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Abstract: Inflammatory bowel disease (IBD) is a chronic relapsing inflammatory disorder with an
increasing prevalence worldwide. Macrophage polarization is involved in the pathogenesis of IBD.
Repolarization of macrophage has thus emerged as a novel therapeutic approach for managing IBD.
Chensinin-1b, derived from the skin of Rana chensinensis, is a derivative of a native antimicrobial
peptide (AMP). It shows anti-inflammatory effects in sepsis models and can potentially modulate
macrophage polarization. The objective of this research was to study the role of chensinin-1b in
macrophage polarization and dextran sulfate sodium (DSS)-induced colitis. RAW264.7 macrophages
were polarized to the M1 phenotype using lipopolysaccharide (LPS) and simultaneously administered
chensinin-1b at various concentrations. The ability of chenisnin-1b to reorient macrophage polariza-
tion was assessed by ELISA, qRT-PCR, and flow cytometry analysis. The addition of chensinin-1b
significantly restrained the expression of Ml-associated proinflammatory cytokines and surface
markers, including TNF-«, IL-6, NO, and CD86, and exaggerated the expression of M2-associated
anti-inflammatory cytokines and surface markers, including IL-10, TGF-f1, Arg-1, Fizz1, Chil3, and
CD206. Mechanistically, via Western Blotting, we revealed that chensinin-1b induces macrophage po-
larization from the M1 to the M2 phenotype by inhibiting the phosphorylation of nuclear factor-kappa
B (NF-«B) and mitogen-activated protein kinase (MAPK). In mouse models of colitis, intraperitoneal
administration of chensinin-1b alleviated symptoms induced by DSS, including weight loss, elevated
disease activity index (DAI) scores, colon shortening, colonic tissue damage, and splenomegaly.
Consistent with our in vitro data, chensinin-1b induced significant decreases in the expression of M1
phenotype biomarkers and increases in the expression of M2 phenotype biomarkers in the mouse
colitis model. Furthermore, chensinin-1b treatment repressesed NF-«B phosphorylation in vivo.
Overall, our data showed that chensinin-1b attenuates IBD by repolarizing macrophages from the M1
to the M2 phenotype, suggesting its potential as a therapeutic candidate for IBD.

Keywords: antimicrobial peptide; macrophage polarization; inflammatory bowel disease; NF-«B

1. Introduction

Inflammatory bowel disease (IBD) is an idiopathic immune-mediated inflammatory
disease that encompasses two primary forms: ulcerative colitis (UC) and Crohn’s disease
(CD) [1,2]. IBD is characterized by chronic, progressive, and relapsing inflammatory disor-
ders of the alimentary canal, with symptoms of chronic abdominal pain, persistent diarrhea,
maldigestion, weight loss, rectal bleeding, or fatigue [3]. In addition, there is a heightened
risk of developing intestinal and extraintestinal malignancies in IBD patients [4—6]. IBD
is increasing in incidence worldwide and has become a disease of global concern due to
urbanization and changes in nutrition and diet; thus, it represents a costly burden for the
healthcare system. The pharmacological agents currently used for IBD include antibiotics,
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aminosalicylates, steroids, immunosuppressants, and anti-tumor necrosis factor (TNF)-
o antibody. Despite the effectiveness of the medications, they have certain limitations
and side effects that impact their administration. Hence, there is still an unmet need
for novel therapeutic options for IBD. Although the etiology of IBD is multifactorial, it
ultimately presents to be a chronic inflammation caused by disturbances in immune home-
ostasis, under the dynamic interactions among genetic, environmental, and developmental
factors [7-11]. The failure of the immune system to transition from a proinflammatory
toward an anti-inflammatory response hinders the resolution of inflammation. As a re-
sult, prolonged inflammation occurs in the intestinal tract, and various immune cells are
involved [12,13].

Specifically, macrophages are pivotal modulators of immune and inflammatory re-
sponse. In addition to a population of self-maintaining embryo-derived macrophages
in the intestine, there are bone marrow-derived infiltrating macrophages responsible for
replenishing and maintaining intestinal macrophages, even in the absence of infection
or inflammation [14]. Together, intestinal-resident macrophages act as key regulators of
local intestinal homeostasis, playing multidimensional roles in neuroprotection, vascular
protection, immune surveillance, pathogen clearance, tissue repair, the modulation of
inflammation in physiological and pathophysiological contexts. The phenotypic shift that
occurs in macrophages is associated with the pathogenesis of IBD [15-19]. Macrophages ex-
hibit phenotypic plasticity, which enables them to alter their function as a result of diverse
microenvironmental cues via differentiation into M1 (proinflammatory) and M2 (anti-
inflammatory) subsets [20-22]. In microenvironments dominated by lipopolysaccharide
(LPS), either individually or in conjunction with cytokines associated with T-helper (Th) 1 re-
sponse, such as interferon-y (IFNy), M1 macrophage polarization is triggered [23], which
activates Th1 immunity and result in substantial production of proinflammatory cytokines
to support functions in immune surveillance [24,25]. However, the abundant release of
proinflammatory cytokines and mediators evokes exacerbation of inflammation and tissue
injury [26,27]. Conversely, M2 macrophages develop in an environment containing Th2-
associated cytokines, like interleukin (IL)-4 and IL-13. As opposed to the M1 phenotype, M2
macrophages express anti-inflammatory cytokines to quell inflammation, repair damaged
tissue, and facilitate wound healing [28,29].

The dysregulation of macrophage polarization has been associated with the initiation
and development of IBD [17,19]. A large amount of evidence demonstrates that proinflam-
matory M1 macrophages are predominant and promote mucosal barrier lesions and IBD
progression in IBD patients, while the M2 phenotype is less abundant [30]. Furthermore,
other investigations have suggested that insufficient M2 polarization of macrophages is
likely to increase IBD susceptibility and severity [17,31-33]. Therefore, regulatory strate-
gies aimed at achieving a fine-tuned equilibrium between M1 and M2 macrophages hold
promising potential for the treatment of IBD.

Antimicrobial peptides (AMPs) belong to an important class of small protective
molecules, which are cationic, amphipathic, and hydrophobic, constituting an essential
composition of innate immunity in various species [34-37]. AMPs are different from con-
ventional antibiotics and possess a unique membrane-targeting antibacterial mechanism
that renders them less prone to the development of bacterial resistance [38,39]. Beyond the
well-described antimicrobial activity, AMPs also have been reported to have immunomod-
ulatory activity, including inhibiting inflammation in recent years [40-43]. Some AMPs
have inflammatory suppressing effects by participating in nuclear factor-kappa B (NF-«B),
mitogen-activated protein kinase (MAPK), and other signaling cascades [44—46]. Further-
more, multiple studies have demonstrated that some AMPs play a regulatory role in
macrophage polarization [47-50]. Chensinin-1 (SAVGRHGRRFGLRKHRKH), derived from
the skin secretions of Rana chensinensis, a species of Chinese brown frog, demonstrates
moderate antimicrobial effects but no hemolytic activity [51,52]. Additionally, it was re-
ported to interact with LPS and suppress cytokine release in an LPS-stimulated RAW
264.7 macrophage inflammatory model [53]. In a previous study, we synthesized a novel
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analog, chensinin-1b (amino acid sequence: SKVWRHWRRFWHRAHRLH, molecular
weight: 2543.18 Da), through the rearrangement and replacement of amino acids, resulting
in enhanced amphiphilicity and hydrophobicity. The chemical structure of chensinin-1b is
shown in Figure S1. In comparison to the original template peptide, this modified chensinin-
1b has much greater and broader antibacterial activity and stronger antagonistic activity
against LPS. In addition, it demonstrates no apparent haemolytic activity (HC50 > 500 mM).
Immunomodulatory and anti-inflammatory properties of chensinin-1b have also been
reported. The effectiveness of chensinin-1b in promoting wound healing was demonstrated
in a murine model of infected wounds [54]. When administered in an experimental murine
model of septic shock, chensinin-1b significantly suppressed systemic inflammatory cy-
tokines, attenuated lung and liver tissue damage, and increased the survival of mice [55]. In
addition, Dong et al. conjugated chensinin-1b to aliphatic acid, and the new derivative
decreased LPS-induced cytokine production from human U937 cells [56]. These findings
imply that chensinin-1b has therapeutic potential in the management of inflammatory
and immune disorders. Nevertheless, the effect of chensinin-1b on IBD remains unknown.
Herein, our objective in this study was to probe the effect of chensinin-1b on IBD, its role in
modulating macrophage polarization, and the underlying mechanism. Through in vivo
and in vitro experiments, we provided evidence that chensinin-1b impedes macrophage
M1 polarization and skews M2 polarization, thus having anti-inflammatory effects on
intestinal inflammation in a murine model of DSS-induced colitis.

2. Materials and Methods
2.1. Peptide Synthesis and Purification

Chensinin-1b was synthesized as per the standard Fmoc solid-phase peptide synthetic
approach by GL Biochem Co., Ltd. (Shanghai, China). Reverse-phase HPLC was used to
purify the synthesized peptide to 95% homogeneity by using a 2.2 x 25 cm Vydac 218TP1022
C-18 column (Separations Group, Hesperis, CA, USA) equilibrated with acetonitrile/water/tri-
fluoroacetic acid. After purification, a MALDI-TOF mass spectrometer (Shimadzu, Kyoto,
Japan) was utilized for the detection of the relative mass of chensinin-1b.

2.2. Cell Culture and Treatment

The RAW 264.7 murine macrophage line procured from the cell bank of the Chinese
Academy of Sciences Type Culture Collection Committee (Shanghai, China) was cultured
in DMEM (Gibco, Grand Island, NY, USA) which contained 10% FBS (Gibco, Grand Island,
NY, USA), 100 U/mL penicillin, and 100 mg/mL streptomycin. The cells were incubated at
a controlled temperature of 37 °C and 5% CO; concentration. These cells were plated in 96-
well culture dishes, with 1 x 10° cells/well, to attach overnight. Afterward, Ml polarization
was induced through incubation with 1 ug/mL LPS. During the induction of polarization,
chensinin-1b was also introduced into the culture at various concentrations (10, 20, and
40 uM) and maintained for 24 h to prepare cells for future experimental analysis. For the
isolation of peritoneal macrophages, an anesthetized mouse was given an intraperitoneal
injection of 5 mL of cold, sterile PBS. Following a mild abdominal massage to facilitate
fluid distribution, the peritoneal lavage fluid was collected and centrifuged. Then, 10%
FBS/DMEM was used to resuspend the harvested cells. Peritoneal macrophages were then
purified through a process of plastic adherence.

2.3. Cell Viability Assay

Proliferation and viability were quantitatively measured using a cell counting kit-8
(CCK-8) assay. Initially, RAW 264.7 cells (2000 cells/well) were plated in 96-well dishes in
triplicate and incubated overnight. Subsequently, a series of chensinin-1b concentrations
(0, 10, 20, 40, 80, and 160 uM) were administered. After 24 h of incubation at 37 °C,
each well received 10 puL of CCKS8 reagent (Dojindo, Shanghai, China) and was incubated
for an additional 4 h in darkness. The absorbance was recorded at 450 nm utilizing the
Varioskan Flash fluorescence spectrophotometer (Thermo Scientific, Waltham, MA, USA).
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Cell viability ratios were calculated based on the following formula: (optical density of the
chensinin-1b treated group/optical density of the blank control group) x 100%.

2.4. Measurement of Cytokines by Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of cytokines, including TNF-«, IL-6, IL-10, and TGF-f31, in RAW
264.7 cell supernatants or serum of mice were quantified following the guidelines provided
by the manufacturer of ELISA kits (Neobioscience Technology, Shanghai, China).

2.5. Quantification of Nitric Oxide (NO) Production

To measure the concentration of nitrite within the culture medium, Griess reagent
(Beyotime Biotechnology, Shanghai, China) was used to quantify NO production by RAW
264.7 cells as described previously [57]. At room temperature, a 50 uL sample from
every group was blended with equivalent volumes of Griess Reagent I and II for 30 min.
The absorbance at a wavelength of 540 nm was determined using a spectrophotometer
(Varioskan Flash, Thermo Scientific, Waltham, MA, USA). In every experiment, a fresh
culture medium was invariably applied as a blank control.

2.6. Western Blotting

Total proteins from cells and mouse tissues were extracted with RIPA lysis buffer
(Thermo Scientific, Waltham, MA, USA) supplemented with a cocktail of protease and
phosphatase inhibitors (MedChemExpress, Monmouth Junction, NJ, USA). To quantify
the concentration of these proteins, a QubitTM Protein BR Assay Kit (Thermo Scientific,
Waltham, MA, USA) was employed. Equivalent quantities of sample proteins were de-
natured using a loading buffer. The proteins were then transferred to PVDF membranes
(Millipore, Beijing, China) after being resolved via 10% SDS—polyacrylamide gel elec-
trophoresis (SDS-PAGE). After 2 h incubation in blocking solution (5% skimmed milk
in TBST), the membrane was rinsed with TBST and subsequently incubated in blocking
solution overnight at 4 °C with primary antibodies against various proteins, such as NF-
kB p65, phosphorylated NF-kB p65, IkBa, phosphorylated IkBx, ERK, phosphorylated
ERK, JNK, phosphorylated JNK, p38, phosphorylated p38, and GAPDH (all at a dilution
of 1:1000, except phosphorylated ERK and GAPDH, with a dilution of 1:2000), sourced
from Cell Signaling Technology (Shanghai, China). Detection involved the application of
HRP-conjugated goat anti-rabbit IgG from Abcam, Cambridge, UK (diluted 1:2000) for 1 h
at ambient temperature. The visualization of protein bands was facilitated using enhanced
chemiluminescence (ECL) reagent (Tanon, Shanghai, China) and the Azure C500 Gel Imag-
ing System (Azure Biosystems, Dublin, CA, USA). Band analysis and quantification were
conducted using Image]J (v1.43, NIH, Bethesda, MD, USA), with GAPDH as the internal
standard for normalization.

2.7. Quantitative Real-Time PCR

The extraction of total RNA from RAW 264.7 cells and colon tissues was performed us-
ing a TRIzol reagent (Vazyme, Nanjing, China). Subsequently, RNA was reverse-transcribed
into cDNA by employing the HiScript® I Q RT SuperMix for qPCR (+gDNA wiper) kit
(Vazyme, Nanjing, China), as per the guidelines provided by the manufacturer. qRT-PCR
was performed in an ABI-Prism 7500 Fast sequence detection system (Applied Biosystems,
Foster City, CA, USA) using TB Green ® Premix Ex Taq™ II (TaKaRa, Dalian, China).
The PCR consisted of 40 cycles at 95 °C for 5 s, 60 °C for 30 s, and 70 °C for 30 s. Gene
expression levels were analyzed using the 2—AACT method using the LightCycler® 96
software (Roche Diagnostics, Mannheim, Germany). GAPDH was used for normalization.
The primer sequence is provided in Supplementary Table S1.

2.8. Animals

SPF BALB/C mice (female, 6-8 weeks, 19-21 g) were obtained from the Liaoning
Changsheng Biotechnology company (Shenyang, China). Mice were maintained in animal
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facilities with a 12:12 h light/dark schedule at a temperature of 20-22 °C and relative
humidity of 50-60% and supplied with water and a standard rodent diet ad libitum. Every
effort was undertaken to minimize animal usage and suffering.

2.9. DSS-Induced Colitis and Treatment

After 4 days of acclimation, the mice were divided into 5 experimental groups (each
comprising 5 individuals) in a random manner: normal control, colitis control, cyclosporin A
(CsA)-treated (25 mg/kg), low-dose chensinin-1b-treated (1.5 mg/kg), and high-dose chensinin-
1b-treated (3 mg/kg). The mice in the normal control group received plain drinking water,
contrasting with the other groups, which received DSS-containing water (4%, w/v) for a
duration of 7 days to induce acute colitis. The treated mice received daily intraperitoneal
injections of CsA or chensinin-1b from day 1 to day 9, whereas the control group was injected
with saline. Based on established protocols, the disease activity index (DAI) was calculated
daily, consisting of assessments of body weight fluctuations and stool consistency as well
as instances of rectal bleeding [58]. On day 9, mice were humanely euthanized via cervical
dislocation under isoflurane to collect serum, peritoneal macrophages, the colon, and the spleen
for further studies. Colon length and spleen weight were recorded.

2.10. Flow Cytometry

RAW 264.7 cells or peritoneal macrophages were harvested and rinsed with 2%
BSA /PBS. Following the cleansing process, the cells were stained for 30 min at a tem-
perature of 37 °C. The staining involved the use of PE-conjugated anti-mouse CD86 or
CD206. To establish a baseline for comparison, PE-conjugated rat IgG2a, k (Biolegend,
San Diego, CA, USA) was employed as an isotype control. Stained cells were analyzed
using a BD FACSVerseTM flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), and
fluorescence intensities were determined using the FlowJoTM v10.0.7 software.

2.11. H&E Staining and Histology

Colon tissue samples were preserved in 4% paraformaldehyde solution, and 5 um
sections were prepared using paraffin-embedded samples. Sections were then subjected to a
deparaffinization process using xylene, followed by a graded ethanol series for dehydration.
After being rinsed with tap water, the sections were stained in a sequential manner using
hematoxylin and eosin. The Olympus CKX41 microscope (Tokyo, Japan) was utilized to
examine the pathological alterations within the colon tissues. Histological scoring methods
were adopted from a previous report [59]. Histological assessments were performed blindly
to ensure an unbiased evaluation.

2.12. Immunohistochemistry Analysis

The expression levels and distribution of CD86, CD206, and NF-«B p65 in colon tissue
were visualized via immunohistochemical analysis. After the dewaxing rehydration step as
mentioned above, sections were probed overnight at 4 °C with the primary antibodies, targeting
CD86, CD206, and phospho-NF-«B p65 (all at a dilution of 1:1000) sourced from Cell Signaling
Technology. The second antibody (ZSGB-BIO, Beijing, China) was applied and incubated at
37 °C. The Olympus CKX41 microscope (Tokyo, Japan) was utilized for photography.

2.13. Statistical Analysis

Data are presented as mean £ SEM, calculated from three independent experimental
runs. For each of these runs, the analysis of individual samples was conducted in triplicate to
ensure consistency and accuracy. The statistical evaluation of the data was performed using the
Origin 2021 software from Origin Lab. The differences between various experimental groups
were determined through statistical tests, including the Student’s ¢-test and one-way ANOVA,
supplemented by Tukey’s multiple comparison test when needed. A p-value threshold of less
than 0.05 was established for considering the results as statistically significant.
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3. Results
3.1. The Effect of Chensinin-1b on the Expression of Biomarkers Associated with M1 and M2
Macrophage Polarization

To study the regulatory function of chensinin-1b on macrophage polarization, this study
employed a commonly utilized RAW 264.7 murine macrophage cell line. We first tested the
viability of RAW264.7 cells after exposure to chensinin-1b using the CCKS8 assay to determine
an appropriate concentration for this research. The results revealed that chensinin-1b had
no significant cytotoxicity to RAW 264.7 cells, with more than 80% of cells surviving at
concentrations below 40 uM (Figure S2).

Therefore, concentrations lower than the IC20 of chensinin-1b were selected and used
for subsequent experiments. We constructed a model of macrophage M1 polarization via
LPS treatment of RAW 264.7 cells to analyze the impact of chensinin-1b on M1-polarized
macrophages. The levels of M1/M2-associated cytokines and genes were detected in
LPS-activated macrophages treated with or without chensinin-1b by ELISA, Griess assays,
and RT-PCR (Figure 1). In comparison to the control group, LPS stimulation increased
the production of NO and the expression of the proinflammatory cytokines TNF-« and
IL-1B3. Chensinin-1b treatment suppressed the expression of M1-associated cytokines and
mediators stimulated by LPS in a dose-dependent manner.
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Figure 1. Chensinin-1b decreased proinflammatory cytokine levels and increased anti-inflammatory
cytokine levels in LPS-stimulated RAW 264.7 cells. Cells were cultured with chensinin-1b (10, 20,
or 40 uM) in the presence of LPS (1 pg/mL) for 24 h. The levels of proinflammatory (TNF-« and
IL-6) and anti-inflammatory (IL-10 and TGF-31) cytokines were assessed using ELISA (A-D). The
mRNA expression of TNF-«, IL-6, IL-10, TGF-f1, Arg-1, Chil3, and Fizz-1 was quantified using
qRT-PCR analysis (E-K). NO content was measured using the Griess reagent (L). Data represent the
mean + SEM (n = 3), with * p < 0.05 and ** p < 0.01.
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Control

Conversely, LPS decreased the expression of M2-associated cytokines and genes
(TGF-p1, IL-10, Arg-1, Chil3, and Fizz1), but this effect was reduced by chensinin-1b
treatment (Figure 1B). Furthermore, flow cytometry analysis revealed decreased expression
of CD86 (an M1-type surface maker) but increased the expression of the M2-type surface
maker CD206 in M1-polarized macrophages subjected to chensinin-1b treatment (Figure 2).
Collectively, these data implied that chensinin-1b may skew M1-polarized macrophages
induced by LPS towards an M2-dominant phenotype.

LPS LPS+10uM C-1b LPS+20uM C-1b LPS+40uM C-1b
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Figure 2. Chensinin-1b altered M1 polarization in LPS-stimulated RAW 264.7 cells. Cells were treated
with chensinin-1b (0, 10, 20, or 40 uM) in the presence of 1 ug/mL LPS for 24 h. The expression levels
of CD86 (A) and CD206 (B) were examined by flow cytometry. Data represent the mean + SEM
(n =3), with ** p < 0.01.

3.2. The Effect of Chensinin-1b on the Modulation of the NF-xB and MAPK Pathways in
LPS-Stimulated RAW 264.7 Cells

The NF-«B and MAPK signaling pathways are critically involved in initiating the proin-
flammatory response and promoting M1 macrophage polarization [60]. Since chensinin-1b
skews macrophage polarization in LPS-stimulated RAW 264.7 cells, we explored whether
chensinin-1b affects the levels of phosphorylated and total NF-kB p65, I-kB, JNK, ERK, and
p38 via Western Blotting. According to the findings depicted in Figure 3, the phosphoryla-
tion of these proteins was augmented following LPS stimulation, illustrating the activation
of the NF-kB/MAPK pathway in the context of M1 macrophage polarization in RAW
264.7 cells. However, chensinin-1b treatment resulted in the dose-dependent inhibition of
these phosphorylation events. These results demonstrate that chensinin-1b suppresses M1
polarization and facilitates M2 polarization by repressing the NF-«B/MAPK pathway.

3.3. Chensinin-1b Ameliorated DSS-Induced Colitis in Mice

The pivotal role of macrophages in the pathogenesis of IBD has been
well-documented [15,17,19,61]. An imbalance in the M1/M2 macrophage ratio was re-
lated to colitis progression in murine models of IBD [44,45]. In mice with experimental
DSS-induced colitis, an increase in the M1 macrophage population coupled with a de-
crease in M2 macrophages has been noted. Thus, the repression of M1 macrophages
and the mobilization of M2 macrophages might represent novel therapeutic strategies for
IBD. Since chensinin-1b could correct the bias toward the M1 phenotype in LPS-treated
macrophages, we investigated whether chensinin-1b has a beneficial effect on IBD. To this
end, a DSS-induced colitis model was established by administering 4% DSS in drinking
water for 9 days, and chensinin-1b was given via peritoneal injection. Mice administered
DSS developed severe colitis, which contributed to weight loss, as opposed to the con-
trol group with normal drinking water. In contrast, chensinin-1b treatment markedly
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mitigated body weight loss (Figure 4A). Consistent with this result, scores for the DAI,
commonly utilized as an indicator for assessing colitis severity based on parameters like
diarrhea and rectal bleeding, exhibited a significant decrease in chensinin-1b-treated mice
compared to saline-treated ones (Figure 4C). The physical manifestations of colitis, such
as colonic shortening and spleen enlargement, were evident in DSS-treated mice, with
a notable decrease in colon length and an increase in spleen index (spleen weight/body
weight). Chensinin-1b administration led to an improvement in colon length (Figure 4B)
and a reduction in spleen index (Figure 4D). Histological examinations also revealed that
chensinin-1b ameliorated colon submucosal edema, infiltration of inflammatory cells, and
crypt architecture disruption in colitis mice (Figure 4E), with a significant decline in his-
tology scores observed in the chensinin-1b-treated group compared to the colitis group
(Figure 4F). These findings collectively indicate that chensinin-1b treatment can alleviate
symptoms in mice with DSS-induced colitis, with high doses group exhibiting stronger
therapeutic effects than CsA positive control, potentially due to the regulatory impact on
macrophage phenotypic polarization.
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Figure 3. Chensinin-1b suppressed the NF-kB and MAPK pathways in LPS-stimulated RAW
264.7 cells (A-K). Cells were subjected to treatment with chensinin-1b (0, 10, 20, or 40 uM) with the
presence of 1 ug/mL LPS for 24 h. Western Blot analysis was performed to assess the protein expres-
sion of NF-«kB p65, phospho-NF-«B p65, I-kB, phospho-I-«B, JNK, phospho-JNK, ERK, phospho-ERK,
P38, and phospho-p38. Data represent the mean + SEM (n = 3), with * p <0.05 and ** p < 0.01.
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Figure 4. Chensinin-1b ameliorated the severity of DSS-induced colitis in mice. BALB/C mice re-
ceived drinking water containing 4% DSS for 7 days and were simultaneously treated with chensinin-
1b (1.5 or 3 mg/kg intraperitoneally) daily from day 1 to day 9. Body weight changes (A) and DAI
scores (C) during DSS-induced colitis were recorded daily. Mice were euthanized on day 9. The
distal colon and spleen were gathered to assess colon length (B) and spleen index (D). Colonic tissue
damage was identified through H&E staining (E) and was quantified as histological scores (F). Data
represent the mean + SEM (1 = 5 mice per group), with * p < 0.05 and ** p < 0.01.

3.4. Chensinin-1b Alters Macrophage Polarization in Mice with DSS-Induced Colitis

To further determine the potential therapeutic efficacy of chensinin-1b on DSS-induced
colitis and its association with the shift in macrophage phenotypes, this study assessed
the cytokine profiles in serum and colon tissues. Specifically, the levels of TNF-«, IL-6,
IL-10, and TGF-31 were measured using ELISA and qRT-PCR. As illustrated in Figure 5,
there was a noticeable reduction in the expression of pro-inflammatory cytokines TNF-«
and IL-6, while anti-inflammatory cytokines IL-10 and TGF-1 showed an increase after
chensinin-1b treatment, both in serum and colon tissues. This modulation of cytokine
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levels occurred in a dose-dependent manner and was statistically significant (p < 0.05),
indicating the potential of chensinin-1b in rebalancing the cytokine milieu toward a more
anti-inflammatory state in the context of IBD.
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Figure 5. The treatment of chensinin-1b regulated the expression of pro- and anti-inflammatory
cytokines in mice with DSS-induced colitis. Serum levels of the cytokines TNF-¢, IL-6, IL-10, and
TGF-B1 (A-D) are shown. The mRNA expression of cytokines, including TNF-c, IL-6, IL-10, and
TGF-f1, in colon tissue (E-H) is shown. Data represent the mean £ SEM (1 = 5 mice per group), with
*p <0.05and ** p < 0.01.

In addition to cytokine profiling, we also evaluated surface markers indicative of
M1 and M2 macrophage phenotypes in peritoneal macrophages. Flow cytometry anal-
ysis, as depicted in Figure 6A,B, showed that, in colitis mice, peritoneal macrophages
predominantly expressed CD86 with relatively lower levels of CD206. Post-treatment with
chensinin-1b led to a significant reduction in CD86 expression, while there was a corre-
sponding increase in CD206 expression. Similar results were obtained for colon tissues, as
evidenced in Figure 6C. Immunohistochemical staining of colon tissues revealed a marked
decrease in CD86-positive macrophages and an increase in CD206-positive macrophages
in mice treated with chensinin-1b, compared to those with colitis. Furthermore, the ex-
pression of NF-«B p65 in colon tissues, visualized through immunohistochemical analysis
(Figure 6D), was substantially elevated in mice with colitis compared to healthy controls.
However, similar to the in vitro findings, chensinin-1b treatment mitigated this increase,
consistent with the observed phenotypic shifts in macrophages. Altogether, these data
provide evidence that chensinin-1b reduces the severity of DSS-induced colitis in mice.
This reduction is largely due to its ability to repolarize M1 macrophages to M2 phenotype,
thereby effectively addressing the inflammation. These insights affirm the potential of
chensinin-1b as a therapeutic approach in IBD management, emphasizing its crucial role in
modulating macrophage polarization and inflammatory processes.
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Figure 6. Chensinin-1b modulated macrophage polarization in mice with DSS-induced colitis. The
expression of CD86 (A) and CD206 (B) in peritoneal macrophages was detected using flow cytometry.
Immunohistochemical staining was performed to analyze the expression of CD86 and CD206 in colon
tissue. Scale bars represent 100 pm (C). The immunohistochemical analysis of phospho-NF-«kB p65 in
colon tissue (D) is shown. Boxed regions in the upper row (scale bars, 200 pm) are shown magnified
below (scale bars, 50 um). Data represent the mean + SEM (n = 5 mice per group), with ** p < 0.01.

4. Discussion

IBD is a disease with high incidence worldwide, and there is no effective therapy to
completely arrest the progression of IBD. The pathogenesis of IBD involves overzealous
intestinal inflammation coupled with dysregulated innate immune homeostasis. AMPs have
been attracting attention due to their anti-inflammatory and immunomodulatory properties.
Chensinin-1b is a synthetic derivative of native AMP, originally isolated from Rana chensinensis.
However, whether chensinin-1b has a therapeutic effect on IBD remains unclear. Herein, we
demonstrate for the first time the efficacy of chensinin-1b in an experimental IBD animal model
by balancing M1/M2 macrophage polarization to attenuate inflammation.

Macrophages are highly adaptable cells that undergo an M1/M2 phenotypic switch in
response to microenvironmental stimuli and signals [62]. Macrophages are essential elements
of innate immunity, and disordered macrophage polarization has been shown to be involved
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in the initiation and progression of many inflammatory disorders, such as IBD. In IBD pa-
tients and colitis animal models, monocytes/macrophages accumulate in the intestines. They
overreact to TLR ligands and produce too many cytokines and chemokines, preventing inflam-
mation resolution [63]. Numerous studies have shown that shifting macrophage polarization
from the proinflammatory M1 phenotype to the anti-inflammatory M2 phenotype helps to
relieve intestinal inflammation and restore tissue function [64—66]. Thus, repolarization of
macrophages is a potential treatment strategy for IBD.

AMPs are small multifunctional molecules that are important for the immune sys-
tem and have well-known antimicrobial activity. Furthermore, a large amount of evidence
suggests that some AMPs are able to regulate macrophage polarization and are thus po-
tentially therapeutic in a variety of inflammatory-mediated disease models. Chensinin-1b
is a synthetic derivative of native AMP originally identified from Rana chensinensis, with
a broader spectrum and enhanced antimicrobial properties [54-56]. Additionally, we have
previously demonstrated that chensinin-1b improves tissue repair and sepsis outcomes
in wound infection and sepsis models [67,68], indicating a potential function in the repo-
larization of macrophages. Therefore, we focused on the possible role of chensinin-1b in
repolarizing macrophages and treating inflammatory diseases. This study is the first to reveal
that treatment with chensinin-1b promoted macrophage polarization toward a noninflam-
matory phenotype and in turn relieved IBD. We demonstrated that chesinin-1b alleviates
DSS-induced colitis by reducing M1 macrophages and promoting the accumulation of M2
macrophages. The protective mechanisms of chensinin-1b are associated with the suppres-
sion of NF-kB and MAPK signaling cascades. We present evidence that chensinin-1b likely
acts as an immune-regulatory peptide in addition to its antimicrobial activities.

Initially, we evaluated chensinin-1b’s effect on macrophage polarization using RAW264.7
cells exposed to LPS to induce the M1 phenotype in vitro. Differential cytokine production is key
to the cellular activity of polarized macrophages. Our study reveals that chensinin-1b effectively
suppresses the production of M1-associated proinflammatory cytokines while simultaneously
enhancing M2 marker expression at a nontoxic dose in vitro.

The NF-«B pathway is a classical proinflammatory signaling cascade that leads to the
overproduction of proinflammatory cytokines by macrophages. NF-«B p65 is one of the
pivotal mediators that boost M1 macrophage polarization [62,69,70]. Upon stimulation by
LPS, I-kB undergoes phosphorylation and degradation, which triggers the release and nuclear
translocation of p50/p65 heterodimer. P65 subsequently alters M1-associated gene expres-
sion [71]. Our results confirm that chensinin-1b inhibits the LPS-induced phosphorylation
of I-kB and p65. In addition, the MAPK family members, ERK, JNK, and p38, are highly
conserved serine/threonine protein kinases in mammals that are implicated in a variety of
macrophage functions. Reports have demonstrated that the activation of the MAPK cascade
is often associated with M1 macrophage polarization. These pathways can promote the
expression of M1 macrophage-associated genes via the phosphorylation and activation of
AP-1 transcription factors like c-Jun and c-Fos. Furthermore, evidence has shown that p38
and JNK induce I-kB degradation, which activates the NF-«B p65 pathway [72,73]. Herein,
we found that chensinin-1b restricted the activation of MAPK pathways induced by LPS. In
addition to chensinin-1b, similar effects of other AMPs in amphibian skin have also been
reported. For instance, cathelicidin-PP and Nv-CATH are two cathelicidin-like AMPs isolated
from Polypedates puerensis and Nanorana ventripunctata, respectively [74,75]. Brevinin-
1FL and revinine-2MP belong to the revinine family of AMPs, which were identified from
the skin of Fejervarya limnocharis and Microhyla pulchra [76,77]. Analogues of temporin-1Cea,
temporin-1Ceb, and temporin-1Cec, namely LK2(6), L-K6, and 2K4L, were derived from the
skin secretion of Rana chensinensis [78-80].

All these peptides inhibit both NF-kB and MAPK signaling in macrophages, and
our results are consistent with these previous studies, suggesting that suppression of the
M1 macrophage proinflammatory phenotype is associated with the NF-«B and MAPK
pathways. Increased M1/M2 macrophage ratio is reported in IBD [81,82], and a skew from
M1 to M2 macrophages could favor the resolution of intestinal inflammation [83,84]. Con-
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sidering the pivotal involvement of macrophage polarization in both the development and
resolution of IBD, as well as the modulatory properties of chensinin-1b on macrophage
polarization by shifting it from an M1 to an M2 phenotype, we examined the efficacy of
chensinin-1b in an experimental colitis model. The mouse model of DSS-induced colitis
exhibits similarities to human colitis [85] and is appropriate for investigating the role of
innate immune cells in intestinal inflammation [86]. Chensinin-1b treatment resulted in
a marked amelioration in the symptoms of DSS-induced colitis, including weight loss,
DALI score, colon length shortening, spleen swelling, and colonic pathological damage.
Simultaneously, the elevated expression of M1 biomarkers and decreased expression of
M2 biomarkers were also reverted with chensinin-1b administration. These data showed
that the efficacy of chensinin-1b for IBD was attributed to the transition of macrophage
polarization from M1 to M2.

Further, proper control of the NF-kB cascade remains an attractive approach for treating
IBD due to the hyperactivation of the disease [87,88]. It has been reported that a variety of
agents that have efficacy in IBD are known to inhibit the NF-«B pathway [33,89-91]. These
include some peptide-based drugs, such as Cathelicidin-BE, WFENNAGP, LP-5, pep-1, APE,
and LL-37-T«l [92-97]. Immunohistochemical examination of the colon tissue showed that
chensinin-1b effectively suppressed the expression of NF-kB p65. This is consistent with
our in vitro results, indicating an association between the anti-inflammatory properties of
chensinin-1b and its impact on NF-«B signaling pathways in intestinal inflammation. However,
further identification of the exact targets for intervention by chensinin-1b is still needed.

On the other hand, gut microbes could also be implicated in IBD pathogenesis. Both
animal and human studies have shown that there are significant alterations in the composi-
tion of the gut microbiota between IBD patients and healthy persons, including alterations
in microbial diversity and the relative abundance of bacterial taxa [71]. Moreover, the
microbiota affects intestinal homeostasis and inflammation by activating TLRs and NOD-
like receptors (NLRs) [72]. Antibiotic administration and fecal microbiota transplantation
have beneficial effects on colonic inflammation in IBD [73]. Considering that chensinin-1b
was demonstrated to be effective against a diverse range of microbiota [54,55,67], in the
future, it will be necessary to investigate whether the therapeutic effects of chensinin-1b
on colitis are correlated with alterations in the gut microbiota beyond direct regulation of
macrophage polarization. Due to the intricate nature of IBD and the beneficial role of M2
macrophages in repairing IBD-associated barrier defects, further investigation is warranted
to elucidate the potential of chensinin-1b in IBD intervention, epithelial barrier restoration,
and gut microbiota modulation. Moreover, while chensinin-1b exhibits low cytotoxicity in
macrophages and demonstrates good tolerance in mice, additional toxicological data will
be essential for its progression into clinical trials.

In conclusion, we demonstrated that chensinin-1b reorients macrophage polarization
from the M1 to M2 type by altering the NF-kB/MAPK signaling pathways to resolve
inflammation and relieve DSS-induced colitis in a mouse model. These results show that
chensinin-1b has the potential to be a promising alternative for treating IBD and other
associated inflammatory disorders.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biomedicines12020345/s1, Figure S1: The chemical structure of
chensinin-1b; Figure S2: Effect of chensinin-1b on RAW 264.7 cell viability. Cells were administrated
with gradient concentrations (0, 10, 20, 40, 80, 160 uM) of chensinin-1b for 24 h. Cell viability was test
using CCK-8 assay. Data represent the mean + SEM, n =3; Table S1: Primers for qPCR.
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