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A double-edged sword: Role of butyrate in the oral cavity and
the gut

Xiaoyuan Guan | Wenijing Li | Huanxin Meng

Department of Periodontology, National
Engineering Laboratory for Digital and
Material Technology of Stomatology, Beijing
Key Laboratory of Digital Stomatology,
Peking University School and Hospital of
Stomatology, Beijing, China

Abstract

Butyrate, a four-carbon short-chain fatty acid (SCFA), is a metabolite of anaerobic
bacteria. Butyrate has primarily been described as an energy substance in the stud-
ies on the digestive tract. The multiple mechanisms of its protective function in the
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system, and osteoporosis) via interaction with intestinal epithelial cells and immune
cells have been well documented. There are many butyrogenic bacteria in the oral
cavity as well. As essential components of the oral microbiome, periodontal patho-
gens are also able to generate butyrate when undergoing metabolism. Considerable
evidence has indicated that butyrate plays an essential role in the initiation and per-
petuation of periodontitis. However, butyrate is considered to participate in the pro-
inflammatory activities in periodontal tissue and the reactivation of latent viruses. In
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intestine and oral cavity and explained the possible pathway of various diseases that
were engaged by butyrate. Finally, we suggested two hypotheses, which may give a
better understanding of the significantly different functions of butyrate in different

organs (i.e., the expanded butyrate paradox).
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1 | INTRODUCTION Frank et al., 2007; Knudsen et al., 2019; Sokol et al., 2009; Wang

et al., 2012), diseases of the nervous system (Chou et al., 2011,

Short-chain fatty acids (SCFAs) are saturated aliphatic organic acids
with a backbone of one to six carbons that comprise the end prod-
ucts of microbial metabolism. There are two sources of SCFAs: the
gut and the oral cavity. One primary site of SCFAs production is the
gut, where 400 mmol of SCFAs are synthesized per day (Macfarlane
& Gibson, 1994). As a vital contribution of SCFAs, butyrate is of par-
ticular interest because it serves as an essential source of energy
for the colonic epithelium (Roediger, 1980) and interacts with host
cells, including intestinal epithelial cells (IECs) and local immune cells.
Furthermore, the protective function of butyrate against diseases,

including but not limited to metabolic diseases (Ding et al., 2019;
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Ferrante et al., 2003; Ryu et al., 2005; Sharma et al., 2015), and the
skeleton (Lucas et al., 2018), has been revealed profoundly in recent
years.

Periodontal bacteria also release millimolar concentrations of
SCFAs into the oral environment (Kurita-Ochiai et al., 1995). The view-
point that butyrate functions as a pathogenic factor of periodontitis was
first introduced by Singer & Buckner in 1981 (Singer & Buckner, 1981).
In the next few years, the effects of butyrate on the microorganisms
and the cells of gingival tissues were gradually revealed, further indi-
cating that butyrate plays a significant role in the initiation and perpet-

uation of periodontitis. Also, butyrate acting as a reactivating agent of
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latent viruses in the oral cavity brings more insights into the possible
functions of butyrate (Imai et al., 2009, 2012).

In this review, we summarize the existing knowledge on the
mechanisms of the biological impacts of butyrate in the gut and oral
cavity as well as its contribution to the onset and progression of par-
ticular diseases. Finally, possible explanations of "the expanded bu-
tyrate paradox" are outlined to facilitate further investigations of the
precise mechanisms that cause different effects in different sites.
Understanding the utterly different functions of the same molecule
may bring more insights on how to mitigate the detrimental impacts

and enhance the beneficial impacts.

2 | BUTYRATE AND THE GUT
2.1 | Production of butyrate in the gut

SCFAs are converted from polysaccharide, oligosaccharide, pro-
tein, peptide, and glycoprotein precursors by fermentation of mi-
croorganisms (Cummings & Macfarlane, 1991). Butyrate, as one
of the key components of SCFAs, is mainly produced by two pre-
dominant families of human colonic Firmicutes, Ruminococcaceae,
and Lachnospiraceae, as well as other Firmicutes families, including
Erysipelotrichaceae and Clostridiaceae via the phosphotransbu-
tyrylase/butyrate kinase route and butyryl-CoA:acetate CoA-
transferase route (Koh et al., 2016; Louis & Flint, 2017; Figure 1).

2.2 | Functions of butyrate in the gut

Gut mucosa constitutes the largest contact surface between the
host and the external environment, and it is the most common site
of colonization and invasion of susceptible pathogens. Hence, the
functional intestine, which could protect against the damaging ef-
fect of the bowel contents and block out the harmful substances, is
indispensable in maintaining the homeostasis of the internal envi-
ronment. As an active participant in the intestinal metabolism, bu-
tyrate is involved in the enhancement of the mechanical barrier and

immune barrier therein (Figure 2).

2.2.1 | Effects on the intestine epithelium

The normal intestine epithelium
The majority of butyrate is absorbed and metabolized in the colon.
Subsequently, the colon is the major site that butyrate mainly af-
fects. Butyrate is the preferred fuel of IECs, and an earlier study
has demonstrated that the consumption of oxygen in the fermenta-
tion of butyrate accounts for 70% of the total oxygen consumption
(Wong et al., 2006).

Besides, butyrate is a vital substrate in the maintenance of the
integrity of the gut via various pathways. In IECs, butyrate plays

an essential role by up-regulating the metabolism, which is mainly
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FIGURE 1 Microbial pathways of butyrate synthesis from
carbohydrates. Butyrate in the gut is mainly produced by
Firmicutes (shown in light purple). The formation of butyryl-
CoA from carbohydrates is shown in black. The final step in
butyrate synthesis from butyryl-CoA ends with two pathways:
phosphotransbutyrylase/butyrate kinase route (shown in blue)
and butyryl-CoA:acetate CoA-transferase route (shown in

red). The process is linked by arrows, and arrows with dotted
lines indicate that several intermediate steps are omitted. CoA,
coenzyme A; P, bound phosphate; Pi, inorganic phosphate; PEP,
phosphoenolpyruvate; [H] indicates electron carriers [Colour figure
can be viewed at wileyonlinelibrary.com]

mediated through G-protein coupled receptor (GPCR) pathway.
For example, proliferation and turnover of IECs in germ-free mice
are demonstrated to be promoted by oral administration of SCFAs
mediated by the activation of MEK-ERK signaling. Moreover butyr-
ate, a GPR41 agonist (CPC), and a GPR43 agonist (4-CMTB) are all
found to promote mouse intestinal organoid development in vitro,
which further indicates that butyrate possibly provides stimulation
to the proliferative activity and turnover of IECs through GPR41 or
GPR43 (Park et al., 2016). It has also been reported that butyrate
promotes the antimicrobial peptides in IECs through GPR43, which
is mediated by mTOR and STAT3 (Zhao et al., 2018). Apart from the
signaling of GPCRs, butyrate can also serve as a protective agent
in the following ways. As an energy source of IECs, butyrate has
been proven to rescue the deficit in mitochondrial respiration and
prevent the occurrence of autophagy in energy-deprived germ-free
colonocytes (Donohoe et al., 2011). Although IECs suffer from a
low-oxygen condition (He et al., 1999), butyrate is indicated to pro-

mote IECs oxygen consumption to the extent which is sufficient to
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FIGURE 2 Butyrate in the gut affects normal and cancerous
intestinal epithelial cells (IECs), L cells, and immune cells. Butyrate
works as a vital substrate in maintaining the integrity of the
intestinal epithelia via various pathways, including up-regulating
the proliferation and turnover of IECs, promoting the production
of antimicrobial peptides, enhancing barrier function, and
protecting the barrier from disruption. Also, butyrate plays a role
in the protection against multiple diseases by acting on L cells and
exerts an anti-tumor effect on the cancerous IECs. Additionally,
butyrate interacts with multiple types of immune cells, including
T cells, antigen-presenting cells, and other immune cells. Butyrate
leads to the differentiation of regulatory T cells (Tregs), inhibits
cell proliferation of T cells, and plays an anti-inflammatory role

by modulating diverse functions of antigens-presenting cells and
other immune cells. Solid (proved pathway) and dashed (potential
pathway) connecting arrows are shown. Upward-pointing arrows
(up-regulation) and downward-pointing arrows (down-regulation)
are indicated. GPR, G-protein coupled receptor; mTOR, mammalian
target of rapamycin; NLRP3, NOD-like receptor pyrin domain-
containing protein 3; IL, interleukin; AMPK, AMP-activated protein
kinase; HDAC, histone deacetylase; NF-kB, nuclear transcription
factor-kappa B [Colour figure can be viewed at wileyonlinelibrary.
com]

1
Apoptosis]

stabilize the hypoxia-inducible factor (HIF; Kelly et al., 2015). Since
stabilization of HIF is proven to be a protective factor for murine
colitis (Robinson et al., 2008), butyrate augments the epithelial bar-
rier function of the intestine and in underlying disease. Moreover,
butyrate may act as a histone deacetylase (HDAC) inhibitor to sup-
press LPS-induced NLRP3 inflammasome in IECs and serves as an
energy source for IECs to inhibit LPS-induced autophagy (Feng
et al., 2018). Furthermore, the mutual promoting action between
LPS + ATP-activated NLRP3 inflammasome and rapamycin-induced
autophagy would lead to the dysfunction of the intestinal barrier,

which could be rescued by butyrate treatment (Feng et al., 2018).

WILEY--2

However, NLRP3 inflammasome and autophagy have been reported
to be protective of DDS-induced colitis and Crohn's disease before
(Nighot et al., 2015; Zaki et al., 2010). Therefore, the effect that
NLRP3 inflammasome and autophagy have on the intestinal barrier
remains controversial and needs to be further clarified. Butyrate is
also known as an important substance to maintain the epithelium
junction. Butyrate activates the interleukin (IL)-10RA-mediated re-
pression of permeability-promoting claudin-2, leading to the promo-
tion of the epithelial barrier formation (Zheng et al., 2017). Butyrate
has been shown to accelerate the redistribution of tight junction
protein ZO-1 and occludin from the cytoplasm to cell periphery me-
diated by the activation of AMPK, resulting in the enhancement of
the intestinal barrier as well (Peng et al., 2009).

Other than IECs, butyrate has a positive effect on glucagon-like
peptide-1 and peptide-YY secretion in colonic L cells (Christiansen

et al., 2018), which are closely related to multiple metabolic diseases.

The cancerous intestine epithelium

Butyrate has been shown to have anti-tumor effects in colorectal
cancer cells in various studies. This may make it possible for butyrate
to act as a therapeutic agent in the future.

Butyrate therapy has been proven effective in several experi-
mental rodent large bowel cancer models because it reduced both
the incidence and size of tumors (D'Argenio et al., 1996; Kameue
et al., 2004; Medina et al., 1998). However, butyrate serves as an
energy source to stimulate cell growth in normal IECs, as mentioned
above. The markedly opposing functions of butyrate on the prolif-
eration of normal versus cancerous IECs have been referred to as
“butyrate paradox” (Burgess, 2012).

Differences in butyrate metabolism (i.e., the Warburg effect)
may result in the paradox (Burgess, 2012). In normal IECs, butyrate
functions as the primary fuel for cell metabolism (Roediger, 1980).
In contrast, due to the Warburg effect, glucose takes the place of
butyrate as the major energy source in cancerous cells. Therefore,
butyrate accumulates at a higher dose and functions as an HDAC in-
hibitor, which would further lead to the inhibition of the proliferation
of cancerous |IECs (Donohoe et al., 2012). Furthermore, differences
in butyrate transport between normal and cancerous cell lines may
account for the paradox (Goncalves & Martel, 2016). Butyrate is taken
up by monocarboxylate transporter 1 (MCT1) and sodium-coupled
monocarboxylate transporter 1 (Goncalves, Araujo et al., 2011; Gupta
et al., 2006). Then, butyrate is consumed by efficient cell metabolism
and effluxion mediated by breast cancer resistance protein (BCRP)
(Donohoe et al., 2012; Goncalves, Gregorio, et al., 2011). In cancerous
IECs, butyrate is taken up by MCT1 (Pinheiro et al., 2008), but it is
metabolized inefficiently due to the Warburg effect (Burgess, 2012).
Moreover, it does not efflux via BCRP-mediated transport (Goncalves,
Gregorio, et al., 2011). Thus, it accumulates at higher levels inside of
nuclei, which would further lead to HDAC inhibition, thus blocking the
apoptosis, proliferation inhibition, and cell differentiating effect medi-
ated by HDAC (Fung et al., 2012; Zhang, Du, et al., 2016).

However, evidence has also shown that butyrate may induce

colon cancer under certain circumstances. Belcheva et al. have
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demonstrated that butyrate facilitates aberrant proliferation and
transformation of colon epithelial cells in APCMM*MSH27~ mice
(Belcheva et al., 2014). MSH2-deficient colon epithelial cells that
have deregulated B-catenin activity may account for the different re-
sponses to butyrate that might result in enhanced proliferation and

decreased apoptosis (Bordonaro et al., 2008; Lazarova et al., 2004).

2.2.2 | Effects onimmune cells

Butyrate plays the role of an immunomodulator by acting on immune
cells, including T cells, antigen-presenting cells, monocytes, and neu-
trophils (discussed below).

Butyrate plays an anti-inflammatory role by exerting an effect
mainly on regulatory T cells (Treg cells). As a ligand for GPCRs, butyr-
ate can lead to various cascade effects to regulate the metabolism of
T cells by binding different kinds of GPCRs (Sun et al., 2017). For in-
stance, butyrate has been proven to enhance histone H3 acetylation
in the promoter and conserved non-coding sequence regions of the
Foxp3 locus, leading to the differentiation of Treg cells (Furusawa
et al., 2013). A high concentration of butyrate is demonstrated to
inhibit cell proliferation by suppression of the multiple cell cycle-re-
lated protein expression of Jurkat cells (Kurita-Ochiai et al., 2006).
Otherstudies on GPCRs are also of great interest in providing insights
into the interaction between butyrate and Treg cells. As a known
ligand of GPCRs, butyrate may enhance Treg cells homing to large
intestine lamina propria mediated through GPR15 (Kim et al., 2013),
and thereby regulates immune homeostasis in the intestinal mucosa.
Other than Treg cells, Coutzac et al. recently demonstrated that oral
administration of butyrate appeared to decrease the antitumor ac-
tivity of anti-CTLA-4 in the mice models and in patients with MM
who were treated with ipilimumab by restraining OVA-specific T
cell responses following CTLA-4 blockade, which gives us more in-
sights on how systemic butyrate interacts with distant tumor lesions
(Coutzac et al., 2020). Butyrate maintaining Th17/Treg cells balance
has also been of particular interest in recent years because the bal-
ance is vital in immune homeostasis (Zhao et al., 2010). In colorectal
colitis rodent models, butyrate has been proven to regulate Th17/
Treg cells balance and exert anti-inflammatory effects by inhibiting
HDAC1 and blocking the IL-6/STAT3/1L-17 signaling pathway (Zhou,
Zhang, et al., 2018; Zhang, Zhou, et al., 2016). An increase in the
Th17/Treg cell ratio caused by butyrate is also found in collagen-in-
duced arthritis and autoimmune hepatitis rodent models, which may
ameliorate the diseases (Hu et al., 2018; Hui et al., 2019).

GPR109%a is a major receptor through which the anti-inflam-
matory effect could be induced by dendritic cells (DCs) and mac-
rophages. Butyrate-treated DCs or macrophages express higher
amounts of IL-10 and reduced amounts of IL-17 production, which
enables the differentiation of Treg cells from naive T cells (Singh
et al., 2014). The latest study on GPR109%a in Parkinson's Disease
(PD) has shown that a lower dose of niacin in PD patients may af-
fect macrophage polarization from M1 (pro-inflammatory) to M2

(counter-inflammatory) profile through the niacin receptor GPR109%a

(Wakade et al., 2018). This discovery may indicate that butyrate,
as a ligand of GPR109a, is also capable of inducing the same effect
in the intestine, which still needs verification by further studies. In
addition, the GPCR-independent pathway has been found to reg-
ulate the transcription of macrophages in vitro. Schulthess et al.
found that butyrate blocks mammalian target of rapamycin activity
by activating AMP kinase, which would lead to autophagy. On the
other hand, HDACS inhibition by butyrate drives the differentia-
tion of macrophages, resulting in increased resistance to pathogens
(Schulthess et al., 2019). Moreover, attenuation of leukocyte chemo-
taxis has been found, caused by a reduction of the release of several
pro-inflammatory chemokines, including CCL3, CCL4, CCL5, CXCL9,
CXCL10, and CXCL11 in human monocyte-derived DCs (Nastasi
etal., 2015). The down-regulated leukocyte chemotaxis may weaken
the recruitment of leukocytes in the intestine.

In cultured peripheral blood mononuclear cells, butyrate treat-
ment is proven to decrease pro-inflammatory cytokine expression,
including tumor necrosis factor (TNF)-a, TNF-p, and IL-1p, via in-
hibition of NF-kB activation of transcription (Segain et al., 2000).
Butyrate is also found to serve as an HDAC inhibitor in immune cells
other than T cells. For example, butyrate impedes FceRI-dependent
pro-inflammatory cytokine production (including TNF-a and IL-6)
through inhibiting histone deacetylase in mast cells (Zhang, Du,
et al.,, 2016). In addition, it is mentioned that butyrate decreases
mRNA expression of multiple anti-apoptotic proteins via histone
deacetylase inhibition, thereby causing an increase in caspase cas-
cade-related apoptosis of neutrophils (Aoyama et al., 2010).

2.3 | Butyrate in the gut and diseases

Butyrate in the gut has been proven to be associated with reduced
risk of the digestive system and metabolic diseases, including inflam-
matory bowel diseases (IBDs) and non-alcoholic fatty liver disease
(NAFLD).

IBD is a group of multifactorial chronic inflammatory diseases
of the gastrointestinal tract comprising two major disorders: ulcer-
ative colitis and Crohn's disease. IBDs have been reported to be as-
sociated with decreased butyrate producers by many studies (Frank
et al., 2007; Sokol et al., 2009; Wang et al., 2012). Furthermore, bu-
tyrate shows effectiveness in colitis treatment (Pacheco et al., 2012;
Scheppach et al,, 1992). Thus, butyrate may serve as a protective
factor against IBDs. As mentioned before, butyrate could be ben-
eficial in the following aspects. (a) Since disruption of the intestinal
barrier function is a key characteristic of IBDs, butyrate could pro-
tect against IBDs by maintaining epithelial barrier function (Couto
et al., 2020) (b) Butyrate can suppress the excess immune response in
the gastrointestinal tract (Goncalves et al., 2018; Parada et al., 2019).

NAFLD refers to the presence of hepatic steatosis when no other
causes for secondary hepatic fat accumulation (e.g., heavy alcohol con-
sumption) are present. Butyrate has been indicated to be closely asso-
ciated with the pathogenesis of NAFLD by many studies (Zhou, Chen,
et al.,, 2018; Ding et al., 2019; Zhou et al., 2017). The mechanisms are
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listed as follows. (a) In a mouse model, butyrate increases lipid oxida-
tion by improving the mitochondrial cell energy metabolism in hepatic
cells, which would further lead to the reduction of intracellular lipid
accumulation (Mollica et al., 2017). (b) Lipopolysaccharide (LPS) has
been shown to play an accelerating role in the progression of hepatic
steatosis in a rat model (Fukunishi et al., 2014). Considering that butyr-
ate is capable of up-regulating the expression of cell junction proteins
(Peng et al., 2009), a decrease of LPS influx and transfer to the liver
may occur. In this way, butyrate may impede the progress of NAFLD
indirectly. (c) It is reported in vitro and in vivo that butyrate could in-
duce the secretion of GLP-1, which can indirectly prevent NAFLD by
increasing fatty acid oxidation, decreasing lipogenesis, and improving
hepatic glucose metabolism (Liu et al., 2015).

3 | BUTYRATE AND THE ORAL CAVITY
3.1 | Production of butyrate in the oral cavity

The main site of butyrate production in the oral cavity lies in the peri-
odontal pocket. In particular, some of the periodontal pathogens, for
example, Porphyromonas gingivalis (P. gingivalis) and Fusobacterium nu-
cleatum, release millimolar concentrations of SCFAs as by-products into

the environment (Lamont & Jenkinson, 1998; Niederman et al., 1997).

3.2 | Functions of butyrate in the oral cavity

In recent years, apart from investigations on how butyrate affects
periodontitis by interacting with microorganisms and host cells,
studies on the activating effect that butyrate exerts on latent viruses
have also gained much attention. A summary of the main effects of

butyrate in the oral cavity is presented in Figure 3.

3.2.1 | Effects on the microorganisms

Bacteria

Both In vitro and in vivo studies have shown that butyric acid and its
ester derivatives exhibit antimicrobial activity. Among all the short-
chain and mid-chain fatty acids, butyrate exhibits minimal antimicro-
bial activity in vitro. It only inhibits some gram-positive oral bacteria,
for example, Streptococcus gordonii; while P. gingivalis is resistant to
it (Huang, Alimova, et al., 2011). Meanwhile, in a rat model, butyrate
is demonstrated to increase heme production. However, the heme-
excess condition has opposite impacts on different microbes. Gram-
positive bacteria show more sensitivity to heme; thus, these bacteria
are more likely to die of rising heme level (Nitzan et al., 1994). On
the contrary, excessive heme, which is a vital source of iron, ben-
efits the growth of periodontal pathogens like P. gingivalis (Cueno
& Ochiai, 2016). Thus, butyrate is identified as a crucial metabolite

in providing a competitive advantage to the periodontal pathogens,
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FIGURE 3 Butyrate's effects in the oral cavity on bacteria,
viruses, human gingival epithelial cells (HGECs), and Human
Gingival Fibroblast (HGFs). HIV, human immunodeficiency virus;
EBV, Epstein-Barr virus; TNF, tumor necrosis factor [Colour figure
can be viewed at wileyonlinelibrary.com]

which is beneficial to the emergence of pathogenic biofilms. In ad-
dition, butyrate and its isomer are suitable carbon sources for the
maintenance of the metabolism of certain bacteria (Huang, Alimova,
et al., 2011). For example, isobutyric acid produced by P. gingivalis
promotes T. denticola growth, which reveals a typical synergistic ef-
fect (Huang, Li et al., 2011).

Viruses

As stated before, butyrate can serve as an inhibitory agent of HDAC
and lead to the up-regulation of histone hyperacetylation (Sealy &
Chalkley, 1978). Similarly, the hyperacetylation of histones due to the
treatment of butyrate also promotes the transcription of viral genes
in virus-infected oral epithelial cells, which would lead to an end of
latency and the reactivation of the virus. Imai and his colleagues
have demonstrated that a high concentration of butyrate produced
by P. gingivalis could induce HIV-1 reactivation by inhibiting HDACs
and up-regulating HIV-1 gene expression in ACH-2 and U1 cells (Imai
et al., 2009). The increase of HIV-1 gene expression would play a
contributing role in HIV progress. Another study of Imai and his col-
leagues have found that a high concentration of butyrate produced by
P. gingivalis could also serve as an HDAC inhibitor and enhance BZLF1
gene expression in EBV-positive human Burkitt's lymphoma cell line
and B95-8-221 Luc cells, which could lead to the disruption of viral
latency and the reactivation of latent EBV (Imai et al., 2012). In sum-
mary, butyrate can modulate the expression of specific viral genes via

chromatin modification and thus reactivate the virus.

3.2.2 | Effects on the host

Oral epithelial cells

As a deleterious factor of oral epithelial cells, butyrate can cause
damage to the cell junction and lead to cell death via different path-
ways. Liu and her colleagues have found the downregulation of the
expression of various genes related to cell junction, including occlud-
ing junctions, anchoring junctions, and communicating junctions after
butyrate treatment (Liu et al., 2019). Moreover the latest in vitro study
of Magrin et al. have proven that butyrate suppresses intercellular ad-

hesion molecule-1 (ICAM-1) expression in human oral squamous cell


www.wileyonlinelibrary.com

GUAN ET AL.

2 | wiLEy

carcinoma cell line HSC-2 (Magrin et al., 2020). This finding may ac-
count for the fact that the decrease of ICAM-1 expression in gingival
epithelial cells under P. gingivalis infection, for butyrate is a known
virulence factor of P. gingivalis (Huang et al., 2007). However, the dif-
ference in cell lines requires further research to verify this fact.

A high concentration of butyrate could result in different types of
cell death. It has been shown that butyrate treatment would increase
caspase-3 activity, phosphatidylserine redistribution, and decrease an-
ti-apoptotic gene bcl-2 expression on Ca9-22 cell line, which indicates
the apoptosis in human gingival epithelial cells (HGECs). Meanwhile,
anti-microtubule-associated protein 1 light chain 3 (LC3), one of
the markers of autophagy, was observed to accumulate in the cells,
which also suggests the occurrence of autophagic cell death (Tsuda
et al., 2010). For the first time, this study has provided evidence that
butyrate can lead to cell death in HGECs. Furthermore, Evans et al.'s
study on Ca9-22 cells found that butyrate exposure enhancing au-
tophagy is AMPK-dependent (Evans et al., 2017). In the latest study,
pyroptosis was also reported to be involved in cell death. After treat-
ment of butyrate, HGECs swelled with the appearance of large bubbles
and plasma membrane pores, which indicates pyroptotic cell death.
However, the specific pathway remains unknown. At the same time,
pyroptotic cell death would provoke an inflammatory response by
up-regulating chemokines like IL-8 and monocyte chemotactic protein
1, and releasing intracellular contents into the extracellular microenvi-
ronment (i.e., damage-associated molecular patterns) after pyroptotic
rupture of the plasma membrane (Liu et al., 2019).

Human gingival fibroblast (HGFs)

Whether butyrate induces apoptosis in HGFs depends on the expo-
sure duration and the inflammatory status of HGFs. Kurita-Ochiai
et al. have demonstrated that short-term (24 hr) exposure of high
concentration butyrate significantly suppresses the viability of HGFs
isolated from persons with periodontitis and induces apoptosis. In
contrast, it has no observed effect on HGFs derived from periodon-
tally healthy individuals (Kurita-Ochiai et al., 2008). Subsequently,
another further study by Shirasugi has proven that normal HGFs can
also respond to butyrate treatment by prolonging exposure time.
After long-term exposure of butyrate, normal HGFs would undergo
cytostasis and apoptosis as well (Shirasugi et al., 2017).

The mRNA expression of pro-inflammatory cytokines, including
IL-1B, IL-6 and TNF-q, is also stimulated by butyrate in HGFs (Shirasugi
etal., 2017). TNF-a was up-regulated at the early stage after butyrate
treatment, suggesting that it might serve as a trigger of the produc-
tion of other pro-inflammatory cytokines such as IL-1p and IL-6.

3.3 | Butyrate in the oral cavity and diseases
3.3.1 | Periodontitis
The concept that butyrate contributes to periodontitis was initially

postulated by Singer and his colleagues. They first associated SCFAs
with periodontitis by demonstrated that SCFAs are pathogenic

factors of periodontitis in vitro (Singer & Buckner, 1981), while
Kasket conducted in vivo experiments reaffirming the association
of SCFAs with periodontitis (Kashket et al., 1996). Of note, many
studies have proven that butyrate is involved in the initiation and
perpetuation of periodontitis via multiple pathways.

Butyrate rather than lipopolysaccharide plays an essential role
in the initiation of periodontitis. Gingival epithelia form the first line
of innate defense against various irritants, such as microorganisms
and physicochemical factors (Jin, 2011). Therefore, periodontitis is
characterized by the breakdown of gingival epithelia. As previously
discussed, butyrate can damage gingival epithelia by causing a de-
structive effect on intercellular junctions, leading to cell death.

Butyrate is also closely related to the perpetuation of periodon-
titis. Previous studies found that a long-term and high concentra-
tion of butyrate exposure leads to apoptotic and autophagic cell
death in HGFs (Evans et al., 2017; Kurita-Ochiai et al., 2008). As
a vital component of gingival connective tissue, HGFs participate
in the production of various intercellular substances, for example,
collagen fibers, elastic fibers, and extracellular matrix. Hence, the
butyrate-induced cell death of HGFs may cause obstruction of the
synthesis of gingival collagen fibers, weakening the gingival bar-
rier and accelerating the progress of periodontitis. Furthermore,
numerous pro-inflammatory cytokines released by HGFs (Shirasugi
et al., 2017) and chemotactic factors release during the HGFs py-
roptosis (Liu et al.., 2019) also provoke chemotaxis and infiltration
of other inflammatory cells, which is another deteriorative factor

of periodontitis.

3.3.2 | Viral diseases

As stated in the preceding section, butyrate serves as an inhibitor of
HDAC and actives the transcription of BZLF1 gene in EBV-positive
cells and HIV-1 gene in HIV-positive cells (Imai et al., 2009, 2012).
The inhibitory effect of butyrate suggests that butyrate can cause
latent virus reactivation and accentuate viral infection via chromo-

some modification.

4 | HYPOTHESES FOR "The Expanded
Butyrate paradox"

As mentioned before, the functions of butyrate vary widely in dif-
ferent places. In the gut, butyrate plays a beneficial role by inhibiting
the immune response and slowing down the progression of specific
diseases. In contrast, butyrate is known as a virulence factor in peri-
odontitis. It has been reported that butyrate has an opposing ef-
fect on normal and cancerous colonocytes (i.e., butyrate paradox)
(Donohoe et al., 2012). Similarly, butyrate's opposite effects on the
gut and the oral cavity are called “the expanded butyrate paradox”
(Cueno & Ochiai, 2016).

However, the differences in butyrate functions remain a mys-

tery. The difference in concentration may account for the opposing
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effect, as revealed by in vitro studies. Low butyrate levels help main-
tain colonic health by serving as a fuel for colonocytes and exerting
positive effects on the immune cells. On the contrary, a high con-
centration of butyrate has been reported to lead to cell death of
HGFs and HGECs, and reactivation of the latent viruses (Cueno &
Ochiai, 2016). Nevertheless, these findings have not been proven
in vivo, and the exact concentration of butyrate remains unknown.
According to Li's study, the concentration of butyrate in untreated
chronic periodontitis is 3.11 + 1.86 mmol/L (Qigiang, Huanxin, &
Xuejun, 2012). With respect to the gut study, concentrations of
different SCFAs measured in gut contents respectively taken from
victims who died suddenly show that the concentration of butyr-
ate is estimated to range from 18 to 20 mmol/kg (Macfarlane &
Gibson, 1995). However, it may not be appropriate to replace the
butyrate concentration of Gl fluid by gut contents, so the exact con-
centration of butyrate in the Gl fluid remains unknown.

As regards the opposing functions, the differences in the charac-

teristics of the gut and the oral cavity need to be considered.

4.1 | Difference in the thickness of the mucus layer

Both the gut and the oral cavity are covered by a continuous mucus
layer, which is a highly hydrated gel formed by large glycoproteins
(i.e., mucins). Mucus can act as a lubricant, a selective barrier,
and a defense system (Derrien et al., 2010). The thickness of the
mucus layer varies depending on the sites in the gut, ranging from
150-400 um (a loosely attached mucus layer in the small intestine)
to 800-900 um (a thick mucus layer in the distal colon) (Derrien
et al., 2010). In contrast, in the oral cavity, the calculated thickness
of the salivary film is 70-100 um (Collins & Dawes, 1987). The differ-
ences in the thickness of the mucus layer could affect the penetra-
tion of butyrate, thereby leading to a different concentration on the
surface of epithelia (Cueno & Ochiai, 2016).

4.2 | Histological difference in epithelial tissue

Different histological types of epithelial tissue may also be relevant
to the expanded butyrate paradox. The intestinal mucosa is com-
posed of a monolayer of column-like epithelia with higher SCFAs
permeability (Wong et al., 2006), whereas the oral mucosa is com-
prised of stratified squamous epithelia that have a lower SCFAs per-
meability (Cueno et al., 2013). This histological difference may have

an effect on the entry and retention of butyrate.

5 | CONCLUSION

To sum up, butyrate, which is a significant microbial by-product, ex-
ists and exerts multiple vital effects in both gut and the oral cavity.
In the gut, butyrate strengthens the barrier function of the intestine

by acting on IECs and immune cells. Thus, butyrate is known as a
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protective factor in IBDs, NAFLD, obesity, T2DM, diseases of the
nervous system, and osteoporosis. On the other hand, butyrate can
cause an adverse effect in the oral cavity in the process of periodon-
titis and viral diseases by affecting microbes and host cells. However,
the differences in butyrate function in different body parts still lack
a clear explanation. Hence, the investigation of the opposing effects
in different sites (i.e., the expanded butyrate paradox) may provide
insights into the periodontal treatment by blocking the damaging ef-
fect of butyrate or even attempting to exert its protective function

in the oral cavity.
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