Int. J. Biol. Sci. 2022, Vol. 18

4469

m*LTEB IVYSPRING

vs INTERNATIONAL PUBLISHER

Research Paper

International Journal of Biological Sciences

2022; 18(11): 4469-4481. doi: 10.7150/ijbs.72283

The Low-density Lipoprotein Receptor-related Protein 6
Pathway in the Treatment of Intestinal Barrier Dysfunction
Induced by Hypoxia and Intestinal Microbiota through the

Wnt/[B-catenin Pathway

Zhihua Liul2*, Chao Lil2, Min Liul2, Zhen Songl2, Mary Pat Moyer?, Dan Su™

1. Department of Anorectal Surgery, the Fifth Affiliated Hospital of Guangzhou Medical University, Guangzhou, Guangdong, 510799, China.
2. Key Laboratory of Biological Targeting Diagnosis, Therapy and Rehabilitation of Guangdong Higher Education Institutes, The Fifth Affiliated Hospital of

Guangzhou Medical University.
3. INCELL Corporation, San Antonio, Texas, 78249, USA.

4. Department of Anorectal surgery. The Sixth Affiliated Hospital of Sun Yatsen University, Guangzhou 510665, China.

P4 Corresponding authors: Dan Su, MD, Department of Anorectal surgery. The Sixth Affiliated Hospital of Sun Yatsen University, Guangzhou 510665, China;
Tel: +86-20-38250221; E-mail: sudan3@mail.sysu.edu.cn; Dr. Zhihua Liu, MD., Ph.D. Department of Center Laboratory, the Fifth Affiliated Hospital of
Guangzhou Medical University, Guangzhou, Guangdong, 510799, China; Tel: +86 20 82281638; Fax: +86 20 82297393; E-mail: liuzhihua@gzhmu.edu.cn.

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).

See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2022.02.22; Accepted: 2022.07.03; Published: 2022.07.11

Abstract

Our study is to explore the key molecular of Low-density lipoprotein receptor-related protein 6 (LRP6) and
the related Wnt/B-catenin pathway regulated by LRP6 during the intestinal barrier dysfunction. Colorectal
protein profile analysis showed that LRP6é expression was decreased in dextran sulfate sodium (DSS)-induced
colitis mice, and mice received fecal bacteria transplantation from stroke patients. Mice with intestinal hypoxia
and intestinal epithelial cells cultured in hypoxia showed decreased expression of LRP6. Overexpression of
LPR6 or its N-terminus rescued the Wnt/B-catenin signaling pathway which was inhibited by hypoxia and
endoplasmic reticulum stress. In mice overexpressing of LRP6, the expression of B-catenin and DKKI
increased, Bcl2 decreased, and Bax increased. Mice with LRP6 knockout showed an opposite trend, and the
expression of Claudin2, Occludin and ZO-1 decreased. Two drugs, curcumin and auranofin could alleviate
intestinal barrier damage in DSS-induced colitis mice by targeting LRP-6. Therefore, gut microbiota dysbiosis
and hypoxia can inhibit the LRP6 and Wnt/B-catenin pathway, and drugs targeting LRP6 can protect the
intestinal barrier.

Key words: gut microbiota; low-density lipoprotein receptor-related protein 6; endoplasmic-reticulum stress; beta-catenin;

hypoxia; tight junction

Introduction

The role of the gut microbiota in intestinal
barrier function has been increasingly studied [1-3]. It
is reported that intestinal barrier dysfunction is
associated with the intestinal microbiota, which could
also be treated by probiotics [4]. The general
therapeutic method for intestinal barrier dysfunction
is using the probiotics [5-6]. Also nowadays, fecal
microbiota transplantation is developed for the
protection of intestinal barrier. Some drugs also have
a regulation on intestinal barrier and therapeutic
effects on in intestinal barrier [7]. Ischemia/
reperfusion (I/R) injury is a model of intestinal barrier
dysfunction [8-9], which could occur in multiple

clinical settings, especially for patients in the intensive
care unit [10-11]. How I/R injury causes intestinal
barrier dysfunction has been extensively studied [12],
and oxidative stress, apoptosis [10], and autophagy
were involved. As to the molecular pathway, the
hypoxia-inducible factor-la (HIF-la) and Wnt/
B-catenin pathways were mainly studied [10, 13].

The ischemia/reperfusion (I/R) injury is mainly
caused by myocardial infarction, stroke, and
peripheral vascular disease. I/R may lead to the
production of various oxidant species, inflammatory
factors, and nucleus and induce DNA injury, resulting
in sepsis, tissue injury and organ failure finally. It is

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

4470

reported that I/R may lead to epithelial barrier
dysfunction through hypoxia-inducible factor-la in
epithelial cell promotes expression of tight junction
proteins [14]. Cofilin could increase intestinal
permeability via depolymerization of f-Actin during
Hypoxia [15]. Our previous study has also reported
the relationship between epithelial dysfunction and
gut microbiota [16]. Recent years, fecal microbiota
transplantation is developed for the protection of
intestinal barrier. Furthermore, some drugs were also
reported as methods to treat intestinal barrier
dysfunction, such as Kaempferol, matrine, and
sodium nitroprusside [17-19].

Wnt/ p-catenin was reported to be an important
pathway regulated by hypoxia, and HIF-1la
extensively interacts with this pathway [20-21].
During colorectal tumorigenesis in hypoxic
conditions, HIF-1a competed with T-cell factor-4 for
direct binding to p-catenin, which resulted in
inhibition of Wnt pathway target genes and induction
of HIF-1 target genes [22]. In embryonic stem cells,
HIFla-pB-catenin  complexes could upregulate
lymphoid enhancer-binding factor 1 and transcription
factor 1, which might activate Wnt signaling [23]. For
osteoarthritis, the HIFla-p-catenin interaction might
be a negative regulator of Wnt signaling, thus
reducing catabolism, while Wnt3a could promote
B-catenin translocation into the nucleus in hypoxia
[24]. In cultured macrophages, HIF-1 mediated the
increase in Wntl and -catenin expression induced by
hypoxia [13]. HIFla also repressed myogenesis
through inhibition of canonical Wnt signaling [25].
Therefore, the active or inhibitory effects of hypoxia
on the Wnt/ B-catenin pathway are still under debate.
As for I/R injury, activation of the Wnt/[-catenin
pathway might protect kidneys against I/R injury by
attenuating apoptosis and inflammation of tubule
epithelial cells [26], whereas the Wnt signaling
pathway attenuated liver injury and improved the
survival of rats induced by hepatic I/R [27]. A recent
study of intestinal I/R showed that Rgl activated the
Wnt/ p-catenin signaling pathway both in vivo and in
vitro and then reduced ROS and apoptosis [,
However, the Wnt/p-catenin pathway in gut barrier
dysfunction has not been investigated. Our study
aims to explore the Wnt/pB-catenin pathway regulated
by LRP6 during the intestinal barrier damage and find
relative drugs targeting LPR6.

Materials and methods

Reagents and plasmids

Tunicamycin (TM), thapsigargin (TG), MG132,
LiCl and chloroquine were purchased from
Sigma-Aldrich. The reporter plasmid TOPFLASH and

the LRP6 and LRP6deltN expression plasmids were
bought from the Center for Cancer Systems Biology
(CCSB)-Broad Lentiviral Expression Library.

Cell culture and transfection

FHC and NCM460 cells were maintained in
DMEM supplemented with 10% FBS, 100 pg/mL
penicillin and 100 pg/mL streptomycin. FHC and
NCM460 cells were transfected using Lipo 2000
(Lipofectamine™ 2000, Invitrogen) according to the
manufacturer’s instructions. After 24 h incubation at
37°C and 95% air and 5% COs, the cells were subjected
to the corresponding treatment and assay. To analyze
the Wnt signaling pathway, cells were treated with
Wnt3a-conditioned medium (WCM) or control
medium (LCM) as preciously described [28].

Mouse model

Male wild-type C57BL/6 mice at 5-7 weeks were
obtained from the Model Animal Research Center of
Nanjing University. The study protocol and
experiments were conducted according to the
guidelines of the Institutional Animal Care and Use
Committee of Guangzhou Medical University and
were approved by the Institutional Ethics Committee
of Guangzhou Medical University. For the I/R model,
0.5 h of intestinal ischemia and 2 h reperfusion were
performed [10]. For the dextran sulfate sodium
(DSS)-induced acute colitis model, DSS (40 kDa,
Sigma-Aldrich, St. Louis, MO) in their drinking water
ina 2% (w/v) solution (7 days) was used.

The LPR6 transgenic and knockout mouse lines
were obtained as reported before [29-31]. To get the
intestinal-specific knockout or overexpression mice,
targeting vector for overexpression or deletion
mutation was established using the pBR322 vector
which contains a neomycin resistance gene driven by
the pGK promoter, flanked by FRT sites. Gene
targeting process replaced the pre-miR sequences
(391bp) flanked by loxP sites with neomycin
resistance gene. Positive clones were injected into
C57BL/6 blastocysts, >50% chimeric male mice were
crossed to C57BL/6 females to generate flox+/+ or
overexpression mice. Flox+/+ mice were intercrossed
with Villin-Cre transgenic mice (J000664, Jackson
laboratories) to remove the target gene in ECs to
generated the intestinal-specific knockout mice. These
mice were backcrossed to C57BL/6 mice for more
than eight generations and homozygous for the
relevant mutation. All of the mice were raised under
specific pathogen-free conditions with filtered air, fed
rodent chow ad libitum and allowed free access to
water. Mice epithelial cells were performed by PCR,
using genomic DNA isolated from the tail by the
tissue DNA isolation kit (Biomiga, China).
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For the mice (age 2 months) treated with drugs,
the mice were treated with intraperitoneal
administration of auranofin (10 mg/kg/day) or with
auranofin (10 mg/kg/day), 5 days per week (Monday
to Friday) for 2 weeks.

Fecal 16S RNA sequencing

Fecal samples of stroke patients, mice with
DSS-induced colitis, and ICU patients who were
clinically = diagnosed with intestinal barrier
dysfunction and their corresponding controls were
used in 165 RNA sequencing (Illumina HiSeq2500
PE250, GENE DENOVO).

Fecal microbiota transplantation

C57BL/6 mice were given vancomycin (975
mg/kg, 1 day, Eli Lilly Japan K. K, Seishin
Laboratories) and then polyethylene glycol (468 g/kg,
1 day, Shenzhen Vanward Pharmaceutical Co., Ltd.)
to remove the original intestinal microbiota. Fecal
microbiota transplantation was performed every
other day three times using a gavage method.

Microarray

Colon samples of mice with DSS-induced
colitis/control and mice with fecal microbiota
transplantation of stroke patients/healthy people
were determined by microarray (L-Series Mouse
Antibody Array L-308, Ray Biotech). The study design
and protocols were reviewed and approved by the
Human Research Review Committee of the Fifth
Affiliated Hospital of Guangzhou Medical University.

Hypoxic treatment

FHC and NCM460 cells were routinely cultured.
Fresh medium was exchanged before treatment for
varying amounts of time in a hypoxic incubator (Stem
Cell Technologies), which was maintained an
environment of 1% oxygen. Normoxic cells were
cultured in 5% oxygen. All cells were supplemented
with 5% CO2.

Immunoprecipitation and Western blot
analysis

After the hypoxic or TM&TG treatment, FHC
and NCM460 cells were harvested by RIPA lysis
buffer. f-catenin protein immunoprecipitated by 1 pg
B-catenin antibody (BD Biosciences), cell lysates and
antibodies were incubated in lysis buffer overnight on
a shaker to allow the formation of protein-antibody
complexes. Then, 30 pl Protein G-agarose beads were
added to the corresponding sample for another 2
hours. Finally, the beads were collected by 1 min of
centrifugation and washed four times with lysis
buffer. SDS-PAGE was used, and immunoblotting the
sample was performed with antibodies [32]. The level

of ubiquitination was determined by western blot
[33].

Real-time PCR analysis

Cells were harvested in 500 pl TRIzol Reagent
(Ambion by Life Technologies), and the cDNA was
synthesized by the manufacturer (PrimeScript™ RT
reagent Kit with gDNA Eraser). TB Green Premix Ex
Taq II (TaKaRa) and 7500 Real-Time PCR System
(Applied Biosystems) were used. Relative changes in
gene expression were normalized to p-actin RNA in
the same cDNA sample [32]. The primers used are
shown in the Table S1.

Immunofluorescence

Cells were fixed and labeled with anti-HA
(Roche) and then stained with FITC (Invitrogen), and
immunofluorescence images were acquired by an
Olympus microscope (FV1200) [34]. The image was
analyzed by software (Image]).

In vivo intestinal permeability assay

Mice were orally gavaged with
fluorescein-isothiocyanate (FITC)-dextran (4 kDa,
Sigma, 50 mg/100 g BW) 3 hours before sacrifice.
Whole blood was obtained from the aorta
abdominalis before overdose anesthesia. Plasma
fluorescence was monitored using a spectrophoto-
fluorometer (Varioskan lux, Thermo Scientific, USA)
using excitation at 488 nm and emission at 528 nm. A
standard curve was prepared using two fold dilutions
of FITC-dextran in PBS [16].

Statistical analysis

Statistical analysis was performed using the
program SPSS for Windows Version 17.0 (SPSS,
Chicago, IL, USA) and GraphPad Prism 5 software
(San Diego, CA). Data are expressed as the mean +
SEM and were compared by analysis of variance
(one-way ANOVA) with a Newman-Keuls post hoc
correction for multiple comparisons or a t-test when
appropriate. The differences between two groups
were considered statistically significant if the p value
was less than 0.05.

Results

The gut microbiota profile showed similarities
between human and mice models with
intestinal barrier dysfunction and the potential
molecular of LRP6

The results indicated that the microbiota profiles
were different between DSS-induced colitis and the
control (Fig. 1A-1B), ICU patients and healthy people
(Fig. S1A-S1B), and post-stroke patients and healthy
people (Fig. S1C-S1D) at the genus level
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Interestingly, there are 51 common microbiota of the
colitis mice, intensive care unit patients, and post-
stroke patients (Fig. 1C): Coprococcus, Flexispira,
Anaerotruncus, Proteus, Dorea, Moryella, Roseburia,
Bacteroides, Desulfovibrio, Bifidobacterium, Lacto-
bacillus, Vibrio, Oscillospira, Enterococcus, Anaero-
fustis, Dehalobacterium, Klebsiella, SMB53, Para-

bacteroides, @ Kurthia, Clostridium, Sutterella,

Pseudomonas, cc_115, Prevotella, Persicobacter,

Treponema, Brenneria, Eggerthella, Turicibacter,
A
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Figure 1. Gut microbiota dysbiosis and intestinal barrier dysfunction were associated with lower LRP6 expression. (A) Gut microbiota of controls and mice
with DSS-induced colitis at the genus level (n=5 for each group). (B) PCA analysis of gut microbiota of controls and mice with DSS-induced colitis. (C, D, E, F) Statistic analysis
of the corresponding difference of observed species, Simpson, Chaol, and Shannon. (G) Microarray analysis of the intestinal samples of fecal transplantation of healthy volunteers
and of post-stroke patients. (H) Statistic analysis indicated the significant difference of LRP6. LRP6: low-density lipoprotein receptor-related protein 6; DSS; dextran sulfate
sodium. Throughout, error bars represent the mean # s.e.m. P values determined by Student’s t-test, * vs control, P<0.05.
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Figure 2. LRP6 was inhibited by hypoxia through ER stress. (A, B) Hypoxia could decrease the expression of LRP6 in intestinal cell lines. (C, D) Hypoxia could decrease
the expression of LRP6 in mouse colon. (E, F) ER stress induced by TG and TM could decrease the expression of LRP6. Throughout, error bars represent the mean + s.e.m. P
values determined by Student’s t-test. * vs control, P<0.05. LRP6: low-density lipoprotein receptor-related protein 6; TM; Tunicamycin, TG; thapsigargin.

To investigate the intestinal pathway induced by
gut microbiota dysbiosis, fecal samples of stoke
patients and healthy volunteers were transplanted to
mice (Fig. 1D), and the colon profile was determined
by microarray. Results indicated that LRP6 was
significantly decreased in the colon samples of mice
with DSS-induced colitis and mice with fecal
transplantation of stroke patients compared with
control groups (Figure 1E). Therefore, LRP6 was
selected for further study of molecular mechanism
during intestinal barrier dysfunction.

LRP6 was inhibited by hypoxia and ER stress

To establish the model of hypoxia, the intestinal
blood was blocked for 0.5 h for intestinal ischemia and
reperfused for 2 h. Results showed that LRP6 was
significantly decreased after the blood vessel was
blocked (Fig. 2C, 2D). Interestingly, hypoxic culture
of FHC and NCM460 cells could also inhibit the

expression of LRP6 (Fig. 2A-2D). TM and TG were
used to activate ER stress and investigate the effects of
ER stress on LPR6. ER stress activated by TM or TG
could downregulate the expression of LRP6 (Fig.
2E-2F).

Hypoxia and ER stress downregulated
expression of B-catenin and inhibited by
overexpression of LRPé

Hypoxia can activate ER stress and inhibit the
Wnt/p-catenin pathway. Increased expression of
phosphorylated elF2a, GRP78 and xbpls/xbplt
indicated the activation of ER stress (Fig. 3A-3B).
Decreased [-catenin and its target genes c-Myc,
CCDN1, DKK1 and Axin2 inhibited the Wnt/
B-catenin pathway (Fig. 3A-3C). TM or TG activated
ER stress, then lowered the expression of P-catenin
(Fig. 3D-3E). The TOP FLASH assay also indicated
that ER stress could inhibit the activation of -catenin
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(Fig. 3F).

Furthermore,

hypoxia decreased the

expression of P-catenin, which could be rescued by
transfection of Delt N LRP6 or LRP6 (Fig. 3G).

Transfection of Delt N LRP6 rescued the expression of
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Figure 3. Hypoxia and ER stress downregulated the expression of B-catenin which could be rescued by overexpression of LRP6. (A) Protein expression levels
of HIF1a, B-catenin and its downstream DKK1 and C-myc and the ER stress marker phosphorylated elF2a detected by Western blots using FHC and NCM460 cells. (B) mRNA
level of the ER stress marker GRP78 and xbp1s/xbp1t of FHC and NCM460 cells treated by hypoxia (* vs control, P<0.05). (C) mRNA level of the Wnt/B-catenin target genes
c-Myc, CCDNI, DKKI, and Axin2 of FHC and NCM460 cells treated by hypoxia (* vs control, P<0.05). (D) TG could increase the expression level of phosphorylated elF2a and
decrease the expression level of B-catenin. (E) TM could increase the expression level of phosphorylated elF2a and decrease the expression level of B-catenin. (F) TG and TM
could decrease the luciferase of the TOP FLASH assay for B-catenin (* vs control, P<0.05). The effect of TG and TM on the activity of TOP FLASH reporter is weak in LCM group,
compared with the WCM group. (G) Hypoxia could also decrease the expression of B-catenin, which could be rescued by transfection of Delt N LRP6 or LRP6. (H) TG and TM
could decrease the expression of B-catenin, which could be rescued by transfection of Delt N LRP6. HIF: hypoxia-inducible factor-1a; TM; Tunicamycin, TG; thapsigargin.
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Figure 4. ER stress could decrease the expression of B-catenin through ubiquitylation. (A, B) The proteasome inhibitor MG132 could inhibit the decrease of
B-catenin induced by TG. (C, D) LiCl inhibited the decrease of B-catenin that induced by TG. (E, F) The ubiquitylation of B-catenin could be induced by TG and TM, leading to
the degradation of B-catenin after ER stress. Throughout, error bars represent the mean # s.e.m. P values determined by Student’s t-test. * vs control, P<0.05. TM; Tunicamycin,

TG; thapsigargin; WCM: Wnt3a-conditioned medium; LCM: control medium.

Hypoxia-induced ER stress could be inhibited
through ubiquitylation of B-catenin

When the proteasome inhibitor MG132 was
added, p-catenin was exempted from the inhibition of
chloroquine- and TG-induced ER stress (Fig. 4A-4B),
and LiCl decelerated the decrease of p-catenin
induced by ER stress (Fig. 4C-4D). The ubiquitylation
of B-catenin could be induced by TG and TM, leading
to the degradation of B-catenin (Fig. 4E-4F).

LPRé protected the intestinal barrier function

To further explore the biological role of LRP6,
LRP6 intestinal knockout mice and LRP6
overexpression mice were constructed (Fig. 5A). The
overexpression and deletion of LRP6 in mice was
verified by PCR as show in Fig. 5B. The results

indicated that the expression levels of B-catenin and
its downstream DKK1 were significantly increased in
LRP6 overexpression mice, while opposite results
were found in LRP6 knockout mice (Fig. 5A, 5C, 5D).
Similarly, ER stress-related p-elF2a decreased in the
LRP6 overexpression mice and increased in the LRP6
intestinal knockout mice (Fig. 5A, 5E). Furthermore,
Bcl2 and Bax protein assays indicated that LRP6 could
promote proliferation and inhibit apoptosis (Fig. 5A,
5F, 5G). Moreover, the expression levels of the tight
junction-associated proteins occludin and ZO-1 were
decreased in the LRP6 intestinal knockout mice,
compared with the wild-type mice (Fig. 5H, 51, 5]).
These results indicated that LRP6 can protect
intestinal barrier function through the Wnt/[3-catenin
pathway. The effect of LRP6 KO and overexpression
on gut permeability was shown in Fig. S3 H.
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molecule DKKI, ER stress-related p-elF2a, proliferation marker Bcl2 and apoptosis marker Bax of wild type (WT), LRP6 overexpression (LRP6-OE) and LRPé intestinal
knockout (LRP6-KO) mice (n=3). (H) The protein expression level of occludin and ZO-1 of wild type and LRP6 intestinal knockout (LRP6-KO) mice (n=3) that detected by WB.
(1) Semi-quantitative analysis of expression level of occludin that detected by WB. (J) Semi-quantitative analysis of expression level of ZO-1. (K) Immunofluorescent staining for
the expression level of occludin and ZO-1. Throughout, error bars represent the mean * s.e.m. * vs DSS, *P < 0.05; **P < 0.01; n.s., not significant; Student’s t-test. WT: wild-type;

LRPé: low-density lipoprotein receptor-related protein 6.

AU and CU can protect intestinal barrier
function by activating LPRé

For the treatment of colitis, drugs including
AT-7519, curcumin (CU), SN-38, auranofin (AU),
amsacrine, and emetine were used for the selection of

LRP6 activators. Although the TG was not
significantly decrease the expression level of total
LRP-6, it could lower the expression of
phosphorylated  LRP6. However, after the

pretreatment of AU and CU, the expression of
phosphorylated LRP6 was increased, indicating that
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AU and CU could rescue the phosphorylation of LRP6
after the addition of TG, then exerted the protective
effects of intestinal barrier (Fig. 6A). Therefore, AU
and CU were selected for the animal verification. Oral
administration of AU and CU could protect
DSS-induced colitis mice from intestinal barrier

A

dysfunction through decreasing intestinal
permeability and increasing the expression level of TJ
proteins.

Intestinal barrier permeability of mice indicated
that AU and CU could relieve the increase of
intestinal permeability induced by DSS (Fig. 6B).
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Figure 6. AU and CU could protect intestinal barrier function by activating LPR6. (A) Drug selection targeting the LRP6 pathway. (B) Intestinal barrier permeability
of mice after treatment by DSS and DSS plus oral administration of AU and CU (n=6). (C) Colon length of mice after treatment by DSS with or without AU and CU (n=6). (D)
Colon claudin2 mRNA of mice after treatment of DSS with or without AU and CU (n=6). (E) Colon occludin mRNA of mice after treatment by DSS with or without AU and
CU (n=6). (F) Colon ZO-1 mRNA of mice after treatment by DSS with or without AU and CU (n=6). (G) claudin2, occludin and ZO-1 expression of mice colon after treatment
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Moreover, AU and CU could relieve the decrease of
colon length induced by DSS (Fig. 6C). The intestinal
TJ protein level of claudin2, occluding, and ZO-1 was
increased after the pretreatment of AU or CU
(Fig.6D-F). WB also showed the increase level of
claudin2, occluding, and ZO-1 induced by AU or CU
(Fig. 6G). Semi-quantitative analysis was shown in
Fig. S3. The protective role of LPR6 in DSS-induced
mice colitis was also verified by histological analysis
of colon (Fig. S4).

Discussion

In our present study, we first used three models
of intestinal barrier dysfunction: post-stroke patients,
intensive care unit patients, and mice with
DSS-induced colitis [35]. Stanley et al. analyzed the
microbiota of lungs from sham-operated and
post-stroke mice [12], whereas the intestinal
microbiota analysis of post-stroke patients was first
performed by our study. Furthermore, the signal
transduction pathway after intestinal I/R injury was
investigated using the FMT model of stroke patients
[36]. The microarray assay showed that LPR6
expression was significantly decreased in the gut
microbiota dysbiosis and DSS-induced colitis mouse
model group. Consistent with the previous study [10],
the Wnt/p-catenin signaling pathway was inhibited
in the intestinal I/R mouse model. Therefore, the
signal transduction pathway of Wnt/p-catenin was
further investigated in our study.

In embryonic stem cells and colorectal cancer
cells, the Wnt/{B-catenin pathway could either be
inhibited or activated after the pretreatment of
hopoxia [22-23]. However, in the normal colonic cell
line FHC and NCM460 cultured under hypoxic
conditions, B-catenin was significantly decreased, and
the target genes DKK1 and c-myc were decreased as
well at both the mRNA and protein levels.
Meanwhile, the expression levels of P-elF2a and the
ER stress-related protein GRP78 were increased after
the induction of hypoxia, indicating that ER stress was
activated by hypoxia. Similar articles also reported
that hypoxia might exert its biological function
through the induction of ER stress. Verras et al.
reported that microenvironmental stresses in solid
tumors could inhibit the canonical Wnt/[-catenin
signaling pathway with an underlying mechanism of
hypoxia-induced ER stress that inhibits normal Wnt
protein processing and secretion [37]. Wang et al.
found that Panax quinquefolius saponins reduce
myocardial  hypoxia-reoxygenation injury by
inhibiting ER stress and the expression of GRP78 [38].
Our results confirmed that in normal cell lines of FHC
and NCM460, hypoxia can inhibit Wnt/[-catenin

through ER stress.

Therefore, TG and TM, two activators of ER
stress, were used to verify the impaction of ER stress
on the Wnt/p-catenin signal. Our results indicated
that TG and TM could downregulate the expression of
B-catenin and inhibit the activation of the
Wnt/B-catenin signaling pathway in the normal cell
lines FHC and NCM460. However, what happened to
[B-catenin? Does post-transcriptional degradation
make sense? Or transcriptional inhibition has an
important effect? Translocation of p-catenin was
reported to be promoted by hypoxia [37].
Interestingly, it is reported that the expression of
[-catenin was not affected by Ozlevel, which might be
related to the direct interaction of HIFla and
B-catenin [37]. Our study further investigated the
effects of post-transcriptional ubiquitylation of
B-catenin and found that TG and TM could induce the
ubiquitylation and degradation of P-catenin. This
mechanism might be another signaling pathway of
posttranscriptional regulation of p-catenin by ER
stress, which was consistent with other scholars’
findings in bone homeostasis, showing that
phosphorylated B-catenin could be targeted for
polyubiquitination and proteasomal destruction [39].
Another study also showed that inhibiting [-catenin
ubiquitylation could increase endogenous cytosolic
-catenin, which resulted in translocation of B-catenin
into the nuclei and induced p-catenin-dependent gene
expression [40].

How does ER stress impact the degradation of
B-catenin? Canonical signaling was reported to be
initiated by the binding of Wnt ligands to the dual
receptor complex composed of frizzled and either
LRP5 or LPR6 [40], resulting in the inactivation of the
multiprotein ~ -catenin-APC/Axinl  “destruction
complex” [41] and then relieving P-catenin from its
constitutive proteasomal degradation [39]. However,
when the receptor complex is not engaged, CK1 and
GSK3  sequentially phosphorylate  Axin-bound
B-catenin at a series of regularly spaced N-terminal
Ser/Thr residues, which could be ubiquitinated and
targeted for rapid destruction by the proteasome [42].
In our study, LRP6 was decreased by TG and TM
treatment to activate ER stress, whereas delt N LRP6
could rescue the expression of LRP6 inhibited by
hypoxia and ER stress. Sclerostin is a secreted
glycoprotein that antagonizes Wnt signaling by
binding to LRP5 and LRP6 [39, 43], the monoclonal
antibody of which might be used for an osteoanabolic
drug target by targeting the Wnt/p-catenin signal
pathway. Above all, we concluded that LRP6 could be
a key molecule during the regulation of hypoxia to
Wnt/ p-catenin via ER stress.
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Figure 7. Proposed mechanism of intestinal barrier dysfunction which is induced by intestinal microbial dysbiosis and regulated by LRPé.

Functional verification of LRP6 was performed
using LRP6 knockout or overexpression mice to verify
the protective effects of LPR6 on TJ proteins and
intestinal permeability. Oral administration of AU
and CU, which target the activation of LRP6, could
protect intestinal barrier dysfunction by increasing

the expression level of TJ proteins and reducing the
intestinal barrier permeability. CU is commonly used
as coloring agent, food additive, and therapeutic
drugs in intestinal inflammatory and other diseases
[44]. AU was normally used as the anti-cancer and
anti-bacteria drugs [45-46]. It is reported that CU was
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shown to improve intestinal barrier function through
modulation  of intracellular  signaling  and
organization of tight junctions, including reducing
IL1-induced activation of p-38 MAPK and
subsequently increasing the expression of Myosin
Light Chain Kinase involved in the phosphorylation
of tight junction proteins and the ensuing disruption
of their normal arrangement [47]. Our results showed
the therapeutic effects of AU and CU on intestinal
barrier dysfunction, which may involve the regulating
the LRP6 phosphorylation, and also indicated that AU
and CU could be useful drugs for intestinal barrier
dysfunction. Zhong et al. reported that conditionally
deleted LRP6 in the mouse gut resulted in viable
animals with apparently normal intestinal
differentiation and function [48]. Mice homozygous
for deletion of both genes (Lrp5sut~~Lrp6sut~-) died
within one day of birth [48], with a progressive loss of
cells, an absence of proliferation, reduction of a
Wnt/p-catenin target, cyclin D1, and a premature
differentiation of crypt stem/precursor cells [48].
Several studies have reported the association between
intestinal barrier function and intestinal microbiota
[49-51]. However, our study first emphasized the
change in the intestinal barrier via the molecular
mechanism of LRP6 via the pathway of Wnt/
[-catenin. Furthermore, we also proposed possible
therapeutic drugs target LRP-6 for intestinal barrier
damage resulting from intestinal microbial dysbiosis
(Fig. 7).

One limitation of our study is that the intestinal
T] proteins of clinical patients of intestinal barrier
dysfunction were not investigated. Further study may
need to investigate the clinical verification.

Conclusion

Hypoxia could inhibit LRP6 via wnt/p-catenin
pathway through intestinal microbiota, and drugs
targeting LRP6 may help protect intestinal barrier
function.

Supplementary Material

Supplementary figures.
https:/ /www.ijbs.com/v18p4469s1.pdf

Acknowledgements

This work was financially supported by
Guangzhou Science and Technology Plan Joint
Foundation of City and University (202102010085),
University-Industry Cooperation Innovation Founda-
tion of Science and Technology Development Center
of the Ministry of Education (2021JH016), Key
Laboratory of Guangdong Higher Education
Institutes of China (2021KSYS009). The authors have
declared that no conflict of interest exists.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Tang AT, Choi JP, Kotzin JJ, Yang Y, Hong CC, Hobson N, et al. Endothelial
TLR4 and the microbiome drive cerebral cavernous malformations. Nature.
2017; 545: 305-10.

2. Guyton K, Alverdy JC. The gut microbiota and gastrointestinal surgery. Nat
Rev Gastroenterol Hepatol. 2017; 14: 43-54.

3. LiuT, Liang X, Lei C, Huang Q, Song W, Fang R, et al. High-Fat Diet Affects
Heavy Metal Accumulation and Toxicity to Mice Liver and Kidney Probably
via Gut Microbiota. Front Microbiol. 2020; 11: 1604.

4. WangY, ShiY, Li W, Wang S, Zheng ], Xu G, et al. Gut microbiota imbalance
mediates intestinal barrier damage in high-altitude exposed mice. FEBS J.
2022.

5. Liu Z, Zhang P, Ma Y, Chen H, Zhou Y, Zhang M, et al. Lactobacillus
plantarum prevents the development of colitis in IL-10-deficient mouse by
reducing the intestinal permeability. Mol Biol Rep. 2011; 38: 1353-61.

6. LiuZ, QinH, YangZ, Xia Y, Liu W, Yang ], et al. Randomised clinical trial: the
effects of perioperative probiotic treatment on barrier function and
post-operative infectious complications in colorectal cancer surgery - a
double-blind study. Aliment Pharmacol Ther. 2011; 33: 50-63.

7. Cruz-Lebron A, Johnson R, Mazahery C, Troyer Z, Joussef-Pina S,

Quinones-Mateu ME, et al. Chronic opioid use modulates human enteric

microbiota and intestinal barrier integrity. Gut Microbes. 2021; 13: 1946368.

Clair DG, Beach JM. Mesenteric Ischemia. N Engl ] Med. 2016; 374: 959-68.

9. Wu C, Wang X, Jiang T, Li C, Zhang L, Gao X, et al. Partial Enteral Nutrition
Mitigated Ischemia/Reperfusion-Induced Damage of Rat Small Intestinal
Barrier. Nutrients. 2016; 8.

10. Zu G, Guo ], Che N, Zhou T, Zhang X. Protective effects of ginsenoside Rgl on
intestinal ischemia/reperfusion injury-induced oxidative stress and apoptosis
via activation of the Wnt/beta-catenin pathway. Sci Rep. 2016; 6: 38480.

11. Nuzzo A, Corcos O. Reversible Acute Mesenteric Ischemia. N Engl ] Med.
2016; 375: €31.

12. Stanley D, Mason LJ, Mackin KE, Srikhanta YN, Lyras D, Prakash MD, et al.
Translocation and dissemination of commensal bacteria in post-stroke
infection. Nat Med. 2016; 22: 1277-84.

13. Ortiz-Masia D, Cosin-Roger ], Calatayud S, Hernandez C, Alos R, Hinojosa J,
et al. Hypoxic macrophages impair autophagy in epithelial cells through
Wntl: relevance in IBD. Mucosal Immunol. 2014; 7: 929-38.

14. Yin], Zhou C, Yang K, Ren Y, Qiu Y, Xu P, et al. Mutual regulation between
butyrate and hypoxia-inducible factor-lalpha in epithelial cell promotes
expression of tight junction proteins. Cell Biol Int. 2020; 44: 1405-14.

15. Song H, Zhang J, He W, Wang P, Wang F. Activation of Cofilin Increases
Intestinal Permeability via Depolymerization of F-Actin During Hypoxia in
vitro. Front Physiol. 2019; 10: 1455.

16. Liu ZH, Huang MJ, Zhang XW, Wang L, Huang NQ, Peng H, et al. The effects
of perioperative probiotic treatment on serum zonulin concentration and
subsequent postoperative infectious complications after colorectal cancer
surgery: a double-center and double-blind randomized clinical trial. Am J Clin
Nutr. 2013; 97: 117-26.

17. Bian Y, Dong Y, Sun J, Sun M, Hou Q, Lai Y, et al. Protective Effect of
Kaempferol on LPS-Induced Inflammation and Barrier Dysfunction in a
Coculture Model of Intestinal Epithelial Cells and Intestinal Microvascular
Endothelial Cells. ] Agric Food Chem. 2020; 68: 160-7.

18. LiX, LiC LiY, Liu C, Liang X, Liu T, et al. Sodium nitroprusside protects HFD
induced gut dysfunction via activating AMPKalpha/SIRT1 signaling. BMC
Gastroenterol. 2021; 21: 359.

19. Yao H, Shi Y, Yuan J, Sa R, Chen W, Wan X. Matrine protects against
DSS-induced murine colitis by improving gut barrier integrity, inhibiting the
PPAR-alpha signaling pathway, and modulating gut microbiota. Int
Immunopharmacol. 2021; 100: 108091.

20. CuiD,KongN, Ding L, Guo Y, Yang W, Yan F. Ultrathin 2D Titanium Carbide
MXene (Ti3 C2 Tx ) Nanoflakes Activate WNT/HIF-lalpha-Mediated
Metabolism Reprogramming for Periodontal Regeneration. Adv Healthc
Mater. 2021; 10: €2101215.

21. Cui P, Zhang P, Yuan L, Wang L, Guo X, Cui G, et al. HIF-lalpha Affects the
Neural Stem Cell Differentiation of Human Induced Pluripotent Stem Cells
via MFN2-Mediated Wnt/beta-Catenin Signaling. Front Cell Dev Biol. 2021; 9:
671704.

22. Kaidi A, Williams AC, Paraskeva C. Interaction between beta-catenin and
HIF-1 promotes cellular adaptation to hypoxia. Nat Cell Biol. 2007; 9: 210-7.

23. Mazumdar J, O'Brien WT, Johnson RS, LaManna JC, Chavez JC, Klein PS, et al.
02 regulates stem cells through Wnt/beta-catenin signalling. Nat Cell Biol.
2010; 12: 1007-13.

24. Bouaziz W, Sigaux J, Modrowski D, Devignes CS, Funck-Brentano T, Richette
P, et al. Interaction of HIFlalpha and beta-catenin inhibits matrix
metalloproteinase 13 expression and prevents cartilage damage in mice. Proc
Natl Acad Sci U S A. 2016; 113: 5453-8.

®

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

4481

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Majmundar AJ, Lee DS, Skuli N, Mesquita RC, Kim MN, Yodh AG, et al. HIF
modulation of Wnt signaling regulates skeletal myogenesis in vivo.
Development. 2015; 142: 2405-12.

Chen X, Wang CC, Song SM, Wei SY, Li ]S, Zhao SL, et al. The administration
of erythropoietin attenuates kidney injury induced by ischemia/reperfusion
with increased activation of Wnt/beta-catenin signaling. ] Formos Med Assoc.
2015; 114: 430-7.

Kuncewitch M, Yang WL, Molmenti E, Nicastro J, Coppa GF, Wang P. Wnt
agonist attenuates liver injury and improves survival after hepatic
ischemia/reperfusion. Shock. 2013; 39: 3-10.

Xia Z, Wu S, Wei X, Liao Y, Yi P, Liu Y, et al. Hypoxic ER stress suppresses
beta-catenin expression and promotes cooperation between the transcription
factors XBP1 and HIFlalpha for cell survival. ] Biol Chem. 2019; 294: 13811-21.
Chu VT, Graf R, Wirtz T, Weber T, Favret ], Li X, et al. Efficient
CRISPR-mediated mutagenesis in primary immune cells using CrispRGold
and a C57BL/6 Cas9 transgenic mouse line. Proc Natl Acad Sci U S A. 2016;
113: 12514-9.

Zhang CS, Jiang B, Li M, Zhu M, Peng Y, Zhang YL, et al. The lysosomal
v-ATPase-Ragulator complex is a common activator for AMPK and mTORC1,
acting as a switch between catabolism and anabolism. Cell Metab. 2014; 20:
526-40.

Brouwers B, de Faudeur G, Osipovich AB, Goyvaerts L, Lemaire K, Boesmans
L, et al. Impaired islet function in commonly used transgenic mouse lines due
to human growth hormone minigene expression. Cell Metab. 2014; 20: 979-90.
Liu Z, Li C, Chen S, Lin H, Zhao H, Liu M, et al. MicroRNA-21 increases the
expression level of occludin through regulating ROCK1 in prevention of
intestinal barrier dysfunction. J Cell Biochem. 2019; 120: 4545-54.

Hou Y, Ding M, Wang C, Yang X, Ye T, Yu H. TRIM11 promotes lymphomas
by activating the beta-catenin signaling and Axinl ubiquitination degradation.
Exp Cell Res. 2020; 387: 111750.

Liu Z, Tian Y, Jiang Y, Chen S, Liu T, Moyer MP, et al. Protective Effects of
Let-7b on the Expression of Occludin by Targeting P38 MAPK in Preventing
Intestinal Barrier Dysfunction. Cell Physiol Biochem. 2018; 45: 343-55.
Odenwald MA, Turner JR. The intestinal epithelial barrier: a therapeutic
target? Nat Rev Gastroenterol Hepatol. 2017; 14: 9-21.

De Palma G, Lynch MD, Lu J, Dang VT, Deng Y, Jury J, et al. Transplantation
of fecal microbiota from patients with irritable bowel syndrome alters gut
function and behavior in recipient mice. Sci Transl Med. 2017; 9.

Verras M, Papandreou I, Lim AL, Denko NC. Tumor hypoxia blocks Wnt
processing and secretion through the induction of endoplasmic reticulum
stress. Mol Cell Biol. 2008; 28: 7212-24.

Wang C, Li YZ, Wang XR, Lu ZR, Shi DZ, Liu XH. Panax quinquefolium
saponins reduce myocardial hypoxia-reoxygenation injury by inhibiting
excessive endoplasmic reticulum stress. Shock. 2012; 37: 228-33.

Baron R, Kneissel M. WNT signaling in bone homeostasis and disease: from
human mutations to treatments. Nat Med. 2013; 19: 179-92.

Naito M, Katayama R, Ishioka T, Suga A, Takubo K, Nanjo M, et al. Cellular
FLIP inhibits beta-catenin ubiquitylation and enhances Wnt signaling. Mol
Cell Biol. 2004; 24: 8418-27.

Li VS, Ng SS, Boersema PJ, Low TY, Karthaus WR, Gerlach JP, et al. Wnt
signaling through inhibition of beta-catenin degradation in an intact Axinl
complex. Cell. 2012; 149: 1245-56.

Clevers H, Nusse R. Wnt/beta-catenin signaling and disease. Cell. 2012; 149:
1192-205.

Burgers TA, Williams BO. Regulation of Wnt/beta-catenin signaling within
and from osteocytes. Bone. 2013; 54: 244-9.

Burge K, Gunasekaran A, Eckert ], Chaaban H. Curcumin and Intestinal
Inflammatory Diseases: Molecular Mechanisms of Protection. Int ] Mol Sci.
2019; 20.

Liu Y, Lu Y, Xu Z, Ma X, Chen X, Liu W. Repurposing of the gold drug
auranofin and a review of its derivatives as antibacterial therapeutics. Drug
Discov Today. 2022; 27: 1961-73.

Lin Z, Li Q, Zhao Y, Cheng N, Zhang D, Liu G, et al. Combination of
Auranofin and ICG-001 Suppress the Proliferation and Metastasis of Colon
Cancer. Front Oncol. 2021; 11: 738085.

Wang J, Ghosh SS, Ghosh S. Curcumin improves intestinal barrier function:
modulation of intracellular signaling, and organization of tight junctions. Am J
Physiol Cell Physiol. 2017; 312: C438-C45.

Zhong Z, Baker ]], Zylstra-Diegel CR, Williams BO. Lrp5 and Lrp6 play
compensatory roles in mouse intestinal development. J Cell Biochem. 2012;
113: 31-8.

Gai X, Wang H, Li Y, Zhao H, He C, Wang Z. Fecal Microbiota Transplantation
Protects the Intestinal Mucosal Barrier by Reconstructing the Gut Microbiota
in a Murine Model of Sepsis. Front Cell Infect Microbiol. 2021; 11: 736204.
Diez-Sainz E, Lorente-Cebrian S, Aranaz P, Riezu-Boj JI, Martinez JA, Milagro
FI. Potential Mechanisms Linking Food-Derived MicroRNAs, Gut Microbiota
and Intestinal Barrier Functions in the Context of Nutrition and Human
Health. Front Nutr. 2021; 8: 586564.

Zhang H, Guo Y, Wang Z, Wang Y, Chen B, Du P, et al. Acidification of
drinking water improved tibia mass of broilers through the alterations of
intestinal barrier and microbiota. Anim Biosci. 2022; 35: 902-15.

https://www.ijbs.com



