
Wade et al. 
Journal of Biomedical Science  2023, 30(1):38 
https://doi.org/10.1186/s12929-023-00935-1

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Akkermansia muciniphila and its membrane 
protein ameliorates intestinal inflammatory 
stress and promotes epithelial wound healing 
via CREBH and miR‑143/145
Henry Wade1†, Kaichao Pan2†, Qihua Duan1, Szczepan Kaluzny1, Ekta Pandey3, Linda Fatumoju3, 
Viswanathan Saraswathi4, Rongxue Wu2, Edward N. Harris3 and Qiaozhu Su1* 

Abstract 

Background  The intestinal epithelial barrier is the interface for interaction between gut microbiota and host meta-
bolic systems. Akkermansia muciniphila (A. muciniphila) is a key player in the colonic microbiota that resides in the 
mucus layer, whose abundance is selectively decreased in the faecal microbiota of inflammatory bowel disease (IBD) 
patients. This study aims to investigate the regulatory mechanism among A. muciniphila, a transcription factor cAMP-
responsive element-binding protein H (CREBH), and microRNA-143/145 (miR-143/145) in intestinal inflammatory 
stress, gut barrier integrity and epithelial regeneration.

Methods  A novel mouse model with increased colonization of A muciniphila in the intestine of CREBH knockout 
mice, an epithelial wound healing assay and several molecular biological techniques were applied in this study. 
Results were analysed using a homoscedastic 2-tailed t-test.

Results  Increased colonization of A. muciniphila in mouse gut enhanced expression of intestinal CREBH, which was 
associated with the mitigation of intestinal endoplasmic reticulum (ER) stress, gut barrier leakage and blood endo-
toxemia induced by dextran sulfate sodium (DSS). Genetic depletion of CREBH (CREBH-KO) significantly inhibited the 
expression of tight junction proteins that are associated with gut barrier integrity, including Claudin5 and Claudin8, 
but upregulated Claudin2, a tight junction protein that enhances gut permeability, resulting in intestinal hyperper-
meability and inflammation. Upregulation of CREBH by A. muciniphila further coupled with miR-143/145 promoted 
intestinal epithelial cell (IEC) regeneration and wound repair via insulin-like growth factor (IGF) and IGFBP5 signalling. 
Moreover, the gene expressing an outer membrane protein of A. muciniphila, Amuc_1100, was cloned into a mam-
malian cell-expression vector and successfully expressed in porcine and human IECs. Expression of Amuc_1100 in IECs 
could recapitulate the health beneficial effect of A. muciniphila on the gut by activating CREBH, inhibiting ER stress 
and enhancing the expression of genes involved in gut barrier integrity and IEC’s regeneration.

Conclusions  This study uncovers a novel mechanism that links A. muciniphila and its membrane protein with 
host CREBH, IGF signalling and miRNAs in mitigating intestinal inflammatory stress–gut barrier permeability and 
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promoting intestinal wound healing. This novel finding may lend support to the development of therapeutic 
approaches for IBD by manipulating the interaction between host genes, gut bacteria and its bioactive components.

Keywords  Akkermansia muciniphila, Amuc_1100, CREBH, microRNA-143/145, Intestinal inflammatory stress, Epithelial 
regeneration, Wound healing

Background
The intestinal epithelium is the interface for the interac-
tion between gut microbiota and host metabolic systems 
[1]. This barrier is enhanced by the presence of a mucus 
layer and immune factors produced by the host [2]. 
Accumulating evidence suggests that the development of 
inflammatory bowel disease (IBD) results from an inap-
propriate inflammatory response to intestinal microbes 
in a genetically susceptible host [3]. These observations 
have led to the conclusion that dysbiosis of the human 
gut microbiome is involved in either initiating or main-
taining the disease [4, 5]. Akkermansia muciniphila 
(A. muciniphila) is one of the key players in the colonic 
mucus-associated microbiota that resides in the mucus 
layer of the intestine, a niche in close vicinity to host cells 
[6, 7]. A. muciniphila comprises a considerable popula-
tion of the human gut microbiota, which contributes to 
about 1–4% of the faecal microbiota of healthy adults [8, 
9], and is essential for mucus production in the human 
gut to maintain a healthy mucus layer and intestinal wall 
thickness [7, 10]. A decrease of this species has been 
found in human faeces and/or biopsies of several dis-
eases, including IBD, appendicitis, type-2 diabetes and 
obesity [10, 11]. Increased intestinal colonization by A. 
muciniphila via direct administration has demonstrated 
the health beneficial effects of this gut bacteria on pro-
tecting mice from hyperlipidaemia, atherosclerosis, 
type-2 diabetes, and gut barrier disturbances [10–18]. 
Extracellular vesicles derived from this species are able to 
ameliorate colitis in mice, suggesting an important role of 
A. muciniphila in maintaining host intestinal homeosta-
sis [19].

The cAMP-responsive element-binding protein H 
(CREBH, encoded by Creb3l3 in human) is a mem-
ber of the CREB bZIP superfamily of transcription 
factors that is exclusively expressed in the liver and 
intestine. Hepatic CREBH was originally identified 
to be activated by ER stress and regulated the acute 
phase response gene expression [20]. Further studies 
revealed that CREBH is essential to hepatic glucose, 
lipid, and lipoprotein metabolism [21, 22]. CREBH has 
also been reported to inhibit inflammatory responses 
by suppressing nuclear factor (NF)-B (NFκB) signal-
ling and expression of inflammatory chemokines which 
impeded the subsequent recruitment of immune cells 
(e.g., neutrophils) and inflammatory response [23, 

24]. In addition, overexpression of CREBH in hepatic-
specific CREBH transgenic mice supresses metabolic 
inflammation in white adipose tissue and improves 
high fat diet-induced obesity and insulin resistance 
[25], indicating the diverse role of CREBH in inflamma-
tory responses. However, compared to hepatic CREBH, 
our knowledge on the pathophysiological function of 
intestinal CREBH is very limited. Clinically, a defective 
cAMP signalling pathway has been reported to be asso-
ciated with the onset of paediatric colitis in children. 
Improvement of clinical symptoms after treatment was 
associated with the restoration of cAMP signalling [26]. 
Although CREBH is a key molecule in the cAMP path-
way, its role in the intestinal inflammatory disease is 
unknown. In  situ hybridization analysis revealed that 
CREBH mRNA is present in the intestinal epithelial 
cells (IECs) of the villi but not the crypts [27], which 
may suggest a potential interaction between CREBH 
and the mucosal resident gut bacteria.

The interaction between commensal bacteria and 
the host toll-like receptors (TLR2 and TLR4) under 
physiological conditions plays a crucial role in the 
maintenance of intestinal epithelial homeostasis by 
modulating the expression of various tight-junction 
proteins [28]. The epithelial tight junction proteins 
(e.g., claudin5 [CLDN5] and claudin8 [CLDN8]) which 
seal the paracellular space between IECs are crucial in 
maintaining the gut barrier integrity by controlling the 
permeability of essential ions, nutrients, and water but 
restricting the leakage of bacterial toxins and pathogens 
that may cause intestinal inflammation [29, 30]. The 
tight junction is composed of several transmembrane 
and cytosolic proteins, including occludin (OCLN), 
claudins (CLDNs), zonula occludens (ZOs), tricellu-
lin, cingulin, and junctional adhesion molecules (JAM) 
which interact with each other and with the cytoskel-
eton to form a complex architecture [31]. Together with 
intracellular signalling proteins, tight junction com-
plexes maintain gut barrier integrity and regulate para-
cellular permeability [32]. Alterations in CLDN levels 
affect the intestinal barrier permeability in different 
ways depending on the type of CLDN isoform [33]. For 
example, downregulation of CLDN5 and/or CLDN8 
drastically reduces barrier integrity. In contrast, upreg-
ulation of claudin2 (CLDN2), a leaky gut barrier media-
tor promotes inflammation and IBD [31, 34, 35]. This 



Page 3 of 17Wade et al. Journal of Biomedical Science  2023, 30(1):38	

evidence highlights the diverse functions of tight junc-
tions in gut barrier integrity, and therefore the regula-
tory mechanisms, which are not fully clear.

The re-establishment of the epithelial barrier after 
mucosal injury in IBD depends on a continuous supply 
of epithelial cells under basal conditions and is regulated 
by growth hormones [36–38]. The insulin-like growth 
factor (IGF) signalling pathway functions in mediat-
ing cell proliferation, apoptosis, differentiation, survival, 
metabolism, and migration. IGF1 is mainly secreted by 
the liver and binds to the IGF1 receptor (IGF1R) with 
high affinity and to the IGF2 receptor (IGF2R) with 
lower affinity. The gastrointestinal (GI) tract is a major 
target organ of IGF action that stimulates IEC prolifera-
tion and promotes recovery of intestinal injury from a 
variety of pathological conditions, including radiation 
injury and dextran sulfate sodium (DSS)-induced colitis 
[39]. Intestinal smooth muscle cells are also abundant 
sources of IGF1 that act in an autocrine and paracrine 
fashion to regulate cell growth, survival and response 
to inflammation [40]. In pathological conditions, e.g. 
Crohn’s disease (CD) and malnutrition, IGF1 expres-
sion and secretion are markedly reduced [40]. The IGF 
binding proteins (IGFBPs), designated IGFBP 1–6, typi-
cally function to competitively inhibit IGF signalling. For 
instance, IGFBP5 negatively regulates IGF signalling by 
binding and sequestering IGF ligands, resulting in inhibi-
tion of epithelial IGF1 signalling and subsequent blunt-
ing of the epithelial repair system [41]. In addition, the 
cAMP responsive element binding protein (CREB) has 
also been reported to positively regulate IGF1 signalling 
through interaction with hepatic nuclear factor 1 alpha 
(HNF1α) in IGF1 gene promoter and enhanced IGF1 
expression in the liver of a grass carp model [42], impli-
cating the involvement of CREB family in the IEC regen-
eration. However, whether intestinal CREBH is involved 
in mammalian IEC proliferation and how it interacts with 
gut microbiome in maintaining epithelial homeostasis 
remain unclear.

The present study demonstrated that increased coloni-
zation of A. muciniphila in the colon of mice upregulated 
and activated intestinal CREBH, which subsequently mit-
igated intestinal endoplasmic reticulum (ER) stress, gut 
barrier leakage and blood endotoxemia induced by DSS. 
The mechanistic study revealed that CREBH positively 
regulated the expression of tight junctions that contrib-
ute to gut barrier integrity (e.g., CLDN5 and CLDN8) but 
inhibited a leaky gut tight junction CLDN2, leading to the 
inhibition of gut permeability and inflammation. Upregu-
lation of CREBH by A. muciniphila further enhanced 
the expression of microRNA-143/145 (miR-143/145) 
to target IGFBP5, which improve IGF-mediated IEC 
regeneration and epithelial cell wound repair. Moreover, 

expression of an A. muciniphila outer membrane protein, 
Amuc_1100, in porcine small intestinal epithelial cell line 
(IPEC-J2) and human Caco2 cells enhanced the expres-
sion and activation of CREBH, which further induced 
expression of genes involved in gut barrier function and 
epithelial regeneration. The TLR2 and TNF receptor 
associated factor 6 (TRAF6) were found to mediate acti-
vation of CREBH by Amuc_1100. This study uncovers a 
novel regulatory circuit linking A. muciniphila and its 
membrane protein Amuc_1100 with host CREBH, IGF 
signalling, and microRNAs in mitigating intestinal epi-
thelial ER stress and gut barrier permeability as well as 
promoting intestinal epithelial regeneration.

Methods
Cell culture, transfection, and treatments
Normal porcine small intestinal epithelial cell line (IPEC-
J2) and human colonic adenocarcinoma (Caco2) cells 
were obtained from America Type Culture Collection 
(ATCC, Manassas, VI, USA) and maintained in  Gibco 
DMEM/F12 (1:1) (11330032) containing 10% FBS and 
1% penicillin/streptomycin (Gibco, 15140-122) or Gibco 
MEM (11,583,397) containing 10% FBS, 1% l-Glutamine 
(Gibco, 25030-081), and 1% penicillin/streptomycin 
(Gibco, 15140-122), respectively. Cells were grown in 
T75 flasks at 37  °C, 5% CO2. All cell treatments were 
conducted in standard 6-well plates with 3 × 105 cells 
seeded per well and maintained in the described media. 
For Tumour necrosis factor (TNF)α treatment, when 
cells reached 60–70% confluence, cells were treated with 
20 ng/mL recombinant human TNFα (Gibco: PHC3015) 
for a time course of 12 or 24 h. Interleukin (IL)-1β treat-
ment was performed under identical conditions and 
treated with 10 ng/mL human IL-1β (Gibco, PHC0814) 
for 24 or 48 h. For transfection, 3 × 105 cells were seeded 
in wells of 6-well plates and grown to 60–70% conflu-
ence in described media. 1 h prior to transfection, media 
was replaced with serum and antibiotic free Gibco MEM 
(11,583,397) containing 1% l-Glutamine. Cells were then 
transfected with 2  µg of plasmid: either empty pFLAG-
CMV-2 vector, pFLAG-CMV-2-CREBH (N-terminal 
CREBH, constitutively active form), empty pcDNA3.1-
Flag vector, or pcDNA3.1-Flag-Amuc_1100, respectively. 
Transfections were carried out using Lipofectamine 
3000 (Invitrogen, L3000-008) with Opti-MEM media 
(Gibco, 31985-047) for 6 h, then media was replaced with 
standard growth media and cells were allowed to grow 
for additional 48  h. Total RNA or protein lysates were 
extracted at the end of each treatment.

Animal protocols
All animal experiments were approved by the University 
of Nebraska-Lincoln Institutional Animal Care and Use 
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Committee (Protocol #2414) and were carried out under 
the institutional guidelines for ethical animal use. Wild 
type (WT) (C57BL/6J) and CREBH-KO mice with exons 
4–7 of the CrebH gene deleted as previously described 
[20] at 12–18 weeks of age were used in this study 
(n = 5–10/per group). Animals were housed with alter-
nating 12 h light and dark cycles with free access to food 
and water and placed on a chow diet (Dyets Inc., USA). 
For DSS treatment, both WT and CREBH-KO mice were 
divided into two groups and supplied with drinking water 
containing 1.5% DSS or vehicle (Veh, H2O) with free 
access to food for 14 days to induce IBD. Body weights 
and food intakes were monitor every other days. Plasmas, 
ileum, and colon tissues were harvested at the end of 
treatment for further analysis. For TNFα treatment, both 
WT and CREBH-KO mice were divided into two groups 
followed by fasting for 6  h with free access to water. 
Mice were then treated with either recombinant mouse 
TNFα (60 ng/g body weight, IP injection) or saline con-
trol. Plasma, ileum and colon tissues were collected at 5 h 
post-treatment under anesthetization with isoflurane (3% 
mixed with oxygen). Intestinal tissues were then homog-
enized in solubilization buffer to prepare protein lysates 
or subjected to RNA extraction for further analysis.

A. muciniphilaand IBD treatment
WT and CREBH-KO mice were pre-treated with either 
200 µL 1 × 109 CFU/mL live A. muciniphila suspended in 
2.5% glycerol/PBS or 200 µL PBS containing 2.5% glyc-
erol as control every other day for 6 days via oral gavage. 
At the end of A. muciniphila treatment, the mice were 
supplied with drinking water containing 1.5% DSS for 14 
days to induce IBD. Plasma, ileum, and colon tissues were 
harvested at the end of treatment for further analysis.

FITC‑dextran (FD4) permeability assay
In vivo intestinal permeability assay to determine barrier 
function was performed using an Fluorescein Isothiocy-
anate (FITC)-labelled dextran method as described [43]. 
Briefly, mice were orally gavaged with permeability tracer 
(0.4  mg/g body weight of FITC-labelled dextran, MW 
4000; Sigma-Aldrich) after fasting for 12  h. Serum was 
collected retro-orbitally after 4  h. Fluorescence inten-
sity of each sample was measured (excitation, 492  nm; 
emission, 525  nm, SYNERGY H1 microplate reader), 
and FITC-dextran concentrations were determined from 
standard curves generated by serial dilution of FITC 
dextran.

Construction of Amuc_1100 expression plasmid
A. muciniphila genomic DNA was isolated using Tri-
zol (Life Technologies, Grand Island, NY, USA) follow-
ing manufacturer protocol for DNA extraction. PCR 

amplification of Amuc_1100 cDNA reading frame from 
A. muciniphila genomic DNA was performed using the 
following primers: Amuc_1100-Fwd: 5′-ATA​AGC​TTA​
TGA​GCA​ATT​GGA​TTA​CAG​ACA​ACA​AGC​CCG-3′, 
Amuc_1100-Rev: 5′-TAT​GGG​CCC​TTA​ATC​TTC​AGA​
CGG​TTC​CTG​AGC​CTT​GGG-3′. Amuc_1100 was puri-
fied using QIAquick® Gel Extraction Kit (28704) follow-
ing the manufacturer protocol. The cDNA of Amuc_1100 
reading frame was cloned into the pcDNA3.1-Flag 
expression vector by restriction digestion with Hind III 
(Promega: R604A) and Apa I (Promega: R636A) at 37 °C 
for 1 h followed by ligation overnight at room tempera-
ture. The construct was verified by sequencing the entire 
cDNA open reading frame of the protein.

RNA isolation, reverse transcription and qRT‑PCR
Total RNA was isolated from tissue using TRIzol (Life 
Technologies, Grand Island, NY, USA). RNA integ-
rity was confirmed using a NanoDrop 2000 (Wilming-
ton, DE). First strand cDNA was synthesized with oligo 
(dT) and random primers using a High-Capacity cDNA 
Reverse Transcription Kit with RNase Inhibitor (Life 
Technologies). Quantification of gene expression was 
performed by SYBR Green qPCR on a Roche LightCycler 
480 Instrument II. Relative expression of gene mRNA 
was calculated using the expression of 18s rRNA for nor-
malization. Sequences of the primers used in this study 
are listed in Additional file 1: Table S1.

Immunoblot analyses
 Immunoblotting analysis was performed as previously 
described [44]. The following primary antibodies were 
used: anti-Claudin-2 (Life Technologies; 325,600), anti-
Claudin-3 (Thermo Scientific; PA5-16867), anti-Occludin 
(Invitrogen; 40-4700), Anti-CREB3L3 (Santa Cruz Bio-
technology; SC-69,375), anti-IGFBP5 (Cell Signalling; 
10,941S), anti-IGF-1 (Abcam; ab9572), anti-SAPK/JNK 
(Cell Signalling; 9252T), anti-p-SAPK/JNK (Cell Signal-
ling; 9255S), anti-p-EIF2α (Cell Signalling, 3597S). Sec-
ondary antibodies utilised: anti-Mouse (Cell signalling; 
7076S), anti-Rabbit (Cell Signalling, 7074S), anti-Goat 
(Abcam; 7076S). All antibodies were used at a final con-
centration of 0.1–1  µg/mL. After incubation with the 
appropriate horseradish peroxidase-conjugated anti-
mouse (GE Healthcare: NA931V) and anti-rabbit (GE 
Healthcare: NA934V) IgG secondary antibodies (1:2000 
dilution), signals were detected using enhanced chemilu-
minescence (Pierce, Rockford IL, USA).

Plasma endotoxin (LPS) measurement
Plasma endotoxin (LPS) concentrations were determined 
using the Pierce LAL Chromogenic Endotoxin Quantita-
tion Kit (#88282, Thermo Scientific, Rockford IL, USA) 
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according to manufacturer’s protocol. Briefly, plasma was 
diluted 50-fold and heat shocked at 70 ºC for 15 min and 
then stored at -20ºC until use. The samples were incu-
bated with LAL reagent at 37 ºC for 10 min in sterile 96 
well plates, followed by incubation with chromogenic 
substrate supplied in the kit. The reaction was stopped 
using 25% acetic acid (Stop Reagent) and absorbance 
was measured at 405 nm using a Tecan Safire microplate 
reader. The concentration of endotoxin in plasma was 
determined using a standard curve prepared using Endo-
toxin Standard solutions.

Statistical analyses
The Anderson-Darling test on the residuals was used to 
test normality and Levene’s test was used to test for equal 
variances. The two-tailed Student’s t-test was used for 
statistical analyses of two-group comparisons. All results 
are presented as means ± SD. Asterisks (* or **) indicate 
statistically significant differences of p < 0.05 or p < 0.01, 
respectively, compared to controls.

Results
A. muciniphila ameliorates intestinal inflammatory and ER 
stress and endotoxemia in DSS‑induced colitis
The abundance of A. muciniphila (AKK) has been 
reported to be significantly decreased in patients with 
IBD and in mice with colitis. However, the underly-
ing molecular mechanism remains unclear. We and 
other researchers previously reported that administra-
tion of live A. muciniphila via oral gavage could suc-
cessfully increase colonization of A. muciniphila in the 
mouse intestine [44]. To investigate the mechanism for 
increased colonic colonization of A. muciniphila improv-
ing gut inflammation, three groups of C57/B6 mice were 
pre-treated with a dose of either A. muciniphila (200 µL, 
1 × 109 cfu/mL) in PBS with 2.5% glycerol, or the vehicle 
(PBS with 2.5% glycerol) as control through oral gavage 
every other day for 6 days. Next, two groups of these 
mice were further supplied with drinking water contain-
ing DSS to induce colitis while the third group was sup-
plied with regular drinking water to serve as negative 
control as detailed in the "Methods". Treatment with DSS 
induced significant body weight decrease in the vehi-
cle (PBS) pre-treated mice (Veh/DSS), starting at day-6 
post-treatment compared to day-0, which was further 
decreased until the termination of the experiment at 
day-14 (Fig. 1A). In contrast, DSS failed to induce body 
weight loss in the A. muciniphila pre-treated mice (AKK/
DSS), in which the mice maintained their body weights 
comparable to the negative control group (Veh/Veh) dur-
ing the experimental time course (Fig.  1A). Histological 
analysis of mouse distal colon tissues by hematoxylin 
and eosin (H&E) staining revealed that pre-treatment 

with A. muciniphila attenuated colonic injuries induced 
by DSS treatment whereas, loss of intestinal histological 
structure and disruption of the epithelial barrier were 
observed in the vehicle treated group (Veh/DSS) upon 
DSS treatment (Fig.  1B). Clinical severity of the colitis 
was further evaluated using a disease activity index (DAI) 
that incorporates body weight loss, stool consistency, and 
GI tract bleeding as detailed in Additional file 1: Table S2 
[45], which showed that treatment with A. muciniphila 
significantly improved DAI (Additional file  1: Fig. S1A), 
implicating the protective effect of A. muciniphila on 
mitigating the development of colitis associated patho-
logical symptoms. Immunoblotting analysis of ER stress 
markers in the colons revealed that A. muciniphila 
treatment inhibited activation of ER stress markers, 
phospho-c-Jun N-terminal kinase (JNK-p) and phos-
pho-eukaryotic translation initiation factor 2α (eIF2α-p) 
(Fig.  1C). q-RT-PCR analysis of inflammatory cytokine 
gene expression also showed a significant induction of 
TNFα, IL-1β and IL-6 genes in the vehicle treated mice, 
which was inhibited in the A. muciniphila-treated mice 
(Fig.  1D). Immunohistochemistry (IHC) analysis with 
an anti-F4/80 antibody further demonstrated that A. 
muciniphila alleviated infiltration of macrophages in the 
colonic tissues upon DSS treatment (Additional file  1: 
Fig. S1B). Together, these data demonstrated an improve-
ment of intestinal inflammatory and ER stress in the 
colons of AKK/DSS treated mice compared to the Veh/
DSS treated mice.

A. muciniphila is a Gram-negative anaerobic gut bacte-
rium that contains lipopolysaccharides (LPS) in its outer 
cell wall. It has been reported that circulating levels of 
LPS in host blood depend on the release of LPS from gut 
bacteria and is associated with gut permeability [46]. IBD 
compromises gut barrier integrity, particularly intestinal 
epithelial tight junction function, which increases gut 
permeability and induces metabolic endotoxemia (high 
level of LPS in the blood circulation) [46]. To determine 
whether increased A. muciniphila in the GI tract will 
elevate host plasma LPS levels, an endotoxin (LPS) assay 
was conducted to determine plasma LPS concentration. 
As shown in Fig. 1E, plasma endotoxin (LPS) concentra-
tions were significantly elevated in the Veh/DSS-treated 
mice compared to the control group (Veh/Veh) (Fig. 1E). 
Pre-administration of A. muciniphila in the DSS-treated 
mice (AKK/DSS) reduced plasma LPS to a level similar 
to the control (Fig. 1E). Next, a metabolomics analysis of 
mouse plasma was conducted to further determine the 
impact of A. muciniphila on systemic metabolic inflam-
mation. Consistent with the improvement of local inflam-
mation in the gut, biomarker of metabolic inflammation, 
homocysteine, was markedly reduced in the AKK/DSS 
mice compared to the Veh/DSS group (Fig. 1F). Together, 
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these data demonstrate the anti-inflammatory effect of A. 
muciniphila in mitigating intestinal epithelial inflamma-
tory stress and systemic metabolic inflammation induced 
by DSS.

Upregulation of CREBH by A. muciniphila promotes 
intestinal barrier integrity
To investigate the anti-inflammatory mechanism of A. 
muciniphila in the intestinal inflammation, we focused 
on CREBH, a transcription factor exclusively expressed 
in the liver and intestine and involved in inflammatory 
and cAMP signalling. Moreover, intestinal CREBH is 
expressed in the epithelial cells of the villi [27], which may 
facilitate its crosstalk with gut bacteria in the mucus layer. 
Immunoblotting analysis revealed significant induction 
of CREBH protein in the colon of A. muciniphila treated 
mice (Fig.  2A). DSS treatment suppressed mRNA and 
protein expressions of colonic CREBH (Fig. 2B, C), which 
was accompanied with increased expression of a leaky 

gut barrier mediator CLDN2, but reduced expression of 
protective tight junction protein, CLDN3 (Fig. 2C). Pre-
treatment with A. muciniphila rescued CREBH from 
the inhibition by DSS at both mRNA and protein levels 
(Fig.  2D; Additional file  1: Fig. S2A). Further investigat-
ing the regulation of CREBH on intestinal claudins in 
the CREBH knockout (CREBH-KO) mice revealed that 
genetic depletion of CREBH significantly upregulated 
leaky gut mediator, CLDN2, but downregulated mRNA 
levels of other tight junction proteins that maintain gut 
barrier integrity, including CLDN1, CLDN3, CLDN5, 
CLDN8 and ZO-1 but not OCLN (Fig. 2E, F). DSS treat-
ment inhibited expression of CLDN1, CLDN3, CLDN5, 
CLDN8 and ZO-1 in the WT mice to a similar level of 
CREBH-KO (Fig.  2F). The essential role of CREBH on 
intestinal barrier integrity was further determined by 
a FITC-labelled dextran assay, which demonstrated 
CREBH-KO enhanced DSS-induced gut permeability, 
allowing more FD4 molecules to permeate through the 

Fig. 1  A. muciniphila ameliorates intestinal inflammatory and ER stress and endotoxemia in DSS-induced colitis. The indicated groups of wild type 
(WT, C57BL/6J) mice (n = 5–10/groups) were pre-treated with A. muciniphila (AKK) or Veh (PBS) followed by DSS or Veh (H2O) treatment as described 
in the "Methods". Plasmas and colon tissues were collected for protein and RNA extractions for the following analysis. A Mouse body weight (%) 
at day-0 to day-14. B Representative histological images of distal colon tissues by H&E staining as described in the Additional file 1: Supplemental 
Methods. Scale bars, 275 μm. C Immunoblotting analysis of ER-stress markers phospho-JNK, JNK, phospho-eIF2α, and loading control β-actin in 
the colon tissues of Veh/DSS or AKK/DSS treated mice. D mRNA expression of inflammatory cytokines TNFα, IL1β, and IL-6 in the colons of Veh/Veh, 
Veh/DSS or AKK/DSS treated mice. E Plasma endotoxin (LPS) concentrations from the Veh (PBS)/Veh (H2O), Veh/DSS or AKK/DSS treated WT mice. 
F Homocysteine in the plasmas of Veh/DSS or AKK/DSS treated WT mice determined by metabolomics analysis. Results represent the means ± SD. 
The two-tailed Student’s t-test was used for statistical analyses of two-group comparisons. *P < 0.05 and **P < 0.01 versus controls
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gut barrier and get into blood circulation, which resulted 
in notably higher concentration of FD4 in the plasmas of 
DSS-treated CREBH-KO mice (Fig.  2G). Furthermore, 
depletion of CREBH abrogated the protective effect of 
A. muciniphila on DSS-induced body weight loss and 
endotoxemia in mice (Fig. 2H; Additional file 1: Fig. S2B). 
Together, these data demonstrated that CREBH is crucial 
in maintaining intestinal barrier integrity by positively 
upregulating expression of the protective tight junc-
tion proteins. Depletion of CREBH predisposes mice to 
DSS-induced colitis, and an intact CREBH is essential to 
mediate the gut health beneficial effect of A. muciniphila.

CREBH enhances the expression of tight junction proteins 
that were impaired by inflammatory cytokines
The protective effect of CREBH on gut integrity was 
further investigated in a more physiologically relevant 
mouse model with intestinal inflammation. Four groups 
of WT and CREBH-KO mice were treated with either 
control vehicle (saline) or inflammatory cytokine TNFα 
for 5 h to induce intestinal inflammation. q-RT-PCR anal-
ysis revealed that TNFα treatment significantly inhibited 
mRNA expression of CLDN5 and CLDN8 in the ileum 
(Fig. 3A). Depletion of CREBH suppressed expression of 
CLDN5 and CLDN8 mRNAs to a level similar to that of 

Fig. 2   Upregulation of CREBH by A. muciniphila promotes intestinal barrier integrity. A Immunoblotting analysis of CREBH and loading control 
β-actin proteins in the colon tissues of WT mice treated with a dose of AKK or Veh every other day for 14 days. B mRNA expression of CREBH in the 
Veh or DSS treated colons determined by qRT-PCR. C Immunoblotting analysis of CREBH, CLDN2, CLDN3 and β-actin in the colons of mice treated 
with Veh or DSS. D Immunoblotting analysis of CREBH and β-actin in the colon tissues of the mice pre-treated with Veh or AKK followed by Veh or 
DSS treatment. E Immunoblotting analysis of CLDN2, OCLN and β-actin in the colon tissues of the WT and CREBH-KO mice. F qRT-PCR analysis of 
mRNAs of CLDN1, 3, 5, and 8, OCLN and ZO-1 in the colon tissues of WT or CREBH-KO mice treated with Veh or DSS. G FD4 gut permeability assay: 
two groups of DSS-treated WT and KO mice were subjected to a FD4 permeability assay as described in the "Methods". Plasma FD4 concentrations 
were determined and presented as means ± SD. H Plasma endotoxin (LPS) concentrations from the control WT/Veh/Veh, KO/Veh/DSS or KO/
AKK/DSS treated mice determined as described in the "Methods". Results represent the means ± SD. The two-tailed Student’s t-test was used for 
statistical analyses of two-group comparisons. *P < 0.05 and **P < 0.01 versus controls
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WT mice treated with TNFα (Fig. 3A). Immunoblotting 
analysis further showed that TNFα upregulated expres-
sion of the leaky gut mediator CLDN2 protein in the 
ileum of CREBH-KO mice (Fig.  3B). In  vitro, treatment 
of a porcine intestinal epithelial cell line (IPEC-J2) with 
TNFα (20 ng/mL) for 12 and 24 h inhibited expression of 
CREBH which was accompanied by elevated CLDN2 and 
reduced CLDN8 mRNA at 24 h post-treatment (Fig. 3C, 
D). Upregulation of CLDN2 by TNFα was further con-
firmed in a human colonic adenocarcinoma cell line 
(Caco2) treated with TNFα (20 ng/mL) or IL-1β (10 ng/
mL), respectively (Additional file  1: Figs. S3A, B). Next, 
a gain-of-function assay was conducted to determine the 
direct regulation of CREBH on tight junction proteins. 
We transfected IPEC-J2 cells with a constitutively active 
form of CREBH (N-terminal CREBH) or an empty vector 
(Mock) and found that overexpression of CREBH signifi-
cantly inhibited mRNA of CLDN2 but enhanced expres-
sion of CLDN5 and CLDN8 (Fig.  3E). Similar changes 

were observed in CREBH-transfected Caco2 cells in 
which mRNAs of CLDN5, CLDN8 and OCLN but not 
ZO-1 were upregulated upon expression of CREBH 
(Additional file  1: Fig. S3C). Interestingly, treating the 
CREBH-transfected Caco2 cells with TNFα reversed the 
increased CLDN5 and OCLN mRNAs back to a level 
similar to the mock control (Additional file 1: Fig. S3D). 
Together, these data demonstrated that CREBH enhances 
the expression of tight junction proeins that are disturbed 
by inflammatory cytokines to sustain gut barrier integrity 
in vivo and in vitro.

CREBH promotes intestinal epithelial regeneration 
and wound healing via IGF signalling
The IGF signalling pathway is known to stimulate intes-
tinal epithelial proliferation and promote injury recovery 
of IECs [39]. To investigate whether CREBH is involved 
in IGF-mediated epithelial cell proliferation and wound 

Fig. 3  CREBH enhances the expression of intestinal integrity associated tight junction proteins impaired by inflammatory cytokines. Four groups 
of WT or CREBH-KO mice (n = 5–6/group) were treated with either TNFα (60 ng/g body weight) or vehicle (Veh, saline) for 5 h. Ileum tissues 
were collected for protein and RNA extraction for the following analyses: A mRNA expression of CLDN5 and CLDN8 in the ileums measured by 
qRT-PCR. B Immunoblotting analysis of CLDN2 and β-actin in the ileums of the KO mice treated with TNFα or Veh. C Immunofluorescent confocal 
microscopic images of IPEC-J2 cells treated with Veh (H2O) or TNFα (20 ng/mL) for 24 h followed by stained with anti-CREBH antibody or Hoescht 
33,342 as described in the Additional file 1: Supplemental Methods. D qRT-PCR analysis of mRNA expression of CLDN8 and CLDN2 in IPEC-J2 cells 
treated with Veh (H2O) or TNFα (20 ng/mL) for 12 or 24 h. E IPEC-J2 cells were transfected with mock (empty vector) or an active CREBH (N-terminal 
CREBH, constitutively active) plasmid for 48 h. Total RNAs were extracted for measurement of mRNA expression of CLDN2, 5, 8, and ZO-1 by 
qRT-PCR. Results represent the means ± SD. The two-tailed Student’s t-test was used for statistical analyses of two-group comparisons. *P < 0.05 and 
**P < 0.01 versus controls
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repair, mRNA level of IGF1 receptor (IGF1R) was deter-
mined in the colons of WT and KO mice with or with-
out DSS treatment. Depletion of CREBH significantly 
downregulated IGF1R mRNA (Fig.  4A). DSS treatment 
also suppressed expression of IGF1R gene in the WT 
mice (Fig. 4A). In vitro, the expression of active CREBH 
in IPEC-J2 or Caco2 cells enhanced mRNA expression 
of IGF1R (Fig. 4B; Additional file 1: Fig. S4A) which was 
abrogated by treating the CREBH-transfected Caco2 cells 
with TNFα (Additional file  1: Fig. S4B). Further inves-
tigating the circulating level of growth hormone IGF1 
revealed that plasma IGF1 was significantly lower in the 
CREBH-KO mice compared to WT (Fig.  4C). Interest-
ingly, A. muciniphila treatment significantly upregu-
lated IGF1 in the plasma of WT but not the CREBH-KO 
mice (Fig. 4C). Administration of A. muciniphila further 
upregulated the mRNA level of IGF1R in the DSS-treated 
WT mice, a phenotype that was abolished in the CREBH-
KO mice (Fig. 4D), indicating the crucial role of CREBH 

in mediating intestinal IGF signalling and the positive 
impact of A. muciniphila on IGF1 signalling.

It has been well accepted that, following the injury, the 
intestinal epithelium undergoes a wound healing process 
which is dependent on the precise balance among migra-
tion, proliferation, and differentiation of the epithelial 
cells adjacent to the wounded area [47]. To further inves-
tigate the positive impact of CREBH on intestinal epithe-
lial regeneration, a wound healing assay was performed 
using Caco2 cells transfected with an empty vector (mock) 
or CREBH followed by the standard protocol described in 
the Additional file 1. Images of the wounded area were cap-
tured at 0, 3-, 6-, 9-, 24-, 30-, and 48 h as they healed over 
the time course. The area of circular wounds was quantified 
by Image J and shown in Fig. 4E. Expression of CREBH sig-
nificantly enhanced Caco2 cell wound repair compared to 
the mock transfected cells at 24-, 30-, and 48-hrs (Fig. 4E, F; 
Additional file 1: Fig. S4C), indicating that overexpression 
of CREBH stimulates IEC proliferation and wound repair.

Fig. 4  CREBH promotes intestinal epithelial regeneration and wound healing via mediation of IGF signalling. A mRNA expression of IGF1R in 
the colon tissues of wild type (WT, C57BL/6J) and CREBH-KO mice (n = 5–10/groups) treated with DSS or vehicle (Veh, H2O) in drinking water for 
14 days. B qRT-PCR analysis of mRNA expression of IGF1R in IPEC-J2 cells transfected with mock (empty vector) or an active CREBH (N-terminal 
CREBH, constitutively active) plasmid for 48 h. C Immunoblotting analysis of plasma IGF-1 and loading control Albumin in the plasmas of WT and 
CREBH-KO mice (n = 5–6/group). D mRNA expression of IGF1R in the colon tissues of WT and CREBH-KO mice (n = 5–10/groups) pre-treatment 
with A. muciniphila (AKK) or Veh (PBS) followed by DSS or Veh treatment as described in the "Methods". E IEC wound healing assay: Caco2 cells 
transfected with mock (empty vector) or an CREBH expressing plasmid were grown to a confluent monolayer before being wounded by scratching 
and monitored for rate of wound healing by microscopy imaging; rate of wound healing is presented by the ratio (%) of wounded areas at each 
indicated time point to its initial wounded area at time 0 as described in the Additional file 1: Supplemental Methods. F Representative images of 
the same wound at 0 and 30 h are presented. Results represent the means ± SD. The two-tailed Student’s t-test was used for statistical analyses of 
two-group comparisons. *P < 0.05 and **P < 0.01 versus controls
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miR‑143/‑145 induced by A. muciniphila target IGFBP5 
in IGF signalling and enhances intestinal epithelial 
regeneration
To further determine the regulatory mechanism of 
CREBH on the IGF system, the IGF downstream signal-
ling molecules IGFBPs were investigated. IGFBPs bind to 
the growth factors, IGFs, with high affinity and seques-
ter the ligand from interaction with IGF receptors [48]. 

Immunoblotting analysis of IGFBP5 in the colons of 
DSS-treated WT and CREBH-KO mice revealed that 
knockout of CREBH or DSS treatment upregulated 
expression of IGFBP5 (Fig. 5A), whereas gene expression 
of other IGFBP family members IGFBP1 and IGFBP4 
were downregulated under the same pathological condi-
tion (Additional file  1: Fig. S5A). Furthermore, overex-
pression of the active CREBH in Caco2 cells via plasmid 

Fig. 5  miR-143/-145 induced by A. muciniphila target IGFBP5 in IGF signalling and enhances intestinal epithelial regeneration. Four groups of WT 
and CREBH-KO mice (n = 5–10/groups) were treated with either DSS or Veh (H2O) as described in "Methods". Colon and ileum tissues were collected 
for protein and RNA extractions for the following analysis. A Immunoblotting analysis of IGFBP5 and loading control of β-actin in the colon tissues of 
these mice. B Caco2 cells were transfected with mock (empty vector) or an active CREBH (N-terminal CREBH, constitutively active) plasmid for 48 h. 
Total RNAs were extracted for measurement of mRNA expression of IGFBP5 by qRT-PCR. C Expression of miR-143 and miR-145 in the colon tissue 
of DSS treated mice measured by qRT-PCR and normalized to small nucleolar RNA202. D Expression of miR-143 and miR-145 in the ileum tissues 
of CREBH-KO mice treated with either TNFα (60 ng/g body weight) or vehicle (Veh, saline) for 5 h (n = 5–6/group). E–G Four groups of the mice 
(n = 5–10/groups) were pre-treated with A. muciniphila (AKK) or Veh (PBS) followed by Veh (H2O) or DSS treatment as described in the "Methods". 
E Expression of miR-143 and miR-145 in the colon tissue measured by qRT-PCR and normalized to small nucleolar RNA202. F mRNA expression of 
IGFBP5 in the colon tissues of the treated mice. G Immunoblotting analysis of IGFBP5 and β-actin in ileum tissues of the indicated mice. Results 
represent the means ± SD. The two-tailed Student’s t-test was used for statistical analyses of two-group comparisons. *P < 0.05 and **P < 0.01 versus 
controls
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transfection suppressed mRNA expression of IGFBP5 
but either upregulated IGFBP4 or unaltered IGFBP1 
mRNA levels (Fig. 5B; Additional file 1: Fig. S5B), indicat-
ing that IGFBP5 is the key IGFBP member that negatively 
regulates the IGF pathway in this context.

MicroRNAs (miRNAs) are small non-coding RNAs 
that regulate multiple cellular processes by inducing 
decay and/or translational repression of the target mRNA 
[49, 50]. miRNAs have been validated to target more 
than 60% of mRNAs in the genome and are fundamen-
tally involved in diverse pathophysiological processes, 
including IBD [51–53]. To investigate if miRNAs are 
involved in the upregulation of IGFBP5 in CREBH-KO 
and DSS-treated mice, we searched for miRNAs that can 
potentially target the 3′-UTR of IGFBP5. Bioinformatics 
analysis revealed that miR-143-3p and miR-203-3p may 
potentially interact with two binding sequences within 
the 3′-UTR of IGFBP5 (Additional file 1: Fig. S5C). The 
targeted sequences are highly conserved among verte-
brates, including humans, rats, and mice, implicating the 
evolutional importance of these target sites. MiR-143 is 
located in close proximity with miR-145 on the encoding 
genes where they are co-transcribed in the same bicis-
tronic transcript cluster [54]. Examining the expression 
of miR-143/145 cluster in the colons of CREBH-KO and 
DSS-treated mice revealed the significant downregu-
lation of miR-143/145 by depletion of CREBH or DSS 
treatment (Fig. 5C). Treatment of these mice with TNFα 
further uncovered the inhibitory effect of inflammatory 
cytokine TNFα on intestinal miR-143/145 expression but 
not on miR-203-3p in the KO mice (Fig. 5D; Additional 
file  1: Fig. S5D), implicating the specific role of miR-
143/145 in the intestinal inflammation. Treatment with 
A. muciniphila restored the expression of miR-143/145 
in the colons of DSS treated WT and KO mice (Fig. 5E), 
which was associated with the decreased mRNA and 
protein of IGFBP5 (Fig.  5F, G), demonstrating that the 
elevated miR-143 targeted IGFBP5 mRNA and inhibited 
protein translation. In  vitro, incubation of Caco2 cells 
with TNFα (20 ng/mL) induced expression of  IGFBP5 
(Additional file  1: Fig. S5E), which can be inhibited by 
expressing CREBH in the TNFα-treated cells (Additional 
file  1: Fig. S5F). Together, these data demonstrate that 
downregulation of miR-143 induced by DSS or depletion 
of CREBH releases their inhibition on IGFBP5, which 
subsequently targets the IGF mediated intestinal epithe-
lial regeneration and wound repair. 

An outer membrane protein of A. muciniphila Amuc_1100 
coupled with CREBH to regulate IEC proliferation and gut 
barrier integrity
To explore the potential of developing gut bacterial com-
ponent as therapeutic approach for human gut diseases 

(i.e., IBD), we searched for bacterial component(s) that 
can recapitulate the health beneficial effect of A. mucin-
iphila. The outer membrane protein A. muciniphila, 
Amuc_1100, is one of the most abundant membrane pro-
teins that presents on a gene cluster related to pilus for-
mation, which may suggest its potential to interact with 
host intestinal epithelial cells and engage in host metabo-
lism [55]. To investigate if Amuc_1100 can be expressed 
in mammalian IECs and regulates the intestinal cellu-
lar activities, we cloned the translational open reading 
frame of Amuc_1100 from A. muciniphila into a mam-
malian cell expression vector pcDNA3.1-Flag as detailed 
in the "Methods". Successful expression of Amuc_1100 
protein in IPEC-J2 cells was verified by an immunoblot-
ting analysis (Fig.  6A). More importantly, expression of 
Amuc_1100 upregulated and activated cellular CREBH 
in the transfected cells, indicated by the increased active 
form of CREBH (N-CREBH) (Fig.  6A). TLR (TLR2 and 
TLR4) signalling has been reported to be the key media-
tors of commensal bacteria in maintaining host intestinal 
epithelial homeostasis. Activation of TLRs by either the 
TLR2 or TLR4 ligand is critical for the protection against 
gut injury and associated mortality [28]. Consistent 
with this view, we found that expression of Amuc_1100 
stimulated mRNA expression of TLR2 but not TLR4 in 
IPEC-J2 cells (Fig.  6B), which was accompanied by less 
activation of ER stress markers, Glucose related protein 
78 (Grp78) and phospho-eIF2α, and inhibition of the 
leaky gut tight junction, CLDN2 (Fig. 6C). Inhibition of 
CLDN2 was further observed in the Amuc_1100 trans-
fected Caco2 cells (Additional file 1: Fig. S6A). Moreover, 
Amuc_1100 stimulated mRNA expression of CREBH, 
IGF1R, and CLDN5 but suppressed IGFBP5 in the IPEC-
J2 cells whereas mRNA of CLDN8 remained unchanged 
(Fig.  6D). These data demonstrated that Amuc_1100 is 
capable of recapitulating the health beneficial effect of A. 
muciniphila in IECs, likely via mediation of CREBH and 
TLR2.

We further investigate the mechanism by which 
Amuc_1100 activates CREBH. The TNF receptor associ-
ated factor 6 (TRAF6), a molecule mediating TLR singling, 
has been shown to interact with CREBH and facilitate its 
cleavage and activation in mouse liver challenged with bac-
terial endotoxin lipopolysaccharide (LPS) [56]. To examine 
if TRAF6 is involved in the activation of CREBH induced 
by Amuc_1100, an immunostaining assay followed by con-
focal imaging analysis was performed. Consistent with 
the data obtained by immunoblotting analysis in Fig.  6A, 
immunostaining analysis revealed that expression of 
Amuc_1100 in IPEC-J2 cells activated CREBH, indicated 
by the increased nuclear localization of CREBH (active 
CREBH) (Fig.  6E). Overlap coefficient analysis revealed 
that Amuc_1100 promoted co-localization of CREBH 
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with TRAF6 which may facilitate the cleavage and activa-
tion of CREBH (Fig.  6F). More intriguingly, treating the 
Amuc_1100 transfected cells with TNFα inhibited expres-
sion of Amuc_1100 and abrogated the positive regulation 
of Amuc_1100 on CREBH, CLDN5 and IGF1R but restored 
IGFBP5 mRNA expression (Fig. 6G; Additional file 1: Fig. 
S6B). Together, these results demonstrate that the bacterial 
membrane protein Amuc_1100 can be expressed in por-
cine and human IECs and recapitulate the health beneficial 
effects of A. muciniphila on gut barrier integrity and IGF 
signalling via mediation of TLR2 and CREBH.

Discussion
Our study uncovers a key link between A. muciniphila 
and intestinal CREBH in gut health that yields sev-
eral novel findings (Fig.  7). First, increased coloniza-
tion of A. muciniphila in the GI tract ameliorates ER 
stress in the IECs, improves gut barrier integrity, and 
reduces metabolic inflammation via CREBH. Second, 
increased CREBH induced by A. muciniphila coupled 
with miR143/145 to enhance IGF signalling in intesti-
nal epithelial regeneration and wound healing. Third, 
the newly identified outer membrane protein of A. 

Fig. 6  An outer membrane protein of A. muciniphila Amuc_1100 coupled with host CREBH to regulate IEC proliferation and gut barrier integrity. 
IPEC-J2 or Caco2 cells were transfected with empty vector (pcDNA3.1) or vector expressing Amuc_1100 (Amuc) for 48 h. Total mRNA or protein 
was extracted for the following analyses: A Immunoblot analysis of Amuc_1100 (Amuc), Full-length CREBH, N-terminal CREBH (N-CREBH, active 
form), and β-actin. B mRNA expression of TLR2 and TLR4. C Immunoblot analysis of Grp78, eIF2α-p, CLDN2, and β-actin. D mRNA expression of 
CREBH, IGF1R, IGFBP5, CLDN5, and CLDN8 in the transfected IPEC-J2 cells. E Immunofluorescent confocal images of the transfected IPEC-J2 cells 
immune-stained with anti-CREBH and anti-TARF6 antibodies, and Hoescht 33,349 as described in the Additional file 1: Supplemental Methods. 
F Overlap coefficient analysis of the immunofluorescence images in E, showing co-localisation of CREBH and TRAF6. G Immunoblot analysis of 
Amuc_1100 (Amuc) and β-actin expression in Caco2 cells transfected with empty vector or Amuc_1100 (Amuc) expressing vector (for 48 h) treated 
with or without TNFα (20 ng/mL) for 24 h. Results represent the means with SD. The two-tailed Student’s t-test was used for statistical analyses of 
two-group comparisons. *P < 0.05 and **P < 0.01 versus controls
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muciniphila, Amuc_1100, can be expressed in mam-
malian cells and recapitulate the health beneficial effect 
of A. muciniphila in IECs, at least partially, which may 
lend support to pharmaceutical development focus-
ing on gut bacterial components (e.g., membrane pro-
teins) instead of whole bacteria for the treatment of 
IBD and other human diseases. In summary, novel find-
ings from this study provide advanced insights into the 
mutual interaction between host gene regulation and 
gut microbiome in intestinal barrier homeostasis and 
epithelial regeneration via CREBH and miRNAs, which 
may shed light on exploring therapeutic strategies for 
the treatment of inflammatory bowel disorders.

Dysbiosis plays a pivotal role in the pathogen-
esis of human IBD [57]. Previously, administration 
of A. muciniphila was reported to restore the intesti-
nal thickness of the inner mucus layer in high-fat diet 
induced obese mice and therefore contribute to the 
prevention of dietary induced metabolic disease [11]. 
Regulation of A. muciniphila on the host gene expres-
sion has been studied in (mono-associated) mice and 
organoids, which identified that most of the genes 
affected by the gut bacteria were involved in immune 
and metabolic responses [6, 58, 59]. In this study, we 
demonstrated that CREBH, miR-143/145, and IGF sys-
tem are key mediators in the crosstalk between host 
intestinal homeostasis and gut bacteria. Upregulation 
of CREBH by A. muciniphila ameliorates ER stress 
in IECs, enhances expression of protective gut tight 
junctions, promotes IEC proliferation and inhibits 

gut leakage. These novel findings decipher an under-
lying mechanism for why decreased A. muciniphila 
abundance contributes to the development of human 
ulcerative colitis and inflammatory bowel disorders [13, 
60–63]. 

A fine balance between tight junction proteins is criti-
cal for the maintenance of paracellular integrity in the 
gut. Functional loss of epithelial cell barrier integrity is 
thought to be the initial pathological change that under-
lies injury and inflammation of IBD as this results in 
the migration of luminal antigens into the submucosa, 
exposing lamina propria immune cells to these antigens 
and eliciting inflammatory response in the intestine [64]. 
Compromised intestinal barrier integrity and increased 
IEC permeability allows bacteria-derived molecules (e.g., 
LPS) to leak into the mucosa and initiate inflammatory 
responses. Clinically, altered expression of tight junction 
proteins and increased epithelial permeability preceding 
disease relapse are observed in patients with Crohn’s dis-
ease, stressing the essential role of tight junction proteins 
in IBD [65, 66]. In this study, we found that DSS-induced 
IBD resulted in robust increase of plasma endotoxin 
(LPS), which can be inhibited by in  vivo administration 
of A. muciniphila despite that A. muciniphila is a Gram-
negative gut bacterium that contains LPS in its outer 
membrane. Depletion of CREBH abrogates the protective 
effect of A. muciniphila on DSS-induced gut permeabil-
ity, resulting in increased plasma LPS in the CREBH-
KO mice. Mechanistic study further demonstrated the 
positive regulation of CREBH on IEC’s regeneration 
and wound repair via modulating the IGF signaling and 
miRNA-143/145. These novel findings strongly sup-
port that an intact CREBH is essential for maintaining a 
healthy balance between gut integrity and permeability.

In contrast to the studies that show the health benefi-
cial effect of A. muciniphila on intestinal barrier integrity, 
several mouse studies have reported that increased num-
bers of the mucosal resident bacteria were found in DSS-
induced colitis [67–69]. Ganesh et al. also reported that 
administration of A. muciniphila exacerbated Salmonella 
enterica Typhimurium (S. Typhimurium)-induced intesti-
nal inflammation in a gnotobiotic mouse model [70]. The 
possible mechanisms behind these observations could be 
that the increased mucosa-associated bacteria found in 
IBD is needed to produce more nutrients to sustain non-
mucolytic mucosa-associated bacteria upon IBD. Fur-
thermore, although increased total mucosa-associated 
bacterial 16  S rRNA genes were found in the intestinal 
epithelium of patients with Crohn’s disease or ulcera-
tive colitis, the bacterial abundance are disproportionally 
increased in some mucolytic bacteria, including Rumino-
coccus gnavus and Ruminococcus torques but decreased 
in A. muciniphila [13]. Future studies to delineate the 

Fig. 7   A. muciniphila and its membrane protein Amuc_1100 
enhances intestinal CREBH expression which in turn ameliorates 
colonic ER stress and inflammation induced by DSS and promotes 
intestinal barrier integrity by upregulating expression of protective 
gut tight junctions (CLDN5 and CLDN8) but inhibiting the leaky gut 
mediator, CLDN2. CREBH further coupled with microRNA-143/145 to 
positively regulate the IGF-1 signalling pathway involved in intestinal 
epithelial regeneration and wound repair. An intact CREBH is essential 
to mediate the beneficial effect of A. muciniphila and its membrane 
protein Amuc_1100 in gut health
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underlying mechanisms are needed to address the role of 
A. muciniphila and other mucosa-associated bacteria in 
modulating intestinal barrier integrity.

A. muciniphila has been identified as a unique gut bac-
terium in the field of next-generation probiotic research 
because of its colonization in the intestinal mucus layer, 
an interface close to host intestinal cells and other gut 
bacteria, as well as its health beneficial effects on several 
pathological conditions, including obesity, type-2 diabe-
tes, atherosclerosis, and gut disorders [11, 14–16]. How-
ever, the great hurdle in the translational application of 
A. muciniphila in clinical therapeutics is its high sensi-
tivity to oxygen and its growth medium containing ani-
mal-derived nutrients that is not compatible for human 
administration. To circumvent this obstacle, scientists 
have tried to explore and isolate bioactive components 
within A. muciniphila that can recapitulate the health 
beneficial function of the whole bacteria. Previously, 
Plovier et  al. cloned an outer membrane protein of A. 
muciniphila, Amuc_1100, into a bacterial expression vec-
tor and expressed the protein in E. coli. The purified pro-
tein was then delivered to the high-fat diet-induced obese 
mice via oral gavage and was found that Amuc_1100 
protein interacted with TLR2, and partially recapitu-
lates the function of A. muciniphila against obesity and 
insulin resistance [17]. Amuc_1100 is a highly abundant 
pili-like membrane protein that localizes at the outside 
of A. muciniphila, a location that may facilitate its cross-
talk with host enterocytes. As discussed above, CREBH 
is also presented in the intestinal epithelial cells of the 
villi [27], the physical proximity between Amue_1100 
and CREBH in the gut may facilitate their interaction 
with each other and exert their health beneficial effect in 
the gut. Isolation and identification of bioactive compo-
nents (i.e., Amuc_1100) from gut bacteria that is capable 
of recapitulating all or part of the health beneficial effects 
of the live organism could be an innovative strategy for 
the therapeutics of metabolic diseases. In this study, we 
successfully expressed a membrane protein of A. mucin-
iphila Amuc_1100 in porcine intestinal epithelial cell 
IPEC-J2 and human Caco2 cells, and further demon-
strated that the presence of Amuc_1100 in mammalian 
IECs activated CREBH, which subsequently mitigated 
IEC’s ER stress and stimulated the expression of protec-
tive tight junction proteins, epithelial regeneration and 
wound repair. We further showed that TLR2 and TRAF6 
mediated the activation of CREBH in this context. These 
novel findings may contribute to the development of 
treatment strategy to utilize A. muciniphila or its com-
ponents to ameliorate human diseases, such as IBD and 
other inflammatory gut disorders.

Conclusions
This study uncovers a novel regulatory mechanism 
that links A. muciniphila and its membrane protein 
Amuc_1100 with host CREBH, IGF signalling and micro-
RNAs in mitigating intestinal inflammatory stress and 
gut barrier permeability as well as promoting intestinal 
wound healing. This novel finding may lend support to 
develop therapeutic approaches for IBD by manipulating 
the mutual, association between host genes, gut bacteria 
and its bioactive components.
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Results represent the means±SD. The two-tailed Student’s t-test was used 
for statistical analyses of two-group comparisons. *P < 0.05 and **P < 
0.01 versus controls.>. Figure S3.qRT-PCR analysis of mRNA expression 
of CLDN2 in Caco2 cells treated with TNFαfor 12 and 24 hrs, respectively.
qRT-PCR analysis of mRNA expression of CLDN2 in Caco2 cells treated with 
IL-1βfor 24 and 48 hrs, respectively.qRT-PCR analysis of mRNA expression 
of CLDN5, CLDN8, OCLN, and ZO-1 in Caco2 cells transfected with mock 
vectoror vector expressing constitutively active CREBHfor 48 hrs.qRT-PCR 
analysis of mRNA expression of CLDN5, CLDN8, OCLN, and ZO-1 in Caco2 
cells transfected mock or constitutively active CREBHfor 48 hrs and treated 
with or without TNFαfor 24 hrs. Results represent the means ± SD. The 
two-tailed Student’s t-test was used for statistical analyses of two-group 
comparisons. *P < 0.05 and **P<0.01 versus controls. >. Figure S4.qRT-
PCR analysis of mRNA expression of IGF1R in Caco2 cells transfected with 
mock vectoror vector expressing constitutively active CREBHfor 48 hrs.
qRT-PCR analysis of mRNA expression of IGF1R in Caco2 cells transfected 
mock or constitutively active CREBHfor 24 h followed by additional 24 
h treatment with TNFα.The non-outlined microscopy images of the 
wounded Caco2 cell monolayer shown in Figure 4F. Results represent 
the means ± SD. The two-tailed Student’s t-test was used for statistical 
analyses of two-group comparisons. **P < 0.01 versus controls. >. Figure 
S5.qRT-PCR analysis of mRNA expression of IGFBP1 and IGFBP4 in the 
colon tissues of the WT and CREBH-KO mice treated with DSSor vehiclein 
drinking water for 14 days.qRT-PCR analysis of mRNA expression of IGFBP1 
and IGFBP4 in Caco2 cells transfected with mock vectoror vector express-
ing constitutively active CREBHfor 48 hrs.miR-143-3p and miR-203-3p 
response elements within the 3’- UTR of human, rat and mouse IGFBP5 
mRNA predicted by TargetScan 7.2.Expression of miR-203-3p in the ileums 
of WT and CREBH-KO mice treated with either Vehor TNFα for 5 hrs.mRNA 
expression of IGFBP5 in Caco2 cells treated with mockor TNFαfor 24 hrs.
qRT-PCR analysis of mRNA expression of IGFBP5 in Caco2 cells transfected 
with mock vectoror vector expressing constitutively active CREBHfor 48 h 
and treated with or without TNFαfor 24 hrs. Results represent the means 
with SD. The two-tailed Student’s t-test was used for statistical analyses of 
two-group comparisons. *P < 0.05 versus controls. Figure S6.Immunoblot 
analysis of CLDN2 and β-actin in Caco2 cells transfected with mock vec-
toror vector expressing Amuc_1100 for 48 hrs.mRNA expression of CREBH, 
CLDN5, CLDN8, IGF1R, and IGFBP5 in Caco2 cells transfected with mock 
vectoror vector expressing constitutively active CREBHfor 48 h and treated 
with or without TNFαfor 24 hrs. Results represent the means with SD. The 
two-tailed Student’s t-test was used for statistical analyses of two group 
comparisons. **P < 0.01 versus controls. >. Table S1. Sequences of primers 
used in this study. Table S2. Scoring system for disease activity index.
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