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Abstract

The investigational drug CC34 is a cation peptide with multiple bioactivities. Here, we studied the anti-inflammatory effects
of CC34 in lipopolysaccharide (LPS)-treated mouse monocyte-macrophage cells (RAW264.7) and in mice with LPS-induced
intestinal inflammation. In vitro, CC34 treatment with less than 50 pg/mL for 24 h did not induce cytotoxicity in RAW264.7
cells. Furthermore, CC34 significantly lowered the levels of select inflammatory cytokines, including TNF-a, IL-1f, and
IL-6. Intracellular levels of reactive oxygen species (ROS) were lower in RAW?264.7 cells treated with CC34 +LPS than
in cells treated with LPS alone. Additionally, CC34 treatment suppressed iNOS and COX-2 mRNA levels in LPS-treated
cells. We also observed that CC34 exerted anti-inflammatory activity by suppressing the phosphorylation of IKKf, IxBa,
and NF-kB p65 in vitro. Moreover, CC34 downregulated the release of inflammatory cytokines (TNF-a, IL-1f, and IL-6) in
the jejunum tissue and serum of LPS-treated mice. We also found that the myeloperoxidase (MPO) levels were decreased,
and the pathological damages were effectively abated in the jejunum tissue of CC34 + LPS-treated mice. In summary, we
demonstrated that CC34 exerted anti-inflammatory activities, associated with the neutralization of LPS, inhibition of ROS,
inhibition the NF-kB signaling pathway, and down-regulating the secretion of inflammatory cytokines. Thus, CC34 may
represent an effective therapeutic strategy for intestinal inflammation.
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Introduction

Antibiotics, biologics, and immunosuppressive agents are
conventional clinical treatment options for inflammatory
bowel disease (IBD) (Targan 2010). However, despite their
initial clinical efficacy, antibiotics have become less accept-
able as clinical therapy due to the widespread emergence
of antibiotic resistance and the occurrence of antibiotic
residues in animal-derived food. Antimicrobial peptides
(AMPs) are considered promising therapeutic candidates
with bactericidal activity similar to several antibiotics but
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without their disadvantages (Brady et al. 2019; Thapa et al.
2020). AMPs are cationic polypeptides with antibacterial,
antiviral, anti-inflammatory, and antitumor activities. Inter-
estingly, the immunomodulatory function of AMPs has been
the subject of studies aimed at developing new anti-inflam-
matory drugs (Shim et al. 2015). Some AMPs exert an anti-
inflammatory effect by functioning as immunomodulatory
agents and repairing the intestinal barrier (Han et al. 2015;
Yi et al. 2015). However, the in vivo properties of novel
AMPs, especially their biological stability in tissues, have to
be thoroughly examined before they can replace antibiotics
as new drugs.

Intestinal inflammation is substantially increasing in
newly industrialized countries, and the highest hospitaliza-
tion rates have been reported in developed countries (Lim-
ketkai 2019). Furthermore, persistent intestinal inflam-
mation increases the risk of developing intestinal cancers
(Chang et al. 2018). Cytokines are the mediators that acti-
vate inflammatory cell signaling pathways, their production
is stimulated by LPS, which is associated with changes in the
microbiome and impaired intestinal epithelial structure and
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function (Gampierakis et al. 2021; Neurath 2014). AMPs
can not only inhibit the activities of intracellular signal-
ing pathways, to attenuate the inflammatory response, but
also directly interact with LPS to decrease the inflamma-
tory response (Zhang et al. 2019a, b). LPS, as well as some
bacteria and viruses, can stimulate intestinal inflammation
by excessively expressing numerous inflammatory factors,
which represent measurable inflammation status indicators
(Han et al. 2015). Specifically, inflammatory diseases are
often characterized by the overexpression of certain inflam-
matory mediators, including NO, TNF-a, IL-1p, and IL-6
that are upregulated by activated NF-xB (Chen et al. 2019).
NF-kB is a nuclear transcription factor, which is closely
related to the development of inflammatory diseases. ROS
play a crucial role in inflammation-related signal transduc-
tion and microenvironmental balance (Baek et al. 2020). It
can also activate the NF-xB signaling pathway, which leads
to the overexpression of inflammation-associated genes,
such as iNOS, COX-2, TNF-a, IL-1f, and IL-6, and aggra-
vates the inflammatory response (Ko et al. 2017; Rod-In
et al. 2019). Moreover, inflammatory cell infiltration and
apoptosis are associated with concentration variations of
MPO, which is a biomarker of oxidative damage that cata-
lyzes the release of potent ROS in colitis (Chami et al. 2018;
Liu et al. 2019). Furthermore, testing the integrity of the
intestinal mucosa is critical for characterizing the status of
intestinal inflammation (Glymenaki et al. 2017; Lorenza
et al. 2016).

CC34 is a cationic (+5.5) AMP that was constructed
from two fragments; its N-terminal part was derived from
a cecropin B analog, and the C-terminal part was obtained
using a Rana peptide. Sun (2009) already demonstrated that
CC34 has a high antibacterial activity and a good biological
safety profile, but its potential immunomodulatory effect on
intestinal inflammation has not been systematically exam-
ined. In this study, we focused on investigating the effect
of CC34 on LPS-induced inflammation in RAW264.7 cells
and mice.

Materials and methods
Peptide synthesis

CC34 (GWLKKIGKKIERVGQHTRDAILPILSLIG-
GLLGK) was synthesized by Top-peptide Biotechnology
Company (Shanghai, China). The peptide purity of 95% was
determined by high-performance liquid chromatography, and
the molecular mass (MS) was confirmed to be 3709.51 Da.
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Chemicals

LPS was purchased from Sigma (San Diego, CA, USA).
The Reactive Oxygen Species Assay Kit and the ELISA
kits for TNF-a, IL-1f, and IL-6 were purchased from the
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). TRIzol was obtained from Invitrogen (Carlsbad,
CA, USA). Fast Start Universal SYBR Green Master Mix
was obtained from Roche Applied Science (Basel, Swit-
zerland). All primary antibodies, including anti-IKKp,
anti-phospho-IKKa/p, anti-IkBa, anti-phospho-IkBa, anti-
NF-xB p65, anti-phospho-NF-xB p65, and anti-f-actin
antibody, were obtained from Cell Signaling Technology
(Danvers, MA, USA). Mouse anti-MPO mAb was pur-
chased from Protein Tech Group (Chicago, USA). Fluo-
rescence conjugated secondary antibody and enhanced
chemiluminescence (ECL) kit were purchased from the
Institute of Biotechnology Beyotime (Shanghai, China).
Polyvinylidene difluoride (PVDF) was bought from Merck
Millipore (Billerica, USA). Limulus Amebocyte Lysate
Assays Kit was bought from Xiamen Bioendo Technol-
ogy Company (Xiamen, China). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum, and peni-
cillin—streptomycin solution were bought from Hyclone
(Logan, Utah, USA).

Cell culture

RAW264.7 cells were maintained by the Harbin Univer-
sity of Commerce (Harbin, China). Cells were cultured in
DMEM supplemented with 10% fetal bovine serum and
1% penicillin—streptomycin solution at 37 °C in a 5% CO,
incubator.

Cell viability

RAW264.7 cells were seeded in a 96-well plate at a den-
sity of 5x 10* cells/mL in 100 uL DMEM for 24 h. For
the viability test, the original medium was discarded, and
the cells were treated with 0, 40, 50, 60, 70, 80, 90, and
100 pg/mL of CC34 (100 uL/well) for 24 h. Then, ali-
quots of 10 uL MTT (5 mg/mL) were added to each well,
and incubation was continued for 4 h. After aspirating the
original culture solution, aliquots of 150 uL DMSO were
added to each well, and the plate was placed on a shaker.
The absorbance was measured at 490 nm, and the cell
viabilities after treatment were calculated relative to the
absorbance value of the control.
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Measurement of inflammatory cytokines secreted
from RAW264.7 cells

RAW?264.7 cells were pretreated with different CC34 con-
centrations (10, 20, and 40 pug/mL) for 1 h, and stimulated
with LPS (50 ng/mL) for 24 h. Cells culture supernatants
were collected and analyzed for TNF-a, IL-1f, and IL-6
concentrations measured using commercial ELISA kits
according to the manufacturer’s instructions.

Measurement of ROS

To measure intracellular ROS, RAW 264.7 cells were ini-
tially seeded in a six-well plate at a density of 5x 10* cells/
mL, and then treated with peptides and LPS for 24 h. After
the incubation, the cells were washed twice with phosphate-
buffered saline (PBS) and incubated with 10 uM DCFH-DA
detection reagent for 40 min at 37 °C in the dark. Before
the final analysis, the cells were washed three times with
PBS. The intracellular ROS value was measured using a
flow cytometer at an excitation wavelength of 500 nm and
an emission wavelength of 525 nm.

Real-time PCR

Total RNA was isolated from RAW264.7 cells using TRI-
zol following the manufacturer’s instructions. Then, cDNA
was synthesized by reverse transcription using mRNA as
the template and amplified using the following thermal
cycle conditions: initial denaturation at 95 °C for 3 min,
followed by 40 cycles of 95 °C for 10 s, 57 °C for 30 s, and
72 °C for 45 s. The following primers were used: iNOS,
forward primer, 5'-CTCTAGTGAAGCAAAGCCCAAC-3/,
and reverse primer, 5'-CCTCACATACTGTGGACGGG-3;
COX-2, forward primer, 5'-CAGCAAATCCTTGCTGTT
CC-3', and reverse primer, 5'-TGGGCAAAGAATGCAAAC
ATC-3'; B-actin, forward primer, 5'-GTGACGTTGACATCC
GTAAAGA-3', and reverse primer, 5'-GCCGGACTCATC
GTACTCC-3'. The gene expression was quantified using
the 2-24€T method.

Animal model

5-6-week-old male Kunming mice (originally derived from
Swiss mice) were purchased from the Changchun Yisi
Experimental Animal Technology Biotechnology Company
(Changchun, China). Mice had free access to food and water,
and they were maintained in a designated room at 22 +2 °C
with a humidity of 60+ 5% under a daily 12-h light/dark
cycle.

The mice were divided into four groups of 10 animals in
each, all of which received abdominal injections by body
weight (BW) for 7 days. The control injection contained

normal saline, the CC34 treatment was 9 mg/kg CC34, the
LPS treatment was 7.5 mg/kg LPS, and the CC34 +LPS
treatment was an injection of 9 mg/kg CC34 as pretreatment
followed by an injection of 7.5 mg/kg LPS. LPS and CC34
were dissolved in normal saline. Acute enteritis was induced
in mice using the method described by Zhang et al. (2019a,
b). The CC34-treated mice received intraperitoneal injec-
tions at 7:00 a.m. for 7 days; the mice of the control and LPS
groups were treated with an equal volume of sterile saline.
On the 7th day, the LPS- treated and CC34 + LPS-treated
mice received the first treatment with intraperitoneally
injected LPS, which was followed after 1 h by the second
treatment with saline or CC34, according to the treatment
group; meanwhile, the control and CC34 treatments were
injected with an equal volume of saline. 6 h after the last
treatment, the mice were euthanized by cervical dislocation,
and blood and tissues were collected.

Assessment of disease activity index (DAI)

The DAI of mice was assessed 6 h after the treatment. BW
loss, stool consistency, and the presence or absence of fecal
blood were measured and recorded (Loher et al. 2004). The
DAI represented the sum of the following scores: BW, 0
points for no weight loss, 1 point for 1%-5% BW loss, 2
points for 5%—10% BW loss, 3 points for 10%—15% BW loss,
and 4 points for > 15% BW loss; stool consistency, 0 points
for normal granular feces, 2 points for pasty and semisolid
feces, and 4 points for liquid feces; fecal blood, O points
for no blood, 2 points for positive fecal occult blood, and 4
points for gross bleeding.

Measurement of mouse inflammatory cytokines
by ELISA

Mouse blood samples were collected and centrifuged for
20 min at 3000 x g at 4 °C. The jejunum tissues and PBS
(pH 7.4) were mixed at a weight-to-volume ratio of 1 g to
9 mL and homogenized on ice. The fresh homogenates were
centrifuged for 20 min at 3000 X g at 4 °C, and the super-
natants were collected used to measure the TNF-a, IL-1f,
and IL-6 levels. The inflammatory cytokines in the jejunum
tissues and serum were analyzed using commercial ELISA
kits, according to the manufacturer’s instructions.

Histopathology and immunohistochemistry

All intestinal tissue samples were fixed overnight using 4%
paraformaldehyde. Intestinal tissues were embedded in par-
affin and cut into sections of 5 um thickness. Then, the tis-
sues were stained with hematoxylin and eosin (H&E). Villi
and crypts were measured using Image-Pro Plus 6.0.
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MPO protein expression levels were assessed using an
immunohistochemical method. Samples were dewaxed and
rehydrated before using the sodium citrate buffer for anti-
gen retrieval. Unspecific binding sites were blocked with
3% w/v BSA for 30 min at 25 °C, and anti-MPO antibodies
(1:800) were added for overnight incubation at 4 °C. Then,
the secondary antibody (1:50) was added and the incuba-
tion was continued for 50 min at 25 °C. Finally, the samples
were dehydrated and analyzed using a confocal microscope.
Immunohistochemical data were processed using Image-Pro
Plus 6.0.

Western blotting

The protein in the cells and tissue samples was extracted
using the whole protein extraction kit. The total protein con-
centration was measured using the BCA kit. Samples with
normalized protein content were separated by SDS—PAGE
(using 10% PAA gels) and then transferred to PVDF mem-
branes. The membranes were blocked with 5% skimmed
milk for 1 h at 25 °C, and incubated with the primary anti-
bodies overnight at 4 °C, which was followed by incubation
with HRP-conjugated secondary antibodies. The blots were
detected using an ECL detection kit, and the signal intensity
was quantified using a gel imaging system (Bio-Rad, GelDoc
XR, USA).

Neutralization of LPS

The neutralization of LPS by the CC34 was assessed using a
Limulus Amebocyte Lysate (LAL) Assays Kit. Experiments
were according to the manufacturer’s instructions. LPS at a
final concentration of 1.0 EU/mL was incubated with mul-
tiple concentrations of CC34 (5, 10, 20, 40, 80, and 160 pg/
mL) at 37 °C for 15 min, then the mixtures were incubated
with LAL assay reagent at 37 °C. After incubation for 6 min
the absorbances were measured at 405 nm.

Statistical analysis

The data of all experiments were expressed as the
mean + SD, and data were compared by one-way analysis
of variance (ANOVA) using IBM SPSS Statistics 19.0 soft-

ware. Differences associated with P values of less than 0.05
were considered statistically significant.

Results

Effect of CC34 on RAW264.7 cell viability

The effect of CC34 on RAW264.7 cell viability was assessed
using the MTT assay. The cell viability rate was decreased
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Fig. 1 Effect of CC34 on RAW264.7 cell viability. Data are pre-
sented as mean+ SD (n=9). The differences between the groups were
assessed using ANOVA followed by Duncan’s test. Compared to con-
trol: *P <0.05, **P <0.01

at CC34 concentrations of 50 ug/mL and higher (Fig. 1).
The treatment of cells with less than 50 pg/mL CC34 did not
induce toxicity.

Effect of CC34 on inflammatory cytokine levels
in LPS-treated RAW264.7 cells

The ELISA-based analysis examined the secreted amounts
of select inflammatory cytokines. We found that LPS-
treated RAW?264.7 cells had significantly higher levels of
secreted TNF-a (49.07 ng/L), IL-1p (11.09 ng/L), and IL-6
(68.61 ng/L) than the control cells (P <0.01). However, the
levels of TNF-a, IL-1p, and IL-6 were significantly downregu-
lated in cells treated with 10 pg/mL CC34 +LPS compared
with those levels in cells treated with LPS alone (P <0.01)
(Fig. 2).

CC34 reduced the release of ROS

The DCF fluorescence intensity values indicated that the
release of ROS was significantly higher in LPS-treated
RAW?264.7 cells than in control cells (P <0.01) (Fig. 3).
Cells treated with 10 pg/mL CC34 had substantially lower
intracellular ROS levels than LPS-treated cells. There was
no significant difference between treatment with 40 pg/mL
CC34 and the control treatment, and adding CC34 attenuated
LPS-stimulated ROS levels significantly in a dose-dependent
manner (P<0.01).
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Fig.2 Effects of CC34 on inflammatory cytokines levels in
RAW264.7 cells. Concentration of LPS: 0.05 pg/mL. Data are pre-
sented as mean +SD (n=9). The differences between the groups were

Effects of CC34 on mRNA levels of cellular mediators
of inflammation

The mRNA levels of iNOS and COX-2 were significantly
higher in LPS-treated RAW264.7 cells than in control cells.
As shown in Fig. 4, both mRNA levels were significantly
lower in CC34 + LPS-treated RAW264.7 cells than in con-
trol cells. Moreover, both CC34-associated tendencies were

dose-dependent, similar to the effect of CC34 on cellular
ROS.

Effects of CC34 on NF-kB inactivation in LPS-treated
RAW264.7 cells

We assessed whether CC34 exerted anti-inflammatory
effects via the NF-kB signaling pathway by measuring the
phosphorylation levels of NF-xB in vitro (Fig. 5). LPS-
treated RAW264.7 cells had significantly higher levels of
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assessed using ANOVA followed by Duncan’s test. Compared to con-
trol: *P <0.03, **P <0.01. Compared to LPS: *P <0.05, #P <0.01

phospho-IKKp, phospho-IkBa, and phospho-NF-kB p65
than the control cells (P <0.01). The levels of phosphoryl-
ated IKKf, IkBa, and NF-xB p65 were significantly lower
in RAW264.7 cells treated with 20 pg/mL and 40 pg/mL
CC34 than in cells exposed to LPS without CC34 (P <0.01).

Effects of CC34 on the DAl score

The LPS-induced mouse model of intestinal inflamma-
tion was used to further explore the immunomodulatory
effects of CC34. After LPS induction, the mice showed
a severe disease progression of acute intestinal inflam-
mation. Specifically, the LPS-induced mice displayed a
subdued behavior and preferred a curled-up posture, their
movements were slow and sluggish, and the fur was moist
and not groomed. However, CC34 significantly attenu-
ated these symptoms. As shown in Fig. 6A, the BW loss
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Fig.3 Effects of CC34 on ROS in RAW264.7 cells. A Effects of
CC34 on fluorescence intensity of ROS. B Quantification of fluores-
cence intensity of DCF. Concentration of LPS: 0.05 pg/mL. Data are
presented as mean+SD (n=3). The differences between the groups
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were assessed using ANOVA followed by Duncan’s test. Compared
to control: *P<0.05, **P<0.01. Compared to LPS: *P<0.05,
#p<0.01
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Fig.4 Effects of CC34 on mRNA levels of iNOS and COX-2. Data are presented as mean + SD (n=4). The differences between the groups were
assessed using ANOVA followed by Duncan’s test. Compared to control: *P <0.05, **P <0.01. Compared to LPS: *P <0.05, #P <0.01

significantly lowers in CC34 + LPS-treated mice than in
LPS-treated mice (P <0.05). LPS treatment changed the
stool consistency and caused mucopurulent bloody stool
associated with weight loss. These three clinical signs are
used as scoring criteria to derive the DAL It was consistent
with the BW loss (Fig. 6B) that the DAI score was sig-
nificantly lower in mice treated with CC34 +LPS than in
LPS-treated mice (P <0.01). Furthermore, the DAI score
of the mice treated with CC34 alone was close to that of
the control group.
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Effects of CC34 on inflammatory cytokine in jejunum
and serum of LPS-treated mice

As shown in Fig. 7, LPS-treated mice had substantially
higher levels of TNF-a, IL-1p, and IL-6 in the jejunum than
the control mice. We also observed that CC34 + LPS-treated
mice displayed significantly lower inflammatory cytokine
levels in the jejunum and serum than the mice treated with
LPS alone. The inflammatory cytokine levels in the jejunum
did not significantly differ between mice treated with CC34
alone and the control mice.
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Fig.5 Inhibitory effects of CC34 on the NF-kB signaling pathway. A
Phosphorylated and total protein levels of NF-kB in RAW?264.7 cells
were analyzed via western blot. In B-D, the relative protein levels
of phospho-IKKB/IKKf, phospho-IkBo/IkBa, and phospho-NF-xB/
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NF-xB in cells are shown. Data are presented as mean+SD (n=3).
The differences between groups were assessed using ANOVA fol-
lowed by Duncan’s test. Compared to control: *P <0.05, **P <0.01.
Compared to LPS: *P <0.05, #P <0.01
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Fig. 6 Effects of CC34 on BW and DAI score. A BW loss in mice. B
Effects of CC34 on DAI in mice. CC34-treated mice were intraperi-
toneally injected with 9 mg/kg of CC34; LPS treatment was an intra-
peritoneal injection of 7.5 mg/kg. Data are presented as mean+SD
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(n=10). The differences between the groups were assessed using
ANOVA followed by Duncan’s test. Compared to control: *P <0.05,
**P <0.01. Compared to LPS: #P<0.05, #P<0.01
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Fig.7 Effects of CC34 on inflammatory cytokines in LPS-induced
jejunum tissue and serum. ELISA for TNF-a (A), IL-1f (B), and
IL-6 (C) in jejunum; ELISA for TNF-a (D), 1I-18 (E), and 11-6 (F)
in serum. CC34-treated mice were intraperitoneally injected with
9 mg/kg of CC34; LPS treatment was an intraperitoneal injection of

Pathological damage of jejunum tissue

Histological analysis demonstrated that LPS treatment
damaged the jejunal villus structure, which appeared to be
related to goblet cell loss. The infiltration of neutrophils
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7.5 mg/kg. Data are presented as mean+SD (n=09). The differences
between the groups were assessed using ANOVA followed by Dun-
can’s test. Compared to control: *P <0.05, **P<0.01. Compared to
LPS: *P<0.05, #P <0.01

and lamina propria mononuclear cells in the jejunum tis-
sue was observed, but the appearance of jejunum did not
indicate any differences between CC34-treated and control
mice (Fig. 8A). Jejunum tissue injuries and the degree of
inflammation were attenuated in CC34 +LPS-treated mice
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Fig.8 Effects of CC34 on jejunum tissue morphology. A Pathologi-
cal evaluation of jejunal tissue was performed using H&E staining.
(a) LPS, (b) LPS+CC34, (c) CC34, and (d) Control. Original mag-
nification X100, scale bar=100 pm. B Villus height-to-crypt depth
(V/C) ratio. CC34-treated mice were intraperitoneally injected with

compared with those in LPS-treated mice (P <0.01). Mice
with CC34 treatment had a significant increase in both the
villus height and the villus height-to-crypt depth (V/C)
ratio compared with those in LPS-treated mice (P <0.01)
(Fig. 8B).

CC34 injections administered to mice for seven consecu-
tive days resulted in an increased jejunal V/C ratio compared
with that in control mice (P <0.01).

Fig.9 Effect of CC34 on MPO in LPS-treated mice. A Immuno-
histochemistry analysis of MPO in jejunum tissue. (a) LPS, (b)
LPS+CC34, (c) CC34, and (d) Control. Original magnification X200,
scale bar=100 pm. B IOD was used to accurately determine the total
protein expression of MPO. CC34-treated mice were intraperitoneally

9 mg/kg of CC34; LPS treatment was an intraperitoneal injection of
7.5 mg/kg. Data are presented as mean+SD (n=09). The differences
between the groups were assessed using ANOVA followed by Dun-
can’s test. Compared to control: *P <0.05, **P <0.01. Compared to
LPS: *P<0.05, #P <0.01

MPO levels

Immunohistochemistry analysis showed that the jejunal
MPO level was significantly higher in LPS-treated mice
than in control mice (P <0.01). CC34 + LPS-treated mice
had significantly lower MPO levels than mice treated with
LPS alone (Fig. 9A). As shown in Fig. 9B, CC34 treatment

B 25000+
200004 - ,
T
o 15000 .
o ———
—
10000-
e
5000
0 1 1 1 1
SRR
o b‘x\& & s
% ¢
¢

injected with 9 mg/kg of CC34; LPS treatment was an intraperitoneal
injection of 7.5 mg/kg. Data are presented as mean+SD (n=3). The
differences between the groups were assessed using ANOVA fol-
lowed by Duncan’s test. Compared to control: *P <0.05, **P <0.01.
Compared to LPS: P <0.05, #P <0.01
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effectively inhibited the expression of MPO in the jejunum
of LPS-stimulated mice.

Effect of CC34 on the NF-kB signaling pathway
in mice

We also examined the effects of CC34 on the NF-«xB sign-
aling pathway in the jejunum of LPS-stimulated mice by
western blotting. We found that NF-kB phosphorylation was
significantly higher in LPS-treated mice than in control mice
(P<0.01). Remarkably, the phosphorylation of NF-kB pro-
teins in the jejunum was effectively inhibited in mice treated
with 9 mg/kg CC34 compared with that in mice treated with
LPS alone (P <0.05) (Fig. 10).

LPS neutralization activity of CC34

The LAL assay was used to test whether CC34 has an activ-
ity to neutralize LPS. As shown in Fig. 11, CC34 caused
partial neutralization of endotoxin in a dose-dependent man-
ner. At the concentrations of 5, 10, 20, 40, 80, and 160 pg/
mL, CC34 inhibited 6.05, 22.9, 32.0, 52.3, 72.7, and 84.2%
of LPS, respectively.

Discussion

Antimicrobial peptides are studied as a potential treat-
ment option due to the occurrence of antibiotic resistance
and residue. AMPs are crucial components of the innate
immune system as a defense mechanism in humans and
animals (Magrone et al. 2018). However, the undefined
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Fig. 10 Effects of CC34 on phosphorylated NF-kB in mice. A Phos-
phorylated and total protein levels of NF-kB in the jejunum were
analyzed using western blot. B Relative protein expression levels of
phospho-NF-kB/NF-kB in mice. Data are presented as mean+SD
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Fig. 11 In vitro LPS neutralization by CC34. Data are presented as
mean=+SD (n=3). The differences between groups were assessed
using ANOVA followed by Duncan’s test

effects and mechanisms of AMPs in animal models limit
their potential clinical application (Lee et al. 2016). We
previously screened many hybrid peptides by testing for
antibacterial activity and hemolysis, and we selected the
cationic peptide CC34 for further studies because it had a
potential antibacterial effect and low toxicity (Sun 2009).
Moreover, at concentrations below 50 pg/mL, CC34 dis-
played a strong anti-inflammatory activity that was not
affected by the viability of RAW264.7 cells. Using this
dose, the tendency of the cell viability curve of CC34 was
similar to that of the hybrid f-hairpin peptides and far
higher than that of the PCD-1 (Chen et al. 2015; Liu et al.
2013).
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(n=3). The differences between groups were assessed using
ANOVA followed by Duncan’s test. Compared to control: *P <0.05,
##P <0.01. Compared to LPS: *P <0.05, #P <0.01
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LPS is a major structural and functional component of
gram-negative bacteria that can induce intestinal inflam-
mation. Previous studies indicated that the LPS-induced
mouse model of intestinal inflammation has the same
clinicopathological characteristics as the human IBD
(Brandenburg et al. 2016; Zhang et al. 2019a). In our
study, we used LPS-induced mice to evaluate the anti-
inflammatory activity of CC34. Cationic AMPs have
exerted potential for binding to the LPS and inhibit LPS-
induced inflammation. Our data showed that the CC34
can neutralize LPS in a dose-dependent manner. Thus, the
results indicated that CC34 can attenuate inflammatory
response by preventing LPS from binding to LPS-binding
protein (LBP), and suppress the regulation of inflamma-
tion-related pathways (Mu et al. 2017).

Increased secretion of inflammatory factors, such as TNF-
a, IL-6, and IL-1p, is common in intestinal inflammatory
diseases, and their excessive accumulation is the cause of
severe inflammatory injury in intestinal tissue (Sanchez-
Munoz et al. 2008). In the present study, we observed that
CC34 treatment diminished the LPS-induced levels of TNF-
a, IL-6, and IL-1f in cells, serum, and tissue. Our study
suggested that the CC34 attenuated the inflammation by
inhibiting the secretion of inflammatory factors. We were
also focused on COX-2, a crucial enzyme in the conversion
of arachidonic acid to PGE2, and iNOS, which catalyzes
the production of NO, because PGE2 and NO play a pivotal
role in inflammatory disorders. Importantly, the inhibition of
NF-«B activation can downregulate iNOS and COX-2 (Peri-
yasami et al. 2019). Our results showed that treatment with
CC34 significantly reduced the levels of iNOS and COX-2.

ROS is a critical upstream signal for the NF-xB sign-
aling pathway, which can directly induce cell apoptosis
and the destruction of surrounding tissues in response to
various stimuli (Choi et al. 2013; Nakajima and Kitamura
2013). The excessive accumulation of ROS upregulates the
expression of NF-kB and its translocation into the nucleus,
where it functions as a transcriptional regulator by enhanc-
ing the mRNA levels of inflammatory mediators via inter-
action with NF-kB binding sites (Jeong et al. 2011; Ye
et al. 2019). In this study, treatment with the CC34 mark-
edly lowered the levels of ROS in LPS-induced RAW264.7
cells. Reducing the levels of certain inflammatory media-
tors, including TNF-a, IL-1f, IL-6, COX-2, and iNOS,
is achieved by modulating the NF-xB signaling pathway
(Xie et al. 2019). Evidence supports that RAW?264.7 cells
stimulation with LPS enhances intracellular ROS produc-
tion (Ye et al. 2019). Excessive ROS accumulation causes
oxidative damage and affects the nuclear transfer of NF-xB
by increasing phosphorylation of the IxkBa (Rajakumar
et al. 2014). The in vitro treatment with suppressed the
NF-kB signaling pathway because the phosphorylation of
IKKp, IkBa, and NF-xB p65 was decreased. Our results

suggested that CC34 blocked the ROS production and the
NF-«kB signaling pathway by regulating inflammatory gene
expression.

Furthermore, AMPs can relieve intestinal inflammation
in mice by protecting the intestinal mucosal barrier (Nan
et al. 2008). The mouse model of LPS-induced intesti-
nal inflammation is associated with weight loss, elevated
DAI score, diarrhea, and bleeding, all of which are clinical
symptoms of intestinal inflammation in humans (Podolsky
2000; Togre et al. 2018). Excessive inflammatory cytokine
production is also a hallmark of inflammatory bowel dis-
ease (Kim et al. 2018). Here we found that CC34 treatment
also reduced the release of TNF-a, IL-1p, and IL-6 in the
serum and jejunum, suggesting that CC34 provided protec-
tion in vivo against LPS-induced intestinal inflammation.

Intraperitoneal injection of LPS causes considerable
tissue injury and decreases the V/C ratio (Zhang et al.
2019a, b; Zhuang et al. 2019). The histopathology results
in our study showed that CC34 attenuated the LPS-induced
symptoms of intestinal injury by restoring epithelial integ-
rity and the V/C ratio as indicators for normal growth and
health.

The MPO level is another biomarker for the connec-
tion between oxidative stress and inflammation in various
tissues (Mancini et al. 2017). A previous study indicated
that cellular MPO catalyzes the production of ROS, which
is released during inflammation, affecting the functions of
neutrophils related to cytokine levels (Chami et al. 2018).
The degree of inflammation in IBD is associated with the
elevated MPO level (Aratani 2018; Hanifeh et al. 2018;
Stamp et al. 2012). Interestingly, in our study, we found
that CC34 treatment lowered the MPO level in the jeju-
num of LPS-induced mice with acute jejunal inflamma-
tion. Thus, CC34 functioned as a safeguard against LPS-
induced acute intestinal inflammation.

Pretreatment of mice with CC34 substantially inhib-
ited the phosphorylation-dependent activation of NF-kB.
Our data suggested that CC34 exerted anti-inflammatory
effects in LPS-treated mice by downregulation of the
NF-«B signaling pathway. This result was consistent with
our in vitro study.

In summary, our results demonstrated that CC34 effec-
tively improved the clinical manifestations of intestinal
inflammation in mice. Overall, our data indicated that
CC34 is a potential candidate for a new therapeutic strat-
egy to treat inflammation-related diseases.
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