECL). Band intensities were
normalized using f-GAPDH band from the same sample by
densitometric analysis with ImageJ software.

Cytometric bead array

The concentrations of pro-inflammatory cytokines (IL-6
and IL-8) in the collected cell supernatants were deter-
mined using the cytometric bead array (BD Pharmingen,
San Diego, CA, USA) according to the manufacturer’s pro-
tocol. Briefly, IL-6 and IL8 beads were incubated with the
cell supernatants and PE detection reagent at room tempera-
ture for 3 h. Then, the wash buffer was added to wash the
beads three times. The beads were resuspended in buffer
and detected on BD Accuri C6 flow cytometer. The data was
analyzed by FCAP software.

Immunofluorescence staining of NF-kB p65
and phosphorylated p65 (p-p65)

hDPSCs at passage 3 were cultured on glass slips in 24-well
plates at the density of 5 x 10* per well until 80% confluent.
The culture medium was replaced with an FBS-free medium
for overnight starvation. The cells were pre-treated with cur-
cumin (1 or 5 pM) or the NF-xB inhibitor Bay 11-7082 (5
pM, Sigma, Japan) for 2 h before E. coli LPS (1 pg/ml) stim-
ulation for another 3 h, and 5 mM ATP was added for the last
30 min. After treatment, the hDPSCs were fixed in 4% para-
formaldehyde for 20 min, permeabilized with 0.1% Triton
X-100 for 30 min, and blocked with 1% BSA and 10% goat
serum for 1 h. Then, the cells were incubated with monoclo-
nal rabbit primary antibodies against human p65 (1:400, Cell
Signaling Technology, USA) or human p-p65 (1:200, Cell
Signaling Technology, USA) overnight at 4 °C. After rins-
ing with PBS repeatedly, a secondary antibody (goat anti-
rabbit IgG, green fluorescence) was added and incubated
for 2 h at room temperature. 4',6-Diamidino-2-phenylindole
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(DAPI) and rhodamine rubipeptide were added, respectively,
to stain the nuclei (blue) or cytoskeleton (red). The p65 and
p-p65 staining was visualized using an inverted fluorescence
microscope (Carl Zeiss, Oberkochen, Germany).

Statistical analysis

Statistical analyses were performed with IBM SPSS Sta-
tistics 26.0 with at least three biological replicates. The
normality and homogeneity of variance for each data point
were identified, and the data are represented as the mean +
standard error. All experimental data were determined by
the Shapiro—Wilk test to be normally distributed. One-way
analysis of variance (ANOVA) was performed followed by
the post hoc Tukey test (variance homogeneity) or Dunnett’s
T3 tests (variance heterogeneity) to identify significant dif-
ferences in the expression of mediators among the groups.
Statistical significance was set at p < 0.05 (¥).

Results

Effect of curcumin on the viability of cultured
hDPSCs

The impacts of different concentrations of curcumin on
the viability of cultured hDPSCs are shown in Fig. 1. The
culture medium without addition of curcumin or contain-
ing 0.02% DMSO was used as blank or negative controls,
respectively. After incubation for 24 h or 48 h, there were
no apparent differences between the viability of hDPSCs
treated with curcumin (0.5, 1, or 5 pM) and that of controls.
However, cells exposed to curcumin at a high concentra-
tion of 10 pM showed evident cytotoxicity compared to the
control ones (p < 0.05).

Curcumin decreased IL-1f and NLRP3 mRNA
expression in LPS-stimulated hDPSCs

The effects of curcumin on IL-1 and NLRP3 mRNA
expression in hDPSCs stimulated with LPS were determined
by qRT-PCR. Cells treated with only LPS were used as the
positive control and without LPS and curcumin as the nega-
tive control. LPS led to a significant increase in the mRNA
expression of IL-1p (p < 0.01) and NLRP3 (p < 0.05). Cur-
cumin at concentrations of 1 and 5 pM significantly reduced
the mRNA expression of IL-1p (p < 0.001). The mRNA
expression of NLRP3 was also obviously decreased after 5
UM curcumin treatment (p < 0.01). Interestingly, the inhib-
itory effects on IL-1p and NLRP3 expression were dose-
dependent (Fig. 2).
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Curcumin inhibited NLRP3 inflammasome activation
in LPS plus ATP-stimulated hDPSCs

To investigate the inhibitory effect of curcumin on the acti-
vation of the NLRP3 inflammasome in hDPSCs, we pre-
treated LPS-primed hDPSCs with curcumin followed by
the addition of the NLRP3 inflammasome activator ATP.
We first examined whether LPS plus ATP could activate the
NLRP3 inflammasome in primary cultured hDPSCs. Our
results revealed that LPS plus ATP successfully activated
the NLRP3 inflammasome. The cells in the LPS plus ATP-
stimulated group exhibited significantly increased mRNA
expression of NLRP3, adaptor apoptosis-associated speck-
like protein containing a CARD (ASC), caspase-1, and
IL-1p (Fig. 3a—d). The relative mRNA levels of these genes
were higher in the LPS plus ATP treatment group than in the
LPS group. Moreover, LPS treatment alone did not signifi-
cantly increase the mRNA expression of ASC (Fig. 3b). ATP
treatment alone did not modulate NLRP3 inflammasome
component expression in hDPSCs (Fig. 3). In the curcumin
treatment groups, we detected that curcumin at the concen-
tration of 1 or 5 pM significantly downregulated the mRNA
levels of NLRP3 inflammasome pathway-related mediators
including NLRP3, ASC, Caspase-1, and IL-1p in hDPSCs

stimulated with LPS plus ATP in a dose-dependent manner
by qRT -PCR (Fig. 3a—d). These observations were further
confirmed by Western blotting analysis: the combination of
LPS and ATP significantly provoked higher protein levels
of NLPR3, caspase-1, and IL-1f in hDPSCs. Curcumin at
1 or 5 pM considerably reduced the protein expression of
NLRP3, Caspase-1, and IL-1f in hDPSCs (Fig. 3e—g).

Curcumin inhibited NF-kB-dependent inflammatory
mediators in hDPSCs stimulated with LPS plus ATP

We next explored the underlying mechanism by which cur-
cumin attenuated the activation of the NLRP3 inflamma-
some in hDPSCs, and whether curcumin suppressed NLRP3
inflammasome activation associated with NF-xB pathway.
The expression of proinflammatory mediators associated
with NF-kB pathway and pulp inflammation in NLRP3
agonist (LPS combined with ATP)-activated hDPSCs after
curcumin treatment were examined by qRT-PCR and CBA.
We found LPS combined with ATP significantly upregu-
lated the expression of NF-kB pathway-related inflammatory
mediator genes at mRNA level including IL-6, IL-8, COX-2,
and TNF-a (Fig. 4a—d) and protein level including IL-6 and
IL-8 (Fig. 4e—f). Nevertheless, administration of 1 or 5 pM
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Fig.3 Curcumin inhibited NLRP3 inflammasome activation in hDP-
SCs. The mRNA expression of NLRP3 inflammasome pathway-
related mediators: a NLRP3mRNA, b ASC mRNA, ¢ caspase-1
mRNA, and d IL-18 mRNA. The protein expression of NLRP3, cas-
pase-1, and IL-1P by western blotting analysis (e-g). The right panel

curcumin had a significant suppressive effect on the expres-
sion of proinflammatory cytokines (Fig. 4). These results
indicate curcumin participants in the modulation of NF-xB
pathway in NLRP3 agonist-activated hDPSCs.

Curcumin inhibited NF-kB p65 phosphorylation
in hDPSCs stimulated with LPS plus ATP

To further investigate whether curcumin inhibited the activa-
tion of the NLRP3 inflammasome by regulating the NF-«xB
pathway in hDPSCs, LPS-primed hDPSCs were pre-treated
with or without curcumin or NF-xB inhibitor Bay 11-7082
for 2 h, and the NLRP3 agonist ATP was added for the last
30 min. As shown in Fig. 5a, immunofluorescence staining
showed that LPS plus ATP obviously increased the nuclear
distribution of p65 in hDPSCs. Curcumin at concentration
of both 1 and 5 pM evidently reduced the nuclear translo-
cation of p65 in NLRP3 agonist (LPS plus ATP)-activated
hDPSCs (Fig. 5a), which was consistent with the addition
of the NF-xB pathway inhibitor Bay11-7082. The P-p65
immunofluorescence assay also confirmed that curcumin
acting as Bay11-7082 attenuated the abundance of phos-
phorylated (P)-p65 in LPS plus ATP-stimulated hDPSCs
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shows the quantitative measurements of relative intensity/ GAPDH of
NLRP3 (e), Caspase-1 (f) and IL-1p (g) using the ImageJ software.
*p < 0.05, **p < 0.01, and ***p < 0.001 vs. without LPS or cur-
cumin-stimulated group; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs.
the LPS plus ATP-stimulated group

(Fig. 5b). Furthermore, we examined the protein expression
of NF-xB P-p65 in cell cultures by Western blot. Curcumin
treatment effectively downregulated the expression level of
NF-xB P-p65 in hDPSCs stimulated with LPS plus ATP
(Fig. 5¢). Taken together, the results suggest that curcumin
may inhibit the NF-kB p65 phosphorylation (at least partly)
to inactivate the NLRP3 inflammasome in hDPSCs.

Discussion

In this study, we first screened cytotoxicity of curcumin at a
gradient concentration in cultured hDPSCs and found that
curcumin at the concentration of 0.5, 1, and 5 pM exhibits
no impact on hDPSCs viability. In agreement with a previ-
ous study in which curcumin has a dose-dependent effect
on the viability of adult neural stem/progenitor cells [37],
our results also showed that curcumin at the concentration
of 1-5 pM did not affect the viability of cultured hDPSCs,
whereas curcumin at the concentration of 10 uM inhibited
the proliferation of hDPSCs. These results pave the way for
subsequent experiments. On the other hand, it could also
be inferred that curcumin cytotoxicity did not mediate the
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Fig.4 Curcumin inhibited NF-kB-dependent inflammatory cytokines
in hDPSCs stimulated with LPS plus ATP. At mRNA level: a IL-6,
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inhibitory effect of curcumin on the expression of inflam-
matory mediators in hDPSCs.

LPS, a virulence factor of gram-negative bacteria released
during bacterial proliferation, can provoke dental pulp
inflammation, leading to dental pulp or periapical diseases
[38]. LPS at a concentration of 1 pg/ml induced evident
inflammatory mediator upregulation and allowed the con-
struction of a pulpal inflammation model in vitro [21]. Con-
sistent with previous study, an in vitro inflamed environment
was constructed by stimulating hDPSCs with1 pg/ml LPS in
our study. Our results showed that curcumin pre-treatment at
the concentration of 1 and 5 pM had an anti-inflammatory
effect on LPS-stimulated inflamed hDPSCs, acting as an
inhibitor of NLRP3 inflammasome activation in hDPSCs
by inhibiting the phosphorylation of the NF-kB subunit p65.

The inflammasome is composed of various proteins
that participate in the host immune responses to infection
and cell injury [39]. The NLRP3 protein was reported to
be strongly positively expressed in dental pulp cells in an
inflammatory environment, while positive staining was not
apparent in healthy pulp cells [27]. The NLRP3 mRNA
level was consistently upregulated in hDPSCs stimulated
with LPS. Our results indicated that curcumin reduced
NLPR3 expression in hDPSCs in a dose-dependent man-
ner. Interestingly, curcumin also inhibited IL-1 expression

+ LS - -+
+ 0+ ATP - +
5 Cur(uM) - - - - 1

+ +
+

'
-

data are presented as the mean + SEM (n = 3/each). ***p < 0.001 vs.
without LPS or curcumin-stimulated group; #p < 0.05, ##p < 0.01,
and ###p < 0.001 vs. the LPS plus ATP-stimulated group

in a dose-dependent manner and 5 pM curcumin most mark-
edly inhibited the mRNA expression of NLRP3 and IL-1p.
Consequently, we hypothesized that curcumin inhibits IL-1
expression by participating in governing the NLRP3 inflam-
masome in hDPSCs.

Next, we investigated whether curcumin exerts anti-
inflammatory effects by suppressing the NLRP3 inflam-
masome activation in hDPSCs. It is well-established that
the robust activation of NLRP3 inflammasome is activated
undergoing a two-step signal process in macrophages: prim-
ing and activating [29]. The first signal (priming) is provided
by microbial components such as TLR ligands or endog-
enous cytokines and leads to the upregulation of NLRP3
and pro-interleukin-1 beta (IL-1p) through the activation
of NF-xB. Subsequently, the second signals lead to sev-
eral molecular and cellular events such as potassium efflux,
mitochondrial dysfunction, or lysosome rupture to trigger
the robust activation of NLRP3 inflammasome, resulting
in proteolytic cleavage of caspase-1 and the maturation of
IL-1p [35]. In our study, LPS was used as the first signal to
prime hDPSCs. Consistent with previous studies, the mRNA
expression levels of NLRP3 inflammasome components
including NLRP3, pro-IL-1f, and pro-caspase-1 were upreg-
ulated [35, 40]. ATP, a damage-related molecular pattern
derived from autogenous cells undergoing death or stress,
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Fig.5 Curcumin inhibited
NF-xB p65 phosphorylation in
hDPSCs stimulated with LPS
plus ATP. The nuclear translo-
cation of NF-xB p65 by immu-
nofluorescence staining: Nuclei
were stained blue, cytoskeletal
proteins (F-actin) red, and p65
(a) and P-p65 (b) green. Scale
bar = 50pm. ¢ The nuclear
translocation of NF-kB p65 was
confirmed by western blot
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is often used as a second signal to assemble and activate
the NLRP3 inflammasome, which promotes the production
of caspase-1, causing the cleavage of pro-IL-1f to generate
mature IL-1f [41, 42]. Our findings were in line with a pre-
vious report [34], in which LPS combined with extracellular
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ATP (5 mM) successfully activated the NLRP3 inflamma-
some pathway in hDPSCs. The expression of NLRP3, cas-
pase-1, and IL-1f was substantially increased in LPS plus
ATP-treated hDPSCs; the expression levels were higher
than those in the LPS alone group. In addition, ASC, one of
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the NLRP3 inflammasome components, was significantly
increased only in the LPS plus ATP group (p < 0.001), con-
firming that dual signaling is required to completely activate
the NLRP3 inflammasome in hDPSCs.

The toll-like receptors (TLRs)/NF-kB pathway appears to
be involved in the activation of the NLRP3 inflammasome
in LPS-primed human dental pulp fibroblasts. An NLRP3
inflammasome expression reduction was observed when
LPS-primed hDPCs were pre-treated with these pathway
inhibitors [34]. Since curcumin can exert anti-inflammatory
effect via NF-xB in other diseases model, and hence we
focused on the impact of curcumin on LPS-induced prim-
ing for NLRP3 inflammasome activation in hDPSCs. There-
fore, hDPSCs were pre-treated with curcumin for 2 h, then
primed with LPS, and finally activated by ATP. Our findings
showed that curcumin pretreatment (1 or 5 pM) significantly
decreased the expression levels of NLRP3 inflammasome
components including NLRP3, ASC, and caspase-1 and
the terminal effector IL-1p in hDPSCs stimulated with LPS
plus ATP. Previous studies have delved into the inhibitory
effect of curcumin on the activation of the NLRP3 inflam-
masome in inflammatory diseases. Gong et al. found that
curcumin dramatically decreased the production of IL-1f in
macrophages triggered with various NLRP3 inflammasome
activators and reduced tissue damage to improve survival
in a mouse model of septic shock [29]. Curcumin was also
reported to alleviate colitis in model mice via inactivation of
the NLRP3 inflammasome [43]. Together, these results sug-
gest that curcumin inhibits NLRP3 inflammasome activation
in hDPSCs and may be a prominent pulp capping agent for
pulp inflammation therapy.

hDPSCs play an essential role in pulp immunity by pat-
tern recognition receptors (PPR), such as TLRs, recogniz-
ing and binding pathogen-related pattern molecules, such
as LPS. Signal transduction via TLRs mediated by differ-
ent adaptor proteins can promote downstream signaling
via NF-kB pathway leading to the expression of down-
stream inflammatory mediators [44, 45]. The inflammatory
response mediated by the NF-xB pathway is involved in den-
tal pulp immunity, and the downstream pro-inflammatory
mediators of this pathway, such as IL-6, IL-8, TNF-a, and
COX-2, are upregulated in pulpitis [46]. In agreement with
previous study, our results showed that the expression of
IL-6, IL-8, TNF-a, and COX-2 was significantly upregulated
in hDPSCs stimulated with LPS plus ATP and that curcumin
effectively inhibited LPS plus ATP-induced proinflamma-
tory cytokine gene expression and protein production in
hDPSCs. It has been demonstrated that the NF-xB pathway
is the first signaling pathway involved in NLRP3 inflamma-
some activation in macrophages [47]. Based on our findings,
we conclude that the activation of the NLRP3 inflammasome
in hDPSCs also involves NF-kB pathway, and the inhibi-
tory effect of curcumin on NLRP3 inflammasome activation

in hDPSCs is related to NF-kB. Furthermore, an NF-xB
inhibitor (Bay 11-7082) markedly attenuated the upregula-
tion of p65 phosphorylation in hDPSCs with activation of
the NLRP3 inflammasome. Similarly, curcumin (1 or 5 pM)
also exerted an inhibitory effect on p65 nuclear translocation
as an NF-kB inhibitor. Similar regulatory mechanisms have
been confirmed in macrophages. Yin et al. found that cur-
cumin inhibited the activation of the NLRP3 inflammasome
by inhibiting the NF-kB signaling pathway in macrophages
[30]. Therefore, it is reasonable to speculate that curcumin
may regulate NLRP3 inflammasome activation at least partly
by inhibiting the phosphorylation of NF-kB p65 in hDPSCs.

In the present study, an inflammatory model of den-
tal pulp stem cells was constructed using LPS to detect
the anti-inflammatory activity of curcumin and its related
mechanisms. Our findings exhibit a novel linkage between
curcumin’s protective effect and NF-kB/NLRP3 inflamma-
some mediated-inflammatory signaling pathway in hDPSCs,
which expand the understanding of curcumin’s anti-inflam-
matory activities and outline potential molecular mecha-
nisms that explain curcumin potential protective pulpal
effects. The present study provides a beneficial experimental
basis for using curcumin as a potential drug used in repair-
ing inflamed pulp. Nevertheless, curcumin has poor solu-
bility, high metabolic rate, and low bioavailability, which
greatly restricts its potential health function. Besides, the
local application of curcumin is more effective than its oral
administration in promoting wound healing [48]. Therefore,
additional studies about a suitable vehicle for local use of
curcumin via animal models of pulpitis are essential in the
future.

Conclusions

Curcumin pre-treatment may exert an anti-inflammatory
role through impeding the phosphorylation of NF-kB p65
to inhibit NLRP3 inflammasome activation in cultured hDP-
SCs, suggesting the potential of curcumin for inflamed pulp
repairing or healing in vital pulp therapy.

Data availability The data that support the findings of this study are
available from the corresponding author upon reasonable request.

Authors’ contributions Chunhua Lan: investigation, data processing, and
manuscript writing. Yueming Qian: methodology, project administration.
Yumin Wang: reviewed and edited the manuscript. Yuemin Chen: inves-
tigation, resources. Chensheng Lin: investigation and resources. Yanding
Zhang: technical support. Xiaojing Huang: conceptualization, funding
acquisition, and reviewed and edited the manuscript.

Funding This research was funded by the Health Education Joint Pro-
ject of Fujian Province (2019-WJ-14), and the Minjiang Scholar Fund
of School and Hospital of Stomatology, Fujian Medical University
(2018-KQMJ-01).

@ Springer



2884

Clinical Oral Investigations (2023) 27:2875-2885

Declarations

Ethics approval The use of human dental tissues was approved by the
Ethics Committee of Fujian Medical University (approval No. 201652),
and informed written consents were obtained from all participants.

Competing interests The authors declare no competing interests.

References

10.

11.

12.

Zanini M, Meyer E, Simon S (2017) Pulp inflammation diagnosis
from clinical to inflammatory mediators: a systematic review. J
Endod 43:1033-1051. https://doi.org/10.1016/j.joen.2017.02.009
Schmidlin K, Schnell N, Steiner S, Salvi GE, Pjetursson B, Matu-
liene G, Zwahlen M, Bragger U, Lang NP (2010) Complication
and failure rates in patients treated for chronic periodontitis and
restored with single crowns on teeth and/or implants. Clin Oral
Implants Res 21:550-557. https://doi.org/10.1111/j.1600-0501.
2009.01907.x

Bjorndal L, Reit C, Bruun G, Markvart M, Kjaeldgaard M, Nas-
man P, Thordrup M, Dige I, Nyvad B, Fransson H, Lager A, Eric-
son D, Petersson K, Olsson J, Santimano EM, Wennstrom A, Win-
kel P, Gluud C (2010) Treatment of deep caries lesions in adults:
randomized clinical trials comparing stepwise vs. direct complete
excavation, and direct pulp capping vs. partial pulpotomy. Eur J
Oral Sci 118:290-297. https://doi.org/10.1111/j.1600-0722.2010.
00731.x

Marques MS, Wesselink PR, Shemesh H (2015) Outcome of direct
pulp capping with mineral trioxide aggregate: a prospective study.
J Endod 41:1026-1031. https://doi.org/10.1016/j.joen.2015.02.
024

Muincharern W, Louwakul P, Pavasant P, Lertchirakarn V (2011)
Effect of fluocinolone acetonide on human dental pulp cells: cyto-
toxicity, proliferation, and extracellular matrix formation. J Endod
37:181-184. https://doi.org/10.1016/j.joen.2010.10.013

Arora S, Cooper PR, Friedlander LT, Rizwan S, Seo B, Rich AM,
Hussaini HM (2021) Potential application of immunotherapy for
modulation of pulp inflammation: opportunities for vital pulp
treatment. Int Endod J 54:1263-1274. https://doi.org/10.1111/
iej.13524

Aggarwal BB, Sundaram C, Malani N, Ichikawa H (2007) Cur-
cumin: the Indian solid gold. Adv Exp Med Biol 595:1-75. https://
doi.org/10.1007/978-0-387-46401-5_1

Kahkhaie KR, Mirhosseini A, Aliabadi A, Mohammadi A,
Mousavi MJ, Haftcheshmeh SM, Sathyapalan T, Sahebkar A
(2019) Curcumin: a modulator of inflammatory signaling path-
ways in the immune system. Inflammopharmacology 27:885-900.
https://doi.org/10.1007/s10787-019-00607-3

Fadus MC, Lau C, Bikhchandani J, Lynch HT (2017) Curcumin:
an age-old anti-inflammatory and anti-neoplastic agent. J Tradit
Complement Med 7:339-346. https://doi.org/10.1016/j.jtcme.
2016.08.002

Nasra MM, Khiri HM, Hazzah HA, Abdallah OY (2017) Formula-
tion, in-vitro characterization and clinical evaluation of curcumin
in-situ gel for treatment of periodontitis. Drug Deliv 24:133-142.
https://doi.org/10.1080/10717544.2016.1233591

Bhatia M, Urolagin SS, Pentyala KB, Urolagin SB, BM K, Bhoi
S (2014) Novel therapeutic approach for the treatment of peri-
odontitis by curcumin. J Clin Diagn Res 8:ZC65. https://doi.org/
10.7860/JCDR/2014/8231.5343

Guru SR, Kothiwale SV, Saroch N, Guru RC (2017) Compara-
tive evaluation of inhibitory effect of curcumin and doxycycline
on matrix metalloproteinase-9 activity in chronic periodontitis.

@ Springer

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Indian J Dent Res 28:560-565. https://doi.org/10.4103/ijdr.lJIDR_
461_16

Guimaraes MR, Coimbra LS, de Aquino SG, Spolidorio LC, Kirk-
wood KL, Rossa C Jr (2011) Potent anti-inflammatory effects of
systemically administered curcumin modulate periodontal disease
in vivo. J Periodontal Res 46:269-279. https://doi.org/10.1111/j.
1600-0765.2010.01342.x

Saharkhiz M, Ayadilord M, Emadian Razavi F, Naseri M (2022)
Effects of phytosomal curcumin treatment on modulation of
immunomodulatory and pulp regeneration genes in dental pulp
mesenchymal stem cells. Odontology 110:287-295. https://doi.
org/10.1007/s10266-021-00659-4

Ayadilord M, Nasseri S, Emadian Razavi F, Saharkhiz M, Rostami
Z, Naseri M (2021) Immunomodulatory effects of phytosomal
curcumin on related-micro RNAs, CD200 expression and inflam-
matory pathways in dental pulp stem cells. Cell Biochem Funct
39:886-895. https://doi.org/10.1002/cbf.3659

Sinjari B, Pizzicannella J, D'Aurora M, Zappacosta R, Gatta V,
Fontana A, Trubiani O, Diomede F (2019) Curcumin/liposome
nanotechnology as delivery platform for anti-inflammatory
activities via NFKB/ERK/pERK pathway in human dental pulp
treated with 2-hydroxyEthyl methacrylate (HEMA). Front Physiol
10:633. https://doi.org/10.3389/fphys.2019.00633

Samiei M, Abedi A, Sharifi S, Maleki Dizaj S (2021) Early osteo-
genic differentiation stimulation of dental pulp stem cells by cal-
citriol and curcumin. Stem Cells Int 2021:9980137. https://doi.
org/10.1155/2021/9980137

Alipour M, Fadakar S, Aghazadeh M, Salehi R, Samadi Kafil H,
Roshangar L, Mousavi E, Aghazadeh Z (2021) Synthesis, charac-
terization, and evaluation of curcumin-loaded endodontic repara-
tive material. J Biochem Mol Toxicol 35:€22854. https://doi.org/
10.1002/jbt.22854

Horiba N, Maekawa Y, Matsumoto T, Nakamura H (1990) A study
of the distribution of endotoxin in the dentinal wall of infected
root canals. J Endod 16:331-334. https://doi.org/10.1016/S0099-
2399(06)81944-8

Barthel CR, Levin LG, Reisner HM, Trope M (1997) TNF-alpha
release in monocytes after exposure to calcium hydroxide treated
Escherichia coli LPS. Int Endod J 30:155-159. https://doi.org/10.
1046/j.1365-2591.1997.00066.x

Jung JY, Woo SM, Kim WIJ, Lee BN, Nor JE, Min KS, Choi
CH, Koh JT, Lee KJ, Hwang YC (2017) Simvastatin inhibits the
expression of inflammatory cytokines and cell adhesion molecules
induced by LPS in human dental pulp cells. Int Endod J 50:377—
386. https://doi.org/10.1111/iej.12635

Lan C, Chen S, Jiang S, Lei H, Cai Z, Huang X (2022) Different
expression patterns of inflammatory cytokines induced by lipopol-
ysaccharides from Escherichia coli or Porphyromonas gingivalis
in human dental pulp stem cells. BMC Oral Health 22:121. https://
doi.org/10.1186/s12903-022-02161-x

Chen W, Guan Y, Xu F, Jiang B (2021) 4-Methylumbellifer-
one promotes the migration and odontogenetic differentiation
of human dental pulp stem cells exposed to lipopolysaccharide
in vitro. Cell Biol Int 45:1415-1422. https://doi.org/10.1002/cbin.
11579

He W, Wang Z, Zhou Z, Zhang Y, Zhu Q, Wei K, Lin Y, Cooper
PR, Smith AJ, Yu Q (2014) Lipopolysaccharide enhances Wnt5a
expression through toll-like receptor 4, myeloid differentiating
factor 88, phosphatidylinositol 3-OH kinase/AKT and nuclear fac-
tor kappa B pathways in human dental pulp stem cells. J Endod
40:69-75. https://doi.org/10.1016/j.joen.2013.09.011

Schroder K, Tschopp J (2010) The inflammasomes. Cell 140:821—
832. https://doi.org/10.1016/j.cell.2010.01.040

Chen M, Wang H, Chen W, Meng G (2011) Regulation of adaptive
immunity by the NLRP3 inflammasome. Int Immunopharmacol
11:549-554. https://doi.org/10.1016/j.intimp.2010.11.025


https://doi.org/10.1016/j.joen.2017.02.009
https://doi.org/10.1111/j.1600-0501.2009.01907.x
https://doi.org/10.1111/j.1600-0501.2009.01907.x
https://doi.org/10.1111/j.1600-0722.2010.00731.x
https://doi.org/10.1111/j.1600-0722.2010.00731.x
https://doi.org/10.1016/j.joen.2015.02.024
https://doi.org/10.1016/j.joen.2015.02.024
https://doi.org/10.1016/j.joen.2010.10.013
https://doi.org/10.1111/iej.13524
https://doi.org/10.1111/iej.13524
https://doi.org/10.1007/978-0-387-46401-5_1
https://doi.org/10.1007/978-0-387-46401-5_1
https://doi.org/10.1007/s10787-019-00607-3
https://doi.org/10.1016/j.jtcme.2016.08.002
https://doi.org/10.1016/j.jtcme.2016.08.002
https://doi.org/10.1080/10717544.2016.1233591
https://doi.org/10.7860/JCDR/2014/8231.5343
https://doi.org/10.7860/JCDR/2014/8231.5343
https://doi.org/10.4103/ijdr.IJDR_461_16
https://doi.org/10.4103/ijdr.IJDR_461_16
https://doi.org/10.1111/j.1600-0765.2010.01342.x
https://doi.org/10.1111/j.1600-0765.2010.01342.x
https://doi.org/10.1007/s10266-021-00659-4
https://doi.org/10.1007/s10266-021-00659-4
https://doi.org/10.1002/cbf.3659
https://doi.org/10.3389/fphys.2019.00633
https://doi.org/10.1155/2021/9980137
https://doi.org/10.1155/2021/9980137
https://doi.org/10.1002/jbt.22854
https://doi.org/10.1002/jbt.22854
https://doi.org/10.1016/S0099-2399(06)81944-8
https://doi.org/10.1016/S0099-2399(06)81944-8
https://doi.org/10.1046/j.1365-2591.1997.00066.x
https://doi.org/10.1046/j.1365-2591.1997.00066.x
https://doi.org/10.1111/iej.12635
https://doi.org/10.1186/s12903-022-02161-x
https://doi.org/10.1186/s12903-022-02161-x
https://doi.org/10.1002/cbin.11579
https://doi.org/10.1002/cbin.11579
https://doi.org/10.1016/j.joen.2013.09.011
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1016/j.intimp.2010.11.025

Clinical Oral Investigations (2023) 27:2875-2885

2885

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Song Z, Lin Z, He F, Jiang L, Qin W, Tian Y, Wang R, Huang S
(2012) NLRP3 is expressed in human dental pulp cells and tissues.
Journal of Endodontics 38:1592—-1597. https://doi.org/10.1016/].
joen.2012.09.023

Jiang W, Lv H, Wang H, Wang D, Sun S, Jia Q, Wang P, Song
B, Ni L (2015) Activation of the NLRP3/caspase-1 inflamma-
some in human dental pulp tissue and human dental pulp fibro-
blasts. Cell Tissue Res 361:541-555. https://doi.org/10.1007/
s00441-015-2118-7

Gong Z, ZhouJ, LiH, Gao Y, Xu C, Zhao S, Chen Y, Cai W, Wu
J (2015) Curcumin suppresses NLRP3 inflammasome activation
and protects against LPS-induced septic shock. Mol Nutr Food
Res 59:2132-2142. https://doi.org/10.1002/mnfr.201500316
Yin H, Guo Q, Li X, Tang T, Li C, Wang H, Sun Y, Feng Q, Ma C,
Gao C, Yi F, Peng J (2018) Curcumin suppresses IL-1beta secre-
tion and prevents inflammation through inhibition of the NLRP3
inflammasome. J Immunol 200:2835-2846. https://doi.org/10.
4049/jimmunol.1701495

Al Madhoun A, Sindhu S, Haddad D, Atari M, Ahmad R, Al-
Mulla F (2021) Dental pulp stem cells derived from adult human
third molar tooth: a brief review. Front Cell Dev Biol 9:717624.
https://doi.org/10.3389/fcell.2021.717624

Chen J, Xu H, Xia K, Cheng S, Zhang Q (2021) Resolvin E1
accelerates pulp repair by regulating inflammation and stimulating
dentin regeneration in dental pulp stem cells. Stem Cell Res Ther
12:75. https://doi.org/10.1186/s13287-021-02141-y

Chang J, Zhang C, Tani-Ishii N (2005) Shi S and Wang ClJodr.
NF-kappaB activation in human dental pulp stem cells by TNF
and LPS. 84:994-998. https://doi.org/10.1177/154405910508401
105

Zhang A, Wang P, Ma X, Yin X, Li J, Wang H, Jiang W, Jia Q,
Ni L (2015) Mechanisms that lead to the regulation of NLRP3
inflammasome expression and activation in human dental pulp
fibroblasts. Mol Immunol 66:253-262. https://doi.org/10.1016/j.
molimm.2015.03.009

He Y, Hara H, Nunez G (2016) Mechanism and regulation of
NLRP3 inflammasome activation. Trends Biochem Sci 41:1012—
1021. https://doi.org/10.1016/].tibs.2016.09.002

Bae WJ, YiJK, Park J, Kang SK, Jang JH, Kim EC (2018) Lysyl
oxidase-mediated VEGF-induced differentiation and angiogenesis
in human dental pulp cells. Int Endod J 51:335-346. https://doi.
org/10.1111/iej.12796

Attari F, Zahmatkesh M, Aligholi H, Mehr SE, Sharifzadeh M,
Gorji A, Mokhtari T, Khaksarian M, Hassanzadeh G (2015) Cur-
cumin as a double-edged sword for stem cells: dose, time and cell
type-specific responses to curcumin. Daru 23:33. https://doi.org/
10.1186/s40199-015-0115-8

Arruda-Vasconcelos R, Louzada LM, Feres M, Tomson PL,
Cooper PR, Gomes B (2021) Investigation of microbial profile,
levels of endotoxin and lipoteichoic acid in teeth with sympto-
matic irreversible pulpitis: a clinical study. Int Endod J 54:46-60.
https://doi.org/10.1111/iej.13402

Franchi L, Munoz-Planillo R, Nunez G (2012) Sensing and
reacting to microbes through the inflammasomes. Nat Immunol
13:325-332. https://doi.org/10.1038/ni.2231

Masters SL, Dunne A, Subramanian SL, Hull RL, Tannahill GM,
Sharp FA, Becker C, Franchi L, Yoshihara E, Chen Z, Mullooly

41.

42.

43.

44,

45.

46.

47.

48.

N, Mielke LA, Harris J, Coll RC, Mills KH, Mok KH, Newsholme
P, Nunez G, Yodoi J et al (2010) Activation of the NLRP3 inflam-
masome by islet amyloid polypeptide provides a mechanism for
enhanced IL-1beta in type 2 diabetes. Nat Immunol 11:897-904.
https://doi.org/10.1038/ni.1935

Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bau-
ernfeind FG, Abela GS, Franchi L, Nunez G, Schnurr M, Espe-
vik T, Lien E, Fitzgerald KA, Rock KL, Moore KJ, Wright SD,
Hornung V, Latz E (2010) NLRP3 inflammasomes are required
for atherogenesis and activated by cholesterol crystals. Nature
464:1357-1361. https://doi.org/10.1038/nature08938
Mariathasan S, Weiss DS, Newton K, McBride J, O'Rourke K,
Roose-Girma M, Lee WP, Weinrauch Y, Monack DM, Dixit VM
(2006) Cryopyrin activates the inflammasome in response to tox-
ins and ATP. Nature 440:228-232. https://doi.org/10.1038/natur
e04515

Gong Z, Zhao S, Zhou J, Yan J, Wang L, Du X, Li H, Chen Y,
Cai W, Wu J (2018) Curcumin alleviates DSS-induced colitis via
inhibiting NLRP3 inflammsome activation and IL-1beta produc-
tion. Mol Immunol 104:11-19. https://doi.org/10.1016/j.molimm.
2018.09.004

Larochelle A, Bellavance M-A, Rivest S (2015) Role of adaptor
protein MyD88 in TLR-mediated preconditioning and neuropro-
tection after acute excitotoxicity. Brain, Behavior, and Immunity
46:221-231. https://doi.org/10.1016/j.bbi.2015.02.019

Shen S, Shang L, Liu H, Liang Q, Liang W, Ge S (2021) AGGF1
inhibits the expression of inflammatory mediators and promotes
angiogenesis in dental pulp cells. Clin Oral Investig 25:581-592.
https://doi.org/10.1007/s00784-020-03498-9

Liu Z, Jiang T, Wang X, Wang Y (2013) Fluocinolone acetonide
partially restores the mineralization of LPS-stimulated dental pulp
cells through inhibition of NF-kappaB pathway and activation of
AP-1 pathway. Br J Pharmacol 170:1262-1271. https://doi.org/
10.1111/bph.12404

Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K,
Speert D, Fernandes-Alnemri T, Wu J, Monks BG, Fitzgerald KA,
Hornung V, Latz E (2009) Cutting edge: NF-kappaB activating
pattern recognition and cytokine receptors license NLRP3 inflam-
masome activation by regulating NLRP3 expression. J] Immunol
183:787-791. https://doi.org/10.4049/jimmunol.0901363
Mohanty C, Das M, Sahoo SK (2012) Sustained wound healing
activity of curcumin loaded oleic acid based polymeric bandage
in a rat model. Mol Pharm 9:2801-2811. https://doi.org/10.1021/
mp300075u

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1016/j.joen.2012.09.023
https://doi.org/10.1016/j.joen.2012.09.023
https://doi.org/10.1007/s00441-015-2118-7
https://doi.org/10.1007/s00441-015-2118-7
https://doi.org/10.1002/mnfr.201500316
https://doi.org/10.4049/jimmunol.1701495
https://doi.org/10.4049/jimmunol.1701495
https://doi.org/10.3389/fcell.2021.717624
https://doi.org/10.1186/s13287-021-02141-y
https://doi.org/10.1177/154405910508401105
https://doi.org/10.1177/154405910508401105
https://doi.org/10.1016/j.molimm.2015.03.009
https://doi.org/10.1016/j.molimm.2015.03.009
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1111/iej.12796
https://doi.org/10.1111/iej.12796
https://doi.org/10.1186/s40199-015-0115-8
https://doi.org/10.1186/s40199-015-0115-8
https://doi.org/10.1111/iej.13402
https://doi.org/10.1038/ni.2231
https://doi.org/10.1038/ni.1935
https://doi.org/10.1038/nature08938
https://doi.org/10.1038/nature04515
https://doi.org/10.1038/nature04515
https://doi.org/10.1016/j.molimm.2018.09.004
https://doi.org/10.1016/j.molimm.2018.09.004
https://doi.org/10.1016/j.bbi.2015.02.019
https://doi.org/10.1007/s00784-020-03498-9
https://doi.org/10.1111/bph.12404
https://doi.org/10.1111/bph.12404
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1021/mp300075u
https://doi.org/10.1021/mp300075u

	The protective role of curcumin in human dental pulp stem cells stimulated by lipopolysaccharide via inhibiting NF-κB p65 phosphorylation to suppress NLRP3 inflammasome activation
	Abstract
	Objectives 
	Materials and methods 
	Results 
	Conclusions 
	Clinical relevance 

	Introduction
	Materials and methods
	Preparation of a curcumin solution
	Cell culture
	Cytotoxicity test
	qRT-PCR analysis
	Western blot analysis
	Cytometric bead array
	Immunofluorescence staining of NF-κB p65 and phosphorylated p65 (p-p65)
	Statistical analysis

	Results
	Effect of curcumin on the viability of cultured hDPSCs
	Curcumin decreased IL-1β and NLRP3 mRNA expression in LPS-stimulated hDPSCs
	Curcumin inhibited NLRP3 inflammasome activation in LPS plus ATP-stimulated hDPSCs
	Curcumin inhibited NF-κB-dependent inflammatory mediators in hDPSCs stimulated with LPS plus ATP
	Curcumin inhibited NF-κB p65 phosphorylation in hDPSCs stimulated with LPS plus ATP

	Discussion
	Conclusions
	Data availability 
	References


