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Abstract

BACKGR D

Obesity is associated with an increased risk of developing Crohn's disease (CD), higher

disease activity, and comparatively worse clinical outcomes.

AIM
To investigate the role of mesenteric adipose tissue-derived exosomes in the

pathogenesis of CD aggravation in obese individuals.

METHODS

First, we induced colitis in mice initiated on high-fat and normal diets and compared
the severity of colitis. We then extracted and identified exosomes from mesenteric
adipose tissue and determined the levels of metastasis-associated lung adenocarcinoma
transcript 1 (MALATI1) in mesenteric adipose tissue-derived exosomes and the colon.
Next, we demonstrated an interaction between MALAT1 and e miR-15a-
5p/activating transcription factor 6 (ATF6) axis. Finally, we explored the effects of
mesenteric adipose tissue-derived exosomes extracted from mice fed a high-fat or
normal diet on the severity of 2,4,6-trinitrobe-nzenesulfonic acid (TNBS)-induced colitis

and ATF6-related endoplasmic reticulum stress pathways.

RESULTS




High-fat diet was found Iﬁggravate TNBS-induced colitis in mice. The expression of

MALATI1 in mesenteric adipose tissue-derived exosomes of high-fat diet-fed mice
increased. The increased expression of MALAT1 in colon tissue exacerbated TNBS-
induced colitis and activated the ATF6 endoplasmic reticulum stress pathway. This
effect was partially reversed by the reduced expression of MALAT1 and overexpression

of miR-15a-5p.

CONCLUSION

Mesenteric adipose tissue-derived exosome-encapsulated long noncoding RNAs
MALATT1 targets the colon and aggravates TNBS-induced colitis in obese mice, which
may potentially act on the miR-15a-5p/ATF6 axis and activate endoplasmic reticulum

stress.
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Core Tip: A higher visceral adipose tissue rati&has been associated with increased
disease activity in patients with Crohn’s disease. However, the mechanisms underlying
this effect remain unclear. Our study indicates that a high-fat diet increases the
mesenteric adipose tissue c:atent and aggravates colitis in mice. Mesenteric adipose
tissue-derived exosome long noncoding RNAs metastasis-associgted lung
adenocarcinoma transcript 1 can be absorbed by the colon, leading to the activation of
the endoplasmic reticulum stress pa&way by targeting the miR-15a-5p/activating

transcription factor 6 axis to aggravate colitis.
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INTRODUCTION

Crohn’s disease (CD) is a chronic relapsing inflammatory disease of the gastrointestinal
tract that results from the interplay bet'weenggenetic susceptibility and various
environmental exposureslll. The incidence of CD is higher in developed countries and
urban areas than in developing and rural areasl?l. Similarly, the prevalence of CD is
increasing in areas with rapid urbanizationl3], paralleling the obesity epidemic, possibly
in conjunction with western-style diets characterized by high fat content.

The conventional understanding is that CD is a chronic disease characterized by
wasting, low weight, and malnutrition. Nevertheless, based on real world data, 15%-
40% of patients with inflammatory bowel disease (IBD), including CD and ulcerative
colitis ( , are obese and 20%-40% are overweightl*l. Several studies have shown that
obesity is associated with an increased risk of developing CDI>6L_a higher disease
activity, and comparatively worse clinical outcomesl”l. For instance, n et all®l observed
that obesity was not only associated with an increased risk of persiﬁnt disease activity
and relapse in patients with IBD but also with higher rates of anxiety, depression,
fatigue, pain, and inferior social function scores. Although these studies on the
association between obesity and the course of CD have some limitations, and the above-
mentioned outcomes have not been observed consistently, accumulating evidence
indicates that visceral adiposity better captures the association between obesity and CD
than body mass indexil. A higher baseline visceral adipose tissue/total fat mass ratio
was found to be associated with increased disease activityl®l. Although the influence of
obesity on the course of CD has been confirmed, the underlying mechanism remains
elusive.

Significant expansion of adipose tissu% is a common phenomenon in obese
individuals. In addition to storing energy, adipose tissue is an endocrine organ that
secretes various adipokines, lipokines, and exosomesa@ntributing to the state of

chronic inflammation in obese individuals['?l. Localized mesenteric fat accumulation in

CD patients, known as creeping fat, is not only related to overall obesity but also has a
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systemic pro-inflammatory effect(11], Adipose tissue and visceral adipose tissue-derived

endocrine hormones are involved in multiple diseases, including cancerl!2],
cardiovascular diseasel’], and nonalcoholic steatohepatitis (NASH)I'l. Exosomes are
extracellular vesicles secreted by various cells, including adipocytes(!®l. Visceral adipose
tissue-derived exosomes display tissue affinity, preferentially targeting the colonic
lamina proprial'®l. Mesenteric adipose tissue can directly invade the lamina propria.
Therefore, we hypothesized that obesity exacerbates IBD, partially due to mesenteric
adipose tissue-derived exosomes.

Previous studies have indicated that exosomes contain multiple non-coding RNAs
such as circular RNAs, long noncoding RNAs (IncRNAs), and microRNAs, which serve
as messengers in cell-to-cell communication. Among these, IncRNAs are non-coding
RNAs containing more than 200 nucleotides(’7l. LncRNAs can interact with
transcription factors to regulate transcription, bind to proteins to promote the formation
of ribonucleoproteins, guide chromatin-modifying protein complexes targeting genes,
and act as sponges for downstream microRNAs, participating in a variety of
pathophysiological processes['8l. To our knowledge, few studies have explored the
potential functions and mechanisms of adipocyte-derived exosomal IncRNAs in the
ex&erbation of CD.

The present study aimed to investigate the role of IncRNAs transferred by mesenteric
adipose tissue-derived exosomes in obesity aggravated CD, and thereby assess the
potential of these IncRNAs as therapeutic targets for the treatment of CD in this

subpopulation.

MATERIALS AND METHODS

Construction of obesity mouse model and colitis mouse model

C57BL/6 mice (6:8 wk old) were purchased from Chengdu Dossy Experimental
Animals %}td. and fed either a normal diet (ND) (#D12451, Research Diets, United
States) or a high-fat diet (HFD) (#D12492, Research Diets, United States) for 12 wk. To

induce acute experimental colitis, 2,4,6-trinitrobe-nzenesulfonic acid (TNBS) (Beyotime,
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China; 100 pg/g, 175 pL) was injected into the colon for 4 d. The daily disease activity
index (DAI) score was calculated in mice in accordance with a well-established
method['”l. The body weight of the mice in each group was also recorded. On day 8, the
mice were sacrificed for colon and mesenteric adipose tissue collection. Rectum tissue, 3
cm away from the anal margin, was collected for hematoxylin and eosin (HE) staining
and 'Lnﬂammﬁjry pathological score determination using the following steps. Briefly,
mouse colon tissue was fixed in 10% formaldehyde, embedded in paraffin, sectioned,
and stained with HE. Details of histological scoring have been described previouslyl2°l.

e remaining colon tissue was placed in liquid nitrogen for subsequent analyses. Mice
were randomly divided into the following four groups (n = 6 each): ND + control, HFD
+ control, normal diet + TNBS, and HFD + TNBS.

RNA Extraction and real-time reverse transcription-PCR

Total RNA was isolated using Trizol (Invitrogen, United States) and reverse-transcribed
into cDNA using the First Strand cDNA Synthesis Kit (TransGen, China), in accordance
with the manufacturer’s instructions. Real-time reverse transcription-PCR (qRT-PCR)
was performed using t YBR Premix Ex Taq qPCR kit (TaKaRa, Japan). Primer

sequences used are listed in Supplementary Table 1.

Enzyme linked immunosorbenﬁsuy and Western blotting

The concentrations of mouse interleukin 1p (IL-1p), tumor necrosis factor a (TNF-a),
and interleukin 6 (IL-6) were detectﬁ using enzyme linked immunosorbent assay
(ELISA) kits (Elabscience, China) according to the manufacturer’s instructions.
Additionally, total protein was isolated using radioimmune precipitation assay (RIPA)
buffer (TaKaRa, Japag), supplemented with a protease inhibitor (Roche, Switzerland).
After qugtiﬁcation using the BCA Protein Assay Kit (Thermo, United States), the
proteins were separated by SDS-PAGE and transferred onto polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked and incubated overnight with

antibodies against activating transcription factor 6 (ATF6) (ab227830, Abcam, United
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Kingdom), p-PERK (MA5-15033, Thermo, United States), p-IRE1 (CSB-
RA00,7795A724phHU, CUSABIO, China), GRP78 (MA5-27687, Thermo, United States),
p-EIF2a (51995, CST, United States) CHOP (5554T, CST, United States), and GAPDH
(ab8245, Abcam, United Kingdom) at 4 °C. The membranes were then incubated with
HRP-conjugated secondary antibodies (Multi Sciences, China). Finally, the protein
bands were detected using enhanced chemiluminescence (ECL) kits (Thermo, United

States).

Isolation and primary culture of adipocytes
Mesenteric adipose tissue (25 g) was isolated and placed into a sterile 50 mL
polypropylene test tube containing 15 mL of collagenase [1 mg collagenase/1 mL
phosphate belanced solution (PBS); 3 mL solution/1 g tissue]. After grinding, the
solutior%as swirled for 20 s and the test tube was incubated at 37 °C in a rocking water
bath at 100 rpm for 40 min. The solution was vortexed and filtered through a funnel
containing a double gauze. Thereafter, the homogenate was cearifuged at 1000 rpm for
10 min, followed by collection of the top fat layer, which was washed three times with
PBS. The precipitate was then resuspended in 10 mL of RBC lysis buffer (154 mmol/L
NH4Cl, 10 mmol/L KHCO3, 1 mmol/L EDTA) in a ywater bath at 37 °C and 100 rpm for
5 min, followed by centrifugation at 1000 rpm for 10 min. The precipitates were
resuspended in 10 mL of plate culture medium (DMEM, 0.1 mmol/L penicillin, 0.06
mmol/L streptomycin, 10% HI-FBS , pH 7.4), swirled, spread on 100 mm culture dishes,
and incubated at 37 °C. After 20 h, the cells were washed with 10 mL of PBS three times,

and supplemented with 1 mL of trypsin. Finally, the cells were resuspended and

subcultured for further analysis.

Isolation and confirmation of exosomes @
27

The supernatant of adipocytes was collected and centrifuged at 2000 x g for 30 min,
followed by filtration through a 0.22 pm membrane to remove apoptgtic cells, debris,

and large particles. Exosomes were extracted from the filtrate according to the
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manufacturer’s instructions as described previouslyl?!l. For further confirmation, the
diluted exosomes were subjected to NanoFCM (China) for transmission electron
microscopy and size distribution analysis.

Luciferase reporter assay and RNA pull-down assay

The luciferase reporter assay was performed using the Dual-Luciferase Reporter Assay
System (Promega, United States), as described previouslyl22l. The RNA pulldown assay
was performed yging the Pierce Magnetic RN A-Protein Pull-Down Kit (Thermo, United
States). Briefly, miR-15a-5p was biotinylated and transfected into the Caco-2 cells.
Cultured cells were collected for lysis 48 h later. Thereafter, the RNA bound to miR-15a-
5p was captured using Pierce nygleic acid-compatible streptavidin magnetic beads.
Finally, qRT-PCR was performed to determine the expression of metastasis-associated
lung adenocarcinoma transcript 1 (MALATT).

Transfection of SiMALAT1 and miR-15a-5p mimic

Adipocytes were transfected with shMALATI and miR-15a-5p using Plko.1-EGFP-
puro. ShMALAT1 was designed based on information from Thermo Fisher
(http:/ /rnaidesigner.thermofisher.com/rnaiexpress/). The sequence of shMALATI1
was 5-TGTACTATCCCATCACTGAAG-3.

Statistical analysis

All data are presented as mean * SD. Differences between two groups were analyzed
using the Student’s t-test. Two-way analysis of variancg was used to compare the
differences between multiple groups with two factors. All statistical analyses were
performed using GraphPad 9.0.2 software, and P < 0.05 was considered to indicate a

significant difference between groups.

RESULTS
High-fat diet aggravated TNBS-induced colitis
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Accumulating evidence has shown that CD is more severe in obese individuals. We
established a model of obesity in mjge fed a HFD for 12 wk, while mice on a ND were

ed as controls. Thereafter, TNBS was used to induce colitis in the mice (Figure 1A).
Compared with the control group, colon length was significantly shortened in the TNBS
treatment group and the effect was further exacerbated by HFD (Figure 1B). To
determine the degree of colitis activity index in different groups of mice, the DAI score
was calculated daily for 8 d after starting TNBS treatment. HFD mice had a higher DAI
score than the ND mice (Figure 1C). In addition, HFD significantly aggravated the
TNBS-induced weight loss in mice (Figure 1D). To observe the degree of tissue damage
in the mouse colon more intuitively, we used the colon tissue for HE staining and
determined the histological injury scores (Figure 1E and F), which showed that HFD
aggravated TNBS-induced colitis and tissue damage.

In addition, we measured the expressiordevels of pro-inflammatory cytokines in the
colon tissues ice in each group. The expression of TNF-a, IL-1f3, and IL-6 in the
colon of HFD mice treated with TNBS was significantly higher than that in ND mice
treated with TNBS (Figure 1G-I). Notably, HFD itself increased the levels of pro-
inflammatory cytokines in the colon of mice, which may be related to chronic
inflammatory states in the body caused by obesity. These results suggest that HFD

aggravates the severity of TNBS-induced colitis.

Successful extraction and identification of mesenteric adipose tissue derived exosomes
(MAT-Exos)

The mesenteric adipc:ﬁ tissue index was significantly increased in HFD mice (Figure
2A). MAT-Exos were isolated from mesenteric adipose tissue cultured in vitro, and the
typical mitochondrial morphology was observed using transmission electron
microscopy (Figure 2B). Using Western blotting, we demonstrated that the isolated
exosomes expressed exosomal marker proteins CD63 and TSG101 and the adipocyte

exosomal membrane protein HSP70 (Figure 2C). The properties of exosomes were
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further demonstrated by particle size analysis (Figure 2D). In summary, we successfully

harvested and identified exosomes from mesenteric adipose tissue.

Partial contribution of MAT-Exo to increased colon IncRNA MALATI Levels in HRD-
fed mice

Existing literaturﬁdicates increased levels of IncRNA MALATI1 in HFD-fed micel2l. In
this study, the expression of IncRNA LAT1 in MAT-Exos was found to be
significantly increased in HFD-fed mice using qRT-PCR (Figure 3A). The relative
expression of IncRNA MALAT1 in mesenteric adipose and colon tissue in HFD mice
treated with TNBS was significantly increased compared to that in ND mice treated
with TNBS (Figure 3B and C). Therefore, xﬁfocused our attention on IncRNA MALAT1
and speculated that the increase in the relative expression of MALAT1 in the colon
tissue of HFD mice may be partially attributed to exosomes from the mesenteric
adipose tissue.

For further verification, MAT-Exos labeled with a PKH26 marker were incubated
with Caco2 cells in vitro. PKH26 fluorescence in Caco2 cells was detected using a laser
scanning confocal microscope, indicating that co2 cells can absorb MAT-Exos
(Supplementary Figure 1). In addjtion, exosomes isolated from the mesenteric adipose
tissue of HFD-fed and ND mice were injected into the mice via the tail vein, followed by
IncRNA IEKLATI detection in the mouse colon tissue. MAT-Exos of HFD-fed mice
increased the relative expression of IncRNA MALATT1 in the colon tissues of recipient
mice (Figure 3D). We speculate that in HFD mice, the MAT-Exos-encapsulated IncRNA

MALAT1 might target the colon to increase its local expression.

LncRNA MALAT]1 targetes the miR-15a-5p/ATF6 axis

Numerous miRNAs with the ability to interact with IncRNA MALAT1 have been
reported in literature(2!], among which miR-15a-5p has attracted our attention. After
searching miRDB (htﬁ/mirdb. org)®! and TargetScan, we identified many potential

mRNAs downstream of miR-15a-5p. Combining the literature review and bioinformatic
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prediction (Figure 4 we chose ATF6 as the target mRNA of miR-15a-5p. ATF6 is an

important molecule associated with endoplasmic reticulum (ER)_ stress(2¢! involved in
gut homeostasis and IBD processes/?-29l. Western blotting was used to detect ATF6
expression in the colon tissues of mice in each group. The ATF6 Levels in the colon
tissues of ND mice treated with TNBS were higher than those in ND mice without
TNBS treatment. In addition, HFD was found to upre te the expression of ATF6 in
the colon tissues (Figure 4B). Subsequently, we used a dual-luciferase assay to confirm
the interaction between ATF6 and miR-15a-5p. Compared with the control group, miR-
15a-5p reduced the relative expression of ATF6 when placed downstream of the wild-
type 3" untranslated zegions (3" UTRs), but not when it was downstream of the mutant
3’ UTR, indicating a regulatory relationship between miR-15a-5p and ATF6 (Figure 4C).
We then verified E interaction between miR-15a-5p and MALAT1 using RNA pull-
down assays. We found that miR-15a-5p could bind to MALATI, whereas the mutant
miR-15a-5p could not pull down MALAT1 (Figure 4D). Based on these direct and
indirect evidences, we can conclude that IncRNA MALATI1 can act on the miR-15a-

5p/ATF6 axis.

LncRNA MALATI binds miR-15a-5p to aggravate TNBS-induced colitis in HFD-fed
mice

We designed animal experiments to further ?emonstrate that mesenteric adipose tissue
derived exosomes and their encapsulated IncRNA-MALAT1 can aggravate TNBS-
induced colitis in HFD mice. First, MAT-Exos from HFD mice were isolated, and
treated with either a short hairpin RNA targeting MALAT1 (sShMALAT) or a miR-15a-
5p mimic before injection. MAT-Exos from ND mice were used as a control. Thereafter,
the mice were randomly divided into four groups and treated with ND-MAT-Exos,
HFD-MAT-Exos, HFD-MAT-Exos + shMALATI1, or HFD-MAT-Exos + miR-15a-5p
mimic, ie., A, B, C, and D groups, respectively. Mice were injected with MAT-Exos (100
pg/mouse) via the tail ve&on days 1, 4, and 8. On day 3, TNBS was administered to

induce colitis. On day 9, the mice were sacrificed and the colon tissue was collected.
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Compared to MAT-Exos from ND mice, MAT-EXOSs from HFD mice significantly
increased the body weight loss (Figure 5A), DAI (Figure 5D), and histological damage
score (Figure 5E and F), and decreased colon length (Figure 5B and C). Transfegtion
with shMALATI to knockdown the expression of MALAT1 or treatment with the miR-
15a-5p mimic to enhance the function of miR-15a-5p partially reversed the effects of
MAT-Exos on HFD mice. In conclusion, IncRNA MALAT1 may sponge miR-15a-5p and
aggravate TNBS-induced colitis in HFD mice.

LncRNA MALATI acted on the miR-15a-5p/ATF6 axis to exacerbate colitis in response
to ER stress

To further investigate whether IncRNA MALAT1 encapsulated within MAT-Exos of
HFD mice aggravated TNBS-induced colitis via the miR-15a-5p/ ATF6 axis, we detected
the protein content of ATF6 in the colon tissue of mice in each group. MAT-Exos of
HFD mice increased ATF6 expression in the colon tissue, whereas transfection with
shMALAT1 or (A6) treatment with the miR-15a-5p mimic resulted in reduced
expression of ATF6 in the colon tissue (Figure 6A). ATF6 is involved in IBD that
develops in response to ER stress®). We further examined the expression of proteins
associated with the ATF6-related ER stress pathway in the colon tissue. The expression
of GRP78 and XBP-1 was increased in the colon of mice injected with MAT-Exos from
HFD mice, a phenomenon that was antagonized by shMALAT1 and the miR-15a_
mimic (Figure 6B; Supplementary Figure 2). In addition, the expression of other ER
stress pathway related proteins, such as p-PERK, p-IRE1, p-elE2a, and CHOP, also
increased upon injecting MAT-Exos into HFD mice (Figure 6B). Previous studies have
shown that ER stress activates NF-kB signaling to induce an inflammatory
responsel3132] Therefore, we also detected inflammatory factors associated with the NF-
kB pathway (Figure 6C) using ELISA. The observed changes were consistent with the

expression of proteins associated with the ATF6-related ER stress pathway.

DISCUSSION
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Currently, almost one-third of the patients with IBD are obese and have a poor quality
of lifel8, great difficulty in inducing remissionl335], increased risk of disease
recurrencel®, and a higher burden of hospitalization and disease expenditurel3l.
Therefore, it is necessary tgexplore the mechanism by which obesity is induced in IBD
to improve its treatment. Previous studies have shown that the increased severity of
IBD in obese patients is related to increased intestinal permeability, intestinal microflora
translocation, and changes in the intestinal microflora spectruml?.3l. In addition, the
increase in plasma leptin levels and decrease in adiponectin levels were also found to be
involved in obesity-mediated IBD aggravation, but the mechanisms underlying these
processes need further exploration®. In this study, we propose a novel mechanism
through which obesity aggravates IBD via exosome-secreted IncRNAs.

First, we demonstrated that a high-fat diet could aggravate TNBS-induced colitis in
mice and explored the underlying mechanismb One of the main characteristics of
a:)esity is the accumulation of adipose tissue. As adipose tissue is an endocrine organ, it
plays an important role in a variety of metaﬁlism-related diseases, especially visceral
adipose tissuel®l, We focused our attention on the mesenteric adipose tissue, a type of
visceral adipose tissue, as it is closest to the colon tissue and can communicate with the
colon in various ways. In patients with CD, the lesion is often surrounded by a special
type of mesenteric adipose tissue called creeping fat, which is associated v&th the
translocation of gut microbiotal*ll. These findings suggest that the mesenteric adipose
tissue may play an important role in IBD progression. We further found that TNBS
treatment reduced the content?lhe mea‘nteric adipose tissue. However, the content of
the mesenteric adipose tissue in HFD mice treated with TNBS was still significantly
higher than that in ND mice treated with TNBS.

Exosomes serve as important means of intercellular communication. Previous reports
have shown that exosomes secreted by visceral fat could target the colon tissuell®l.
Therefore, we hypothesized that mesenterﬁerived exosomes in obese mice may
aggravate TNBS-induced colitis. Exosomes from the meﬁteric adipose tissue were

isolated and identified. Subsequently, exosomes extracted from the mesenteric adipose
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tissue of HFD and ND mice were separately injectﬁinto TNBS-treated ND mice via the
tail vein. The results showed that exosomes from the mesenteric adipose tissue of HFD
mice aggravated TNBS-induced colitis.

We then investigated the molecular mechanism by which exosomes derived from the
mesenteric adipose tissue of HFD mice aggravated TNBS-induced colitis. A recent
study indicated that visceral adipose tissue-derived exosomes can exacerbate colitis
severity through proinflammatory noncoding RNAs such as miR-155[1l. In this study,
we focused on the IncRNAs in exosomes. Using qRT-PCR, we identified that IncRNA
expression is strongly associated with HFD in mesenteric adipose exosomes, as well as
mesenterirﬁdipose and colon tissues. In the same structures or tissues, the expression of
MALAT1 was higher in TNBS-treated HFD mice than in TNBS-treated ND mice. An
additional injection of MAT-Exos from HFD mice via the tail vein increased the relative
expression of MALATI in the colon tissue, indicating that the increased expression of
IncRNA MALAT1 in the colon tissue can be partially attributed to MAT-Exos arising
from increased creeping fat_In fact, shMALAT1 partially reversed the effect of
exosomes derived from the&esenteric adipose tissue in HFD mice, suggesting that
exosomes derived from the mesenteric adipose tissue in HFD mice aggravated TNBS-
induced enteritis in part due to the high expression of IncRNA MALAT1 in exosomes.

The mechanism by which IncRNA aggra&tes colitis was further investigated. We
revealed that IncRNA MALAT1 could bind miR-15a-5p in vivo, and_that the miR-15a-
5p mimic could reverse the aggravation of colitis. Furthermoge, the miR-15a-5p mimic
and sh-MALAT]1 reversed the HFD mice MAT-Exos-induced ingrease in the expression
of ER stress-related proteins, ipcluding ATF6. We further verified the interaction
between miR-15-15p and ATF6 using a dual-luciferase reporter assay. These results
indicate that IncRNA MALAT] may activate the ATF6-related ER stress signaling
pathway by binding miR-15a-5p.

MALATT1 is abundantly expressed and highly conseEd in 33 species of mammals,
with the earliest study linking it to metastasis é‘l non-small cell lung cancerl2l.

However, recent studies have shown that MALAT1 plays an important role in a variety

13/19




of tumorsl'8 as well as in a variety of autoimmunel*3], infectious(*%], and metabolism,
related diseasesl#¢l. Previous studies have shown that MALATI1 Levels are reduced in
the plasma of patienthwith CDWl, suggesting that MALAT1 may be a protective factor
with respect to the occurrence and development of CD. The results of our study
indicated that TNBS treatment decreased the expression of MALATI, in accordance
with finding of previous reports, but the differences were not significant. Moreover, Li
et all®8] indicated that MALATI targets intestinal epithelial cells and enhances the
intestinal epithelial barrier, which plays a protective role by sequestering miR-146b-5p
and maintaining the expression of AJC proteins, NUMB, and CLDNI11 in IBD.
However, they did not demonstrate an effect of MALAT1 overexpression on colitis in
vivo.

Intriguingly, our study showed that obesity-induced increases in MALATI
expression in colon tissue can aggravate colitis, suggesting that MALAT1 may be a
double-edged sword with respect to IBD. Mechanistically, the contrary effect of
MALATI1 in colitis was mainly due to the fact t exosomes derived from the
mesenteric adipose tissue targeted the lamina propria of the colon rather than integtinal
epithelial cells('®l. Many immune cells are distributed within the lamina propria of the
colon, including dendritic cells, macrophages, and lymphoid cells, which supplement
the barrier function of intestinal epithelial cells#’l, In addition, many adaptive immune
system-related lymphocytes are recruited from peripheral circulation to the lamina
propria and are involved in the onset and progression of IBD. LncRNA MALATI1
encapsulated in exosomes from the mesenteric adipose tissue may act on the
abovementioned immune cells in the lamina propria and activate the ATF6-related ER
stress pathwa to promote the release of pro-inflammatory cytokines/>l.

ER stress plays a role in the occurrence and development of metabolic syndrome-
related diseases in the obese population®'l. Our study demonstrates that ER stress is
one of the potential mechanisms by which obesity aggravates IBD, thereby highlighting
the importance of weight loss in obese patients with IBD and the treatment of metabolic

syndrome-related diseases. In addition, we preliminarily identified a new signaling
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pathway, namely, the MALAT1-miR-15a-5p/ATF6 axis, revealing a new regulatory
mechanism, i.e., the ATF6-related ER stress signaling pathway. Whether this signaling
p ay plays a role in other tissues or diseases requires further investigation.

This study has several limitations that should be acknowledged. First, the effect of
exosomes derived from the mesenteric adipose tissue was only studied in the colon as a
whole, and the specific target cell types remain unclear and require further elucidation.
Second, it would be more beneficial if the regulation of the IncRNAMALAT1-miR-15a-
5p-ATF6 pathway could be confirmed in a more in-depth investigation. Finally, we
speculated that the divergent effect of IncRNA MALAT1 on IBD severity may be due to
its various targeting areas, where endogenous MALATI may exert its effect on
intestinal epithelial cells, while extrinsic mesenteric adipose tissue-derived EXO-
MALAT1 may act on the intestinal lamina propria through its gut-homing property.
However, this theory requires further exploration in the future.

Overall, HFD increased the content of the mesenteric adipose tissue and associated
EXO IncRNA MALATI, which was then absorbed by the colon where it targeted the
miR-15a-5p/ATF6 axig,, thereby leading to the activation of the ER stress pathway.
Further, downstream activation of the inflammatory factor signaling pathway may

partially contribute to the aggravation of colitis in obese IBD patients.

CONCLUSION

A higher visceral adipose-tissue ratio was associated with an increased disease activity
in CD patients. But the underlining mechanism still remains elusive. Our study
indicated that high-fat diet increased the content of mesenteric adipose tissue and

gravated colitis in mice. Mesenteric adipose tissue derived exosome IncRNA
metastasis-associated lung adenocarcinoma transcript 1 can be absorbed by the colon
leading to activation of the endoplasmic reticulum stress pathway by way of targeting

the miR-15a-5p/ ATF6 axis to aggravate colitis.
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Research bgckground

Obesity is associated with an increased risk of developing Crohn’s disease (CD) _higher
disease activity, and comparatively worse clinical outcomes, especially in CD patients
with a high visceral adipose tissue ratio. However, the underlying mechanisms remain

unclear.

Research motivation

Exosomes contain multiple nn—coding RNAs such as long non-coding RNAs
(IncRNAs), which serve as messengers in cell-cell communication. Visceral adipose
tissue derived exosomes display tissue affinity and preferentially target the colonic

lamina propria. We hypothesized that obesity exacerbates inflammatory bowel disease,

partially through mesenteric adipose tissue-derived exosomes.

Research objectives
To investigate the role of mesenteric adipose tissue-derived exosomes in CD
aggravation through obesity, thereby providing a potential therapeutic target for CD in

this subpopulation.

Research methods

A 2,4,6-trinitrobe-nzenesulfonic acid (TNBS) was usgd to induce colitis in mice fed a
high-fat diet (HFD) and normal diet (ND). Exosomes from the mesenteric adipose tissue
were extracted and identified, followed by the investigation of A metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1) expression. Luciferase reporter
and RNA pull-down assays were performed to verify the interaction between MALAT1
and miR-15a-5p/activating transcription factor 6 (ATF6) axis. Finally, mesenteric
adipose tissue-derived exosomes extracted from HFD-fed mice were isolated and
treated with either a short hairpin RNA targeting MALAT1 (shMALAT) or an miR-15a-
5p mimic before being injected into mice to explore their influence on TNBS-induced

colitis.
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Research results

HFD can aggravate TNBS-induced colitis in mice, and increase the expression of
MALAT1 in mesenteric adipose tissue-derived exosomes. Increased expression of
MALATT1 in the colon tissue exacerbated TNBS-induced colitis and activated the ATF6-

related endoplasmic reticulum stress pathway. Moreover, this effect was partially

reversed by the reduced expression of MALAT1 and overexpression of miR-15a-5p.

Research conclusions
Mesenteric adipose tissue-derived exosome-encapsulated IncRNA MALATI targets the
colon and aggravates TNBS-induced colitis in obese mice, which may potentially act on

the miR-15a-5p/ ATF6 axis and indice endoplasmic reticulum stress.

Research perspectives

Obesity-mediated aggravation of colitis might involve the mesenteric adipose tissue-
derived exosome IncRNA MALATI, but the specific cells of the intestine targeted by
MALATT1 deserve further exploration.

Figure Legends

Figure 1 High-fat diet aggravated colitis. A: Experimental grouping process; B: Colon
length of mice in each group; C: Disease activity index of mice in each group; D: Body
weight change trend of mice in each group; E: Hematoxylin and Pﬁsin staining images
of colon tissue; F: Histological damﬁé score of colon tissue; G: Expression of tumor
necrosis factor-a in colon tissue by enzyme linked im osorbent assay (ELISA); H:
Expression of interleukin-1p in cglon tissue by ELISA; I: Expression of interleukin-6 (IL-
6) in colon tissue by ELISA. DAI: Disease activity index; TNBS: 24,6-trinitrobe-
nzenesulfonic acid; HFD: High-fat diet; ND: Normal diet; TNF-a: Tumor necrosis factor-
a; IL-1P: Interleukin-1. 2P < 0.05, PP < 0.01.
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Figure 2 Extraction and identification of exosomes derived from mesenteric adipose
tissue. A: Mesenteric adipose index of mice in each group; B: Images of exosomes
observed under transmission electron microscopy; C: Western blotting to detect
exosome marker proteins; D: Exosome particle size analysis. TNBS: 2,4,6-trinitrobe-

nzenesulfonic acid; HFD: High-fat diet; ND: Normal diet. 2P < 0.05, P < 0.01.

Figure 3 Meseateric adipose tissue derived exosomes from high-fat diet-fed mice
increase the expression of long noncoding RNAs metastasis-associated lung
adenocarcinoma transcript 1 in colon. A: Expression of metastasis-associated lung
adenocarcinoma transcript 1 (MALATI) in mesenteric adipose tissue derived exosomes
(MAT-Exos) in each group; B: Expression of MALATI1 in mesenteric adipose tissue in
each group; C: Expression of MALAT1 in colon in each group; D: Expression of
MALATT1 in colon of normal mice after treated with MAT-Exos extracted from higt-fat
diet mice or normal diet mice. MALATI: Metasﬁis—associated lung adenocarcinoma
transcript 1; TNBS: 2,4,6-trinitrobe-nzenesulfonic acid; HFD: High-fat diet; ND: Normal
diet. PP < 0.01.

Figure 4 Associations between metastasis-associated lung adenocarcino anscript
1 and miR-15a-5p/activating transcription factor 6. A: Prediction of miR-15a-5p
binding site on the 3’ untranslated region of activating transcription factor 6 (ATF6); B:
Western blotting to detect ATF6 protein; C: Dual luciferase report of miR-15a-5p and
ATF6; D: RNA pull down analysis of miR-15a-5p and metastasis-associated lung
adenocarcinoma transcript 1. ATF6: Activating transcription factor 6; TNBS: 2,4,6-
trinitrobe-nzenesulfonic acid; D: High-fat diet; ND: Normal diet; 3° UTR: 3
untranslated region; WT: ; Mut:. 2P <0.05, PP < 0.01.

Figure 5 Mesenteric apose tissue derived exosomes of high-fat diet-fed mice

aggravate 2,4,6-trinitrobe-nzenesulfonic acid solution-induced colitis, reversed by
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shMALAT1 and miR-15a-5p mimic. A: Body weight change trend of mice in each

group; B: Colon length of mice in each group; ND-MAT-Exos, HFD-MAT-Exos, HFD-
MAT-Exos + shMALAT1, and HFD-MAT-Exos + miR-15a-5p mimic are labelled as A, B,
C, and D groups, respectively; C: Colon image of mice in each group; D: Disease activity
index of mice in each group; E: Histological damage score of colon tissue, ND-MAT-
Exos, HFD-MAT-Exos, HFD-MAT-Exos + shMALAT1, and HFD-MAT-Exos + miR-15a-
5p mimic are labelled as A, B, C, and D groups, respectively; F: Hematoxylin and eosin
staining images of colon tissue. HFD: High-fat_diet; ND: Normal diet; MAT-Exos:
Mesenteric adipose tissue derived exosomes; MALATI1: Metastasis-associated lung

adenocarcinoma transcript 1. 2P < 0.05, PP < 0.01.

Figure 6 Long noncoding RNAs metastasis-associated lung adenocarcinoma
transcript 1 acted on the miR-15a-5p/activating transcription factor 6 axis to activate
the endoplasmic reticulum stress signaling pathway. ND-MAT-Exos, HFD-MAT-Exos,
HFD-MAT-Exos + shMALATI1, and HFD-MAT-Exos + miR-15a-5p mimic are labelled
as 1, 2,3, and 4 groups, respectively. A: The expression level of activating transcription
factor 6 in colon tissue; B: The expression level of endoplasmic reticulum stress related

oteins in colon tissue detected by Western blotting; C: The expression level of
interleukin (IL)-p, tumor necrosis factor a, IL-6 in the colon tissue detected by enzyme
linked immunosorbent assay. ATF-6: Activating transcription factor 6; IL: Interleukin;

TNF-a: Tumor necrosis factor a. 2P < 0.05, PP < 0.01.

Figure 7 Long non-coding RNA metastasis-associated lung adenocarcinoma transcript
1 encapsulated by mesenteric adipose tissue-derived exosomes targets the colon to
aggravate co&s via the microRNA-15a-5p/activating transcription factor 6 axis in
response to endoplasmic reticulum stress. ATF-6: Activating transcription factor 6;
LnRNA: Long non-coding RNA; IL: Interleukin; TNF-a: Tumor necrosis factor-a; ER:
Endoplasmic reticulum; MAT-Exos: Mesenteric adipose tissue derived exosomes;

MALAT1: Metastasis-associated lung adenocarcinoma transcript 1.
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