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Butyrate potentiates Enterococcus faecalis lipoteichoic
acid-induced inflammasome activation via histone deacetylase
inhibition
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Enterococcus faecalis, a Gram-positive opportunistic pathogen having lipoteichoic acid (LTA) as a major virulence factor, is closely
associated with refractory apical periodontitis. Short-chain fatty acids (SCFAs) are found in the apical lesion and may affect
inflammatory responses induced by E. faecalis. In the current study, we investigated inflammasome activation by E. faecalis LTA
(Ef.LTA) and SCFAs in THP-1 cells. Among SCFAs, butyrate in combination with Ef.LTA markedly enhanced caspase-1 activation and
IL-1β secretion whereas these were not induced by Ef.LTA or butyrate alone. Notably, LTAs from Streptococcus gordonii,
Staphylococcus aureus, and Bacillus subtilis also showed these effects. Activation of TLR2/GPCR, K+ efflux, and NF-κB were necessary
for the IL-1β secretion induced by Ef.LTA/butyrate. The inflammasome complex comprising NLRP3, ASC, and caspase-1 was
activated by Ef.LTA/butyrate. In addition, caspase-4 inhibitor diminished IL-1β cleavage and release, indicating that non-canonical
activation of the inflammasome is also involved. Ef.LTA/butyrate induced Gasdermin D cleavage, but not the release of the
pyroptosis marker, lactate dehydrogenase. This indicated that Ef.LTA/butyrate induces IL-1β production without cell death.
Trichostatin A, a histone deacetylase (HDAC) inhibitor, enhanced Ef.LTA/butyrate-induced IL-1β production, indicating that HDAC is
engaged in the inflammasome activation. Furthermore, Ef.LTA and butyrate synergistically induced the pulp necrosis that
accompanies IL-1β expression in the rat apical periodontitis model. Taken all these results together, Ef.LTA in the presence of
butyrate is suggested to facilitate both canonical- and non-canonical inflammasome activation in macrophages via HDAC
inhibition. This potentially contributes to dental inflammatory diseases such as apical periodontitis, particularly associated with
Gram-positive bacterial infection.
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INTRODUCTION
Apical periodontitis is an inflammatory disease around the apex of
a tooth root [1]. The infiltration of bacteria into root canals is
critical in the initiation of apical periodontitis [2]. Enterococcus
faecalis, a Gram-positive bacterium, has been commonly found in
periapical lesions [3]. Lipoteichoic acid (LTA) is an important
etiologic agent of Gram-positive bacteria, which is considered as
the counterpart of lipopolysaccharide (LPS) of Gram-negative
bacteria [4]. LTA of pathogens can efficiently induce inflammatory
responses by induction of pro-inflammatory cytokines and
chemokines in the host [5, 6].
Commensal bacteria produce short-chain fatty acids (SCFAs)

including acetate, propionate, and butyrate by the fermentation of
dietary fibers [7]. SCFAs serve as a modulator of mucosal immune
responses and the epithelial barrier function [8]. SCFAs can reduce
intestinal diseases such as colitis and inflammatory bowel disease
[9] and LPS-induced pro-inflammatory factors such as TNF-α and
nitric oxide in rat neutrophils [10]. In contrast, SCFAs can facilitate
inflammatory responses as butyrate increases the IL-1β in LPS-

stimulated THP-1 cells [11]. SCFAs increase IL-6 and CXCL8 in TNF-
α-induced human lung fibroblasts [12]. The concentration of total
SCFAs in subgingival plaque samples is positively correlated with
the degree of gingival inflammation [13]. Butyrate and propionate
are frequently detected in the root canals of teeth suffering from
apical periodontitis [14]. Therefore, LTA and SCFAs, both of which
are commonly found in the apical lesions, may possibly cooperate
to induce inflammation and subsequent apical periodontitis.
Inflammasomes are cytosolic protein complexes that mediate

the innate immunity by releasing IL-1β and IL-18 [15]. Inflamma-
some activation is induced by two pathways: the canonical
pathway mediated by caspase-1 and the non-canonical pathway
mediated by caspase-4, caspase-5 (in human), and caspase-11 (in
mice) [16]. Pathogen-derived ligands or endogenous danger
signals can induce pro-IL-1β expression and NLRP3 activation.
Subsequently, the activated NLR family pyrin domain containing 3
(NLRP3) recruits apoptosis-associated speck-like protein contain-
ing a caspase recruitment domain (ASC) and pro-caspase-1, which
triggers assembly of the inflammasome complex. This leads to
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caspase-1 cleavage to the active form responsible for mature IL-1β
secretion [17]. IL-1β induces periodontal tissue and bone
destruction [18, 19]. IL-1β expression in gingival crevicular fluid
is related to the severity of periodontal diseases [20]. The
inflammasome activation and IL-1β expression are increased in
periapical lesions with apical periodontitis [21, 22]. Thus,
inflammasome activation induced by secretory microbial mole-
cules may be important in the pathogenesis of apical period-
ontitis. In the present study, we investigated if E. faecalis LTA
(Ef.LTA) in combination with SCFAs can induce the inflammasome
activation and IL-1β production in THP-1, a human monocytic cell
line commonly utilized in inflammasome research [23]. At this end,
we confirmed the in vitro results in vivo using a rat apical
periodontitis model [24].

RESULTS
Ef.LTA in the presence of SCFAs substantially induces
inflammasome activation
We first examined the effect of SCFAs on Ef.LTA-induced
inflammasome activation. PMA-differentiated THP-1 cells were
treated with Ef.LTA in the presence or absence of acetate,
butyrate, or propionate. The degree of inflammasome activation
was determined by the detection of cleaved caspase-1 (p20) and
mature IL-1β (p17) in culture supernatants. While Ef.LTA alone
induced IL-1β at negligible levels, Ef.LTA in combination with
butyrate (highly) or propionate (moderately) induced IL-1β
expression (Fig. 1A). Ef.LTA alone induced pro-IL-1β expression
but not mature IL-1β secretion, indicating that Ef.LTA primes the
cells to generate pro-IL-1β. Ef.LTA in combination with butyrate

or propionate induced both pro-IL1β expression and mature IL-
1β secretion (Fig. 1B). Cleaved caspase-1 was not detected in the
group treated with Ef.LTA only. However, when the cells were co-
treated with SCFAs and Ef.LTA, both mature IL-1β and cleaved
caspase-1 were notably detected in the cell culture supernatants.
In addition, butyrate (highly) and propionate (moderately)
enhanced mature IL-1β secretion in the presence of Ef.LTA while
acetate did not show an effect. Caspase-1 activation was also
observed in the culture supernatant from the cells treated with
Ef.LTA plus either butyrate or propionate. Among the SCFAs
examined, butyrate most potently induced Ef.LTA-induced
inflammasome activation. The expression of IL-1β in the cells
co-treated with Ef.LTA and butyrate was increased in a time-
dependent manner (Fig. 1C). In addition, Ef.LTA induced caspase-
1 activation and IL-1β secretion in the presence of butyrate in a
dose-dependent manner (Fig. 1D, F). Butyrate also induced
caspase-1 activation and IL-1β secretion in the presence of Ef.LTA
in a dose-dependent manner (Fig. 1E, G). These results suggest
that caspase-1-mediated IL-1β maturation is related with the
Ef.LTA/butyrate-activated inflammasome in PMA-differentiated
THP-1 cells.

D-alanine moieties of Ef.LTA structure is critical for the
inflammasome activation
Next, to determine whether this is a common phenomenon
associated with LTAs of Gram-positive bacteria or due to the
unique characteristics of Ef.LTA, we examined the inflamma-
some activation by LTAs purified from other Gram-positive
bacteria in the presence of butyrate. As shown in Fig. 2A, B, LTAs
from S. gordonii, E. faecalis, S. aureus, and B. subtilis efficiently

Fig. 1 E. faecalis LTA together with butyrate potently induces IL-1β secretion and caspase-1 activation in human macrophages. A, B PMA-
differentiated THP-1 cells were stimulated with 10 μg/ml of E. faecalis LTA (Ef.LTA) in the presence or absence of sodium acetate (NaA), sodium
butyrate (NaB) or sodium propionate (NaP) for 6 h. A IL-1β expression in culture supernatants was determined by ELISA. B The pro- or active
forms of caspase-1 and IL-1β in the culture supernatants (Sup) and pro-IL-1β and β-actin in the cell lysates (Cell) were detected by
immunoblotting. C The cells were stimulated with indicated stimuli for various time points and IL-1β secretion in the culture supernatants was
measured by ELISA. D, E The cells were incubated with indicated stimuli for 6 h. Pro- or active forms of caspase-1 and IL-1β in the culture
supernatants (Sup) and pro-IL-1β and β-actin in the cell lysates (Cell) were detected by immunoblotting. F, G The cells were incubated with
indicated stimuli for 6 h. IL-1β expression in the culture supernatants was measured by ELISA. Pam3CSK4 was used as a positive control. All
results are expressed as mean ± SD of triplicate samples. *p < 0.05.
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induced caspase-1 activation and IL-1β secretion in the presence
of butyrate while LTAs from S. mutans, S. pneumoniae, and L.
plantarum did not show these effects. We previously reported
that the D-alanine and glycolipid moieties of LTA are responsible
for its immunological properties [25–27]. When the cells were
stimulated with dealanylated-Ef.LTA and dealanylated/deacy-
lated-Ef.LTA in the presence or absence of butyrate, neither
dealanylated- nor dealanylated/deacylated-Ef.LTA induced
caspase-1 activation and IL-1β secretion in the presence of
butyrate (Fig. 2C, D). These results suggest that D-alanine
moieties of LTA are important for Ef.LTA/butyrate inflammasome
activation in macrophages.

Ef.LTA/butyrate induces NLRP3 inflammasome activation
NLRP3 inflammasome is necessary for caspase-1 activation and IL-
1β production [28]. One suggestion is that a microbial
component-mediated priming signal stimulates the production
of NLRP3 and pro-IL-1β through nuclear factor kappa-B (NF-κB)
[29]. In addition, G-protein coupled receptor (GPCR) and toll-like
receptor 2 (TLR2) sense SCFAs and Ef.LTA, respectively [4, 30].
Thus, we first examined whether TLR2 and GPCR were related to
Ef.LTA/butyrate-induced IL-1β expression. When the cells were
pre-treated with TLR2-neutralizing antibody or PTX, an inhibitor of
GPCR, Ef.LTA/butyrate-induced IL-1β expression was significantly
reduced (Fig. 3A, B). The cells pre-treated with NF-κB inhibitors
such as BAY 11-7082 and TPCK inhibited Ef.LTA/butyrate-induced
IL-1β expression without affecting cell viability (Fig. 3C, D). These
results suggest that TLR2/GPCR recognition of Ef.LTA/butyrate and
NF-κB activation play critical roles in IL-1β expression. The NLRP3

inflammasome complex consisting of ASC and pro-caspase-1
promotes IL-1β secretion [31]. Indeed, the cells treated with
Ef.LTA/butyrate showed an increase in the expression of NLRP3,
ASC, and caspase-1 and the colocalization of NLRP3 with ASC or
caspase-1 (Fig. 4A). Ef.LTA/butyrate but not Ef.LTA or butyrate
alone also induced ASC speck formation (Fig. 4B, C). These results
suggest that Ef.LTA/butyrate, but not Ef.LTA or butyrate alone,
promotes NLRP3 inflammasome activation by forming the
complex consisting of NLRP3, ASC, and caspase-1.

Ef.LTA/butyrate induces IL-1β secretion via potassium (K+)
efflux
Blocking of K+ efflux by extracellular potassium reduces IL-1β
secretion by attenuating NLRP3 activation [32]. Therefore, we
hypothesized that K+ efflux is critical for Ef.LTA/butyrate-induced
IL-1β secretion. As a result, high extracellular KCl suppressed
Ef.LTA/butyrate-induced caspase-1 activation and IL-1β produc-
tion (Fig. 5A, B). Consistently, glibenclamide, an ATP-sensitive K+

channel blocker, inhibited IL-1β induced by Ef.LTA/butyrate (Fig.
5C). These findings imply that Ef.LTA/butyrate-induced NLRP3
inflammasome formation and IL-1β release are dependent on K+

efflux.

Activation of both caspase-1 and caspase-4 is required for
Ef.LTA/butyrate-induced inflammasome activation
Inflammasomes are activated through canonical and non-
canonical pathways mediated through caspase-1 and caspase-4,
respectively [33]. When the cells were pre-treated with inhibitors
for caspase-1 (Z-YVAD FMK) or caspase-4 (Z-LEVD FMK), IL-1β

Fig. 2 D-alanine moieties of Ef.LTA are critical for inflammasome activation. A, B PMA-differentiated THP-1 cells were stimulated with
10 μg/ml of LTAs purified from Streptococcus mutans (Sm.LTA), Streptococcus gordonii (Sg.LTA), E. faecalis (Ef.LTA), Streptococcus pneumoniae
(Sp.LTA), Staphylococcus aureus (Sa.LTA), Bacillus subtilis (Bs.LTA) and Lactobacillus plantarum (Lp.LTA) or 0.5 μg/ml of Pam3CSK4 in the presence
or absence of NaB (10mM) for 6 h. After the stimulation, the pro- or active forms of caspase-1 and IL-1β in the culture supernatants (Sup) and
pro-IL-1β and β-actin in the cell lysates (Cell) were detected by immunoblotting. C, D PMA-differentiated THP-1 cells were stimulated with
dealanylated (Δala)-Ef.LTA and dealanylated/deacylated (Δala/acyl)-Ef.LTA in the presence or absence of NaB for 6 h. C Pro- or active forms of
caspase-1 and IL-1β in the culture supernatants (Sup) and pro-IL-1β and β-actin in the cell lysates (Cell) were detected by immunoblotting.
D IL-1β expression in the culture supernatants was measured by ELISA. Pam3CSK4 was used as a positive control. The results shown are
representative of triplicate experiments.
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secretion by Ef.LTA/butyrate was inhibited (Fig. 6A, B), implying
that both canonical and non-canonical pathways are involved.
Active caspase-1 and caspase-4/caspase-5/caspase-11 have been
known to cleave Gasdermin D (GSDMD), and the N-terminal
domain of GSDMD induces cytokine release and pyroptosis via
membrane pore formation [34, 35]. Therefore, we examined
whether GSDMD is cleaved by Ef.LTA/butyrate. As shown in Fig.
6C, Ef.LTA/butyrate, but not Ef.LTA or butyrate alone, increased
cleavage of GSDMD. However, Ef.LTA/butyrate did not induce LDH
release, a marker of pyroptosis (Fig. 6D). Ef.LTA/butyrate sig-
nificantly increased the number of PI-positive cells, but the
absolute percentage of PI-positive cells was markedly low (<5%)
(Fig. 6E). These results indicate that Ef.LTA/butyrate induce
GSDMD-dependent IL-1β secretion without pyroptosis.

Histone deacetylase (HDAC) inhibition modulates the Ef.LTA-
induced IL-1β secretion via caspase-1 activation
Butyrate acts as an HDAC inhibitor that modulates gene
expression through histone acetylation [36]. HDAC inhibitors
increase LPS-induced IL-1β expression in macrophages and
dendritic cells [37]. Thus, we examined whether HDAC inhibition
is related to Ef.LTA-induced IL-1β secretion. Like Ef.LTA/butyrate,
Ef.LTA and trichostatin A (an HDAC inhibitor) co-treatment
efficiently induced secretion of mature IL-1β and caspase-1
activation (Fig. 7A, B). In addition, Ef.LTA/butyrate increased
histone acetylation (Fig. 7C). Therefore, HDAC inhibition might
be involved in Ef.LTA/butyrate-induced inflammasome formation.

Ef.LTA and butyrate co-treatment increases IL-1β expression
in rat apical area
E. faecalis and butyrate are commonly found in the root canals of
teeth with refractory apical periodontitis [14, 38]. Thus, we
examined the effect of Ef.LTA and butyrate on IL-1β expression

in vivo using the previously established rat apical periodontitis
model [24]. As shown in Fig. 8A, in PBS group, H&E or
immunofluorescence staining of mandibular molar tissue sections
showed a tissue damage limited to the coronal pulp chamber. The
pulp tissue in the root canal remained viable with increased
fibrosis, neutrophil aggregation, and vascularity in the upper part
of the root canal. In the Ef.LTA treatment group, some specimens
had areas of inflammatory necrosis extending to the middle root
area with viable pulp tissue remaining underneath. In the Ef.LTA
and butyrate co-treatment group, necrosis of pulp tissue was
found in the entire pulp area including root canals, and neutrophil
aggregation and bone resorption area was relatively large around
the root apex (Fig. 8A). The pulp necrosis level in the Ef.LTA and
butyrate co-treatment group was higher than the other groups
(Fig. 8B). We also observed that the teeth treated with Ef.LTA and
butyrate exhibited a markedly increased IL-1β and caspase-1 p20
expression around the root apex (Fig. 8C, D). These results provide
in vivo evidence for pathogenesis of apical periodontitis and
Ef.LTA/butyrate-induced IL-1β production.

DISCUSSION
As summarized in Fig. S1, Ef.LTA in combination with butyrate
potently enhanced IL-1β expression and inflammasome activation
involving NLRP3, ASC, and caspase-1 through both canonical and
non-canonical pathways. Recognition of Ef.LTA/butyrate by TLR2/
GPCR, K+ efflux, and GSDMD cleavage are critical for Ef.LTA/
butyrate-induced IL-1β expression. The increased IL-1β and
caspase-1 expression by Ef.LTA/butyrate was confirmed in the
rat apical periodontitis model. Therefore, we suggest that Ef.LTA/
butyrate-enhanced inflammasome activation might be important
for the inflammation of apical lesions that contributes to the
development of apical periodontitis.

Fig. 3 TLR2/GPCR are crucial for Ef.LTA/NaB-induced inflammasome activation. PMA-differentiated THP-1 cells were pre-treated with the
TLR2-neutralizing antibody or its isotype control antibody (A), PTX (B), TPCK, or BAY 11-7082 (C) for 1 h and subsequently co-stimulated with
Ef.LTA (10 μg/ml) and NaB (10mM) for an additional 6 h. IL-1β expression in the culture supernatants was measured by ELISA. p < 0.05. D The
cells were subjected to MTT assay to determine cell viability. VC denotes vehicle control (DMSO).
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SCFAs and Ef.LTA synergistically induced the inflammasome
activation and IL-1β expression in macrophages and rat apical
periodontitis models. Ef.LTA primes the cells to induce pro-IL-1β,
and NaB promotes IL-1β secretion via caspase-1 expression and
activation through K+ efflux, the formation of NLRP3 inflammasome
complex, and HDAC inhibition. Consistent with these findings,
SCFAs including acetate, butyrate, and propionate enhanced
inflammasome activation and IL-1β secretion in macrophages
infected with Salmonella enterica serovar Typhimurium [39]. In
contrast, we showed that LTA alone was insufficient to induce
inflammasome activation. Concordantly, Ef.LTA was reported to
directly activate the NLRP3 inflammasome, but Ef.LTA-induced IL-1β
was extremely low (less than 15 pg/ml) and caspase-1 expression
was observed only in the cell lysate but not in the culture
supernatant [40]. Although some studies reported that butyrate
inhibits NLRP3 inflammasome [41, 42], some evidence supported
positive correlation between butyrate and inflammasome activation
in LPS-primed monocytes or macrophages [11, 39].
Both TLR2 and GPCR appear to be essential for Ef.LTA/butyrate-

induced inflammasome activation. Indeed, the binding of LTA to
TLR2 activates inflammatory responses [4]. For instance, LTA-
induced inflammatory mediators and chemokines were not
observed in TLR2-deficient macrophages [5, 43], suggesting that
TLR2 is pivotal for LTA-induced inflammatory responses. GPCRs
including GPR43, GPR41, and GPR109A are essential for SCFA-
mediated regulation [44]. In addition, TLRs have been shown to
modulate GPCR-mediated innate immune responses through
regulation of the expression of arrestin-/GPCR-associated kinases
[45]. Therefore, the inhibition of TLR2/GPCR would be a target to
control Gram-positive bacteria-induced inflammatory responses.

In our study, both caspase-1 (canonical inflammasome) and
caspase-4 (non-canonical inflammasome) are required for Ef.LTA/
butyrate-induced IL-β release. Ef.LTA/butyrate, but not Ef.LTA
alone, efficiently activated the NLRP3 inflammasome. Ef.LTA/
butyrate increased the expression of NLRP3, ASC, and caspase-1
and the colocalization of NLRP3 with ASC or caspase-1. SCFAs
have been reported to bind to ASC and NLRP3 [39], yet the
regulatory mechanism of caspase-1 expression by SCFAs is not
clear and needs further study. Caspase-4 is related to Ef.LTA/
butyrate-induced IL-1β, but the mechanism for caspase-4 activa-
tion also needs further study. Cytosolic S. aureus LTA induces
caspase-1 activation and IL-1β/IL-18 secretion through NLRP6/
caspase-11 activation in macrophages [23]. This suggests that the
inflammasome activation by direct binding of cytosolic LTA to
NLRP6 contributes to the progression of intracellular infection by
Listeria monocytogenes. In addition, cytosolic S. mutans LTA
induces IL-1β secretion via the NLRP6-caspase 4 inflammasome
in LPS-primed human dental pulp cells [46]. We also observed that
Ef.LTA delivered intracellularly significantly increases IL-1β produc-
tion (Fig. S2). Further studies are required to determine the
differences in the regulatory mechanisms of NLRP6/caspase-11-
mediated inflammasome activation between extracellular and
intracellular pathogens.
We observed that LTAs of some bacterial species, but not all,

could synergistically induce inflammasome activation when co-
treated with butyrate. The differential immunostimulating activity
of Gram-positive bacteria may be due to the difference in their
LTA structure [6]. LTA can be classified into five types based on
molecular structure [4]. The number of repeating units and
D-alanine contents and the degree of the saturation of the acyl

Fig. 4 Ef.LTA/NaB activates the NLRP3 inflammasome. A PMA-differentiated THP-1 cells were treated with NaB (10 mM) in the presence or
absence of Ef.LTA (10 μg/ml) for 6 h. The cells were lysed, and ASC or NLRP3 proteins were immunoprecipitated with appropriate antibodies.
Then, the immunoprecipitated complexes were analyzed by Western blotting using specific antibodies to NLRP3 or caspase-1. The expression
of NLRP3, caspase-1, and ASC was determined by Western blotting. B, C PMA-differentiated ASC-GFP-THP-1 cells were treated with Ef.LTA
(10 μg/ml), NaB (10 μM), or Ef.LTA/NaB for 6 h. B The cells were fixed, observed and photographed by fluorescence microscopy. The arrows
indicate ASC speck formations. C ASC specks per cell were enumerated using ImageJ software. E. coli LPS (1 μg/ml)/Nigericin (10mM) was used
as a positive control. *p < 0.05.
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chain in LTA are different for each bacterial species [47, 48]. LTAs
from S. aureus and S. pneumoniae induce inflammatory responses
through the production of nitric oxide and IL-6 [49, 50]. However,
Lactobacilli LTAs have anti-inflammatory properties. For instance,

L. plantarum LTA attenuates Pam2CSK4 and Poly I:C-induced IL-8
production in intestinal epithelial cells [27, 51]. The acyl group of S.
aureus LTA and L. rhamnosus GG LTA contains saturated and
unsaturated fatty acid, respectively [48]. We also observed in the

Fig. 5 K+ efflux is crucial for Ef.LTA/NaB-induced inflammasome activation. A PMA-differentiated THP-1 cells were pre-treated with or
without 25 or 50mM of potassium chloride (KCl) for 1 h and subsequently co-stimulated with Ef.LTA (10 μg/ml) and NaB (10mM) for 6 h. Then,
the culture supernatants were collected and the levels of pro- or active caspase-1 and IL-1β were determined by immunoblotting. B The
concentrations of IL-1β secreted into the culture supernatants were measured using ELISA. C The cells were pre-treated with glibenclamide (5
or 50 μM) for 1 h and subsequently co-stimulated with Ef.LTA (10 μg/ml) and NaB (10mM) for an additional 6 h. IL-1β expression in the culture
supernatants was measured by ELISA. Pam3CSK4 was used as a positive control. VC denotes vehicle control (DMSO). *p < 0.05. The results
shown are representative of triplicate experiments.

Fig. 6 Activation of both caspase-1 and caspase-4 is required for Ef.LTA/NaB-induced inflammasome activation. A PMA-differentiated
THP-1 cells were pre-treated with the indicated concentrations of the caspase-1 inhibitor (Z-YVAD-FMK), the caspase-4 inhibitor (Z-LEVD-FMK),
for 1 h and subsequently co-stimulated with Ef.LTA (10 μg/ml) and NaB (10mM) for an additional 6 h. IL-1β expression in the culture
supernatants was measured by ELISA. B Pro- or active caspase-1 and IL-1β in the culture supernatants (Sup) and pro-IL-1β and β-actin in the
cell lysates (Cell) were detected by immunoblotting. Pam3CSK4 was used as a positive control. C The cells were co-stimulated with Ef.LTA
(10 μg/ml) and NaB (10mM) for 6 h. Then, the culture supernatants were collected and the level of cleaved GSDMD was determined by
immunoblotting. D The cells were co-stimulated with Ef.LTA (10 μg/ml) and NaB (10mM) for 24 h. The LDH in culture supernatants was
measured using the LDH-cytotoxicity colorimetric assay kit. E The cells were co-stimulated with Ef.LTA (10 μg/ml) and NaB (10mM) for 6 h and
stained with PI. The images were captured under a microscope and PI-positive cells were counted by ImageJ software. VC denotes vehicle
control (DMSO). The results shown are representative of triplicate experiments. All results are expressed as mean ± SD of triplicate samples.
*p < 0.05.
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Fig. 7 HDAC inhibition is necessary for inflammasome activation by Ef.LTA/NaB. A PMA-differentiated THP-1 cells were stimulated with
Ef.LTA (10 μg/ml) in the presence of NaB (10mM) or indicated concentrations of trichostatin A (TSA) for 6 h. Then, the culture supernatants
were collected and the levels of pro- or active caspase-1, IL-1β were determined by immunoblotting. B The concentrations of IL-1β secreted
into the culture supernatants was measured using ELISA. The results shown are representative of triplicate experiments. Pam3CSK4 was used
as a positive control. VC denotes vehicle control (DMSO). All results are expressed as mean ± SD of triplicate samples. *p < 0.05. C The cells
were stimulated with NaB, NaB, or NaP in the presence or absence of Ef.LTA. The cells were lysed and subjected to Western blotting using anti-
acetyl-histone H3 antibody.

Fig. 8 Ef.LTA together with NaB cooperatively increases IL-1β expression around the root apex in rat apical periodontitis model. Six-
week-old female pathogen-free Sprague-Dawley rats were anesthetized and the pulp of bilateral first mandibular molars was exposed. A
collagen sheet soaked with PBS, 10 μg of Ef.LTA, 10mM of NaB, or Ef.LTA/NaB was inserted into the pulp chamber and then plugged with a
sterile cotton pellet. A After 4 weeks, the mandibles were fixed and decalcified. Decalcified mandibles were embedded in paraffin, sectioned
longitudinally and attached to glass slides. The sections of the mandibular molars were stained with H&E, and the expression of IL-1β was
identified by immunofluorescence staining using anti-rat IL-1β antibody. Nuclei were stained with Hoechst 33258. The samples were observed
using fluorescence microscopy. DIC = differential interference contrast. Scale bars= 200 μm. B The pulp necrosis level was assessed
histometrically for the root canal of each tooth. Score 0 indicates no pulp cell necrosis in the entire root. Scores of 1, 2, and 3 indicate partial
necrosis in the coronal one-third of the root canal, necrosis in two-thirds of the whole root canal, and full necrosis of the root canal,
respectively. C, D Quantitative analysis of the relative fluorescence intensity was performed using ZEN software. *p < 0.05.
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present study that neither dealanylated nor dealanylated/deacy-
lated Ef.LTA induced inflammasome activation in the presence of
butyrate. These results indicate that the structure of LTA may be a
critical factor in determining inflammasome activation in the
presence of SCFAs.
We showed that Ef.LTA/butyrate efficiently induced IL-1β in

PMA-differentiated THP-1 cells and apical lesions in rats with
apical periodontitis. Consistent with our results, butyrate
potentiated LPS-induced IL-1β secretion from THP-1 cells [11].
SCFAs increased TNF-α-induced IL-6 and CXCL8 in human lung
fibroblasts [12]. Butyrate increased a killed Vibrio cholerae-
induced CCL20 secretion from human intestinal epithelial cells
[52]. In addition, orally administered SCFAs could induce renal
disease via increased inflammatory Th17 and Th1 cells in ureter
and kidney tissues in mice [53]. However, an impact of SCFAs on
anti-inflammatory responses has also been reported. SCFAs
reduced pro-inflammatory molecules such as nitric oxide and
TNF-α induced by staphylococcal lipoproteins or E. coli LPS in
murine macrophages and human peripheral blood mononuclear
cells [54, 55]. SCFAs reduced the risk of LPS- and pathogen-
induced diseases such as periodontitis and sepsis through down-
regulation of pro-inflammatory cytokines [56, 57]. A reduction of
butyrate-producing bacteria such as Roseburia hominis and
Faecalibacterium prausnitzii is related with ulcerative colitis [58].
The opposing effects of SCFAs on inflammatory responses may
be due to tissue tropism or differential effects on local vs.
systemic inflammation.
Inflammasome activation plays an important role in the

pathogenesis of apical periodontitis. For instance, periapical tissue
sections exhibited increased expression of NLRP3 proteins [22].
Increased expression of NLRP3, caspase-1, and IL-1β in periapical
inflamed tissue was also reported [40]. In this study, we also
observed the positive correlation between Ef.LTA/butyrate co-
treatment and increased IL-1β expression around the root apex
and pulp necrosis level. Ef.LTA/butyrate did not induce pyroptosis
of THP-1 cells in our study. However, because Ef.LTA/butyrate
induced pulp necrosis in vivo, further study is needed to elucidate
the role of Ef.LTA/butyrate on dental pulp cell death. Collectively,
IL-1β and the inflammasome might be used as molecular targets
for apical periodontitis.

MATERIALS AND METHODS
Reagents and chemicals
Bacillus subtilis ATCC 6633, E. faecalis ATCC 29212, Staphylococcus aureus
ATCC 29213, and Streptococcus pneumoniae ATCC 27336 were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Streptococcus mutans KCTC 3065 and Lactobacillus plantarum KCTC 10887BP
were obtained from the Korean Collection for Type Culture (Daejeon, Korea).
Streptococcus gordonii CH1 was kindly provided from Prof. Paul M. Sullam
(University of California at San Francisco). LTAs were purified from B. subtilis,
E. faecalis, L. plantarum, S. aureus, S. gordonii, S. mutans, and S. pneumoniae
as previously described [6]. To remove the D-alanine of Ef.LTA, Ef.LTA was
treated with 0.1 M Tris-HCl at pH 8.5 for 24 h. To remove D-alanine/acyl
moieties, Ef.LTA was treated with 0.5 N NaOH for 2 h followed by
neutralization of pH as previously described [25]. Pam3CSK4 was obtained
from InvivoGen (San Diego, CA, USA). Escherichia coli LPS, dimethyl sulfoxide
(DMSO), potassium chloride (KCl), phorbol 12-myristate 13-acetate (PMA),
trichloroacetate (TCA), sodium acetate, sodium butyrate, sodium propionate,
N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK), glibenclamide, and
trichostatin A were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA).
Z-YVAD-FMK and Z-LEVD-FMK were purchased from ApexBio (Hsinchu,
Taiwan) and Biovision (Milpitas, CA, USA), respectively. Pertussis toxin (PTX)
was purchased from Tocris Bioscience (Bristol, UK). Propidium iodide (PI) was
obtained from BD Biosciences (San Jose, CA, USA). Antibodies are listed in
Supplementary Table 1.

Cell culture and stimulation
THP-1 cells were obtained from the ATCC and ASC-GFP-THP-1 cells were
kindly provided from Prof. Je-Wook Yu (Yonsei University, Seoul, Korea).

The cells were grown in RPMI 1640 medium containing 10% heat-
inactivated fetal bovine serum (FBS) (Gibco, Burlington, ON, Canada), 100
U/ml penicillin, and 100 μg/ml streptomycin (Hyclone, Logan, UT, USA) at
37 °C in a humidified incubator with 5% CO2. THP-1 cells were
differentiated into macrophages by treatment with 100 nM PMA for 2 days.

Western blotting
PMA-differentiated THP-1 cells were stimulated with indicated stimuli for
6 h, and cells and culture supernatants were collected separately. The
culture supernatants were mixed with 10% TCA at 4 °C for 30min followed
by centrifugation at 18,400 × g for 10 min. The precipitated cell pellets
were washed with 100% acetone and mixed with 15 μl of 0.1 N NaOH.
Western blotting was performed as previously described [5]. In a separate
experiment, the cells were lysed and immunoprecipitated with anti-ASC or
anti-NLRP3 antibody and protein G-agarose beads as previously described
[59].

Enzyme-linked immunosorbent assay (ELISA)
PMA-differentiated THP-1 cells were plated onto a 96-well culture plate
overnight and stimulated with indicated stimuli. The commercial ELISA kit
(Biolegend, San Diego, USA) was used to quantify IL-1β expression in the
culture supernatants.

ASC speck assay
ASC-GFP-THP-1 cells were seeded onto glass cover slips in 24-well
culture plates at 1.25 × 105 cells/well and cultured in the presence of
100 ng/ml of PMA for 48 h. Culture media were then replaced with fresh,
serum-free RPMI 1640 media and cultured for additional 24 h. The cells
were treated with Ef.LTA (10 μg/ml), NaB (10 μM), or Ef.LTA (10 μg/ml)/
NaB (10 μM) for 6 h. E. coli LPS (1 μg/ml)/Nigericin (10 μM) was used as a
positive control. At the end of the treatment, the cells were fixed,
observed, and photographed by fluorescence microscopy. ASC specks
per cell were enumerated using ImageJ software (NIH, Bethesda,
MD, USA).

PI staining
The cells were stained with 20 μΜ of PI and Hoechst 33258 for 20min and
the images were captured with a BX51 fluorescence microscopy with a
DP72 digital camera (Olympus, Tokyo, Japan). PI-positive cells were
counted by ImageJ. Five fields of cells (1000 cells) were counted and the
data are presented as the percentage of PI-positive cells per total cells
counted.

Lactate dehydrogenase (LDH) release assay
PMA-differentiated THP-1 cells were plated onto a 96-well culture plate
overnight and stimulated with indicated stimuli for 24 h. The presence of
LDH in the cell culture supernatants was measured by LDH-cytotoxicity
colorimetric assay kit (Biovision, Milpitas, CA, USA).

Rat apical periodontitis model
The animal experiments were conducted under the approval of the
Institutional Animal Care and Use Committee of Seoul National University
(SNU-180607). The rat apical periodontitis model was prepared as
described previously [24]. Six-week-old female pathogen-free Sprague-
Dawley rats were purchased from Orient Bio (Seongnam, Korea). Pulp-
exposed molars were randomly assigned into four groups according to the
inserted agents. A collagen sheet soaked with PBS, 10 μg of Ef.LTA, 10 mM
of NaB, or Ef.LTA plus NaB was inserted into the pulp chamber by slight
plugging with a dental explorer tip for each group (n= 8/group). The
remainder of the cavity in the pulp chamber was filled using dental
adhesives and flowable composite resin (Single Bond Universal and Filtek
Supreme Ultra Flowable; 3M ESPE, St. Paul, MN, USA). No sample was
excluded in our analysis.

Histology
The animals were euthanized 4 weeks after surgery, and half of the
mandibles were fixed in 4% paraformaldehyde for 12 h. The mandibles
were decalcified in 17% EDTA in PBS (pH 8.0) for 5 weeks at room
temperature with agitation. Decalcified mandibles were embedded in
paraffin, sectioned longitudinally, and attached on glass slides. The
sections of the mandibular molars were stained with H&E or
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immunofluorescence staining, and the pulp necrosis level was assessed as
previously described [24, 60]. The samples were assessed using BX51
fluorescence microscopy with a DP72 digital camera.

Statistical analysis
The data are presented as mean values ± standard deviations (SD) from
triplicate samples unless otherwise stated. Statistical significance was
examined by one-way ANOVA, followed by Dunnett’s multiple compar-
isons test or Student’s t test using GraphPad Prism 6 software (GraphPad
Software Inc., La Jolla, CA, USA).

DATA AVAILABILITY
Data supporting the present study are available from the corresponding author upon
request.
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