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Mesalamine (MES), also known as 5-aminosalicylic acid, is effective in treating mild to
moderate ulcerative colitis (UC). The mechanisms of its actions are not fully elucidated.
The aim of this study was to investigate the effects of MES treatment on intestinal
microbiota and immune system in an dextran sulfate sodium (DSS)-induced UC model in
postweaning piglets. Eighteen weaned piglets were assigned randomly to the following
treatments: control group (CON, distilled water), DSS group (DSS, 3% DSS), and MES
group (MES, 3% DSS + 2 g/day MES). Our results showed that MES treatment alleviates
DSS-induced colitis in piglets, as evidenced by a reduced diarrhea index score and
increased average daily gain (P < 0.05). This is accompanied by decreased diamine
oxidase activity, D-lactate level (P < 0.05), and attenuated mucosal damage. MES
treatment also decreased the abundance of Methanogens and reduced colon CD11b+

macrophage and CD3+ T-cell infiltrations in piglets with DSS-induced colitis (P < 0.05).
Collectively, these data indicate that MES treatment-mediated colitis protection may
involve microbiota and immune cell alterations.

Keywords: colitis, gut microbiota, immune cells, mesalamine, piglet
INTRODUCTION

Intestinal barrier damage, diarrhea, and weight loss are common features of inflammatory bowel diseases
(IBD), encompassing ulcerative colitis (UC), and Crohn’s disease (CD) (1). These diseases substantially
reduce the quality of life and lack specific treatments (2, 3). IBD pathogenesis involves genetic and
environmental factors, such as alterations in microbiota (4). Patients with IBD exhibit an altered
microbiome profile compared to healthy controls, and manipulation of microbiota has potential for IBD
therapy (5–7). Since the gut microbiota plays an important role in regulating host immunity,
dysregulation of the gut microbiota can lead to a host immune disorder, which can trigger chronic
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inflammatory diseases such as IBD (8). In recent years, the
relationship between gut microbiota and host immunity has
become a popular research direction in the treatment of IBD (9).

Indeed, the intestinal microbiota interacts with the host
mucosal immune system to maintain immune homeostasis.
Patients with IBD lack immune tolerance to commensal
microbiota, leading to exacerbation in immune reaction against
the intestinal flora (10). The microbiota–host immune system
interaction is further evidenced by studies using germ-free mice,
which exhibited decreased numbers of colonic CD4+ T cells and
were protected in several experimental IBD models (11). Specific
gut bacterial species, such as Clostridia and Bacteroides, are
critical in mucosal immunity through regulating Treg-cell
differentiation and function (12).

Mesalamine (MES) is a first-line drug for the treatment and
relief of moderately mild UC (13). Studies have found that MES
is effective in treating UC via inhibiting various signaling
pathways, including Wnt/b-catenin, PPAR-g, NF-kB, MAPK,
PI3K/Akt, and aryl hydrocarbon receptor (AhR) (14–17). Gut
microbes may have a direct impact on the efficacy of IBD drugs
through biotransformation (18). However, the effects of MES on
the gut microbiota when treated with UC are poorly studied. In
this study, we evaluated the effects of MES treatment on
intestinal immune cells and microbiota in DSS-induced colitis
in piglets, which are similar to humans in anatomical size,
physiology, and immunology. We hypothesized that MES
contributes to UC alleviation by restoring intestinal flora,
reducing intestinal intraepithelial lymphocyte (IEL) migration
toward the apical epithelium, and affecting cytokine–cytokine
receptor signaling.
MATERIALS AND METHODS

Animals and Experimental Design
All animal procedures were performed with an approved
protocol by the Animal Ethics Committee of Hunan
Agricultural University. The experimental design is shown in
Figure 1A. After a 7-day adaptation period, 18 healthy piglets
(Duroc × Landrace × Large Yorkshire) weaned at 28 days of age
(average body weight: 8.99 ± 0.4 kg) were randomly assigned to
three groups (six pigs/group). The treatment groups are as
follows: (1) CON group: daily oral administration of 12 ml
distilled water for 13 days; (2) DSS group: daily oral
administration of 12 ml 3% (w/v) DSS (MW = 40 kDa,
Aladdin, Shanghai, China) for 13 days; (3) MES group: daily
oral administration of 12 ml 3% DSS and 2 g of MES (Jiamusi
Luling Pharmaceutical Co., Ltd., China) for 13 days. The piglets
were housed individually in an environmentally controlled
nursery with hard plastic-slatted flooring and had free access
to standard diet and drinking water. Average daily gain (ADG),
average daily feed intake (ADFI), feed conversion ratio (FCR),
and diarrhea index were calculated. The diarrhea index was
calculated by adding the diarrhea scores of each piglet during
DSS modeling and divided by the number of piglets in each
group. The diarrhea index was scored according to the viscosity
Frontiers in Immunology | www.frontiersin.org 2
of feces, and the scoring standard was as follows: 0 = normal; 1 =
soft feces; 2 = mild diarrhea; 3 = severe diarrhea (19). All piglets
were sacrificed on day 14, and serum was obtained by
centrifugation (4,000 × rpm for 10 min at 4°C) and then
stored at − 80°C. Colon and jejunum tissues were flushed with
PBS and then fixed in 10% formalin for subsequent histology
analysis and immunofluorescence assay (IFA). Liquid nitrogen
quick-frozen colon samples were used for RNA sequencing
analysis, and colon digesta was used for 16S rRNA sequencing
by Beijing Novogene Bioinformatics Technology Co.,
Ltd. (China).

Determination of Intestinal Permeability
and Inflammatory Factors
Alanine transferase (ALT) and globulin (GLB) contents in serum
were detected by an automatic biochemical analyzer (Kehua
Biology, Shanghai, China). Serum levels of diamine oxidase
(DAO), D-lactate (D-lac), myeloperoxidase (MPO), interleukin
22 (IL-22), IL-12p70, and IL-1b were determined by enzyme-
linked immunosorbent assay (ELISA) kits (Jiangsu Meimian
Industrial Co., Ltd., China).

Histological Analysis and
Immunofluorescence Staining
Formalin-fixed colon and jejunum tissues were paraffin-
embedded, and 5-µm-thick sections were either stained with
hematoxylin and eosin (H&E) or processed for IFA. The staining
quality of colon sections was observed under a normal white light
microscope. Digital scanning imaging was performed using an
orthopedic light microscope (Nikon, Tokyo, Japan). The images
were evaluated using the CaseViewer 2.4 software (3DHISTECH,
Budapest, Hungary). The extent of inflammatory infiltration,
histopathological changes in crypt structure, ulceration, crypt
loss in the colon, and villus height and crypt depth in jejunum
were measured as previously described (20, 21). IFA sections
were set on poly-L-lysine-coated glass slides, deparaffinized in
xylene, and rehydrated through graded concentrations of ethanol
bath to distilled water, followed by heat-induced epitope
retrieval. Slides were blocked with 5% bovine serum albumin
(BSA) (Sigma, St. Louis, MO, USA) and incubated overnight at
4°C with primary antibody to CD11b (1:50, Abcam, Cambridge,
MA, USA), CD3 (1:50, Proteintech Group, Chicago, IL, USA),
CD79a (1:50, Thermo Fisher Scientific, Waltham, MA, USA), or
aquaporin 3 (AQP3) (1:50, Abcam, USA) and washed three
times for 5 min each in PBS (PH 7.4) and then incubated with 50
ml secondary antibody, CoraLite594-conjugated goat anti-rabbit
IgG H&L (Abcam, USA). DAPI working solution was stained for
10–20 min at 37°C and washed three times with PBS for 5 min
each. Staining was examined using a fluorescence microscope
(Motic, China) after glycerin sealing. Quantitative analysis of the
expression of relevant proteins by software Image-Pro Plus 6
(Media Cybernetics, Rockville, MD, USA).

Reverse Transcription-Quantitative PCR
Total RNA of colon tissues was extracted using TRIzol reagents
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
July 2022 | Volume 13 | Article 883682
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instructions. The quality and purity of RNA were assessed by
absorbance at 260 nm and 280 nm by using a Nanodrop
spectrophotometer (Thermo Fisher Scientific, USA). Reverse
transcription of 10 µl RNA was conducted to synthesize cDNA
using 5 × PrimeScript Buffer 2 and PrimeScript reverse
transcriptase Enzyme Mix 1 (TaKaRa Biotechnology, [Dalian]
Co., Ltd., China). The primers used to amplify genes are shown
in Supplementary Table 1. Quantitative PCR was performed on
a LightCycler® 480 Real-Time PCR system (Roche, Basel,
Switzerland). Average Ct values from triplicate analyses were
normalized from average Ct values of b-actin, and data were
expressed as relative to those in the CON group.

RNA Sequencing
RNA extraction, quality verification, library preparation,
sequencing, and transcriptomic analysis were performed by
Beijing Novogene Bioinformatics Technology Co., Ltd.
(China). Briefly, cDNA was synthesized from purified mRNA
and used to amplify RNA. The integrity of PCR products was
assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA).
Clean data were acquired by filtering reads with adapter, poly-
N, and Illumina low-quality reads from raw data and mapped to
the reference genome using Hisat2 (version 2.0.5).
Quantification of gene expression level was performed using
featureCounts v1.5.0-p3. Differential expression analysis was
conducted using DESeq2, and adjusted P value < 0.05 was
Frontiers in Immunology | www.frontiersin.org 3
considered as the threshold for significantly differential
expression. Gene Ontology (GO) enrichment analysis of
differentially expressed genes was implemented, and we used
clusterProfiler R package to test the statistical enrichment of
differential expression genes in Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways by the cluster Profiler R package.

Microbiota Analysis Based on 16S rRNA
High-Throughput Sequencing
Total microbial genomic DNA from samples was extracted using
the QIAamp DNA Isolation Kit (Qiagen, Hilden, Germany).
DNA concentration, purity, and integrity were examined using
agarose gel electrophoresis. Based on these parameters, qualified
samples were then selected and diluted to 1 ng/ml to conduct the
subsequent sequencing. DNA samples were used as a template to
amplify the V4-hypervariable region of the bacterial 16S rRNA
gene with barcoded primers (515 forward primer, 5′-
GTGCCAGCMGCCGCGGTAA-3′, 806 reverse primer, 5′-
GGACTACHVGGGTWTCTAAT-3′) and Phusion® High-
Fidelity PCR Master Mix with GC Buffer (New England
Biolabs, Ipswich, MA, USA). PCR amplification products were
subjected to electrophoresis on 2% agarose gel and purified with
Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing
libraries were constructed using TruSeq® DNA PCR-Free
Sample Preparation Kit (Illumina, San Diego, CA, USA), and
library quality was evaluated on Qubit 2.0 Fluorometer (Thermo
Fisher Scientific, USA). Purified PCR products were then
B C
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A

FIGURE 1 | MES alleviates DSS-induced colitis in piglets. (A) Schematic diagram of the colitis model of weaned piglets used in this study; (B) average daily feed
intake, (C) average daily gain, and (D) feed conversion rate during DSS treatment; (E) diarrhea index; (F) serum levels of D-lactic acid and (G) serum diamine
oxidase; (H) H&E-stained colon sections. Scale bar = 50 µm. Data were presented as mean ± SEM (n = 6 per group). Statistical significance was determined using
one-way ANOVA, followed by Tukey test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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sequenced using the Illumina NovaSeq platform (Thermo Fisher
Scientific, USA) with 250-bp paired-end reads. Raw microbiota
data were analyzed utilizing the QIIME platform (version 1.9.1).
Raw tags were filtered according to the QIIME quality-controlled
process, and effective tags were acquired after chimera sequences
were detected and removed based on the Silva database.
Operational taxonomic units (OTUs) were selected using
Uparse software (version 7.0.1001) with a clustering threshold
of 97%. Alpha and beta diversities and environmental factor
correlation (Spearman analysis) were calculated with QIIME
(Version 1.7.0) and displayed with R software (Version 2.15.3).
Principal coordinate analysis (PCoA) plots were displayed by
WGCNA package, stat packages, and ggplot2 package in R
software (version 2.15.3). Illumina MiSeq sequencing,
processing of sequencing data, and bioinformatics analysis
were performed by Beijing Novogene Bioinformatics
Technology Co., Ltd. (China).

Environmental Factor Correlation Analysis
According to the relative abundance at the genus level, gut
microbiome abundance data for the top 35 taxa (genus level)
were used for correlation analysis with immune-related
differently expressed genes (DEGs). Spearman correlation was
used for this analysis, as it performs better with normalized
counts (gene expression) and compositional data (microbiome
relative abundance).

Statistical Analysis
GraphPad Prism 8 software (USA) and SPSS 22.0 Statistical
Software (USA) were adopted for statistical analysis. Data were
presented as mean ± SEM. One-way ANOVA was used to
compare the difference among groups, followed by Tukey’s
multiple-comparison tests. P < 0.05 was considered
statistically significant.
RESULTS

MES Treatment Improves Intestinal
Permeability in DSS-Induced Colitis
in Piglets
To study the effects of MES treatment on colitis, experimental
colitis was induced in piglets by administering DSS for 13 days
continuously (22, 23), and 2 g MES was given by oral
administration (Figure 1A). MES treatment alleviated DSS-
induced colitis in piglets, as evidenced by increased ADG and
reduced diarrhea index (P < 0.05) (Figures 1B–E). MES treatment
also increased ADFI (P < 0.05) but did not affect FCR (Figure 1D).
D-Lac is released by gut microflora and DAO is synthesized only
in intestinal epithelia, and increased blood levels of these
parameters reflect mucosal permeability and abnormal barrier
function (24). We found that MES treatment decreases serum
concentrations of D-lac and DAO in DSS-treated piglets (P < 0.05)
(Figures 1F, G). Histological analysis further demonstrated
obvious attenuation of epithelial erosion and crypt loss in
Frontiers in Immunology | www.frontiersin.org 4
response to MES treatment (Figure 1H). In accordance with
other published reports (25), our study also showed that MES
treatment decreased the serum concentrations of ALT and GLB in
colitis pigs (P < 0.05) (Figures S1A, B). In addition, MES
treatment increased the ratio of jejunum villus height to crypt
depth induced by DSS (P < 0.05) (Figures S1C–F). These results
collectively indicate that MES treatment ameliorates clinical
symptoms, gut barrier injury, liver damage, and intestinal
permeability induced by DSS.

MES Treatment Alters Immune-Related
Gene Expression
To obtain a better understanding of the potential effects of MES
treatment on piglet colitis, we assessed the global transcriptomic
profiles of colon tissues from CON, DSS, and MES groups. RNA
sequencing analysis revealed significant changes in transcript
levels. MES treatment markedly induced (n = 753) or reduced
(n = 225) the gene expression compared to the DSS group
(Figure 2A). The hierarchical cluster heatmap showed that the
expression profiles of DEGs in the MES group are distinctly
different from the DSS group (Figure 2B). Interestingly, KEGG
pathway analysis showed that MES treatment affects immune
response-related pathways, especially down-regulates the
cytokine–cytokine receptor interaction and hematopoietic cell
lineage (P < 0.05) (Figures 2C, E), and up-regulates the cAMP
signaling pathway, cGMP-PKG signaling pathway, neuroactive
ligand–receptor interaction, and calcium signaling pathway (P <
0.05) (Figures 2D, F). We next validated these cytokine- and
cytokine receptor-associated gene expressions by RT-qPCR.
Consistently, our results showed that compared with the DSS
group, MES treatment reduces IL-1a, IL-1b, CXCL11, CXCL9,
FOSB, and TNFSF8 mRNA expressions and enhances CCL21
expression (P < 0.05) (Figure 2G). Taken together, these results
suggest that the protective actions of MES for treating UC are
associated with immune-related gene expression reprogramming.

MES Treatment Suppresses DSS-Induced
Inflammation
To further assess the impact of MES treatment on the systemic
and intestinal inflammatory responses caused by DSS
administration, we determined the levels of some pro-
inflammatory cytokines and MPO in colon mucosa and serum.
We found that MES treatment reduces proinflammatory factor
expression at the mRNA (IFN-g, IL-6, IL-17A, and IL-22) and
protein (IL-1b, IL-22, and IL-12p70) levels (P < 0.05)
(Figures 3A, C). MES treatment also decreased the MPO
concentration in the colon mucosa induced by DSS (P < 0.05)
(Figure 3C). Because immune cells play a critical role in IBD, we
next performed IFA using antibodies against CD11b
(Figure 3E), CD3 (Figure 3F), AQP3 (Figure S2A), and
CD79a (Figure S2B). We found that MES treatment attenuates
infiltrations of CD11b+ macrophages and CD3+ T cells induced
by DSS (P < 0.05) but has no effects on CD79a+ B cells or AQP3+

cells (Figures 3B, D). The above results indicate that MES
treatment suppressed DSS-induced inflammation.
July 2022 | Volume 13 | Article 883682
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MES Treatment Alters Gut Microbiota
Composition in DSS-Induced Piglet Colitis
UC is typically associated with gut microbiota dysbiosis (26).
Next, we investigated the impact of MES treatment on gut
microbiota composition in DSS-induced colitis via 16S rRNA
gene sequencing. Alpha diversity indexes (chao1, ace) were not
impacted by MES treatment (Figures S3A, B), and beta diversity
was markedly different between DSS and MES groups (P < 0.05)
(Figure 4A). PCoA showed a separation in the gut microbiota
structure between DSS and CON groups (R2 = 0.268, p = 0.005)
(Figure 4B). Together, these data indicate that the gut
microbiota structure in pigs with colitis was impacted by MES
treatment. Linear discriminant analysis (LDA) combined with
effect size measurement (LEfSe) was used to determine the key
microbiota taxa. Actinobacteria were enriched in the MES group,
while Methanobrevibacter, Archaea, and Euryarchaeota were
enriched in the DSS group (Figure 4D). At the phylum level,
MES treatment decreased the relative abundance of
Euryarchaeota and Spirochaetota and tended to decrease the
ratio of Firmicutes to Bacteroidota compared with the DSS group
Frontiers in Immunology | www.frontiersin.org 5
(P < 0.05) (Figure 4E). At the family level, MES treatment
reduced the relative abundance of Methanobacteriaceae and
Oscillospiraceae induced by DSS (P < 0.05) (Figure 4F). At the
genus level, MES treatment reduced Methanobrevibacter
abundance induced by DSS (P < 0.05) (Figure 4G).
Specifically, we found that MES treatment significantly
suppresses the abundance of Methanobrevibacter (belonging to
theMethanobacteriaceae family), a common signature of the gut
microbiota dysbiosis (27), induced by DSS (Figure 4G).
Collectively, these results suggest that MES treatment protects
against DSS-induced colitis in piglets, which could be due to its
recovery function of gut microbiota dysbiosis.

DSS Administration-Induced
Proinflammatory Factors Are Correlated
With Methanobrevibacter
In order to illustrate the relationships between proinflammatory
factors and the genus-level bacteria driven by MES treatment, we
performed Spearman correlation analysis. We identified
significant interactions between some proinflammatory factors
B C

D E F

G

A

FIGURE 2 | MES suppresses immune responses in piglets with DSS-induced colitis. (A) Volcano plot of DEGs between DSS and MES groups. The X-axis
represents the fold change in the expression of DEGs, and the Y-axis represents the statistical significance of the fold change. Each point represents a DEG.
(B) Cluster heatmap of DEGs; top 20 KEGG annotation of (C) downregulated and (F) upregulated DEGs. The numbers of DEGs in each pathway are counted, and
the KEGG gene ratio and adjusted P-values are acquired by hypergeometric distribution test. Heatmap of DEGs enriched in cAMP signaling pathway-related KEGG
pathways (D), cytokine–cytokine receptor interaction (E, G) Relative mRNA abundances of IL-1a, IL-1b, CXCL11, CXCL9, CCL21, FOSB, and TNFSF8 validated by
RT-qPCR. Values were means ± SEM (n = 6 per group). *P < 0.05, **P < 0.01.
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(IL-24, IL-1b, and CXCL9) and Methanobrevibacter (P < 0.05)
(Figure 5). Expressions of these cytokines and chemoattractants
were enhanced in the colon of colitis piglets and were inhibited
by MES treatment. Thus, our data suggest that MES treatment-
mediated protective effects on colitis might be correlated with
reduced Methanobrevibacter enrichment.
DISCUSSION

MES plays a well-established role in the management of IBD, but
its action on gut microbiota and host immunity is not fully
understood (28). In this study, we found that MES treatment
modulates Methanobrevibacter, reprograms colon gene
expression profiles associated with cytokine–cytokine receptor
interaction, and alters frequencies of intestinal CD11b+ myeloid
cells and CD3+ T cells in DSS-induced colitis in piglets.

To explore how MES treatment attenuated the colitis, a mild-
to-moderate colitis piglet model was induced by oral DSS
administration and treated by oral MES. Akin to previous
research (17), our data showed that therapeutic application of
oral MES treatment ameliorates DSS-induced colitis.
Considering that MES works on the luminal side of inflamed
colonic mucosa, we propose that the colitis-protective effects of
MES treatment were due to its impact on alterations of gut
microbiota profile and host cell signaling.

Gut microbiota dysbiosis is implicated in the pathogenesis of
UC (29). Results of the present study showed that MES can
Frontiers in Immunology | www.frontiersin.org 6
significantly increase beta diversity without altering alpha
diversity. The structure of the microbial community, but not
community richness, was impacted in piglets with colitis
following MES treatment, indicating that MES treatment
prevented UC probably by selectively altering microbiota
composition rather than by sterilizing the gut. UC patients had
increased relative abundance of Bacteroidetes (30, 31). In the
current study, we observed that MES treatment restores the DSS-
mediated increment of the Firmicutes/Bacteroidetes ratio and this
reduction was attributed to the enrichment of Bacteroidetes.
Colitis piglets also displayed a markedly increased abundance
of the Methanobrevibacter genus and Akkermansia genus,
Methanobacter ia fami ly , and the archaeal phylum
Euryarchaeota, which were highly affected by MES treatment.
Increased Methanobacteria and Akkermansia were negatively
correlated with some anti-inflammatory cytokines, such as
TNFp1 (32). However, how MES treatment reduces the
Methanobacteria level is still unknown. It is highly possible
that Methanobacteria genome sequences may also contain the
polyphosphate kinase homologies, the accumulation of which
sensitizes bacteria towards oxidative stress and is a target of
MES (33).

Although the etiology of IBD remains unclear, it is thought to be
caused by an intricate interaction between microbiota and immune
cells leading to inflammation and ulceration (34). Many IBD risk
loci are proved to be found in regions of genes encoding cytokines
or their downstream signaling mediators (35–37). Intestinal
cytokines play a key role in promoting or inhibiting IBD
B C D

E F

A

FIGURE 3 | MES reduces the recruitment of immune cells in piglets with DSS-induced colitis. (A) Colonic mucosa mRNA levels of IL-6, IL-17A, IL-22, and IFN-g;
(B, D) intestinal frequencies of CD11b+ macrophages and CD3+ T cells; (C) serum levels of MPO, IL-1b, IL-22, and IL-12 p70; (E, F) representative images of
intestinal infiltrations of CD11b+ myeloid cells and CD3+ T cells. Scale bar = 50 µm. Data were presented as mean ± SEM (n = 6 per group). Statistical significance
was determined using one-way ANOVA, followed by Tukey test. *P < 0.05, **P < 0.01, ***P < 0.001.
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intestinal inflammation, and many cytokine-targeted therapies are
being used or are being tested clinically (38). Thus, it is likely that
reciprocal interactions between microbiota and immune cells are
exerted partly via intermediary factors (such as cytokines). As
expected, we observed a marked difference between DSS and
MES groups in IL-17 signaling and cytokine–cytokine receptor
interaction pathways. Interestingly, a previous study revealed that
IFN-g, IL-1b, IL-6, IL-17, and IL-22 production exhibits specific
Frontiers in Immunology | www.frontiersin.org 7
associations with gut microbial dysbiosis in IBD (39). Our results
showed that MES treatment also reduced gene/protein expressions
including IFN-g and Th-17-related cytokines induced in colitis
piglets. Moreover, correlation analyses indicated that
Methanobrevibacter are positively associated with changes in
levels of IL-1b, IL-24, and CXCL9 in the MES group. These
results indicate the important role of microbiota and cytokine in
MES alleviation on piglets with colitis.
B
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FIGURE 4 | MES modulates gut microbiota in piglets with DSS-induced colitis. (A) Rank abundance curves of beta diversity in the CON, DSS, and MES groups;
(B) PCoA plots upon MES therapy assessed by PERMANOVA; (C) heatmaps of species abundance at the genus level; (D) LEFSe analysis revealed the dominant
bacteria in the CON, DSS, and MES groups; relative abundance of top 10 (E) phyla, (F) families, (G) genera in the CON, DSS, and MES groups. *P < 0.05, **P <
0.01, ***P < 0.001.
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Evidence also suggests a causal association between intestinal
inflammation and altered monocyte-macrophage polarization.
These macrophages are actively involved in impaired gut
bacterial clearance (40, 41) and excessive proinflammatory
cytokine secretion (42–45) in IBD patients. Meanwhile, recent
single-cell analyses of IBD tissues revealed a potential link
between inflammation and altered distribution of intestinal
intraepithelial T cells (46). Here, our data showed that MES
treatment reduces frequencies of intestinal myeloid cells and
CD3+ T cells in a current DSS-induced colitis piglet model. This
is partly evidenced by an elevated expression of T-cell
chemoattractants such as CXCL9, CXCL11, and CCL21 in
colonic epithelial cells in piglets with DSS-induced colitis.
Collectively, our results revealed that MES reduces intestinal
myeloid cells and CD3+ T-cell recruitments, which could be a
possible therapeutic target.
CONCLUSION

In conclusion, our data showed that MES treatment-attenuated
DSS-induced piglet colitis is related to the regulation of microbial
immunity, inflammatory cytokines, and intestinal immune cells.
Interestingly, our results also identified that methanogenic
Archaea, Methanobacteria, could be a potential therapeutic
target for treating IBD. The anti-inflammatory mechanisms of
MES in DSS-induced colitis are related to gut enrichment of
methanogenic Archaea, cytokine production, and intestinal
Frontiers in Immunology | www.frontiersin.org 8
immune cell recruitments. Thus, our findings have important
implications for the development of IBD therapies and may
provide novel insights into the efficacy of drugs that target
Archaea to improve preventive strategies for IBD and other
inflammatory disorders.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found here: http://www.ncbi.nlm.nih.
gov/sra/PRJNA812765 and https://www.ncbi.nlm.nih.gov/
sra/PRJNA815676.
ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethics
Committee of Hunan Agricultural University. Written informed
consent was obtained from the owners for the participation of
their animals in this study.
AUTHOR CONTRIBUTIONS

All authors contributed to the writing, review, and editing of the
manuscript. MW and GY designed the experiments. YH and HX
conducted the experiments. YH collected the samples and
FIGURE 5 | MES-mediated mitigative effects in piglets with DSS-induced colitis are correlated with gut microbiota alteration and colonic inflammation: heatmap of
the Spearman correlation analysis between the gut microbiota and colonic proinflammatory factors.
July 2022 | Volume 13 | Article 883682

http://www.ncbi.nlm.nih.gov/sra/PRJNA812765
http://www.ncbi.nlm.nih.gov/sra/PRJNA812765
https://www.ncbi.nlm.nih.gov/sra/PRJNA815676
https://www.ncbi.nlm.nih.gov/sra/PRJNA815676
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Mesalamine-Mediated Amelioration of Experimental Colitis
performed the analysis of samples. HL and HX analyzed the data.
MW and GY wrote the manuscript. MW and GY contributed to
researching the content for the article. MW and GY made
substantial contributions to the discussion of content. All authors
read and approved the final manuscript.
FUNDING

This work was supported by the National Natural Science
Foundation of China (Project number: 32002188), the new
Frontiers in Immunology | www.frontiersin.org 9
research initiatives at City University of Hong Kong (Project
number: 9610541), National Natural Science Foundation of
China (Project number: 32072741), and Youth Innovation
Promotion Association (CAS, 2019356).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.883682/
full#supplementary-material
REFERENCES
1. Seidler U, Lenzen H, Cinar A, Tessema T, Bleich A, Riederer B. Molecular

Mechanisms of Disturbed Electrolyte Transport in Intestinal Inflammation.
Ann NY Acad Sci (2006) 1072:262–75. doi: 10.1196/annals.1326.024

2. Feuerstein JD, Cheifetz AS. Ulcerative Colitis: Epidemiology, Diagnosis, and
Management. Mayo Clin Proc (2014) 89(11):1553–63. doi: 10.1016/
j.mayocp.2014.07.002

3. Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al.
Worldwide Incidence and Prevalence of Inflammatory Bowel Disease in the
21st Century: A Systematic Review of Population-Based Studies. Lancet
(2017) 390(10114):2769–78. doi: 10.1016/S0140-6736(17)32448-0

4. Ungaro R, Mehandru S, Allen PB, Peyrin-Biroulet L, Colombel JF. Ulcerative
Colitis. Lancet (2017) 389(10080):1756–70. doi: 10.1016/S0140-6736(16)
32126-2

5. Kostic AD, Xavier RJ, Gevers D. The Microbiome in Inflammatory Bowel
Disease: Current Status and the Future Ahead. Gastroenterology (2014) 146
(6):1489–99. doi: 10.1053/j.gastro.2014.02.009

6. Liu S, Zhao W, Lan P, Mou X. The Microbiome in Inflammatory Bowel
Diseases: From Pathogenesis to Therapy. Protein Cell (2021) 12(5):331–45.
doi: 10.1007/s13238-020-00745-3

7. Wu Z, Huang S, Li T, Li N, Han D, Zhang B, et al. Gut Microbiota From
Green Tea Polyphenol-Dosed Mice Improves Intestinal Epithelial
Homeostasis and Ameliorates Experimental Colitis. Microbiome (2021) 9
(1):184. doi: 10.1186/s40168-021-01115-9

8. Nishida A, Inoue R, Inatomi O, Bamba S, Naito Y, Andoh A. Gut Microbiota
in the Pathogenesis of Inflammatory Bowel Disease. Clin J Gastroenterol
(2018) 11(1):1–10. doi: 10.1007/s12328-017-0813-5

9. Qi Q, Liu YN, Jin XM, Zhang LS, Wang C, Bao CH, et al. Moxibustion
Treatment Modulates the Gut Microbiota and Immune Function in a Dextran
Sulphate Sodium-Induced Colitis Rat Model.World J Gastroenterol (2018) 24
(28):3130–44. doi: 10.3748/wjg.v24.i28.3130

10. Iacob S, Iacob DG, Luminos LM. Intestinal Microbiota as a Host Defense
Mechanism to Infectious Threats. Front Microbiol (2018) 9:3328. doi: 10.3389/
fmicb.2018.03328

11. Britton GJ, Contijoch EJ, Mogno I, Vennaro OH, Llewellyn SR, Ng R, et al.
Microbiotas From Humans With Inflammatory Bowel Disease Alter the
Balance of Gut Th17 and Rorgammat(+) Regulatory T Cells and Exacerbate
Colitis in Mice. Immunity (2019) 50(1):212–24.e4. doi: 10.1016/
j.immuni.2018.12.015

12. Ma N, Guo P, Zhang J, He T, Kim SW, Zhang G, et al. Nutrients Mediate
Intestinal Bacteria-Mucosal Immune Crosstalk. Front Immunol (2018) 9:5.
doi: 10.3389/fimmu.2018.00005

13. Ham M, Moss AC. Mesalamine in the Treatment and Maintenance of
Remission of Ulcerative Colitis. Expert Rev Clin Pharmacol (2012) 5
(2):113–23. doi: 10.1586/ecp.12.2

14. Managlia E, Katzman RB, Brown JB, Barrett TA. Antioxidant Properties of
Mesalamine in Colitis Inhibit Phosphoinositide 3-Kinase Signaling in
Progenitor Cells. Inflamm Bowel Dis (2013) 19(10):2051–60. doi: 10.1097/
MIB.0b013e318297d741

15. Munding J, Ziebarth W, Pox CP, Ladigan S, Reiser M, Huppe D, et al. The
Influence of 5-Aminosalicylic Acid on the Progression of Colorectal
Adenomas Via the Beta-Catenin Signaling Pathway. Carcinogenesis (2012)
33(3):637–43. doi: 10.1093/carcin/bgr306

16. Borniquel S, Jansson EA, Cole MP, Freeman BA, Lundberg JO. Nitrated Oleic
Acid Up-Regulates Ppargamma and Attenuates Experimental Inflammatory
Bowel Disease. Free Radic Biol Med (2010) 48(4):499–505. doi: 10.1016/
j.freeradbiomed.2009.11.014

17. Oh-Oka K, Kojima Y, Uchida K, Yoda K, Ishimaru K, Nakajima S, et al.
Induction of Colonic Regulatory T Cells byMesalamine by Activating the Aryl
Hydrocarbon Receptor. Cell Mol Gastroenterol Hepatol (2017) 4(1):135–51.
doi: 10.1016/j.jcmgh.2017.03.010

18. Crouwel F, Buiter HJC, de Boer NK. Gut Microbiota-Driven Drug
Metabolism in Inflammatory Bowel Disease. J Crohn's Colitis (2020) 15
(2):307–15. doi: 10.1093/ecco-jcc/jjaa143

19. Kelly D, O'Brien JJ, McCracken KJ. Effect of Creep Feeding on the Incidence,
Duration and Severity of Post-Weaning Diarrhoea in Pigs. Res Vet Sci (1990)
49(2):223–8. doi: 10.1016/S0034-5288(18)31082-8

20. Wirtz S, Popp V, Kindermann M, Gerlach K, Weigmann B, Fichtner-Feigl S,
et al. Chemically Induced Mouse Models of Acute and Chronic Intestinal
Inflammation. Nat Protoc (2017) 12(7):1295–309. doi: 10.1038/
nprot.2017.044

21. Wang J, Zeng L, Tan B, Li G, Huang B, Xiong X, et al. Developmental Changes
in Intercellular Junctions and Kv Channels in the Intestine of Piglets During
the Suckling and Post-Weaning Periods. J Anim Sci Biotechnol (2016) 7:4.
doi: 10.1186/s40104-016-0063-2

22. Grosu IA, Pistol GC, Marin DE, Cismileanu A, Palade LM, Taranu I. Effects of
Dietary Grape Seed Meal Bioactive Compounds on the Colonic Microbiota of
Weaned Piglets With Dextran Sodium Sulfate-Induced Colitis Used as an
Inflammatory Model. Front Vet Sci (2020) 7:31. doi: 10.3389/fvets.2020.00031

23. Pistol GC, Marin DE, Rotar MC, Ropota M, Taranu I. Bioactive Compounds
From Dietary Whole Grape Seed Meal Improved Colonic Inflammation Via
Inhibition of Mapks and Nf-Kb Signaling in Pigs With Dss Induced Colitis.
J Funct Foods (2020) 66:103708. doi: 10.1016/j.jff.2019.103708

24. Cai J, Chen H, Weng M, Jiang S, Gao J. Diagnostic and Clinical Significance of
Serum Levels of D-Lactate and Diamine Oxidase in Patients With Crohn's
Disease.Gastroenterol Res Pract (2019) 2019:8536952. doi: 10.1155/2019/8536952

25. Uko V, Thangada S, Radhakrishnan K. Liver Disorders in Inflammatory
Bowel Disease. Gastroent Res Pract (2012) 2012: 642923. doi: 10.1155/2012/
642923

26. Manichanh C, Borruel N, Casellas F, Guarner F. The Gut Microbiota in Ibd.Nat
Rev Gastroenterol Hepatol (2012) 9(10):599–608. doi: 10.1038/nrgastro.2012.152

27. Zeng MY, Inohara N, Nuñez G. Mechanisms of Inflammation-Driven
Bacterial Dysbiosis in the Gut. Mucosal Immunol (2017) 10(1):18–26.
doi: 10.1038/mi.2016.75

28. Sehgal P, Colombel JF, Aboubakr A, Narula N. Systematic Review: Safety of
Mesalazine in Ulcerative Colitis. Aliment Pharmacol Ther (2018) 47
(12):1597–609. doi: 10.1111/apt.14688

29. Derikx LA, Dieleman LA, Hoentjen F. Probiotics and Prebiotics in Ulcerative
Colitis. Best Pract Res Clin Gastroenterol (2016) 30(1):55–71. doi: 10.1016/
j.bpg.2016.02.005

30. Zhou Y, Zhi F. Lower Level of Bacteroides in the Gut Microbiota Is Associated
With Inflammatory Bowel Disease: A Meta-Analysis. BioMed Res Int (2016)
2016:5828959. doi: 10.1155/2016/5828959
July 2022 | Volume 13 | Article 883682

https://www.frontiersin.org/articles/10.3389/fimmu.2022.883682/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.883682/full#supplementary-material
https://doi.org/10.1196/annals.1326.024
https://doi.org/10.1016/j.mayocp.2014.07.002
https://doi.org/10.1016/j.mayocp.2014.07.002
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1016/S0140-6736(16)32126-2
https://doi.org/10.1016/S0140-6736(16)32126-2
https://doi.org/10.1053/j.gastro.2014.02.009
https://doi.org/10.1007/s13238-020-00745-3
https://doi.org/10.1186/s40168-021-01115-9
https://doi.org/10.1007/s12328-017-0813-5
https://doi.org/10.3748/wjg.v24.i28.3130
https://doi.org/10.3389/fmicb.2018.03328
https://doi.org/10.3389/fmicb.2018.03328
https://doi.org/10.1016/j.immuni.2018.12.015
https://doi.org/10.1016/j.immuni.2018.12.015
https://doi.org/10.3389/fimmu.2018.00005
https://doi.org/10.1586/ecp.12.2
https://doi.org/10.1097/MIB.0b013e318297d741
https://doi.org/10.1097/MIB.0b013e318297d741
https://doi.org/10.1093/carcin/bgr306
https://doi.org/10.1016/j.freeradbiomed.2009.11.014
https://doi.org/10.1016/j.freeradbiomed.2009.11.014
https://doi.org/10.1016/j.jcmgh.2017.03.010
https://doi.org/10.1093/ecco-jcc/jjaa143
https://doi.org/10.1016/S0034-5288(18)31082-8
https://doi.org/10.1038/nprot.2017.044
https://doi.org/10.1038/nprot.2017.044
https://doi.org/10.1186/s40104-016-0063-2
https://doi.org/10.3389/fvets.2020.00031
https://doi.org/10.1016/j.jff.2019.103708
https://doi.org/10.1155/2019/8536952
https://doi.org/10.1155/2012/642923
https://doi.org/10.1155/2012/642923
https://doi.org/10.1038/nrgastro.2012.152
https://doi.org/10.1038/mi.2016.75
https://doi.org/10.1111/apt.14688
https://doi.org/10.1016/j.bpg.2016.02.005
https://doi.org/10.1016/j.bpg.2016.02.005
https://doi.org/10.1155/2016/5828959
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Mesalamine-Mediated Amelioration of Experimental Colitis
31. Ma Y, Zhang Y, Xiang J, Xiang S, Zhao Y, Xiao M, et al. Metagenome Analysis
of Intestinal Bacteria in Healthy People, Patients With Inflammatory Bowel
Disease and Colorectal Cancer. Front Cell infect Microbiol (2021) 11:599734.
doi: 10.3389/fcimb.2021.599734

32. Bernstein CN, Forbes JD. Gut Microbiome in Inflammatory Bowel Disease
and Other Chronic Immune-Mediated Inflammatory Diseases. Inflamm intest
Dis (2017) 2(2):116–23. doi: 10.1159/000481401

33. Dahl JU, Gray MJ, Bazopoulou D, Beaufay F, Lempart J, Koenigsknecht MJ,
et al. The Anti-Inflammatory Drug Mesalamine Targets Bacterial
Polyphosphate Accumulation. Nat Microbiol (2017) 2:16267. doi: 10.1038/
nmicrobiol.2016.267

34. Gao X, Cao Q, Cheng Y, Zhao D, Wang Z, Yang H, et al. Chronic Stress
Promotes Colitis by Disturbing the Gut Microbiota and Triggering Immune
System Response. Proc Natl Acad Sci USA (2018) 115(13):E2960–e9.
doi: 10.1073/pnas.1720696115

35. de Lange KM, Moutsianas L, Lee JC, Lamb CA, Luo Y, Kennedy NA, et al.
Genome-Wide Association Study Implicates Immune Activation of Multiple
Integrin Genes in Inflammatory Bowel Disease. Nat Genet (2017) 49(2):256–
61. doi: 10.1038/ng.3760

36. Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. Host-
Microbe Interactions Have Shaped the Genetic Architecture of Inflammatory
Bowel Disease. Nature (2012) 491(7422):119–24. doi: 10.1038/nature11582

37. Liu JZ, van Sommeren S, Huang H, Ng SC, Alberts R, Takahashi A, et al.
Association Analyses Identify 38 Susceptibility Loci for Inflammatory Bowel
Disease and Highlight Shared Genetic Risk Across Populations. Nat Genet
(2015) 47(9):979–86. doi: 10.1038/ng.3359

38. Friedrich M, Pohin M, Powrie F. Cytokine Networks in the Pathophysiology
of Inflammatory Bowel Disease. Immunity (2019) 50(4):992–1006.
doi: 10.1016/j.immuni.2019.03.017

39. Schirmer M, Smeekens SP, Vlamakis H, Jaeger M, Oosting M, Franzosa EA,
et al. Linking the Human Gut Microbiome to Inflammatory Cytokine
Production Capacity. Cell (2016) 167(7):1897. doi: 10.1016/j.cell.2016.11.046

40. Schwerd T, Pandey S, Yang HT, Bagola K, Jameson E, Jung J, et al. Impaired
Antibacterial Autophagy Links Granulomatous Intestinal Inflammation in
Niemann-Pick Disease Type C1 and Xiap Deficiency With Nod2 Variants in
Crohn's Disease. Gut (2017) 66(6):1060–73. doi: 10.1136/gutjnl-2015-310382

41. Smith AM, Rahman FZ, Hayee B, Graham SJ, Marks DJ, Sewell GW, et al.
Disordered Macrophage Cytokine Secretion Underlies Impaired Acute
Inflammation and Bacterial Clearance in Crohn's Disease. J Exp Med (2009)
206(9):1883–97. doi: 10.1084/jem.20091233
Frontiers in Immunology | www.frontiersin.org 10
42. Smythies LE, Sellers M, Clements RH, Mosteller-Barnum M, Meng G,
Benjamin WH, et al. Human Intestinal Macrophages Display Profound
Inflammatory Anergy Despite Avid Phagocytic and Bacteriocidal Activity. J
Clin Invest (2005) 115(1):66–75. doi: 10.1172/jci19229

43. Kamada N, Hisamatsu T, Okamoto S, Chinen H, Kobayashi T, Sato T, et al.
Unique Cd14 Intestinal Macrophages Contribute to the Pathogenesis of
Crohn Disease Via Il-23/Ifn-Gamma Axis. J Clin Invest (2008) 118(6):2269–
80. doi: 10.1172/jci34610

44. Bain CC, Scott CL, Uronen-Hansson H, Gudjonsson S, Jansson O, Grip O,
et al. Resident and Pro-Inflammatory Macrophages in the Colon Represent
Alternative Context-Dependent Fates of the Same Ly6chi Monocyte
Precursors. Mucosal Immunol (2013) 6(3):498–510. doi: 10.1038/
mi.2012.89

45. Bernardo D, Marin AC, Fernández-Tomé S, Montalban-Arques A, Carrasco
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