.‘ frontiers ‘ Frontiers in Microbiology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Hongxia Zhang,
Yantai University, China

REVIEWED BY

Qiang Li,

Tianjin Agricultural University, China
Yong-hua Hu,

Chinese Academy of Tropical Agricultural
Sciences, China

*CORRESPONDENCE

Yangxi Xiang
xiangyangxi@nbu.edu.cn

Chenghua Li
lichenghua@nbu.edu.cn

RECEIVED 25 July 2023
ACCEPTED 15 September 2023
PUBLISHED 17 October 2023

CITATION

Song M, Zhang Z, Li Y, Xiang Y and Li C (2023)
Midgut microbiota affects the intestinal barrier
by producing short-chain fatty acids in
Apostichopus japonicus.

Front. Microbiol. 14:1263731.

doi: 10.3389/fmicb.2023.1263731

COPYRIGHT

© 2023 Song, Zhang, Li, Xiang and Li. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiersin Microbiology

TYPE Original Research
PUBLISHED 17 October 2023
pol 10.3389/fmicb.2023.1263731

Midgut microbiota affects the
intestinal barrier by producing
short-chain fatty acids in
Apostichopus japonicus

Mingshan Song!, Zhen Zhang?, Yanan Li*, Yangxi Xiang'* and
Chenghua Li*?*

!State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of
Agro-products, Ningbo University, Ningbo, China, 2Laboratory for Marine Fisheries Science and Food
Production Processes, Qingdao National Laboratory for Marine Science and Technology, Qingdao, China

Introduction: The intestinal microbiota participates in host physiology and
pathology through metabolites, in which short-chain fatty acids (SCFAs)
are considered principal products and have extensive influence on intestine
homeostasis. It has been reported that skin ulceration syndrome (SUS), the disease
of Apostichopus japonicus caused by Vibrio splendidus, is associated with the
alteration of the intestinal microbiota composition.

Method: To investigate whether the intestinal microbiota affects A. japonicus
health via SCFAs, in this study, we focus on the SCFA profiling and intestinal barrier
function in A. japonicus treated with V. splendidus.

Results and discussion: We found that V. splendidus could destroy the mid-
intestine integrity and downregulate the expression of tight junction proteins ZO-1
and occludinin A. japonicus, which further dramatically decreased microorganism
abundance and altered SCFAs contents. Specifically, acetic acid is associated
with the largest number of microorganisms and has a significant correlation with
occludin and ZO-1 among the seven SCFAs. Furthermore, our findings showed
that acetic acid could maintain the intestinal barrier function by increasing the
expression of tight junction proteins and rearranging the tight junction structure by
requlating F-actin in mid-intestine epithelial cells. Thus, our results provide insights
into the effects of the gut microbiome and SCFAs on intestine barrier homeostasis
and provide essential knowledge for intervening in SUS by targeting metabolites
or the gut microbiota.
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1. Introduction

The intestinal microbiota is a wild and diverse microbial ecosystem that has
co-evolved with host species (Spiljar et al, 2017). In recent years, several studies have
concentrated on the interaction between the host and the intestinal microbiota (Bonder
et al, 2016; Wang et al, 2016; Rothschild et al, 2018). The microbial community
was found to be affected by host genetic variation; for example, pathological shifts of
the microbial community were found to be induced by host genetic susceptibilities in
inflammatory bowel disease (IBD) (Plichta et al, 2019). Furthermore, the microbiota
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FIGURE 2

Vibrio splendidus infection modulated the midgut microbiota in the sea cucumber. (A, B) Microbial abundance and significant differences in the
bacterial taxonomy at the phylum level. (C, D) Microbial abundance and significant differences in the bacterial taxonomy at the family level. (E, F)

Relative abundance of the genera heatmap and significant differences in the bacterial taxonomy at the genus level. Asterisks indicate significant
differences: *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 3

Effect of V. splendidus infection on SCFAs in the A. japonicus mid-intestine. (A) Acetic acid, (B) Propionic acid, (C) Isobutyric acid, (D) Butyric acid, (E)
Isovaleric acid, (F) Valeric acid, and (G) Caproic acid. (H) Principal component analysis of targeted SCFAs. Asterisks indicate significant differences: *p

<0.05 and **p < 0.01.
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3.4. Corelationship analysis between the
midgut microbiota and SCFAs

To explore which resident taxa interact with the SCFAs,
we performed the conjoint analysis in R software to investigate
the correlation between the midgut microbiota and seven
SCFAs. We observed 34 major genera of bacteria associated
with the seven SCFAs, of which 17 genera were significantly
positively correlated with acetic acid, including Winogradskyella,
Alteromonas, Halioglobus, Bacillus, Pediococcus, Ilumatobacter, and
Desulfobacterota (p < 0.05), and only Hoeflea and Pelagimons
were significantly negatively correlated (p < 0.01) (Figure 4).
Rhodococcus had a significant correlation with propionic acid,
and butyric acid had an obvious negative correlation with only
Allorhizobium (p < 0.05). Similar to the bacteria that showed
a significant negative correlation with isobutyric acid, isovaleric
acid (p < 0.05), and valeric acid, most other bacteria were
positively correlated with acetic acid, including Winogradskyell,
Desulfobacterota, Rhodococcus, and Sulfurovum. Both valeric acid
and caproic acid were positively correlated with Agathobacter
and Lutimonas. Additionally, valeric acid had a significant
positive correlation with Pelagimonas, and caproic acid had a
significant positive correlation with Faecalibacterium (p < 0.05)
(Supplementary Table 6).

3.5. Crosstalk analysis between SCFAs and
the tight junction

To further investigate the relationship between SCFAs and
intestinal permeability, we analyzed the crosstalk data and
compared them between the midgut SCFAs and tight junction
proteins based on Spearman’s correlation coefficients. As shown in
Figure 4 and Supplementary Table 7, there was a strong correlation
between the protein levels of SCFAs and the tight junction. Acetic
acid was positively correlated to the level of ZO-1 (r = 0.93548, p
< 0.05) and occludin (r = 0.89606, p < 0.01). Propionic acid (r
= 0.84230, p < 0.01) and isovaleric acid (r = —0.54783, p < 0.01)
were only positively correlated to the level of ZO-1, but there was
no significant correlation with occludin. Isovaleric acid was only
remarkably negatively correlated with ZO-1 (r = —0.41219, p <
0.05). Isobutyric acid, butyric acid, and caproic acid had no notable
correlation with the tight junction (Figure 4).

3.6. Acetate-regulated midgut barrier
function

We further studied the regulatory effect of acetate on the
intestinal barrier integrity in the midgut by adding acetate to
the A. japonicus normal feed. The results showed that acetate
alleviated the damage caused by V. splendidus to the midgut barrier
function (Figure 5A). The immunofluorescence result showed
that the occludin and ZO-1 fluorescence signals aggravatingly
increased compared with the control group (Figure 5A) and almost
disappeared in V. splendidus. We further measured the mRNA
level of occludin and ZO-1 in the midgut tissue by qRT-PCR after
acetate treatment; the mRNA significantly increased to 9.22- and
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FIGURE 4
SCFAs exhibit correlations with tight junction proteins and the major
midgut microbiota by Spearman'’s correlation analysis. The color
and thickness of the ellipse represent the correlation coefficient
value. Asterisks indicate obvious correlations. Asterisks indicate
significant differences: *p < 0.05, **p < 0.01, and **p < 0.001.

3.57-fold, respectively, in the acetate group compared with the
control group (p < 0.01; p < 0.01). Vibrio splendidus significantly
reduced the mRNA level, and acetate restored the tight junction
mRNA level to the control level (Figures 5B, C). The Western
blotting results suggested that acetate restored the occludin and
Z0-1 expression levels of the control group in the presence of V.
splendidus (Figures 5D-F).

3.7. Acetate-altered F-actin and ZO-1
localization and organization

It was well-documented that actin participated in modulating
the tight junction structural integrity via actin reorganization
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FIGURE 5
Acetate administration reinforces the integrity of the epithelial barrier during V. splendidus infection. (A) H&E staining of the section of the A
Jjaponicus midgut. (B) Immunofluorescence of ZO-1 and occludin in the A. japonicus mid-intestine. (C, D) RT-PCR analysis of the occludin and ZO-1
transcript levels from the mid-intestine tissue after acetate treatment. (E, F) The Western blotting was used to determine the expression level of
occludin and ZO-1 with B-actin as the reference in the mid-intestine tissue. Asterisks indicate significant differences: *p < 0.05 and **p < 0.01

(Zeng and Chi, 2015). To preliminarily understand the detailed
mechanism of acetate-mediated midgut permeability, we evaluated
the effects of acetate on ZO-1 distribution and F-actin expression
in the midgut epithelial cell by separating the epithelial cells from
the midgut tissue and culturing in vitro. We only evaluated the
tight junction ZO-1 expression in our in vitro experimental study.
The A. japonicus intestinal epithelial cells did not form cell lines,

Frontiersin Microbiology

and occludin was located at the cell junction. Immunofluorescence
analysis revealed that ZO-1 and F-actin in the intestinal epithelial
cells showed that acetate reinforces the intestine barrier integrity
(Figure 6A). Fluorescence images of the control group showed that
Z0-1 was located on the cell border and colocalized with F-actin
in the mid-intestinal epithelial cells. In contrast, the cells treated
with LPS suggested that ZO-1 and F-actin were weakly expressed
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FIGURE 6

Acetate prevented LPS-induced F-actin and ZO-1 dissociation and reorganization in mid-intestinal epithelial cells. (A) Immunofluorescence of ZO-1
and F-actin in the intestinal epithelial cells. (B) Fluorescence colocalization analysis for F-actin and ZO-1 of the intestinal epithelial cells analysis. (C,
D) The Western blotting was used to determine the ZO-1 in the intestinal epithelial cells. Asterisks indicate significant differences: **p < 0.01 and

**%p < 0,001

in the cell edge and diffused to the cytoplasm ( , B). The
mid-intestinal epithelial cells incubated with acetic acid showed F-
actin and ZO-1 colocalization, and the fluorescence signal at the cell
edge was strong ( ). Compared with the acetate treatment
group, the mid-intestinal epithelial cell fluorescence signal of the
acetate and LPS treatment group was weak. The Western blotting

results suggested that the effect of acetic acid increased the ZO-1

Frontiersin
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expression in the mid-intestinal epithelial cells ( , D).
Compared with the LPS-treated mid-intestinal epithelial cells, the
combination of acetic acid and LPS could increase the expression
of the ZO-1 protein, but it was still lower than that of the control
group. Therefore, acetic acid affects the mid-intestinal permeability
of A. japonicus by affecting F-actin rearrangement and decreasing
TJ protein expression.
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4. Discussion

The most vital function of the intestinal epithelium is being
a barrier to prevent intestinal bacteria from entering the blood
circulation from the intestinal cavity. The tight junction is regarded
as the side gate between the two adjacent cells because it limits
the access of molecules according to charges and sizes; it can also
regulate paracellular permeability (Bhat et al., 2019). Moreover,
the tight junction also plays a palisade function and maintains
the polarization of epithelial cells by protecting them from the
disorder displacement of apical and basolateral membrane proteins
in mammals (Bhat et al., 2019; Heinemann and Schuetz, 2019;
Otani and Furuse, 2020). More and more pieces of evidence
suggest that configuration and expression changes of T] proteins
are caused by all kinds of stimuli, including toxins (Patterson et al.,
2020), ROS (Kim et al., 2019), and nitric oxide (Logsdon et al.,
2018). Alterations of the TJ protein level and location are related
to the increase in the permeability of the epithelium monolayer
bypass (Schilpp et al, 2021). ZO-1 is a cytosolic scaffolding
protein, and it is the key molecule in TJ complexes (Lynn et al.,
2020). It interacts with other member tight junction compounds
(Schwayer et al,, 2019) and forms a tight junction complex with
the cytoskeleton. In our present study, the mid-intestine barrier
integrity could be observed by H&E; the result indicated that V.
splendidus seriously damaged the mid-intestinal epithelial tissue.
The occludin and ZO-1 expression levels were decreased by V.
splendidus in the midgut tissue, as examined by Western blotting
and immunofluorescence (Figure 1). It was demonstrated that
the decrease in the occludin and ZO-1 expression levels were
involved in the defective barrier morphology and function induced
by various pathological factors (Zeng and Chi, 2015). Among
pathological factors, cytoskeletal remodeling was caused by the
contraction of actin, which destroyed the TJ structure to increase
intestinal permeability. The junctional ring of F-actin and myosin
II supporting the tight junction is essential for the regulation
of physiological and pathophysiological barriers (Madara and
Pappenheimer, 1987). For instance, the activation of peripheral
myosin light chain kinase (MLCK) is sufficient for enhancing
cell bypass permeability (Shen et al., 2006). The activation of
MLCK can cause phosphorylation of the myosin light chain
(MLC); it can mediate actin contraction and destroy the tight
junction, thereby increasing the permeability of epithelial cells. The
mechanism by which V. splendidus destroys the intestinal barrier
and reduces the occludin and ZO-1 expression remains to be
further studied. V. splendidus might regulate MLCK by activating
NF-«B to redistribute tight junction proteins and the surrounding
cytoskeletal proteins, resulting in the displacement of the tight
junction structure as well as an increase in intestinal permeability.
At present, whether tight junction protein downregulation is
caused by pathogenic microorganisms or a pathological state is not
clear. Some studies indicate that the MAPK signaling pathway can
regulate the transport of intestinal epithelial cells by modulating
the expression of tight junction proteins and their phosphorylation
degree (Basuroy et al., 2006).

In addition to the destruction of the intestinal barrier, we also
found that the infection of V. splendidus altered the intestinal
microbial community structure and microbiota-derived SCFA
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profiling (Figures 2, 3), The result indicated that microbiota-
derived SCFAs may exert a function in SUS A. japonicus.
Vibrio splendens invasion could influence the intestinal microbiota
homeostasis by decreasing the alpha diversity of the intestinal
microbiota in A. japonicus and decreasing the abundance of
gram-positive Firmicutes and gram-negative Desulfobacterota as
the most abundant phyla in the A. japonicus gut (Zhang et al,
2018). The imbalance of the intestinal microbiota may lead to
the proliferation of previously conditioned pathogens in the gut
(Mallon et al., 2015). The decrease in the bacterial community
diversity may lead to a decrease in the functional stability of
bacterial communities, resulting in an increased disease risk
(Xiong et al., 2019). Ecological evidence suggests that a decrease
in gut bacterial diversity can provide a vacancy for microbial
invaders (Ruben et al., 2005). Recent studies have revealed that
many illnesses are always accompanied by the alteration of the
intestinal microbiota aberrations and SCFA profiling (Madara
and Pappenheimer, 1987). In this study, the characterization of
the intestinal bacteria of A. japonicus revealed a dominance of
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteriota,
which are typical dominant members of the vertebrate gut,
particularly in mammals (Turnbaugh et al, 2007; Mahowald
et al, 2009). The finding regarding these dominant phyla was
similar to that of other studies involved in the gut microbiota
of A. japonicus (Yang et al., 2015; Kwong et al., 2018; Pagan-
Jiménez et al, 2019). At the genus level, Rhodococcus was
obviously decreased during the V. splendidus infection, which
was representative of the Actinobacterio phylum and can degrade
harmful organic substances. Meanwhile, the decrease also occurred
in Rhodobacteraceae, which is an aquatic photosynthetic probiotic
for the intestinal epithelial cells of tilapias (Zhou et al., 2020).
The decrease in Rhodobacteraceae and Rhodococcus during the
V. splendidus infection suggested that V. splendidus destroyed the
midgut microbiota homeostasis by reducing the abundance of these
probiotics. Additionally, the correlation analysis revealed that the
bacteria with a significant negative correlation with valeric acid
were positively correlated with acetic acid. Many reports have
demonstrated that Proteobacteria and Firmicutes are the dominant
bacteria producing acetic acid and butyric acid (Kwong et al,
2018), but the variation trend in Proteobacteria and Firmicutes
abundances was completely different from that of the valeric acid
content. Hence, we speculated that valeric acid and acetic acid
might exert a different function in the intestine via the midgut
microbiota alteration.

Emerging pieces of evidence suggest that acetic acid and butyric
acid derived from the microbiota can influence the host’s immune
response (Denning et al., 2000; Moore et al., 2001). Specifically,
it has been demonstrated that butyric acid maintains mucosal
integrity and has an anti-inflammatory effect on the intestine due
to its significant antineoplastic properties (Bagheri et al., 2018).
Many reports have demonstrated that butyric acid plays a beneficial
role in the epithelial barrier formation in humans with IBD or IBS
(Sokol et al., 2009; Eeckhaut et al., 2013; Machiels et al., 2014).
Zeng and Chi (2015) demonstrated the ability of microbial-derived
butyrate to promote the epithelial barrier function through claudin-
2 repression in human epithelial cells. However, our results found
that propionic acid and butyric acid do not play any role in
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maintaining the intestinal barrier homeostasis, and they were
not identified as marker metabolites in the SCFA profile analysis
results (Figure 4). In particular, butyric acid had only one phyla
bacterium with a significant correlation. We found that acetic acid
had significant differences with the V. splendidus infection. There
were differences in the living environment and food composition
between higher animals and our research subjects. The differences
led to changes in the midgut microbiota community and functions
and then altered the metabolites profile. Hence, we considered that
the synergy between acetic acid and the intestinal permeability
variation in the A. japonicus midgut is not accidental, but the
inevitable result was induced by V. splendidus infection in the
sea cucumbers. Hu et al. (2023) reported that Lactobacillus reuteri
abundance significantly decreased in the HCC mice intestine,
accompanied by the reduction of SCFA levels, especially acetate.
The
microbiota-derived SCFA profiling indicate that we should

mid-intestine tissue morphology alteration and
seek to understand the correlation between SCFAs and the
intestinal epithelial barrier. The result of the association analysis
between SCFAs and the tight junction confirmed that there was
a strong correlation between SCFAs and the intestinal barrier
(Figure 4), but only acetic acid was significantly correlated with
both occludin and ZO-1. Meanwhile, microbial aberration and
SCFA contents also indicate that acetic acid plays an essential
role in SUS occurrence. To test the function of acetic acid on
the intestinal barrier, we added acetate to the normal forage
to feed the sea cucumbers. Our study found that acetate could
maintain the normal mid-intestine barrier integrity by increasing
the occludin and ZO-1 expression under V. splendidus invasion
(Figure 5). The result was consistent with those of other studies,
which demonstrated that SCFAs secure the intestinal barrier
function by regulating the tight junction expression (Yang et al.,
20105 Arpaia et al., 2013). These data indicate that V. splendidus
reduced the expression levels of occludin and ZO-1, whereas
acetate successfully prevented the V. splendidus-induced effects.
However, the microbiota-derived SCFAS mechanism that led
to the improvement of the intestinal barrier and protected the
intestinal barrier from exogenous bacteria is unknown. To further
confirm the association between acetic acid and the mid-intestine
barrier function regulated by the tight junction expression and
distribution, acetate was employed to treat mid-intestinal epithelial
cells. This study found that the ZO-1 and F-actin disaggregation
at the cell border and F-actin recombination occurred in the LPS-
treated cells, and acetate could maintain the normal distribution
of F-actin and ZO-1 to cope with the challenge posed by LPS
(Figure 6). Peerapen and Thongboonkerd (2021) also indicate
that various stimuli induce F-actin reorganization. Cytoskeleton,
composed of F-actin and other partner proteins, plays a key role
in the modulation and formation of the cell shape (Schakenraad
et al., 2020) and locomotion (Svitkina, 2018). The reorganization
of F-actin has been reported to influence the tight junction
structure integrity due to the direct connection of ZO-1 with
F-actin (Odenwald et al., 2017; Otani and Furuse, 2020). F-actin
contractile is driven by MLCK/MLC pathway activation, which
causes tight junction contraction and structural displacement,
leading to increased permeability (Hecht et al., 1996; Yang et al.,
2010). Therefore, acetate might protect the F-actin organization
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and the tight junction structure from LPS-induced damage by
inhibiting the nuclear import of NF-kB p65 and activating the
MLCK/MLC pathway.

5. Conclusion

Overall, our results provide evidence that the alteration of
the midgut microbiota and SCFA profiling is accompanied by
intestinal barrier damage and tight junction downregulation
during V. splendidus infection in sea cucumbers. Moreover,
the SCFA profiling analysis suggested that acetic acid was a
characteristic metabolite in sea cucumbers. The feeding experiment
also confirmed that acetic acid has a profound effect on the
intestinal barrier integrity and tight junction structure integrity.
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