www.aging-us.com

AGING 2020, Vol. 12, No. 14
Research Paper

MiR-155 contributes to intestinal barrier dysfunction in DSS-induced
mice colitis via targeting HIF-1α/TFF-3 axis
Yujin Liu1,*, Feng Zhu1,*, Huarong Li1,*, Heng Fan1, Hui Wu1, Yalan Dong1, Si Chu1, Chen Tan1,
Quansheng Wang1, Hongxia He1, Fei Gao1, Xueyuan Leng1, Qiaoli Zhou1, Xiwen Zhu1
1

Department of Integrated Traditional Chinese and Western Medicine, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430022, China
*Co-first authors
Correspondence to: Heng Fan; email: fanheng009@aliyun.com
Keywords: miR-155, inflammatory bowel disease (IBD), intestinal barrier dysfunction, HIF-1α, TFF-3
Received: March 20, 2020
Accepted: June 4, 2020
Published: July 26, 2020
Copyright: Liao et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.

ABSTRACT
Intestinal barrier dysfunction is a hallmark of inflammatory bowel disease (IBD). MiR-155 is increased in colitis
and downregulates expression of hypoxia-inducible factor 1α (HIF-1α). Here, we investigated the effects of miR155 on intestinal barrier dysfunction in dextran sulfate sodium (DSS)-induced colitis. We found that miR-155
antagomir treatment relieved weight loss and intestinal damage in IBD mouse models (P < 0.05). Furthermore,
electron microscopy and immunofluorescence imaging showed that miR-155 increased intestinal barrier
dysfunction and downregulated the expression of tight junction proteins in DSS-induced colitis. FG-4497, which
upregulates HIF-1α expression, elicited protective effects on the intestinal barrier in DSS-induced colitis. Dual
luciferase reporter assays also confirmed that miR-155 downregulated expression of HIF-1α. Finally, we
discovered that HIF-1α levels were elevated by miR-155 antagomir treatment (P < 0.05) and that TFF-3
expression correlated positively with HIF-1α expression. These results suggest that miR-155 contributes to DSSinduced colitis by promoting intestinal barrier dysfunction and inhibiting the HIF-1α/TFF-3 axis.

INTRODUCTION
Inflammatory bowel disease (IBD), a pathological state
characterized by relapsing and remitting gastrointestinal
(GI) tract mucosal inflammation, consists mainly of
ulcerative colitis (UC) and Crohn’s disease (CD) [1].
Although the pathogenesis of IBD is still not completely
understood, prior studies suggest that an abnormal
activation of the mucosal immune response in
genetically-susceptible individuals contributes to IBD
[1]. As the initiating event of IBD, the impairment of
intestinal epithelial cells that exert intestinal barrier
functions plays a pivotal role in the pathophysiology of
IBD and worsens as the disease progresses [2].
Numerous miRNAs regulate junction protein gene
expression and maintain junction structural integrity [3,
4]. Furthermore, miR-155 promotes endothelial junction
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function and epithelial TJ expression in atopic
dermatitis [3, 5]. Importantly, miR-155 is one of many
highly-expressed miRNAs in the inflamed colonic
mucosa of both UC and CD patients [6, 7]. Moreover,
miR-155 contributes to the early-life inflammatory
stressors that trigger epithelial injury [8] and impair
intestinal mucosa healing in IBD [9]. In spite of such
known functions for miR-155, the mechanisms by
which it impairs the intestinal barrier in IBD are poorly
understood.
Profound hypoxia (or even anoxia) is present in the
inflamed GI mucosa of IBD patients [10]. As a main
regulator of cellular adaptive responses to hypoxia [11],
hypoxia-inducible factor 1 (HIF-1), which is composed
of HIF-1α and HIF-1β subunits, is also involved in
many signaling pathways of tissue-protection and antiinflammatory regulation [12, 13]. HIF-1α is degraded
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after being hydroxylated by prolyl hydroxylases (PHD),
which lose this function under hypoxia [14].
Furthermore, HIF-1α is induced in the inflamed mucosa
of both mouse models of colitis and IBD patients [15,
16] and can improve epithelial barrier function by
regulating intestinal trefoil factor (TFF) as well as
alleviate many kinds of intestinal inflammation [17–19].
Interestingly, by regulating the expression of HIF-1α,
miR-155 promotes endothelial cell maturation and is
involved in hypertrophic scar fibroblast formation [20,
21]. However, the underpinnings of HIF-1α regulation
by miR-155 in IBD are not well understood.
Here, we hypothesize that miR-155 contributes to
intestinal barrier dysfunction in dextran sulfate sodium
(DSS)-induced mice colitis by regulating the HIF1α/TFF-3 axis. In this study, we observed that miR-155
inhibition by antagomir treatment ameliorated DSSinduced colitis in mice and improved the expression of
HIF-1α. We also found that intestinal mucosal barrier

dysfunction and loss of TJ proteins in DSS-induced
colitis is relieved by treatment with miR-155 antagomir
or FG-4497. In addition, we revealed that the loss of
function of the HIF-1α/TFF-3 axis in DSS-induced
colitis in mice may promote intestinal barrier
dysfunction.

RESULTS
MiR-155 antagomir reduced miR-155 levels in DSSinduced colitis
We tested the effects of intraperitoneal miR-155
antagomir injection into mice. Figure 1B shows that
miR-155 antagomir was mainly located in epithelial and
submucosal cells. Next, our q-PCR experiments showed
that miR-155 expression was increased 4.74-fold in
DSS-induced colon tissues compared with that in normal
controls. However, miR-155 antagomir decreased miR155 levels (P < 0.01) (Figure 1C). Furthermore,

Figure 1. MiR-155 antagomir reduced miR-155 level in DSS-induced colitis. (A) The schema of the animal experiment. (B) Location
of miR-155 antagomir in mouse colon. Red marked by green arrows was positive signal (magnification ×20). (C) QRT-PCR analysis of miR-155
level in mice colonic tissue. Each bar represents mean ± SD, n=8 from each group. #P > 0.05, **P < 0.01 vs. DSS group. (D) In situ hybridization
analysis of miR-155 in mice colon. Green marked by red arrows was positive signal for miR-155 (magnification ×200).
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fluorescence in situ hybridization assays confirmed that
miR-155 was characteristically distributed in colon
epithelial cells and was expressed at higher levels in
DSS colon tissues compared to normal controls, with
miR-155 antagomir reducing miR-155 levels (P<0.01)
(Figure 1D). Our results showed that miR-155 levels
were increased in DSS-induced colitis, which is
consistent with our previous results [22], and that miR155 antagomir reduced miR-155 levels in mice colonic
tissues.
MiR-155 contributes to DSS-induced colitis in mice
We recorded weight, stool consistency, stool occult
blood, and general physical symptoms daily for all
groups of mice in our study. As showed in Figure 2A,
mice treated with DSS had decreased weight compared
with that of normal mice (P < 0.01). However, the
weight loss was gradually decreased from day seven

after administration of the miR-155 antagomir. Colon
length was decreased by DSS (Figure 2B, 2C) as
compared with that in normal group (P < 0.01)
suggesting acute colonic inflammation in DSS mice.
However, the average colonic length of the ant-miR-155
group was 1.21-fold that of the DSS group. In the antmiR-155group, the damage of colonic mucosa was
alleviated as indicated by the reduced macroscopic
damage score, which was 76% of that in the DSS group
(p<0.01) (Figure 2D). We used ELISA to measure the
levels of inflammatory and anti-inflammatory cytokines
in mice serum as a proxy for intestinal inflammation
in mice from each group (Figure 2E–2G). Proinflammatory cytokines IL-6 and TNF-α were increased
by 2.66 folds and 2.76 folds in the DSS group,
respectively, compared to normal controls (P<0.01).
However, the levels of these pro-inflammatory cytokines
decreased after treatment with miR-155 antagomir
(P<0.01). Interestingly, the levels of anti-inflammatory

Figure 2. MiR-155 contributed to DSS-induced colitis in mice. (A) Normalized weights of mice were presented. (B) Colons gross
appearances from each group were showed. (C) Colonic lengths were measured. (D) Macroscopic score of each group colonic tissue was
presented. (E–G) IL-6, TNF-α, and IL-10 in mice serum were measured with ELISA. Each bar represents mean ± SD, n=8 from each group.
#P > 0.05, *P < 0.05, **P < 0.01 vs. DSS group.
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cytokine, IL-10, showed the opposite behavior. In
addition, FG-inhibited the function of PHD and
decreased the degradation of the HIF-1α protein. As
showed in Figure 2, after treatment with FG-4497, the
weight of mice stabilized and colon length shortening
was less than that of the DSS group. Pro-inflammatory
cytokine levels decreased while anti-inflammatory
cytokine levels increased (p<0.01) in mice serum after
FG-4497 treatment.
The pathological changes in mice colon were showed
by HE and PAS stain (Figure 3). Mucosal erosion with
mass inflammatory cells infiltration was observed
throughout the colons of DSS mice with HE. On the
other hand, miR-155 antagomir treatment alleviated
such lesions. The histological inflammation scores were
increased in DSS group compared to the normal group
and were decreased by miR-155 antagomir or FG-4497
treatment (Figure 3B). Goblet cells were depleted in the
DSS group compared to controls as measured by PAS
but was rescued by miR-155 antagomir or FG-44497
treatment (Figure 3A, 3C). Our results show that miR155 promotes DSS-induced colitis while miR-155
antagomir exerts therapeutic functions. These results are

consistent with a previous report demonstrating that
FG-4497 relieves TNBS-induced colitis [23].
MiR-155 promotes intestinal barrier dysfunction in
DSS-induced colitis
To evaluate the dysfunction of intestinal barrier in DSSinduced colitis, we collected transmission electron
microscopy (TEM) images of fixed mice colon tissues
(Figure 4A). We observed a depletion of intestinal
epithelial cell villus in the DSS group compared with
the normal group, which was relieved by administration
of miR-155 antagomir or FG-4497. Tight junction (TJ)
proteins, mainly occludin, claudins and zonula
occludens (ZO), help to maintain the intestinal barrier
function. With western blot and immunofluorescence
(Figure 4B–4E and Figure 5), we found that the protein
levels of occludin, claudin-1, and ZO-1 were reduced in
DSS-induced colitis colonic tissues, and the reduction in
miR-155 levels by miR-155 antagomir treatment
increased the expression of these proteins (P<0.01). We
further confirmed this trend by measuring miR-155
mRNA using qPCR (Figure 4F–4H). FG-4497
treatment elicited similar results. This intestinal barrier

Figure 3. Histopathological evaluation of intestinal inflammation in all groups. (A) Hematoxylin and eosin (HE) and Periodic AcidSchiff (PAS) analysis of colon specimens (magnification ×100). Massive inflammation cell infiltration, mucosal erosion, and submucosa edema
were observed throughout the colons in the DSS and ant-NC group. For PAS stain, red particles marked by black arrows represented the
positive change. (B) Histological inflammation scores in all groups were presented. (C) PAS+ cells per high power field in all groups were
presented. Each bar represents mean ± SD, n=5 from each group. #P > 0.05, *P < 0.05, **P < 0.01 vs. DSS group.
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protective function may result from increased
expression of HIF-1α. Our results suggest that high
expression of miR-155 in DSS-induced colitis promotes
intestinal barrier dysfunction.
MiR-155 downregulated the expression of HIF-1α in
DSS-induced colitis mouse colonic tissues
HIF-1α was predicted as one of the target genes of miR155 with Target Scan and miRDB. To illuminate the
regulation of HIF-1α by miR-155 in DSS-induced
inflammation in mouse colonic tissues, we first
conducted dual luciferase reporter assay in HEK293T

cells. The results validated the direct interaction of miR155 and HIF-1a (Figure 6A). The luciferase activity
from the HEK293T cells transfected with wild type
HIF-1α3’-UTR was decreased compared with that of
HEK293T cells transfected with mutated HIF-1α3’UTR and miR-155 (P<0.05) (Figure 6B). We also
confirmed that hypoxia was aggravated in DSS-induced
colitis mouse colonic tissues using hypoxia Probes
(Figure 6C). We then quantified HIF-1α mRNA levels
in these tissues using qPCR and found that they were
elevated compared to those in normal controls and that
miR-155 antagomir elevated them further (Figure 6D).
We also measured HIF-1α protein expression in mouse

Figure 4. MiR-155 antagomir ameliorated intestinal barrier dysfunction in DSS-induced colitis. (A) Transmission electron
microscopic (TEM) assay of colon specimens (magnification ×5000). The damages of epithelial cell villous and epithelial cells were significant
in DSS and ant-NC group. (B) Western blotting analysis of TJ proteins (ZO-1, occludin, and claudin-1). (C–E) representative protein levels of
ZO-1/β-actin, occludin/β-actin, and claudin-1/β-actin (n=3). (F–H) Relative mRNA of ZO-1, occludin, and claudin-1 in mice colonic tissue were
measured by qPCR (n=5). Each bar represents mean ± SD, #P > 0.05, *P < 0.05, **P < 0.01 vs. DSS group.
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colonic tissues using Western blotting and found that
HIF-1α protein levels were increased by 1.87 folds in
the presence of ant-miR-155 treatment compared to
those in the DSS group (Figure 6E, 6F). As expected,
HIF-1α expression was also increased in the FG-4497
treatment group compared with that in DSS group
(Figure 6D, 6F, 6G).
In conclusion, miR-155 treatment decreased the
expression of HIF-1α in DSS-induced colitis mouse
colonic tissues while miR-155 antagomir or FG-4497
treatments rescued this reduction, eliciting intestinal
barrier protective function.
MiR-155 may target the HIF-1α/TFF-3 axis in DSSinduced mice colitis
TFF-3, which is closely related with the intestinal
barrier and regulated by HIF-1α [17], modulates the
expression of TJ proteins in intestinal tissue [24]. Thus,
we also explored the relationship between HIF-1α and
TFF-3 in DSS-induced colitis. Results from our
Western blotting experiments showed that TFF-3 levels
were increased in mice treated with DSS compared to
normal controls, miR-155 antagomir or FG-4497
treatment further increased TFF-3 levels in the DSS
group (Figure 6E, 6G). These results suggest that the

target of miR-155 that contributes to intestinal barrier
dysfunction in DSS-induced colitis may be the HIF1α/TFF-3 axis.

DISCUSSION
The intestinal epithelium acts not only a barrier that
protects the sterile lamina propria from the anoxic and
microorganism-rich lumen, but also a connection
between the gut microbiota and the mucosal immune
system [25, 26]. Numerous genetic studies highlight that
many susceptibility genes of irritable bowel disorder
(IBD) are involved in maintaining the integrity and
normal functions of the intestinal barrier, such as mucus
and glycoprotein regulation (MUC19) [27], MUC3 [28],
epithelial differentiation (HNF4a) [29], and membrane
transport (ITLN1) [30]. Dysfunction of the intestinal
barrier is a hallmark of IBD [2]. Furthermore, defects or
deficiencies in intestinal epithelial TJ proteins increase
intestinal permeability and promote the development of
intestinal inflammation [31]. Here, we showed that DSS
treatment induces damage in the intestinal barrier of
mouse colonic tissues and decreases the expression of
intestinal epithelial TJ protein including ZO-1, occludin,
and claudin-1. These data provide insight into the
pathological mechanisms underlying IBD, which could
open new treatment avenues for IBD.

Figure 5. Immunofluorescence assay presented the expression of TJ proteins in mice colon. (A) Immunoflorescent staining of ZO1, occludin, and claudin-1 in the colonic tissues. (magnification, ×200) Red signal (rhodamine) labeled by green arrows was positive for these
proteins. DAPI (blue) was used to counterstain of nuclei. (B–D) Relative ZO-1, occludin, and claudin-1 expression measured by rhodamine and
DAPI fluorescence ratio in all groups were presented. Each bar represents mean ± SD, n=5 from each group, #P > 0.05, *P < 0.05, **P < 0.01
vs. DSS group.
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HIF is known to exert protective functions on the
intestinal barrier [17, 32, 33] and to interact with other
regulators in the intestinal barrier protective pathway
such as p-glycoprotein to clear xenobiotics [32]. Shao et
al. [34] found that intestinal HIF-1α is essential to the
adaptative response to alcohol-induced dysfunction of
the intestinal barrier and influences the expression of
TFF, claudin-1, and occludin. Furthermore, TFF-3

alleviated intestinal barrier dysfunction by reducing the
expression of toll-like receptor 2 (TLR-2) [35] and
TLR-4 [36]. Importantly, TFF-3 upregulated the
expression of intestinal cell junctional complexes,
thereby protecting the intestinal barrier [24].
Furthermore,
prolyl
hydroxylases
inhibitor,
dimethyloxalylglycine (DMOG), induces both HIF-1
and NF-kappaB activity in cultured intestinal epithelial

Figure 6. MiR-155 dilapidated intestinal barrier may by targeting HIF-1α/TFF-3 axis. (A) Wild-type sequences of HIF-1α for miR-155
target. (B) Dual luciferase report assay of HIF-1α 3’-UTR wild type or MUT along with miR-155. #P > 0.05, *P < 0.05 vs. Negative Control.
(C) The hypoxic station in normal and DSS-induced colitis mice colon labeled by hypoxia Probes. Green was the positive signal. (magnification
×100). (D) Relative mRNA of HIF-1α in mice colonic tissue were measured by qPCR (n=5). (E) Western blotting analysis of HIF-1α proteins and
TFF-3 proteins in mice colon. (F, G) Representative protein levels of TFF-3/β-actin and HIF-1α/β-actin(n=3). Each bar represents mean ± SD.
#P > 0.05, *P < 0.05, **P < 0.01 vs. DSS group.
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cells, and is strongly reduces epithelial barrier
dysfunction in DSS-induced colitis [18]. FG-4497induced HIF-1α provides an overall beneficial influence
on trinitrobenzenesulfonic acid (TNBS)-induced colitis,
mainly because of its barrier protective functions [23].
Here, we showed that TFF-3 expression ameliorates
intestinal barrier damage and that the expression of TJ
proteins is increased by FG-4497-induced expression of
HIF-1α. Our research results suggest that HIF-1α
promotes the expression of TJ proteins with protective
effects on the intestinal barrier possibly by upregulating
TFF-3. The specific mechanisms by which HIF-1α
regulates TFF-3 need to be further investigated, as well
as the mechanisms by which elevated HIF-1α levels
protect the intestinal barrier in mouse colonic tissues.
MiR-155 promotes IBD and is increased in colonic
tissues from IBD patients and animal models [6, 7, 22].
Furthermore, miR-155 contributes to increased gut
permeability by suppressing the expression of ECadherin in “double-hit” colitis models [8] and impairs
colonic healing by promoting the accumulation of
double-strand breaks (DSBs) in injured colonic
epithelium [9]. Our previous studies demonstrated that
the levels of miR-155 are increased in different animal
colitis models and promote an abnormal mucosal
immune response [22, 37]. In agreement with such
reports, our current study here shows that miR-155
levels were increased in DSS-induced colitis and that
miR-155 antagomir reduces them, thereby relieving
colitis. Furthermore, previous studies showed that miR155 inhibits the expression of HIF-1α by binding the 3’
UTR of HIF-1a mRNA [20], which is consistent with
our present research results. Here, we also found that
the inhibition of miR-155 by miR-155 antagomir
upregulated HIF-1α and was accompanied by a
reduction in intestinal barrier damage and inflammation.
Our results here suggest that miR-155 inhibits HIF-1α
expression and thereby contributes to the intestinal
barrier dysfunction in DSS-induced colitis, and
highlights miR-155 antagomir and FG-4497 as potential
therapeutic targets to treat human IBD.

and Use Committee of HUST. Mouse miR-155-5p
antagomir and negative control antagomir were
purchased from Gene Pharma Inc. (Shanghai, China).
The sequence of miR-155-5p antagomir is 5'-ACCCC
UAUCACAAUUAGCAUUAA-3'and the sequence of
negative control antagomir is 5'-CAGUACUUUU
GUGUAGUACAA-3'. Both are labeled with Cy3 at 5’.
FG-4497 was synthesized at Fibro Gen, Inc. (San
Francisco, CA). Hypoxyprobe™ Plus Kit was purchased
from Hypoxyprobe, Inc.
DSS-induced mice colitis and treatments
As showed in Figure 1A, after three days of adaptive
feeding in the center, C57BL/6J mice were randomly
divided into five groups: (1) normal control group
(normal, n = 8); (2) DSS group (DSS, n = 8); (3)
DSS+FG-4497 group (FG-4497, n = 8); (4) DSS+miR155 antagomir group (ant-miR-155, n = 8); (5)
DSS+miR-155 antagomir negative control group (antNC, n = 8). Colitis was induced in all mice groups
except the wild-type group by adding 3.0% DSS (36–50
kDa; MP Biomedicals) in their drinking water for seven
days. The mice in the FG-4497 group were injected
intraperitoneally with 100 μl FG-4497 (dissolved in
saline, 20mg/kg) daily for the last three days before
tissue harvest, as previously described [23, 38]. At the
same time, the mice in the ant-miR-155 and ant-NC
groups were injected intraperitoneally with 100 μl of
antagomiR-155 and negative control (dissolved in saline
at 2 mg/ml), correspondingly. All the mice from other
groups were injected intraperitoneally with 100 μl
saline. The weights, stool consistency, and stool occult
blood of all groups were recorded daily. On day 10,
animals were sacrificed after collecting blood from their
eyeballs, and colons were excised and prepared for
histological analysis and other assays. Additionally,
some mice from the normal and DSS groups were
sacrificed one hour after intraperitoneal injection with
Hypoxyprobe™-1(60 mg/kg body weight).
Dual luciferase report assay

MATERIALS AND METHODS
Animals and drugs
Male specific-pathogen free (SPF) C57BL/6J mice (7–8
weeks old) were provided by the Center for Disease
Control of Hubei province and feed in SPF conditions
in the experimental animal center of Huazhong
University of Science and Technology (HUST, Wuhan,
China). They were housed at room temperature (22–24
°C) and had free access to chow and water. In this
study, all animal experiments were performed according
to the Animal Research Institute Committee Guidelines
of HUST and approved by the Institutional Animal Care
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The wild type 3’UTRs and mutant 3’UTRs of HIF-1α
was cloned downstream of the firefly luciferase gene in
the pmirGLO vector. HEK293T cells were cotransfected with pmirGLO and miR-155 or a control
miRNA with Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) as previously described [39]. Luciferase
activity was measured by Dual-Luciferase Reporter
Assay System (Promega, E1910).
In situ hybridization and immunofluorescence
Fluorescence in situ hybridization assay was used to
observe the location and expression of miR-155-5p in
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mouse colon. As previously described [40], paraffin
slices of mouse colon were hybridized with FITClabeled miR-155-5p probes. The mucosal barrier related
TJ proteins including ZO-1, occludin, and claudin-1
were assessed in mouse colon by immunofluorescence
laser scanning confocal microscopy (FV3000; Olympus,
Japan).

and 5’-CTTGCCCTTTCCTGCTTTC-3’ for claudin
mRNA, 5’-AACGCTTCACGAATTTGCGT-3’ and 5’CTCGCTTCGGCAGCACA-3’ for U6, 5’-CATCCGT
AAAGACCTCTATGCCAAC-3’ and 5’-ATGGAGCC
ACCGATCCACA-3’ for β-actin mRNA.

Hematoxylin and eosin (HE) and periodic acid-Schiff
(PAS)

Western blot was performed to quantify HIF-1α, TFF-3,
ZO-1, occludin, and claudin-1 protein levels in mouse
colonic tissues as previously described [43]. Antiactivated HIF-1α antibody (CST# 3716S), anti-activated
TFF-3 antibody (MBS2001572), anti-activated ZO-1
antibody (Catalog # 61-7300), anti-activated occludin
antibody (Catalog # 71-1500), and anti-activated
claudin-1 antibody (Catalog # 51-9000) were used to
Western blot as primary antibodies.

Mouse colon tissues fixed in neutral-buffered formalin
were embedded in paraffin. Then they were serially
sectioned using a microtome (2µm). The tissue
sections were stained with hematoxylin and eosin
(H&E) for histological analysis and stained with PAS
for mucous-containing goblet cells as described
previously [41]. All histological images were
taken with an optical microscope (E100; Nikon,
Japan). For the histological inflammation score
evaluated from H&E staining, three sections per
mouse were blindly scored by two researchers. Five
aspects including epithelial cell erosion, goblet cell
depletion, architecture of the bowel, and infiltration of
neutrophils and mononuclear cells, were evaluated
with a maximum score of 15. Goblet cells were
quantified in PAS stained sections (10 high power
fields/section).

Western blot

Enzyme-linked immunosorbent assay(ELISA)
The levels of IL-6, IL-10, and TNF-αin in mouse serum
were measured using ELISA kits (Bioswamp, Wuhan,
China) according to the manufacturer's instructions. The
assays of these cytokines employ the quantitative
sandwich enzyme immunoassay technique and
absorbance was measured at 450 nm using a microplate
reader.
Statistical analysis

Electron microscopy
Transmission electron microscopy (TEM) imaging was
performed as previous described [42]. The mouse colon
specimens were embedded in epoxy resin and cut into
ultrathin sections (60–70 nm). Stained sections were
visualized using a Hitachi-HT7700 electron microscope
(Tokyo, Japan).

Data were recorded as mean ± standard deviation (SD).
Two groups were analyzed with unpaired two tailed
Student t-test; datasets including data from more than
two groups were analyzed with One-way ANOVA with
Bonferroni post hoc test. P < 0.05 was considered
statistically significant. SPSS 22.0 was used for data
analysis.

RT-PCR for miRNA and mRNA

AUTHOR CONTRIBUTIONS

The levels of miR-155 and mRNA of HIF-1α, ZO-1,
occludin, and claudin-1 in mouse colon tissues were
measured with quantitative RT-PCR as previously
described [22]. β-actin and U6 RNA were used as
internal controls for mRNA and miRNA. The primers
of all miRNA and mRNAs were: 5’-CTCAACTGGTG
TCGTGGAGTCGGCAATTCAGTTGAGACCCCTAT
-3’, 5’-ACACTCCAGCTGGGTTAATGCTAATCGTG
AT-3’, and 5’- TGGTGTCGTGGAGTCG-3’ for miR155-5p; 5’-AACCCTCGAGGCGTTTCCTAATCTCA
TT-3’and 5’-AACCGCGGCCGCAAGCTGGAAGGTT
TGTG-3’ for HIF-1α mRNA,5’-TACCTCTTGAGCCT
TGAACTT-3’ and 5’-CGTGCTGATGTGCCATAAT
A-3’ for ZO-1 mRNA, 5’-GGCTTCTCTGGGATGGA
TCG-3’ and 5’-TTTGCGAAACGCAGGACATC-3’ for
claudin-1 mRNA, 5’-CTTCTGCTTCATCGCTTCC-3’

HF designed the study; HL, YD, HW and SC
supervised the study; YL, FZ, HH, FG, and XL
performed the experiments; CT, QW, and HL analyzed
the data; QZ and XZ provided advice and technical
assistance; YL, FZ and HL wrote the manuscript. All
authors approved the final manuscript.

www.aging-us.com

14974

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

FUNDING
This study was supported by the National Natural
Science Foundation of China (grant Nos. 81573784 and
81774093).

AGING

REFERENCES

https://doi.org/10.4049/jimmunol.1900639
PMID:31889022

1.

Abraham C, Cho JH. Inflammatory bowel disease. N
Engl J Med. 2009; 361:2066–78.
https://doi.org/10.1056/NEJMra0804647
PMID:19923578

2.

Schoultz I, Keita ÅV. Cellular and molecular therapeutic
targets in inflammatory bowel disease-focusing on
intestinal barrier function. Cells. 2019; 8:193.
https://doi.org/10.3390/cells8020193 PMID:30813280

3.

Zhuang Y, Peng H, Mastej V, Chen W. MicroRNA
regulation of endothelial junction proteins and
clinical consequence. Mediators Inflamm. 2016;
2016:5078627.
https://doi.org/10.1155/2016/5078627
PMID:27999452

4.

Muenchau S, Deutsch R, de Castro IJ, Hielscher T,
Heber N, Niesler B, Lusic M, Stanifer ML, Boulant S.
Hypoxic environment promotes barrier formation in
human intestinal epithelial cells through regulation of
MicroRNA 320a expression. Mol Cell Biol. 2019;
39:e00553–18.
https://doi.org/10.1128/MCB.00553-18
PMID:31061092

5.

6.

7.

8.

Wang X, Chen Y, Yuan W, Yao L, Wang S, Jia Z, Wu P, Li
L, Wei P, Wang X, Hong M. MicroRNA-155-5p is a key
regulator of allergic inflammation, modulating the
epithelial barrier by targeting PKIα. Cell Death Dis.
2019; 10:884.
https://doi.org/10.1038/s41419-019-2124-x
PMID:31767859
Fasseu M, Tréton X, Guichard C, Pedruzzi E, CazalsHatem D, Richard C, Aparicio T, Daniel F, Soulé JC,
Moreau R, Bouhnik Y, Laburthe M, Groyer A, OgierDenis E. Identification of restricted subsets of mature
microRNA abnormally expressed in inactive colonic
mucosa of patients with inflammatory bowel disease.
PLoS One. 2010; 5:e13160.
https://doi.org/10.1371/journal.pone.0013160
PMID:20957151
Takagi T, Naito Y, Mizushima K, Hirata I, Yagi N,
Tomatsuri N, Ando T, Oyamada Y, Isozaki Y, Hongo H,
Uchiyama K, Handa O, Kokura S, et al. Increased
expression of microRNA in the inflamed colonic
mucosa of patients with active ulcerative colitis. J
Gastroenterol Hepatol. 2010 (Suppl 1); 25:S129–33.
https://doi.org/10.1111/j.1440-1746.2009.06216.x
PMID:20586854
Kline KT, Lian H, Zhong XS, Luo X, Winston JH, Cong Y,
Savidge TC, Dashwood RH, Powell DW, Li Q. Neonatal
injury increases gut permeability by epigenetically
suppressing e-cadherin in adulthood. J Immunol. 2020;
204:980–89.

www.aging-us.com

14975

9.

Butin-Israeli V, Bui TM, Wiesolek HL, Mascarenhas L,
Lee JJ, Mehl LC, Knutson KR, Adam SA, Goldman RD,
Beyder A, Wiesmuller L, Hanauer SB, Sumagin R.
Neutrophil-induced genomic instability impedes
resolution of inflammation and wound healing. J Clin
Invest. 2019; 129:712–26.
https://doi.org/10.1172/JCI122085
PMID:30640176

10. Colgan SP, Campbell EL, Kominsky DJ. Hypoxia and
mucosal inflammation. Annu Rev Pathol. 2016;
11:77–100.
https://doi.org/10.1146/annurev-pathol-012615044231 PMID:27193451
11. Semenza GL. Hypoxia-inducible factors in physiology
and medicine. Cell. 2012; 148:399–408.
https://doi.org/10.1016/j.cell.2012.01.021
PMID:22304911
12. Eltzschig HK, Abdulla P, Hoffman E, Hamilton KE,
Daniels D, Schönfeld C, Löffler M, Reyes G, Duszenko
M, Karhausen J, Robinson A, Westerman KA, Coe IR,
Colgan SP. HIF-1-dependent repression of equilibrative
nucleoside transporter (ENT) in hypoxia. J Exp Med.
2005; 202:1493–505.
https://doi.org/10.1084/jem.20050177
PMID:16330813
13. Rosenberger P, Schwab JM, Mirakaj V, Masekowsky E,
Mager A, Morote-Garcia JC, Unertl K, Eltzschig HK.
Hypoxia-inducible factor-dependent induction of
netrin-1 dampens inflammation caused by hypoxia.
Nat Immunol. 2009; 10:195–202.
https://doi.org/10.1038/ni.1683
PMID:19122655
14. Cummins EP, Keogh CE, Crean D, Taylor CT. The role of
HIF in immunity and inflammation. Mol Aspects Med.
2016; 47:24–34.
https://doi.org/10.1016/j.mam.2015.12.004
PMID:26768963
15. Karhausen J, Furuta GT, Tomaszewski JE, Johnson RS,
Colgan SP, Haase VH. Epithelial hypoxia-inducible
factor-1 is protective in murine experimental colitis. J
Clin Invest. 2004; 114:1098–106.
https://doi.org/10.1172/JCI21086 PMID:15489957
16. Giatromanolaki A, Koukourakis MI, Koutsopoulos AV,
Harris AL, Gatter KC, Sivridis E. Autophagy and hypoxia
in colonic adenomas related to aggressive features.
Colorectal Dis. 2013; 15:e223–30.
https://doi.org/10.1111/codi.12147
PMID:23351172
17. Furuta GT, Turner JR, Taylor CT, Hershberg RM,
Comerford K, Narravula S, Podolsky DK, Colgan SP.

AGING

Hypoxia-inducible factor 1-dependent induction of
intestinal trefoil factor protects barrier function during
hypoxia. J Exp Med. 2001; 193:1027–34.
https://doi.org/10.1084/jem.193.9.1027
PMID:11342587
18. Cummins EP, Seeballuck F, Keely SJ, Mangan NE,
Callanan JJ, Fallon PG, Taylor CT. The hydroxylase
inhibitor dimethyloxalylglycine is protective in a
murine model of colitis. Gastroenterology. 2008;
134:156–65.
https://doi.org/10.1053/j.gastro.2007.10.012
PMID:18166353
19. Matthijsen RA, Derikx JP, Kuipers D, van Dam RM,
Dejong CH, Buurman WA. Enterocyte shedding and
epithelial lining repair following ischemia of the human
small intestine attenuate inflammation. PLoS One.
2009; 4:e7045.
https://doi.org/10.1371/journal.pone.0007045
PMID:19753114
20. Yang D, Wang J, Xiao M, Zhou T, Shi X. Role of mir-155
in controlling HIF-1α level and promoting endothelial
cell maturation. Sci Rep. 2016; 6:35316.
https://doi.org/10.1038/srep35316
PMID:27731397
21. Wu X, Li J, Yang X, Bai X, Shi J, Gao J, Li Y, Han S, Zhang
Y, Han F, Liu Y, Li X, Wang K, et al. miR-155 inhibits the
formation of hypertrophic scar fibroblasts by targeting
HIF-1α via PI3K/AKT pathway. J Mol Histol. 2018;
49:377–87.
https://doi.org/10.1007/s10735-018-9778-z
PMID:29785488
22. Xu M, Zuo D, Liu X, Fan H, Chen Q, Deng S, Shou Z,
Tang Q, Yang J, Nan Z, Wu H, Dong Y, Liu Y. MiR-155
contributes to Th17 cells differentiation in dextran
sulfate sodium (DSS)-induced colitis mice via Jarid2.
Biochem Biophys Res Commun. 2017; 488:6–14.
https://doi.org/10.1016/j.bbrc.2017.04.143
PMID:28461115
23. Robinson A, Keely S, Karhausen J, Gerich ME, Furuta
GT, Colgan SP. Mucosal protection by hypoxiainducible factor prolyl hydroxylase inhibition.
Gastroenterology. 2008; 134:145–55.
https://doi.org/10.1053/j.gastro.2007.09.033
PMID:18166352
24. Buda A, Jepson MA, Pignatelli M. Regulatory function
of trefoil peptides (TFF) on intestinal cell junctional
complexes. Cell Commun Adhes. 2012; 19:63–68.
https://doi.org/10.3109/15419061.2012.748326
PMID:23181544
25. Oppong GO, Rapsinski GJ, Newman TN, Nishimori JH,
Biesecker SG, Tükel Ç. Epithelial cells augment barrier
function via activation of the toll-like receptor

www.aging-us.com

14976

2/phosphatidylinositol 3-kinase pathway upon
recognition of
salmonella enterica
serovar
typhimurium curli fibrils in the gut. Infect Immun.
2013; 81:478–86.
https://doi.org/10.1128/IAI.00453-12
PMID:23208603
26. Peterson LW, Artis D. Intestinal epithelial cells:
regulators of barrier function and immune
homeostasis. Nat Rev Immunol. 2014; 14:141–53.
https://doi.org/10.1038/nri3608
PMID:24566914
27. Danoy P, Pryce K, Hadler J, Bradbury LA, Farrar C,
Pointon J, Ward M, Weisman M, Reveille JD,
Wordsworth BP, Stone MA, Maksymowych WP,
Rahman P, et al, and Australo-Anglo-American
Spondyloarthritis Consortium, and Spondyloarthritis
Research Consortium of Canada. Association of
variants at 1q32 and STAT3 with ankylosing spondylitis
suggests genetic overlap with crohn’s disease. PLoS
Genet. 2010; 6:e1001195.
https://doi.org/10.1371/journal.pgen.1001195
PMID:21152001
28. Kyo K, Muto T, Nagawa H, Lathrop GM, Nakamura Y.
Associations of distinct variants of the intestinal mucin
gene MUC3A with ulcerative colitis and crohn’s
disease. J Hum Genet. 2001; 46:5–20.
https://doi.org/10.1007/s100380170118
PMID:11289722
29. Barrett JC, Lee JC, Lees CW, Prescott NJ, Anderson CA,
Phillips A, Wesley E, Parnell K, Zhang H, Drummond H,
Nimmo ER, Massey D, Blaszczyk K, et al, and UK IBD
Genetics Consortium, and Wellcome Trust Case
Control Consortium 2. Genome-wide association study
of ulcerative colitis identifies three new susceptibility
loci, including the HNF4A region. Nat Genet. 2009;
41:1330–34.
https://doi.org/10.1038/ng.483
PMID:19915572
30. Barrett JC, Hansoul S, Nicolae DL, Cho JH, Duerr RH,
Rioux JD, Brant SR, Silverberg MS, Taylor KD, Barmada
MM, Bitton A, Dassopoulos T, Datta LW, et al, and
NIDDK IBD Genetics Consortium, and Belgian-French
IBD Consortium, and Wellcome Trust Case Control
Consortium. Genome-wide association defines more
than 30 distinct susceptibility loci for crohn’s disease.
Nat Genet. 2008; 40:955–62.
https://doi.org/10.1038/ng.175 PMID:18587394
31. Al-Sadi R, Khatib K, Guo S, Ye D, Youssef M, Ma T.
Occludin regulates macromolecule flux across the
intestinal epithelial tight junction barrier. Am J Physiol
Gastrointest Liver Physiol. 2011; 300:G1054–64.
https://doi.org/10.1152/ajpgi.00055.2011
PMID:21415414

AGING

32. Comerford KM, Wallace TJ, Karhausen J, Louis NA,
Montalto MC, Colgan SP. Hypoxia-inducible factor-1dependent regulation of the multidrug resistance
(MDR1) gene. Cancer Res. 2002; 62:3387–94.
PMID:12067980
33. Synnestvedt K, Furuta GT, Comerford KM, Louis N,
Karhausen J, Eltzschig HK, Hansen KR, Thompson LF,
Colgan SP. Ecto-5’-nucleotidase (CD73) regulation by
hypoxia-inducible factor-1 mediates permeability
changes in intestinal epithelia. J Clin Invest. 2002;
110:993–1002.
https://doi.org/10.1172/JCI15337
PMID:12370277
34. Shao T, Zhao C, Li F, Gu Z, Liu L, Zhang L, Wang Y, He L,
Liu Y, Liu Q, Chen Y, Donde H, Wang R, et al. Intestinal
HIF-1α deletion exacerbates alcoholic liver disease by
inducing intestinal dysbiosis and barrier dysfunction. J
Hepatol. 2018; 69:886–95.
https://doi.org/10.1016/j.jhep.2018.05.021
PMID:29803899
35. Lin N, Xu LF, Sun M. The protective effect of trefoil
factor 3 on the intestinal tight junction barrier is
mediated by toll-like receptor 2 via a PI3K/Akt
dependent mechanism. Biochem Biophys Res
Commun. 2013; 440:143–49.
https://doi.org/10.1016/j.bbrc.2013.09.049
PMID:24051092
36. Wang Y, Liang K, Kong W. Intestinal trefoil factor 3
alleviates the intestinal barrier function through
reducing the expression of TLR4 in rats with
nonalcoholic steatohepatitis. Arch Med Res. 2019;
50:2–9.
https://doi.org/10.1016/j.arcmed.2019.03.004
PMID:31101239
37. Liu Y, Dong Y, Zhu X, Fan H, Xu M, Chen Q, Nan Z, Wu
H, Deng S, Liu X, Zuo D, Yang J. MiR-155 inhibition
ameliorates 2, 4, 6-trinitrobenzenesulfonic acid (TNBS)induced experimental colitis in rat via influencing the
differentiation of Th17 cells by Jarid2. Int
Immunopharmacol. 2018; 64:401–10.
https://doi.org/10.1016/j.intimp.2018.09.007
PMID:30253332
38. Forristal CE, Nowlan B, Jacobsen RN, Barbier V,
Walkinshaw G, Walkley CR, Winkler IG, Levesque JP.

www.aging-us.com

14977

HIF-1α is required for hematopoietic stem cell
mobilization and 4-prolyl hydroxylase inhibitors
enhance mobilization by stabilizing HIF-1α. Leukemia.
2015; 29:1366–78.
https://doi.org/10.1038/leu.2015.8
PMID:25578474
39. Li M, Zhang S, Qiu Y, He Y, Chen B, Mao R, Cui Y, Zeng
Z, Chen M. Upregulation of miR-665 promotes
apoptosis and colitis in inflammatory bowel disease by
repressing the endoplasmic reticulum stress
components XBP1 and ORMDL3. Cell Death Dis. 2017;
8:e2699.
https://doi.org/10.1038/cddis.2017.76
PMID:28333149
40. Zhang Y, Zhang Z, Wei R, Miao X, Sun S, Liang G, Chu C,
Zhao L, Zhu X, Guo Q, Wang B, Li X. IL (Interleukin)-6
contributes to deep vein thrombosis and is negatively
regulated by miR-338-5p. Arterioscler Thromb Vasc
Biol. 2020; 40:323–34.
https://doi.org/10.1161/ATVBAHA.119.313137
PMID:31852218
41. Alipour M, Zaidi D, Valcheva R, Jovel J, Martínez I, Sergi
C, Walter J, Mason AL, Wong GK, Dieleman LA, Carroll
MW, Huynh HQ, Wine E. Mucosal barrier depletion
and loss of bacterial diversity are primary
abnormalities in paediatric ulcerative colitis. J Crohns
Colitis. 2016; 10:462–71.
https://doi.org/10.1093/ecco-jcc/jjv223
PMID:26660940
42. Agnihotri N, Sharma G, Rani I, Renuka, Bhatnagar A.
Fish oil prevents colon cancer by modulation of
structure and function of mitochondria. Biomed
Pharmacother. 2016; 82:90–97.
https://doi.org/10.1016/j.biopha.2016.04.045
PMID:27470343
43. Yang J, Liu XX, Fan H, Tang Q, Shou ZX, Zuo DM, Zou Z,
Xu M, Chen QY, Peng Y, Deng SJ, Liu YJ. Extracellular
vesicles derived from bone marrow mesenchymal stem
cells protect against experimental colitis via
attenuating colon inflammation, oxidative stress and
apoptosis. PLoS One. 2015; 10:e0140551.
https://doi.org/10.1371/journal.pone.0140551
PMID:26469068

AGING

