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Abstract

Aim: To investigate the effects of sodium butyrate (NaB) and lipopolysaccharide
(LPS) on gingival epithelial barrier.

Material and methods: We cultured human primary gingival epithelial cells and in-
vestigated the effects of NaB and LPS on gingival epithelial barrier and involved
mechanisms at in vitro and in vivo levels by immunostaining, confocal microscopy,
field emission scanning electron microscopy (FE-SEM), transmission electronic mi-
croscopy (TEM), transepithelial electrical resistance (TEER), FTIC-dextran flux, flow
cytometry, real-time PCR and Western blot assays.

Results: Our results showed that NaB, rather than LPS, destroyed the epithelial bar-
rier by breaking down cell-cell junctions and triggering gingival epithelial cell pyropto-
sis with characteristic morphological changes, including swollen cells, large bubbles,
pore formation in the plasma membrane and subcellular organelles changes. The
upregulated expression of pyroptosis-related markers, caspase-3 and gasdermin-E
(GSDME) contributed to this effect. Pyroptosis aroused by NaB is a pro-inflammatory
cell death. Pyroptotic cell death provoked inflammatory responses by upregulation of
IL-8 and MCP-1, and releasing intracellular contents into the extracellular microenvi-
ronment after pyroptotic rupture of the plasma membrane.

Conclusions: Our new findings indicate that butyrate is a potent destructive factor of
gingival epithelial barrier and pro-inflammatory mediator, which shed a new light on

our understanding of periodontitis initiation.
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microorganisms, which carry many virulence factors including LPS,

butyrate (bacterial metabolite) and so on (How, Song, & Chan, 2016;

Periodontal diseases place an enormous economic burden on the
public health care system, and there was a 57.3% increase in the
global burden from 1990 to 2010 (Jin et al., 2016; Tonetti, Jepsen,
Jin, & Otomo-Corgel, 2017). The inflammatory status of periodontal

diseases is highly related to the pathogenic gram-negative anaerobic

Yu et al., 2014). The key virulence factor, LPS, has been proven to
be highly inflammatory to gingival fibroblasts or periodontal liga-
ment cells, but not a potent inducer of inflammation in gingival
epithelial cells (Darveau et al., 2004; Kusumoto et al., 2004). The

gingival epithelia form the first line of periodontal defence and
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play a critical role in protecting the underlying tissue against vari-
ous harmful insults (Jin, 2011). The mucosa, which was considered
merely a mechanical barrier, is now considered to be as a biological
barrier too and plays a major role in the induction and maintenance
of local immunity (Hammad & Lambrecht, 2015). Any breach of the
barrier function results in the penetration of pathogens through the
epithelium and arouses strong inflammatory reactions (Choi, Kim,
Ji, & Choi, 2014; Groeger & Meyle, 2015; Meyle & Chapple, 2015).
Because destruction of epithelium is the first step of periodonti-
tis, the exploring of virulence factors responsible for penetrating
the epithelial barrier and initiating the process of periodontitis is of
great significance.

Butyrate is a metabolite of anaerobic bacteria. Tonetti and Singer
raised a hypothesis that the short-chain fatty acids (including bu-
tyrate) were important virulence factors of anaerobic bacteria in
periodontal diseases (Singer & Buckner, 1981; Tonetti et al., 1987).
Inspired by these groundbreaking studies, we focused on this field
and demonstrated that butyrate was highly related to the status of
periodontal inflammation (Li, Meng, & Gao, 2012; Lu, Meng, Gao, Xu,
& Feng, 2014). In addition, butyrate is demonstrated to inhibit the
proliferation of gingival epithelial cells at low concentrations and to
induce apoptotic or autophagic death at high concentrations (Evans
et al., 2016; Tsuda, Ochiai, Suzuki, & Otsuka, 2010). Therefore, we
supposed that butyrate might be an initiator of periodontitis and de-
stroys the periodontal epithelial barrier.

Pyroptosis, a pro-inflammatory programmed necrosis, is char-
acterized by cellular and nuclear swelling (Sun, Lu, Pervaiz, Cao, &
Gan, 2005), balloon-shaped bubbles blowing around the nucleus
(Fernandes-Alnemri et al., 2007), pores formation on plasma mem-
brane (Chen et al.,, 2016; Liu et al., 2016; Russo et al., 2016) and
release of pro-inflammatory mediators (LaRock & Cookson, 2013;
Liu & Lieberman, 2017). Gasdermin-D (GSDMD) and gasdermin-E
(GSDME) are two comparatively definite executioner of pyropto-
sis. GSDMD can be activated by caspase-1, caspase-4, caspase-5
and caspase-11 (Fink & Cookson, 2006; Kayagaki et al., 2015,
2013), while GSDME can only be activated by caspase-3 (Galluzzi
& Kroemer, 2017; Rogers et al., 2017; Wang et al., 2017). Issues re-
garding whether and how butyrate destroys gingival epithelial bar-
rier through pyroptosis and initiates inflammatory destruction of
periodontitis remain largely unknown.

In this study, for the first time, we found that butyrate, rather
than LPS, had the capability to destroy the epithelial barrier by trig-
gering pyroptosis and downregulating the expression of intercellular
junction proteins in human gingival epithelial cells (HGECs). Thus,

our findings shed a new light on the initiation of periodontitis.

2 | MATERIALS AND METHODS
2.1 | Cell culture

Healthy human gingival tissues, following approval by the Ethics
Committee of Peking University School and Hospital of Stomatology
(PKUSSIRB-2011007), and with the written informed consent, were
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Clinical Relevance

Scientific rationale for the study: Butyrate and LPS are both
closely associated with the inflammatory status of peri-
odontitis. Which virulence factor conquers the first line of
barrier and initiates the process of periodontitis, butyrate
or LPS?

Principal findings: Butyrate rather than LPS subverted the
gingival epithelial barrier function by triggering gingival epi-
thelial cell pyroptosis and downregulating the expression of
intercellular junction proteins.

Practical implications: The disturbing gingival epithelial ho-
meostasis by butyrate opened a convenient door for the
entry of periodontal pathogens and have a far-reaching ef-
fect on the initiation of periodontitis. The small molecular
inhibitor, Z-VAD-fmk, may facilitate to prevent or treat peri-
odontal disease.

obtained from healthy patients during third molar extraction pro-
cedures or crown lengthening surgery. Primary human gingival epi-
thelial cells (HGECs) were cultured as described previously (Oda &
Watson, 1990). Cultured HGECs were used between the second and
fourth passages.

2.2 | Animal model

All animal care and experiments were performed in accordance
with permission from the Laboratory of Animal Welfare Ethics of
the Peking University Biomedical Ethics Committee (LA2018252).
Sprague-Dawley (SD) rats (6-8 weeks old) were purchased from
Vital River Laboratory Animal Technology and kept in a specific
pathogen-free barrier facility with five animals in a cage. Fifteen
rats were equally divided into three groups: placebo group (PBS),
LPS group and NaB group. To mimic the in vivo status of LPS and
butyrate, and to elucidate the influence of LPS and butyrate to gin-
gival epithelium, LPS and NaB were applied to rats' gingival sulcus
after anesthetizing with isoflurane. Considering the scouring effect
of gingival crevicular fluid and saliva, we selected 50 mM NaB, five-
fold doses of pathological state, as challenging dose. To coordinate
with butyrate dose, 10 pg/ml LPS was selected. 4 pl PBS, LPS or NaB
was injected into the palatal gingival crevice of the maxillary first
and second molars of rats, at 5 min intervals for 5 times per day. The
application was repeated every other day for 1 week. A section of
tooth and periodontal tissue was preserved in 4% formalin for histo-

pathological analysis.

2.3 | Transepithelial electrical resistance (TEER) and
FITC-dextran transport assays

The permeability of the gingival epithelial barrier was measured by
TEER. HGECs were seeded at a density of 2.5 x 10° on a polyester
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membrane transwell clear insert (diameter of 6.5 mm, pore size of
0.4 pm, Corning 3,470; Corning Inc) and placed in 24-well culture
plates (Corning). The TEER across the epithelium was measured with
an EVOM (Epithelial Volt OhmMeter) with the subtraction of back-
ground resistance from cell-free inserts. HGECs were treated with
10 mM NaB or 1 pg/mL LPS for 48 hr and TEER measurements were
performed. The value was expressed as a percentage relative to the
control group.

To further explore the permeability of the gingival epithelium,
a FITC-dextran transport assay was applied. HGECs were seeded
on polyester membrane inserts, as described above. HGECs were
treated with 10 mM NaB or 1 pg/mL LPS for 48 hr. FITC-dextran
(molecular weight 70 kDa) was added to the upper chamber to give
a concentration of 1 mg/ml and incubated for 30 min, and then
10 pl medium from the lower chamber was collected to measure the

fluorescence level using a multimode microplate reader at 520 nm

(EnSpire; PerkinElmer). Permeability of FITC-dextran was expressed

as a percentage relative to the control group.

2.4 | Mitochondria morphological assays

To label mitochondria morphological changes, HGECs challenged
with or without NaB were assessed by staining with Mito-Tracker
green (Zhang et al., 2018).

Reagents, Biochemical assay, qRT-PCR, Western Blot Analysis,
Histopathological Analysis, Immunocytochemistry Assay and
Immunofluorescence, Field Emission Scanning Electron Microscopic
(FE-SEM) (TEM)
Observations and so on, See Appendix S1.

We selected 1, 5, 10 mM three concentrations for NaB which

and Transmission Electronic Microscopic

were within the scope of detection in periodontitis to test the mor-

phological changes of gingival cells and cellular cytotoxicity, and all
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FIGURE 1 NaB is amore potent virulence factor than LPS for HGECs. (a) Morphological observations of HGECs treated with LPS

(1 or 10 pg/mL) or NaB (1, 5 or 10 mM) at 24 hr and 48 hr. (b) Cell viability analysis of HGECs treated with LPS (1 or 10 pg/ml) or NaB

(1, 5 or 10 mM) at 24-48 hr (n = 3/group; data are expressed as the means = SD; *p < 0.05, vs. NC, t test). (c) LDH release analysis of

the plasma membrane damage of HGECs treated with 1 ug/ml LPS or 10 mM NaB at 48 hr. LDH release (%) = 100 x (experimental

release - spontaneous release)/(maximum release - spontaneous release). (n = 3/group; data are expressed as the means * SD; *p < 0.05, vs.

NC, t test). Abbreviation: NC, control
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FIGURE 2 NaB induces severer inflammatory response than LPS. (a) gRT-PCR analysis of IL-8, MCP-1, TNF-a, IP-10, G-CSF, GM-CSF, VEGF
and RANTES mRNA level in HGECs challenged with 1 pg/mL LPS or 10 mM NaB at 24 hr (n = 3/group; data are expressed as the means + SD;
*p < 0.05, vs. NC, t test). (b) Cell supernatant levels of IL-8, MCP-1, TNF-q«, IP-10, G-CSF, GM-CSF, VEGF and RANTES were assayed in
parallel at 48 hr after 1 pg/ml LPS or 10 mM NaB treatment (n = 3/group; data are expressed as the means + SD; *p < 0.05, vs. NC, t test).
Abbreviation: NC, control. IL-8, interleukin-8. MCP-1, monocyte chemoattractant protein-1. TNF-a, tumour necrosis factor alpha. IP-10,
interferon gamma-induced protein-10. G-CSF, granulocyte colony-stimulating factor. GM-CSF, granulocyte macrophage colony-stimulating
factor. VEGF, vascular endothelial growth factor. RANTES, regulated upon activation normal T-cell expressed and secreted

the three concentrations of NaB showed cytotoxicity and cell mor- 3 | RESULTS
phological changes. In the subsequent experiments, 10 mM was used 31 | NaB is a more potent virulence factor than LPS
as the challenging dose. As for LPS, we chose 1 pg/ml and 10 pg/ml for HGECs

which far exceeds its pathological dose (36.8 pg/ml in the gingival

crevicular fluid of rats in periodontitis) (Jiang et al., 2013). The two To investigate the different effects of NaB and LPS, HGECs were

LPS doses had no cytotoxicity and did not change the morphology of
HGECs, so we used 1 pg/ml LPS dose in the subsequent experiments

except for the in vivo experiment.

treated with different concentration of LPS or NaB for the indi-
cated times. Compared with the untreated control, LPS did not

change cell morphology, which presented as cuboidal cells with



LIU eT AL.

898
= Lwiey- (R

a big nucleocytoplasmic ratio exhibiting a paving stone shape
(Figure 1a left). By contrast, when treated with NaB, HGECs be-
came swollen and flat with blurred cellular contour (Figure 1a
right). To quantify the cytotoxic effect of LPS and NaB, CCK-8 and
lactate dehydrogenase (LDH) analyses were used. LPS had no cy-
totoxicity compared with the control, even at dosage of 10 pug/ml,
while the cytotoxic effect of NaB occurred in a dose-dependent
manner. NaB at a low concentration of 5 mM induced a signifi-
cant increase in the number of dead cells. (Figure 1b) Meanwhile,
LDH release assays showed that NaB induced more LDH release
than LPS, which indicated that NaB had a stronger effect on cell
membrane damage than LPS (Figure 1c). This indicates that NaB
significantly affects the repair ability of periodontal tissue through
a decrease in HGECs viability.

The interaction of bacterial virulence factors and host cells can
modulate the expression profile of cytokines. We found that NaB
upregulated the mRNA levels of interleukin-8 (IL-8), monocyte
chemotactic protein-1 (MCP-1), tumour necrosis factor-a (TNF-«),
interferon-inducible protein-10 (IP-10) and downregulated the ex-
pression of granulocyte colony-stimulating factor (G-CSF), granu-
locyte macrophage colony-stimulating factor (GM-CSF), vascular
endothelial growth factor (VEGF) and regulated on activation,
normally T cell expressed and secreted (RANTES) (Figure 2a).
The virulence factor, LPS, had no influence in the expression of
the majority of above cytokines, except for G-CSF and GM-CSF
(Figure 2a). Cytokine array assays confirmed the qRT-PCR results
at the protein level by detecting culture supernatants derived from
HGECs challenged with LPS or NaB. NaB significantly altered the ex-
pression profiles of the above cytokines in HGECs, while LPS did not
change their expression. Importantly, two key inflammatory chemo-
kines in periodontitis, IL-8 and MCP-1, were markedly increased at
both the mRNA and protein levels in NaB-treated HGECs compared
with control and LPS groups (Figure 2a). The results suggest that
NaB is a more potent virulence factor than LPS in gingival epithelial
cells in periodontitis.

3.2 | NaB, rather than LPS, disturbs gingival
epithelial homeostasis

Gingival epithelia form the first line of innate defence (gingival
epithelial barrier) against various irritations from microorganisms
and physicochemical factors. To compare the effects of NaB and
LPS on the gingival epithelial barrier, the in vitro gingival epithelial
barrier, a multilayer of HGECs (3-dimensional epithelial culture)
model, and animal experiments were used. NaB or LPS was applied
to the multilayer epithelium for 48 hr, and then, the integrity of the
gingival epithelial barrier was evaluated by TEER, epithelial perme-
ability analysis and confocal microscopy. TEER results showed that
the electricity resistance value was markedly decreased only in
NaB-treated group (Figure 3a left). To further verify the epithe-
lial barrier destruction effect of NaB, an epithelial permeability
assay was applied using the detection of 70 kDa FITC-dextran.
The results showed that NaB increased FITC-dextran flux through

gingival epithelial layer, which was in line with TEER results
(Figure 3a right). TEM images showed that HGECs were packed
tightly with 5-6 layers in the control or LPS treated groups. Fewer
layers of sparsely distributed epithelial cells with disturbed inter-
cellular junctions were found in NaB-treated group (Figure 3b).
Three-dimensionally reconstructed micrographs of multilayer
epithelial mimics further clarified the epithelial destruction func-
tion of NaB, with reduced thickness and sparse intercellular gaps
(Figure 3c).

The in vivo experiments corroborated epithelial barrier disturb-
ing effects of NaB. After treatment with NaB, the number of epi-
thelial layers of junctional epithelium decreased, and cells became
loose with large intercellular spaces. Meanwhile, angiogenesis in
subepithelial connective tissue was obvious (Figure 3d up panel).
The gingival epithelial cells from NaB-treated rats showed swollen
and weaker staining with CDH1 (E-cadherin) compared with control
group or LPS group (Figure 3d down panel).

Cell junctions build up the barrier of epithelia by connecting
neighbouring cells. Adherent junctions and tight junctions are es-
sential for the gingival epithelial barrier function. To investigate
the effects of NaB or LPS on the expression of intercellular junc-
tion markers in vitro, the mRNA levels of gap junction genes CX26
(connexin 26) and CX43 (connexin 43), adherence junction gene
CDH1, tight junction genes JAM-1 (junctional adhesion molecule-1),
CLDNT1 (claudin-1) and CLDN4 (claudin-4), desmosome genes DSG1
(desmoglein-1) and DSC2 (desmocollin-2) were analysed by qRT-
PCR. The results showed that LPS did not affect the expression of
these genes, while NaB significantly downregulated their expression
(Figure 4a). Meanwhile, immunostaining showed that the adherence
junction protein, E-cadherin, and tight junction protein, claudin-1,
were severely disturbed by NaB, rather than LPS (Figure 4b), which
indicates that NaB, rather than LPS, disturbs the gingival epithelial
barrier.

3.3 | NaB triggered pyroptotic cell death of HGECs

To determine the type of cell death caused by NaB, NaB-induced cell
morphological changes were monitored with an IncuCyte Zoom™ live
cell imaging system (Essen BioScience) and phase microscopy. The
results showed that HGECs became swollen with reduced cell mem-
brane refraction at 24 hr after NaB treatment, and cells were swol-
len further with fuzzy cell boundaries at 48 hr after NaB treatment
(Figure 1a). In addition, some of cells died and displayed large bub-
bles (Figure 5a). The results were further confirmed by haematoxylin
& eosin (H&E) staining of NaB-treated cells (Figure 5b). Additionally,
HGECs treated with NaB were approximately four times the size of
HGECs in the control group. The nucleocytoplasmic ratio was reduced
and cells exhibited a flattened pattern with fine, long protuberances
trying to contact neighbouring cells.

Under SEM and TEM examination, we found that, in addition
to swollen cells with large bubbles, another morphological charac-
teristic was the formation of pores in the cellular membrane. Pore

size ranged from 200 nm to 800 nm. Additionally, the number of
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microvilli on the membrane surface was decreased in NaB-treated subcellular structural level after NaB treatment. TEM showed that
cells compared to untreated control cells (Figure 5c). NaB can cause mitochondria were swollen in NaB-challenged HGECs (Figure 5d).

pyroptosis. We next aimed to understand what is happening at The mitochondria were further addressed using Mito-Tracker dyes
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FIGURE 3 Effects of NaB and LPS on gingival epithelial barrier. (a) TEER of multilayer HGECs stimulated by 1 ug/ml LPS or 10 mM NaB
for 48 hr; gingival epithelial permeability analysis of multilayer HGECs stimulated by 1 pg/mL LPS or 10 mM NaB for 48 hr (n = 3/group;
data are expressed as the means + SD; * p < 0.05, vs. NC, t test). (b) TEM images of cell layers of HGECs and intercellular junctions after
treatment with 1 pg/mL LPS or 10 mM NaB for 48 hr. N, intercellular junction; =, intercellular gap; * mitochondria. (c) Representative
photomicrographs of immunofluorescence staining for pan-keratin (red) of multilayer HGECs cultured on collagen treated with 1 pg/mL LPS
or 10 mM NaB for 48 hr. The nuclei (blue) were counterstained with DAPI. (d) Representative images of H&E-stained and CDH1 stained
gingival tissue treated with PBS, 10 pg/ml LPS or 50 mM NaB. High-power fields with magnified details were displayed in the upper left
corner of the original images. N, junctional epithelium destruction. Abbreviation: NC, control. CDH1, E-cadherin
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FIGURE 4 Effects of NaB and LPS on expression of intercellular junction-related genes of HGECs. (a) gqRT-PCR analysis of mRNA levels
of the intercell-ular junction-related genes, CX26, CX43, CDH1, JAM1, CLDN1, CLDN4, DSG1 and DSC2 in HGECs challenged with 1 pg/

ml LPS or 10 mM NaB at 24 hr (n = 3/group; data are expressed as the means + SD; *p < 0.05, vs. NC, t test). (b) Representative images of
CDH1 and CLDN1 immunostaining in untreated (NC), 1 ug/ml LPS or 10 mM NaB-treated HGECs groups. Abbreviation: NC, control. CX26,
connexin 26. CX43, connexin 43. CDH1, E-cadherin. JAM1, junctional adhesion molecule-1. CLDN1, claudin-1. CLDN4, claudin-4. DSG1,

desmoglein-1. DSC2, desmocollin-2

during NaB treatment. The results showed that the mitochondria
lost their normal morphologies and became swollen and frag-
mented (Figure 5e). The functional consequences of NaB-related
morphological changes in the mitochondria included a decrease in
mitochondrial membrane potential and impaired ATP production
(Figure 5e). The above results indicated that NaB perhaps causes
dysfunctions in the mitochondria, which triggered cascade re-

sponses that ultimately lead to cell pyroptosis.

3.4 | NaB induced pyroptosis through caspases
cascade-mediated GSDME activation

Of the key pyroptosis-associated proteins, caspases are highly ex-
pressed in the mitochondria and gasdermins are mainly expressed in
epithelial tissues. Based on this, we focused on these two families to
explore the mechanism of pyroptosis in HGECs after NaB treatment.
Confocal microscopy and flow cytometry showed that caspases
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FIGURE 5 NaB induced pyroptotic cell death. HGECs were treated with 10 mM NaB for 48 hr. (a) Representative phase-contrast
images of pyroptotic cells (with large bubbles extending from the plasma membrane). (b) Representative H&E-stained images of pyroptotic
cells (swollen cells). (c) Representative SEM images of pyroptotic cells (multiple cell membrane pores). (d) Representative TEM images

of pyroptotic cells. K, mitochondrion. (e) Representative confocal images of mitochondria, cellular ATP levels (n = 3) and mitochondrial
membrane potentials (n = 2) in HGECs at basal conditions and after exposure to 10 mM NaB for 24 hr and 48 hr (data are expressed as the

means + SD; * p < 0.05, vs. NC, t test). Abbreviation: NC, control

were activated in NaB-treated HGECs (Figure 6a). The expression of
the caspase family was assessed by qRT-PCR, and caspase-9 was the
most highly expressed member of the caspase family (Figure 6b). The
canonical and non-canonical pyroptotic pathway markers, casapse-1,
caspase-5 and GSDMD were examined by Western blot. GSDMD,
the executor of canonical and non-canonical pyroptotic pathway,
was not upregulated or activated by NaB. NaB slightly increased the
expression of caspase-1 and caspase-5 at the 12 h and 24 h time
points (Figure 7a). Inflammatory factors IL-1p and IL-18 were un-
detectable by using ELISA kits (data not shown). The active forms
of caspase-9, caspase-3 and GSDME were upregulated in NaB-
treated cells (Figure 7b). To prove that the N-terminus of GSDME
(GSDME-N) rather than GSDMD-N has the ability to form pores in

the plasma membrane, we extracted the membrane proteins and
found that GSDME-N was enriched in NaB-treated cells compared
to the control group, while with regard to GSDMD-N, no difference
was observed between control cells and NaB-treated cells (7c). With
the pretreatment of HGECs with Z-VAD-FMK (a pan-caspase inhibi-
tor), the expression levels of the cleaved forms of GSDME decreased
(7d), and the number of dead cells decreased significantly (Figure S3).

4 | DISCUSSIONS

The gingival epithelium, which has both physical and biological bar-
rier functions, is the first line of defence against bacteria and their
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NaB for 48 hr. Activated caspases were revealed by FAM-VAD-fmk FLICA (green channel), Pl-labelled nuclei of dead cells (red channel) and
Hoechst stained nuclei of live cells (blue channel). The FLICA and Pl double positive cells were analysed (n = 3; data are expressed as the
means = SD; * p < 0.05, vs. NC, t test). (b) qRT-PCR analysis of the mRNA level of caspases in HGECs challenged with 10 mM NaB for the

indicated time (n = 3; data are expressed as the means + SD; *p < 0.05, vs. NC, t test). Abbreviation: NC, control

virulent challenge (Groeger & Meyle, 2015). A breakdown of the
gingival epithelial barrier initiates periodontal diseases (Choi et al.,
2014). Identifying the main contributor to the destruction of the gin-
gival epithelial barrier would be greatly beneficial in preventing and
solving periodontal issues.

By comparing NaB with LPS in gingival epithelial barrier function,
we verify for the first time that butyrate is a potent destructor of the
gingival epithelial barrier. The concept that butyrate's contributing
to periodontal inflammation is initially postulated by Singer and is
re-affirmed by Tonetti (Singer & Buckner, 1981; Tonetti et al., 1987).
Our clinical data clearly show that butyrate is present at a high level
in patients with periodontitis and is closely associated with the peri-
odontal inflammatory status (Li et al., 2012; Lu et al., 2014). This
result is in line with previous studies (Niederman, Buyle-Bodin, Lu,
Robinson, & Naleway, 1997a; Niederman, Zhang, & Kashket, 1997b).
Interestingly, previous studies show that NaB has the ability to in-
hibit gingival epithelial cell growth and induce apoptosis of gingival
epithelial cells (Ebe et al., 2011; Evans et al., 2016; Tsuda et al., 2010).

This means that NaB probably acts as a gingival epithelial barrier de-
structor during the process of periodontitis. To verify this hypothe-
sis, we compared the effects of the two important bacterial virulence
factors, NaB and LPS, on the destruction of the gingival epithelial
barrier by using primary HGECs, 3D epithelial cell cultures and an
animal challenge model. Our results clearly show that NaB plays a
role in the destruction of the gingival epithelial barrier by reducing
the expressive level of intercellular junctions and inducing cell death,
whereas LPS has no obviously destructive effects on gingival epithe-
lial cells. The evidences overall illustrate that butyrate, that butyrate,
rather than LPS, acts as a potent gingival epithelial barrier destructor
and plays an important role in initiating periodontitis.

Importantly, butyrate kills gingival epithelial cells in more than
one way. Previous in vitro studies have shown that butyrate induces
apoptosis, autophagy and necrosis-dependent cell death of gingival
epithelial cells (Astakhova et al., 2016; Ebe et al., 2011; Tsuda et al.,
2010). In this study, we identify a new programmed cell death caused

by butyrate, pyroptosis, which displayed typical morphological
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FIGU RF 7 The mechanism of Casp-1P20 _ D—
pyroptosis induced by NaB. (a) Western
blot analysis of canonical and non- Casp-5 P20 _
canonical pyroptotic death-related protein
(caspase-1, caspase-5, and GSDMD) GAFPH _ GSDME-N
expression in HGECs from the control GSDMD-F
group or the 10 mM NaB-treated group _ Na*-K*-ATP
at the indicated time points. (b) Western GSDMD-N
blot analysis of the full length and active GAPDH _ GSDMD-F
forms of caspase-9, caspase-3, GSDME (a)
protein expression in HGECs from the Ohr  12hr  24hr 48 hr
control group or the 10 mM NaB-treated
group at the indicated times. (c) Western Casp-9 Pro | GSDMD-N
blot analysis of GSDMD-N and GSDME-N
expression in the plasma membrane Casp-3 P37 Na*-K*-ATP
after 10 mM NaB exposure for 48 hr. (d)
Western blot analysis of GSDME protein GAPDH _ ©
expression in HGECs exposed to 10 mM
NaB for 48 hr with or without 50 uM Z- Casp-3 Pro m. CSDMEF
VAD-fmk (VAD) pretreatment for 1 hr. Casp-3 P22 i
Abbreviation: NC, control

GAPDH . —— ' GAPDH

GSDMEF | (d) NC  NaB VAD+NaB
(b) 0 hr 12 hr 24hr 48hr

(swollen cells and organelles, plasma membrane pores, large bub-
bles) and molecular changes (activated caspase cascade proteins,
activated GSDME) (Chen et al., 2016; Ebe et al., 2011; Fernandes-
Alnemri et al., 2007; Liu et al., 2016; Russo et al., 2016; Sun et al.,
2005). Pyroptosis has been classified as caspase-1 dependent ca-
nonical and caspase-11 (human caspase-4 or caspase-5) dependent
non-canonical inflammasome signal pathways, which were orches-
trated by GSDMD (Broz, 2015). Recent studies have shed a light on
the mechanisms of caspase-3/GSDME-induced secondary necro-
sis/pyroptosis (Broz, 2015; Rogers et al., 2017). GSDME is cleaved
by activated caspase-3, and the GSDME-N assembles within the
plasma membrane to form pores and permeabilize the plasma mem-
brane (Broz, 2015; Rogers et al., 2017). In our study, caspase-1 and
caspase-5 were slightly activated by NaB, but the expressive level
of GSDMD-N showed no difference between control group and
NaB-treated group. It demonstrated that GSDMD was not involved
in the pyroptosis triggered by NaB. In this study, the GSDME was
highly expressed by HGECs and activated by NaB. The same results
were confirmed by using high concentration of NaB (50 mM) (Figures
S1-S3). Based on the above evidences, we deduced that butyrate
induces pyroptosis probably through a caspase-3/GSDME axis, but
not through the canonical caspase-1-dependent or the non-canon-
ical caspase-4/-5-mediated inflammasome signalling pathways. To
date, the underlying mechanisms regarding how NaB induces cell

death remain largely unknown and further investigation is needed.

Mitochondria are energy-producing organelles, which exist in
most cells. Mitochondria play a critical role during apoptosis and py-
roptosis. The morphological changes of mitochondria, such as swell-
ing or flocculent density, are considered as signs of necrosis (Kerr,
Gobe, Winterford, & Harmon, 1995). Mitochondria decay precedes
pyroptotic plasma membrane rupture (de Vasconcelos, Opdenbosch,
Gorp, Parthoens, & Lamkanfi, 2018). With the increase of mitochon-
dria permeability, the progression of cell death becomes irreversible
(Nakagawa et al., 2005). Morphological and dysfunctional changes
of mitochondria were observed in pyroptotic epithelial cells in this
study. Mitochondria got swollen and fragmented. Functional con-
sequences of NaB-related morphological changes of mitochondria
were a decrease of mitochondria membrane potential and impaired
ATP production. Studies have shown that dysfunctional mitochon-
dria release excessive ROS, which can activate inflammasomes
and promote the occurrence of pyroptosis (Lian et al., 2018; Zhou,
Yazdi, Menu, & Tschopp, 2011). Mitochondria damage is upstream
or downstream of the NLRP3 and AIM2 inflammasomes (Allam et
al., 2014; Zhou et al., 2011). The intrinsic apoptotic pathway leads to
robust activation of caspase-9, the cleaved caspase-9 can activate
apoptotic caspase-7 and pyroptotic caspase-3 (Zhang et al., 2019).

Pyroptotic cell death induced by butyrate provokes inflamma-
tory responses. Just as the term “pyroptosis” implies, “pyro” means
fever and “ptosis” implies falling (Bergsbaken, Fink, & Cookson, 2009;
Vande Walle & Lamkanfi, 2016). In the canonical inflammasome
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FIGURE 8 Schema of butyrate disturbing gingival epithelial homoeostasis. (a) Butyrate, a bacteria metabolite, destroys the integrity

of gingival epithelium by triggering pyroptosis of gingival epithelial cells, destroying intercellular junctions and inducing gingival epithelial
cells to secret chemokines, IL-8 and MCP-1. (b) The mitochondria become swollen and the mitochondrial outer membrane permeabilization
increases after the cells treated with butyrate. Meanwhile, caspase-9 is activated and triggers caspase-3/GSDME-dependent pyroptosis.
GSDME-N enriches in the cytoplastic membrane and forms pores in the cellular membrane, finally leading to cell swollen and bubble. The
pro-inflammatory signals, such as chemokines (IL.-8 and MCP-1) and damage-associated molecular patterns (DAMPs) are released to induce
inflammatory response. With the occurrence of pyroptosis, the structure of gingival epithelial junctions (tight junction, adherent junction,
desmosome and gap junction) are destroyed through downregulation of intercellular junction-associated genes including CX26, CX43,
CDH1, JAM1, CLDN1, CLDN4, DSG1 and DSC2. Abbreviation: NC, control. CX26, connexin 26. CX43, connexin 43. CDH1, E-cadherin.
JAM1, junctional adhesion molecule-1. CLDN1, claudin-1. CLDN4, claudin-4. DSG1, desmoglein-1. DSC2, desmocollin-2

pathway, the inflammatory cytokines pro-IL-1p and pro-IL-18 are pro-
cessed into their mature forms by caspase-1, and then the mature cy-
tokines may be released as secondary events of pyroptotic cell lysis or
may be actively secreted independent of cell lysis (Chen et al., 2014;
He et al., 2015; Russo et al., 2016). In addition, pyroptotic rupture of
the plasma membrane poses the threat of intracellular contents being
released into the extracellular microenvironment (LaRock & Cookson,

2013; Lu, Wang, Andersson, & Tracey, 2013). These endogenous
components, including high-mobility group box 1, ATP, S100 protein,
heat shock protein and IL-1 family proteins, served as alarmins and
damage-associated molecular patterns, are highly pro-inflammatory
in the extracellular milieu and are involved in innate immunity and
inflammatory responses through the activation of pattern recog-
nition receptors on host cells (Brydges et al., 2013; Chen & Nunez,
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2010). According to previous studies, elevated level of extracellular
high-mobility group box 1, ATP, S100 protein and heat shock protein
becomes the focus of attention in periodontitis (Binderman, Gadban,
& Yaffe, 2017; Nethravathy, Alamelu, Arun, & Kumar, 2014; Sun et
al., 2011; Tsybikov, Baranov, Kuznik, Malezhik, & Isakova, 2014; Xie,
Deng, Gong, Ding, & Tang, 2011). Caspase-3 rather than caspase-1
is activated in the pyroptotic cell death aroused by butyrate, so IL-1p
and IL-18 are not upregulated. High-mobility group box 1 is released
by damaged gingival epithelial cells when challenged by butyrate
(Ebe et al., 2011). Additionally, the pyroptotic HGECs challenged
with butyrate robustly released the inflammatory cytokines, IL-8 and
MCP-1, which are closely related to periodontitis.(Thunell et al., 2010)
Polymorphonuclear neutrophils, which, attracted by the gradient of
IL-8 secreted from HGECs in response to pathogenic stimuli, domi-
nate the early response phase of periodontitis (Kusumoto et al., 2004).
Polymorphonuclear neutrophils relieve the inflammatory status by
enhancing phagocytic activity or elicit a sustained chronic inflamma-
tory status by secreting inflammatory mediators (Herrmann & Meyle,
2015). Monocytes, which also participate in the battle between the
host and microbes at the very early stages of infection, are mobilized
following a gradient of MCP-1 (Smith, Seymour, & Cullinan, 2010). The
pyroptotic cell death aroused by butyrate may initiate periodontitis by
releasing damage-associated molecular patterns or the chemokines,
IL-8 and MCP-1.

We cannot deny the pro-inflammatory effects of LPS to mesen-
chymal cells such as gingival fibroblasts or periodontal ligament cells,
but LPS is not a potent inducer of inflammation of gingival epithelial
cells (Darveau et al., 2004; Kusumoto et al., 2004).

In summary, our new findings show that butyrate, rather than
LPS, destroys the periodontal epithelial barrier by downregulation
the expression of cell-cell junctions and activating the caspase-3/
GSDME-mediated epithelial pyroptotic cell death of HGECs
(Figure 8). Butyrate, rather than LPS, is a potent gingival epithelial
barrier destructive factor, and these data shed new light on the elu-

cidation of the initiation of periodontitis.
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