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Abstract

AIM

To investigate the role of the miR-133a-UCP2 pathway
in the pathogenesis of inflammatory bowel disease (IBD)
and to explore the potential downstream mechanisms
with respect to inflammation, oxidative stress and
energy metabolism.

METHODS

C57BL/6 mice were fed dextran sulfate sodium (DSS)
liquid for 7 consecutive days, followed by the admi-
nistration of saline to the DSS group, UCP2 siRNA to
the UCP2 group and a miR-133a mimic to the miR-133a
group on days 8 and 11. Body weight, stool consistency

January 7, 2017 | Volume 23 | Issuel |



and rectal bleeding were recorded daily, and these
composed the disease activity index (DAI) score for the
assessment of disease severity. After cervical dislocation
was performed on day 14, the length of the colon in
each mouse was measured, and colonic tissue was
collected for further study, which included the following:
haematoxylin and eosin staining, UCP2 and miR-133a
detection by immunohistochemical staining, western
blot and quantitative real-time PCR, measurement of
apoptosis by TUNEL assay, and the assessment of
inflammation (TNF-a, IL-1B, IL-6 and MCP1), oxidative
stress (H20: and MDA) and metabolic parameters (ATP)
by ELISA and colorimetric methods.

RESULTS

An animal model of IBD was successfully established,
as shown by an increased DAI score, shortened colon
length and specific pathologic changes, along with
significantly increased UCP2 and decreased miR-133a
levels. Compared with the DSS group, the severity
of IBD was alleviated in the UCP2 and the miR-133a
groups after successful UCP2 knockdown and miR-133a
overexpression. The extent of apoptosis, as well as the
levels of TNF-a, IL-18, MDA and ATP, were significantly
increased in both the UCP2 and miR-133a groups
compared with the DSS group.

CONCLUSION

The miR-133a-UCP2 pathway participates in IBD by
altering downstream inflammation, oxidative stress and
markers of energy metabolism, which provides novel
clues and potential therapeutic targets for IBD.

Key words: miR-133a; Mitochondrial uncoupling protein
2; Inflammatory bowel disease; Dextran sulfate sodium

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The pathogenesis of inflammatory bowel
disease (IBD) is unclear, but increasing evidence
supports the involvement of epigenetic regulation
such as the formation of miRNA-mRNA pairs. In this
study, we investigated the role of the miR-133a-
UCP2 pathway in the pathogenesis of IBD in a well-
established mouse model. We found that the severity of
IBD was alleviated after the UCP2 and miR-133a levels
were antagonized and that the underlying mechanism
may involve changes in inflammation, oxidative stress
and energy metabolism. Our data provide novel clues
and potential therapeutic targets for IBD.
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INTRODUCTION

Inflammatory bowel disease (IBD) is characterized
by chronic, unspecific inflammation of the gastro-
intestinal tract and may be classified into two major
subtypes: Crohn’s disease (CD) and ulcerative colitis
(UC)™, Although the prevalence of IBD is high in
western countries, a rapid rise in IBD has been
observed in Asia'”, where its prevalence has reached
approximately 11.6 x 10°for UC and 1.4 x 10’ for
CD in China®'. Although a combination of genetic,
environmental, infectious and immunologic factors is
considered to be involved in the pathogenesis of IBD,
the underlying mechanism is still unclear™, Moreover,
the effectiveness of routine therapy is discouraging,
and aetiology-directed therapy is rare', Therefore,
an in-depth investigation of IBD would help reveal the
pathogenesis of IBD and provide a novel theoretical
base for innovative treatments.

MicroRNAs (miRNAs) are a family of non-coding
RNAs that are 19-25 nucleotides (nt) long. They are
processed from double-stranded hairpin precursors,
which are 70-100 nt in length, by the RNaselll family
member Dicer. Dicer is endogenously expressed in
the cytoplasm as part of the RNA-induced silencing
complex'®. miRNAs recognize the 3’ untranslated region
of target mRNAs with imperfect complementarity,
which leads to translational repression in mammals and
mRNA cleavage in plants'”’. With the development of
high-throughput methods such as microarray and deep
sequencing, miRNA profiling has been widely applied
to determine molecular biomarkers in tumours® and
other diseases such as nonalcoholic fatty liver disease
(NAFLD)®, Additionally, miRNA-mRNA pathways have
been revealed to participate in various diseases™".
These features make miRNAs attractive research
targets.

The effect and underlying mechanism of miRNAs in
the pathogenesis and progression of IBD have become
popular research topics. With the use of microarray
screening and bioinformatics approaches, researchers
have revealed specific tissue!*? and serum™’ miRNA
profiles of IBD, which have provided researchers with
novel diagnostic biomarkers. Further functional studies
have reported the regulation of IBD inflammation by
miR-146a™"! and miR-132!"* through the hedgehog
and cholinergic pathways. Moreover, the involvement
of the miR-224-p21 pathway was found to participate
in the early pathogenesis of IBD!®, However, com-
pared with the large amount of miRNA data from
microarray analyses, few miRNA-mRNA pathways
have been reported in IBD, which is why this topic is
worth more intensive study in the future.

We previously summarized the effect of uncoupling
protein (UCP), which belongs to a specific mitochondrial
inner membrane protein family with the capacity
to uncouple oxidative phosphorylation in NAFLD™”?;
we also revealed the effect of liver-specific UCP in

January 7, 2017 | Volume 23 | Issuel |



Jin X et a/. miRNA-133a-UCP2 pathway in IBD

conditions of oxidative stress™®. Since oxidative stress
has been demonstrated to be strongly associated
with IBDM®! and previous studies have identified the
association between the genetic polymorphism 866G/
A of UCP2P" and IBD, we proposed an important role
for UCP2 (the most common and widely studied UCP)
in IBD. More importantly, previous studies confirmed
the direct regulation of UCP2 by miR-133a"**, which
highlights the possible effect of the miR-133a-UCP2
pathway in IBD and why this pathway has become the
research focus of this study.

MATERIALS AND METHODS

Ethics statement

This study was performed in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
The animal protocol was approved by the institutional
review board of the First Affiliated Hospital of Zhejiang
University.

Establishment of an animal model of IBD

A total of 50 female C57BL/6 mice aged 8-12 wk were
purchased from Shilek Lab Animal (Shanghai, China).
All mice received food and water ad libitum and were
maintained on a 12/12-h light/dark cycle at 25 C for
7 d as part of adaptive feeding. Thereafter, the first
10 mice were randomly divided into two groups to
establish an animal model of IBD. Under a common
basic diet, the control (n = 5) group received normal
liquid, while the DSS (n = 5) group received 3%
Dextran Sulfate Sodium (DSS) liquid (MP Biomedicals,
Shanghai, China) instead of normal liquid for 7
consecutive days. The body weight, stool consistency
and rectal bleeding of each mouse were recorded
daily; these constituted the DAI (range from 0 to 12),
which was used to assess the clinical severity of colitis,
as previously described™!. After 7 d of feeding, all
mice were sacrificed by cervical dislocation, after which
the colonic tissue was collected for haematoxylin and
eosin (HE) staining and for the detection of the UCP2
and miR-133a levels.

After the animal model of IBD was verified, the
remaining mice were further randomly divided into four
groups as follows: control (n = 10), DSS (n = 10), UCP2
(n = 10) and miR-133a (n = 10), and the diet of mice
in the UCP2 and the miR-133a groups was the same as
that of mice in the DSS group. After 7 consecutive days
of feeding, an intravenous injection of 100-200 pL saline
was given to the control and DSS groups; similarly,
UCP2 siRNA was given to mice in the UCP2 group and
miR-133a mimics were given to mice in the miR-133a
group on days 8 and 11 with the final dose of 33 pg
according to the manufacturer’s instruction, respectively.
There was no anesthesia before intravenous injection.
All mice were sacrificed by cervical dislocation on day
14, after which the colonic tissue was collected for HE
staining and for the detection of inflammation, oxidative
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indicators and energy-related markers.

RNA interference and gene over expression

Specific siRNA against the UCP2 gene and a scrambled
siRNA, which was used as a negative control, were
synthesized at and purchased from GenePharma
(Shanghai, China). The mouse miR-133aRNA
mimic was also designed at and purchased from
GenePharma. The sequence of the negative control
(5'-3") was sense-UUCUCCGA ACGUGUCACGUTT
and antisense-ACGUGACACGUUCGGAGAATT;
the sequence of the miR133a mimic (5’-3’) was
sense-UUUGGUCCCCUUCAACCAG CUG and
antisense-GCUGGUUGAAGGGGACCAAAUU; the
sequence of the UCP2 siRNA(5'-3’) was sense-
GGAAAGGGACUUCUCCCAATT and antisense-U
UGGGAGAAGUCCCUUUCCTT. The administration of
the siRNA and RNA mimic was performed through
intravenous injection using an in vivo transfection
reagent (Auckland, New Zealand) according to the
method of Entranster.

ELISA and TUNEL staining

The mouse colonic tissue was routinely homogenized
and harvested for the detection of TNF-a, IL-1p, IL-6
and MCP1 by ELISA according to the manufacturer’s
instructions (Neobioscience, Shenzhen, China). The
level of apoptosis in the colonic tissue was also rou-
tinely detected by TUNEL staining according to the
manufacturer’s instructions (Roche, Shanghai, China),
as previously reported®!. Specifically, the apoptotic
cells were dyed and were observed under an Olympus
microscope. Typically, 10 visual fields were selected
and 100 cells within each field were counted, where the
apoptosis index = (apoptosis cell/total cell) x 100%.

Detection of oxidative stress and energy-related markers
The tissues were routinely assessed for the oxidative
stress-related markers H202and MDA by a colorimetric
method using an OD value of 405 nm at 37 °C and
by a thiobarbituric acid method using an OD value of
532 nm at 95 °C, respectively. The level of the major
energy product ATP was also routinely measured using
a colorimetric method and an OD value of 636 nm at
37 °C. All these experiments were performed according
to the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, China).

Immunohistochemical staining

For immunohistochemical staining, the colon tissues
collected from the mice were sequentially fixed in 10%
formaldehyde solution for at least 24 h, processed
and paraffin embedded, cut into 4-um-thick sections,
and mounted onto glass slides. Each slide was
deparaffinized and rehydrated in xylene and graded
alcohol solutions, respectively, which was followed by
antigen retrieval in Citrate Antigen Retrieval solution
at 126 C for 40 min. The slides were then washed in
PBS and blocked with goat serum for 10 to 30 min
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and incubated overnight at 4 'C with diluted anti-UCP2
antibody. After three washes in PBS, the slides were
incubated with goat-anti-rabbit IgG for 20 min, which
was followed by reaction with diaminobenzidine and
counterstaining with haematoxylin. The slides were
finally mounted in neutral gum for semiquantitative
analysis by microscopy. Negative control slides were
incubated with PBS instead of the primary antibody.

Western blot and quantitative real-time PCR

For a more accurate analysis, the UCP2 protein level
was further quantified by Western blot with a primary
mouse polyclonal antibody raised against UCP2
(Abcam, ab77363) and an ECL chemiluminescence
kit (Santa Cruz, United States). Normalization was
performed by blotting the same samples with a mouse
anti-p-actin antibody. For miR-133a quantitative
analysis, 2 ug of retrieved total RNA was reverse
transcribed using stem-loop antisense primer mix and
AMV transcriptase (TaKaRa, Dalian, China). Real-time
PCR was routinely performed in an MX3000p real time
PCR system (Stratagene, United States). U6 snRNA
and GAPDH were amplified as normalization controls,
and the relative amount of miR-133a compared with
U6 and the relative amount of UCP2 compared with
GAPDH were calculated using the equation 27,
where ACT= Crmirnaucr2-Crus/caron. The detailed primer
sequences are shown in Supplementary Figure 1.

Statistical analysis

Statistical analyses were performed using SPSS
version 16 (Chicago, IL, United States). Data are
presented as the mean % standard deviation when
normally distributed or as the median if the distribution
was skewed. Differences between two groups were
analysed using Student’s t-test or the Mann-Whitney
U test; differences among four groups were analysed
with One-Way Anova.

RESULTS

Altered UCP2 and miR-133a levels in a successfully
established IBD mouse model

After the C57BL/6 mice were fed 3% DSS for 7
consecutive days, a representative IBD mouse model
was successfully established (Figure 1). Generally,
after the first 3 d of DSS feeding, the water and food
intake and body weight of mice in the DSS group were
slightly increased, while on the 4™ day, which was
the turning point, the above-mentioned markers had
steadily decreased. In addition, the total colon length
was also significantly shortened in the DSS group
compared with the control group. Finally, HE staining
of the colon tissue showed intact colonic mucosa and
regularly arranged colonic glands in the control group,
whereas destroyed colonic glands, mucosal ulceration
and inflammatory cell infiltration were observed in
the DSS group. The average DAI for the DSS group
was 11.67 on day 7. As shown in Figure 2, we also
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identified significantly increased UCP2 mRNA and
protein levels through gqRT-PCR and by a combination
of western blot and immunohistochemical staining of
colon tissue from mice in the DSS group. Furthermore,
a significantly decreased miR-133a level was also
detected in the colon tissue of mice in the DSS group
by quantitative real-time (gRT)-PCR.

IBD phenotype change after successful alteration of the
UCP2 and miR-133a levels

Compared with the DSS group, the severity of IBD
was alleviated in the UCP2 and miR-133a groups after
successful UCP2 down regulation and miR-133a over
expression. Specifically, on day 7, the mice in the DSS,
UCP2 and miR-133a groups all experienced significant
weight loss, diarrhoea and rectal bleeding. However,
as shown in Figure 3A, compared with the continuing
weight loss and rectal bleeding in the DSS group, rectal
bleeding ceased in the mice in the UCP2 and miR-
133a groups on days 10 and 14, respectively. Mice in
these two groups also experienced similar significant
weight gain by day 14, although they did not recover
to the level of the control group. A decrease in the
DAI score was achieved (8, 6.8 and 7.2 for the DSS,
UCP2 and miR-133a groups, respectively) on day
14, although the differences were not statistically
significant. Moreover, compared with the DSS group,
the colon tissue from mice in the UCP2 and miR-133a
groups demonstrated intact tissue structure, well-
organized glands as well as rare mucosal oedema,
congestion and inflammatory cell infiltration. In
addition, H&E staining revealed that disease alleviation
was achieved in the miR-133a group, but the degree
of alleviation was less than that in the UCP2 group
(Figure 3B). Taken together, the targeting of both
UCP2 and miR-133a was able to reduce the severity
of IBD, but the targeting of UCP2 was more effective.
More intriguingly, compared with the DSS group, the
UCP2 level was decreased in the miR-133a group, in
which the level of miR133a was up regulated, which
indirectly supports the regulatory role of miR-133a on
UCP2 (Figure 3C).

Changes in markers of apoptosis and inflammation in
the different groups

To explore the potential underlying mechanism of IBD
alleviation, we further investigated the changes in
apoptosis and other common inflammation-associated
markers. We found a significantly increased level of
apoptosis in the DSS group compared with the control
group, as shown by TUNEL staining. Further UCP2
down regulation and miR-133a over expression could
significantly inhibit apoptosis, as indicated by the
notable decrease in the brown colour of the cells in
Figure 4A. Furthermore, as shown in Figure 4B, the
levels of inflammation-associated markers TNF-a, IL-1p,
IL-6 and MCP1 were significantly increased in the DSS
group compared with the control group. Additionally,
although all four inflammation-associated markers
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Figure 1 Successful establishment of an inflammatory bowel disease mouse model. A: The overall colon length was significantly shortened in the dextran
sulfate sodium (DSS) group; B: The average weight of the mice began to decrease significantly from Day 4 in the DSS group; C: Haematoxylin and eosin staining
showed damage to the colon glands, mucosal ulceration and inflammatory cell infiltration in the DSS group; different magnifications are shown. °P < 0.05; °P < 0.01.
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showed a tendency to decrease, only the differences in
the levels of TNF-q, IL-1B8, and MCP1 in the UCP2 group
and the levels of TNF-a and IL-1B in the miR-133a
group reached statistical significance compared with
the corresponding levels in the DSS group. Moreover,
compared with the DSS group, the degree of declination
of all markers was larger in the UCP2 group than in the
miR-133a group, which indicates a greater therapeutic
effect of UCP2 over miR-133a.

Changes in oxidative stress and energy-related markers
in the different groups

Oxidative stress-related markers include MDA and
H202, while ATP is a vital representative of energy

JRaishideng®
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metabolism. In this study, we identified a significantly
increased MDA level and decreased H20: and ATP
levels in the DSS group compared with the control
group. Nevertheless, after UCP2 down regulation or
miR-133a over expression, the H202 and ATP levels
were significantly increased, while the MDA level was
significantly decreased compared with the DSS group.
This may be attributed to the diminished uncoupling of
oxidative phosphorylation as a result of the decreased
UCP2 level (Figure 5).

DISCUSSION

Recently, IBD has become a global health problem
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as its prevalence has gradually increased, which has
placed a heavy burden on the economy and has
increased the suffering of patients. However, the
unclear aetiology of IBD has made effective therapy
a huge challenge. Therefore, the exploration of the
potential underlying mechanism of IBD is of great
clinical importance. The effect of miRNA, which is
an important type of non-coding RNA, in IBD was
summarized in 2016™%, while novel serum miRNA
signatures used in the diagnosis of IBD were also
proposed in mice® and humans™”. Additionally, an
interesting study established an association between
miRNA polymorphisms and the risk of IBD"*®!, All these
studies support the importance of miRNA in IBD.

It is well acknowledged that UCPs play a pivotal
role in various diseases due to their ability to influence
energy metabolism, peroxidation and inflammation
through the uncoupling of oxidative phosphorylation.
A previous study found increased UCP2 expression in
colon cancer and identified an association between
the level of UCP2 and cancer metastasis'’. Currently,
the effects of specific miRNAs in the pathogenesis of
IBD have not been frequently reported, and the role
of miRNA-mRNA pathways in IBD has been reported
even less frequently. After a literature review, we
only found the following: the miR-346-TNF-a, pathway
influences Vitamin D metabolism™®, the miR-193a-3p-
PepT1 pathway reduces intestinal inflammation®, and
the miR-132/miR-223-FOX03a pathway increases the
production of inflammatory cytokines®™. Intriguingly,
the effect of miR-133a in colonic epithelial cells and in
experimental colitis was reported™. Considering the
important role of UCP2 and the direct regulation of
UCP2 by miR-133a"*** it is theoretically reasonable
to explore the role of the miR-133a-UCP2 pathway in
the pathogenesis of IBD.

In this study, we firstly reported increased UCP2
and decreased miR-133a levels in a successfully
established animal model of IBD, which indicates
the potential role of miR-133a and UCP2 in IBD. This
result was in accordance with the result of a previous
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study, which supports the protective role of UCP2 in
DSS-induced colitis®. Secondly, we found an inverse
association between UCP2 and miR-133a, and more
importantly, miR133a over expression could significantly
decrease the UCP2 level. This finding indirectly
verified the regulation of UCP2 by miR-133a at the
post transcriptional level. Thirdly, with the use of RNA
interference and gene over expression, we found that
antagonizing both the UCP2 and miR-133a level could
alleviate the severity of IBD.

To investigate the potential underlying mecha-
nism and downstream targets of the miR-133a-UCP2
pathway, we selected typical inflammation-, oxidative-
and energy metabolism-associated markers. Briefly,
TNF-o, IL-1B, IL-6 and MCP1 are classical markers
of inflammation with broad applications. TNF-a
overproduction has been associated with mucosal
damage in IBD, while anti-TNF-a therapy with infliximab
is considered the representative biological therapy for
IBDP®. IL-1B and IL-6 belong to the interleukin family,
and the immune response they mediate has been
tightly linked with IBD progression™”). MCP1 functions
as a monocyte chemoattractant, and its A2518G
polymorphism is related to IBD risk®®. With respect
to oxidative stress, MDA is an important product of
lipid peroxidation, and its diagnostic value in CD has
been reported”®. H:0: is mainly produced during the
process of oxidative phosphorylation and is regarded
as a universal mediator of the inflammatory process in
the colon™”, Finally, ATP is a basic energy form used in
various pathophysiological processes, and its impaired
production due to mitochondrial dysfunction has been
identified in the intestines of patients with IBD™". Taken
together, the results showed that increased apoptosis,
inflammation, oxidative stress and ATP depletion were
involved as downstream effectors of the miR-133a-
UCP2 pathway.

This study has several limitations that should be
acknowledged. First, whether the miR-133a-UCP2
pathway in an animal model could be generalized to
humans requires further study. Second, it is better
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to use UCP2 knockout mice rather than RNAi to
obtain more convincing data of the effects of UCP2
in IBD. Third, since novel studies have advocated the
“miRNA sponge” effect of circRNA™?, the existence
of circRNA as a regulator of miR-133a warrants more
in depth studies. Fourth, although it is well known
that increased UCP2 can enhance the uncoupling
of oxidative phosphorylation, which results in a
decrease in ATP and an increase in H202, the detailed
mechanism of the miR-133a-UCP2 pathway on other
inflammatory- and oxidative stress-associated markers
is still unclear and requires further investigation.
Finally, as distinct representatives of oxidative stress,
H20:2 and MDA demonstrated inverse changes in their
levels in the IBD animal model, which calls for further
studies of the underlying mechanisms.

Overall, our study revealed the role of the miR-133a-
UCP2 pathway in IBD and the potential downstream
effectors, including inflammation-, oxidative stress- and
energy metabolism-associated markers, which provide
new clues in the pathogenesis of IBD and potential
targets for disease therapy.

COMMENTS

Background

Inflammatory bowel disease (IBD) has been considered as a chronic and
relapsing inflammatory disease that could affect any part of the intestine, with
major two subtypes as Crohn’s disease and ulcerative colitis. The prevalence
of IBD is increasing in developing and developed countries, making it a global
health care problem and an interesting research area.

Research frontiers

The mechanism of IBD remains vague; the involvement of genetic
predisposition, immune response and environmental factors has been
advocated. Currently, the effect of microRNA (miRNA) and uncoupling protein
was intensively investigated for their respective effect in epigenomic regulation
and uncoupling energy metabolism.

Innovations and breakthroughs

However, the specific miIRNA-UCP pathway in the pathogenesis of IBD has
not been reported hitherto. In this study, the authors investigated the role of
the miR-133a-UCP2 pathway in the pathogenesis of IBD and to explore the
potential downstream mechanisms with respect to inflammation, oxidative
stress and energy metabolism.

Applications

The miR-133a-UCP2 pathway participates in IBD by altering downstream
inflammation, oxidative stress and markers of energy metabolism, which
provides novel clues and potential therapeutic targets for IBD.

Terminology

miRNA belongs to a family of non-coding RNAs that are 19-25 nucleotides (nt)
long. They are processed from double-stranded hairpin precursors, which are
70-100 nt in length, by the RNaselll family member Dicer.
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The present study shows an investigation of the miR-133a-UCP2 pathway
in the pathogenesis of IBD. For this used an adequate methodology and
experimental conditions. With the found results in this study the author
concluded that miR-133a-UCP2 pathway participates of IBD influencing the
inflammatory process and this pathway could be a potential therapeutic targets
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