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Ulcerative colitis (UC) is a chronic and recurrent inflammatory disease of the
gastrointestinal tract. This study aimed to determine the effect of cathelicidin-
related antimicrobial peptide (Cramp) on dextran sulfate sodium (DSS)-induced
acute experimental colitis in mice and to investigate the underlying mechanisms.
Acute UC was induced in C57BL/6 mice with 3% DSS for 7 days, 4 mg/kg b.w.
synthetic Cramp peptide was administrated once daily starting on day 4 of the
experimental period. Mice were evaluated for body weight, colon length, colon
histopathology, and inflammatory cytokines in colon tissue. Using 16s rRNA
sequencing, the composition structure of gut microbiota was characterized.
Metabolomic profiling of the serum was performed. The results showed that
DSS treatment significantly induced intestinal damage as reflected by disease
activity index, histopathological features, and colon length, while Cramp
treatment significantly prevented these trends. Meanwhile, Cramp treatment
decreased the levels of inflammatory cytokines in both serum and colonic tissue
on DSS-induced colitis. It was also observed that DSS damaged the integrity of
the intestinal epithelial barrier, whereas Cramp also played a protective role by
attenuating these deteriorated effects. Furthermore, Cramp treatment reversed
the oxidative stress by increasing the antioxidant enzymes of GSH-PX and
decreasing the oxidant content of MDA. Notably, compared to the DSS group,
Cramp treatment significantly elevated the abundance of Verrucomicrobiota at
the phylum level. Furthermore, at the genus level, Parasutterella and Mucispirllum
abundance was increased significantly in response to Cramp treatment,
although Roseburia and Enterorhabdus reduced remarkably. Metabolic pathway
analysis of serum metabolomics showed that Cramp intervention can regulate
various metabolic pathways such as a-linolenic acid, taurine and hypotaurine,
sphingolipid, and arachidonic acid metabolism. The study concluded that Cramp
significantly ameliorated DSS-induced colonic injury, colonic inflammation,
and intestinal barrier dysfunction in mice. The underlying mechanism is closely
related to the metabolic alterations derived from gut microbiota.
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1 Introduction

Inflammatory Bowel Disease (IBD) is a group of disorders causing
chronic inflammation disorders of the intestinal tract, including
Crohn’s disease (CD) and ulcerative colitis (UC), in which patients
suffer from pain, vomiting, diarrhea, and other symptoms
(Ananthakrishnan, 2015). In recent years, the incidence of IBD has
developed into a global disease (Kaplan and Ng, 2017), which is
caused by multiple interactions of genetic, microbial, and
immunological factors. Although the specific underlying mechanism
of IBD is still not clear at present (Kaplan and Ng, 2016), but
commonly associated with aberrant immune responses, excessive
oxidative stress, and unbalanced gut microbiota (Li et al., 2023). The
gastrointestinal tract is the largest, highly complex and dynamic
micro-ecosystem in the human, consisting of various types of
epithelial cells and commensal microorganisms (Bengmark, 1998).
Studies suggests that the intestinal structure and luminal environment
work together to maintain intestinal homeostasis. Disruption of this
balance is thought to play a role in the pathogenesis of IBD (Chang,
2020). Antimicrobial peptides (AMPs) are a diverse group of
biologically active compounds that play a key role in host defense and
maintenance of tolerance to commensal microorganisms (Cunliffe
and Mahida, 2004; Chung and Raffatellu, 2019).

Mouse cathelin-related antimicrobial peptide (Cramp) and its
homologue human cathelicidin (LL-37), as one of the AMPs, plays an
important role in intestinal microbe ecosystems (Yoshimura et al.,
2018). As reported earlier, Cramp has a wide range of anti-microbial
and immunomodulatory functions, and plays a role in maintaining
the integrity of the epithelial barrier (Otte et al., 2009; Koon et al,,
2011). It has been reported that cathelicidin mediated immune
responses in intestinal colitis (Ho et al., 2013). LL-37 expression is
elevated in the colonic mucosa of patients with UC but not in those of
patients with CD (Schauber et al., 2006). Cramp knockout mice were
previously demonstrated to develop more severe colitis in response to
DSS than WT mice (Koon et al., 2011), which was associated with
more mucosal disruption, higher levels of proinflammatory cytokines
production, and increased infiltration of intestinal inflammatory,
culminating in decreased mouse survival (Yoshimura et al.,, 2018).
Furthermore, intrarectal administration of exogenous CRAMP
attenuates DSS-induced colitis by protecting the mucous layer,
decreasing the production of proinflammatory cytokine, and
suppressing apoptosis of epithelial (Tai et al., 2007). In addition, the
maintenance of epithelial barrier integrity by Cramp is mainly
achieved by increasing the expression of tight junction proteins
(Marin et al., 2019). The interaction between the gut microbiome and
colon mucosa is well-established to cause inflammatory bowel disease
and impaired healing. Notably, UC is known to be associated with
dysbiosis in the gut microbiota of patients and mice (Imhann et al.,
2018; Walujkar et al., 2018; Parada Venegas et al., 2019; Paramsothy
et al, 2019), and CRAMP expression may be regulated by gut
microbiota and metabolites such as short-chain fatty acids or proteases
(Potempa and Pike, 2009; Sun et al., 2015). Furthermore, a study
shows that Cramp alters the composition of the gut microbiome in
celiac disease mice (Ren et al., 2021). Collectively, these suggest that
Cramp attenuates colitis associated with inflammation, intestinal tight
junctions, and intestinal microbiome. However, the mechanistic basis
of these observations remains unclear.
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Studies have shown that IBD can lead to abnormalities in multiple
metabolic pathways, including fatty acids, amino acids, and bile acids.
The gut microbiota can influence host metabolites and is detected in
a wide range of biological tissues. Extensive changes in the fecal,
serum, and urinary metabolomes have been documented in IBD,
which has provided a means of classifying patients with IBD, as well
as insights into putative mechanisms and the discovery of novel
associations (Lavelle and Sokol, 2020). In addition, to our knowledge,
no studies have investigated the mechanism of Cramp on DSS-induced
colitis by metabolomic analysis.

In the present study, we investigated the protective effects of
Cramp against DSS-induced colitis in mice and for the first time
explored the underlying mechanism from the metabolic perspective.
The study demonstrated the protective effect of Cramp on a mouse
model of DSS-induced colitis and its mechanism, highlighting the
modulatory effects on inflammation and intestinal barrier. In addition,
the 16S rRNA sequencing and metabolomics analysis were performed
to reveal new insights into the features of cramp applications in
colitis treatment.

2 Results

2.1 Cramp alleviates signs and symptoms
of DSS-induced colitis in mice

The effects of Cramp on weight loss, colonic injury, and
inflammation were investigated in a DSS-induced mice model of acute
colitis. Mice were provided with drinking water containing 3% DSS
for 7 days, and synthetic Cramp peptide was injected intraperitoneally
at 4mg/Kg/day/mouse from the fourth day (Figure 1A). Compared
with the CON group, mice in the DSS group exhibited significant
weight loss (Figure 1B) and increased disease activity index (DAI)
score (Figure 1C) starting from the sixth day. Shortened colon
(Figures 1D,E) and small intestinal (Figure 1F) lengths were observed
in DSS-induced colitis mice at the end of the experiment compared
with the CON group. Furthermore, DSS-induced colitis mice
exhibited significantly higher myeloperoxidase (MPO) activity in
comparison to the CON group (Figure 1G). In contrast, the group
treated with Cramp significantly ameliorated DSS-induced colitis, as
evidenced by improved weight loss (Figure 1B), DAI score (Figure 1C),
colonic shortening (Figures 1D,E), and MPO activity (Figure 1G)
compared with the DSS group.

2.2 Cramp ameliorates colonic lesions and
DSS-induced colitis

At the end of the experiment, the entire colon and small intestine
of the mice were collected and histologically examined. DSS-induced
colitis is characterized by ulceration, epithelial cell death, crypt
distortion, and inflammatory cells infiltrating into the lamina propria
and submucosa based on histological assessment of the colonic tissue.
Cramp treatment significantly improved the severity of colonic
mucosal lesions, reduced the infiltration of inflammatory cells into the
mucosa and submucosa, preserved the integrity of the colonic mucosa,
and reduced the histological score (Figures 2A,D). Cramp had a
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FIGURE 1
Cramp ameliorated clinical symptoms of DSS-induced colitis in mice. (A) Schematic diagram of an experimental design. (B) Body weight was recorded
daily for three groups of mice. (C) Disease activity index (DAI) scores. (D) Representative image of the colon. (E) Colon length. (F) Small intestine length.
(G) Colon myeloperoxidase (MPO) enzymatic activity.

similar effect on the small intestinal lesions associated with
DSS-induced colitis, but there was no difference in pathology score
(Figures 2B,E). However, the villi height/crypt depth ratio of ileal was
significantly reduced in the DSS group and significantly increased in
the DSS + Cramp group (Figure 2F).

Tight junction (T7]) is an important permeable intercellular barrier
that plays a key role in the integrity of the intestinal epithelial barrier.
In this study, we detected the expression of TJ proteins, such as
occludin, ZO-1, and E-cadherin. As shown in Figure 2C, the
immunohistochemical of E-cadherin served to confirm that the
mucosa was lost in the colonic tissue from the DSS group. Cramp
treatment maintained the integrity of the TJ] by increasing the
expression of E-cadherin. Furthermore, we observed that the
expressions of occludin remarkably reduced in the colonic tissues of
the DSS group. After Cramp treatment, the reduced expressions of
occludin proteins were counteracted (Figure 2G), which provided
another strong evidence for the protective effects of Cramp against
colitis in mice.

2.3 Cramp ameliorates immune regulation
in DSS-induced colitis in mice

Since colitis is a systemic inflammatory disease, in addition to
colonic tissues, we also examined serum levels of cytokine and
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C-reactive protein (CRP). As shown in Figure 3A, the levels of IL-6,
MCP-1 and CRP in the serum were significantly increased in the DSS
group, while their levels were significantly decreased in the Cramp
group. In addition, to evaluate the inflammatory status in colon
tissues, we detected the concentrations of inflammatory cytokine in
the distal colon by ELISA. The results were shown in Figure 3B, the
protein levels of IL-6, TNF-a, MCP-1, and IL-1f were significantly
increased in the DSS group compared with those in the CON group.
As expected, the levels of IL-6 and MCP-1 were remarkably decreased
after Cramp treatment. Furthermore, colonic inflammatory cytokine
expression was examined by RT-qPCR. DSS markedly up-regulated
the mRNA levels of TNF-q, IL-6, and MCP-1 in colonic tissues, while
Cramp remarkably reversed this trend (Figure 3C). These data
demonstrated that Cramp reduced the level of inflammatory factors
in serum and colonic tissue of DSS-induced colitis.

2.4 Cramp relieved oxidative stress in
DSS-induced colitis in mice

As seen in Figure 4, DSS significantly decreased the activities of
antioxidants (SOD and GSH-PX), while significantly increasing the
content of oxidant (MDA). Conversely, Cramp treatment reversed this
effect and led to a significant increase in the activities of GSH-PX
(Figure 4A), while significantly decreasing the content of MDA
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FIGURE 2
Cramp improved the histopathological injury of DSS-induced colitis in mice. Representative images of colon (A) and small intestinal (B) damage by H&E
staining. (C) Representative images of E-cadherin immunohistochemical staining. Colonic (D) and small intestinal (E) histology score. (F) lleum villus height/
crypt depth ratio. (G) Immunoblots (left) and quantification (right) of colonic Claudin 1, Occludin, and ZO-1. B-actin served as a loading control.

(Figure 4C). These results demonstrate that Cramp intervention
alleviates oxidative stress in DSS-induced colitis in mice.

2.5 Cramp alters the gut dysbiosis in
DSS-induced colitis

Alterations in the gut microbiota may contribute to the
development of IBD. To investigate whether Cramp could reverse
DSS-induced dysbiosis, we assessed the composition of the colonic
microbiota. The variation in operational taxonomic units (OTUs) of
the three groups is depicted in Venn diagrams. A total of 4,162 OTUs
were obtained. The Venn diagram shows that 598 OTUs coexisted in
all three groups; 708 OTUs coexisted between the CON and DSS
group, and 845 OTUs coexisted between the DSS and the DSS + Cramp
group. The data showed different diversity of OTUs in each group
(Figure 5A). As shown in Figure 5B, the rarefaction curve for each
group tended to be flat, indicating that the sequencing results are
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credible. Principal-coordinate analysis (PCoA) analysis showed
separation between CON and DSS groups, which was also observed
between the DSS + Cramp and DSS groups (Figure 5C).

In order to discriminate the gut bacterial communities among
these three groups, The LEfSe analysis was then used to identify the
significant features of microflora associated with Cramp treatment. As
shown in Figure 5D, Bacteroidetes were abundant in the CON group.
The abundance of Actinobacteria was overrepresented in the DSS
group, while the higher abundance of Verrucomicrobiota at the
phylum level and enrichment of Akkermansia at the genus level were
observed in the DSS + Cramp group.

2.6 Cramp affects microbial abundance in
DSS-induced colitis

At the phylum level, the colonic microbiota was dominated by
Bacteroidetes, Firmicutes, and Proteobacteria (Figure 6A). Moreover,
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Cramp attenuated inflammation of DSS-induced colitis in mice. (A) Serum
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FIGURE 4

Cramp inhibits oxidative stress of DSS-induced colitis in mice. (A) Activity of GSH-PX in the serum. (B) Activity of SOD in the serum. (C) MDA level in the

as shown in Figure 6B, the abundance of Actinobacteria significantly
increased, while the abundance of Bacteroidetes significantly
decreased in the DSS group. Furthermore, compared to the DSS
group, Cramp treatment did not affect the abundance of
Actinobacteria and Bacteroidetes. However, Cramp induced a
remarkable increase in the abundance of Verrucomicrobiota. The top
thirty most abundant microbial genera were chosen for analysis.
Lactobacillus, Bifidobacterium, Akkermansia, Lachnospiraceae_
NK4A136_group, and Dubosiella were the top five predominant
genera (Figure 6C). In addition, DSS significantly suppressed, the
relative abundance of Lachnospiraceae_NK4A136_group and
Alistipes in the colon. However, Cramp was unable to restore the
dysbiosis of these genera. It is worth noting that Parasutterella and
Mucispirllum abundance was increased significantly in response to
Cramp treatment, although Roseburia and Enterorhabdus reduced
remarkably (Figure 6D).

We then used the PICRUSt analysis and the KEGG pathway
orthology to investigate the effect of Cramp on potential metabolic
pathways in the gut microbiota of colitis mice. As shown in Figure 6E,
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several pathways of the gut microbiome changed significantly among
the three groups, especially the pathways of amino acid metabolism,
carbohydrate metabolism, energy metabolism, membrane transport,
and replication and repair, respectively.

2.7 Serum metabolome profile and
biomarker annotation

To discover the potential metabolites and pathways induced by
Cramp, an untargeted metabolomic analysis of serum was performed
using UHPLC-Q-Orbitrap/MS. Figures 7A,B demonstrates the base
peak chromatograms of the different groups. The peaks differed
significantly in terms of retention time and peak intensity. However,
because each chromatogram contains many ions, identification of
metabolites requires multivariate statistical analysis. After data
processing using MS-Dial, a scoring plot was created based on the
LC-MS data of the serum extracts in both positive and negative ion
modes as shown in Figure 7C. We can observe that there is a clear
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distinction between the CON group and the DSS group. After Cramp
treatment, although the DSS + Cramp group still partially crossed over
from the DSS group, there was a trend toward separation between the
two groups, suggesting that Cramp treatment could partially restore
the metabolic changes in the DSS group.

As shown in Figure 7D, VIP>1 characterized markers were
selected for screening to specify the serum metabolites that
contributed most to the separation of samples from the CON and DSS
groups. These biomarkers were identified through a database search
using precision mass spectrometry and tandem mass spectrometry
information. A total of 79 ions were identified based on the above
procedure and are listed in Supplementary Table S1.

2.8 Metabolic pathway analysis

The results of serum differential metabolites are shown in
Supplementary Table S1, where a total of 79 biomarkers were
identified between the CON and DSS groups. Among the 79
differential metabolites, DSS-induced colitis upregulated 51
metabolites and downregulated 28 metabolites. These differential
metabolites were plotted with a heatmap as shown in Figure 7E, most
of the DSS-induced changes in metabolite intensities were negatively
regulated after Cramp treatment. Pathway analysis of the identified
biomarkers resulted in multiple metabolic pathways as shown in
Figure 7F, including alpha-linolenic acid (ALA) metabolism, taurine
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and hypotaurine metabolism, sphingolipid metabolism, arachidonic
acid (AA) metabolism, etc. This suggests that Cramp might mitigate
DSS-induced metabolic changes by modulating these pathways.

2.9 Correlations between serum
metabolome profile and gut bacteria

As mentioned previously, we putatively identified a total of 79
differential metabolites between the CON and DSS groups. Notably,
treatment of Cramp significantly improved 18 metabolites when
compared to the DSS group. To explore the relationship between
serum metabolome and gut microbiome, a correlation analysis was
performed between differential serum metabolite levels and gut
microbiota at the genus and OTU levels. Results showed in Figure 8,
Parasutterella was negatively correlated with Normetanephrine,
Mucispirllum was negatively correlated with sebacic acid, thiazolidine-
4-carboxylic acid, and beta-Carboline, while Roseburia was positively
correlated with hyodeoxycholic acid, thiazolidine-4-carboxylic acid,
and beta-Carboline.

3 Discussion

IBD is a complex inflammatory disorder of the colon that affects
millions of people worldwide (Kaplan, 2015). However, its
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pathogenesis is still unclear. Recent studies have shown that the
possible mechanisms of UC, one of the typical inflammatory
gastrointestinal diseases, include inflammatory responses, structure
disorder of the intestinal microbiome, and intestinal barrier
dysfunction (Wlodarska et al., 2015; Britton et al., 2019). It has been
shown that Cramp expression was increased in the DSS-induced
colitis mice model and that genetic deletion of Cramp in mice resulted
in more severe forms of DSS-induced colitis (Koon et al., 2011).
Fabisiak et al. (2021) showed that intraperitoneal injection of Cramp
reduced ulcerations and macroscopic scores in both DSS and TNBS-
induced colitis models. In the present study, the 3% DSS-induced mice
model of colitis was consistent with the pathologic changes and
clinical signs of UC patients. As expected, we found Cramp treatment
significantly improved the clinical manifestations of UC, such as
diarrhea, bloody stool, and weight loss. Various studies have
confirmed the role of AMPs in UC, with potential involvement via
regulating intestinal barrier function (Shang et al., 2021), upregulation
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of anti-inflammatory factors, and downregulation of pro-inflammatory
factors. It has also been shown that higher serum LL-37 is associated
with a reduced risk of inflammation and clinical recurrence in patients
with colitis (Gubatan et al., 2020). In contrast, Cramp treatment
significantly reduced DSS-induced elevated colonic inflammatory
cytokine levels in experimental colitis (Huynh et al., 2019). Our results
suggested Cramp treatment has a significant protective effect against
anti-inflammatory effects in UC mice. These findings suggest a
beneficial effect of Cramp in the treatment of UC and encouraged us
to further explore the potential mechanisms by which Cramp
alleviates UC.

The intestinal epithelium forms a physical barrier that regulates
microbial colonization and prevents them from infiltrating the
epithelium (Allaire et al., 2018). Disruption of the intestinal barrier
has been reported to be a marker of intestinal inflammation and
contributes to the pathogenesis of IBD (Zhao et al., 2020; Salimi et al.,
2023). In our study, the expression of gut barrier-related genes was
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evaluated. As shown in Figure 2G, DSS significantly reduced the
protein expression levels of E-cadherin and Occludin, while the effects
of Cramp were reversed to varying degrees. Previous study has
reported the effect of Cramp treatment on the intestinal barrier.
Similar to the present study, Ren et al. reported that Cramp increased
the expression of ZO-1, ZO-2, claudin-1, and occludin, thereby
counteracting gluten-induced gut barrier dysfunction (Ren et al,,
2021). The above-mentioned results indicated that DSS disrupts the
integrity of the intestinal epithelial barrier and that Cramp exerts a
protective effect by reversing these trends. A significant increase in
oxidative stress is associated with diminished colonic mucosal barrier
function due to a sharp decline in tight junction proteins (Seo et al.,
2014). Indeed, an imbalance of redox homeostasis is a crucial inducing
factor in the development and progression of IBD, causing oxidative
stress in the gastrointestinal tract through increased production of
reactive oxygen species (ROS) (Tian et al., 2017). Our previous
findings indicate that Cramp knockout mice have increased hepatic
ROS production, which revealed a possible mechanism of Cramp
alleviating DSS-induced colitis from an antioxidant perspective (Li
et al,, 2020). In this study, the DSS treatment significantly increased
the MDA contents in the serum, a biomarker of oxidant. However,
Cramp treatment reduced the MDA levels (Figure 4C). Moreover, the
intracellular enzymatic antioxidants of GSH-PX and SOD in the
serum of DSS group were highly decreased compared with the CON
group (Figures 4A,B). The treatment of Cramp significantly increased
the GSH-PX activity, indicating that the Cramp could enhance
antioxidant ability.
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Gut ecology consists of host intestinal tissues, gut microbiota and
their derived metabolites, all of which contribute to be maintenance
of a balanced intestinal environment. Increasing evidence strongly
suggests that IBD is caused by an inflammatory response to abnormal
changes in gut microbiota (Elzayat et al., 2023). Research has reported
that the abundance of Proteobacteria is increased in the feces of IBD
patients, whereas members of the Bacteroides phylum are decreased
(Hourigan et al., 2015; Matsuoka and Kanai, 2015). The changes in the
gut microbiota composition and function were observed after Cramp
treatment of IBD (Pound et al., 2015). Paradoxically, intrarectal
Cramp administration did not alter the intestinal microbial imbalance
although it reduced the severity of DSS-induced colitis in mice
(Gubatan et al,, 2020). Therefore, to further explore the potential
mechanism of intraperitoneal injection of Cramp for the treatment of
UG, in this study, 16S rRNA sequencing was used to detect the
composition of fecal gut microbiota in mice. In our study, PCoA
analysis showed that the gut microbiota communities in mice were
remarkably different between the three groups. At the phylum level,
the DSS challenge induced abnormal changes in gut microbiota, such
as a significant increase in the relative abundance of Actinobacteria
and Proteobacteria (Cheng et al., 2022) and a significant decrease in
the relative abundance of Bacteroidota compared with the CON
group, however, the change caused by DSS cannot be relieved via
Cramp treatment. Notably, Cramp treatment significantly elevated the
abundance of Verrucomicrobiota compared to the DSS group.
Verrucomicobiota has been reported to be one of the phyla present in
the human gut, which has only one cultivated intestinal representative,
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Akkermansia muciniphila (Derrien et al., 2017). Studies have shown
that the abundance of Verrucomicrobiota was significantly lower in
UC patients with active phase, while significantly higher in the
remission phases than that of the healthy control group at the phylum
level (Zhu et al., 2022; Liu J. et al., 2023). Therefore, Verrucomicrobiota
may offer potential prospects for future treatment of human UC. These
results indicate that the Cramp treatment significantly altered the
structure of gut microbiota.

Furthermore, at the genus level, DSS significantly reduced the
relative abundance of the Lachnospiraceae. NK4A136_group and
Alistipes in our study. The same as at the phylum level, cramp
treatment did not improve the abundance of these genes. In addition,
Cramp treatment increased the relative abundance of Parasutterella
and Mucispirillum, while decreasing the relative abundance of
Roseburia and Enterorhabdus, although DSS did not affect their
abundance. Mucispirillum, a species reported to be protective against
DSS-induced UC in mice (Nan et al., 2023) is identified as a marker
of spontaneous colitis in mouse models of IBD (Vereecke et al., 2014).
The increase in the relative abundance of Parasutterella following
Cramp treatment in our study might relate to the potential role of
Parasutterella in bile acid maintenance and cholesterol metabolism (Ju
et al,, 2019). In contrast to our findings, various studies reported a
positive correlation between Roseburia abundance and IBD disease.
However, in my results, Cramp treatment significantly reduced the
abundance of Roseburia. This controversial result necessitates future
investigation to elucidate the role of Roseburia in the IBD.
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The gut microbiota can influence host health by educating and
shaping host metabolism (Lavelle and Sokol, 2020). In the current
study, changes in serum metabolome were explored by an untargeted
metabolomics strategy to contribute to a better understanding of the
mechanisms by which Cramp administration alters the gut microbiota
of colitis. By combining univariate statistics analysis, we hypothesized
that a total of 79 differential metabolites were identified between the
CON and DSS groups. Notably, treatment of Cramp significantly
improved eighteen metabolites when compared to the DSS group.
Enrichment analysis indicated that these metabolites were involved in
multiple metabolic pathways, including a-ainolenic acid metabolism,
taurine and hypotaurine metabolism, sphingolipid metabolism,
arachidonic acid metabolism, etc. All four metabolic pathways have
been reported to be closely associated with inflammatory responses
(Wang et al., 2019; Hadas et al., 2020; Linghang et al., 2020; Yuan et al.,
2022). Notably, there was a significant correlation between the
differential serum metabolome and gut microbiota.

4 Materials and methods
4.1 Animal experimental methods
Eight to ten weeks male C57BL/6] mice were obtained from Jilin

GENET-MED Biotechnology Co., Ltd. (Jilin, China). Mice were
housed under standard laboratory conditions at constant temperature
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and humidity. After one week of acclimatization feeding, the mice
were randomly divided into three groups: control (CON) group,
DSS-treated (DSS) group, and DSS-treated group supplemented with
(DSS+Cramp). The
administered distilled water. The DSS and DSS + Cramp groups were
administered 3% DSS (wt/vol; MW 36-50kDa, MP Biomedicals,
Solon, OH, United States) for 7days. The CRAMP peptide was
synthesized by ChinaPeptides Co., Ltd. (Shanghai, China) and injected
intraperitoneally once daily starting on day 4 of the experimental

4mg/kg/day Cramp CON group was

period as described previously (Li et al., 2020; Fodor et al., 2022).
Changes in body weight were measured daily during the experimental
period. DAI was assessed as an average of the scores for the parameters
mentioned, DAI=[weight loss (%)+stool consistency+rectal
bleeding]/3 as previously described (Liu L. et al., 2023). At the end of
the experimental, the colon and small intestine were carefully isolated
and measured for length. The sample of colonic content was collected
for gut microbiome analysis. The sample of blood was collected for
biochemical assays and metabolomics analysis.

4.2 ELISA and oxidative stress markers
assay

Mouse blood samples were placed at 4°C to precipitate serum,
which was carefully aspirated after centrifuged at 2,500 rpm for 30 min.

Details of colon organ culture are described previously (Greten
etal,, 2004; Ismail et al., 2011). Briefly, the distal 2 cm of the colon was
resected and recorded the wet weight. The colon tissue was
longitudinally sliced open and rinsed with PBS containing penicillin/
streptomycin, and further cut into 1 cm? sections. Colon sections were
incubated in RPMI 1640 media containing PS for 24 h, and cell-free
supernatants were used to detect inflammatory cytokines.

Then, following the manufacturer’s instructions, the serum/colonic
levels of interleukin-1p (IL-1f), IL-6, tumor necrosis factor-a (TNF-a),
or monocyte chemotactic protein-1 (MCP-1) (BD Biosciences, San
Diego, CA, United States) were measured using ELISA kit.

The levels of serum C-reactive protein (CRP) in serum were
analyzed using a Mouse C-Reactive Protein ELISA kit (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China) following the
manufacturer’s instructions. The Malondialdehyde (MDA) content,
superoxide dismutase (SOD) and Glutathione peroxidase (GSH-Px)
activity in serum were detected following the kit instructions (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China).

4.3 Histological assessment

To observe the histological changes, 4% paraformaldehyde-fixed
colon and small intestine tissues were stained with hematoxylin and
eosin (H&E). The morphological characteristics of the stained sections
were examined using an Olympus CX23 microscope (Olympus,
Tokyo, Japan). The calculation method for histological damage
evaluation is as described previously (Ma et al., 2022).

4 .4 Statistical analysis

Differences in quantitative data, expressed as mean + SEM with
statistical significance denoted by * p <0.05, ** p <0.01, *** p <0.001.
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Group differences were assessed by Kruskal-Wallis test or ANOVA
using Graph Pad Prism 7. Spearman’s correlation coefficients were
computed for the relationships between differential serum metabolite
levels and the relative abundances of gut microbiota at the genus and
OTU levels, and a heatmap was designed for the correlation matrix
using the Novogene Magic Cloud Platform.

include

The Supplementary materials

additional methods.

descriptions  of

5 Conclusion

In conclusion, our investigation demonstrated that Cramp
treatment ameliorates DSS-induced colitis by decreasing the expression
of inflammatory factors and improving intestinal barrier function.
Meanwhile, our study revealed the alteration of the gut microbiome
and serum metabolome by Cramp, suggesting a potential mechanism
of Cramp in altering metabolism by modulating the gut microbiota.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
NCBI—PRJNA1037342,

number(s) can be found at:

EMBL-EBI—MTBLS8936.

Ethics statement

The animal study was approved by Animal Care and Use Ethics
Committee of Jilin Agricultural Science and Technology University.
The study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

NJ: Conceptualization, Data curation, Methodology, Writing —
original draft. ZL: Data curation, Methodology, Writing — original
draft. HW: Investigation, Writing - original draft. LZ: Formal analysis,
Writing - original draft. ML: Data curation, Writing - original draft.
GL: Formal analysis, Writing — original draft. CL: Software, Writing
- original draft. BW: Investigation, Writing — original draft. CZ:
Project administration, Resources, Writing — review & editing. LL:
Funding acquisition, Supervision, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by Jilin Province Science and Technology Development
Plan Project (YDZ]J202201ZYTS656).

Acknowledgments

We would like to thank Yu Ding, Ming Shen, and Hongge Su (Jilin

Zhongtai Biotechnology Co. Ltd., Jilin, China) for their

constructive suggestions.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1306068
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Jiang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Allaire, J. M., Crowley, S. M., Law, H. T., Chang, S. Y., Ko, H. ], and Vallance, B. A.
(2018). The intestinal epithelium: central coordinator of mucosal immunity. Trends
Immunol. 39, 677-696. doi: 10.1016/;.it.2018.04.002

Ananthakrishnan, A. N. (2015). Epidemiology and risk factors for IBD. Nat. Rev.
Gastroenterol. Hepatol. 12, 205-217. doi: 10.1038/nrgastro.2015.34

Bengmark, S. (1998). Ecological control of the gastrointestinal tract. The role of
probiotic flora. Gut 42, 2-7. doi: 10.1136/gut.42.1.2

Britton, G. J., Contijoch, E. J., Mogno, L., Vennaro, O. H., Llewellyn, S. R., Ng, R, etal.
(2019). Microbiotas from humans with inflammatory bowel disease alter the balance of
gut Th17 and RORgammat(+) regulatory T cells and exacerbate colitis in mice. Immunity
50, 212-224.e4. doi: 10.1016/j.immuni.2018.12.015

Chang, J. T. (2020). Pathophysiology of inflammatory bowel diseases. N. Engl. J. Med.
383, 2652-2664. doi: 10.1056/NEJMra2002697

Cheng, H,, Liu, J., Zhang, D., Wang, J., Tan, Y., Feng, W,, et al. (2022). Ginsenoside Rgl
alleviates acute ulcerative colitis by modulating gut microbiota and microbial tryptophan
metabolism. Front. Immunol. 13:817600. doi: 10.3389/fimmu.2022.817600

Chung, L. K., and Raffatellu, M. (2019). G.I. Pros: antimicrobial defense in the
gastrointestinal tract. Semin. Cell Dev. Biol. 88, 129-137. doi: 10.1016/j.
semcdb.2018.02.001

Cunliffe, R. N, and Mahida, Y. R. (2004). Expression and regulation of antimicrobial
peptides in the gastrointestinal tract. J. Leukoc. Biol. 75, 49-58. doi: 10.1189/j1b.0503249

Derrien, M., Belzer, C., and de Vos, W. M. (2017). Akkermansia muciniphila and its
role in regulating host functions. Microb. Pathog. 106, 171-181. doi: 10.1016/j.
micpath.2016.02.005

Elzayat, H., Mesto, G., and Al-Marzooq, F. (2023). Unraveling the impact of gut and
Oral microbiome on gut health in inflammatory bowel diseases. Nutrients 15:3377. doi:
10.3390/nul5153377

Fabisiak, N., Fabisiak, A., Chmielowiec-Korzeniowska, A., Tymczyna, L., Kamysz, W.,
Kordek, R., et al. (2021). Anti-inflammatory and antibacterial effects of human
cathelicidin active fragment KR-12 in the mouse models of colitis: a novel potential
therapy of inflammatory bowel diseases. Pharmacol. Rep. 73, 163-171. doi: 10.1007/
543440-020-00190-3

Fodor, C. C., McCorkell, R., Muench, G., and Cobo, E. R. (2022). Systemic murine
cathelicidin CRAMP safely attenuated colonic neutrophil infiltration in pigs. Vet.
Immunol. Immunopathol. 249:110443. doi: 10.1016/j.vetimm.2022.110443

Greten, F R., Eckmann, L., Greten, T. E, Park, J. M., Li, Z. W,, Egan, L. ]., et al. (2004).
IKKbeta links inflammation and tumorigenesis in a mouse model of colitis-associated
cancer. Cell 118, 285-296. doi: 10.1016/j.cell.2004.07.013

Gubatan, J., Mehigan, G. A., Villegas, E, Mitsuhashi, S., Longhi, M. S., Malvar, G., et al.
(2020). Cathelicidin mediates a protective role of vitamin D in ulcerative colitis and
human colonic epithelial cells. Inflamm. Bowel Dis. 26, 885-897. doi: 10.1093/ibd/izz330

Hadas, Y., Vincek, A. S., Youssef, E., Zak, M. M., Chepurko, E., Sultana, N,, et al.
(2020). Altering sphingolipid metabolism attenuates cell death and inflammatory
response after myocardial infarction. Circulation 141, 916-930. doi: 10.1161/
CIRCULATIONAHA.119.041882

Ho, S., Pothoulakis, C., and Koon, H. W. (2013). Antimicrobial peptides and colitis.
Curr. Pharm. Des. 19, 40-47. doi: 10.2174/13816128130108

Hourigan, S. K., Chen, L. A., Grigoryan, Z., Laroche, G., Weidner, M., Sears, C. L.,
etal. (2015). Microbiome changes associated with sustained eradication of Clostridium
difficile after single faecal microbiota transplantation in children with and without
inflammatory bowel disease. Aliment. Pharmacol. Ther. 42, 741-752. doi: 10.1111/
apt.13326

Huynh, E., Penney, J., Caswell, J., and Li, J. (2019). Protective effects of protegrin in
dextran sodium sulfate-induced murine colitis. Front. Pharmacol. 10:156. doi: 10.3389/
fphar.2019.00156

Imhann, E, Vich Vila, A., Bonder, M. ], Fu, J., Gevers, D., Visschedijk, M. C., et al.
(2018). Interplay of host genetics and gut microbiota underlying the onset and clinical

Frontiers in Microbiology

11

10.3389/fmicb.2024.1306068

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1306068/
full#supplementary-material

presentation of inflammatory bowel disease. Gut 67, 108-119. doi: 10.1136/
gutjnl-2016-312135

Ismail, A. S., Severson, K. M., Vaishnava, S., Behrendt, C. L., Yu, X, Benjamin, J. L.,
et al. (2011). Gammadelta intraepithelial lymphocytes are essential mediators of host-
microbial homeostasis at the intestinal mucosal surface. Proc. Natl. Acad. Sci. USA 108,
8743-8748. doi: 10.1073/pnas.1019574108

Ju, T, Kong, J. Y., Stothard, P, and Willing, B. P. (2019). Defining the role of
Parasutterella, a previously uncharacterized member of the core gut microbiota. ISME
J. 13, 1520-1534. doi: 10.1038/541396-019-0364-5

Kaplan, G. G. (2015). The global burden of IBD: from 2015 to 2025. Nat. Rev.
Gastroenterol. Hepatol. 12, 720-727. doi: 10.1038/nrgastro.2015.150

Kaplan, G. G., and Ng, S. C. (2016). Globalisation of inflammatory bowel disease:
perspectives from the evolution of inflammatory bowel disease in the UK and China.
Lancet Gastroenterol. Hepatol. 1, 307-316. doi: 10.1016/52468-1253(16)30077-2

Kaplan, G. G., and Ng, S. C. (2017). Understanding and preventing the global increase
of inflammatory bowel disease. Gastroenterology 152, 313-321.e2. doi: 10.1053/j.
gastro.2016.10.020

Koon, H. W, Shih, D. Q,, Chen, J., Bakirtzi, K., Hing, T. C., Law, L, et al. (2011).
Cathelicidin signaling via the toll-like receptor protects against colitis in mice.
Gastroenterology 141:1852-1863 e1851-1853. doi: 10.1053/j.gastro.2011.06.079

Lavelle, A., and Sokol, H. (2020). Gut microbiota-derived metabolites as key actors in
inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol. 17,223-237. doi: 10.1038/
541575-019-0258-z

Li, L., Peng, P, Ding, N,, Jia, W,, Huang, C., and Tang, Y. (2023). Oxidative stress,
inflammation, gut dysbiosis: what can polyphenols do in inflammatory bowel disease?
Antioxidants (Basel) 12:967. doi: 10.3390/antiox12040967

Li, E, Zhao, C,, Shao, T, Liu, Y., Gu, Z., Jiang, M,, et al. (2020). Cathelicidin-related
antimicrobial peptide alleviates alcoholic liver disease through inhibiting inflammasome
activation. J. Pathol. 252, 371-383. doi: 10.1002/path.5531

Linghang, Q., Yiyi, X., Guosheng, C., Kang, X,, Jiyuan, T., Xiong, L., et al. (2020).
Effects of Atractylodes oil on inflammatory response and serum metabolites in adjuvant
arthritis rats. Biomed. Pharmacother. 127:110130. doi: 10.1016/j.biopha.2020.110130

Liu, ], Fang, H., Hong, N., Lv, C., Zhu, Q,, Feng, Y., et al. (2023). Gut microbiome and
metabonomic profile predict early remission to anti-integrin therapy in patients with
moderate to severe ulcerative colitis. Microbiol. Spectr. 11:e0145723. doi: 10.1128/
spectrum.01457-23

Liu, L., Li, E, Shao, T,, Zhang, L., Lee, J., Dryden, G., et al. (2023). FGF21 depletion
attenuates colitis through intestinal epithelial IL-22-STAT3 activation in mice. Nutrients
15:2086. doi: 10.3390/nu15092086

Ma, L,, Shen, Q. Lyu, W,, Ly, L., Wang, W., Yu, M., et al. (2022). Clostridium butyricum
and its derived extracellular vesicles modulate gut homeostasis and ameliorate acute
experimental colitis. Microbiol. Spectr. 10:e0136822. doi: 10.1128/spectrum.01368-22

Marin, M., Holani, R., Blyth, G. A. D., Drouin, D., Odeon, A., and Cobo, E. R. (2019).
Human cathelicidin improves colonic epithelial defenses against Salmonella
typhimurium by modulating bacterial invasion, TLR4 and pro-inflammatory cytokines.
Cell Tissue Res. 376, 433-442. doi: 10.1007/s00441-018-02984-7

Matsuoka, K., and Kanai, T. (2015). The gut microbiota and inflammatory bowel
disease. Semin. Immunopathol. 37, 47-55. doi: 10.1007/s00281-014-0454-4

Nan, Q, Ye, Y, Tao, Y., Jiang, X., Miao, Y., Jia, J., et al. (2023). Alterations in
metabolome and microbiome signatures provide clues to the role of antimicrobial
peptide KT2 in ulcerative colitis. Front. Microbiol. 14:1027658. doi: 10.3389/
fmicb.2023.1027658

Otte, J. M., Zdebik, A. E., Brand, S., Chromik, A. M., Strauss, S., Schmitz, E, et al.
(2009). Effects of the cathelicidin LL-37 on intestinal epithelial barrier integrity. Regul.
Pept. 156, 104-117. doi: 10.1016/j.regpep.2009.03.009

Parada Venegas, D., De la Fuente, M. K., Landskron, G., Gonzalez, M. J., Quera, R.,
Dijkstra, G., et al. (2019). Short chain fatty acids (SCFAs)-mediated gut epithelial and

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1306068
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1306068/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1306068/full#supplementary-material
https://doi.org/10.1016/j.it.2018.04.002
https://doi.org/10.1038/nrgastro.2015.34
https://doi.org/10.1136/gut.42.1.2
https://doi.org/10.1016/j.immuni.2018.12.015
https://doi.org/10.1056/NEJMra2002697
https://doi.org/10.3389/fimmu.2022.817600
https://doi.org/10.1016/j.semcdb.2018.02.001
https://doi.org/10.1016/j.semcdb.2018.02.001
https://doi.org/10.1189/jlb.0503249
https://doi.org/10.1016/j.micpath.2016.02.005
https://doi.org/10.1016/j.micpath.2016.02.005
https://doi.org/10.3390/nu15153377
https://doi.org/10.1007/s43440-020-00190-3
https://doi.org/10.1007/s43440-020-00190-3
https://doi.org/10.1016/j.vetimm.2022.110443
https://doi.org/10.1016/j.cell.2004.07.013
https://doi.org/10.1093/ibd/izz330
https://doi.org/10.1161/CIRCULATIONAHA.119.041882
https://doi.org/10.1161/CIRCULATIONAHA.119.041882
https://doi.org/10.2174/13816128130108
https://doi.org/10.1111/apt.13326
https://doi.org/10.1111/apt.13326
https://doi.org/10.3389/fphar.2019.00156
https://doi.org/10.3389/fphar.2019.00156
https://doi.org/10.1136/gutjnl-2016-312135
https://doi.org/10.1136/gutjnl-2016-312135
https://doi.org/10.1073/pnas.1019574108
https://doi.org/10.1038/s41396-019-0364-5
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1016/S2468-1253(16)30077-2
https://doi.org/10.1053/j.gastro.2016.10.020
https://doi.org/10.1053/j.gastro.2016.10.020
https://doi.org/10.1053/j.gastro.2011.06.079
https://doi.org/10.1038/s41575-019-0258-z
https://doi.org/10.1038/s41575-019-0258-z
https://doi.org/10.3390/antiox12040967
https://doi.org/10.1002/path.5531
https://doi.org/10.1016/j.biopha.2020.110130
https://doi.org/10.1128/spectrum.01457-23
https://doi.org/10.1128/spectrum.01457-23
https://doi.org/10.3390/nu15092086
https://doi.org/10.1128/spectrum.01368-22
https://doi.org/10.1007/s00441-018-02984-7
https://doi.org/10.1007/s00281-014-0454-4
https://doi.org/10.3389/fmicb.2023.1027658
https://doi.org/10.3389/fmicb.2023.1027658
https://doi.org/10.1016/j.regpep.2009.03.009

Jiang et al.

immune regulation and its relevance for inflammatory bowel diseases. Front. Immunol.
10:277. doi: 10.3389/fimmu.2019.00277

Paramsothy, S., Nielsen, S., Kamm, M. A., Deshpande, N. P, Faith, J. J., Clemente, J. C.,
et al. (2019). Specific bacteria and metabolites associated with response to fecal
microbiota transplantation in patients with ulcerative colitis. Gastroenterology 156,
1440-1454.e2. doi: 10.1053/j.gastro.2018.12.001

Potempa, J., and Pike, R. N. (2009). Corruption of innate immunity by bacterial
proteases. J. Innate Immun. 1, 70-87. doi: 10.1159/000181144

Pound, L. D,, Patrick, C., Eberhard, C. E., Mottawea, W., Wang, G. S., Abujamel, T.,
etal. (2015). Cathelicidin antimicrobial peptide: a novel regulator of islet function, islet
regeneration, and selected gut bacteria. Diabetes 64, 4135-4147. doi: 10.2337/db15-0788

Ren, Z., Pan, L. L., Huang, Y., Chen, H,, Liu, Y., Liu, H., et al. (2021). Gut microbiota-
CRAMP axis shapes intestinal barrier function and immune responses in dietary gluten-
induced enteropathy. EMBO Mol. Med. 13:¢14059. doi: 10.15252/emmm.202114059

Salimi, A., Sepehr, A., Hejazifar, N., Talebi, M., Rohani, M., and Pourshafie, M. R.
(2023). The anti-inflammatory effect of a probiotic cocktail in human feces induced-
mouse model. Inflammation 46, 2178-2192. doi: 10.1007/s10753-023-01870-x

Schauber, J., Rieger, D., Weiler, F., Wehkamp, J., Eck, M., Fellermann, K., et al. (2006).
Heterogeneous expression of human cathelicidin hCAP18/LL-37 in inflammatory bowel
diseases. Eur. Gastroenterol. Hepatol. 18, 615-621. doi:
10.1097/00042737-200606000-00007

Seo, G. S, Jiang, W. Y,, Park, P. H,, Sohn, D. H., Cheon, J. H., and Lee, S. H. (2014).
Hirsutenone reduces deterioration of tight junction proteins through EGFR/Akt and
ERK1/2 pathway both converging to HO-1 induction. Biochem. Pharmacol. 90, 115-125.
doi: 10.1016/j.bcp.2014.05.006

Shang, L., Yu, H,, Liu, H., Chen, M., Zeng, X., and Qiao, S. (2021). Recombinant
antimicrobial peptide microcin J25 alleviates DSS-induced colitis via regulating
intestinal barrier function and modifying gut microbiota. Biomed. Pharmacother.
139:111127. doi: 10.1016/j.biopha.2020.111127

Sun, J., Furio, L., Mecheri, R., van der Does, A. M., Lundeberg, E., Saveanu, L., et al.
(2015). Pancreatic beta-cells limit autoimmune diabetes via an immunoregulatory
antimicrobial peptide expressed under the influence of the gut microbiota. Immunity
43,304-317. doi: 10.1016/j.immuni.2015.07.013

Frontiers in Microbiology

12

10.3389/fmicb.2024.1306068

Tai, E. K., Wu, W. K., Wong, H. P, Lam, E. K,, Yu, L., and Cho, C. H. (2007). A new
role for cathelicidin in ulcerative colitis in mice. Exp. Biol. Med. (Maywood) 232,
799-808. doi: 10.3181/00379727-232-2320799

Tian, T., Wang, Z., and Zhang, J. (2017). Pathomechanisms of oxidative stress in
inflammatory bowel disease and potential antioxidant therapies. Oxidative Med. Cell.
Longev. 2017, 4535194-4535118. doi: 10.1155/2017/4535194

Vereecke, L., Vieira-Silva, S., Billiet, T., van Es, J. H., Mc Guire, C., Slowicka, K., et al.
(2014). A20 controls intestinal homeostasis through cell-specific activities. Nat.
Commun. 5:5103. doi: 10.1038/ncomms6103

Walujkar, S. A., Kumbhare, S. V., Marathe, N. P, Patangia, D. V., Lawate, P. S,,
Bharadwaj, R. S., et al. (2018). Molecular profiling of mucosal tissue associated
microbiota in patients manifesting acute exacerbations and remission stage of ulcerative
colitis. World J. Microbiol. Biotechnol. 34:76. doi: 10.1007/s11274-018-2449-0

Wang, T., Fu, X, Chen, Q,, Patra, ]. K., Wang, D., Wang, Z., et al. (2019). Arachidonic
acid metabolism and kidney inflammation. Int. J. Mol. Sci. 20:3683. doi: 10.3390/
ijms20153683

Wilodarska, M., Kostic, A. D., and Xavier, R. J. (2015). An integrative view of
microbiome-host interactions in inflammatory bowel diseases. Cell Host Microbe 17,
577-591. doi: 10.1016/j.chom.2015.04.008

Yoshimura, T., McLean, M. H., Dzutsev, A. K., Yao, X., Chen, K., Huang, J., et al.
(2018). The antimicrobial peptide CRAMP is essential for colon homeostasis by
maintaining microbiota balance. J. Immunol. 200, 2174-2185. doi: 10.4049/
jimmunol.1602073

Yuan, Q, Xie, E, Huang, W, Hu, M., Yan, Q., Chen, Z, et al. (2022). The review of
alpha-linolenic acid: sources, metabolism, and pharmacology. Phytother. Res. 36,
164-188. doi: 10.1002/ptr.7295

Zhao, B., Xia, B, Li, X., Zhang, L., Liu, X., Shi, R., et al. (2020). Sesamol
supplementation attenuates DSS-induced colitis via mediating gut barrier integrity,
inflammatory responses, and reshaping gut microbiome. J. Agric. Food Chem. 68,
10697-10708. doi: 10.1021/acs.jafc.0c04370

Zhu, S., Han, M., Liu, S, Fan, L., Shi, H., and Li, P. (2022). Composition and diverse
differences of intestinal microbiota in ulcerative colitis patients. Front. Cell. Infect.
Microbiol. 12:953962. doi: 10.3389/fcimb.2022.953962

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1306068
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1053/j.gastro.2018.12.001
https://doi.org/10.1159/000181144
https://doi.org/10.2337/db15-0788
https://doi.org/10.15252/emmm.202114059
https://doi.org/10.1007/s10753-023-01870-x
https://doi.org/10.1097/00042737-200606000-00007
https://doi.org/10.1016/j.bcp.2014.05.006
https://doi.org/10.1016/j.biopha.2020.111127
https://doi.org/10.1016/j.immuni.2015.07.013
https://doi.org/10.3181/00379727-232-2320799
https://doi.org/10.1155/2017/4535194
https://doi.org/10.1038/ncomms6103
https://doi.org/10.1007/s11274-018-2449-0
https://doi.org/10.3390/ijms20153683
https://doi.org/10.3390/ijms20153683
https://doi.org/10.1016/j.chom.2015.04.008
https://doi.org/10.4049/jimmunol.1602073
https://doi.org/10.4049/jimmunol.1602073
https://doi.org/10.1002/ptr.7295
https://doi.org/10.1021/acs.jafc.0c04370
https://doi.org/10.3389/fcimb.2022.953962

	Alterations in metabolome and microbiome: new clues on cathelicidin-related antimicrobial peptide alleviates acute ulcerative colitis
	1 Introduction
	2 Results
	2.1 Cramp alleviates signs and symptoms of DSS-induced colitis in mice
	2.2 Cramp ameliorates colonic lesions and DSS-induced colitis
	2.3 Cramp ameliorates immune regulation in DSS-induced colitis in mice
	2.4 Cramp relieved oxidative stress in DSS-induced colitis in mice
	2.5 Cramp alters the gut dysbiosis in DSS-induced colitis
	2.6 Cramp affects microbial abundance in DSS-induced colitis
	2.7 Serum metabolome profile and biomarker annotation
	2.8 Metabolic pathway analysis
	2.9 Correlations between serum metabolome profile and gut bacteria

	3 Discussion
	4 Materials and methods
	4.1 Animal experimental methods
	4.2 ELISA and oxidative stress markers assay
	4.3 Histological assessment
	4.4 Statistical analysis

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

